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S U M M A R Y  

A n u m b e r  of 4 - h y d r o x y c o u m a r L n  and [ n d a n e d i o n e  a n t i c o a g u l a n t s  c o m -  
pletly inhibited prothrombLn synthesis Ln vitro at concentrations of less than 
i0 raM. Since the high concentration of vitamin K 1 used to stin~lulate prothrom- 
bin synthesis made it unLikely that the anticoagulants were inhibiting proI 
thrombLn synthesis by preventing the regeneration of vitamin from vitamin K 1 
epoxide, this suggested a second site of action of anticoaduLants. This second 
site may be the epoxidation of vitamin K since all the anticoagulants inhibited 
the epoxidation at concentrations less than 7 raM. 3-Phenyl-4-hydroxycoumarin, 
Dicumarol, Marcoumar and phenylindanedLone were the most potent in inhLbitin~ 
pr ot arombfn synthes is and epox [dat ton while Warfar in, 4- hydroxycoumar in and 
fndanedione were the least effective. 

V i t a m i n  K 1 u n d e r g o e s  a c y c l i c  c o n v e r s i o n  to v i t a m i n  K1 e p o x i d e  

w h i c h  is r e d u c e d  b a c k  to  the  v i t a m i n  (1-4) .  T h e  r e d u c t i o n  of the  e p o x i d e  to 

v i t a m i n  K 1 Ls i n h i b i t e d  by  4-  h y d r o x y c o u m a r  in and  i n d a n e d i o n e  a n t i c o a g u l a n t s  

and  it ha s  b e e n  p r o p o s e d  tha t  t h e s e  a n t i c o a g u l a n t s  b l o c k  the  s y n t h e s i s  of the  

v i t a m i n  K d e p e n d e n t  c l o t t i n g  p r o t e L n s  b y  i n h i b i t i n g  t h e  r e g e n e r a t i o n  of 

v i t a m i n  K (4, 5). T h e  d e v e l o p m e n t  b y  S h a h  and  S u t t i e  (6) of a s y s t e m  f r o m  

r a t  l i v e r  w h i c h  w i l l  s y n t h e s i z e  p r o t h r o m b l n  when  v i t a m i n  K 1 is a d d e d  has  

p r o v i d e d  an  e x c e l l e n t  t o o l  to f u r t h e r  t e s t  the  h y p o t h e s i s .  If  c o u m a r i n s  and  

i n d a n e d i o n e s  a c t  o n l y  b y  l o w e r i n g  the  c o n c e n t r a t i o n  of  v i t a m i n  K, t h e n  t h e s e  

d r u g s  s h o u l d  no t  be  p o t e n t  i n h i b i t o r s  in t he  in v i t r o  s y s t e m  when  h igh  c o n c e n -  

t r a t i o n s  of v i t a m i n  K 1 a r e  e m p l o y e d  b e c a u s e  the  r e g e n e r a t i o n  of  v i t a m i n  

f r o m  the  e p o x i d e  wou ld  not  b e  i m p o r t a n t .  I n d e e d ,  S h a h  and  S u t t l e  found  t ha t  

W a r f a r i n  ( 3 - ( ~ - a c e t o n y l b e n z y l ) - 4 - h y d r o x y c o u m a r i n ]  a t  0 . 3  m M  o n l y  s l i g h t l y  

k~hib[ ted p r o t h r o m b i n  s y n t h e s i s  (6). H o w e v e r ,  we  f o u n d  t h a t  a n u m b e r  of 

4 -  h y d r o x y c o u m a r  ha and [ n d a n e d i o n e  d e r i v a t i v e s  a t  c o n c e n t r a t i o n s  of  10 m M  
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or less did inhibit prothrombin synthesis completely in vitro. This suggested 

that the anticoagulants were inhibiting prothrombin synthesis at a site other 

than the regeneration of vitamin K from the epoxide. This paper provides 

evidence that this second site may be the epoxidation of vitamin K. 

MATERIALS AND METHODS 

Sodium Warfarin was a gift from Endo Laboratories, Coumatetralyl 

[4- hydroxy- 3- (i, 2, 3, 4 - t e t r a h y d r o - l - n a p t h y l )  eoumar inJ  and M a r e o u m a r  

[ 3 - ( ~ - e t h y l b e n z y l ) - 4 - h y d r o x y c o u m a r i n ]  f r o m  Dr. Wil l iam T r a g e r ,  Un ive r s i t y  

of Washington,  Seatt le and 3 - p h e n y l - 4 - h y d r o x y c o u m a r i n  f r o m  Dr.  J a m e s  

Sadowski,  U n i v e r s i t y  of Wiscons in ,  Madison.  D i c o u m a r o l  [ 3 , 3 ' - m e t h y l e n e b i s  

( 4 - h y d r o x y c o u m a r i n ) ]  and 4 - h y d r o x y c o u m a r i n  were  obtained f r o m  Sigma 

C h e m i c a l  Co. and the indanediones f r o m  K & K L a b o r a t o r i e s .  The indane- 

d iones  were  d i sso lved  in ethanol  and the 4 - h y d r o x y c o u m a r t n s  were  e i ther  

d i s so lved  in ethanol  or dilute aqueous sodium hydroxide.  Vi tamin K 1 epoxide 

was syn thes i zed  (7). 

6 -7 -  [3HI Vitamin K 1 was a generous  gift f r o m  Dr. John Matsch ine r ,  

Un ive r s i t y  of N e b r a s k a  School of Medicine,  Omaha. It was pur i f ied  by 

c h r o m a t o g r a p h y  on s i l ic ic  acid (1). 

The m i c r o s o m e - c y t o s o l  s y s t e m  for  m e a s u r i n g  p r o t h r o m b i n  syn thes i s  

and the epoxidat ion of v i tamin  K 1 was p r e p a r e d  accord ing  to Shah and Sattie 

(6) except  the l iver  was homogenized  with a P o l y t r o n  homogen ize r  (Br inkmann 

In s t rumen t s )  and cent r i fuged  at 15, 000 x g. The r a t s  were  fed v i tamin  K 

deficient diet (13) for 10-20 days. The incubation mixture was also prepared 

according to Shah and Suttie (6) except that NADH (I mg/ml) was added. The 

mixtures were incubated for 0.5 by at 27 ° after the addition of vitamin K I. 

R ESU LTS 

Inhib it ton of Prothrombin Synthesis in vitro by Coumar ins and Indanedtones 

The in vitro production of prothrombin was stimulated by an energy 

source and by reduced pyridine nucleotides as previously reported (6, 8). 

Warfarin was a weak inhibitor of prothrombin synthesis but was effective at 

concentrations above i0 mM (Fig i). All the other anticoagulants were 

inhibitory at lower concentrations. 3-Phenyl-4-hydroxycoumarin, the most 

potent inhibitor, reduced prothrombin synthesis by about 40% at a concentra- 

tion less than 0. 1 raM. 
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ANTICOAGULANT m M  

Fig IA and B Inhibition of prothrombtn synthesis tn vitro by 4-hydroxy- 
coumartns and [ndanedLones. VLtamin K 1 (Nutritional Btochemtcals) tn 
ethanol was added to a final concentration of 20 #g/ml in the incubation 
mixture as described [n Mater [als and Methods. After shaking for 0. 5 hr 
at 27o the flasks were cooled Ln an ice bath and the m[crosomal fraction 
prepared according to Shah and SuttLe (6). Prothromb[n activity was 
assayed by the two-stage method of Shapiro andWaugh (14). Clotting times 
of dilutions of a solution of NIH standard thrombin tn 0. 9% NaCI were used 
to calculate prothrombin concentrations in NIH units of thromb[n activity. 
In the control flasks without anticoagulant 5. 1 to 7.5 units of protbrombLn 
were synthesized per gram of liver. The % inhibitions shown are the 
average for at least 3 different liver preparations. The 4-hydroxycoumar[ns 
tested are shown Ln Fig IA: Warfarin o 4-hydroxycournarLn • Coumatetralyl & 

Marcoumar X D[coumarol ~ 3-phenyl-4-hydroxycoumarfn ~ . The 
tndanedtones tested are shown in l~tg IB: 2-phenyl-l, 3- tndaned tone • and 

i, 3 Lndaned tone o. 

Warfarin and the Regeneration of Vitamin K] from Vitamin K I Epox[de 

The possfbLItty that the anticoagulants were blocking protbrombLn 

synthesis by inhibiting the regeneration of vitamin K1 from vitamin K 1 

epoxtde was made unlikely by the observation that Warfarin at 6 ~M inhibited 

by 86% the production of prothrombLn stimulated by epox[de (200 pg/ml). 

Since it required a concentration of Warfarin about 500 times greater to 

inhibit prothrombin synthesis in vitro (Fig i) [t ts unlikely that the inhibition 

of the epoxtde to K 1 conversion is important in the inhibit[on of prothrombLn 

synthesis tn the presence of h[ghlevels of vitamin K 1 (20#g/ml). 

Inhibition of EpoxtdatLon of VLtarntn K] by CoumarLns and In danediones 

Since [t was proposed that the epoxLdatton of vitamin K was somehow 
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l i n k e d  to the  c o n v e r s i o n  of p r o t h r o m b m  p r e c u r s o r  to p r o t h r o m b L n  (4, 9), we 

t e s t e d  the  e f fec t s  of a n t L c o a g u l a n t s  on the c o n v e r s L o n  of v i t a m i n  K 1 to 

vLtamtn K 1 epoxLde Ln the  Ln v i t r o  s y s t e m .  A l l  the 4 - h y d r o x y c o u m a r L n s  and 

mdanedLones  LnhtbLted the epoxidatLon of v t t a m t n  K 1 sLgnLfLcantly at c o n c e n t r a -  

t i o n s  l e s s  t h a n  7 m M  ( T a b l e  I). 3 - P h e n y l - 4 - h y d r o x y c o u m a r L n ,  a m o n g  the 

Table I InhibLtLon of EpoxLdatLon of VLtamLn K 1 by AntLcoagulants 

A n t  Lc o a g u l a n t  

C o u m a r  tns 

C o n c e n t r a t  Lon 
m M  

% InhLbitLon of % InhtbLtLon of 
EpoxLde FormatLon ProthrombLn SynthesLs I 

W a r f a r i n  30 59 ± 9 100 

3 .0  32 ± 4 23 

3 - P h e n y l - 4 -  2. 1 67 :~ 3 93 

h y d r o x y c o u m a r L n  0 .42  39 ± 5 55 

M a r c o u m a r  3 .5  84 ~- 7 94 

0 . 3 5  39 ± 5 35 

C o u m a t e t r a l y l  3 . 4  51 -+ 8 83 

4 - H y d r o x y c o u m a r L n  6 . 2  18 ~= 2 67 

0.62 4 :~ 4 21 

DLcumarol i. 2 55 ± 9 73 

0. 12 18 ± 5 24 

I n d a n e d t o n e s  

Indaned Lone 6 . 8  3 0 : k 9  61 

2. 3 20 ~- 10 50 

2. 2 77 =k 4 89 

0. 22 24 ± 9 37 

P heny l  m d a n e d  Lone 

1 T h e s e  v a l u e s  a r e  t a k e n  f r o m  FLg 1. 

T h r e e  Ug of [3HI K 1 (106 dpm)  m o. 05 m l  of e t h a n o l  w e r e  added  to 
5 m l  of LncubatLon m i x t u r e  ( see  Ma te rLa l s  and  Methods ) .  A f t e r  shakLng for  
0. 5 hr at 27 ° the r eac tLon  was  t e r m L n a t e d  by the addLtLon of 7 m l  of i s o p r o -  
p a n o l : h e x a n e  (3:2). The  a m o u n t  of c o n v e r s L o n  of [3H.] K 1 to 3H epoxLde was  
d e t e r m L n e d  as p r e v L o u s l y  d e s c r L b e d  (9). T h e  actLvLty of the c o n t r o l  m c u b a -  
tLon m i x t u r e  varLed b e t w e e n  0 .6  and  1 .3  n m o l e s  of epoxLde p r o d u c e d  pe r  
g r a m  of 1Lver. T h e  % LnhLbLtLon of epoxLdatLon by  the an tLcoagu lan t s  was  the 
a v e r a g e  of at  l e a s t  3 d e t e r m L n a t i o n s  done Ln duplLcate  on t h r e e  dLfferent  
1 Lver pr  e p a r  at  Lons. 
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m o s t  e f f e c t i v e  i n h i b i t o r s ,  i nh ib i t ed  e p o x i d a t i o n  by  39% at  0 . 4  m M  and 67% at 

2. 1 raM. In  c o n t r a s t ,  W a r f a r i n  at  3 m M  c a u s e d  a 32% i n h i b i t i o n  and  30 m M  

was  r e q u i r e d  for  a 59% i n h i b i t i o n  of e p o x i d a t i o n .  

DISCUSSION 

We w e r e  s u r p r i s e d  to f ind  that  c o u m a r i n  a nd  i n d a n e d i o n e  a n t i c o a g u l a n t s  

i nh ib i t ed  the s y n t h e s i s  of p r o t h r o m b i n  in v i t r o  s i n c e  the a m o u n t  of v i t a m i n  K 1 

added  was  high (20 p g / m l ) .  In e x p e r i m e n t s  i n  v ivo  we found  tha t  the  s t i m u -  

l a t i o n  of p r o t h r o m b i n  s y n t h e s i s  by  a dose  of v i t a m i n  K 1 of 50 p g / 1 0 0  gbw 1 was  

no t  i n h i b i t e d  by  as  m u c h  as  1 r a g / 1 0 0  gbw of w a r f a r i n  (2). T h i s  is p r e s u m a b l y  

b e c a u s e  at high c o n c e n t r a t i o n s  of v i t a m i n  K in the  l i v e r ,  the  i n h i b i t i o n  of the 

r e g e n e r a t i o n  of v i t a m i n  f r o m  v i t a m i n  K epoxLde does  not  l o w e r  the  c o n c e n t r a -  

t i on  to an  i n e f f e c t u a l  l e v e l  as  it would  if the i n i t i a l  c o n c e n t r a t i o n  of v i t a m i n  

w e r e  low. 

A l s o  u n e x p e c t e d  was  the o b s e r v a t  ion tha t  3 - p h e n y l - 4 -  h y d r o x y c o u m a r  in 

was  the m o s t  po ten t  i n h i b i t o r  of p r o t h r o m b i n  s y n t h e s i s  in v i t r o  s i n c e  it was  

one of the w e a k e s t  i n h i b i t o r s  in v ivo  a m o n g  the a n t i c o a g u l a n t s  t e s t e d  (10). 

W a r f a r i n  was  one of the m o s t  po t en t  i n h i b i t o r s  in v ivo (10) and was  the 

w e a k e s t  ha v i t r o  (F ig  1). Sadowsk i  and  Su t t i e  (11) and  B e l l  et al .  (10) found  

that  3 - p h e n y l - 4 - h y d r o x y c o u m a r i n  was  a poor  i n h i b i t o r  of the c o n v e r s i o n  of 

epox ide  to v i t a m i n  K 1 in v ivo  and in v i t r o  wh i l e  W a r f a r i n  was  one of the 

m o s t  po t en t  i n h i b i t o r s  of th i s  r e d u c t i o n .  T h e s e  f i n d i n g s  a p p e a r  to be  r e -  

c o n c i l e d  by  the o b s e r v a t i o n  tha t  3 - p h e n y l - 4 - h y d r o x y c o u m a r i n  is a po ten t  

i n h i b i t o r  of the epox ida than  of v i t a m i n  K whi le  W a r f a r i n  is m u c h  l e s s  i n h i b i t o r y  

(Table I). 

There was fairly good agreement in the order of potency of the anti- 

coagulants in [nhibithag prothrombin synthesis and epoxidation in vitro. 

3- P henyl- 4- hydr oxycoumar in, D ic oumar oi, Mar c oumar and p henyl indaned Lone 

were the most potent in inhibiting prothrombin synthesis and epoxidation 

while Warfarin, 4-hydroxycoumarin and indanedione were the least potent. 

There was also a rough correlation between inhibition of epoxidation and 

hahibition of prothrombin synthesis. Concentrations of the anticoagulants 

which inhibited epoxidation always inhibited prothrombin synthesis. 

T hes e exper iments raise the pos s [b ility t hat ant icoagulants may [nh~b it 

l g r a m s  body  weigh t  
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both the epoxLdatLon and regeneratLon of vLtamLn K in v[vo and that both these 

processes are necessary for normal clotting protein synthesLs. The dose of 

WarfarLn requLred to block prothrombin synthesis completely over 8 hr Ls 

about 35 t~g/100 gbw (12). If 10% of the injected drug was in the iLver (3) the 

Warfarin concentration would be approximately 0.04 rnM which corresponds 

to less than a 30% LnhLbition of epoxLdation (Table I) and prothrombLn synthe- 

sLs (FLg i). Therefore WarfarLnprobably does not LnhLbLt epoxidatLon of 

vLtamm K Ln vivo at doses which block prothromnb[n synthesLs. On the other 

hand, a dose of 6 rag/100 gbw of 3-phenyl-4-hydroxycoumarin is requLred for 

complete inh[bLtion of prothrornbLn synthesis over 3 hr (i0). If 10% of this 

drug was in the liver the concentration would be approximately i0 mnM. In the 

in vitro system a concentration of 2. 1 rnM inhibited epoxidatLon by 67% and 

prothrombLn synthesis by 93%. A 1 mg/1O0 gbw dose of Dicoumarol Ls re- 

quired for complete inhLb[tion of prothrombin synthesis and this would 

correspond to a liver concentration of i. 1 raM. In the in vitro system a 

concentration of i. 2 mM inhibited prothrombLn synthesis by 73% and epoxi- 

datLon by 55%. Hence, 3-phenyl-4-hydroxycoumarin and DLcournarol may 

block p r o t h r o m b [ n  synthes  is in vivo indi rec t ly  by inhibiting the epoxidat ion 

of v i tamin  K m addit ion to inhibiting the r e g e n e r a t i o n  of vLtarn[n K f r o m  Lts 

epox [de. 

This  paper  adds fu r the r  suppor t  to the Ldea that the v i tamin  K - K 

epoxLde cyc le  Ls involved in p r o t h r o m b i n  synthes is .  The evidence  points to 

the epoxidatLon oI v i t amin  K as the s tep l inked to prothrombLn synthesLs with 

the r educ t ion  s tep providing for  the r e g e n e r a t i o n  of vLtamin K. 

ACKNOWLEDGEMENT 

This work was supported by Grant HL 14847 from the National 
Heart and Lung Institute. We thank Ms. Roxanne Johnson for excellent 
technLcal assistance. 

REFERENCES 

1. MatschLner,  J . T . ,  Bell ,  R . G . ,  AmelottL, J . M .  and Knauer ,  T . E . ,  
BLochim. BLophys. Ac ta  201, 309-315 (1970). 

2. Bell ,  R . G . ,  Sadowski,  J . A .  and MatschLner,  J . T . ,  B LochernLstry 1_!1, 
1959-1961 (1972). 

3. Z~rnmerman,  A. and MatschLner,  J . T . ,  Biochem.  P h a r m .  23,  
1033-1040 (1974). 

624 



Vol. 72, No. 2, 1976 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

4. WLllLngham, A .K .  and M a t s c h m e r ,  J.  T . ,  BLochem. J. 140, 435-441 
(1974). 

5. Bell, R.G., Caldwell, P.T. and Holm, E.E.T., BLochem. Pharm. 
2__55, 1067-1070 (1976). 

6. Shah, D.V. and SuttLe, J.W., B[oehem. Blophys. Res. Comm. 6__00, 
1397-1402 (1974). 

7. T[shler, M., Fleser, L./~. and Wendler, N.L., J. Am. Chem. Soe. 
6__22, 2866-2871 (1940). 

8. SadowskL, J . A . ,  E s m o n ,  C . T .  and Sutt ie,  J . W . ,  J. Biol.  Chem.  251, 
2770-2775 (1976). 

9. W [ l l m g h a m ,  A. K . ,  L a l i b e r t e ,  R . E . ,  Bel l ,  R . G .  and M a t s c h [ n e r ,  J . T . ,  
B lochem.  P h a r m .  25, 1063-1067 (1976). 

10. Bel l ,  R. G. , Ren,  1 °. and Stark ,  P . ,  Fed .  P r o c .  3_~5, 1763 (1976). 
11. Sadowski ,  J . A .  and Sutt[e,  J . W . ,  B [ o c h e m / s t r y  1_~3, 3696-3699 (1974). 
12. Caldwel l ,  P . T . ,  Ren,  P. and Bel l ,  R . G . ,  B[ochem.  P h a r m .  2._~3, 

3353-3362 (1974). 
13. MatschLner ,  J . T .  and T a g g a r t ,  W. V. ,  J.  Nutr .  9_~4, 57-61 (1968). 
14. Shapi ro ,  S.S. and Waugh, D. F . ,  T h r o m b .  Diath. H a e m o r r h a g .  1_~6, 

469-490 (1966). 

625 


