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ABSsTRACT After administration of the coumarin
anticoagulant racemic warfarin to normal humans, seven
fluorescent compounds were chromatographically sepa-
rated from extracts of their urine. Four of these were
identified using mass spectrometry, thin-layer chroma-
tography, and ultraviolet absorption spectroscopy. One
metabolic pathway, reduction of the acetonyl side chain
of warfarin, resulted in the formation of a second
asymmetric carbon atom, and two diastereoisomer al-
cohols were identified. These warfarin alcohols are struc-
turally similar to pharmacologically active coumarin
derivatives. They have not been reported in animal
studies. In addition, 6- and 7-hydroxywarfarin were
identified. These are the first studies to document the
metabolic fate of warfarin in the normal human.

INTRODUCTION

In the 18 yr that have elapsed since its introduction for
clinical use, warfarin, rac-(3-(a-acetonylbenzyl)-4-hy-
droxycoumarin), has become the oral anticoagulant
most frequently employed in this country. Despite this
extensive experience, major difficulties are still encoun-
tered in attempts to maintain stable hypoprothrombine-
mia. The mechanism by which a hemorrhagic diathesis
results from the same drug dose which may also produce
acceptable anticoagulation remains, in many cases, un-
explained. In addition, resistance to warfarin has been
observed, and also remains unexplained.

Although warfarin has been the subject of pharma-
cogenetic investigations and studies of enzyme induction
phenomena, these have been limited by the absence of
information concerning the metabolism of warfarin in
man. Studies of warfarin “metabolism” have been re-
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stricted to analyses of data obtained on plasma levels of
unmetabolized drug.

For these reasons, therefore, it was felt that a detailed
investigation of the metabolic fate of warfarin would be
worthwhile. Efforts to elucidate the problem employed
the following three approaches: thin-layer chromatog-
raphy, absorption spectroscopy, and mass spectrometry.
The data were compared with those obtained with syn-
thetic warfarin derivatives.

METHODS

Sodium warfarin (Coumadin, Endo Laboratories, Inc., Gar-
den City, N.Y.) was administered to informed normal volun-
teers in a single oral dose of 1.5 mg/kg body weight. Single
pooled collections of urine were made over the subsequent
3 days. Urine was also collected from patients receiving
5-15 mg of warfarin daily. The samples, without preserva-
tive, were frozen for up to 3 months until processed.
Extraction. Since warfarin and similar compounds are
organic acids, it was anticipated that, in a mixture of
aqueous and organic solvents, they would be soluble in an
alkaline aqueous phase, and soluble in the organic phase upon
acidification of the aqueous phase. For the initial extraction,
the urine (usually about 1000 ml) was transferred to poly-
propylene containers. The urine was acidified to pH <2
with concentrated hydrochloric acid and an equal volume of
organic solvent (n-butanol:ethylenedichloride, 1:1) was
added. After the mixture was agitated for 30 min on a
horizontal shaker, the phases were separated by centrifuga-
tion. The organic solvent was removed with a transfer pipet,
and the extraction was repeated an additional two times.
The pooled solvent was evaporated to dryness on a rotary
vacuum evaporator. The residue was taken up in a small
volume of 5 N NaOH, which was then transferred to a 60
ml glass stoppered jar. This solution was adjusted to
pH > 10, if necessary. The NaOH solution was washed two
times with a # volume of n-butanol : ethylenedichloride, 1:1,
by agitating the mixture for 10 min on a horizontal shaker.
After each wash, the organic phase was removed and dis-
carded. The aqueous phase was acidified to pH <2 with
concentrated hydrochloric acid. This was extracted three
times with the n-butanol: ethylenedichloride as before. The
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Ficure 1 The structural formula of warfarin, and warfarin alcohol. On the
structural formula of warfarin (left), the numerals indicate the position of the
hydroxy substitutions to which reference is made in the text. The single asym-
metric carbon atom is indicated with an asterisk. On the right, in the structural
formula of warfarin alcohol, the two asymmetric carbon atoms are indicated by

asterisks.

solvent was evaporated i vacuo to dryness. The evaporating
flask was rinsed with a small volume of acetone. The in-
soluble material was discarded; the acetone-soluble com-
pounds were then separated by thin-layer chromatography.
Chromatographic purification. 1-2 ml of the acetone were
applied to each of several preparative (2000 u) silica gel
chromatography plates (Analtech, Inc., Wilmington, Del.).
The plates were initially developed in a solvent system of
ethylenedichloride : acetone, 9:1 or 7:3. Fluorescent bands
were located by short wave ultraviolet illumination (Ultra-
Violet Products, Inc., San Gabriel, Calif.) and were trans-
ferred to a 60 ml glass stoppered jar. Loci with correspond-
ing Rf values were pooled. To elute the compound,
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Ficure 2 Chromatography plate photographed in short
wave ultraviolet light. Several areas of fluorescence were
resolved from extracts of urine obtained after warfarin
administration (center). The control urine is on the left,
warfarin on the right. The developing system was ethylene-
dichloride : acetone, 9: 1.

908 R. ]J. Lewis and W. F. Trager

n-butanol and 3 § HCl (4 parts to 1) were added in a
volume about double that occupied by the silica gel. This
mixture was agitated for 10 min and the solvent was
recovered. The elution was repeated twice and the pooled
solvent was then evaporated in wacuo. The residue was
redissolved in acetone, and this was applied to another
preparative chromatography plate. This was developed with
either cyclohexane: ethyl formate: formic acid, 100:200:1,
or t-butanol: benzene : concentrated NH.OH : water, 90:40:
18: 6. The compound of interest was located with short wave
ultraviolet light, transferred to a polypropylene container,
and eluted as described. This solvent was evaporated. The
residue was taken up in acetone and a portion of this was
applied across an analytical (100 u) silica gel thin-layer
chromatography sheet (No. 6061, Eastman Kodak Co.,,
Rochester, N. Y.). The sheet was then chromatographed
with the third solvent system.

Characterization of compounds. After the third chro-
matographic purification, the fluorescent band was cut out,
moistened with several drops of 0.25 N NaOH, and scraped
into a polyethylene tube with a razor blade. Additional
NaOH was added to give a total volume of about 1.5 ml.
The compound was eluted by shaking the mixture for 10
min on the horizontal shaker. The silica particles suspended
in the NaOH were removed by centrifugation at 10,000 ¢
for 10 min. The ultraviolet absorption spectrum of the
supernate was determined with a Zeiss PMQ II spectro-
photometer (Carl Zeiss, Inc., New York) ; the spectrum was
repeated after the addition of two drops of 3 N HCI to the 1
ml cuvette. This acidified sample was then reextracted into
N-butanol, as described, and set aside for further chromato-
graphic analysis and determination of its mass spectrum.

The mass spectra of the materials thus isolated were
determined on an AEI MS 902 high resolution mass spectro-
meter, at approximately 200°C, via the direct insertion
inlet system. The empirical formulas of the structurally
significant ions were established by exact mass measurement.

Synthetic samples of 5-hydroxywarfarin and the aliphatic
side chain alcohols of warfarin were prepared in this labora-
tory. The authors are grateful to Dr. Mark Hermodson and
Professor Karl Paul Link of the University of Wisconsin
for samples of synthetic 6-, 7-, and 8-hydroxywarfarin. Syn-
thetic materials were dissolved in acetone and chromato-
graphed once before the determination of their ultraviolet
absorption spectra.



RESULTS

The structural formula of warfarin and the formula of
warfarin alcohol are presented in Fig. 1. The numerals
on the coumarin nucleus refer to the position of the
hydroxy substitutions.

Thin-layer chromatography. Chromatography of the
urine extracts with a 9:1 ethylenedichloride: acetone
solvent system separated blue fluorescent loci at Rf
0.75, 0.50, 0.23, 0.10, and 0.00 (Fig. 2). These were
designated compounds A through E respectively. The
compound with yellow fluorescence migrating with an
Rf of 0.19 was designated CY. A small amount of a
compound with the Rf of warfarin, 0.54, was also noted.
In the cyclohexane: ethyl formate: formic acid (100:
200:1) solvent system, compound D was separated into
two components, designated D: and D: No differences
were apparent whether samples were obtained from
patients on long-term warfarin maintenance or from
volunteers receiving a single dose. Similar results
were obtained when urine samples were processed im-
mediately, without storage. These fluorescent loci were
readily distinguished from the minor components in
control samples.

In all solvent systems tested, identical chromatographic
results were noted for synthetic 7-hydroxywarfarin and
compound C (Table I). Synthetic 6-hydroxywarfarin
and CY were also chromatographically identical to each
other. Compounds D: and D: were chromatographically
indistinguishable from the synthetic aliphatic side chain
alcohol derivatives of warfarin. Both 7-hydroxywarfarin

TaBLE I
Thin-Layer Chromatography of Warfarin Derivatives*

Solvent system}

Compound E:A C:EF:FA T:B:A:W
7-Hydroxywarfarin 0.56 0.47 0.22
C (urine) 0.56 0.47 0.22
6-Hydroxywarfarin 0.52 0.45 0.32
CY (urine) 0.52 0.45 0.32
Warfarin alcohol, 0.16 0.74 0.45
D, (urine) 0.16 0.74 0.45
Warfarin alcohol. 0.12 0.66 0.40
D (urine) 0.12 0.66 0.40
5-Hydroxywarfarin 0.10 0.49 0.43
8-Hydroxywarfarin 0.58 0.67 0.27
Warfarin 0.83 0.76 0.55

* Values are expressed as Rf = distance traveled by compound
per distance (10 cm) traveled by solvent front.

1t E:A = ethylenedichloride:acetone, 7:3. C:EF:FA = cyclo-
hexane:ethyl formate:formic acid, 100:200:1. T:B:A:W
= {-butanol:benzene:concentrated ammonium hydroxide:
water, 90:40:18:6.
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Ficure 3 Chromatography of the four coumarin ring
hydroxy derivatives of warfarin. At the origin, were
applied from left to right: a mixture of all six compounds;
5-hydroxywarfarin; 6-hydroxywarfarin; compound CY;
8-hydroxywarfarin; 7-hydroxywarfarin; and compound C.
These were separated in a solvent system of t-butanol: ben-
zene: NH,OH : water. Compound CY from the urine was
identified as 6-hydroxywarfarin. Compound C was identified
as 7-hydroxywarfarin.

Cy 8 7 Cc

(and the corresponding compound C from the urine) and
6-hydroxywarfarin (and the corresponding compound
CY) could be separated from the other coumarin ring
hydroxy derivatives of warfarin (Fig. 3).

Absorption spectroscopy. The ultraviolet absorption
spectra obtained for synthetic 7-hydroxy warfarin and
compound C were indistinguishable. Both exhibited ex-
tinction maxima at 329 and 256 meg in NaOH, and a
maximum at 312 after acidification. This hypsochromic
shift in acid was characteristic of all the warfarin deriva-
tives studied (Fig. 4). The absorption maxima obtained
for synthetic 6-hydroxy warfarin and compound CY
were identical : 302 mu in NaOH with a shift to 279 mau
in acid. Compounds D: and D: had absorption spectra
that were not only identical to each other, but also to
the two synthetic warfarin alcohols: maxima at 309 mu
in NaOH, 285 and 275 mu in acid were observed for
all four. For synthetic 5-hydroxywarfarin, maxima in
NaOH at 312 and 300 mg, and a maximum in acid at 299
mp were observed.

Mass spectrometry. The mass spectrum of warfarin
was determined and its fragmentation pattern was eluci-
dated by a combination of exact mass measurements,
metastable scanning, and a comparison of this spectrum
with that of a specifically deuterated warfarin. Warfarin
has an empirical formula of CwHiOs, and a molecular
weight (expressed as mass to charge ratio, m/e) of
308. In addition to the molecular ion (M*) at m/e 308,
a base peak ion at m/e 265 (M* less 43) resulted from
cleavage of the acyl group of the aliphatic side chain.
This was followed by loss of the phenyl side chain to an
ion at m/e 187 (m/e 265 less 78), which represented the
coumarin nucleus. The empirical formulas of these ions
were determined by exact mass measurements. The
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Ficure 4 Ultraviolet absorption spectra of urine metabolites of warfarin and the
corresponding synthetic derivatives. These were determined in NaOH (solid lines) and
after acidification (dashed lines). Upper left: 6-hydroxywarfarin and compound CY
from the urine. Upper right: 7-hydroxywarfarin and compound C from the urine.
Lower. left: warfarin alcohol; and urine compound D;. Lower right: warfarin alcohol.

and urine compound Ds..

fragmentation sequence could then be further described
as M*= m/e 308 (CmHmO;) —>m/e 265 (CrleOs) -
m/e 187 (CnH'JOs).

The fragmentation pattern of synthetic 6- and 7-hy-
droxywarfarin was similiar to that observed for war-
farin. From the molecular ion, cleavage of the acyl
group gave rise to a base peak ion. This was followed
by loss of the phenyl group, leaving the ion representing
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the coumarin nucleus. The exact mass measurements of
these ions differed from the corresponding ions of war-
farin only by the increase of 16 mass units due to the ad-
dition of an oxygen atom: M*=m/e 324 (CwvHiOs) —
m/e 281 (CuHsO:) = m/e 203 (CuH:O.). Compound
C and compound CY gave rise to ions at the same exact
mass as did synthetic 7- and 6-hydroxywarfarin,

The mass spectra of compounds D: and D: were dif-



ferent from those of warfarin and the hydroxylated
derivatives of warfarin. Compounds Di and D: both gave
a molecular ion at m/e 310. By exact mass measurement
this was shown to be CuHisO,, which differed from the
empirical formula of warfarin by the addition of two atoms
of hydrogen. A prominent ion at m/e 292 (M* less 18)
was observed, and exact mass measurements of this ion
indicated an empirical formula of CwHisOs. Thus the
elements of water were lost from the molecular ion.
The data obtained with the synthetic aliphatic side chain
alcohols of warfarin were identical to those obtained
with compounds D: and D-..

DISCUSSION

For each of the three criteria of identity which were
employed in this study, ultraviolet absorption spectros-
copy, thin-layer chromatography, and mass spectrometry,
the data obtained with the metabolite isolated from the
urine and the synthetic compound with the structure
proposed for that metabolite were indistinguishable.
Bishydroxycoumarin, ethyl biscoumacetate, phenpro-
coumon, and warfarin are 3-substituted-4-hydroxycou-
marins having ultraviolet absorption maxima in NaOH
near 310 mp, indicating ‘that the substitutions in these
compounds have little effect on the absorption spectrum
of the molecule (1). The maxima at 309 mu observed
for compounds D: and D: and the synthetic aliphatic
side chain alcohols of warfarin are consistent with this
observation. The 6- or 8-hydroxy substitutions on the
coumarin ring have only a limited effect on the spectrum.
Extinction maxima near 302 mpg in NaOH have been
observed for both of these compounds (2). The excep-
tion to this general pattern, the bathochromic shift to

329 mp in the absorption spectrum of compound C and .

7-hydroxywarfarin, is presumably due to the extension
of conjugation resulting from resonance structures such
as depicted in Fig. 5. Although similar resonance struc-
tures are at least possible for 5-hydroxywarfarin, their
contributions would be minimized by the formation of
an intramolecular hydrogen bond between the 4- and
S-hydroxy groups. Such resonance structures are not
possible for warfarin, 6-, or 8-hydroxywarfarin.

Mass spectrometry was of great aid in the efforts to
identify these compounds. From the viewpoint of the
fragmentation pattern, the warfarin molecule could be
considered to consist of the following three parts: the
acyl group, the phenyl group, and the coumarin nu-
cleus. Structural modifications in any of these parts of
the molecule could be detected by changes in the frag-
mentation pattern and appropriate alterations in the ex-
act mass measurements of the ions.

The fragmentation pattern and exact mass measure-
ment of the ions given compounds C and CY confirmed
that these substances were hydroxylated derivatives of
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FiGure 5 Resonance structures for hydroxywarfarin sub-
stituted in the seven position. In NaOH, this type of reso-
nance would extend conjugation and is presumed to account
for the distinctive bathochromic shift in the absorption
spectrum of 7-hydroxywarfarin.

warfarin. Since the ion at m/e 187 in the mass spectrum
of warfarin represented the coumarin nucleus, the oc-
currence of the ion at m/e 203 (i.e., m/e 187 + 16) in
the mass spectrum of compounds C and CY indicated
that the oxygen addition was on the coumarin nucleus.
Compounds C and CY therefore represented either 5-,
6-, 7-, or 8-hydroxywarfarin. On the basis of mass
spectrometry, a distinction between the four coumarin
ring hydroxy derivatives was not possible. Definitive
identification was then accomplished by comparative
thin-layer chromatography with the demonstration that
these four could be separated (Fig. 3). Therefore, com-
pound C was identified as 7-hydroxywarfarin and com-
pound CY was identified as 6-hydroxywarfarin.

The exact mass measurements of the ions given by
compounds D: and Ds confirmed that these were reduced
derivatives of warfarin. Loss of the elements of water
which was observed in the fragmentation pattern of
these compounds suggested further that these were
alcohols of warfarin (3). Indistinguishable chromato-
graphic and mass spectral data were obtained with the
synthetic alcohols, and therefore compounds D: and D:
were identified as aliphatic side chain alcohols of
warfarin. v

The warfarin which was available for these studies
was the racemic mixture of R and S isomers (4). Ace-
tonyl reduction produced a second asymmetric carbon
atom (Fig. 1). For the warfarin alcohols, four configu-
rations (enantiomers RR, RS, SR, and SS) are thus
possible. These consist of two pairs of mirror images
(RR-SS and RS-SR), and two pairs of diastereoisomers
(RR-RS and SS-SR). Although mirror image com-
pounds have identical chromatographic behavior, dia-
stereoisomers can be resolved (5). The warfarin alco-
hols, compounds D: and Ds, therefore each represented
either RR and SS or RS and SR in unknown proportions.

These data differ somewhat from those obtained in
animal studies, but such species differences are well
known. Barker (6, 7) reported 6-, 7-, and 8-hydroxy-
warfarin, in the rat, and Hermodson (8, 9) described
4-hydroxywarfarin, a pyranocoumarin and either a
sulphate (8) or glucuronide (9) conjugate of 7-hydroxy-
warfarin. The warfarin alcohols have not been previously
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noted. 6- and 7-Hydroxywarfarin were reported (8) in
the urine of an unusual patient who required 145 mg of
warfarin daily (10), but the pertinence of this observa-
tion to the normal human is uncertain.

Species differences have been observed in the metabo-
lism of compounds structurally related to warfarin.
Ethylbiscoumacetate metabolism involves hydroxylation
in man, but deesterification in the rabbit (11). The
metabolism of courmarin is to 7-hydroxycoumarin in
man (12); but all six monohydroxy coumarins in the
rabbit (13); and hydroxy derivatives and carbon diox-
ide in the rat (14). In all these species, cleavage of the
heterocyclic ring of coumarin has been demonstrated,
a metabolic pathway which is also present in the gas-
trointestinal microorganisms of these species (15).

The 6-, 7-, and 8-hydroxy substitutions are without
significant pharmacologic activity (in the rat) (8).
Whether this apparent lack of potency of coumarin ring
substitutions of warfarin is due to species specificity,
is due to decreased protein binding with presumed
rapid renal excretion of polar compounds (2), or rather
implies that an intact 4-hydroxycoumarin nucleus is
necessary for activity (16) is unclear. On the other
hand. compounds D: and D, the warfarin alcohols, may
well be mediators of an anticoagulant effect.

A variety of compounds which are structurally simi-
lar to warfarin are pharmacologically effective, whether
the substitutions are on the phenyl (e.g., acenocoumarol)
or aliphatic (e.g., phenprocoumon) side chains. The
warfarin alcohols differ from phenprocoumon only by a
hydroxyethyl instead of a methyl group. Phenpro-
coumon is even more potent, on a molar basis, than
warfarin. Although the relative potency of the four
warfarin alcohol enantiomers has not yet been estab-
lished, the S forms of both warfarin (17) and phen-
procoumon (18) have been shown to be about five times
more potent than the R isomers. It seems reasonable to
anticipate that the stereochemical configuration of the
warfarin alcohols may be of similar significance in this
regard.

The determinants of the relative production of these
metabolites are unknown, although genetic influences
have been implicated in dicumarol metabolism (19, 20).
Resistance to warfarin has been described in man (10,
21) and animals (22, 23) and has been shown to be an
inherited phenotype (10, 22). The evidence that, after
administration of racemic warfarin, only one warfarin
enantiomer is converted to a particular metabolite (8)
not only emphasizes the stereospecific nature of these
reactions but also leads to the speculation that an altera-
tion in a stereospecific enzyme may be responsible for
states of unusual warfarin sensitivity or resistance by
alterations in the production of a pharmacologically
active metabolite.
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