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Abstract-This study reports an increased susceptibility to warfarin anticoagulation in mice bearing an 
experimental tumour, the Lewis lung carcinoma. In these animals, following a single i.v. injection of 
warfarin, the prothrombin complex activity decreased normally but recovered far slower than in controls, 
while the rate of degradation of the clotting factors was not modified. 

At the level of the vitamin K-dependent liver carboxylase, it was possible to demonstrate an increase 
in the endogenous substrate (reflecting an impairment of the carboxylase vitamin K dependent system). 
This abnormalitv was reversed bv vitamin K administration and can be reasonably ascribed to a vitamin 
K deficiency in ksociation with iumour growth. 

Oral anticoagulants of the coumarin type have been 
repeatedly reported to reduce metastasis formation 
in experimental animals [l, 21. However, the mech- 
anism and the optimal conditions for this effect have 
not yet been thoroughly investigated. In fact, very 
little is known about the pharmacokinetics and phar- 
macodynamics of warfarin in mice, the animal 
species in which the antimetastatic effect has been 
reported. 

The aim of this study was to evaluate whether the 
growth of the tumour would influence the host’s 
response to warfarin anticoagulation. As a model, 
the Lewis lung carcinoma has been chosen as a 
murine tumour in which the antimetastatic effect of 
warfarin has been characterized in more detail. For 
this purpose we had first to study the hitherto 
unknown pharmacokinetics of warfarin in mice. 

We show here an increased susceptibility to the 
anticoagulant effect of warfarin in tumour bearing 
mice, probably due to a partial vitamin K deficiency. 

MATERIALS AND METHODS 

Animals and turnours. Male 07 B1/6J mice weigh- 
ing 20-25 g at the start of the experiment were 
obtained from Charles River (Calco, Italy), lo5 
Lewis lung carcinoma (3LL) cells were implanted 
intramuscularly in the hind leg of the animals on day 
0. A loading dose of warfarin (Coumadin R, Endo 
Laboratories, Garden City, NY) was given by dis- 
solving 7.5 mg/l of the drug in the drinking water 
24 hr before the start of the experiment. Main- 
tenance doses of 2 mg/l were given for the duration 
of the experiment. After 20 days from the implan- 
tation, animals were killed, primary tumours 
weighed and metastasis counted; the livers were 
removed and immediately frozen at -80”. In this 
experiment the effect of warfarin on 3LL devel- 

opment was as follows: primary tumour weight 
8g ? 1.5 (controls) vs 7.2 g t 1.2 (treated); lung 
metastasis number: 20 + 3 vs 6 +- 2.8 (P < 0.01); 
lung metastasis weight: 120 mg f 11.5 vs 25 mg -C 6.5 
(P < 0.01). 

In some experiments on liver carboxylase activity, 
vitamin K (Konakion Roche, Milano, Italy) was 
supplemented in the drinking water for 2 days at a 
dose of 20 mg/l. 

Pharmacokinetics and pharmacodynamics of war- 
furin. The anticoagulant effect of warfarin was 
checked by measuring the plasma prothrombin com- 
plex activity using Thrombotest (Immuno s.p.a., Pisa 
Italy). (14C)-Warfarin (lo-15 &i/mmol, Radio- 
chemical Centre, Amersham, U.K.) was injected i.v. 
in the tail vein at the dose of 1.5 mg/kg b.w. In each 
mouse, at different time intervals (2,4, 6, 8, 15,25, 
33,50,75,96 hr), blood was collected from the retro 
orbital plexus and the Thrombotest was immediately 
performed. The clot was subsequently dissolved in a 
scintillation mixture (Instagel R 11, Packard Instru- 
ments, Illinois, USA) and 14C radioactivity was coun- 
ted in a liquid scintillation counter (TRI-CARB 300, 
Packard Instruments, Italy). 

In order to establish the distribution of warfarin 
in the liver, the drug was administered i.v. at the 
dose of 1.5 mg/kg in 16 control and 16 tumour bear- 
ing mice. The animals were sacrificed after 2 hr and 
15 hr. and warfarin was measured in blood and liver 
by a HPLC method [3]. 

To evaluate the rate of degradation of the pro- 
thrombin complex activity (ZQ, six tumour-bearing 
mice (day 20) and six normal mice were injected with 
12 mg/kg i.v. of warfarin. At that dose synthesis of 
the functional vitamin K-dependent clotting factors 
is completely blocked. Thrombotest in capillary 
blood of the retro orbital plexus was measured at 
several intervals (2.5, 5, 8, 15 hr) after warfarin and 
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the Kd was determined as described by Nagashima 
et al. [4]. 

warfarin on the basis of specific activity and count 
efficiency. In this experimental system we were not 
able to distinguish the metabolites of warfarin. Stat- 
istical analysis was performed following a statistical 
program developed for a HP-85 desk computer [8]. 

Liver carboxylase measurement. The microsomal 
fractions of the livers were prepared as described for 
bovine livers [5] and carboxylase was solubilized by 
adding 10% (v/v) of Triton X-100 to the preparation 
at a final concentration of 0.5%. It was checked 
that for all the preparations this was the optimal 
concentration to solubilize mouse liver carboxylase. 
Carboxylase activity was measured at 25” in a reac- 
tion mixture (0.25 ml) containing 800mM KCl, 
4 mM Phe-Leu-Glu-Glu-Leu (Vega Biochemical, 
Tucson, AZ), if added, 0.2mM vitamin K hydro- 
quinone and 0.01 mCi NaH14C03 (Amersham 
International, U.K.). 

Figure 1 shows the time course of the prothrombin 
complex activity following a single i.v. injection of 

RESULTS 

. CONTROL 
o TUMOR 

After different incubation times at 25” the reaction 
was stopped by adding 2ml of 5% (w:v) tri- 
chloroacetic acid. Traces of non-bound label were 
removed by gentle boiling for 1 min, before 10 ml of 
Insta-gel Rll scintillation mixture were added. The 
samples were counted in a liquid scintillation counter 
(TRI-CARB 300, Packard Instruments, Italy). 

The amount of carboxylase in liver was quantified 
in the presence of an excess of endogenous substrate; 
since under these conditions all reaction components 
are present in excess, the initial reaction rate is 
proportional to the respective amounts of car- 
boyxlase [5]. 
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Fig. 1. Time course of prothrombin complex activity (PCA) 
after a single injection of warfarin (1.5 mg/kg). Curves are 

the average of 12 curves from 12 single animals. 

Carboxylation of endogenous substrate (pre- 
sumably precursors of the vitamin K-dependent clot- 
ting factors) was measured as incorporation of label- 
led 14C02 in the absence of pentapeptide during 
60 min incubation. The results are expressed as cpm 
incorporated by a fixed concentration of microsomal 
protein (20 mg/ml). Protein concentration was deter- 
mined using Bradford’s assay [6]. 

Data analysis. The blood curves of radioactivity 
concentration vs time were analysed following a one 
compartment open model system after i.v. 
administration. 
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Experimental points were fitted by a non-linear 
regression iterative program [7] on a HP-85 desk 

Fig. 2. Disappearance of prothrombin complex activity 

computer (Hewlett-Packard, U.S.A.). The radio- 
after a single iv. dose of 12 mg/kg of warfarin. Each curve 

activity counted in blood was converted to ng/ml of 
is the average of 6 curves from 6 single animals. (V, = 

volume of distribution, Cl = clearance). 

Vd:Tumor :1.012* 0.022 ml/kg CI:Tumor : 2 373?0.19mllmin Kg (0) 

Control 1.037 ? 0.082 ml I kg Control: 1 995t0.46mlImln Kg (0) 
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Fig. 3. Disappearance of blood radioactivity after a single i.v. injection of 1.5 mg/kg of ‘T warfarin. 
Each curve is the average of 12 curves from 12 single animals. 
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Table 1. Warfarin levels in blood and liver of control and tumour bearing mice after i.v. 
administration of 1.5 mg/kg b.w. 

Controls Tumour bearing 
2hr 15 hr 2hr 15 hr 

Liver @g/g) 3.89 Z+Z 0.71 0.66 + 0.27 3.53 t 0.72 0.72 + 0.31 
Blood (~g/ml) 1.13 + 0.21 0.19 2 0.08 1.02 rt 0.41 0.21 + 0.07 

No significant difference in warfarin levels, in blood and liver between controls and tumour 
bearing animals were found, either at 2 or 15 hr after drug administration (Student’s t test). 

Each value is the mean of 8 animals lr: SD. 

Table 2. Endogenous substrate and amount of carboxylase in the microsomal fraction of liver from 
normal and tumour bearing mice 

Endogenous substrate Carboxylase 
(cpm/20 mg protein) (cpm/20 mg protein min) 

Normal mice Tumour bearing mice Normal mice Tumour bearing mice 

1590 2 600 3805 2 90* 190.5 2 28.0 491.5 + 164.5+ 
+ Warfarin 10,915 + 928 10,363 rf: 828 553.3 2 28.1 659.2 5 57.8 
+ Vitamin K 1177 + 136 1242 t 300 162.4 + 26.7 282.4 i 10.1 

The endogenous substrate is quantified as the amount of r4C02 (cpm) that was incorporated into 
endogenous substrate after 60 min incubation. The amount of carboxylase is expressed as the amount 
of r4C0, (cpm) which was incorporated into endogenous + exogenous substrate per minute. Livers 
from 10 mice for each group were pooled before the preparation of the various microsomal fractions. 
The results are expressed as the mean of 4 different experiments. 

Warfarin and vitamin K were supplemented in the drinking water as described in the Material and 
Methods section. 

* P < 0.01 vs normal mice. 
t P < 0.05 vs normal mice. 

. . 

1.5 mgjkg of radiolabelled warfarin in both tumour- 
bearing and normal mice. The Thrombotest level of 
tumour-being mice at the start of the experiment 
was within the normal range and even higher than 
that of controls (110 + 7.0 vs 95 2 5.0, P C 0.05). 
The decay of prothrombin complex activity was simi- 
lar in both groups, with values around 10% after 
13 hr, and the lowest level (5%) after 25 hr. In con- 
trast, recovery of prothrombin complex activity dif- 
fered markedly between the two groups. Indeed the 
time required to reach 50% of .activity was 45.7 hr 
for control animals vs 71.9 hr for tumour-bearing 
mice (P C 0.01 Student’s t test). 

Figure 2 shows the degradation time-course of the 
prothrombin complex activity in normal and tumour- 
bearing mice. The & was not significantly different 
in the two groups (& = 3.9 2 SD0.37 in normal 
mice vs 3.27 + SD 0.61 in tumour-bea~ng mice). 

Figure 3 shows the disappearance of radioactivity 
from the blood of control and tumour-bearing 
animals. No significant differences were found in the 
pharmacokinetic parameters of radioactivity in the 
two groups. 

Table 1 shows warfarin levels in blood and liver at 
2 hr and 15 hr. There was no significant difference in 
liver and blood warfarin levels between normal and 
tumour-bearing mice. 

Table 2 shows the presence of endogenous sub- 
strate for carboxylase and the total amount of car- 
boxyiase activity in the livers of non-treated controls 
and those of non-treated tumour-bearing mice. A 
significantly higher amount of endogenous substrate 
was found in the livers of the tumour-bearing mice. 

Administration of vitamin K to the tumour-bearing 
mice decreased the level of endogenous substrate to 
nodal, whereas the level in the controls remained 
unaffected by the vitamin. As might be expected, the 
warfarin-induced accumulation of hepatic substrate 
was several-fold higher in the controls than in tum- 
our-bearing mice, with a final level which was com- 
parable in both groups. 

Similar trends were observed when the amounts 
of hepatic carboxylase were compared in the two 
groups. In agreement with the observations of sev- 
eral other laboratories, the in uioo administration of 
warfarin (or the dietary vitamin K deficiency) induces 
an apparent increase of the microsomal carboxylase 
activity [Q]. It is striking, however, that the amount 
of hepatic carboxylase in amour-bearing mice was 
high, whether the animals had received warfarin or 
not. Also this effect was almost completely corrected 
by vitamin K administration. 

DISCUSSION 

In this study mice bearing an experimental meta- 
statizing tumour showed increased susceptibility to 
the anticoagulant effect of warfarin. This may be 
concluded from experiments in which the time course 
of prothrombin complex activity after warfarin treat- 
ment was studied: a parallel drop was observed, but 
the recovery was much slower in tumour-bearing 
mice. It is worth mentioning that the basal level of 
pro~rombin complex activity was not decreased in 
tumour-bea~ng animals but slightly increased to 
show statistical significance. The latter finding is in 
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agreement with previous data of normal clotting and 
fibrinolysis overall tests in the mice bearing the Lewis 
lung carcinoma [lo]. 

We attempted to ascertain whether the increased 
sensitivity to warfarin anticoagulation was due to 
pharmacokinetic or pharmacodynamic mechanisms. 
No differences were found in the disappearance and 
volume of distribution of radioactivity from control 
or tumour-bearing mice, despite the presence of a 6- 
8 g tumour mass (representing 4 of the body weight). 
Similarly no differences were found in the levels 
of warfarin in liver and blood when the drug was 
measured by an HPLC method. The HPLC method 
is specific to warfarin, therefore it further validates 
the data obtained in blood following administration 
of i4C warfarin. 

The lack of change in distribution volume in 
tumour-bearing mice could be due to the relatively 
low blood flow through the tumour, especially in 
its necrotic part. We have previously measured the 
percentage of cardiac output distributed to the Lewis 
lung carcinoma tissue by a radioactive microsphere 
technique and found that the amount of blood reach- 
ing tumour tissue during the final days of tumour 
development was about l/10 of that arriving when 
the tumour is still vegetating [ll]. This could mark- 
ediy limit access of warfarin to the tumour area. 

We subsequently studied whether the metabolic 
fate or the synthesis of prothrombin complex factor 
was changed in tumour-bearing mice. 

The rate of degradation of prothrombin complex 
activity was not modified, which rules out the possi- 
bility of increased proteolysis or consumption by 
tumour-released enzymes. The delayed recovery of 
prothrombin complex activity observed in tumour- 
bearing mice after warfarin administration suggests 
that some interference occurs on the synthesis of 
~nctionally active prothrombin complex factors. 

We thus explored the liver microsomal system 
which is involved in carboxylation of glutamic acid 
residues of prothrombin complex factors. It is well 
known that vitamin K is required as a cofactor for 
carboxylase in this reaction [12]. As a consequence, 
vitamin K-antagonists such as coumarin antico- 
agulants prevent the formation of carboxylated clot- 
ting factors. Administration of these drugs induces 
the accumulation of coagulation factor precursors 
(as an endogenous substrate for carboxylase) in the 
liver microsomes. 

We have found that in liver microsomes from 
tumour-bearing animals, the carboxylase-dependent 
vitamin K-system was impaired as indicated by the 
accumulation of the endogenous carboxylase sub- 
strate. This abnormality was not due to a defective 
enzyme activity since in the presence of a synthetic 
substrate the activity is not decreased but even 
enhanced. Moreover, the addition of vitamin K was 
able to completely abolish the substrate 
accumulation. 

It thus appears that vitamin K deficiency is 
involved in the observed accumulation of endogen- 
ous substrate in liver microsomes from tumour-bear- 
ing animals and presumably in their increased SUS- 
ceptibility to warfarin anticoagulation. Increased 

susceptibility to warfarin anticoagulation has been 
recently reported in rats bearing Walker 256 car- 
cinoma 1137. The pathogenesis of such an effect in 
rats was not clarified; however, the hypothesis of 
vitamin K deficiency playing a role in rat hyper- 
sensitivity to warfarin cannot be excluded. 

The mechanism of vitamin K deficiency in tumour- 
bearing mice is not clear; the possibility that reduced 
food intake during the last phase of tumour growth 
would somewhat favour vitamin K deficiency cannot 
be ruled out. However, this hypothetical mechanism 
could only partially account for vitamin K deficiency; 
indeed, withdrawal of vitamin K from the diet in 
tumour-bearing animals gives only after several 
weeks signs of vitamin K deficiency [14]. In any case, 
it is of interest that the vitamin K deficiency observed 
here does not involve a decrease in the basal level 
of prothrombin complex factors. Presumably, this 
deficiency is partial and just borderline; it is thus 
detectable only in the liver, where an increase in 
both carboxylase activity and substrate levels could 
lead to normal circulatory clotting factor levels. The 
same vitamin K deficiency does, however, mediate 
an increased susceptibility to the anticoagulant effect 
of warfarin. It is not yet known whether this may 
imply a lower requirement of warfarin in order to 
achieve the same degree of anticoag~ation in 
tumour-bearing animals. 
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