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Abstract Introduction

Knowledge of the pathogenetic mechanisms responsible for the
activation of the coagulation system associated with endotoxe-
mia is important for the development of improved modalities
for prevention and treatment. Weanalyzed the appearance in
plasma of TNF, IL-6, and indices of coagulation and fibrino-
lytic system activation in normal chimpanzees after intravenous
infusion of endotoxin.

Endotoxin infusion elicited reproducible and dose-depen-
dent elevations in serum TNF and IL-6, as well as marked
increases in thrombin generation in vivo as measured by immu-
noassays for prothrombin activation fragment F1+2, thrombin-
antithrombin III complexes, and fibrinopeptide A. Activation
of the fibrinolytic mechanism was monitored with assays for
plasminogen activator activity and plasmin-a2-antiplasmin
complexes. To potentially intervene in the molecular pathways
elicited by endotoxin, pentoxifylline, an agent that interrupts
"immediate early" gene activation by monocytes, or a potent
monoclonal antibody that neutralizes tissue factor-mediated
initiation of coagulation, were infused shortly before endotoxin.
Pentoxifylline markedly inhibited increases in the levels of
TNFand IL-6, as well as the effects on coagulation and fibrino-
lysis. In contrast, the monoclonal antibody to tissue factor com-
pletely abrogated the augmentation in thrombin generation, but
had no effect on cytokine levels or fibrinolysis.

Weconclude that the endotoxin-induced activation of coagu-
lation appears to be mediated by the tissue factor-dependent
pathway, the fibrinolytic response triggered by endotoxin is not
dependent on the generation of thrombin, and that the release
of cytokines may be important in mediating the activation of
both the coagulation and the fibrinolytic mechanisms in vivo.
(J. Clin. Invest. 1994.93:114-120.) Key words: lipopolysaccha-
ride - cytokine - tissue factor * thrombin * plasmin
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Lipopolysaccharides present in the outer membrane of Gram-
negative bacteria, termed endotoxins, play a critical role in trig-
gering the development of the clinical and laboratory manifes-
tations of Gram-negative septicemia. Endotoxemia elicits the
rapid biosynthesis and release of several cytokines including
TNF, IL- 1 and IL-6 from monocytes in vitro and apparently in
vivo ( 1, 2). These cytokines mediate a variety of biological
effects, invoking inflammatory responses and activation of co-
agulation pathways. Disseminated intravascular coagulation
(DIC),' with widespread deposition of fibrin in the microvas-
culature commonly accompanies septic shock and is associated
with the development of end-organ failure.

Knowledge regarding the pathogenesis of the coagulopathy
associated with septicemia has been forthcoming to a consider-
able extent from studies of animals receiving lethal intravenous
infusions of bacteria. In such experiments, many organ systems
become severely deranged in a short period of time, and thus,
clinical and laboratory observations are made at a relatively
advanced stage of the disease process, oftentimes when full-
blown DIC is already manifest. It is, therefore, difficult to in-
vestigate the relationships between the cytokine response and
activation of coagulation, as well as the effects of various spe-
cific interventions that interfere with these processes in such
models. To accomplish this, it would be desirable to use an
animal model that responds to low level endotoxemia in a
manner comparable to humans, and in which sensitive
markers could be used to monitor coagulation mechanism ac-
tivation. Such a model would be of value in evaluating poten-
tial therapeutic agents that selectively interrupt molecular
pathways that maybe necessary or contributory to the molecu-
lar pathogenesis of the coagulopathy in the context of endotox-
emia.

Wehave previously established that the immunoreactivi-
ties of coagulation system zymogens and their respective acti-
vation peptides are virtually identical in humans and chimpan-
zees (3). In the present study, we demonstrate that endotoxin
infusions result in reproducible elevation of the levels of certain
cytokines, and that the activation of the coagulation and fibri-
nolytic pathways in chimpanzees is similar to that previously
characterized for normal human volunteers (2, 4). To examine
the role of TNFand tissue factor expression in coagulative and

1. Abbreviations used in this paper: DIC, disseminated intravascular
coagulation; FIXP, Factor IX activation peptide; FpA, fibrinopeptide
A; FXP, Factor X peptide; PAP, plasmin-a2-antiplasmin; TAT, throm-
bin-antithrombin III.
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fibrinolytic responses in vivo, we then performed experiments
in which animals were pretreated with pentoxifylline or a
monoclonal antibody to human tissue factor that rapidly
blocks the initiation of coagulation activation by the Factor
VIla-tissue factor complex. Pharmacologic agents that elevate
cellular levels of cyclic AMPsuch as pentoxifylline have been
observed to inhibit endotoxin-induced TNF and tissue factor
gene transcription by monocytes in vitro (5, 6). It has also been
demonstrated that pentoxifylline suppresses elevations in
plasma TNF levels after endotoxin infusions in vivo (7). Fur-
thermore, bolus infusion of TNF into normal humans acti-
vates the common pathway of coagulation, probably via the
extrinsic route (8). We simultaneously administered endo-
toxin and pentoxifylline and analyzed the subsequent activa-
tion of coagulation and fibrinolysis in comparison to the effect
of endotoxin alone. To further analyze the pathway of coagula-
tion activation, we performed another series of experiments in
which we analyzed the endotoxin-induced activation of coagu-
lation and fibrinolysis in the presence of a monoclonal anti-
body blocking the catalytic activity of the tissue factor-Factor
VIa complex. The present study provides new insights into the
mechanisms responsible for the coagulopathic effects of endo-
toxin in vivo and data regarding the efficacy of specific thera-
peutic interventions.

Methods

Chimpanzees. Adult chimpanzees (Pan troglodytes) were housed at
TNO-ITRI Primate Center (Rijswijk, the Netherlands) and NewYork
University Laboratory for Experimental Medicine and Surgery in Pri-
mates (LEMSIP, Tuxedo, NY). The animals selected for study
weighed between 35 and 70 kg, exhibited normal kidney and liver
function, and had normal routine coagulation tests (activated partial
thromboplastin time and prothrombin time). The study protocols
were approved by the animal health and welfare committees of the
primate centers and were conducted according to the guidelines of the
American Physiological Society and the Dutch Law for Animal Experi-
ments.

Experimental protocols. After sedation with ketamine chloride, the
chimpanzees were intubated and maintained under general anesthesia
with nitrous oxide and halothane throughout the experiment, which
lasted 5 h. Arterial blood pressure and heart rate were continuously
recorded with an automated blood pressure device and rectal tempera-
ture was measured in 15-min intervals.

Animals received U.S. Reference Escherichia coli endotoxin (Lot
EC-5 from E. Coli 01 13; kindly provided by Dr. D. Hochstein, Bureau
of Biologics, Food and Drug Administration, Bethesda, MD) with a
specific activity of 10 U/ng, which was administered as a bolus injec-
tion through intravenous tubing. In dose response studies, endotoxin
was given at 0.5, 2, 3, or 4 ng/kg body wt to one, two, one, or four
chimpanzees, respectively. In addition, two control animals received
only a bolus injection of saline.

In animals receiving endotoxin and pentoxifylline (n = 3), chim-
panzees were administered a constant intravenous infusion of 500 mg
of pentoxifylline (Hoechst, Amsterdam, the Netherlands) during a 3-h
period. A bolus injection of endotoxin (4 ng/kg body wt) was given 30
min after the start of the pentoxifylline infusion.

An anti-tissue factor monoclonal antibody TF8-5G9, which blocks
Factor VIla-tissue factor function through inhibition of substrate ac-
cess in vitro (9), was provided as purified IgG at a protein concentra-
tion of 5.5 mg/ml in phosphate buffered saline by the R. W. Johnson
Pharmaceutical Research Institute (San Diego, CA). In chimpanzees
receiving endotoxin and monoclonal antibody to tissue factor, 600 'g/
kg body wt of antibody was infused as a bolus just before the adminis-

tration of endotoxin (4 ng/kg body wt) (n = 4). Based on pharmacoki-
netic studies in chimpanzees (data not shown) and experiments in
baboons ( 10), the expected plasma level at 60 min after infusion of this
dose is - 10 ,g/kg. Two additional animals received the monoclonal
antibody at a dose of 124 or 24 ,g/kg.

Metabolic turnover studies. The Factor X activation peptide (FXP)
was purified from human Factor X as outlined previously ( 11). The
radiolabeling of FXP was carried out by the chloramine-T method of
Greenwood et al. ( 12), using 3 gg of human activation peptide and 0.5
mCi of carrier-free Na 1251 (New England Nuclear, Boston, MA). The
activation fragment was separated from free iodide by Sephadex G-10
gel filtration (Pharmacia Fine Chemicals, Piscataway, NJ). Before ad-
ministration of radiolabeled peptide, animals were given 1 ml of Lu-
gol's solution in their drinking water, and the above treatment was
continued for 3 d after infusion. Approximately 25 ,uCi of labeled pep-
tide was infused as a bolus into a peripheral vein of chimpanzees, and
serial blood samples were drawn by separate venipunctures. After cen-
trifuging the blood samples at 1,600 g for 10 min, the 1251I counts in 0.5
ml of plasma were quantified in a counting system (model 8000; Beck-
man Instruments Inc., Irvine, CA). The plasma protein radioactivity
determinations are described as a function of time by a two-exponen-
tial curve, Cie"r11 + C2e-r2t. The fractional breakdown rate, KB, was
calculated from (C, /r, + C2/r2)-' (13).

Blood collection and processing. Blood was obtained from the ante-
cubital veins of chimpanzees using 21 -gauge butterfly needles. Samples
were obtained before the endotoxin infusion and at 30, 60, 90, 120,
180, 240, and 300 min thereafter by separate venipunctures.

Samples for the determination of serum TNFand IL-6 were drawn
into vacutainers. Blood for routine hematological measurements was
drawn in vacutainer tubes containing 0.38 mmol/liter EDTA (final
concentration). Blood for clotting assays (prothrombin time, activated
partial thromboplastin time, and functional assays of clotting factors),
measurements of thrombin-antithrombin III (TAT) complexes, and
plasminogen activator activity were collected in plastic syringes con-
taining 3.2% (wt/vol) sodium citrate; the ratio of anticoagulant to
blood was 1:9 (vol/vol). For the prothrombin activation fragment F1+2
and fibrinopeptide (FpA), blood was drawn into syringes containing a
thrombin inhibitor, EDTA, and aprotinin (Byk-Sangtec, Dietzenbach,
Germany); the ratio of anticoagulant to blood was 1:9 (vol/vol). For
assays of Factor IX activation peptide (FIXP) and FXP, blood was
collected into syringes containing 38 mmol/liter citric acid, 75 mmol/
liter sodium citrate, 136 mmol/liter dextrose, 6 mmol/liter EDTA, 6
mmol/liter adenosine, and 25 U/ml heparin; the ratio of anticoagu-
lant to blood was 1:5. Blood for the measurement of plasmin-a2-anti-
plasmin (PAP) complexes, Factor XIIa-Cl inhibitor complexes, and
kallikrein-Cl inhibitor complexes blood was obtained in siliconized
vacutainer tubes containing 10 mmol/liter EDTAand 0.05% (wt/vol)
polybrene (Janssen Chimica, Beerse, Belgium) (final concentrations)
to prevent in vitro complex formation.

All blood samples except those for cell counts were immediately
placed in melting ice and centrifuged at 4°C for 20 min at 1,600 g.
Serum and plasma samples were stored at -70°C until assayed.

Assays. TNFand IL-6 levels were determined using an immunora-
diometric assay kit (IRE Medgenix, Bruxelles, Belgium) and an ELISA
(14), respectively. Routine hematologic and coagulation tests were
performed using standard laboratory methods. The plasma concentra-
tions of F1+2, FXP, and FIXP were determined by double-antibody
RIA as previously described (1 1, 15, 16). Plasma levels of FpA and
TAT complexes were quantitated with a RIA (Byk-Sangtec) and an
ELISA (Behringwerke, Marberg, Germany), respectively. Factor
XIIa-CI inhibitor complexes and kallikrein-Cl inhibitor complexes
were determined with RIAs as previously described ( 17). Plasminogen
activator activity was measured with an amidolytic assay ( 18) and PAP
complexes were assayed with a RIA ( 19 ).

Statistical analysis. All values are given as mean±SD. Means of
groups were compared with analysis of variance using the Newman-
Keul's test to correct for multiple comparisons. P < 0.05 were consid-
ered statistically significant.

Endotoxin-induced Activation of Coagulation and Fibrinolysis 115



tumor necrosis factor

Physiologic effects of endotoxin administration. The infusion
of endotoxin in chimpanzees resulted in mild and reversible
physiologic reactions. At endotoxin doses > 0.5 ng/kg body
wt, diastolic arterial blood pressures decreased maximally at 30
min after infusion (mean decrease 25 mmHg,±5.3, P< 0.05 as
compared to baseline values) and rapidly returned to normal
values thereafter. At all doses of endotoxin, rectal temperatures
increased from 120 min onwards, and the largest increments
were observed at endotoxin doses > 2 ng/kg. The maximal
increase in body temperature was 1.50C±0.4 (P < 0.05 as com-
pared to preinfusion values) at 300 min after the endotoxin
infusion. Control chimpanzees did not receive endotoxin and
showed none of the above physiologic effects. All chimpanzees
recovered quickly and completely from the endotoxin infusion
and anesthesia. None had evidence of long term sequelae from
the experiments.

Cytokine levels after endotoxin administration. A dose-re-
sponse relationship was observed between the amount of in-
fused endotoxin and serum TNF levels. An injection of 0.5
ng/kg body wt (n = 1) did not increase serum TNFconcentra-
tions, but administration of higher amounts of endotoxin re-
sulted in peak TNF levels at 90 min. In animals receiving 2
ng/kg (n = 2), 3 ng/kg (n = 1), and 4 ng/kg (n = 4), the
maximal levels were 38.8, 97.4, and 271 ng/liter±25.7, respec-
tively (Fig. 1). Serum TNFwas less than the detection limit of
the assay (5 ng/liter) in control chimpanzees receiving saline.

Endotoxin also elicited dose-dependent progressive eleva-
tions in serum IL-6. Peak IL-6 levels were observed at 120 min
after infusion rather than at 90 min, as was seen for TNF, and
were 40.9 ng/liter after 2 ng/kg of endotoxin (n = 2), 93.4
ng/liter after 3 ng/kg (n = 1), and 225.0 ng/liter±42.7 after 4
ng/kg (n = 4). IL-6 returned to baseline levels by 240 min. The
levels of TNFand IL-6 after an endotoxin dose of 4 ng/kg are
shown in Fig. 1.

Activation of coagulation and fibrinolysis by endotoxin.
After infusion of endotoxin, no significant changes were ob-
served in the prothrombin time, activated partial thromboplas-
tin time, platelet count, or the plasma levels of coagulation
Factors VII, X, prothrombin, and fibrinogen, as compared to
baseline measurements (data not shown). In contrast, a signifi-
cant acceleration in thrombin generation as monitored by as-
says for F,12 and TAT complex occurred in animals receiving
. 2 ng/kg body wt of endotoxin. Definitive elevations in these
two markers, however, were not evident until 180 min after
endotoxin infusion, and maximal levels were observed at 240
min. In animals receiving 2 (n = 2), 3 (n = 1), and 4 ng/kg
endotoxin (n = 4), the levels of F1+2 and TAT complex at 240
min were 2.0 nmol/liter and 14 ng/ml, 2.68 nmol/liter and
23.1 ng/ml, and 5.9±1.1 and 71.9 ng/ml±16.7, respectively
(Fig. 2). The onset of accelerated thrombin generation was also
associated with significantly increased fibrinogen conversion as
demonstrated by concordant increments in FpA levels with the
highest levels observed at 240 min. In animals receiving 2 (n
= 2), 3, (n = 1), and 4 ng/kg endotoxin (n = 4), FpA levels at
240 min were 14.4, 22.9, and 39.7 nmol/liter±9.4, respec-
tively (Fig. 2).

The infusion of endotoxin did not result in measurably in-
creased Factor IX or Factor X activation as reflected by the
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Figure 1. Serum levels of TNF (A) and IL-6 (B) after the intravenous
administration of endotoxin (4 ng/kg). The results of the intravenous
administration of endotoxin alone (0) are compared with the results
of the combined infusion of endotoxin (4 ng/kg) and pentoxifylline
(0) or of the combined infusion of endotoxin (4 ng/kg) and 600
Aig/kg anti-tissue factor monoclonal antibody (V). Mean values and
SD are given, statistical significance (P < 0.05) as compared to the
chimpanzees receiving endotoxin alone is indicated (*).

absence of significant changes in the plasma levels of FIXP and
FXP, respectively (data not shown). Markers of contact path-
way activation (i.e., Factor XIIa-C I inhibitor complexes, kal-
likrein-C 1 inhibitor complexes, and FIXP) did not increase in
any of the animals (data not shown).

As endotoxin is known to induce tissue factor expression by
vascular endothelial cells (20-22) as well as monocytes in vitro
(23), we might have anticipated elevations in plasma levels of
FXPafter the infusion of these agonists. To determine whether
the infusion of endotoxin alters the clearance of FXP from the
circulation, two chimpanzees were infused with 125I-FXP fol-
lowed by a bolus of either endotoxin (4 ng/kg body wt) or
saline (see Methods). The fractional disappearance rate of
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markers did not increase in a clear dose-dependent fashion.
After 2 ng/kg body wt of endotoxin, a significant increase in
plasminogen activation and plasmin generation was observed,
which did not differ significantly from that observed with
higher doses of endotoxin (i.e., 3 or 4 ng/kg). At 120 min after
the infusion of 4 ng/kg endotoxin, the plasma levels of plas-
minogen activator activity increased 3.5-fold, and the mean

plasma level of PAPcomplexes increased to 25 nmol/liter±8. 1

from 7 nM±2.0 at baseline.
Pentoxifylline experiments. The suppressive effect of the

xanthine oxidase inhibitor pentoxifylline on endotoxin-in-
duced elevations in serum TNFand IL-6 concentrations is il-
lustrated in Fig. 1. In contrast to the marked increase in the
levels of these cytokines after the infusion of 4 ng/kg body wt

TAT complexes

plasminogen activator activity

Fibrinopeptide A

0 60 120 180 240 300

minutes

Figure 2. Effects of endotoxin administration on thrombin generation
and fibrinogen to fibrin conversion, as reflected by plasma levels of
prothrombin activation fragment F112 (A), TAT complexes (B), and
fibrinopeptide A (C). Results are shown of experiments in which
endotoxin (4 ng/kg) was given alone (l) or in combination with 500
mg pentoxifylline (0) or 600 ag/kg anti-tissue factor monoclonal
antibody (V). Mean values and SD are given, statistical significance
(P < 0.05) as compared to administration of endotoxin alone is indi-
cated (*).

FXPwas 0.86 hr-' in the presence of endotoxin, as compared
to 0.60 hr-' in the absence of endotoxin.

Activation of the fibrinolytic mechanism preceded the coag-
ulative response. Incremental increases of plasminogen activa-
tor activity and PAPcomplexes occurred relatively early after

endotoxin administration reaching a peak at 120 min, and de-
clined rapidly thereafter (Fig. 3). However, the fibrinolytic

PAP complexes

0 60 120 180 240 300

minutes

Figure 3. Activation of the fibrinolytic system after intravenous ad-

ministration of endotoxin, as illustrated by plasminogen activator

activity (A) and plasmin-a2-antiplasmin complexes. Results are

shown of experiments in which endotoxin (4 ng/kg) was given alone

(O) or in combination with 500 mgpentoxifylline (0) or 600 ,tg/kg
anti-tissue factor monoclonal antibody (V). Mean values and SDare

given, statistical significance (P < 0.05) as compared to administra-

tion of endotoxin alone is indicated (*).
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endotoxin alone, the administration of this dose of endotoxin
to three animals receiving intravenous pentoxifylline resulted
in considerable attenuation of the increase in serum TNFand
IL-6 (at 90 min, mean TNFlevel = 54.8 ng/liter±39.3 vs 271
ng/liter±25.7 in animals receiving endotoxin alone, P < 0.05;
mean IL-6 level = 114.2 ng/ml±34.5 vs 225.0 ng/liter±42.7
in animals receiving endotoxin alone, P < 0.05). These obser-
vations demonstrate that pentoxifylline is able to inhibit these
cytokine responses to endotoxemia in vivo.

The administration of pentoxifylline along with 4 ng/kg
body wt endotoxin also had a significant effect on thrombin
generation (Fig. 2). At the 240 min time point, the mean
plasma levels of F1+2, TAT complex, and FpA were suppressed
to 1.8 nmol/liter±1.1, 14.7 ng/ml±2.5, and 18.2 nmol/
liter±7.1, as compared to 5.9 nmol/liter+1 1, 71.9 ng/
ml±16.7, and 39.7 nmol/liter±9.4, respectively, in chimpan-
zees receiving endotoxin alone, P < 0.05). Activation of the
fibrinolytic mechanism by endotoxin was also inhibited by
pentoxifylline infusions (Fig. 3). At 240 min, the mean plas-
minogen activator activity and PAPcomplex levels were 141 %/
of normal±34 and 8.9 nmol/liter±2. 1, as compared to
330%±49 and 25.0 nmol/liter±8.1, respectively, after endo-
toxin alone (P < 0.05).

Anti-tissue factor antibody experiments. The role of in-
duced cellular expression of tissue factor in endotoxin-elicited
activation of coagulation was investigated by administering a
rapidly neutralizing monoclonal antibody to tissue factor
(TF8-5G9) at a dose of 600 ,ug/kg body wt immediately before
infusing 4 ng/kg body wt endotoxin. In four chimpanzees, the
elevations of serum TNF and IL-6 were comparable to those
observed for endotoxin alone (Fig. 1 ). The effect of administra-
tion of tissue factor antibody on coagulation activation after
endotoxin infusions is illustrated in Fig. 2. The augmented
thrombin generation as measured by the F1,2, TAT complex,
and FpA assay that normally follows endotoxin administration
was completely inhibited throughout the 5-h period of the ex-
periment (P < 0.01). In experiments in which a 5- or 25-fold
lower dose of the anti-tissue factor monoclonal antibody ( 120
and 24 ,ug/kg, respectively) was administered before infusing 4
ng/kg endotoxin, no increase in the plasma levels of F,12, TAT
complexes, or FpA was observed (data not shown).

Despite the complete inhibition of endotoxin-induced
thrombin generation by antibody TF8-5G9, the activation of
the fibrinolytic system was not inhibited. The effect of the com-
bined administration of endotoxin and anti-tissue factor
monoclonal antibody on plasminogen activator activity and
plasma levels of PAPcomplexes is shown in Fig. 3. At 120 min
after administering endotoxin, the plasma level of plasminogen
activator activity and PAPcomplexes had increased to an ex-
tent similar to that elicited by endotoxin alone.

Discussion

To delineate the mechanisms that activate the coagulation and
fibrinolytic mechanisms in patients with Gram-negative septi-
cemia, we have developed a model of endotoxemia in chim-
panzees. Endotoxemia results in reproducible and dose-depen-
dent elevations in serum levels of TNF and IL-6, as well as
marked acceleration of thrombin generation in vivo, the latter
assessed by quantitation of plasma F,12, TAT complexes, and
FpA. Significant activation of the fibrinolytic mechanism was

detected with assays for plasminogen activator activity and
PAPcomplexes. These responses are comparable to those previ-
ously reported for normal volunteers receiving similar doses of
endotoxin intravenously, thereby supporting the relevance of
the chimpanzee model to human disease ( 1, 2, 4).

Wehave now adopted this animal model to assess potential
avenues of intervention with agents that may interfere with the
pathogenetic pathways associated with sepsis. Animals were
administered pentoxifylline, a xanthine oxidase inhibitor that
inhibits "immediate early" cellular gene activation by mono-
cytes. Also, a monoclonal antibody that rapidly neutralizes tis-
sue factor activity was evaluated in this model.

Pentoxifylline, infused continuously starting 30 min before
endotoxin, markedly inhibited increases in the levels of TNF
and IL-6, as well as the effects on markers of activation of
coagulation and fibrinolysis. In contrast, the monoclonal anti-
body to tissue factor abrogated the acceleration of thrombin
generation (as indicated by unchanged levels of F,12 and TAT
complexes), but had no effect on cytokine levels or fibrinolysis.

While our results with the anti-tissue factor monoclonal
antibody clearly indicate that tissue factor is responsible for
endotoxin-elicited initiation of the coagulation pathway cul-
minating in thrombin generation in vivo, measurable elevation
in Factor X activation was not observed using the FXP assay.
Weexcluded the possibility that FXP is more rapidly cleared
from the circulation of endotoxin-treated animals than con-
trols. The absence of measurable increases of Factor X activa-
tion in endotoxemia contrasts with previous data showing that
high dose recombinant Factor VIla infusions in chimpanzees
produce significant increments in plasma FXP levels, followed
by elevations in F,12 and FpA (3). In these latter experiments,
the magnitude of the increase in markers for thrombin genera-
tion was similar to that observed in the present study. To ex-
plain the apparent paradox, we postulate that other mecha-
nisms coupled with tissue factor expression are required for
endotoxin-induced prothrombin activation in vivo. It has been
observed that endotoxins can trigger platelet activation in vitro
(24, 25). We have also shown that humans receiving TNF
infusions have augmented platelet activation in vivo and de-
velop mild thrombocytopenia (26). If endotoxin or TNF di-
rectly activate platelets in vivo, the catalytic efficiency of the
Factor Xa generated by the functional Factor VIIa-tissue fac-
tor complex could be much enhanced in endotoxin-infused
chimpanzees. However, in Factor VIIa-treated animals,
prothrombin activation would occur on "unactivated" cells
with a requirement for much larger quantities of Factor Xa to
comparably activate prothrombin. It should be noted that the
initial coagulation measurements were obtained 30 min after
endotoxin administration, and it cannot be excluded that tran-
sient increases in Factor X activation could have occurred dur-
ing this time interval.

Wehave previously administered recombinant TNFas an
intravenous bolus to normal human volunteers and demon-
strated significant elevations in markers of thrombin genera-
tion (8). Inhibition of the endotoxin-elicited increase in serum
TNF was associated with inhibition of these elevations in
markers of coagulation activation. While one can infer from in
vitro data (27, 28) and from the present data that TNFplays a
critical role in augmenting tissue factor expression in vivo, we
are not able to determine whether the elaboration of TNF is
absolutely required for this process, moreover since pharmaco-
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logic agents, such as pentoxyfylline, that elevate intracellular
cAMPlevels also directly inhibit endotoxin-induced tissue fac-
tor expression by monocytes (6). Resolution of this issue will
require further studies using potent and specific inhibitors of
the cytokine.

The data in chimpanzees with monoclonal antibody to tis-
sue factor are consistent with those obtained with an E. coli
septic shock model in baboons (10). In these experiments, the
administration of a different but less potent monoclonal anti-
body that cross-reacts with baboon tissue factor attenuated the
coagulopathy and prevented mortality. In addition, the admin-
istration of a monoclonal antibody that blocks contact system
activation in this sepsis model reduced the severity of hypoten-
sion but did not ameliorate the subsequent coagulopathy (29).
In the present experiments, we did not observe alterations in
the plasma levels of Factor XIIa-C 1 inhibitor complexes and
kallikrein-C 1 inhibitor complexes after endotoxin infusions. It
cannot be excluded that slight activation of the contact system
might have been missed by the assays; however, the apparent
half life of disappearance of these complexes (30-50 min) ( 17,
30) indicates that significant activation would have been de-
tected. This provides further support for the premise that the
contact system does not play a significant role in coagulation
mechanism activation in patients with Gram-negative sep-
ticemia.

Whereas endotoxin elicited dose-dependent increases in cy-
tokine levels and thrombin generation, the activation of the
fibrinolytic mechanism was not dose-dependent, since incre-
ments in plasminogen activator activity and PAP complexes
were similar at lipopolysaccharide doses of 2 2 ng/kg body wt.
This suggests that the coagulation and fibrinolytic systems in
the animals are responding differently to endotoxin challenge.
Wealso observed that the anti-tissue factor monoclonal anti-
body completely inhibited endotoxin-induced thrombin gener-
ation, but did not alter the activation of the fibrinolytic system.
Thus, we conclude that the activation of fibrinolysis in the
chimpanzee is not dependent on the extent ofthrombin genera-
tion at the endotoxin doses used in our studies, although it
cannot be excluded that very small traces of thrombin not de-
tected by the assays for markers of thrombin generation are
responsible for the activation of the fibrinolytic system. Pen-
toxifylline administration inhibited cytokine elaboration as
well as fibrinolysis, which suggests the existence of a direct link
between the elaboration of cytokines and the activation of the
fibrinolytic mechanism in vivo. Indeed, it is known from in
vitro studies that TNF increases the production of urokinase-
type plasminogen activator (31 ) and plasminogen activator in-
hibitor type 1 (32) by human endothelial cells, which is con-
firmed by in vivo observations (33, 34). The above observa-
tions suggest that the specific blockade of tissue factor
expression may be a more effective approach than pentoxifyl-
line for the treatment or prevention of DIC in septic individ-
uals because of distinctly different effects on the fibrinolytic
responses.

The benefits of these two therapeutic approaches in pa-
tients with sepsis accompanied by DIC will ultimately need to
be established by randomized clinical trials. Our studies, how-
ever, demonstrate that the chimpanzee model provides de-
tailed information regarding the pathogenetic mechanisms in
endotoxemia and can be used to evaluate other novel therapeu-
tiC interventions.
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