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Abstract. Lifestyle, particularly smoking and alcohol 
consumption, may induce and/or inhibit drug metabolism. In 
order to reveal the effects of smoking and alcohol consump-
tion on the 5-fluorouracil (5‑FU)-related metabolic enzymes, 
namely thymidylate synthase, dihydropyrimidine dehydro-
genase (DPD; a sole catabolic enzyme of 5‑FU), orotate 
phosphoribosyl transferase (OPRT) and thymidine phosphory-
lase, in oral squamous cell carcinomas, the mRNA expression 
of these enzymes was investigated in 29 surgical specimens 
and compared by the Brinkman index and drinking years. 
The surgical specimens were divided into normal and tumor 
regions and were independently analyzed using quantitative 
reverse transcription-polymerase chain reaction. There was a 
significantly positive correlation between DPD mRNA expres-
sion in these tissues and Brinkman index̸drinking years, with 
OPRT mRNA expression being significantly correlated to the 
Brinkman index in tumor tissues. These results revealed that 
lifestyle habits, including smoking and alcohol consumption, 
may vary the activity of the 5-FU-related metabolic enzymes. 
DPD is the initial and rate‑limiting enzyme in the catabolic 
pathway of 5‑FU. Therefore, smoking and alcohol consump-
tion may reduce the anticancer activity of 5-FU, possibly 
through the induction of DPD activity.

Introduction

5‑Fluorouracil (5‑FU) is an anticancer agent widely used in 
the treatment of several types of cancer, including gastrointes-
tinal, mammary, head and neck, non-small-cell lung and oral 
cancers. The effects of 5‑FU are closely associated with the 
activity of its metabolic enzymes. The 5-FU-related enzymes, 
namely thymidylate synthase (TS), dihydropyrimidine dehy-
drogenase (DPD), orotate phosphoribosyl transferase (OPRT) 
and thymidine phosphorylase (TP), play a significant role in 
the anticancer effects of 5-FU (1‑15). Therefore, evaluation of 
the mRNA expression levels of these enzymes may determine 
the desirable efficiency and concomitant side effects of 5-FU. 
From this point of view, the correlation between enzyme 
expression and anticancer effects has been extensively investi-
gated (3,4,8,9,11,16). Although there are controversial points, 
it was suggested that the high expression of DPD in tumor 
tissues may reduce the anticancer effects of 5‑FU (8‑10,17).

Cigarette smoking is a major risk factor for the develop-
ment of squamous cell carcinoma of the head and neck. 
Additionally, alcohol consumption has long been known as a 
risk factor for head and neck cancers (18). Previous evidence 
indicates that patients with head and neck cancers, including 
oral cancers, are highly likely to lead such lifestyles. Further-
more, it was reported that lifestyle, particularly smoking 
and/or alcohol consumption, may modulate drug metabolism 
through enzyme induction and/or inhibition (19‑21). However, 
there is currently no available report regarding the effects of 
these lifestyle habits on the status of 5-FU-related metabolic 
enzymes. In the present study, in order to elucidate the effects 
of smoking and alcohol consumption on the 5-FU-related 
metabolic enzymes, the expression status of TS, DPD, TP 
and OPRT was investigated in oral squamous cell carcinoma 
(OSCC) and adjacent normal tissues.

Materials and methods

Patient population. A total of 29 patients who underwent 
surgical resection of primary OSCC at the Department of Oral 
and Maxillofacial Surgery, Gifu University Hospital (Gifu, 
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Japan) between March, 2002 and October, 2004 were included 
in the present study (Table I). In total, 15 patients were smokers 
and their average Brinkman index, calculated by the numbers 
of cigarettes smoked per day multiplied by the smoking years, 
was 784.5 (range, 140-2,100). Additionally, 13 patients had 
a habit of alcohol consumption and their average number of 
drinking years was 41.2 (12‑63 years).

This study was approved by the Institutional Review Board 
of Gifu University and all the participants provided written 
informed consent.

RNA extraction and cDNA synthesis. Two tissue specimens, 
weighing ~3 mg and measuring 3 mm in length each, were 
obtained from tumor and adjacent normal tissues resected 
during surgery. Efforts were made to minimize the time 
interval between surgery and freezing of the samples.

Total RNA was isolated using an RNeasy mini kit 
(Qiagen, Inc., Chatsworth, CA, USA), and DNase treatment 
was performed with the RNase‑Free DNase set (Qiagen, Inc.) 
according to the manufacturer's instructions. Following RNA 
isolation, cDNA was prepared from each sample using Super-
Script II Reverse Transcriptase (Invitrogen, Co., Carlsbad, 
CA, USA). Reverse transcription with ≤4 µg of total RNA 
was performed in a total volume of 1 µl containing 500 µg̸ml 
oligo(dT) in 250 mM Tris‑HCl (pH 8.3), 375 mM KCl, 
15 mM MgCl2, 0.1 M dithiothreitol and 1 µl deoxyribo-
nucleotide triphosphates. Initially, the total RNA solution and 
oligo(dT) mixture was heated at 65˚C for 5 min and imme-
diately chilled on ice, followed by the addition of the other 
reagents. First strand cDNAs were obtained and dissolved in 
20 µl distilled water.

Quantitative reverse transcription‑polymerase chain reac‑
tion (qRT‑PCR). The mRNA levels of TS, DPD, OPRT and 
TP were evaluated by qRT‑PCR (TaqMan PCR) using an ABI 
Prism 7700 sequence detector (Perkin‑Elmer Applied Biosys-
tems, Foster City, CA, USA). The β-actin gene was used as an 
endogenous control gene. The primers and TaqMan probes for 
each gene were designed based on the nucleotide sequence of 
human TS, DPD, OPRT and TP (Table II). The PCR mixture 
contained 10 µl of each appropriately diluted cDNA sample 
(standard curve points and patient samples), 200 nM forward 
primer, 200 nM reverse primer, 100 nM TaqMan probe and 
12.5 µl TaqMan Universal PCR Master Mix (Perkin‑Elmer 
Applied Biosystems) in a final volume of 25 µl. The PCR 
profile consisted of incubation at 94˚C for 2 min, followed by 
incubation at 95˚C for 10 min and 40 cycles of amplification 
at 95˚C for 15 s and at 60˚C for 1 min. The expression of the 
β-actin gene was used as an internal standard and the rela-
tive gene expression was calculated by determining the ratio 
between the amount of the PCR product of the 5-FU-related 
metabolic enzyme genes and the β-actin gene.

Statistical analysis. The association between smoking and 
drinking and the mRNA levels of the 5-FU-related metabolic 
enzymes were compared using the Kruskal-Wallis rank test. 
The mRNA levels of the 5-FU-related metabolic enzymes 
were compared by the Brinkman index/drinking years using 
Pearson's correlation coefficient. P<0.05 was considered to 
indicate a statistically significant difference for each analysis.

Results

Effect of smoking on mRNA expression of 5‑FU‑related meta‑
bolic enzymes. The P-values reflecting the correlation between 
the Brinkman index and mRNA expression of the 5-FU-related 

Table I. Clinicopathological characteristics of 29 OSCC patients.

Characteristics No. (%)

Age, years
  Mean ± SD 68.8 ± 13.4
  Range 39-91
Gender
  Male 16 (55.2%)
  Female 13 (44.8%)
T
  1 5 (17.2%)
  2 13 (44.8%)
  3 5 (17.2%)
  4 6 (20.8%)
N
  0 24 (82.8%)
  1 4 (13.8%)
  2 1 (3.4%)
Stage
  I 5 (17.2%)
  II 10 (34.4%)
  III 8 (27.6%)
  IV 6 (20.8%)
Histopathological grading
  G1 24 (82.8%)
  G2 5 (17.2%)
Anneroth's classification
  I 4 (13.8%)
  II 17 (58.6%)
  III 8 (27.6%)
Tumor location
  Buccal mucosa 5
  Upper gum 3
  Lower gum 8
  Tongue 7
  Floor of mouth 6
Smoking
  No 14 (48.3%)
  Yes 15 (51.7%)
Brinkman index
  Mean ± SD 784.5 ± 523.4
  Range 140-2,100
Drinking
  No 16 (55.2%)
  Yes 13 (44.8%)
Drinking years
  Mean ± SD 41.2 ± 16.6
  Range 12‑63

OSCC, oral squamous cell carcinoma; SD, standard deviation.
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metabolic enzymes in tumor and adjacent normal tissues are 
summarized in Table III. There was no significant difference 
between the mRNA expression levels of TS and TP in tumor 
and adjacent normal tissues, although there was a significant 
positive correlation between the Brinkman index and the 
DPD mRNA expression in tumor and adjacent normal tissues 
(Figs. 1 and 2). The OPRT mRNA expression was found to 
be significantly correlated with the Brinkman index in tumor 
tissues only (Fig. 3).

Effect of alcohol consumption on mRNA expression of 
5‑FU‑related metabolic enzymes. The P-values reflecting the 
correlation between drinking years and the mRNA expression 
of the 5-FU-related metabolic enzymes in tumor and adjacent 
normal tissues are summarized in Table IV. There was no 
significant difference between the mRNA expression levels 
of TS, OPRT and TP in tumor and adjacent normal tissues, 
although there was a significant positive correlation between 

drinking years and the DPD mRNA expression in tumors and 
adjacent normal tissues (Figs. 4 and 5).

Table II. Sequence of quantitative RT‑PCR primers and sequence‑specific probes for target genes.

Target gene Primer sequence (5'→3')

TS
  Sense ATTTACCTGAATCACATCGAGCC
  Antisense TCGAAGAATCCTGAGCTTTGG
  TaqManProbe FAM‑AAAATTCAGCTTCAGCGAGAACCCAGACC‑TAMRA
DPD
  Sense TCCCCAAAAGGCCTATTCCT
  Antisense TGCTCAATTCACCAAATGTTCC
  TaqManProbe FAM‑CCATCAAGGATGTAATAGGAAAAGCACTGCAG‑TAMRA
TP
  Sense GAGTCTATTCCTGGATTCAATGTCATC
  Antisense CCCACGATACAGCAGCCC
  TaqManProbe FAM‑CAGATGCAAGTGCTGCTGGACCAGG‑TAMRA
OPRT
  Sense ACTACACTAGAGCAGCGGTTAGAATG
  Antisense AACTGAACTCCTGGAGTCAAGTGA
  TaqManProbe FAM‑TTCTGGCTCCCGAGTAAGCATGAAACC‑TAMRA

The probes were labeled with a reporter dye (FAM), situated at the 5'- end of the oligonucleotide, and a quencher dye (TAMRA), located at 
the 3'- end. RT‑PCR, reverse transcription‑polymerase chain reaction; TS, thymidylate synthase; DPD, dihydropyrimidine dehydrogenase; TP, 
thymidine phosphorylase; OPRT, orotate phosphoribosyl transferase.

Figure 1. Brinkman index and dihydropyrimidine dehydrogenase (DPD) 
mRNA level in tumor tissue.

Figure 2. Brinkman index and dihydropyrimidine dehydrogenase (DPD)  
mRNA level in normal tissue.

Figure 3. Brinkman index and orotate phosphoribosyl transferase (OPRT) 
mRNA level in tumor tissue.
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Discussion

5-FU is metabolized into two different active forms, 5‑fluoro-
deoxyuridine monophosphate (FdUMP) and 5‑fluorouridine 
triphosphate, which inhibit DNA synthesis and RNA func-
tion, respectively. FdUMP and its coenzyme, 5,10-methylene 
terahydrofolate, form a covalent ternary complex with the 
DNA-synthesizing enzyme TS (1). This complex inhibits the 
conversion of deoxyuridine monophosphate to deoxythymidine 
monophosphate, which is an essential step of DNA synthesis, 
thus exerting anticancer effects (2). Consequently, the over-
expression of TS possibly decreases the inhibitory effect of 
5‑FU on DNA synthesis; several studies suggested that high 
amounts of TS in tumor cells may decrease the efficiency of 
5-FU and lead to the development of drug resistance (3‑7).

DPD is the initial and rate-limiting enzyme in the catabolic 
pathway of 5‑FU. Therefore, DPD may reduce the anticancer 
effects of 5-FU in tumor cells and several studies indicated 
that the level of DPD expression is significantly correlated 
with resistance to 5‑FU (8‑10).

OPRT is the first key enzyme in the phosphorylation of 
5-FU, converting 5‑FU to 5‑fluorouridine monophosphate. 
OPRT is considered to predominantly inhibit RNA synthesis. 
Thus, it was reported that high amounts of intratumoral OPRT 
are correlated with sensitivity to 5‑FU (11‑13).

TP catalyzes the reversible conversion of 5-FU to 
5‑deoxy‑5‑fluorouridine and high expression of this enzyme 
in tumors is correlated with a high response rate to 5-deoxy-
5‑fluorouridine (14,15) (Fig. 1). Thus, the anticancer effects of 
5-FU are closely correlated with the activity of its metabolic 
enzymes, which have been extensively investigated in oral 
cancers (3,4,8,9,11,16).

A previous clinical study demonstrated that neoadjuvant 
chemotherapy may affect the 5-FU-related metabolic enzyme 
status, although the effects of lifestyle habits, including 
smoking and alcohol consumption, on 5-FU-related meta-
bolic enzymes were not investigated (22). The results of 
the present study on mRNA analysis indicated that mRNA 
expression of TS, TP and OPRT in tumor and adjacent 
normal tissues was not affected by smoking and alcohol 

Table III. P-values and correlation coefficients between the 
Brinkman index and the mRNA expression of 5-FU-related 
metabolic enzymes.

Enzymes P‑value Correlation coefficient

TS
  Tumor 0.5289 0.123
  Normal 0.8253 0.048
DPD
  Tumor 0.0005 0.593
  Normal 0.0004 0.598
OPRT
  Tumor 0.0026 0.530
  Normal 0.097 0.314
TP
  Tumor 0.3338 0.187
  Normal 0.5064 0.130

5‑FU, 5‑fluorouracil; TS, thymidylate synthase; DPD, dihydropy-
rimidine dehydrogenase; OPRT, orotate phosphoribosyl transferase; 
TP, thymidine phosphorylase.

Table IV. P-values and the correlation coefficients between 
the drinking years and the mRNA expression of 5-FU-related 
metabolic enzymes.

Enzymes P‑value Correlation coefficient

TS
  Tumor 0.6687 0.084
  Normal 0.3528 0.818
DPD
  Tumor 0.0444 0.375
  Normal 0.0202 0.426
OPRT
  Tumor 0.2879 0.205
  Normal 0.3902 0.167
TP
  Tumor 0.1286 0.290
  Normal 0.9183 0.020

5‑FU, 5‑fluorouracil; TS, thymidylate synthase; DPD, dihydropy-
rimidine dehydrogenase; OPRT, orotate phosphoribosyl transferase; 
TP, thymidine phosphorylase.

Figure 4. Drinking years and dihydropyrimidine dehydrogenase (DPD)  
mRNA level in tumor tissue.

Figure 5. Drinking years and dihydropyrimidine dehydrogenase (DPD)  
mRNA level in normal tissue.
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consumption. However, the mRNA expression of DPD was 
dependently enhanced in tumor and adjacent normal tissues 
by both the Brinkman index and alcohol drinking years. 
DPD is the initial and rate‑limiting enzyme that catabolizes 
5‑FU in the liver. Therefore, DPD in tumor cells may reduce 
the anticancer effects of 5-FU and several studies reported 
that the levels of DPD expression are significantly correlated 
with resistance to 5‑FU (8‑10,17).

Lifestyle habits, including cigarette smoking and alcohol 
consumption, are known to affect drug treatment through phar-
macokinetic and pharmacodynamic mechanisms (19‑21,23). 
Cigarette smoking contains thousands of different compounds, 
some of which are known carcinogens. In addition, exposure 
to these compounds may facilitate the development of detoxi-
fication enzyme systems and cigarette smoking is a known 
enzyme inducer (19). Smoking may reduce the intake and 
serum concentrations of nutrients, such as β-carotene and 
vitamin A, which are known to protect against the develop-
ment of epithelial cancers. Smoking is also associated with 
an increased blood carboxyhemoglobin concentration, which 
causes a leftward shift in the hemoglobin-oxygen dissociation 
curve, leading to relative tissue hypoxia and alterations in the 
enzyme status (23).

Alcohol is metabolized through several processes or 
pathways in the liver. The alcohol dehydrogenase pathway, 
the microsomal ethanol oxidizing system and the catalase 
pathway, play significant roles in alcohol metabolism. 
The alcohol molecule is metabolized to aldehyde and, 
subsequently, to acetate, which is broken down into water 
and carbon dioxide and easily eliminated from the body. 
As regards the effect of alcohol on these enzymes, it was 
previously reported that alcohol interacts with certain 
membrane-associated signal transduction systems, resulting 
in positive and/or negative regulation of adenylate cyclase, 
phospholipase C and phospholipase A2; furthermore, it was 
reported that alcohol may repress TS and thymidine kinase 
activity following hepatectomy (20,21).

In the present study, the DPD mRNA expression in tumor 
and adjacent normal tissues was found to be correlatively 
enhanced by the Brinkman index and drinking years. It is 
known that the DPD status corresponds to the alternations 
in the 5‑FU pharmacokinetic profile. For example, DPD 
deficiency may lead to severe 5-FU-associated toxicities and, 
in theory, a DPD excess may reduce the therapeutic effects 
of 5-FU. It is suggested that the diversities in the DPD status 
originate in individual DPD genomic polymorphism and may 
be modulated by smoking and alcohol consumption, which 
may affect DPD functionality in the liver.

The exact mechanism underlying the modulation of the 
5-FU metabolic enzymes by lifestyle habits has not been fully 
elucidated and further investigation is required, including a 
clinical evaluation of the 5‑FU efficiency and accompanying 
side effects. However, the results of the present study suggest 
that smoking and alcohol consumption may reduce the 
anticancer activity of 5-FU, possibly through inducing DPD 
activity. Cigarette smoking and alcohol consumption have 
long been known as risk factors for head and neck cancers, 
including oral cancers. It is suggested that a significant propor-
tion of oral cancer patients follow this lifestyle, thus enhancing 
DPD activity, which subsequently leads to a reduction in 5-FU 

efficiency. S‑1 is a novel, orally administered anticancer 
agent that is a combination of tegafur, gimeracil and oterasil 
potassium. Gimeracil is a competitive inhibitor of DPD and 
maintains efficacious 5‑FU concentrations in the plasma and 
tumor tissues. Therefore, anticancer drugs including DPD 
inhibitors, such as S‑1, may be recomended for cancer patients 
exhibiting smoking and/or alcohol consumption habits.
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