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Abstract

Objective: To review the current understanding of mechanisms involved in normal hemostasis and to
describe the changes associated with pro-inflammatory disease processes such as sepsis.

Data sources: Original research articles and scientific reviews.

Human data synthesis: Organ damage caused by sepsis is created in part by the interdependent relationship
between hemostasis and inflammation. Markers of coagulation have been found to have prognostic value in
human patients with sepsis and there are both experimental and clinical investigations of the therapeutic
potential of modulating the hemostatic system in sepsis. Improvement of 28-day all-cause mortality in severe
sepsis by treatment with recombinant human activated Protein C strongly supports the interdependence of
hemostasis and inflammation in the pathophysiology of sepsis.

Veterinary data synthesis: Publications reporting clinical evaluation of the hemostatic changes occurring in
septic dogs or cats are minimal. Experimental animal models of sepsis reveal significant similarity between
human and animal sepsis and may provide relevance to clinical veterinary medicine until prospective clinical
evaluations are published.

Conclusions: It is now apparent that inflammation and the coagulation system are intimately connected.
Understanding this relationship provides some insight into the pathogenesis of the hemostatic changes asso-
ciated with sepsis. This new updated view of hemostasis may lead to the development of novel therapeutic

approaches to sepsis and disseminated intravascular coagulation in veterinary medicine.

(] Vet Emerg Crit Care 2005; 15(2): 83-91)
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Introduction

Hemostasis is the process of forming a blood clot to seal
an injured vessel and the subsequent removal of this
clot when it no longer serves a useful purpose. The clot
prevents ongoing blood loss and also initiates tissue
repair.'? Successful hemostasis can be separated into
several phases, which include the formation of a plate-
let plug (primary hemostasis) and stabilization of the
platelet plug with cross-linked fibrin (secondary hem-
ostasis) followed by destruction of the clot by fibrin-
olysis.!

Secondary hemostasis requires the formation of the
key element thrombin and ultimately, fibrin from the
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soluble pro-coagulant proteins. These serine proteases
circulate as zymogens and form thrombin through a
series of linked proteolytic enzyme reactions. Each re-
action consists of one serine protease activating a
downstream serine protease zymogen.> A cascade is
thereby formed allowing both amplification and nu-
merous regulatory opportunities.

The traditional separation of secondary hemostasis
into the intrinsic and extrinsic pathways (Figure 1) has
been essential to our initial understanding of coagula-
tion as well as the evaluation of hemostatic abnormal-
ities. It was originally believed that the intrinsic
coagulation pathway was the most important initiator
of coagulation in health and disease.>* Several clinical
situations were identified that forced investigators to
question this original concept. For example, patients
with factor XII deficiency have little or no evidence of
clinical bleeding.”® Patients with factor VIII or IX de-
ficiency have a significant coagulopathy despite the
suggestion that an intact extrinsic pathway could
‘compensate’ for dysfunction of the intrinsic pathway.
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Figure1: The traditional coagulation pathway.

Patients with factor XI deficiency have a variable de-
gree of coagulopathy but it is never as severe as the
bleeding issues seen in factor VIII or IX deficient indi-
viduals.>” Tt is now widely accepted that the extrinsic
pathway is the most important initiator of in vivo co-
agulation and the extrinsic and intrinsic pathways can
no longer be considered as separate entities.

An updated view of secondary hemostasis outlines
the recently established interrelationship between the
intrinsic and extrinsic coagulation pathways, dividing
activation of coagulation into an initiation phase and a
propagation phase.>® This modern view of hemostasis
also characterizes anti-coagulant, fibrinolytic and anti-
fibrinolytic mechanisms and emphasizes that these
processes are as equally important to normal hem-
ostasis as are the pro-coagulant mechanisms (Table 1).

Hemostasis and Sepsis

Sepsis, defined as the systemic inflammatory response
to an infection, is associated with a high morbidity and
mortality rate in human medicine.® An evaluation of
nearly 200,000 human septic patients in 1995 deter-
mined a mortality rate of 28.6%; this rate was 38.4% in
children and patients greater than 85 years of age.’
There is limited information available regarding the
morbidity and mortality of sepsis in veterinary medi-
cine. One recent article reported a 50% mortality rate in
a group of 20 dogs diagnosed with sepsis.'’ Given the
few published reports available and the similarity of

Table1: Endogenous pro-thrombotic and anti-thrombotic path-
ways

Pro-thrombotic systems Anti-thrombotic systems

Platelet activation
Coagulation cascade
Anti-fibrinolysis

Tissue factor pathway inhibitor
Anti-thrombin

Protein C pathway

Fibrinolysis
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this disease process with that seen in human medicine,
it is likely that the morbidity and mortality of sepsis is
also high in veterinary patients.''> Multiple organ
dysfunction syndrome (MODS) can develop in patients
with severe sepsis and is associated with increased
mortality rates in humans.’

Acute inflammation, as seen in association with sep-
sis, leads to systemic activation of the coagulation
system. This inflammation-induced coagulation can re-
sult in intravascular fibrin formation; this phenomenon
is called ‘disseminated intravascular coagulation
(DICY."*'* DIC may cause thrombotic occlusion of
small blood vessels and it is believed to contribute to
the development of MODS.'*" Persistent activation of
intravascular coagulation can lead to the consumption
of platelets and coagulation factors and a coagulopathy
may result.*'* Just as acute inflammation can alter the
coagulation system, changes in the coagulation system
can also modify inflammatory pathways. More specif-
ically, increased activation of coagulation promotes
pro-inflammatory effects, including increased levels of
pro-inflammatory cytokines and leukocyte activation.
Similarly, activation of anti-coagulant processes tends
to have anti-inflammatory effects such as reduced cyto-
kine production and reduced leukocyte adhesion.'®'”
This coagulation-dependent modulation of inflamma-
tion may play a significant role in the morbidity and
mortality of the septic patient.'®'

Initiation and Propagation

Tissue factor (TF), previously known as factor III of the
extrinsic pathway, is the most important initiator of
thrombin formation in both health and disease.”***'
Functionally active TF primarily exists as a transmem-
brane glycoprotein with both cytoplasmic and ex-
tracellular domains.”* Extravascular monocytes, ma-
crophages and fibroblasts express TF constitutively,
while intravascular leukocytes do not. There are high
levels of TF in the adventitia of blood vessels, fibrous
capsules of organs and the epithelium of the skin
and internal mucosal layers.”>** This constitutive TF is
found in close proximity to the vascular space where it
is responsible for appropriate activation of coagulation
in response to an interruption to vascular integrity.”*
Circulating TF has also been identified in healthy hu-
man volunteers.”?® This TF is found on microparticles,
cell membrane fragments which arise from exocytotic
budding of cells.*® The source of circulating TF is hy-
pothesized to be activated endothelial cells or le-
ukocytes.” This intravascular TF is ‘encrypted’ such
that it is functionally inactive. The role of ‘encrypted’
TF and the mechanisms behind its de-encryption are
yet to be discerned.”
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When exposed to blood, TF rapidly binds and acti-
vates FVII in the presence of calcium, forming a TF-
VIla-Ca®>" complex.””?*> This membrane bound com-
plex has 2 important functions: activation of FIX and
activation of FX; and represents the initiation phase of
the TF pathway (Figure 2).>* Factor Xa then leads to
the generation of thrombin via the common pathway
but because TF pathway inhibitor (TFPI) rapidly inac-
tivates both TF-FVIla and FXa, only traces of thrombin
are produced from this initial reaction.””** Most of the
thrombin generated from TF activation is produced via
FIXa acting on the common pathway, the propagation
phase. This amplification is made possible by the ac-
tivation of FV and FVIII by the trace levels of thrombin
released in the initiation phase (Figure 3). Factors Va
and VIIla have co-factor roles in coagulation; they sig-
nificantly enhance the function of factors Xa and IXa,
respectively.! The propagation of thrombin via the in-
trinsic pathway is essential; without it, TF initiation
of coagulation would result in insufficient thrombin
formation.®”

Pro-inflammatory mediators such as endotoxin,
tumor necrosis factor-o (TNF-a), lipoproteins and
growth factors can all stimulate TF expression on end-
othelial cells and circulating monocytes.”**?*2° The
induction of intravascular TF expression is a primary
mechanism of inflammation-induced coagulation acti-
vation. The potent pro-coagulant nature of TF has been
demonstrated experimentally where infusion of recom-
binant TF can initiate DIC.*® Blockade of TF activity
with neutralizing antibodies or TFPI administration
prevents mortality in a lethal primate model of endo-
toxin infusion.>**' Induced TF expression plays an es-
sential role in numerous disease states including sepsis
and atherosclerosis and is an extremely important

- e d
X V, VIII
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Prothrombin ——, Thrombin
(Trace)
Va, VIIIa

Figure2: Initiation phase of the tissue factor pathway leading
to the generation of trace levels of thrombin and activation of
factors V, VIII, IX and X.
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Figure 3: The propagation phase of the tissue factor pathway as
a consequence of activated factors V, VIII, IX and X, resulting in
the generation of thrombin.

link between the coagulation and inflammatory sys-
tems.*>%

TF has functions beyond coagulation. It has impor-
tant roles in both embryological and neoplastic angio-
genesis.*** The importance of TF to angiogenesis is
demonstrated by the in utero lethality of the TF knock-
out mouse model.** The role of TF in atherosclerosis
and cell metaplasia is currently an area of intense re-
search. As a receptor molecule in the cytokine family,
binding of the ligand, FVIIa, to TF alters the physiology
of the TF expressing cell. Proposed regulatory functions
of TF in the modulation of inflammation, cell prolifer-
ation and differentiation remain to be proven.””

Anti-Thrombotic Systems

TFPI

There are three pools of TFPI in the body: within mi-
crovasculature endothelial cells, stored in platelets,
and circulating bound to lipoproteins.>*® The release
of TFPI from endothelial cells by both unfractionated
heparin (UFH) and low molecular weight heparin
(LMWH) may contribute to the efficacy of these
drugs.*

TFPI is an important endogenous anti-coagulant, in-
activating both FXa and the TF-VIIa complex.”*° Ini-
tially, TFPI complexes with and inactivates FXa. The
TFPI-FXa complex then binds to the TF-FVIla complex,
forming a tetramer and subsequently inactivating
TF-FVIla.”

Plasma levels of TFPI antigen have been reported to
be low, normal or even elevated in septic patients.*'™**
The specific role of TFPI in the development of DIC is
unknown. In sepsis and the acute respiratory distress
syndrome increases in plasma TF concentration with-
out a corresponding increase in TFPI concentration
have been reported.***
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Administration of recombinant TFPI (TFPD) in ani-
mal models of sepsis significantly reduces mortality.****
Despite these findings, a large phase III human clinical
trial of rTFPI in patients with severe sepsis failed to
reduce 28 day all-cause mortality and the risk of ad-
verse bleeding events was higher in treated patients.*’
Additional investigations are underway to investigate
the therapeutic potential of rTFPI in the treatment of
severe sepsis.

Anti-thrombin

Anti-thrombin III, now known as anti-thrombin (AT), is
a potent serine protease inhibitor produced by the liver
and found in plasma and to a small extent, on the sur-
face of endothelial cells and platelets.” Its anti-coagu-
lant strength is because of specific thrombin and FXa
inhibition. In addition, AT can effectively inhibit the
activity of factors VIla, IXa, XIa, and XIla. AT binds to
and inactivates its target coagulation factor. This AT-
factor complex is then removed by the reticuloendo-
thelial system and as a result, the more active AT is, the
faster it will be depleted.”!

The AT molecule contains a heparin-binding domain.
Glycosaminoglycans (GAGs), including heparin, hepa-
ran sulfate and dermatan sulfate, contain repeating
pentasaccharide sequences, which bind to this heparin-
binding domain resulting in a conformational change
and activation of the AT molecule.”® This allosteric ac-
tivation of AT potentiates its enzymatic activity by
more than a 1000 times.”® Heparan sulfate and other
GAGs are found endogenously on endothelial cells of
the microvasculature and will bind to AT in the absence
of exogenously administered heparin.”*"!

To potentiate the inhibition of thrombin, the heparin
molecule must be long enough to simultaneously attach
to both thrombin and AT. This requires a heparin mol-
ecule containing at least 18 pentasaccharide units. This
dual binding is not required for the inactivation of the
other serine proteases.”’ UFH is a heterogenous mix of
molecules of varying molecular weights. A large pro-
portion of these molecules contain more than 18 pent-
asaccharide sequences and as such can effectively
mediate the AT inactivation of thrombin.”>** In con-
trast, LMWH contains far fewer large molecules and as
a consequence it has a limited ability to mediate throm-
bin inactivation. LMWH retains the ability to inactivate
the other serine proteases, namely factor Xa.”*** The
increased FXa versus thrombin inhibitory effect explains
how effective anti-coagulation with LMWH may not
result in observable changes in the traditional coagu-
lation tests such as the activated clotting time or acti-
vated partial thromboplastin time. In addition, at least
in people, LMWH has a longer half-life and has far
more predictable pharmacokinetics than UFH.”* As a
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result, a constant rate infusion of intravenous (IV) UFH
in conjunction with continuous monitoring of coagula-
tion tests can be replaced with intermittent subcutane-
ous administration of LMWH with minimal, if any,
monitoring.”® LMWH was as effective and safe as UFH
in several clinical human trials.”** Increased frequency
of bleeding episodes is an adverse effect of LMWH ad-
ministration and limits the use of this drug in patients
at risk.”>* There have been some investigations into
the use of LMWH in veterinary medicine. There are
reports of effective dosing of dalteparin sodium® in
dogs and horses, and there has been one investigation
of dalteparin administration to cats.”*>° There have
been numerous trials of several different types of
LMWH in experimental animals.®**> Each type of
LMWH is unique in the composition of the heparin
molecules and subsequently they have quite variable
pharmacokinetics and biological properties.*®> As a re-
sult, dosing information cannot be translated from one
LMWH to another.

Thrombin and FXa are both pro-inflammatory in na-
ture with wide ranging effects including increased
cytokine release, leukocyte chemotaxis, and increased
adhesion molecule expression.4 Hence, inhibition of
thrombin and FXa by AT has significant anti-inflam-
matory consequences. In recent years, AT has also been
found to have anti-inflammatory actions that are inde-
pendent of its anti-coagulant activity.”>”' AT modulates
the interaction between endothelial cells and leukocytes
by reducing leukocyte activation and adhesion. AT-
stimulated prostacyclin release from endothelial cells
reduces platelet aggregation and decreases pro-inflam-
matory cytokine production.’®**> AT also directly in-
hibits interleukin-6 (IL-6) release and TF expression of
endothelial cells.®® These anti-inflammatory effects
rely on AT binding to endothelial cells of the micro-
vasculature via GAGs and are virtually abolished by
the administration of heparin.”"*”*® This creates a di-
lemma for the clinician treating a patient with heparin
in order to maximize the anti-coagulant effects of AT, in
doing so, the potentially important anti-inflammatory
effects of AT may be lost.”*”!

Both septic humans and animals have been shown to
have diminished plasma concentrations of AT and in
human patients, the magnitude of this reduction has
been correlated with the severity of illness and surviv-
al.'%%2%70 AT therapy in animal models of sepsis is
beneficial.”'”* Despite this benefit, the phase IIl human
clinical trial of the administration of AT concentrate to
patients with severe sepsis found no effect on all-cause
28-day mortality.”® There was some evidence of benefi-
cial effects in a subgroup of patients that were not
receiving concomitant heparin therapy, although this
finding should be interpreted with caution as this trial
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was not designed for such subgroup analysis.”” Based on
this evidence AT administration was not recommended
in the treatment of severe sepsis and septic shock in the
latest surviving sepsis campaign guidelines.”*

Protein C (PC) pathway

PC and its co-factor, protein S, are vitamin K-dependent
plasma proteins synthesized by the liver. The PC anti-
coagulant pathway results in the inactivation of factors
Va and VIlla, enhanced thrombin inactivation, and has
direct anti-inflammatory activity.' PC requires activa-
tion by thrombomodulin (TM), an endothelial cell
membrane protein. TM binds thrombin, preventing it
from continuing to activate coagulation factors, plate-
lets and endothelial cells.”> Thrombin bound to TM is
more rapidly inactivated by inhibitors such as AT, than
free thrombin. The TM-thrombin complex is approxi-
mately 1000 times more effective at activating PC than
TM alone.”® The endothelial cell PC receptor (EPCR)
binds PC and concentrates it around the TM-thrombin
complex on the surface of the endothelial cell, enhanc-
ing PC activation approximately 20-fold.”” Once acti-
vated, PC dissociates from the EPCR, binds to protein S,
and this complex inactivates FVa and FVIIla.”*”

The complex interactions involved in PC activation
are an essential aspect of normal hemostasis. The mi-
crovasculature has a very large endothelial cell surface
area; as a result, almost all thrombin which escapes
from local sites of coagulation into the systemic circu-
lation will be rapidly bound by TM, enhancing throm-
bin inactivation and potentiating PC activation.'” At the
local level, factors Va and VIlla are vital in the prop-
agation phase of TF-mediated coagulation; their inac-
tivation by activated PC (aPC) is a potent AT
mechanism.® PC activation is largely dependent on
the TM-thrombin interaction. This is an intriguing de-
sign because thrombin, one of the most pro-coagulant
substances in the body, also participates in the forma-
tion of a primary anti-coagulant substance. This physio-
logic design is sometimes referred to as the ‘thrombin
paradox’.* The significance of the PC pathway is dem-
onstrated by the severe and often fatal thrombosis
(purpura fulminans) manifested in individuals with an
inherited PC deficiency.®!

The aPC pathway has significant anti-inflammatory
actions, indirectly by the inactivation of thrombin by
TM and the inhibition of further thrombin generation,
as well as directly.”® The EPCR has cell signaling
functions and experimentally blocking the interaction
between PC and EPCR has pro-inflammatory and
pro-coagulant consequences.”® Soluble EPCR can be
released from the endothelium in disease states such as
sepsis and interferes with leukocyte—endothelium ad-
herence.®? aPC has anti-apoptotic effects on endothelial
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cells via binding to EPCR and the subsequent initiation
of cell signaling.*® aPC inhibits TNF release, nuclear
factor-xB activation, leukocyte adhesion, and TF ex-
pression.*® The signaling pathways responsible for
these actions of aPC are yet to be elucidated.”®”” In
addition to these anti-inflammatory actions, aPC im-
proves fibrinolysis in disease states by inhibition of
plasminogen activator inhibitor-1 (PAI-1), an important
mediator of impaired fibrinolysis.***”

Numerous human studies have documented that PC
is consistently depleted in sepsis.'>”*** In a report of
20 septic dogs with naturally occurring sepsis, PC ac-
tivity was significantly lower than controls. No rela-
tionship between PC levels and outcome could be
determined.'’ A study evaluating 34 septic foals also
reported a significant decrease in PC activity in com-
parison with controls.®® PC deficiency is inversely cor-
related with mortality rate in human patients with
severe sepsis.'””*® Depletion of PC during sepsis is
thought to be the combined result of degradation by
neutrophil elastases, consumption by increased pro-co-
agulant processes, inadequate hepatic biosynthesis, and
possible acquired vitamin K deficiencies.”*”® The
PROWESS trial, a phase III human clinical trial of re-
combinant aPC (Drotrecogin alfa®) administration to
patients with severe sepsis, resulted in a 6.1% absolute
reduction in 28 days, all-cause mortality and a 19.4%
reduction in the relative risk of death.'® There was an
increased risk of serious bleeding found in the treated
group, although serious bleeding occurred primarily in
patients predisposed to hemorrhage (gastrointestinal
ulceration, prolonged bleeding times, low platelet
counts). Administration of aPC reduced the activation
of thrombin and decreased inflammation, as deter-
mined by significant decreases in serum IL-6 con-
centrations in the treated patients.'® aPC is the first
pharmacological agent proven to reduce mortality in
severe sepsis. Administration of aPC was associated
with a reduction in relative risk of death in patients
regardless of the presence of an aPC deficiency prior to
therapy. This result, in addition to the reduction in IL-6
levels, led to the conclusion that the effectiveness of
aPC administration in septic patients is a consequence
of its anti-inflammatory properties as much, if not more
than its anti-coagulant properties.’>'**° It serves as yet
another example of the intimate relationship between
the inflammatory and coagulation systems. The human
recombinant aPC product has marked species specifity
and requires a 15-20-fold higher dose in dogs to
achieve a similar level of anti-coagulation in compar-
ison with human subjects.”’ In addition, drotrecogin
alfa is rapidly eliminated in dogs and is antigenic in
non-human species including primates and cannot be
re-administered in animals for fear of anaphylaxis.
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Fibrinolysis

The goal of the coagulation cascade is the formation of
the stable fibrin clot to achieve hemostasis. Thrombin
rapidly catalyses the conversion of fibrinogen to fibrin,
the fibrin monomers then spontaneously associate to
produce an initial clot. Under the influence of FXIlIa,
covalent cross-links form between adjacent fibrin mol-
ecules, forming the final, stabilized clot.”? Factor XIII is
found both in plasma and in the cytoplasm of platelets
and is activated by thrombin, a reaction that is accel-
erated by the presence of fibrin itself.”

Fibrinolysis is the process of removal of intravascular
fibrin clots and is an essential component of normal
hemostasis. Plasminogen is cleaved by a plasminogen
activator to form the enzyme plasmin, which subse-
quently digests the fibrin mesh." The 2 physiologic
plasminogen activators are tissue plasminogen activa-
tor (tPA) and urokinase (uPA). Release of tPA from
endothelial cells occurs in response to direct cell injury
or following stimulation by thrombin. Urokinase is
found in numerous cell types of the body and may have
a greater role in extra-vascular fibrinolysis.**"*

Impairment of fibrinolysis has a prothrombotic ef-
fect. The hemostatic dysfunction associated with sep-
sis is characterized by both increased pro-coagulant
processes and reduced fibrinolysis which can result
in widespread microvascular thrombosis.'"*** PAI-1 is
the primary physiologic inhibitor of tPA and uPA. This
inhibitor of fibrinolysis is elevated in some human sep-
tic patients and both PAI-1 concentration and acti-
vity has been correlated with outcome in some
studies.®*?>

Thrombin-activatable fibrinolysis inhibitor (TAFI), a
plasma protein activated by high levels of thrombin or
by thrombin-TM complexes, attenuates the conversion
of plasminogen to plasmin. Plasmin can also activate
TAFI, a negative feedback mechanism, this process is
further stimulated by heparin.”””® When thrombin is
bound to TM, activation of TAFI, and hence, inhibition
of fibrinolysis is increased 1250 times.”® Inflammatory
processes such as sepsis are associated with increased
oxidative damage. Oxidation of TM impairs its ability
to activate PC but it retains its ability to activate TAFL.
The result is the loss of the anti-coagulant effects of PC
in the face of ongoing TAFI-mediated anti-fibrinolytic
actions.”” This may further contribute to the prothrom-
botic coagulopathy associated with sepsis.

Summary of Hemostasis and Sepsis

Clinically, sepsis is a challenging disease process to
treat successfully. Hemostatic abnormalities, collectively
known as DIC, are commonly found in patients with
severe sepsis. DIC produces a prothrombotic state, but
because of consumption of coagulation factors and
platelets, a unique situation can develop where a patient
can have both thrombotic and hemorrhagic tendencies.
In veterinary medicine, there remains a limited ability to
recognize a prothrombotic state and the primary indi-
cation of the presence of DIC is the identification of a
coagulopathy. As a result, DIC is often considered clin-
ically as a bleeding disorder. Conceptually, DIC should
be considered a prothrombotic process, reflecting the
hemostatic system’s response to a pro-inflammatory

Table2: Summary table; components of the hemostatic system and their general role in coagulation and inflammation.

Sepsis-
Inflammatory associated
Name Coagulation effects effects changes
TF, Tissue factor Pro-coagulant Pro-inflammatory Elevated
Initiation of coagulation
TFPI, Tissue factor pathway inhibitor Anti-coagulant Anti-inflammatory Variable
Inhibition of FXa and TF-Vlla complex
AT, Anti-thrombin Anti-coagulant Anti-inflammatory Reduced
Inhibition of thrombin, Xa, Vlla, 1Xa, Xla, Xlla
PC, Protein C Anti-coagulant Anti-inflammatory Reduced
Inhibition of FVa, FVllla
Reduced fibrinolysis
TM, Thrombomodulin Anti-coagulant Anti-inflammatory Reduced
Inhibits thrombin, activation of protein C
and activates TAFI
EPCR, Endothelial cell protein C receptor Anti-coagulant activation of protein C Anti-inflammatory Reduced
PAI-1, Plasminogen activator inhibitor 1 Inhibits fibrinolysis No known role Elevated
Inhibits plasminogen
TAFI, Thrombin activatable fibrinolysis inhibitor Inhibits fibrinolysis No known role Variable

Reduces plasminogen activity
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state. Important pro-coagulant changes in sepsis include
the intravascular expression of TF in combination with
a generalized reduction in endogenous anti-coagulant
pathways (TFPI, AT, aPC). This overall pro-coagulant
tendency is further aggravated by impaired fibrinolysis
because of increased levels of PAI-1 and uninhibited
activity of TAFI, the end result being widespread mi-
crovascular thrombosis (Table 2).

Conclusions and Future Directions

It is now apparent that the normal hemostatic response
involves the interaction of multiple complex processes.
Inflammation and the coagulation system are intimate-
ly connected; activation of one of these systems will
invariably impact the activity of the other. Understand-
ing this relationship provides some insight into the
pathogenesis of the hemostatic changes seen during
inflammatory disease processes such as sepsis. This
new updated view of hemostasis has led to the devel-
opment of novel therapeutic approaches to sepsis and
DIC. In veterinary medicine, the challenge will be to
determine which of these therapeutic options are ben-
eficial as well as financially justifiable in our patient
population.

Footnotes

@ Fragmin, Pharmacia & Upjohn Company, Kalamazoo, MI.

b Xigris, Eli Lilly & Company, Indianapolis, IN.
€ Personal communication with Eli Lilly & Company.

References

1. Carvalho ACA. Hemostasis and thrombosis, In: Schiffman FJ. ed.
Hematologic Pathophysiology. Philadelphia: Lippincott-Raven;
1998, pp. 161-244.

2. Broze GJ Jr. Tissue factor pathway inhibitor and the revised theory
of coagulation. Ann Rev Med 1995; 46:103-112.

3. Hack CE. Tissue factor pathway of coagulation in sepsis. Crit Care
Med 2000; 28(9 Suppl):525-S30.

4. Levi M, Keller TT, van Gorp E, et al. Infection and inflammation
and the coagulation system. Cardiovasc Res 2003; 60(1):26-39.

5. Blanchette VS, Sparling C, Turner C. Inherited bleeding disorders.
Baillieres Clin Haematol 1991; 4(2):291-332.

6. Mann KG. Thrombin formation. Chest 2003; 124(3 Suppl):45-10S.

7. Doshi SN, Marmur JD. Evolving role of tissue factor and its path-
way inhibitor. Crit Care Med 2002; 30(5 Suppl):5241-5250.

8. Levy MM, Fink MP, Marshall JC, et al. 2001 SCCM/ESICM/
ACCP/ATS/SIS international sepsis definitions conference. Crit
Care Med 2003; 31(4):1250-1256.

9. Angus DC, Linde-Zwirble WT, Lidicker J, et al. Epidemiology of
severe sepsis in the United States: analysis of incidence, outcome,
and associated costs of care. Crit Care Med 2001; 29(7):1303-1310.

10. de Laforcade AM, Freeman LM, Shaw SP, et al. Hemostatic chang-
es in dogs with naturally occurring sepsis. ] Vet Intern Med 2003;
17:674-679.

11. Brady CA, Otto CM, Van Winkle TJ, et al. Severe sepsis in cats: 29
cases (1986-1998). ] Am Vet Med Assoc 2000; 217(4):531-535.

© Veterinary Emergency and Critical Care Society 2005

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

An updated view of hemostasis

. Lanz O], Ellison GW, Bellah JR, et al. Surgical treatment of septic

peritonitis without abdominal drainage in 28 dogs. ] Am Anim
Hosp Assoc 2001; 37(1):87-92.

. Hambleton J, Leung LL, Levi M. Coagulation: consultative hem-

ostasis. Hematology 2002; 335-352.

Levi M. Pathogenesis and treatment of disseminated intravascular
coagulation in the septic patient. J Crit Care 2001; 16(4):167-177.
Marshall JC. Inflammation, coagulopathy, and the pathogenesis
of multiple organ dysfunction syndrome. Crit Care Med 2001;
29(7 Suppl):599-5106.

Di Cera E. Thrombin interactions. Chest 2003; 124(3 Suppl):
115-178.

Levi M, ten Cate H, van der Poll T. Endothelium: interface be-
tween coagulation and inflammation. Crit Care Med 2002; 30(5
Suppl):5220-5224.

Bernard GR, Vincent JL, Laterre PF, et al. Efficacy and safety of
recombinant human activated protein C for severe sepsis. N Engl ]
Med 2001; 344(10):699-709.

Levi M, de Jonge E, van der Poll T. Rationale for restoration of
physiological anticoagulant pathways in patients with sepsis and
disseminated intravascular coagulation. Crit Care Med 2001; 29(7
Suppl):590-594.

Golino P. The inhibitors of the tissue factor: factor VII pathway.
Thromb Res 2002; 106:V257-V265.

ten Cate H. Pathophysiology of disseminated intravascular coag-
ulation in sepsis. Crit Care Med 2000; 28(9 Suppl):S9-S11.
Edgington TS, Mackman N, Brand K, et al. The structural biology
of expression and function of tissue factor. Thromb Haemost 1991;
66(1):67-79.

Camerer E, Kolsto A, Prydz H. Cell biology of tissue factor, the
principle initiator of blood coagulation. Thromb Res 1996; 81(1):
1-41.

Drake TA, Cheng J, Chang A, et al. Expression of tissue factor,
thrombomodulin, and E-selectin in baboons with lethal Escherichia
coli sepsis. Am ] Pathol 1993; 142(5):1458-1470.

Rauch U, Nemerson Y. Circulating tissue factor and thrombosis.
Curr Opin Hematol 2000; 7(5):273-277.

Nieuwland R, Berckmans R]J, McGregor S, et al. Cellular origin
and procoagulant properties of microparticles in meningococcal
sepsis. Blood 2000; 95(3):930-935.

Wolberg AS, Kon RH, Monroe DM, et al. Deencryption of cellular
tissue factor is independent of its cytoplasmic domain. Biochem
Biophys Res Commun 2000; 272(2):332-336.

Conkling PR, Greenberg CS, Weinberg JB. Tumor necrosis factor
induces tissue factor-like activity in human leukemia cell line
U937 and peripheral blood monocytes. Blood 1988; 72(1):128-133.
Conway EM, Bach R, Rosenberg RD, et al. Tumor necrosis factor
enhances expression of tissue factor mRNA in endothelial cells.
Thromb Res 1989; 53(3):231-241.

Warr TA, Rao LV, Rapaport SI. Disseminated intravascular coag-
ulation in rabbits induced by administration of endotoxin or tis-
sue factor: effect of anti-tissue factor antibodies and measurement
of plasma extrinsic pathway inhibitor activity. Blood 1990; 75(7):
1481-1489.

Taylor FB Jr., Chang A, Ruf W, et al. Lethal E. coli septic shock is
prevented by blocking tissue factor with monoclonal antibody.
Circ Shock 1991; 33(3):127-134.

Gando S, Nanzaki S, Sasaki S, et al. Significant correlations be-
tween tissue factor and thrombin markers in trauma and septic
patients with disseminated intravascular coagulation. Thromb
Haemost 1998; 79(6):1111-1115.

Leatham EW, Bath PM, Tooze JA, et al. Increased monocyte tissue
factor expression in coronary disease. Br Heart ] 1995; 73(1):10-13.
Belting M, Dorrell MI, Sandgren S, et al. Regulation of angiogen-
esis by tissue factor cytoplasmic domain signaling. Nat Med 2004;
10(5):502-509.

Versteeg HH, Peppelenbosch MP, Spek CA. Tissue factor sig-
nal transduction in angiogenesis. Carcinogenesis 2003; 24(6):
1009-1013.

Bugge TH, Xiao Q, Kombrinck KW, et al. Fatal embryonic bleeding
events in mice lacking tissue factor, the cell-associated initiator

89



K. Hopper and S. Bateman

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

90

of blood coagulation. Proc Natl Acad Sci USA 1996; 93(13):
6258-6263.

Peppelenbosch MP, Versteeg HH. Cell biology of tissue factor, an
unusual member of the cytokine receptor family. Trends Card-
iovasc Med 2001; 11(8):335-339.

Osterud B, Bajaj MS, Bajaj SP. Sites of tissue factor pathway in-
hibitor (TFPI) and tissue factor expression under physiologic and
pathologic conditions. On behalf of the Subcommittee on Tissue
factor Pathway Inhibitor (TFPI) of the Scientific and Standardiza-
tion Committee of the ISTH. Thromb Haemost 1995; 73(5):
873-875.

Li Y, Rodriquez M, Spencer FA, et al. Comparative effects of
unfractionated heparin and low molecular weight heparin on
vascular endothelial cell tissue factor pathway inhibitor release:
a model for assessing intrinsic thromboresistance. ] Thromb
Thrombolysis 2002; 14(2):123-129.

Rapaport SI. The extrinsic pathway inhibitor: a regulator of tissue
factor-dependent blood coagulation. Thromb Haemost 1991;
66(1):6-15.

Gando S, Nanzaki S, Morimoto Y, et al. Tissue factor pathway
inhibitor response does not correlate with tissue factor-induced
disseminated intravascular coagulation and multiple organ dys-
function syndrome in trauma patients. Crit Care Med 2001;
29(2):262-266.

Asakura H, Ontachi Y, Mizutani T, et al. Elevated levels of free
tissue factor pathway inhibitor antigen in cases of disseminated
intravascular coagulation caused by various underlying diseases.
Blood Coag Fibrinolysis 2001; 12(1):1-8.

Novotny WE, Brown SG, Miletich JP, et al. Plasma antigen levels of
the lipoprotein-associated coagulation inhibitor in patient sam-
ples. Blood 1991; 78(2):387-393.

Gando S, Kameue T, Morimoto Y, et al. Tissue factor production
not balanced by tissue factor pathway inhibitor in sepsis promotes
poor prognosis. Crit Care Med 2002; 30(8):1729-1734.

Gando S, Kameue T, Matsuda N, et al. Imbalances between the
levels of tissue factor and tissue factor pathway inhibitor in ARDS
patients. Thromb Res 2003; 109(2):119-124.

Matyal R, Vin Y, Delude RL, et al. Extremely low doses of tissue
factor pathway inhibitor decrease mortality in a rabbit model of
septic shock. Intensive Care Med 2001; 27(8):1274-1280.

Carr C, Bild GS, Chang AC, et al. Recombinant E. coli-derived
tissue factor pathway inhibitor reduces coagulopathic and lethal
effects in the baboon gram-negative model of septic shock. Circ
Shock 1994; 44(3):126-137.

Creasey AA, Chang AC, Feigen L, et al. Tissue factor pathway
inhibitor reduces mortality from Escherichia coli septic shock.
J Clin Invest 1993; 91(6):2850-2860.

Abraham E, Reinhart K, Opal S, et al. Efficacy and safety of
tifacogin (recombinant tissue factor pathway inhibitor) in severe
sepsis: a randomized controlled trial. ] Am Med Assoc 2003;
290(2):238-247.

Roemisch ], Gray E, Hoffmann JN, et al. Antithrombin: a new look
at the actions of a serine protease inhibitor. Blood Coag Fibrin-
olysis 2002; 13(8):657-670.

Opal SM, Kessler CM, Roemisch J, et al. Antithrombin, heparin,
and heparan sulfate. Crit Care Med 2002; 30(5 Suppl):5325-5331.
Hirsh ], Warkentin TE, Shaughnessy SG, et al. Heparin and low-
molecular-weight heparin: mechanisms of action, pharmacokinet-
ics, dosing, monitoring, efficacy, and safety. Chest 2001; 119(1
Suppl):645-94S.

Weitz JI. Low-molecular-weight heparins. N Engl ] Med 1997;
337(10):688-698.

Gould MK, Dembitzer AD, Doyle RL, et al. Low-molecular-
weight heparins compared with unfractionated heparin for
treatment of acute deep venous thrombosis. A meta-analysis
of randomized, controlled trials. Ann Intern Med 1999; 130(10):
800-809.

Quinlan DJ, McQuillan A, Eikelboom JW. Low-molecular-weight
heparin compared with intravenous unfractionated heparin for
treatment of pulmonary embolism: a meta-analysis of randomi-
zed, controlled trials. Ann Intern Med 2004; 140(3):175-183.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

70.

71.

72.

73.

74.

75.

76.

Goodman JS, Rozanski EA, Brown D, et al. The effects of low-
molecular weight heparin on hematologic and coagulation pa-
rameters in normal cats [abstract]. In: Proceedings of the 17th
Annual American College of Internal Medicine Forum 1999,
p- 268.

Mischke R, Grebe S, Jacobs C, et al. Amidolytic heparin activity
and values for several hemostatic variables after repeated subcu-
taneous administration of high doses of a low molecular weight
heparin in healthy dogs. Am ] Vet Res 2001; 62(4):595-598.
Mischke RH, Schuttert C, Grebe SI. Anticoagulant effects of re-
peated subcutaneous injections of high doses of unfractionated
heparin in healthy dogs. Am ] Vet Res 2001; 62(12):1887-1891.
Schwarzwald CC, Feige K, Wunderli-Allenspach H, et al. Com-
parison of pharmacokinetic variables for two low-molecular-
weight heparins after subcutaneous administration of a single
dose to horses. Am ] Vet Res 2002; 63(6):868-873.

Leadley RJ Jr., Kasiewski CJ, Bostwick ]S, et al. Inhibition of re-
petitive thrombus formation in the stenosed canine coronary
artery by enoxaparin, but not by unfractionated heparin. Art-
erioscler Thromb Vasc Biol 1998; 18(6):908-914.

Mischke R, Grebe S. The correlation between plasma anti-factor
Xa activity and haemostatic tests in healthy dogs, following the
administration of a low molecular weight heparin. Res Vet Sci
2000; 69(3):241-247.

Morris TA, Marsh JJ, Konopka R, et al. Anti-thrombotic efficacies
of enoxaparin, dalteparin, and unfractionated heparin in venous
thrombo-embolism. Thromb Res 2000; 100(3):185-194.

Samama MM, Gerotziafas GT. Comparative pharmacokinetics of
LMWHs. Semin Thromb Hemost 2000; 26(Suppl 1):31-38.

Totzke G, Schobersberger W, Schloesser M, et al. Effects of antith-
rombin III on tumor necrosis factor-alpha and interleukin-1beta
synthesis in vascular smooth muscle cells. J Interferon Cytokine
Res 2001; 21(12):1063-1069.

Uchiba M, Okajima K, Murakami K. Effects of various doses of
antithrombin III on endotoxin-induced endothelial cell injury and
coagulation abnormalities in rats. Thromb Res 1998; 89(5):233-241.
Souter PJ, Thomas S, Hubbard AR, et al. Antithrombin inhibits
lipopolysaccharide-induced tissue factor and interleukin-6 pro-
duction by mononuclear cells, human umbilical vein endothelial
cells, and whole blood. Crit Care Med 2001; 29(1):134-139.
Hoffmann JN, Vollmar B, Laschke MW, et al. Adverse effect of
heparin on antithrombin action during endotoxemia: microhemo-
dynamic and cellular mechanisms. Thromb Haemost 2002; 88(2):
242-252.

Pulletz S, Lehmann C, Volk T, et al. Influence of heparin and hi-
rudin on endothelial binding of antithrombin in experimental
thrombinemia. Crit Care Med 2000; 28(8):2881-2886.

. Barton MH, Morris DD, Norton N, et al. Hemostatic and fibrin-

olytic indices in neonatal foals with presumed septicemia. ] Vet
Intern Med 1998; 12:26-35.

Lorente JA, Garcia-Frade L], Landin L, et al. Time course of
hemostatic abnormalities in sepsis and its relation to outcome.
Chest 1993; 103(5):1536-1542.

Dickneite G. Antithrombin III in animal models of sepsis and or-
gan failure. Semin Thromb Hemost 1998; 24(1):61-69.

Taylor FB Jr., Emerson TE, Jordan R Jr.,, et al. Antithrombin-III
prevents the lethal effects of Escherichia coli infusion in baboons.
Circ Shock 1988; 26(3):227-235.

Warren BL, Eid A, Singer P, et al. Caring for the critically ill pa-
tient. High-dose antithrombin III in severe sepsis: a randomized
controlled trial. ] Am Med Assoc 2001; 286(15):1869-1878.
Dellinger RP, Carlet JM, Masur H, et al. Surviving Sepsis Cam-
paign guidelines for management of severe sepsis and septic
shock. Crit Care Med 2004; 32(3):858-873.

Xu J, Esmon NL, Esmon CT. Reconstitution of the human end-
othelial cell protein C receptor with thrombomodulin in
phosphatidylcholine vesicles enhances protein C activation. J Biol
Chem 1999; 274(10):6704-6710.

Esmon CT. Protein C anticoagulant pathway and its role in con-
trolling microvascular thrombosis and inflammation. Crit Care
Med 2001; 29(7 Suppl):548-S51.

© Veterinary Emergency and Critical Care Society 2005



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Taylor FB Jr., Peer GT, Lockhart MS, et al. Endothelial cell protein
C receptor plays an important role in protein C activation in vivo.
Blood 2001; 97(6):1685-1688.

Esmon CT. The protein C pathway. Chest 2003; 124(3 Suppl):
265-32S.

Faust SN, Heyderman RS, Levin M. Coagulation in severe sepsis:
a central role for thrombomodulin and activated protein C. Crit
Care Med 2001; 29(7 Suppl):562-567.

Griffin JH. Blood coagulation. The thrombin paradox. Nature 1995;
378(6555):337-338.

Dreyfus M, Magny JF, Bridey F, et al. Treatment of homozygous
protein C deficiency and neonatal purpura fulminans with a
purified protein C concentrate. N Engl ] Med 1991; 325(22):
1565-1568.

Esmon CT. The endothelial cell protein C receptor. Thromb Hae-
most 2000; 83(5):639-643.

Cheng T, Liu D, Griffin JH, et al. Activated protein C blocks p53-
mediated apoptosis in ischemic human brain endothelium and is
neuroprotective. Nat Med 2003; 9(3):338-342.

Murakami K, Okajima K, Uchiba M, et al. Activated protein C
prevents LPS-induced pulmonary vascular injury by inhibiting
cytokine production. Am J Physiol 1997; 272(2 Part 1):L197-L202.
White B, Schmidt M, Murphy C, et al. Activated protein C inhibits
lipopolysaccharide-induced nuclear translocation of nuclear fac-
tor kappa B (NF-kappa B) and tumour necrosis factor alpha (TNF-
alpha) production in the THP-1 monocytic cell line. Br ] Haematol
2000; 110(1):130-134.

Collen D. Ham-Wasserman lecture: role of the plasminogen sys-
tem in fibrin-homeostasis and tissue remodeling. Hematology
(Am Soc Hematol Educ Prog) 2001; 1-9.

de Fouw NJ, de Jong YF, Haverkate F, et al. Activated protein C
increases fibrin clot lysis by neutralization of plasminogen acti-
vator inhibitor — no evidence for a cofactor role of protein S.
Thromb Haemost 1988; 60(2):328-333.

© Veterinary Emergency and Critical Care Society 2005

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

An updated view of hemostasis

. Fisher CJ Jr., Yan SB. Protein C levels as a prognostic indicator of

outcome in sepsis and related diseases. Crit Care Med 2000; 28(9
Suppl):549-S56.

Kinasewitz GT, Yan SB, Basson B, et al. Universal changes in bio-
markers of coagulation and inflammation occur in patients with
severe sepsis, regardless of causative micro-organism. Crit Care
2004; 8(2):R82-R90.

Opal SM. Clinical impact of novel anticoagulation strategies in
sepsis. Curr Opin Crit Care 2001; 7(5):347-353.

Jackson CV, Bailey BD, Shetler TJ. Pharmacological profile of re-
combinant, human activated protein C (LY203638) in a canine
model of coronary artery thrombosis. ] Pharmacol Exp Ther 2000;
295(3):967-971.

Nesheim M. Thrombin and fibrinolysis. Chest 2003; 124(3 Sup-
p):335-39S.

Ariens RA, Lai TS, Weisel JW, et al. Role of factor XIII in fibrin clot
formation and effects of genetic polymorphisms. Blood 2002;
100(3):743-754.

Hack CE. Fibrinolysis in disseminated intravascular coagulation.
Semin Thromb Hemost 2001; 27(6):633-638.

Green ], Doughty L, Kaplan SS, et al. The tissue factor and plasm-
inogen activator inhibitor type-1 response in pediatric sepsis-in-
duced multiple organ failure. Thromb Haemost 2002; 87(2):218-223.
Pralong G, Calandra T, Glauser MP, et al. Plasminogen activator
inhibitor: 1: a new prognostic marker in septic shock. Thromb
Haemost 1989; 61(3):459-462.

Bajzar L, Morser ], Nesheim M. TAFI, or plasma pro-
carboxypeptidase B, couples the coagulation and fibrinolytic
cascades through the thrombin-thrombomodulin complex. J Biol
Chem 1996; 271(28):16603-16608.

Mao SS, Cooper CM, Wood T, et al. Characterization of plasmin-
mediated activation of plasma procarboxypeptidase B. Modu-
lation by glycosaminoglycans. ] Biol Chem 1999; 274(49):
35046-35052.

91



