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Abslract Tctrachloro-4-p~ridinol (4-T('P) and 2-chloro-3-phytyl-l,4-naphlhoquinone (('l-K), like the 
coumarin and indanedione anticoagulants, caused the accumulation of prothrombin precursor acti~,it~ 
in liver microsomes. Unlike the coumarins and indanediones, 4-T('P and CI-K interrupted the vitamin 
K~ vitamin K~ cpoxide cycle by inhibiting the epoxidation of vitamin K~. Epoxidase activity assayed 
in ritro was decreased by about 40 per cent relative to controls in rats treated 24 hr previousl 3 with 
4-T('P or CI-K. In ritro assays demonstrated that 3 × 10 ~M CI-K and 10 aM 4-T('P inhibited 
the epoxidation of vitamin K~ by about 75 per cent. Inhibition of phylloquinone epoxidase activity 
was determined in vivo by blocking the reduction of epoxide with warfarin and measuring the conversion 
of [3H]K~ to ['~H]epoxide. Doses of CI-K and 4-TCP which blocked prothrombin synthesis also 
inhibited epoxidation while doses which did not lower plasma prothrombin also had no significant 
effect on the K~ epoxide conversion. 

When inhibition of prothrombin synthesis by 4-TCP and CI-K was reversed by vitamin K ~, a mini- 
mum of 6 17 nmole of epoxide were formed in the liver for each nmole of prothrombin that appeared 
in plasma. The results suggest that epoxidation of vitamin K may bc inwHved in prothrombin produc- 
tion and that interference with either the epoxidation or rednction step in the cycle will result in 
inhibition of clotting protein synthesis. 

A major pathway' of vitamin K metabolism in man 
and the rat is conversion to the 2,3-epoxide which 
is reduced back to the vitamin [1 3]. A number of 
observations have suggested that the vitamin K~ vita- 
min K I epoxide cycle is involved in the mechanism 
of action of the vitamin and its antagonism by anti- 
coagulants [44,].  Coumarin and indanedione antico- 
agulants inhibit the reduction of the epoxide to the 
vitamin while two other anticoagulants, tetrachloro-4- 
pyridinol (4-TCP) and 3-phytyl-l,4-naphthoquinone 
(C1-K) have little effect on this reaction [7]. Therefore, 
we investigated the possibility that 4-TCP and C1-K 
may interrupt the cycle by inhibiting the epoxidation 
of vitamin K. We also wished to determine whether 
4-TCP caused the accumulation of prothrombin pre- 
cursor activity in the microsomes like warfarin and 
CI-K [8]. 

MATERIALS AND METHODS 

Materials. Male Sprague Dawley rats (6-12 weeks 
old) fed Purina Laboratory (-'how were used in these 
studies. [~aC]phylloquinone, uniformly labelled in the 
phytyl side chain, and 6,7-[3H]phylloquinone were 
synthesized and purilied as described pre- 
v ious ly[ l ,9 ] .  CI-K was provided by ,1. Lowenthal 
(Pharmacology Department. McGill University, 
Montreal, Canada} and was purified by chroma- 
tography on silicic acid [ l ] .  The sodium salts of 
4-TCP and tetrachloro-2-pyridinol were gifts from F. 
Marshall (Dow Chemical Company, Zionsville, Ind.) 
and sodium warfarin from Endo Laboratories 
(Garden City, N.Y.). For intracardial injections (i.c.I, 
[3H]phylloquinone and C1-K were dissolved in 
Tween 80 and diluted with 0.9",, NaCI to make soht- 
tions containing 5",. Tween o ,  less. Sodium warfarin 

and sodium TCP were dissolved in water for intraper- 
itoneal (i.p.) injections. 

Epoxidase assay. Livers were prepared and assayed 
for phylloquinone epoxidase as previously de- 
scribed [10]. Rats were decapitated and the livers 
quickly excised and chilled. The livers were minced 
and homogenized using a Pol \ t ro  20ST homogenizer 
(Brinkmann Instruments) at low speed. Homogenates 
(25'!,,,w/v) were prepared in 0.25 M sucrose contain- 
ing 0.05M potassium phosphate buffer, pH 7.5. 
Homogenates were centrifuged at 15.(X)0# for 20 rain 
in a Sorvall RC2-B centrifuge for preparation of 
supernatant fractions used in the epoxidase assay. 

1.6nmole of [ l*C]phylloquinone (s.a. 70mCi/m- 
mole) dissolved in 50 Ill of ethanol were added to in- 
cubation nfixtures containing 1.5 nfl of the liver super- 
natant, 30 nmole of sodium warlhrin to inhibit vita- 
min K epoxide reductase [6], and homogenization 
solution to a final volume of 3 ml. The mixtures were 
shaken in open flasks at 37 in a Dubnoff incubator 
and the reaction terminated by the addition of 7 ml 
of isopropanol hexane (3:2). The mixture was trans- 
ferred to stoppered tubes, shaken vigorously and cen- 
trifuged at 1500rev/min for 10thin. The extract, 
which contained 80 100 per cent of the added 
radioactivity, was separated by t.l.c, with carrier phyl- 
loquinone and phylloquinone epoxide as previously 
described [1, 5]. The phylloquinone and epoxide spots 
accounted for 9(~ 100 per cent of the chromato- 
graphed b*C 

Prothromhin precursor assa)'. The venom of Echis 
earinutus (Sigma Chemical Co., St. Louis, Mo.) has 
been used to generate thrombin activity from pro- 
thrombin [11] and from microsomal extracts of livers 
from hypoprothrombinemic rats[8].  Microsomes 
were prepared from 15.000,q liver supernatant by cen- 
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trifugation at 105,0(X)0 Ibr 1 hr. The microsomal pel- 
let was suspended in fresh homogenizing medium at 
one-half the vohm/e of the 15,000,q supernatant, 
treated with an equal volume of 1". Triton X-100 
{Rohm and Hass, Philadelphia. Pa.) and diabzed for 
18 20 hr against 0.025 M potassium phosphate bulter, 
pH 7.5. Insoluble material was removed bx centrifu- 
gation at 105.0(X) H for lhr .  In order to rcmove any 
prothrombin,  the supernatant was treated with 
BaSO+ (30rag,roll for I h r  with frequent nfixing m 
an ice-bath. The BaSO+ was remoxcd by centrihtga- 
tion at 2000H for 5 rain. A portion of the supernatant 
10.2 ml)was incubated with 0,1 ml of Echis carinattt,s 
~enom in water (I mg 11111 at 37 lot 20rain. The 
timed clotting reaction was started b\ adding 0.1 ml 
of BaSO+ absorbed beef plasma [12]- and measured 
with a coagulation timer (F'ibrometer clot timer, BBL 
Cockexsville. Md.L No clot was observed if beef 
plasma was incubated with lnicrosotnal protein or 
snake '~enom alone. The clotting times obtained were 
converted to NIH thrombin units by comparison with 
a standard curve prepared by dilution of a stan- 
dardized solution of thrombin (Thrombin, Topical: 
Parke-Davis. Detroit. Mich.). 
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Fig. I. Inhibition of phylloquinonu epoxidasu iu rim, h~ 
('I-K (OI and TCP {il. 4-T('P, dis~,ohcd in honlogeni/mg 
medium, or ('l-K, dissohed m 50 ul clhunoi, \,.ere added 
Io incubation nlixttu+es tsce Malcrials and Method~,L t{ach 
point represents the average + S.E.M. of triplicate 5-rain 
incubaticuls. Control activity was 0.28 + 0.t)l nmolc ol 

epoxide formed in 5 ram. 

When groups of rats were treated 24 hr before with 
doses of 4-T( 'P and ('I-K sufficient to block proth- 
rombin s\nthesis  completel 3 tot more than 24 hr [7]. 
the lixer epoxidasc actixities were 40 per cent less 
than controls in both groups [Table I). Prolhrombin 
precursor activit\ was increased in the livers of these 
groups to a comparable extent as rats treated ,a.ith 
warfarin tot comparison (Table I I. 

Inhibition ol l>hylloqt+imme el+OXidaL"¢' ac+iritv m 
vitro. To determine the relative ettcctix eness of 4-T( 'P 
and CI-K in inMbiting epoxidase activit 3, various 
concentrations of the anticoagulants were added to 
epoxidase assay mixtures derived from livers of un- 
treated rats (Fig. I). As low as 6 x 10 : M  CI-K in 
the incubation mixture inhibited epoxidase activity by 
over 50 per cent and 6 × 10 ~'M inhibited by over 
80 per cent. C1-K was about thirt 3 times more potent 
an inhibitor than 4-T( 'P:  3 × l0 <'M CI-K ga',e ap- 

proximatel3 the same inhibition 175 per centl ~ts 
10 ~ M 4-T('P. From Table 2. ( 'I-K is ut least tx,.ent\ 
limes more elTcctixe than 4 - ' l ( P  in inhibiting proth- 
rombin synthesis o,~er an {';-hr period. 

Inhibition o1 epoxiJation aml iwothromhm ",l,thcq~ 
in ,~ixo. In order to lest the effect o f (  I-K and 4-1( P 
on epoxidation or xitamin K i ,  t im. reduction o1 the 
epoxide was inhibited witla ~urlhrin and the comcr-  
sion of [3H]playlloqumone to [~H]plDlloquinonc 
epoxidc was measured. Warfarin alone produced an 
cpoxide:K I ratio of 4.3 <Table 21. A reduction m this 
ratio x~.as presumed to haxc rcsulted Iron1 inhibition 
of the conxcrsion of [3t l ]K Io [~H]epoxide. Separate 
experiments were carried out Io determine the inhibi- 
lion of pro thrombm s\nthcsis b\ the anticoagulants 
to see whether inhibitioll of epoxidation +~as cot-re- 
lated with inhibition o[" prothrolnbin sxnthesis. ( I -K 
at doses ot + 0.3 and 0.05 and 4-T( 'P at 6rag lt)t)g 

Table 1. Vltlecl of anticoagulants on epoxMasc and prothrombin precursor acthit'~ ol rat ]ixcr 

Plasma Kpoxidasc Precursor acti,, it,. 
prothrombin activit> [NIH lhrombin units ~ 

(per cent of controll (nmolc lormedl mg protein) 

Untreated 74 + 4* 0.27 + 0.0l <0.2 
('I-K ,5 + I 0.16 ± 0.01 2.~ + o.2 
4-T('P 5 + 1 0.16 ±- 0.02 I.S q 0.3 
Warlitrin 17 + 5 + 1.4 + {).2 

Rats{6 weeks oldl were injected i.p. with 4-T('P (6mg:100g bod> wtL wartarin (0.1 mg IO0g bod\ ~tl ot i.e. v, ith 
('I-K (0.3 mg/100g hod\ ,.vlL At 24hr. blood samples were taken for prothrombin assay [12]. Thc lixcrs v. crc rcnloxed 
and assaxed R)r epoxidase and prothrombin precursor activitx (see Materials and Mcthodsi. Incubathm,, for cpoxidasu 
were for 5 min at 37 . Values are the average + S.E.M. for 4 rats. 

* ('ontrol plasma ,aas pooled plasma from twenly I I 12-week old male Sprague Dawle 3 rats. Younger r~ts ~,, u-,cd 
in these experiments haxe been obserxed to have lower plasma prothrombin [19]. 

i" Epoxidase acti',itx ,*,as not dctermined. Data from similar experiments indicate that epoxidasc uctixitx m '~vzu%tin- 
trealed rats is from 1.5 to 2 times that observed in untreated animals [10]. 

+ NIH lhrombin units were determined as described in the texl b> comparison ol dotting times ol experimental 
samples to the clotting limes of standardized solutions of Ihrombin. 
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Table 2. Inhibition of epoxidation of phylloquinone and prothrombin synthesis 

Dose Plasma prothrombin* 
Drug (mg/100g at 8 hr Hepatic ratio+ 

administered body wtl (per cent of control) [3H]epoxide:[~H]K~ 

Control (I I(X) 4.3 + 0.6 
('I-K 0.3 46 + 5 0.71 + 0.08 

0.05 52 + 2 1.8 + 0.5 
0.(105 96 + 9 3.0 + 0.5 

4-T('P 6.0 46 + 2 1.8 _+ (I.4 
1.0 82 _+ 6 2.5 + 0.3 
0.1 106 _+ 4 4.3 - 1.(I 

Telrachloro- 
2-pyridinol 6.0 90 _+ 2 2.6 + 0.2 

Rats were killed 2 hr after injection of [3H]KI and the livers were analyzed lk)r [3H]Kt 
and [3HI epoxide as described previously It, 5]. The results are the averages _+ S.E.M. for 
3 7 animals. 

* To determine inhibition of prothrombin synthesis, rats were injected i.e. with CI-K and 
i.p. with the tetrachlorop?ridinols and blood samples were taken at 8 hr for prothrombin 
assay [12]. The control plasma was pooled plasma from twentx 11 12-~seek old male Spra- 
gue Dawley rats. The values are the averages for 4 8 rats 4- S.E.M. 

+ To determine the inhibition of epoxidation of vitamin K ~, separate groups of rats were 
injected with warfarin 11 mg/100g bod 3 wt) 5 min after a tracer dose of [3H]K, (5 ng/'lIX)g 
body wtl. The other anticoagulant, whcre indicated, was injected just before the radioactive 
vitamin. [3H]K~ and C1-K were injecled i.c. while warfarin and the tetrachloropyridinols 
were administered i.p. 

body wt blocked prothrombin sxnthesis over 8 hr* 
and significantly reduced the hepatic epoxide:Kt 
ratio (P < 0.05). CI-K was substantially more effective 
than 4-TCP (Table 2). When CI-K (0.005mg/100g 
body wt) and 4-T( 'P  (0.1 mg/100g body wtt were 
administered at doses which did not lower plasma 
prothrombin the ratios were not significantly different 
from the control treated with warfarin alone 
(P > 0.l). 4-T( 'P  at 1 mg/100g body wt caused a 
slight inhibition of prothrombin synthesis and the 
epoxide:K~ ratio was less than the control (P < 0.1). 
Tetrachloro-2-pyridinol, an isolner of 4-TCP, lowered 
plasma prothrombin only slightly at the same dose 
(6mg/100g body wt) at which 4-TCP completely 
blocked prothrombin synthesis. The 2-isomer also de- 
creased the epoxide:K~ ratio relative to the control 
(P < 0.1). These results show a rough correlation 
between inhibition of prothrombin synthesis and inhi- 
bition of the epoxidation of vitamin K. 

Epoxide jbrmation m recersal q] inhibition of proth- 
romhin svnthe.~is. Since vitamin K~, in sufficient 
amount, can overcome the anticoagulant effects of 
CI-K and 4-TCP [14, 15], we compared the anaount 
of vitamin K~ epoxide formed with the amount of 
prothrombin synthesized when ineffective and effec- 
tive doses of vitamin Kt were administered to anti- 
coagulant-treated rats (Table 3). All rats were treated 
with warfarin to inhibit reduction of any epoxide 
formed. Groups given warfarin alone, or warfarin 
with C1-K or 4-TCP 24 hr previously were injected 
with 1 or 2001tg of [~4C]phylloquinone. The small 
dose of phylloquinone did not increase plasma prolh- 
rombin and 0.0,%0.22 nmole of epoxide were pro- 
duced in the liver. Two hundred l~g of phylloquinone 
increased plaslna prothrombin by 1 3mnole  and 
I ¢  31 nmole of epoxide were found in the liver. 

*The half-life of prothrombin in the rat, determined by 
blocking prolein s~nthesis, estimated to be around 
7hr [13]. 

ms( ' t~ssiox 
4-TCP, like warfarin and CI-K [8], caused the ac- 

cumulation of prothrombin precursor act ivib in the 
microsomes, suggesting that 4-TCP also interferes 
with the conversion of precursor to active plasma 
prothrombin. However, previous studies indicated 
that CI-K and 4-TCP do not have the same mode 
of action as coumarin and indanedione anticoagu- 
lants [7]. Inhibition of prothrombin synthesis was 
reversed by phylloquinonc epoxide in CI-K and 
4-TCP treated rats but not in warfarin and phcnylin- 
danedionc treated animals because the latter antico- 
agulants blocked the epoxide K~ conversion. Also, 
rats genetically resistant to warfarin and phenylin- 
danedione were not resistant to 4-TCP and CI-K [7]. 
The present results demonstrate that 4-TCP and CI-K 
also interfere with the K t epoxide cycle but inhibit 
the cpoxidation rather than the reduction step both 
in rico and in ritro. It might be anticipated that CI-K 
would inhibit vitamin K metabolism because of struc- 
tural similarit\, but the inhibition by 4-TCP, which 
has no apparent similarity, lends support to the possi- 
bility that epoxidation of vitamin K is somehow 
linked to clotting protein s~nthesis. In this connection 
Willingham and Mat~hiner  found that hepatic phyl- 
loquinone epoxidase activity was inversely propor- 
tional to the concentration of plasma prothrombin 
and directly proportional to microsomal prothrombin 
precursor activity [10]. In addition, the cis isomer of 
phylloquinonc, which has little or no vitamin K ac- 
tivity [16], is poorly converted to an epoxide either 
in cit'o or ill ritro [17]. It ma',. be significant that the 
inhibitors of epoxidation, 4-TCP and C[-K, were 
more ettective than warfarin in inhibiting prothrom- 
bin production in an in ritro system [18]. 

If inhibition of epoxidase activit \  is somehow in- 
xolxed in inhibition of prothrombin s.xnthesis, then 
the closes of ( 'I-K and 4-T( 'P which block prothrom- 
bin synthesis must be high enough to inhibit hepatic 
epoxidase acti\ity, gpoxidase acti\it,, assayed in citro 
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Table 3. Vi ianl in K~ and epoxide in l ixcr and prothron lb in  ill plasnla 1 hi" after administrat ion of  ~it:.imin K to anticoagu- 
hl l ] l - I iealed rats 

I,i~cr PiaSlll;i 

Vi tamin K Pr~Hhromhin 
administered Ant icoagulanl  K f Epoxide Ipox ide  increase ~ 

tnnlolei  administered Inmolc) {nlnolcl (tllncllcl 

444 

( ' I -K + \ \ar far in 0.39 e 0.(12 0.05 - (i.Ol 
4-Y( 'P * \ \ar far in I).38 + [).01 0.115 T (I.(il 

Warl].irin I).45 4 0.04 022 -: 0.05 
( ' i -K t \~,arl~ll-ill 123 ~ 2h 17 4 4 

4 - T ( P  i \~arlhrii l 137 :, IS 14 ! 1 
Warlhr in IN2 + 1<'4 ~1 :r 4 

l.ll (I.2 
2.4 (I,I 
3 I ~ ( l i t  

Rats wcrc injected i.p. ~ i lh  4-TCP 16 mg 100g bed3 wtL warfar in 10.1 mg I[)0g bed\ ~ i l  or i.c. ~ i th  ( ' I -K tl).3 mg lO(Ig 
bo th  wil. After 24 hr. rals ~ere in.jecled i.v. with eilhcr I fig 12.2 nmolcl  or 200 pg 1444 nmole) o f  [ l s ( . i phb l l oqu inonc  
After 1 hr b lood S a l l l p l e s  \x, elt_' laken for prc, thrombin assay [12] and the livers were rell lO\ed alld i i l l t l ] \ led as prc\ iousl \  
described [1.5]. Each \alue represenls the a\,erage + S.E.M. for 3 rats. 

* Rat prothro i l lb in  has a reel. \~.t o f  S6,000[-20]; normal rat plasma conlains ahout 2110 Io\~,a units inl and the 
sp. act. of purified prothronabin is aboul 2400 unils mg [21]. Based on these \alucs. plasma. [\el - 4(t mike), of a _ri0" { 
nil contains a b o u t g n m o l e p r o l h r o m b i n [ I  nmolc mli. f r o m  12 37 percenl  of this normalconcent ra l ion  o f p r o t h r o m h m  
11 3 nmolel was termed during the cxpcrimcnl. 

f rom rats  t realcd 2 4 h r  prcxiously wi th  ( ' I - K  
(0.3 m g  100 g bed\. ,at) or  4 - T ( ' P  (6 mg 100g b o t h  
;'vtl was  dccrcascd  bx 40 per con| .  t"rom the da la  ila 
Fig, I. 40 per  cenl  inhib i t ion  occu r s  at a b o u t  
4 x 10 ~ M  ( ' I - K  Lilac[ - "> x 10 5 M  4 - T ( ' P .  Tbc  liver 
was  d ih i ted  I:N in tbc cpox idasc  assax so Ibat thc 
c o n c e n t r a t i o n  in liver after 24 hr  v<~uld be a b o u t  
3.2 x I0 ~'M ( ' I -K and  1.6 x 11) 4 M 4 - T ( P  whicb  
r cp rcscn t s  80 per  cent  i nh ib i t i on  of  tbc epox idasc  (Fig. 
I I. ]@oin these ca lcu la t ions,  it can also be est imated 
thai  less l han  1 per  cent  o f  the  injected a n t i c o a g u l a n t  
was  p resen t  in line livcr aftcr  24 hr. C a l cu l a t i ons  w, ere 
m a d e  on  the  a s s u m p t i o n  tha t  a 2(X)-g rat has  a 10-g 
l iver  w h i c h  is 72 per  c e n t  w a t e r .  

W h e n  the inh ib i t ion  o f  p r o t h r o m b i n  sxn thcs i s  by 
warfar in .  C1-K or  4 - T ( P  yeas reversed b,< xitarnin K l, 
a subs t an t i a l  a m o u n l  o f  p h ) l l o q u i n o n e  cpoxide  was  
tb rmcd  f rom tbc \ i t a m i n  ITablc 31. It was  ca lcu la ted  
tha i  6 17 nmo le  o f  x i t am in  K epox idc  wcrc l ound  in 
l iver  for  c \er5 nn lo lo  o f  p ro lh ro i -nb in  wh ich  appeared  
in the plasina.  The  a rnoun t  o f  cpoxidc actual l3 fo rmed  
d u r i n g  the  expe r imen t  was  p r o b a b l )  g rea te r  t han  the 
a m o u n l  found  in tile liver since r educ t ion  o f  the cpox-  
ide back to the  x i t amin  is not  t emp l e \ e l 3  inhibi ted 
b 3 war lh r in  [7], T h e s e  r c s u h s  do not  p r o \ i d c  a reli- 
ab le  e s t ima t e  of  the  s i o i c h i o m e t r \  belxveen xi ta lnin 
K epox ida t i on  and  p r o t b r o m b i n  tb r ina t ion  bLit the\. 
do show tbat  suff ic ient epox idc  was fo rmed du r i ng  
Ihc s+nthesis o f  p r o l h r o m b i n  to be consis tent  ++ilh 
the  idea tha t  epox ida i ion  o f  , , i tamin K is required 
tbr  the f o r m a t i o n  el" p r o l h r o m b i n [ l O ] .  It max bc 
an t i c ipa ted  tha i  an }  con lpo t l nds  wh icb  i l l lc i - rupt  the 
i n te rconvers ion  o f  x i i am in  K and \ i t a m m  K cpox idc  
w i l l  in ter fere w i l b  the p r o d u c l i o n  o f  p r o l h r o m b i n .  
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