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Abstract—In female warfarin-resistant rats, coumatetralyl at 0.5 mg; 100 g body wt blocked prothrombin
synthesis and interrupted the vitamin K ,-K; epoxide cycle by almost completety blocking the conver-
sion of epoxide to vitamin K,. In contrast, prothrombin synthesis and the epoxide-K, conversion
were unaffected by warfarin at the same dose, ulthough at 2mg 100 g body wt warfarin also blocked
prothrombin synthesis and the conversion. In Sprague- Dawley rats, the anticoagulants inhibited proth-
rombin synthesis about cqually well over a range of doses. At 0.05mg 100 g body wt or greater.
warfarin and coumatetralyl severely inhibited both prothrombin synthesis and the reduction ol the
cpoxide to K. while at 0.0 mg/100 g body wt the anticoagulants had little effect.

Metabolic studies with tracer doses of [*H]K, and [*H]epoxide indicated that resistant rats have
hepatic epoxide: K, ratios 5-6-fold greater than in Sprague Dawley animals. The hepatic concen-
trations of [*H]K in male and female resistant rats were 41 and 26 per cent. and plasma prothrombin
concentrations 17 and 39 per cent respectively, of those values in Sprague Dawley rats. When resistant
rats were injected with vitamin K, plasma. prothrombin increased while the hepatic epoxide: K,
ratio decreased. Two days later prothrombin and the ratio had returned to their original values.

These results are consistent with the idea that the K, epoxide cycle is involved in clotting protein
synthesis and that the site of action of coumarins is the epoxide K, conversion. The impaired cpox-
ide-K, conversion may explain why warfarin-resistant rats have a lowered rate of prothrombin syn-

thesis.

It was proposed that coumarin and indanedione anti-
coagulants inhibit clotting protein synthesis by caus-
ing the accumulation of vitamin K, epoxide, a meta-
bolite and inhibitor of the vitamin [1-3]. Recently it
was observed that there is a lack of correlation
between the relative amounts of epoxide* and vitamin
K, in the liver and inhibition of prothrombin synthe-
sis [4-6]. However, the interconversion of vitamin K,
and epoxide is very likely involved in the mechan-
ism of warfarin (3-(x-acetonylbenzyl)-4-hydroxycou-
marin) action since in warfarin-resistant rats the inhi-
bition of the epoxide-K; conversion by warfarin was
greatly reduced [7, 8]. Another 4-hydroxycoumarin,
coumatetralyl (4-hydroxy-3-(1,2.3.4-tetrahydro-1-nap-
thyljcoumarin) was reported to be substantially more
toxic than warfarin to warfarin-resistant rats [9].
Martin subsequently found that coumatetralyl was
about six times more effective than warfarin in bloc-
king clotting protein synthesis in the resistant strain
but was about twice as effective in normal laboratory
rats [10]. If the locus of action of coumarins is the
epoxide-K; conversion, then coumatetralyl should be
much more effective than warfarin in blocking this
conversion in resistant rats and slightly more effective
in Sprague-Dawley animals. We investigated the
K ~epoxide cycle by injecting tracer doses of [*H]K,
and [*HJepoxide into male and female resistant rats
in order to ascertain the relative endogenous amounts
of vitamin K, and epoxide and to determine if there
is a correlation with prothrombin synthesis. We then
compared the effect of warfarin and coumatetralyl on

*Epoxide stands for vitamin K, cpoxide and K, for vita-
min K, in this paper.

the cycle and prothrombin synthesis in Sprague-
Dawley and resistant animals.

MATERIALS AND METHODS

6.7-[*H]Vitamin K, was obtained and purified as
described [11, 12]. Tritiated vitamin K, cpoxide was
prepared according to Tishler er al. [13]. Tween emul-
sions of [*H]K, and [*H]epoxide (5ng/100g body
wt) were injected as tracer doscs. Coumatetralyl and
sodium warfarin were generous gifts from Mr. Lance
Pohl and Dr. William Trager of the University of
Washington. Seattle and Endo Laboratories (Garden
City, N.Y.), respectively. Coumatetralyl was dissolved
in dilute NaOH solution and the pH adjusted to 7.5
wtih HCL Plasma prothrombin was assaved by the
method of Hjort er al. [14] and control plasma was
pooled plasma from twenty 11 12-week old male
Sprague—Dawley rats. The results are expressed as per
cent of control prothrombin although the assay is
somewhat sensitive to the concentration of Factor X
which is also a vitamin K-dependent factor.

Warfarin-resistant (10 [5-week old) rats, obtained
as described previously [7]. and Sprague Dawley rats
(10-15-weeks old) from Charles River Laboratories
were used in these experiments. They were fed Purina
rat chow unless it is stated otherwise,

RESULTS

Muale svarfarin-resistant rats. The hepatic epoxide:
K, ratio, was 6-fold greater in resistant rats than was
found previously in Sprague-Dawley animals [12]
(Table 1). The [*H] K, concentration in resistant rats
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Tuble 1. Metabolism of tracer doses of [*H]K, in resistant rats

Warfarin Per cent Prothrombin
(mg 100 g injected *H Epoxide: K, per cent
body wt) in [*HIK, ratio of controls
Male, resistant
Fed Purina chow 35407 094 «~ 11 17+ 3
(0.1 53405 1.6+ O]
5.0 23402 35+ 02
Female. resistant
Fed Purina chow 34+ 06 096 + 0.12 62+ 4
Fed Purina chow and
injected with vitamin K* 8.1+ 02 0.34 + 0.03 1324 10
Fed vitamin K-deficient diet® 32400 093 + 013 16+ 6
Female. Sprague Dawley
Fed Purina chow 132+ 30 018 + 0.04 159 + ¥

Rats were injected ic. with tracer doses of [*H]K, and killed 2hr later. Where indicated warfarin was injected
Lp. 0.5 hr before the labeled vitamin or epoxide. Livers were analvzed as described previoushy [7]. The results are

the mean + S.E.M. for 3-8 rats.

* Rats were injected intramuscularly with vitamin K; (40 ug/100g body wt) 16 hr before injection with a tracer

dose of [*H]K, to determine the epoxide: K, ratio.

+ Rats were fed vitamin K-deficient diet (prepared by General Biochemicals. Chagrin Falls, Ohio according to Mats-

chiner and Taggart [23]) for 4 days.
T Control plasma was pooled plasma from male rats.

was 41 per cent of that found in Sprague Dawley
rats. A dosc of warfarin (0.1 mg/100 g body wt), which
blocked prothrombin synthesis and increased the
cpoxide: K, ratio almost 20-fold in Sprague-Dawley
rats [12]. did not block prothrombin synthesis [12]}
and increased the ratio by less than 2-fold in resistant
animals {Table 1). Warfarin at Smg/100g body wt
blocked prothrombin synthesis in resistant rats [7]
and increased the ratio to 3.5 (Table 1), which is simi-
lar to that found in Sprague- Dawley rats treated with
0.1 mg/100 g body wt of warfarin [12]. Experiments
with tracer doses of [*HJepoxide confirmed thesc
results. After administration of either labeled K, or
cpoxide to Sprague-Dawley and resistant rats the

K, epoxide cycle comes to cquilibrium at cpoxide:
K, ratios of about 0.2 and 1. respectively. After war-
farin (0.1 mg/100 g body wt) treatment the ratios were
approximately 3.0 and 1.6 respectively.

When male resistant rats were injected with a near-
minimum effective dose of [*"HJK, (3 1g/100 g body
wtl, plasma prothrombin increased rapidly and the
hepatic epoxide: K, ratio decreased to 0.37 at 2hr
(Fig. 1). The ratio was 0.16 in Sprague-Dawley males
which have normal prothrombin levels [12]. In resist-
ant animals the ratio was 048 at 11 hr after which
plasma prothrombin declined. At 48 hr the prothrom-
bin concentration and the ratio had returned to ap-
proximately their zero-time values.

Table 2. Inhibition of prothrombin synthesis and the vitamin K epoxide vitamin K conversion in female Sprague Daw-
ley and resistant rats

Per cent
control prothrombin Hepatic ratio
mg/100 g body wt at 8 hr epoxide: K,
Sprague- Dawley
Control 0 159 + 8 0.30 £+ 0.06
Warfarin 0.5 81 +7 6.3 4+ 09
0.05 93 + 4 214 04
0.01 141 + 8 043 + 0.12
Coumatetralyl Q0.5 824+ 2 20+t
0.05 83+ S 45+ 04
0.01 146 + 7 0.41 + 0.02
Resistant
Control 0 146 + 11 1.9 + 0.2
Warfarin 2.0 09 + 10 5.1+ 08
0.5 150 + 10 1.8 + 0.2
Coumatetralyl 2.0 72 42
0.5 73+ 5 17 + 4
0.05 104 = 11

To determine inhibition of prothrombin synthesis. rats were injected i.p. with the anticoagulants at zero-time. The
resistant rats were injected intramuscularly with vitamin K, in a Tween emulsion (25 ug/100 ¢ body wt) 16 hr before
sero-time in order to increase plasma prothrombin to levels found in Spraguc- Dawley animals. The values are the

mean + S.EM. for 4-8 rats.

For determination of the inhibition of the epoxide K; conversion, rats were injected ic. with a tracer dose of
[*Hlepoxide and killed 2hr later. Where indicated warfarin or coumatetralyl were injected i.p. 2 hr before the labelled
cpoxide. Livers were analyzed as described previously [7]. The results are the mean + S.E.M. for 3 rats.
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Fig. 1. Hepatic epoxide: K ratios and plasma prothrom-

bin in male resistant rats. Groups of rats were injected

i, with [PH]K | (3 4g/100 g body wt) and killed at times

indicated for liver analysis to determine the epoxide: K,

ratios (@) [7]. Blood samples were taken at times indicated

for prothrombin assays (O). The values are the averages
for 3 4 animals.

Femule warfarin-resistant  rats. Resistant females
also had elevated levels of epoxide relative to vitamin
K, and prothrombin concentrations 39 per cent of
those found in Sprague-Dawley females. The hepatic
epoxide: K; ratio was about 5-fold higher and the
["H]K, concentration was 26 per cent of that found
in Sprague-Dawley rats (Table 1). These results were
confirmed by studies with tracer doses of [*HJepox-
ide. Resistant females were injected with vitamin K,
(40 g/100 g body wt) which increased plasma proth-
rombin and decreased the hepatic epoxide: K, ratio
over 16 hr (Table 1). When female rats were fed a
vitamin K-deficient diet, plasma prothrombin de-
creased but the hepatic epoxide: K, ratio did not
change significantly.

Eftect of warfarin and coumatetralyl on prothrombin
syathesis and epoxide-K | conversion. In Sprague—
Dawley rats, warfarin and coumatetralyl blocked pro-
thrombin synthesis effectively over 8 hr at 0.5 mg and
0.05mg 100 g body wt ({Table 2). With these doses
the half-life of plasma prothrombin was calculated to
be 7.7 to 10.3 hr. The half-life of prothrombin in the
rat, determined by blocking protein synthesis, was
estimated to be 5.3-7.0 hr [15]. The epoxide-K; con-
version was also greatly inhibited over 4 hr by both
anticoagulants (Table 2). Coumatetralyl was more
effective than warfarin. At 0.01 mg/100 g body wt both
anticoagulants had little effect on either prothrombin
synthesis or the epoxide-K; conversion.

In warfarin-resistant rats, warfarin had no effect on
prothrombin synthesis or the epoxide-K | conversion
at 0.5 mg/100 g body wt but at 2mg/100 g body wt
both prothrombin synthesis and the conversion were
clearly inhibited. Coumatetralyl at 0.5 mg/100 g body
wt blocked both prothrombin synthesis and the con-
VErsion.

DISCUSSION

The correlation of inhibition of prothrombin syn-
thesis with the blocking of the epoxide-K, conversion
by coumatetralyl in warfarin-resistant rats provides
additional evidence that anticoagulant resistance is
due to loss of sensitivity of this reduction to certain
coumarins and indanediones [7.8,12]. In Sprague-
Dawley animals, coumatetralyl and warfarin blocked
prothrombin synthesis about equally well over a
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range of doses. At 0.05 and 0.5 mg/100 g body wt both
anticoagulants blocked prothrombin synthesis and
clearly inhibited the epoxide~K conversion while at
0.01 mg/100 ¢ body wt they had little effect. In con-
trast, coumatetralyl at 0.5 mg/100 g body wt blocked
prothrombin synthesis and the epoxide-K, conver-
sion in warfarin-resistant rats while the same dose
of warfarin had no effect on the synthesis or conver-
ston. In agreement, Martin [10] found that coumate-
tralyl was about as cffective as warfarin in blocking
prothrombin synthesis in normal laboratory rats but
was much more effective in resistant animals. How-
ever, he also found that coumatetralyl was twenty
times more effective in laboratory rats than in resist-
ant animals whereas our studies indicate that it was
only slightly more effective. The site of action for cou-
marin anticoagulants appears to be altered in resist-
ant rats so that the rclative affinities of coumarins
have been changed.

Sadowski and Suttie [6] compared the effects of
warfarin and three other coumarins on the K -epox-
ide cycle and prothrombin synthesis in laboratory
rats. They found that the least effective coumarin in
blocking prothrombin synthesis was also the least
effective in inhibiting the reduction of vitamin K,
epoxide to vitamin K.

Previous results with large doses of [*HIK, and
[*Hlepoxide indicated that the conversion of epoxide
to K; was much less sensitive to warfarin in warfarin-
resistant rats{7]. Studies with tracer doses of the
labeled compounds confirmed this and in addition
showed clearly that the K- epoxide cycle was altered
in resistant animals in the presence or absence of war-
farin. In resistant rats, the epoxide: K ratio was cle-
vated as though they had been treated with warfarin.
This may explain the observation of Shah and Sut-
tie [17] that resistant rats respond to vitamin K and
the 2-chloro-analog of the vitamin as though they had
been treated with warfarin. When the low prothrom-
bin levels of resistant rats were increased by vitamin
K, administration. the epoxide: K, ratios decreased.
Presumably, vitamin K, epoxidase and other liver
enzymes that metabolize vitamin K were saturated
by the administered vitamin and the epoxide: K,
ratio decreased. If the K —epoxide cycle enzymes were
not saturated in the resistant animals fed Purina
chow. then it is not surprising that feeding a vitamin
K-deficient diet did not increase the epoxide: K ratio
still further (Table 1).

In male and female resistant rats the hepatic con-
centrations of ["H]K, were 41 and 26 per cent, re-
spectively, of those values found in Sprague Dawley
animals [12] (Table 1). This decrease, in the most
part, can be accounted for by the change in the equi-
librium of the K ~epoxide cycle. The reduced vitamin
level may be the cause of or at least contribute to
the reduced rate of prothrombin synthesis in resistant
rats. Although Hermodson et «f. [16] found that male
resistant rats required the administration of 20 fold
more vitamin K, than normal laboratory rats to
maintain normal prothrombin levels, it is not known
how much the actual vitamin K level in the liver was
increased. If the cycle is impaired either by warfarin
or by a less efficient reductase, more vitamin K is
required for normal prothrombin synthesis. Even if
the epoxide-K | conversion is severely inhibited by
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warfarin, prothrombin synthesis still occurs if suffi-
cient vitamin is supplied. Thus, epoxidation of vita-
min K may be nccessary for prothrombin synthesis,
as suggested by the observations that (1) inhibitors
of epoxidation are also anticoagulants [18]. (2) there
is an inverse relationship between epoxidase activity
and plasma prothrombin [19], (3) cis-vitamin K, has
little vitamin K activity [20] and is a poor substrate
for epoxidation [21] and {4) epoxidation and proth-
rombin synthesis are tightly coupled in vitro [ 22].

If epoxidation of vitamin K is necessary for proth-
rombimn synthesis, then coumarins probably act by
cutting down the supply of vitamin from the epoxide.
Warfarin resistance results from loss of sensitivity of
the epoxide-K, conversion to warfarin and a relative
lack of coumatetralyl resistance results from inhibi-
tion by this anticoagulant of reduction of the epoxide.
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