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Knowledge gained concerning mechanisms of action of 5-fluorouracil (5-FU) alone,
in combination with leucovorin (LV) in in vitro and in vivo preclinical model systems,
provided the basis for clinical evaluation and validation of the therapeutic efficacy and
selectivity of this modulation in the early 1980s.

For more than two decades, the therapeutic options for patients with advanced
colorectal cancer have been 5-fluorouracil/leucovorin modulation (5-FU/LV) based
therapy. Although significant improvement in overall response rate was achieved, there
has been no significant benefit as far as overall survival. With this treatment modality,
diarrhea, mucositis, and neutropenia are the dose-limiting toxicities. In contrast to bolus
5-FU/LV, protracted continuous infusion of 5-FU yielded similar overall response rates
with hand and foot syndrome as the dose-limiting toxicity.

In attempts to improve further on the therapeutic selectivity and efficacy of 5-FU/LV
modulation, new and more specific thymidylate synthase (TS) inhibitors such as
Tomudex (ZD-1694) are under extensive preclinical and clinical evaluation. However,
the response rate in colorectal cancer and the toxicity profile from this drug were similar
to those observed with 5-FU/LV therapy.

In clinical and preclinical model systems, 5-FU is eliminated rapidly from the plasma
with a t1/2a of less than 10 min, and more than 85% of the injected dose of 5-FU is
inactivated by dihydropyrimidine dehydrogenase (DPD) in normal and tumor tissues.
The remaining 15% of 5-FU is activated via the anabolic pathways with a major fraction
incorporated into cellular RNA. Preclinical results indicate that GI toxicity was associ-
ated with increased drug incorporation into cellular RNA. This suggests that the thera-
peutic selectivity of 5-FU may be improved by selective inhibition of PRPP transferase
(PRPPT) in normal tissue, the enzyme responsible for phosphorylation of 5-FU into
5-fluorouracil-monophosphate (FUMP).

Several new treatment modalities are under evaluation: (1) the combination of
5-FU or its prodrug with an inhibitor of DPD (e.g., uracil and eniluracil) to prevent 5-FU
degradation;  (2) the use of  PRPP inhibitor to reduce 5-FU  incorporation into RNA of
normal tissue (e.g., potassium oxonate); and(3) capitalizing on the differential expression
of enzymes responsible for the activation of 5-FU prodrug, in normal vs tumor tissues
(e.g., capecitabine).

S-1 is a new oral pyrimidine fluoride-based anticancer agent in which Ftorafur (FT)
is combined with two classes of modulators, 5-chlorodihydropyrimidine (CDHP) and
potassium oxonate, at a molar ratio of 1.0/0.4/1.0 for FT/CDHP/Oxo, respectively. FT is
inactive until it is metabolized to 5-FU by thymidine/uridine phosphorylase. CDHP is a
potent inhibitor of DPD, the enzyme responsible for degradation of 5-FU into therapeu-
tically inactive but toxic 5-fluorodihydrouracil; CDHP is about 180 times more effective
than uracil in inhibition of DPD in vitro. Oxo is a potent inhibitor of PRPPT. S-1 is in
phase I and II clinical trials in patients with advanced colorectal cancer in Europe, Japan,
and in the United States.

Capecitabine is an oral, inactive 5-FU prodrug that requires three-step activation to
5-FU with the final step of activation to 5-FU by thymidine/uridine phosphorylase.
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Capecitabine has been approved by US FDA in patients with breast carcinoma and
advanced colorectal cancer. In contrast, UFT is activated by thymidine/uridine phospho-
rylase to 5-FU with uracil as a DPD inhibitor.

Improving therapeutic selectivity is a major goal of anticancer drug development. The
success of 5-FU/LV therapy in patients with advanced colorectal cancer demonstrated
the important role of thymidylate synthase (TS) as a predictive marker for response to
5-FU-based therapy. The therapeutic roles of the other markers associated with metabo-
lism of 5-FU and its prodrugs are under evaluation in preclinical and clinical settings.

Fluoropyrimidines in Cancer Therapy updates and reviews the mechanisms of action
and therapeutic selectivity and efficacy of 5-FU, with and without leucovorin and its
prodrugs in colorectal cancer therapy. The potential advantages and disadvantages of
these agents and the role of predictive markers are reviewed here. Drawing on the knowl-
edge gained to date with these agents when used individually, they are now being evalu-
ated in combination with other drugs (e.g., irinotecan, oxaliplatin, and EGF inhibitors).

Youcef M. Rustum

vi Preface



1. INTRODUCTION

5-Fluorouracil (5-FU) is still one of the most commonly prescribed anticancer drugs,
with activity against cancers of the gastrointestinal tract, head and neck, and breast. In addi-
tion, new oral 5-FU prodrugs like UFT, S1, capecitabine are emerging in the arena of the
new drugs in oncology (1,2). Thus, treatment by fluoropyrimidines including 5-FU itself or
its prodrugs represents a significant part of the chemotherapy agents currently in use or
under investigation. The administration of oral fluoropyrimidines underscores the impor-
tance of the enzyme dihydropyrimidine dehydrogenase (DPD), which not only controls the
catabolic route of 5-FU but also limits its oral absorption (3). In addition, DPD inhibition
represents a major objective for the development of oral fluoropyrimidines like UFT and S1
(4). DPD has highest activity in liver and mononuclear cells, but is also found in most
human tissues. The aim of this chapter is to cover the role of DPD in treatment by fluoropy-
rimidines with considerations on the link between DPD and 5-FU pharmacokinetics, the
importance of DPD deficiencies, the existence of DPD circadian rhythm with its clinical
consequences, the comparison between DPD genotyping and DPD phenotyping, the role of
DPD in 5-FU resistance in vitro and in vivo, and the role of DPD inhibition in the develop-
ment of new oral fluoropyrimidines.
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2. DPD AND PHARMACOKINETICS OF 5-FU

More than 80% of an administered dose of 5-FU is eliminated by catabolism through
DPD, the rate-limiting enzyme (3). DPD activity is found in most tissues, exhibiting the
highest activity in the liver (5). However, peripheral blood mononuclear cells (PBMC) are
used for clinical monitoring of DPD activity, as these cells are obviously more accessible
than hepatic tissue. We reported on a significant, but weak (r2 = 0.32), correlation between
PBMC and liver DPD activity (6). This observation validates the use of DPD determination
in PBMC for estimating the individual capacity to clear 5-FU. It is however important to
mention that marked discrepancies may exist between hepatic and PBMC-DPD activity par-
ticularly in the case of patients with altered liver function who can exhibit a low DPD activ-
ity and a normal PBMC-DPD activity (7). The evidence of an association between DPD
activity in PBMC and plasma 5-FU concentration was initially published a decade ago by
the group of R. Diaso (8). The relationship between PBMC-DPD activity and 5-FU systemic
clearance was then evaluated by Fleming and associates (9). A significant linear correlation
was observed between PBMC-DPD activity and 5-FU clearance (9,10). However, this rela-
tionship is very weak (r2 = 0.10), and we feel that simply determining PBMC-DPD is not
sufficient to accurately predict 5-FU clearance. The NONMEN population pharmacokinetic
analysis that we conducted had the aim to identify patient covariables, which could influence
interpatient variability in 5-FU clearance (10). 5-FU clearance was significantly reduced by
increased age, high serum alkaline phosphatase, length of infusion, and low PBMC-DPD.
However, a relatively high error was found in the estimate between observed and predicted
5-FU clearance and thus this multifactorial approach including PBMC-DPD did not allow
faithful 5-FU dose adaptation prior to treatment. In addition, DPD activity may vary from
one cycle to the other without any evidence of a trend for an increase or decrease during the
treatment course (9). McLeod and coworkers conducted a clinical study and an experimental
study on laboratory animals, aiming to examine the evolution of DPD activity under 5-FU
treatment (11). They found that PBMC-DPD decreased by a median of 39% following the
administration of 5-FU (p = 0.001). In addition, 5-FU induced alterations in rat liver DPD
were noted by these authors with the lowest activity occurring 48 h after drug administration
(11). In total, PBMC-DPD–based 5-FU dose adaptation strategy is not justified in our opin-
ion. However, marked 5-FU dose reductions can be proposed for patients showing more or
less marked DPD deficiency (see below).

3. DPD DEFICIENCIES

Lu and associates (12) were the first to provide population data on DPD activity and
demonstrated a Gaussian distribution for PBMC-DPD in 124 healthy subjects. Prospective
studies on 185 unselected cancer patients and 75 colorectal cancer patients were performed
(13,14). In these populations, DPD activity also showed an unimodal distribution and no
subject with complete DPD deficiency was identified in these studies. Multifactorial analysis
of variance showed that neither liver function tests (biological evaluation) nor age influenced
DPD activity. It was also found that DPD activity was, on average, 15% lower in women as
compared with men (p = 0.03) (14). Interestingly, this 15% difference in DPD activity is the
same order as the difference observed in 5-FU clearance between men and women (15).
However, in the study by Lu and colleagues, DPD activity was not influenced by sex (12).
The discrepancy in the effect of gender on DPD activity between these studies could be
explained by the difference in the age range covered, with influences from the hormonal sta-
tus: Premenopausal women were the majority in the Lu study (12) vs postmenopausal
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women in the majority studied by Etienne and colleagues (14). However, this hypothesis
could not be confirmed from the limited set of women studied (n = 33), since no difference
in DPD activity was demonstrated between pre- and postmenopausal women. We recently
reported PBMC-DPD data concerning a group of 53 patients (23 men, 30 women) (16)
treated by 5-FU-based chemotherapy in different French institutions and who developed
unanticipated 5-FU-related toxicity. Among the whole group of 53 patients, 19 had a signifi-
cant DPD deficiency (DD; below 150 fmol/min/mg protein, i.e., less than 70% of the mean
value observed from previous population study). There was a greater majority of women in
the DD group (15 out of 19, 79%) compared with the remaining 34 patients (15 out of 34,
44%, p < 0.014). Toxicity was often severe, leading to patient death in two cases (both
women). The toxicity score (sum of WHO grading, theoritical range 0–20) was twice as high
in patients with marked DD (below 100 pmol/min/mg protein, n = 11, mean score = 13.2)
compared with patients with moderate DD (between 150 and 100 pmol/min/mg protein, n =
8, mean score = 6.8), p = 0.008. In the DD group, there was a high frequency of neurotoxic
syndromes (7 out of 19, 37%). The two deceased patients both had severe neurotoxicity. The
occurrence of cardiac toxicity was relatively rare (1 out of 19, 5%). These data confirm that
women are particularly prone to DPD deficiency. In total, from these above-discussed stud-
ies, it is clear that complete DPD deficiency is a very rare event. However, if we consider the
PBMC-DPD value of 100 pmol/min/mg protein as the upper threshold indicative of an
increased risk for developing 5-FU-related toxicity (16), one can estimate that approx 3% of
an unselected group of cancer patients are located below this threshold value (14). DPD-
associated morbidity, and in some cases mortality, among patients who often do not have
detectable disease (adjuvant therapy) has great personal and economic implications. It fol-
lows that, in our opinion, the practical interest to determine DPD before 5-FU treatment
must be carefully weighed in terms of cost–benefit balance. Current methods, requiring
PBMC isolation and high performance chromatography analysis, are difficult to apply for
general screening. In addition, Van Kuilenburg and colleagues have recently reported on a
positive correlation they observed between DPD activity in PBMC and the percentage of
monocytes (17). The proportion of monocytes can vary during anticancer treatment, thus the
variable proportion of monocytes in PBMC can introduce intra- and interpatient variability
in DPD activity determination. An interesting alternative approach to identify DPD deficient
patients could be to use surrogate markers like the dihydrouracil (UH2)–uracil (U) ratio, easy
to determine in plasma before treatment; Gamelin and coworkers recently reported on this
ratio, which was determined in a group of 81 patients with advanced colorectal cancer
receiving weekly infusions of 5-FU–folinic acid (18). They found that the UH2–U ratio was
normally distributed and was correlated to 5-FU clearance (r = 0.64). Interestingly, toxic
side effects were observed only in patients with initial UH2–U ratio of less than 1.8.

4. CIRCADIAN RHYTHM OF DPD

The existence of a circadian rhythm for DPD activity has been suggested from both
human and animal investigations (19). Harris and associates (8) measured lymphocyte DPD
activity and 5-FU plasma concentrations in cancer patients receiving 5-FU by protracted
continuous infusion. A circadian rhythm was observed in 5-FU plasma concentrations
with a peak observed at 11 AM and a trough at 11 PM on average. The inverse relationship
observed between the circadian profile of 5-FU plasma concentration and PBMC-DP activ-
ity suggested a link between DPD activity and 5-FU pharmacokinetics. Our group per-
formed a pharmacokinetic study of FU in patients treated by continuous venous infusion of a
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constant rate for 5 d (20). All patients had stage C blader carcinoma and received cis-
diamminedichloroplatinum (II) (45–91) mg/m2) on d 1 as 30-min venous infusion at 5 PM.
Continuous venous infusion of 5-FU (450–966 mg/m2/day) was started on d 2 at 8:30 AM via
a volumetric pump and lasted for 5 d (until d 6). Blood samples were obtained every 3 h on
d 2, d 4, and d 6 on each patient (20 samples/patient). Data were analyzed by both multiple
analysis of variance and cosinor. Mean lowest and highest 5-FU plasma concentrations
(± SEM) were, respectively, 254 ± 33 ng/mL at 1 PM and 584 ± 160 ng/mL at 1 AM

(p < 0.03). Both analysis of variance and cosinor analysis further validated (p < 0.0001) a
circadian rhythm with a double amplitude (total extent of variation) of 50% of the 24-h mean
and an acrophase located at approx 1 AM (estimated time of peak). It was thus felt that circa-
dian modulation of the infusion rate of 5-FU may further optimize the therapeutic index of
such treatment modality. Besides continuous venous infusion, the impact of the time of drug
administration was also studied for short venous infusions by Nowakowska-Dulawa (21). 5-
FU (15 mg/kg) was administered in over 15 min every 4 d for 12 d and this at various times
during the day. The authors noted marked differences in pharmacokinetic parameters and
clearance value was found to be 70% at 13.00 h as compared to 01.00 h. Several studies have
described a wide interindividual variation in peaks and troughs in DPD activity (22,23).
More precisely, in the work recently reported Grem and coworkers (23) the authors wished
to determine whether peak and trough in DPD activity occurred at uniform times in six sub-
jects, whether individual patterns fit a discernible profile and whether such patterns were
consistent and reproducible over time. In that purpose mononuclear cells were isolated from
peripheral blood at 3-h intervals over a 24-h period on three different dates over a 6-mo
period. When the data were averaged by study date for each subject, the median value for the
average DPD activity was significantly different from both the median peak and median
trough activities. Within the six subjects, the average DPD activity for the three study dates
differed by a median of 2.4-fold. The time at which peak and trough DPD activities occurred
varied between subjects: 8 of the 17 peaks (47%) occurred between 10:00 PM and 6:00 AM, 6
(35%) occurred between 8:00 AM and 3:00 PM, and 3 (18%) occurred between 5:00 PM and
8:15 PM. Thus, it could be concluded by the authors that the time of day when the peak
occurred was essentially randomly distributed over the 24-h period of observation (p = 0.68).
Sixty percent of the trough DPD activities occurred between 7:00 AM and 3:00 PM. The
median interval between the peak and trough was 6.5 h. When the combined data for all
cycles was considered, the trough occurred 6–9 h after the peak, and the DPD levels subse-
quent to the peak did not display merely random variation (p = 0.0055). The authors con-
cluded that DPD activity levels and the times at which peak and trough DPD activities
occurred varied both between and within subjects. A limitation from this latter study may be
the fact that subjects were not synchronized.

5. DPD GENOTYPING VS DPD PHENOTYPING

Chromosome mapping of human DPYD gene was first described in 1994 (24). DPYD
gene is located on chromosome 1 (1p22). DPYD gene is a large gene (> 950 kb) containing
23 exons leading to 3 kb of coding region (25,26). Seventeen DPYD mutations have been
reported (27); these mutations lead to single amino acid substitutions, nucleotide deletions,
or a donor splice site mutation resulting in exon skipping (GA mutation in the exon 14 splice
site, 27). This latter mutation results in the production of a truncated mRNA and has been
consistently associated with low DPD activity and 5-FU toxicity. In addition, Van Kuilen-
burg reported that this mutation was found in 8 out of 11 patients suffering from a complete
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deficiency of DPD (28). More recently, Johnson and coworkers identified this latter molecu-
lar defect as being responsible for a complete lack of DPD enzymatic activity having
induced a life-threatening toxicity in a patient treated by topical 5-FU (29). A molecular
study was conducted in a cohort of cancer patients with reduced or normal DPD activity
with the aim to analyze the 10 DPYD exons (exons 2, 4, 7, 10, 11, 13, 14, 18, 21, 23), where
DPYD mutations were previously identified, (27). From this study a patient with a heterozy-
gous intron 14G1A mutation had normal DPD activity. Kouwaki and colleagues undertook
an expression analysis for three mutant DPYD genes found in Japanese patients (30). Only
two mutations led to mutant DPD proteins with significant loss of enzymatic activity; the
third one, however, resulted in no decrease in enzymatic activity compared with the wild-
type. The conclusion from these studies is that DPYD mutations do not entirely explain poly-
morphic DPD activity and toxic response to 5-FU.

6. DPD IN TUMORS AND RESISTANCE TO 5-FU-BASED THERAPY

DPD activity can be considered as a potential factor for controlling 5-FU responsive-
ness at the tumoral level. The concept is simple: A high level of tumor DPD would metab-
olize 5-FU to inactive products before cytotoxic nucleotides can be formed. The potential
role of DPD for influencing 5-FU activity also concerns new 5-FU prodrugs like UFT or
capecitabine, where 5-FU is metabolically produced at the target site. Previous in vitro
data revealed that DPD activity in tumor cells was significantly related to 5-FU sensitivity
(31); the lower the DPD enzymatic activity, the greater the cytotoxicity. Interestingly,
from this experimental study it was shown that DPD activity and thymidylate synthase
activity were independent variables significantly correleted with 5-FU cytotoxic activity.
Recent studies in human cancer xenografts demonstrated that the efficacy of capecitabine
correlated very well with the ratio of thymidine phosphorylase/DPD (32). The role of
tumoral DPD activity was then evaluated in the clinical setting. For head and neck cancer
patients, DPD activity was detectable in all tumor samples (median tumoral DPD activity
was 60, range 13–193 pmol/min/mg protein) (33). Tumoral DPD activity was not influ-
enced by tumor staging. The patients with a complete response to 5-FU-based induction
chemotherapy, exhibited lower tumoral DPD activities as compared with partial or nonre-
sponding patients (33). In an attempt to reduce the variability due to confounding factors,
including a possible circadian variability for DPD activity, we tested a normalized DPD
value defined as the tumoral:adjacent nontumoral ratio of DPD activity. Interestingly, the
distribution of normalized DPD revealed that complete responders exhibited a signifi-
cantly lower normalized DPD than partial or nonresponding patients (p = 0.03) (33). How-
ever, the tumor:normal tissue ratio is not the same for all tumor types. A recent study of 63
colorectal tumors found a median tumor:normal ratio of 0.76 (34). Although a subset of
patients did have up to three times higher tumor DPD, the majority of patients had highest
DPD in adjacent normal tissue. Although resistance to 5-FU is multifactorial, it can be
considered that tumoral DPD activity may be a determining factor for 5-FU responsive-
ness in a subset of cancer patients. These data provide further pharmacological rationale
for the use of DPD-specific inhibitors.

7. DPD INHIBITORS

There were recently four agents under development that interacted with DPD activity
(Table 1); 5 ethynyluracil was the only one that is a DPD inactivitor (irreversible inhibition)
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while the three others act as DPD inhibitors (competitive inhibition). Details on the clinical
development on these compounds will be given in other chapters in this book. We will insist
on the main characteristics of these DPD inhibitors. With 5-ethynyluracil pretreatment, the
biovailability of 5-FU becomes complete and thus renal clearance becomes the main source
of drug elimination with significant correlations having been shown between 5-FU clearance
and creatinine clearance (35). A consequence could be that dosage reductions would need to
be made in patients with reduced renal function who are candidates for 5-ethynyluracil and
5-FU combined treatment. Competitive inhibitors of DPD activity are also part of the new
products UFT, S1, and BOF-A2. UFT contains uracil and tegafur in a 4:1 ratio and S1
includes 5-chloro-2,4-dihydropyrimidine (CDHP) in combination with tegafur and potas-
sium oxonate. BOF-A2 is an oral prodrug of 5-FU and 3-cyano-2,6-dihydropyrimidine
(CNDP). CNDP is a much stronger DPD inhibitor compared to uracil. When uracil, CDHP
or CNDP compete with 5-FU for the uracil binding site on the DPD protein, more 5-FU can
be activated through the anabolic pathway. The consequence of competive inhibition is that
the effects of this inhibition are rapidly reversible; in comparison, a single dose of 5-ethyny-
luracil maintains a complete DPD inhibition for several days (36). A striking feature of the
DPD inhibitor clinical studies is the very low incidence of hand/foot syndrome. In compari-
son, capecitabine, another 5-FU oral prodrug that does not contain a DPD inhibitor, induces
a relatively high frequence of more or less severe hand/foot toxicity (37). It is thought that
the presence of 5-FU related hand/foot syndrome can be due to the production of 5-FU
catabolites that are absent when a DPD inhibitor is associated to the 5-FU oral prodrug. One
of the major critical points for the clinical use of DPD inhibitors is to define the dose of DPD
inhibitor so as to permit a significant inhibition of DPD activity to take place in the organism
but to also keep a basal level of DPD activity in normal cells (intestinal, hematological) to
maintain a minimal level of 5-FU detoxification through DPD activity.

REFERENCES

1. Lamont EB, Schilsky RL. The oral fluoropyrimidines in cancer chemotherapy. Clin Cancer Res
1999;5:2289–2296.

2. Sobrero A, Kerr D, Glimelius B, et al. New directions in the treatment of colorectal cancer: a look to the
future. Eur J Cancer 2000;36:559–566.

3. Diasio RB, Harris BE. Clinical Pharmacology of 5-fluorouracil. Clin Pharmacokin 1989;16:215–237.
4. Milano G, Mc Leod HL. Can dihydropyrimidine dehydrogenase impact 5-fluorouracil-based treatment? Eur

J Cancer 2000;36:37–42.
5. Naguib FNM, El Kouni MH, Cha S. Enzymes of uracil catabolism in normal and neoplastic human tissues.

Cancer Res 1985;45:5402–5412.

34 Milano

Table 1
5-FU Oral Prodrugs Under Clinical Evaluation that Contain a DPD Inhibitor

Compound Chemical name Effect on DPD

Eniluracil (Glaxo-Wellcome) 5-Ethynyluracil Inactivor
UFT (Orzel(R), Bristol-Myers Squibb, Uracil + tegafur Inhibitor

contains UFT plus leucovorin)
S1 (Bristol-Myers Squibb) 5-Chloro-2, 4 dihydropyridine + Inhibitor

tegafur + potassium oxonate
BOF-A2 (Emitefur(R), Otsuka America 1-Ethoxymethyl-5-fluorouracil + Inhibitor

Pharmaceutical) 3-cyano- 2,6-dihydropyrimidine

029-036.Rustum02  10/17/02  2:13 PM  Page 34



6. Chazal M, Etienne MC, Renée N, Bourgeon A, Richelme H, Milano G. Link between dihydropyrimidine
dehydrogenase activity in peripheral blood mononuclear cells and liver. Clin Cancer Res 1996;2:507–510.

7. Stephan F, Etienne MC, Wallays C, Milano G, Clergue F. Depressed hepatic dihydropyrimidine dehydroge-
nase activity and fluorouracil related toxicities. J Med 1995;99:685–688.

8. Harris BE, Song R, Soong SJ, Diasio RB. Relationship between dihydropyrimidine dehydrogenase activity
and plasma 5-fluorouracil levels with evidence for circadian variation of enzyme activity and plasma drug
levels in cancer patients receiving 5-fluorouracil by protracted continuous infusion. Cancer Res
1990;50:197–201.

9. Fleming R, Milano G, Thyss A, et al. Correlation between dihydropyrimidine dehydrogenase activity in
peripheral mononuclear cells and systemic clearance of fluorouracil in cancer patients. Cancer Res
1992;52:2899–2902.

10. Etienne MC, Chatelut E, Pivot X, et al. Covariables influencing 5-fluorouracil clearance during continuous
venous infusion. A NONMEM analysis. Eur J Cancer 1998;34:92–97.

11. McLeod HL, Sludden J, Hardy SC, Lock RE, Hawksworth GM, Cassidy J. Autoregulation of 5-fluorouracil
metabolism. Eur J Cancer 1998;34:1623–1627.

12. Lu Z, Zhang R, Diasio RB. Dihydropyrimidine dehydrogenase activity in human peripheral blood mononu-
clear cells and liver: population characteristics, newly identified patients and clinical implication in 5-fluo-
rouracil chemotherapy. Cancer Res 1993;53:5433–5438.

13. Ridge SA, Sludden J, Wei X, et al. Dihydropyrimidine dehydrogenase pharmacogenetics in patients with col-
orectal cancer. Br J Cancer 1998;77:497–500.

14. Etienne MC, Lagrange JL, Dassonville O, et al. Population study of dihydropyrimidine dehydrogenase in
cancer patients. J Clin Oncol 1994;12:2248–2253.

15. Milano G, Etienne MC, Thyss A, et al. Influence of sex and age on fluorouracil clearance. J Clin Oncol
1992;10:1171–1175.

16. Milano G, Etienne MC, Pierrefite V, Barberi-Heyob M, Deporte-Fety R, Renée N. Dihydropyrimidine dehy-
drogenase deficiency and fluorouracil-related toxicity. Br J Cancer 1999;79:627–630.

17. Van Kuilenburg ABP, Van Lenthe H, Blom MJ, Mul EPJ, Van Gernip AH. Profound variation in dihydropy-
rimidine dehydrogenase activity in human blood cells: major implications for the detection of partly deficient
patients. Brit J Cancer 1999;79:620–626.

18. Gamelin E, Boisdron-Celle M, Guerin-Meyer V, et al. Correlation between uracil and dihydrouracil plasma
ratio, fluorouracil (5-FU) pharmacokinetic parameters, and tolerance in patients with advanced colorectal
cancer: a potential interest for predicting 5-FU toxicity and determining optimal 5-FU dosage. J Clin Oncol
1999;17:1105–1110.

19. Harris BE, Song R, He YS, Soong SJ, Diasio RB. Circadian rhythm of rat liver dihydropyrimidine dehydro-
genase. Possible relevance to fluoropyrimidine chemotherapy. Biochem Pharmacol 1988;37:4759–4762.

20. Petit E, Milano G, Levi F, Thyss A, Bailleul F, Schneider M. Circadian rhythm-varying plasma concentration
of 5-fluourouracil during a five-day continuous venous infusion at a constant rate in cancer patients. Cancer
Res 1988;48:1676–1679.

21. Nowakowska-Dulawa E. Circadian rhythm of 5-fluorouracil and pharmacokinetics and tolerance. Chronobi-
ologia 1990;17:27–30.

22. Tuchman M, Von Roemeling R, Lanning RM, Sothern R, Hrushesky WJM. Sources of variability of dihy-
dropyrimidine dehydrogenase activity in human blood mononuclear cells. (In Reinberg A., Smolensky M.,
Lebrecque G., eds.) 1998. Annual Review of Chronopharmacology. Oxford, Perganom Press, pp. 399–402.

23. Grem JL, Yee LK, Venzon DJ, Takimoto CH, Allegra CJ. Inter-and intraindividual variation in dihydropyrim-
idine dehydrogenase activity in peripheral blood mononuclear cells. Cancer Chemother Pharmacol
1997;40:117–125.

24. Yokota H, Fernandez-Salguero P, Furuya H, et al. cDNA cloning and chromosome mapping of human dihy-
dropyrimidine dehydrogenase, an enzyme associated with 5-fluorouracil toxicity and congenital thymine
uraciluria. J Biol Chem 1994;269:23192–23196.

25. Johnson MR, Wang K, Tillmanns S, Albin N, Diasio RB. Structural organization of the human Dihydropy-
rimidine Dehydrogenase gene. Cancer Res 1997;57:1660–1663.

26. Wei X, Elizondo G, Sapone A, et al. Characterization of the human dihydropyrimidine dehydrogenase gene:
gene structure and genetic polymorphism. Genomics 1998;51:391–400.

27. Collie-Duguid ESR, Etienne MC, Milano G, Mc Leod HL. Known variant DPYD alleles do not explain DPD
deficiency in cancer patients. Pharmacogenetics 2000;10:217–223.

28. Van Kuilenburg ABP, Vreken P, Beex LVAM, et al. Heterozygosity for a point mutation in a invariant splice
donor site of dihydropyrimidine dehydrogenase and severe 5-fluorouracil related toxicity. Eur J Cancer
1997;33:2258–2264.

Dihydroprimidine Dehydrogenase 35

029-036.Rustum02  10/17/02  2:13 PM  Page 35



29. Johnson MR, Hageboutros A, Wang K, High L, Smith JB, Diasio RB. Life-threatening toxicity in a dihy-
dropyrimidine dehydrogenase deficient patient after treatment with topical 5-fluorouracil. Clin Cancer Res
1999;5:2006–2011.

30. Kouwaki M, Hamafima N, Sumi S, et al. Identification of novel mutations in the dihydropyrimidine dehydro-
genase gene in a Japanese patient with 5-fluorouracil toxicity. Clin Cancer Res 1998;4:2999–3004.

31. Beck A, Etienne MC, Cheradame S, et al. A role for dihydropyrimidine dehydrogenase and thymidylate syn-
thase in tumor sensitivity to fluorouracil. Eur J Cancer 1994;30:1517–1522.

32. Ishikawa T, Sekiguchi F, Fukase Y, Sawada N, Ishitsuka H. Positive correlation between the efficacy of
capecitabine and doxifluridine and the ratio of thymidine phosphorylase to dihydropyrimidine dehydrogenase
activities in tumors in human cancer xenografts. Cancer Res 1998;58:685–690.

33. Etienne MC, Cheradame S, Fischel JL, Formento P, Dassonville O, Renée N, Schneider M, Thyss A, Demard
F, Milano G. Response to fluorouracil therapy in cancer patients: the role of tumoral dihydropyrimidine dehy-
drogenase activity. J Clin Oncol 1995;13:1663–1670.

34. McLeod HL, Sludden J, Murray GI, et al. Characterization of dihydropyrimidine dehydrogenase in human
colorectal tumors. Brit J Cancer 1998;77:461–465.

35. Baker SD, Khor SP, Adjei AA, et al. Pharmacokinetic, oral bioavailability, and safety study of fluorouracil in
patients treated with 776C85, an inactivator of dihydroprimidine dehydrogenase. J Clin Oncol
1996;14:3085–3096.

36. Schilsky RL, Hohneker J, Ratain MJ, et al. Phase I clinical and pharmacologic study of eniluracil plus fluo-
rouracil in patients with advanced cancer. J Clin Oncol 1998;16:1450–1457.

37. Van Custen E, Findlay M, Osterwalder B, et al. Capecitabine, an oral fluoropyrimidine carbamate with sub-
stantial activity in advanced colorectal cancer: results of a randomized phase II study. J Clin Oncol
2000;18:1337–1345.

36 Milano

029-036.Rustum02  10/17/02  2:13 PM  Page 36


