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CHAPTER I

INTRODUCTION AND REVIEW OF THE LITERATURE
I. INTRODUCTION TO HEPARIN
A. History

Heparin is a commonly used anticoagulant drug
indicated for the prophylaxis and treatment of thrombo-
embolic disorders. Although it has been investigated for
almost 70 years and been in clinical use for over thirty
years, many questions remain relative to its pharm-
acodynamic actions (Jaques,‘1979).

The discovery of heparin is attributed to the
serendipitous observations of Jay McClean, a medical
student at Johns Hopkins working under the direction of
professor W.H. Howell. Howell'; intexests were in the
investigation of natural thromboplastins. He assigned
McClean the task of extracting and observing the activity
of various phosphatides such as cephalin and a hepatic
extract termed heparophosphatide. During these studies
McClean noticed that the thromboplastic activity of the
phosphatide was not only lost after prolonged storage, but
actually prolonged coagulation times in his assay systenm.
Further investigations by Howell and Holt, (1918) demon-
strated that these substances were also active after
intravenous administration in dogs. Since these

1



substances were especially abundant in the liver, Howell
named them heparins. Further characterization revealed
that these subétances contained no phosphorus and were not
actually phosphatides, but rather sulfur containing carbo-
hydrates (Howell & Holt, 1928). These heparins demon-
strated weak anticoagulant activity and were to toxic for
therapeutic use.

Using a different extraction method, Scott and
charles, (1933) reported that a relatively pure high yield
of heparin could be obtained from beef 1lung. In this
system, purification by tryptic digestion and alcohol
precipitation removed protein and fatty contaminants.
Additional work by Scott and Charles, (1936) resulted in
the preparation of a crystalline form of heparin as either
a barium or sodium salt. The enhanced efficiency of these
extraction and purification processes ‘resulted in suf-
ficient quantities of suitable material for clinical

evaluation.

B. The Chemistry of Heparin

Chemically heparin is best characterized as a family
of linear anionic polysaccharide chains with a highly
hetefogeneous distribution of molecular weights. The
molecular weights of the individual components generally
range from 1,000 through 50,000 daltons. The mean

molecular weight is wusually between 9,000 and 15,000



daltons, however these figures vary with both the source

and method of extraction. It has been shown that beef
lung heparin has different molecular weight character-
jstics compared to porcine mucosal heparin (Cifonelli &
King, 1970 ; Bianchini et al., 1976).

Reports from various investigators have shown that
commercial heparin preparations contain at least 21
discrete molecular species identifiable by electro-
focusing (Mc Duffie et al., 1975 ; Dietrich et al., 1975).
Most 1likely twenty-one 1is the minimal number since the
separation loses resolution at the longest chains. For
this reason the number may be as high as 23 or 24. These
molecular species vary in molecular weight, net charge,
charge density and ratio of hexose residues. The
heterogeneity within the components of heparin has been
shown to be a consequence of the natural‘synthetic process
rather that an artifact of preparation (Cifonelli, 1974).
A conceptual representation of the diversity of heparin is
seen in appendix I. Recently, heparin preparations have
also been shown to vary in terms of the proportion of
individual molecular weight components (Barlow, 1983,
1985). Not only are heparins heterogeneous in terms of
their composition of molecular weight components, but also
in the distribution of these components. Thus, it is
possible that heparins with similar mean molecular weights

may differ in the relative proportion of individual



The polysaccharide chains of heparin are constructed
with alternatihg residues of uronic acid (either L idur-
onic or D-glucuronic acid) and D-glucosamine monosac-
charide units joined via alpha 1-4 glycosidic linkages.
These residues are sulfated and acetylated to a varying
degree, however most glucosamine units possess an O-
sulfate at carbon six, while most iduronic acid residues
are sulfated at carbon two. An O-sulfate group at carbon
three is thought to be critical to the antithrombin III
binding sequence (Lindahl et al., 1980). A drawing
representing the chemical structure of heparin is seen in
appendix II.

Commercial heparin 1is generally extracted from
either bovine 1lung or porcine-~ intestinal mucosa and
prepared as either a sodium or calciux?t salt. However,
barium and potassium salts are also prepared. These
metals are usually present at concentrations of about 12
%. ©No difference has been observed in the pharmacologic
properties between any of the different salt preparations
and it is generally assumed that they are equivalent

(Cocchetto and Bjornsson, 1984).

C. Standardization of Heparin

Due to the inherent variability within the sources

and methods of manufacturing, it is necessary to standard-



ize commercial heparin preparations in terms of biological

actions. These actions are quantified in units of anti-

coagulant activity.

The first unit was defined by Howell as the amount
of heparin that would prevent the clotting of one ml. of
freshly drawn cat blood overnight in the cold (Howell,
1928). The Connaught unit was essentially similar to the
Howell unit, however the potency was determined by
comparison to a defined reference heparin preparation
(Scott & Charles, 1933}. The need for international
standardization of heparin resulted in the establishment
of the first international standard and unit of heparin in
1942, The unit was defined as 1/130 mg of the inter-
national standard heparin preparition (prepared for and
held by the World Health Organization Division of
Biological Standards Geneva, Switzerland). Since its
origin, the international standard has been successively
modified such that currently the fourth international
standard is utilized. Unfortunately, no specific assay
was described for use with the international standards.
Consequently these standards have been used in a variety
of assays for heparin's potency evaluation. Since the
vValues of the international standards vary in different
assay systems, the international standards have proven an
unreliable method for the standardization of heparin

(Brozovic & Bangham, 1974).



The U.S. Pharmacopeial Unit (USP) was originélly
defined as the amount of activity present in 1/130 mg of
the second international standard heparin. Unlike the
jnternational wunit, the USP unit utilizes a specific
coagulant method to evaluate the potency of heparin. The
assay measures heparin's inhibition upon recalcified
activated sheep plasma (U.S. Pharmacopeia XX, 20th
revision). Although this method relies on a semi-
quantitative visual evaluation of the clot endpoint, it
has proven to be very reproducible among individual
heparin preparations.

The British Pharmacopeial (BP) assay has also been
widely used for heparin potency eyaluation and standard-
ization. This assay is based upon the inhibition of
thromboplastin activated oxalated ox blood by heparin.
When compared to USP standardized heparins, this assay
gives higher results for 1lung heparins but lower values
for mucosal heparins (Brozovic & Bangham, 1974).

Recently, the USP has established an assay for
standardizing heparin in terms of anti Xa units. This
assay measures the inhibition of standardized bovine
factor Xa in the presence of heparin using a Xa specific
chromogenic substrate. The amount of anti factor Xa
activity per mg in USP units must not be less than 80 %
nor more than 120 % of the potency of heparin in USP

heparin wunits per mg as determined by the assay



(Pharmacopeial Forum, 1984).

D. Overview of Coaqulation

In order to understand the mechanisms and sites of
action of heparin, a basic comprehension of the coag-
ulation network is helpful.

Blood coagulation occurs through a series of complex
interactions between at least 15 distinct plasma glyco-
proteins. A description of the names, functions, approx-
imate molecular weights and normal plasma concentrations
is listed in appendix III. With the exception of
fibrinogen these glycoproteins are classified as either
protein cofactors or enzyme precursors. The precursors
circulate as non-activated zymogens and are converted to
active enzymes upon proteolytic activation. Most of these
enzymes are serine proteases which ‘produce limited
proteolytic cleavage at peptide bonds on the carboxyl side
of arginine.

In its most simplified form, the coagulation network
can be represented as two distinct, but interacting
pathways which result in the generation of thrombin.
These pathways, the intrinsic and extrinsic are so
designated based upon their mechanism of activation and
are conceptually illustrated in appendix IV.

Intrinsic activation is a surface mediated reaction

which results when the contact factors (prekallikrein and



factor XII) are adsorbed to a negatively charged surface.
such a negatively charged surface is provided in vitro by
glass or kaolin and in vivo by collagen. The interactions
petween the contact factors and a negatively charged
surface result in a conformational change which exposes
the active serine site of the molecule. During this
process, the contact factors are activated to the
proteases kallikrein and factor XIIa. In the presence of
the protein cofactor high molecular weight kininogen,
factor XIIa activates factor XI to XIa. A intermediary
stage of intrinsic activation is then initiated when
factor XIa activates factor IX. This is the first calcium
and phospholipid dependent phase of intrinsic activation.
Calcium and phospholipid are also necessary for the next
step where factor 1IXa converts- factor X to Xa. The
protein cofactor factor VIII is also Trequired for this
process. Factor X activation is also the first step of.
the common pathway so designated because it is at this
point that both intrinsic and extrinsic pathways converge.
After the generation of factor Xa, factor II (prothrombin)
is converted by Xa in the presence of the protein co-
factor, factor V, to IIa (thrombin). Finally, factor IIa
converts fibrinogen into soluble fibrin monomers and
fibrinopeptides A and B. At this point the fibrin
monomers are able to spontaneously polymerize, however

they remain soluble (in 5 M urea) until acted upon by the



transaminase, factor XIITa.

Extrinsic activation results when factor VII comes
into contact with the intracellular lipoprotein, tissue
thromboplastin. Since this lipoprotein normally resides
within cells, it is extrinsic to plasma. For this reason,
jnitiation of coagulation by this mechanism has been
termed extrinsic activation.

Unlike other precursors of the coagulation enzymes,
factor VII has been demonstrated to possess proteolytic
activity (Zur, 1978). When tissue thromboplastin enters
the blood, the proteolytic activity of factor VII is
enhanced sufficiently to activate factor X (Nemerson,
1983). The activated factor X then catalyzes the
conversion of VII to VIIa, thus creating an amplification
loop. Factor VII-thromboplastin~ has also been shown to
activate factor IX, and by this mechanism may further
amplify the initiation of coagulation by contributing to
factor X activation (Osterud &rRapaport/ 1977). Because
of the powerful amplification mechanisms surrounding
factor VII activation, it has been suggested that factor
VII may be the key enzyme for the initiation of
coagulation (Nemerson, 1983).

Although most of the proteins of the coagulation
network are procoagulant, a variety of enzymes and
protease inhibitors display some anticoagulant actions.

Alpha-l1 antitrypsin, C-1 esterase inhibitor and alpha-2



antiplasmin inhibit serine proteases by forming a 1l:1
stoichiometric complex which inhibits serine proteases
upon association. Antithrombin III (discussed later in
detail) also functions in this manner. When compared for
their ability to inhibit thrombin, antithrombin III is the
most potent of the aforementioned inhibitors. Alpha-2
macroglobulin has also been shown to inhibit thrombin
(Thompson & Harker 1983).

Recently protein C, a vitamin K dependent protein,
has been shown to be an important regulator‘of coagulation
(Comp, 1984). Upon activation by thrombomodulin bound
thrombin, protein C exerts it's anticoagulant actions by
digesting the active forms of factors V and VIII.

A regulatory mechanism which functions after the
formation of a clot, involves tHe enzyme plasmin. This
protein circulates as the zymogen plasﬂinogen and can be
activated to plasmin during contact activation or by the
activity of various tissue plasminogen activators. After
activation, plasmin can dissolve insoluble fibrin monomers
and produce in clot 1lysis. The activity of plasmin is
regulated by the inhibitors alphazkantiplasmin and alphaj

macroglobulin.

E. Mechanism of Heparin's Action (Antithrombin IIT
Dependent)

It has been recognized for many years that heparin

10



requires the plasma protein antithrombin III for the
expression of most of its anticoagulant effects. The
ijnitial observation of this cofactor was made by Howell,
(1928) and Quick, (1938). It was observed that heparin
tested against pure thrombin and fibrinogen had 1little
effect. However when heparin was tested against thrombin
in plasma, it was an extremely potent anti-thrombin agent.
Since this antithrombin activity of heparin in plasma
could be destroyed by heating, it was hypothesized that
the components necessary for the action of heparin were
probably proteins (Howell, 1928 ; Quick, 1938). By
separating the albumin and globulin fractions of plasma,
the heparin cofactor activity was primarily found in the
albumin fraction (Quick, 1938). These observations led to
the hypothesis that components w©f the albumin fraction
contained antithrombin activity and that the addition of
heparin resulted in the intensification of these actions.

Further biochemical characterization finally
revealed that antithrombin III is an alphaj; globulin with
a molecular weight of about 64,000 (Abligaard et al.,
1967) .

The observation that factor Xa as well as thrombin
could be inhibited by a plasma protein and that this
process was accelerated by heparin was reported by Biggs
et al., (1970) and Yin et al., (1971). They concluded

that the heparin accelerated factor inhibiting factor Xa
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and thrombin were the same protein. These observations
were confirmed by the studies of Rosenberg & Damus, (1973)
and Damus et ai., (1973) who offered the first mechanistic
analysis of the actions of antithrombin. Using an extract
of antithrombin judged homogeneous by disc gel electro-
phoresis, SDS gel electrophoresis and immunoelectro-
phoresis they were able to demonstrate that anti factor Xa
and antithrombin activities reside on the same molecule.
The proposed mechanism for the inhibition of thrombin
involvés binding between arginine residues on antithrombin
and the active serine sites of thrombin. The binding
occurs in a stable 1 : 1 stoichiometric complex which is
not dissociable by denaturing or reducing agents. Heparin
accelerates this process by binding allosteric 1lysyl
residues on antithrombin which result in a conformational
change providing a more favorable oriéﬁtation of one or
more arginines for interaction at the active site of
thrombin (Rosenberg & Damus, 1973 ; Rosenberg, 1975 ;
Damus et al., 1973 ). A critical tryptophan residue has
also been proposed to reside within the heparin binding
site (Blackburn & Sibley, 1980). This proposal is based
upon the observation that modification of a single
tryptophan residue blocks not only the binding of heparin
to antithrombin, but also the heparin induced enhancement
of thrombin inactivation. Since these actions can be

accounted for by allosteric effects, additional
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experimentation is necessary to prove the critical role of
tryptophan (Blackburn & Sibley, 1980).

The reactivity between arginine and active serine
sites led to the hypothesis that the heparin-antithrombin
complex should inhibit all serine proteases within the
coagulation network (Rosenberg, 1975). Consistent with
this view, it has been demonstrated that in vitro, the
heparin-antithrombin complex exerts it's anticoagulant
effects by inhibiting factors XIIa, XIa, Xa, IXa and
thrombin (Damus et al., 1973 ; Rosenberg et al., 1975 ;
Snead et al., 1976 and Yin et al., 1971). The possible
exception to this theory is the serine protease factor
ViIa (Rosenberg et al., 1977 & Jesty, 1978). Although
some investigators have reported inhibition of factors VII
or VIIa by heparin-antithrombin- (Godal et al., 1974 ;
Broze & Majerus, 1980), these observations are
controversial and currently the subject of investigation.

The heparin-antithrombin complex has also been shown
to inhibit the serine protease plasmin (Highsmith et al.,

1974).

F. Mechanisms of Heparin's Action (Antithrombin III
Independent) |

Many investigators studying the antithrombotic
actions of heparin have reported that the in vitro

anticoagulant actions of heparin are not . always
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quantitatively related to the 1in vivo antithrombotic
actions. Furthermore, antithrombotic activity often shows
poor relationship to antithrombin III affinity (Merton et
al., 1984 : Barrowcliffe et al., 1984). Consistent with
these observations, Ofosu et al., (1982) have shown
anticoagulant actions by 1low antithrombin affinity
fractions. Using fractions prepared by antithrombin
affinity chromatography methods, 1low affinity heparin
inhibited activation of prothrombin, but did not inhibit
factor Xa or IIa. Unlike the anticoagulant actions of
high affinity heparin, this inhibition was not dependent
upon the presence of antithrombin. The mechanism of the
low affinity component in this action was attributed to
disruption of the binding of factor Xa to phospholipid,
ca*t and factor II by low affinity heparin. It was
concluded that the contribution by the low affinity
component in terms of the overall antithrombotic effect of
heparin was probably insignificant (Ofosu et al., 1982).
Using similar affinity chromatographic methods it
has been shown that about one third of commercial heparin
binds with high affinity to antithrombin III (Holmer et
al., 1981). 1If antithrombin III dependent mechanisms are
solely responsible for heparins anticoagulant actions,
then it would appear that almost two-thirds of the heparin
mixture is inactive. 1In support of this view, removal of

the high antithrombin III affinity fraction from heparin
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results in almost complete loss of the in vitro anti-
coagulant activity. Based on these observations, it was
predicted that high antithrombin III affinity fraction of
heparin would be a more effective in vivo antithrombotic
agent than conventional heparin. Recently, several
jnvestigators have shown this not to be true. Merton et
al., (1984) compared high affinity with unfractionated
heparin for their ability to inhibit stasis induced
thrombosis in a rabbit model. Although similar circulat-
ing anti Xa and clotting activity was observed, the
unfractionated heparin provided greater protection from
thrombosis that the high affinity fraction. The greater
antithrombotic response of the unfractionated heparin was
attributed to its content of low antithrombin affinity
components. Further proof of thé antithrombotic effects
of low affinity heparin was demonstrat;d by mixing low
affinity with high affinity heparin. The addition of low
affinity components restored antithrombotic potency to}the
high affinity fraction equivalent to unfractionated
heparin (Merton et al., 1984 ; Barrowcliffe et al., 1984).
These observations clearly indicate that at least a part
of heparins antithrombotic effects are mediatéd through
non antithrombin III dependent mechanisms. Speculation
about the nature of these mechanisms has included effects
on endothelial «cells, pro-fibrinolytic actions, anti-

coagulant actions mediated through heparin cofactor 1II,
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effects upon blood viscosity and interactions with

cellular components of the blood.

1. Heparin's Action on Endothelial Cells

It has been demonstrated that heparin binds to
endothelial cells both in vitro and in vivo (Mahadoo et
al., 1977 ; Barzu et al., 1984). Because of their
critical role in hemostasis, binding of heparin to endo-
thelial cells is thought to play an important anti-
thrombotic role which is indirectly independent of the
antithrombin III mechanism. Recently, several inves-
tigators have shown that heparin like molecules exist on
the surface of endothelial cells and are important
determinants of the anticoagulant nature of these cells
(Rosenberg, 1985). It is thought that anti heparin
proteins such as platelet factor =~ 4 and histidine rich
glycoprotein, constantly compete with anticoagulant
proteins for the limited number of binding sites on these
heparin like molecules. The biqding of exogenous heparin
to endothelial cells would alter this competition simply
by creating additional binding sites (Rosenberg, 1985).
These additional binding sites could contribute to
heparin's overall antithrombotic actions by increasing the
difficulty for neutralizing the natural antithrombotic
characteristics of endothelial «cells by anti heparin

proteins.



2. Heparins Effect on Fibrinolysis

A profibrinolytic action, resulting from heparin-
endothelial interactions may also contribute to overall
antithrombotic effects. Heparin administration has been
associated with an increase in fibrinolytic activity as
demonstrated by decreased euglobulin 1lysis times,
increased fibrin plate activity, increased circulating Bp
15-42 related peptides and increased circulating
immunoreactive tissue plasminogen activator (t-PA)
(Gaffney et al., 1982 ; Variel et al., 1983 ; Vinazzer et
al., 1982 ; Fareed, 1985). Although the mechanisms
resulting in the increased fibrinolytic activity are not
well understood, it is likely that several mechanisms are
involved. Among the possible profibrinolytic mechanisms
of heparin are direct release of trPA from endothelial
cells, an increased synthesis of t-PA‘;nd inhibition of
plasmin or plasminogen activator inhibitors (Fareed,

1985).

3. Heparin Cofactor II

An additional heparin cofactor, similar to
antithrombin III in composition and molecular weight has
been recently identified (Griffith et al., 1983 ;
Tollefsen et al., 1982). This cofactor has been termed
heparin cofactor 1II. Unlike antithrombin III, it is

thought to inhibit only thrombin and not the other
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proteases of the coagulation network inhibited by
antithrombin III (Tollefsen et al., 1984). Like anti-
thrombin III, heparin cofactor II binds heparin and other
sulfated polysaccharides in a 1 : 1 stoichiometric manner.
The binding of heparin, chondroitin sulfate, dermatan
sulfate, pentosan polysulfate or dextran sulfate results
in a dramatic increase in the rate at which thrombin is
neutralized (Yamagishi et al., 1986)..

Although in vitro, the heparin-heparin cofactor II
complex inhibits thrombin, it's role as a physiological
mediator of heparins anticoagulant actions is question-
able. Heparin cofactor II's concentration in the plasma
is only about 1.0 micro molar, approximately half that of
antithrombin III. Also, heparin cofactor II requires a
two fold greater concentration of -heparin to neutralize an
equivalent amount of thrombin when dBmpared to anti-
thrombin III. Consistent with these observations, animal
studies indicate that after intravenous injection,
thrombin is exclusively neutralized by antithrombin III
(Tollefson, 1984). Thus it seems unlikely that under
normal physiologic conditions, heparin cofactor II is a

significant contributor to heparins anticoagulant actions.

4. Heparin's Effect on Blood Rheology
It is thought that antithrombotic actions can be

produced by agents which affect the rheology of blood
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(Angelkort et al., 1979). Consistent with this, it has
peen suggested that a lowering in blood viscosity by
heparin may contribute to it's overall antithrombotic
effects (Kitsos et al., 1986 ; Reggiero et al., 1983 ;
copley and King, 1984). Preliminary reports by Kitsos et
al., (1986) have demonstrated some reduction in whole
plood viscosity by heparin and heparin fractions. These
effects were only detectable using an extremely sensitive
controlled stress rheometer.

Currently, the mechanism involved in heparin's
effect on viscosity is not well understood, however it
seems likely that cell membrane characteristics and plasma
protein levels are altered. It has been hypothesized that
both a reduction in plasma fibrinogen levels, as well as a
direct effect on fibrinogen mdy be responsible for

heparin's decrease in plasma viscosity (Ruggiero et al.,

1983 ; Copley and King, 1984).

5. Cellular Interactions

Several investigators have suggested that actions by
heparin on cellular components of the blood may contribute
to it's overall antithrombotic effects. Most reports have
identified platelets and leukocytes as the components
involved in these actions (Zucker, 1977 ; Czarnetzki et

al., 1980) .
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a. platelets

Platelets plays an important role in the development
of both arterial and venous thrombosis. The former being
more dependent on the activity of platelets than the
latter. It seems likely that heparin affects this role
since it is known to produce effects upon platelets both
in vitro and in wvivo. The exact nature of heparins
influence on platelets and the resulting contribution to
hemostasis is unclear at this time. Both stimulation and
inhibition of in vitro platelet aggregation have been
reported by heparin (Salzman et al., 1980 ; Gillett &
Besterman, 1973). These effects appear to be dependent on
the source of heparin, the individual platelets and the
method of aggregation.

Heparin has been suggested "to exert antithrombotic
actions by inhibiting the adherence ‘of platelets to
subendothelial connective tissue. Evidence for this comes
from experiments wusing heparin coated arterio-venous
shunts in dogs. 1In these studies, heparin coated shunts

remained patent longer and displayed a reduced

accunulation of platelets (Zucker, 1977).

b. Léukocytes
Leukocytes have been suggested to play a role in
blood coagulation. Although both anticoagulant and

procoagulant activities have been reported, it seems
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1ikely that leukocytes act in a procoagulant manner by
stimulating thromboplastin production (Niemetz, 1972 ;
Lerner et al., 1977). Heparin has been shown to inhibit
chemotactic factors involved in the migration of
leukocytes (Czarnetzki et al., 1980). This inhibition may
result in reduced thromboplastin production and by this

action contribute to the overall anticoagulant action.

G. The Pharmacokinetics of Heparin

Heparin has been used clinically for almost 30
years, yet its pharmacokinetics remain poorly understood.
The difficulty in studying this complex problem originates
from heparin's polycomponent nature (Estes, 1980).
Because heparin is not one molecule but rather a mixture
of diverse molecules, a suitable method for measuring the
kinetics of all components does not exisg.

In an attempt to study the pharmacokinetics of
heparin several investigators have utilized radio-
labelled heparin. The use of this method is questionable
since it appears that the radioactive 1label may not
distribute identically to the individual components of
heparin. A greater proportion of label may bind to low
molecular weight heparin species. This is suggested by
results from radio-labelled studies which demonstrate a

slightly larger volume of distribution (Estes, 1980). The

larger distribution volume may also be explained by free



jabel resulting from migration off the heparin or

metabolic degradation.

In the absence of accurate direct kinetic
measurements, a variety of bio-assays have been used to
estimate the pharmacokinetics of heparin. These bio-assay
methods utilize calibration curves to determine the plasma
concentration of heparin. Most commonly, various
activated clotting time assays are used in these studies.
A brief review of the various bio-assays for heparin has
been provided by Wessler and Gitel, (1979).

Comparison of pharmacokinetic studies using dif-
ferent bio-assays has demonstrated great variation.
Results about absorption, volume of distribution (Vd) and
clearance (Cl) vary significantly and are dependent upon
the method of assay. "

In reviewing the pharmacokinetics‘of heparin it is
important to mention some of the components with which it
is likely to react in vivo. In the blood, heparin not
only binds to antithrombin III, but also to many
constituents of the plasma including fibrohectin, albumin,
fibrinogen, platelet factor-4 and histidine rich glyco-
protein (Dawes et al., 1985 ;'Estes, 1980). The effect of
binding by heparin to these plasma components upon the
pharmacokinetics and pharmacodynamics is largely unknown.

Heparin has also been shown to bind and be taken up by

endothelial cells (Barzu et al., 1984 ; van Rijn et al.,
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1987) .
1. Absorption

Because the molecules of heparin are so highly
charged, it is not well absorbed from all routes of
administration. Generally heparin 1is administered by
either subcutaneous or intravenous routes. Intra-
pulmonafy administration has also been shown to be a
useful method (Bick and Ross, 1985). More recently,
absorption of orally administered heparin has been
reported (Ueno et al., i982 ; Lasker, 1985 ; Larsen et
al., 1986). Although there is wide variation in both the
rate and extent of absorption after various routes of
administration, the total amount of heparin required to
achieve the same anticoagulant effect over equivalent time
periods has been reported to be’Eimilaf for intravenous,
subcutaneous and intrapulmonary routes (Cocchetto and
Bjornsson, 1984). Similar data following oral adminis-
tration of heparin is not available, however preliminary
data indicates that only low molecular weight molecules
displaying anti Xa activity are recovered from the plasma

(Larsen et al., 1986).

2. Distribution
Most studies have reported the Vd of heparin to be
about 0.07 L/Kg (Estes, 1980). This volume approximates

distribution to the plasma compartment, however slightly
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jarger distribution volumes have been reported depending
on the method of assay. Bjornsson et al., (1982) demon-
strated the differences in Vd calculated from three assay
methods. Significant differences were obtained, with the
values obtained from chemical methods being slightly
greater than those based upon coagulant assays. It should
pe mentioned that when 35s labelled heparin has been used
to estimate Vd, volumes between those of extracellular and
total body water are reflected (Estes, 1980). This is not
an accurate reflection of heparins distribution volume and
illustrates the inadequacy of radiolabelled heparin for
such studies. The large Vd is explained by the loss of
the radioactive label from the heparin molecule.

Cellular uptake of heparin has been reported by
several investigatoré (Mahadoo and Jaques, 1979 ; Barzu et

-

al., 1984). If these observations are true, they may
explain reports indicating a volume of distrisﬁtion for
heparin which slightly exceeds the plasma compartment.
The major cell populations responsible for heparin uptake

were reported to be macrophages and endothelial cells.

3. Half-life and Clearance

Unlike many drugs, heparin exhibits dose dependent
pharmacokinetics (Estes, 1980 ; Bjornsson et al., 1982 ;
Raasch, 1980 ; Cocchetto and Bjornsson, 1984). Half-life

increases with increasing dose in humans and animals with



no Michaelis-Menton type kinetics being apparent
(cocchetto and Bjornsson, 1984). After administration to
normal volunteers, the half-life of heparin is about 1.5
hours, however reports have ranged from 23 minutes to 2.48
hours depending on the dose and method of assay (McAvoy,
1978) . Clearance rates have been reported at about 0.5 to
0.6 ml/min/Kg (Estes, 1980). Most investigators have
emphasized the many variables affecting heparins half-life
and clearance, thus estimates of its true values are
difficult.

Recently it has been shown that different delivery
systems may affect the half-life of heparin. Using
heparin encapsulated in liposomes, a half-life up to three
times that of non-encapsulated heparin was observed after
intravenous administration (Kim " et al., 1986). The
prolonged half-life was attributed to é;adual release of

the heparin from liposomes trapped within the reticulo-

endothelial system.

4., Metabolism and Elimination

The metabolism and elimination of heparin are rather
poorly understood due to heparins polycomponent nature.
Unlike more conventional drugs, metabolites of heparin are
not readily identifiable. Heparin metabolism involves
depolymerization and desulfation by a variety of heparin-

ases, desulfatases and endoglycosidases. Thus during
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metabolism, high molecular weight components may be
metabolized to molecules resembling non-metabolized low
molecular weight species.

Heparin is primarily eliminated by the reticulo-
endothelial system, liver and kidneys. Evidence for this
is found in the prolonged anticoagulant effects observed
in nephrectomized and hepatoectomized animals (Cocchetto
and Bjornsson, 1984). The reticuloendothelial system has
been associated with this process largely because it is
the only system which can account for the reports of
variation and dose dependent nature of heparins half-life

(Estes, 1980).
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II. THE MOLECULAR WEIGHT DEPENDENT EFFECTS OF HEPARIN
A. Fractionation

As previously discussed, there are a variety of
oligosaccharide chains of differing molecular weight
within any given heparin preparation. Assuming that
jndividual molecular weight components differ in their
biological function, many investigators have studied the
biologic actions of heparin as a function of molecular
weight. To accomplish this task, various fractionation
techniques have been employed to create molecular weight
fractions. The most commonly employed fractionation
techniques have been gel-filtration chromatography or
depolymerization with either nitrous acid or heparinase.

The depolymerization methods typically result in end
residues which are characteristi¢ of the process (Casu,
1984). Heparinase an enzyme fro; Flavobacterium
heparinum, splits glycosidic bonds between N - sulfated
glucosamine and iduronic acid 2 - sulfate. This process
results in fragments which terminate with 4,5 - un-
saturated iduronic acid at the non reducing end and N-
sulfated glucosamine at the reducing end. Using heparin-
ase, more that 90 % of a commercial heparin has been shown
to be digested to a hexasaccharide (Jaques, 1978, 1978).

Nitrous acid 1is 1less specific than heparinase
digestion and splits glycosidic bonds between N - sulfated

glucosamine and any kind of uronic acid. This results in
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gractions with 2,5 - anhydromannose at the reducing end
(casu, 1984).

vnder carefully controlled conditions, the use of
poth heparinase and nitrous acid results in the production
of low molecular weight compounds without major deviation
from the original glycosaminoglycan structure (Coyne,
1985). Because of these characteristics, both depolymer-
jzation techniques have been utilized in studies on the
molecular weight dependent effects of heparin.

Unlike heparinase and nitrous acid digestions, gel
filtration chromatography does not in any way alter the
native chemical composition or structure of heparin. For
the separation of various molecular weight components, gel
filtration depends on a size exclusion principal. During
the gel filtration ©process, the individual heparin
molecules elute at a rate dependent upon‘their size. High
molecular weight species elute at a faster rate than those
of low molecular weight. Thus depending upon the size
exclusion properties of the gel, an effective separation
based upon molecular weight can be achieved. Using this
technique, only natural fractions are separated from the
original preparation. These characteristics contribute to
the effectiveness of gel filtration a fractionation

technique for studying the molecular weight dependent

effects of heparin.
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B. In vitro Studies

1. Molecular Weight Dependent Inhibition of Thrombin

Initial studies largely utilized gel filtration
techniques to fractionate a single source of heparin into
molecular weight fractions (Scott et al., 1957 ; Laurent,
1961 and Lasker, 1966).

Using gel filtered molecular weight fractions in
whole blood or plasma clotting assays, some correlation
was observed between molecular weight and heparin's
anticoagulant activity (Laurent, 1961). Generally,
higher molecular weight heparins were more potent than
thosé of lower molecular weight, however variation was
observed with both the source of heparin and the assay
utilized. Correlations between molecular weight and
anticoagulant activity were consistent only between
molecular weights of 11,000 - 4,000 dalto;s (Scott et al.,
1957 ; Laurent, 1961 ; Lasker and Stivala, 1961).

Additional studies by Laurent et al., (1978) and
Shen et al., (1978) utilized gel matrices with differing
size exclusion properties to study molecular weight
dependent effects over a dgreater range of molecular
weights. Fractionation of single sources of porcine
mucosal and beef lung heparin yielded fractions ranging
from 36,000 ~ 5,600 daltons. Using these gel filtered
fractions, anticoagulant activity determined by both a

whole blood clotting and a amidolytic antithrombin assay
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demonstrated a molecular weight dependence in ranges from
7,800 through about 16,500 daltons. Molecular weights
apove 16,500 did not exhibit an increase in anticoagulant
activity with increasing molecular weight. Both inves-
tigators reported that the 1lowest molecular weight
fractions (< 5,600 & < 6,200) did not show any significant
anticoagulant activity. It is interesting to note that a
molecular weight of about 5,600 correlates well with the
minimum size of heparin necessary to accelerate thrombin
inhibifion in the presence of antithrombin (Oosta et al.,
1981). This observation, along with reports of anti Xa
activity at even lower molecular weights, suggest that the
molecular weight dependent effects reported by Laurent et
al., (1978) and Shen et al., (1978) largely reflected the
molecular weight dependent effects of heparin upon
thrombin. N

The relationship of molecular weight to thrombin
inhibition was thought to relate to the necessity of
heparin binding simultaneously to both antithrombin III
and thrombin for maximal inhibition (Nordenman et al.,
1978 ; Porter et al., 1976 ; Wilson-Gentry and Alexander,
1973). Since heparin is a linear polysaccharide, higher
molecular weights are equated with longer chains. With
increasing chain length, there is also increased prob-
ability that the chain will be of sufficient length to

bind both antithrombin III and thrombin. More recently



ocosta et al., (1981) have shown that heparin fragments of
about 14 monosaccharide residues are capable of catalyzing
thrombin inactivation. Using heparin fragments of various
jength, the kinetic rate constants for the inactivation of
thrombin by antithrombin - heparin were studied as a
function of the length of the heparin fragment. Hexasac-
charide, octasaccharide and decasaccharide sequences
displayed no effect on the rate of thrombin inactivation
although they were found to bind tightly to antithrombin
III. Heparin fragments of longer 1length (14 residues)
bound to antithrombin with equal affinity, but were
capable of catalyzing thrombin inactivation. Using a
slightly longer heparin fragment, additional rate
enhancement of thrombin inactivation was observed. These
findings suggested that both fragments possessed similar
ability to activate antithrombin rel;;ive to thrombin
inactivation, however the larger fragment possessed an
additional structural element which may have contributed
in approximating free enzyme with protease inhibitor
(Oosta et al., 1981). ‘

The direct binding of heparin to thrombin provided a
partial explanation of the molecular weight dependent
effects of heparin. | Additional explanations of the
molecular weight dependent actions of heparin upon

thrombin were thought to involve binding to antithrombin

ITII. It has been proposed that molecular weight dependent
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effects may relate to the probability of finding the
antithrombin III binding site (Laurent et al., 1978). If
a specific sequence of heparin is required to bind to
antithrombin III, then the anticoagulant activity should
be related to the probability of finding that sequence on
the heparin molecules. This theory assumed equal prob-
ability of these sequences occurring along the heparin
chains. Although these assumptions provided an explan-
ation of the molecular weight dependent effects of
heparin, additional factors were thought to be involved
based on studies using high antithrombin IIT affinity
heparin. Since these fractions were already selected for
their ability to bind antithrombin III, it was proposed
that they should no 1longer display molecular weight
dependent effects. However, a High correlation between
molecular weight and anticoagulant acEiVity was still

observed in these fractions.

2. Molecular Weight Dependent Inhibition of Xa

A molecular weight dependence to the inhibition of
factor Xa has also been reported (Lane et al., 1978
Andersson et al., 1978 ; Thunberg et al., 1979). As with
investigations involving thrombin, gel filtered fractions
of heparin were utilized in these studies along with
specific anti Xa assays. Unlike the antithrombin effects

of heparin, the specific activity per unit weight of
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heparin increased with decreasing molecular size in both
amidolytic and clot based assays (Andersson et al., 1979 ;
Lane et al., 1978 ; Graham and Pomeroy, 1979). Interest-
ingly, this negative correlation between molecular weight
and anti Xa activity was observed in plasma but not in
purified systems (Andersson et al., 1979). In the
purified system, the molecular weight dependence resembled
that of thrombin where higher molecular weights resulted
in greater inhibition (Andersson et al., 1979 and Ellis et
al., 1987). Investigation of this discrepancy between
plasma and purified systems revealed that the high
molecular weight anti Xa components were preferentially
neutralized in plasma (Anderssom et al., 1979). Ellis et
al., (1987) speculated that this effect may be due to
interactions with lipoproteins. - This neutralization
sharply decreases at low molecular wéights, thus the
increased anti Xa potency of low molecular weight heparin
is primarily due to a decreased neutralization of this
component in plasma. These observations are also
consistent with reports of differential neutralization of

various molecular weight heparins by protamine (Hubbard

and Jennings, 1985 ; Holmer and Soderstrom, 1983 ;
Racanelli et al., 1985). All investigators observed
resistance by the anti Xa component of heparin to
neutralization by protamine. Although the addition of

protamine to heparin did result in a measurable reduction
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of the anti Xa activity, complete neutralization was never
observed (Holmer and Soderstrom, 1983). Similar
observations were reported for the ability of platelet
factor - 4 to neutralize the anti Xa activity of heparin
(Lane et al., 1984).

The observation that low molecular weight heparin
displays such high anti factor Xa activity also suggests
that unlike thrombin, direct binding of heparin to factor
Xa is not necessary for maximal inhibition (Andersson et
al., 1979 ; Thunberg et al., 1979). This speculation has
been confirmed by kinetic studies on the rate of
enhancement of factor Xa inhibition in the presence of
antithrombin and low molecular weight heparin (Jordan et
al., 1980). These studies demonstrated that the heparin
induced acceleration of Xa inhibition by antithrombin III
is solely dependent upon the binding of heparin to this
inhibitor.

The effects of specific heparin fragments from the
same source of unfractionated heparin on factor Xa
inhibition were reported by Oosta et al., (1981). Hexa-
saccharide, octasaccharide and decasaccharide displayed a
significant capacity to accelerate factor Xa inhibition in
the presence of antithrombin. A distinct relationship
between the molecular size of these fragments and their
biologic activity was observed. 1Increasing chain length

resulted in increasing activity. This relationship was



consistent from the hexasaccharide to a sequence
containing about 16 monosaccharide residues. Interest-
ingly, the affinity of these fragments to antithrombin as
determined by a competitive binding assay also increased

as a function of molecular size. (Oosta et al., 1981).

3. Molecular Weight Dependent Effects on Other Coagulation
Factors

The majority of studies investigating the molecular
weight dependence of heparin utilized global <clotting
assays such as the APTT or the British Pharmacopoeia
assay. These tests reflected multiple effects upon the
coagulation system and did not demonstrate actions wupon
individual proteases. When factor specific amidolytic
assays were used to investigate the molecular weight
dependent effects of heparin, similar effects as observed
in the global assays were reported for the inhibition of
thrombin. A different pattern of molecular weight
dependence was observed for the inhibition of factor Xa.
These observations led to speculation about the molecular
weight dependent effects on the other coagulation factors
known to be inhibited by heparin.

Holmer et al., (1981) reported the effects of gel
filtered molecular fractions of heparin on coagulation
factors XIIa, XIa, Xa, IIa, and Kallikrein in amidolytic

and clotting assays specific for these factors. As with
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revious reports, anti IIa potency increased with
P

jncreasing molecular weight. An inverse relationship was
observed for anti Xa activity. Potency appeared to

increase with decreasing molecular weight. The relation-
ghips between molecular weight and potency of the other
coagulation factors could be classified as resembling
those of either factor Xa or thrombin (Holmer et al.,
1981).

Factors IXa and XIa resembled thrombin in that the
specific activity of the heparin increased with increasing
molecular weight. These reports were consistent with
observations indicating that the inhibition of factor IXa
is dependent upon binding of heparin both to antithrombin
ITII and directly to the free enzyme (Jordan et al., 1980).

Kallikrein and factor XIId resembled factor Xa in
that the inhibition of these factors w;s less dependent
upon the length of the polysaccharide chain.

Based upon these observations, it was hypothesized
that the molecular weight dependent effects of heparin
upon other coagulation factors could be characterized as
resembling either thrombin or factor Xa. In addition, it
was suggested that the mechanisms relevant to the
molecular weight dependent effects of Theparin on

coagulation factors in these categories would be similar

(Holmer et al., 1981).
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c. Molecular Weight and Antithrombin IITI Affinity

It is now well known that the anticoagulant activity
of heparin is largely mediated by the plasma cofactor
antithrombin III (Rosenberg et al., 1973 ; Damus et al.,
1973) . Purification of antithrombin III by Miller-
Andersson in 1974 resulted in the development of several
affinity chromatography techniques utilizing antithrombin
immobilized to sepharose. The use of these techniques
greatly facilitated the understanding of the requirements
for the binding of heparin to antithrombin III.

Hook et al., (1976) demonstrated that heparin could
be separated into components of high and low anticoagulant
activity based upon affinity to the immobilized anti-
thrombin. Interestingly, these affinity fractions
appeared to have similar structures and molecular weight
distributions. Some differences were oﬂéerved in the net
charge with the high affinity fractions tending to have a
greater negative charge.

Andersson et al., (1976) performed a similar
affinity fractionation with additional gel filtration to
achieve molecular weight subfractions of the high affinity
component. These subfractions demonstrated that the high
affinity fraction of heparin was not homogeneous. Within
the high affinity fraction there was still a variety of

Components differing in molecular weight. As previously

indicated, the high molecular weight high affinity
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fractions showed greater IIa inhibition, while 1low
molecular weight high affinity fractions showed greater
anti Xa activity. Although no molecular weight sub-
fractionation was performed on the low affinity fraction,
in vitro screening in various anticoagulant assays
revealed them to be virtually inactive (Andersson et al.,
1976) .

These observations by Andersson and Hook resulted in
speculation about the relationship between heparins
antithrombin affinity and molecular weight. It was
theorized that high affinity heparin should contain a
greater degree of binding sequences for antithrombin than
low affinity heparin. Thus, the total number of these
units in a heparin molecule would be proportional to
antithrombin affinity (Laurent et al., 1978).

Theories about the relationship between molecular
weight and antithrombin affinity were obscured by an
imprecise knowledge of the antithrombin binding sequence
of heparin. Laurent et al., (1978) proposed that a
segment of ten disaccharides was needed for the full
activity of heparin. Although the term specific dodecca-
saccharide was used, it was emphasized that this should
not be interpreted as only one possible sequence but
rather several sequences which may have in common the
location of only one sugar unit.

Using affinity and size fraction techniques,



Rosenberg et al., (1978) reportéd characteristics
essential for antithrombin affinity. Fractions of heparin
with high affinity had a significantly higher content of
glucuronic acid and a 1lower amount of N - sulfated
glucosamine per molecule compared to the low affinity
fraction. Within both fractions, a tetrasaccharide
sequence responsible for antithrombin affinity was
jdentified. Differences in affinity were suggested to be
due to the relative abundance of this sequence. Within
the high affinity fraction, sufficient amounts of this
sequence are present such that each molecule may contain
the this structure. However, the low affinity fraction
contains only enough tetrasaccharide for one fifth of the
molecules to contain the sequence. Although about 20 % of
the molecules in the low affinity fraction contain the
tetrasaccharide sequence, only about 1‘ % of the anti-
coagulant activity of the high affinity fraction is
observed. This suggests that an additional structural
feature may either be included in or missing from the low
affinity molecules containing the tetrasaccharide sequence
(Rosenberg et al., 1978).

Using nitrous acid digestion followed by anti-
thrombin affinity fractionation, Lindahl et al., (1979)
observed that the smallest fraction binding to anti-
thrombin was between six and eight disaccharide units.

Based on this observation, it was reported that the
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antithrombin binding site was more a tetradecassacharide.
The binding site was thought to contain both variable and
invariable regions, with the non variable regions being of
critical importance to antithrombin binding. The tetra-
saccharide sequence reported by Rosenberg et al., (1978)
was thought to be essential only in that it contributed to
a portion of the non variable region.

Recently, strong evidence for the minimal binding
sequence of heparin to antithrombin III has been reported
(Choay et al., 1983). Unlike previous studies, extensive
heparinase digestions, combined with a unique chemical
synthesis were utilized to define the binding requirements
of heparin to antithrombin III. Chemical analysis of a
hexasaccharide obtained by heparinase digestion revealed a
4,5 unsaturated uronic acid at the non reducing end of the
molecule. Since this residue was nog associated with
anticoagulant activity it was speculated that the minimal
binding sequence of heparin was a pentasaccharide. To
prove this theory, a specifically substituted penta-
saccharide (molecular weight 1,585) was synthesized along
with two of the possible tetrasaccharide combinations
contained within the pentasaccharide sequence. Subsequent
in vitro analysis in anti Xa and specific antithrombin
binding assays revealed that neither tetrasaccharide bound

to antithrombin III nor did they exhibit any anti Xa

activity (Choay et al., 1983). However, the penta-
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gaccharide bound to antithrombin with an affinity constant
of the same order of magnitude as that reported for high
antithrombin affinity heparin (Choay et al., 1983).
similarly, the pentasaccharide exhibited high in vitro
anticoagulant activity in both anti Xa amidolytic and
clotting assays however no antithrombin activity was
observed.

Using a similarly synthesized tetrasaccharide
(molecular weight 1,268), Petitou (1984) reported in vitro
anticoagulant activity. These results, and those of
Rosenberg et al., (1978) suggest that the minimal sequence
of heparin capable of binding to antithrombin, is a
tetrasaccharide. This minimal tetrasaccharide sequence
while capable of binding to antithrombin does not exhibit
significant anticoagulant activity- (Petitou, 1984). Thus,
it is likely that the minimal sequence of heparin capable
of binding to antithrombin III is a tetrasaccharide.
However, the pentasaccharide appears to be the minimal
sequence capable of antithrombin III binding and eliciting
significant anticoagulant activity. By substituting the
molecular weights of the penta and tetrasaccharides it is
possible to determine the molecular weight dependency for
these functions as 1,268 and 1,585 respectively.

The structural characteristics necessary for anti-
thrombin III binding were reported by Thunberg et al.,

(1982). Enzymatic and chemical modifications revealed
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that three sulfate groups played key roles in antithrombin

affinity. These sulfates were identified as the N-

acetyl - 6 - 0 = sulfate on D - glucosamine, the N-

sulfate in the three position on 3,6 - di - 0 - sulfate-
p - glucosamine and the N - sulfate in the three position
on N - sulfate - 6 -0 - sulfate - D - glucosamine. The
essential role of the 6 - 0 - sulfate and 3 - O~
sulfate groups for antithrombin III binding were reported
by Lindahl et al., (1983) (1980). Choay et al., (1983),
provided strong additional evidence for the essential role
of the 6 - O - sulfate group. Using the synthetic penta
and tetrasaccharide fragments, interactions with anti-
thrombin III were only observed with the pentasaccharide.
The only difference between the penta and tetrasaccharides
was the 6 - O - sulfate group on the monosaccharide at the
non reducing end of the pentasacchariae{ The absence of
interactions with antithrombin without this group provides
strong evidence for it's functional role (Choay et al.,
1983). 1Interestingly, definitive proof for the essential
role of the 3 - 0O =~ sulfate group reported first by
Lindahl et al., (1980), could not be demonstrated in the
pentasaccharide studies (Choay et al., 1983). Additional
studies by Petitou, (1984) did confirm this observation.
A pentasaccharide deficient in the 3 - 0 - sulfate group,

as determined by NMR spectroscopy did not bind to anti-

thrombin III nor exhibit any anticoagulant - activity
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suggesting the critical role of this group. In these same
studies, 2a tetrasaccharide deficient in both the O0-
sulfate and N - sulfate groups on the residue at the non
reducing terminal demonstrated minimal anticoagulant

activity suggesting that their importance must be

reconsidered.

D. Molecular Weight Dependent Events Not Mediated By

Antithrombin IIT

Most reports investigating the molecular weight
dependent actions of heparin have focused upon anti-
thrombin mediated anticoagulant actions. However, some
studies have indicated molecular weight dependence to

functions not involving antithrombin III.

1. Lipoprotein Lipase Activation

It is well known that administration of heparin
results in increased lipoprotein. lipase activity in the
blood. This increase has been attributed not to effects
upon the kinetic properties of the enzyme but rather to an
increased biocavailability resulting from displacement from
capillary endothelium by heparin (Olivecrona et al.,
1977). Harenberg et al., (1985) reported a molecular
weight dependence to these effects. Plasma lipoprotein
lipase activity was twice as high following intravenous

administration of 1low molecular weight heparin when
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compared to unfractionated heparin in humans. The
molecular weight dependent effects were even more dramatic
after subcutaneous administration. These observations

suggest that low molecular weight heparin is more
effective in displacing 1lipoprotein 1lipase from its

endothelial binding sites than heparin of higher molecular

weight.

2. Endothelial Cell Binding

Choay et al., (1986) reported the molecular wéight
dependent properties of heparin binding to endothelial
cells. Affinity constants were determined using a
competitive binding assay between radioiodinated heparin
and fractions of various molecular weight. Using this
technique, it was shown that heparin of higher molecular
weight possessed greater affinity for cultured endothelial
cells than 1lower molecular weight fractions. Similar
observations were reported by Barzu et al., (1984). By
increasing the sulfate content of the various fractions it
was observed that a higher charge density could compensate

for decreased molecular size.

3. Heparin Cofactor II Activation
A molecular weight dependent activation of heparin
cofactor II has also been reported (Choay et al., 1986).

Yamagishi et al., 1986). Using fragments of heparin
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obtained by nitrous acid depolymerization and sized by gel
filtration, heparin cofactor II mediated thrombin
jnhibition decreased steadily with decreasing molecular
weight (Choay et al., 1986). This observation was
consistent between molecular weights of 9,700 through
6,200 daltons. When low molecular weight fragments were
chemically over sulfated, it appeared to increase the
affinity constants for these fragments. This observation
suggested that the molecular weight dependent effects were
likely due to an increased charge associated with the high
molecular weight molecules (Choay et al., 1986) .
Yamagishi et al., (1986) observed similar results relating
charge and molecular weight to dextran sulfate enhanced

heparin cofactor II activity.

4. Pro-fibrinolytic Actions

Another affect of heparin which has shown some
dependence upon molecular weight and or sulfate content,
are it's pro-fibrinolytic actions. Vinazzer et al.,
(1982) compared high (18,000) and low (3,000) molecular
weight fractions from the same source for their effect on
euglobulin 1lysis time. A significant difference was
observed between the two fractions. The low molecular
weight fraction had no effect, while the high molecular
weight fraction showed a dose dependent enhancement of the

euglobulin lysis time. It was thought that this effect



was mediated through endogenous activation of factor XII
which paralleled the effect on euglobulin 1lysis time.
Although the use of the molecular weight fractions
demonstrated the effect to be a function of molecular
weight, a similar effect involving sulfate content was
observed. Using a highly sulfated synthetic heparin
analog (3,000 molecular weight) a comparable effect to
that of the high molecular weight heparin was observed
(Vinazzer et al., 1982). These results suggested that the
molecular weight dependent effect of heparin on euglobulin
lysis time are at least in part due to charge character-
istics; Similar pro-fibrinolytic effects involving charge
mediated binding of heparin to plasminogen activators has

been reported by Paques et al., (1986).

5. Heparin - Platelet Interactions

Many studies have demonstrated effects by heparin on
platelet function, the most notable being platelet
aggregation. A molecular weight dependence to heparin
induced platelet aggregation has been reported by several
investigators. Salzman et al., (1982) reported that gel
filtered fractions of the same source of heparin differed
in their ability to both induce and enhance aggregation
induced by other agonists. The high molecular weight
fraction (22,000 daltons) was more active in these actions

than the low molecular weight fraction (7,000 daltons).
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gimilar results comparing unfractionated heparin with

various depolymerized fractions were observed by Brace and
Fareed, (1985) and Blockmans et al., (1986). Further
gtudies by Brace and Fareed, (1986) expanded the range of
molecular weight dependence to heparin induced platelet
aggregation. Using molecular weight fractions of de-
polymerized. heparin ranging from 6,200 - 1,800 daltons
platelet aggregation was studied in individual human
platelet rich plasmas. A direct correlation between
aggregation and molecular weight was established. 1In all
cases platelets which aggregated to heparin showed a

decreased response with fractions of decreasing molecular

weight.

E. In Vivo Studies
1. The Effect of Molecular Weight on the Pharmacokinetics
of Heparin

The pharmacokinetics of heparin fractions of
different molecular weight have not been directly
investigated, however several investigators have compared
the pharmacokinetics of native and various commercial low
molecular weight heparins. Like pharmacokinetic studies
on unfractionated heparin, these studies have primarily
calculated kinetic parameters from estimates of plasma
heparin concentrations determined in anticoagulant assays.

Unfortunately, many of these assays were developed for use
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with unfractionated heparin and are variable in their
response to low molecular weight heparin. Consequently,
reports comparing the pharmacokinetics of unfractionated
and low molecular weight heparin have yielded contrasting
values for the various kinetic parameters.

An additional problem in comparing the pharmaco-
kinetics or other biological actions of low molecular
weight heparins was the lack of a international reference
preparation (recently a low molecular weight reference has
been proposed Thomas, 1987). 1In the absence of such a
reference, the various low molecular weight heparins were
standardized for potency in a variety of assays which
differed with the manufacturer. This resulted in 1low
molecular weight heparins which although standardized in
anticoagulant units, differed significantly in potency and
gravimetric amounts. Furthermore the é%andardized units
of low molecular weight heparins did not correlate well
with units of unfractionated heparin (Barrowcliffe et al.
unpublished report). Most pharmacokinetic studies
comparing unfractionated and low molecular weight heparins
have used these unit dosages. Comparisons were inaccurate
since it was 1likely that the various heparins were not
compared at equigravimetric concentrations. The pharmaco-
kinetics of heparin are dose dependent and vary with the

method of assay. For these reasons, many reports

comparing the pharmacokinetics of native and low molecular
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weight heparin are of little value.

a. Absorption and Distribution
Berggvist et al., (1983) compared the absorption of
two low molecular weight fractions (obtained by gel-
filtration and depolymerization) with unfractionated
heparin after subcutaneous administration. 1In this study,
plasma anti Xa activity was observed over a twenty four
hour period after a single injection of a 5,000
International Unit (IU) dose. In contrast to the
unfractionated heparin, it was reported that there was
significantly greater absorption of both low molecular
weight fractions. Peak absorption for both low molecular
weight and unfractionated heparin appeared at about four
hours post administration (Bergqvist et al., 1983). The
activities of both low molecular weight heparins remained
greater at 11 hours post injection than the peak activity
of the unfractionated heparin. These differences were
attributed to molecular weight dependent differences in
both the rate and amount of absorption (Bergqgvist et al.,
1983). It is interesting to note that a molecular weight
dependent difference in the rate and deéree of absorption
was also observed between the two low molecular weight
fractions.
Bratt et al., (1985, 1986) reported a small dose

dependent change in the volume of distribution after
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jntravenous administration of a low molecular weight

fraction of heparin (Kabi 2165) as determined by plasma
anti Xa activity. At a dose of 60 IU/Kg the apparent
volume of distribution was reported to be 2.9 L. Increas-
ing the dose to 120 IU/Kg resulted in an approximate 15 %
increase in the volume of distribution to 3.4 L. This
apparent dose related increase in distribution volume was
thought to reflect a larger fraction of drug not bound to
antithrombin III at the higher dose. The unbound drug

would be available for binding outside the plasma perhaps

to endothelial cells (Bratt et al., 1986).

b. Half-life

The half 1life of 1low molecular weight heparin
fractions has been reported to be significantly longer
than unfractionated heparin. In most sfudies, the half-
life of low molecular weight heparin is two to three times
longer than that of unfractionated heparin (Fareed et al.,
1985 ; Lockner et al., 1985 ; Boneu et al., 1985 ;
Harenberg et al., 1986). Other investigators have report-
ed the half-life of low molecular weight heparin to be up
to 4 times that of unfractionated heparin (Bara et al.,
1985). As with unfractionated heparin, the half-life of
low molecular weight heparin appears to be dose dependent.
Half-life increases with increasing dose but does not

display typical Michaelis-Menten (capacity-limited) type



kinetics (Bara et al., 1985 ; Harenberg et al., 1986

perggvist et al., 1983).

c. Clearance and Elimination

The clearance of low molecular weight heparin is
also dependent on dose (Bratt et al., 1985 1986). After a
120 IU/Kg dose, Cl was reported to be 25 ml/min., compared
to 15 ml/min. after a 60 IU/Kg dose.

Recently it has been reported that the clearance of
native and low molecular weight heparin may be different
(Goudable et al., 1986). Native and low molecular weight
heparin were compared for differences in half-life in
healthy human patients and those with impaired renal
function. ©No difference was observed in the half-life of
native heparin between the healthy and renal impaired
individuals. However, a dramatic diffefénce was observed
with the low molecular weight fraction. These results
suggest that renal mechanisms may play a greater role in
the clearance of low molecular weight compared to native

heparin.

d. Bioavailability

Several reports have demonstrated that low molecular
weight heparins are more efficiently absorbed after sub-
cutaneous administration than unfractionated heparin

(Fareed et al., 1985 ; Bergqvist et al., 1983 ; Harenberg
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et al., 1986). In an attempt to quantify the extent of
these differences in absorption, investigators have
evaluated the relative biocavailability after subcutaneous
and intravenous administration. It must be kept in mind
that such a comparison is only acceptable when the rate
constant of elimination (Kg) is constant with respect to
drug plasma concentration. Since the Kg of unfractionated
and low molecular weight heparin has been reported to be
dependent upon concentration, the validity of such studies
is questionable.

By comparing the area under the plasma concentration
time curve (AUC) for both intravenous and subcutaneous
routes of administration, several investigators have
reported higher bioavailability with low molecular weight
compared to unfractionated heparin. Bara et al., (1985)
reported 91 % Dbioavailability in terms of anti Xa
activity, for low molecular weight heparin in contrast to
28 % for unfractionated heparin. The greater bioavail-
ability seen with the low molecular weight heparin was
dependent upon the method of assay. When the same agents
were compared in an anti IIa assay, no significant
difference between the 1low molecular weight or un-
fractionated heparin was observed.

Increased relative biocavailability of low molecular

weight heparin, as measured by anti Xa methods have been

reported by Bratt et al., (1986) and Harenberg et al.,
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3. The Effect of Molecular Weight on Antithrombotic
Actions

The antithrombotic actions of unfractionated and low
molecular weight heparins in both clinical and animal
studies have been reviewed (Thomas et al., 1981 ; Fareed
et al., 1985 ; Kakkar, 1984). In these studies, 1low
molecular weight heparins have exhibited effective anti-
thrombotic actions. When compared to unfractionated
heparin, they require greater gravimetric concentrations
to achieve similar antithrombotic actions after intra-
venous administration. However in subcutaneous regimens,
equal gravimetric dosages of unfractionated and 1low
molecular weight heparin have produced similar anti-
thrombotic actions. *

The antithrombotic activities of unfractionated and
low molecular weight peparin correlate reasonably well
with their in vitro anticoagulant actions. However, the
significance of the correlation varies between different
assay methods (anti Xa, anti IIa, APTT). For relating in
vitro anticoagulant to in vivo antithrombotic actions, no
one assay appears clearly superior.

A study directly examining the effect of molecular
weight on antithrombotic actions was reported by Berggvist

et al., (1985). 1In this study, various molecular weight



gractions (molecular weights ranging from 22,000 - 4,900
daltOnS) and unfractionated heparin were compared for
their ability to inhibit in vivo thrombosis in animal
models. These studies utilized a high molecular weight
fraction obtained by gel filtration as well as heparinase
digested low molecular weight fractions. All except the
jowest molecular weight fraction decreased the frequency
of venous thrombosis and at equigravimetric dosages were
not less effective that unfractionated heparin.

In a dose response study, the unfractionated heparin
was determined to be more efficacious than low molecular
weight heparin. This observation was especially interest-
ing since the low molecular weight heparin was determined
to have greater circulating anti Xa activity (Berggvist et
al., 1985). This observation was consistent with those of
Carter et al., (1981). These observatlons suggest that
the anti IIa activity of heparin is an important determ-
inant of antithrombotic actions.

Recently, Walenga et al., (1986) reported anti-
thrombotic properties for a synthetic pentasaccharide.
Although this agent displayed no thrombin inhibition,
antithrombotic actions were observed. When compared to
unfractionated heparin an approximate 4 fold greater
concentration was required for similar antithrombotic
activity. This observation supports earlier observations

that an anti IIa component of heparin is important for
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antithrombOtic actions, but not necessary. These
observations  suggest that the relationship between
molecular weight and antithrombotic actions is similar to
the molecular weight dependent relationships of anti-

thrombin III affinity and thrombin inhibition.
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CHAPTER II

STATEMENT OF PURPOSE

Molecular weight is an important factor in under-
standing the pharmacological actions of heparin.
Heparin's antiprotease actions, pharmacokinetic behavior
and antithrombotic effects have been shown to be dependent
uypon this parameter (Laurent et al., 1961 ; Harenberg et
al., 1986 ; Berggvist et al., 1983). A greater under-
standing of the pharmacological actions of heparin as they
relate to molecular weight may contribute to greater
safety and efficacy of this agent.

It was the purpose of this dissertation to inves-
tigate the molecular weight dependence of the pharmaco-
logical effects of heparin in terms of its anticoagulant,
antithrombotic and pharmacodynamic behavior.

In vitro anticoagulant studies were conducted for
the purpose of identifying molecular weight dependent
effects associated with specific coagulation pathways.
" These studies utilized conventional clotting and amido-
lytic assays as well as novel protease generation tests.
These tests were specifically designed to investigate
possible actions of heparin not previously reported. Of
particular importance were the protease generation systems
using factor VII-thromboplastin and those based upon the

release of fibrinopeptide-A. These assays were used to
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jnvestigate the molecular weight dependent effects of
heparin on the extrinsic pathway of coagulation.

The molecular weight fractions were studied for
their antithrombotic effects in a rabbit thrombosis model.
These studies were conducted for the-purpose of relating
molecular weight to antithrombotic activity. The frac-
tions were administered by both subcutaneous and intra-
venous routes of administration. Comparison of the
antithrombotic efficacy in both routes provided infor-
mation about the effect of molecular weight on the
absorption of active components after subcutaneous
administration.

The molecular weight fractions were also studied to
determine the plasma concentration time course. These
studies were carried out to investigate any molecular
weight dependence in heparin's app;rent volume of
distribution, biologic half-life or clearance after both
subcutaneous and intravenous administration. Comparison
of the area under the plasma concentration time curve
after both routes of administration provided information
about the effect of molecular weight on absolute
absorption.

The information obtained from this dissertation may
provide a clearer pharmacological profile of the effects
of heparin relative to molecular weight. This information

may have practical value relative to therapeutic indi-
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cations, routes of administration and toxic effects.
Several low molecular weight heparins are currently
in pre-clinical and clinical trials. Knowledge about the
molecular weight dependent effects of heparin may be
especially important for predicting the pharmacological
actions of these new agents. Furthermore, the test
systems developed for this dissertation may be of value
for potency determination, standardization and clinical
monitoring of both heparin and its low molecular weight

fractions.

58



CHAPTER III

MATERIALS AND METHODS

A. Heparin and its Fractions

Unfractionated porcine sodium mucosal heparin (lot #
H 410) and CY 216 (lot # P157 XH) a low molecular weight
heparin fraction, were obtained from Choay Institute
(Paris, France). The CY 216 was prepared by ethanol
extraction of porcine mucosal heparin, followed by gel
filtration on a Ultrogel ACA 44 column (Choay et al.,
1980) . The analytical profile of the porcine mucosal

heparin is seen in appendix V.

B. Reagents
1. Clotting Assays

Thromboplastin-C reagent (lot #'s TPCD - 318, 348
and 358) a rabbit brain thrombopiastin fontaining .0116 M
CaCl;, was obtained from American Dade (Miami, FL) and
used in the prothrombin time assay (PT). A description of
this assay is in appendix VI. APTT reagent (lot # 4W6-34)
was obtained from General Diagnostics, (Morris Plains, NJ)
and used in the activated partial thromboplastin assay.
The APTT reagent was a rabbit brain cephalin with a
micronized silica activator. The assay is described in
appendix VII. Heptest heparin assay (lot #'s A 85, B-86-
2) were obtained from Haemachem (St. MO). A description
of the assay is in appendix VII.
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2, Protease Assays

Human thrombin (Fibrindex brand lot # 3B340 50
y/vial) was purchased from Ortho Diagnostics (Raritan, NJ)
in powder form. The thrombin was reconstituted in dis-
tilled water, diluted with saline, standardized to 10 NIH
U/ml using a plasma clotting assay and stored at =-70° C
until used. Bovine factor Xa (lot B44) was purchased from
RQP Laboratories (South Bend, IN). The Xa was reconsti-
tuted in 1.0 ml tris buffer containing 1.0 mg/ml bovine
serum albumin, diluted 1:4 in saline and stored at -70° C
until use. Human factors VII, X and Xa were purchased
from Diagnostica Stago (Asniers, France). Human factor
VII (lot # 67 100 ug/vial) was reconstituted with distil-
led water, diluted to 5 ug/ml with saline and stored at-
70° C until use. Human factor X (lot # H 11 F U/vial) was
reconstituted in 0.5 ml of amidolytic assay buffer prior
to each use. Human factor Xa (lot # H‘ll 25 nKat/vial)
was reconstituted with distilled water prior to each use.
Human antithrombin III (lot # 85 07 01 86576 500 U/vial)
obtained from Kabi Vitrum (Stockholm, Sweden), was re-
constituted in 1.0 ml of distilled water, diluted to 5
U/ml with saline and stored in aliquots at =-70° C until
use. The chromogenic substrates used in the amidolytic
assays, spectrozyme TH (lot # 1051 /81) and spectrozyme
Xa (lot # 1213 /85) were purchased from American

Diagnostica (Greenwich, CT). These substrates were



reconstituted with distilled water to the desired molarity

prior to use.

3. Plasma Preparation

Normal human pooled plasma was prepared from at
least 10 healthy male and female volunteers under the
guidelines established by the Institutional Review Board
for the protection of human subjects (permit # 5F ap-
pendix IX). Blood was collected by venipuncture using
double syringe technique through a 21 gauge butterfly
needle. The initial 2 - 3 ml's of blood were discarded
and the subsequent blood was immediately added to 3.8 %
citrate (1 : 10) in plastic tubes. The tubes were then
centrifuged for 20 minutes at 2,500 RPM to obtain platelet
poor plasma. Additional human plasma was purchased from
the Loyola University Medical Center Blood Bank. This
plasma was made by collecting blood from healthy donors
into cPDAl anticoagulaht. The blood was centrifuged and
the resulting plasma was freshly frozen in 250 ml packs.
Prior to use, the individual plasma packs were thawed in a
water bath at 379 C and pooled. A minimum of at least 5
individual plasma preparations were used to prepare a
pool. Aliquots of all plasmas were stored at -700 ¢ prior
to use.

Factor I deficient plasma (made deficient by plasma

phoresis of normal donors) was obtained from George King
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piomedical (overland Park, KS) This plasma was stored at
-70°© € until use. Plasma deficient in antithrombin III
was prepared by heparin affinity chromatography using a
method described by Ofusu et al., (1981). Heparin-
sepharose CL 6B (lot # FE 15465) was obtained from
Pharmacié (Piscataway, NJ). A column (Pharmacia K 15/90,
total volume 156 ml) was packed with the heparin-
sepharose, and equilibrated with 0,06 M NaHPO4 and 0.5 M
NaCl pH 7.5. To obtain the antithrombin deficient plasma,
200 ml of citrated normal human, platelet poor plasha was
applied to the column. The plasma was eluted at a flow
rate of about 2.5 ml/ minute with equilibration buffer.
The eluted plasma was dialyzed against 0.4% sodium citrate
containing 0.15 M NaCl, aliquoted and frozen at -700 c
prior to use. Antithrombin III levels were determined
using a synthetic substrate based automated method (aca
automated chemistry analyzer E.I. Du Pont Co). Reference
antithrombin III deficient plasma was provided dy Dr. F.
Ofusu (McMaster Univ. Hamilton Ontario Canada).

Platelet rich plasma was prepared in the following
manner. Blood was drawn from individual donors into 3.8 %
citrate (1:10 ratio) and centrifuged at 225 x g for 20
minutes to obtain plasma rich in platelets. The platelet
count was then adjusted (using autologous platelets) to
about 250,000 using a light microscope and a bright 1line

hemocytometer.
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4. Thrombogenic Reagents

Konyne brand of prothrombin complex concentrate
(pcc) lot # NC 912, obtained from Cutter Laboratories
(Berkley, CA) was reconstituted in 20 ml of sterile water
to obtain a working solution of 25 U /ml. This solution
was kept frozen at =70° C until use. Russell's viper
venom (RVV) in cephalin lot # 20F 39581, obtained from
sigma Chemical Co. (St. Louis, MO) was reconstituted with

sterile water to 0.1 U/ml prior to each use.

5. Anesthetics

The anaesthetic agent utilized in both animal models
was ketamine hydrochloride (Ketalar, Parke Davis Morris
Plaines, NJ). In the rabbit stasis thrombosis model, an
additional anaesthetic xylazine (Rompum Bayvet division,
Miles Labs Shawnee, KS) was used. Both" anaesthetics have
been shown to have no effect on the normal coagulation
profile or heparinizability of either primates or rabbits
(Fareed et al., 1985). Pentobarbital sodium (Nembutal

Abbott Chicago, IL) was used in rabbit euthanasia.

6. Animals

A mature primate colony (Macaca mulatta) consisting

of 17 male and female animals (weight range 7-12 Kg) was
housed in the AAA IAC approved animal research facility of

Loyola University Medical Center. The health. of all
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primates was routinely evaluated by a licenced doctor of
vetrinary medicine. Abnormal primates were excluded from
experimentation. All primates were maintained on a
standard diet of Purina monkey chow, had free access to
water and kept on a regular 12 hour 1light /dark cycle
during all experiments.

New Zealand white rabbits (Oryctolagqus cuniculus)

weight range 0.5 - 2.0 Kg, were obtained from Langshaw
farms (Augusta, MI). These rabbits ranged in age from 9-
18 mos. Rabbits were also housed i