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ABSTRACT Vitamin Kj inhibits the conversion of
benzo(a)pyrene to its more polar metabolites in an in
vitro rat liver microsomal system. Vitamin Kj; also in-
hibits benzo(a)pyrene metabolism in rat liver frag-
ments and reduces its mutagenicity in the Ames test.
Higher concentrations of vitamin Kj are required to
comparably reduce benzo(a)pyrene metabolism when
the microsomal system has been induced with 3-meth-
ylcholanthrene. High pressure liquid chromatography
analysis of the products of benzo(a)pyrene metabolism
shows a uniform reduction of all the metabolic prod-
ucts. When tumors were induced in ICR/Ha female
mice by the intraperitoneal injection of benzo(a)pyrene,
those mice given vitamin K; before or both before and
after benzo(a)pyrene had a slower rate of tumor ap-
pearance and tumor death rate as compared with those
receiving benzo(a)pyrene alone. However, vitamin K,
increased the rate of tumor death while vitamin K
deprivation and warfarin decreased the rate of tumor
appearance and death in benzo(a)pyrene-injected mice.

These studies indicate that vitamin Kj is an inhibitor
of aryl hydrocarbon hydroxylase and reduces the car-
cinogenic and mutagenic metabolites in vitro, and in-
hibits benzo(a)pyrene tumorigenesis in vivo. That vi-
tamin K, enhances the benzo(a)pyrene effect while
warfarin and vitamin K deficiency inhibit ben-
zo(a)pyrene tumorigenesis indicates that vitamin K,,
vitamin K deprivation, or possibly blockade of its met-
abolic cycle also modulates benzo(a)pyrene metabo-
lism in vivo but by a mechanism or at a site different
from the vitamin K, effect. The vitamin K series should
be considered as capable of serving a regulatory func-
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tion in the metabolism of benzo(a)pyrene and possibly
other compounds metabolized through the mixed
function oxidase system.

INTRODUCTION

A number of carcinogens occur in the environment as
procarcinogens that undergo metabolic activation in
vivo to yield products that react with cellular com-
ponents to bring about the carcinogenic event. The
metabolism of these compounds may follow multiple
pathways from initial epoxidation to irreversible bind-
ing with nuclear and cytoplasmic components and
many of these steps are initiated or mediated by the
microsomal mixed function oxidases. The mixed func-
tion oxidase (MFO)' system consisting of multiple
forms of cytochrome p450, NADPH-dependent cyto-
chrome p450 reductase, and microsomal membrane
components is key to the metabolism of many xeno-
biotics including chemicals, pesticides, drugs, and di-
etary components. The process yields water-soluble
metabolites and subsequent conjugation products more
easily excreted than the parent molecule. However,
as some of the intermediates are more metabolically
active than the parent compound those not excreted
may react with cellular components to produce toxic,
mutagenic, teratogenic, or carcinogenic events. Among
the potentially carcinogenic polycyclic aromatic hy-
drocarbons, benzo(a)pyrene (BP) is an extensively
studied prototype. The microsomal MFO system me-

! Abbreviations used in this paper: BHA, butylated hy-
droxyanisole; BHT, butylated hydroxytolene; BP, benzo-
(a)pyrene; DMSO, dimethyl sulfoxide; HPLC, high pressure
liquid chromatography; MFO, mixed function oxidase.
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diates the initial epoxidation of BP as well as further
metabolic steps to yield a series of phenols, quinones,
diols, and diol epoxides. A number of these products
are potent carcinogens (1).

The primary function of vitamin K has been con-
sidered to be the mediation of the carboxylation of
specific glutamyl residues in precursor proteins to form
the functional calcium binding vy-carboxy-glutamyl
sites of the active derivatives (2). This produces the
physiologically active forms of the vitamin K-depen-
dent coagulation factors as well as other calcium-bind-
ing proteins. Carboxylation of glutamic acid residues
is coupled to the cycling of vitamin K through its 2,3
epoxide and reduced forms (3). The vitamin K-me-
tabolizing enzymes are also microsomal and require
O, and a reduced pyridine nucleotide (3). Vitamin Kj
(menadione) has been demonstrated in vitro to inhibit
the MFO-mediated oxidative demethylation of ami-
nopyrine (4). We previously demonstrated that in vivo
vitamin K; modifies the toxic effects of rapeseed meal
in chickens (5), a toxicity probably mediated by xe-
nobiotics activated through the MFO system. These
observations led us to postulate that vitamin K may
have an important in vivo metabolic role as a regulator
of the MFO system. This paper explores this idea with
particular reference to the modification of BP metab-
olism in vitro and its tumorigenic effect in vivo in the
presence of vitamin K,, vitamin K3, warfarin, or vi-
tamin K deprivation.

METHODS

Microsomal metabolism of BP. The microsomal metab-
olism of BP was measured by the assay system for aryl hy-
drocarbon hydroxylase (benzo(a)pyrene monoxygenase) as
described by De Pierre et al. (6). In this system the metab-
olism of BP is assayed by its conversion to more polar prod-
ucts by partition of the unreacted BP and its metabolic prod-
ucts between the hexane phase and the alkali-water-ethanol
phase of the final extraction procedure.

Liver microsomes were prepared from male Sprague-
Dawley rats by the methods of Ernster et al. (7). Where
microsomes from induced animals were used the rats were
injected intraperitoneally 48 and 24 h earlier with 40 mg/
kg 3-methylcholanthrene (3-MC) suspended in corn oil.
Fresh microsomes pooled from three livers were incubated
with an NADPH-generating system in which a 1-ml reaction
mixture contained 0.5 mg of the microsomal protein, 1 mM
NADPH+, 6 mM isocitrate, 0.36 U isocitrate dehydrogenase,
5 mM MgCl,, 5 uM MnCl,, and 50mM Tris-HCI pH 7.5. To
the reaction mixture the following test substances were
added in concentrations from 1 to 500 uM in 20 ul of solvent
or suspending medium: vitamin Kg (Sigma Chemical Co.,
St. Louis, MO) in acetone, vitamin K, in Tween 80 (Abbott
Laboratories, North Chicago, IL; vitamin K injectable), vi-
tamin C (L-ascorbic acid, BDH Ltd., Poole, England) in Tris
buffer, vitamin E (a-tocopherol, Sigma Chemical Co.), in
acetone, butylated hydroxyanisole (BHA) in ethanol (Sigma
Chemical Co.), butylated hydroxytolene (BHT) in ethanol

(BDH Ltd). In each case the control reaction mixture con-
tained an equivalent amount of the solvent. The tubes were
incubated for 5 min at 37°C in a shaker bath and the reaction
started by the addition of 80 nmol [P H]BP (Amersham Corp.,
Arlington Heights, IL) in 25 ul of acetone. The specific ac-
tivity of [*H]BP was 12.5 uCi/umol. Microsomal protein was
determined by the method of Lowry et al. (8).

The reaction was stopped after 30 min by the addition of
1 ml 0.5 N NaOH in 80% ethanol. The sample was shaken
in 3 ml of hexane and centrifuged at 700 g. A 25-ul aliquot
of the organic phase and a 300-ul aliquot of the aqueous
phase were each pipetted into 10 ml of Aquasol and counted.
Results are expressed as nanomoles BP metabolized per min-
ute per milligram protein. The reaction mixture was stan-
dardized to 0.5 mg of protein and a time of 30 min to give
a suitable yield of products within the linear range of the
assay.

High pressure liquid chromatography (HPLC). HPLC
was used to separate BP metabolites formed in the presence
and absence of vitamin K;. The method is based on that of
Selkirk et al. (9). Rat liver microsomes from induced and
noninduced animals were prepared and incubated with an
NADPH-generating system containing vitamin K3 in acetone
in concentrations of 10-400 uM. Control tubes contained the
reaction mixture and solvent but no vitamin K;. The tubes
were incubated at 37°C for 5 min before starting the reaction
by the addition of 80 nmol BP in 25 ul acetone. After a
further 30 min at 37°C, the reaction was stopped by the
addition of 1 ml cold acetone. Tube contents were trans-
ferred to 12-ml conical centrifuge tubes containing 2 ml
ethyl acetate, extracted for 3 min and centrifuged at 700 g
for 5 min. 2 ml of the upper phase from each of five tubes
with identical contents were pooled and dried over 1.0g
anhydrous MgSO,. After centrifugation at 700 g for 10 min
6 ml of the supernatant was removed and stored overnight
at 4°C in the dark under vacuum. The extract was dried
under nitrogen and the residue resuspended in 0.4 ml meth-
anol. An aliquot of 20ul was injected into a Waters liquid
chromatograph (Waters Instruments, Inc., Rochester, MN)
equipped with a DuPont Zorbax ODS column (DuPont In-
struments, Wilmington, DE), 4.6 mm X 25 cm. BP and its
metabolites were eluted using a 60-100% methanol linear
gradient over 60 min with a flow rate of 0.8 ml/min. The
metabolic peaks were identified by cochromatography of
eight metabolites kindly supplied by Dr. David G. Long-
fellow of the National Cancer Institute, Bethesda, MD.

BP metabolism in liver fragments. BP metabolism in
whole liver cells was examined in a rat liver fragment system
based on the technique of Chen (10). In this system a total
of five rat liver fragments weighing 1-2 mg each were placed
on a piece of siliconized lens paper floated onto 2.0 ml of
medium 199 in plastic petri dishes (35 mm X 10 mm) and
incubated at 37°C in an atmosphere of 5% CO,. After 1 h
vitamin Kj in 20 ul of acetone was added to test dishes to
a final concentration of 5-100 uM; control dishes received
20 ul of acetone. After a further preincubation of 15 min
the reaction was started by the addition of 40 nmol of [*H]BP
(12.5 uCi/umol) in 50 ul of acetone and was allowed to
proceed for 3 h at 37°C. As it was determined that the pro-
duction of BP metabolites increased to 3 h and then pla-
teaued the reaction was stopped at that time. The reaction
was stopped by transferring the rafts to empty petri dishes
on ice and then blotted dry. The fragments of triplicate
dishes were pooled and homogenized in 1.0 ml of 50 mM
Tris—-HCI buffer pH 7.5 then extracted with 3.0 ml of n-
hexane for 5 min. After centrifugation at 900 g for 10 min,
0.5 ml aliquots of the aqueous phase and of the organic phase
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were each added to 10 ml of Aquasol for liquid scintillation
counting. All calculations were corrected against boiled tis-
sue blanks and expressed as picomoles BP metabolized per
milligram wet weight of liver.

Effect of vitamin Kz on the mutagenicity of BP and af-
latoxin B, in the Salmonella typhimurium assay system.
The mutagenesis plate assay of Ames et al. (11) was used for
BP using Salmonella strain TA100. A buffered mixture con-
taining a rat liver homogenate (S-9) prepared from rats pre-
viously induced with Aroclor 1254 (Analabs, a unit of Fox-
boro Analytical, North Haven, CT) was used to mediate the
metabolic conversion of the procarcinogen. In the plate assay
the following were added in order to 2 ml of molten top
agar at 45°C: 0.1 ml of overnight culture of TA100, 0.1 ml
dimethyl sulfoxide (DMSO) containing 2.5 or 5 ug of BP,
0.1 ml distilled water containing 2.5-150 ug vitamin K; as
menadione sodium bisulfite (Sigma Chemical Co.) and 0.5
ml S-9 mix. Following gentle mixing this was poured onto
the minimal glucose agar plates. Control plates were pre-
pared using equimolar concentrations of sodium metabisul-
fite in place of the menadione.

A liquid suspension modification was used to explore the
effect of vitamin K; on the mutagenicity of aflatoxin B,. An
overnight culture of Salmonella TA 98 was used to inoculate
an aliquot of nutrient broth. After 4 h at 37°C 1 ml of the
log-phase bacteria was placed in a 5-ml plastic conical tube,
centrifuged at 1,500 g for 5 min and then washed with phos-
phate-buffered saline. The cell pellet was resuspended in 1
ml of an incubation mixture that contained 0.5 ml of S-9
mix, 0.5 ml aflatoxin B, (0.025 or 0.1 pg) in 3% DMSO diluted
with phosphate-buffered saline and 1-20 ug menadione so-
dium bisulfite in 0.5 ml distilled water. The suspension was
incubated at 37°C for 20 min. A 0.1 ml aliquot of the sus-
pension was added to 2 ml of molten top agar at 45°C,
mixing by swirling and then poured onto the minimal glu-
cose agar plates. The Salmonella typhimurium tester strains
were generously supplied by Dr. Bruce N. Ames of the Uni-
versity of California at Berkeley.

BP tumor induction in mice. All studies were in female
ICR/Ha mice aged 8 wk obtained from Sprague-Dawley,
Madison, WI and maintained on a normal diet of Lab-Blox
F6 (Allied Mills, Chicago) except for one group fed a vitamin
K-deficient diet prepared according to the formula of Ma-
meesh and Johnson (12). Mice were divided into groups of
24 animals. All mice were weighed and examined at weekly
intervals for tumor. Mice with palpable tumor or ascites were
followed to death, postmortem examination performed, and
tissue taken for histological examination.

RESULTS

The effect of vitamin Kg on the microsomal
metabolism of BP (Fig. 1)

In liver microsomes from noninduced animals BP
metabolism is significantly decreased (P <0.01) by
vitamin K; at 50 uM and largely abolished at a vitamin
K3 concentration of 100 uM. Induced microsomes,
which metabolize over twice the amount of BP are
significantly inhibited (P < 0.05) at a concentration of
100 uM vitamin K3 and at 400 uM the inhibition is
complete. Boiled microsomes produce no significant
conversion of BP to its water-soluble metabolites.
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FIGURE 1 The microsomal metabolism of [*H]BP to its epox-
idation products in the presence of increasing amounts of
vitamin K;. Microsomal metabolism is expressed as nano-
moles BP metabolized per minute per milligram microsomal
protein. Microsomes were obtained from livers of rats in-
duced with 3-MC (0O) and from noninduced animals (O).
Results are means=SE of six experiments.

HPLC patterns of in vitro BP metabolism in
microsomes derived from the livers of
noninduced and 3-MC-induced rat livers
(Fig. 2)

In the noninduced microsomes vitamin K, at a con-
centration of 50 uM, markedly decreased the identi-
fied metabolites and at a concentration of 100 uM they
essentially disappeared. A similar pattern was seen in
the 3-MC-induced microsomes with ~50% reduction
of these metabolites at a concentration of 200 uM vi-
tamin K3 and a further reduction at 400 uM. In both
cases there was no selective depletion of one or more
identifiable metabolites but all decreased proportion-
ately.

The effects on BP metabolism in the rat
liver microsomal system of reducing agents
and antioxidants (Fig. 3)

These agents may be inhibitors of mutagenesis or
carcinogenesis in various test systems. In this micro-
somal system vitamin C has no effect and the effects
of vitamin E are minimal up to concentrations of 500
uM. Both vitamin K3 and BHA have a significant effect
(P < 0.01) at 50 uM. The maximum inhibitory effect
on BP metabolism is produced by vitamin K3 and is
significantly greater than BHA (P <0.05) at a con-
centration of 100 uM. Vitamin K, reduces BP metab-

L. G. Israels, G. A. Walls, D. ]J. Ollmann, E. Friesen, and E. D. Israels
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FiGURE2 HPLC pattern of BP and its metabolites formed by microsomes obtained from
noninduced rat liver (A) and from microsomes of rats induced with 3-MC (C). BP metabolism
with noninduced microsomes in the presence of 50 uM vitamin K3 (B) and in the induced
microsomes in the presence of 200 uM vitamin K; (D). The initial peak at 1-2 min is acetone
solvent.
h olism to 50% of the control at a concentration of 200
vit C uM (P < 0.01).
100 /I
The ability of vitamin K, to inhibit BP
] \ Vit E metabolism in rat liver fragments (Fig. 4)
-
S 751 T BP metabolism is significantly inhibited by vitamin
o K3 at a concentration of 25 uM (P < 0.02) and max-
BHT imally inhibited in this system at 50 uM of vitamin
€ 50 % Ks. There are important differences from the micro-
] somal system as the fragments are portions of liver,
é I\ BHA not subcellular fractions, and there is no external
NADPH-generating system.
Ke 1 Vitamin K reduced the mutagenic effects
of BP and aflatoxin B, as measured by the
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FIGURE3 The effect of increasing concentrations of vita-
mins C, E, K,, K3, and of the antioxidants BHA and BHT
on the microsomal metabolism of BP. The microsomes were
obtained from the livers of noninduced rats. Values represent
means*SE of three experiments.

Ames assay (Figs. 5 and 6)

The abolition of the mutagenic effect of 2.5 ug and
5.0 ug BP in the plate assay was obtained at a con-
centration of 150 ug of vitamin Kj3 per plate. In the
suspension assay abolition of the mutagenic effect of
0.025 ug aflatoxin B, was obtained at a vitamin K,
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FIGURE4 The metabolism of [*H]BP in rat liver fragments
in the presence of increasing amounts of vitamin K; ex-
pressed as picomoles of BP metabolized per milligram wet
weight of tissue. The results are means+SE of four experi-
ments.
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concentration of 15 ug/plate and at 20 ug/plate for
the higher concentration of 0.1 ug aflatoxin. No in-
hibition of bacterial growth of the parent organism nor
its mutant was imposed by the menadione metabisul-
fite alone and sodium metabisulfite in equimolar con-
centrations did not inhibit mutagenesis.
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FIGURES Salmonella TA 100 revertants per plate in the
presence of increasing concentration of vitamin K. The in-
ducing agent is BP 2.5 pg in DMSO (O); BP 5.0 ug in DMSO
(A) and DMSO alone (0).
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FIGURE 6 Salmonella TA 98 revertants per plate produced
by aflatoxin B, 0.025 ug/plate (4), and 0.1 ug/plate (O) in
DMSO; and of DMSO alone (O) in the presence of increasing
concentrations of vitamin Kj.

In vivo studies

Group I. Tumors began to appear in BP-injected
animals at 75-80 d (Fig. 7). Analysis of the curves for
the appearance of tumor by the method of Gehan (13)
indicate that those mice that received vitamin K; and
those on the vitamin K-deficient diet developed tumors
at a significantly slower rate (P < 0.01) than the BP
group. The warfarin-treated mice also developed tu-
mors at a significantly slower rate (P < 0.05) than those
receiving only BP. There is no difference between the
warfarin, vitamin K-deficient, and vitamin Ks-supple-
mented groups. The tumor deaths in the warfarin,
vitamin K-deficient, and vitamin Kj-supplemented
groups occur at a significantly slower rate (P < 0.01
for all three groups) as compared with the BP control
group. There is no difference between the three test
groups. Tumors were pleomorphic small cell or fibro-
sarcomas with numerous giant cells and tended to oc-
cur in intraperitoneal, mediastinal, pulmonary, and
soft tissue sites. No hepatomas were seen but perivas-
cular invasion of liver by secondary tumor was
present.

Group II. Tumors were evident in the BP, BP plus
vitamin K,, and BP plus warfarin groups at 75d
postinjection. The tumors increased rapidly in number
and by 110 d mice began to die of tumor (Fig. 8).
Analysis of the data on the time of appearance of tu-
mors by the method of Gehan (13) over the entire
curve shows a significant difference between the war-
farin-BP group and the vitamin K;-BP (P < 0.01) and
the BP alone (P < 0.03) groups. There is no difference
between the BP alone and the BP-vitamin K, groups.
Analysis of the data for death with tumors over the

L. G. Israels, G. A. Walls, D. J. Ollmann, E. Friesen, and E. D. Israels
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FIGURE 7 Group 1. The appearane of tumor and deaths due to tumor in mice following the
intraperitoneal injection of BP 3.0 mg/mouse in 0.2 ml of sesame seed oil on days 1 and 14.
Time is in days following the first injection. The groups represent BP alone (O); vitamin K;
as menadione bisulfite 5 mg/kg in 0.1 ml of saline i.p. 3 h before and 24 h after each BP
injection (®); warfarin sodium (Coumadin, Endo Laboratories, Inc., Garden City, NY) 10 mg/
kg in 0.1 ml of saline i.p. 24 h and again 1 h before each BP injection (A); animals maintained
on a vitamin K-deficient diet for 2 wk before the first BP injection until 2 wk following the

second (a total of 6 wk) (OJ).

entire curve shows a significant difference between BP
alone, the BP-vitamin K, (P < 0.02), and BP-warfarin
(P < 0.05) groups. The difference between BP-war-
farin and BP-vitamin K, is significant at P < 0.01.
Group III. Tumors appeared more slowly in this
lower dose BP experiment (Fig. 9). In the vitamin K;-
treated animals tumors appeared earlier and the rate
of tumor death was greater than in the BP alone group.
Analysis of the data over the entire time curves by the
method of Gehan shows a significant difference in both
time to tumor appearance (P < 0.05) and survival (P

< 0.05).

DISCUSSION

Benzo(a)pyrene is metabolized by mammalian cells to
its epoxides that undergo a series of subsequent re-
actions to form at least 40 metabolites including phe-
nols, dihydrodiols, diol-epoxides, and conjugation
products with glutathione, sulfate, and glucuronic
acid. The reaction leading to the production of the
more polar compounds is mediated by a microsomal
NADPH-dependent monoxygenase system. This en-
zyme system, which may be assayed by the separation
of the more polar products of BP metabolism (6) or

Vitamin K and Benzo(a)pyrene Metabolism 1135
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FiGURE 8 Group II. The appearance of tumor and time to tumor death following the i.p.
injection of BP 3.0 mg/mouse in sesame seed oil on days 1 and 14. Time is in days following
first BP injection. The groups are BP alone (O); vitamin K, 5 mg/kg in 0.1 ml of sesame oil
i.p. 3 h before each BP injection (X); warfarin sodium 10 mg/kg in 0.1 ml of saline 24 h before
each BP injection (A). No tumors were observed in three other groups given only warfarin,

vitamin K,, or sesame seed oil.

by the formation of the highly fluorescent 3-OH BP
(14), has been documented in a number of organs as
well as in cells in culture. The absolute and relative
quantities of the reaction products are dependent on
the in vitro or in vivo conditions and the amount of
substrate (15). Inhibition of the MFO system could
decrease the first step in the conversion of BP to its
epoxides and proportionately all subsequent products.
Alternatively, as MFO mediates a series of subsequent
metabolic steps the relative production of some me-
tabolites would change should there be any selective
MFO inhibition further down the chain.

Vitamin K; decreased BP metabolism in microsomes
derived from the livers of both induced and nonin-
duced rats (Fig. 1) and reduced the mutagenic prod-
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ucts of BP generated by the microsomal S-9 mix in the
Ames assay (Fig. 5). Similar results were obtained with
aflatoxin B, (Fig. 6), which is also converted to its
mutagenic epoxide through an NADPH-dependent
MFO system (16). The relative effects of equivalent
molar concentrations of some reducing agents and an-
tioxidants that may modify mutagenic or carcinogenic
effects are shown in Fig. 3. Under the conditions of
this assay vitamin Kj is the most effective inhibitor of
BP metabolism. Vitamin K, is a relatively poor inhib-
itor at low concentration, which may relate in part to
the permeability of the microsomal components of this
system.

In isolated microsomes vitamin Kj is probably func-
tioning as an electron acceptor and competing for the

L. G. Israels, G. A. Walls, D. ]J. Ollmann, E. Friesen, and E. D. Israels
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FIGURE9 Group III. The appearance of tumors and the mortality of mice given a reduced
dosage of BP (2.4 mg/mouse) on days 1 and 14. The time is in months following the first
intraperitoneal injection of BP. Groups are BP alone (O); vitamin K, 5 mg/kg in 0.1 sesame
oil i.p. on each of 3 d preceding and for 3 d after each BP injection (X).

electron transfer from NADPH in the NADPH-de-
pendent cytochrome p450 system. The HPLC data
show that in vitro all the identified metabolic deriv-
atives of BP were reduced equally suggesting that the
primary in vitro effect is mediated at the initial epox-
idation. Vitamin K; has been documented to be an
inhibitor of in vitro microsomal oxidative demethyl-
ation of aminopyrine and of p-chloro-N-methylaniline
by Wills (17) who suggested that vitamin Ks-mediated
NADPH oxidation rendering it unavailable to the elec-
tron transport system required for the metabolic
oxidation of competing substrates. He demonstrated
that although vitamin Kj, vitamin E, and BHT all in-
hibit lipid peroxidation, only vitamin Kj strongly in-
hibited the microsomal oxidative demethylation of
aminopyrine in an in vitro system. Vitamin K; may
alternatively or in addition interact with the sulphy-
dral group on the NADPH reductase to inactivate the
enzyme (18, 19). Other examples of vitamin Kj block-
ade include the in vitro microsomal metabolism of
cortisol (20) and the N-oxidation of NN-dimethylan-

iline (21). In the studies cited in which vitamin Kj is
inhibitory to the MFO system, either NADPH or an
NADPH-generating system was included in the re-
action mixture. This is similar to our microsomal prep-
arations but not the liver fragment system in which
the cells are intact and no external NADPH or gen-
erating system is included (Fig. 4).

In vivo vitamin K3 delayed BP-induced tumorigen-
esis and tumor death (Fig. 7). The mechanism may be
analogous to that observed in the in vitro metabolism
of BP. There is indirect evidence that vitamin K3 may
affect metabolic processes in vivo including the hepatic
MFO system in chickens (5) and glutathione reduction
in human erythrocytes with resultant hemolysis and
hyperbilirubinemia (22, 23). Both of these systems are
NADPH dependent.

We also observed that vitamin K; was a much
weaker inhibiter of the microsomal metabolism of BP
in vitro and it accelerated BP tumorigenesis and death
in vivo. Marked differences have been recognized be-
tween the fat-soluble and water-soluble K vitamins in
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their metabolic activity that may relate to differences
in penetration of and solubility in the microsomal
membrane (24). There are also major differences in
tissue distribution and clearance between vitamin K,
and K3. 24 h after the intravenous injection of vitamin
K; in rats 20% was excreted in urine and stool with
<1% of the injected dose residual in liver and 10% in
skeletal muscle (25). In the same study 6% of the in-
jected dose of vitamin K, was excreted in urine and
stool with 20% remaining in liver and 7% in skeletal
muscle 24 h postinjection (25). In man Bjornsson et al.
(26) found the turnover time of vitamin K, to be ~153
min and estimated the total body pool to be only ~100
pg, which is the same as the hepatic pool calculated
by Duello and Matschiner (27). This small hepatic stor-
age pool may reflect a mechanism designed to protect
other microsomal systems from high concentrations of
natural reactive quinones. In view of the present stud-
ies in animals the effect of parenteral vitamin K, load-
ing in man, particularly the newborn, requires further
consideration.

The liver is the principal site of both BP and vitamin
K metabolism. In the liver BP is oxidized to its more
polar lipophobic products that may be conjugated for
rapid excretion. When [*H]BP is given to rats intra-
venously 50% is excreted in the bile within 6 h pri-
marily as glutathione, glucuronide, and sulfate con-
jugates (28). The role of the liver may be even larger
for intraperitoneal or orally administered BP with ab-
sorption into the portal system. Although the micro-
somal metabolism of BP as assayed by the activity of
aryl hydrocarbon hydroxylase may be ubiquitous its
activity in liver exceeds by one to two logs that in other
tissues (29). The rate of microsomal metabolism of BP
in hamster liver is some 100 to 200 times that in ham-
ster lung, while human liver exceeds that of human
lung or kidney by 20- to 50-fold (30).

Although the liver is a major organ of BP metabolism
it is not the principal site of tumor formation. Oral
administration of BP gives rise primarily to lung ad-
enomas and tumors of the forestomach while subcu-
taneous or intraperitoneal administration produces
primarily sarcomas at or near the site of injection. The
mice in our studies developed ascites, intraperitoneal,
mediastinal, and subcutaneous sarcomas. There were
no hepatomas but perivascular invasion of the liver
with secondary tumor was seen.

That in vivo the naturally occurring vitamin K, ac-
celerates BP tumorigenesis and death while vitamin
K depletion and warfarin are protective suggests that
there may be an interrelationship between the MFO
activation of BP and the vitamin K system. The pri-
mary function of vitamin K is a cofactor for the car-
boxylation of specific glutamate residues in certain
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precursor proteins including some coagulation factors.
This microsomal system requires Oy, CO,, and the
reduced hydroquinone form of vitamin K. During the
carboxylation reaction the hydroquinone is oxidized
to its 2,3 epoxide, which is then recycled by an epoxide
reductase to its quinone. Subsequent reduction of the
vitamin K quinone to regenerate the hydroquinone
requires a cytosolic NAD(P)H reductase (DT dia-
phorase, menadione reductase, EC 1.6.99.2) (31). This
enzyme is induced by 3-MC, is dicoumarol sensitive,
and may function as a general quinone reductase (32).

It is possible that the reductase phase of the vitamin
K cycle might modulate the MFO system by compet-
ing for NAD(P)H and DT diaphorase. There is no in-
formation as to which metabolic steps of BP metabo-
lism mediated by the MFO would be most vulnerable
in vivo. If there is competition for NAD(P)H or one
of its reductases the multiple sites of MFO activity and
the recycling of the metabolites makes the in vivo sit-
uation complex. Changes in the ratio of MFO to ep-
oxide hydratase activity may also significantly alter
the metabolic products (1). Following the initial epox-
idation of BP, subsequent MFO activity mediates the
conversion to phenols, quinones, diols, and diolepox-
ides. In addition the major DNA binding diol-epoxides
I and II are converted to inactive triol metabolites by
an NADPH-dependent, MFO-independent step and
competition for NADPH at this site may be very sig-
nificant in BP metabolite detoxification and excre-
tion (33).

The interest in anticoagulants as antitumor agents
has revolved around the use of heparin, vitamin K
antagonists, and defibrinating venoms as antimetas-
tatic agents. The experimental systems have been pri-
marily assays of tumor growth or metastases following
tumor transplants or the intravascular infusion of tu-
mor cells with evidence to suggest that tumor seeding
is in part dependent on the formation of a fibrin bed
for seeded tumor cells. In the present experiments the
effects of warfarin and vitamin K deficiency were not
mediated by inhibition of the coagulation mechanism.
Warfarin was given at the time of BP injection and
many weeks before the appearance of tumor. The vi-
tamin K-deficient animals were restored to a normal
diet 2 mo before tumors could be identified. Similarly
a reduction in 7,12-dimethylbenz(a)anthracene-in-
duced mammary tumors in rats pretreated with cou-
marin was also reported by Feuer et al. (34).

The protective effects of vitamin K deficiency and
of warfarin on BP-induced tumor formation may be
mediated by decreased competition of the vitamin K
cycle for NAD(P)H or its reductase allowing more
rapid and complete BP metabolism by the MFO sys-
tem. In the liver this would allow rapid excretion of
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the conjugated products. However, it cannot be as-
sumed that vitamin K deficiency and warfarin block-
ade of the vitamin K cycle produce identical effects
on BP metabolism. Lind et al. (35) demonstrated that
the dicoumarol-sensitive DT diaphorase also mediates
the glucuronidation of 3-OH BP. Thus, dicoumarol or
warfarin through its effect on this reductase inhibits
both the reduction of vitamin K and the probable rear-
rangement of 3-OH BP before glucuronidation.

These studies establish a role for the K series of vi-
tamins in the metabolism of BP. It is apparent that
vitamin K, vitamin K depletion, and warfarin on the
one hand and vitamin K; on the other probably act
primarily at different metabolic sites in BP activation
and detoxification. Vitamin K, and K; are not inter-
changeable in this context. If it is possible to modify
the carcinogenic effect of some procarcinogens or the
metabolism of other xenobiotics by vitamins K, and
Kj it is important to more fully explore this aspect of
vitamin K function.
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