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a  b  s  t  r  a  c  t

Tegafur  is  a  5-fluorouracil  (5-FU)  prodrug  widely  used  outside  the  United  States  to  treat  colorectal  can-
cer as well  as cancers  of the head  and  neck.  The  resulting  plasma  concentrations  of  tegafur  are  much
higher  than  those  of  5-FU;  thus,  analytical  methods  are  needed  that  are  sensitive  enough  to  detect  low
plasma concentrations  of  5-FU  and  robust  enough  to  simultaneously  analyze  tegafur.  Previous  LC–MS/MS
methods  have  either  failed  to demonstrate  the  ability  to simultaneously  measure  low  5-FU  and  high
tegafur  plasma  levels,  or  failed  to  be applicable  in  clinical  studies.  Our  goal  was  to  develop  a  method
capable  of  measuring  low  concentrations  of  5-FU  (8–200  ng/ml)  and high  concentrations  of  tegafur
(800–20,000  ng/ml)  in  human  plasma  and  to  subsequently  evaluate  the  utility  of  the  method  in patient
samples  collected  during  a  phase  I clinical  study  where  oral  doses  of  either  200  mg  or  300  mg  UFT®/LV
(uracil  and  tegafur  in  a 4:1  molar  ratio plus  leucovorin)  were  administered.  A  combined  LC–MS/MS  and
LC–UV  method  was  developed  utilizing  negative  ion  atmospheric  pressure  ionization  (API). The  method
provides  an  accuracy  and  precision  of  <10%  and  <6%,  respectively,  for  both  analytes.  Material  recoveries

from  the  liquid–liquid  extraction  technique  were  97–110%  and  86–91%  for  tegafur  and  5-FU,  respectively.
Utilization  of  this  method  to determine  tegafur  and  5-FU  plasma  concentrations  followed  by  noncom-
partmental  pharmacokinetic  analyses  successfully  estimated  pharmacokinetic  parameters  (CMAX,  tMAX

and  AUC0–10  h)  in  the  clinical  study  patients.  Overall,  this  method  is  ideal  for the  simultaneous  bioanalysis
of  low  levels  of  5-FU  and  relatively  higher  levels  of  its  prodrug,  tegafur,  in  human  plasma  for  clinical
pharmacokinetic  analysis.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

5-Fluorouracil (5-FU) is a commonly prescribed antineoplastic
rug often used alone or in combination with other chemothera-
eutic agents to treat esophageal [1,2], gastric [3],  and colorectal
ancers [4]. 5-FU is thought to produce its anticancer effects by

nhibiting thymidylate synthase through incorporation of anabolic,
ytotoxic nucleotide metabolites of 5-FU thereby blocking DNA
eplication [5,6]. The majority of 5-FU, when delivered orally, is

Abbreviations: 5-FU, 5-fluorouracil; UFT® , uracil and tegafur; LV, leucovorin
folinic acid); PK, pharmacokinetic; AUC, area under the curve; RT, radiation therapy;
PLC, high performance liquid chromatography; MS/MS, tandem mass spectrome-

ry;  UV, ultraviolet spectroscopy.
∗ Corresponding author at: MBRCC, West Virginia University, P.O. Box 9300, Mor-

antown, WV 26506, USA. Tel.: +1 304 293 0495; fax: +1 304 293 4667.
E-mail address: wpetros@hsc.wvu.edu (W.P. Petros).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jchromb.2012.04.010
rapidly catabolized in the liver by dihydropyrimidine dehydroge-
nase (DPD) [7],  which poses a pharmacokinetic hurdle in efficient
and convenient systemic delivery of 5-FU. In order to increase
efficacy and 5-FU exposure while potentially minimizing related
toxicities, alternative formulations of 5-FU have been developed.
One particular oral formulation administers 5-FU along with the
irreversible DPD inhibitor eniluracil [8] in order to decrease 5-FU
metabolism and clearance. This results in increased 5-FU bioavail-
ability and decreased formation of the DPD-mediated 5-FU inactive
metabolite �-fluoro-�-alanine (FBAL), which has been shown to be
potentially neurotoxic but possess no significant anticancer prop-
erties [9].

In an alternative approach to enhance 5-FU bioavailability, the

oral 5-FU prodrug tegafur (1-[2-tetrahydrofuranyl]-5FU, ftorafur;
FT) is combined with the endogenous and reversible DPD com-
petitive inhibitor uracil in a 4:1, uracil:tegafur molar ratio (UFT®)
[10]. Fig. 1 depicts the chemical structures of uracil, 5-FU, and

dx.doi.org/10.1016/j.jchromb.2012.04.010
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:wpetros@hsc.wvu.edu
dx.doi.org/10.1016/j.jchromb.2012.04.010
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Three quality control (QC) standards were also prepared in
Fig. 1. Structures of (A) uracil, (B) 5-fluorouracil, and (C) tegafur.

egafur. Tegafur undergoes cleavage of the tetrahydrofuran moi-
ty, catalyzed mainly by cytochrome P450 isoform 2A6, as well
s thymidine phosphorylase in the liver [10,11], into 5-FU. UFT®

s often formulated with leucovorin (UFT®/LV), which augments
-FU cytotoxicity. Daily oral administration of UFT®/LV results

n a greater 5-FU maximum plasma concentration (CMAX), aver-
ge steady-state plasma concentration (CSS,AVG), and prolonged
-FU half-life compared to continuous intravenous infusion 5-FU
12,13]. However, exposure to 5-FU as well as efficacy is compara-
le between oral UFT®/LV and intravenous 5-FU and LV [12,13].
nother oral combination involving tegafur is S-1 (TS-1, Taiho
harmaceutical), which is a combination of tegafur, gimeracil (an
nhibitor of DPD), and oteracil (which inhibits the phosphorylation
f fluorouracil in the gastrointestinal tract, thereby reducing the
astrointestinal toxic effects of 5-FU) in a molar ratio of 1:0.4:1
14].

As of late 2011, only a few groups [15–18] have simultane-
usly measured both 5-FU and tegafur in human (and in one
ase dog) plasma. In 2003, Zufia et al. [15] simultaneously quan-
ified 5-FU and tegafur using a gradient elution HPLC/UV method.
hu et al. [16] used a similar HPLC/UV method but with isocratic
lution to measure both drugs in beagle dog plasma. Remaud
t al. [17] in 2005 simultaneously quantified tegafur, 5-FU, and
-fluoro-5,6-dihydrouracil (5-FUH2) in human plasma. In order to
uantify tegafur resulting from oral UFT® or S1 administration, the
uthors constructed two separate calibration curves for tegafur, the
rst in a range of 25–2500 ng/ml, the second in a higher range
f 2500–25,000 ng/ml. Liu et al. [18] validated their LC–MS/MS
ethod for simultaneous detection of low concentration 5-FU

2–500 ng/ml) and high concentration tegafur (12–3000 ng/ml) for
se in oral administration of S1.

Presented here is a sensitive, selective, and robust combined
C–MS/MS and LC–UV method for the simultaneous detection of
ow plasma concentrations of 5-FU (8–200 ng/ml) and high plasma
oncentrations of tegafur (800–20,000 ng/ml) typically found after
ral administration of UFT®/LV. This validated method was also
ubsequently applied for the first time to human plasma samples
ollected as part of a phase I clinical trial of UFT®/LV for patients
ith head and neck cancers [19]. Noncompartmental pharmacoki-
etic analysis was performed to further demonstrate the successful
pplicability of this novel bioanalytical method.

. Experimental

.1. Materials

Tegafur (1-[2-tetrahydrofuranyl]-5-FU) and 5-flurouracil were

urchased from Sigma–Aldrich (St. Louis, MO,  USA). The isotopi-
ally labeled 5-fluorouracil (iso-5-FU), the internal standard, was
urchased from Medical Isotopes, Inc. (Pelham, NH, USA). Ethyl
r. B 898 (2012) 32– 37 33

acetate, methanol, ammonium acetate were purchased from Fisher
Scientific (Pittsburgh, PA, USA).

2.2. Plasma extraction procedure

Tegafur and 5-FU were extracted from 200 �l of plasma using
a liquid–liquid extraction procedure. Initially, 100 �l of internal
standard spiking solution (1.00 �g/ml of 5-fluorouracil-13C, 15N2
in phosphate buffered saline solution) was added to the plasma
contained in a 10 ml  glass test tube. Next, 200 �l of saturated
ammonium sulfate solution was added to precipitate plasma pro-
teins with subsequent vortex mixing for 30 s followed by the
addition of 5 ml  of a 15:85 isopropanol:ethyl acetate mixture fol-
lowed by another 30 s of vortex mixing. The sample was then
centrifuged at 1000 × g for 15 min  at 23 ◦C. Four milliliters of the
supernatant was subsequently removed from each tube and trans-
fered to an evaporation tube. Tubes were placed in a 45 ◦C water
bath and evaporate under a stream of nitrogen. After evaporation
was  complete, 100 �l  of 20:80 methanol:deionized H2O was added
to each tube and vortex mixed for 30 s to reconstitute the com-
pounds. These mixtures were then transferred to HPLC autosampler
vials for analysis.

2.3. Instrument conditions

Chromatographic separation was achieved using a Supelco®

Discovery® RP Amide C16, 150 mm  × 4.6 mm,  5 �m column with
an isocratic flow of (3/97, v/v) methanol/water at 1 ml/min using
an Agilent 1100 series HPLC system (Agilent Technologies, Inc,
Santa Clara, CA, USA). Total run time was  17 min. Concentrations
of tegafur were determined by absorbance detection at 272 nm.
Approximately 30% flow (0.3 ml/min) was  directed into a Waters
Quattro Micro triple quadrupole mass spectrometer (Waters Micro-
mass, Milford, MA)  via splitter. Multiple reaction monitoring
(MRM)  was performed on 5-FU (m/z 128.7 > 41.40) and on the inter-
nal standard, iso-5-FU, (m/z 131.7 > 43.40) in the negative ion API
mode with dwell times of 200 ms.  Mass spectroscopic conditions
were as follows: capillary voltage 3.50 kV, cone voltage 25.00 V,
source temp 110 ◦C, desolvation temp 400 ◦C, collision gas pres-
sure 3 × 10−3 mbar, cone gas flow 70 l/h and desolvation gas flow
460 l/h. Collision energy was  set at 13.00 eV for the 5-FU transition,
while 15.00 eV was used for the iso-5-FU transition.

2.4. Validation

Validation was  achieved according to FDA regulatory guidelines
for bioanalytical methods, with the primary requirement being that
the intra- and inter-day accuracies and precisions below 15% vari-
ation [20].

2.4.1. Linearity
Five calibration standard solutions were prepared at 5-

FU/tegafur concentrations of 8/800, 20/2000, 40/4000, 100/10,000,
and 200/20,000 ng/ml, respectively, in cryopreserved human
plasma. Calibration curves were calculated using a 1/x  weighting,
where x represented the ratio of analyte peak area to internal stan-
dard peak area for 5-FU and where x represents analyte peak area
for tegafur. The lower limit of quantification (LLOQ) and detection
(LLOD) for both tegafur and 5-FU were determined by signal-to-
noise ratios of 5 and 3, respectively.

2.4.2. Accuracy and precision
human plasma with 5-FU/tegafur concentrations of 14/1400,
60/6000, and 140/14,000 ng/ml, respectively. Intra-day accuracy
(percent average deviation from the mean) and precision (percent
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Table 1a
5-Fluorouracil validation results.

Prepared
concentration
(ng/ml)

n Average measured
concentration
(ng/ml)

Accuracy as
average
deviation (%)

Precision as
standard
deviation (%)

Recovery
(%)

Stability as
change in
24 h (%)

Intra-assay 14.0 3 14.4 3.05 2.65 86.4 1.23
60.0  3 65.0 8.39 0.494 89.0

140  3 145 3.44 0.782 91.2
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Inter-assay 14.0  9 15.1 

60.0  9 63.6 

140 9 142

tandard deviation) were determined by the average of measured
oncentrations for the three QC standards. Inter-day accuracy and
recision were determined in a similar manner over three consec-
tive days (n = 9).

.4.3. Recovery
Absolute recoveries were calculated by comparing measured

oncentrations of standards prepared in plasma to the correspond-
ng concentrations prepared in mobile phase solutions. Internal
tandards were not used in these measurements.

.4.4. Autosampler stability

Autosampler stability of 5-FU and tegafur was assessed by ana-

yzing standards immediately after preparation and again 24 h after
he standards had remained in the autosampler compartment at
◦C.

Fig. 2. UV tracing (A) of tegafur and tandem mass spectrometric chrom

able  1b
egafur validation results.

Prepared
concentration
(ng/ml)

n Average measured
concentration
(ng/ml)

A
a
d

Intra-assay 1400 3 1393 1
6000  3 6557 9

14,000 3 14,187 1

Inter-assay 1400 9 1468 5
6000 9 6240 5

14,000 9 13,871 4
.68 3.78

.93 1.82

.69 1.86

2.5. Clinical study design

Demonstration of the applicability of this bioanlaytical method
was  conducted by evaluation of blood samples from a clinical
research protocol approved by the Duke University Institutional
Review Board and performed according to the Declaration of
Helsinki as amended in Somerset West (1996). All patients signed
written informed consent before trial entry.

Adult patients with histologically proven adenocarcinoma or
squamous cell carcinoma of the thoracic esophagus or gastroe-
sophageal (GE) junction were included, as previously described
[19]. Minimum laboratory requirements included the following:
absolute neutrophil count of 1500/�l  or greater, platelets of

100,000/�l or greater, total bilirubin level of 1.5 mg/dl or less,
serum creatinine level no greater than 1.5 times the upper nor-
mal  limit, and aspartate/alanine aminotransferase levels no more
than 2.5 times upper normal limit.

atograms of 13C, 15N2-5-fluorouracil (B) and 5-fluorouracil (C).

ccuracy as
verage
eviation (%)

Precision as
standard
deviation (%)

Recovery
(%)

Stability as
change in
24 h (%)

.82 2.70 97.5 14.2

.28 0.711 110

.33 0.292 105

.62 4.17

.59 4.97

.79 5.95
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Fig. 3. Example of a tegafur UV chromatogram (A) and 5-FU MS/M

Applicability of the bioanalytical method to clinical samples
as conducted using twelve patients (median age 55 years; range,

9–70) with either squamous cell carcinoma or adenocarcinoma
ho participated in the clinical study. UFT®/LV doses were admin-

stered 5 days a week (M–F), by mouth, on an every 12 h schedule.
ose level 1 (UFT®/LV at 200/30 mg,  twice daily) and dose level

 (UFT®/LV at 300/30 mg  in morning, 200/30 mg  in evening) were
dministered on radiation days only, beginning on day 1 and fin-
shing on the evening of the final radiation treatment day. Of the
welve patients in this study, six were dosed at dose level 1 (Patients
–6) and six at dose level 2 (Patients 7–12).

.5.1. Pharmacokinetic studies
Blood samples (3 ml)  were drawn at pre-dose, 0.5, 1, 1.5, 2, 3, 4, 6,

, and 10 h on the first day of UFT®/LV administration to determine

ystemic disposition of the prodrug, tegafur, and its active product,
-FU. Concentration versus time data were analyzed by a standard,
wo-stage approach using non-compartmental techniques (Win-
onlin v1.1, Pharsight, Mountain View, CA, USA) in the Clinical
matogram (B) obtained from a clinical pharmacokinetic specimen.

Pharmacology Core Lab at the Mary Babb Randolph/WVU Cancer
Center where the analytic development was also conducted.

3. Results

3.1. Analytic validation

The combined LC–MS/MS and LC–UV assay was  validated over
three days. Both intra- and inter-day accuracy and precision for 5-
FU and tegafur were less than 15% as shown in Tables 1a and 1b.
Fig. 2 (panel A) shows a tracing that represents a summation of
UV spectra at 2 nm intervals from 190 nm to 600 nm.  The tega-
fur peak at 14.7 min  is shown to be well separated from the
earlier eluted plasma peaks. Fig. 2 also depicts chromatograms
demonstrating the selectivity of the two MRM  transitions occurring

simultaneously for 5-FU and iso-5-FU (panels B and C). Suffi-
cient linearity was  achieved for each corresponding calibration
curve, with mean (n = 3) correlation coefficients of 0.9996 for 5-
FU and 0.9990 for tegafur. The 24-h autosampler stability results
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Table 2
First dose plasma pharmacokinetic parameter estimates for 5-FU and tegafur in subjects.

5-FU Tegafur

Dose level 1a (n = 6) Dose level 2b (n = 6) Dose level 1 (n = 6) Dose level 2 (n = 6)

tMAX (h) 1.42 ± 0.58 1.25 ± 0.93 1.83 ± 0.81 2.08 ± 1.11
CMAX (ng/ml) 86.9 ± 88.5 149 ± 138 6065 ± 1773 9175 ± 2749
AUC0–10 h (ng h/ml) 77.8 ± 67.0 232 ± 195 41,290 ± 22,575 45,589 ± 14,526
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ata shown as mean ± SD.
a UFT®/LV at 200/30 mg,  twice daily.
b UFT®/LV at 300/30 mg  in morning; 200/30 mg  in evening.

re also shown in Tables 1a and 1b.  5-Fluorouracil demonstrated
xcellent stability at 4 ◦C temperature with only a 1% change in
oncentrations. Tegafur proved somewhat less stable, with a 14%
ifference, presumably through ester hydrolysis of the tetrahy-
rofurane moiety. The LLOQ and LLOD for 5-FU were 8.0 and

 ng/ml, respectively. The LLOQ and LLOD for tegafur were 800 and
50 ng/ml, respectively. Absolute recoveries were calculated for
oth tegafur and 5-FU and ranged from 97% to 110% and 86% to 91%,
espectively.

.2. Application to patient samples

Six patients received a 200 mg  oral UFT dose (with 30 mg  leu-
ovorin), whereas the remaining six received a 300 mg  oral UFT
ose (with 30 mg  leucovorin). Fig. 3A is a representative LC chro-
atogram depicting the tegafur peak with a retention time of

3.9 min  for the 0.5 h post dose time point sample for a single
ubject, whereas Fig. 3B is the corresponding 5-FU MRM  with a
etention time of 3.56 min  from the same sample. Fig. 4 depicts
he mean concentration–time curves for all 12 subjects at both

he high concentration tegafur (A) and low concentration 5-FU
B) during the first dose. The resulting clinical concentration–time
ata for tegafur suggests that the high concentration range for
egafur produces more applicable data for analysis of plasma

ig. 4. Mean plasma concentration time curves for (A) tegafur, and (B) 5-FU, in 12
atients receiving first-dose UFT®/LV.
samples in subjects on this therapy. Noncompartmental analysis
was performed on day 1 to assess the first-dose pharmacoki-
netic parameters tMAX, CMAX, and AUC0–10 h, as shown in Table 2.
Relatively high inter-subject variability was  observed for each
pharmacokinetic parameter, as anticipated based on previous clini-
cal trials involving 5-FU [8,21].  Such is evident by the high standard
deviations from the mean values shown in Table 2, as well as the
error bars in the plasma concentration versus time curve for both
5-FU and tegafur shown in Fig. 4.

4. Discussion

This newly developed assay was  designed to simultaneously
measure low concentrations of 5-FU and high concentrations
of tegafur in plasma resulting from the oral administration of
UFT®/LV. The combined HPLC/UV and HPLC/MS/MS method con-
tains analytical improvements over the two HPLC/UV assays and
the two HPLC/MS/MS assays cited in the literature [15–18] while
being specifically designed for UFT®/LV. An advantage of this assay
over the HPLC/UV methods of Zufia et al. [15] and Chu et al. [16]
is the short analysis time (17 min  compared to 24–30 min). This
improvement was  achieved most likely by the use of a relatively
polar column (Supelco® Discovery RP-Amide C16) and a very polar
mobile phase (3/97, v/v) methanol/water delivered at a fast flow
rate (1 ml/min), allowing for faster passage of analytes through the
column. Another advantage of this method was that our extrac-
tion recoveries for 5-FU were better than those of Chu et al. with a
range of 86–91% compared to 51–55%, respectively. High recoveries
may  produce more consistent results in cases where the extraction
matrix (plasma) varies unexpectedly.

Compared to the method of Remaud et al. [17], the current
approach is quicker, demonstrates comparable selectivity, requires
significantly less sample volume (200 �l vs. 500 �l of plasma) and
achieves sufficient sensitivity required for 5-FU measurement in
human plasma after oral administration of UFT. Efficiency is also
improved compared to that of Remaud et al. [17] at the higher
concentration level for tegafur examined (800–20,000 ng/ml) since
the use of only one calibration curve is required. An important
difference in this method compared to others [17,18] entails use
of UV absorption for quantitation. This approach has two major
benefits compared to tegafur quantification by MRM  in the mass
spectrometer. First, inadvertent fragmentation of tegafur to 5-FU is
avoided, which is sometimes noted during desolvation in the nega-
tive ion mode for API. Secondly, saturation of the mass spectrometer
detector is avoided, which commonly occurs with analytes in con-
centrations as high as tegafur (20,000 ng/ml) in this assay, which is
higher than the method of Liu (3000 ng/ml) [18].

This analytical approach allows for the first time the simul-
taneous detection of low concentrations of 5-FU and high

concentrations of tegafur anticipated following administration of
the UFT®/LV formulation in humans. Data generated from human
samples were sufficient for estimation of pharmacokinetic param-
eters.
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