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CHAPTER I

INTRODUCTION

Heparin is used in low dosage, by subcutaneous route, to

prevent venous thrombosis and in larger dosage, intravenously, for

the treatment of overt deep venous thrombosis and pulmonary

embolism. Heparin is also utilized to maintain fluidity of the blood in

extra-corporeal circuits such as heart-lung machines and in renal

dialysis. The application of heparin in binding the drug chemically

to polymer plastic catheters to reduce catheter thrombogenicity is

worth mentioning but has not yet passed the experimental stage.

Large pulmonary emboli are dramatic and often fatal events.

Immediate institution of heparin therapy arrests clot extension and

helps to prevent fatal outcome by allowing fibrinolytic systems to

dissolve the dislodged clots.

Although bleeding is rare after low doses of heparin, a high

incidence of bleeding is associated with larger doses. Heparin ap-

peared a prime cause of death in i study in which drug related

deaths were examined among 26.000 hospitalized patients on medical

wards (1). Most studies indicate 10-25% major bleeding complications

in heparin treated patients (2-6). Therefore, any development aimed

to minimize the bleeding complications of heparin therapy, without

compromising its therapeutic effect, is of considerable interest.

Such a development has been, for example, the demonstration that

bleeding complications diminished when heparin was administered in

a continuously intravenous infusion as compared w?.th intermittent

intravenous injections (4,5). Other possible developments may be

the better insight in the mode of action of heparin, the processing

of better characterized heparin preparation?, better techniques for

monitoring and better understanding of its pharmacokinetic beha-

viour.

We have studied the kinetics of heparin and heparin fractions

after intravenous administration in humans and in this thesis the

results of this study are reported.

Basic knowledge about the physico-chemical properties of

heparin and its interactions with proteins resulting in anticoagulant



and lipolytic effects are discussed in a review (chapter II) , which

also comprises some clinical aspects of heparin therapy. In chapter

III the kinetics of the anticoagulant effect are described after

intravenous administration of five comnr. 'cial heparin preparations

A mathematical model is presented that fits best to these kinetics.

The kinetics of the anticoagulant and lipolytic effects a^ter intra-
35venous injection of various S-radiolabelled heparin fractions and

their relationship with the disappearance of the radiolabel are

described in chapter IV. Chapter V gives a description of the

kinetics of two radiolabels after injec'" f̂ in vitro formed com-
125plexeb consisting of purified, I-radi;, .*- jlled antithrombin III and

35various S-radiolabelled heparin fractions (antithrombin III is a

plasma p'-otein which is believed to play an important role in the

mediation of the anticoagulant effect of heparin). A general discus-

sion is presented in chapter VI, in which comments are made on the

usefulness and application of future, refined heparin fractions.



REFERENCES

1. Porter J. Jick H: Drug related deaths among medical in-pa-
tients. JAMA 237: 879-PS1, 1977.

2. Jick H, Slone D, Borda IT, et al: Efficacy and toxicity of
heparin in relation to age and sex. NEJM 279: 284-286, 1968,

3. Urokinase Pulmonary Embolism Trial (UPET). A national
cooperative study. Circ. 47 (suppl 2): 1-108, 1973.

4. Salzman EW, Deykin D, Shapiro RM, Rosenberg R: Management
of heparin therapy-controlled prospective trial. NEJM 292:
1046-1050, 1975.

5. Glazier RL, Crowell EB: Randomized prospective trial of con-
tinuous vs intermittent heparin therapy. JAMA 236: 1365-1367,
1976.

6. Mant MJ, Thong KL, Birtwhistle RV, O'Brien BD, Hammond
GW, Grace MG: Haemorrhagic complications of heparin therapy.
Lancet i: 1133-1135, 1977.



CHAPTER II

REVIEW OF THE LITERATURE

Probably few clinicians will realize that heparin treatment for

thrombo-embolic disorders implies that a drug obtained from porcine

or bovine tissue and tested by its ability to inhibit clotting of

sheep plasma is eventually administered intravenously to human

beings. Commercially marketed heparin consists of an assemblage of

related but polydisperse highly sulfated sugar polymers. Polydis-

persity in chain length and in degree of sulfation of the polymer is

well recognized, but it is likely that other intrinsic variations

between the molecules exist as a consequence of random modification

reactions during biosynthesis and degradation. Apparently, the

presently used commercial methods to process heparin do not allow

the isolation of a homogeneous heparin preparation. In recent

years, however, more homogeneous heparin subfractions have been

prepared which had differing biological properties e.g. differing

abilities to inhibit blood clotting and to release lipolytic enzymes.

Standardization of the potency of heparin preparations to

inhibit blood clotting has been hampered by lack of knowledge of

the mode of action of heparin and the lack of appropriate assay

methods available after the introduction of heparin in clinical

practice. Now more insight in heparin action has been gained and

assays have been developed based on these concepts, it is under-

standable that the application of these assays have been advocated

to improve standardization (1).

The items mentioned above will be discussed in more detail and

this review intends to comment on heparin biosynthesis and degra-

dation, heparin polydispersity, heparin effects, modes of action,

heparin standards and laboratory control and heparin kinetics and

metabolism. Finally, some clinical aspects of heparin therapy will be

discussed.

Heparin biosynthesis and degradation.

Unraveling aspects of heparin biosynthesis has been a labo- •

rious effort. Major contributions to the knowledge of heparin



biosynthesis have been accumulated by Lindahl's group in Sweden

during the last 20 years.

Heparin is synthesized in many mammalian tissues as one of the

glycosaminoglycans (GAG's) such as heparan sulfate, keratan sul-

fate, dermatan sulfate, hyaJuronie acid, chondroitin-4-sulfate and

chondroitin-6-sulfate. Basic features of biosynthesis and degrada-

tion of heparin have been largely obtained from studies on the

microsomal fraction of a transplantable mouse mastocytoma (2-6) and

from degradation studies on rat skin heparin (7). Most GAG's occur

in the native state as proieoglycant composed of several polysac-

charide chains covalently linked to a common polypeptide core (8).

Evidence has been obtained that the following steps are involved in

the biosynthesis of heparin.

1. Formation of a polypeptide core composed of alternating serine

and glycine residues as has been proposed for rat skin he-

parin (7). This core is covalently linked to polysaccharide

chains formed mainly if not exclusively by serine residues to

which are linked by O-substitution xylose residues of a poly-

saccharide chain mostly having a galactosyl, galactosyl, xylose

sequence (9). Preliminary experiments have shown that a

synthetic (-Gly-Ser-) polypeptide may serve as an acceptor
14 n 14

for C-xylose when incubated with UDP- C-xylose in the

presence of a mouse mastocytomal microsomal fraction (7).

Extensive substitution of the polypeptide chain is characteristic

for heparin; at least 2 out of 3 serine residues seem substi-

tuted (7) in contrast to chondroitin-sulfate which is less

densely substituted (1 substituent polysaccharide chain/12

amino acid residues) (10).

Assembly of polysaccharide chains proceeds by a stepwise

addition of appropriate monosaccharide units to the non-re-

ducing termini of the nascent chain. Basically, this polyme-

rization involves alternate transfer of D-glucuronic acid and

N-acetyl-D-glueosamine (fig. 1) bound in 6-1,4 and a-1,4

linkages, respectively, from corresponding UDP derivates

(11-13). Evidence for the participation of two distinct glyco-

syltransferases, a N-acetylglucosaminyl-transferase and a

glucuronosyltransferase in this process has been presented



(14,15). It has been shown that N-acetyl-glucosaminyl-trans-

ferase exhibits decreasing K values for the tetra-, hexa- and

octasaccharides, suggesting an increasing affinity of the enzyme

for the growing polysaccharide in the early stages of polyme-

rization (16). Therefore the question arises whether the inner-

most N-acetylg}ueosamine moiety is introduced by a different

reaction such as transfer from a lipid bound oligosaccharide

intermediate (17).

COO'

OH

D-glucuronic acid

J
OH

L-iduronic acid

CH2OH

NH
i
C

O* SCH3

N-acetyl-D-
g'iucosamine

Q-KpH

ÖS05
2-0 sulfated-
L- iduronic acid

CH2OH

N-deacety!ated-D-
glucosamine

H2COSO5
0

-O

HI^SOS
6-O,N disulfated-
D- glucosamine

CH2OH

H
HNSO3

N-sulfated-D-
glucosamine

CH2OH

0
oso-

HNSO3
3-O.N disulfated-
D-glucosamine

Figure 1: Structure of the basic monosaccharide units D-glucuronic
acid and N-acetyl-D-glucosamine and some of their modi-
fied derivatives.

2. Several steps then follow that modify the polysaccharide chains

at the growing polymer level.

N-deacetylation (Fig. 1) is the first of a series of modification

reactions. N-acetyl-D-glucosaminyl N-deacetylase has been

shown to be present in a mouse mastocytoma mierosomal fraction

(18). The enzyme was characterized by its ability to release
3 3
H-aeetate from an exogenous N- H-acetyl labelled non-sulfated

heparin precursor polysaccharide. Exhaustive incubation with

repeated additions of fresh enzyme led to release of only 30 to
o

35% of the H-acetyl groups originally present in the polysac-



eharide (18). Incorporation of N-sulfate groups facilitated

further removal of remaining N-acetyl groups (19). This indi-

cates a functional coupling of N-deacetylase and N-sulfotrans-

ferase and suggests that both enzymes may operate in close

proximity of each other possibly as an enzyme complex bound to

the microsomal membrane.

N-sulfation (fig. 1) of a precursor polymer requires the pre-

sence of 3'-phosphoadenylyl sulfate. Early attempts to incor-

porate sulfate groups into exogenous acceptor polysaccharides,

using cell free mastocytoma systems, generally resulted in low

levels of sulfation, at most one or two sulfate groups per 100

disaccharide units (20,21). Sulfate acceptors in these experi-
14ments were modified heparins or heparan sulfates. Using C-

polysaccharide-N- H-Ac as a sulfate acceptor, extensive sul-

fation (about one sulfate group per disaccharide unit in the

most sulfated fraction) after preceding deacetylation was ob-

tained, presumably since the structure of the acceptor is

identical to that of the natural endogenous acceptor (19).

Sulfation to this extent had been previously observed with

endogenous membrane bound sulfate acceptor (5,18).

C-5-epimerization (fig. 1) converts some D-glucuronosyl moieties

into L-iduronosyl moieties (10). The reaction can be considered

to involve at least two identifiable steps. Firstly, removal of a

proton from C 5 of the D-glucuronosyl moiety to yield an inter-

mediate, possibly a carbanion. Secondly, addition of a proton

from the medium to this intermediate in either the D-glucuro-

nosyl or L-iduronosyl configuration (22). N-sulfated heparin

precursor polysaccharides were the best substrates for the

epimerization reaction. O-sulfation seems to be linked to the

formation of L-iduronosyl moieties since L-iduronosyl units and

O-sulfate groups are accumulated within the same sections of

the heparin chain (23). Preferential O-sulfation of L-iduronic

acid containing polymer sequences has been postulated, leading

to the formation of structures that are not substrates for the

C-5-epimerase and therefore are withdrawn from the D-glucuro-

nosyl-L-iduronosyl equilibrium.



5. 0-sulfation (fig. 1) is the . modification step. O-sulfate

groups may be introduced at .• C 2 and at the C 6 position of

the glucuronic acid and the • -"osamine residues, respectively,

of the heparin precursor poly^ iccharide (20). Recently, evi-

dence has been obtained for .& presence of 3-O-sulfated glu-

cosamine residues in heparin (24).

AD the modification steps occur with some degree of randomness

along the polysaccharide chains, Jer. 'ing a proportion of the di-

saccharide units unmodified- The mechanism by which certain resi-

dues are selected for modification is not fully understood, but

depends partly on the substrate specificity of the polymer-modi-

fication enzymes (20). A large number of possible arrangements in

the heparin molecule results and that accounts for the fundamental

polydispersity of commercial heparin preparations.

From some tissues such as pig intestinal mucosa, bovine lung

and bovine liver capsule heparin may be isolated largely as single

polysaccharide chains (12,13). Such products with molecular weights

of 7,000 to 25,000 daltons are predominant in commercial prepa-

rations. When prepared under mild conditions a proportion of the

chains contains the polysaccharide-protein linkage region suggesting

that single-chain heparin may represent a degradation product of

the proteoglycan structure (12,13). Multi-chain or macromoleeular

heparin has been found in a number of tissues including rat skin

(25,26), rat peritoneal mast cells (26,27), mouse mastocytoma (3)

and various monkey organs (26). The molecular weight of rat skin

heparin was estimated to exceed 1 x 10 daltons (25). This heparin

preparation was composed of at least 10 polysaccharide chains, each

having a molecular weight in the order of 60,000 to 100,000; thus

considerably longer than the single chains present in some tissues

and recovered in commercially available heparin preparations. This

difference in chain length may be explained by the action of an

endoglycosidase. Such an enzyme has been recovered from mouse

mastocytomal tissue (7) and from other tissues (28).



Heparin polydispersity.

Originally isolated from liver tissue, commercial heparin is

nowadays prepared from either porcine intestinal mucosa or beef

lung. As outlined above the preparations display considerable

polydispersity in chain length, variations in the ratio of glucuronic

acid to iduronic acid, alterations in the amount of O- and• N-sul-

fation and differing extents of N-acetylation. Most commercial

heparin preparations contain molecules with molecular weights ran-

ging from 3,500 to more than 35,000 daltons (29). This corresponds

roughly to 16 and 160 monosaceharides, respectively, present in the

polysaccharide chain. The polydispersity of commercial heparin was

further accentuated by the finding that about 70-80% of the mole-

cules failed to express anticoagulant activity (30). Even the

seasonal food administered to pigs seems to influence the resultant

anticoagulant activity of heparin species obtained from these

animals, since heparin with higher anticoagulant potency can be

prepared from animals slaughtered in winter that from pigs sacri-

ficed in summer (31).

Heparin effects and modes of actions.

After intravenous administration of heparin an anticoagulant and

a lipolytic response is elicited. The latter effect can only be

observed after heparin addition in vivo. At least two post-heparin

lipolytic activities have been distinguished: heparic triglyceride

lipase and lipoprotein lipase activity (32).

At least part of the anticoagulant effect of heparin is mediated

by antithrombin III (AT III), a naturally occurring plasma protein

that is synthesized in the liver. This protein is able to neutralize

in a slow fashion activated clotting factors known as serine pro-

teases such as thrombin, factor Xa, factor IXa, factor XIa, factor

Xlla, kallikrein and plasmin (30). The interaction of AT III with

serine protease proceeds at a 1:1 stoichiometry (30). It has been

hypothesized that heparin binding to AT III produces a confor-

mational change in the AT III molecule. The resultant AT III-
heparin complex is capable to inactivate serine proteases at a much

10



faster rate than AT III alone without altering the 1:1 molar ratio of

enzyme and inhibitor (33,34). Confortnational changes of AT III

induced by heparin have indeed been observed by several investi-

gators (35,36). Blocking experiments in which lysine and arginine

residues on AT III were modified by o-methylisourea and 1,2-cyclo-

hexanedione, respectively, led Rosenberg to propose that heparin

binds to lysine sites on the AT III molecule while arginine sites of

both AT III and AT III-heparin complex were involved in the inter-

action with serine proteases (34). Probably, the active site of AT

III is located within the carboxyl terminal end of the molecule

between Arg-385 and Ser-386, which is the bond cleaved by throm-

bin, factor IXa and factor Xa (37, 38). This statement stems from

the observation that a modified two chain form of AT III can be

released by ammonia or hydroxylamine from purified complexes of

AT III with either thrombin, factor IXa and factor Xa. This modi-

fied AT III appeared identical with a free, thror..bin formed AT III

which formation apparently competes with the formation of a stable

thrombin-AT III complex (39). It was suggested on the basis of

these experiments that an acyl-intermediate state may exist between

the active serine site of the enzyme and the a i^ny l residue of the

inhibitor (38).

When better characterized high anticoagulant heparin prepa-

rations (see later) became available the interaction of heparin with

AT III could be studied kinetically in more detail. Using such a

heparin preparation with low molecular weight Jordan et al demon-
H ATstrated a 1:1 molar binding to AT III with an apparent K QJO S of

approximately 1 x 10 M (40). The complex was capable to increase

the rate of thrombin neutralization 2300-fold. The authors suggested

that heparin may act as a catalyst in this process, initiating mul-
H TATtiple rounds of thrombin-AT III complex formation (K jjjgo is 1 x

10 M or higher). These interactions do not preclude however

possible additional interactions between heparin and serine proteases

to be involved in the mechanism of action of heparin. For example,

direct interactions between heparin and thrombin have been been

claimed by Machovich and Andersson (41,42).

Griffith has triad to tie both models together by showing that a

mathematically derived template model, in which both thrombin and

l i



AT III bind simultaneously to the same heparin molecule fitted

better to his experimental thrombin neutralization data than models

in which exclusively heparin-AT III or heparin-thrombin interactions

were considered (43).

Thus, multiple functional sites seem present on heparin. Throm-

bin binding sites are located outside the AT III binding domain

since only heparin fragments of 14 monosaccharide units or more

have effect on the inectivation rate of thrombin by AT III, whereas

16 monosaccharides or greater are required to accelerate neutrali-

zation of factor IXa and XIa by AT III (44). lit is not known whe-

ther factor Xa binding sites are present on heparin; if so they

must be located near the AT III binding site, since a heparin chain

as small as 6 monosaccharide residues is capable to inactivate factor

Xa in the presence of AT III. Also, kallikrein and factor XIla can

be inhibited by small molecular weight heparin in the presence of

AT III (45).

It is obvious that AT III plays an important role in the defense

against inadvertent thrombin production in vivo. Interestingly,

complexes of thrombin and AT III form much faster in vivo than in

vitro (46). The authors explained this difference by suggesting

that circulating thrombin is first bound to a heparin-like sub-

stance - possibly heparan sulfate abundantly present on the endo-

thelial surface - which then catalyzes the antithrombin-thrombin

reaction.

Recently a new heparin-dependent inhibitor of thrombin has

been detected in human plasma (47). The purified inhibitor forms

96,000 dalton complexes with thrombin in a 1:1 stoichiometry. The

rate of complex formation increases more than 1,000 fold in the

presence of heparin. Complex formation with the new inhibitor

predominated at 5-100 U/ml of heparin, whereas complex formation

with AT III predominated at 0,01-5 U/ml of heparin. Thus, at levels

of heparin achieved therapeutically by continuous intravenous

infusion AT III is the major activated thrombin inhibitor.

The AT III binding domains on the heparin molecule were more

difficult to delineate due to the polydispersity of the heparin

species. This problem could be attacked after heparin preparations

were separated into fractions with high and low anticoagulant ac-

12



tivity by virtue of their affinity for AT III. It appeared that only

20-30% of the heparin molecules in commercial porcine preparations

bound to AT III either in the fluid phase or insolubilized on

Sepharose (48,49). Lack of species concordance did not seem res-

ponsible for the observed heterogeneity in binding since about 30%

of a heparin preparation isolated from human lung1 did bind to AT

III (50). These heparin preparations had a twofold higher anti-

coagulant potency compared with the parent material. Interesting

observations have been made with regard to AT III affinity at the

heparin proteoglycan level. In rat skin heparin proteogi\ ?an high

affinity binding sites are concentrated within a minor proportion of

the chains of the proteoglyean (51). 40% of the proteoglycan has

low-affinity for AT III. Degradation of high affinity proteoglycan

revealed that only 40% of the chains and 22% of the chain fragments

(with molecular weight comparable with commercial heparin) had

high affinity for AT III. This highly asymmetric distribution of high

affinity sites within the proteoglycan challenges the concept of

randomly occurring modification steps during heparin biosynthesis.

Rosenberg et al searched for structural differences between

material of low molecular weight with high and low anticoagulant

activity by comparing the products obtained by exhaustive deami-

native cleavage with nitrous acid (52,53). They identified a te-

trasaccharide sequence, iduronosyl-N-acetyl glucosamr-.yl (6-0-

sulfate)-glucuronosyl-anhydromannose (6-0-sulfate)(the terminal

H2COSO3
0

coo H2COSO;
j 0 ,

>

HNSOi

Figure 2: The tetrasaccharide sequence, L-iduronic acid-6-0 sul-
fated N-acetyl-D-glucosamine-D-jj'hiooronic acid-6-0,N
disulfated D-glucosamine which represents the AT III
binding domain according to Rosenberg.

13



glucosamine residue loses its amino group during degradation of the

polysaccharide with nitrous acid and is converted to anhydroman-

nose), that was present in significant quantity in the high anti-

coagulant faction (Fig. 2). Since this sequence was practically

absent in the low anticoagulant material it was considered to re-

present the criticf.l site responsible for AT VI binding and thus for

anticoagulant activity. Lindahl and co-workers demonstrated that

high affinity binding of heparin to AT III required a polymer

sequence that extended beyond this tetrasaccharide structure as the

site of interaction (54). They isolated from pig mucosal heparin an

octasaecharide that was the smallest even-numbered species obtai-

nable with high affinity for AT III (Fig.3). They showed that

L-iduronic acid at the non-reducing end was not essential for high

3 4 5 6 -| 7 8

COO" H2CO5 H2COSO3 H2COX

- }—°^ 'f;öö"-0 / l — ° -
OH . HN OH HNSOJ<*> OSO; HNSOS<e) OX H

AH, «"".o
KPH

OH

Figure 3: Structure of the octasaeeharide (according to Lindahl)
with high affinity for AT III prepared after partial
deaminative cleavage of pig mucosal heparin. The actual
binding region extends from position 2 to position 6
within brackets. Structural variants are indicated by X
(H or SO, ) and the sugar residue below. Sulfate
groups until now demonstrated essential for high affinity
binding to AT III are marked with (e) .

affinity binding to AT III since the heptasaccharide obtained by

digesting the octasaccharide with a-L-iduronidase retained high

affinity for AT III. The two monosaccharide units at the reducing

terminal appeared variable (55, see also fig. 3). Therefore, it

seems unlikely that this portion of the octasaccharide is involved in

the AT III binding sequence. The reason why the hexasaccharide
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obtained after deaminative cleavage of the linkage between unit 6

and 7 lacks high affinity for AT III is related to the loss of the

functionally important N-sulfate efroup from unit 6 during this

procedure. The location of a N-sulfate group at position 4 of the

sequence was even more important for high affinity binding to ATIII

than the presence of such a group at position 6 (54). Loss of the

N-su!fate group at position 4 resulted in a drastic decrease in

binding affinity. N-desulfation at position 6 produced an appreciable

but less pronounced weakening of the interaction. Res-'lfation of the

desulfated compounds but not N-acetylation restored the binding

affinity entirely. The emphasis of these workers given to the im-

portance of N-sulfate groups for the anticoagulant activity is in

accordance with observations of earlier investigators (56-59). The

possible contribution of O-sulfate groups to AT III affinity and an

anticoagulant effect has as yet only partly been established. 6-O-

sulfation at position 2 seems important since removal of the di-

saccharide at the non-reducing terminal yielded a low affinity

hexasaccharide (55). The 3-O-sulfate group and the sulfate group

at position 5 and 6 are invariably present in the high affinity

sequence. Therefore they represent probably essential groups as

ligands for AT III.

Lipolytic enzymes are normally not present in blood. These en-

zymes appear rapidly in the circulation after intravenous injection

of heparin (32). Their appearance must therefore be due to release

from endothelial sites. The mechanisms by which heparin releases

lipolytic enzymes are not precisely known. An attractive possibility

is that the enzymes are held in place at the endothelial surface by

interactions with heparin-like substances e.g. heparan sulfate (60).

This binding may be released by heparin since relatively strong

ionic interactions have been shown between heparin and either of

both lipases. In the purification of both lipases an important

heparin affinity chromatography step is present in which advantage

has been taken from this heparin binding (61,62). Probably, hepa-

rin-lipase complexes are present in blood after heparin injection,

although no direct evidence is available. However, heparin seems

not to enhance lipase activity as it does increase AT III activity .

(62).
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The structures on the heparin molecule required for interaction

with lipoprotein lipase have as yet not been outlined as exten-

tensively as for AT III. Bengtsson showed that the interactions of

partially N-desulfated heparin with lipoprotein lipase could be

restored not only by re-N-sulfatior but also by N-acetylation of the

polysaccharide (63).

Heparin standards and laboratory control.

A unit of heparin anticoagulant activity is defined as the acti-

vity contained in 1/130 mg of the 1st International StJidard for

heparin, which was established in 1943. The 2nd International

Standard, a bovine lung preparation was established in 1958 and

the 3rd International Standard from porcine mucosal origin in 1973.

At the present time there are two major standards available, the

3rd International Standard, remaining in the National Institute for

Biological Standards and Control in London, and the United States

Pharmacopeia Standard. A third potential major standard is present-

ly under development by the European Pharmacopeia (29).

After intestinal mucus and mucosa from pig, sheep and ox had

become the main industrial source of bulk starting material, it was

questioned whether the 2nd International Standard was suitable to

serve as a standard for mucosal preparations. Therefore the WHO

Expert Committee on Biological Standardization r ••quested the Na-

tional Institute for Medical Research in London to investigate the

need for additional international heparin standards. A collaborative

study group addressed this problem using methods described in the

British Pharmacopeia and the United States Pharmacopeia (64). The

results showed differences between the estimated relative potencies

of heparins of lung and mucosal origin, but according to their

opinion these were insufficiently consistent to necessitate a separate

international standard for each source, although the imprecision of

the assays may have concealed significant heterogeneity arising from

real differences between the preparations. Yet, it was recommended

that the pig mucosal preparation used in the study should replace

the 2nd International Standard when stocks were exhausted. This

resulted in 1973 in the establishment of a porcine mucosal prepa-
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ration with a potency of 173 U/mg as the 3rd International Stan-

dard.

Manufacturers express the potency of commercial heparin prepa-

rations by employing pharmacopeial methods with an International

Standard as the reference. The Pharmacopeia of the United States

(USP) and the British Pharmacopeia (BP) are mostly used for this

purpose. The USP method is based on recognizing three grades

(0.25, 0.50, and 0.75) between zero and full clotting (1.0) of

recalcified sheep plasma, whereas the BP method dictates the use of

sulfated whole ox blood (65,66). Obviously, the potency of a com-

mercial heparin preparation depends on whether the USP or BP

assay is used in standardization. The collaborative study group

noted that for a mucosal preparation the BP assay indicated about

5-10% greater activity than the USP assay when the 2nd Inter-

national Standard was used as a reference (64). This tendency was

confirmed by Brozovic and Bangham (67). More remarkably these

authors found for a mucosal heparin preparation a 10% greater

activity in the USP assay than in the BP assay when the 3rd Inter-

national Standard -being a mucosal preparation itself- was used as a

reference.

Fortunately, in clinical practice, more sophisticated assays than

the pharmacopeial ones are available. The whole blood clotting time

(WBCT) described by Lee and White has been used for many years

to monitor heparin therapy (68). The test is however time consu-

ming, inaccurate and has to be performed at the patient's bedside.

Therefore most laboratories in the present time utilize an activated

partial thromboplastin time (APTT) (69-75) or derivated tests

(76,77). These assays measure the overall influence of heparin on

the inhibition of the plasma clotting system, but the main rate

limiting step which is inhibited is not yet identified. Another type

of assay depends on the ability of heparin to accelerate the neu-

tralization of thrombin (78) and factor Xa (79,80) in the presence

of antithrombin III. Remaining amounts of thrombin and factor Xa

can be measured in a clotting assay or by amidolysis of a chromo-

genic substrate (81) such as S2237 or S2222. Amidolysis of a ehro-

mogenic substrate also allows the estimation of the initial velocity of

inactivation rates of thrombin and factor Xa which can be graphi-
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cally read. These assays require the use of a calibration curve in

order to quantitate the anticoagulant activity in a plasma sample.

Such a curve can be constructed by adding in vitro increasing

amounts of heparin to plasma.

Heparin kinetics and metabolism.

Few reports have been published on the kinetics of heparin.

The earliest work on the kinetics of the anticoagulant effect of he-

parin has been done by Olsson (82) and Estes (83,84). After in-

travenous injection of heparin in dog and man, Olsson et al ob-

served exponential curves, preceded by a fast initial clearance

phase. They also noted increasing halflives with increasing doses of

heparin. Estes confirmed these observations, but it was not recog-

nized that exponential curves were in conflict with dose-dependent

kinetics. Others described the kinetics of the anticoagulant effect of

heparin as a combination of zero-order and first order kinetics

(85). McAvoy has commented on the contradiction between exponen-

tial curves and dose-dependent kinetics; he proposed on a theore-

tical basis models for non-linear kinetics (86).

Even fewer reports have appeared on the kinetics of lipolytic

enzymes released after intravenous injection of heparin. Experiments

of Kraus et al (87) demonstrated dose-dependent kinetics for hepa-

tic triglyceride lipase and lipoprotein lipase.

During metabolism heparin is both N- and O-desulfated (88). A

heparin N-desulfatase has been reported to be present in various

mammalian tissues (89) and also a 3-O-desulfatase has been dis-

covered recently in human urine (90). After intravenous injection of
35

low doses of S heparin most of the radioactivity is excreted in

urine as inorganic sulfate (91). The desulfating enzymes are,

however, readily saturated since after larger doses, unchanged and

partially degraded heparin can be recovered from urine (91,92).

Endoglycosidase has been detected in rat spleen (93) and human

platelets (94). This latter enzyme degraded heparan sulfate and has

been found to attack also the 0-glucuronidic linkage in the AT III

binding region of the heparin molecule (95). The organ distribution

of these enzymes indicates that the mononuclear phagocyte system
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plays a major role in the metabolism of heparin. This view is sup-

ported by experiments with isolated perfused rat liver (96), by

clearance studies in cirrhotic patients (97) and by localisation
125

studies of I-SHPP heparin (using the Bolton and Hunter reagent)

(88).

Clinical aspects of heparin therapy.

Heparin is the oldest antithrombin agent still in use. The drug

has been introduced in clinical practice in 1935 for immediate

anticoagulation of blood in thrombo-embolic disorders. Jorpes (98)

reviewed the accumulated clinical experience with the drug after

about 25 years of use. He concluded that it was a highly effective

drug, but he also noted the bleeding hazards. However, even

nowadays, well-conducted prospective clincial trials with regard to

its use in pulmonary embolism are lacking. This fact was repeatedly

commented on (99,100). The Lancet Editorial stated that 'doctors

ordering heparin after pulmonary embolism based this treatment

primarily on uncontrolled studies and on what happened in 1960 to

35 patients with pulmonary embolism in Bristol.' Barrit and Jordan

(101) reported from this study that heparin followed by oral anti-

coagulants reduced the risk of death from embolism. Their prospec-

tive study, however, failed - almost inevitably, since the study had

been performed in 1960 - to fulfill all our modern, sophisticated

trial standards. Fortunately, well-conducted trials have been per-

formed in recent years on the treatment of deep venous thrombosis.

However, evidence which supports anticoagulant treatment for

venous thrombi remains unsatisfactory. For example, Marder found

extension of venous thrombi in more patients during five days of

treatment with intravenous heparin than in patients treated three

days with streptokinase, followed by two days of heparin (102).

Such data do not jibe with the general impression that heparin

prevents extension of the venous thrombus and thereby protects

patients against pulmonary embolism. The authors stated that higher

heparin concentrations may be needed to arrest the extension of

thrombosis. Kv.li and co-workers emphasized the importance of

sufficient heparin dosage in two studies. In the former study (103)
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they showed that low doses of heparin were inferior to warfarin for

the treatment of proximal venous thrombosis, while both regimens

were as effective for thrombosis confined to the calves. In the

latter study (104) they treated patients with proximal venous

thrombosis 14 days with continuous heparin infusion. Half of the

patients were then given warfarin for 12 weeks and the other half

received adjusted subcutaneous heparin. Both regimens were effec-

tive in preventing recurrent venous thrombo-embolism. There was a

higher risk of bleeding in the warfarin group, but this higher risk

was reduced from 22% to 4% when lower doses of warfarin were used

in a third study (105^. This less intense regimen fortunately did

not lose its effectiveness in the prevention of recurrent venous

thromboembolism.

Most of the heparin manufactured at the present time is used

for prophylactic purposes. Low-dose heparin regimens decrease the

incidence of post-operative deep venous thrombosis (106-111) and

reduce death from post-operative pulmonary embolism (112). Few

bleeding complications arise with this low dose regimen in contrast

to those after high dose heparin therapy for overt thrombo-embolic

disease (ref. 1-6 of Introduction).

Other side-effects during heparin therapy have been described.

In the literature heparin induced thrombocytopenia has been re-

peatedly mentioned (113-118). Its mechanism has not been elucidated

in all cases although heparin-dependent anti-platelets auto-anti-

bodies have been incriminated by several authors (114,116, 118).

Heparin induced platelet aggregation may also play a role in the

observed thrombocytopenia. Of interest was Salzman's report (119)

that among high molecular weight heparin fractions, preparations

with high and low AT III affinity were equally active in induction of

platelet aggregation in vitro. In low molecular weight fractions

platelet aggregation depended on the presence or absence of AT III

in platelet rich plasma. Formation of heparin-AT III complexes

appeared to protect platelets from aggregation by heparin. It is

however not clear whether these results in vitro also apply to in

vivo situations.

Heparin has also been reported to cause a decrease of plasma

AT III antigen (120) to levels of about 70%. This AT III decrease is
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of limited importance during heparin therapy, since only a minor

portion of AT III molecules is involved in heparin binding at the

dosages used clinically, but when heparin is terminated a potentially

hypercoagulable state exists, which strengthens the already gene-

rally accepted use of starting oral anticoagulants concomitant with

heparin therapy for thrombo-embolic disorders. Other rare compli-

cations of heparin therapy include anaphylaxis (121), arterial

thrombosis (122), skin necrosis (123) and osteopenia (124).
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CHAPTER III

KINETICS OF INTRAVENOUSLY ADMINISTERED

HEPARIN IN NORMAL HUMANS

Cees A.M. de Swart, Bertha Nijmeyer, Jan M.M. Roelofs and Jan J.

Sixma.

ABSTRACT

Heparin of five commercially available brands was used to

study the disappearance of heparin anticoagulant activity in normal

humans. The drug was administered intravenously by bolus injection

and by continuous infusion. Heparin anticoagulant activity was

determined by two assays: a diluted activated partial thromboplastin

time (APTT) and an assay based on inactivation of bovine factor

Xa, using a clotting system. After a bolus injection, the data fitted

neither single exponential nor zero-order clearance. In semiloga-

rithmic plots, heparin anticoagulant activity disappeared according

to a slightly convex curve almost always preceded by a rapid initial

loss of heparin anticoagulant activity. This disappearance profile

was observed with all heparin regardless of the brand or assay

system. Heparin anticoagulant activity estimated by the APTT

disappeared faster than heparin anticoagulant activity estimated by

the anti-Xa activity in the first phase. As expected, higher anti-

coagulant levels with the anti-Xa assay than with the APTT were

also found on continuous infusion in normals as well as in patients

treated for deep vein thrombosis or pulmonary embolism. The ex-

perimental data suggested a model based on the combination of a

saturable and a linear clearance mechanism. These experimental data

provide reliable guidelines for adjustments of the dose of heparin in

single patients.
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INTRODUCTION

The level of anticoagulation at a given dose of heparin may

vary strongly from patient to patient. This is particularly important

when heparin is given for an existing thrombosis, where this may

cause bleeding or embolization. Various dosage schedules for safe

and effective treatment have been advocated, but they are not

based on firm knowledge of the pharmacokinetics of the anticoa-

gulant effect of heparin.

The anticoagulant activity of intravenously administered he-
parin has been described as disappearing following a single expo-

was note
11,12,14

nential curve, . It was noted, however, that the half-life

increased with the dosage.

Recently, new tests have been developed ' allowing more

accurate observation of the kinetics of the anticoagulant effect of

heparin. We report the application of these tests to the study of

the kinetics of the anticoagulant effect of five commercially available

brands of heparin.

MATERIALS AND METHODS

Subjects

Subjects were male and female volunteers: students, physi-

cians, and biochemists of the Department of Internal Medicine and

the Department of Hematology. Female volunteers who were men-

struating and volunteers of either sex presenting with a history of

hypertension, a previous gastroduodenal ulcer disease, or any

hemorrhagic tendency were excluded from the study.

Ages of the volunteers ranged from 21 to 40 year. The inves-

tigation was approved by the Committee on Medical Ethics of our

hospital. The nature, purpose, and possible risks of the study

were fully explained to each subject before obtaining voluntary

consent.

Heparin

Five commercially available brands of heparin were employed in

the study. The heparin preparations were obtained from Leo Phar-
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maceutische Produkten, Emmen, The Netherlands; Organon, Oss,

The Netherlands; Novo Industries A/S, Copenhagen, Denmark;

Russel Uclaf, Paris, France; and the Upjohn Company, Kalamazoo,

Mich. Details concerning these preparations are shown in Table 1.

Chemicals

The activated partial thromboplastin time reagent was from

Boehringer GmbH, Mannheim, West Germany. Bovine factor Xa,

cephalin, and anticoagulant-free bovine plasma were from Sigma

Chemical Co., St. Louis, Mo. Bovine factor Xa (Diagen) was from

Diagnostic Reagents, Thame, Oxon, England.

Blood collection and storage

Blood was collected from an indwelling catheter (16-gauge dia-

meter) positioned in a forearm vein. After discarding the first

millimeter, 9 volumes of blood were collected in polystyrene tubes

containing 1 volume of 0.129 M trisodium citrate and centrifuged (10

min, 3500 g, 4°C). The supernatant platelet-poor plasma was stored

frozen at -70°C until assayed. The determinations of the heparin

anticoagulant activities were performed within 1 week after blood

collection. This storage interval did not influence the anticoagulant

activity of the plasma samples, as separately tested.

Normal plasma

Normal plasma, derived from 40 healthy hospital staff volun-

teers (ratio women/men 1:1, nonpregnant women who were not

taking oral contraceptives), was pooled and stored at -70°C in 1-ml

aliquots.

Assays of heparin anticoagulant activity

Two assays were employed in the study.

1. A diluted activity partial thromboplastin time (APTT) was

performed according to Marder with slight modifications. The

heparin-containing test plasma was diluted (1:4, 1:10, 1:20, or

1:40) with normal plasma, depending on the expected heparin

anticoagulant activity. A quantity of 0.1 ml of diluted test

plasma and 0.1 ml of a mixture of equal parts of kaolin and

cephalin was incubated for 3 min at 37°C. Of 0.025 M CaCL,
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0.1 ml was added and the clotting time was recorded with a

Koile hook. All determinations were performed in triplicate.

Clotting times were converted into heparin anticoagulant acti-

vities with the aid of a calibration curve, previously con-

structed by addition of 0.1-ml aliquots of various heparin

concentrations of the same heparin brand to 0.9 ml of normal

plasma. The mixture was further treated as decribed above.

The variation coefficient of the assay was 5% in the range

between 0.25 and 5.0 U/ml and 12% at 0.1 U/ml. The assay

was unreliable below 0.1 U/ml.

2. An anti-Xa assay, using a clotting system, was performed as

described by Yin ' with slight modifications. Heparin-con-

taining test plasma was diluted (1:20, 1:10, 1:5, or undiluted)

with normal plasma, depending on the expected heparin anti-

coagulant activity. A quantity of 0.2 ml of bovine factor Xa

(3-4 U/ml) was added to 0.2 ml of diluted test plasma and

incubated for 90 see at 37°C. Of the resultant mixture, 0.1 ml

was transferred to another tube at 37°C. After 20 sec, 0.1 ml

of 0.025 M CaCl„ was added and after another 10 sec, 0.2 ml

of a mixture of equal parts of cephalin and anticoagulant-free

bovine plasma was added. The clotting time was recorded. The

test was performed in duplicate. Clotting times were converted

into heparin anticoagulant activities by means of a calibration

curve, constructed as described above. The variation coeffi-

cient of the assay was 10% over the whole range of 0.01- 5.0

U/ml. Linear regression curves of observed heparin anti-

coagulant activities as measured by the two assays versus

expected heparin anticoagulant activities, when normal plasma

had been heparinized in vitro, cohering the range from 0 to

5.0 heparin/ml plasma, are presented in Fig. 1. Slopes and

correlation coefficients are near 1.0.

Single dose experiments

Two-hundred and fifty units of heparin/kg body weight were

administered intravenously. Blood samples were collected at 2,5,10,

15,30,45 and 60 min after injection and subsequently at 30-min

intervals until 540 min after injection.
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Figure 1: Relationship between heparin anticoagulant activities ex-
pected after addition of heparin to normal plasma and in
vitro heparin anticoagulant activities measured by APTT
and the anti-Xa assay. Each point represents the mean of
five independent determinations.

Continuous infusion experiments

Heparin was added to sterile 0.154 M NaCl in a syringe. The

syringe was placed in a continuous infusion pump (Sage Instruments

Cambridge, Mass.) preset to deliver a fixed volume of fluid. The

infusion pump was checked for delivering the indicated volumes of

fluid. Evidence was obtained that the heparin anticoagulant activity

of a heparin solution in a syringe did not deteriorate during the

infusion period (data not shown). Continuous infusion for 18 hour

was performed in 3 normal individuals, who were confined to bed

f r the duration of the infusion. The dosage was changed every 6

hour. Samples for estimation of heparin anticoagulation levels were

taken at an interval of 30 min. Heparin anticoagulant activities

were also assayed in 6 patients on continuous heparin therapy for

deep vein thrombosis ;--r pulmonary embolism. Samples for estimation

of heparin levels were taken at 24-hour intervals.

Mathematical procedures

For reasons that will be explained under Results, we attempted

to fit the data to two models. Model 1: A combination of a saturable
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and a first-order elimination mechanism in parallel. Model 2: A

single saturable elimination mechanism subjected to product inhibi-

tion, assuming first-order kinetics for product elimination.

The mathematical expression for the first model is:

dC V C

dt = - L C - ^

The second model can be expressed as two coupled equations:

v c

In the equations dC/dt stands for the elimination rate of hepa-

rin anticoagulant activity, L stands for the slope of the first-order

elimination mechanism, V for the maximal e'iimjiation of the satu-

rable mechanism, K for the Michaelis-Menten constant of the

saturable mechanism, I for the heparin infusion rate (for injections,

I represents a pulse function), P for the concentration of a hypo-

thetical metabolic heparin product that is supposed to have an

inhibitory al'leci on heparin anticoagulant activity, K for the

inhibition constant of the product, dP/dt for the elimination rate of

the product, and K stands for the slope of a postulated fir'jt-order

elimination mechanism oi the product.

The data of the single-dose experiments were fitted to the well

known integrated form of the first equation. Optimization was

performed by a least-squares method. The sensitivity of the func-

tion to changes in the parameters was evaluated in a program

by determining the matrix of the second derivatives of the sum to
19

the parameter vector.
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Fitting of the single-dose experimental data to the second

model was performed using the NLFIT program. This program is

available on request at Acculib, Instituut voor Mathematische sta-

tistiek, Budapestlaan 6, de Uithof, Utrecht, The Netherlands.

The parameters were estimated by an optimization program in

whicn the function values were obtained by numerical integration

according to the Runge Kutta method. Optimization was performed

by a least-squares method. For the computations, a Hewlett-

Packard computer, type HP 9830, and a CDC Cyber 73-28 computer

were used.

RESULTS

Table 1 summarizes the characteristics of the heparin prepara-

tions, the number of experiments performed, and the assays that

we have used.

Table 1. Properties of Heparin Preparation*

Heperm Brand

Lao

Upiohn
Rouuel
Novo
Orgenon

Orwa

Porcine mucosal

Beef lung
Porcine rnocosal
Porcine mucotal
Porcine mucosal

Lol humoer

65217111. 77347111.
89307111.89737111.

71628111.91698111.
71009111, 77219111

350 DH
6 S 0405
0 449
726335

Anticoagulant
Potency (U/mgl

160-175'

139.2t
168f
154t
16?'

Num

V T T

12

2
1

2
2

tmaltm

A

sanmann

m-XaAetay

S

2
1
2
2

'r thoutd be noted that soma commercial preparations may have been obtatned from the same manufacturer ot crude malarial.
'Accortkng to the Thvd International standard.
tUSP urHta

Single-dose experiments

A representative disappearance curve of heparin anticoagulant

activity is shown in Fig. 2. For reasons of comparison, the curve

is plotted on a linear and on a semilogarithmic scale. Obviously,

heparin anticoagulant activity disappears neither according to first-

nor a zero-order elimination process. The semilogarithmically plotted

curve can be described by a rapid initial disappearance phase, fol-

lowed by a convex curve. Such an elimination pattern was observed
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figure 2: Linearly (left panel) and semilogarithmically (right
panel) plotted elimination curve of heparin anticoagulant
activity as measured by the anti-Xa assay and APTT;
250 U of heparin/kg body weight was administered.

anti Za assay
U/ml plasma
8r

- I -
4 6

APTT ll/ml plasma

Figure 3: Relationship between heparin anticoagulant activity esti-
mated with the APTT and with the anti-Xa assay in vivo af-
ter a single bolus injection of 250 U/kg. The slope is
calculated below 3.8 U anti-Xa/ml.
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with all heparins, regardless of the brand, or the assay system.

The rapid initial disappearance phase lasted 10-15 min. The reco-

veries of heparin anticoagulant activity at zero-time were near 100%

when the entire curve was fitted by eye. For this purpose, the

plasma volume was calculated with the help of the formula: blood

volume (in liters) = 2.7 x body surface area (in sq m) -0.14.

The simultaneous use of APTT and anti-Xa assays allowed a

comparison of the two assays in determining heparin anticoagulant

activity in vivo. Heparin anticoagulant activity, as estimated by the

APTT, disappeared faster shortly after administration than heparin

anticoagulant activity estimated by the anti-Xa assay. In the later

part of this disappearance curve, the ratio between the two activi-

ties remained constant. A mean ratio anti-Xa/APTT of 1 45 + 0.09

(SEM) was observed (Fig. 3). A similar ratio was also found when

the data from 6 patients on continuous heparin infusion for treat-

ment of deep vein thrombosis of pulmonary embolism were plotted.

Combination of the data in a single plot was allowed because no

clustering of data of a single patient was observed (Fig. i ) .

anti Za assay
U / ml plasma
1.6-

APTT U/ml plasma

Figure 4: Relationship between heparin anticoagulant activity
estimated with the APTT and with ihe anti-Xa assay in
patients on continuous heparin therapy for thrombo-
embolic disease. The figure contains data from 6 '
ferent patients. These data could be combined bee. -se
no evidence of clustering was sean. Please note the
difference in scale between fig. 3 and fig.4.
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Continuous infusion experiments

A representative example of continuous infusion at 3 dosage

levels is shown in Fig. 5. The level of anticoagulant activity as-

sayed with the anti-Xa assay was consistently higher than that

measured with the APTT. A plateau level was reached at the dosage

of 10,000 U/24 hr and for the APTT at 20,000 U/24 hr. A plateau

level was not quite reached for the anti-Xa values at 20,000 U/24

hr and at 30,000 U/24 hr for either of the two activities.

U t ml plasma
08

10 12 14 16 18
infusion time (hours)

1 t t
KW00Um n o u r s 20000U/24hours 3OOOOU,24 n0Urs

Figure 5: Relationship between measured heparin anticoagulant acti-
vities and heparin infusion rates observed in a continuous
infusion experiment. Heparin anticoagulant activity was
estimated by an anti-Xa assay (o—o) and APTT (• — • ) .

Curve fitting

Curve fitt'ng was attempted in order to obtain a model that

may describe the kinetics of the heparin anticoagulant activity. Two

models are generally proposed for nonlinear kinetics of this na-
20ture. The combination of a saturable and first-order mechanism is

the most simple model to describe these data (for curve-fitting

procedures, see Materials and Methods). The integrated form of the

equation of model 1 fitted well to the single-dose experiments, but

an additional initial equilioration phase had to be assumed to explain

the rapid disappearance phase. Enough data are available to sug-

gest that such rapid initial removal does indeed occur. ' The

continuous infusion data (Fig. 5) fitted well to this model.

An attractive alternative is the model in which product in-

hibition is operative. This model was suggested to us because simi-
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lar curves to those observed after a single dose were obtained by-

computer simulation studies in which the effects of product in-
23hibition on a simple Michaelis-Menten model were explored.

As this would describe the entire curve in terms of a biolo-

gically meaningful model, we also tested this alternative. The conti-

nuous infusion curves found experimentally appeared also to be

predicted by this model, although less well than the combination of

a saturable and first-order elimination mechanism.

Two additional sets of experiments were performed to investi-

gate the plausibility of the product inhibition model. This model

predicts that the elimination rate after larger single doses will

decrease proportionally to the amount of 'product' causing divergent

elimination curves. The elimination curves observed were more or

less parallel, however, (Fig. 6) in agreement with the description

of the data given by the first model.

We also tested the product inhibition model by administering a

single dose of heparin followed by neutralization of heparin anti-

coagulant activity with protamine chloride. This should cause ac-

cumulation of the postulated inhibitory product, provided that this

heparin anticoagulant activity
U/m( plasma

10 T

Figure 6: Parallel elimination curves of heparin anticoagulant acti-
vity (APTT) after intravenous administration of 75, 150,
and 250 U of heparin/kg body weight. The doses were
administered on 3 consecutive days.
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product would not lose its inhibitor property by possible binding to

protamine chloride itself. A second dose was then administered, but

the elimination of the anticoagulant activity was similar to that after

the first dose (Fig. 7) , which makes the existence of an inhibitory

product 'ess likely.

heparin anticoagulant activity
U/ml plasma
10-

ft •

P.C.

2 3
hours

Figure 7: Two-hundred and fifty units of heparin/kg body weight
were administered intravenously. Remaining heparin anti-
coagulant activity in vivo after 60 min was neutralized
by protamine chloride (PC) and was followed immediately
by a second dose of heparin of similar size. The elimina-
tion curves are parallel.

DISCUSSION

After intravenous administration, heparin anticoagulant activity

has been reported to disappear exponentially in dogs and
11-13

man. Other investigators confirmed these first-order kine-
14 15

tics, ' except Simon, who described the elimination of heparin
24anticoagulant activity as combined zero- and first-order kinetics.

Some authors noticed a slightly faster initial disappearance. '

which was interpreted as a distribution phenomenon. Most investi-
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gators agreed that heparin half-life increased with dosage when
11 I9 14administered as a bolus, ' ' although the observed first-order

kinetics dictate a constant, half-life.

In an attempt to explain this paradoxical finding we have stu-

died the disappearance of heparin anticoagulant activity after intra-

venous injection and during continuous infusion. In order to detect

small departures from first-order kinetics, decline of heparin anti-

coagulant activity was followed after a single relatively high dose

until low levels of anticoagulant activity were achieved.

In the single-dose experiments, we observed almost always a

fast initial removal of heparin anticoagulant activity followed by a

slightly convex curve, when the logarithm of the heparin anti-

coagulant activity was plotted as a function of time. The rapid

initial decay of heparin anticoagulant activity suggested an equi-

libration phase, which was interpreted to result from mixing of the

drug in plasma and from distribution to another compartment. The
21

last interpretation agrees well with observations of Glimelius and
22

Mahadoo, who showed a considerable binding of heparin to endo-

thelium.

The mentioned convex disappearance pattern preceded by a

fast initial decline was seen with all heparins regardless of the

brand or assay system. The convex part of the curve offers a

satisfactory explanation for the dose-dependent half-life, as has

been reported previously. Probably, tangents to a slightly convex

curve line have been drawn by previous authors. A plausible

explanation why we observed a nonlinear elimination pattern is the

large number of measurements until low levels of heparin anti-

coagulant activity were attained.

The disappearance of heparin anticoagulant activity was fol-

lowed by both the APTT and by an assay based on the factor Xa

inhibiting property of the heparin-antithrombin-III complex. This

allowed a comparison of the two methods. The relationships between

values found with the APTT and the anti-Xa assay during single-

dose experiments was not linear, but could be described by a

convex curve above 2.0 VIml and a linear part with a slope of 1.45

below 2.0 U/ml when the anti-Xa activities were plotted as a funtion

of the APTT activities. This was in contrast to the linear relation-
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ship with a slope of 1.0, which was obtained when these methods

were compared in determining heparin anticoagulant activities of

normal plasma after in vitro addition of heparin comprising the same

range of heparin anticoagulant activities (Fig. 1) . Apparently, in

vivo, the heparin anticoagulant activity estinvv ad by the APTT

disappears faster than the anticoagulant activity estimated by an

assay based on factor Xa inactivation shortly after heparin injec-

tion. The observation predicts that during continuous infusion of

heparin, activity measured with the anti-Xa assay will be higher

than that measured with the APTT. Experimentally this was indeed

observed in patients (Fig. 4) as well as in normals (Fig. 5 ) .

Recently, purified fractions with different molecular weights

have been prepared from crude commercial heparin by affinity chro-

matography on antithrombin-III-Sepharose, and subsequent gel
25chromatography.

The observed overall disappearance curve of the anticoagulant

activity activity of crude heparin might result from the different

disappearances of various sub fractions of this heterogeneous mate-

rial. Data (to be published elsewhere) obtained with subfraetions

have shown that this is not so. Almost all fractions disappear si-

milarly to the crude material, with the exception of some low mo-

lecular weight material that possessed almost exclusively anti-Xa

activity.

Although the elimination of most drugs from the plasma permits

the application of a model with one or more exponentials, definite,

nonlinear kinetics have been described in the literature for several
9fi 97 9ft

drugs, e.g. acetyl salicylic acid and diphenyl hydantoin. '

Involvement of saturable processes such as metabolic pathways in

the liver and renal tubular transport processes may account for

nonlinear kinetics. This has been elegantly shown by Levy et al.,
9fi

who investigated in detail the kinetics of acetyl salicylic acid.

Our single-dose elimination curves did not allow us to adopt a

simple linear kinetic model. Continuous heparin infusion experiments

confirmed this nonlinearity and also suggested that the observed

data could be described most easily by a saturable and a linear

removing elimination mechanism in parallel. Basic information about

physiologic and anatomic data should be incorporated in the con-
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struction of meaningful kinetic model. Some knowledge about heparin
29metabolism is available. Dawes and Pepper characterized heparin

in plasma after injection of an iodinated heparin derivative. They

demonstrated that heparin was degraded by desulphation, thereby

losing its anticoagulant activity. Early reports pointed to a role of

the mononuclear phagocytes in the uptake and desulphation of
30 31heparin. ' This role was substantiated by the isolation of a

hepaiïn dasulphamidase from lymphoid tissue of rat , dog, and
32 33man ' and by the observation that cultured mouse peritoneal

34macrophages can desulphate heparin. Desulphating enzymes may

well fit into the concept of a saturable elimination mechanism as part
of our elimination model.

The physical and biologic properties of heparin excreted in
2 35-38

urine are dependent on the dose of heparin administered. '

After intravenous administration of small doses (10-5000 U) of

heparin, the drug is excreted in urine as more or less desulphated
29

molecules, part of them smaller than the injected heparin mole-

cules, possibly by the action of a postulated readily saturated

endoglycosidase in the kidney. Partly desulphated heparin mole-
37cules, designated as uroheparin by McAllister, retain only 50% of

their original anticoagulant activity. After larger doses of heparin,

intact (not desulphated) hepa" in molecules with full preservation of

their anticoagulant activity are excreted in urine. The elimination of

unmodified heparin at larger ooses may represent the second compo-

nent of our elimination model, namely the mechanism that removes

heparin anticoagulant activity linearly. This type of elimination is

probably not explained by glomerular filtration, since the negatively

charged heparin molecules will be repelled by negatively charged

heparan sulphate molecules abundantly present in the basement
39membrane of the renal glomeruli.

The disappearance of the anticoagulant activity of heparin

follows nonlinear kinetics and can be described by a combination of

a saturable and a linear mechanism. This has important conse-

quences for the adjustment of the dosage of heparin in patients to

whom heparin is administered for an existing thrombosis. Simulation

of continuous infusion with parameters obtained from fc ' ' 'is injection

experiments show that there is a sort of threshold below which
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heparin levels rise only slowly and above which they rise more

rapidly linearly correlated to the dose. Figure 8 gives an example

of such a simulation. At the right, the relationship between the

dosage of heparin (X axis) and the plateau level of heparin (Y

axis) is shown. At the left, 3 curves of continuous infusion are

depicted in order to illustrate how similar these are to what was

experimentally observed in Fig. 5.

SIMULATION OF M£Rt«N INFUSION

Figure 8. Simulation of continuous infusion with the use of parame-
ters from a bolus injection experiment using the model of
a combined saturable and linear elimination mechanism.
The figure at the right shows the relationship between
dose of administered heparin and the plateau level. The
figure at the left shows the time-dependent change at
three chosen rates of heparin administration.

In clinical practice this means that most patients will have

almost negligible heparin levels at doses of below 25,000 U/24 hour,

whereas the level rises steeply at higher doses. Another conse-

quence is that the time required to attain a plateau level is much

prolonged at higher dose level. This is already evident from the

fact that the apparent half-life increases with the increase in he-

parin level, but it is illustrated in Fig. 8 and Fig. 5. Awareness of

these phenomena is of great importance for safe adjustment of

heparin therapy. The individual reaction of patients varies widely,

and the adequate dose for a single patient has to be found by trial

and error. We have found that it pays off to start with a relatively

high dose (40,000 U/24 hr) that will give a heparin level in the

part of the curve where the first-order removal mechanism is opera-
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tive and then to adjust the dose to attain the desired level. For

administration to patients with deep vein thrombosis or pulmonary

embolism, we use an initial bolus injection of 2500 U and we perform

the first assay of the heparin anticoagulant level after 4 hour. A

plateau level is not yet reached then, but this value allows adjust-

ment of the dose.

The experimental findings also explain why low-dose heparin

therapy is producing such low heparin levels. They also predict

that an occasional patient in whom the saturable system has a low

maximal velocity, may get relatively high heparin levels on such

therapy.

These data also have consequences for intermittent therany.

The relatively slower disappearance of heparin anticoagulant activity

at high heparin levels will cause accumulation of heparin when the

dosage scheme is such that not all heparin has disappeared before

the following injection. This may then lead to such high levels that

bleeding may occur.
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CHAPTER IV

KINETICS OF HEPARIN II

Elimination of high affinity heparin fractions and their anti-

coagulant and lipase activity

1 1 2
Cees A.M. de Swart , Bertha Nijmeyer , Lars-Olov Andersson ,

2 3
Erik Holmer , Louis Verschoor , Bonno N. Bouma and Jan J.
Sixma .

Dept. of Haematology , State University Hospital Utrecht, The

Netherlands. Kabi-Vitrum Research and Development, Dept.of Bio-
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chemistry .Stockholm,Sweden. Dept. of Internal Medicine .State
University Hospital ''Dijkzigt", Rotterdam, The Netherlands.

ABSTRACT

High and low affinity heparin (HA- and LA-heparin) were prepared

from commercial heparin by affinity chromatography to insolubilized
35

antithrombin III. HA-heparin was radiolabelled with S and sub-

divided by gelehromatography into high molecular weight (HMW,

average 17.000-26.000 daltons), intermediate molecular weight

(MMW, average 12.000-13.000 daltons), low molecular weight (LMW,

average 5.000-7.000 daltons) and very low molecular weight

(VLMW, average 4.600 daltons) fractions. The kinetics of lipolytic

and anticoagulant activity and protein bound radioactivity were

studied after intravenous injection of these fractions.

LA-heparin failed to induce anticoagulant activity but released

the hepatic triglyceride lipase (H-TGL) and lipoprotein lipase

(LPL) activities nor «ally. VLMW- and LMW heparin failed to release

both lipolytic enzyr.ies and did not induce anticoagulant activity

measurable by the APTT. A powerful anticoagulant effect was
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found in the anti-Xa assay, which disappeared according to a

continuously concave curve in sümilogarithmie plots with elimination

rates similar to those of the protein bound radiolabel. The other

heparin preparations induced all activities measured. Heparin

anticoagulant activity estimated by the two assays disappeared

following a convex curve preceded by a rapid initial elimination

phase in semilogarithmic plots. The disappearance rates of plasma

protein bound heparin radioactivity and heparin anticoagulant

activity estimated by factor X inactivation were similar.
a

Peak values of the two lipolytic activities were attained ra-

pidly. H-TGL activity as well as LPL activity disappeared following

convex curves in semilogarithmic plots with elimination rates similar

to those of plasma protein bound heparin radioactivity. On the

basis of these kinetics we suggest that after intravenous admini-

stration of heparin the two lipolytic enzymes present in plasma are

complexed with heparin, analogous to the heparin- antithrombin III

complex. Finally, the kinetic data indicate that elimination of these

activities is determined by the heparin part of the complexes,

probably by removal of free heparin.

INTRODUCTION

After intravenous administration of commercial heparin an

anticoagulant activity appears in the blood and lipolytic enzymes

are released into the circulation, probably by removal from the

endothelial surface. These enzymes comprise H-TGL and LPL ~ .

The various activities induced by heparin may be caused by dif-

ferent heparin molecules, since commercial heparin preparations are

heterogeneous.

Recently, better characterized heparin fractions have been

prepared by using insolubilized antithrombin HI ' and by sub-

sequent subdivision according to molecular size employing gelchro-
6 8 9

matography ' ' . Small heparin molecules preferentially inactivated

factor Xa and had poor thrombin neutralizing activity whereas

larger molecules inactivated thrombin more readily than factor

Xa8 '9.



In a previous paper we have described the kinetics of com-

mercial heparin preparations based on their anticoagulant acti-

vity . In the present study we report on the kinetics of heparin

anticoagulant activity and the two lipolytic activities after in-
35jection of LA-heparin, HA-heparin and S-radiolabelled fractions

of different moleculai weight of HA-heparin. The disappearance of
the biologic activities of these fractions was compared with the
disappearance of the radiolabel.

METHODS

Subjects

Fifteen males and two females volunteered in the experiments.

They were biochemists, physicians, students or technicians of the

Department of Internal Medicine or the Department of Haematology.

The ages of the volunteers ranged from 23 to 43 years. All had

given their consent after careful explanation of the nature, pur-

pose and possible risks of the experiments. The investigation was

approved by the Committee on Medical Ethics of the University

Hospital in Utrecht.

Blood collection, storage and transport

Blood was collected from an indwelling cathether (Abbocath -

T, gauge 16, from Abbott Ireland Ltd., Sligo, Ireland), positioned

in a fore-arm vein at 2,5,10,15,30,45 and 60 min and subsequently

at 30 min intervals until 4 hours after injection (or 9 hours after

administration of high anticoagulant heparin). After discarding the

first ml, nine parts of blood were drawn into one part of 0.129 M

trisodium citrate. Platelet poor plasma was obtained by centrifuga-

tion (3000 x g, 15 min at 4°) and stored at -70°. Frozen plasma

samples for the lipase activity assays were transported in dry ice.

Heparin

Commercial heparin was obtained from Organon (Oss, The Nether-

lands). Heparin with high and low anticoagulant potency was pre-



pared by affinity chromatography by using insolubilized anti-

thrombin III as has been described previously . HA- S-heparin

fractions of different molecular weight were prepared separately

from two batches of HA-heparin. During this study two batches

containing respectively 900 and 700 mg of HA-heparin were radio-
35

labelled with S by the Radiochemical Centre, Amersham, Eng-

land. After the radiolabelling procedure respectively 140 and 300
35mg of HA- S-heparin were recovered which both retained more

than 90% of its affinity for antithrombin III. The labelled heparin

fractions were further subdivided by gelchromatography on AcA 44

ultrogel (as previously described) into 3 and 4 fractions, res-

pectively, with different molecular weight. Details of the heparin

preparations used are presented in table I. In order to obtain

measurable levels of heparin anticoagulant activity after intra-

venous administration of radiolabelled HA-heparin unlabelled HA-

heparin of corresponding molecular weight was added to some of

the labelled heparin fractions. All labelled heparin fractions pre-

pared from the second batch of high anticoagulant heparin were
125incubated with I-labelled antithrombin III before injection. The

125kinetics of I-radioactivity will be described in a separate paper.

All preparations were sterilized before injection by passing them

through a 0.22u or 0.45n Millipore filter in the presence of a

human albumin solution (GPO plasma substitute, Central Laboratory

of the Netherlands Red Cross Blood Transfusion Service, Amstor-

dam).

Heparin anticoagulant activity assays.

Heparin anticoagulant activity in plasma was measured by a

diluted activated partial thromboplastin time and by a clotting

assay based on the inactivation of factor X as has been described
10elsewhere .

Lipase activity assays
Lipase activity was measured separately as hepatic triglyceride

lipase activity and lipoprotein lipase activity as described before .
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Radioactivity counting
35

Plasma S-radioactivity was counted in a liquid scintillation
35counter (Packard, type 2425). Plasma S-radioactivity data were

35used after correction had been made for S-radioactivity not

bound to protein. This was achieved by passing the plasma samp-

les through a filter (Diaflo Ultrafilters, type PM10, Amicon, Le-
35

xington, Mass.). Plasma S-radioactivity that passed the filter

varied from 0.7% - 2.7%, 3.3% - 30.4%, 15.2% - 62.3%, 34.1% -

88.3% and 38.7% - 89% at 2, 60, 120, 180, and 240 min, respective-
125ly. In case of simultaneous injection of I-antithrombin III and

35 35
S-heparin the liquid scintillation data for S were corrected for

1 OK
the contribution of I.

RESULTS

In vitro data

Table I summarizes the heparin preparations used, their anti-

coagulant and radioactive properties and the number of experi-

ments performed. A twofold increase in anticoagulant potency

estimated either by APTT or by assays based on the inactivation

Table I

CHARACTERISTICS OF HEPARIN AND HEPAH1N TRACTIONS.

haparin —an •olecular batch number iaf weightlag) «pecltic Anticoagulant

weight experiment» of adainia- radioacti- Potenci

NaE13A NaEUa

781027

HaElSA NaE13B

781027

781025

NaE48

7B1O2S

Na£«8

783025

WaE48

N*E4fl

high af f in i ty heparin

low tttLnity hepjrln

KA-KHW-35S

HA-MMW-^S

HA-LMM-35S

HA-VUW S

17,000

26.000

22.000

13.000

5000

7000

4600

tared ftac.

40,40,32

40,40,32

10. 5

19.6

IS.6

16.0

7 . 3

11.0

9 . 1

v l ty Ci/t»;

-

0.56

4 . 8

0.99

3 . 3

0.52

4 . 9

4 . 8

[ APTT

370

10

350

100

670

227

l'-J

128

10

Ant

37C

10

280

144

4 3 0

177

60S

208

239
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of factor X was achieved by preparing HA-heparin fractions using
£1

affinity-chromatography to antithrombin III bound to Sepharose 4B.

Separation by gelchromatography of T'A-heparin isolated heparin

subfractions with different anticoagulant potencies in the APTT

and anti-Xa assay. VLMW heparin had no anticoagulant activity in

the APTT, but a marked anticoagulant activity in the assay based
on factor X inactivation. LMW heparin had much higher anticoa-a
gulant potency with regard to factor X inaetivation than in the

APTT. The reverse was noted for HMW- and MMW heparin, but the

activity in the anti-Xa assay was only slightly less than in the

APTT assay.

Disappearance of heparin anticoagulant activity.

Representative elimination curves of heparin anticoagulant ac-

tivity based on factor X inactivation are shown for HA-heparin
a 35

and LA-heparin in Fig. 1; for HA-MMW- S-heparin supplemented

with cold HA-MMW heparin and for HA-VLMW- S-heparin sup-

plemented with cold HA-VLMW heparin in Fig. 2.

1.00

0.10

anticoagulant

M "

\

\

\

\

8
hours

Figure 1: Elimination curve of heparin anticoagulant activity after
injection of HA-heparin ( • — • ) and LA-heparin ( o — o ) .
In both instances 40 mg was administered. Heparin anti-
coagulant activity was measured by the anti-Xa assay.
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heparin anticoagulant
activity

\

\

iflO-

Q10-

heparin anticoagulant
activity

\

\ .

\

\

4
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hours

Figure 2: Elimination curves of heparin anticoagulant activity after
injection of 15.6 mg of HA-MM.W- S-heparin (left panel)
and of 9.1 mg of HA-VLMW- S-heparin (right panel).
Similar eurves,5were obtained for HA-HMW- S-heparin
and HA-LMW- S-heparin, respectively. Anticoagulant
activity data were measured by the anti-Xa assay.

Injection of LA-heparin induced poor anticoagulant activity

both when measured in the APTT or in the anti-Xa assay. The

APTT and anti-Xa elimination curve of HA-heparin conformed to

what we have previously observed with crude commercial hepa-

rins . In semilogarithmic plots, an initial fast phase preceded a

3 - anti Xa assay
U/ml plasma

2 •

1 -

1 2 3
APTT U/ml plasma

Figure 3a: Relationship between heparin anticoagulant activity es-
timated with the APTT and with the anti-Xa assay in vivo
after a single bolus injection of 40 mg of HA-heparin.
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convex curve, which was described by postulating the combination
of a saturable elimination mechanism with a exponentially removing
elimination mechanism. In addition, differences between disap-
pearance rates of APTT and anti-Xa activity were similar for

Q

HA-heparin to what was previously noted for crude heparin (Fig.

3a). APTT activity was eliminated faster than anti-Xa activity in

the initial phase of rapid clearance. After that the ratio between

the two activities remained constant (ratio 1.49).

The HA-LMW- and HA-VLMW heparin induced no activity

accurately measurable with the APTT but induced a considerable

activity when measured in the anti-Xa assay. The elimination of

this activity followed a continuously concave curve in a semiloga-

rithmic plot (Fig. 2). The HA-MMW- and HA-HMW heparin induced

similar activities measured with the APTT as with the anti-Xa

assay (Fig. 2). The APTT and anti-Xa elimination profile for both

heparin fractions had the same shape as for total HA-heparin or

crude heparin . The ratio between APTT and anti-Xa activity

remained constant along the entire curve for both heparin frac-

tions. The ratio's were 0.99 for HA-MMW heparin and 0.60 for the

HA-HMW he* arin preparation of molecular weight > 26,000 (Fig.

3b).

1.5- aril Xa assay
U/ml plasma

an t iZa assay

0 5 U/ml plasma

0.25-

05 1.0
APTT U/ml plasm»

Q25 0,5
APTT U/ml plasma

Figure 3b: See legends of Fig. 3a. Now 15,6 mg of HA-MMW-j^S-
heparin (left panel) and 19.6 mg of HA-HMW- S-
heparin (right panel) was injected.
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Disappearance of heparin radioactivity bound to plasma protein.
Elimination curves of plasma protein bound radioactivity after

administration of HA-MMW- S-heparin and HA-VLMW- S-heparin
35are shown in Fig. 4. The shape of HA-HMW- S-heparin and

10*- cpm

10 3 -

1 0 2 -

\ • \

\

hours

iOA
Tcpm

102

\

\

4
hours

35
Figure 4: Elimination curves of protein bound ,,- S-heparin ra-

dioactivity after injeetton of HA-MMW- S-heparin (left
panel) and HA-VLMW- S-heparin (riglUgpanel). Similar
curves W^e obtained for HA-HMW- S-heparin and
HA-LMW- S-heparin, respectively.

3-10

cpm S radioactivity

3'

,o3

0.5 1.0 1.5
*ntico*guUnl activi-ty
anti X,assay

35S35Figure 5: Proportional disappearance rates of protein bound S-
heparin radioactivity and anticoagulant activity estimated
by the anti-Xa assay after injection of HA-MMW- S-hepa-
rin. Such proportional disappearance rates were observed
after administration of all radiolabelled fractions.
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HA-LMW- S-heparin curves conformed to those of HA-MMw- S-
35heparin and HA-VLMW- S-heparin respectively. All curves are

similar to the elimination curves of heparin anticoagulant activity

estimated by factor X inactivation as is demonstrated in Fig. 5 in
35which anti-X values after injection of HA-MMW- S-heparin are

a

plotted against the plasma protein bound radioactivity data.

Response and disappearance of lipolytic activity.

Representative curves of H-TGL activity and LPL activity

after injection of HA-heparin and LA-heparin are shown in Fig. 6
qc or

and of HA-MMW- S-heparin and HA-VLMW- S heparin in Fig. 7.

HA-LMW- S heparin and HA-VLMW- S-heparin failed to release

both lipolytic enzyme?. LA-heparin has no anticoagulant activity

but released H-TGL and LPL activity to levels comparable to those

induced by the other HA-heparin preparations.

After a sharp initial rise maximal H-TGL activity and LPL

activity were attained at 2-10 min and 10-30 min, respectively, af-

ter injection. Maximal LPL activities were 10-50% of the maximal

H-TGL activities. H-TGL activity and LPL activity disappeared in

nmol FFA

10'-

\

\ \

4 5
hours

nmol FFA

10*

10'-

1 2 3
hours

Figure 6: Elimination curves of H-TGL activity (• • ) and LPL
activity (o—o) after injection of 40 mg of HA-heparin
(left panel) and LA-heparin (right panel).
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n mol FFA

• s .

10'

nmol F FA
102-

V

\

hours
3

hours
35,Figure 7: See legends of Fig. 6. Now 15,6 of HA-MMW^S-hepa-

rin (left panel) and 9.1 mg of HA-VLM W- S-heparin
(right panel) were-injected. Similar curves „were obser-
ved for HA-HMW- S-heparin and HA-LMW- S-heparin,
respectively..

parallel according to a convex curve, similar to the convex part of

the elimination curves of HA-heparin radioactivity bound to plasma

proteins and heparin anticoagulant activity. The elimination data oi

cpm35s ndiofctivliy

3-IO3

2-IO3

100 ISO
H-TGL activity

35CFigure 8: Proportional disappearance rates of protein bound U"S-
radioactivity and I^-JGL activity after injection of
15.6 mg of HA-MMW- S-heparin. Such proportional dis-
appearance rates were also observed after injection of
HA-HMW- S-heparin fractions.
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H-TGL activity and plasma protein bound heparin radioactivity are

plotted against each other in Fig. 8, indicating similar elimination

rates. Similar curves can be made for LPL versus radioactivity and

for H-TGL and LPL versus anticoagulant activities.

DISCUSSION

The anticoagulant activity of crude heparin estimated in vitro

with the APTT or the anti-X assay is the same. This held also for
a

HA-heparin fractions prepared by affinity chromatography on anti-

thrombin III. Only after subdivision by gelchromatography of he-

parin into fractions with different molecular weight were diffe-

rences observed. Heparin with low molecular weight had a high

anticoagulant potency in the anti-X assay but no activity esti-
a

mated by the APTT and the thrombin clotting time. Andersson et
Q

al have explained the difference between neutralization of factor

X and of thrombin by postulating that thrombin and antithrombin

III must first bind to a sufficiently large heparin molecule before

thrombin can be inactivated by the heparin-antithrombin III

complex, whereas factor X inactivation does not require such
a

binding to heparin. The difference between the APTT and the

anti-X assay may seem unexpected because the APTT is also
Si

dependent on factor X formation. However, thrombin formation is

obviously rate limiting. The increased sensitivity of the anti-X
9.

assay may be due to the fact that factor X inactivation occurs in
a

the fluid phase, whereas factor X in the APTT is generated on a
lipid surface and thereby protected from inactivation by the

12heparin-antithrombin III complex
In a previous paper we have reported that the heparin anti-

coagulant activity after intravenous administration of several

commercial heparin preparations disappears according to non-expo-

nential kinetics . In semilogarithmic plots heparin anticoagulant

activity disappeared according to a convex curve, mostly preceded

by a rapid elimination phase. The convex part of the curve could

be explained by assuming a model based on the combination of a

saturable and an exponentially removing elimination mechanism. The
58



mentioned elimination profiles were observed both in the APTT and

in an assay based on inactivation of factor1 X .

In the present study similar elimination pacterns of heparin-

anticoagulant activity were seen after injection of all but the smal-

lest molecular weight fractions (HA-VLMW- and HA-LMW heparin).

This indicates that the complex shape of the anticoagulant disap-

pearance curve of crude heparin is not the result of a summation

effect due to different anticoagulant disappearance curves of the

various heparin fractions. The anticoagulant activity of the lowest

molecular weight fractions, possessing only anti-X activity, dis-
a

appeared differently according to a continuously concave curve in

a semilogarithmic plot. The quantity of VLMW heparin present in

crude heparin or in HA-heparin is so low that the aberrant eli-

mination kinetics have no influence on the overall shape of the

elimination curve of crude or HA-heparin.

After injection of HA-heparin, the anticoagulant activity

estimated by the APTT disappeared faster in the initial clearance

phase than the anticoagulant activity estimated by the anti-Xa

assay, whereas the ratio between APTT and anti-Xa activity re-

mained constant in the later phase of the elimination. These dif-

ferences were similar to those previously found for crude heparin

(ratio anti-Xa/APTT of 1.49 for HA-heparin and 1.45 for crude

heparin). Possibly, heparin elimination mechanisms slightly prefer

large heparin molecules, carrying more APTT than anti-Xa acti-

vity, and causes these to be removed earlier than small molecules

with a higher anti Xa/APTT activity ratio. The relatively low

anti-Xa/APTT ratio's calculated for HA-MMW heparin and the >

26.000 molecular weight HA-HMW heparin preparation (0.99 and

0.60, respectively) are in accord with this idea. The constant

ratio's found for these two heparin fractions are probably due to

the fact that these fractions are quite homogeneous.
13Since heparin is almost completely bound to plasma proteins14and becomes progressively desulphated in vivo , we have based

our kinetic data on radioactivity bound to plasma proteins. This

was achieved by subtracting the amount of radioactivity passing

through a filter with a pore size of 10.000 daltons from the raw

radioactivity data. Intense protein binding of heparin was indicated
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by the fact that only 2% of the radioactivity present in plasma

shortly after injection of the heparin fractions with molecular

weight below 10.000 daltons was demonstrated in the filtrate.

During elimination filtrable radioactivity increased to levels which
14were comparable to desulphation data of others

35The similarity in disappearance rates of protein bound S-

radioactivity and anticoagulant activity as estimated by the anti-Xa

assay is consistent with the view of Ceustermans et al , who

provided evidence that heparin anticoagulant activity disappears as

free heparin from the equilibrium heparin-AT III t ; heparin + AT

III.

Our present results show that heparin with and without af-

finity for antithrombin III was equally effective in releasing both
1 R

Upases, which is in agreement with in vitro data of Bengtsson

who isolated a heparin fraction not binding to antithrombin III in-

solubilized on Sepharose, yet normally binding to purified lipo-

protein lipase, insolubilized on the same matrix. Our data further

show that release of lipolytic enzymes requires a heparin chain of

sufficient length. Probably, small molecular weight heparin fails to

detach lipolytic enzymes from binding to heparan sulphate on the

vascular endothelial surface because few if any lipase binding sites

are present on these small molecules. Alternatively, antithrombin

III and possibly other proteins that bind to these heparin mole-

cules may also play a role by being more effective in shielding off

small heparin molecules from interactions with lipases than larger

ones.

Elimination of lipase activities following convex curves in

semilogarithmic plots dictates dose dependent kinetics with increa-

sing halflives after administration of increasing submaximal doses

of heparin. Such dose dependent halflives of H-TGL and LPL
17

activity have indeed been reported ' Their kinetics might there-

fore be described by elimination mechanisms similar to what we

postulated for heparin anticoagulant activity .

Although it is generally accepted that binding of heparin to

lipase precedes the release of lipase, it is not precisely known

whether heparin-lipase complexes circulate or whether heparin
18leaves the complex as soon as lipase has been released . The
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disappearance of lipase activity in parallel with the disappearance
35of protein-bound S-heparin radioactivity favors the concept of

circulating heparin-lipase complexes. This concept is supported by

data of Wallinder who showed in rats that heparin administration

retarded the disappearance of intravenously injected bovine milk
125 19

I-lipoprotein lipase . An equilibrium heparin-lipase n heparin +

lipase comparable with that between heparin and AT III may be

present and the lipolytic enzymas may disappear from the plasma

by renewed binding to heparan sulfate of the vascular endothe-

liuro. In agreement with this idea is the observation that partially

purified rat hepatic lipase and also a lipoprotein lipase derived

from rat adipose tissue bind avidly to isolated non-parenchymal

liver cells, probably endothelial cells, that had lost their lipase
20

content during the isolation procedure .
Interesting was the observation that the lipase activity dis-

appeared faster after administration of LA-heparin than after

HA-heparin although similar amounts were released. After injection

of LA-heparin, more free heparin may be available for elimination

than after administration of HA-heparin, because this heparin does

not interact with AT HI and consequently AT III does not compete

with lipolytic enzymes and possibly other proteins in binding

LA-heparin.
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CHAPTER V

ELIMINATION OF INTRAVENOUSLY ADMINISTERED RADIO! \BEL-

LED ANTITFROMBIN III-HEPARIN COMPLEXES IN HUMANS.
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ABSTRACT

Antithrombin III was purified from normal plasma by DEAE-
Sephadex chromatography and heparin affinity chromatography; the

125 125protein was subsequently radiolabelled with I. I-antithrombin
125III alone and I-antithrombin III in the presence of high affinity

S-heparin fractions were injected into normal humans. I-radio-
35label and protein bound S-radioactivity were followed separately.

125In semilogarithmic plots I-antithrombin III disappeared according

to a double exponential curve with a half-life in the second phase
of 56.8 hours in the absence of heparin and of 33.7 hours in the

35presence of heparin. Protein bound S-radioaciivity disappeared
125much faster than the I-radiolabel. These data support the

concept that heparin disappears as free heparin from the equili-

brium heparin-antithrombin III T̂ heparin + antithrombin III. Immu-

no-reactive antithrombin III decreased from 100% to 85-90% imme-
125diately after injection of I-antithrombin III in the presence of

heparin and returned to normal values within 30 min. This

suggests that antithrombin III is transiently sequestered, possibly

in trimolecular complexes consisting of antithrombin III, heparin

and either Upases or other vascular bound proteins.



INTRODUCTION

Administration of crude commercial heparin shortens the half-

life of antithrombin III in patients with deep venous thrombosis

from 2.83 towards 2.13 days . This may be explained if antithrom-

bin III-heparin complexes disappear more rapidly from plasma than

free antithrombin III. The rapid disappearance of the anticoagulant

activity of heparin representing the biological activity of the
2 3heparin-antithrombin HI complex tends to support this idea ' .

Direct observations of covalently linked heparin antithrombin III
4

complexes also show a shortened halflife . We have tried to shed
125light on this problem by studying the disappearance of I-anti-

35thrombin III and S-heparin when injected together.

METHODS

Normals

Seven males volunteered in the experiments after the nature,

purpose and possible risks of the study had been explained. The

age of the volunteers ranged from 28 to 42 years. The investiga-

tion was approved by the the Committee on Medical Ethics of our
125hospital. The risk of I uptake into the thyroid gland was

prevented by intravenous administration of 200 mg of sodium iodide
125before the injection of the I labelled preparation and by oral

administratio.. of Lugol's solution, 10 drops twice daily during the
125week after the injection of the I labelled preparation.

Purification of antithrombin III.

Freshly prepared citrated normal human plasma was the star-

ting material for isolation of antithrombin III. Blood was collected

into tubes containing one-sixth volume of acid-citrate-dextrose

anticoagulant (ACD) which contains 13.6 mg of citric acid, 25 g of

trisodium citrate 2 aq, and 20 g of dextrose, and centrifuged at

3000 g for 20 min at 22°C. The plasma obtained was then centri-

fuged again at 5000 g for 30 min at 4°C.
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Fresh frozen platelet-poor human plasma that had been stored

at -70° was also used as starting material for the isolation of

antithrombin III. Essentially identical results were obtained.

All purification steps were carried out by using plastic ware or

siliconized glass ware (Siliclad, Clay Adams Inc.) at 4°C except

for the initial dialysis of plasma, and the DEAE-Sephadex column

chromatography which were performed at 22°C.

Step 1: DEAE-Sephadex Chromatography. Plasma ( 100 ml) was

dialyzed at 22°C against the starting buffer (40 mM Tris, 10 mM

succinic acid, pH 8.3 containing 1 mM Na4 (EDTA, 50 ug/ml of

hexadimethrine bromide (Polybrene) 1 mM benzamidine/HCl (Al-

drich) and 0.02% NaN„) for chromatography on a 5 x 29 cm column

containing 20 g of DEAE-Sephadex A-50 (Pharmacia) as described

elsewhere for the purification of Factor XI . Antithrombin III

adhered to the resin and was eluted using a linear gradient formed

by 1.25 1 of the starting buffer in the proximal chamber and 1.25 1

of 0.3 M Tris, 0.12 M succinic acid, 0.3 M NaCl, 1 mM Na4 EDTA,

50 ug/ml of polybrene, 1 mM benzamidine/ HC1 and 0.02% NaN, pH

7.75 in the distal chamber at a flow rate of 150 ml/hour. Fractions

of 10 ml were collected into siliconized glass tubes (1.8 x 22 cm).

Rocket immunoelectrophoretie analysis for antithrombin III showed

that antithrombin III eluted between a buffer conductivity of 13.3

to 17.7 mmho. The fractions containing antithrombin III were

pooled for the second step.

Step 2: Heparin-Sepharose affinity chromatography. Heparin

sepharose was prepared by coupling 78,750 units of heparin (170

units/mg, Organon) to 15 g of Sepharose-CNBr according to the

manufacturers instructions. The heparin Sepharose was resus-

pended in the starting buffer (0.05 M Tris HC1, 0.15 M NaCl, pH

8.3) and poured into a siliconized glass column (1.5 x 50 cm) to

give a bed height of 33 cm. The column was washed with 2 bed

volumes of starting buffer before application of the pool of anti-

thrombin III from the DEAE-Sephadex column which had been

dialyzed for 24 h against the starting buffer. The column was then

washed with 2 bed volumes of starting buffer. Gradient elution was

effected with 100 ml of starting buffer in the proximal chamber and

100 mi of 0.05 M Tris HC1, 1.5 M NaCl, pH 8.3 in the distal
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chamber at a flow rate of 30 ml/hour. Rocket immunoelectrophoretic

analysis for antithrombin III of the fractions (10 ml) showed that

antithrombin III eluted between 27 to 70 mmho conductivity. The

purification steps and the yield for a typical preparation of human

antithrombin III are shown in Table I. Fractions containing anti-

thrombin III were pooled, and concentrated to a concentration of

0.5 mg of protein/ ml, and dialyzed against 0.05 M Tris HC1 0.15

M NaCl, pH 8.3.

Table 1

Purification of human antithrombin III

Volume Total protein Total units of Spec.act.units/mg Recovery

ml mg ATIlIRjAg protein I

Plasma 100 6400 99 99/6400 » 0.0155

DEAE-Sephadex 190 1900 80 80/1900 = 0.042 81

Hepann-Sepharose 40 16 72 72/16 = 4.5 72

Polyacrylamide Gel Electrophoresis.

Polyacrylamide gel electrophoresis in the presence of sodium

dodecyl sulfate (NaDodSO.) was carried out on 7.5% gels according

to the general method of Weber et al . Polyacrylamide gel electro-

phoresis was also performed in the absence of NaDodSO. on 7.5%

gels in Tris/diethylbarbituric acid pH 7.0. The gels were stained

for protein with Coomassie Blue.

Radiolabelling of antithrombin III.
125Antithrombin III was labelled with I using the method of

7
Marchalonis . Five mg of lactoperoxidase (Sigma) was coupled to 1
gr of Sepharose 4B-CNBr according to the manufacturers instruc-

tions. Before use Sepharose lactoperoxidase was washed 3 times

with 0.05 M Tris-HCl, 0.15 M NaCl pH 8.3. To 2 ml of a solution

containing antithrombin III (430 (ig /ml) was added 10 pi of KJ

(166 mg/1), 2.6 jil insolubilized lactoperoxidase (1.66 mg/ml) and 1
125lil of I (100 jiCi/ul, Radiochemical Centre, Amersham, England).
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Two \il of H„O2 (0.03%) was then added 5 times every 2 min. The

reaction mixture was incubated for one hour at room temperature

and centrifuged twice (10.000 g, 2 min, 20°C). The supernatant

was dialyzed for 48 hrs against 0.005 M Tris HC1, 0.15 M NaCl,
1 OC

pH 8.3 ( 3 x 1 1 ) . The specific radioactivity of I-antithrombin
1'5III was 0.12 piCi/ng protein. The amount of free " I estimated by

trichloroacetic acid precipitation was less than 1%.

35High affinity S-heparin fractions.

Heparin with high anticoagulant potency was prepared by anti-
thrombin III affinity chromatography as described previously .

35This high anticoagulant heparin was radiolabelled with S by the

Radiochemical Centre, Amersham, England. Labelled heparin was
subdivided by gelchromatography on AcA 44 ultrogel as described

o

before . Four heparin fractions High (H), Medium (M), Low (L)

and very low (VL) molecular weight (MW) were obtained with

average molecular weights of respectively 26.000, 13.000, 7.000

and 4.600.

Radioactivity counting.

I-radioactivity was counted in a gammacounter (Type

Trigamma 600, Baird, Atomic Inc. , Bedford, Mass,), Plasma
35S-radioactivity was counted in a liquid scintillation counter

35(Packard, type 2425). Plasma S-radioactivity data were used
35after corrections had been made for S-radioactivity not bound to

protein. This was achieved by passing the plasma samples through

a filter (Diaflo Ultra Filters, type PM10, Amicon, Lexington,
125 35

Mass.). The contribution of I-radioactivity to S-radioactivity
in the liquid scintillation counter was corrected for.

In vivo experiments.

Solutions of HA- S-heparin of HMW, MMW and LMW each

containing 4 mg/ ml, and of VLMW, containing 2 mg/ml were prepa-

red by appropriate dilution with distilled water. Aliquots of 200 ul
125of I- antithrombin III (64 ug of protein) were mixed with either

4.95 ml of HA-HMW-35S-heparin (19.8 mg), 4 ml of HA-MMW-35S- .
heparin (16 mg), 3,3 ml of HA-LMW- S-heparin (13.2 mg) or 4.65
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35

ml of HA-VLMW- S-heparin (9.3 mg). The mixtures were incuba-

ted for 15 min at room temperature. Three volumes of a human

albumin solution (GPO plasma substitute, Central Laboratory of the

Netherlands Red Cross Blood Transfusion Service) were added to

the mixture and these were then passed through a 0.22 or 0.45 u

Millipore filter. The addition of the human albumin solution re-

sulted in a complete recovery of radioactivities and of antithrombin

III activity. No antithrombin III antigen could be detected in the

human albumin solution using Laurell rocket immunoelectrophoresis
125 35

The sterilized mixtures of I- antithrombin III and HA- S-he-

parin were injected intravenously into volunteers.
125The same normals were injected four months later with I-

125

antithrombin III alone. For each experiment 6.4 \xg of I-anti-

thrombin III was sterilized by passing it through a 0.45 u Millipore

filter after the addition of 3 volumes of a human albumin solution.

Blood collection and storage.

Blood was collected from an indwelling cathether (Abbocath-T,

gauge 16, from Abbott Ireland Ltd, Sligo, Ireland), in a forearm

vein at 2, 3.5, 5, 10, 15, 30, 45, and 60 min after injection and

subsequently at 30 min intervals until 300 min after injection. The

next days blood samples were collected once or twice daily until 5

to 8.5 days after injection. After discarding the first ml, nine

parts of blood were drawn into one part of 0.129 M trisodium ci-

trate. Platelet poor plasma was obtained by centrifugation (3000 x

g, 15 min at 4°C) and stored at -70°C.

Antithrombin III assays.

Three different antithrombin III assays were used.

1. Antithrombin III:C (progressive anticoagulant activity ATIII:C)
Q

was assayed according to the method described by Yin .

2. Antithrombin III antigen. (ATIII R:Ag) was measured by

rocket immunoelectrophoresis. 10 ml of 1% agarose (Indubiose

A37 Genneviellers, France) solution in Tris barbital sodium

barbital buffer, containing 0.125 ml of rabbit anti-human

antithrombin III (Behringwerke Ag, Marburg, West Germany)

was used to prepare a gel layer with a thickness of 2 mm on a
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8 x 8 cm glass plate. Plasma aliquots were tested undiluted

and twofold diluted. 5 \il aliquots were applied. Reference

curves were made with four dilutions of a frozen normal plasma

pool of 40 donors. Electrophoresis was carried out at a field

strength of 30 V/cm during 4 to 5 hrs . Cooling was achieved

with running tapwater.

3. Antithrombin III heparin cofactor activity (AT III H:C) was

measured using a chromogenic substrate (S2222 Kabi,

Stockholm, Sweden). 50 ul of a normal plasma pool or of an

antithrombin III solution was mixed with 3.5 ml of 0.05 M Tris

HC1, 0.15 M NaCl, pH 8.3 containing an excess of heparin (3

U/ml). A 400 \xl aliquot was removed and incubated for 3 min

at 37°C. Then 0.2 ml of bovine Factor X (Sigma, St. Louis,

Miss.) was added. After 30 sec at 37°C, the remaining Factor

X was measured using S2222. 0.4 ml of an S2222 solution (2

mMol) was added and after 15 sec the initial velocity was

measured in a spectrofotometer at 405 nM. The initial velocities

were expressed in percentages of AT III H:C with the use of a

standard curve constructed by measuring the AT III H:C

activity of dilution of normal plasma in 0.05 M Tris HCL, 0.15

M NaCl, pH 8.3. When the AT III H:C activity was plotted

semilogarithmically against the dilution of normal a straight line

was obtained between 100% (undiluted plasma) and 12.5% (1:8

diluted plasma).

Heparin assay.

The heparin levels after infusion were followed using a factor
3

X clotting assay as described before . Separate standard curves

were constructed using the same heparin fraction as used for the

infusion. The heparin levels were expressed in ng/ml of plasma.

Cross-immunoelectrophoretic analysis of antithrombin III was

performed on 8 by 8 cm glass slides in a 2 mm agarose layer

(Indubiose A37, Genneviellers, France) in Tris barbital-so-

dium-barbital buffer. Circular (3 mm diameter) wells were cut out

and filled with 8 \i\ of sample. The electrophoresis in the first

dimension was run at a field strength of 30 V/cm of gel for 11 /2
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hour, with cooling by running tapwater. Conditions for electro-

phoresis in the second dimension into the agarose containing

antibody were identical to those for the rocket immunoelectro-

phoresis. In some experiments antithrombin III was electrophoresed

in the presence of heparin in the first dimension. In those expe-

riments the antithrombin III preparation was first incubated (10

min,37°C) in the presence of 0.48 ug of HA-MMW- S-heparin, and

crude heparin (16 U/ml, Organon, Oss, The Netherlands) was

added to the agarose solution used for the first dimension.

RESULTS

Antithrotnbin III purification, characterization and radiolabelling.

Antithrombin III was purified with a high yield in a simple two

step procedure, using ionic exchange chromatography, and heparin

affinity chromatography. Analysis by SDS-polyacrylamide gel elec-

trophoresis demonstrated a single protein band in the presence and

absence of reducing agents with an apparent mol.wt of 64.000

noes- reduced reduced

«O0OMW—

Figure 1: Antithrombin III (25 vg) was electrophoresed on SDS-po-
lyacrylamide gels in the presence and absence of reducing
agents A single protein band was demonstrated.
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(Fig . l ) . A specific activity of 4.5 units per mg of protein was

measured, implying that in normal plasma the concentration of

antithrombin III is 220 |jg/ml.

Antithrcmbin III was radiolabelled with " I using- insolubilized

lactoperoxidase. This method did not lead to a decrease in ATIII:C
125and ATIII H:C activities. I-antithiombin III showed a single

band on SDS gels in the presence and absence of reducing agents,

with a similar molecular weight as the unlabelled material. On

i
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Figure 2:A mixj^je of 40 \il of antithrombin III (900 pl/ml) and 10
pi of I-antithrombin III (140 ug/ml) was electrophore-
sed on polyacrylarr.ide gel. AT IIIR.-Ag (A), AT III H:C
(x) and radioactivity (•) were detected in the same
slices.

73



125polyacrylamide gel electrophoresis I-antithrombin III migrated

together with unlabelled antithrombin III. The gel was sliced, and
the radioactivity was counted in eacn slice. Subsequently each
slice was incubated with 200 \x\ of 0.05 M Tris HC1, 0.15 M NaCl,
pH 8.3 for 18 hrs at 20°C. ATIII H:C and AT IIIR: Ag were then
measured in the supernatant. The results (Fig. 2) show that

ATlIIR:Ag, ATIII H:C and the radioactivity were detected in the
125

same slices. Cross immunoelectrophoretic analysis of I-anti-

thrombin III in the presence of unlabelled antithrombin III showed

a single precipitin peak. An increase in mobility was observed

when heparin was included in the agr.rose layer of the first mi-

B

125Figure 3: Cross immunoelectrophoretic analysis of I-antithrombin
III (2.4 \ut) in the absence (A,B) and presence (C,D) of
KA-MMW- S-heparin (0.48 ug); B and D are autoradio-
grams of respectively A and C. Before elecirophoresis the
mixture of antithrombin III and HA-MMW- S-heparin was
incubated for 10 min at 37°C. The electrophoresis in the
first dimension of C was carried out in the presence of 16
U/ml of crude heparin in the agarose layer.
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gration direction. Autoradiography demonstrated only radioactivity

in the precipitin peaks and were observed in the presence and

absence of heparin (Fig.3).

Injection of I-antithrombin III alone and of I-antithrombin III

in the presence of HA- S-heparin fractions.
125

Seven normal individuals were injected with I-antithrombin
35III in the presence of S-heparin fractions. Of these seven indivi-

duals four were injected with HA-lVfRiW- S-heparin, and the

remaining' three were injected with either HA-HMW, HA-LMW, or
35

HA-VLMW- S heparin fractions. Immediately after injection almost
35all S-heparin was protein bound, but with time the amount of

35
S- radioactivity which passed a PM 10 filter increased from

0.7%-2.7% at 2 min to 38.7%-89% at 4 hours.

with

Four months later four of the seven individuals were injected

I-antithrombin III alone. In each experiment, the disap-125

125 35
pearance of I-antithrombin III and of protein bound S-heparin
was followed.

125A representative example of the disappearance of I-anti-
35

thrombin III in the absence and presence of HA-MMW- S-heparin
125

is shown in Fig.4. The I-radiolabel disappeared according to a

double exponential curve, when plotted semilogarithmically. In the

absence of heparin a half-life of the first phase of 7.9 ± 1.2 (mean

100-. •/.

125Figure 4: Disappearance of 64 pig of I-antithrombin III in3 the
presence (•) and absence (o) of 16 mg of HA-MMW- S-
heparin.
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+ SEM) hours and of the second phase of 56.8 ± 4.5 hours was
calculated. When heparin had been administered simultaneously a
half-life, of 3.1 ± 0.4 hours was found for the first phase
(0.02 < p < 0.05) and of 33.7 ± 4.9 hours for the second phase

(0.02 < p < 0.05).
35The disappearance of protein bound S-radioactivity was

125always much faster than the disappearance of I-antithrombin III

regardless of the molecular weight of the heparin component. Fig.
5 shows a representative example of the rapid disappearance of the

35protein bound S-radioactivity.

*/. 100-
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90

80 ]

* — 9 — ï— .2.JL

\
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i . . . • •» • • • • • • •

i f AT IE R Ag

0 1 2 3 4
hours

35Figure 5: Disappearance of protein bound S radioactivity (AX
anti-Xa activity (A) after injection of 64 ug of I-
antithrombin III in the presence of 16 mg of HA-MMW-

S-heparin. Protein bound S radioactivity and anti-Xa
activity disappear much faster than I-radioactivity.
Protein bound S radioactivity and anti-Xa actiyüy dis-
appear at equal rates. The disappearance of I-anti-
thrombin III in the presence of heparin (•) is slightly
faster than in the absence of heparin (c). Note the
differing magnitudes of time on the x-axis of figs. 4.$nd
5. AT IIIR:Ag valued-decrease after injection of I-
antithrombin III and S-heparin to 85-90% of the pre-
injection level and return to preinjection levels at 30-60
min after injection.

Measurement of the heparin levels using a Factor X clotting
assay indicated a parallel decrease of the heparin activity and the

35protein bound S-heparin levels (Fig.5). This indicates that most
of the heparin molecules remain bound to antithrombin III, except

35at later times after the injection when the amount of S-heparin

that passes a PM 10 filter increases.

76



ATIII R:Ag values decreased immediately after injection of
125 35

I- antithrombin III together with HA- S-heparin fractions to

85-90% of the preinjection level (Fig.5 inset) . The level returned to

normal at 30-60 min after injection.

DISCUSSION

Heparin anticoagulant activity is generally accepted to be

carried by antithrombin III-heparin complexes. To investigate

whether heparin anticoagulant activity disappears in vivo by

clearance of the antithrombin III-heparin complex in toto or by

continuous removal of free heparin from the equilibrium anti-

thrombin Ill-hepitrin ^ antithrombin III + heparin we injected a

mixture of radiolabelled antithrombin III and high affinity radio-

labelled heparin fractions into normal individuals and followed the

disappearance of bcth radiolabels separately. Antithrombin III was

purified using a simple two step procedure and the protein had
125

been radiolabelled with I without loss of its activities. The

radiolabelled antithrombin III could not be distinguished from

unlabelled antithrombin III using polyacrylamide gel electrophoresis

and crossed-immunoelectrophoresis in the presence and absence of

heparin.

The high affinity heparin preparations utilized in this study

were obtained using affinity chromatography of crude commercial

heparin or insolubilized antithrombin III-Sepharose columns. The
35

high affinity heparin fraction was radiolabelled with S and then

subdivided using molecular sieving columns into 4 fractions with

average molecular weights of each 26.000, 13.000, 7.000 and 4.600

daltons. Each of th^se heparin fractions was mixed with purified
125

I-antithrombin III in a ratio of 100:1 and injected into normal
35volunteers. After injection protein bound S-heparin disappeared

125
always faster than I-antithrombin III, indicating that simple
removal of intact antithrombin III-heparin complexes does not

occur. The dissimilar disappearance patterns may suggest that

antithrombin III-heparin complexes dissociate after injection. If so, .

we have to postulate that these free heparin molecules redistribute
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over the unlabelled antithrombin III present in plasma and remain

bound to this protein, since the disappearance of heparin anticoa-

gulant activity measured in the anti-X assay correlated well with
35 3

that of the protein bound S-radiolabel . The faster disappea-
35 125

ranee of protein bound S compared with I can be explained

by assuming that free heparin is removed from the equilibrium

antithrombin III-heparin zz antithrombin III + heparin, which is in
-7 10agreement with a reported dissociation constant of 10 . Ceus-

4
termans et al also favoured this concept based on experiments in
rabbits in which the elimination of heparin anticoagulant activity
and radioactivity was retarded after injection of chemically modified
35

S-heparin covalently linked to antithrombin III in comparison

with non-covalently linked complexes.

It is likely that free heparin is metabolized. Desulfated heparin

products have been demonstrated during heparin elimination . In
35accordance with this filtrable S-radioactivity increased with time

in our study, presumably reflecting sulfate ions or partially de-

sulfated heparin unable to bind to antithrombin III and other

plasma proteins.

The initial rapid disappearance of the heparin-anticoagulant

activity may well be caused by temporary removal of the antithrom-

bin JII-heparin complex in toto. Binding of heparin to v ^ c u l a r
12 13

endothelium has been demonstrated before ' and heparin bin-

ding to lipase exposed at the plasma-endothelial interphase is
14

required to release lipolytic enzymes . In earlier studies we found
a rapid initial disappearance of both heparin anticoagulant activity

35 15

and protein bound S-heparin . In this study we found a drop

in antithrombin III antigen levels which returned to preinfusion

levels within 30 min. This indicates that antithrombin III is t ran-

siently sequestered and may suggest that trimolecular complexes

are formed consisting of antithrombin III, heparin, and either

lipolytic enzymes or other vascular bound proteins or glyco-

saminoglycans. The rapid return of antithrombin III antigen to

normal values indicates that this sequestration is only a transient

event. Low molecular weight heparin molecules however, fail to

release lipolytic enzymes , but also induced a rapid transient

drop in antithrombin III antigen levels. This seems to contradict
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our hypothesis, but the possibility cannot be excluded that these

heparin molecules bind to the endothelial surface without inducing

a relase of upases.
125

I-antithrombin III injected in the presence of heparin ap-
125

peared to be eliminated slightly faster than "native" I-anti-

thrombin III. This suggests that an altered antithrombin III is left

after dissociation of the antithrombin III-heparin complex. These

antithrombin III molecules may fail to refold into their native

conformation, which may result in a faster disappearance of dis-

sociated antithrombin III compared to native antithrombin III.

Unaltered antithrombin III production rates during heparin therapy

will therefore result in decreased plasma antithrombin III levels,
1 ft

which have indeed been observed in clinical situations .
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CHAPTER VI

GENERAL DISCUSSION

The frequency of death, recurrent thrombo-embolism and bleeding

has varied greatly in the reports of heparin treatment of patients

with thrombo-embolic disease (1-17). There is no agreement

whether heparin should be administered continuously or inter-

mittently, either with or without laboratory control (11,15-17).

Recurrence rates have been cited to vary between 2-20% (3,4,

11,15). Basu (11) observed five recurrences among 162 treated

patients. Those patients who developed recurrence had a mean

APTT of 49 seconds (desired range 60-100 seconds) compared with

a mean value of 66 seconds in patients without recurrence,

although similar doses of continuously infused heparin were given.

This study has been criticized (18) because the diagnosis of

venous thrombosis was made on purely clinical grounds, which are

well known to be unreliable. Yet, these data suggest an association

between recurrence and deficient, antieoagulation. Salzman et al

(15) observed no relationship between recurrence and APTT, but

they mentioned only the most recent APTT determination before

recurrence and not the previous ones.

Bleeding rates during heparin therapy have been reported to

vary between 1-43% (1-17). Risk factors contributing to this high

frequency (15) were recent surgery, duration of therapy, age,

female sex, thrombocytopenia, uraemia, history of a bleeding ten-

dency, intramuscular injection and concurrent administration cf

platelet suppressive drugs, Surprisingly, most authors (9-11)

found a poor relationship between bleeding complications and the

degree of anticoagulation. Salzman et al (15) however, noted

excessive prolongation of the APTT in half of their patients who

had major bleeding. These investigators defined an optimal APTT

as a value between 50 and 80 seccnds, but failed to attain this

range in about half of the determinations. This did not directly

reflect the time that anticoagulation was insufficient because blood

tests were obtained less often when the dosage was stabilized in
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the desired range than early in treatment when frequent adjust-

ments in dosage were made. There is no doubt, however, that

rapid and effective adjustments, based on sound knowledge of

heparin kinetics will be of value during heparin therapy in order

to avoid recurrence and bleeding. Such a statement should, how-

ever, be properly tested in a controlled prospective trial.

It is likely that recurrences may be prevented, but bleeding

complications may appear unavoidable despite these efforts. Per-

haps less bleeding may be expected from the use of heparin frac-

tions with high affinity for ATIII. This has been suggested by

Ockelford (19) who demonstrated in a rabbit model that less

bleeding occurred with heparin that contained 55% low affinity

molecules than with hsparin containing 87% low affinity material,

when both preparations were administered in such doses that

provided equivalent anticoagulant effects. He tentatively explained

the fact that low affinity heparin caused more bleeding by

assuming that this material interfered with platelet function (20).

Low molecular weight fractions of high affinity heparin may be

even more promising than 'crude' high affinity material when the

aim is reduction of bleeding, since these low molecular weight

fractions fail to inactivate thrombin, but inhibit factor Xa very

efficiently. An additional advantage of this fraction may be its

failure to release lipolytic enzymes, so that high levels of free

fatty acids are avoided. Such a preparation could be of value for

treatment of thrombo-embolism during myocardial infarction because

high levels of free fatty acids have been incriminated to produce

ventricular arrythmias after acute coronary artery occlusion (21)

and have been shown to decrease the pump function of the

ischemic dog heart (22). Low molecular weight preparations, pre-

ferably with high affinity for AT III may also be applicable in

those instances where the use of crude commercial heparin has led

to thrombocytopenia. They may also have a place in the

management of diffuse intravascular coagulation in patients with

septicaemia, eclampsia and promyelocytic leukaemia. Obviously,

they may eventually supersede ordinary Iieparin in the prophylaxis

of thrombo-embolism. Industrial, large-scale production of these

refined heparin fractions will undoubtedly raise the costs when

82



compared with the price of crude heparin. Cost-benefit studies will

be required to determine the feasibility of their use.

Synthetic building of the smallest possible heparin fragment

with anticoagulant activity still requires many enzymatic steps on

precursor monosaccharides. If possible at all, such molecules will

not be available soon but may only be expected in a remote future.

Perhaps more can therefore be expected from synthetic heparin

analogues, some of .;hich have already been investigated (23-25).

Remarkably few reports have been addressed to clincial appli-

cations of the lipolytic effects of heparin. Probably, investigators

have feared the attendant risks of hemorrhage. If so, heparin

fractions without affinity for AT III can now be used for such

studies, because these preparations have been shown to retain

their capacity to release Upases (26,27).

Zilversmit (28) has proposed the hypothesis of a possible

atherogenic effect of the lipop:otein lipase reaction. He argued

that the lipolytic process at the intimal surface may bind choles-

terol-rich degradation products of chylomicrons and VLDL long

enough to allow their incorporation into the arterial intima by

pinocytosis, free diffusion or another presently undefined me-

chanism. In addition, fatty acids are, at the pH of plasma, pri-

marily present in the form of soaps which solubilize and disperse

crystalline cholesterol and can disrupt cell membranes so that

transport of cholesterol and lipoproteins into the intima is faci-

litated. A treatment such as the administration of low affinity

heparin that releases arterial Upases into the blood would then be

rational, because degraded fragments of triglycaride-rich lipo-

proteins are now formed away from the potential site of athero-

genesis. Several investigations have indeed provided evidence that

heparin administration can retard lipid deposition in some animal

arteries (29-31) while others failed to do so (32,33). Possibly,

heparin schedules may be determined that minimize replacement by

newly synthesized lipoprotein lipase.
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SUMMARY

After intravenous injection of heparin anticoagulant and lipoly-

tic activities appear in blood. In this thesis studies are described

on the disappearance of these biological activities induced in

humans by crude and more refined heparin preparations.

Introductory remarks on heparin therapy are made in chapter

I. In a review-article (chapter II) an attempt has been made to

provide some information on heparin: its biosynthesis,

polydispersity, modes of action, structure-function relationships,

standardization, laboratory control, kinetics, metabolism and

clinical applications.

The anticoagulant property of heparin is widely used to treat

and to prevent thrombo-embolic disease. Safe administration of

heparin requires knowledge of the kinetics of its anticoagulant ef-

fect. Shortly before we started the studies described in this thesis

new tests had been developed that allowed more accurate

observation of the kinetics of heparin's anticoagulant effect. The

aim of the present studies was to apply these tests (APTT and an

assay based on anti-factor Xa activity) in order to gain more

insight in the kinetics of heparin anticoagulant activity and thus to

improve heparin treatment of thrombo-embolic disease.

As shown in chapter III heparin anticoagulant activity disap-

pears after intravenous injection of crude heparin according to a

slightly convex curve in a semilogarithmic plot. An initial phase of

rapid clearance mostly preceded the convex curve. Such curves

were observed after administration of five commercial heparin pre-

parations. The convexity in the curves could explain dose-depen-

dent kinetics previously recognized by other authors. The

relationships between APTT and anti-Xa values were not linear but

could be described by a convex curve above 2.0 U/ml and a linear

part with a slope of 1.45 below 2.0 U/ml in a plot with anti-Xa

values as a function of APTT activities. Continuous infusion

experiments confirmed this non-linear type of elimination and

suggested a model based on the combination of a saturable and a

linear clearance mechanism. The experimental findings led us to

advocate an initial heparin bolus injection of 2,500 U as a priming
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dose followed by a continuous infusion of 40,000 U/24 hr. The

first heparin determination should be performed after four hours.

A plateau level is then nearly reached and adjustments can be

based on this heparin value, since in most patients this value is in

the part of the curve in which the first-order removal mechanism

is operative.

Separation of crude heparin by AT III affinity chromatography

into high and low anticoagulant fractions and subsequent

subdivision of high anticoagulant material into fractions of various

molecular weight offered the opportunity to investigate the kinetics

of anticoagulant and lipase activities of all these fractions. APTT

and anti- Xa disappeararoe curves were similar to those of crude

heparin after injection of all high anticoagulant material with the

exception of the lowest molecular weight fractions (chapter IV).

This fraction had only anti-Xa activity which disappeared

according to a continuously concave curve in a semilogarithmic

plot. The small molecules also failed to release lipases. Apparently

lipoprotein lipase and hepatic lipase were only released by heparin

molecules of sufficient chain length. The two iipase activities

disappeared in parallel according to a convex curve in a

semilogarithmic plot. Since the fractions subdivided by molecular
35weight were radiolabelled with S the relationship between

disappearance of radioactivity and biological activities could be

studied. Elimination rates of anti-Xa activity, lipase activities and
35

protein bound S-radioactivity appeared similar.
125

As shown in chapter V purified I-labelled AT III was
35incubated with part of the above mentioned S-labelied heparin

fractions before injection in order to study the disappearance of
125

both radiolabels simultaneously. Four months later I-AT III
125

alone was followed in the same individuals. The I-radiolabel
35disappeared much slower than protein-bound S-radioactivity. In

125
a semilogarithmic plot I-radioactivity disappeared according to a

double exponential curve with a half-life in the second phase of

33.7 hours in the presence of heparin and 56.8 hours in the

absence of heparin. These results indicate that simple removal of

heparin-AT III complexes in toto does not occur and it supports

38



the concept that heparin anticoagulant activity disappears as free

heparin from the equilibrium heparin- AT III zr heparin + AT III.
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SAMENVATTING

Na intraveneuze toediening van heparine verschijnen er in
bloed antistollings- en lipolytische activiteiten. In dit proefschrift
wordt een onderzoek beschreven naar de verdwijning van deze
biologische activiteiten, geinduceerd bij de mens door intraveneuze
injectie van ongezuiverde en gezuiverde heparine preparaten.

In de inleiding (hoofdstuk I) worden enkele opmerkingen
gemaakt over heparine therapie. In een overzichtsartikel (hoofd-
stuk II) wordt enige informatie gegeven over heparine: over
biosynthese, polydispersiteit, werkingsmechanisme, structuur-func-
tie relatie's, standaardisatie, laboratoriumcontrole, kinetiek,
metabolisme en klinische toepassingen.

Bij de behandeling en preventie van thrombo-embolieën wordt
vaak gebruik gemaakt van de antistollingseigenschap van heparine.
Kennis van de kinetiek van het antistollingseffect is vereist om
heparine veilig te kunnen toedienen. Kort voordat we het onder-
zoek begonnen dat in dit proefschrift beschreven is, waren nieuwe
bepalingsmethoden ontwikkeld, waardoor de kinetiek van heparine's
antistollingseffect nauwkeuriger bestudeerd kon worden. Het
onderzoek beoogde met behulp van deze bepalingsmethoden (APTT
en anti-Xa test) meer inzicht te krijgen in de kinetiek van hepa-
rine antistollingsactiviteit en op deze manier de heparinebehande-
ling van patiënten met thrombo-embolieën te kunnen verbeteren.

Heparine antistollingsactiviteit verdween na intraveneuze in-
jectie van ongezuiverd heparine volgens een licht convexe curve,
wanneer de waarden logarithmisch tegen de tijd uitgezet werden
(hoofdstuk III). Meestal werd er een initiële fase met snelle klaring
gezien kort voordat de convexe curve begon. Dergelijke curves
werden verkregen na toediening van vijf commerciële heparine
preparaten. Door de convexiteit in de curves kon een verklaring
gegeven worden voor dosis afhankelijke kinetiek zoals die door
vroegere auteurs beschreven was. De relatie tussen APTT en
anti-Xa waarden bleek niet lineair, maar kon weergegeven worden
door een convexe curve boven 2.0 U/ml en een lineair gedeelte met
een helling van 1.45 onder 2.0 U/ml als de anti-Xa waarden als
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functie van de APTT activiteit uitgezet waren. Continue infusies

met heparine bevestigden dat de eliminatie niet-exponentieel was en

de verkregen gegevens suggereerden een model gebaseerd op een

combinatie van een verzadigbaar en een exponentieel klaringsme-

chanisme. Op grond hiervan adviseren wij, wanneer behandeling met

heparine begonnen wordt, te starten met een enkelvoudige injectie

van 2,500 U gevolgd door een continue infusie met 40,000 U/24

uur. De eerste heparinebepaling kan het beste gedaan worden na

vier uur. Een heparine plateau is dan bijna bereikt. De dosering

kan aangepast worden op grond van deze waarde omdat deze zich

bij de meeste patiënten in dat deel van de curve bevindt waar het

exponentiële verdwijningsmechanisme werkzaam is.

On gezuiverd heparine kon door AT III affiniteits-chromatogra-

fie gescheiden worden in fractie's met grote en geringe antistol-

lingsacüviteit. Een verdere opsplitsing van het materiaal met hoge

antistollin gsacti viteit in fractie's met uiteenlopend molecuulgewicht

bood de mogelijkheid om de kinetiek van antistollings- en lipase

activiteiten van al deze fractie's te onderzoeken. APTT en anti-Xa

verdwijningscurves bleken gelijk aan die van ongezuiverd heparine

na toediening van alle fractie's met hoge antistollin gsacti viteit met

uitzondering van de fractie met het laagste molecuulgewicht (hoofd-

stuk IV). Deze fractie bezat slechts anti-Xa activiteit, die ver-

dween volgens een continue concave curve. De kleine heparine

moleculen van deze fractie waren niet in staat lipase activiteit te

doen verschijnen. Dit was slechts mogelijk door injectie van hepa-

rine moleculen met voldoende ketenlengte. De lipoproteine lipase en

hepatische lipase activiteiten, die werden gevolgd, verdwenen

parallel volgens een convexe curve. Door de introductie van een
35

S-radiolabel in de fracties met verschillend molecuulgewicht kon

de relatie tussen de verdwijning van radioactiviteit en biologische

activiteit bestudeerd worden. Hierbij bleek dat de eliminatiesnel-

heden van anti-Xa activiteit, lipase activiteiten en eiwitgebonden
35S-radioactiviteit gelijk waren.

125
Gezuiverd I-gemerkt ATIII werd geincubeerd met een deel

35
van de bovengenoemde met S gemerkte heparine fracties om de

verdwijning van beide radiolabels gelijktijdig te kunnen bestuderen

(hoofdstuk V). Vier maanden later werd I-AT III bij dezelfde
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125proefpersonen ingespoten en gevolgd. De I-radiolabel verdween
35veel langzamer dan de eiwitgebonden S-radioactiviteit. De

125
I-radioactiviteit verdween volgens een bifasische exponentiële

curve met een halfwaarde tijd in de tweede fase van 33.7 uur in
aanwezigheid van heparine en van 56.8 uur in afwezigheid van
heparine. Deze resultaten geven aan dat eenvoudige verwijdering
van intacte heparine-AT III complexen niet optreedt, maar geven
steun aan het concept dat heparine antistoUingsactiviteit als vrij
heparine verdwijnt vanuit het evenwicht heparine-AT III Zt hepa-
rine + AT III.
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