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Enantioselective Structure-pharmacokinetic Relationships
of Ring Substituted Warfarin Analogues in the Rat
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Dept of Pharmacology, University of Limburg, P.O. Box 616, 6200 MD Maastricht, The Netherlands

Abstract—The enantiomer specific pharmacokinetics of ring substituted warfarin analogues have been
studied in the rat after the administration of 2 mg kg~! of the racemates. The stereoselective differences
observed were due to stereoselective plasma protein binding and stereoselective intrinsic hepatic clearance.
Greater binding was observed for the S-enantiomers except for 2’-substituted analogues where the
R-enantiomers were more tightly bound. The stereoselectivity in the binding ranged up to a factor of about
4. All substituted warfarins showed a higher intrinsic clearance than warfarin. Enantiomer selectivity
depended on the position of the substituent; warfarin and 3’-substituted analogues showed R > S; 4'- and 2’
substituted warfarins showed S> R stereoselectivity. Exceptions to this generality were seen for 4'-
methoxy- and 4"-methylwarfarin which did not show stereoselective hepatic clearance.

Stereoselective differences in drug disposition and drug
activity have received increasing attention as awareness has
grown that pharmacokinetic and pharmacodynamic descrip-
tions of a drug applied as a racemic mixture are meaningless
unless the fate of the individual enantiomers is established
(Ariéns 1984, for reviews see Walle & Walle 1986; Evans et al
1988; Tucker & Lennard 1990). The closely related 4-
hydroxycoumarin anticoagulants warfarin and acenocou-
marol (4’-nitrowarfarin) are in use as racemic mixtures. The
stereoselectivity of the pharmacokinetics and the pharmaco-
dynamics of their enantiomers in man and rat has been
widely studied (Breckenridge et al 1973; Yacobi & Levy 1974;
Toon et al 1986; Godbillon et al 1981; Thijssen et al 1985,
1986). In man the S-enantiomers of both compounds are
eliminated more rapidly than the R-enantiomers; the differ-
ences are modest for the warfarin enantiomers but 10-20 fold
for the enantiomers of acenocoumarol. The body clearance
of the acenocoumarol enantiomers is at least 100 times that
of R/S-warfarin (Godbillon et al 1981; Thijssen et al 1986).
Those differences between warfarin and acenocoumarol are
also observed in the rat. However, in the rat, R-warfarin is
eliminated faster than S-warfarin. The stereoselectivity of
acenocoumarol elimination in the rat is comparable to that
of man, i.e. S-acenocoumarol is cleared 3-4 times faster
(Thijssen et al 1985). The effects of the introduction of the 4'-
nitro substituent on clearance and stereoselectivity
prompted us to investigate the disposition of a series of
phenyl-substituted warfarin (I) analogues in the rat. The
compounds were administered as their racemates and the
individual enantiomers were analysed by a stereoselective
HPLC procedure. Stereoselectivity in plasma protein bind-
Ing was accounted for in the pharmacokinetic evaluation.

Materials and Methods

Drugs
R, S-Warfarin was obtained from Sigma Chemicals (St
Correspondence to: H. H. W. Thijssen, Department of Pharma-

ology, University of Limburg, PO Box 616, 6200 MD Maastricht,
The Netherlands.

1. The structure of warfarin (X=H) and the ring substituted
analogues. The chiral centre is indicated by *.

Louis, USA); R, S-4’-chlorowarfarin was from Aldrich
(Brussels, Belgium); R,S-4'-nitrowarfarin was a gift from
Ciba-Geigy (Arnhem, the Netherlands). Optically pure
isomers of warfarin, 4’-chlorowarfarin and 4’-nitrowarfarin
were at our disposal (Hermans & Thijssen 1990). Phenyl
ring-substituted warfarin analogues were synthesized in our
laboratory according to standard procedures. Briefly, substi-
tuted benzalacetones were prepared from the respective
benzaldehydes by condensation with acetone under alkaline
conditions in an ethanol-water mixture. The benzalacetones
were purified by crystallization (TLC was used to monitor
purity) and identified by mass spectrometry (GC-MS, Hew-
lett Packard 5995). Conjugation of the benzalacetone with 4-
hydroxycoumarin via Michael addition was by refluxing an
equimolar mixture of the reactants in methanol as described
by Bush & Trager (1983). The compounds were purified by
crystallization (TLC and HPLC were used for analysis). GC-
MS identification of the warfarins was performed after
derivatization with diazomethane. The acidity (pK,) of the
warfarins was estimated from the pH-dependent change in
UV (272 nm) absorption of 10 ug mL~! solutions in buffers
(pH range 2-11, ionic strength 0-5).

Drug analysis

Total drug concentrations, i.e. the R-+ S-enantiomer, in
samples were assayed by reversed phase HPLC based on
techniques described by Thijssen et al (1985). For each
compound the eluent was adapted for optimal resolution and
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sensitivity. A Chromspher C18 column, 3 x 100 mm (Chrom-
pack, Middelburg, The Netherlands) was used. The drugs
were extracted from the samples with light petroleum-
dichloromethane (1:1) at pH 4-4 using one of the enan-
tiomers of either warfarin, 4’-chlorowarfarin, or 4’-nitrowar-
farin as internal standard. The choice depended on the
chromatographic behaviour in relation to the compound to
be assayed. Following evaporation of the extract the residue
was dissolved in 50 uL of acetonitrile and 10 uL of this was
injected. Total concentration was estimated using peak area
ratios. The limit of detection, using 0-08 mL of rat plasma,
was 0-03 — 005 ug mL~!'. The ratio of the R- and S-
enantiomers in the samples was estimated by the procedure
of Banfield & Rowland (1983); to the remaining 40 uL of the
extract was added 20 uL of a solution of 10 mg mL~!
dicyclohexanecarbodiimide and 20 uL. of a solution of 10 mg
mL-! N-carbobenzyloxy-L-proline, both in acetonitrile.
Extracts of blank samples with added racemate were run in
parallel. The reaction was completed at 40°C overnight. The
diastereomeric esters were separated by normal phase
chromatography using a Chromspher Si Column, 3 x 100
mm, and mixtures of hexane-THF-0-1% acetic acid as
eluting solvent. The esters of the R- and S-enantiomers were
completely separated, with the ester of the S-enantiomer
eluting first. The ratio of the R- and S-enantiomer in the
sample was calculated from the peak areas of the sample R-
and S-peak in relation to the ratio of the racemic reference.
The concentrations of the individual enantiomers in a sample
were calculated from the R/S ratio and the total concentra-
tion.

Partition coefficients

The partition coefficients of the warfarin analogues for the
n-octanol water system at pH 7-4 was estimated as follows.
To 1 mL 0-1 M phosphate buffer, pH 7-4 saturated with N-
octanol, was added 20 ug of the compound (20 uL of a 1 mg
mL-' pH 8-10 aqueous stock solution). Three 0-3 mL
samples were equilibrated with 0-3 mL n-octanol saturated
with buffer by shaking for 30 min. The concentrations in the
aqueous phase were assayed by HPLC.

Plasma protein binding

Plasma protein binding was determined by equilibrium
dialysis. Rat plasma pooled from six rats was used. Dialysis
bags (diameter 6-4 mm) were filled with 1 mL plasma
containing 15 ug of the racemate. Dialysis was performed
against 4 mL of 0-066 M phosphate buffer, pH 7-4 containing
0-01 % sodium azide in screw stoppered 5 mL flasks. The
flasks were gently tumbled overnight at room temperature
(22°C). Assay of the enantiomers in the buffer compartment
and the plasma compartment were performed as described
above.

Animal experiments

Male Wistar rats, 250-300 g, were used and had free access to
labfood and water. Under light ether anaesthesia the rats
were fitted with a catheter (PE 10) in the left femoral artery.
The catheter was exteriorized in the neck. The animals were
allowed to recover at least two days before use. The warfarin
analogues, as racemates (1 mg mL-! saline, pH 7-8), were
administered subcutaneously in 2 mg kg~' amounts. Blood

samples, 200 uL, were taken at regular times and collected on
22 uL 0-1 M trisodium citrate in Eppendorf cuvettes. Plasma
was prepared immediately and stored at —20°C until
analysed.

Pharmacokinetic analyses

The plasma half-life t; was estimated from the terminal
elimination phase by linear regression. The area under the
plasma concentration-time curve was calculated by the
trapezoidal rule with the addition of the extrapolated part;
AUC, +C..t3/In2, where AUC, is the area from t=0 to the
last concentration C, estimated. Total plasma clearance CL,
assuming complete absorption of the dose D, was calculated
by D/AUC, the apparent volume of distribution V., by
CL..t}/In2. The pharmacokinetic constants for the unbound
fraction were obtained by correcting for the protein binding;
e.g. CL,=CL/f,, where f, is the unbound fraction.

Statistical evaluation
Enantiomeric differences were tested for their significance by
two-tailed paired #-tests.

Results

The warfarin analogues investigated are listed in Table 1
together with some physicochemical parameters. The pKa
values of the compounds did not differ grossly, ranging
between 4-8 and 51, indicating no influence of the substi-
tuents on the acidity of the 4-hydroxy group of the coumarin
nucleus. For warfarin and 4’-nitrowarfarin (acenocoumarol)
our data are in agreement with those of Van der Giesen
(1982).

The partition coefficient varied with the lipophilicity of the
substituent. Except for 2’-methoxywarfarin, the correlation
of log(Px/Py) with Hansch’s nx parameter was good indicat-
ing that the substituents did not alter the molecular confor-
mation in such a manner that deviations of the additivity of
the fragmental lipophilicity occur (Hansch & Leo 1979).

The pharmacokinetic constants of the warfarin analogues
are presented in Table 2 and examples of the impact of
substituents on the plasma elimination are shown in Fig. 1.

Table 1. pK, and Log P constants of ring substituted warfarins.

Compound pKa. log P log Px—log Py X

Warfarin 50 1-20 0-00 0-00
4’-Nitro 50 098 —0-22 —0-28
3’-Nitro 4-9 092 —0-28 —0-28
4’-Cyano nd 0-64 —0-56 —0-57
4’-Chloro 4-9 2-03 0-83 071
3’-Chloro 50 2-:00 0-80 071
2’-Chloro 51 2-02 0-82 0-71
4’-Bromo 50 2-24 1-12 0-86
3’-Bromo nd 2-24 1-04 0-86
4’-Methyl 4.9 1-71 0-51 0-56
3’-Methy! nd 1-73 0-53 0-56
2’-Methyl nd 1-92 0-72 0-56
4’-Methoxy 51 1-25 0-05 —0-02
3’-Methoxy 50 1-20 0-00 —002
2’-Methoxy 52 1-59 0-39 —0-02

pK. and log P values were determined as described in the method
section. nd =not determined. Hansch nx constants are obtained
from Hansch & Leo (1979). log Px-log Py relate to nx by;
1-058 x tx +0-07, r=0-969, P <0-001.
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Table. 2. Pharmacokinetic constants of R/S-ring substituted warfarins in the rat.

X 5 (h)
H R 4754029%*  32:0+4-0%*
S 8754043 922443
4-NO, R 1'704£0-10** 12:6+0-7**
S 0-45+0-05 354072
3-N0, R 2940-3% 22-4+3-3%*
S 52408 479486
4-CN R T-8+0-76%* 39.243.2%*
S 0974017 71415
4-Cl R 19640-14** [1-9+1-4
S 1224007 104+ 14
3-Cl R 2-47+007* 5340 1**
S 78+14 254442
2'-Cl R 283459%% 4550+ 103%*
S 35410 42:5+122
4-Br R 2:5840-17**  30-5+4-4%
S 130+0-14 14-4+1-4
3-Br R 1664+0-13**  7:5+0:3**
S 8164035 452+18
4-CH; R 1434013 9-1+0-6*
S 1624012 154+ 11
3-CH; R 1'56+0-14**  88+0-6**
S 73427 578416
2-CH; R 110+1-5%* 11224 14-6**
S 341012 25-6+49
4-OCH; R 151402 143415
S 1:64+02 18-8+1-8
2-OCH; R 2:9+0-2**  164+18*
S 60+014 46-4+5.0
2-OCH; R 16:0+0-6** 1770+ 12-6**
S 25403 163+1-4

AUC (ughmL~") CL(mLh 'kg™!) Vuea (mL kg~ ')

32:3442%% 2154147
109£0-5 135406
80-1 + 4-6%* 193+4-3
288:6+21-0 184472
4901 6-6** 195+15
262465 167+19
25:9 42:2% 295 + 54+
156 37 19748
88-0+9-3 239+ 11
103-0+ 14 176 + 38*
190-0+3-7%* 669+ 12:7%*
413462 436+7
2440-4* 89+ 1-4*
271403 11661
3444 5. 7% 124 4 12:2%
707475 128417
132:5455 314114
222409 259416
110+66* 226+ 8-8**
657444 152488
1140 £8-0%* 2524 10-3*
216458 17746
904 1-2%* 140+ 1%
406478 194430
713468 149 £ 5*
543456 12144
625464 258 425
220423 188+ 16
5T £0-4%* 130 £ 4-7%
622454 21547

The data are the mean +s.e.m. of 3-4 rats. *P <0-05, **P < 0-01.

Table 3 presents the plasma protein binding of the
compounds as well as the pharmacokinetic constants of the
unbound fraction, i.e. unbound clearance ( =intrinsic clear-
ance) and free volume of distribution.

There is a significant correlation between log P and log
(bound/free); R: log B/F=0-337 log P+1:626, r=0-711,
P <001 (n=12); S: log B/F=0-380 log P+ 1-752, r=0-797,
P<0-01 (n=12).

N.B: the 2’-substituted derivatives have not been included
in the correlations because their mechanism of interaction
with plasma proteins may be different, i.e. inversion of
binding stereoselectivity (Table 3; see also Discussion).

All compounds affected the blood clotting activity
(thrombotest value). Fig. 2 shows the effect of responses of
the experiments of Fig. 1. Compared with racemic 4'-
nitrowarfarin the effect of racemic warfarin is more intense
and longer lasting, consistent with a longer residence time of
the latter. The same can be argued for racemic 3’-chlorowar-
farin in comparison with the other chloro substituted
analogues (Fig. 2B). Remarkably, 2’-chlorowarfarin
notwithstanding the long half-life of the R-enantiomer
showed only weak anticlotting activity. This suggests the
intrinsic activity of R-2’-chlorowarfarin to be weak. Also the
other 2’-substituted warfarins showed weak activity. As the

change in prothrombin complex activity (PCA) following the
administration of the racemic compounds is a function of the
individual enantiomeric pharmacokinetics and pharmaco-
dynamics, a comparative quantitative evaluation of the
effects of the racemates is not possible from our experiments.

Discussion

The present study with a series of warfarin analogues was
undertaken to establish the influence of substituents on
pharmacokinetics, prompted by the observation that the
introduction of a 4’-nitro group (acenocoumarol) greatly
enhances the metabolic clearance of both the enantiomers,
enhances the enantioselective pharmacokinetics, and re-
verses the stereoselective elimination in the rat (Godbillon et
al 1981; Thijssen et al 1985, 1986). The data for R/S-warfarin
and R/S-4'-nitrowarfarin are comparable to those obtained
in single enantiomer studies indicating the absence of mutual
interactions. This has also been observed in man (Banfield et
al 1983; Toon et al 1986; Gill et al 1988).

As the warfarin analogues have in common a relatively
high lipophilicity (Table 1) and a high plasma protein
binding (Table 3) it is reasonable to assume their elimination,
like warfarin and 4’-nitrowarfarin, to be solely by hepatic
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F1G. 1. The plasma concentration time curves of the enantiomers of
warfarin, 4’-nitrowarfarin, and 2’-, 3’-, 4-chlorowarfarin after their
subcutaneous administration (2 mg kg ') to rats. The curves are the
mean +s.d. of 3-4 rats. R-enantiomer, O O; S-enantiomer,
*—O.

metabolism. With this assumption the warfarin analogues
tested can be classified as low clearance drugs; i.e. their
plasma clearance is much less than the liver flow. Therefore,
their plasma pharmacokinetics are determined by plasma
protein binding and intrinsic hepatic clearance (Wingard et
al 1978; Rowland & Tozer 1980). This study shows both
parameters to be determining factors for the stereoselective
pharmacokinetics of the compounds; the stereoselective
differences in protein binding are consistent with the differ-
ences observed for V,..; e.g. for all the racemates it holds
that the enantiomer having the highest protein binding
shows the lowest V,., and the highest peak concentration.
However, there was no significant correlation between the
protein binding and Ve.; r=0-166 and —0-32 (P> 0-05) for
the R- and S-enantiomers, respectively. In comparison with
warfarin, the introduction of substituents greatly enhanced
the intrinsic clearance, and in most cases also enhanced the
stereoselectivity of the intrinsic clearance. The greatest
differences between the enantiomers were observed for 4'-
cyano and 4’-nitrowarfarin (Table 3). For some compounds
the intrinsic clearance greatly exceeded the liver plasma flow
(about 2 L h~'kg~!; Daemen et al 1989) of the rat. The strong
protein binding, however, makes them low clearance drugs.

Remarkably, depending upon the position of the substit-
uent, inversions in enantioselectivity of the protein binding
as well as of the intrinsic clearance were observed. Warfarin
and the 4’- and 3’-substituted analogues showed greater
plasma protein binding for the S-enantiomer, but the
opposite was true for the 2’-substituted analogues. Further-
more, the ratio in the enantioselective binding was high for
the 2’-substituted warfarins. Recent studies, using stop-flow
techniques, have presented evidence for a three-step process
in the warfarin-albumin interaction, a rapid association
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Table 3. Plasma protein binding® and pharmacokinetic constants® of
the unbound fraction of substituted warfarins in the rat.

Varea/fu

X fu(x100)  CL/fumL h='kg=!) (mL kg-1)
H R 2:26+0-06* 1429 9513
S 11124003 973 12053
4'-NO, R 1:2240-06* 6557 15819
S 094+0-04 30702 19574
3-NO, R 064+001* 7597 30233
S 0444+0-02 5954 37954
4’-CN R 116+ 0-05* 2223 25322
S 0831004 18795 23734
4'-Cl R 0774+0-06* 11486 31201
S 0554004 18798 32116
3-Ct R 0:7210-07* 26462 93175
S 0301003 13766 145333
2'-Cl R 0-14+0-02* 1655 61725
S 0914012 2978 12725
4'-Br R 024 +002ns 14156 51234
S 0224001 32431 58532
3-Br R 029+0-01* 45689 108138
S 014+001* 15524 181119
4’-CH; R 0:57+001* 19542 39788
S 0404001 16507 38090
3-CH; R 0641+0-10* 17868 39498
S 0324002 6603 55660
2'-CH; R 029+0-03* 3125 38611
S 1144002 3561 17017
4-OCH; R 07910-04* 9048 18947
S 0601004 9050 20166
3-OCH; R 0-87+0-06* 7159 29553
S 0661005 3333 28485
2’0OCH; R 0:20+0-02* 2850 64850
S 0:69+003 9014 31159

2 The unbound fractions fu are the mean + s.e.m. of 4 estimates in
pooled rat plasma. ® Unbound hepatic clearance and unbound
apparent volume of distribution are calculated from the data of
Table 2. *P <0-01; ns =not significant.

followed by a rate-limiting translocation of the drug to a
binding site inside a U-shaped cleft where the final binding
complex is formed (Bos et al 1989). The restricted rotation of
the ortho-substituted phenyl ring would favour the position-
ing of the R-configuration in that cleft. The stronger binding
of the S-enantiomers of warfarin and 4’-nitrowarfarin to rat
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FIG. 2. The response of the plasma prothrombin complex activity
(PCA) in the experiments described in Fig. 1. A: warfarin, ——@;
4’-nitrowarfarin, O0——0O. B: 2’-chlorowarfarin, a——5;
3’-chlorowarfarin, ae——a; 4’-chlorowarfarin, O 0.
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plasma protein has been shown with ratios of unbound
fraction of about 1-6 (Yacobi & Levy 19.77).an(.1 1-1. (Thijssen
etal 1985). In human plasma, S-warfarin binding is stronger
acobi & Levy 1977). Inversion in enantioselectivity of
rotein binding has recently been reported for the R/S-
warfarin and R/S-acenocoumarol binding to human plasma
albumin; the greater binding, assessed by affinity chromato-
aphy, was observed for S-warfarin and for R-acenocou-
marol (Fitos et al 1989). Binding to a-acid glycoprotein has
peen reported for some drugs to have opposite stereoselecti-
vity compared with albumin (Walle et al 1983; Fitos et al
1989). However, as the 4-hydroxycoumarins are weak acids,
the contribution of x-acid glycoprotein, which binds mainly
cationic drugs, will be of minor importance (Urien et al
1986).

Warfarin and 4’-nitrowarfarin biotransformation has
been shown to involve mainly the hydroxylation of the
coumarin structure (Fasco et al 1976; Pohl et al 1976;
Dieterle et al 1977; Toon et al 1986; Thijssen & Baars 1987).
With the exception of the methoxy and probably the methyl
derivatives (see later), this will probably be true also for the
warfarin analogues we studied. Recent in-vitro studies with
rat liver microsomes have indicated that the clusters of
cytochrome P450 isoenzymes involved in R/S-warfarin and
R/S-4-nitrowarfarin biotransformation may differ from
each other explaining the inversion in the stereoselectivity in
hepatic clearance (Hermans & Thijssen 1990). This may also
hold for the other derivatives. Nevertheless, a general pattern
in intrinsic clearance of metabolism is evident; S > R for the
4’-substituted derivativesand R > S for the 3’-substituted. To
explain the inversion in enantioselectivity between warfarin
and phenprocoumon in rat microsomes, Heimark & Trager
(1984) postulated the hemiketal of R-warfarin to be topo-
graphically similar to S-phenprocoumon at the active site of
cytochrome P450. This is not supported by the present study,
and the differences have to be sought in the variety of
cytochrome P450 isoenzymes expressing a broad spectrum of
binding and reaction selectivity (Testa 1988). The absence of
stereoselectivity in intrinsic clearance of metabolism for 4'-
methoxy and 4’-methylwarfarin may indicate that their main
route of metabolism, i.e. O- demethylation for 4’-methoxy-
warfarin (own observation) and methyl hydroxylation for 4'-
methyl are not stereoselective.

The V,., of the unbound fraction for some compounds
Suggests stereoselective tissue binding. However, as the
distribution volumes of the analogues are small, 10-30% of
the body mass (Table 2), and mainly occupy the albumin
Space, the estimated unbound distribution volume is merely
the result of the mathematical operation (Rowland & Tozer
1980). The 3’-chloro derivative might be an exception; V.,
values observed of 669 and 436 mL kg-! for the R- and $-
€nantiomers, respectively. We have no explanation for these
relatively high distribution volumes.

In summary, the study affirms stereoselectivity in plasma
Protein binding and in intrinsic hepatic clearance to be
determining factors in the enantioselective pharmacokinetics
of low clearance drugs. For the warfarin analogues, the
Stereoselectivity in both processes was up to a factor 3-4 for
Protein binding and 8-9 for the intrinsic metabolic clearance.
Small structural changes, i.e. the position of the substituent,
May invert the stereoselectivity. The latter observation shows

that care should be taken in predicting the enantiomer-
specific pharmacokinetics of a racemate from data of closely
related racemates.
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