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Summary. The continuous-perfusion technique was used in 
an isolated segment of everted rat jejunum to study trans- 
port and biotransformation processes in a series of cancero- 
static derivatives of 5-fluorouracil. Metabolic alterations 
during penetration of the intestinal wall were assessed by 
high-performance liquid chromatography (HPLC). Octa- 
nol-buffer partition coefficients were measured, and the li- 
pophilicity of the study compounds and fragmental con- 
stants for their sugar moieties were assessed. In the present 
series of 5-fluorouracil derivatives, there was no correla- 
tion between lipophilicity and metabolic cleavage to 5-flu- 
orouracil, but a correlation was found between lipophil- 
icity and the transport rate. Remarkable stability of the nu- 
cleoside bond and high biotransport were observed with 
5'-chloro-5-fluorouridine, suggesting a different mode of 
activation for this derivative. 

Introduction 

5-Fluorouracil 0) I [13, 19], one of the most prominent nu- 
cleoside antimetabolites, is used in the treatment of ad- 
vanced solid tumors, particularly breast, gastrointestinal 
and gynecological cancers [9, 18]. Until recently, the major 
growth-inhibitory effect of 5-fluorouracil and its deriva- 
tives 5-fluorouridine (II), 5-fluorodeoxyuridine (III), and 
1-(tetrahydro-2-furanyl)-5-fluorouracil [Ftorafur (VI)] [15] 
has been associated with the formation of 5-fluorodeoxyu- 
ridine 5'-monophosphate (FdUMP), a potent inhibitor 
of thymidylate synthetase and thus of DNA synthesis 
[10, 12, 17]. 

However, a number of recent reports [16, 23, 24, 32] have 
demonstrated that 5-fluorouracil and its derivatives are 
converted to 5-fluorouridine 5'-triphosphate (FUTP), 
which is incorporated into RNA, thereby disrupting its 
synthesis and function. The exact mechanism of action of 
these antimetabolites remains unclear, despite their wide- 
spread clinical use. Nevertheless, the conversion of a 5-flu- 
orouracil analog to its nucleotide derivative (FdUMP, 
FUTP) is considered to be a prerequisite for its antimeta- 

To emphasize the structural difference between 5-fluoro-2'-deoxy- 
uridine and 5'-deoxy-5-fluorouridine, the former is described 
throughout this paper as the 5-fluoro derivative of the natural nu- 
cleoside 2'-deoxyuridine (FdUrd) and the latter, as an unnatural 
deoxy analog of 5-fluorouridine (5'-dFUrd) 
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bolic and antineoplastic activity. Since 1978, when a series 
of deoxy derivatives of 5-fluorouridine was described 
[20, 21] 5'-deoxy-5-fluorouridine (V) has been extensively 
studied [1, 11, 29] due to its high therapeutic potential, 
lower toxicity, and broader biological activity compared 
with 5-fluorouracil (I). 

Our recent in vitro screening results [3-5, 22] of 5-fluo- 
rouracil derivatives [6-8, 20, 21] have also demonstrated 
that they differ in their biological activity (Table 1). Briefly 
summarized, 5-fluorouracil (I) was found to be the stron- 
gest inhibitor of Escherichia coli growth, 5-fluorouridine 
(II) was the most potent and specific inhibitor of RNA 
synthesis, and 5-fluoro-2'-deoxyuridine (III) proved to be 
the only derivative that inhibited DNA synthesis, with a si- 
multaneous, strong inhibition of RNA synthesis, and ex- 
pressed virostatic activity. We therefore suggested [4, 5, 21] 
that the biological activity of 5-fluorouracil, 5-fluorou- 
ridine, and/or  5-fluoro-2'-deoxyuridine should at least 
partly proceed by different mechanisms. Thus, we were in- 
terested in determining whether 5-fluorouracil derivatives 
also differ in their transport and biotransformation pro- 
cesses, which should be important for the development of 
potent peroral 5-fluorouracil drugs. In addition, the parti- 
tion coefficients of the study compounds were assessed 
and used for the calculation of fragmental constants [28] 
that indicate the lipophilicity of the sugar moiety of differ- 
ent molecules, which is an important characteristic for 
their biotransport. 

Materials and methods 

The compounds under investigation were synthesized as 
cited in Table 2 and illustrated in Fig. 1. They included 
pyrimidine nucleobases uracil (Ura) and 5-fluorouracil 
(FUra); pyrimidine ribonucleosides uridine (Urd) and 
5-fluorouridine (FUrd); deoxyribonucleosides 2'-deoxy- 
uridine (dUrd), 5-fluoro-2'-deoxyuridine (FdUrd), 5'-chlo- 
ro-5'-deoxy-5-fluorouridine (5'-C1FUrd), and 5'-deoxy- 
5-fluorouridine (5'-dFUrd); acetyl derivatives 2',3',5' 
-tri-0-acetyl-5-fluorouridine (Ac3FUrd), 2',Y-di-0-acetyl-5'- 
chloro-5'-deoxy-5-fluorouridine (Ac2-5'-C1FUrd), and 
2',3'-di-0-acetyl-5'-deoxy-5-fluorouridine (Ac2-5'-dFUrd); 
and the drug Ftorafur [1-(tetrahydro-2-furanyl)-5-fluoro- 
uracil; Fro]. Uracil, uridine, and 2'-deoxyuridine are com- 
mercial products (Pharma-Waldhof GmbH, Mannheim). 

The continuous-perfusion technique using an everted 
rat jejunal preparation as well as the design of permeation 



Table 1. Inhibitory activity of 5-fluorouracil derivatives 
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Compound  NSC DNA " RNA ~ E. coil b 
number  

Inhibit ion Cleavage to FUra 

HSV ~ 

FUra 19,893 _d 55 56 (5) 
FUrd 146,604 - 0.9 97 (3) 31% 
FdUrd 27,640 200 58 76 (4) 36% 
5 '-dFUrd - 615 97 (3) not separated 
5'-C1FUrd 600,775 - - 67 (2) 0 
Ftorafur 148,958 - - 95 (1) 5% 

0.5 

,l Concentrat ion (in ~tmol l-~) causing a 50% inhibit ion of nucleic acid synthesis in cultured lymphoid L1210 cells [5] 
b Percentage of inhibition of E. coli growth [3]; in parentheses: -log of concentrat ion (in mg/ l )  
c Concentrat ion (in lxmol 1-~) causing > 90% inhibition of HSV [22] 
d Inactive up to 1,000 ~tmol I-  

Table 2. Transport  and biotransformation of 5-fluorouracil derivatives during their penetrat ion of everted rat je junum 

Number  Compound  V (lxmol/30 min) a Percentage of compounds foundb: FUra found 
tested (Total transport)  on serosal side 

Mucosal side Serosal side (lxmol/30 rain) 

log pc 

1. Uracil 5.68 _+ 0.67 Uracil 100 Uracil 100 - 

2. Uridine 1.80 + 0.37 Uridine 100 Uridine 100 - 

3. dUrd 3.89 + 0.11 dUrd 99 dUrd 83 
(3.23 ~) Ura 1 Ura 17 0.66 e 

4. FUra 4.86 _+ 0.52 FUra 100 FUra 100 - 

5. FUrd [6] 2.49 + 0.05 FUrd 94 FUrd 72 
(1.79 ~) FUra 6 FUra 28 0.69 

6. 5 ' -dFUrd [20] 3.46__ 0.52 5 ' -dFUrd 98 5 ' -dFUrd 71 
(2.46 d) FUra  2 FUra  29 1.00 

7. FdUrd  [8] 4.02+0.18 FdUrd  95 FdUrd 75 
(3.01 d) FUra  5 FUra  25 1.01 

8. 5'-C1FUrd [20] 3.42+0.98 5'-C1FUrd 99 5'-C1FUrd 100 
FUra 1 0 

9. Ftorafur [15] 6.28 + 0.47 Ftorafur 97 Ftorafur 72 
(4.52 d) FUra 3 FUra 28 1.7 

l 0. Ac 3 FUrd [6] 1.79 + 0.15 Ac 3 FUrd 68 
(0.97 d) FUrd 29 FUrd 54 

FUra 3 FUra 46 0.82 

11. Ac2-5'-dFUrd [7] 2.99_+ 0.11 Ac2-5'-dFUrd 74 
(2.45 d) 5 ' -dFUrd 25 5 '-dFUrd 82 

FUra 1 FUra 18 0.53 

12. Ac2-5'-C1FUrd [7] 4.30_+ 0.83 Ac2-5'-CIFUrd 28 
5'-CIFUrd 72 5'-CIFUrd 100 0 

-1 .11  

- 1 . 9 8  

- 1 . 6 2  

- 0.93 

- 1 . 7 0  

-1 .16  

- 1.21 

- 0 . 5 4  

-0 .37  

-0 .25  

- 0.02 

+O.38 

Transport  rate: mean of at least three experiments _+ SD 
b Parent compounds and metabolites on mucosal and serosal sides after 30 rain 
c Logarithm of partit ion coefficient in octanol buffer 
d Net nucleoside transport  calculated from total t ransport  
° Uracil 

s tud ies  h a v e  p r e v i o u s l y  b e e n  d e s c r i b e d  [14, 26]. Brief ly,  a 
10-cm l e n g t h  o f  fas ted ,  eve r t ed  ra t  j e j u n u m  was  c a n n u l a t -  
ed  f r o m  b o t h  e n d s  wi th  a t y g o n  c a n n u l a  a n d  p u t  in  a n  or-  
gan  b a t h  c o n n e c t e d  to the  o u t f l o w  f r o m  a pe r i s t a l t i c  p u m p  
on  o n e  s ide  a n d  a U V - c o n c e n t r a t i o n  m o n i t o r  o n  the  o t h e r ;  
the  o u t f l o w i n g  s o l u t i o n  f r o m  the  c o n c e n t r a t i o n  m o n i t o r  
was r e t u r n e d  to a r e s e r v o i r  for  r ec i r cu l a t ion .  T h e  o r g a n  
b a t h  c o n t a i n e d  the  c o m p o u n d  u n d e r  s tudy  at  a c o n c e n t r a -  
t i on  o f  8.2 m M  in  30 ml  K r e b s - R i n g e r ' s  b i c a r b o n a t e  (mu-  
cosal  f luid).  The  c i r cu l a t i ng  s o l u t i o n  was 100 ml  K r e b s -  
R i n g e r ' s  b i c a r b o n a t e  c o n t a i n i n g  n o  d r u g  at  the  b e g i n n i n g  

o f  the  e x p e r i m e n t  ( se rosa l  f luid).  The  en t i r e  sys tem was 
kep t  o x y g e n a t e d  ( c a r b o g e n )  at  a c o n s t a n t  t e m p e r a t u r e  
o f  37 ° C. 

The  c u m u l a t i v e  m u c o s a l - t o - s e r o s a l  t r a n s p o r t  o f  com-  
p o u n d s  was r e c o r d e d ,  u sua l ly  for  u p  to 30 min ,  a f te r  w h i c h  
10-ml s a m p l e s  o f  b o t h  m u c o s a l  a n d  se rosa l  f lu ids  were  
u s e d  for  h i g h - p e r f o r m a n c e  l i qu id  c h r o m a t o g r a p h i c  
( H P L C )  m e a s u r e m e n t s  [26] o f  the  a d d e d  c o m p o u n d s  a n d  
t h e i r  me tabo l i t e s .  T h e  c o n c e n t r a t i o n  m e a s u r e m e n t s  neces-  
sary  for  the  e v a l u a t i o n  o f  t r a n s p o r t  p a r a m e t e r s  a n d  the  de-  
t e r m i n a t i o n  o f  the  p a r t i t i o n  coe f f i c i en t s  were  ca r r i ed  ou t  
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Fig. 1. Structures of 5-fluorouracil derivatives studied 

Table 3. Values of the capacity (retention) factors (k) for 5-fluor- 
ouracil derivatives on octadecyl silica with aqueous/methanolic 
mobile phases 

Compound k 

Methanol content, volume % 

30 25 20 15 10 5 

Uracil - 0.12 0.17 0.24 0.36 0.61 
FUra - 0.15 0.20 0.28 0.42 0.67 
Uridine - 0.08 0.16 0.29 0.52 1.09 
FUrd - 0.17 0.27 0.45 0.80 1.59 
2'-Deoxyuridine - 0.16 0.29 0.48 0.91 1.90 
FdUrd - 0.25 0.40 0.66 1.30 2.58 
5'-dFUrd - 0.61 0.99 1.56 2.99 5.87 
5'-C1FUrd - 1.47 2.29 3.69 7.06 13.8 
Ac2-5'-C1FUrd 6.30 10.4 20.1 - - - 
AcZ-5'-dFUrd 3.60 6.56 13.1 - - - 
Ac3FUrd 4.14 7.44 15.9 - - - 
Ftorafur 0.86 1.32 2.06 3.33 5.89 12.2 

by reversed-phase HPLC [26, 30]. The HPLC system con- 
sisted of  an SP 8700 solvent delivery unit, an SP 8440 vari- 
able-wavelength UV detector operated at 254 nm, and an 
SP 4200 computing integrator (Spectra-Physics; San Jose, 
Calif, USA). Separations were carried out on a 
2 5 0 x 4 . 2 m m  (inside diameter) stainless steel column 
packed with 10-txm Separon S I C  18 octadecylsilica (La- 
boratorni  pfistroje; Prague, Czechoslovakia) with aque- 
ous/methanol ic  mobile phases. Injections were done with 
a 10-1xl Rheodyne 7125 sampling valve (Rheodyne;  Cotati, 
Calif, USA). 

Table 3 shows the dependence of  the capacity (reten- 
tion) factors (k) on the methanol content of  the mobile 
phase for the study compounds.  The chromatographic 
conditions were chosen according to the lipophilicity of  
the compound to obtain reasonable retention times and 

baseline resolution of  the metabolites. The determination 
of  the partition coefficient (P) was carried out as previ- 
ously described [14, 28]; fragmental constants of  the sugar 
moiety, which characterize the lipophilicity of  the studied 
part of  the molecule, were calculated according to Nys 
and Rekker [27]. 

Results and discussion 
The above-described continuous-perfusion technique was 
used in an isolated segment of  everted rat jejunum to study 
both transport and biotransformation processes in a series 
of  cancerostatic derivatives of  5-fluorouracil. Table 2 sum- 
marizes the transport rates ('7), expressed as micromoles of  
the study compounds per 30 min; the percentages of  the 
measured compounds occuring on both mucosal and sero- 
sal sides whether in intact form or as a degradation prod- 
uct; and the corresponding log of  octanol/water  partition 
coefficient. From Table 2 it is clear that the pyrimidine 
bases pass the intestinal wall with no metabolic alteration 
and exhibit higher transport rates than the corresponding 
nucleoside derivatives, in agreement with previous reports 
[14, 26]. This is to be expected, since the transport of  such 
substances has been attributed to both active and passive 
mechanisms [31]. The slight decrease in the transport rate 
of  5-fluorouracil (I) (4.7 gmol /30  min) compared with that 
of  uracil (5.7 lzmol/30 min) might have been due to an al- 
teration in the acidity of  both molecules (pKa = 9.45 and 
8.15 for uracil and 5-fluorouracil, respectively), although 
the stability of  the nucleobases was not influenced by the 
electronegative substituent. 

Whereas in the uracil and cytosine series the nucleo- 
side bond of  the ribo-, arabino-, and cyclonucleoside de- 
rivatives was found to be completely stable during biotrans- 
port through rat intestine [14, 26] and far more stable than 
that of  the corresponding 2'-deoxyribo nucleosides, quite 
opposite results were obtained with the nucleoside deriva- 
tives of  5-fluorouracil. The substitution by the fluoro atom 
dramatically reduced the stability of  the ribonucleoside 
bond, even to below that of  2'-deoxyribonucleoside. The 
cleavage of  the ribonucleoside bond was increased from 
0% in the uracil series (uridine) to 28% in the 5-fluorouracil 
series [5-fluorouridine (II)]; the cleavage of  the deoxyribo- 
nucleoside bond was on~ly very slightly enhanced, from 
17% in the uracil series (2'-deoxyuridine) to 25% in the 
5-fluorouracil series [5-fluoro-2'-deoxyuridine (III)]. The 
level of  cleavage of  the nucleoside bond remained very 
similar (about 28%) in most of  the nucleosides studied. The 
only cleavage product was released 5-fluorouracil, and its 
quantity was independent of  the lipophilicity of  the study 
compound.  With the change in partition coefficient 
(Table 2) from -0 .37  to - 1.70, the amount  of  5-fluoro- 
uracil released was changed from 25% to only 28%, being 
identical for 5-fluorouridine (II), 5'-deoxy-5-fluorouri- 
dine (V), and even Ftorafur (VI), whose structure differs 
from that of  the other nucleosides. 

In contrast to the metabolic relationships, the transport 
rate of  the 5-fluorouracil nucleosides was not influenced 
by the electronegative substituent (fluoro atom), although 
it was directly related to the lipophilicity of  the derivatives 
(Table 4, Fig. 2). The total transport value was thus con- 
founded by the cleavage of  the nucleoside bond and the 
subsequent, fast transport of  the nucleobase released. The 
net transport of 5-fluorouridine (II) (1.8 gmol /30  rain) was 
identical to that of  uridine. The value for 5-fluoro-2'-deoxy- 
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Table 4. Lipophilicity (log P)-transport rate and/or lipophili- 
city-net transport rate correlation of 5-fluorouracil derivatives a 

G r o u p  C o m p o u n d  N u m -  A B r Line in 
ber  b Fig. 2 

A Uraci l  1 10.69 4.396 0.990 a 
Ur id ine  2 (10.61 4.483 0.998) c 
d U r d  3 

B F U r a  4 7.736 3.082 1.000 b 
F U r d  5 (8.107 3.818 0.963) c 
F d U r d  7 

C g roup  B 7.311 2.883 0.938 - 
5 ' - d F U r d  6 (7.367 3.469 0.852) c 

D g roup  A 8.382 3.222 0.899 c 
g roup  B (8.169 3.350 0.848) c 

E A c 3 F U r d  10 2.883 3.905 0.992 d 
AcZ-5 ' -dFUrd  11 (2.382 5.212 0.995) ~ 
Ac2-5 ' -C1FUrd 12 

a The relationship is expressed by the linear equation 
y = A + B . l o g P  

b For compound numbers, refer to Table 2 
c Values for net transport rate correlation 
Values of points 8 and 9 were not used for calculation of the 
transport rate-lipophilicity correlation due to the different chemi- 
cal structures of 5'-C1-5-FUrd (8) and Ftorafur (9) 
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log P 

Fig. 2. Lipophilicity (log P)-transport rate correlation of 5-fluoro- 
uracil derivatives (compound numbers as indicated in Table 2) 

uridine (III) (3.0 p.mol/30 min) was similar to that for de- 
oxyuridine (3.2 ~tmol/30 min), and that for 5-fluorouracil 
(1) (4.9 vmol/30 min) was similar to that for uracil 
(5.7 ~tmol/30 rain). 

Moreover, in the transport-lipophilicity correlation, an 
exact dependence of the transport rate of 5-fluorouracil 
nucleosides on their partition coefficient was observed, be- 
ginning with 5-fluorouridine (II), followed by 5'-deoxy- 
5-fluorouridine (V), 5-fluoro-2'-deoxyuridine (III), 5'-chlo- 
ro-5-fluorouridine (IV), and Ftorafur (VI) (1.8, 2.5, 3.0, 
3.4, and 4.5 gmol/30 min, respectively). An identical trans- 
port-lipophilicity relationship was also observed in the se- 
ries of acetyl derivatives of 5-fluorouracil nucleosides, be- 

ginning with triacetyl-5-fluorouridine (VII), followed by 
diacetyl-5'-deoxy-5-fluorouridine (IX) and diacetyl-5'- 
chloro-5-fluorouridine (VIII) (1.0, 2.5, and 4.3 ~tmol/30 
min, respectively). The clinically used compound Ftorafur 
(VI) was tested for comparative purposes. Its transport 
was the highest of all compounds tested, and its higher 
lipophilicity might also suggest a passive transport com- 
ponent [25]. 

In our previous work in the arabinosylcytosine series 
[14, 26], both the transport rate and biotransformation 
were found to be affected by the acetylation of arabinosyl- 
cytosine, with no cleavage of the nucleoside bond in any 
of the acetyl derivatives. The results in the 5-fluorouracil 
series differed from those obtained with the acetyl deriva- 
tives of arabinosylcytosine. The single types of 5-fluoro- 
uracil analogs differend in their behavior: whereas in 
5-fluorouridine both processes were influenced in a nega- 
tive way by its acetylation (VII) (the transport rate was de- 
creased and the cleavage of the nucleoside bond was sub- 
stantially increased), in diacetyl-5'-deoxy-5-fluorouridine 
(IX) the transport rate remained unchanged and the stabil- 
ity of the nucleoside bond was slightly increased, and in 
diacetyl-5'-chloro-5-fluorouridine (VIII) the transport rate 
was increased and the stability of the nucleoside bond was 
not attacked at all. In contrast to the arabinosylcytosine 
series, all acetyl derivatives of the 5-fluorouracil series 
were completely deacetylated during biotransport. 

A fundamental exception to the other 5-fluorouracil 
derivatives can be seen in the effect of substitution of the 
sugar moiety in the 5'-position by the chloro atom. High 
stability was observed with 5'-chloro-5-fluorouridine as 
well as its diacetyl derivatives. The 5'-chloro compounds 
did not release any 5-fluorouracil under our experimental 
conditions, although 5'-chloro-5-fluorouridine (IV) has ex- 
pressed a significant antitumor activity in experimental 
animals [1]. In addition, both 5'-chloro-5-fluorouridine 
and its diacetyl derivative (VIII) were transported through 
the intestinal wall at the highest rate in the study series, the 
transport rate of the diacetyl derivative (VIII) approaching 
that of Ftorafur (VI). However, we did not test the rela- 
tionship between the rate of transport and the concentra- 
tion of different uracil nucleosides to find out the type of 
transport kinetics involved. 

Although our model for transport and metabolism 
study is not intended for the investigation of drug metabo- 
lism but rather for the determination of biodegradation 
during transport, nevertheless it shows that 5'-chloro- 
5-fluorouridine, being an active cancerostatic [2], did not 
produce 5-fluorouracil in our experiments. The significant 
stability of the nucleoside bond and the simultaneous, high 
transport rate of 5'-chloro-5-fluorouridine and its diacetyl 
derivative, together with their promising biological activity 
[1], encourage their further investigation, particularly for 
oral administration. We suppose that the 5'-chloro deriva- 
tives would pass through the cell or intestinal wall after 
oral application better than any other 5-fluorouracil ana- 
log, with no cleavage of the nucleoside bond, resulting in a 
higher concentration of the nucleoside inside the cell. 

From the measured estimates of partition coefficient in 
Table 2, we also calculated the fragmental constant of the 
sugar moiety, as previously described [26]. This constant 
characterizes the lipophilicity of the sugar moiety of the 
molecule and may be used for the prediction of the parti- 
tion coefficient of new antimetabolite preparations. The 



242 

Table 5. Estimates of lipophilicity of sugar moieties (fragmental 
constant) 

Sugar moiety Fragmental 
constant 

1-[3-o-Ribofuranosyl - 0.58 
2-Deoxy- 1-13-o-erythropentofuranosyl - 0.09 
5-Deoxy- 1 -[~-D-ribofuranosyl -- 0.04 
5-Chloro-5-deoxy- 1-[3-o-ribofuranosyl + 0.58 
2,3,5-Tri-O-acetyl- 1-D-D-ribofuranosyl + 0.87 
2,3-Di-O-acetyl-5-deoxy- 1-~-D-ribofuranosyl + 1.10 
2,3-Di-O-acetyl-5-chloro-5-deoxy-l-l]-D-ribofuranosyl + 1.50 
Tetrahydro-2-furanyl + 0.75 

calculated values are recorded in Table 5 and the results 
are in agreement with those of our previous studies [26]. 

In conclusion, the correlation between the lipophilicity 
of the investigated compounds  and their biotransforma- 
tion in the everted-rat-intestine model is not evident. How- 
ever, there is a correlation between the lipophilicity of the 
compounds and their rate of transport  from the mucosal to 
the serosal side of rat je junum. The cleavage of the nucleo- 
side bond and the release of 5-fluorouracil is common to 
all of the compounds except 5'-chloro-5-fluorouridine and 
its diacetyl derivative, being closely similar in most of the 
unsubstituted nucleosides as well as Ftorafur. Finally, the 
effect of the substitution of 5'-hydroxyl by chlorine is in- 
teresting: 5'-chloro-5-fluorouridine is transported across 
the intestinal wall at a higher rate, exhibiting no bio- 
degradation to 5-fluorouracil. The fact that this compound 
possesses a high biological activity without biodegradation 
suggests a different mode of activation. 
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