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Mechanism of Action of Coumarins. Significance of Vitamin

K Epoxidet

J. A. Sadowski and J. W. Suttie*

ABSTRACT: The 2,3-epoxide of phylloquinone is a normal me-
tabolite of the vitamin, and it has been demonstrated that cou-
marin anticoagulants inhibit an enzyme system that converts
this metabolite to the vitamin. It has been postulated that this
epoxide is a competitive inhibitor of vitamin K at the metabolic
site where it is involved in prothrombin synthesis, and that cou-
marins act as anticoagulants because they increase the tissue
levels of this epoxide. This study demonstrates that there is lit-
tle correlation between the effectiveness of four different cou-
marins as anticoagulants, and their effect on phylloquinone ep-

Dicoumarol was identified by Link (Campbell and Link,
1941) as the active hemorrhagic agent in spoiled sweet clover,
and since that time a large number of coumarins, including 3-
(a-acetonylbenzy!)-4-hydroxycoumarin (warfarin), have been
used as rodenticides and therapeutic anticoagulants. The
mechanism by which the coumarin anticoagulants antagonize
the action of vitamin K and depress prothrombin synthesis has
not been unambiguously defined (Suttie, 1975) although it has
often been assumed that they compete with vitamin K for a re-
ceptor protein or proteins at the site where vitamin K exerts its
biological activity. It has also been suggested (Olson, 1970)
that the coumarins interact with an alternate site on such a re-
ceptor protein, or (Lowenthal and Birnbaum, 1969) that these
anticoagulants block the transport of the vitamin to its physio-
logically active site. More recently, Matschiner er al. (1970)
have identified the 2,3-epoxide of phylloquinone as a natural
metabolite of vitamin K and have shown (Bell and Matschiner,
1970) that warfarin administration increases the tissue levels
of this metabolite. It has been postulated (Bell and Matschiner,
1972; Bell er al., 1972) that warfarin exerts its anticoagulant
effect through an inhibition of the enzyme which converts the

* From the Department of Biochemistry, College of Agricultural
and Life Sciences, University of Wisconsin—Madison, Madison, Wis-
consin 53706. Received April 22, 1974. Research supported by the
College of Agricultural and Life Sciences, University of Wisconsin—
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of Health.
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oxide metabolism. It also demonstrates that administration of
phylloquine epoxide to vitamin K deficient, hypoprothrombine-
mic rats causes a significant initiation of prothrombin synthesis
within 15 min. During this 15-min period, the ratio of the epox-
ide to the vitamin in the liver is considerably in excess of that
which has previously been postulated to be inhibitory. These
data would appear to rule out the hypothesis that vitamin K
epoxide is an inhibitor of vitamin K action and that warfarin
functions as an anticoagulant by increasing the tissue ratio of
vitamin K epoxide to vitamin K.

epoxide to the vitamin. The epoxide of vitamin K is assumed to
be the true inhibitor of the action of the vitamin, and the in-
crease in the liver ratio of the epoxide to the vitamin is postula-
ted as the cause of the inhibition of vitamin K dependent clot-
ting factor synthesis. Although it has been shown that warfarin
treatment will inhibit the reductase (Matschiner er al., 1974)
and increase the liver ratio of vitamin K epoxide to vitamin K!
definitive proof that this increase is responsible for the antago-
nism of vitamin K action is lacking. All of the data that have
been used to support the correlation of high oxide:K, ratios
with antagonism of the vitamin have been obtained under con-
ditions where the animals have also received warfarin. The
studies reported here indicate that vitamin K epoxide is not an
inhibitor of vitamin K action, and suggest that the effect of
warfarin on prothrombin production is not due to the increased
tissue ratio of vitamin K epoxide to vitamin K which it causes.

Materials and Methods

Male, 190~210-g Holtzman strain rats were used throughout
the study. Vitamin K deficiency was produced by feeding a vi-
tamin K deficient diet (Mameesh and Johnson, 1959) for 8
days in cages that prevented coprophagy. The coumarin deriva-
tives used were injected intraperitoneally in saline as the sodi-
um salt. Plasma prothrombin concentrations were measured by
the two-stage method of Ware and Seegers as modified by

IThe tissue ratio of phylloquinone 2,3-epoxide to phylioquinone will
be referred to as the oxide:K; ratio.



COUMARINS AND VITAMIN K EPOXIDE

TABLE 1: Effect of Coumarins on Plasma Prothrombin Con-
centration.?®

Plasma Prothrombin (% of control)

Coumarin
Injected 5.5hr 10.5 hr
I 60 =1 28 =2
I 57 = 5§ 32+3
III 59 + 3 29 =1
v 72 =3 71 = 11

¢ Rats were injected with 13 umol/kg body weight of anti-
coagulants I-IV (see Figure 1) at 0 time. Blood samples were
drawn by cardiac puncture at 5.5 and 10.5 hr. Control pro-
thrombin concentrations were 220 units/ml. Values are mean
=+ SE for 3—4 rats per group.

Shapiro and Waugh (1966). Liver microsomal extracts were
prepared and assayed for prothrombin as previously described
(Shah and Suttie, 1972). Tritiated and unlabeled vitamin K;
epoxide were prepared and purified according to Matschiner et
al. (1970). They were dissolved in Tween-80 and diluted with
0.9% sodium chloride to give solutions containing from 5 to
10% Tween, and 0.2 ml was injected intracardially. Vitamin K
epoxide and vitamin K were assayed in hexane extracts of liver
as described by Matschiner et al. (1970). Radioactivity was
measured in a liquid scintillation spectrometer using external
standardization. The radioactive vitamin used, 5,6,7,8-
[3H]phylloquinone,was a gift from Dr. John Matschiner, Uni-
versity of Nebraska and the coumarin derivatives used were a
gift from Dr. K. P. Link, University of Wisconsin.

Results

If coumarins act by influencing the concentration of vitamin
K epoxide in the liver, the relative anticoagulant effectiveness
of various coumarins would be expected to parallel their effect
on vitamin K metabolism. Four different coumarins including
warfarin (Figure 1) were given to rats at a dose level which was
equimolar to that of 5 mg/kg body weight warfarin.

The data in Table I indicate that warfarin (I) and com-
pounds II and III were equally effective as anticoagulants. The
half-life of prothrombin has been estimated at from 6 to 8 hr,
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FIGURE 1: The four coumarins studied.

and these data would indicate that prothrombin synthesis had
been effectively halted when these three anticoagulants were
used. In contrast to the effectiveness of these compounds, com-
pound IV lowered plasma prothrombin only slightly at 5.5 hr
without any further decrease at 10.5 hr, indicating that it
caused an incomplete inhibition of prothrombin synthesis.

The effect of the administration of these coumarins on the
metabolism of vitamin K and vitamin K oxide is illustrated in
Table II. When the rats were given a tracer dose (0.042 pg/
rat) of vitamin K 30 min after coumarin injection, there was no
effect on plasma prothrombin concentrations 5 hr later. This
amount of radioactive vitamin did, however, allow a determi-
nation of the effects of these anticoagulants on vitamin K me-
tabolism. Warfarin injection increased the oxide:K; ratio to
1.37 compared to 0.08 for control animals. The other three
coumarins had an intermediate effect. Compounds II and III,
although their anticoagulant effect was equal to that of warfar-
in, increased the ratios of oxide to K; much less than warfarin.
Administration of compound IV caused an oxide:K; ratio that
was indistinguishable from that of the controls, and which was
much lower than that which had previously been postulated
(Bell et al., 1972) to be required for inhibition of prothrombin
synthesis. This compound was, however, an active anticoagu-
lant even though it was not as effective on an equimolar basis
as warfarin and compounds II and III.

TABLE IT: Effect of Coumarins on Metabolism of Vitamin K, and Vitamin K; Epoxide.?

[®(H]Vitamin K

[*H]Vitamin K Epoxide

% Liver °H as

% Liver *H as

Coumarin % Dose % Dose
Injected in Liver Oxide Vitamin Oxide: K, in Liver Oxide Vitamin Oxide: K,
Control 24.5+0.3 32=+06 40.7+20 008x+0.02 34.3+0.4 30.6+1.0 20.8=0.7 1.47 =0.01
I 34.5+20 142+1.8 10.5+0.3 1.37+0.21 41.9+3.0 30507 05309 64.8=x14.6
1I 36536 98+23 164+0.8 0.59+0.10 426+2.7 33432 1.8=+x0.3 183 =x2.1
111 27.5+0.2 7.0+£04 158+1.3 045002 35325 33538 2.1+x02 162+2.3
v 224+10 35+0.4 321=+1.8 011 +0.02 33.7+2.7 31.3+1.9 10.1=x1.6 3.22+0.39

2 Three rats per treatment were injected with the various coumarins as indicated in Table I; 30 min after this, they were injected
intracardially with [*H]vitamin K, (0.042 ug, 1.31 uCi) or [*H]vitamin K, epoxide (200 ug, 1.31 uCi). Rats were killed after 5 hr
and the 97 of the *H injected which was localized in the liver, and the % of the liver 3H which was present as vitamin K and
vitamin K epoxide was determined. The tracer dose of vitamin K had no effect on prothrombin levels after 5 hr and the 200-ug
dose of vitamin K epoxide had an effect only in the animals given coumarin IV, In this case, the prothrombin levels at 5.5 hr
were 101 %7 of controls (compare to 71.6% in Table I). Control animals received radioactive vitamins but no anticoagulant.

Values mean = SE.
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TABLE 111: The Effect of Vitamin K; and Vitamin K; Epoxide
on Microsomal Prothrombin Concentrations.®

Liver Pro-
thrombin
Pre- Time (units/g of
treatment Treatment (min) liver) Oxide: K,
Deficient (8) None <3
Deficient (3) K, 10 11.2+0.4
Deficient (7) K, 15 6.8 =0.9 0.28 =0.04
Deficient (7) K; Epoxide 10 8.3 =0.7
Deficient (8) K; Epoxide 15 11.5=1.6 2.31 = 0.66
Warfarin (4) None <3
Warfarin (3) K, 15 102 =0.3 1.12 = 0.03
Warfarin (3) K; Epoxide 15 <3 >20

®Rats were made hypoprothrombinemic (plasma pro-
thrombin <20% of controls) by an injection of 5 mg/kg of
warfarin intraperitoneally 24 hr before the experiments, or by
placing them on a vitamin K deficient diet for 8 days. The rats
were injected intracardially with 1 mg of [*H]vitamin or epox-
ide (2 wCi/mg) and they were killed at the times indicated.
Liver prothrombin concentration was determined on all
animals and oxide : K; ratios on the animals killed at 15 min.
Values are mean + SE for the number of rats in parentheses.

Table II also shows the effect of the anticoagulants on the
metabolism of 200 ug of tritiated vitamin K oxide. The oxide
was not effective in overcoming the inhibition caused by com-
pounds I (warfarin), I, or III, but did reverse the partial inhi-
bition caused by compound 1V; 5 hr after injection of the oxide,
the control animals showed an oxide:K; ratio as high as those
previously reported to be inhibitory to prothrombin synthesis
yet the circulating level of prothrombin was not diminished.
Likewise, the partial inhibition of prothrombin synthesis
caused by compound IV was reversed even though the oxide:K;
ratio was higher than would be expected if the oxide were an
inhibitor of vitamin K action. Warfarin, compound II, and
compound III strongly inhibited the conversion of oxide to vita-
min, but compound IV had only a slight effect on this conver-
sion. Up to 10% of the total liver tritium could be identified as
vitamin K; when compound IV was used, whereas with the
more effective anticoagulants, less than 2% of the liver tritium
was in the form of the vitamin. The percentage of liver tritium
identifiable as the oxide was virtually the same for all cases.
The results from this experiment were inconsistent with the hy-
pothesis that the oxide is an inhibitor of vitamin K, since pro-
thrombin synthesis was observed when the oxide:K; ratio was
as high or higher than those ratios previously reported to be in-
hibitory to vitamin K action on prothrombin synthesis.

When the vitamin or the oxide was administered to the ani-
mals in the presence of any of the anticoagulants, there was a
dramatic increase in the amount of tritium present in the liver
that could not be identifiable as either the vitamin or the oxide
by the methods employed. The difference seems to lie in the
amount of material which could not be extracted from the liver
by hexane, since less total tritium was extracted from the livers
of those animals given anticoagulant than from those given just
the vitamin or the oxide. The recovery of the tritium as the vi-
tamin or the oxide from the silicic acid column was comparable
irrespective of the treatment, and accounted for almost 100%
of the hexane extractable radioactivity. Presumably, the cou-
marins enhance the conversion of vitamin K and its oxide to
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more polar forms which accumulated in the presence of war-
farin and were not extractable with hexane.

Previous attempts to demonstrate that high oxide:K, ratios
are not in themselves inhibitory have been unsuccessful be-
cause of the rapid conversion of oxide to vitamin. If the oxide is
injected into vitamin K deficient hypoprothrombinemic ani-
mals, the oxide:K ratio reaches control levels substantially be-
fore prothrombin begins to appear in the plasma. A response in
microsomal prothrombin concentrations can, however, be de-
tected much before the appearance of plasma prothrombin
(Shah and Suttie, 1972) and the data in Table III indicate that
both the vitamin and the oxide can initiate a rapid increase in
microsomal prothrombin, When 1 mg of vitamin K was inject-
ed intracardially to vitamin K deficient rats, the peak of micro-
somal prothrombin was seen at 10 min, and by 15 min this had
begun to fall as prothrombin moved from the liver to the plas-
ma. The oxide:K ratio at 15 min was 0.28. When vitamin K,
oxide was injected, the peak microsomal prothrombin concen-
trations were seen at 15 rather than 10 min after injection. The
maximum response was, however, equal to that elicited by the
vitamin, even though the oxide:ratio at 15 min was 2.3.

The effect of warfarin on the initiation of microsomal pro-
thrombin synthesis by vitamin K and the oxide was also exam-
ined. Table I1I indicates that 1 mg of vitamin K was capable of
overcoming the warfarin inhibition of prothrombin synthesis in
15 min, whereas 1 mg of oxide was completely ineffective. The
data indicate that the conversion of oxide to the vitamin was
completely blocked in the warfarin-treated animals, and that
no vitamin K could be identified in the liver when vitamin K
oxide was administered to warfarin-treated rats. It was also
noted that the oxide:K, ratio in vitamin K deficient animals
given a large dose of vitamin K was greater (0.28) than that
found (Table II) in control animals given a tracer dose of the
vitamin (0.08). This might indicate that the enzyme(s) respon-
sible for the conversion of the vitamin to the oxide have in-
creased activity during vitamin deficiency.

Discussion

In view of these data, the hypothesis that the coumarins
exert their anticoagulant effect by increasing the oxide:K; ratio
in the liver, and that the oxide of the vitamin is the true inhibi-
tor of prothrombin synthesis, does not seem tenable. The data
clearly show (Table III) that in the absence of warfarin, pro-
thrombin synthesis can occur over a 15-min period during
which the ratio of oxide to K must have ranged from infinity
(that injected) to 2.3 at 15 min. Previous studies, which have
supported the K oxide theory of warfarin action, have indicated
that any ratio above 1.0 should have inhibited prothrombin for-
mation. The slower response which was seen following injection
of the oxide would be expected as some of it would presumably
have to be converted to the vitamin before it could exert an ef-
fect.

Although not as conclusive, the data obtained by comparing
the effects of different coumarins on vitamin K metabolism
and on the inhibition of prothrombin synthesis are also in-
consistent with the vitamin K oxide theory. These data indicat-
ed that there was not a good correlation between the effect of
these compounds as anticoagulants, and their ability to in-
crease the tissue levels of vitamin K oxide. The oxide:K; ratios
seen when compounds II and I were injected were considera-
bly below that which has previously been associated with inhi-
bition even though they were as active as warfarin as an anti-
coagulant. Compound IV had some anticoagulant action even
though the oxide:K; ratio in the liver was indistinguishable
from control animals.
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These data again point out that the coumarins, in addition to
their effect on prothrombin synthesis, have profound effects on
the metabolism of vitamin K. Not only was the interconversion
of vitamin and oxide interferred with, but coumarin adminis-
tration caused an increase in the amount of vitamin K metabo-
lites which could not be identified as either vitamin K or vita-
min K oxide. In normal rats, roughly 50% of the activity from
injected vitamin K can be identified as these two compounds
(Table II), and coumarin administration reduces this to about
25%. The other metabolites have not been identified, but are
presumably more polar, as they are not extracted from the
tissues by hexane.

Although these data do indicate that vitamin K oxide is not
the antagonist of vitamin K when coumarins are administered,
they do not furnish any indication of what the significance of
this compound might be. The presence of an oxidase and re-
ductase in liver, and the observations (Willingham and
Matschiner, 1974) that the level of at least the epoxidase may
change with vitamin K status of the animal would suggest that
this interconversion between the two forms of the vitamin
might in some way be related to the physiological actions of the
vitamin.
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Clusters in Lipid Bilayers and the Interpretation of Thermal

Effects in Biological Membranes?

A.G. Lee,* N. J. M. Birdsall, J. C. Metcalfe, Penelope A. Toon, and G. B. Warren

ABSTRACT: The partitioning of the spin label, 2,2,6,6-tetra-
methylpiperidine-1-oxy! (Tempo), has been studied in a num-
ber of aqueous phospholipid dispersions. In dioleoyllecithin bi-
layers the formation of quasicrystalline clusters has been de-
tected at temperatures below ca. 30°, as shown by the exclu-
sion of Tempo from the clusters. A pure complex of dioleoylle-
cithin with the [Ca?*; Mg2*]ATPase from sarcoplasmic retic-

In the last few years much attention has been focused on the
effects of temperature on biological membranes, in the hope of
being able to correlate known changes in the physical proper-
ties of the lipid component with a corresponding change in
some membrane property. The major change occurring in a
lipid—-water system as the temperature is varied is the crystal-
line to liquid crystalline transition, also called the order-disor-
der transition, corresponding to a “melting” of the lipid-hydro-
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ulum has been prepared, and a break in the Arrhenius plot ob-
served at 29°. Similar evidence is presented for cluster forma-
tion in native sarcoplasmic reticulum membranes at tempera-
tures below ca. 25°. The possibility is discussed that breaks in
Arrhenius plots at ca. 20° for a number of other enzyme sys-
tems also correspond to cluster formation rather than to a lipid
liquid-crystalline to crystalline phase transition.

carbon chains. This change has been detected by thermal calo-
rimetry, X-ray diffraction, electron spin resonance, and nuclear
magnetic resonance (see, for example, Chapman et al., 1967;
Levine, 1972). In the liquid crystalline state, a lipid has consid-
erable freedom of motion, with extensive internal motion
(Hubbell and McConnell, 1971; Levine et al., 1972), rapid an-
isotropic rotation of the whole lipid molecule (Lee er al.,
1974b), and rapid diffusion in the plane of the bilayer (Traiible
and Sackmann, 1972; Devaux and McConnell, 1972; Lee et
al., 1973), probably by a vacancy diffusion process (Lee et al.,
1974a). Although less is known about mobility in lipids below
the crystalline to liquid-crystalline transition temperature, it is
clear that many of these motions are severely restricted (Lee et
al., 1974a).
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