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Because of its ease of dispersal and high lethality, Bacillus anthracis is one of the most feared biowarfare
agents. A better understanding of anthrax pathogenesis is urgently needed to develop new therapies for
systemic disease that is relatively unresponsive to antibiotics. Although experimental evidence has implicated
a role for macrophages in anthrax pathogenesis, clinical and pathological observations suggest that a direct
insult to the host vasculature may also be important. Two bacterial toxins, lethal toxin and edema toxin, are
believed to mediate the clinical sequelae of anthrax. Here, I examined whether these toxins are directly toxic
to endothelial cells, the cell type that lines the interior of blood vessels. I show for the first time that lethal toxin
but not edema toxin reduces the viability of cultured human endothelial cells and induces caspase-dependent
endothelial apoptosis. In addition, this toxicity affects both microvascular and large vessel endothelial cells as
well as endothelial cells that have differentiated into tubules within a type I collagen extracellular matrix.
Finally, lethal toxin induces cleavage of mitogen-activated protein kinase kinases in endothelial cells and
inhibits phosphorylation of ERK, p38, and JNK p46. Based on the contributions of these pathways to
endothelial survival, I propose that lethal toxin-mediated cytotoxicity/apoptosis results primarily through
inhibition of the ERK pathway. I also hypothesize that the observed endothelial toxicity contributes to vascular
pathology and hemorrhage during systemic anthrax.

Bacillus anthracis is a gram-positive, spore-forming bacte-
rium that causes anthrax in humans and animals (20). Spores
from this organism may lie dormant in the environment for
years. Once exposed, humans develop three distinct forms of
disease depending on the route of acquisition, known as cuta-
neous, inhalational, and gastrointestinal anthrax. Systemic
spread of organisms during infection is almost uniformly fatal.

Two Bacillus anthracis toxins, lethal toxin (LT) and edema
toxin (ET), are primary mediators of disease (2, 35). LT alone
is capable of causing rapid death in rodent models in a manner
that was reported to be dependent on host macrophage func-
tion (15). Macrophage-dependent lethality was attributed to
rapid release of interleukin-1 and tumor necrosis factor alpha,
although a reduction in lipopolysaccharide-induced cytokine
expression after LT treatment was noted by other investigators
(9). In contrast to LT, ET does not cause lethality but induces
transient edema when injected into animals (34).

LT and ET each consist of two components, an enzymatic
activity, lethal factor (LF) and edema factor (EF), respectively,
and a shared cofactor, protective antigen. Protective antigen is
responsible for delivery of LF and EF to their site of action in
the host cytoplasm. Functionally, LF is a zinc-dependent en-
dopeptidase that inactivates mitogen-activated protein kinase
kinases (MKKs) (7, 37). It has been shown to cleave the N
terminus of MKKs 1, 2, 3, 4, 6, and 7 and thereby suppress
phosphorylation of downstream mitogen-activated protein ki-
nases (MAP kinases) including ERK (extracellular signal-reg-
ulated kinase), p38, and JNK/SAPK (c-Jun NH2-terminal ki-
nase/stress-activated protein kinase). However, additional host

targets have not been ruled out. Recently, inhibition of the p38
MAP kinase pathway by LT has been associated with the
induction of apoptosis in macrophages (28). In contrast to LF,
EF is a calmodulin-dependent adenylate cyclase (26) that has
been shown to raise intracellular levels of cyclic AMP in a
number of cell types. However, the manner in which this ac-
tivity leads to edema formation is not yet known.

Although much attention has been paid to the role of host
macrophages in anthrax pathogenesis, clinical, pathological,
and experimental observations suggest that a direct insult to
the host vasculature may also be important. Bleeding symp-
toms, including hemorrhagic lymphadenitis, mediastinitis,
pericarditis, tracheobronchitis, and meningoencephalitis, tis-
sue hemorrhage, and bleeding into the gastrointestinal tract,
are often prominent findings associated with significant mor-
bidity (1, 11). Autopsy studies show an underlying destruction
of both large and small vessels with associated endothelial
necrosis and vessel inflammation (1, 11, 13).

Since LT and ET have been implicated as primary mediators
of anthrax pathology, I wondered whether these toxins might
also contribute to vascular damage. To address this possibility,
I developed an in vitro system to examine the effect of toxins
on primary human endothelial cells. This cell type was exam-
ined specifically because endothelial cells line the interior of all
blood vessels and are often primary mediators of vascular
pathology in disease states (3). I found that LT but not ET was
toxic to endothelial cells and propose that LT may contribute
in this manner to the vascular pathology observed during an-
thrax.

MATERIALS AND METHODS

Cytotoxicity experiments. Pooled human umbilical vein endothelial cells
(HUVEC; Clonetics Corp.) and pooled neonatal dermal microvascular endothe-
lial cells (DMVEC, Clonetics Corp.) were grown in EGM-2 MV (Clonetics) and
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used at passages 5 and 7, respectively. For cytotoxicity experiments, cells were
resuspended in medium 199 with Earle’s salts and 10% fetal bovine serum (Life
Technologies), and seeded at 25,000 cells/cm2 on human collagen I (Vitrogen,
Cohesion, Inc.)-treated plasticware.

Purified lethal factor (LF), protective antigen, and edema factor (EF) (kindly
provided by Rachel Legmann and R. John Collier, Harvard Medical School)
were added to a final concentrations of 100 ng per ml (LF and EF) and 500 ng
per ml (protective antigen) unless otherwise indicated. Cell viability was assessed
with the CellTiter 96 Aqueous One Solution cell proliferation assay (Promega).
In this assay, viable cells cleave a formazan-based dye [3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium inner salt
(MTS)], allowing quantification of relative cell number. The MAP kinase path-
way inhibitors PD98059 (Calbiochem), SB202190, and SP600125 (Biomol) and
the caspase inhibitor Z-Val-Ala-Asp (OCH3)-fluoromethylketone (Z-VAD-
FMK; Biomol) were dissolved in dimethyl sulfoxide and diluted from 1,000�
stock solutions for assays in which controls were adjusted to contain the same
final concentration of dimethyl sulfoxide. Statistical analysis was performed with
an unpaired, two-tailed Student’s t test.

For annexin V experiments, cells from culture supernatant and adherent cells
collected after trypsinization were combined; stained with annexin V, Alexa
Fluor 488 conjugate (Molecular Probes) and 1 �g of propidium iodide per ml;
and incubated for 15 min at 22°C. Alternatively, to assess caspase activation,
endothelial cells were stained with 10 �M fluorescein isothiocyanate-VAD-FMK
(Promega) for 30 min at 22°C, washed twice in phosphate-buffered saline, and
fixed in 0.4% formaldehyde in phosphate-buffered saline according to the man-
ufacturer’s recommendations (Promega Notes, volume 76). Flow cytometry was
then performed with a Becton Dickinson FACSCalibur and data were analyzed
(5,000 cells per assay) with the BD CellQuest software package. This software
was also used to perform pairwise comparisons of histograms with Kolmogorov-
Smirnov statistics.

In vitro vessel formation assays. Three dimensional and two-dimensional
collagen assays were performed as described previously (18, 38). For three-
dimensional assays, HUVEC were resuspended at 2E6 cells per ml in 2 mg of
ice-cold rat tail collagen (BD Biosciences) per ml containing 16 nM phorbol
myristate acetate (PMA, Fisher Scientific), RPMI 1640 (Invitrogen), 10% fetal
bovine serum (In Vitrogen), and indicated amounts of toxins. This collagen
preparation gels rapidly at 37°C, trapping HUVEC within the three-dimensional
extracellular matrix. At the end of the experiment, gels were fixed in 4%
paraformaldehye–1% glutaraldehyde in Dulbecco’s phosphate-buffered saline
and either stained with diamidino-2-phenylindole dihydrochloride (DAPI,
Sigma) for 10 min or processed for histology. The glutaraldehyde was found to
be useful in adding physical rigidity to gels before tissue processing. Photomi-
crography of cultures or histology slides was performed with an inverted Nikon
Eclipse TE100 microscope equipped with a color charge-coupled device camera
and IPLab imaging software (Scanalytics). For two-dimensional assays, confluent
HUVEC monolayers were overlaid with 0.5 mg of of rat tail collagen per ml
containing RPMI, 10% fetal bovine serum, and 16 nM PMA and/or toxins as
indicated.

Western blots. HUVEC were resuspended in EBM-2 containing 2% fetal
bovine serum and plated at 90% confluence. After 48 h, they were washed four
times with phosphate-buffered saline and incubated in EBM-2 containing 1%
tissue culture grade bovine serum albumin (Sigma-Aldrich) as previously de-
scribed (40). After addition of toxins and incubation for the indicated times, cells
were washed once in ice-cold phosphate-buffered saline and harvested in protein
loading buffer containing 2% sodium dodecyl sulfate. Samples were then boiled,
sonicated for 2 s to shear DNA, and loaded on sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) precast 8 to 16% gradient gels (Bio-
Rad Life Sciences). Western transfers were to 0.45-�m nitrocellulose mem-
branes (Bio-Rad Life Sciences).

Antibodies to both phosphorylated and native forms of ERK, p38, JNK/SAPK,
MEK1/2, and the N terminus of MEK4 were from Cell Signaling Technology.
Antibodies to MEK3 and �-tubulin were obtained from Santa Cruz Biotechnol-
ogy, and the antibody to the N terminus of MEK1 was from Upstate Biotech-
nology. Blots were developed with Pica West or Dura extended signal substrates
(Pierce Chemical) and where indicated were stripped for reprobing with restore
buffer (Pierce Chemical) at 60°C for 15 min.

RESULTS

LT is cytotoxic to endothelial cells. I first assessed the effects
of LT and ET on primary endothelial cells grown as tissue
culture monolayers. After a 24-h treatment, I found that ex-

posure to LT containing as little as 5 ng of LF per ml led to a
significant decrease in endothelial viability (P � 0.001, Stu-
dent’s t test). This effect was seen both for endothelial cells
derived from large and small vessels, human umbilical vein
(HUVEC), and neonatal dermal microvascular endothelial
cells (DMVEC). Importantly, loss in cell viability was only
observed in the presence of B. anthracis protective antigen.
Protective antigen is a protein cofactor necessary for delivery
of both LF and EF to their site of action in the host cytoplasm.
Therefore, dependence on protective antigen provides an im-
portant control indicating that reduced endothelial viability
was a result of toxin activity.

Half-maximal effects of LT were observed with approxi-
mately 10 ng of LF per ml and plateaued at concentrations
above 50 ng per ml. A time course analysis with saturating
amounts of LT (100 ng of LF per ml) showed a gradual de-
crease in cell viability over 3 days (Fig. 1), with a 95% decrease
in viability by day 3. The rate of cell death was not markedly
different whether the toxin was added once at the beginning of
the assay or daily (Fig. 1), suggesting that a loss of toxin activity
at later time points did not account for the gradual progression
of cell death. Furthermore, a small number of HUVEC ap-
peared relatively refractory to toxin, maintaining viability 4
days after toxin treatment, a result confirmed by microscopic
inspection of cultures (data not shown). In contrast to LT, ET
neither reduced endothelial viability with concentrations of EF
as high as 100 ng per ml nor potentiated the toxicity of LT
(data not shown). These findings established for the first time
a direct toxic effect of LT on endothelial cells.

The loss of viable endothelial cells in the presence of LT
could be the result of apoptosis or other forms of cell death. I
therefore examined whether endothelial cells demonstrated

FIG. 1. Kinetics of cell death. HUVEC were either treated with LT
(100 ng of LF � 500 ng of protective antigen per ml) at the start of the
experiment only (diamonds) or treated with toxin at the start of the
experiment and then daily thereafter with fresh toxin and medium
(squares). At the indicated time points, the viability of toxin-treated
cells was determined with a formazan-based substrate as described in
the text. Percent viability was determined by normalizing results to
otherwise identically treated control assays in which LT was not added.
Shown are mean and standard deviations of assays performed in oc-
tuplicate.
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biochemical and morphological hallmarks of apoptosis. First, I
tested whether LT-treated cells showed increased levels of
annexin V staining, a marker for phosphatidylserine exposure
found on the surface of early apoptotic cells. In this assay,

unfixed cells are treated concurrently with fluorochrome con-
jugated annexin V and propidium iodide. Early apoptotic cells
stain with annexin but not propidium iodide. However, as a
result of the loss of cell membrane integrity, late apoptotic and

FIG. 2. LT induces apoptosis. (A) After 18 h of treatment with LT, 20 �M PD98059, or LT and 50 �M Z-VAD-FMK, HUVEC were stained
with annexin V, Alexa Fluor 488 conjugate, and propidium iodide (PI). Following flow cytometry, histograms were generated by gating on
propidium iodide-negative cells (annexin) and observing green fluorescence (FL-1) or by gating on propidium iodide-positive cells (propidium
iodide) and observing red fluorescence (FL-3). Alternatively, HUVEC were stained with 10 �M fluorescein isothiocyanate-ZVAD-FMK, a
fluorescent probe that binds to activated caspases. Following flow cytometry, histograms (FITC-ZVAD) were generated by observing green
fluorescence (FL-1) for the entire cell population. Percentages are the number of cells within the marked histogram region expressed as a fraction
of all cells analyzed. Results are representative of at least three different experiments. (B) After 18 h of treatment with anthrax factors, HUVEC
were fixed, permeabilized, stained with DAPI, and examined by fluorescent microscopy. Shown is a representative field from LF- and protective
antigen (PA)-treated and untreated controls. Apoptotic nuclei were scored based on characteristic apoptotic features of increased fluorescence
(indicative of chromatin condensation) and nuclear fragmentation. A large number of apoptotic nuclear fragments are present in the LT-treated
sample. (C) Data presented are the mean and standard deviation of one randomly chosen 100� field from four parallel assays with apoptotic nuclei
expressed as a percentage of total HUVEC per field. LT-treated cells showed a significantly increased level of apoptotic nuclei (P � 0.01; Student’s
t test) compared to all other conditions.
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necrotic cells stain with both. As assessed by flow cytometry,
LT induced a �2-fold increase in annexin positivity (early
apoptotic cells; P � � 0.001 by Kolmogorov-Smirnov statistics)
and �3-fold increase in propidium iodide-positive cells (late
apoptotic or necrotic cells; P � � 0.001) relative to controls in
which no (Fig. 2A) or single toxin components were added
(data not shown). Similar results were found after treatment
with PD98059, a known apoptotic stimulus in endothelial cells

(14, 18, 24). Therefore, the annexin data suggest an induction
of early apoptotic events.

To further assess the importance of apoptosis, I examined
the involvement of caspases, enzymes that act early in apopto-
sis to amplify apoptotic signals and activate downstream apo-
ptotic events. First, activation of caspases was directly exam-
ined by staining with fluorescein isothiocyanate-VAD-FMK, a
cell-permeating fluorescent probe that binds to activated

Control LT PD98059

P/C

DAPI

MERGE

H&E

FIG. 3. LT inhibits tubule formation. HUVEC were embedded in type I collagen gel containing 16 nM phorbol myristate acetate and treated
with either LT or 20 �M PD98059 (an inhibitor of MEK1/2) or left untreated. After 2 days, cells were fixed, stained with DAPI, and photographed
with phase contrast (P/C, 200�) and fluorescent (DAPI, 200�) microscopy. Alternatively, cultures were fixed on day 3, paraffin embedded,
sectioned, and stained with hematoxylin and eosin (H&E, 100�). Note the presence of tubules in untreated controls and their total disruption in
LT- and PD98059-treated cultures. In addition, DAPI images of LT- and PD98059-treated cultures show endothelial cells with morphological
hallmarks of apoptosis, i.e., condensed chromatin and nuclear fragmentation. Examples of apoptotic nuclei within the plane of focus in this
three-dimensional assay are indicated by arrows.
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caspases. As shown in Fig. 2A, LT induced a twofold increase
(P � � 0.001) in the number of cells staining strongly with
fluorescein isothiocyanate-VAD-FMK in comparison with
controls in which no toxin (Fig. 2A) or single toxin components
(data not shown) were added. This modest increase in caspase
activation likely reflects the gradual nature of endothelial cell
death (i.e., Fig. 1). Since caspase activity (36) is lost in late
apoptotic cells, only a small cohort of endothelial cells in ear-
lier stages of apoptosis are expected to contribute substantially

to caspase activity at a given time point. Therefore, I expected
and indeed found the magnitude of induction in these assays to
be relatively small in comparison to cumulative loss of viable
endothelial cells.

Second, I tested the effect of caspase inhibition. In annexin
studies (Fig. 2A), I found that 50 �M Z-VAD-FMK, a broad-
spectrum caspase inhibitor, reduced both annexin and pro-
pidium iodide positivity nearly to control levels. Furthermore,
in cell viability assays, ZVAD-FMK reduced LT-mediated cy-

PMA
48 hours

PMA +
PD98059
48 hours

No PMA
6 hours

PMA + LT
48 hours

PMA + ET
48 hours

No PMA 
24 hours

FIG. 4. LT induces endothelial death in two-dimensional cord assays. Confluent monolayers of HUVEC were overlaid with 0.5 mg of type
I collagen per ml and treated with16 nM phorbol myristate acetate (PMA), LT, ET, and/or 20 �M PD98059. In the absence of PMA, typical
cords form 6 h after collagen overlay (upper left panel, phase contrast, 100�); however, by 24 h (upper right panel), most of the endothelial
cells are no longer viable. In contrast, in the presence of PMA, HUVEC remained viable as confluent monolayers even after 48 h (middle
left panel). However, despite the presence of PMA, a 48-h treatment with LT (middle right panel) or PD98059 (lower left panel) led to
significant cell death, leaving HUVEC in atypical cord-like arrangements. In contrast, ET did not have a deleterious effect on endothelial
survival (lower right panel).
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totoxicity by over 60% (P � 1E-6; data not shown). Therefore,
taken together, these results support a critical role for caspases
in LT-mediated cell death.

Finally, the presence of nuclear changes specific for late
apoptotic cells was assessed. After fixation, permeabilization,
and staining with DAPI (4�,6�-diamidino-2-phenylindole dihy-
drochloride, Sigma-Aldrich), LT-treated HUVEC showed an
approximately 10-fold increase in the number of cells with
apoptotic nuclear changes (nuclear fragmentation and in-
creased fluorescence resulting from chromatin condensation)
compared to controls (Fig. 2C). Furthermore, in unfixed cul-
tures, cells stained by propidium iodide showed apoptotic nu-
clear characteristics rather than the un-fragmented, uncon-
densed nuclei associated with necrosis (data not shown).
Therefore, in multiple assays, I found that LT induces apopto-
sis and conclude that decreased endothelial viability must oc-
cur in large part through a caspase-dependent apoptotic pro-
cess.

In vitro vessel formation assays. I next explored whether the
effects of LT extended to endothelial cells within more com-
plex organizational structures that are thought to model early
stages of blood vessel development. In the first model, the
three-dimensional collagen assay, HUVEC suspended in type
I collagen and treated with phorbol myristate acetate (PMA)
reorganized into hollow branched tubules that resembled cap-
illaries (Fig. 3) (18). PMA, a potent inducer of protein kinase
C, is thought to promote tubule formation through a number
of activities, including the inhibition of apoptosis that other-
wise occurs within this extracellular matrix. In this model, I
found that LT blocked tubule formation (Fig. 3, phase contrast
micrographs). After 3 days of LT treatment, endothelial cells
also appeared uniformly nonviable and apoptotic by morpho-
logical criteria, demonstrating rounding and cellular fragmen-

tation by phase contrast microscopy and chromatin condensa-
tion and nuclear fragmentation by DAPI staining. In addition,
while hematoxylin- and eosin-stained control sections showed
typical cross sections of hollow, endothelium-lined tubules
(Fig. 3), LT-treated samples showed an absence of tubules as
well as fragmented endothelial cells with pyknotic nucleic. Fi-
nally, when LT was added after tubules had already formed,
destruction of endothelial cells also occurred (data not shown),
indicating that the toxin was also active after endothelial tu-
bular differentiation. However, in contrast to LT, ET did not
appear to negatively affect tubule formation or stability (data
not shown).

In the second model, the two-dimensional collagen assay,
confluent monolayers of endothelial cells rapidly reorganize
into a web-like network of interconnected cells, known as
cords, after being overlaid with type I collagen gel. Cords are
believed to model vessel precursors that arise prior to capillary
lumen formation (33, 38). While cords develop within 6 to 12 h
of collagen overlay (Fig. 4), in a process involving endothelial
migration and reorganization, these structures are not stable
and disintegrate almost completely over the following 24 h.
Because of the rapid death of endothelial cells that normally
occurs in this assay (33, 38, 39), I neither expected nor ob-
served a markedly increased toxicity from the more gradually
acting LT.

It is presumed that cells die in two-dimensional assays be-
cause of a lack of survival or mitogenic signals that normally
accompany vessel development in vivo. Therefore, I checked to
see if this limitation could be overcome by addition of PMA, a
known inhibitor of endothelial apoptosis in three-dimensional
assays. Interestingly, when PMA was added at the start of the

FIG. 5. Time course of ERK inhibition pathway by LT. HUVEC
were serum starved and then treated with LT for the indicated number
of hours. They were then treated with 30 ng of bFGF per ml, an
activator of the ERK pathway, for 5 min, and lysed in protein sample
buffer. Western blots were probed with antibody against phosphory-
lated ERK (phospho-Thr202/Tyr204), then stripped and probed with
antibody to total ERK. Alternatively, blots were probed with an anti-
body against the N terminus (NH2) of MEK1, then stripped and
probed with an antibody (COOH) against a sequence C-terminal to
the LT cleavage site in MEK1/2.
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bFGF Serum

LT
PD98059

phospho-ERK

ERK
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p38

p54
p46
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FIG. 6. LT inhibits phosphorylation of ERK, p38, and JNK/SAPK.
HUVEC were serum starved and then treated with LT for 7 h or 20
�M PD98059 for 2 h. Cells were then exposed to 30 ng of bFGF per
ml or 10% serum for 5 min and immediately harvested. Western blots
were probed with phosphorylation-specific antibodies for ERK, p38
and JNK/SAPK. Blots were then stripped and probed with antibodies
against total ERK, p38, and JNK/SAPK.
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experiment, I found that endothelial cells did not reorganize
into cords in the presence of PMA even after 48 h, but instead
remained as a confluent monolayer with prolonged viability.
However, as in the three-dimensional assays, the cytoprotec-
tive effect of PMA could not overcome the toxic effect of LT,
which led to the destruction of the endothelial monolayer over
1 to 2 days (Fig. 4) with most cells demonstrating morpholog-
ical hallmarks of apoptotic cell death (data not shown). Inter-
estingly, the remaining intact endothelial cells (i.e., intact nu-
clei by DAPI staining and extended cellular morphology by
phase contrast microscopy) were organized in a somewhat
atypical cord-like geometry with elongated endothelial cells
touching one another and forming web-like structures. The
effect of LT contrasts with that of ET, which did not appear to
have a deleterious effect.

LT inhibits MAP kinase pathways in endothelial cells. To
address potential mechanisms for the cytotoxic action of LT, I
examined its effects on mitogen-activated protein kinase (MAP
kinase) pathways. In response to different stimuli, including
cytokines, growth factors, and cellular stress, MAP kinase
pathways transmit signals through a stepwise series of kinases
(25). In each of these pathways, an upstream MAP kinase
kinase kinase (MKKK) becomes phosphorylated and in turn

phosphorylates a downstream MAP kinase kinase (MKK),
which in turn phosphorylates a MAP kinase. The activated
MAP kinase then phosphorylates transcription factors or other
protein kinases to alter cellular function. Each of the three
major MAP kinase pathways is named for the terminal MAP
kinase, i.e., ERK (extracellular signal-regulated kinase), p38,
and JNK/SAPK (c-Jun NH2-terminal kinase/stress-activated
protein kinase).

LT has previously been shown to cleave the N terminus of
several MKKs (7, 37). Since the N-terminal region cleaved by
LT mediates both interaction with upstream MAP kinase ki-
nase kinases (MKKKs) and downstream MAP kinases, this
cleavage might block endothelial MAP kinase activation, as it
has been shown to do previously in macrophages (29). I there-
fore first sought to establish whether MAP kinase kinases were
in fact cleaved in endothelial cells. To do this, I probed the
integrity of MAP kinase kinases by reaction with antibodies
that recognize epitopes N-terminal and/or C-terminal to
known LT cleavage sites, a strategy previously described by
Duesbery et al. (7) and Vitale et al. (37). With an antibody to
the N terminus of MEK1, I found that most of MEK1 lost its
N-terminal epitope within 5 h of toxin addition (Fig. 5). In
contrast, an antibody against a C-terminal epitope, which
should react with both native and cleaved forms, recognized
approximately the same level of total protein in untreated and
LT-treated samples. Furthermore, with the C-terminal anti-
body, a slight decrease in the molecular weight of MEK1/2
could be appreciated in toxin-treated samples in comparison
with the �-tubulin reference band (see Fig. 7). These results
are consistent with LT-mediated cleavage of the N terminus of
MEK1/2 in HUVEC.

As MEK1 and MEK2 phosphorylate and thereby activate
ERK, I next examined the phosphorylation status of ERK. As
expected, basic fibroblastic growth factor (bFGF), a potent
activator of the ERK pathway, greatly stimulated ERK phos-

- + - + - +

bFGF serum

MKK3 NH2

MKK3 COOH

MEK1 NH2

MEK1/2 COOH

MKK4 NH2

MKK4 COOH

LT

FIG. 7. LT cleaves multiple MAP kinase kinases that signal
through the ERK, p38, and JNK/SAPK pathways. Serum-starved
HUVEC were treated with LT for 7 h and 30 ng of FGF per ml or 10%
fetal bovine serum for 5 min prior to preparation of cell lysates.
Western blots were probed with antibodies against epitopes N-termi-
nal (NH2) or C-terminal (COOH) to previously described LT cleavage
sites within the indicated MKKs. As expected, a short treatment with
bFGF or serum did not alter MKK cleavage patterns. The MEK1/2
COOH blot was also probed with an antibody to �-tubulin (short
arrow). This protein serves as a reference point to appreciate the
slightly reduced molecular weight (dashed arrow) of MEK1/2 observed
after LT treatment. Solid arrows point to the untreated MKKs. The
band marked by the arrow in the MKK-4 COOH blot is exactly su-
perimposable on the band marked in the NH2 blot. For unknown
reasons, a cleaved form was not observed with the COOH antibody.

FIG. 8. ERK pathway inhibition leads to decreased endothelial
viability. HUVEC were treated for 24 h with inhibitors of the ERK (20
�M PD98059), p38 (3 �M SB202190), and JNK/SAPK (5 �M
SP600125) pathways. Values shown are mean and standard deviations
for sextuplicate cell viability assays normalized to controls incubated in
the absence of inhibitors.
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phorylation (Fig. 5). However, pretreatment with LT inhibited
this phosphorylation. The extent of inhibition correlated with
the length of pretreatment and the degree of MEK1 cleavage
(Fig. 5). Taken together, these results are consistent with LT’s
inhibiting phosphorylation of ERK through cleavage and in-
activation of its upstream MKK.

I next examined the effect of LT on the other two major
MAP kinase pathways, p38 and JNK/SAPK. I found that LT
inhibited the phosphorylation of p38. In addition, it also
suppressed phosphorylation of p46 isoforms of JNK/SAPK,
evident after pathway stimulation by bFGF or serum treat-
ment (Fig. 6). I then examined whether upstream MKKs
involved in phosphorylation of p38 and JNK/SAPK were
also affected. With N-terminal and C-terminal antibodies, I
found that LT cleaved most of MKK3, an MKK that specif-
ically phosphorylates p38 (Fig. 7), with a cleavage pattern
essentially identical to that observed previously (37). In
addition, I found evidence for MKK4 cleavage with an N-
terminal antibody to this protein. In vivo, MKK4 specifically
phosphorylates JNK/SAPK, although it is also noted to
phosphorylate both p38 and JNK in vitro (reviewed in ref-
erence 25). Therefore, in summary, LT suppresses phos-
phorylation of the three major MAP kinases, ERK, p38, and
JNK/SAPK, as well as cleaves and thereby presumably in-
activates upstream MKKs.

I next explored the connection between MAP kinase inhibi-
tion and endothelial cell death. Blockade of the ERK pathway
through pharmacological inhibition has previously been shown
to induce apoptotic cell death in endothelial cells (14, 18, 24).
I also found this to be the case in standard tissue culture assays
(Fig. 2A and 8) and three-dimensional (Fig. 3) and two-dimen-
sional (Fig. 4) collagen assays, where 20 �M PD98059, a spe-
cific inhibitor of MEK1,2, was nearly as effective in inducing
cell death as LT. Western blots documented a concomitant
suppression of ERK phosphorylation, which was similar in
extent to the effect of LT (Fig. 6).

To probe potential contributions of other MAP kinase path-
ways towards endothelial apoptosis, I used two specific inhib-
itors of p38 MAP kinase and JNK/SAPK. In contrast to
PD98059, treatment with the p38 MAP kinase inhibitor
SB202190 led to increased viability of HUVEC in tissue cul-
ture (Fig. 8) and three-dimensional collagen assays (data not
shown). Similar effects of this drug on HUVEC were described
previously (12, 18, 41). Likewise, treatment with the JNK/
SAPK inhibitor SP600125 led to a slightly increased viability of
HUVEC, at the previously reported 50% inhibitory concen-
tration (5 �M) for this drug in Jurkat T cells (4). This is
consistent with previous findings that downmodulation of the
JNK pathway is cytoprotective in endothelial cells (10, 16, 17,
42). It should be noted that at higher concentrations (20 �M),
SP600125 was toxic for endothelial cells; however, the inter-
pretation of this result is unclear, since others have recently
found inhibition of additional pathways with high concentra-
tions of this drug (21). Importantly, when PD98059 was added
in combination with the p38 and JNK/SAPK inhibitors, it still
exerted significant toxicity. Therefore, inhibition of the ERK
pathway appeared to account for a significant part of LT’s
toxicity towards endothelial cells.

DISCUSSION

I found that LT but not ET induced endothelial apoptosis.
However, the effects of LT on endothelial cells differed in a
number of ways from its previously described effects on mac-
rophages. First, in endothelial cells, cytotoxicity occurred grad-
ually over 3 days, in contrast to rapid cell death of macro-
phages that occurs within hours (28). This slowly progressive
cytotoxicity occurred despite almost complete cleavage of
MAP kinase kinases within 5 h of toxin addition and an ap-
parently nonlimiting amount of toxin. The gradual nature of
cell death likely reflects heterogeneity within primary endothe-
lial cultures (e.g., multiple subtypes of cells) (31), so that sub-
populations of cells show differential susceptibility to the ef-
fects of toxin, i.e., MAP kinase inhibition. Therefore, some
endothelial cells die quickly, some more slowly, and a small
number appear resistant. The underlying reason for this dif-
ferential susceptibility may prove a useful area further inves-
tigation, since it may suggest ways to induce a greater level of
resistance to toxin.

Second, endothelial cells appeared to respond differently to
MAP kinase inhibition than macrophages. Park et al. (28)
found that inhibition of the p38 kinase pathway was the pri-
mary event leading to macrophage apoptosis after treatment
with LT. In contrast, p38 inhibition promoted endothelial sur-
vival, an observation that has been made previously in a num-
ber of endothelial types, including HUVEC (12, 18, 41).
Therefore, I conclude that p38 inhibition does not contribute
to LT cytotoxicity in our studies. Third, in macrophage studies,
apoptosis was only induced efficiently in the presence of lipo-
polysaccharide and lipoteichoic acid (28). In contrast, in en-
dothelial cells, cytotoxicity was efficiently induced in the ab-
sence of these other stimuli (data not shown). Furthermore,
lipopolysaccharide and lipoteichoic acid from Bacillus subtilis
did not potentiate the effects of LT (data not shown). Finally,
polymyxin B at 25 �g per ml, an inhibitor of lipopolysaccharide
activity, did not diminish the effects of LT, arguing against the
contribution of potential contamination with lipopolysaccha-
ride to the cytotoxic response.

Finally, inhibition of the ERK pathway appeared to have
profound effects on the viability of endothelial cells. This is
consistent with a large number of studies indicating the impor-
tance of the ERK kinase pathway in endothelial proliferation
and survival (14, 18). In the present study, both LT and a
specific pharmacological inhibitor of MEK-1 and MEK-2 in-
hibited phosphorylation of ERK to a similar extent. Further-
more, toxin and drug had similar detrimental effects on endo-
thelial survival in all endothelial models tested. Therefore, I
conclude that in contrast to macrophages, the major toxic
effect of LT results from the inhibition of the ERK pathway.
However, I cannot completely exclude the contribution of
other pathways not yet considered, since LT may interact with
other cellular substrates and thereby decrease survival in mul-
tiple ways, or effects from differential inhibition of JNK iso-
forms. Ultimately, the effects of LT must represent the com-
binatorial effects of multiple pathways including the ERK
kinase pathway.

Interestingly, the toxic effects of LT were apparent on phys-
iologically different types of endothelial cells. LT affected both
HUVEC and DMVEC, cells derived from large vessels and
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microvessels, respectively. These cell types differ markedly with
respect to their sensitivity to stress, response to cytokine stim-
ulation, motility, and contributions to angiogenesis (30). In
addition, LT was toxic to HUVEC in tissue culture monolayers
and to differentiated HUVEC forming tubular structures. Un-
der these two conditions, endothelial cells are known to differ
physiologically in a number of ways including their response to
external stimuli and their ability to enter the cell cycle (18, 19,
23).

This general toxicity of LT towards diverse types and states
of endothelial cells led us to consider on a theoretical basis
whether LT might similarly damage endothelial cells in vivo.
Clearly, the destruction of vessels observed during anthrax is
not typically observed with severe systemic infections caused by
other gram-positive or gram-negative bacterial pathogens. This
suggests that vessel damage results from unique attributes of
Bacillus anthracis that may relate to toxin expression and/or
other factors. However, to date, hemorrhage has not yet been
described after experimental injection with LT. This negative
finding may potentially result from the lack of necessary co-
factors present during an actual infection. Alternatively, exper-
imental injection strategies described in previously reported
studies may not have been as efficient as live bacteria in deliv-
ering toxic doses of LT to susceptible vascular beds. During the
septic phase of anthrax, bacteria replicate to large numbers
(22) and may therefore deliver larger amounts of toxin in a
sustained manner. Intriguingly, purified LT has recently been
found to inhibit tumor angiogenesis in a mouse model, pro-
viding the first experimental evidence for an in vivo effect on
host vasculature (6). Inhibition of endothelial survival is a
well-established mechanisms for suppressing angiogenesis (5),
especially since endothelial cells involved in angiogenesis are
particularly susceptible to apoptotic induction. This observa-
tion now forms the basis for a number of therapies targeting
angiogenesis in tumors. Therefore, the cytotoxic activity ob-
served in our studies could potentially help explain LT’s pre-
viously observed antiangiogenic effects. Moreover, these stud-
ies suggest a possible mechanism of action. Pharmacological
inhibition of the ERK kinase pathway is known to suppress
new vessel formation in in vivo angiogenesis assays (8, 32).
Therefore, LT’s inhibition of the ERK pathway in endothelial
cells may have similar effects. Interestingly, an antiangiogenic
effect even without the overt destruction of vessels could be an
important cause of morbidity during anthrax, since repair of
tissue injury, which must occur during systemic anthrax, de-
pends on new vessel formation (27).

I have now provided evidence that LT is directly toxic to
endothelial cells in vitro in both cell monolayer and in vitro
angiogenesis models. Through its toxic action on endothelial
cells, LT may therefore contribute to the devastating hemor-
rhagic complications of anthrax, a hypothesis that needs to be
examined in future studies in animal models. If this hypothesis
is correct, strategies aimed at promoting endothelial survival
may prove useful in treating this highly fatal disease.
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