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Absrtaet-The NADN-dependent vitamin K-reductase activity of iiver microsomes from three closely 
related rat strains has been studied. One strain (TAS) is susceptible and two strains (HW and HS) 
resistant to the anticoagulant and lethal effects of warfarin. The effects of cofactors, temperature, 
detergent and dit~othre~t~~ on vitamin K1 reduction and solvent extraction of substrate and product 
have been investigated. 

Vitamin K-reductase activity was inhibited by approximately 13 and 8% respectively when microsomal 
preparations from TAS and HW animals were incubated with SO @i vitamin K1 and 10 ,&l warfarin. 
In HS rat liver microsomes the enzyme was highly resistant ta inhibition by warfarin. Evidence is 
presented and discussed that suggests that NADH-dependent vitamin K-reductase may be inhibited in 
the anticoagulant effect of warfarin and may be altered as a result of expression of the warfarin-resistance 
gene in HS rats. The enzyme activity studied was probably not a DT-diaphorase although both NADH 
and NADPH acted as cofactors for the reaction. 

The ant~coa~lant warfarin has been extensively used 
as a rodenticide in Britain for thirty years and 
warfarin-resistant rats were first observed in Scotland 
in 1958 [I]. Subsequent pockets of resistance in rats 
occurred on the Wales-England border [2], in Den- 
mark [3], Holland [4], Germany [S] and the U.S.A. 
[6]. It was established at an early stage that resistance 
in rats was due to the inheritance of a single auto- 
somai gene [7f. Warn-resistance was tested by 
feeding wild animals (Rartw narvegiew) with norm- 
ally lethal doses of warfarin. The survivors of this test 
were interbred with wa~a~n-susceptible laboratory 
TAS rats (Tolworth Albino Strain, Wistar derived) 
to produce strains that are homozygo~ for either 
the Scottish (HS) or Welsh (HW) resistance genes 
but closely related to the laboratory susceptible ani- 
mals [S-lo]. 

The anticoagulant effect of warfarin is due to an 
antagonistic effect on the role of vitamin K in post- 
translational carboxylation of glutamyl residues in 
blood coagulation factors II, VII, IX and X [reviewed 
111. The y-glutamyl carboxylase enzyme appears to 
require the hydroquinone, or reduced form, of vit- 
amin K as a cofactor [12] and vitamin K 2,3-epoxide 
is a product of the reaction [13J. There is recent 
evidence [14,15] to support the hypothesis that an 
enzyme cycle exists to regenerate vitamin K hydro- 
quinone from the epoxide with the quinone form of 
vitamin K as an intermediate product. Administra- 
tion of warfarin to rats resulted in an increase in the 
ratio of vitamin K 2,3-epoxide to vitamin K 1163, 
an effect that was more pronounced in warfarin- 
susceptible than in resistant animals and further work 
suggested that the antagonistic effect of warfarin is to 
inhibit the enzyme vitamin K 2,3-epoxide-reductase 
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and that this enzyme is altered in resistant animals 
[17]. It has been confirmed that the level of activity 
of this enzyme is lower in HS and I-IW rats than in 
TAS rats [lg] and that warfarin-resistant animals 
maintain normal blood coagulation activities when 
warfarin and vitamin K 2,3-epoxide are administered 
simultarleously [19]. 

There has been continued discussion on the role 
of a group of enzymes known as DT-diaphor~e (EC 
1.6.99.2) in the microsomal reduction of vitamin K 
to the hydroquinone. The name DT-diaphorase was 
given to these enzymes [20] because they catalysed 
the reduction of ~~hlorophenol-indophenol by 
NADH (DPNH) and NADPH (TPNH) with equal 
reaction velocities. Several compounds, including 
vitamin I&, were identified as electron acceptors and 
the activity was totally inhibited by l@f dicoumaroi 
[20f. A study using purified rat liver cytosolic DT- 
diaphorase [Zl] demonstrated that this enzyme can 
catalyse the NADH-dependent reduction of vitamin 
K1 to the hydroquinone. It has already been shown 
[22], however, that DT-diaphorase activity in liver 
cytosolic fractions, which contain over 90% of the 
total liver activity, is essentially the same in three rat 
strains used in the present study and is not related 
to wa~a~n-resistance. Other workers [23] have 
purified a microsomal DT-diaphorase and shown 
that this enzyme will catalyse NADH-dependent vit- 
amin K reduction, Studies on dithiot~eitol~depen- 
dent vitamin K-reductase activity [14,lS] have 
shown that this enzyme is also inhibited by warfarin. 
The inhibitor effect on the enzyme was shown to 
be greater in liver microsomal preparations from 
susceptible Holtzman rats than in preparations from 
a warfarin-resistant colony that was originally deri- 
ved from Welsh resistant animals. A study [lo] on 
the three rat strains in our laboratory showed that 
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HW rats maintain normal blood coag~ation activity 
when warfarin and vitamin Kr are administered in 
drinking water whereas both HS and TAS rats have 
decreased coagulation factors. The present study was 
undertaken using the same three closely related rat 
strains to investigate the possibility that the antico- 
agulant activity of warfarin, and the expression of 
the warfarin-resistance gene, effect the activity of 
vitamin K-reductase in liver microsomes 

BUS ANn METHODS 

Animals 

Animals of the TAS, HW and HS strains bred in 
our laboratory were fed a standard diet of pelleted 
41B (Oxoid Ltd., Basingstoke, Hampshire, U.K.) 
and tap water ad libitum. Water for HW strain ani- 
mals was supplemented with 0.1% menadione 
sodium bis~p~te (Sigma London Chemical Co. 
Ltd., Poole, Dorset, U.K.). All animals were fasted 
for 16 hr before sacrifice and were S&70 days old. 

Detection and determination of reduced vitamin KI 

Reduced vitamin Kt was separated from vitamin 
Kr by high performance liquid chromatography 
(HPLC). The apparatus used consisted of two 
M6OOOA pumps, a 710B autoinjector, a 740 data 
module, a 720 system controller (Waters Associates, 
Hartford, Cheshire, U.K.), a Pye-Unicam LC3 ultra- 
violet absorbance detector (Pye-Umcam Ltd, 
Cambridge, U.K.), set at 254nm and 0.04 absorb- 
ance units full scale deflection, and a fraction collec- 
tor (2111 Multirac; L.K.B. Instruments Ltd. South 
Croydon, Surrey, U.K.). Samples (10-200 ~1) were 
chromatographed at 30” on columns of Zorbax ODS 
(4.8 x 250 mm, DuPont (U.K.) Ltd, Hitchin, Herts, 
U.K.) packed at a pressure of 6000 psi in dichloro- 
methane (HPLC grade; Rathbum Chemical Co., 
Walkerbum, Peeblesshire, U.K.) using a CP III 
slurry packer (Jones Chromatography Ltd., 
Llanbradach, Glamorgan, U.K.). Elution of samples 
at 2 ml/min was carried out using a convex gradient 
(Waters #3, 0-6min) from 100% acetonitrile 
(HPLC grade; Rathbum Chemical Co.) to aceto- 
nitrile : isopropanol (50 : 50; v/v: HPLC grade; 
Rathbum Chemical Co.). The retention times of 
vitamin Ki hydroq~none and vitamin K1 quinone 
were 5.4 and 7.4min, respectively. When 
appropriate, eluant fractions were collected between 
5.1-6.1 and 7.1-8.1 min and radioactivity in these 
fractions determined by liquid scintillation counting 
in Unisolve 100 (5 ml; Koch Light Laboratories Ltd., 
Haverhill, Suffolk, U.K.) using a model 4530 scintill- 
ation counter (Packard Instrument Co., Caversham, 
Berks. U.K.) with absolute activity calculation 
facilities. 

Ice-cold isopropanol(l.25 ml) was routinely added 
to microsomal incubation mixtures (750 ~1) to termi- 
nate the reaction. Experiments were also carried 
out using HPLC grade (Rathburn Chemical Co.) 
acetonitrile, methanol, tetrahydrofuran, ethyl acet- 
ate and hexane/isopropanol (1: 1; v/v). Samples were 
vortexed for 20 set after the addition of organic 
solvent, centrifuged at SO00 g for 5 min and the super- 
natant examined by HPLC. Standard reduced vit- 
amin Ki was synthesised by chemical reduction with 

sodium dithionite under nitrogen as previously des- 
cribed [12]. 

Preparation of liver microsomes 

The livers of five male rats of the same strain were 
excised after perfusion via the portal vein with ice- 
cold 0.1 M phosphate buffer (pH7.4), minced and 
homogenised with a Potter-Elvehjem homogeniser 
in four volumes (by weight) of the same buffer. 
Cellular debris, nuclei and mitochond~a were 
removed by centri~gation at lO,~O g for 20min 
(HS 18; MSE Instruments Ltd., Crawley, Sussex, 
U.K.) and the microsomes sedimented from the 
supernatant by centrifugation at 100,OOOg for 60 mm 
(Prepspin 50; MSE Instruments Ltd.). The micro- 
somes were washed by resuspending in two volumes 
(by liver weight) of phosphate buffer. The micro- 
somes were finally resuspended in two volumes (by 
weight) of buffer and aliquots stored at -70” untii 
use. 

Assay of vitamin K-reductase 

The assay method was adapted from that described 
by Fasco and Principe [ 141. Reaction mixtures were 
0.75 ml of Tris-HCl buffer (0.2M, pH7.4) with 
0.15 M KCl, 0.2% (w/v) Emulgen 913 (Kao Atlas, 
Tokyo, Japan) and contained microsomes equivalent 
to 0.08 g wet wt liver. NADH (Sigma London Chem- 
ical Co.) or NADPH (Sigma London Chemical Co.) 
were dissolved in 0.2 M Tri-HCI buffer pH 7.4 at a 
concentration of 10 mM. Dithiothreitol (DIT; Sigma 
London Chemical Co.) was dissolved in the same 
buffer at a concentrations of 100 mM and solutions 
of Emulgen 913 were 1.0% (w/v). [1’,2’3H] Phyllo- 
quinone (vitamin Kr) was a gift from Hoffman La 
Roche Ltd. (Basle, Switzerland). 

Radiolabelled vitamin K1 was purified by HPLC 
as described above and diluted to a specific activity 
of 18.9 ~C~~rnol with unlabelled vitamin K1 (Sigma 
London Chemical Co.). Emulgen 913 (200& 1% 
w/v in diethyl ether, glass distilled grade, Rathbum 
Chemical Co.) was added to radiolabelled vitamin 
Kr (451 pg) dissolved in a small volume of diethyl 
ether. The solution was evaporated to dryness under 
oxygen-free nitrogen. Tris-HC1 buffer (2 ml; 0.2 M, 
pH 7.4, 0.15 M KCl) was added dropwise with con- 
tinuous vigorous stirring. The final concentration of 
the solution was 500 $vf vitamin Kr and 0.1% (w/v) 
Emulgen 913 in Tris-HCl buffer (pH 7.4). 

Optimisation of assay conditions 

All buffers and solutions were deoxygenatd before 
use by degassing under vacuum and replacement of 
air with oxygen-free nitrogen. Enzyme assays and 
preparation of samples for HPLC were carried out 
under oxygen-free nitrogen. All experiments were 
carried out under reduced lighting. 

The effect of temperature on vitamin K-reductase 
activity was investigated in the range 25-45”. Reac- 
tion mixtures contained 1 mM NADH, 5 mM DTI’ 
and 33 m radiolabelled vitamin Kr. 

The effect of DTI concentration (0-20mM) on 
vitamin K-reductase activity was investigated. Reac- 
tion mixtures contained 1 mM NADH and 33.3 @I 
radiolabelled vitamin K in Tris-HCl buffer (0.2 M, 
pH 7.4,0.15 M KCl) containing 0.2% (w/v) Emulgen 
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913. Incubations were carried out at 37” for 5 min 
and the amounts of reduced vitamin Ki formed were 
determined by HPLC and liquid scintillation 
counting. 

The role of reduced dinucleotides as cofactors for 
vitamin K-reductase activity was investigated using 
NADH and NADPH at concentrations of O-l.7 mM. 
Reaction mixtures contained 5 mM DTT and 
33.3 PM radiolabelled vitamin K1 and incubations 
were carried out at 37” for 5 min. 

Kinetic studies on vitamin K-reductase 

All studies were carried out for 5 min at 37” under 
nitrogen and reduced lighting in deoxygenated Tris- 
HCl buffer (0.2 M, pH 7.4) containing 0.15 M KCl, 
0.2% (w/v) Emulgen 913, 5mM DTT and 1mM 
NADH. Sodium warfarin (Ward Blenkinsop and Co. 
Ltd., London, U.K.) was added in Tris-HCl buffer 
at final concentrations of up to 2 mM when appropri- 
ate. Radiolabelled vitamin Ki was added at concen- 
trations of 20-100 PM to initiate the reaction. 

Results of analyses of vitamin Ki-reductase activity 
were plotted as the inverse of enzyme velocity (l/v) 
against the inverse of vitamin Ki concentration 
(l/[S]: Lineweaver-Burk plots). Best fit curves were 
calculated using a desk-top calculator and maximal 
velocities (V,,) for each microsomal preparation 
were calculated from intercepts on the l/v axis. 
Standard errors (? S.E.) of intercept and slope were 
calculated by least squares regression analysis. The 
value for intercept and slope were used for calcula- 
tion of the Michaelis constant 

$ 
Km) where the slope 

of the uninhibited curve is K V,,,,. Values for the 
inhibitor-enzyme dissociation constant (Ki) were cal- 
culated as for a competitive inhibitor in experiments 
with TAS and HS liver microsomes where the slope 
;f in)hibimd curves are equal to (1 + ([Zj/Ki)}(KnJ 

max . 
In experiments with HW liver microsomes war- 

mixtures of vitamin Ki and chemically reduced vit- 
amin Ki hydroquinone was investigated using several 
organic solvents (organic : aqueous; 5 : 3, v/v). Rela- 
tively polar solvents such as acetonitrile and acetone 
were not suitable since only 40-60% of the vitamin 
and its reduced form were extracted from the precipi- 
tated protein. Less polar solvents such as tetrahydro- 
furan and isopropanol gave good recoveries (95- 
100%) of vitamin Ki but with tetrahydrofuran 5O- 
60% of the reduced vitamin Ki present was oxidised 
relative to the results obtained with isopropanol. 
When ethyl acetate was used the chromatograms 
obtained after injection of 100-200 ~1 of the organic 
phase showed extremely misshapen elution profiles 
and it was impossible to estimate the recoveries of 
vitamin Ki. Extraction with 2~01. of isopropanol: 
hexane (1: 1; v/v), as described by Fasco and 
Principe [14], gave good recovery of the vitamin but 
an apparent oxidation of 25-30% of reduced vitamin 
K1 present relative to the results obtained using 
isopropanol alone. Brief investigations indicated that 
the step involving evaporation of the organic phase 
under a stream of nitrogen at 35” caused a decrease 
in the amount of reduced vitamin K1 detected. Ex- 
traction of vitamin Ki quinone and metabolically 
formed hydroquinone from microsomal incubations 
(750 ,ul) was subsequently carried out using isopropa- 
no1 (1.25 ml). 

farin inhibition was considered to be non-competitive 
yd ;he intercepts l/v are equal to (1 + ([ZJ/Ki)}(l/ 

max . 

Optimisation of microsomal incubation conditions 

Previous studies on vitamin Ki-reductase [14,15] 
involved incubation of vitamin Ki with rat liver 
microsomes at 25”. We have investigated the effect of 
temperature on the rate of reduction of radiolabelled 
vitamin Ki and the results are shown in Fig. 1. The 
rate of vitamin Ki reduction at temperatures between 
30” and 37.5” in the presence of microsomes from 
TAS rat livers (0-O) was more than twice the rate 
at 25”. The rate of the reaction was lower when 
incubations were carried out above 40”. It was also 
observed that vitamin K1 reduction occurred in the 
absence of enzyme and that the apparent rate of 

RESULTS 

Optimisation of recovery of vitamin Kt hydroquinone 
and its determination by HPLC 

A number of problems were encountered in this 
study due to the labile nature of the reaction product. 
Reduced vitamin Ki could not be detected by HPLC 
following addition of chemically reduced vitamin 
Ki hydroquinone to aqueous samples or aqueous- 
organic mixtures in the absence of DTT. When DTT 
(l-5 mM) was included in these mixtures recovery 
of reduced vitamin Ki was 80-90% and was indepen- 
dent of the concentration of DTT. Repeated HPLC 
analysis was carried out on a sample that originally 
contained 25 PM reduced vitamin K and 5 mM DTT 
in isopropanol : water (5 : 3; v/v). This indicated that 
approximately half of the reduced vitamin Ki initially 
present was oxidised to vitamin Ki in 3.5 hr at room 
temperature under nitrogen and in subdued lighting. 
All samples subsequently contained 5 mM DTT and 
were analysed by HPLC within 10 min of the end of 
the incubation. 

Fig. 1. Effect of temperature on vitamin Kr-reductase in 
rat liver microsomal incubations. The figure shows the 
apparent Kr-reductase activity observed in the absence 
(A-A) and presence (O-@) of microsomes from 0.08 g 
(wet wt) TAS rat livers in incubations with radiolabelled 
vitamin Kr carried out at different temperatures (25-45”) 
as described in the text. The results obtained in the absence 
of microsomes were subtracted from those obtained with 
microsomes at the same temperature and plotted as vitamin 

The extraction from microsomal preparations of K-reductase activity (O-0). 
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Fig. 2. Effect of vitamin K, concentrations on its reduction 
by rat liver microsomd incubations. ‘The figure shows the 
apparent vitamin K1-reductase activity observed in the 
absence (A-A) and presence (M) of microsomes from 
0.08 g (wet wt) TAS rat livers at several vitamin K1 concen- 
trations in incubations carried out as described in the text. 
The results obtained in the absence of microsomes were 
subtracted from those obtained with microsames at the 
same concentration of radiolabelled vitamin K, and plotted 

as vitamin K-reductase activity (U). 

reaction due to non-enzymic reduction (Fig. 1, 
A-A) increased from a rate that was equivalent to 
12.5 nmol/5 rninfg wet wt liver to 17.3 nmo1/5 min/ 
g wet wt liver between 25 and 45”. The original 
radiolabelled substrate solution contained 0.4% 
reduced vitamin Kt and would only account for 
1.25 nmol/5 mitt/g wet wt liver of this apparent non- 
enzymic reduction. The rate of non-enzymic 
reduction was subtracted from the total at each tem- 
perature and the difference plotted as microsomal 
vitamin ISi-reductase activity (U). This indicated 
an optimal incubation temperature of 32.5-37.5” and 
all subsequent incubations were carried out at 37” 

Studies on the rate of radiolabelled vitamin Ki 
reduction at substrate concentrations between 20 and 

Fig. 3. Effect of NADH and NADPH concentration on 
vitamin K,-reductase activity of rat liver microsomes, The 
figure shows vitamin K-reductase activity when NADH 
(O-0) or NADPH (M) was present at concentrations 
of O-l .7 tnM in incubations of TAS rat liver microsomes 
with radiolabelled vitamin Kr carried out as described in 

the text. 

100 @I (Fig. 2) indicated that the total (U) and 
non-enzymic (A-A) reaction rates increased at 
higher substrate concentrations. Vitamin Ki- 
reductase activity of TAS rat liver microsomes was 
plotted (Fig. 2, Cro) after subtraction of the non- 
enzyrnic rate from the total rate at each substrate 
concentration. For the results shown in Fig. 3 and 
Table 1, the non-enzymic reduction appropriate to 
each substrate concentration was subtracted from the 
total observed reduction to give a value of enzyme 
catalysed vitamin Ki reduction. 

In the presence of 1 mM NADH, both the enzymic 
and non-enzymic rates of vitamin Ki reduction, were 
found to be independent of the concentration of 
D’IT in the range l-20 mM. The non-enzymic reduc- 
tion rate measured in the absence of microsomes was 
not altered by the addition of warfarin at concentra- 
tions of up to 100 @I. 

Table 1. Kinetic parameters of vitamin K-reductase from liver microsomes of three rat strains 

l/V,,,,(rtS.E.) V 
Warfarin (~01-1 vitamin K1 

reduced/5 min/ 
(nmol &?&in Kr 

Rat concentration reduced/S mini 
strain (@f) g wet wt liver) g wet wt liver) (@I vikin K,) (pIi4 w:tiarin) 

TAS 0 11.17 (0.50) 0.58 (0.16) 89.5 51.1 
10 9.71 (0.43) 0.82 (0.015) 103 84.2 23.2 
50 10.50 (0.55) 1.03 (0.030) 95.2 93.1 62.2 

HW 0 8.26 (0.67) 0.80 (0.018) 121 96.3 
10 9.01 (0.59) 0.86 (0.017) 111 92.9 113 
50 10.81 (0.55) 1.07 (0.01s) 92.5 99.3 163 

HS 0 2.77 (0.42) 0.46 ~0.014) 361 167 
so 2.82 (0.43) 0.46 (0.014) 35s 175 

2000 2.25 (0.81) 0.81 (0.020) 444 334 3130 

The kinetic parameters presented for vitamin K-reductase of three rat strains were calculated from best-fit curves of 
Lineweaver-Burk plots of results obtained from incubations of radiolabelled vitamin KI with liver microsomal 
preparations, carried out as described in the text. Standard errors (SE.) of the intercept (I/V,,,,) and slope were calculated 
by the least-squares method. V,,,, represents the maximum activity of the enzyme, K,,, is the Michaelis constant and is 
inversely proportional to the affinity of the enzyme for vitamin Kr. The inhibitor-enzyme dissociation constant Ki is 
inversely proportional to the affinity of the enzyme for warfarin. in calculating ZCi warfarin was considered to be a 
competitive inhibitor in preparations from TAS and HS rats, and as a non-competitive inhibitor with HW rat liver 
preparations. 
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The effect of reduced dinucleotide on enzymic 
vitamin Kr reduction was investigated using NADH 
(Fig. 3, Cro) and NADPH (H) at concentra- 
tions of O-1.7 mM. The optimum enzymic reduction 
rate was obtained using a 1 mM concentration of 
either cofactor with 33.3 r_1M radiolabelled vitamin 
Kt, but NADH was more effective as a cofactor 
than NADPH. The reaction rate with 1 mM NADH 
was 37.2 nmol/5 min/g wet wt liver compared with 
15.1 nmol/5 min/gwet wt liver in the absence of 
added reduced dinucleotide . 

The results of enzymic vitamin Kr reduction in 
incubations at 37” with NADH (1 mM), DTT (5 mM) 
and radiolabelled vitamin Kr concentrations of 20- 
1~~ with liver microsomes from TAS and HW 
rats are summarised in Table 1. These experiments 
were carried out at concentrations of 0,lO and 50 m 
war-fat-in. The best fit curves were calculated from all 
5 points at 0 and 10 @l warfarin but the two values 
of l/[S] equals 40 and 50mM-l were omitted for 
calculation of the curve at 50 PM warfarin for TAS 
rats and l/[S] equals 50 mM-l at 50 ,uM warfarin for 
HW rats. The regression coefficients r were greater 
than 0.95 for all curves. 

Results (Table 1) were obtained from similar 
experiments using liver microsomes from HS rats at 
0, 5O#vf and 2mM warfarin. The best fit curves 
were calculated from all five points both in the pres- 
ence and absence of warfarin and r 5 0.95. Experi- 
ments were also carried out at 50, 100, 200 and 
400 fl warfarin and the results obtained were ident- 
ical to those obtained in the absence of warfarin. 

Three kinetic parameters were calculated from the 
intercepts and slope of each curve and are presented 
in Table 1. The maximal velocity (Vmax) for vitamin 
Ki-reductase activity of TAS rat liver microsomes 
was similar both in the presence and absence of 
warfarin. The Michaelis constant (ZQ, however, 
increased from 51.1 @f vitamin Ki without warfarin 
to 84.2 and 98.1 ,&I at 10 and 50 ,&I warfarin, respec- 
tively. The results calculated for the warfarin-enzyme 
association constant (&) for a competitive in~bitor 
indicate a value of less than 100 @l warfarin. 

With liver microsomes from HW rats, V,, 
decreased from 121 nmollf min/g wet wt liver 
without warfarin to 92.5 nmo1/5 mitt/g wet wt liver 
with 50 $4 warfarin and the Michaelis constant 
remained at approximately the same value (96.3- 
99.3 PM vitamin Kr). The inhibitor-enzyme dissocia- 
tion constants were therefore calculated for a non- 
competitive inhibitor and suggest a value of between 
100 and 200 p warfarin. 

The results calculated for vitamin K-reductase of 
HS rat liver microsomes in the absence of warfarin 
indicate a relatively high Vmax of 361 nmolf5 min/ 
g wet wt liver and a Michaelis constant of 167 @I 
vitamin Kr. The warfarin concentration used for the 
inhibited curve was 2 mM and resulted in apparent 
increases in both K, and V,,,. The figure for Ki was 
calculated for a competitive inhibitor and indicated 
a value of over 3 mM warfarin. 

The results shown in Table 2 are from experiments 
investigating the effect of 1 $YI dicoumarol on vit- 
amin Kr-reductase activity in liver microsomes from 
TAS and HS rats. These results indicate that at 
33.3 PM vitamin K1 and 1 mM NADH the inhibitory 

Table 2. Inhibition of vitamin EC,-reductase activity of rat 
liver microsomes by dkoumarol 

Vitamin K,-reductase activity 
(nmol vitamin K1 reduced/S min/ 

g wet wt liver) 
Rat strain No dicoumarol 1 @vf dicoumarol 

TAS 34.8 31.7 
HS 60.5 60.5 

The results presented are the average of duplicate ana- 
lyses of vitamin K,-reductase activity in rat liver micro- 
somes in the presence and absence of 1 .O @f dicoumarol. 
The radiolabelfed vitamin K, concentration was 33.3 @$ 
and the incubations were carried out as described in the 
text. 

effect of 1 PM dicoumarol on the enzyme from TAS 
rats is approximately 10% whereas the enzyme from 
HS rat liver microsomes is uninhibited. 

DISCUSSION 

This study was undertaken to investigate the pos- 
sible connection between liver microsomal vitamin 
K-reductase and waxen-resistance in rats, and the 
effects of i~ibition of this enzyme in the anticoagu- 
lant activity of warfarin. However, it was necessary 
to optimise the assay conditions before any kinetic 
studies could be carried out. Preliminary studies on 
the effect of substrate concentration on the rate of 
vitamin Ki reduction indicated that increased con- 
centrations of Emulgen 913 increased the rate of 
reaction. This suggests a partial solubilisation of the 
membrane-protein complex of the microsomes and 
may be expected to cause an enhanced rate of reac- 
tion. All subsequent incubation mixtures contained 
0.2% (w/v) Emulgen 913. 

The non-enzymic reduction of vitamin Kr observed 
in the absence of microsomal preparations was prob- 
ably due to the reducing effects of 5 mM DTT. 
Indeed Fasco and Principe f143 reported a method 
for chemical synthesis of vitamin Kl hydroquinone 
using 100 mM DTT that gave a yield of 95% reduced 
form. Results of experiments on the extraction of 
vitamin Kr with organic solvents in the present study 
indicated that DT’I was essential to ensure that vit- 
amin Ki hydroquinone was not oxidised in aqueous 
solutions. HPLC grade tetrahydrofuran does not 
contain stabilisers to prevent peroxide formation and 
it may be that these peroxides caused oxidation of 
reduced vitamin KI, even in the presence of 5 mM 
DTT’, when this solvent was used for extraction. 

If microsomal DT-diaphorase is involved in vit- 
amin K reduction as part of the vitamin K cycle then 
the vitamin K-reductase activity should, by definition 
[20], be stimulated equally by NADH and NADPH. 
We have observed (Fig. 3), however, that although 
there is vitamin Kl reduction occurring in the absence 
of added reduced nucleotide, when NADH is present 
at a concentration of 1 mM the reaction rate is con- 
siderably enhanced and that NADPH is less effective 
than NADH. Furthermore, the enzyme activity we 
have investigated is not inhibited by 1 (IM dicoumarol 
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(Table 2) and should not be classified as a DT- 
diaphorase [20]. The relatively large NADH concen- 
tration probably does not reflect the requirement 
of the vitamin K-reductase studied but rather the 
overall requirement of other NADH-dependent 
microsomal systems. 

The results of kinetic studies (Table 1) were 
obtained using crude microsomal preparations, 
which were used because we are studying a mem- 
brane-bound system, and it would be unwise to at- 
tach any significance to the precise values obtained 
for the kinetic parameters of vitamin K-reductase. 
General trends can be observed, however, and there 
are apparent differences in the enzyme of liver micro- 
somes from the three strains studied. The NADH- 
dependent enzyme present in the TAS liver micro- 
somes has a relatively high affinity for vitamin Kt 
and warfarin and inhibition by warfarin is competi- 
tive with respect to vitamin Ki. The vitamin K- 
reductase of HW rat liver microsones has a lower 
affinity for both vitamin K1 and warfarin and the 
inhibition is apparently non-competitive with respect 
to vitamin K1. Studies on D-IT-dependent liver- 
microsomal vitamin K-reductase 1151 showed that 
the enzyme was inhibited by warfarin and that the 
enzyme of warfa~n-susceptible Holtzman rats was 
inhibited to a greater extent than the enzyme of a 
resistant strain that was originally bred from wild 
Welsh rats (J. H. Greaves, personalcommunication). 
We have used a direct assay of vitamin K hydroquin- 
one formation similar to that previously described 
[15] but have observed that the optimum incubation 
temperature is 32.5-37.5” and that 5 mM DTT causes 
non-enzymic vitamin K reduction (Figs. 1 and 2). 
Although there is vitamin K-reductase activity in the 
absence of added reduced dinucleotide, the enzyme 
activity we have investigated is clearly NADH- 
dependent (Fig. 3). It is possible that the warfarin- 
sensitive vitamin K reduction observed previously 
[15] and in the present study is catalysed by the same 
enzyme but using a different electron donor. We 
have also investigated NADH-dependent enzyme 
activity in a second warfarin-resistant strain (HS) 
that has a low affinity for vitamin Ki and is uninhib- 
ited at concentrations of up to 4OO@I warfarin 
(Table 1). The HS strain is less resistant to warfarin 
than the HW strain [S, 9] and is susceptible to the 
anticoagulant effect of warfarin when also receiving 
a supplementary dose of vitamin Ki, whereas the 
HW animals are not [lo]. We cannot explain why 
the highly warfarin-resistant vitamin K-reductase 
activity in HS rat liver microsomes cannot utilise the 
administered vitamin Kr to produce the hydroquin- 
one form required as a cofactor for the carboxylation 
of blood coagulation factors. This suggests that 
although vitamin K-reductase is inhibited by war- 
farin, and warfarin-resistant animals have a less sus- 
ceptible enzyme, the major anticoagulant effect of _ .-_ . 
warfarin is not that observed on vitamin K-reductase 

and the effect of expression of the warfarin-resistance 
gene is on another enzyme or binding protein. This 
hypothesis may be correct for animals of the HW 
strain but the vitamin K-epoxide reductase of HS rats 
has not been investigated and may not be inhibited 
by warfarin. Thus the expression of the warfarin 
resistance gene in HS rats may result only in altera- 
tions in vitamin K-reductase activity. We are con- 
ducting similar studies to investigate the inhibitory 
effects of warfarin on vitamin K dependent y- 
glutamyl carboxylase and vitamin K-epoxide reduc- 
tase in TAS, HS and HW animals to determine the 
biochemical expression of warfarin resistance. 
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