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Abstract Background|Purpose: Dihydropyridmidine
dehydrogenase (DPD) is the initial and rate-limiting
enzyme in the catabolism of 5-fluorouracil (SFU). Al-
though this catabolism is likely to occur in the liver in
humans, there may be a local inactivation in tumours,
modifying the efficacy of SFU. The aim of this study was
to examine the DPD activity in normal, inflammatory
and malignant tissues from both the colon and the liver
to assess the modifications of DPD activity in the pro-
cess of tumourigenesis. Methods: DPD activity was
evaluated in 107 patients, corresponding to 194 samples
(70 colorectal tumour and normal colon, nine metastases
secondary to a colon cancer, ten inflammatory colon, 20
samples of normal liver, seven from primary liver can-
cer, and eight from inflammatory liver). DPD activity
was determined using an enzymatic reaction followed by
analysis of SFU and its catabolite dihydro-5FU by high-
performance liquid chromatograph. Results were ex-
pressed as pmol of SFU catabolized/min - mg protein.
Results: DPD was highly variable in tumour and normal
tissues, both from colon and liver. In colon, the corre-
lation between DPD activity in tumour and normal
mucosa was weak, even if it was statistically significant
due to the higher number of samples. In inflammatory
colon tissue (ulcerative colitis or Crohn’s disease), DPD
activity was significantly higher than in normal tissue
(P =0.006). In liver metastases from colon cancer,
DPD activity was not significantly different from that
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observed in primary colon tumour (P = 0.32). In liver,
DPD activity was significantly lower in primary liver
tumour than in uninvolved liver specimens (P = 0.001).
In inflammatory liver tissue (hepatitis), DPD activity
ranged between normal and tumour tissues, and did not
differ significantly either from normal tissue or primary
liver cancer. Conclusions: DPD activity was modified in
colon and in liver during a pathological process and the
dysregulation of DPD increased from a benign to a
malignant tissue.
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Introduction

Dihydropyrimidine dehydrogenase (DPD, EC 1.3.1.2) is
the initial and rate-limiting enzyme in the three-step
metabolic pathway leading to the catabolism of the
pyrimidine bases uracil and thymine [14]. This is the only
metabolic pathway in the biosynthesis of f-alanine in
mammals. DPD is also the key enzyme that degrades the
structurally related pyrimidine antimetabolite 5-fluoro-
uracil (5FU), a common anticancer drug used in the
treatment of colorectal, breast, head, neck and ovary
cancers.

Since 70-80% of the administered SFU is degraded
in vivo by DPD to fluorinated f-alanine, the level of
DPD activity is a major determinant in the toxicity of
SFU [6]. Variability in SFU pharmacokinetics was due
to the variability in DPD activity determined in pe-
ripheral mononuclear cells (PMNC) [10]. DPD activity
was found in most tissues, with the highest content in
liver and PMNC [15, 19]. A high degree of variation in
PMNC activity was observed in the general population
(up to 20-fold range) [7, 11, 19, 20]. DPD activity has
also been measured in surgical specimens from head and
neck and colorectal cancer patients before administra-
tion of SFU chemotherapy [8, 22]. A large variability in
DPD activity was observed in both localizations and a
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relationship was demonstrated between DPD tumour-
normal ratio and response to a SFU therapy in patients
with head and neck cancers. Moreover, relatively high
DPD activity has been reported in hepatocellular carci-
noma [17].

The apparent relation of causality between the vari-
ability of DPD activity and the variability of 5FU
pharmacology made attractive the development of DPD
inhibitors to eliminate the variations due to DPD. Dif-
ferent new drugs (UFT, S1 and eniluracil) are being
developed in this field [1, 12]. Thus, a deeper knowledge
of DPD activity in tumours and in normal tissue is
recommended. In the present study, we examined DPD
activity in normal, inflammatory and malignant tissues
from both the colon and the liver in order to assess the
modifications of DPD activity in the process of tumo-
urigenesis.

Material and methods

Patients and chemicals

DPD activity was assessed in normal and pathological (neoplastic
and inflammatory) tissues from liver and colon in a total of 107
patients, corresponding to 194 samples. Informed consent was
obtained from each patient before surgery. [6-'*C] 5FU was
purchased from Moravek, Brea, Calif., USA.

Colon samples

The population comprised 70 patients with colon carcinoma. Tu-
mour colon tissues and their normal counterparts were obtained
during surgical procedure (resection of colon tumour) for most of
the patients (n = 68). After resection, portions of viable patholog-
ical and adjacent normal tissues (> 5 cm from tumour) were re-
moved by an experimental gastrointestinal pathologist. For the two
last patients, colon biopsies were obtained during diagnosis colo-
noscopy. The local stage of the colon tumour was classified ac-
cording to Duke’s classification as follows: stage A = 13 patients,
B = 21 patients and C = 36 patients. Moreover, nine patients with
hepatic metastases from primary colon cancer were investigated.
For each of them, both metastatic and normal liver tissues were
obtained. In two cases, these metastases were synchronous with a
primary tumour.

Evaluation of DPD was also conducted in ten patients suffering
from an inflammatory bowel disease [ulcerative colitis (UC) five
patients, Crohn’s disease (CD) five patients]. Samples of inflam-
matory colon tissue were obtained by colonoscopy in macroscop-
ically inflammatory area. In each case, the intensity of the
inflammation (moderate to severe) was assessed according to spe-
cific indexes (Best’s index for CD and Truelove’s index for UC).

Liver samples

DPD activity was determined in seven patients with primary tu-
mours of the liver. The primary tumour was a hepatocarcinoma in
four cases and a cholangiocarcinoma in three cases. Biopsies of
tumour were performed during surgical procedures for tumour
resection. Moreover, inflammatory liver tissue was obtained in
eight patients with chronic inflammatory disease: active viral hep-
atitis B or C (n = 6 patients) and alcoholic hepatitis with cirrhosis
(n = 2 patients). Samples were obtained by transparietal (Thrue cut
needle) or surgical biopsy.

Normal liver samples were obtained in 20 patients (nine with
metastatic disease from colon cancer and 11 other patients without

any liver disease). The median age of the overall population was
51 years (range 18-93). Immediately after biopsy, samples of
tissue were frozen in liquid nitrogen and were stored at —80 °C
until analysis of enzyme activity.

Dihydropyrimidine dehydrogenase activity

Tumour and normal tissues were homogenized in 35 mM sodium
phosphate buffer pH 7.5. The cellular suspension was ultracentri-
fuged at 20,000 g for 30 min at 4 °C. Cytosolic protein concen-
tration was determined with the Bradford method [2]. DPD activity
was immediately measured according to the method described by
Harris et al. [16]. The assay consisted in incubating 50 ul of cyto-
solic proteins with ['*C]SFU (20 pM final), NADPH (250 pM final)
and MgCl, (2.5 mM final) in a final volume of 125 pl in 35 mM
sodium phosphate buffer pH 7.5. The duration of the incubation
was 30 min at 37 °C. The reaction was stopped by the addition of
125 pl ice-cold ethanol. The samples were centrifuged (400 g,
5 min) to remove proteins and the supernatant was analysed for the
presence of ['*C]5FUH, using a high-performance liquid chroma-
tography method. ['*C]5FU and [14C]5FUH, were separated on a
Prontosil column (5 pm, 250 x 4 mm), eluted at 0.8 ml/min with
potassium phosphate 1.5 mM and tetrabutylammonium hydro-
genosulfate 5 mM, pH 8.0. Fractions corresponding to ['*C]5FU
and ["*C]5FUH, were collected and radioactivity was counted in a
tri-carb Packard scintillation counter. DPD activity was expressed
as pmol of ['"*C]FU catabolized per min and per mg of protein.
Each sample was assayed in duplicate and DPD activity was
measured in two independent experiments. During each series of
experiments, a control consisting of the determination of DPD
activity in WiDR cells was performed. The series was validated
only if the value of WiDR activity varied by less than 20% of the
target values. The sensitivity of the method was 2 pmol/min - mg
protein. The linearity with the protein concentration (in the range
0.1-0.4 mg/ml) and with incubation time (between 5 min and
60 min) were verified.

Statistical analysis

Statistical tests were performed in two different ways (i.e. para-
metric or non parametric analysis) according to the size of com-
pared groups. The analysis on paired samples of colon tumour and
adjacent normal mucosa was performed with parametric tests.
The normality of the two distributions and of the difference be-
tween the two distributions was verified by a Kolmogorov-Smirnov
test. The homogeneity of the variances was verified using an F test
(P =2.5%). The comparison of means between tumour and nor-
mal tissue was performed with a paired Student’s r-test. The cor-
relation between tumour and normal DPD activity was evaluated
with a test of linearity. The significance level was 5% in all tests.
For comparison of means in subgroups among either colon or liver
tissues, the large difference of patient samples between the different
subgroups necessitated the use of distribution-free tests (Kruskall
Wallis and Mann-Whitney tests).

Results

Dihydropyrimidine dehydrogenase activity
in colon tissue

DPD activity was detectable in all colon specimens. It
was highly variable in normal tissue (% CV = 50%), in
tumour (%CV = 67%; Fig. 1A) and in liver metastases
from colon cancer (%CV = 77%). The mean activities
were 41.9 pmol/min - mg protein and 40.3 pmol/min -
mg protein in tumour and normal tissues, respectively,
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Fig. 1 Dihydropyrimidine dehydrogenase (DPD) activity (pmol/
min - mg protein) in colon carcinoma and normal colon tissue in
the population of 70 patients. A Distribution of DPD activity
among the population. B Distribution of the tumour-normal DPD
activity ratio among the population

demonstrating no significant difference (P = 0.61,
ddl = 69; Table 1). The median tumour-normal ratio of
DPD activity was 0.97 (range 0.14-4.82) and 37 out of
70 patients exhibited a ratio ranging from 0.6 to 1.4
(Fig. 1B). The correlation between DPD activities in
tumour and normal mucosa (Fig. 2) was very weak, al-
though statistically significant (+> = 0.147, P = 0.001,
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Fig. 2 Correlation between dihydropyrimidine dehydrogenase
(DPD) activity (pmol/min - mg protein) in colon tumour and
adjacent normal tissue (n = 70)

ddl = 68). No relationship existed between tumour DPD
activity or tumour-normal ratio and sex, age, tumour
Duke’s stage or differentiation. In inflammatory colon
tissue, i.e. UC or CD, the DPD activity was significantly
higher than that observed in normal tissue (P = 0.006;
Fig. 3). In liver metastases from colon cancer, DPD
activity was not significantly different from that
observed in primary colon tumour (P = 0.32; Fig. 3).

Dihydropyrimidine dehydrogenase activity
in liver tissues

DPD activity was evaluated in 20 normal liver, eight
inflammatory liver and seven primary liver cancer
specimens. The variability was high in inflammatory
liver (%CV =71%) and in liver tumours (%CV
= 77%), but lower in normal liver (%CV = 34%). The
DPD activity was significantly lower (P = 0.001) in
primary liver tumour than in uninvolved liver specimens
(Table 1; Fig. 4). In inflammatory liver tissue (hepatitis,
cirrhosis), DPD activity ranged between normal and
tumour tissues. However, this activity did not differ
significantly either from normal tissue or primary liver
cancer.

Table 1 Characteristics of the population and dihydropyrimidine dehydrogenase (DPD) activity (pmol/min/mg protein) in the different

tissues studied. SD standard deviation

Number of Mean age Sex DPD activity

specimens (range) (male/female) [mean + SD (range)]
Normal colon tissue 70 70 (38-93) 41/29 40.3 + 20.4 (2.9-115.5)
Inflammatory colon tissue 10 38 (18-68) 9/5 67.5 £ 16.7 (25.6-84.9)
Colon carcinoma 70 70 (38-93) 41/29 41.9 £ 27.9 (2.9-149.5)
Liver metastases 9 60 (48-76) 4/5 59.8 + 46.4 (3.96-144.4)
Normal liver tissue 20 60 (39-83) 8/12 167.6 £ 57.6 (67.8-283.2)
Inflammatory liver tissue 8 53 (32-60) 71 119.5 + 84.5 (2.01-242.2)
Primary liver cancer 7 57 (48-72) 52 50.5 £ 58.8 (2.5-171.8)
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Fig. 3 Comparison of dihydropyrimidine dehydrogenase (DPD)
activity (pmol/min - mg protein) in normal (n = 70), inflammatory
(n = 10), tumour colon tissue (» = 70) and liver metastases from a
colon carcinoma (n = 9)
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Fig. 4 Comparison of dihydropyrimidine dehydrogenase (DPD)
activity (pmol/min - mg protein) in normal (z = 20), inflammatory
liver tissue (n =8), and primary liver tumour (n =7) and liver
metastases from a colon carcinoma (n = 9)

Discussion

Characterization of DPD in colon and liver diseases is of
clinical interest because it is the initial and rate-limiting
enzyme in the metabolic pathway of SFU, the main
chemotherapeutic agent used to treat colorectal cancer.
Moreover, several studies demonstrated that DPD was
responsible for most of the variability noted after ad-
ministration of SFU and contributed to SFU clinical
toxicity and tumour response [1, 4]. Our study is the first
one to describe DPD activity in both colon and liver in
normal, pathological but non-malignant and malignant
tissues. Our goal was to find out whether a malignant
process could contribute to change the DPD activity.
DPD activity was found in most tissues, with the highest
content in liver and peripheral blood mononuclear cells
(PBMC) [5, 20, 21]. In our population, DPD was highly
variable in tumour and normal tissues. The degree of
variation was similar in tumour and normal tissue, both
from colon and liver. Our results are in good agreement

with those published by McLeod et al. [22] and Uetake
et al. [25]. Fernandez-Salguero et al. [9] observed a sig-
nificant increase in SFU toxicity in patients with a DPD
level in PBMC two-fold lower than the mean popula-
tion. Thus a two-fold difference in activity could be re-
lated to a clinical effect, and the coefficient of variation
on both tumour and normal mucosa in our population
could be relevant, both in terms of toxicity and efficacy.
Although a statistically significant correlation was ob-
served between the DPD activity in normal and tumour
tissues, its clinical relevance is questionable due to the
large dispersion of paired values.

We evaluated the ratio of DPD activity between tu-
mour and normal colon to assess both the degrees of
efficacy and toxicity of SFU. The tumour-normal ratio
of DPD activity for colorectal tumours had a median
value of 0.97, which was consistent with the data re-
ported in head and neck tumours [8]. However, it dif-
fered from that reported by McLeod et al. [22] showing
a ratio of tumour to normal colon of 0.76. Nine of 70
patients (13%) had a ratio greater than 2 in our series,
which was higher than what reported by McLeod et al.
[22] (5§%). The significance of DPD activity in relation to
S5FU responsiveness was demonstrated by considering
the ratio of tumour DPD versus non-tumour DPD ac-
tivity in patients with head and neck tumours: complete
response exhibited a significantly lower ratio than partial
or non-responding patients [8].

In inflammatory diseases of the colon (CD and UC),
DPD activity was significantly higher than in normal or
tumour tissues (67.5 = 16.7 versus 41.9 = 27.9 and
40.3 £ 20.4 pmol/min - mg protein, respectively). Al-
though we did not perform a histological analysis of the
samples, the infiltration of the colon tissue by lympho-
cytes and inflammatory-related cells is a major feature of
these diseases. Several reports showed that DPD activity
in PBMC was important [5, 19]. The DPD activity in
PBMC of healthy donors ranged from 50 to 660 pmol/
min - mg protein, which is higher than in normal colon.
So, the presence of lymphocytes associated with the in-
flammation could explain the high DPD level observed
in these tissue specimens.

As reported in many studies, DPD activity in normal
liver was the highest tissue activity [3, 23]. Our data are
consistent with those published by Chazal et al. [3],
obtained in 27 patients and showing a mean DPD ac-
tivity of 178 pmol/min - mg protein (168 + 58 in our
series). These results disagreed with those published by
Jiang et al. [17], who showed, in a large series of 50 liver
specimens in Chinese cancer patients with hepatocellular
carcinoma, that DPD activity was approximately two-
fold higher than in our experience: 450 pmol/min - mg
protein (range 190-850). The DPD activity was lower in
both tumour and normal colon than in normal liver,
suggesting that the liver is the major detoxification site
for SFU.

Our data showed that the DPD activity in hepato-
cellular carcinoma was significantly lower than in
uninvolved liver specimens, which is consistent with



previous studies in animals [24], as well as in humans
[17]. However, our results disagreed with the latter re-
port, which showed very high levels of DPD activity in
hepatocellular carcinoma (340 £ 30 pmol/min/mg pro-
tein) compared with our series (50.5 = 58.8 pmol/
min - mg protein). This discrepancy could be explained
either by the difference in the studied population (Asian
versus Caucasian subjects) or by a methodological dif-
ference. DPD activity in primary liver cancer was com-
parable to the activity in primary colon cancer as found
in other reports on colon [22] or head and neck cancer
[8]. The low DPD activity observed both in liver me-
tastases from colon cancer and from hepatocellular
carcinoma is consistent with the report of Johnston et al.
[18]. These authors showed that DPD mRNA expres-
sion, DPD activity and DPD protein content were lower
in liver metastases from colon cancer than in normal
liver. They suggested that the regulation of DPD activity
in liver metastasis was not dependent on the liver envi-
ronment but rather due to a hepatocyte-specific tran-
scriptional control [18]. A similar process could take
place in hepatocellular carcinoma.

In viral and alcoholic hepatitis, the level of DPD
activity was between that in normal liver and in primary
liver tumours. A disease-specific differential expression
of xenobiotic-metabolizing cytochrome P450 (CYP) was
demonstrated in patients with liver disease. The pattern
of expressed CYP was different between normal liver,
hepatocellular carcinoma and cirrhosis, and this ex-
pression seemed to be regulated both at the pre- and
post-translational levels [13]. Given the potential value
of DPD as a determinant of both tumour responsiveness
and toxicity associated with SFU [5], recent attempts
have focused on modulating the activity of SFU through
inhibition of DPD. Several agents are undergoing clini-
cal testing including UFT, eniluracil and S-1 [1, 12].
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