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AIMS
Gemcitabine (20,20-difluoro-20-deoxycytidine; dFdC) is a prodrug that has to be phosphorylated within the tumour cell to become
active. Intracellularly formed gemcitabine diphosphate (dFdCDP) and triphosphate (dFdCTP) are considered responsible for the
antineoplastic effects of gemcitabine. However, a major part of gemcitabine is converted into 20,20-difluoro-20-deoxyuridine
(dFdU) by deamination. In the cell, dFdU can also be phosphorylated to its monophosphate (dFdUMP), diphosphate (dFdUDP)
and triphosphate (dFdUTP). In vitro data suggest that these dFdU nucleotides might also contribute to the antitumour effects,
although little is known about their intracellular pharmacokinetics (PK). Therefore, the objective of the present study was to gain
insight into the intracellular PK of all dFdC and dFdU nucleotides formed during gemcitabine treatment.

METHODS
Peripheral blood mononuclear cell (PBMC) samples were collected from 38 patients receiving gemcitabine, at multiple time
points after infusion. Gemcitabine, dFdU and their nucleotides were quantified in PBMCs. In addition, gemcitabine and dFdU
plasma concentrations were monitored. The individual PK parameters in plasma and in PBMCs were determined.

RESULTS
Both in plasma and in PBMCs, dFdU was present in higher concentrations than gemcitabine [mean intracellular area under the
concentration–time curve from time zero to 24 h (AUC0–24 h) 1650 vs. 95 μM*h]. However, the dFdUMP, dFdUDP and dFdUTP
concentrations in PBMCs were much lower than the dFdCDP and dFdCTP concentrations. The mean AUC0–24 h for dFdUTP was
312 μM*h vs. 2640 μM*h for dFdCTP.

CONCLUSIONS
The study provides the first complete picture of all nucleotides that are formed intracellularly during gemcitabine treatment. Low
intracellular dFdU nucleotide concentrations were found, which calls into question the relevance of these nucleotides for the
cytotoxic effects of gemcitabine.
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Gemcitabine is a prodrug; two intracellularly formed gemcitabine nucleotides are considered responsible for the
antitumour effect.

• A major part of gemcitabine is converted into 20,20-difluorodeoxyuridine (dFdU).
• In vitro data suggest that intracellularly formed dFdU nucleotides also contribute to the antitumour effect, although little
is known about their formation in patients.

WHAT THIS STUDY ADDS
• This study provides the first complete picture of all nucleotides that are formed intracellularly during gemcitabine
treatment.

• Despite the high dFdU plasma concentrations, the intracellular dFdU nucleotide concentrations were low – much lower
than the gemcitabine nucleotide concentrations.

• This finding calls into question the relevance of dFdU nucleotides for the cytotoxic effects of gemcitabine.

Introduction
Gemcitabine (20,20-difluoro-20-deoxycytidine; dFdC) is an
important anticancer drug in the treatment of a variety of solid
tumours, including advanced pancreatic, bladder, breast,
ovarian and nonsmall cell lung cancer. It is a deoxycytidine
analogue in which the two hydrogen atoms at the 20-position
of the deoxyribose moiety are replaced by fluorine.

To become active, gemcitabine has to enter the tumour
cell, where it has to be activated by phosphorylation. The
intracellular metabolism of gemcitabine is illustrated in
Figure 1. Cellular uptake of this agent is largely mediated by
human equilibrative nucleoside transporter (hENT) 1 and, to
a lesser extent, also by hENT2 and the human concentrative
nucleoside transporters (hCNT) 1 and 3 [1, 2]. Once inside the
cell, gemcitabine is phosphorylated in the cytoplasm by
deoxycytidine kinase (dCK) to its monophosphate (dFdCMP)
and then by pyrimidine nucleoside monophosphate kinase
(UMP-CMP kinase) to gemcitabine diphosphate (dFdCDP).
The enzyme responsible for the final phosphorylation step,
the phosphorylation of dFdCDP to gemcitabine triphosphate
(dFdCTP) is unclear, although nucleoside diphosphate kinase
may carry out this role [3].

Intracellularly formed dFdCDP and dFdCTP are consid-
ered responsible for the cytotoxic effects of gemcitabine.
dFdCTP competes with deoxycytidine triphosphate (dCTP)
for incorporation into DNA. When dFdCTP is incorporated
into DNA, this interferes with the DNA synthesis and triggers
apoptosis [4–6]. An additional mechanism of action of
gemcitabine is self-potentiation. dFdCDP inhibits the
enzyme ribonucleotide reductase, which catalyses the
reduction of ribonucleotides to deoxyribonucleotides [7]. By
inhibiting this enzyme, the intracellular deoxyribonucleo-
tide triphosphate (dNTP) pool is depleted. This increases the
dFdCTP/dCTP ratio, which favours the incorporation of
dFdCTP into the DNA. As dCK activity is also regulated by
dCTP, reducing the dNTP pool also promotes gemcitabine
phosphorylation [8].

A major mechanism for the elimination of gemcitabine is
deamination to 20,20-difluoro-20-deoxyuridine (dFdU) by
cytidine deaminase (CDA) (Figure 1). This deamination takes
place in the liver, in the blood compartment, and within
normal and tumour cells [9, 10]. dFdU can also be taken up
by cells – for instance, by hCNT1 [11]. In the cell, dFdU
can be phosphorylated to its monophosphate (dFdUMP),

diphosphate (dFdUDP) and triphosphate (dFdUTP) [11].
Alternatively, dFdCMP can be deaminated to dFdUMP, by
deoxycytidylate deaminase, and then further phosphory-
lated [9, 10]. In vitro studies have demonstrated that dFdUTP
is incorporated into both DNA and RNA, and that the extent
of incorporation is correlated with the cytotoxicity of dFdU
[11]. This suggests that dFdUTP incorporation might also
contribute to the cytotoxicity of gemcitabine. In addition,
recent studies have indicated that dFdUMP, which is
structurally similar to deoxyuridine monophosphate (dUMP),
inhibits the enzyme thymidylate synthase in tumour cell
lines. This might also contribute to the cytotoxic effect of
gemcitabine [12].

Measurement of the intracellular concentrations of the
active metabolites during gemcitabine treatment provides
useful information that might help to optimize dosing
regimens for gemcitabine. Therefore, numerous studies have
examined the intracellular pharmacokinetics (PK) of dFdCTP
in patients treated with gemcitabine [13–21]. However, much
less is known about the intracellular PK of dFdCDP, which
also contributes to the activity of gemcitabine. In addition,
very little is known about the intracellular PK of the dFdU
nucleotides (i.e. dFdUMP, dFdUDP and dFdUTP) during
gemcitabine treatment, although in vitro data suggest that
these dFdU nucleotides might also contribute to the
cytotoxic effect of gemcitabine [11]. The objective of the
present study was to gain insight into the intracellular
concentration–time course of all dFdC and dFdU nucleo-
tides during treatment with gemcitabine. To this end, the
intracellular concentrations of gemcitabine, dFdU and all
nucleotides that could be expected (i.e. dFdCMP, dFdCDP
dFdCTP, dFdUMP, dFdUDP and dFdUTP) were monitored
in peripheral blood mononuclear cells (PBMCs) obtained
at several time points during and after gemcitabine
treatment.

Methods

Study design and treatment schedule
The intracellular PK of gemcitabine, dFdU and their
nucleotides was examined in two patient cohorts. Cohort A
consisted of 12 female patients who were participating in a
phase I study in advanced breast cancer [22], exploring the
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safety, PK profile and the preliminary antitumour activity of
the combination of gemcitabine and lapatinib. Gemcitabine
was given as a 30-min intravenous infusion at a dose of
1000 mg m–2 on days 1, 8 and 15 of a 28-day treatment cycle.
Patients received lapatinib once daily according to a dose
escalation schedule. PBMC samples were collected on day 1
of the first treatment cycle prior to gemcitabine infusion, at
the end of the infusion, and 2 h and 24 h after the start of
the infusion. On the same day, plasma samples were collected
to monitor gemcitabine and dFdU plasma concentrations
prior to, at the end of, and at 1, 2, 4, 8 and 24 h after start of
the infusion.

Cohort B consisted of 26 patients with advanced
solid tumours who were participating in a phase I study
investigating the safety, PK and preliminary antitumour
activity of the combination of gemcitabine, sorafenib and
carboplatin. Gemcitabine was given as a 30-min intravenous
infusion of 500 mgm–2 on days 1 and 8 of a 21-day treatment
cycle. Patients received sorafenib once or twice daily
according to a dose escalation schedule. Carboplatin [area
under the plasma concentration–time curve (AUC) 2 mg*min
ml–1 or 3 mg*min ml–1) was administered as a 30-min
intravenous infusion on day 1 of every cycle. The
gemcitabine infusion was started 90 min after the start of

the carboplatin infusion. PBMC samples were collected on
day 1 of the first treatment cycle prior to the infusion, at the
end of the infusion, and 2 h and 22 h after the start of the
infusion. Plasma samples were collected prior to, at the end
of, and at 2, 4, 6 and 22 h after the start of the gemcitabine
infusion.

The studies were approved by the medical ethics
committee of our institute and were conducted in accordance
with the Declaration of Helsinki. All patients provided
written informed consent before enrolment.

Quantification of gemcitabine and dFdU in
plasma
To monitor the gemcitabine and dFdU plasma concentra-
tions, 3 ml of blood was collected at the defined time points.
Samples were collected in heparinized tubes containing
500 μg of the CDA inhibitor tetrahydrouridine (Calbiochem,
La Jolla, CA, USA) and were immediately centrifuged at 4°C
for 5 min at 1500 × g. Plasma was collected and stored at
�20°C until analysis. Gemcitabine and dFdU were quantified
in plasma by a validated liquid chromatography tandem-
mass spectrometry (LC–MS/MS) assay, as previously described
by our group [23], with some minor adjustments. In brief,

Figure 1
Gemcitabine metabolism and mechanisms of action. dFdC, 20,20-difluorodeoxycytidine (gemcitabine); dFdCMP, 20,20-difluorodeoxycytidine
50-monophosphate; dFdCDP, 20,20-difluorodeoxycytidine 50-diphosphate; dFdCTP, 20,20-difluorodeoxycytidine 50-triphosphate; dFdU,
20,20-difluorodeoxyuridine; dFdUMP, 20,20-difluorodeoxyuridine 50-monophosphate; dFdUDP, 20,20-difluorodeoxyuridine 50-diphosphate;
dFdUTP, 20,20-difluorodeoxyuridine 50-triphosphate; dCMP, deoxycytidine monophosphate; dCDP, deoxycytidine diphosphate; dCTP,
deoxycytidine triphosphate; hNTs, human nucleoside transporters; UMP-CMP kinase, pyrimidine nucleoside monophosphate kinase
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13C15N2-labelled isotopes of the analytes were used as inter-
nal standards and added to 200 μl of plasma. A solid-phase ex-
traction (SPE) was performed using OASIS HLB 30 mg SPE
cartridges (Waters Corporation, Milford, MA, USA). The SPE
cartridges were conditioned with 500 μl methanol and
500 μl water. The plasma sample was then loaded onto the
cartridge, followed by 500 μl water. After drying the cartridge
for 2 min with air, the analytes were eluted with 400 μl
methanol. Methanol was evaporated under a gentle stream
of nitrogen at 40°C and the residue was redissolved in
100 μl of reconstitution solvent [1 mM ammonium acetate
(pH 6.8)/acetonitrile (97:3, v/v)]. Chromatographic separa-
tions were performed using a Synergi Hydro-RP column
(150 mm × 4.6 mm ID, particle size 5 μm; Phenomenex,
Torrance, CA, USA) kept at 30°C. The mobile phase consisted
of 1 mM ammonium acetate (pH 6.8)/acetonitrile (94:6, v/v)
and was delivered isocratically at a flow rate of 0.2 ml min–1.
Detection of the analytes was performed on an API3000 triple
quadrupole mass spectrometer equipped with an electrospray
ionization probe (Sciex, Framingham, MA, USA). Gemcita-
bine was detected in positive ionmode, and dFdU in negative
ion mode. The validated concentration ranges in plasma
were 0.5–1000 ng ml–1 (1.90–3799 nM) for gemcitabine and
50–10 000 ng ml–1 (189–37 853 nM) for dFdU. The accuracies
for gemcitabine and dFdU in plasma were within ±16.3% at
the lower limit of quantification (LLOQ) and within ±10.7%
at the other levels tested. The precisions were <12.2% at all
concentration levels.

Quantification of gemcitabine, dFdU and their
nucleotides in PBMCs
Previous studies performed by our group demonstrated that,
if samples were processed on ice-water, the intracellular dFdC
and dFdU nucleotide concentrations in PBMCs remained sta-
ble for at least 3 h and were not influenced by the addition of
a CDA inhibitor (tetrahydrouridine) or deoxycytidylate de-
aminase inhibitor (zebularine) [24]. Based on these data,
PBMCs were isolated and processed on ice-water, as described
previously [25], without addition of an enzyme inhibitor. In
brief, 15 ml of blood was collected in heparinized tubes and
PBMCs were isolated immediately using cold Ficoll-Paque
PLUS density gradient (GE Healthcare, Pittsburgh, PA, USA).
The collected PBMCs were resuspended in 100 μl cold
phosphate-buffered saline (PBS), resulting in a homogeneous
cell suspension with a total volume of approximately 130 μl.
A 10 μl aliquot of this cell suspension was used for the analy-
sis of protein concentrations using the Bio-Rad Protein Assay
[26], which was corrected for interference by residual
haemoglobin, as previously described by our group [27]. A
100 μl aliquot of the cell suspension was used for the quan-
tification of gemcitabine, dFdU and their monophosphates,
diphosphates and triphosphates. To this end, cells were
lysed by the addition of 100 μl 1.2 M perchloric acid
(HClO4), followed by extensive vortex mixing. After centri-
fugation (5 min, 1500 × g, at 4°C), the supernatant (PBMC
lysate) was collected and stored at �70°C until analysis.
Directly prior to LC–MS/MS analysis, the PBMC lysates
were spiked with internal standard: a mixture of 13C15N2-
labelled gemcitabine and dFdU nucleotides, which were
synthesized in-house [24].

The concentrations of gemcitabine, dFdCMP, dFdCDP,
dFdCTP, dFdU, dFdUMP, dFdUDP and dFdUTP in the
PBMC lysates were determined using the validated
simultaneous LC–MS/MS assay previously described by
our group [24], with some minor adjustments. In brief,
chromatographic separation of all eight compounds was
obtained using a porous graphitic carbon (Hypercarb)
column (100 mm × 2.1 mm ID, 5 μm particles, Thermo
Fisher Scientific Inc., Waltham, MA, USA) kept at 45°C.
Elution was performed using a gradient from 0 to 25 mM
ammonium bicarbonate in acetonitrile–water (15:85, v/v).
As previously described, the chromatographic separation
was only reproducible when the redox state of the porous
graphitic carbon was carefully maintained and the column
was properly cleaned [24, 28]. Therefore, before each
analytical run the column was treated for 30 min with
preconditioning buffer (consisting of 1 mM ammonium
acetate in acetonitrile/water (15:85, v/v) with 0.05%
hydrogen peroxide and with the pH adjusted to 4 with
glacial acetic acid); between each analytical injection,
100 μl diluted formic acid (10% v/v, in water) was injected,
and after each analytical run the column was back-flushed
with about 20 column volumes of tetrahydrofuran [24].

Detection was performed on an API4000 triple
quadrupole mass spectrometer equipped with an
electrospray ionization probe operating in the positive
ionization mode (Sciex). Calibration ranges in PBMC lysate
were 2.91–289.1 nM for dFdC; 22.1–2197 nM for dFdCMP;
46.9–4655 nM for dFdCDP; 39.2–3888 nM for dFdCTP;
49.0–4864 nM for dFdU; 20.8–2063 nM for dFdUMP;
48.9–4847 nM for dFdUDP; and 46.7–4630 nM for
dFdUTP. Accuracies were within ±19.4% at the LLOQ
and within ±14.4% at the other levels tested. The
precisions were <19.7% at the LLOQ and <14.9% at the
other levels tested.

The analytical results, expressed as nM in PBMC lysate,
were multiplied with the lysate sample volume to obtain
the absolute nucleoside and nucleotide amounts in a sample.
These amounts were then divided by the number of cells in
the sample, to obtain the nucleoside and nucleotide
amounts per million PBMCs. Instead of performing a direct
cell count, which requires immediate analysis of each
sample, the number of cells was derived from the amount
of protein in the sample, as samples could be stored for
longer periods prior to analysis of the protein concentra-
tions. In addition, we assessed the correlation between the
cellular protein content and the cell number. To this end, a
cell count was performed for 27 PBMC samples prior to cell
lysis. The mean PBMC concentration in the cell suspensions
in PBS was 53 × 106 PBMCs ml–1 [coefficient of variation (CV)
= 81%]. The mean amount of protein in the cell suspensions
(corrected for haemoglobin) was 6.6 mg ml–1 (CV = 60%).
Thus, the samples contained, on average, 0.12 mg protein
per 106 PBMCs.

In order to compare the intracellular concentrations with
the plasma concentrations, the intracellular concentrations
were also converted to the nucleoside and nucleotide
amounts per volume unit (μM). To this end, the number of
PBMCs in each sample was derived from the amount of
protein, and an average cell volume of 282.9 fl was assumed
(as determined by Simiele et al. [29]).
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PK and statistical analysis
The individual PK parameters in plasma and in PBMCs
were derived using noncompartmental analysis, using
validated scripts in the software package R (version 3.1.2).
Sufficient plasma samples were collected from each patient,
to determine the plasma half-lives (t½) of dFdC and dFdU
and to extrapolate the areas under the plasma concentra-
tion-time curves to infinity (AUCinf). The terminal plasma
t½ of dFdC and dFdU were calculated based on the last three
data points.

The number of PBMC samples collected per patient was
limited, tominimize the burden of blood sampling (as a larger
blood volume of 15 ml was required per time point, to isolate
sufficient PBMCs) and because of the practical feasibility
(each sample had to be processed immediately after collec-
tion owing to limited stability of the analytes). As only four
PBMC samples were collected per patient, it was not possible
to determine the intracellular t½. Instead, the percentage of
the maximum observed concentration (Cmax) that was still
present 22 h or 24 h after gemcitabine infusion was reported.
Despite the limited number of PBMC sample times, the
intracellular AUC from time zero up to the last sample time
(AUC0–t) was calculated.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY [30], and are per-
manently archived in the Concise Guide to PHARMACOLOGY
2017/18 [31].

Results

Plasma PK of gemcitabine and dFdU
The mean plasma concentration–time curves for gemcitabine
and dFdU are shown in Figure 2, and the results of the
noncompartmental PK analysis in plasma are shown in
Table 1. As expected, gemcitabine plasma concentrations
were highest at the end of the infusion. The highest dFdU
plasma concentration was also measured at this time in the
majority of patients, indicating that gemcitabine is converted
rapidly to dFdU.

Patients in cohort A received gemcitabine doses twice as
high as patients in cohort B. However, the maximum
observed gemcitabine plasma concentrations and AUCs were
almost four times higher for cohort A than for cohort B. For
the dFdU plasma concentrations, by contrast, a dose-
proportional increase was observed for cohort A compared
with cohort B. We had no clear explanation for the differ-
ences found between the two patient cohorts. One possibility
was that the comedication had had some influence. However,
previous combination studies with lapatinib [22, 32], sorafe-
nib [33] and carboplatin [34] showed no clinically relevant
influence of concomitant use of these drugs on the plasma
PK of gemcitabine.

In all patients, the dFdU levels measured in plasma were
substantially higher than the gemcitabine levels. In addition,
dFdU remained in the plasma for longer. Two hours after the
start of the infusion, gemcitabine was only present at very
low concentrations, and 24 h after the start of the infusion
gemcitabine had almost completely disappeared, whereas
the dFdU concentrations were, on average, still 12% of the
Cmax. The dFdU plasma exposure was, therefore, much higher

Figure 2
Plasma concentrations of gemcitabine (dFdC) and 20,20-difluorodeoxyuridine (dFdU) for patient cohorts A and B, receiving gemcitabine 1000 mg
m–2 and 500 mg m–2, respectively. The data are shown as mean values (symbols) with standard deviations (error bars). Inset: semi-logarithmic
presentation
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than the gemcitabine plasma exposure in both patient
cohorts.

Although gemcitabine concentrations were low within
2 h after the infusion, in most patients very low gemcitabine
plasma concentrations (<0.06 μM) were measurable up to
24 h after infusion. This is more apparent when the data are
displayed on a semi-logarithmic scale (Figure 2, inset). Plasma
concentrations of dFdU peaked at the end of infusion,
followed by a rapid distribution phase and a longer elimina-
tion phase. The plasma t½ values reported here refer to the
terminal elimination phase and were based on the last three
sampling time points.

Intracellular PK of gemcitabine, dFdU and their
nucleotides
The mean intracellular concentration–time curves of
gemcitabine, dFdU and their nucleotides are shown in
Figure 3, and the results of the noncompartmental analysis
of the intracellular PK data are presented in Table 2. The
highest intracellular gemcitabine and dFdU concentrations
were measured at the end of the infusion. The intracellular
gemcitabine and dFdU concentrations increased dose-

proportionately: the Cmax values for gemcitabine and dFdU
were twice as high in cohort A as in cohort B. However,
the mean intracellular AUCs of gemcitabine and dFdU
were 4 and 3 times higher, respectively, in cohort A than
in cohort B.

The gemcitabine and dFdU levels measured in PBMCs
were both higher than the levels measured in plasma. The
Cmax values for gemcitabine and dFdU in PBMCs were, on
average, 2–3 times higher than the Cmax values measured in
plasma.

In PBMCs, as well as in plasma, dFdU was present at
higher concentrations than gemcitabine. However, the
intracellular dFdU nucleotide concentrations (i.e. dFdUMP,
dFdUDP and dFdUTP) were relatively low (<88 μM) – much
lower than the dFdC nucleotide concentrations that were
measured (up to 1060 μM). In 8% of the patients, the dFdU
nucleotide concentrations were below the LLOQ of the assay
at all time points.

The ratios between the monophosphates, diphosphates
and triphosphates differed between the two patient cohorts.
In cohort A, dFdCTP showed the highest abundance,
followed by dFdCDP. For dFdCMP, dFdUMP, dFdUDP and
dFdUTP, only low concentrations were found (<88 μM). For
cohort B, the dFdCMP, dFdCDP and dFdCTP concentrations

Table 1
Summary statistics for the pharmacokinetic parameters of gemcitabine (20,20-difluorodeoxycytidine; dFdC) and itsmetabolite 20,20-difluorodeoxyuridine
(dFdU) in plasma. The data are shown as mean values (range)

dFdC dFdU

Cohort A (receiving gemcitabine 1000 mg m–2)

n 12 12

Cmax (μM) 42.8 (16.7–81.7) 147 (99.9–224)

tmax (h) 0.5 (0.5–0.5) 0.8 (0.5–2)

t½, β (h) 7.32 (3.43–19.5) 11.2 (8.65–13.2)

CL (l h–1 m–2) 153 (66.7–341) –

Percentage of Cmax still present after 24 h (%) 0.027 (<LLOQ – 0.14) 12 (6.2–24)

AUC0–24 h (μM • h) 28.8 (11.1–56.9) 999 (673–1595)

AUC0–inf (μM • h) 28.9 (11.1–57.0) 1265 (869–2010)

Cohort B (receiving gemcitabine 500 mg m–2)

n 26 26

Cmax (μM) 11.1 (0.802–29.3) 75.8 (43.5–115)

tmax (h) 0.5 (0.5–0.5) 0.52 (0.5–1)

t½, β (h) 10.5 (4.16–42.8) 13.9 (8.78–24.5)

CL (l h–1 m–2) 324 (109–873) –

Percentage of Cmax still present after 22 h (%) 0.089 (LLOQ – 0.39) 12 (5.6–22)

AUC0–22 h (μM • h) 6.75 (0.535–17.3) 478 (289–748)

AUC0–inf (μM • h) 7.89 (2.18–17.5) 662 (364–1060)

AUC0–t, area under the concentration–time curve from time zero up to the time point of the last quantifiable data point; AUCinf, the area under the
concentration–time curve extrapolated to infinity, using the terminal elimination constant; CL, plasma clearance; Cmax, the maximum observed
concentration; LLOQ, lower limit of quantification; n, the number of patients for whom pharmacokinetics were evaluable; t½,β, terminal elimination
half-life; tmax, the time to reach the maximum observed concentration
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were approximately equally high. The concentrations of
the dFdU nucleotides were also low for this patient cohort
(<49 μM).We had no clear explanation for the differences be-
tween the two patient cohorts. It could not be excluded that
the comedication had had an influence on the intracellular
nucleotide accumulation. However, to the best of our
knowledge, the influences of carboplatin, sorafenib and
lapatinib on the intracellular accumulation of dFdCTP have
never been studied [21].

Two hours after the start of the infusion, very low
gemcitabine concentrations were found in PBMCs. However,
the dFdC nucleotides remained present in the cells for much
longer. Twenty-four hours after the start of the infusion,
substantial intracellular dFdC nucleotide concentrations
were still found in most patients. dFdU also remained present
in the cells for an extended period.

High interindividual variability was observed for the
intracellular Cmax and AUC of gemcitabine, dFdU and the
dFdC nucleotides. Although some interpatient variability
was also seen for the dFdU nucleotide concentrations,
these concentrations were systematically low in all
patients.

Discussion
The plasma PK data found in the present study were in line
with previously published data on the plasma PK of
gemcitabine and dFdU [14, 19, 35, 36]. In addition, the intra-
cellular PK results for dFdCTP were in line with those in previ-
ous reports [35–38]. However, data on the intracellular PK of
the other dFdC and dFdU nucleotides in patients treated with
gemcitabine were lacking. The present study provides the first
complete picture of the PK of all nucleotides that are formed
intracellularly during gemcitabine treatment.

Although dFdU was traditionally believed to be an
inactive metabolite, in vitro studies demonstrated that it has
cytotoxic activity in tumour cell lines [11, 12, 39]. The
half-maximal inhibitory concentration (IC50) for dFdU for
gemcitabine-sensitive tumour cell lines is highly variable,
but was found to be at least 1000–2000-fold higher than for
gemcitabine [11, 12, 39]. However, Veltkamp et al. showed
that the cytotoxicity of dFdU was dependent on the duration
of drug exposure [11]. The present study demonstrated that,
during gemcitabine treatment, the concentrations of dFdU
were well above those of gemcitabine, both in the plasma

Figure 3
Mean intracellular concentrations of gemcitabine, 20,20-difluorodeoxyuridine (dFdU) and their nucleotides in peripheral bloodmononuclear cells.
dFdC, 20,20-difluorodeoxycytidine (gemcitabine); dFdCMP, 20,20-difluorodeoxycytidine 50-monophosphate; dFdCDP, 20,20-difluorodeoxycytidine
50-diphosphate; dFdCTP, 20,20-difluorodeoxycytidine 50-triphosphate; dFdU, 20,20-difluorodeoxyuridine; dFdUMP, 20,20-difluorodeoxyuridine
50-monophosphate; dFdUDP, 20,20-difluorodeoxyuridine 50-diphosphate; dFdUTP 20,20-difluorodeoxyuridine 50-triphosphate
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and in PBMCs. In addition, dFdU had a longer t½ than
gemcitabine. Therefore, both in the plasma and in PBMCs,
the exposure to dFdU exceeded the exposure to the parent
drug, gemcitabine.

Despite the high intracellular dFdU concentrations that
were measured in PBMCs during gemcitabine treatment, the
intracellular dFdUMP, dFdUDP and dFdUTP concentrations
were much lower than the intracellular dFdCDP and dFdCTP
concentrations.

In the present study, PBMCs were used to investigate the
intracellular PK of the gemcitabine and dFdU nucleotides.
PBMCs are commonly used as a surrogate matrix to study
the intracellular PK of nucleoside analogues. They represent
the intracellular ‘activation machinery’ and, unlike tumour
cells, can be obtained at multiple time points after drug
administration. Nevertheless, it should be kept in mind that
the concentrations of nucleotides measured in PBMCs might
differ from those that would be found in tumour cells – for
instance, because enzymes involved in the synthesis of
nucleotides might have a different activity in PBMCs than
in tumour cells. As depicted in Figure 1, dFdU nucleotides
can be formed via two pathways: (i) by direct phosphoryla-
tion of dFdU and (ii) through the conversion of dFdCMP to
dFdUMP by deoxycytidylate deaminase. Direct phosphoryla-
tion of dFdU is most likely to be mediated by dCK and the

mitochondrial thymidine kinase (TK) 2. However, compared
with gemcitabine, dFdU has a much lower affinity for dCK
and a higher affinity for TK2 [40, 41]. The S-phase-specific
enzyme TK1 was not involved in the phosphorylation of
dFdU, as demonstrated by Veltkamp et al. [11]. Unlike TK1,
TK2 and dCK are not cell cycle dependent. However, their
activity in PBMCs might be different than in tumour cells.
Eriksson et al. [42] showed that the in vitro activity of
dCK was higher in (non-activated) PBMCs than in solid
tumour tissue. The activity of TK2, by contrast, was lower in
(non-activated) PBMCs than in solid tumour tissue [42].
These differences might implicate that dFdU nucleotide
concentrations measured in PBMCs are lower than those
that would be found in tumour cells.

The low dFdU nucleotide concentrations might also be
related to some of the feedback mechanisms that have
previously been described for gemcitabine. For instance, the
activity of deoxycytidylate deaminase, the enzyme which is
responsible for the conversion of dFdCMP to dFdUMP, is
directly inhibited by dFdCTP (Figure 1). Moreover, lowering
of the dCTP pool (an important effect of gemcitabine) is
associated with a decrease in the deoxycytidylate deaminase
enzyme activity [9]. Previous in vitro studies with
arabinosylcytosine (ara-C), another cytidine analogue,
demonstrated that deamination via deoxycytidylate

Table 2
Summary statistics for the pharmacokinetic parameters of gemcitabine, 20,20-difluorodeoxyuridine (dFdU) and their nucleotides in peripheral
blood mononuclear cells. The data are shown as mean values (range)

dFdC dFdCMP dFdCDP dFdCTP dFdU dFdUMP dFdUDP dFdUTP

Cohort A (receiving gemcitabine 1000 mg m–2)

n 12 12 12 12 12 12 12 12

Cmax (μM) 100
(21.7–482)

30.9
(5.12–67.7)

253
(75.0–461)

497
(194–1060)

330
(107–1120)

4.53
(1.39–7.99)

18.5
(5.78–32.0)

38.5
(9.73–87.9)

tmax (h) 0.5 (0.5) 1.4 (0.5–2) 1.5 (0.5–2) 1.5 (0.5–2) 0.9 (0.5–2) 1.8 (0.5–2) 5.4 (0.5–24) 5.4 (0.5–24)

Percentage
of Cmax still
present after
24 h (%)

(<LLOQ) 14
(<LLOQ –34)

17
(<LLOQ – 42)

16
(<LLOQ –40)

22
(<LLOQ – 75)

53
(<LLOQ – 83)

67
(<LLOQ – 100)

64
(<LLOQ – 100)

AUC0–24 h

(μM • h)
195
(57.6–514)

411
(68.5–873)

3480
(1080–6650)

6580
(2830–15 700)

3200
(848–9890)

77.0
(31.7–171)

342
(117–674)

695
(230–1620)

Cohort B (receiving gemcitabine 500 mg m–2)

n 26 26 26 26 26 26 26 26

Cmax (μM) 37.8
(4.80–245)

90.8
(3.63–440)

128
(10.1–401)

96.1
(<LLOQ – 440)

158
(35.5–798)

10.7
(<LLOQ – 48.5)

10.9
(<LLOQ – 28.4)

7.97
(<LLOQ – 29.0)

tmax (h) 0.5 (0.5) 1.4 (0.5–2) 1.2 (0.5–2) 1.7 (0.5–22) 0.8 (0.5–2) 11 (0.5–22) 16 (0.5–22) 12 (0.5–22)

Percentage
of Cmax still
present after
22 h (%)

(<LLOQ) 25
(<LLOQ – 46)

23
(<LLOQ – 46)

43
(<LLOQ – 100)

16
(<LLOQ – 96)

85
(<LLOQ – 100)

87
(<LLOQ – 100)

92
(<LLOQ – 100)

AUC0–22 h

(μM • h)
48.5
(15.6–252)

1170
(55.8–5800)

1300
(138–3100)

824
(54.9–3030)

937
(289–5350)

194
(23.5–938)

193
(24.8–500)

135
(23.5–452)

AUC0–t, the area under the concentration-time curve from time zero up to the time point of the last quantifiable data point; Cmax, the maximum
observed concentration; dFdC, 20,20-difluorodeoxycytidine (gemcitabine); dFdCMP, gemcitabine monophosphate; dFdCDP, gemcitabine diphosphate;
dFdCTP, gemcitabine triphosphate; dFdUMP, dFdUmonophosphate; dFdUDP, dFdUdiphosphate; dFdUTP, dFdU triphosphate; n, the number of evaluable
patients; tmax, the time to reach the maximum observed concentration
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deaminase was the predominant pathway in the formation of
arabinosyluracil triphosphate (ara-UTP) [43]. Inhibition of
deoxycytidylate deaminase suppressed ara-UTP formation
from ara-C, whereas inhibition of CDA did not perturb the
formation of ara-UTP from ara-C [43]. As the intracellular
metabolism of gemcitabine resembles the metabolism of
ara-C, deamination via deoxycytidylate deaminase might
also be the most important pathway for the formation of
dFdU nucleotides. Intracellular feedback mechanisms which
inhibit this enzyme might therefore play a substantial role
in limiting the degree of deamination of gemcitabine
nucleotides.

The question is whether sufficient dFdU is phosphory-
lated to make a contribution to the cytotoxic effect of
gemcitabine. To answer this question, the dFdU nucleotide
concentrations found in the present study can be compared
with the concentrations that have been found in in vitro
studies.

Recent cell line studies indicated that dFdUMP, which is
structurally similar to deoxyuridine monophosphate
(dUMP), might contribute to the cytotoxic effect of
gemcitabine by direct inhibition of the enzyme thymidylate
synthase [12]. Honeywell et al. demonstrated that,
although dFdUMP was a 10 000-fold less potent inhibitor
than 5-fluorodeoxyuridine monophosphate (the active
metabolite of 5-fluorouracil), inhibition of the enzyme did
result in increased dUMP mis-incorporation into the DNA
[12]. However, the dFdUMP concentrations measured in
PBMCs in the present study were relatively low compared
with those that were needed to inhibit thymidylate
synthase in the cell line study by Honeywell et al. (inhibitory
constant = 130 μM) [12]. This suggests that thymidylate
synthase inhibition by dFdUMP does not play a major role,
at least not in PBMCs.

Incorporation of dFdUTP into the DNA and RNA,
however, might play a role. In the study by Veltkamp et al.,
incorporation of dFdUTP into both the DNA and the RNA
has been found after cells were incubated for 24 h with
relatively low concentrations (0.5 μM) of gemcitabine or
dFdU [11]. The intracellular dFdUTP concentrations measured
in the incubated cells were also relatively low compared with
our data in patients. This suggests that dFdU incorporation
can also be expected in our patient population. In the study
by Veltkamp et al., a strong correlation was found between
the extent of dFdU incorporation and the cytotoxicity of dFdU
[11]. Further studies are warranted to elucidate the importance
of the incorporation of dFdU into the DNA for the cytotoxicity
of gemcitabine in patients.

It is also interesting to consider the present intracellular
PK data in the light of previous clinical reports investigating
the relationship between the enzyme activity of CDA and
the clinical outcome of gemcitabine therapy. Several studies
have shown that patients with low CDA activity displayed
more toxicity [44] and better efficacy of gemcitabine-
containing therapy [45, 46]. Conversely, Serdjebi et al.
showed that pancreatic cancer patients with high CDA
activity were five times more likely to have progressive
disease following gemcitabine therapy than patients with
normal or low CDA activity [47]. The present intracellular
PK data support the hypothesis that high dFdU plasma
concentrations play a limited role in the cytotoxic effects

of gemcitabine therapy, as a result of limited intracellular ac-
tivation by the formation of dFdU nucleotides. If this
hypothesis can be confirmed in other tissues, a pharmacological
basis might be provided for why differences in CDA activity, by
modifying the dFdC/dFdU ratio, have a substantial impact on
the efficacy and toxicity of gemcitabine therapy.

In conclusion, the present study provides the first com-
plete picture of all nucleotides that are formed intracellularly
during gemcitabine treatment. Although dFdUwas present at
higher concentrations than gemcitabine in PBMCs, low in-
tracellular dFdUMP, dFdUDP and dFdUTP concentrations
were found. This calls into question the relevance of these
dFdU nucleotides for the cytotoxic effects of gemcitabine.
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