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Anticoagulant Mechanismof Action
of Low Molecular Weight Heparins
Theo Lindhout and H. CoenraadHemker University of Limburg,
Maastricht, The Netherlands

I. INTRODUCTION
In the mid-1960s when the blood coagulation process was formulated in the
"cascade" [1] and "waterfall" [2] schemes, only the forward reactions were
consideredto be of importance. The role of naturally occurring plasma inhibitors
in the regulation of thrombin generation was first studied in the years that
followed. In a series of papers by Yin and co-workers [3,4] that appearedin
1971, it was postulated that "the efficiency of activated factor X inhibitor as an
anticoagulant during normal blood coagulation (an action profoundly enhanced
by heparin) may depend more on its preventing any generatedactivated factor X
from activating prothrombin than it may on preventing thrombin from activating
fibrinogen." When the same investigators discovered that the activity of the
activated factor X inhibitor and that of the earlier describedplasma inhibitor of
thrombin belong to the same proteinase inhibitor, they suggested that the
hemostatic balance was regulated through the neutralization of factor Xa by this
inhibitor, presently termed antithrcmbin III (AT III). Consequently, these authors proposed the new name "activated factor Xa inhibitor" for AT IIL
What experimental evidence was then available to arrive at the hypothesis
that to date still forms the basis for the antifactor Xa philosophy of the antithrombotic action of heparin? First, it was assumedthat becauseactivated factor X is
the responsibleenzyme in the prothrombin activating complex (prothrombinase),
little or no thrombin can be formed when activated factor X activity is rapidly
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neutralized. Apparently, it was believed that the coagulation of blood occurs via
a sequential series of proenzyme-enzyme conversions (the "cascade" hypothesis). Support for this hypothesiswas found in the results of in vivo experiments
[5,6]. It was observedthat on a weight basis, factor Xa was a more potent
thrombogenic agent than thrombin in an experimental stasis thrombosis model.
Using the same arguments and assumptions,it was calculated that a complete
inhibition of thrombin generation via inhibition of factor Xa could be achieved
with a 1000-fold smaller amount of AT III than neededfor direct inhibition of the
generated thrombin [7]. Since heparin dramatically enhanced the rather slow
reaction between activated factor X and AT III [8], it was thus logical to assume
that the mechanism behind the low-dose heparin therapy of the prevention of
postoperative deep vein thrombosis was the heparin-stimulated inhibition of
circulating activated factor Xa [7].
Although this hypothesis was never verified experimentally and in fact
cannot be tested directly, the very samereasoningprovided the rationale behind
the development and clinical use of heparin fractions/fragmentsof low molecular
weight [9]. Andersson et al. [10] fractionated heparin by affinity chromatography on matrix-bound AT III and by gel filtration. The heparin fractions thus
obtained were determinated for their so-called "specific activity" and anticoagulant activity. The specific activity was defined as the ability of the heparin
preparation to stimulate the AT IlVfactor Xa reaction as determinedby the assay
developedby Yin et al. [11]. The anticoagulantactivity was defined as the
potency of a heparin preparationto prolong the clotting time of a global test like
the activated partial thromboplastintime (APTT). The heparin fractions with low
molecular weight were found to have an anti-Xa/APTT ratio of 12, whereas
heparin fractions with high molecular weights had an anti-Xa/APTT ratio of less
than 1.
Johnsonet al. [12] were the frst to demonsfate that when given subcutaneously
to humans, a low molecular weight heparin (LMWH) resulted in much higher
antifactor Xa levels than did unfractionated heparin (UFH). When the LIVIWH
preparationswere further tested for their antithrombotic efficacy in an experimental
venousstasisthrombosismodel developedby Wessler [13], evidencewas obtained
that the antithrombotic action of heparin could be dissociatedfrom its hemonhagic
one when the anti-Xa/APTT ratio of the heparin was 2 or more [14]. It was then
generally believed that LMWHs prevent experimental thrombosis primarily by
enhancing the inhibitory effect of the antifactor Xa activity. In addition, these first
data also suggestedthe occurrence of fewer hemonhagic complications. Because
these LMWHs have a diminished effect on overall clotting (less than half that of
UFH), the global anticoagulantactivity of heparin was thought to causethe bleeding
problems during heparin therapy [14].
Studies on the structure-function relationship showed that in addition to a
specific pentasaccharidesequencefor the interaction with AT III, additional
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might relate solely to their enhancing of the reaction between thrombin and AT
III and/or the reaction between thrombin and heparin cofactor lI 124,251.Yet
heparin fractions that have antifactor Xa activity alone, such as the synthetic
pentasaccharideheparin, have an antithrombotic effect, although it is rather
weak f23,26,271. Thus it seems reasonableto assume that an effective antithrombotic drug must have both antithrombin and antifactor Xa activity. However, it must also be emphasizedthat the extent to which heparin is able to impair
experimental thrombosis dependslargely on the type of thrombosis model and
type of stimulus used [28]. Unfractionated heparin and a ULMWH produced
comparable antithrombotic effects in a model of platelet-dependentthrombus
formation when equivalent levels of anti-Xa activity were maintained. However,
such a correlation was not found in a model of fibrin-dependent thrombosis
formation, nor in a venous stasis model [29].
Clearly, caution should attend the extrapolation of in vitro global anticoagulant or specific antiproteasepotency figures to antithrombotic efficacy. As
a matter of fact, even the anticoagulant mechanism of action, thus the way by
which heparin (LMWH in particular) impairs thrombin generation in clotting
plasma remains uncertain. This has consequencesnot only for our understanding
of the relationship between anticoagulantand antithrombotic action of heparins,
but also causesconfusion around the establishmentof an international standard
for LMWH and the type of assaysto be used to determine potency figures for
UFH and the various LMWH preparations 130-321.
At present, we have to appreciate that the antifactor Xa philosophy developed beginning in the early 1970s to explain the antithrombotic action of
low-dose heparin and later that of LMWHs cannot be maintained in view of our
current knowledge of the processof blood coagulation and of how this processis
regulated. To view the processof blood coagulation mainly in terms of sequential proenzyme-enzyme conversion reactions is certainly not correct and has to
be replaced by a staged cascade model in which the generation of multicomponent enzyme complexes are of paramount importance [33]. This chapter
therefore contains a section on the mechanism of thrombin generation as it has
emerged from biochemical studies.
Ofosu and co-workers [34] were the first to suggest that prevention of
prothrombin activating complex formation rather than the inhibition of factor Xa
might be the key step for the anticoagulantaction of heparin. Uncertainties about
the role of antifactor Xa activity in the anticoagulant mechanism of action of
LMWH causedrenewed interest in the other antiproteaseactivities of LMWHs
and most of all, antithrombin activity. In view of the mean molecular weight of
the LMWH preparations(about 4500 D), the assumedhomogeneity with respect
to the maintained anti-Xa activity might no longer be relevant. Instead of that, an
even higher degree of heterogeneitythan establishedfor unfractionated heparin
could be expected. That is, the biologically active heparin species within a
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LMWH preparationare then to be found in thoseheparinspecieswhosechain
lengthexceedsthe meanmolecularweight. Becausetheseheparinspeciesmust
also containthe AT Ill-binding region, the molecularweight distributionof a
LMWH preparationalone is not sufficient to describethe heterogeneityof a
LMWH preparation.The distribution of the AT lll-binding speciesmust alsobe
taken into account.Surprisingly,despitean extensivesearchfor biological
differencesamongthe variousLMWH preparations,the latter obviouscausefor
heterogeneity
has not beenrecognized[35].
Here we wish to presentstudiesand findings from our laboratory which
supportthe hypothesisthat the processof blood coagulationis regulatedat the
level of formationof activatedblood clotting factor complexes.Heparins,includingLMWHs, impair thrombingenerationby inhibitionof the generationof
the essentialcofactorsfor factor Xa and thrombin generation,either directly via
their antithrombin activitv or indirectly via their antifactor Xa activity.
II. MECHANISM OF THROMBIN GENERATION
A. Initiation
Whenbloodcoagulationis initiatedin a naturalway (tissuedamage,vesselwall
lesion) or by artificial meanssuchas kaolin (KCCT), elagic acid (APTT), or
thromboplastin(PT), the first tracesof factor Xa and thrombin are generatedby
enzymeslacking their cofactor(Figure 1A). At this (hypothetical)stageof the
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Figure 1 Mechanismof thrombin generation:(A) initiation; (B) propagation;(C)
termination.
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destoyedandthe neutralizationof tissuefactorby LACI (lipoprotein-associated
coagulationinhibitor)[40]. The effectsofheparinon thelatterreactionsystemis
the initial rateof
complex.Heparinalone(in the absenceof AT III) accelerated
tissuefactor inhibition [40]. As yet, no data are availableon the differential
effectsof heparinchain lengthand the presenceof AT III binding siteson the
LACl-dependentneutralizationof tissuefactor.
that activatedproteinC (APC) by inactivatingfactor
It hasbeensuggested
Va might liberate factor Xa. This noncomplexedfactor Xa is then rapidly
scavenged
by AT Ill-heparin [41]. To whatextentheparinis ableto preventthe
inactivationof thrombin so asto resultin a reducedamountof thrombomodulinthrombin complexesat the endothelialsurface,causingdiminishedprotein C
activation,is at presentnot known.
lll. SPECIFICANTIPROTEASEACTIVITIESOF LMWHs
Unfractionatedheparin,with a meanmolecularweight of 12,000to 15,000D
has, by definition, an antifactorXalantithrombinratio of l. LMWHs (mean
molecularweightsbetween4000 and 6000 D) haveratios of 2 to 4 or more.
Ultralow molecularweight(<3000 D) heparinshaveonly antifactorXa activity.
The theoreticalbackgroundfor this is given by Lane et al. 1421,who clearly
with high affinity for AT III in
oligosaccharides
showedby usingmonodisperse
well-definedsystemsand underwell-conEolledconditionsthat an octadecasaccharideis the smallestheparinchain(Mn: 5400)that will spanthe saccharide
sequence
requiredto stimulatetheAT Ill-thrombin reaction.Thustheyobserved
in unitsper millimole of heparin
an increasein antithrombinactivity expressed
unitsandhigherin botha purifiedanda plasmasystem'
from 16monosaccharide
The molar-specificantifactorXa activitieswere fairly constantover the entire
range(8 to 18) of saccharideunits tested.
A. Thrombin Inhibition
LMWH preparationsare, however, certainly not comprisedof well-defined
In fact, the way in which they are prepared
monodisperseoligosaccharides.
causesincreasedheterogeneitycomparedwith that of UFH [35]. First, the
different preparationsmight containvarying amountsof heparinchainsthat have
the ability to enhancethrombin inactivation when they also contain the AT III
binding sequence.Second,the distributionof the AT III bindingspecieswithin
chainsmight vary from preparathe populationofthe longer(>18 saccharides)
tion to preparation.For this reasonit would be very interestingto know how for
the various LMWH preparationsthe functional anti-Ila heparin speciesare
dishibutedover the total heparinpreparation.That is, the interestingquestionis:
How doesthe meanmolecularweight of the entire LMWH preparationcompare
with that of the anti-[a species?
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1. Exogenous a-Thrombin: Purified System
When human a-thrombin is incubatedwith an excessof human AT III, thrombin
activity decays according to a monoexponential model. The pseudo-first-order
rate constant of inhibition of thrombin can be calculated from the slope of a
semilogarithmic plot of residual thrombin activity versus time. When heparin is
addedto this system a linear relationship is found between the amount of heparin
added and the rate constant. The kinetic constantsof inhibition with the various
heparins, expressedin pseudo-first-orderrate constantsper microgram of heparin
per milliliter, are depicted in Figure 2A. The heparin-dependentreaction between thrombin and AT III is affected by calcium ions [43]. It is evident from
Figure 2A that Ca2+ decreasesthe rate constantof inhibition of thrombin equally
well for all LMWH preparations. When these values are compared with their
anti-Ila-specific activities as provided by the manufacturers,a close correlation is
found (Table 1).
2. In Situ-Generated

Thrombin: Purified System

It might be argued that the kinetics of inhibition of endogenously generated
thrombin differ from that of added a-thrombin because of the presence of a
number of reaction products, such as prothrombin fragment 2 1441.We have
therefore examined the heparin-dependentneutralizationreaction between AT III
and the thrombin activity formed during prothrombin activation [45-47]. Much
to our surprise we found that part of the thrombin activity generated by the
prothrombin converting complex was insensitive for the heparin-stimulatedreaction. We could demonstratethat with increasing prothrombin concentration the
amounts of meizothrombin (des fragment l) increasedproportionally while the
amounts of a-thrombin decreasedconcomitantly. From another study [48] it
became clear that heparin has no affinity for meizothrombin (des fragment l),
and this could be the reasonwhy the reaction between AT III and meizothrombin
(des fragment 1) was not stimulated by heparin.
In situ-generated thrombin was inhibited by AT Ill-heparin more slowly
than by purified thrombin. Because the presence of prothrombin activation
products was the only difference, we concluded that a noncovalent interaction
between thrombin and prothrombin fragment 1.2 or prothrombin fragment 2
caused the rather complex reaction kinetics.
3. In Situ-Generated

Thrombin: Plasma System

The plasma situation is expected to be different from that of a purified system
becausea number of heparin-neutralizingproteins might be present. Competition
between these proteins and AT III for heparin are thought to influence the
kinetics of the heparin-dependent thrombin inhibition. Therefore, the data
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Figure 2 Rateconstantsfor inhibition of humana-thrombinandhumanfactor Xa, with
and without Caz*, by heparins.(A) Human a-thrombin(10 nM) was incubatedwith
humanAT m (500 nM) in the presenceof varying amountsof heparin.(B) Humanfactor
Xa (10 nM) was incubatedwith humanAT III (500 nM). (C) The ratio of the heparindependentrate constantsof inhibition of factor Xa over the heparin-dependentrate
constantsof inhibition of thrombin.
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Table 1
LMWH

Antithrombin(aIIa) SpecificActivitiesof UFH and
Kinetic constant
t (g,g/mlftl

Heparintype

aIIa
(IU/mg)

ISHb
ISLMWH"
CY 216
Enoxaparin

180
67
10-20
30

lmin

Purifiedsystema Plasmasystem
21.2
8.7
2.8
2.8

8.5
ndd

1.8
1.2

"Inhibition of humana-thrombin in the presenceof 500 nM AT III and4
mM Ca2+.
bFourthInternationalStandardfor Heparin.
'First InternationalStandardfor Low MolecularWeight Heparin.
qld, not determined.

obtained in a purified system (second-order rate constants) cannot be extrapolated to the plasma situation. Our group has examined the heparindependentinactivation of endogenousthrombin in plasma in the following way.
Defibrinated plasma was activatedwith thromboplastin or via contact activation.
A few minutes after the thrombin activity has reached a maximum, further
thrombin formation was blocked by adding soybean trypsin inhibitor to the
plasma. At the same time, heparin or LMWH was added and the thrombin
activity was monitored in time using a chromogenic substrate.The thrombin-like
activity was never completely neutralized, due to the formation of a thrombin/
a2-macroglobulin complex in which the thrombin partially retains its amidolytic
activity [49]. From the decay phase of the thrombin generation curve following
the addition of soybean trypsin inhibitor (STI) and heparin, a rate constant of
inhibition of thrombin was determined [50]. The normalized rate constant was
obtained from a plot of the pseudo-first-order rate constant versus heparin
concentration. The rate constants of inhibition of thrombin obtained with the
various heparin preparationsare listed in Table 2. The plasma decay values are
surprisingly low compared to those obtained in a purified system. The lower
values are explained by competition between plasma proteins and AT III for
heparin (Hemker and B6guin, unpublished results). It is apparentthat a greater
competitive effect is seen with UFH.

B. FactorXa Inhibition
Heparin chains that contain the specific AT lll-binding sequenceenhance the
reaction between AT ru and factor Xa, irrespective of their length. Thus
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Antifactor Xa Specific Activities of UFH and

Heparin type
ISH
ISLMH
cv 216
Enoxaparin
Pentasaccharide

aXa
(IU/mg)
180
168
80
115
800

Rate constant"
1 (pcglmtr-)-tl

lmin

9.8
2.8
1.3
1.4
rr.4

Ratiob

18.4
60.0
6 r. 5
82.r
70.2

ulnhibitionof humanfactor Xa by AT III (500 nM) in the presenceof
4 mM Caz+.
bRatio of the aXa specific activity (IU/mg) over the pseudo-firstorder rate constantof factor Xa inhibition per pg heparin/ml.

LMWHs

retain their anti-Xa activity as long as the chain length exceeds 5 or

units [15]. The intriguingquestion,however,is whetheror not
moresaccharide
the AT Ill-binding sequenceis equally disnibutedover the entire range of
molecularweights.This questionbecameurgentwhen it was found that the
antifactor Xa activity did vary with the chain length of an AT III high-affinity
heparin [51]. Moreover, it has also been reportedthat when factor Xa is
complexedwith factor Va at a phopholipidsurface,it is partially protectedfrom
being inactivatedby AT Ill-heparin 145,52,531.The extent of protection,
however,seemedto vary with the typeof heparinused[51]' Anotherimportant
reactionbetween
observationis that Ca2+ions stimulatethe heparin-dependent
was
the samefor
effect
stimulating
AT III and factor Xa. Whetheror not this
Xa
is
not
clear
human
factor
differenttypes of heparinand
[41].
1. Free Factor Xa: Purified System
Following the same procedureas describedfor thrombin, different LMWH
preparationswere examinedon their catalyticefficiency in the AT lll-factor Xa
inhibition reaction[47]. The experimentswereperformedwith humanproteinsin
of inhibitionof factor
of Ca2+ions.Therateconstants
the absenceandpresence
28.
It is seenthat Ca2+
Figure
in
Xa, normalizedas to weightunit, are shown
of
UFH. In contrast,
Xa
activity
on
the
antifactor
hasa twofold stimulatingeffect
by calcium.
influenced
pentasaccharide
is not significantly
the antXa activityof
given
by the
specific
activities
When thesedatawere comparedwith the anti-Xa
the
and
UFH
between
apparent
became
manufacturers,a marked difference
Xa
factor
human
of
both
probably
use
by
the
caused
LMWHs. This differenceis
plasma
citrated
human
Xa
and
factor
andCa2+ions in our assay,wherebovine
are used in the conventionalanti-Xa assay(either chromogenicor clot-based).
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2. Factor Xa Inhibition
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During Prothrombin

Activation

Studies of purified systemshave demonstratedthat the AT Ill-dependent rate of
inactivation of factor Xa is reduced when factor Xa is bound to a phospholipid
surface in the presenceof factor V t5 1I or factor Y a 145,521 or when bound to
activated platelets t531. It was also shown that as part of the prothrombinase
complex, factor Xa is partially protected from heparin-catalyzed inhibition
[45,51,53]. The effect of the molecular size of heparin on the rate constantof
inactivation of prothrombinase, and consequentlyon the extent of protection, has
been studied, but the data available are conflicting. In one study it was observed
that when factor Xa is bound to activated platelets, the protective effect diminishes with decreasing heparin molecular weight [53], whereas in another
study, where factor Xa was bound to a phospholipid surface in the presenceof
factor V, it appearedthat the protective effect became more pronounced with
decreasingmolecular weight [51]. The latter observation led to the postulation
that the lack of correlation between in vitro antifactor Xa activity and antithrombotic action of LMWH is caused by different inhibitory actions on free
factor Xa and on factor Xa in its more physiological form (i.e., as part of the
prothrombinasecomplex) [51].
In an attempt to imitate physiological conditions of factor Xa inactivation as
closely as possible, we studied the effect of AT III and heparin on factor Xa
during human prothrombin activation in the presenceof an excessof factor Va
and phospholipid, so that all factor Xa was complexed with factor Va at a
phospholipid surface. The catalytic specific activities of the heparins increased
with increasing molecular size for both the inhibition of prothrombinase and
factor Xa. A lO-fold increase over the entire molecular weight range (1700 to
20,000 D) was found [47]. In contrast with the results obtained by others
[5 ] ,53] , all the heparins showed a fivefold higher rate of inhibition of facror Xa
comparedwith the inhibition of prothrombinase(Table 3). This indicatesthat the
factor Va-mediated protection of factor Xa from inhibition by AT Ill-heparin is
independentof the molecular size of the heparin. The discrepancybetween our
results and that of others is explained largely by the way in which the inactivation
of factor Xa was compared with that of prothrombinase. We reasonedthat the
only relevant comparison is made when the inactivation is studied under exactly
the same conditions: during prothrombin activation with factor Va as the only
variable component [47].

C. FactorlXa Inhibition
Themajorityof studieson theregulation
of factorIXa by plasmaproteinase
inhibitors have been done with purified enzyme either in plasma or buffer
[54-59]. It has been shown that bovine and human factor IXa react slowly with
AT III but do not react with a2-macroglobulin and a1-proteinase inhibitor
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Table 3 Ratio of the RateConstantof Inhibition
of FreeFactorXa to the Rate Constantof Inhibition
of Prothrombinase
Heparin

Pentasaccharide
Octasaccharide
10-14 Saccharide
CY 216
18-24 Saccharide
Fourth International
Standardfor Heparin
HMW heparin

M,

aXalaPTase

1,714
2,4W
3,600
4,500
6,300
15,000

8.0
)./
6.7

20,200

4.5

AA

).J

4.3

Source: Ref. 47.

[54,56]. It has been proposed that simultaneous binding of the inhibitor and
enzyme to the same heparin molecule is required for maximal rates of inactivation of factor IXa [55].
Indeed, we found that pentasaccharidedid not stimulate the bovine factor
IXa-AT III reaction [59]. Another interesting finding of the same study was that
Ca2+ ions are absolutely required for the heparin-dependentreaction between
bovine factor IXa and AT III. tn a recent study from our group [60] on the
heparin-stimulatedinhibition of factor XIa generationand factor IXa neutralization in human plasma it was found that factor lXa-induced factor IXa activity
was not neutralized in recalcified plasma. However, when UFH was present'
factor IXa was readily inactivated: a halflife time of 8 s in the presenceof I pcg
UFH/mL (or 0.15 U/mL). The same weight of pentasaccharidealso caused a
shortening of the halflife time (52 s).
Both the calcium requirement and the fact that pentasaccharidealso stimulates the AT Ill-factor IXa reaction suggestthat the reaction is different from that
between thrombin and ATIII. In the latter case, calcium reduces the heparinstimulating effect and the heparin chain must contain more than 18 saccharide
units to achieve a so-called "approximation effect," where binding of both the
enzyme and the inhibitor to the same heparin molecule determines the anti-Ila
activity of the heparin molecule.

D. The Anti-Xa/Anti-tlaRatio of Heparin and
Heparin Fractions
For different heparin preparations we compared the ratios of the specific catalytic
antifactor Xa activiry over the specific catalytic anti-Ila activity, as determinated
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with purified human proteins and in the presenceof calcium (Figure 2C). It is
seen that ratios of the activities were the same for the Fourth International
Standard for UFH and the First International Standardfor LMWH, enoxaparin,
and CY 216 16ll. Additional findings from our laboratory also suggestthat the
heparin chains with anti-Xa activity in a LMWH preparation have to be found
among the longer heparin chains. consequently, the mean molecular weight as
determined for the total LMWH preparation does not necessarily represent the
mean molecular weight of the functional LMW heparin species and might
considered to be a misleading parameter [61].

IV. INHIBITIONOF THROMBINGENERATION
IN PLASMA
On the one hand, it is now generally acceptedthat the anticoagulantpotency of a
particular heparin preparationcannot be predicted from its specific (antiprotease)
activities (i.e., inhibition of factor Xa, thrombin, and factor IXa activity). On the
other hand, no consensushas yet been obtained on the question of which of the
various possible antiproteaseactivities are essentialfor the anticoagulant mechanism of action of heparin and its fragments/fractions.For that reason' a logical
extension of the heparin work with purified blood coagulation proteases and
inhibitors is a study in plasma. We reasonedthat any reaction that can be shown
not to play a role in plasma is very unlikely to be important in vivo. Although the
reverse is not true, studies in plasma are an interesting and necessarystep in the
process of understandingthe in vivo action of heparin'

A. Prothrombinaseas a Target of Heparin Action in Plasma
From biochemical studies it is expected that significant thrombin generation
occurs only when factor Xa is complexed with factor Va in the so-called
"protfuombinase complex." The formation of the complex, as well as its activity,
is thought to be an important target for heparin action. Unfortunately' no assays
for plasma prothrombinase activity are available. To obtain information about
the effects of heparin and its fragments/fractionson prothrombinase' we therefore developeda mathematicalprocedureto calculatethe prothrombinaseactivity
from experimentally derived thrombin generation curves.
1. Method of Determination
Thrombin activity as generatedin plasma by thromboplastin, for example, can be
measuredeasily and reliably with a chromogenic substrate.Typical examples of
thrombin generationcurves obtained in the absenceand presenceof LMWH are
shown in Figure 34. From these curves the effects of heparin on the conversion
of prothrombin into thrombin (the generationof prothrombinaseactivity) can be
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Figure 3 Effect of the low molecularweightheparinCY 216on the generation
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216(i.e.,320nMthrombin
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concentrations
estimatedas follows. The experimentallyobservedrate of thrombin formation
(the tangentto the thrombin generationcurve) is at any momentthe sum of two
processes(1) the rate of conversionof prothrombininto thrombin by prothrombinaseand (2) the rate at which thrombin activity is neutralizedby antiproteasesin plasma.The rate of inhibition of thrombin at any momentcan be
calculatedfrom the concentrationof thrombin at that time and the pseudo-firstorder rate constantof inhibition of thrombinin plasma(seeSectionIII.A.3).
There is one complicating factor-that the thrombin-like amidolytic activity in
plasma arises noi only from free thrombin but also from a complex formed
However,with a
tetweenthrombinandtheproteaseinhibitora2-macroslobulin.
be eliminated.
could
variableheparinconcentration,the conffibutionof the latter
publication of
to
a
referred
For more details about the method, the reader is
Hemkeret al. [49].
2. Heparin and the Generation of Prothrombinase Activity in
Thr omboplastin-Ac tiv ated P lasmn
Typical examplesof calculatedprothrombinaseactivity generationcurves are
activityis followedby a
rho*n in Figure38. The generationof prothrombinase
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disappearancephase. It must be emphasized that the disappearanceof the
prothrombinase activity is not caused by the inhibitory action of antiproteases
(AT IID in plasma but primarily (if not solely) because of depletion of the
substrate (prothrombin). Obviously, when prothrombin is consumed during
plasma clotting, the prothrombinase activity will also disappear.
It is clearly demonstratedin Figure 38 that independentofthe concentration
of the LMWH used, the same peak activities of prothrombinase activity were
found, indicating that under the conditions of this experiment LMWH has no
inhibitory effect on the generationof prothrombinaseactivity. Thus inhibition of
the net generation of thrombin must be entirely the result of the increase in the
thrombin-neutralizing potency in the presenceof LMWH.
3. Classification of the Heparins According to Their
Antipr othr ombinase and Antithr o mbin Activitie s
The method that enablesus to estimate the course of prothrombinase activity in
clotting plasma clearly demonstratedthat the family of heparins can be divided
into two classes:those that act like the smallest heparin fragment with antifactor
Xa activity (pentasaccharide)and those that act like standard UFH [62] ' The
pentasaccharide-like heparins (P-class) had no influence on the decay of
endogenousthrombin, but at high dosagesthey impaired the thrombin generation
curve by their antiprothrombinase activity. This antiprothrombinase activity
might result from an inhibition of prothrombinaseformation (by inhibiting free
factor Xa) and/or by a direct inhibition of prothrombinase once it is formed.
When a limited seriesof LMWFI preparationsand gel filtration fractions of them
were tested it was quite surprising to find that despite their increased anti-Xa/
anti-Ila ratios the LMWH preparationcould be classified as S-type heparins, thus
acting on thrombin generation in plasma via their antithrombin activity. Only
those fractions that were devoid of anti-Ila activity belonged to the P-class
heparins t62-641.
4. Heparin and the Generation of Factors Xa and Va in
Thr omb oplas tin-Ac tivate d P lasma
From Figure 38 it is also clear that LMWH does dose-dependentlyprolong the
lag phase of the appearanceof the prothrombinaseactivity and thus the onset of
thrombin generation. Since factors Xa and Va contribute equally to prothrombinase activity, it remains to be establishedto what extent its generationis
inhibited by LMWH. To this end, generation of factors Xa and Va was monitored in thromboplastin-activatedplasma.
Figure 4,{ shows the effect on factor Xa generationof increasing amounts of
a LMWH preparation. As might be expectedfrom its antifactor Xa activity (80
IU/mg), CY 216 did reduce the factor Xa yield. Interestingly, a lag phase in the
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minor (if any) effect on the activation phase of the factor Xa generation curve.
They therefore exert their effects on factor Xa generationcurves by neutralizing
the factor Xa activity once it is formed.
Consequently, we must conclude that the delaying effect of LMWH on the
generationof prothrombinaseactivity and thus on thrombin generationis certainly not causedby a delayed appearanceof factor Xa. The delayed appearanceof
the prothrombinase activity must therefore be caused by the generation of
activated factor V. Indeed, when factor Va generationwas monitored in thromboplastin-activatedplasma, a clear lag in its appearancewas noted (Figure 4B).
LMWH did prolong the lag phase. Thus it seemsreasonableto assumethat the
overall anticoagulant activity of heparin and LMWHs, when plasma clotting is
initiated with thromboplastin, is due to their ability to postpone factor Va
generation. This in turn raises the question: Which antiprotease activity of
heparin causesthe inhibition of activatedfactor V generation?We tried to answer
this question indirectly by studying the effect of a synthetic pentasaccharide
heparin, having only antifactor Xa activity, on factor Va, factor Xa, and thrombin generation in thromboplastin-activatedplasma 164,69,701.It was found that
extremely high amounts of pentasaccharidewere required to obtain the same
anticoagulant effect as that obtained with UFH.
Interestingly, despite the absenceof detectableamounts of factor Xa (less
than 0.1 nM in clotting plasma), factor Va generationwas only slightly delayed
and so was thrombin generation. This indicates that inactivation of factor Xa
alone is a very inefficient way to prevent the plasma from completely reversing
the anticoagulant effect of heparin [69]. Nevertheless, heparins having only
antifactor Xa activity do have anticoagulantproperties. The question is, however, whether the anticoagulant activity is achieved directly or indirectly. That is,
does neutralization of factor Xa result directly in less prothrombinase?Reduced
amounts of prothrombinase are also generated when factor Xa is the major
activator of factor V t711. An indirect anticoagulant effect is expected when
increasedneutralization of factor Xa activity results in a reduced initial thrombin
generation, which in turn results in a diminished factor Va and thus prothrombinase formation.
We have obtained strong evidencethat thrombin is the only efficient enzyme
that activates factor V in clotting plasma 136,721.Our results suggestthat the
anticoagulant activity of heparin and LMWH is causedprimarily by their ability
to postpone the thrombin-catalyzed generation of activated factor V. Figure 5
shows plots of the clotting times as a function of the heparin concentration
expressedeither as anti-Xa IU/mL or anti-Ila IU/mL. It is clearly seen that the
best correlation is found betweenthe anticoagulanteffect and the anti-Ila activity
for UFH as well as for LMWH. The poor overall anticoagulant activity of the
ULMWH pentasaccharideis clearly demonstrated.

4l

Mechanism of LMWHs

o
0,

E
ol

.g

A

100

3so
24
fheporin],onti-Xo lU,/ml

o
o

E
or
c
o
o

0.0

0.4

0.8

[hePorin],onti-llo lU,/ml
o'
Figure 5 Effect of LMWHs on plasmaclotting time triggeredwith thromboplastin'
for
['ow
Standard
International
First
A,
Heparin;
Fourth International Standardfor
Molecular Weight Heparin; o, CY 216; A, pentasaccharide'

B. Tenase as Target of LMWH Action

feedbackreactions:factor Xa generationandfactor Va generation.Ifthe generation of the enzymatic components(factors IXa and Xa) are the rate-limiting
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reactions in thrombin generation, the anti-Xa activity is expected to be of
importance. However, we already know that the intrinsic thrombin generation
(APTT) is not sensitive to the antifactor Xa activity. Alternatively, the APTT
could be sensitive for the anti-factor IXa activity of LMWH.
In a first attempt to differentiate between an effect on the generation of the
factor X activating complex and an effect on the generation of the prothrombinase complex, we examined the heparin action in plasma activated with
the complete factor X activating complex (factor IXa-factor Vllla-phospholipid)
[50]. The absenceof a lag phasein the generationof thrombin in thesecaseseven
when heparin was present indicates that intrinsic prothrombinase generation
depends largely on the generation of activated factor VIII.
Pentasaccharideprolonged the lag phaseof thrombin generationand reduced
the thrombin yield in contact-activated plasma. Because pentasaccharideis
devoid of thrombin activity, does not stimulate the inhibition factor IXa by AT
III at the concentrationsused, and has only a weak antiprothrombinaseeffect, its
action can only be explained by its ability to inactivate free factor Xa when it is
formed by the intrinsic factor X activating complex. The final effect is the same
as with UFH: less free thrombin is available, although in the case of UFH the
decay of thrombin is enhancedrather than its rate of formation. In both cases
reduced rates of feedback reactions (factor VIII and factor V activation by
thrombin) will be found.
1. Heparin and the Generation of Factors VIIIa, Va, and Xa
and Thrombin in Factor Xla-Activated Plasma
Figure 6A shows that when plasma is activated with factor XIa, factor Xa
generation shows the same features as thrombin generation in thromboplastinactivated plasma. That is, despite a linear increase in factor IXa, significant
factor Xa generationappmrs only after a certain time. Thus factor Xa generation
is not directly associatedwith factor IXa generation. The obvious reason is that
significant factor Xa generationoccurs only when the essentialcofactor offactor
IXa-activated factor VIII-is
also present (Figure 6B). Whether activated
factor VIII is generatedby factor Xa or thrombin cannot be concluded from the
course of factor VIIIa generation. The suddenonset of all these activated factors
occurs at about the same time. Such a phenomenonis clearly the result of linked
positive feedback reaction systems.
However, if the activation of factor VIII by factor Xa is really important,
one would expect that pentasaccharideshould effectively postpone factor Xa
generation. But the opposite was found. Extremely high amounts of pentasaccharide were required to show a comparable anticoagulant effect with UFH.
UFH (0.005 U/mL; 0.25 mg/ml,) prolonged the clotting time of factor XIaactivated plasma from 160 s to 260 s (Figure 7A). It required a 10-fold higher
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VI. SUMMARY
Both the anti-factor Xa and anti-Ila activity of LMWH preparations could
potentially be of great importance: factor Xa is the enzyme that converts proihrombin into thrombin, and thrombin is necessary for the rapid feedback
activation of factors VIII and V, the essential cofactors for the formation of
hemostatic amounts of factor Xa and thrombin, respectively'
Our studies have indicated that:
1. The ratio of the factor Xa neutralizing potency to the thrombin neutralizing potency of the LMWH preparationstested does not differ from that of UFH

lindhout and

whenexaminedin purified systemsusinghumanproteinsandin the presence
ua- lons.
2. Heparins with a sole antifactor Xa activity do inhibit formation of the
prothrombin converting complex at high dosages.However, when the heparins
also have (minimal) anti-Ila activity, the inhibition of formed thrombin becomes
more dominant than the reduction observed in prothrombinaseactivity. That is,
at already low UFH concentrationsit is seenthat the antiprothrombinaseactivity
is completely overshadowed by the direct thrombin inhibition.
3. UFH and LMWH prolong the lag phaseof clotting in plasma, activated
through either the extrinsic or intrinsic pathway, by inhibition oi the formation of
the factor X and prothornbin activating complexes. The ultimate targets of
LMWH action are the thrombin-dependentfeedback reactions (e.g., activation
of factors V and VIII).
4. UFH and LMWH inhibit coagulation in platelet-rich plasma activated
with low amounts of thromboplastin by eliminating trace amounts of thrombin
necessaryfor triggering the platelet procoagulant reactions.
5. The relatively high amounts of nonanticoagulant species in LMWH
preparationsmight protect the specieswith anti-Ila activity for neutralization bv
platelet factor 4.
6. The ideal test for both LMWHs and UFH would be one that shows the
effect of heparin on the amount of free thrombin generatedduring the courseof a
thrombin generation test and thus independentof the way in which this amount
has been diminished.

REFERENCES
l. Macfarlane, R. G. An enzyme cascade in the blood clotting mechanism
and its
function of a biological amplifier, Nature, 2022499499 '1g64il.
2. Davie, E. w., and o. D. Ratnoff. waterfall sequenceof intrinsic blood clotting,
Science,145:1310-1312(1964).
3. Yin, E. T., s. wessler, and p. J. stoll. Biological properties of the naturally
occurring plasma inhibitor to activatedfactor X, J. Biol. chem.,246t3703_3711

(re7r).

4. Yin, E. T., s. wessler,andP. J. stoll. Identityof plasma-activated
factorXinhibitor
with antithrombinIII andheparincofactor,J. Biol. chem., 246:3ilz-3..-1gfl971).
5. wessler,S., andE. T. yin. Experimental
hypercoagulable
stateinducedby factorX:
comparisonofthenonactivatedandactivatedforms,"/.
Lab.clin.Med.,72z256-260
(1968).
6. Yin, E. T. , ands. wessler.Investigationof the apparentthrombogenicity
of thrombin, Thromb.Diath. Haemorrh., 20t46546g (196g).
7. Yin, E. T. Effect of heparinon the neutralization
of factorXa andthrombinby the
plasmaalpha-2-globulininhibitor, Thromb.Diath. Haemorrh., 33:43-50(1gi4).
8. Yin, E. T.' and S. Wessler.Heparin-accelerated
inhibitionof activatedfactorX by
its naturalplasmainhibiror, Biochim. Biophys.Acta, 2102,3g7-390
(1970t.

Mechanism of IMWHs

47

9. Haas,S., and G. Bluemel.An objectiveevaluationof the clinical potentialof low
molecularweight heparinsin the preventionof thrombo-embolism,semin' Thromb.
(1989).
Hemost., 1.Sz4?-L435
10. Andersson,L. O., T. W. Barrowcliffe,E. Holmer,E. A. Johnson,and G'E'C'
Sims. Anticoagulantpropertiesof heparinfractionatedby affinity chromatographyon
matrix bound antithrombin III and by gel-filtration, Thromb. Res., 92575-583
(r976).
11. Yin, E. T., S. Wessler,and J. V' Butler' Plasmaheparin:a unique, practical,
assay,.I. Inb' Clin. Med., Elz298-310(1973)'
submicrogram-sensitive
G'I'C' Ingram'
E. A., T.B.L. Kirkwood,Y. Stirling,J. L' Perez-Requejo'
12. Johnson,
potentiating
preparations:
anti-Xa
heparin
Four
Brozovic.
M,
D. R. Bangham,and
injection, Thromb. Haemost.,35:586-591
effect of heparin after subcutaneous
(1976).
13. Wessler, s., s. M. Reimer, and M. c. Sheps.Biologic assayof a thrombosis
inducingability in humanserum,J. Appl. Physiol', 142943-946(1959)'
14. Carter,C. J., J. G. Kelton,J. Hirsh,A. Cerskus,A, V. Santos,andM' Gent'The
relationship between the hemorrhagic and antithrombotic properties of two low
molecularweight heparinsin plasma,Blood, 5921239-125(1982)'
15. Choay,J. Structureand activity of heparinand its fragments:an overview,Semin.
Thromb.Hemost.,15:359-365(1989)'
G. Soderstrtim,
L. Thunberg,H. Sandberg,
16. Holmer,E., u. Lindahl, G. Biickstr<im,
platelets
of a heparin
on
effects
and
and L. O. Andersson.Anticoagulantactivities
(1980).
Res.,
18:861-869
Thromb.
for
antithrombit,
affinity
fragmentwith high
17. Lane, D. A., I. R. Macgregor,R. Michalski, and v. v. Kakkar. Anticoagulant
activitiesof four unfractionatedand fractionatedheparins,Thrornb.Res.,122257-

nr 0978).

of activeandinactive
Theseparation
18. Lam, L. H., J. E. Silbert,andR. D. Rosenberg.
forms of heparin,Biochem.Bioptrys.Res'Commun.,69257f577 (1976)'
andD' P'
C. A. Eggleton,G. Kemball-Cook,
19. Barrowcliffe,T. W., E. A. Johnson,
fractions'
heparin
weight
molecular
and
low
high
Thomas.Anticoagulantactivitiesof
(1979).
412573-583
Haenntol.,
Br. J.
20. Thomas,D. P., R. E. Merton,W. E. Lewis, andT. w. Barrowcliffe.Studiesin man
and experimental animals of a low molecular weight heparin fraction, Thromb.
Haemost.,452214-218(1981).
21. Thomas,D. P., R, E. Merton, T. W. Barrowcliffe,L. Thunberg,and U' Lindahl'
Effects of heparin oligosaccharideswith high affinity for antithrombin trI in experimentalvenousthrombosis,Thromb.Haemost.,472244-248(1982)'
22. Holmer, E., c. Mattsson,and S. Nilsson.Anticoagulantandantithromboticeffects
of heparinand low molecularweight heparinfragmentsin rabbits,Thromb. Res.,
252475485(1982).
23. Thomas,D.P.,R.E.Merton,E.Gray,andT.w.Banowcliffe.Therelativeantithrombotic effectivenessof heparin,a low molecularweight heparin,and a pentasaccharide
fragmentin an animal model, Thromb.Hacmost., 61220L207(1989)'
?A. Femandez,F. A., J. Van Ryn, F. A. Ofosu, J. Hirsh, and M. R' Buchanan'The
haemorrhagicand antithrombotic effects of dermatansulfate, Br. J. Haematol.,
64;3O9-317(1986).

48

lindhout and

25. Fernandez,
F. A., M. R. Buchanan.J. Hirsh, J. W. Fenton,and F. A. Ofosu.
catalysisof thrombininhibitionprovidesan index for estimatingthe antithrombotic potential of glycosaminoglycans
in rabbit, Thromb. Haemost., 57:2g6_293
(1987).
26. Walenga,J. M., L. Bora,M. Petitou,M. Samama,
J. Fareed,andJ. Choay.The
inhibitionof the generationof thrombinandthe antithromboticeffectof a pentasaccharidewith sole anti-factorXa activity, Thromb. Res., 5l:23_33 (l9gg).
27. Hobbelen,P.M.J., T. G. Van Dinther,G.M.T. Vogel, C.A.A. Van Boeckel,
H.c.T. Moelker, and D. G. Meuleman.pharmacological
profile of the chemically
synthesized
antithrombinIII bindingfragmentof heparin(pantasaccharide)
in rats,
Throtnb.Haemost.,632265-270(1990).
28. Van Ryn-McKenna,
J., E. Gray, E. Weber,F. A. Ofosu,and M. R. Buchanan.
Effectsof sulphated
polysaccharides
on inhibitionof thrombusformationinitiatedby
different stimuli, Thromb.Haemost.,6l:7-9 ( 1989).
29. cadroy, Y., L. A. Harker, and S. R. Hanson.Inhibition of platelet-dependent
thrombosisby low molecularweight heparin(Cy222): comparisonwith standard
heparin,J. Lab. Clin. Med., tt4z349-35j (1989).
30. Hemker,H. c. A standardfor low molecularweightheparin,Haemostasis,l9zl4
(1989).
31. Thomas,D. P. Biologicals,standards
andheparin,Thromb.Haemost.,62z64g-650

(1e8e).

32. Lane,D. A. , andK. Ryan.Heparinandlow molecularweightheparin:is anti-factor
Xa activity important?J. Lab. Clin. Med., ll4z33l-333 (1989).
33. Tans,G., andJ. Rosing.Multicomponent
enzymecomplexes
of bloodcoagulation.
lnBloodCoagulation(Zwaal,
R.F.A., andH. C. Hemker,Eds.),Elsevier,Amster_
dam,pp. 59-85(1986).
34. Ofosu,F. A., M. A. Blajchman,
G. J. Modi, L. M. Smith,M. R. Buchanan,
andJ.
Hirsh. The importanceof thrombininhibitionfor theexpression
of the anticoagulant
activitiesofheparin, dermatansulphate,low molecularweightheparinandpentosan
polysulphate,Br. J. Haematol., 602695-704(1985).
35. Fareed,J., J. M. Walenga,D. Hoppensteadt,
A. Racanelli,andE. Coyne.Chemical
and biological heterogeneityin low molecularweight heparins:implicationsfor
clinical use and standardization,
semin. Thromb.Hemost., lst44o463 (l9g9).
36. Pieters,J., T. Lindhout,andH. c. Hemker.In situ generated
thrombinis the only
enzymethateffectivelyactivatesfactorVIII andfactorV in thromboplastin-activated
plasma,Blood, 74:1021-1024(1989).
37. Ofosu,F. A., J. Hirsh,C. T. Esmon,G. J. Modi,L. M. Smirh,N. Anvari,M. R.
Buchanan,J. w. Fenton,and M. A. Blajchman.unfractionatedheparininhibits
thrombin-catalysed
amplificationreactionsof coagulationmoreefficientlythanthose
catalysed
by factorXa, Biochem.J., 2S7tl4Z-150(1989).
38. Monkovic,D. D., andP. B. Tracy.Activationof humanfactorv by factorXa and
thrombin,Biochemistry,29:1118-1128(1990).
39. Esmon,c. T. The rolesof proteinc andthrombomodulin
in the regulationof blood
coagulation,J. Biol. Chem., 264:20283-2028j(1989).
40. Broze,G. J., L. A. Warren,W. F. Novotny,G. J. Higucoze,L. A. Wanen,D. A.
Higuchi, J. J. Girard, and J. P. Miletich. The lipoprotein-associated
coagulation

49
inhibitor that inhibits the factor Vtr-tissue factor comPlex also inhibits factor Xa:
insight into its possiblemechanismof action,Blood,72tl404-1406 (1988).
Banowcliffe, f . W., anOY. Le Shirley.The effect of calciumchlorideon anti-Xa
activity of heparinand its molecularweightfractions,Thromb.Haemost.,62295V
9s4 (1989).
Lane,D. A., J. Denton,A. M. Flynn, L. Thunberg,andU. Lindahl' Anticoagulant
and their neutralizationby plateletfactor 4,
activitiesof heparinoligosaccharides
Biochem.J., 2182725-732(1984).
antitbrombin
43. Speight,M., andM. J. Griffith. calcium inhibitstheheparin-catalyzed
heparin to
of
affinity
binding
apparent
the
by
decreasing
ulthrombin reaction
(1983).
thrombin,Arch. Biochem.Biophys.,2252958-963
walker, F. J., and c. T. Esmon.The effect of prothrombinfragment2 on the
inhibitionof thrombinby antithrombinIII, ./. BioI. Chem.,254t5618-5622(1979).
4 5 . Lindhout. T., D. Baruch,P. Schoen,J. Franssen,and H. C' Hemker' Thrombin
of antithrombinIII andheparin, Biochemgenerationandinactivationin thepresence
(1986).
istry, 2525962-5969
human
46. Schoen.P.. andT. Lindhout.Thein situinhibitionof prothrombinase-formed
Biol.
J.
heparin,
Itr
and
(desFl)
antithrombin
by
andmeizothrombin
alpha-thrombin
(1987
4
262zrr26Frl27
Chem.,
).
47. Schoen,P., T. Lindhout, G. Willems, and H. c. Hemker. Antithrombin Itractivity of heparinand heparinfragments,J. Biol.
dependentanti-prothrombinase
(1989).
Chem., 264210002-10007
48. Pieters.J.. J. Franssen,C. Visch, and T. Lindhout. Neutralizationof heparinby
prothrombinactivationproducts.Thromb. Res., 45:573-580(1987)'
49. Hemker, H. c., G. M. Willems, and S. B6guin. A computerassistedmethodto
of thrombin
obtainthe prothrombinactivationvelocityin wholeplasmaindependent
Thromb.Haemost.,5629-17(1986).
decayprocesses,
so. neguin, S., T. Lindhout, and H. c. Hemker. The mode of action of heparinin
(1988).
plasma,Thromb.Haemost.,60245'7462
-Barrowcliffe,
andU. Lindahl.The effect
Kemball-Cook,
G.
Havercroft,
S.
J.
T. W.,
51.
of Ca++, phospholipid,factor V on the anti-factorXa activity of heparinand its
Biochem.J ., 243:31-37(1987)'
high-affinity oligosaccharides,
complexby
52. Ellis, V., M. f . Scully, andV. V. Kakkar.Inhibitionof prothrombinase
(1984)'
23:5882-5887
Biochemistry,
proteinase
inhibitors,
plasma
-Ellis,
V., fr4. F. Scully, and V. V. Kakkar. The accelerationof the inhibition of
53.
complexby heparin,Biochem.J.,2332161-165 (1986).
plateletprothrombinase
Inhibitionof factorIXa by
54. itosenberg,J. S., P. W. McKenna,andR. D. Rosenberg.
(1975)'
Chem.,250:8883-8888
BioI.
III,
J.
humanantithrombin
of
The molecularweightdependence
55. Holmer. 8., K. Kurachi, andG. Sciderstrom.
effectof heparinon the inhibitionof thrombin,factor Xa, factor
the rate-enhancing
IXa, factor XIIa, and kallikein by antithrombinlll, Biochem.J., 1932395-399
(1981).
56. Fuchs,H. 8., H. G. Trapp, M' J. Griffith, H. R' Roberts,and S' V' Pizzo'
Regulationof factor IXa in vitro in humanand in mouseplasmaand in vivo in the
mouse:role of endotheliumand the plasmaproteinaseinhibitors,J. Clin. Invest.,
732t696-r703(1984).

\

\\
\F,

50

q-

Lindhout and Hemker

57. McNeely,T., andM. J. Griffith. The anticoagulant
mechanismof actionof heparin
in contact-activated
plasma:inhibitionof factorX activation,Blood, 65t1226-l}3l

(1e8s).

58. Banowcliffe, T. W., and D. P. Thomas.Anticoagulantactivitiesof heparinand
fragments,Ann. N.Y. Acad. Sci., 5562132-145
(1989).
59. Pieters,J., G. Willems,H. C. Hemker,andT. Lindhout.tnhibitionof factorIXa and
factor Xa by antithrombinIll/heparin during factor X activation,J. Biot. Chem.,
263t15313-r53I 8 (1988).
60. Pieters,J., T. Lindhout,andG. Willems.Theheparin-stimulated
inhibitionof factor
a generationand factor IXa neutralizationin plasma,Blood,76:l-6 (1990).
61. Schoen,P., T. Lindhout, and H. C. Hemker. On the functionalresemblanceof
unfractionated
and low molecularweightheparin,Br. J. Haernatol.,76z3(1990).
62. Hemker, H. C. The mode of action of heparinin plasma.ln Throtnbosisand
Haemostasis(Versfaete,M., J. Vermylen,H. R. Lijnen, and J. Arnout, Eds.),
InternationalSocietyon ThrombosisandHaemostasis
andLeuvenUniversityPress,
Leuven,Belgium,pp. 17-36(1987).
63. B6guin,S., J. Mardiguian,T. Lindhout,andH. C. Hemker.The modeof actionof
low molecularweight heparinpreparation(PKl0l69) and two of its major componentson thrombingenerationin plasma,Thromb.Haemost.,6l:30-34 (1989).
64. B6guin,S.,J.Choay,andH.C.Hemker.Theactionofasyntheticpentasaccharide
on thrombingenerationwhole plasma,Thromb.Haemost.,6l:39i401 (1989).
65. Nemerson,Y., andD. Repke.Tissuefactoraccelerates
the activationof coagulation
factorVII: therole of a bifunctionalcoagulation
cofactor,Thromb.Res.,40:351-358

(r98s).

66. Gemmell, C. H., V. T. Turitto, and Y. Nemerson.Flow as a regulatorof the
activationof factor X by tissuefactor,Blood, 72t1404-1406(1988).
67. Miletich, J. P., G. J. Broze,andP. W. Majerus.Purificationof humancoagulation
factorsII, IX and X using sulfateddextranbeads,MethodsEnzymol.,E0:221-230
(1981).
68. Rappaport,S. I. Inhibition of factor Vlla/tissuefactor-inducedblood coagulation:
with particularemphasisupon a factor Xa-dependentinhibitory mechanism,Blood,
73:359-365(1989).
69. Pieters,J., and T. Lindhout.The limited importanceof factor Xa inhibition to the
anticoagulantproperty of heparin in thromboplastin-activated
plasma, Blood,
72t2Q48-2052(1988).
70. Hemker,H. C., J. Choay,andS. B6guin.FreefactorXa is on the main pathwayof
thrombin generationin clotting plasma,Biochem.Biophys. Acta, 9922409411
(1989).
71. Lindhout,T., R. Blezer,andH. c. Hemker.Theanticoagulant
mechanism
of actionof
recombinanthirudin (CGP39393)in plasma,Thromb.Haemost.,64t46+469 09n).
72. B€guin, S., T. Lindhout,andH. C. Hemker.The effectof traceamountsof tissue
factor on thrombin generationin plateletrich plasma:its inhibition by heparin,
Thromb.Haemost.,61225-29(1989),
73. Bevers,E. M. , R.H.J.Tilly, andJ.M.G. Senden,
P. Comfurius,andR.F.A. Zwaal.
Exposureof endogenousphosphatidylserine
at the outer surfaceof stimulated
plateletsis reservedby restorationof aminophospholipid
translocase
activity,Biochemistry, 28;1382-2387(1989).

