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5-Fluorouracil (5-FU) and its oral prodrug capecitabine are among the most widely used chemothera-
peutics. For cytotoxic activity, 5-FU requires cellular uptake and intracellular metabolic activation. Three
intracellular formed metabolites are responsible for the antineoplastic effect of 5-FU: 5-fluorouridine
5'-triphosphate (FUTP), 5-fluoro-2’'-deoxyuridine 5'-triphosphate (FAUTP) and 5-fluoro-2’-deoxyuridine
5’-monophosphate (FAUMP).

In this paper, we describe the development of an LC-MS/MS assay for quantification of these active 5-
FU nucleotides in peripheral blood mononuclear cells (PBMCs). Because the intracellular 5-FU nucleotide
concentrations were very low, maximization of the release from the cell matrix and minimization of
interference were critical factors. Therefore, a series of experiments was performed to select the best
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(FAUTP) method for cell lysis and nucleotide extraction. Chromatography was optimized to obtain separation
5-Fluorodeoxyuridine monophosphate from endogenous nucleotides, and the effect of different cell numbers was examined.

(FAUMP) The assay was validated for the following concentration ranges in PBMC lysate: 0.488-19.9 nM for
LC-MS/MS FUTP, 1.66-67.7 nM for FAUTP and 0.748-30.7 nM for FAUMP. Accuracies were between —2.2 and 7.0%

deviation for all analytes, and the coefficient of variation values were <4.9%.

The assay was successfully applied to quantify 5-FU nucleotides in PBMC samples from patients treated
with capecitabine and patients receiving 5-FU intravenously. FUTP amounts up to 3054 fmol/10% PBMCs
and FAUMP levels up to 169 fmol/10® PBMCs were measured. The FAUTP concentrations were below the
lower limit of quantification. To our knowledge, this is the first time that 5-FU nucleotides were quantified
in cells from patients treated with 5-FU or capecitabine without using a radiolabel.

© 2015 Elsevier B.V. All rights reserved.

requires cellular uptake and metabolic activation by cellular
phosphorylases and kinases (Fig. 1). Based on experiments with
radiolabeled 5-FU, three of the intracellular formed metabolites

1. Introduction

The anticancer drug 5-fluorouracil (5-FU) has been in clinical

use for more than 50 years and is still one of the most widely used
chemotherapeutics. Together with its oral prodrug capecitabine,
5-FU has remained the mainstay in the treatment of a range of can-
cer types, including those originating in the gastrointestinal tract,
breast and head and neck region.

5-FU is a uracil analog with a fluorine atom at the C-5
position in place of a hydrogen. For cytotoxic activity, 5-FU
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(nucleotides) are responsible for the antineoplastic effect of 5-FU
[1]. These metabolites are 5-fluorouridine 5'-triphosphate (FUTP),
5-fluoro-2’-deoxyuridine 5'-triphosphate (FAUTP) and 5-fluoro-2’-
deoxyuridine 5'-monophosphate (FAUMP; Fig. 2). In brief, FUTP is
incorporated into RNA and interferes with normal RNA processing
and function. FAUTP is incorporated into DNA, leading to patho-
logical DNA structures and ultimately cell death. FAUMP inhibits
thymidylate synthase, the enzyme that catalyzes the transforma-
tion of deoxyuridine monophosphate (dUMP) to deoxythymidine
monophosphate (dTMP). Inhibition of thymidylate synthase by
FAUMP leads to accumulation of dUTP and depletion of dTTP. This
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Fig. 1. Intracellular metabolism and mechanisms of action of 5-fluorouracil. This figure shows only the anabolic route, which gives rise to the active metabolites. The catabolic

route, which inactivates 5-FU and leads to elimination of the drug, is omitted.

Abbreviations: 5-FU, 5-fluorouracil; FUrd, 5-fluorouridine; FdUrd, 5-fluoro-2’-deoxyuridine; FUMP, 5-fluorouridine 5’-monophosphate; FUDP, 5-fluorouridine 5'-
diphosphate; FUTP, 5-fluorouridine 5’-triphosphate; FAUMP, 5-fluoro-2’-deoxyuridine 5’-monophosphate; FAUDP, 5-fluoro-2’-deoxyuridine 5'-diphosphate; FdUTP,
5-fluoro-2’-deoxyuridine 5'-triphosphate; dUMP, 2'-deoxyurdine 5’'-monophosphate; dUDP, 2'-deoxyurdine 5'-diphosphate; dUTP, 2'-deoxyurdine 5'-triphosphate; dTMP,
2'-deoxythymidine 5'-monophosphate; dTDP, 2'-deoxythymidine 5’-diphosphate; dTTP, 2’-deoxythymidine 5'-triphosphate; DHF, dihydrofolate; 5,10-MTHF, 5,10-methylene-

tetrahydrofolate.

imbalance has deleterious consequences for DNA synthesis and
repair, ultimately leading to cell death (Fig. 1) [2,3].

It would be useful to quantify the three intracellularly formed
nucleotides that are responsible for the antineoplastic effect of 5-
FU, in cells of patients that are treated with 5-FU or capecitabine.
This would provide insight into the amount of ‘activated drug’
that has reached the site of action, information that could ulti-
mately lead to more substantiated dosage regimens. In addition,
the measurement of the intracellular nucleotide concentrations
could provide insight into the mechanisms underlying treatment
resistance. Given these benefits, it is not surprising that for other
nucleoside analogs, measurements of intracellular monophos-
phates, diphosphates and triphosphates are increasingly being
applied [4-8]. For 5-FU, such measurements would also be use-
ful.
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In the past decades, various analytical methods for the quantifi-
cation of 5-FU nucleotides were described. However, most assays
are not suitable for the measurement of cell samples obtained from
patients that are treated with 5-FU or capecitabine. Some assays
lack sensitivity, such as the methods reported for the quantifica-
tion of FAUMP by HPLC-UV [9] or using capillary electrophoresis
with UV-detection [10]. Also fluorine-19 nuclear magnetic reso-
nance (1°F NMR) spectroscopy was not sufficiently sensitive for
quantification of the individual 5-FU nucleotides in patients sam-
ples [11]. In addition, a substantial portion of the reported assays
utilized a radioactive label [1,12], which makes these assays also
useless for the measurement of samples of patients that are treated
with unlabeled drug.

For along time, competitive-binding assays, wherein quantifica-
tion was based on the displacement of radiolabeled isotopes, were
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Fig. 2. Chemical structures of 5-fluorouridine-X-phosphate, 5-fluoro-2'-deoxyuridine-X-phosphate, uridine-X-phosphate and *Cy'>N,-labeled uridine-X-phosphate (tested

as internal standard). X may be mono, di or tri.
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the only option to measure FAUMP in patient samples [13-15].
However, these assays were quite laborious and not practical for
clinical application. In 2009 Carli et al. described an LC-MS/MS
assay for the quantification of FAUMP in cultured cell models [16].
This assay was much easier to apply and, if it is sensitive enough, it
might also be used for the determination of FAUMP concentrations
in patients samples.

To our knowledge, no LC-MS/MS assays have been reported for
the quantification of FAUTP and FUTP. Therefore, our aim was to
develop an LC-MS/MS assay for simultaneous quantification of the
three 5-FU nucleotides that are responsible for the antineoplas-
tic effect of 5-FU in peripheral blood mononuclear cells (PBMCs).
PBMCs were used to reflect the intracellular metabolic activation
because these cells can be easily obtained after administration of
5-FU or capecitabine.

In general, the development of an adequate assay for the
determination of intracellular nucleotide concentrations remains
a challenge. The main obstacles are: (1) the very low concentra-
tions present in the cells of patients; (2) the extent of release from
the cell matrix, which is difficult to assess; and (3) the presence of
endogenous nucleotides, which are highly similar and may cause
interference.

For the 5-FU nucleotides, the development of an appropriate
assay proved even more difficult than for other nucleotide analogs
because intracellular 5-FU nucleotide concentrations, especially
those following capecitabine treatment, are much lower [17,18].
Maximization of the release from the cell matrix and minimi-
zation of endogenous interference were therefore critical factors
in obtaining an appropriate assay. This paper describes how the
obstacles mentioned above were overcome to develop a selective
and sensitive assay for the quantification of the three nucleotides
that are responsible for the anticancer effect of 5-FU.

2. Materials and methods
2.1. Chemicals

FUTP and FAUTP were purchased from Sierra Bioresearch
(Tucson, AZ, USA). Because isotopically labeled FUTP and FAUTP
were not commercially available, 13Cq'°N,-labeled uridine 5'-
triphosphate (*UTP, Fig. 2) was tested as a potential internal
standard. This *UTP was obtained from Sigma-Aldrich (St. Louis,
MO, USA), just like uridine, 5-fluorouridine and 5-fluoro-2’-
deoxyuridine. UPLC-MS grade methanol, acetonitrile and water
were obtained from Biosolve Ltd (Valkenswaard, The Netherlands).
Ammonium acetate (purity 98%), glacial acetic acid, 25% ammonia
solution, 50% sodium hydroxide solution and potassium dihy-
drogen phosphate (purity >99.5%) were purchased from Merck
(Darmstadt, Germany). Tetrabutylammonium dihydrogen phos-
phate (purity >99%) was obtained from AppliChem (Darmstadt,
Germany). The Ficoll-Paque plus density gradient medium used for
the isolation of PBMCs was purchased from GE Healthcare. Phos-
phate buffered saline pH 7.4 (PBS) was from Sigma-Aldrich.

2.2. Preparation and quantification of the reference and internal
standard solutions

Because only the nucleoside triphosphates were commercially
available, the nucleoside monophosphates and diphosphates were
obtained in-house by thermal degradation. To this end, separate
aqueous solutions of FUTP, FAUTP and *UTP (as potential internal
standard) were placed in a water bath at 90°C. In this paper the
suffix -XP is used to refer to the obtained mixtures of nucleoside
monophosphates, diphosphates and triphosphates.

Thermal degradation of the nucleoside triphosphates into lower
phosphates was monitored using the HPLC-UV system previously
described for the analysis of emtricitabine and tenofovir with some
minor adjustments [19]. The mobile phase consisted of 10 mM
tetrabutylammonium dihydrogen phosphate with 70 mM potas-
sium dihydrogen phosphate in water adjusted to pH 7 and 7%
methanol (v/v), and it was delivered isocratically to a Synergi
hydro-RP column (150 mm x 2.0 mm ID, 4 pum particles; Pheno-
menex, Torrance, CA, USA) with a flow rate of 0.25mL/min. A
volume of 10 pL was injected using the autosampler thermostated
at 4°C. Absorption was measured at 268 nm for FUXP and FAUXP
and at 262 nm for *UXP.

For each solution, thermal degradation was continued until
approximately equal amounts of nucleoside monophosphate,
diphosphate and triphosphate were obtained. This was achieved
after approximately 4 h at 90 °C. After the samples were thoroughly
cooled onice, the nucleotide concentrations of the FUXP, FAUXP and
*UXP mixtures were determined using the above HPLC-UV system.
5-fluorouridine, 5-fluoro-2’-deoxyuridine and uridine were used as
calibration standards based on the assumption that the nucleoside
and the nucleotides have identical molar absorptions. To this end,
three 5-fluorouridine, 5-fluoro-2’-deoxyuridine and uridine refer-
ence solutions were prepared from separate weighings. The peak
areas obtained by injecting these reference solutions in duplicate
were compared to those obtained by injecting the nucleotide solu-
tions with unknown concentrations in triplicate. The FUXP and
FAUXP mixtures were combined and diluted in water to obtain
working solutions. The *UXP solution was diluted in water to obtain
the internal standard working solution. All solutions were stored
at —70°C.

2.3. Sample preparation

Clinical samples were obtained by drawing 16 mL whole blood
in lithium heparin tubes. Samples were processed immediately
after blood collection, and processing was executed on ice. After
centrifugation (10 min at 1500 x g at 4 °C), the buffy coat was col-
lected and resuspended in cold phosphate buffered saline pH 7.4
(PBS) to a total volume of 6 mL. This diluted buffy coat was then
carefully layered over 4 mL cold Ficoll-Paque plus density gradi-
ent, avoiding mixing of the layers. After centrifugation (20 min at
550 x g at 4°C without brake), a two-layer system was formed.
The PBMCs, forming a white interface between the upper and
lower layers, were collected and washed with 35 mL cold PBS. After
centrifugation (5 min at 1500 x g at4°C), the supernatant was thor-
oughly removed. The cell pellet was resuspended in 70 wL PBS,
resulting in a homogeneous cell suspension with a total volume of
approximately 100 p.L. A 30 L aliquot of this cell suspension was
10 times diluted with PBS and then used to perform a cell count
using a hematology analyzer (Cell-Dyn Sapphire; Abbott Diagnos-
tics, Abbott Park, IL, USA). A 60 wL aliquot of the cell suspension
was used for determination of the 5-FU nucleotide concentrations.
To this end, cells were lysed by the addition of 100 wL methanol,
followed by extensive vortex mixing for 1 min. After centrifuga-
tion (5 min at 3000 x g at 4°C), the supernatant (PBMC lysate) was
collected and stored at —70 °C until analysis.

Directly prior to the LC-MS/MS analysis, after vortex mixing,
a 100 L sample was processed by the addition of 5 pL internal
standard working solution. Then, the samples were again vortex
mixed, centrifuged (5min at 3000 x g at 4°C) and transferred to
autosampler vials.

2.4. Preparation of CALs and QCs

For the preparation of blanks, a blank human leukocyte
buffy coat from 500 mL whole blood (Sanquin, Amsterdam, The



E.J.B. Derissen et al. / Journal of Pharmaceutical and Biomedical Analysis 110 (2015) 58-66 61

Netherlands) was diluted to 500 mL with PBS. This diluted buffy
coat was layered over cold Ficoll-Paque plus density gradient and
further treated as described in Section 2.3. The thus obtained blank
PBMC suspension was diluted with PBS to 42 x 105 PBMCs/mL. This
was previously reported as the average cell concentration after
processing 15 mL whole blood [20]. Blank PBMC suspensions were
lysed by the addition of methanol, wherein the volume ratio of
60:100 was maintained. After centrifugation (5 min at 3000 x g at
4°C), the supernatant (blank PBMC lysate) was stored at —70°C.

Directly prior to the LC-MS/MS analysis, six non-zero calibration
standards (CALs) with FUTP concentrations of 0.488, 0.974, 1.53,
1.99, 9.74 and 19.9nM, FAUTP concentrations of 1.66, 3.31, 5.22,
6.77, 33.1 and 67.7 nM, and FAUMP concentrations of 0.748, 1.50,
2.36, 3.07, 15.0 and 30.7 nM were prepared by adding 5 L of the
appropriate working solution to 95 L blank PBMC lysate. In the
same manner, quality control samples (QCs) were prepared at mid-
level (4.98 nM for FUTP, 16.9 nM for FAUTP and 7.66 nM for FAUMP).
The CALs and QCs were further processed as described in Section
2.3.

2.5. LC-MS/MS system

The LC-MS/MS analyses were performed on an Acquity ultra
performance liquid chromatography (UPLC) system (Waters Cor-
poration, Milford, MA, USA) coupled to a QTrap 5500 mass
spectrometer (AB Sciex, Framingham, MA, USA). Samples were kept
at 4°Cin the autosampler tray, and a sample volume of 10 wL was
loaded onto a Biobasic AX column (50 mm x 2.1 mm ID, particle size
5 wm) preceded by a 10 mm drop-in guard cartridge (both Thermo
Scientific). The column oven was maintained at 40 °C. Mobile phase
A consisted of a mixture of 10 mM NH4Ac in ACN/H,0 (30:70, v/v)
adjusted to pH 6.0, and mobile phase B consisted of 1 mM NH4Ac
in ACN/H;0 (30:70, v/v) adjusted to pH 10.5. The eluent pH was
increased, and the NH4Ac concentration was decreased in mobile
phase B relative to mobile phase A to obtain a good separation of the
nucleoside monophosphates, diphosphates and triphosphates. The
mobile phases were delivered at a flow rate of 0.25 mL/min with
the following stepwise gradient: initially 10% B; 0.1-1.6 min: 60%
B; 1.65-2.1 min: 80% B; 2.11-5.0 min: 100% B; 5.1-6.9 min: 10% B
with an increased flow rate of 0.50 mL/min; after which the flow
returned to the initial conditions. The total run time was 7 min. A
switching valve was used to direct the flow to waste during the first
1.5min and after 6.9 min of the run.

The QTrap 5500 mass spectrometer was equipped with an elec-
trospray ionization probe and was operated in the negative ion
mode. The source settings and compound-dependent scan con-
ditions were optimized through continuous infusion and flow
injection analysis (FIA). The ionspray voltage was kept at —4500V at
a temperature of 700 °C. The curtain gas (N, ) and gas 1 and 2 (zero
air) were set at 40 arbitrary units, and the collision-activated disso-
ciation gas (N,) was set at 11 arbitrary units. The entrance potential
was —10V. Scans of 50 ms were performed for each compound at
unit resolution. After optimization, several mass transitions were
compared for each analyte, and the mass transitions that resulted in
the largest signal to noise ratios were selected (Table 1). Data were

Table 1
Selected mass transitions and scan conditions.

acquired and processed using Analyst (version 1.5.2) software (AB
Sciex).

3. Results and discussion
3.1. Development of the assay

3.1.1. Maximization of nucleotide release from the cell

Accurate determination of intracellular nucleotide concen-
trations requires an efficient extraction from cells. However,
evaluation of the extraction recovery is not simple. The intracellu-
lar situation cannot be simulated in a spiking experiment because
it would not properly reflect cell lysis and extraction from the cell
interior. To still be able to select the most suitable method for
PBMC lysis and nucleotide extraction, we performed an experiment
with a compound that is naturally present within cells: uridine 5'-
triphosphate (UTP). Because the chemical structure of UTP is very
similar to that of FUTP (Fig. 2), the UTP yields were considered a
useful representative for FUTP liberation from the cells.

To compare extraction methods, 60 wL PBMC aliquots originat-
ing from a single buffy coat were used. Because these aliquots
originated from the same buffy coat, their nominal UTP content
was presumed to be constant. This provided the means to compare
the relative UTP recoveries obtained with different extraction meth-
ods. Based on the methods for PBMC lysis and nucleotide extraction
found in the literature, different approaches were evaluated. Each
method was executed five times. Four extraction solvents were
tested: methanol, ethanol, acetonitrile and 1.35M perchloric acid
(HClO4). Three different amounts of extraction solvent were com-
pared: 60, 100 and 140 p.L. Except for perchloric acid, for which only
avolume of 60 L was tested because the perchloric acid treatment
required further dilution for neutralization prior to LC-MS/MS anal-
ysis (by the addition of 25 wL 1M ammonium acetate and 10 pL
10% ammonia). Finally, three different extraction procedures were
evaluated. Procedure 1: Addition of extraction solvent to the PBMC
suspension, followed by extensive vortex mixing and direct cen-
trifugation, after which the supernatant was collected and stored
at —70°C. Procedure 2: Addition of extraction solvent to the PBMC
suspension, followed by extensive vortex mixing, after which the
entire sample (still containing cell debris) was stored at —70°C.
Thus, centrifugation was suspended until after thawing. Procedure
3: The PBMC suspension was directly stored (as a cell pellet) at
—70°C. Just prior to LC-MS/MS analysis, the sample was thawed,
and extraction solvent was added, followed by extensive vortex
mixing, centrifugation and collection of the supernatant. Evapora-
tion of the extraction solvent to concentrate the extracts was not
possible due to the instability of the analytes.

The UTP extraction potential of the extraction methods was
evaluated using the described LC-MS/MS method. To this end,
the method was extended with a mass transition for UTP (m/z
483 — m/z 159). In addition to a different UTP recovery, the var-
ious extraction methods could also cause a different matrix effect
by the extraction of diverse other compounds from the cell matrix.
However, because this experiment was intended to optimize the
sensitivity of the 5-FU nucleotides assay presented in this paper,

Compound Parent ion (m/z) Product ion (m/z) Declustering potential (V) Collision energy (V) Collision cell exit potential (V)
FUTP 500.9 158.9 -95 —42 -13
FdUTP 484.8 256.8 —145 —44 =21
FdUDP 404.8 275.0 -105 -28 -9
FAUMP 325.0 128.9 -85 -26 —11
*UTP 493.8 158.9 -165 —44 -23
“UMP 334.1 117.2 -120 -34 -9
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we were interested in the extraction method with the most appro-
priate resultant of both matrix effect and recovery. Therefore, a
pragmatic approach was followed: we searched for the extraction
method that resulted in the highest UTP peak areas when analyzing
the final extract.

The relative UTP peak areas obtained with the different extrac-
tion procedures are depicted in Fig. 3. The largest UTP peak areas
were observed after extraction with 100 wL methanol according
to procedure 1. The smallest UTP peak areas were obtained after
extraction procedure 3. This extraction procedure was included in
the comparison because direct freezing of the cell pellet would
cause cell lysis, as PBMCs are not resistant to freezing. However,
considering the poor results, this approach is probably detrimen-
tal with regard to the stability of UTP, which might be explained by
the fact that enzymes were not inactivated by an extraction solvent
before storage at —70°C.

Because extraction procedure 1 with 100 wL methanol gave the
most favorable combination of matrix effect and recovery, this
extraction procedure was selected for the 5-FU nucleotides assay.
Maximization of the nucleotide release from the cell was important
to obtain maximum assay sensitivity. Furthermore, reproducibility
of the recovery is important to obtain adequate assay precision.
After extracting five blank PBMC samples with 100 wL methanol
according to procedure 1, the coefficient of variation for the UTP
peak areas was 6.5%, which was considered acceptable.

3.1.2. Minimization of endogenous interference

The obtained LC-MS/MS chromatograms show several endoge-
nous interferences (Fig. 4). In the FUTP and FAUTP transitions, for
instance, a peak was detected with a retention time of 3.02 min.
Separation from this endogenous peak is essential to quantify
FUTP and FAUTP and was achieved by the 80% eluent B step in
the gradient. The pH of the eluents is critical to maintain sepa-
ration. After 24 h, the pH of eluent B changed, and the separation
deteriorated. Therefore, eluents were prepared freshly before each
run. The small peaks observed in the 5-fluoro-2’-deoxyuridine
5’-diphosphate (FAUDP) and FAUMP transitions at 3.20 min are
probably the consequence of in-source degradation of FAUTP.
Therefore, chromatographic separation of the monophosphates,
diphosphates and triphosphates is a necessity to prevent biased

quantitation of the analytes. To examine if this chromatographic
separation was achieved, the FAUDP mass transition was also mon-
itored, even if FAUDP was not active.

3.1.3. Considerations regarding matrix effects and the use of
internal standards

Matrix effects are relevant in LC-MS/MS because co-eluting
compounds can interfere during the ionization process. The num-
ber of PBMCs varies per sample and may influence the matrix effect
[21], so the matrix effect was studied for different cell concentra-
tions. Clinical samples derived from 16 mL whole blood using the
described isolation method were found to contain 10-200 x 106
PBMCs/mL. Therefore cell suspensions containing 5, 10, 25, 50,
100, 150, 200, 250, 300 and 350 x 106 PBMCs/mL were prepared
in PBS using PBMCs freshly isolated from a single donor buffy coat.
Sixty microliter aliquots of these cell suspensions were lysed with
100 L methanol. After centrifugation, the PBMC lysate was used to
prepare QCs at mid-level (FUTP 4.98 nM, FAUTP 16.9 nM and FAUMP
7.66 nM). Each PBMC concentration was processed and analyzed in
triplicate. The matrix effect was evaluated by determination of the
matrix factor at each PBMC concentration. To this end, the mean
peak area found for samples with a particular PBMC concentration
was divided by the mean peak area found for samples with the low-
est PBMC concentration (5 x 106 PBMCs/mL) containing very little
cell matrix.

In Fig. 5A the matrix factor for each analyte is displayed for dif-
ferent cell concentrations. The matrix factors for FUTP and FAUTP
were independent of the number of PBMCs in the sample. In con-
trast, the matrix factor for FAUMP was strongly dependent on the
number of PBMCs and decreased with increasing cell concentra-
tions.

The matrix effects at different cell concentrations were also
examined for the potential internal standards (Fig. 5B). Because
isotopically labeled FUTP and FAUTP were not commercially avail-
able, 13C91°N,-labeled uridine 5'-triphosphate (*UTP) was tested
as a potential internal standard. However, the *UTP peak areas
were found to increase dramatically with the number of cells. This
was a consequence of an endogenous interference at the retention
time of *UTP. In the calibration samples, with 42 x 106 PBMCs/mlL,
this endogenous interference caused a small peak whose
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Fig. 4. Representative LC-MS/MS chromatograms for blank PBMC lysate (A) and PBMC lysate spiked with FUXP and FAUXP at the lower limit of quantification (B).

contribution was negligible, based on the signal-to-noise ratio.
However, at higher cell concentrations, the endogenous contribu-
tion increased and was no longer insignificant. For this reason, *UTP
was not suitable for use as an internal standard in this assay.

Despite an extensive search, we did not find another suitable
internal standard that eluted near or at the same retention time as
FUTP and FAUTP and was not affected by interference. However,
because the matrix effects for FUTP and FAUTP remained constant
for different cell numbers, the use of an internal standard was not
necessarily required for quantitative determination of these ana-
lytes. We therefore decided not to use an internal standard for the
quantification of FUTP and FAUTP.

For FAUMP on the other hand, the matrix factor was dependent
on the amount of cells in the sample. Correction by means of an
internal standard was therefore necessary for FAUMP. Because no
endogenous interference was observed for *UMP, this compound
was selected as the internal standard. The *UMP areas slightly
decreased with increasing cell concentrations (Fig. 5B). In Fig. 5C,
the relative matrix factors, corrected for the potential internal stan-
dards, are depicted. Although the relative matrix factor for FAUMP
still decreased at higher cell amounts, the internal standard in a cer-
tain extent corrected for the decrease in the signal with the increase

of the number of cells. We therefore decided to use *UMP as the
internal standard for the quantification of FAUMP.

To further optimize the accuracy of the FAUMP quantification,
it is possible to correct for the remaining matrix effect based on
the number of PBMCs measured in a sample. To this end, for
each PBMC concentration, a correction factor was determined by
dividing the nominal FAUMP concentration by the measured con-
centration (Table 2). To correct for the remaining matrix effect,
the measured FAUMP concentration in a sample should be mul-
tiplied by the correction factor associated with that particular cell
concentration.

3.2. Validation of the assay

3.2.1. Linearity

Six non-zero calibration standards with the concentrations
mentioned in Section 2.4 were prepared and analyzed in duplicate
in three separate analytical runs. For FUTP and FAUTP, calibra-
tion curves were constructed using linear regression of the analyte
peak area with a 1/x weighting factor (where x = concentration). For
FAUMP, the analyte-internal standard peak area ratio was used. For
all analytes, the lower limit of quantification (LLQ) was set at the
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Fig. 5. Matrix factors for the analytes (A) and potential internal standards (B) and the relative matrix factors corrected for the internal standards (C) plotted for samples with

different PBMC concentrations spiked at QC-mid-level.

lowest calibration standard. Linearity was evaluated based on the
back-calculated concentrations of the calibration standards. Devi-
ations from the nominal concentrations should be within £20% at
the LLQ and within £15% at other concentrations. No more than
25% of the calibration standards were allowed to be rejected from
the calibration curves.

The assay was linear over the validated concentration ranges in
PBMC lysate from 0.488 to 19.9 nM for FUTP, from 1.66 to 67.7 nM
for FAUTP and from 0.748 to 30.7 nM for FAUMP. The mean back-
calculated concentrations did not deviate more than —3.3% and
+4.4% from the nominal concentrations for all compounds at all
levels. The coefficients of variation (CVs) were less than 10.5%, and
the correlation coefficients (r) were at least 0.9948.

3.2.2. Accuracy and precision

Validation samples at mid-level (FUTP 4.98 nM, FAUTP 16.9 nM
and FAUMP 7.66 nM) were analyzed in five replicates in three ana-
lytical runs. For each compound, the intra- and inter-assay accuracy
and precision values were assessed. The accuracies (both intra- and

Table 2

inter-assay) were between —2.2 and 7.0% deviation, and the preci-
sion values were lower than 4.9% CV for all analytes. The dilution
integrity was demonstrated by diluting validation samples above
the upper limit of quantification (FUTP 99.6 nM, FAUTP 339 nM and
FAUMP 153 nM) with blank PBMC lysate. A 50 wL aliquot of vali-
dation sample was diluted with 950 L blank PBMC lysate in five
replicates.

3.2.3. Selectivity

To determine the selectivity of the method, PBMCs were isolated
from the blood of six different individuals who did not use 5-FU or
capecitabine. The obtained blank samples were checked for inter-
ferences. No interferences were observed at the retention times of
the analytes or internal standard.

3.2.4. Carry over

Carry over was determined by injecting a blank sample after the
highest calibration standard and was less than 19.7% of the peak
area of an LLQ sample for all analytes. Carry-over of the internal

To correct for the relative matrix effect associated with a particular PBMC concentration, the measured FAUMP concentration in a sample should be multiplied by the

experimentally determined correction factor.

Nominal FdUMP
concentration (nM)

PBMC concentration
(%105 PBMCs/mL)

Measured FAUMP
concentration® (nM)

Correction factor (=nominal/measured
FAUMP concentration)

5 7.66
10 7.66
25 7.66
50 7.66

100 7.66
150 7.66
200 7.66
250 7.66
300 7.66
350 7.66

8.89 0.86
9.35 0.82
7.97 0.96
7.27 1.05
6.41 1.20
5.64 1.36
5.92 1.30
5.40 1.42
5.86 1.31
5.67 1.35

2 For each PBMC concentration, QC mid samples were processed and analyzed in triplicate. The measured FAUMP concentration is the mean of the three measurements.
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Fig. 6. FUTP amounts per 10° PBMCs determined for 3 patients after a single oral capecitabine dose of 850 mg/m? (A); and FUTP and FAUMP amounts per 106 PBMCs
determined for 5 patients after an intravenous 5-FU bolus of 400 mg/m? in 30 min (B and C). Concentrations within the range of the assay are indicated by solid squares, and

concentrations below the LLQ are represented by open squares.

standard was less than 3.7% of the internal standard peak area of a
spiked sample.

3.2.5. Stability

Stability of the stock solutions was assessed after one year of
storage at —70°C. To this end, the nucleotide stock solutions were
re-quantified on the basis of freshly prepared nucleoside reference
standards, using the HPLC-UV system described in section 2.2. After
one year of storage, the concentrations of the stock solutions did
not deviate more than +2.7% from the concentrations determined
at t=0.

Stability in PBMC lysate was evaluated using QC mid samples
(FUTP 4.98 nM, FdUTP 16.9nM and FAUMP 7.66 nM), which were
analyzed after 3 h storage in an ice water bath, after 24 h in the
autosampler at 4°C and after one month storage at —70°C. After
storage, the QC samples were analyzed against a calibration curve
obtained from freshly spiked calibration standards. The obtained
concentrations did not deviate more than +14.0% from the nominal
value, indicating acceptable stability.

3.3. Clinical application of the assay

The described assay was applied for the determination of the 5-
FU nucleotide concentrations in PBMC samples obtained from three
patients treated with capecitabine. These patients participated in a
phase /Il study in advanced gastric cancer. This study was approved
by the Medical Ethics Committee of our Institute, and all patients
provided written informed consent before enrollment. Patients
received capecitabine at 850 mg/m? BID for fourteen days, every
three weeks. Capecitabine tablets were taken with water within
30 min after a meal. Blood samples were collected on day one of the
first treatment cycle, just before oral administration of capecitabine
(pre-dose)and 2,4, 6 and 8 h after oral capecitabine administration.

Sampling times were chosen considering the plasma pharmacoki-
netics of capecitabine. When capecitabine is ingested with food,
the maximal capecitabine and 5-FU plasma concentrations are
reached after approximately 2h. The terminal elimination half-
lives of capecitabine and its 5-FU metabolite are less than 1 h [22].
After collection, blood samples were immediately placed on ice,
and PBMCs were isolated and processed within 30 min.

In the resulting PBMC lysates obtained from patients treated
with capecitabine, FUTP concentrations up to 1.84 nM were mea-
sured. The analytical results, expressed as nM in PBMC lysate, were
multiplied by the lysate sample volume to obtain the absolute 5-FU
nucleotide amounts in a sample. These amounts were then divided
by the number of cells present in the sample to obtain the 5-FU
nucleotide amounts per 106 PBMCs. The determined FUTP amounts
per 106 PBMCs are presented in Fig. 6A and show considerable
variability. The FAUTP and FAUMP concentrations in these patient
samples were below the LLQ of the assay. This finding was not
surprising because deoxyribonucleotide concentrations in cells are
several orders of magnitude lower than ribonucleotide concentra-
tions [23,24]. This makes sense given that deoxyribonucleotides are
intended for incorporation into DNA, whereas ribonucleotides are
intended for incorporation into RNA, and the DNA content of a cell
is lower than the total RNA content [25,26].

Because potentially higher intracellular 5-FU nucleotide levels
were expected after intravenous administration of 5-FU, we also
collected blood samples from five patients receiving 5-FU intra-
venously. Patients received a modified FOLFOX6 regimen consisting
of sequentially: oxaliplatin (85 mg/m?2 as a 2 h infusion), leucov-
orin (400 mg/m? as a 30 min infusion), a 5-FU bolus (400 mg/m? in
30 min), and a continuous 5-FU infusion (2400 mg/m? as a 44 h infu-
sion), in the first 48 h of a 14-day treatment cycle. Blood samples
were collected on day one of the second, third or fourth treatment
cycle, pre-dose and 30 min after the end of the 5-FU bolus.
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In the resulting PBMC lysates obtained after intravenous 5-FU,
FUTP concentrations up to 178 nM were measured. In these sam-
ples, FAUMP was measured in concentrations up to 3.39 nM. Only
the free FAUMP fraction is measured here because the FAUMP
portion that is covalently bound to the enzyme thymidylate syn-
thase precipitates during the extraction step with methanol [12,27].
The FUTP and FAUMP amounts per 106 PBMCs are presented in
Fig. 6B and C, respectively. The FAUTP concentrations in the sam-
ples obtained after intravenous administration of 5-FU were still
below the LLQ of the assay.

4. Conclusion

A sensitive LC-MS/MS method for the simultaneous quantifica-
tion of FUTP, FAUTP and FAUMP in PBMC lysate was developed. The
best method for cell lysis and nucleotide extraction was carefully
selected, and the effect of different cell numbers was examined.
The assay can be applied for the measurement of the intracellular
FUTP concentrations in patient samples obtained after intravenous
administration of 5-FU as well as after oral administration of its
prodrug capecitabine. More sensitivity may be needed for the mea-
surement of FAUTP in patient samples. FAUMP was only measurable
with this assay after intravenous administration of 5-FU. This is the
first report in the literature where 5-FU nucleotide concentrations
could be measured directly in cells from patients treated with 5-FU
or capecitabine without using a radioactive label. The clinical impli-
cations of these intracellular findings will become apparent after
sampling more patients and will be discussed in a future paper.
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