
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 4738–4742, April 1998
Pharmacology

Hypotension and inflammatory cytokine gene expression
triggered by factor Xa–nitric oxide signaling

ANDREAS PAPAPETROPOULOS*†, PAOLA PICCARDONI‡†§, GIUSEPPE CIRINO¶, MARIAROSARIA BUCCI¶,
RAFFAELLA SORRENTINO¶, CARLA CICALA¶, KIRK JOHNSONi, VENETIA ZACHARIOU*,
WILLIAM C. SESSA*,**, AND DARIO C. ALTIERI‡

Departments of *Pharmacology and ‡Pathology, Boyer Center for Molecular Medicine, Yale University School of Medicine, New Haven, CT 06536;
¶Dipartimento di Farmacologia Sperimentale, Universita’ degli Studi di Napoli ‘‘Federico II’’, 80131 Naples, Italy; and iDepartment of Pharmacology,
Chiron Corporation, Emeryville, CA 94608

Edited by Salvador Moncada, University of London, London, United Kingdom, and approved February 12, 1998 (received for review
November 3, 1997)

ABSTRACT The signaling pathway initiated by factor Xa
on vascular endothelial cells was investigated. Factor Xa
stimulated a 5- to 10-fold increased release of nitric oxide
(NO) in a dose-dependent reaction (0.1–2.5 mgyml) unaf-
fected by the thrombin inhibitor hirudin but abolished by
active site inhibitors, tick anticoagulant peptide, or Glu-Gly-
Arg-chloromethyl ketone. In contrast, the homologous clotting
protease factor IXa or another endothelial cell ligand, fibrin-
ogen, was ineffective. A factor Xa inter-epidermal growth
factor synthetic peptide L83FTRKL88(G) blocking ligand bind-
ing to effector cell protease receptor-1 inhibited NO release by
factor Xa in a dose-dependent manner, whereas a control
scrambled peptide KFTGRLL was ineffective. Catalytically
active factor Xa induced hypotension in rats and vasorelax-
ation in the isolated rat mesentery, which was blocked by the
NO synthase inhibitor L-NG-nitroarginine methyl ester (L-
NAME) but not by D-NAME. Factor XayNO signaling also
produced a dose-dependent endothelial cell release of inter-
leukin 6 (range 0.55–3.1 ngyml) in a reaction inhibited by
L-NAME and by the inter-epidermal growth factor peptide
Leu83–Leu88 but unaffected by hirudin. Maximal induction of
interleukin 6 mRNA required a brief, 30-min stimulation with
factor Xa, unaffected by subsequent addition of tissue factor
pathway inhibitor. These data suggest that factor Xa-induced
NO release modulates endothelial cell-dependent vasorelax-
ation and cytokine gene expression. This pathway requiring
factor Xa binding to effector cell protease receptor-1 and a
secondary step of ligand-dependent proteolysis may preserve
an anti-thrombotic phenotype of endothelium but also trigger
acute phase responses during activation of coagulation in vivo.

Although primarily recognized for maintaining the hemostatic
balance (1), blood proteases of the coagulation and fibrinolytic
cascades elicit rapid cellular responses in vascular, mesenchy-
mal, and inflammatory cell types (2, 3). Considerable effort
has been devoted to elucidate the molecular interface between
protease-dependent signaling and pleiotropic cellular re-
sponses. This led to the identification of several membrane
protease receptors, initiating intracellular signal transduction
and effector functions in vascular cells. In this context, throm-
bin receptor activation (4) generated second messengers in
endothelium (5) and smooth muscle cells (6, 7), released
inflammatory cytokines from monocytes (8), fibroblasts (9),
and endothelium (10, 11), and increased the expression of
leukocyte-endothelial cell adhesion molecules (12). Similarly,
binding of factor Xa to effector cell protease receptor-1

(EPR-1) (13) participated in in vivo acute inflammatory
responses (14), platelet and brain pericyte prothrombinase
activity (15, 16), and endothelial cell and smooth muscle cell
signaling and proliferation (17, 18). Despite the potential role
of these mechanisms in vascular injury and atherosclerosis
(19), the intracellular second messenger(s) mediating pro-
tease-dependent cellular effector functions have remained
elusive. Here, we report that factor Xa induces the release of
endothelial cell NO, thus regulating vasorelaxation in vivo and
acute response cytokine gene expression in vitro. This pathway
requires a dual step cascade, involving binding of factor Xa to
EPR-1 (17, 18) and a secondary as yet unidentified protease-
activated mechanism.

MATERIALS AND METHODS

cGMP Accumulation in Human Umbilical Vein Endothelial
Cells (HUVEC). HUVEC were isolated by collagenase treat-
ment and maintained in culture in complete M199 tissue
culture medium (GIBCOyBRL) supplemented with 20% fetal
bovine serum, endothelial cell growth factor, 100 unitsyml
penicillin, and 100 mgyml streptomycin. Before each experi-
ment, confluent HUVEC monolayers were washed with
Hanks’ balanced salt solution (GIBCO) and exposed to his-
tamine (10 mM) or increasing concentrations of factor Xa
(0.1–5.5 mgyml) in the presence of isobutylmethylxanthine (1
mM) to inhibit the breakdown of cGMP by phosphodiester-
ases. After a 15-min incubation at 37°C, the medium was
aspirated, and cGMP was extracted in 0.1 M HCl and deter-
mined by RIA (Biomedical Technologies, Stoughton, MA).
Cell remnants were boiled in 1 M NaOH and used for protein
determination (values were calculated as picomoles of cGMP
per mg of protein). Specificity for the effect of factor Xa was
assessed in the presence of the NO synthase inhibitor L-NG-
nitroarginine methyl ester (L-NAME, 100 mM) added for 15
min at 37°C before cGMP determination. Similar experiments
were carried out in the presence of factor IXa (2.5 mgyml),
fibrinogen (2.5 mgyml), or catalytic active site-inhibited Dan-
syl-Glu-Gly-Arg-chloromethyl ketone (DEGR)-factor Xa (2.5
mgyml) or factor Xa pretreated with the active site inhibitor,
tick anticoagulant peptide (TAP). In parallel experiments,
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HUVEC cGMP release was determined following stimulation
with thrombin (1 unityml) or factor Xa (2.5 mgyml) in the
presence or in the absence of hirudin (10 unitsyml). For
inhibition experiments, HUVEC were preincubated with in-
creasing concentrations of the factor Xa-derived inter-
epidermal growth factor (EGF) peptide Leu83-Phe84-Thr85-
Arg86-Lys87-Leu88-(Gly) (1–500 mM) inhibiting factor Xa bind-
ing to EPR-1 (20) or control scrambled peptide Lys-Phe-Thr-
(Gly)-Arg-Leu-Leu (500 mM) (residues in parentheses added
to the natural sequence) for 15 min at 37°C, before addition of
factor Xa and determination of cGMP production. Alterna-
tively, HUVEC were preincubated with anti-EPR-1 monoclo-
nal antibody 13E5 or control nonbinding antibody 14E11
before factor Xa stimulation and cGMP determination. All
coagulation proteins were purchased from Hematologic Tech-
nologies, Essex, VT, and characterized in previous studies (20).
The interaction of factor Xa with HUVEC and the role of
EPR-1 in this recognition have been reported previously (17,
18, 20). All other reagents were from Sigma.

Vasoactive Effects of Factor Xa in Vivo and in the Isolated
Rat Mesentery Circulation. For blood pressure measurements,
male Wistar rats were anesthetized with a mixture of ketamine
(90 mgykg intraperitoneally) and xylazine (10 mgykg intra-
peritoneally). The right carotid artery and the left jugular vein
were cannulated, and a pressure transducer was connected to
the artery for measurement of the blood pressure whereas the
drugs were administered through the jugular vein. The rats
were anticoagulated with heparin (40 unitsykg, intravenously).
After a 10-min interval, factor Xa (1.1–111 pmol) or DEGR-
factor Xa (1111 pmol) was administered as an intravenous
bolus. To determine the vasoactive effect of factor Xa on the
isolated rat mesentery circulation, rats were anesthetized with
urethane (1 gykg intraperitoneally), the abdomen was opened,
and the ileocolic and colic branches of the superior mesentery
were tied. The superior mesenteric artery was cannulated and
perfused at a flow rate of 2 mlymin with warm (37°C),
oxygenated (95% O2y5% CO2) Krebs solution (concentrations
in mM: NaCl, 117.5; KCl, 4.7; KH2PO4, 1.2; CaCl2, 2.5; MgSO4,
1.2; NaHCO3, 25; glucose, 5.5) containing heparin (100 unitsy
ml) and indomethacin (1025 M). Rats were killed by cutting the
diaphragm. Perfusion pressures of arterial vasculature were
measured with a pressure transducer and recorded on a
physiograph. The arterial circulation was preconstricted with
methoxamine (1025 M) until a stable baseline was obtained,
and then a bolus injection of either factor Xa (2.2–66 pmol),
DEGR-factor Xa (66 pmol), or Ach (10–300 pmol) was
administered. L-NAME (100 mM) was infused at a constant
rate, and the dose–response curves to the various agonists
added were recorded.

Endothelial Cell Cytokine Release. HUVEC monolayers
were incubated with increasing concentrations (0.1–10 mgyml)
of factor Xa, DEGR-factor Xa, or fibrinogen and cultivated in
the presence of 0.1% fetal bovine serum for 12 h at 37°C. At
the end of the incubation, release of interleukin 6 (IL-6) in the
supernatant of stimulated cultures was assessed by ELISA
(Immunotech, Marseille, France). To determine the specificity
of endothelial cell response to factor Xa, HUVEC were
stimulated with thrombin (1 unityml), factor IXa (5 mgyml),
transferrin (2.5 mgyml), tumor necrosis factor a (10 ngyml),
cathepsin G (50 mgyml), chymotrypsin (100 nM), or urokinase
(40 nM) for 12 h at 37°C before IL-6 determination. In peptide
inhibition experiments, HUVEC were preincubated with in-
creasing concentrations (10–1000 mM) of the inter-EGF pep-
tide Leu83–Leu88 or control scrambled peptide for 30 min at
37°C, before stimulation with 1 mgyml factor Xa and deter-
mination of IL-6 release. Alternatively, HUVEC were incu-
bated with L-NAME or its inactive analogue D-NAME (5 mM
each) for 30 min at 37°C, in the presence or in the absence of
increasing concentrations of the NO donor, NOC 15 (Alexis
Biochemicals, San Diego, CA; 25–100 mM), before stimulation

with factor Xa (5 mgyml) and determination of IL-6 release. In
other experiments, HUVEC were stimulated with 5 mgyml
factor Xa for 1 h at 37°C, mixed with increasing concentrations
of recombinant tissue factor pathway inhibitor (TFPI, 0.5–50
mgyml), and cultivated for an additional 12 h at 37°C, before
determination of released IL-6.

Northern Hybridization. A full-length cDNA encoding hu-
man IL-6 was isolated by reverse transcriptaseyPCR amplifi-
cation from cytokine-activated HUVEC. Briefly, total RNA
was extracted from confluent HUVEC monolayers after over-
night stimulation with 10 ngyml tumor necrosis factor a by the
guanidinium isothiocyanate method. Five mg of total RNA
were primed with IL-6-specific oligonucleotide 59-GTGCCT-
GCAGCTTCGTCAGCTGG-39, reverse transcribed with 200
units of Superscript II (GIBCOyBRL) for 50 min at 42°C, and
amplified by PCR with 0.5 mg of IL-6 oligonucleotides (for-
ward, 59-CACACAGACAGCCACTCACCTC-39), 200 mM
dNTPs (New England Biolabs, Beverly, MA), and 2 units of
Vent DNA polymerase (New England Biolabs). The amplified
IL-6 cDNA of 400 nucleotides was subcloned in pCRII (In-
vitrogen) and completely sequenced on both strands. For
Northern hybridization, HUVEC total RNA was extracted
after stimulation with factor Xa (5 mgyml) for increasing time
intervals between 0.5 and 12 h at 37°C. RNA samples (5–10 mg)
were separated on agarose–formaldehyde-denaturing gels,
transferred overnight to GeneScreen nylon membranes (Du-
Pont), and UV crosslinked. The membrane was hybridized
with random-primed [32P]dCTP (Amersham) labeled IL-6
cDNA in 53 SSPE, 103 Denhardt’s solution, 1% SDS, 100
mgyml denatured salmon sperm DNA for 14 h at 60°C. The
membrane was washed in 23 SSC, 1% SDS for 30 min at 60°C
twice and 0.23 SSC at 22°C once, and exposed for autora-
diography. Control hybridization for densitometric quantita-
tion of IL-6 mRNA induction by factor Xa was carried out with
a glyceraldehyde-3-phosphate dehydrogenase 32P-labeled
probe under the same experimental conditions.

RESULTS AND DISCUSSION

Incubation of HUVEC monolayers with factor Xa resulted in
a concentration-dependent release of NO, as determined by
cGMP accumulation in these cells, which was inhibited by the
nitric oxide synthase (21) antagonist L-NAME (Fig. 1A).
Catalytically inactive DEGR-factor Xa or TAP-treated factor
Xa failed to stimulate NO release by HUVEC, thus demon-
strating the requirement of ligand-dependent proteolysis in
this response (Fig. 1B). To determine the specificity of NO
release under these conditions, two series of experiments were
carried out. First HUVEC stimulation with the homologous
clotting protease, factor IXa, or with another endothelial cell
ligand, fibrinogen (22), did not stimulate NO release (Fig. 1B).
Second, the thrombin-specific antagonist hirudin blocked NO
release from thrombin-stimulated HUVEC, in agreement with
previous observations (23, 24), but failed to reduce the NO
response elicited by factor Xa (Fig. 1C).

The potential role of the endothelial cell factor Xa receptor,
EPR-1 (17, 18), in NO release was next investigated. Increasing
concentrations of the factor Xa-derived inter-EGF peptide
Leu83–Leu88, which prevents ligand binding to EPR-1 (20),
blocked NO release from factor Xa-stimulated HUVEC in a
dose-dependent manner, whereas a control scrambled peptide
KFTGRLL was ineffective (Fig. 1D). A comparable degree of
inhibition was obtained with the anti-EPR-1 monoclonal an-
tibody 13E5 but not with control nonbinding antibody 14E11
(Fig. 1D). These data demonstrate that binding of factor Xa to
EPR-1 induces a concentration-dependent release of endo-
thelial cell NO through a protease-activated mechanism.

We next investigated a potential role of factor XayNO
signaling in modulation of vessel wall tone in vivo. Intravenous
injection of factor Xa in anticoagulated, anesthetized rats
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produced an immediate, transient, dose-dependent decrease in
mean arterial blood pressure (Fig. 2A). Consistent with the
requirement of a protease-activated mechanism in NO release
(Fig. 1B), administration of catalytically inactive DEGR-factor
Xa did not produce changes in systemic blood pressure under
the same experimental conditions (Fig. 2 A). To directly in-
vestigate the role of factor Xa–NO signaling in modulation of
vascular wall tone, experiments in the isolated rat mesentery
circulation were carried out next. Increasing concentrations of
Ach produced a dose-dependent endothelial cell vasorelax-
ation in the methoxamine preconstricted isolated mesentery
circulation (Fig. 2B), in agreement with previous observations
(25). Under these experimental conditions, administration of
factor Xa also produced a dose-dependent vasorelaxation in
the rat mesenteric circulation, in a response virtually equipo-
tent to that obtained with Ach (Fig. 2B), whereas catalytically
inactive DEGR-factor was ineffective (not shown). Perfusion
of the mesenteric vascular bed with L-NAME (100 mM)
abolished vasodilation induced by 2.2 and 6.6 pmol of factor Xa
and partially reduced the response elicited by 22 and 66 pmol

of factor Xa (Fig. 2 B and C). Similarly, comparable concen-
trations of L-NAME completely inhibited vasorelaxation in-
duced by 10 and 30 pmol of Ach and partially reduced the
response induced by 100 and 300 pmol of Ach (Fig. 2 B and C).

To determine whether factor Xa-induced NO release could
also modulate acute phaseyinflammatory cytokine gene ex-
pression we examined potential changes in IL-6 release fol-
lowing HUVEC stimulation with factor Xa. HUVEC stimu-
lation with factor Xa resulted in a concentration-dependent
release of IL-6 (range, 0.55–3.1 ngyml; Fig. 3A), which was
maximal at 0.6 mgyml added factor Xa. In contrast, catalyti-
cally inactive DEGR-factor Xa or fibrinogen did not induce
HUVEC release of IL-6 (Fig. 3A) under the same experimen-
tal conditions. The specificity of factor Xa-induced cytokine
release was next investigated. First, factor Xa-induced IL-6
release from HUVEC was quantitatively indistinguishable
from that obtained with tumor necrosis factor a or thrombin
stimulation (Table 1). This response was abolished by heat
denaturation of factor Xa (Table 1) but was unaffected by the
endotoxin inhibitor polymixin B (10 ngyml, not shown), thus

FIG. 1. Factor Xa-dependent NO release by HUVEC. (A)
HUVEC were exposed to the indicated increasing concentrations of
factor Xa in the presence (m) or in the absence (h) of the NO synthase
inhibitor L-NAME (100 mM) for 15 min at 37°C before cGMP
determination. (B) HUVEC were treated with factor Xa (2.5 mgyml),
DEGR-factor Xa (2.5 mgyml), factor IXa (2.5 mgyml), fibrinogen (2.5
mgyml), or factor Xa preincubated with TAP (250 mM) for 15 min on
ice before determination of cGMP. Histamine (10 mM) stimulation of
NO release by HUVEC was not significantly affected by TAP alone
(13.2 6 2.2 versus 10.4 6 0.6 pmolymg of protein, n 5 4). (C)
Thrombin (1 unityml) or factor Xa (2.5 mgyml) were incubated with
hirudin (2.5 unityml) for 15 min on ice and added to HUVEC for an
additional 15 min of incubation before cGMP determination. (D)
HUVEC were incubated with the factor Xa-derived inter-EGF pep-
tide Leu83–Leu88, which blocks ligand binding to EPR-1 (20), a control
scrambled peptide KFTGRLL(s), anti-EPR-1 monoclonal antibody
13E5 (50 mgyml), or control nonbinding IgG 14E11 (50 mgyml). After
a 30-min incubation at 37°C, cells were stimulated with factor Xa (2.5
mgyml) and cGMP was determined. Data are presented as mean 6
SEM (n 5 3–11; P , 0.05).

FIG. 2. Factor Xa causes hypotension in vivo and vasodilation in
the isolated rat mesentery. (A) Rats were injected with increasing
amounts of factor Xa or catalytically inactive DEGR-factor Xa before
determination of changes in mean arterial pressure (MAP). Data are
the mean 6 SEM for factor Xa (n 5 8–10) or DEGR-factor Xa (n 5
3). (B) Data depict a representative bioassay trace of Ach- and factor
Xa-induced vasodilation in the perfused rat mesentery. Increasing
amounts of Ach (10–100 pmol) or factor Xa (6.6–66 pmol) were given
as bolus injections into the perfused rat mesentery in the absence or
in the presence of L-NAME (100 mM), and perfusion pressures (PP)
were monitored. (C) The experimental conditions are the same as in
B. Responses in the presence of L-NAME are represented by open
bars. Data are the mean 6 SEM of the effect of factor Xa and Ach on
vasodilation in the perfused rat mesentery expressed as percent
relaxation (n 5 3–7).
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ruling out a potential contribution of contaminating endotoxin
in the observed release. Moreover, control protein transferrin
or additional proteases urokinase, cathepsin G, or chymotryp-
sin failed to induce HUVEC release of IL-6 under the same

experimental conditions (Table 1). HUVEC preincubation
with hirudin completely inhibited IL-6 release induced by
thrombin in a dose-dependent manner and in agreement with
previous observations (9) but did not reduce IL-6 release
stimulated by factor Xa (Table 1).

The potential involvement of EPR-1 and NO signaling in
factor Xa-induced IL-6 release were next investigated. First,
increasing concentrations of the EPR-1 antagonist inter-EGF
peptide Leu83–Leu88 (20) inhibited IL-6 release stimulated by
factor Xa in a dose-dependent manner, whereas a control
scrambled peptide was ineffective (Fig. 3B). Second, HUVEC
preincubation with the NO synthase inhibitor L-NAME, but
not with the inactive species D-NAME, blocked factor Xa-
induced IL-6 response (Fig. 3B). Under these experimental
conditions, increasing concentrations of the NO donor NOC
15 reversed the inhibitory effect of L-NAME in a dose-
dependent manner (Fig. 3B) and restored the IL-6 response of
HUVEC to factor Xa, thus further corroborating the role of
NO in cytokine gene induction. Addition of NOC 15 alone did
not affect HUVEC IL-6 production (not shown), thus sug-
gesting that binding to EPR-1 and NO release were both
necessary for the effect of factor Xa on gene expression. The
effect of physiologic anticoagulation pathways on factor
XayNO cytokine release was next investigated. Consistent with
the requirement of a protease-activated mechanism, preincu-
bation of factor Xa with TFPI (26) abrogated IL-6 release by

Table 1. Specificity of factor Xa stimulation of IL-6 release
by HUVEC

Additions
IL-6 release

ngyml

Factor Xa (5 mgyml) 2.29 6 0.36
Factor Xa denatured ,0.010
Tumor necrosis factor a (10 ngyml) 2.3 6 0.8
Thrombin (1 unityml) 2.26 6 1.04
Transferrin (2.5 mgyml) 0.026 6 0.026
Cathepsin G (50 mgyml) 0.051 6 0.051
Urokinase (40 nM) 0.08 6 0.08
Chymotrypsin (100 nM) 0.134 6 0.02

% of control
Thrombin 1 hirudin (0.08 unityml) 123 6 6.8
Thrombin 1 hirudin (10 unitsyml) 3.1 6 3.1
Factor Xa 1 hirudin (0.08 unityml) 72 6 16
Factor Xa 1 hirudin (10 unitsyml) 92.5 6 3.5

Resting HUVEC monolayers were incubated with the indicated
concentrations of the various proteins and cultivated for 12 h at 37°C
before determination of IL-6 release by ELISA. Data are the mean 6
SD of two independent determinations.

FIG. 3. Factor XayNO induction of IL-6 release in HUVEC. (A) IL-6 release by HUVEC stimulated with increasing concentrations of factor
Xa (m), DEGR-factor Xa (F), or fibrinogen (h) was determined by ELISA after a 12-h culture at 37°C. (B) Effect of the factor Xa-derived inter-EGF
peptide Leu83–Leu88 (m) or control scrambled peptide KFTGRLL (h) on IL-6 release induced by 1 mgyml factor Xa (peptide concentrations are
in mM). Statistical analysis revealed no significant differences in the amount of IL-6 released in the presence of control scrambled peptide
KFTGRLL. NO inhibitor L-NAME and control inactive D-NAME were preincubated with HUVEC in the presence or in the absence of the
indicated increasing concentrations of the NO donor, NOC 15, before factor Xa stimulation and determination of IL-6 release. (C) Effect of
increasing concentrations of TFPI (0.5–50 mgyml) added 1 h after HUVEC stimulation with factor Xa on IL-6 release. (D) Time course of IL-6
mRNA induction following factor Xa stimulation of HUVEC. Densitometric quantitation of radioactive bands (fold induction) was normalized
on control hybridization with glyceraldehyde-3-phosphate dehydrogenase.
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HUVEC (Fig. 3C). However, a short (1 h) exposure of
endothelium to factor Xa was sufficient to stimulate maximal
release of IL-6, not further inhibited by addition of molar
excess TFPI (Fig. 3C). Consistent with these findings, a 30-min
stimulation of HUVEC with factor Xa was sufficient to
produce a 3.5-fold induction of IL-6 mRNA in these cells, as
compared with background levels of unstimulated cells (Fig.
3D). Increased levels of IL-6 mRNA remained 2.5-fold above
background of unstimulated cells at 4 and 12 h from addition
of factor Xa (Fig. 3D).

In summary, we have identified a signaling pathway centered
on the ability of factor Xa to rapidly stimulate endothelial cell
NO release (25, 27). This involves a two-step cascade initiated
by catalytic active site-independent binding of factor Xa to its
receptor, EPR-1 (20), followed by a second step of ligand-
dependent proteolysis. Although the substrate of factor Xa
activation has not yet been identified, this model is reminiscent
of protease-activated signals generated by thrombin on vascu-
lar cells (4). Recent studies have demonstrated that activation
of coagulation and local protease activity may participate in a
panoply of nonhemostatic vascular cell signaling mechanisms
(5, 7). Although membrane protease receptors have emerged
as modulators of these functions in normal (4, 13, 28) and
disease conditions (29), the signaling requirements underlying
protease-dependent cellular effector functions have not been
conclusively elucidated. Here, we have shown that NO fulfills
the criteria of a second messenger for a complex molecular
interface between an activated coagulation protease, i.e.,
factor Xa, and systemic vasorelaxation in vivo and inflamma-
tory cytokine gene induction. This pathway may have impor-
tant pathophysiologic implications. First, and reminiscent of
the anticoagulant properties of the thrombin–thrombomodu-
lin complex (30), the ability of factor Xa to induce NO release
may counterbalance a local activation of coagulation by inhib-
iting platelet activation, reducing leukocyte adhesion, and
promoting vasodilation (25, 27). On the other hand, the novel
role of NO in regulating inflammatory cytokine gene induction
may also participate in acute phase responses in vivo. These are
highlighted by the pleiotropic role of IL-6 in inflammation,
consumption coagulopathy, and massive organ damage asso-
ciated with deregulated activation of coagulation in vivo (31,
32). Furthermore, because of the rapidity of NO release and
IL-6 gene induction triggered by factor Xa; this mechanism
may escape inactivation by physiologic anticoagulants, i.e.,
TFPI (26, 32), thus further contributing to vascular activation.
Elucidation of the novel role of NO (25, 27) at the interface
between coagulation and inflammation (3) may offer new
therapeutic strategies to interrupt the signaling consequences
of deregulated activation of coagulation on vascular cells in
vivo.
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