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Endothelin-1 (ET-1) was originally characterized as a potent
vasoconstrictor secreted by the endothelium and participating
in the regulation of vascular tone. Subsequent analysis has
revealed ET-1 to be a multifunctional peptide produced by a
wide variety of cells and tissues under normal and pathologic
conditions. The importance of macrophages as a source of ET-1
during infection and inflammation is supported by clinical
observations in humans and in animal models of Inflammation.
We hypothesize that the production of ET-1 is part of the
characteristic macrophage response to infection, and have
begun to investigate the ability of various classes of microbes
or microbial products to induce macrophage ET-1 production.
We report the production of ET-1 by murine macrophages in
response to stimulation with both gram-positive and gram-
negative bacteria. Stimulation of macrophages with yeast
(Candida albicans or Saccharomyces cerevisiae) or the proto-
zoan parasite Leishmania major, elicited no significant release
of ET r • The production of ET·1 in response to lipopolysacchar-
ide (LPS) was dose and time dependent, and required the
expression of a functional toll-like receptor 4 (TLR4). Pharmaco-
logic inhibition of the transcription factor, nuclear tactor-ea (NF-
KB) suppressed LPS-induced ET-1 production. Our findings
complement the growing body of literature implicating a role for
macrophage-derived ET-1 in inflammatory pathologies. The
production of ET-1 by macrophages during infection and
inflammation has the potential to affect tissue perfusion,
leukocyte extravasation, and immune cell function. Exp Bioi
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Introduction
Endothelin-I (ET-I) is a member of the endothelin

family of peptides that were initially described as potent
vascular smooth muscle constrictors released from the
endothelium by ischemia, injury, or inflammation (1). The
majority of studies examining ET-I expression and function
have analyzed the production of ET-I by the vascular
endothelium and its ability to induce vasoconstriction and
regulate vascular tone by interacting with receptors on
vascular smooth muscle cells. However, ET-I is now
known to be produced by a wide variety of cells and tissues
under normal and pathologic conditions. In addition to its
vasoconstrictive properties, ET-I acts as a mitogen for
vascular smooth muscle cells, modulates the expression of
adhesion molecules on endothelial cells, and is a chemo-
attractant and modulator of immune cell function (1-3).

Endothelin-I has been postulated to participate in the
pathogenesis of a number of diseases, such as myocardial
infarction, bronchial asthma, pulmonary hypertension, renal
failure, atherosclerosis, and sepsis. Among these pathophys-
iologic conditions, sepsis presents with the highest plasma
levels of ET-I (2, 3). Although it has been theorized that the
elevated levels of ET-I initially encountered in sepsis may
be attributed to the normal homeostatic response to sepsis-
associated hypotension, its prolonged and excessive rise
may lead to excessive vasoconstriction in some vascular
beds, resulting in decreased organ perfusion and increased
organ damage (4). Several studies have demonstrated a
strong correlation between ET-I plasma levels and morbid-
ity and mortality in septic patients (5, 6).

The potential importance of macrophages and mono-
cytes as a source of ET-I during sepsis or endotoxemia is
supported by observations in humans and in animal models.
Peripheral blood monocytes from septic patients express
significantly higher levels of ET-I mRNA than those of
healthy control subjects (7). Kupffer cells (liver macro-
phages), in addition to hepatic vascular endothelial cells,
seem to synthesize and release ET-I in experimental models
of endotoxemia (8). Increased concentrations of ET-I have
also been noted in the inflammatory infiltrate present after
the induction of lethal peritonitis in rats (9). The results of
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these findings and others have led some to suggest that the
dramatic increase in plasma ET-1 levels seen in patients
SUffering from sepsis or endotoxemia is caused primarily by
monocyte-derived ET-1 and not from the increased
Production of ET-l by endothelial cells (10).

Human, rat, and guinea pig mononuclear phagocytes
(monocytes and macrophages) have been demonstrated to
~roduce ET-l in response to a variety of stimuli, including
lIpopolysaccharide (LPS), phorbol esters (phorbol myristate
acetate) and recombinant human immunodeficiency virus
gp120 (11-14). Interferon-y has been reported to potentiate
ET-1 secretion by human monocytes (15). Currently, there
are no reports in the literature describing the production of
ET-1 by macrophages after their interaction with intact
Whole microbes or structural components of gram-positive
Or fungal pathogens. There are also no reports analyzing
ET-I production by murine macrophages.

We initiated a series of investigations to examine the
production of ET-1 by murine macrophages in response to
stimulation with various classes of microbes or their
structural components. These studies demonstrate that
macrophages produce ET-1 in response to a variety of
microbial challenges, most notably gram-positive and gram-
negative bacteria. In addition, we defined a specific
receptor-ligand interaction (LPS to toll-like receptor 4
[TLR4]) that is sufficient to induce macrophage ET-l
production. The identification of cellular and molecular
eVents that regulate macrophage ET-1 production may help
us to elucidate the source and function of ET-1 observed
dUring numerous pathologic conditions.

Materials and Methods
. Mice. Female BALB/c, C3H/HeOuJ, and C3H/HeJ

Il1ice were purchased from The Jackson Laboratories (Bar
liarbor, ME) and housed in the Des Moines University
animal care facility. The care and treatment of mice was in
aCcordance with guidelines established by the Des Moines
University Institutional Animal Care and Use Committee.
All Protocols and procedures involving animals were
reViewed and approved by this committee.

Macrophage Isolation and Cultivation. Murine
~one marrow-<lerived macrophages (BMDM) were estab-
lIshed as previously described, with minor modifications
(6). Briefly, femurs were flushed with cation-free Dulbec-
co's phosphate-buffered saline (DPBS; Mediatech, Hern-
don, VA) using a 23-gauge needle. Cells were grown in
DUlbecco's modified Eagle's medium (DMEM; Mediatech)
~ontaining 20% L929 cell-conditioned medium, 10% heat-
Inactivated fetal calf serum, 2 roM t-glutamine. 100 Ulml
penicillin G, and 100 I!g/ml streptomycin. L929 cells were
grown under identical conditions, with their cell growth
Conditioned media serving as a source of macrophage
Colony stimulating factor.

Cells were grown at 37°C in 5% C02 for 7-10 days
Until uniform monolayers of macrophages were established.

After the initial 5 days of cultivation, cells were washed
once to remove nonadherent cells and cell debris, and fresh
media was added. Twenty-four hours before use, mono-
layers were washed to remove nonadherent cells, and
macrophages removed from the original plastic petri dishes
by treatment with 5 roMEDTA in DPBS. The BMDM were
washed once and resuspended in DMEM containing 10%
heat-inactivated fetal calf serum, L-glutamine, penicillin G,
and streptomycin. Cells were plated at a density of I X 106

cells/ml into 24-well plates (0.5 ml/well) or 25 mm2 tissue
culture flasks (3 ml/flask).

Microorganisms. Escherichia coli (ATCC#25922),
Staphylococcus aureus (ATCC#29213), Enterococcus fae-
calis (ATCC#19443), and Saccharomyces cerevisiae
(ATCC#9763) were purchased from the American Type
Culture Collection (Manassas, VA). Rhodococcus equi
(equine clinical isolate, "238") was provided by David
Mosser, Ph.D. (University of Maryland, College Park, MD).
Candida albicans (clinical isolate, "328") was provided by
Bryan Larsen, Ph.D. (Des Moines University, Des Moines,
IA). Leishmania major (MHOM/IL/Friedlin) was provided
by David Sacks, Ph.D. (National Institute of Allergy and
Infectious Disease, Bethesda, MD).

Bacteria were grown overnight at 37°C in Brain Heart
Infusion Broth (Difco, Detroit, MI). C. albieans and S.
cerevisiae were grown in Yeast Nitrogen Base media
(Difco). The protozoan parasite L. major was maintained in
Schneider's Drosophila media (Sigma, St. Louis, MO)
supplemented with 20% heat-inactivated fetal calf serum, L-
glutamine, penicillin G, and streptomycin. Parasite cultures
were maintained at 26°C.

Before being used in macrophage stimulation assays,
all microorganisms were washed extensively in Hank's
balanced salt solution (Mediatech).

Biochemicals and Reagents. Bacterial LPS (E.
coli 0127:B8), polymyxin B, paclitaxel (Taxol), and BAY
11-7082 were all purchased from Sigma.

Macrophage Stimulation. Intact and viable micro-
organisms were added to macrophage monolayers to achieve
a multiplicity of infection of approximately 50 to 1.
Lipopolysaccharide and Taxol were added to achieve the
final concentrations indicated. In some assays, cells were
preincubated with 15 ug/ml of the LPS-neutralizing com-
pound, polymyxin B, or an inhibitor of nuclear factor-KB
(NF-KB) activation, BAY 11-7082, for 15 mins before
stimulation. At the indicated times, culture supernatants were
collected, centrifuged to remove microbes and cellular
debris, and frozen and stored at -80°C for later analysis.
Monolayers were washed with DPBS, and total cellular
RNA was isolated for analysis of ET-1 transcript abundance.

Analysis of ET-1 mRNA Expression. RNA was
isolated from washed macrophage monolayers using the
Purescript RNA Isolation Kit (Gentra Systems, Minneap-
olis, MN). cDNA was synthesized from 1 ug of total RNA
u~ing the SuperScript First-Strand Synthesis System (In-
vitrogen, Carlsbad, CA). Relative ET-I and ~-actin mRNA
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levels were determined using a semi-quantitative reverse
transcriptase polymerase chain reaction (RT-PCR). The
PCR primers and amplification parameters are presented in
Table 1. Primers were designed to produce relatively small
PCR products and to span introns (thereby generating
different size products when amplifying cDNA vs. poten-
tially contaminating genomic DNA as a template). The
number of amplification cycles used was determined
empirically, such that amplification occurred in a linear
fashion (25 cycles for ~-actin, and 30 cycles for ET-1).

Analysis of ET-1 Peptide Levels. The amount of
ET-1 peptide present in culture supernatants was determined
using the ET-l enzyme immunoassay (EIA) kit from Assay
Designs, Inc. (Ann Arbor, MI).

Statistical Analysis. Data analysis was performed
using the GraphPad InStat program (GraphPad Software,
Inc, San Diego, CA), with statistical significance (P < 0.05)
determined using analysis of variance (ANOVA) and
Student's t tests.

Results
LPS-Induced ET-1 Production Is Time and Dose

Dependent. Stimulation with LPS has been previously
reported to trigger the release of ET-1 from human
mononuclear phagocytes (11). To determine the effect of
LPS stimulation on ET-I production by murine macro-
phages, BMDM from BALB/c mice were stimulated with
100 ng/ml of LPS for periods of time ranging from 2-12 hrs.
At each time point, culture supernatants and total cellular
RNA"tWere collected and analyzed for the presence of ET-l
peptide and mRNA. As previously reported for macro-
phages from human and other animal models, LPS
stimulates the production of ET-l by murine BMDM (Fig.
1). This induction was rapid, with abundant message
detected as early as 2 hrs after stimulation (Fig. lA), and
accumulated peptide detected in the culture supernatant as
early as 4 hrs after the addition of LPS (Fig. 18). Peak
message and peptide levels appeared approximately 6-8 hrs
after initial LPS stimulation. Further analysis demonstrates
that macrophages rapidly and dramatically increase tran-
scription of the ET-1 gene and secrete ET-1 peptide when
stimulated with considerably lower concentrations of LPS
(Fig. 2). Transcription of the ET-l gene and secretion ofET-
1 peptide by murine BMDM was detected after the
stimulation of macrophages with concentrations of LPS as
low as 0.1 ng/ml, with maximum production occurring after
stimulation with 100 ng/ml or greater.

These data demonstrate that the production of ET-1 by
murine BMDM in response to LPS is time and dose
dependant, with maximum production occurring approx-
imately 6 hrs after initial stimulation, and with LPS
concentrations of 100 ng/ml or greater.

ET-1Is Produced by Macrophages In Response
to Microbial Challenge. To determine the effect of
microbial stimulation on macrophage ET-1 production,

BMDM from BALB/c mice were incubated with the
following microorganisms at a multiplicity of infection
(MOl) of 50 to 1: gram-negative bacteria, E. coli; gram-
positive bacteria, S. aureus, E. faecalis, and R. equi; yeast,
S. cerevisiae and C. albicans; and protozoa, L. major. Six
hours after stimulation, culture supernatants and total
cellular RNA were isolated. The array of organisms used
in theseassays was selected to include bacteria frequently
associated with sepsis (E. coli, S. aureus, E.faecalis), fungal
agents causing sepsis (C. albicans), and intracellular
pathogens of macrophages (R. equi and L. major). S.
cerevisiae was included because of its historical use as a
macrophage stimulant. Each of these organisms varies in
surface structure and presumably interacts with a diverse
array of macrophage receptors.

As illustrated in Figure 3, the exposure of macrophages
to gram-positive or gram-negative bacteria resulted in the
rapid induction of ET-I transcripts and secretion of ET-I
peptide. Interestingly, the incubation of macrophages with
eukaryotic microbes (yeast; S. cerevisiae, C. albicans:
protozoa; L. major) had little or no effect on the production
of ET-I by macrophages. Although stimulation with S.
cerevisiae resulted in increased levels of ET-I mRNA (see
representative assay in Fig. 3A) the amount of ET-I peptide
secreted was not significantly greater than the amount
produced by unstimulated cells.

ET-1 Is Produced in Response to TLR4 liga-
tion. The predominant receptor on macrophages respon-
sible for recognizing LPS from gram-negative organisms is
known as TLR4 (17). To determine the contribution of
TLR4 ligation to macrophage ET-I production, macro-
phages from C3H/HeJ (TLR4-signaling deficient) and C3H/
HeOuJ (wild type) mice were stimulated for 6 hrs with
either media alone, LPS, or intact and viable E. coli or S.
aureus. Stimulation was performed in the absence or
presence of the lipid A (LPS binding)-neutralizing
compound, polymyxin B (18). In each of three independent
experiments. summarized in Figure 4, macrophages from
TLR4-sufficient C3H/HeOuJ mice secreted significant
levels of ET-I peptide in response to all stimuli (LPS, E.
coli, S. aureus). Although the response to LPS was
abrogated by the inclusion of polymyxin B, this treatment
had only a modest effect (P < 0.05) on the C3H/HeOuJ
macrophage response to E. coli, and no effect on the
response to S. aureus. In contrast to macrophages from
C3H/HeOuJ mice, cells from TLR4-deficient C3H/HeJ mice
produced no ET-I in response to LPS and a diminished
response to E. coli.

In addition to binding LPS, murine TLR4 has been
demonstrated to recognize the chemotherapeutic agent,
Taxo! (19). The stimulation of murine macrophages with
Taxo! has been demonstrated to induce the expression of a
number of genes and the secretion of many inflammatory
cytokines via a signa! transduction pathway indistinguish-
able from that triggered by LPS (20). To determine whether
TLR4 ligands other than LPS were cable of triggering the
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Table 1. PCR Primers and Conditions
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~rget

ET-1
P'actin-

Forward primer
AAGCGCTGTICCTGTICTIC

GTGGGCCGCTCTAGGCACCA

Reverse primer
CTIGATGCTATIGCTGATGG
CTCAGCTGTGGTGGTGAAGC

Cycles Annealing temp (0C) Product size (bp)
30 60 383
25 55 510

releaseof ET-I, macrophages were stimulated with Taxol in
~he absence or presence of polymyxin B. As demonstrated
In Figure 5, macrophages release ET-I in response to both
of the TLR4 ligands, LPS and Taxol.

These data demonstrate that the ligation of TLR4 by
LPS or Taxol is sufficient to induce ET-I production by
mUrine macrophages, and that the ligation of TLR4 on
~acrophages by LPS in addition to other unknown ligands
IS responsible for much of the ET-I secretion induced by E.
coli. Interestingly, S. aureus (a gram-positive organism
~ontaining no LPS) is a potent inducer of ET-I, and this
Induction is independent of TLR4. These data suggest that
the ligation of receptors other than TLR4 can induce the
production of ET-I by macrophages.

NF-KB Activation Is Necessary for Macrophage
ET-1 Production. After ligation, all TLRs activate
common signaling pathways that culminate in the activation
of the transcription factor, NF-KB. To investigate the role
for NF-KB in the regulation of ET-I production by
macrophages, cells were stimulated with LPS in the
~resence of increasing concentrations of a pharmacologic
Inhibitor of NF-KB activation, BAY 11-7082. As demon-
strated in Figure 6, LPS-induced ET-I production was

Figure 1. The kinetics of ET-1 production by macrophages in
response to LPS stimulation. BMOM were stimulated with 100 nglml
of LPS for increasing periods of time. Supematants were collected
and.analyzed for ET-1 peptide concentration using a commercially
available EIA kit (B). Monolayers were washed and ANA was
Collected for AT-PCA analysis of ET-1 and ~-actin transcript levels
(A). Peptide data represent the mean ± SO of triplicate determi-
nations.

significantly inhibited (88.5 ± 4.5%) by micromolar
concentration of BAY 11-7082. A putative NF-KB binding
site identified in the promoter region of the human ET-I
gene has recently been implicated in regulating the
expression of ET-I by endothelial cells in response to stress
(21). The region of the ET-I promoter involved in
regulating macrophage ET-I production is a CU1Tent area
of investigation.

Discussion

The production of ET-I by endothelial cells under
physiologic and pathologic conditions has received a
considerable amount of attention. Here, we report the
production of ET-I by murine macrophages after microbial
challenge and in response to ligation of TLR4.

Our observations that murine macrophages produce
ET-I in response to both gram-positive and gram-negative
bacteria (Fig. 3), as well as in response to LPS stimulation
(Figs. I and 2), support the notion that ET-I production is
part of the characteristic macrophage response to microbial
challenge. Furthermore, our observations suggest that

Figure 2. The effect ,of different concentrations of LPS on macro-
phage .ET-1 product~on. BMOM were stimulated for 6 hrs with
Increasing concentrations of LPS, Supernatants were collected and
analyzed for ET-1 peptide concentration using a commercially
available EIA kit (B). Mon~layers were washed and ANA was
collected.for AT-PCA analysis of ET-1 and ~-actin transcript levels
(A): Peptide data represent the mean ::!: SO of triplicate determ'-
nations. I
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Figure 3. The effect of microbial challenge on macrophage ET·1
production. BMDM were stimulated for 6 hrs with either 100 ng/ml of
LPS, or the indicated microorganisms at a multiplicity of infection of
50 to 1. Supernatants were collected and analyzed for ET-1 peptide
concentration using a commercially available EIA kit (B). Mono-
layers were washed and RNA was collected for RT-PCR analysis of
ET·1 and ~-actin transcript levels (A). The RT-PCR data are
representative of three independent assays. The peptide data
represent the mean ± SEM of three independent assays, each
performed in triplicate. Asterisks indicate a significant difference (* P
< 0.05; ** P < 0.01) from control cells as determined using
Student's t test.

macrophages may be a key source of ET-1 during infection
or iritiarnmatory conditions that develop in response to
microbial challenge.

Although not readily apparent in figures demonstrating
the mean amount of ET-1 peptide secreted in multiple
experiments (Figs. 3 and 4), within an individual replicate,
the amount of ET-1 message detected was linearly
correlated with the amount of ET-1 peptide present in the
culture supernatant (data not shown). Stringent regulation of
ET-1 transcription and the relatively short half-life of ET-I
mRNA suggest thatET-1 production is primarily regulated
at the level of transcription in endothelial cells (22, 23).
Recently, some reports have implicated post-transcriptional
and post-translational mechanisms that may contribute to
the secretion of ET-1 by endothelial cells (24, 25).
Transcriptional and post-transcriptional mechanisms regu-
lating macrophage ET-1 production are a current area of
investigation in our laboratory.

The most extensively studied member of the TLR
family is TLR4. These receptors vary in ligand specificity,
but collectively recognize a myriad of pathogen-associated
molecular patterns, including bacterial endotoxin, and cell
wall and membrane components of bacteria, fungi, and
protozoa. Toll-like receptor 4 is an essential component in
the recognition of LPS from gram-negative bacteria by
macrophages (17). Ligation of TLR4 has been demon-

Figure 4. The importance of TLR4 signaling in macrophage ET·1
production. BMDM from Wild-type C3H/HeOuJ or TLR4-signaling
deficient C3H/HeJ mice were stimulated with LPS, E. coli, or S.
aureusfor 6 hrs in the absence (-) or presence (+) of 15 Ilg/ml of the
LPS-neutralizing compound, polymyxin B. Culture supernatants were
collected and analyzed for the presence of the ET-1 peptide (8).
Monolayers were washed and RNA was extracted for RT-PCR
analysis (A). The ET·1 peptide data represent the mean ± SEM of
four independent experiments, each performed in triplicate. The RT-
PCR data are representative of one of these assays. Asterisks
indicate significant differences (* P < 0.001) in the response of cells
from C3H/HeOuJ mice compared with those from C3H/HeJ mice, as
determined using Student's t test.

strated to result in the production of numerous inflammatory
mediators, including tumor necrosis factor TNF-ct, inter-
leukin IL-l~, IL-6,IL-12, and nitric oxide (26). C3H/HeJ
mice, which are LPS-hyporesponsive, possess a point
mutation in their tlr4 gene, resulting in a lack of LPS-
induced signal transduction, and, therefore, a diminished
inflammatory response when stimulated with LPS (17).

Using these TLR4-signaling deficient animals, we
demonstrate that TLR4 ligation is sufficient to induce
macrophage ET-l production (Fig. 4). Furthermore, in
addition to LPS, other TLR4 ligands, such as Taxol, are
capable of triggering ET-l production (Fig. 5). The
observations that the gram-positive (LPS negative) bacte-
rium, S. aureus; and the gram-negative (LPS positive)
bacterium, E. coli are capable of stimulating ET-l
production in the absence of TLR4 signaling suggest that
other macrophage receptors, in addition to TLR4, can
trigger macrophage ET-1 production. A role for TLR2, a
macrophage receptor for bacterial lipoproteins and lip-
oteichoic acids, in triggering macrophage ET-1 production
in response to both gram-positive and gram-negative
bacteria is a current area of investigation in our laboratory.

After ligation, all TLRs activate similar signaling
pathways that culminate in the activation of the tran-
scription factor, NF-KB (27). Activation of NF-KB in
macrophages results in the production of numerous
proinflammatory cytokines, chemokines, and growth factors
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Figure 5. Endothelin-1 production in response to TLR4 ligation.
BMDM were stimulated for 6 hrs in the presence of media alone
(Control), 100 nglml of LPS, or 25 I!M Taxo!. Stimulation was
performed in the absence or presence (+) of 15 I!g/ml of the LPS-
neutralizing compound, polymyxin B. Supernatants were collected
and analyzed for the presence of ET-1 peptide. Data represent the
~e~n :±: SEM of three independent experiments, each performed in
tnpllcate. Asterisks indicate a significant differences (* P < 0.001)
from the control, as determined using Student's t test.

(28). Our ability to abrogate macrophage ET-1 production
through the pharmacologic inhibition of NF-KB activity
(Fig. 6) supports the inclusion of ET-1 as a macrophage-
derived mediator of inflammation.

Recent studies in transgenic mice reveal that the over
expression of ET-1 results in pulmonary fibrosis, chronic
~ung inflammation, and chronic kidney inflammation with
Increased tissue density of lymphocytes and macrophages
(29, 30). Studies in endothelin receptor knockout mice
Suggest a role for the endothelin system in cutaneous
inflammation and inflammatory pain (31). Macrophages
found in fatty streaks and fibrous plaque areas from human
atherosclerotic lesions express high levels of ET-1 (32), and
native and oxidized low-density lipoprotein have been
reported to increase ET-1 expression by both vascular
smooth muscle cells and monocyte-derived macrophages.
These studies, in addition to the reported contribution of
ET-1 to the pathophysiology of sepsis, support the
hypothesis that ET-1 can act as a potent proinflammatory
mediator in a diverse spectrum of pathologic conditions.

Our findings complement this growing body of
literature, implicating a role for ET-1 in inflammatory
pathologies. Our studies appear to be the first to examine
ET-1 production by murine macrophages, the first to
demonstrate ET-1 production by macrophages after their
exposure to intact microorganisms (gram-positive and
gram-negative bacteria), and the first to identify a specific
receptor-ligand interaction responsible for inducing the
release of ET-1 by macrophages. Current investigations are
aimed at the identification of additional receptor-ligand
interactions that trigger macrophage ET-1 production, and

Figure 6. The effect of an inhibitor of NF-KB activation on macro-
phage ET-1 production. BMDM were stimulated for 6 hrs in the
presence of media alone H or 100 ng/ml of LPS (+). Stimulation was
performed in the presence of increasing concentrations of SAY 11-
7082, an irreversible inhibitor of IKB phosphorylation, and subse-
quent NF-KB nuclear translocation. Supernatants were collected and
analyzed for the presence of ET-1 peptide. Monolayers were washed
and RNA was extracted for RT-peR analysis. Induced peptide
values represent the mean ± SO of triplicate determinations. This
figure is representative of three independent assays, each performed
in triplicate. Asterisks indicate significant difference (* P < 0.001)
from control (no inhibitor), as determined using Student's t test.

the cellular and molecular mechanisms that regulate this

response.

1. Kedzierski RM, Yanagisawa M. Endothelin system: the double-edged
sword in health and disease. Annu Rev Phannacol Toxicol 41:851-876.

2001.

2. Battistini B, Forget MA, Laight D. Potential roles for endothelins in
systemic inflammatory response syndrome with a particular relationship
to cytokines. Shock 5:167-183, 1996.

3. Wanecek M, Weitzberg E, Rudehill A, Oldner A. The endothelin
system in septic and endotoxin shock. Eur J Phannacol407: 1-15,2000.

4. Iskit AB, Guc O. Effects of endothelin and nitric oxide on organ injury.
mesenteric ischemia. and survival in experimental models of septic
shock. Acta Phannaco1 Sin 24:953-957. 2003.

5. Pittet JF. Morel DR, Hemsen A. Gunning K. Lacroix JS. Suter PM.
Lundberg JM. Elevated plasma endothelin- I concentrations are
associated with the severity of illness in patients with sepsis. Ann
Surg 213:261-264, 1991.

6. Weitzberg E, Lundberg JM, Rudehill A. Elevated plasma levels of
endothelin in patients with sepsis syndrome. Circ Shock 33:222-227,
1991.

7. Ebihara I, Nakamura T, Shimada N. Shoji H. Koide H. Effect of
hemoperfusion with polymyxin B-immobilized fiber on plasma
endothelin-I and endothelin-I mRNA in monocytes from patients with
sepsis. Am J Kidney Dis 32:953-961,1998.

8. Liu B, Zhou J, Chen H, Wang D, Hu D. Wen Y. Xiao N. Expression
and cellular location of endothelin-l mRNA in rat liver following
endotoxemia. Chin Med J 110:932-935. 1997.

9. Lundblad R. Giercksky KE. Endothelin concentrations in experimental



658 WAHL ET AL

sepsis: profiles of big endothelin and endothelin 1-21 in lethal
peritonitis in rats. Eur J Surg 161:9-16, 1995.

10. McMillen MA, Cunningham ME. Origin of endothelin in sepsis. Crit
Care Med 24:721-722, 1996.

II. Ehrenreich H, Anderson RW, Fox CH, Rieckmann P, Hoffman GS,
Travis WO, Coligan JE, Kehri JH, Fauci AS. Endothelins, peptides
with potent vasoactive properties, are produced by human macro-
phages. J Exp Med 172:1741-1748, 1990.

12. Ehrenreich H, Burd PR, Rottem M, Hultner L, Hylton 18, Garfield M,
Coligan JE, Metcalfe DO, Fauci AS. Endothelins belong to the
assortment of mast cell-derived and mast cell-bound cytokines. New
Bioi 4:147-156, 1992.

13. Ehrenreich H, Rieckmann P, Sinowatz F, Weih KA, Arthur LO, Goebel
FD, Burd PR, Coligan JE, Clouse KA. Potent stimulation of monocytic
endothelin-I production by HIV-I glycoprotein 120. J Immunol
150:4601-4609, 1993.

14. Xu J, Zhong NS. The interaction of tumour necrosis factor alpha and
endothelin-I in pathogenetic models of asthma. Clin Exp Allergy
27:568-573, 1997.

15. Salh B, Hoeftick K, Kwan W, Pelech S. Granulocyte-macrophage
colony-stimulating factor and interleukin-3 potentiate interferon-
gamma-mediated endothelin production by human monocytes: role
of protein kinase C. Immunology 95:473-479, 1998.

16. Brittingham A, Chen G, McGwire BS, Chang KP, Mosser OM.
Interaction of Leishmania gp63 with cellular receptors for fibronectin.
Infect Immun 67:4477-4484, 1999.

17. Poltorak A, He X, Smirnova I, Liu MY, Huffel CV, Du X, Birdwell 0,
Alejos E, Silva M, Galanos C, Freudenberg M, Ricciardi-Castagnoli P,
Layton B, Beutler B. Defective LPS signaling in C3HIHeJ and C57BL/
IOScCr mice: mutations in Tlr4 gene. Science 282:2085-2088, 1998.

18. Duc Dodon M, Vogel SN. Analysis of effects of lipopolysaccharide and
interferon on murine macrophages: modulation of elastase secretion in
vitro. Infect lrnmun 49:709-714, 1985.

19. Kawasaki K, Akashi S, Shimazu R, Yoshida T, Miyake K, Nishijima M.
Mouse toll-like receptor 4.MD-2 complex mediates lipopolysaccharide-
ltiftftetic signal transduction by Taxol. J Bioi Chern 275:2251-2254,2000.

20. Manthey CL, Brandes ME, Perera PY, Vogel SN. Taxol increases
steady-state levels of lipopolysaccharide-inducible genes and protein-
tyrosine phosphorylation in murine macrophages. J Immunol
149:2459-2465, 1992.

21. Quehenberger P, Bierhaus A, Fasching P, Muellner C, Klevesath M,
Hong M, Stier G, Sattler M, Schleicher E, Speiser W, Nawroth PP.
Endothelin I transcription is controlled by nuclearfactor-kappaB in AGE-
stimulated cultured endothelial cells. Diabetes 49:1561-1570, 2000.

22. Lee ME, Bloch KD, Clifford JA, Quertermous T. Functional analysis of
the endothelin-I gene promoter. Evidence for an endothelial cell-
specific cis-acting sequence. J Bioi Chern 265:10446-10450, 1990.

23. Mawji lA, Robb GB, Tai SC, Marsden PA. Role of the 3'-untranslated
region of human endothelin-I in vascular endothelial cells. ContribU-
tion to transcript lability and the cellular heat shock response. J Bioi
Chern 279:8655-8667, 2004.

24. Douthwaite JA, Lees OM, Corder R. A role for increased mRNA
stability in the induction of endothelia-l synthesis by lipopolysacchar-
ide. Biochem Pharmacol 66:589-594, 2003.

25. Russell FD, Davenport AP. Secretory pathways in endothelin synthesis.
Br J Pharmacol 126:391-398, 1999.

26. Jones BW, Means TK, Heldwein KA, Keen MA, Hill PJ, Belisle JT,
Fenton MJ. Different Toll-like receptor agonists induce distinct
macrophage responses. J Leukoc Bioi 69:1036-1044, 2001.

27. Barton GM, Medzhitov R. Toll-like receptor signaling pathways.
Science 300:1524-1525, 2003.

28. Caamano J, Hunter CA. NF-kappaB family of transcription factors:
central regulators of innate and adaptive immune functions. Clin
Microbiol Rev 15:414-429, 2002.

29. Hocher B, Schwarz A, Fagan KA, Thone-Reineke C, EI-Hag K,
Kusserow H, Elitok S, Bauer C, Neumayer HH, Rodman OM, Theuring
F. Pulmonary fibrosis and chronic lung inflammation in ET-I
transgenic mice. Amer J Resp Cell Mol Bioi 23:19-26, 2000.

30. Hocher B, Schwarz A, Slowinski T, Bachmann S, Pfeilschifter J,
Neumayer HH, Bauer C. In vivo interaction of nitric oxide and
endothelin. J Hypertens 22:111-119, 2004.

31. Griswold DE, Douglas SA, Martin LD, Davis TG, Davis L, Ao Z,
Luttmann MA, Pullen M, Nambi P, Hay OW, Ohlstein EH. Endothelin
B receptor modulates inflammatory pain and cutaneous inflammation.
Mol Pharmacol 56:807-812, 1999.

32. Iwasa S, Fan J, Shimokama T, Nagata M, Watanabe T. Increased
immunoreactivity of endothelin-I and endothelin B receptor in human
atherosclerotic lesions. A possible role in atherogenesis. Atheroscle-
rosis 146:93-100, 1999.


