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ABSTRACT

An animal model has been developed in which the pharmacokinetics
and the pharmacodynamics of warfarin and its enantiomers have been
investigated and compared. Using mathematical models, which have
been shown to be suitable for the investigation of warfarin over a
ten-fold dose range, the relative contributions of the pharmacokin-
etics and the pharmacodynamics to the overall pharmacological effect
of this coumarin anticoagulant and its enantiomers were determined,
after single intravenous doses, in the rabbit.

This method of pharmacological analysis, has been employed to
distinguish between the pharmacokinetics and the pharmacodynamics of
warfarin in patients before and after effective treatment of thyro-
toxicosis. There was no significant difference in the pharmacokin-
etics of a single oral dose of warfarin between the thyrotoxic and
euthyroid state. However, plasma concentration of warfarin-response
(% of maximum rate of clotting factor synthesis) curves illustrated
an apparent increase in receptor sensitivity to warfarin in the hyper-
metabolic state. This has been attributed to increased protein
(clotting factor) turnover.

An investigation of the interaction between warfarin and cimeti-
dine revealed a significant decrease in the plasma clearance of R(+)
warfarin but no change in that for S(-) warfarin. This stereoselec-
tive interaction has been attributed to regioselective inhibition of

6-hydroxylation of warfarin.

Plasma concentrations of racemic and S(-) warfarin were shown to
be no better than daily dose of warfarin as predictors of the pharma-
cological effect of warfarin. Furthermore, the accumulation of vita-
min K1 2,3-epoxide in plasma following a pharmacological dose of vita-
min K1, proved to be a poor quantitative marker of warfarin effect in
patients. Nevertheless, plasma concentration of vitamin K1 2,3-
epoxide has been shown to be a useful qualitative marker of the pharma-
cological effect of warfarin in controlled volunteer studies. The
production of plasma warfarin concentration-response (accumulation of
vitamin K1 2,3-epoxide) curves demonstrated a greater sensitivity of
plasma vitamin K, 2,3-epoxide when compared to the prothrombin time

assay. This illustrated its usefulness in the detection of indust-
rial exposure to brodifacoum and difenacoum.

The potent coumarin anticoagulant, brodifacoum, has been shown to
have the ability to deplete both physiological plasma and hepatic con-
centrations of vitamin K1, but to have no effect on the B-phase and the
previously undefined y-phase of vitamin K1 elimination in the rabbit.

A lack of simple equilibration between hepatic and plasma concentrations
of vitamin K1 following a pharmacological dose of the vitamin has been
demonstrated. Thus, the rat was developed as an animal model with
which to investigate hepatic concentration of vitamin K1 in relation to
pharmacological effect. The hepatic concentration of vitamin K1 re-
quired to drive clotting factor synthesis in the anticoagulated rat was
shown to be approximately 100 times greater than that present under

normal circumstances.
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2,3,4-tetrahydro-1-naphthalenyl)-4-

hydroxy-2H-1-benzopyran-2-one.
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1.1 The History of Vitamin K and 4-hydroxycoumarin Anticoagulants

Warfarin is the mainstay of oral anticoagulant therapy in this

country. It exerts 1its pharmacological effect by antagonism of vita-

min K, the essential co-factor for clotting factor synthesis. By a

remarkable coincidence, the discovery of these two compounds occurred

almost simultaneously but independently in the 19203 and 1930s.

In 1929, Dam described the occurrence of a bleeding condition
in chicks maintained on a diet deficient in ether soluble components.
Two independent groups determined that the haemorrhagic disease could
be prevented by the addition of certain extracts to the diet (Almquist
and Stokstad, 1935; Dam, 1935). These workers determined that the
preventative factor was present in the fat soluble fraction of a con-
centrated alfalfa meal extract, but was not identical to any of the
known fat soluble vitamins. However, Dam was the first to report the
existence of the "Koagulations Vitamin" as he described vitamin K. At
the same time, Schonheyder (1935) discovered that the vitamin controlled

prothrombin concentrations in blood, but that the vitamin itself had no

prothrombin like activity.

Vitamin K was found in green leafy plants especially alfalfa
(Almquist, 1975), bacteria (McKee et al., 1939) and in the faeces of
vitamin K deficient chicks (Clark et al., 1939). In 1939, vitamin K,
(Figure 1.1) was isolated, identified and synthesised in four differ-
ent laboratories (Almquist and Klose 1939; Binkley et al., 1939;
Dam et al., 1939; Fieser, 1939). In 1944, Dam and Doisey shared the

Nobel Prize for their contribution to this work.

During the early 1920s throughout the USA and Canada, an often

fatal haemorrhagic disease of cattle existed. A veterinary surgeon



FIGURE 1.1 Chemical structures of vitamin K1, dicoumarol and
warfarin.
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named Schofield (1922) reported that the bleeding disorder was due to
the ingestion of spoiled sweet clover hay. By stopping the clover
feeds, and transfusing blood from normal cattle, the condition was seen
to be reversed (Schofield, 1924). Some years later, an extremely low
prothrombin concentration was demonstrated in animals suffering from

this "Sweet Clover Disease" (Roderick, 1931).

By 1941, Link and co-workers had isolated the agent in spoiled
sweet clover responsible for the bleeding disorder. This was dicou-
marol (3, 3' - methylenebis 4-hydroxycoumarin; Figure 1.1) and its
hypoprothrombinaemic effect was shown to be successfully alleviated
by the administration of a large dose of vitamin K extracted from

alfalfa (Link, 1945). Thus dicoumarol was shown to be a vitamin K

antagonist.

On this evidence, dicoumarol was hailed a likely antithrombotic
agent and by 1941, the first clinical trials had begun (Bingham et al.).
The results were promising, and it was suggested that dicoumarol could
take over from heparin in the treatment of thrombo-embolic disorders.
This prompted a great deal of research on a large number of dicoumarol

derivatives (Lehmann, 1943; Overman et al., 1945).

One such compound was warfarin (Figure 1.1), and in 1948 Link
suggested its use as a rodenticide, since it had been demonstrated to
be a particularly effective anticoagulant in the rat. Warfarin
quickly became the most successful rodenticide ever produced. However,
by the early 1960s the existence of warfarin resistant rats questioned

its continued use.

The first reported case of human ingestion of warfarin was in a

suicide attempt in 1952 (Holmes and Love). Nevertheless, by the mid

19508 warfarin had superseded dicoumarol in oral anticoagulant therapy,



and has continued to be the most popular coumarin anticoagulant in

this country up to the present time.

Throughout the years of clinical use of warfarin, many improve-

ments have been made regarding treatment with this compound. Never-

theless, anticoagulant therapy with warfarin is still far from perfect.

To improve further the clinical use of warfarin, it is necessary

to consider the pharmacology of vitamin K, and warfarin, and also to

1

determine the effect of these two compounds on the blood coagulation

mechanisnms.



1.2 The Pharmacology of Vitamin K

The K group of vitamins is comprised of two major chemical forms,

both fat soluble and both widely distributed in nature.

A. Vitamin K1 (phylloquinone, 2-methyl-3-phytyl~1,4~naphthoquinone).

This was initially isolated from the photosynthetic regions of higher
plants and has a phytyl (20 carbon) side chain made up of four isoprene
units linked together (Figure 1.2). Vitamin K1 is administered as an
antidote to patients who have become over anticoagulated on coumarin
anticoagulant therapy, and to alleviate haemorrhagic disease in the
newborn. In addition, this form of the vitamin is very effective in
restoring clotting factor synthesis in chronically anticoagulated
rabbits (Park and Leck, 1982).

B. Vitamin K2

This consists of a series of compounds called the menagquinones which
are produced solely by microorganisms (Pennock, 1966). Vitamin K2 is
produced by gut bacteria in man and animals. The side chain in the
K2 vitamins is of variable length, and gives rise to a number of com-
pounds known as the MK-series (Figure 1.2). The number of 1isoprene

units varies from 1 to 13, although only 4 to 13 are produced naturally

The high molecular weight forms of vitamin K, are the storage forms of

2

vitamin K1 in man (Duello and Matschiner, 1972) and animals (Duello and

Matschiner, 1971). MK-T7 is especially prevalent as a storage form in

martl.

Figure 1.2 illustrates the structure of menadione. This syn-
thetic form of the vitamin has no side chain and has relatively little

biological activity. Nevertheless, the water soluble phosphate form



FIGURE 1.2 Chemical structures of vitamin K1, vitamin K2 and
vitamin K3.
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of this compound 1is administered for prophylaxis of neonatal haemor-

rhage. Menadione is inactive in the anticoagulated rabbit (Hart et

al., 1984).

1.2.17 The Pharmacokinetics of Vitamin K

Vitamin K1 and vitamin K2 are absorbed by different mechanisms

and in different areas of the gastrointestinal tract. Vitamin K1 is
absorbed from the small intestine by an energy dependent process which
shows saturation kinetics (Hollander, 1973; Hollander et al., 1977).
The menaquinones are synthesised by bacteria in the terminal ileum and
large intestine, and are thought to be absorbed by passive diffusion

in the large intestine (Hollander et al., 1976; Hollander et al., 1977).

It is uncertain whether vitamin K1 from the diet, or vitamin K2

from bacterial synthesis is the predominant form of vitamin K absorbed

in vivo. Whatever the source, the minimum daily requirement of vita-

1

min K is low and has been calculated to be 1 pug kg (Frick et al.,

1967; Barkhan and Shearer, 1977).

As a consequence of the marked inter-individual variation in the
availability of vitamin K observed in man following oral administration
(Park et al., 1984), it is preferable to administer vitamin K intraven-

ously in experimental situations.

Following the intravenous administration of vitamin K, to man,

1

plasma concentrations of the vitamin decline bi-exponentially with an
initial half-1life of approximately 0.5h, followed by a terminal half-

life of 1 to 2h (Shearer et al., 1972; Bjornsson et al., 1979; Park

et al., 1984). A very similar plasma profile for vitamin K1 has been

demonstrated in the rabbit (Park et al., 1979: Park et al., 1980).



The major route of excretion of vitamin K1 in man appears to be

the biliary system, although urinary excretion contributes a signifi-
cant amount to the excretion of the vitamin (Shearer et al., 1972).

Two major metabolites of vitamin K,, in which the phytyl side chain

1!
is shortened to either 5 or 7 carbon units, have been identified in
urine after both oral and intravenous administration of the vitamin

(Shearer and Barkhan, 1973). Both the urinary and the biliary meta-

bolites are conjugated with glucuronic acid.

1.2.2 The Pharmacodynamics of Vitamin K
The Mechanisms of Blood Coagulation

Blood coagulation involves a series of enzymic conversions of

serine protease zymogens to active serine proteases called clotting
factors. Roman numerals are used for the nomenclature of these

factors and the letter 'a' following a Roman numeral indicates an

activated factor.

In the study of coagulation mechanisms, three pathways are
distinguished, the intrinsic, the extrinsic and the common pathways.
This distinction is of value to researchers but is artificial and
there is no clear demarcation between the systems in physiological

events.

The Intrinsic Pathway

Contact with a foreign surface is the initiating stimulus for

the intrinsic pathway. A diagrammatic representation of this pathway

is illustrated in Figure 1.3.

On contact with a surface, factor XII undergoes a confirmational

change to acquire enzymic activity. Factor XIIa subsequently converts
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FIGURE 1.3  The Intrinsic Pathway of Blood Coagulation
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some prekallikrein to kallikrein, which in turn rapidly activates more
factor XII by a positive feedback mechanism (Cochrane et al., 1973) and
thus amplifies the effect of surface contact. The rapid activation of
factor XII involves the proteolytic cleavage of factor XII to yield
fragment E (Revak and Cochrane, 1976). Fragment E in the presence of
an essential co-factor called Fitzgerald Factor (Kininogen II), leads
to the calcium independent activation of factor XI (Saito et al., 1975).
Factor IXa is responsible for the conversion of factor IX to factor IXa.
This is a calcium dependent process (Kato et al., 1974). Factor IXa
then activates factor X, in a reaction which requires phospholipid,
calcium and factor VIII. Factor VIII has no énzymic activity, but

functions as a catalyst enhancing the rate of factor X activation.

The Extrinsic Pathway

This pathway is initiated by blood coming into contact with
thromboplastin which is released when tissue is damaged. A diagram-

matic representation of this pathway is illustrated in Figure 1.4,

In the presence of the lipoprotein complex, thromboplastin and

calcium, factor VII is activated. A complex of factor VIla with

thromboplastin is required for the activation of X.

The Common Pathway

The intrinsic and the extrinsic pathways of blood coagulation
converge with the activation of factor X. The common pathway is
illustrated in Figure 1.5, and is the sequence of events following

factor X activation which lead to the formation of the fibrin clot.

A complex, which requires calcium and phospholipid for its

activation, 1s formed between activated factor X and factor V. In
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FIGURE 1.4 The Extrinsic Pathway of Blood Coagulation.
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FIGURE 1.5 The Common Pathway of Blood Coagulation.
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the presence of this complex, prothrombin (factor II) is cleaved to
yield thrombin and an inert fragment. Thrombin is a serine protease
which interacts with fibrinogen to form fibrin monomers. The fibrin
monomers polymerise end to end to form fibrils and side to side to
make coarser fibres. The initial fibrin polymer constitutes a soft
clot which is readily dissolved if the process proceeds no further.
However, factor XIII, the fibrin stabilizing factor catalyses the
formation of stronger cross-links between the monomer units. Thus
the fibrin clot becomes insoluble and resistant to proteolytic degra-

dation.

The blood coagulation system provides a biochemical amplifica-

tion of the initial stimulus through a cascade of six sequential,

enzymatically catalysed steps. If it is assumed that there 1is a

ten fold amplification factor at each stage, the amplification factor

for the whole process is one million.

The Role of Vitamin K in Blood Coagulation

Shortly after its discovery and characterization, the deficiency
of vitamin K was shown to be associated with a marked decrease in the
activity of clotting factors II, VII, IX and X (Warner et al., 1938);

Owen, 1947) but the role of the vitamin was not defined.

A breakthrough came in 1963, when Hemker et al., postulated that
blood from patients receiving oral anticoagulant therapy contained a
mixture of normal and abnormal prothrombin. The abnormal prothrombin
was termed Protein Induced by Vitamin K Antagonists (or Absence) or
PIVKA, and at that time it was regarded as a precursor of prothrombin.

In 1968, Ganrot and Nilehn demonstrated the presence of abnormal pro-

thrombin in the plasma of patients taking coumarin anticoagulants.
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The abnormal prothrombin was subsequently identified immunochemically

in the plasma of dicoumarol treated patients (Josso et al., 1968;

Ganrot and Nilehn, 1968) and cattle (Reekers et al., 1973). PIVKAs

have also been identified in the livers of rats and rabbits (Suttie,
1972). The abnormal prothrombin was shown to have the same molecular
weight, carbohydrate and amino acid composition as prothrombin and
cross-reacted with the antibody to prothrombin (Stenflo, 1970). In

the presence of calcium, the electrophoretic migration rate of abnormal
prothrombin was different to that of normal prothrombin. It was sub-
sequently shown that whereas normal prothrombin has the ability to bind
calcium strongly, the abnormal prothrombin lacks this ability (Nelsestuen
and Suttie, 1972; Stenflo and Ganrot, 1973). In 1974, two groups (Stenflo
et al; Nelsestuen EE.El:) independently reported that the amino terminal
portion of prothrombin contained a novel amino acid, v - carboxyglutamic
acid (Gla), and that these residues were reduced or absent in abnormal
prothrombin and replaced by glutamic acid (Glu) residues. Furthermore
it was demonstrated that factors VII, IX and X, the other vitamin K -
dependent proteins also contain Gla (Howard and Nelsestuen, 1974; Bucher
et al., 1976). Thus it was proposed that Glu residues are present in
the precursors of clotting factors II, VII, IX and X, and that a vitamin
K - dependent reaction converts them to Gla residues and therefore imparts
a strong calcium binding activity to these factors (Figure 1.6). Several
workers (Hill et al., 1968; Belland Matschiner, 1969; Suttie, 1970)
provided good evidence that the vitamin K- dependent modifiication was a

post-translational reaction. When rats deficient in prothrombin acti-

vity, due to either a lack of dietary vitamin K or coumarin anticoagula-
tion, were given vitamin K1, an early release of prothrombin was seen.

This response was only slightly inhibited by prior administration of the
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FIGURE 1.6 Vitamin K - dependent carboxylation of a glutamic acid
residue (Glu) to a y-carboxyglutamic acid residue (Gla)
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protein synthesis inhibitor, cycloheximide. Furthermore, Suttie and

Shah (1971) found that administration of a mixture of radiolabelled

amino acids and vitamin K1 to vitamin K deficient rats resulted in

prothrombin which contained no radiolabel. These observations
suggested that protein synthesis was not required for the vitamin K-
dependent step in the synthesis of prothrombin and that the prothrombin
did not contain newly synthesized protein. Furthermore, it appeared
that vitamin K was involved in the modification of hepatic prothrombin
precursors from a pre-existing pool. These observations led to the
discovery of an enzymatic activity in rat liver microsomal preparations

| I
dependent on vitamin K which would promote the incorporation of H1 CO,-

3
into the precursor proteins (Esmon et al., 1975). We now know that
the enzyme vitamin K-dependent carboxylase is responsible for the con-

version of Glu residues to Gla residues (Sadowski et al., 1976).

The conversion of Glu residues to Gla residues provides the
clotting factors with a strong calcium binding property which enables
the protein to interact with negatively charged phospholipid surfaces.

This provides a high concentration of enzyme and substrate in the two
phospholipid - dependent reactions of the clotting system (Figure 1.3

and Figure 1.4).

It is now well established that PIVKAs are non- or partially-
carboxylated clotting factor precursors (Magnusson et al., 1974;
Stenflo et al., 1974). There is evidence that non-functional forms
of the other vitamin K- dependent clotting factors are also present
in vitamin K deficiency and hypoprothrombinaemia (Jackson and Suttie,
1977). It is thought that at least 7 out of a possible 10 Glu resi-
dues must be carboxylated for biological activity in clotting factors

IT and VII (Esnouf and Prowse, 1977).
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In addition to the four vitamin K- dependent clotting factors

(Figure 1.7) normal plasma contains several other vitamin K- dependent

proteins which possess Gla residues. These include proteins C and S,
which are involved in blood coagulation, but unlike factors II, VII,

IX and X, these proteins are involved in anticoagulant mechanisms.

The Vitamin K- Epoxide Cycle

The activation of the vitamin K - dependent proteins involved in
blood clotting mechanisms requires the vitamin K- dependent carboxylase

enzyme. During this process, vitamin K, is converted to the biologi-

1

cally inactive metabolite, vitamin K, 2,3-epoxide (Willingham and

1
Matschiner, 1974) and thus the production of Gla residues in clotting

factors appears to be coupled to the epoxidation of the vitamin

(Larson et al., 1981). Vitamin K, 2,3-epoxide is reduced back to

- 2= 1

vitamin K1 quinone by the enzyme vitamin K- epoxide reductase

(Matschiner et al., 1974). The quinone form of vitamin K1 must be

reduced to the hydroquinone before it can act as a co-factor in the

carboxylation reaction. Vitamin K quinone reductase is the enzyme

responsible for the production of the hydroquinone.

The cyclic conversion of vitamin K, and vitamin K, 2,3-epoxide

1 1

is known as the vitamin K - epoxide cycle (Figure 1.8) and is essential

for normal clotting factor synthesis (Bell and Matschiner, 1972).

Vitamin K- Dependent Carboxylase

Vitamin K- dependent carboxylase catalyses the post-translation-
al carboxylation of glutamic acid (Glu) residues to yield q - carboxy-
glutamic acid (Gla) residues in a variety of proteins, It is thought

to be a lumenal membrane protein which is predominantly located in the
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FIGURE 1.7 Outline of the blood coagulation mechanisms. The
vitamin K - dependent clotting factors are underlined.
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FIGURE 1.8 The vitamin K-epoxide cycle.
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rough endoplasic reticulum of hepatocytes but is also present in the
smooth endoplasmic reticulum (Carlise and Suttie, 1980). The enzyme

requires vitamin K, hydroquinone or vitamin K quinone in the presence

1 1

of reducing agent such as NAD(P)H or dithiothreitol, molecular oxygen

and carbon dioxide for its activity.

Consistent with the vitamin K - epoxide cycle, the liver contains
both vitamin K, and vitamin K, 2,3-epoxide (Matschiner et al., 1970).
The enzyme responsible for the generation of the epoxide is called vita-
min K epoxidase. Vitamin K1 2,3=-epoxide is produced concomitantly with
the production of carboxylated products of the vitamin K - dependent
carboxylase mediated reaction (Suttie, 1980). Thus it has been sugges-
ted that the epoxidase and the carboxylase reactions are in some way
coupled. Much difficulty has been experienced in the purification and
isolation of the carboxylase and epoxidase activity and this has preven-

ted the clear determination of the relationship between these two

enzymes.

There is considerable evidence to support the theory that
carboxylation and epoxidation are linked. Many requirements for the
optimal function of these two enzymes are similar (Sadowski et al.,
1979), the subcellular location of both enzymes is the same (Willingham
and Matschiner, 1974), and it has been proposed that both reactions pro-
ceed via vitamin K, hydroperoxide (Larson and Suttie, 1978; Demetz et

1

al., 1982). Furthermore, the formation of vitamin K, 2,3-epoxide is

1

elevated in rat livers containing increased concentrations of endogenous
substrates for carboxylation (Zimmerman and Matschiner, 1974). However,
in most cases on a molar basis, more epoxide is formed than carbon
dioxide incorporated into enzyme substrate (Suttie et al., 1980). Thus,
epoxidation can take place without carboxylation. In contrast, carb-

oxylation without epoxidation has never been demonstrated.
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Vitamin K Epoxide Reductase and Vitamin K Reductase

M

For continuous clotting factor synthesis, the vitamin K, 2,3-

:
epoxide produced during the Y- carboxylation of Glu residues, has to

be converted back to vitamin K1 quinone. This reaction is catalysed
by the enzyme, vitamin K epoxide reductase (Zimmerman and Matschiner,
1974) which is present in liver microsomal preparations. The addi-

tion of a cytosolic fraction appears to be important for the activity
of the enzyme (Siegfried, 1979). It is thought that this provides a

reducing agent whose activity can be mimicked, to a certain extent in

vitro, by the addition of dithiothreitol (DTT). (Whitlon et al., 1978;

Hildebrandt and Suttie, 1982). The nature of the in vivo reducing

agent and the pathway by which it is produced have not yet been deter-

mined.

Vitamin K1 hydroquinone which is essential for the carboxyla-
tion of Glu-residues,is produced by the reduction of vitamin K1
quinone. This reaction has been shown to be catalysed by DT diaphor-

ase (NAD(P)H dehydrogenase, EC1,06.99.2), an enzyme which occurs primar-

1., 1978; Wallin and

ily in the cytoplasm of hepatocytes (Wallin et

Suttie, 1981) and/or by a microsomal reductase enzyme (Whitlon et al.,

1978: Fasco and Principe, 1980).

The mechanisms of vitamin K1 quinone and vitamin K1 2,3-epoxide
reduction have not yet been elucidated, primarily because the enzymes
involved in these reactions have not yet been purified. At present
it is not known whether these reactions are catalysed at the same site

on a single enzyme, at separate sites on a single enzyme, or at separate

sites on two distinct enzymes.

Current evidence suggests that the reduction of the epoxide and

the quinone are catalysed by the same enzyme. Both enzymes have been
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shown to requiresulphydryl compounds as co-factors for their activity
(Zimmerman and Matschiner, 1974; Fasco and Principe, 1980) and both
can be inhibited by 4-hydroxycoumarin anticoagulants such as warfarin
(Whitlon et al., 1978; Hildebrandt and Suttie, 1982). The action of
warfarin on the vitamin K-epoxide cycle will be discussed later in this

chapter. In addition, vitamin K, quinone is an effective inhibitor of

1

vitamin K1 2, 3-epoxide reduction in rat liver microsomes (Preusch and
Suttie, 1984). This further substantiates the theory that the two
reductase enzymes, are in fact either a single enzyme or a multisite

enzyme complex.
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1.3 The Pharmacology of Warfarin

One of the major problems associated with the use of warfarin
in anticoagulant therapy, is the inter-individual variation in pharma-
cological response to this compound (Breckenridge, 1977). This can
be attributed to variation in both the pharmacokinetics and the pharma-

codynamics of warfarin.

1.3.1 The Pharmacokinetics of Warfarin

Warfarin is the most studied of the 4-hydroxycoumarin anticoagu-
lants in both man and experimental animals, particularly the rat. It
possesses an asymmetric carbon atom, and thus exists as two structurally
distinct forms, the enantiomers R(+) warfarin and S(-) warfarin (Figure
1.9). When administered clinically, warfarin is given as equal amounts

of the enantiomers - a racemic mixture.

Racemic warfarin is rapidly and almost completely absorbed from
the stomach and the upper gastrointestinal tract (O'Reilly et al, 1963 ;
Breckenridge and Orme, 1973). The time to peak plasma concentrations
is relatively long (3 to 9h; O'Reilly et al., 1963). There is no
evidence for differential absorption rates between the enantiomers of

warfarin.

In both man and the rat, the plasma protein binding of racemic
warfarin has been shown to be approximately 99% (Yacobi and Levy, 1977).
Virtually all the binding appears to be to plasma albumin, and in man
the degree of binding is constant over the normal therapeutic range of
plasma concentrations. Contrasting results have been obtained concern-
ing the degree of binding of the enantiomers of warfarin in man. Equi-

librium dialysis at 27°C, has demonstrated the same degree of protein



FIGURE 1.9

Chemical structure of warfarin * indicates the
asymmetric carbon atom.

25.
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binding for both R(+) and S(-) warfarin (O'Reilly, 1971). However,
using the same method at 37°C, S{(-) warfarin has been shown to be more
highly protein bound than R(+) warfarin (Sellers and Koch-Weser, 1975).

S(-) warfarin appears to be more highly protein bound than R(+) warfarin

in rat plasma (Yacobi and Levy, 1977).

Warfarin distributes into a relatively small apparent volume of

distribution of about 10 1 70 kg_1 in man, because of extensive protein

binding (Breckenridge and Orme, 1973; Lewis et al., 1974). Using a
one compartment model and assuming complete bioavailability, estimates

of the apparent volume of distribution for the enantiomers of warfarin

and the racemate are similar (Breckenridge et al., 1974; Hignite et
al., 1980; Banfield et al., 1983). The apparent volume of distribu-

tion of warfarin in the rat appears to be similar to that in manon a weight
related basis

(Breckenridge and Orme, 1972, Yacobi et al., 1974; Yacobi et al., 1984).

Warfarin is eliminated almost entirely by metabolism, only traces

of the parent compound are excreted in urine (Banfield et al., 1983).

1

-1 . -1
Plasma clearance is very low, typically 0.2 1 h 70 kg (Breckenridge

et al., 1974; Wingard et al., 1978), and hepatic extraction is low.
The effect of hepatic blood flow per se on warfarin clearance is thought
to be negligible since warfarin undergoes capacity limited, binding
sensitive elimination. The clearance of S(-) warfarin is significantly
greater than that of R(+) warfarin, both when administered as the indi-
vidual enantiomers (Breckenridge et al., 1974; Wingard et al., 1978)

or when administered as the racemate (Banfield et al., 1983). These

findings indicate that there is no pharmacokinetic interaction between

R(+) and S(-) warfarin (Levy et al., 1978).

In direct contrast to this observation in man, the plasma clear-

ance of R(+) warfarin is significantly greater than that of S(-) warfarin
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in the rat (Yacobi et al., 1984). The plasma clearance of racemic
warfarin in rats is considerably lower than that in man (Yacobi et al.,
1974). The plasma half-=1ife of warfarin has been determined in man,
in many studies, and considerable inter-individual variation has been
observed. Most studies report mean half-lives of between 35 and 45h,
however half-lives as low as 15h and as high as 80 h have been reported
(O'Reilly et al., 1963; O'Reilly and Aggeler 1968). The half-life of
warfarin in man appears to be independent of dose over a dose range of
50-2000 mg (O'Reilly et al., 1971; Hackett et al., 1985). The half -
life of R(+) warfarin is significantly longer than that of S(-) warfarin
(Breckenridgeigg_gl., 1974; O'Reilly, 1974) aé would have been predic=-
ted from the apparent volume of distribution and clearance data previ-
ously discussed. In contrast in the rat, the half-life of S(-) warfarin

is significantly longer than that of R(+) warfarin (Breckenridge and Orme,

1972; Yacobi et al., 1984).

The differences in the pharmacokinetics of the enantiomers of
warfarin appear to be due to differences in their routes of metabolism.
Warfarin is primarily metabolised by the hepatic microsomal mixed func-
tion oxidase system, although the reduction products of warfarin meta-
bolism are formed by cytosolic enzymes (Hewick and Moreland, 1975).
Figure 1.10 illustrates the identified metabolites of warfarin 1in man.

In vivo studies have demonstrated that R(+) warfarin is primarily oxid-

ised to 6-hydroxywarfarin, but it also reduced at its carbonyl group to
an optically active alcohol, R, S warfarin alcohol and oxidised to 7-
hydroxywarfarin. In contrast, the major metabolite of S(-) warfarin

is T-hydroxywarfarin with small amounts of the optically active alcohol,
S,S warfarin alcohol and 6-hydroxywarfarin also being produced (Hewick

and McEwen, 1973; Lewis et al., 1974; Banfield et al., 1983).



FIGURE 1.10 Metabolites of warfarin in man.
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In vitro work using human liver microsomes, illustrated that

both R(+) and S(-) warfarin are metabolised to dehydrowarfarin, 4', 6,
7, 8 and 10 hydroxywarfarin. The rate of formation of 6-hydroxy-
warfarin was greater than that for the other metabolites from R(+)

warfarin, whereas T-hydroxywarfarin was formed more rapidly from S(-)

warfarin (Kaminsky et al., 1984).

i-hydroxycoumarin anticoagulants other than warfarin are used
both therapeutically and as rodenticides. Table 1.1 compares the

plasma half-lives of these compounds with that of warfarin.

Phenprocoumon, which is theoral anticoagulant of choice in
continental Europe, has a plasma half-life of approximately 160h and
the effect of a single dose lasts for 6 or more days (Jdhnchen et al.,
1976). In contrast, acenocoumarol is a short acting anticoagulant
(O'Reilly, 1980). It has a plasma half-life of between 8 to 12h
(Dieterle et al., 1977; Thijssen and Baars, 1983) and as a conseq-

uence recovery from the anticoagulant effect is rapid.

Brodifacoum and difenacoum were developed as rodenticides for
use against warfarin resistant rats (Hadler and Shadbolt, 1975). They
nossess the same 4d-hydroxycoumarin nucleus as warfarin, however they
differ in that they possess a novel tetrahydronapthyl side chain (Fig-
ure 1.11). Brodifacoum and difenacoum are more potent than warfarin
in man (Barlow et al., 1982), the rat (Hadler and Shadbolt, 1975), the
mouse (Balasubramanyam et al., 1984) and the rabbit (Park and Leck,
1982). In man, the plasma half-lives of these compounds are consider-
ably longer than those of the 4-hydroxycoumarins administered for the
treatment of thrombo-embolic disorders. As a consequence of this, the

pharmacological effects of brodifacoum and difenacoum are very persis-

tent when taken either purposefully in a suicide attempt (Barlow et al.,



TABLE 1.1
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The plasma half-lives of U-hydroxycoumarin anticoagulants
in man.
Drug Plasma half-life (h)

Warfarin

Acenocoumarol

Phenprocoumon

Brodifacoum
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FIGURE 1.11 Chemical structures of warfarin, difenacoum and
brodifacoum.
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1982) or accidentally (Park et al., 1986). The greater potency of

brodifacoum and difenacoum when compared to warfarin, make these

novel U4-hydroxycoumarin anticoagulants useful pharmacological tools

for studies in experimental animals.

It has been proposed that both therapeutic and rodenticidal 4-
hydroxycoumarin anticoagulants exert their pharnacological effect by
inhibition of the enzyme vitamin K epoxide reductase. Thus it is
thought that differences in the pharmacokinetics but not in the
pharmacodynamics, are largely responsible for the differences in the

pharmacological effect of these compounds.

1.3.2 The Pharmacodynamics of Warfarin

In 1970 Matschiner and co-workers demonstrated the metabolism

of vitamin K1 to vitamin K1 2,3=-epoxide. In the normal situation,

approximately 10% of vitamin K, in rat liver is present as the epoxide.

1

However, during anticoagulant therapy it is possible for vitamin K1 2,
3-epoxide to become the predominant form of the vitamin (Bell and
Matschiner, 1970). Furthermore, in the presence of Ud-hydroxycoumarin
anticoagulants, a similar increase in the ratio of vitamin K1 2,3

epoxide to vitamin K, was observed in the plasma of the rat and the

1 ¥
rabbit (Bell and Matschiner, 1972; Shearer et al., 1973; Willingham

et al., 1976; Park et al., 1979). Perhaps most importantly, with

respect to anticoagulant therapy, vitamin K, 2,3-epoxide was detected

1

in the plasma of healthy volunteers anticoagulated with warfarin,

following a physiological dose of the vitamin (Shearer et al., 1977).

In vitro studies have illustrated that vitamin I(1 2,3=-epoxide can be

reduced to vitamin K1 by the enzyme vitamin K epoxide reductase and

that this enzyme is very susceptible to inhibition by coumarin anti-
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coagulants such as warfarin (Bell et al., 1972; Whitlon et al., 1978;
Hildebrandt and Suttie, 1982). Fasco and co-workers (1982) have
demonstrated that vitamin K quinone reductase is also sensitive to

inhibition by 4-hydroxycoumarin anticoagulants.

Thus it is generally accepted that warfarin and related 4-
hydroxycoumarin anticoagulants inhibit clotting factor synthesis by
blocking the vitamin K - dependent v - carboxylation of glutamic acid
residues in precursors of clotting factors II, VII, IX and X (Jackson
and Suttie, 1977). The warfarin receptor is thought to be associated
with the enzyme vitamin K epoxide reductase apd possibly with vitamin
K quinone reductase. These enzymes are responsible for the regenera-

tion of vitamin K, and the production of vitamin K. hydroquinone

1
respectively, in the physiologically important vitamin K- epoxide cycle

1

(Bell and Matschiner, 1972).

Under normal circumstances, the vitamin K~ dependent clotting
factors II, VII, IX and X and the anticoagulant proteins C and S, are
present in the plasma at steady state concentrations because they are
synthesised at a given rate and degraded at a rate proportional to
their concentration. When clotting factor synthesis is inhibited by
anticoagulant therapy, the clotting factors and anticoagulant proteins
disappear from plasma by a process which displays monoexponential de-
cline. The rate of decay is determined by the half-life of the indi-
vidual vitamin K- dependent proteins (Table 1.2). Thus factor VII

and protein C disappear rapidly and prothrombin (factor II) slowly.

Several studies have investigated the relative potencies of the
enantiomers of warfarinin man (Breckenridge et al., 1974; O'Reilly,
1974a; Wingard et al., 1978). Despite its shorter half-life, S(-)

warfarin has been demonstrated to be approximately three times more



potent than R(+) warfarin at inducing hypoprothrombinaemia. This

illustrates the greater receptor sensitivity to S(-) warfarin than to

R(+) warfarin.

1.3.3 Pharmacokinetic - Pharmacodynamic Models for Warfarin

It may take some time for the pharmacological response to a
drug to reflect the plasma concentrations of that drug. This delay
may be due to the time required for equilibrium to occur between plasma
and the site of action of the drug. For example, the administration
of digoxin for the treatment of congestive heart failure. Alternativ-
ely, it may arise when the response monitored is an indirect measure
of drug effect. This is true for the time delay observed following
warfarin administration (Figure 1.12). The direct effect of warfarin
1s the inhibition of the synthesis of the vitamin K- dependent clotting
factors II, VII, IX and X. However, warfarin does not exert an immed-
late effect because this compound only affects clotting factor synthesis
and not clotting factor activity. Therefore the rate of change in
clotting factor activity is determined partly by clotting factor half-

life (Table 1.2) and as a consequence the maximum effect of a dose of

warfarin is not seen until 1 to?2 days after administration.

Thus, warfarin is an indirectly acting anticoagulant and this

must be taken into account to describe the extent and the time course
of changes 1in clotting factor concentrations, collectively known as
prothrombin complex activity (P.C.A.). This factor s called the

physiological effect relationship (Holford and Sheiner, 1981).

It is important to determine the relationship between plasma
concentration and the direct effect of warfarin, in order to distinguish

between changes in the pharmacokinetics and the changes in the pharmaco-
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The delay in pharmacological response following
warfarin administration.

(From Nagashima et al., 1969)
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TABLE 1.2 The half-lives of vitamin K- dependent clotting factors

Factor Half-life (h)
11 60
V11 6
IX 14
X 40

Protein C 6~ 8
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dynamics of warfarin. The most commonly applied model for relating
warfarin plasma concentration to the inhibition of synthesis of the
prothrombin complex, is the log linear-model (Nagashima et al., 1969;
Shepherd et al., 1979; Yacobi et al., 1980). This illustrates a
linear relationship between the log of drug concentration in plasma

at any given time and the pharmacological effect at that time.

Shepherd and co-workers (1979) successfully used this model to compare
the pharmacodynamics of warfarin in young and elderly patients. They
demonstrated that the rate of prothrombin complex elimination was
reduced by 50% in the older group, but the concentration of warfarin
required to reduce synthesis by 50%, and thus achieve the same steady-
state prothrombin complex concentration was the same in both groups.
Furthermore this log-linear model has been shown to be useful in
elucidating the mechanism of the increased hypoprothrombinaemic effect
of warfarin by phenylbutazone in rats. Yacobi and co-workers (1980)
determined that phenylbutazone decreases warfarin elimination and also
displaces it from plasma proteins. Using total warfarin concentration
to describe the effect on prothrombin complex synthesis, phenylbutazone
appeared to potentiate the effect of warfarin by a factor of 30, however

when unbound concentrations were used the potentiation was only three

fold.

Other models may also be used to describe the pharmacological
effect of warfarin. O'Reilly (1974a) used a linear model in which
effect, as determined by change in prothrombin time from a control
value, is proportional to plasma concentration to investigate the rela-
tive potencies of the enantiomers of warfarin in a group of individuals.
He avolded the need to describe the complex relationship between plasma

warfarin concentration, time and anticoagulant effect by relating the



area under the effect - time curve to the corresponding area under the
concentration-time curve. It was then possible to show a linear
relationship between these areas in this group of individuals. Thus
O'Reilly used the linear model but included a value for the area under
the effect - time curve when no drug was present which, by definition,

is zero.

In contrast, in an investigation of the pharmacokinetics and
the pharmacodynamics of the enantiomers of warfarin, Breckenridge and
co-workers (1974) employed the linear model but with a fixed baseline
of effect. That is a specific degree of anticoagulation as determined

by % control activity in all patients.

Both examples of the linear model display important disadvant-
ages. As a consequence of the use of the linear model with a value
for the area under the effect - time curve when no drug was present
(O'Reilly, 1974a), the calculated potency of S(-) warfarin was lower
than it was using a fixed baseline of effect (Breckenridge et al.,
1974) . However, the fixed baseline linear model poses the practical
problem of the maintenance of a specific degree of anticoagulation

throughout the study.

The log-linear model appears to be the most suitable model to
difficult

use, however it is now considered ethically A to obtain values for the
rate constant of degradation (Kd) in man, and therefore those values

obtained by Nagashima and co-workers (1969) have to be used. 1In

experimental animals a value for Kd can be determined for each animal.

1.3.4 Clinical Aspects of Warfarin Therapy

W

In complete contrast to patients with defects of blood coagula-

tion such as haemophilia, wherefatal haemorrhage may result from a
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lack of blood clotting following injury, many individuals suffer from
disorders of normal haemostasis, in which intravascular clotting with
the formation of thrombi or emboli occurs, resulting in the blockage

of blood vessels. A thrombus is a clot of blood which is fixed to

the wall of a blood vessel. Thrombi tend to form at sites of damage
in the vascular endothelium. In veins, thrombus formation is commonly
associated with inflammation (phlebitis), whilst in arteries, thrombi
tend to form atheromatous plaques. An embolus is a fragment of a clot
broken offJfrom a thrombus. Emboli are carried in the blood stream
until they lodge in an artery and cause a blockage. Thrombi and
emboli lead to conditions including venous thrémbosis, pulmonary

embolism, stroke and myocardial infarction.

Blood clots in both arteries and veins are composed not only of
fibrin but also of platelets. Venous thrombi are composed largely of
fibrin with a large number of red blood cells and some platelets, where-
as arterial thrombi are primarily composed of platelets with some fibrin
and red blood cells. As a consequence of the different composition of
venous and arterial thrombi, different therapeutic approaches are
employed in the treatment of these conditions. Nevertheless, it is
still not known whether disorders of platelet activation, or 1nappro-

priate activation of the clotting cascade lead to thrombo-embolic dis-

orders.

Since the successful clinical trials of theearly 1940s, coumarin
anticoagulants have been used in the treatment of venous thrombosis.
However, the use of these compounds in the treatment of arterial throm-
bosis has been a matter of debate. The major problem of the use of

warfarin and related 4-hydroxycoumarin anticoagulants for arterial

thrombosis is the fact that the gap between efficient therapeutic
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control and an unacceptable risk of bleeding is extremely narrow,

whereas in venous thrombosis, it is considerably wider.

Although Vries and co-workers (1980) have thoroughly investi-

gated ways in which patients can be maintained within the narrow, but

clearly defined therapeutic range for arterial thrombosis, clinicians
are still reluctant to use long term anticoagulant therapy for patients
with ischaemic heart disease (Drug Ther. Bull. 1982). 1In contrast, but
despite the lack of controlled clinical trials, strong evidence suggests
that permanent treatment with 4-hydroxycoumarin anticoagulants reduces
morbidity from embolism in patients with atrigl fibrillation due to
mitral stenosis (Fleming and Bailey, 1971). Similarly long term anti-
coagulant therapy is believed to reduce the risk of embolism in
patients with atrial fibrillation due to chronic sinocatrial disease
(Fairfax et al., 1976), thyrotoxicosis (Staffurth et al., 1977) or

congestive cardiomyopathy (Rogers and Sherry, 1976).

In the treatment of both venous and arterial thrombosis, the
improvement of laboratory control of the degree of anticoagulation, and
a better understanding of the nature of coumarin anticoagulants, have
led to more beneficial dosage regimens. Table 1.3 illustrates the

present commonly accepted indications for oral anticoagulant therapy.

In the treatment of both venous and arterial thrombi there is a
relatively narrow therapeutic window when compared to many other drugs.
The fine balance between under anticoagulation, in which clotting factor
synthesis is not inhibited to an extent sufficient to prevent thrombus
formation, and over anticoagulation which brings with it the risk of
haemorrhage, means that patients on oral anticoagulant therapy require

regular monitoring of their degree of anticoagulation.



TABLE 1.3

Commonly accepted indications for oral anticoagulant

treatment.

Venous thrombosis and pulmonary embolism

Myocardial infarction

Valvular heart disease, prosthetic valves, cardiac

arrhythmia and cardiomyopathy

Systemic embolism

Transient cerebral ischaemia

Reconstructive artery surgery and atherosclerotic

vascular disease.

41.
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The prothrombin time,which was introduced in 1935 by Quick and
co-workers is still the most widely used determinant of anticoagulation

in clinical practice. Basically the test involves the collection of

blood into a solution of trisodium citrate. This removes calcium by
the formation of the insoluble calcium citrate. The plasma is then
separated and a thromboplasin preparation is added. The calcium con-
centration 1is restored to the optimal level and the clotting time is
measured. Clotting time is dependent on the availability of clotting
factors II, VII and X, and thus reflects the activity of the extrinsic

and common pathways of the clotting cascade.

The regular monitoring of the degree of anticoagulation in
patients taking warfarin becomes even more important when other drugs
are introduced into the patients daily therapeutic regimen. Warfarin
is liable to drug interactions which may either increase or decrease
its anticoagulant effect, and as a consequence of the narrow therapeu-

tic window of warfarin, these effects may be 1life threatening.

Cholestyramine has been shown to reduce the absorption of
warfarin and thus reduce its pharmacological effect (Robinson et al.,
1971; O'Reilly, 1974b). An increase in the hypoprothrombin-
aemic effect of warfarin is seen with drugs such as phenylbutazone
(Aggeler et al., 1967; Koch-Weser and Sellers, 1971) which displace
warfarin from plasma proteins. Inhibition of the metabolism of
warfarin by drugs including metronidazole (Kazmier, 1976), cotrimoxa-
zole (O'Reilly and Motley, 1976) and cimetidine (Serlin et al., 1979)
leads to an increased anticoagulant effect of warfarin, In contrast,

drugs which induce the enzymes of the mixed function oxidase system,

such as barbiturates (Corn, 1966) reduce the hypoprothrombinaemic

effect of warfarin.



Disease and age also affect the pharmacological effect of
warfarin. Liver disease (Brodie et al., 1959) and thyrotoxicosis
(Self_ggwgi., 1976) are known to potentiate the response to warfarin.
Similarly, the anticoagulant response to warfarin is greater in elderly

patients than in young patients (0'Malley et al., 1977).

When the prothrombin time test reveals that an individual 1is
over-anticoagulated either due to increased responsiveness in the
clinical situation or coumarin overdose, the current therapeutic advice

is to administer vitamin K1, initially intravenously but further vita-

min K1 may be given orally (British National Formulary). Administra-

tion of the vitamin continues ad hoc until the prothrombin time returns

to normal.

However, there is little information relating the pharmacokin-

etics of vitamin K1 to its pharmacodynamics. Experiments in chroni-

cally anticoagulated rabbits have illustrated that plasma concentrations

of the vitamin of the order of 1 ugml”1 are required to drive clotting

factor synthesis (Park et al., 1984). As a consequence of the rapid

elimination of vitamin K, from both man and experimental animals, fre-

:
quent administration of the vitamin is required to maintain such high
plasma concentrations. This observation has been made in individuals

poisoned with UY-hydroxycoumarin anticoagulants (Barlow et al., 1982).
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1.4 Aims of the Present Work

An individuals pharmacological response to a dose of warfarin
1s dependent on both the pharmacokinetics and the pharmacodynamics of
that drug. Thus the ability to be able to distinguish between these
two processes is of utmost importance to improve our understanding of

the pharmacology of warfarin.

The initial aim of the studies described in this thesis was to
develop an animal model which could be employed to evaluate the rela-
tivé contributions of the pharmacokinetics and the pharmacodynamics
of any 4-hydroxycoumarin anticoagulant to the overall pharmacological
effect, and then to demonstrate the application of this method to the

determination of the mechanisms responsible for clinically relevant

interactions with warfarin.

An important problem experienced by clinicians when initiating
warfarin therapy, 18 choice of dose. The aim of the present work was
to investigate the use of a novel parameter, the plasma concentration
of vitamin K1 2,3-epoxide, in conjunction with the pharmacokinetics

and the pharmacodynamics of warfarin, to determine the pharmacological
effect of warfarin and its enantiomers in well controlled groups of

volunteers and large groups of patients.

The final aim of the studies described in this thesis was to

investigate the relationship between the pharmacokinetics and the

pharmacodynamics of vitamin K, in both man and experimental animals,

1
with a view to a better understanding of the antagonism of vitamin K1
by warfarin in patients on anticoagulant therapy and in the situation
of chronic coumarin anticoagulation experienced in individuals poisoned

with the novel 4-hydroxycoumarin anticoagulants brodifacoumand difena-

coumn.
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Liquid Chromatography with Electrochemical Detection.

Determination of Prothrombin Time for Rat, Rabbit and Human

Plasma.

Determination of the Effect of Cimetidine on the Plasma
Protein Binding of Warfarinllgivitro.
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2.1 CHEMICALS

Racemic, R(+) and S(-) warfarin were obtained from Ward Blen-

1

kinsop, Widnes. Racemic [1 Cl-warfarin was obtained from the Radio-

chemical Centre, Amersham. Brodifacoum was a gift from Sorex Labora-
tories, Widnes. Vitamin K1 was obtained from Sigma Chemicals, Poole.
(R)

Vitamin K, (Konakion

1 ) and ¢-methyl-3-geranyl-geranyl-1,4-naphtho-

quinone (MK4) were gifts from Hoffmann-La Roche, Welwyn Garden City.
2-methyl-3-farnesyl-farnesyl-1,4-naphthoquinone (MK6) was a gift from
Dr. M.J. Shearer, Guy's Hospital, London. 2-chloro-3-phytyl-1,4-
naphthoquinone (Cl-K) was a gift from Sorex Laboratories, Widnes.

Vitamin K1 2,3-epoxide was synthesized by the method of Tischler et

al., (1940), the structure confirmed by UV absorbance between 200 and
400 nm and its purity verified by reversed-phase partition TLC
(Shearer et al., 1977) and the normal-phase HPLC system described in
section 2.3.3. No residual vitamin K1 was detected. Cimetidine
was obtained from Smith, Kline and French, Welwyn Garden City.
Manchester Comparative Thromboplastin was obtained from the National
(UK) Reference Laboratory for Anticoagulant Reagents and Control,
Manchester. All general reagents were obtained from BDH, Poole.

The acetone used was from Koch-Light Laboratories, Colnbrook, and all

other solvents were HPLC grade from Fisons, Loughborough.



2.2 EXPERIMENTAL ANIMALS

2.2.1 Rabbits

Male New Zealand White rabbits (2.4 to 3.0 kg) were used in
this work and were obtained from Bantin and Kingman, Poole. The
rabbits had free access to food and water throughout the experiments
and were maintained on Diet R14 obtained from Labsure Animal Foods,
Poole. The average daily intake of vitamin K1 was calculated to be
approximately 60 ug kg-1.

2.2.2 Rats

Male Wistar warfarin-sensitive rats (200 to 300g) were used in
this work and were obtained from Bantin and Kingman, Poole. Before
use the rats were caged in groups of 6 in well ventilated room<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>