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Determination of warfarin enantiomers and hydroxylated metabolites
in human blood plasma by liquid chromatography with achiral

and chiral separation
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Abstract

An assay comprising two simple, selective and isocratic HPLC methods with UV detection was developed and validated for measuring
warfarin enantiomers and all five warfarin monohydroxylated metabolites in patient blood plasma. Following liquid/liquid extraction from
1
m
l rin
a influences
o
©

K

1

a
b
n
n
a
C
t
e
d
p
S
F
c

rance
y
lic

ono-
ar-
ain

ctive
s of
tent
ugh
her
rin
the
up
n-

m

1
d

ml of blood plasma a baseline separation of analytes was achieved on chiral (�1 acid glycoprotein – AGP) and achiral (C18) column. Both
ethods were consistent (R.S.D. < 6.9% for warfarin enantiomers and < 8.9% for monohydroxylated metabolites) and linear (r > 0.998). The

imits of detection were 25 ng/ml for warfarin enantiomers, 25 ng/ml for 4′-, 10-, 6- and 7-hydroxywarfarin, 35 ng/ml for 8-hydroxywarfa
nd 50 ng/ml for racemic warfarin. In a clinical study in 204 patients, it was confirmed that the assay is appropriate for evaluation of
f genetic polymorphisms, demographic factors and concomitant drug treatment on warfarin metabolism.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Warfarin is a coumarin derivative used as an oral antico-
gulant drug in the treatment and prevention of thromboem-
olism. In addition to narrow therapeutic interval and sig-
ificant interindividual variability in daily dose requirement,
umerous drug–drug interactions often complicate treatment
nd over- or under-anticoagulation frequently occur[1,2].
areful monitoring of coagulation by measuring interna-

ional normalized ratio of prothrombin time (INR) is nec-
ssary to tailor the treatment to individual patient, mainly
ue to complex pharmacokinetics. The asymmetric carbon at
osition 9 of warfarin gives rise to two enantiomers,R- and
-warfarin, with distinct pharmacological properties (Fig. 1).
ollowing oral administration of a warfarin racemic mixture
oncentrations of enantiomers in blood plasma differ be-
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cause of stereoselective metabolism. The plasma clea
of two to five times more potentS-warfarin is approximatel
twice that ofR-warfarin [3–5]. The predominant metabo
reaction is hydroxylation at positions 6–8, 10 and 4′ by cy-
tochrome P450 (CYP) leading to a series of inactive m
hydroxylated metabolites. Another important route of w
farin metabolic deactivation is reduction of the side ch
keto group by carbonyl reductases[6]. Warfarin metabolism
is further characterized by a process termed regiosele
metabolism and enantiomers considerably differ in site
hydroxylation and CYP enzymes involved. The more po
S-warfarin undergoes substantial 7-hydroxylation altho
6- and 4′-hydroxywarfarin are also formed. On the ot
handR-warfarin is metabolized to all five hydroxywarfa
metabolites, of which 6- and 10-hydroxywarfarin are
most abundant[6]. The reduction of side chain keto gro
is prevalent inR-warfarin. It leads to generation of two i
active diastereomeric alcohols; major (R,S)-(+)-alcohol and
minor (R,R)-(+)-alcohol[7]. Moreover, warfarin metabolis
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Fig. 1. Chemical formula of warfarin, warfarin alcohol and 4′-, 6-, 7-, 8-
and 10-hydroxywarfarin.

depends on presence of specific polymorphisms in the CYP
system. Two common single nucleotide polymorphisms in
the CYP2C9gene are associated with impaired oxidative
metabolism ofS-warfarin. Individual dosing based on phar-
macogenetics has the potential to decrease the risk of adverse
events. To implement pharmacogenetics in the development
of dosing algorithm, studies that would assess contribution
of genetic, clinical and demographic factors to variation in
metabolism and dose requirement are necessary[8]. This and
the fact that anticoagulation with warfarin is increasingly in-
dicated are the reasons for continuing interest in improved
methodology for the determination of warfarin enantiomers
and metabolites in biological matrices.

Several assays on warfarin enantiomers[5,9–16]and its
metabolites[5,11,17–20]have been developed. Mostly they
include high-performance liquid chromatography (HPLC)
using either ultraviolet or fluorescence detection, although
methods where HPLC is coupled with mass spectrome-
try have also been reported[9,18,19]. Lately chiral beta-
cyclodextrin columns have become a powerful tool for sep-
aration of warfarin enantiomers[9,10,12]. Furthermore, uti-
lizing cellulose chiral column Takahashi et al.[11] achieved
separation of enantiomers of some warfarin metabolites in
order to examine stereo- and regioselectivity of CYP medi-
ated metabolism. However, our aim was to develop a method
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blood plasma using HPLC with UV detection are presented.
The assay was successfully applied in a study of influence of
CYP2C9polymorphism, demographic factors and concomi-
tant drug therapy on warfarin metabolism and maintenance
dose in a group of 204 patients[21].

2. Experimental

2.1. Chemicals

Racemic warfarin sodium and naproxen (I.S.) were sup-
plied from Sigma-Aldrich (Steinheim, Germany). Five war-
farin metabolites (6-, 7-, 8-, 10- and 4′-(R/S)-hydroxywarfar-
in) and both warfarin enantiomers were purchased from Ul-
trafine Chemicals (Manchester, UK). Analysis grade diethyl
ether, sulfuric acid, hydrochloric acid, potassium dihydrogen
phosphate and disodium hydrogen phosphate decahydrate
were obtained from Merck (Darmstadt, Germany). HPLC-
grade acetonitrile and methanol were from Riedel-de Haën
(Seelze, Germany).

2.2. Instrumentation

The Agilent 1100 Series HPLC system (Agilent Technolo-
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or assaying all five warfarin hydroxymetabolites. Using
ethod by Zhang et al.[19] separation of four hydroxy
etabolites could be achieved on reversed-phase C18column.
ecently, Ufer et al.[18] published alternative method f
etermination of racemic warfarin and all five monohydro

ated metabolites in plasma utilizing solid-phase extrac
owever, both of these methods used mass spectromet

ection and gradient elution and were thus too complex fo
pplication. Moreover, neither of the two methods invol
eparation of warfarin enantiomers. Utilizing our much s
ler method all five warfarin hydroxymetabolites and race
arfarin can be separated on achiral reversed-phase c
oupled with UV diode array detector. Additionally, chiral�1
cid glycoprotein (AGP) column was selected for separa
f warfarin enantiomers due to its ability for coupling w
eversed-phase C18 column producing achiral/chiral HPL
ystem[14].

In this paper two separate methods for quantificatio
arfarin enantiomers and hydroxylated metabolites in pa
-

ies) equipped with 1100 model vacuum degasser, b
ump, autosampler, thermostat and UV photodiode-arra

ector was applied to both of the assays. The system wa
rolled by Hewlett-Packard 3D ChemStation software. D
ng the analyses the autosampler temperature was k
◦C.
The ODS Hypersil analytical column (5�m,

00 mm× 4.6 mm i.d., Thermo Hypersil-Keystone, Ches
K) coupled with UNIPHASETM C18 guard column (5�m,
0 mm× 4.6 mm i.d., Thermo Hypersil-Keystone) and w
18 column pre-filter (4 mm× 3.0 mm i.d., Phenomene
hesire, UK) was used for achiral separation of warfarin

ts five metabolites. The column temperature was mainta
t 25◦C. The mobile phase consisted of a phosphate b
15 mmol/l of KH2PO4 and pH adjusted to 3.0 with 1
Cl), methanol and acetonitrile in the proportion of 52:32

v/v/v). The flow rate was set at 1.2 ml/min. Analytes w
etected at different UV wavelengths. For racemic warf
0- and 4′-hydroxywarfarin wavelength was set at 306 n
aproxen and 6-hydroxywarfarin were detected at 330
avelengths for 7- and 8-hydroxywarfarin detection w

12 and 299 nm, respectively.
For chiral separation of warfarin enantiomers the Ch

GP analytical column (5�m, 100 mm× 3.0 mm i.d.
hromtech, Congleton, UK) in conjunction with Chiral-AG
uard column (5�m, 10 mm× 3.0 mm i.d.) was used. Th
olumn temperature was maintained at 27.5◦C. The flow rate
f the mobile phase consisting of a mixture of acetoni
nd phosphate buffer (50 mmol/l, pH 7.0) in the propor
f 15:85 (v/v), was set at 0.9 ml/min. Warfarin enantiom
ere detected at 310 nm.
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2.3. Study design

In total 204 outpatients on long-term warfarin therapy for
more than 6 months with stable INR between 2.0 and 3.5
during the last two visits were enrolled in the study. Warfarin
maintenance doses ranged from 0.75 to 20 mg per day. A clin-
ical summary was obtained from records of follow-up visits
and a questionnaire. Patients were followed at the University
Medical Centre in Ljubljana, Department for Vascular Dis-
eases (n= 160) and at the General Hospital Murska Sobota
(n= 44), Slovenia. An informed consent was obtained from
the patients. The study was approved by the Slovenian Ethics
Committee for Research in Medicine (no. 60/02/02).

Blood samples were drawn at 12–16 h postdose. Citrated
blood samples were centrifuged and blood plasma samples
were stored at−20◦C until analyzed.

2.4. Preparation of standard solutions

The stock standard solutions of racemic warfarin
(10�g/ml), five hydroxylated metabolites (10�g/ml) and in-
ternal standard (100�g/ml) were prepared by dissolving ap-
propriate amounts of the compounds in phosphate buffer so-
lution (pH 7.4). Stock standard solutions were stored in dark
at 4◦C. A series of six standard plasma solutions of mixture
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in water (25:75, v/v) and two 50�l aliquots were injected in
both methods.

2.6. Assay validation

Selectivity, linearity, linear range, accuracy, precision, re-
covery, limit of detection (LOD) and quantification (LOQ)
were determined according to ICH Q2B[22] and FDA guid-
ance on bioanalytical method validation[23]. To establish
specificity of the assay matrix effects were investigated us-
ing six independent sources of citrated human blood plasma.

2.6.1. Achiral method
Resolution factors of the adjacent analytes were calcu-

lated in order to estimate method selectivity. For each an-
alyte six standard plasma solutions were used for construc-
tion of calibration lines. A nonweighted linear regression was
applied to calculate slopes and intercepts of the calibration
lines constructed as peak area ratios of analytes to I.S. ver-
sus the analyte concentration. QC samples of low, medium
and high concentrations were injected onto the column in
three consecutive days in order to determine accuracy, inter-
day repeatability and recovery of each analyte. For intra-day
repeatability calculation six determinations of medium con-
centrations were used[22]. The accuracy was determined as
percent ratio of the analyte concentration calculated from the
c trac-
t peak
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f racemic warfarin and its five hydroxy metabolites w
repared by adding the appropriate volumes of the stock
ard solutions to drug-free human plasma. Standard pl
olutions contained 75, 100, 200, 300, 400 and 600 n
f 4′-, 6- and 10-hydroxywarfarin; 100, 150, 200, 300,
nd 600 ng/ml of 8-hydroxywarfarin; 75, 100, 300, 500,
nd 1000 ng/ml of 7-hydroxywarfarin and 150, 200, 5
000, 1500 and 5000 ng/ml of racemic warfarin. Additi
lly, three levels of quality control (QC) samples; 75, 300
00 ng/ml for 4′-, 6- and 10-hydroxywarfarin; 100, 300 a
00 ng/ml for 8-hydroxywarfarin; 75, 500 and 1000 ng

or 7-hydroxywarfarin; and 150, 1000 and 5000 for race
arfarin were prepared. Plasma standards and QC sa
ere aliquoted, stored and treated the same way as p
lood plasma samples. For recovery estimation of the si
lytes standard water solutions were prepared by dilutin
tandard stock solutions in bidistilled water to serve as 1
ontrol.

.5. Extraction procedure

One millilitre of thawed human plasma sample was m
ith 50�l of I.S. stock solution and 0.7 ml of 1M sulfur
cid. Consequently 5 ml of diethyl ether was added, vo
ixed (5 s) then shaken for 60 min at 250 cycles per m

ertical position using Vibromix 403 EVT shaker (Tehtni
lovenia) and centrifuged at 600×g for 10 min. The sample
ere left in a freezer at−20◦C for about 3 h and the dieth
ther layer was decanted from a frozen aqueous layer
lean tube and evaporated to dryness in a water bath at 4◦C.
amples were reconstituted in 250�l mixture of acetonitrile
t

alibration line versus nominal analyte concentration. Ex
ion recovery was calculated as percent ratio of analyte
rea of extracted plasma QC sample versus analyte pea
f unextracted standard water solution representing 100
overy. LOD and LOQ were estimated using average s
stimation and the standard deviation ofy-intercepts of th
alibration lines[22].

.6.2. Chiral method
The same plasma standards were used in validation

hiral method. Selectivity, linearity, LOD and LOQ were
imated forR- andS-warfarin. Repeatability and accura
ere calculated using the nonweighted linear regression

bration lines of enantiomers’ peak areas versus the ana
oncentration. The concentration of the enantiomers wa
o the half of the racemic warfarin concentration in stand
lasma solutions.

PlasmaR- andS-warfarin concentrations were calcula
rom the ratio ofR- to S-warfarin response and the c
esponding racemic warfarin concentration previously
ated by the achiral method.

.6.3. Stability
Stability of the analytes was tested according to the F

uidance on bioanalytical method validation[23]. Freeze an
haw stability was studied by subjecting QC samples at t
oncentration levels to three freeze-thaw cycles. During
ycle samples were refrozen at−20◦C for 24 h. For demon
tration of short-term temperature stability and long-t
torage stability, QC samples were kept at ambient tem
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ture for 6 h and at−20◦C for 15 months, respectively. Post-
preparative stability was assessed by keeping QC samples in
autosampler at 5◦C for 24 h. Stability of the stock solution of
internal standard was validated over a storing period of 72 h
in dark at 4◦C.

3. Results and discussion

The aim of this study was to develop a simple and rapid
assay for quantitative determination of warfarin enantiomers
and all five monohydroxylated metabolites in blood plasma of
patients on long-term warfarin therapy in order to study the
influence ofCYP2C9polymorphism, demographic factors
and concomitant drug therapy on warfarin metabolism and
maintenance dose.

3.1. Assay development

Reversed-phase column was used for separation of
racemic warfarin and monohydroxylated metabolites as in
most of the previously reported assays[17–19,24]. Zhang et
al. [19] and Ufer et al.[18] determined four and five mono-
hydroxylated metabolites, respectively, but both assays used
g eter.
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The chiral AGP column has already been fully utilized
in the separation of warfarin enantiomers[14,20,25]. Iso-
propanol was commonly used as an organic component of the
mobile phase. In our assay however, it was replaced with ace-
tonitrile to make the achiral and chiral method more compat-
ible. This way the same procedure for preparation of plasma
samples could be used for the two methods. The mean reten-
tion times ofR- andS-warfarin were 4.6 and 5.8 min, respec-
tively. With the resolution factor of 1.5 baseline separation
of warfarin enantiomers was achieved at all concentration
levels (Fig. 2). Retention times of all warfarin metabolites
were less than 3 min. Determination ofR- andS-warfarin
based on respective peak areas, since I.S. eluted with the sol-
vent peak (1.2 min). Consequently, enantiomers in plasma
samples were quantified by the peak area ratio ofR- to S-
warfarin and warfarin concentration estimated by the achiral
method.

Each sample sequence was run twice. First run was on
the achiral column with the runtime of 18 min per sample.
In the second step the same samples were injected on the
chiral column with the runtime of 8 min per sample. Total
runtime of both analyses per sample was therefore, approxi-
mately 30 min and up to 50 samples could be analyzed within
24 h.
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radient elution and were coupled with mass spectrom
n the other hand we aimed to develop a simpler me
uitable for routine use at the hospital based on shor
ratic separation of warfarin and all five monohydroxyla
etabolites and UV detection.
With the optimized mobile phase composition base

eparation of all the analytes was achieved. As shown inFig. 2
nalytes eluted in the following order; 4′-hydroxywarfarin
4.8 min), 10-hydroxywarfarin (5.8 min), 6-hydroxywarfa
6.9 min), 7-hydroxywarfarin (9.3 min), 8-hydroxywarfa
10.2 min), I.S. (11.1 min) and racemic warfarin (16.0 m
he peaks were identified on the basis of retention t
nd UV spectra of the individual standard stock soluti
esolution factors were higher than 1.5 with the exceptio
- and 8-hydroxywarfarin and I.S. (RS = 1.2). However, due t
etection of I.S. at higher UV wavelength (330 nm), at wh
-hydroxywarfarin showed no absorption, its quantifica
as not affected. As seen from a typical chromatogra
blank plasma sample (Fig. 2) there are some insignifica

nterferences in the area between 5 and 6 min and ar
0 min, which did not affect analytes quantification.

able 1
xtraction recoveries (%) of 4′-, 10-, 6-, 7- and 8-hydroxywarfarin and r

piked plasma concentrationa 4′-OH 10-OH

ow 62.0 (2.9) 80.8 (7.4)
edium 69.5 (5.4) 89.0 (5.9)
igh 76.8 (3.4) 93.6 (7.1)

verage 69.3 (7.4) 87.8 (6.5)

ean recovery (S.D.) was calculated from three measurements.
a Concentration levels are specified in the text.
.2. Extraction recovery

Liquid–liquid extraction followed the previously report
rocedure[9-12]. The extraction recoveries are summari

n Table 1. Compared to the available literature data the
overies of racemic warfarin and I.S. were found to be lo
3 versus 80% and 63 versus 88%, respectively, while
ariability was similar[10,12]. The intraday relative standa
eviation (R.S.D.) of I.S. response ranged from 3.4 to 8
n= 6) and interday R.S.D. was 9.7% (n= 3). Mean recov
ries of various warfarin monohydroxylated metabolites

ered considerably ranging from 42% for 7-hydroxywarfa
o 90% for 10-hydroxywarfarin. Use of I.S. was therefo
ssential for the reliability of this method.

Recoveries ofR- andS-warfarin enantiomers were n
horoughly studied. However, no difference in the reco
fR- andS-warfarin was observed by comparison of the p
reas of QC samples at all concentration levels.
ifference in the recovery of enantiomers was within
xperimental error of recovery determination as previo
emonstrated[10,12].

warfarin from human plasma

H 7-OH 8-OH Racemic warfar

8 (4.7) 37.6 (2.3) 67.5 (1.9) 58.8 (2.7)
8 (5.7) 40.1 (1.7) 76.5 (3.4) 61.7 (1.8)
5 (7.3) 47.3 (4.7) 85.3 (4.3) 67.4 (5.6)

4 (3.1) 41.7 (5.0) 76.4 (8.9) 62.6 (4.4)
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Fig. 2. (A) Chromatograms of extracted blank plasma on achiral column at 306 nm (left) and on AGP chiral column at 310 nm (right). (B) Chromatograms
of medium spiked concentration (300 ng/ml for 4′-, 10-, 6- and 8-hydroxywarfarin, 500 ng/ml for 7-hydroxywarfarin and 1000 ng/ml for racemic warfarin) on
achiral column at 306 nm (left) and on AGP chiral column at 310 nm (right).

3.3. Assay validation

Both methods were validated, according to the ICH guid-
ance[22], taking into consideration also recommendations
from the FDA guidance for industry on bioanalytical method
validation[23].

3.3.1. Achiral method
Validation parameters are summarized inTable 2. The

lower level of linear range was set to the lowest point possible
with acceptable accuracy and repeatability. When analyzing
six different sources of human blood plasma, no matrix ef-
fect was found to influence determination of 4′-, 6- and 7-
hydroxywarfarin, I.S. and racemic warfarin. However, there
was some interference observed with 8- and 10- hydroxy-
warfarin in four of the six blank plasma samples studied, but
the area of the interfering peaks was less than 10% of the
peak area of these two analytes at the lowest concentration
of plasma standards. Linear range for racemic warfarin was
set to the expected plasma concentrations in patients on war-
farin therapy in maintenance phase according to literature

data[5,26,27]. On the other hand, the data on plasma con-
centration ranges of warfarin metabolites are scarce. In com-
parison to the method by Ufer et al.[18] where MS detection
was used LOQ of monohydroxy metabolites was almost 100
times higher in our method. However, this can be improved by
optimizing the extraction procedure by using larger volume
of plasma sample and lowering the volume for reconstitu-
tion of dried sample or by increasing the injection volume.
Although recovery of the extraction procedure for some an-
alytes, especially 7-hydroxywarfarin, is low, validation data
demonstrate that the method was consistent and reliable with
relatively low values of R.S.D. and bias.

3.3.2. Chiral method
Validation parameters for chiral method are summarized

in Table 3. In contrast to the achiral method accuracy and re-
peatability were calculated using the calibration lines derived
from peak areas of enantiomers versus the analytes concen-
tration and I.S. response was not included in evaluation of
these parameters. Despite this fact repeatability and accuracy
were within the range of acceptable levels.
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Table 2
Method validation parameters and mean equations of calibration curves for the determination of 4′-, 10-, 6-, 7- and 8-hydroxywarfarin and racemic warfarin
in human blood plasma

Validation parameter 4′-OH 10-OH 6-OH 7-OH 8-OH Racemic warfarin

Intraday repeatability (%)a,c 1.2 – 4.0 0.9–2.0 1.7–4.0 1.8–2.7 2.3–5.2 1.7–4.0
Interday repeatability (R.S.D.%)b,c Low 3.1 4.8 8.9 6.3 5.6 14.2

Medium 2.8 3.1 2.0 0.9 3.1 0.5
High 0.9 0.3 0.8 0.9 1.6 0.6

Accuracy (%)b,c Low 103.2 90.0 99.3 87.3 100.0 96.0
Medium 98.4 104.4 101.5 99.9 100.2 100.3
High 100.6 99.6 100.2 100.4 100.5 99.9

Limit of detection (ng/ml) 25 25 25 25 35 50
Linear range (ng/ml) 75–600 75–600 75–600 75–1000 100–600 150–5000
y-Intercept× 103 (S.D.)b 18 (10) 22 (11) 7.4 (5.0) 41 (12) 95 (11) 29 (18)
Slope× 106 (S.D.)b 1180 (187) 937 (121) 524 (82) 1083 (116) 1238 (125) 929 (46)
rb 0.9993 0.9989 0.9995 0.9989 0.9990 0.9998

R.S.D., relative standard deviation; S.D., standard deviation;r, correlation coefficient (mean value); Calibration curves were derived from peak area ratios of
analytes to internal standard vs. analyte concentration.

a n= 6.
b n= 3.
c Concentration levels are specified in the text.

Table 3
Method validation parameters and mean equations of calibration curves for the determination ofR- andS-warfarin in human blood plasma

Validation parameter R-warfarin S-warfarin

Intraday repeatability (%)a 500 ng/ml 1.3–4.0 0.5–3.3
Interday repeatability (R.S.D.%)b 75 ng/ml 6.7 6.9

500 ng/ml 5.1 4.6
2500 ng/ml 0.6 0.8

Accuracy (%)b 75 ng/ml 103.2 106.9
500 ng/ml 99.1 99.2
2500 ng/ml 100.7 100.7

Limit of detection (ng/ml) 25 25
Linear range (ng/ml) 75–2500 75–2500
y-Intercept (S.D.)b 3.94 (2.10) 4.65 (2.03)
Slope× 103 (S.D.)b 243.5 (12.7) 245.3 (14.0)
rb 0.9993 0.9993

R.S.D., relative standard deviation; S.D., standard deviation;r, correlation coefficient (mean value); Calibration curves were derived from enantiomers peak
areas versus their concentrations.

a n= 6.
b n= 3.

No significant matrix effect was observed when examining
blank plasma samples from six independent sources.

3.3.3. Stability
The protocol of stability procedure reflected all the possi-

ble conditions encountered during sample handling and anal-

ysis. Results of stability testing are summarized inTable 4.
Among all analytes evaluated, 10-hydroxywarfarin appeared
to be less stable than others. Nevertheless, the results indi-
cate that conditions used have little effect on quantification
of warfarin and all monohydroxylated metabolites. Stability
of extracted samples in autosampler at 5◦C over a period of

Table 4
Stability of 4′-, 10-, 6-, 7- and 8-hydroxywarfarin and racemic warfarin

Stability (%) 4′-OH 10-OH 6-OH 7-OH 8-OH Racemic warfarin

Freeze and thawa 94.1–104.4 95.9–105.3 96.4–102.0 96.4–102.0 97.0–100.9 97.8–100.7
Short-term temperatureb 93.9–98.7 90.7–94.5 95.8–99.1 98.1–100.4 97.5–100.8 95.2–100.9
Long-termc 99.4–102.4 94.3–108.8 101.7–107.6 107.6–108.9 89.9–100.6 102.5–103.9
Post-preparatived 100.4–101.9 96.9–100.0 100.1–101.6 96.9–102.4 102.4–104.8 100.2–104.4

Stability was evaluated in three replicates of low, medium and high quality control plasma samples.
a Three freeze (24 h)/thaw cycles.
b 6 h at ambient temperature.
c 15 months at−20◦C.
d 24 h at 5◦C.
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24 h permitted overnight sample runs. Evaluating the ratio
of R- andS-warfarin peak area no sizeable difference in the
stability of warfarin enantiomers was observed as previously
shown[10,12].

Concerning stock solution stability, only I.S. was tested,
since plasma standards of warfarin and warfarin metabolites
were prepared from freshly made stock solutions. Stock so-
lution of I.S. was found stable 100.2± 0.5% (mean± S.D.,
n= 3) over a period of 72 h in dark at 4◦C.

3.4. Analytical interferences

A list of co-administered medications was obtained for
each patient and naproxen was not used by any of the 204
patients involved in the study. Use of naproxen as I.S. there-
fore appeared acceptable. Nevertheless, in plasma samples
of four patients significantly increased response of I.S. was
observed. It was suspected that these patients have taken an
over the counter naproxen preparations and did not report it
at the interview at inclusion in the study. This is a serious
weakness of using naproxen as I.S. in assays applied in this
type of studies and choice of different I.S. should be taken
into consideration as suggested by Ring and Bostick[12].

Some extra peaks with areas comparable to the analytes
were observed in chromatograms of some patient plasma
samples. A list of co-administered drugs in these patients
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Fig. 3. Chromatograms of a typical patient plasma sample on achiral column at 306 nm (left) and on AGP chiral column at 310 nm (right). The concentration
of 10-, 7-hydroxywafarin and racemic warfarin were 100.2, 52.8 (below quantification) and 1662.1 ng/ml, respectively. TheR toSwarfarin ratio was 1.96.

CYP2C9gene leading to impaired metabolism ofS-warfarin
to 7-hydroxywarfarin was found to be the main reason for the
observed variability in warfarin daily dose requirement[21].

4. Conclusion

Two simple isocratic HPLC methods with UV detection
were developed for measuring warfarin enantiomers and all
five warfarin monohydroxylated metabolites in patient blood
plasma. With both methods baseline separation of the an-
alytes was achieved. Presented validation data demonstrate
that the methods are consistent and reliable with low values
of R.S.D. and bias. In a large clinical study it was confirmed
that the developed assay is appropriate for evaluation of in-
fluences of genetic polymorphisms, demographic factors and
concomitant drug treatment on warfarin metabolism.
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