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Design of a Novel Oral Fluoropyrimidine Carbamate,
Capecitabine, which Generates 5-Fluorouracil Selectively in

Tumours by Enzymes Concentrated in Human Liver and
Cancer Tissue

M. Miwa, M. Ura, M. Nishida, N. Sawada, T. Ishikawa, K. Mori, N. Shimma, I. Umeda
and H. Ishitsuka

Nippon Roche Research Centre, 200 Kajiwara, Kamakura, Kanagawa, Japan

Capecitabine (N4-pentyloxycarbonyl-50-deoxy-5-¯uorocytidine) is a novel oral ¯uoropyrimidine car-

bamate, which is converted to 5-¯uorouracil (5-FU) selectively in tumours through a cascade of three

enzymes. The present study investigated tissue localisation of the three enzymes in humans, which

was helpful for us to design the compound. Carboxylesterase was almost exclusively located in the

liver and hepatoma, but not in other tumours and normal tissue adjacent to the tumours. Cytidine

(Cyd) deaminase was located in high concentrations in the liver and various types of solid tumours.

Finally, thymidine phosphorylase (dThdPase) was also more concentrated in various types of tumour

tissues than in normal tissues. These unique tissue localisation patterns enabled us to design capeci-

tabine. Oral capecitabine would pass intact through the intestinal tract, but would be converted ®rst

by carboxylesterase to 50-deoxy-5-¯uorocytidine (50-dFCyd) in the liver, then by Cyd deaminase to 50-
deoxy-5-¯uorouridine (50-dFUrd) in the liver and tumour tissues and ®nally by dThdPase to 5-FU in

tumours. In cultures of human cancer cell lines, the highest level of cytotoxicity was shown by 5-FU

itself, followed by 50-dFUrd. Capecitabine and 50-dFCyd had weak cytotoxic activity only at high con-

centrations. The cytotoxicity of the intermediate metabolites 50-dFCyd and 50-dFUrd was suppressed

by inhibitors of Cyd deaminase and dThdPase, respectively, indicating that these metabolites become

eVective only after their conversion to 5-FU. Capecitabine, which is ®nally converted to 5-FU

by dThdPase in tumours, should be much safer and more eVective than 5-FU, and this was indeed

the case in the HCT116 human colon cancer and the MX-1 breast cancer xenograft models. # 1998

Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Many strategies for selectively delivering anticancer drugs

to tumours have been reported. Speci®cally, prodrug activa-

tion by enzymes located in tumour tissues has been dis-

cussed. We have previously shown that 50-deoxy-5-

¯uorouridine (50-dFUrd) is not itself cytotoxic but becomes

eVective only after conversion to the active drug 5-¯uorouracil

(5-FU) by pyrimidine nucleoside phosphorylase (PyNPase),

which is preferentially located in tumour tissues [1]. Since 50-
dFUrd produces higher levels of 5-FU in tumours than in

normal counterparts [2], it has been found to be more eVec-

tive than 5-FU and other ¯uoropyrimidines in various studies

with mouse transplantable tumour models, particularly in

terms of therapeutic indices [1, 3, 4]. 50-dFUrd is being mar-

keted in Japan, China and Korea (Furtulon1) for the treat-

ment of breast, colorectal, gastric and other cancers, while it

is being clinically assessed in the EU.
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The major drawback of cancer treatment with 50-dFUrd,

given orally, is its dose-limiting side-eVect, diarrhoea [5].

When 50-dFUrd passes through the intestinal mucosal mem-

brane, 50-dFUrd is thought to cause the intestinal toxicity of

5-FU generated in the intestine [6]. PyNPase exists pre-

dominantly as thymidine phosphorylase (dThdPase) in

humans [7], while it is predominantly as uridine phosphor-

ylase in rodents [8]. We, therefore, tried to identify a new

¯uoropyrimidine which could pass through the intestinal

tract, by applying an approach of prodrug activation by

additional enzymes. These studies created a novel ¯uoropyr-

imidine carbamate, capecitabine, which is sequentially con-

verted to 50-dFUrd by carboxylesterase and cytidine (Cyd)

deaminase with unique tissue localisation in humans and

then to 5-FU by dThdPase. In this report, we describe the

tissue distribution of these enzymes for capecitabine activation.

In addition, we describe that capecitabine and its intermediate

metabolites were not themselves cytotoxic but became eVec-

tive once they were converted to the active drug 5-FU.

MATERIALS AND METHODS

Animals and tissues

Male and female BALB/c nu/nu mice were obtained from

CLEA Japan Co., Ltd, (Tokyo, Japan). Male BDF1 mice were

obtained from SLC Inc. (Hamamatsu, Japan). The mice were

observed for at least 1 week and then used when 6 weeks old.

Chemicals

Capecitabine and 6-amino-5-chlorouracil (ACU, an inhi-

bitor of dThdPase) were synthesised by methods described

elsewhere [9, 10]. 5-FU and a combination drug of uracil and

tegafur (UFT) were purchased from Kyowa Hakko K.K. and

Taiho Pharma Co. (Tokyo, Japan), respectively, and 50-
dFUrd was obtained from HoVmann-La Roche (Basle, Swit-

zerland). 3, 4, 5, 6-tetrahydrouridine (THU) was purchased

from Calbiochemical Co. (La Jolla, California, U.S.A.).

Preparation of crude enzymes

Human tissues surgically resected from cancer patients at

various hospitals in Japan were obtained and stored at ÿ 80�C
until used. For the preparation of crude carboxylesterase,

these tissues were homogenised with a glass homogeniser in 4

volumes of 10 mM potassium phosphate buVer (pH 7.4)

containing 1 mM b-mercaptoethanol. The homogenate was

centrifuged at 700 g for 20 min. The supernatant was dia-

lysed overnight against the same buVer, kept at ÿ 80�C and

used as a source of crude enzymes. For the preparation of

crude Cyd deaminase and dThdPase, these tissues were

homogenised with a glass homogeniser in 4 volumes of

10 mM Tris±HCl buVer (pH 7.4) containing 15 mM NaCl,

1.5 mM MgCl2 and 50 mM potassium phosphate. The

homogenate was centrifuged at 105 000 g for 90 min. The

supernatant was dialysed overnight at 4�C against 20 mM

potassium phosphate buVer (pH 7.4) containing 1 mM

b-mercaptoethanol, and used as a source of crude enzymes.

All procedures were carried out at 4�C. The protein con-

centration was determined using the method of Lowry and

colleagues [11].

Carboxylesterase assay

The assay mixture (100 ml) contained 10 mM potassium

phosphate buVer (pH 7.4), 1 mM b-mercaptoethanol, 4 mM

THU (an inhibitor of Cyd deaminase), enzyme preparations,

and 5 mM substrates (50 ml). The substrates were prepared

by diluting 100 mM capecitabine dissolved in dimethyl

sulphoxide with 10 mM potassium phosphate buVer (pH 7.0)

and 4% bovine serum albumin (Fraction V, Sigma Chemical

Co., St. Louis, Missouri, U.S.A.). The reaction was carried

out at 37�C for 60 min and terminated by adding 300 ml of

methanol. The supernatant (200 ml) containing the product

50-deoxy-5-¯uorocytidine (50-dFCyd) was mixed with 100 ml

of 0.15 mM 5-chlorouracil as the internal standard and then

treated with 3 ml of chloroform. After centrifugal removal of

the precipitate (10 000 rpm, 3 min), 80 ml of the aqueous

solution was added to 200 ml of 10 mM sodium phosphate

buVer (pH 6.8) and then 20 ml were applied to an HPLC

column of ERC-ODS-1171 (ERC Inc., Kawaguchi, Japan).

The solvent system used was as follows: 10 mM sodium

phosphate buVer (pH 6.8) containing 5 mM 1-decane sul-

phonic acid: methanol (85:15 v/v). The amounts of 50-dFCyd

were calculated from the ratio of the peak area to that of an

internal standard as detected with an ultraviolet monitor

(265 nm). The enzyme activity was expressed as nmole 50-
dFCyd generated/mg protein/h.

Cyd deaminase assay

Enzyme activity was determined by measuring 50-dFUrd

and 5-FU generated from 50-dFCyd, an enzyme substrate. A

reaction mixture (100 ml) for the enzyme activity contained

50 mM Tris-acetate buVer (pH 7.4), 2 mM 50-dFCyd and

crude enzyme. The reaction was carried out at 37�C for

60 min and then terminated by the addition of 300 ml of

methanol. After removal of the precipitate by centrifugation

(10 000 rpm, 3 min), an aliquot of the reaction mixture

(80 ml) was added to 200 ml of 10 mM sodium phosphate

buVer (pH 6.8) containing 50 mM 5-chlorouracil as the

internal standard and then applied to an HPLC column

(ERC-ODS-1171). The same solvent system mentioned

above was used. The amount of 50-dFUrd and 5-FU pro-

duced was measured using an ultraviolet monitor (265 nm).

Cyd deaminase activity was expressed as nmole 50-dFCyd

deaminated/mg protein/min.

dThdPase assay

The assay mixture (120 ml) contained 183 mM potassium

phosphate (pH 7.4), 10 mM 50-dFUrd and the crude

enzyme. The reaction was carried out at 37�C for 60 min and

then terminated by the addition of 360ml of methanol. After

removal of the insoluble material, an aliquot of the reaction

mixture (100 ml) was added to 400ml of 10 mM sodium

phosphate buVer (pH 6.8) containing 20 mM 5-chlorouracil

as the internal standard. The mixture was then applied to an

HPLC equipped with an ultraviolet detector operated at

280 nm. The HPLC column and the elution buVer were the

same as those mentioned above. 5-FU was determined from

the ratios of the peak area to that of the internal standard.

dThdPase activity was expressed as mg 5-FU formed/mg

protein/h.

Tumour cells

The human cancer lines used were obtained from the fol-

lowing institutions: colon cancer HCT116, COLO205 and

DLD-1, breast cancer ZR-75-1, bladder cancer Scaber, cer-

vix cancer SIHA and HT-3 from the American Type Culture

Collection (Maryland, U.S.A.); gastric cancer MKN45 and

MKN28 from Immunobiological laboratories (Fujioka,
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Japan); breast cancer MCF-7 from Y. Iino (Gunma

University, Maebashi, Japan); breast cancer MX-1 from

T. Tashiro (Cancer Chemotherapy Centre, Japanese Foun-

dation for Cancer Research, Tokyo, Japan); bladder cancer

T24 from H. Akaza (Tsukuba University, Japan). MX-1 was

maintained by continuous passage in BALB/c nu/nu mice.

The other tumours were maintained in in vitro cultures with

the following media: HCT116 and HT-3 with McCoy's 5A

containing 10% fetal bovine serum (FBS); COLO205, DLD-

1, ZR-75-1, MKN45, MKN28 and T24 with RPMI1640

containing 10% FBS; MCF-7, Scaber and SIHA with Eagle's

MEM containing 10% FBS, non-essential amino acids and

1 mM sodium pyruvate.

Antiproliferative activity

A single-cell suspension of tumour cells (1±5�103 cells/

well) was added to the serially diluted ¯uoropyrimidines with

or without 200mM THU or 100 mM ACU in the wells of a

¯at-bottomed 96-well microtest plate. The cells in a ®nal

volume of 200ml/well of media were then cultured at 37�C,

5% CO2 for 3±7 days until the cell number in the control

culture increased more than 10-fold. The degree of cell

growth in a monolayer was measured using the MTT method

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-

mide), as described elsewhere [12]. The ic50 of the ¯uoro-

pyrimidines was expressed as the concentration at which cell

growth was inhibited by 50% as compared with the control.

Antitumour testing

A single-cell suspension of HCT116 (6�106) and small

pieces of MX-1 were inoculated subcutaneously into nude

mice. Test compounds were dissolved or suspended in

40 mM citrate buVer (pH 6.0) containing 5% gum arabic as

the vehicle and administered orally by a stomach tube daily

for 3 weeks starting when the tumour size reached 100±

200 mm3. The antitumour eVect of the ¯uoropyrimidines was

evaluated by measuring the tumour size twice a week.

Tumour volume was estimated by using the following equa-

tion, v = ab2/2, where a and b are tumour length and width,

respectively. Gastrointestinal toxicity was estimated by

observing the faeces from six or seven tumour-bearing mice

receiving daily drug treatment. In addition, the extent of

occult blood in the faeces was measured by using a test kit

(Shionogi Pharma Co., Osaka, Japan). Finally, body weight

was measured twice a week and leucocytes were counted 1

day after the ®nal drug administration.

Statistics

Statistical analysis used the Mann±Whitney's U test and

the anova test. DiVerences were considered to be signi®cant

when the probability (P) value was < 0.05.

Results

Tissue distribution of enzyme for capecitabine activation

The tissue distributions of the enzymes that sequentially

metabolise capecitabine to 5-FU in human tissue extracts are

shown in Figures 1±3. We measured enzyme activity levels in

various types of human tumour tissues from patients and

normal tissues adjacent to the tumours. Figure 1 shows that

carboxylesterase, the enzyme that metabolises capecitabine to

50-dFCyd, was almost exclusively located in the human liver

and hepatoma with little individual diVerence. In contrast, only

minute activity was detected in other tumours and organs,

including the intestinal tract. In a separate experiment, the

Figure 1. Tissue distribution of carboxylesterase in human normal and tumour tissues. Each column represents the mean �
standard deviation. Open bar, normal tissues; closed bar, tumour tissues.
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enzyme activity was also not detected in plasma (0 versus

79 nmol/mg protein/h for the activity in the liver). Figure 2

shows the tissue distribution of Cyd deaminase, which meta-

bolises 50-dFCyd to 50-dFUrd. Among normal tissues, the

activity was higher in the liver than in other tumours and

organs, including the gastrointestinal tract. Except in hepa-

toma, this activity in tumours was also higher than that of all

corresponding normal tissues.

Figure 3 shows the tissue distribution pattern of dThdPase

which metabolises 50-dFUrd to 5-FU. High enzyme activity

was detected in various types of tumour tissues. The activity

was 3±10 times higher in all tumours than in tissues adjacent

to the tumours, except for the liver, where the enzyme activity

was higher than that in other normal tissues. These results

suggest that capecitabine would be converted to 50-dFCyd in

the liver by carboxylesterase, to 50-dFUrd in the liver and some

tumour tissues by Cyd deaminase, and to 5-FU in various

types of tumour tissues by dThdPase in humans (Figure 4 ).

Antiproliferative activity of capecitabine and its metabolites

Capecitabine and its metabolites were examined for their

antiproliferative activity in human cancer cell lines (Table 1).

5-FU was highly cytotoxic, with ic50 ranging from 0.25 to

21 mM; the intermediate metabolite 50-dFUrd was similarly

cytotoxic, with ic50 ranging from 0.36 to 190mM. In con-

trast, capecitabine and 50-dFCyd, the ®rst intermediate

metabolite, were cytotoxic only at very high concentrations,

with an ic50 higher than 1 mM in many cell lines. Since the

activity of 50-dFCyd was greatly reduced when the cells were

cultured in the presence of the Cyd deaminase inhibitor

THU (Table 2), it appears that 50-dFCyd exerts its activity

after conversion to 50-dFUrd by Cyd deaminase, and sub-

sequent metabolites. In contrast, the activity of 50-dFUrd was

Figure 2. Tissue distribution of cytidine deaminase in human normal and tumour tissues. Each column represents the mean �
standard deviation. Open bar, normal tissues; closed bar, tumour tissues. *P < 0.05.

Table 1. Antiproliferative activity of capecitabine and its

metabolites

Cancer

cells

Culture

period*

(days)

ic50 (mM)

5-FU 50-dFUrd 50-dFCyd Capecitabine

COLO205 5 3.1 127 > 1000 > 1000

HCT116 4 3.7 39 830 > 1000

DLD-1 4 7.6 190 > 1000 > 1000

MCF-7 4 13.0 91 > 1000 > 1000

ZR-75-1 7 0.25 0.36 207 ND

MKN45 4 3.3 38 174 994

MKN28 5 2.9 65 > 1000 > 1000

SIHA 4 7.5 67 92 578

HT-3 4 21.0 84 > 1000 > 1000

Scaber 3 0.72 3.7 9.3 97

T24 3 4.3 90 > 1000 ND

*Cells (5�103/well) were seeded into the wells of 96-well plates.

5-FU, 5-¯uorouracil; 50-dFUrd, 50-deoxy-5-¯uorouridine; 50-dFCyd,

50-deoxy-5-¯uorocytidine; ND, not done.
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not changed. The dThdPase inhibitor, ACU, suppressed the

activity of 50-dFUrd, although the suppression was not com-

plete (Table 2). The intermediate metabolites 50-dFCyd and

50-dFUrd would become eVective only after conversion to

5-FU.

Antitumour testing

The antitumour activity of capecitabine and other ¯uor-

opyrimidines given orally were compared in the HCT116

Figure 3. Tissue distribution of thymidine phosphorylase in human normal and tumour tissues. Each column represents the
mean � S.D. Open bar, normal tissues; closed bar, tumour tissues. *P < 0.05, ymetastasis of colorectal cancer.

Figure 4. Metabolic pathway of capecitabine.

Table 2. EVect of cytidine deaminase and thymidine phosphoryl-

ase inhibitors on the antiproliferative activity of capecitabine

metabolites

Scaber* SIHA* ZR-75-1*

ic50 (mM) ic50 (mM) ic50 (mM)

Drug ± THUy Ratio ± THUy Ratio ± ACUz Ratio

50-dFCyd 54 > 1000 > 19 42 929 22 ND ND ±

50-dFUrd 14 19 1.4 9.7 13 1.3 1.5 40 27

5-FU ND ND ± ND ND ± 0.78 3.9 5.0

*Tumour cells (1�103 cells/well) were cultivated for 5 days (Scaber)

or 8 days (SIHA, ZR-75-1). yCytidine deaminase inhibitor (200mM).

zThymidine phosphorylase inhibitor (100mM). THU, 3,4,5,6-tetra-

hydrouridine; ACU, 6-amino-5-chlorouracil; 50-dFCyd, 50-deoxy-5-

¯uorocytidine; 50-dFUrd, 50-deoxy-5-¯uorouridine; 5-FU, 5-¯uoro-

uracil; ND, not done.

& &
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Table 3. Antitumour activity of ¯uoropyrimidines in BALB/c nu/nu mice bearing HCT116 human colon carcinoma

Antitumour eVect Toxic eVect

Drugy
Dose

(mmol/kg)

Tumour vol.

change (mm3)

% growth

inhibition

Survival on

day 34

Body weight

increase (g)

Faecal

obs.z
Occult

bloodz

Vehicle ± 1700 ± 12/12 1.5 N ±

5-FU 0.067 1663 2 6/6 1.2

0.1 1562 8 6/6 0.9

0.15 1365* 20 6/6 0.3

0.225 (681)x (60) 4/6 (ÿ3.7) N �

UFT 0.044 1794 ÿ 6 6/6 0.0

0.067 1312* 23 6/6 1.3 N ±

0.1 1027* 40 6/6 0.4 N ± ��

0.15 ± ± 0/6 ± (L2) (++)

50-dFUrd 0.2 1165* 31 6/6 0.3

0.3 1280* 25 6/6 1.5

0.44 909* 47 6/6 ÿ0.9 N ± ��

0.67 361* 79 6/6 ÿ3.2 N�L1 +

1.0 (71) (96) 2/6 (ÿ6.4) L1 +

1.5 ± ± 0/6 ± D +++

Capecitabine 0.2 956* 44 5/5 0.0

0.3 964* 43 6/6 0.0

0.44 653* 62 6/6 ÿ0.8

0.67 529* 69 6/6 ÿ1.0

1.0 298* 82 6/6 ÿ1.4

1.5 ÿ 44* 103 6/6 ÿ3.1 N ± ��

2.25 (ÿ173) (110) 1/6 (4.8) N �

*P < 0.05. yAdministered daily from day 13 to day 33 orally. zThe parameters of gastroinestinal toxicity were observed on day 22. The degree

of loose passage or diarrhoea of the faeces was estimated as follows: normal faeces (N), slightly loose passage (L1), loose passage (L2) and

diarrhoea (D). xData put in parentheses when survival rate is less than 80%. 5-FU, 5-¯uorouracil; UFT, combination of uracil and tegafur; 50-
dFUrd, 50-deoxy-5-¯uorouridine.

Table 4. Antitumour activity of ¯uoropyrimidines in BALB/c nu/nu mice bearing MX-1 human mammary carcinoma

Antitumour eVect Toxic eVect

Drugy
Dose

(mmol/kg)

Tumour vol.

change (mm3)

% growth

inhibition

Survival on

day 33

Body weight

increase (g)

Faecal

obs.z
Occult

bloodz

Vehicle ± 5507 ± 12/12 4.0 N �

5-FU 0.067 5826 ÿ6 6/6 5.2

0.1 4889 11 6/6 3.5

0.15 5291 4 6/6 2.9 N +

0.225 (1832)x (67) 3/6 (2.9) L1 +

UFT 0.044 4584 17 6/6 3.5

0.067 5103 7 6/6 3.5 N +

0.1 3966* 28 6/6 3.8 N ��+

0.15 ± ± 0/6 ±

50-dFUrd 0.3 3331* 40 6/6 2.2

0.44 2157* 61 6/6 2.3

0.67 1993* 64 6/6 2.7 N +

1.0 (898) (84) 4/6 (2.5) L1 + +

1.5 (593) (89) 1/6 (2.6) (N) (�)

Capecitabine 0.3 4431 20 6/6 3.5

0.44 3172* 42 6/6 3.4

0.67 2432* 56 6/6 2.6

1.0 2259* 59 6/6 1.8

1.5 1511* 73 6/6 1.7 N �

2.25 (1060) (81) 1/6 (0.6) N +�+ +

3.38 ± ± 0/6 ± (L2) (+ +)

*P < 0.05. yAdministered daily from day 12 to day 32 orally. zThe parameters of gastrointestinal toxicity were observed on day 26. The degree

of loose passage or diarrhoea of the faeces was estimated as follows: normal faeces (N), slightly loose passage (L1), loose passage (L2) and

diarrhoea (D). xData put in parentheses when survival rate is less than 80%. 5-FU, 5-¯uorouracil; UFT, combination of uracil and tegafur;

50-dFUrd, 50-deoxy-5-¯uorouridine.
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human colon cancer and MX-1 human mammary cancer

xenografts in athymic mice. Capecitabine, which is designed

to generate 5-FU selectively in tumours through non-cyto-

toxic intermediate metabolites, was more eVective at a wider

dose range than 50-dFUrd, 5-FU and UFT in both xenograft

models (Tables 3, 4). Capecitabine was obviously superior to

the others when their therapeutic indices, the ratio of lethal

toxic doses (TD) and the minimum doses causing intestinal

toxicity (TDi) to ed50, were compared (Table 5). In addition,

capecitabine caused less intestinal toxicity, measured by

occult blood test and faecal observation.

DISCUSSION

The present study showed the unique localisation of the

enzymes, which would selectively convert capecitabine to

5-FU in human tumours. Carboxylesterase is concentrated in

the liver; Cyd deaminase is located in the liver and various

types of tumour tissues, while dThdPase is concentrated in

tumour tissues. To take advantage of the unique localisation

of these enzymes, we synthesised capecitabine to improve the

eYcacy and safety pro®les of 5-FU and 50-dFUrd [9]. When

given orally, it was designed to pass intact through the

intestinal tract without causing local toxicity and then

sequentially convert to 50-dFCyd in the liver by carboxyl-

esterase, then to 50-dFUrd mainly in the liver and tumours by

Cyd deaminase and ®nally to 5-FU in tumours by

dThdPase. In both animals and patients, capecitabine pro-

duced only the above metabolites in addition to those

observed after 5-FU administration [13, 14]. This ®nding

supports the metabolic pathway indicated for capecitabine in

the present study.

In a separate experiment, we puri®ed the enzyme that

metabolises capecitabine to 50-dFCyd from human liver

extract. The sequence of the N-terminal 28 amino acids was

89% identical to that disclosed for human carboxylesterase

(data not shown). We also observed that a commercially

available rabbit carboxylesterase converted capecitabine to 50-
dFCyd and that human recombinant Cyd deaminase [15]

converted 50-dFCyd to 50-dFUrd. We have previously

observed that 50-dFUrd is phosphorolised to 5-FU by human

dThdPase [16], which is now known to be identical to PD-

ECGF, a platelet-derived endothelial cell growth factor with

angiogenic activity [17] and the levels of which are associated

with the density of micro-vessels in tumour tissues [18, 19].

The enzymes mentioned above should be those essential for

the conversion of capecitabine to 5-FU. The fact that inhibi-

tors of Cyd deaminase and dThdPase suppressed the cyto-

toxicity of the intermediate metabolites 50-dFCyd and 50-
dFUrd, respectively, suggests that these enzymes are indeed

involved in the conversion to 5-FU.

The cytotoxicity study with the inhibitors of Cyd deami-

nase and dThdPase indicated that capecitabine and its inter-

mediate metabolites, 50-dFCyd and 50-dFUrd, are not

themselves cytotoxic and become active once they have been

converted to 5-FU. These results indicate that capecitabine is

delivered as inactive molecules to tumour tissues, where the

active drug 5-FU is eYciently generated by dThdPase. If

capecitabine is metabolised to 5-FU in patients as designed,

it should be safe and tumour selective. In the HCT116

human colon and the MX-1 human breast cancer xenograft

models, capecitabine was indeed safer and more eVective

than 5-FU and other ¯uoropyrimidines, although tissue

distribution of Cyd deaminase is diVerent in humans than in

mice, where enzyme activity is high in the kidney followed by

gastrointestinal tracts [20]. In extended eYcacy studies,

capecitabine was much more eVective than 5-FU, 50-dFUrd

or UFT; capecitabine inhibited tumour growth by more

than 90% in seven of 24 human cancer xenograft models,

whereas 50-dFUrd inhibited tumour growth by > 90% in

one of 24 models [21]. The approach for drug discovery

based on the localisation of enzymes for prodrug activation

would be useful for identifying tumour selective anticancer

drugs.

The three enzymes, carboxylesterase, Cyd deaminase and

dThdPase, are essential for the eYcacy of capecitabine.

Among normal tissues, the liver has high levels of all these

enzyme activities, so that capecitabine may cause liver toxi-

city. However, we have not yet observed any hepatotoxicity

speci®c to capecitabine in toxicology studies in mice and

monkeys (data not shown). Localisation of these enzymes in

the liver may be diVerent. In human cancer tissues, the

activities of Cyd deaminase and dThdPase were variable

among patients, suggesting that interpatient variation in the

response to capecitabine treatment would be large. In human

cancer xenografts, cancers with high dThdPase activity were

susceptible to capecitabine treatment, whereas those with low

dThdPase activity appeared to be less susceptible [21]. If this

turns out to be the case in clinical trials, the eYcacy of cape-

citabine could be predicted by measuring the enzyme activity

in tumours before treatment starts. This approach of select-

ing patients should be pursued to optimise the eYcacy of

capecitabine.

1. Ishitsuka H, Miwa M, Takemoto K, Fukuoka K, Itoga A, Mar-
uyama HB. Role of uridine phosphorylase for antitumor activity
of 50-deoxy-5-¯uorouridine. Gann 1980, 71, 112±123.

2. Suzuki S, Hongu Y, Fukazawa H, Ichihara S, Shimizu H. Tissue
distribution of 50-deoxy-5-¯uorouridine and derived 5-¯uoro-
uracil in tumor-bearing mice and rats. Gann 1980, 71, 238±245.

3. Miwa M, Eda H, Fukuda H, Fujimoto K, Ishitsuka H. Com-
parative studies on the antitumor activity of ¯uorinated pyr-
imidines, 50-DFUR, Tegafur, UFT and FUra, with various
murine tumors. Jpn J Cancer Chemother 1988, 15, 1755±1763.

4. Uehara N, Baba H, Nitta K, et al. The therapeutic eVect of orally
administered 50-deoxy-5-¯uorouridine, 1-(2-tetrahydrofuryl)-5-
¯uorouracil and 5-¯uorouracil on experimental murine tumors.
Gann 1985, 76, 1034±1041.

5. Taguchi T, Terasawa T, Abe O, Yoshida Y, Tominaga T,
Ogawa N. A comparative study between 50-DFUR and Tegafur
in recurrent breast cancer. Jpn J Cancer Chemother 1985, 12,
2052±2060.

Table 5. Therapeutic indices of ¯uoropyrimidines in BALB/c nu/

nu mice bearing human cancer xenografts

Therapeutic index

(TD*/ed50y) (TDiz/ed50)

Drug HCT116 MX-1 HCT116 MX-1

5-FU N.E. N.E. N.E. N.E.

UFT N.E. N.E. N.E. N.E.

50-dFUrd 2.3 2.6 1.5 1.8

Capecitabine 6.4 3.4 > 6.4 3.4

*Lethal toxic dose: toxicity based on more than 33% death of mice.

yed50 values were calculated from Tables 3 or 4. zToxic dose-intes-

tine: the minimum dose causing intestinal toxicity. 5-FU, 5-¯uoro-

uracil; UFT, combination of uracil and tegafur; 50-dFUrd, 50-deoxy-

5-¯uorouridine; N.E., not eVective.

1280 M. Miwa et al.



6. Ninomiya Y, Miwa M, Eda H, et al. Comparative antitumor
activity and intestinal toxicity of 50-deoxy-5-¯uorouridine and its
prodrug trimethoxybenzoyl-50-deoxy-5-¯uorocytidine. Jpn Can-
cer Res 1990, 81, 188±195.

7. Krenitsky TA, Mellors JW, Barclay RK. Pyrimidine nucleosi-
dases. Their classi®cation and relation to uric acid ribonucleo-
side phosphorylase. J Biol Chem 1965, 240, 1281±1286.

8. Woodman PW, Sarrif AM, Heiderberger C. Speci®city of pyr-
imidine nucleoside phosphorylases and the phosphorolysis of 5-
¯uoro-20-deoxycytidine. Cancer Res 1980, 40, 507±511.

9. Arasaki M, Ishitsuka H, Kuruma I, et al. European Patent no.
92121538.0, 1992.

10. Schroeder EF. 5-Halo-6-amino-uracils and derivatives thereof.
U.S. Patent no. 2,731,465, 1956.

11. Lowry OH, Rosebrough NJ, Farr A, Randall RJ. Protein mea-
surement with the Folin phenol reagent. J Biol Chem 1951, 193,
265±275.

12. Mosmann TJ. Rapid colorimetric assay for cellular and survival:
application to proliferation and cytotoxicity assays. Immunol
Meth 1985, 65, 55±63.

13. Tahara H, Odagiri H, Ishikawa T, Kuruma I. Pharmacokinetics
of ¯uoropyrimidine derivative (Ro 09-1978) in monkey. Proc Jpn
Cancer Assoc (53rd Annual meeting), 2409, 1994.

14. Bajetta E, Carnaghi C, Somma L, Stapino CG. A pilot safety
study of capecitabine, a new oral ¯uoropyrimidine, in patients
with advanced neoplastic disease. Tumori 1996, 82, 450±452.

15. Watanabe S-I, Uchida T. Expression of cytidine deaminase in
human solid tumors and its regulation by 1a, 25-dihydroxy-
vitamin D3. Biochim Biophys Acta 1996, 1312, 99±104.

16. Kono H, Hara Y, Sugata S, Karube Y, Matsushima Y, Ishitsuka
H. Activation of 50-deoxy-5-¯uorouridine by thymidine phos-
phorylase in human tumors. Chem Pharm Bull 1983, 31, 175±
178.

17. Furukawa T, Yoshimura A, Sumizawa T, et al. Angiogenic fac-
tor. Nature 1996, 356, 668.

18. Toi M, Hoshina S, Taniguchi T, Yamamoto Y, Ishitsuka H,
Tominaga T. Expression of platlet-derived endotherial cell
growth factor/thymidine phosphorylase in human breast cancer.
Int J Cancer 1995, 64, 79±82.

19. Takebayashi Y, Akiyama S, Akiba S, et al. Clinicopathologic and
prognostic signi®cance of an angiogenic factor, thymidine phos-
phorylase, in human colorectal carcinoma. J Natl Cancer Inst
1996, 88, 1107±1110.

20. Ho DHW. Distribution of kinase and deaminase of 1-b-d-arabi-
nofuranosylcytosine in tissues of man and mouse. Cancer Res
1973, 33, 2816±2820.

21. Ishikawa T, Sekiguchi F, Fukase Y, Sawada N, Ishitsuka H.
Positive correlation between the eYcacy of capecitabine and
doxi¯uridine and the ratio of thymidine phosphorylase to dihy-
dropyrimidine dehydrogenase activities in tumors in human
cancer xenografts. Cancer Res 1998, 58, 685±690.

A Novel Oral Fluoropyrimidine Carbamate, Capecitabine 1281


