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Summary. Both transport and biotransformation processes for a 
series o f  pyrimidine nucleobases, ribonucleosides, 2'-deoxyri- 
bonucleosides, and acetyl and 5'-substituted derivatives of  the 
cancerostatic agent araC were studied in the isolated everted rat 
jejunum with a continuous perfusion technique. Metabolic 
alterations during penetration were assessed by HPLC. 5'-Ha- 
logeno and 5'-deoxy derivatives o f  cytosine nucleosides exhib- 
ited higher transport rates and higher stability towards the 
deamination reaction than did unsubstituted derivatives. Octa- 
nol-buffer partition coefficients were estimated for the study 
compounds, and fragmental constants for the sugar moieties of  
nucIeosides were assessed. With the present study compounds 
there was no correlation between lipophilicity and transport 
rate, as previously reported, but there was a correlation between 
lipophilicity and metabolic alteration of  araC derivatives 
(r = 0.99, n = 5). 

Introduction 

In the previous paper [7], the kinetics of transport and 
metabolism of the cytostatic agent araC and its acetyl 
derivatives across the isolated rat jejunum were investigated 
and compared with those of the natural nucleoside cytidine. 
The stability of the cytosine nucleoside amino group to 
deaminase [13] and during transport [7] was also followed. 
Cyclocytidine undergoes a deamination reaction during intes- 
tinal transport [7], though it was one of the most stable 
compounds against cytidine hydrolase [13]. Therefore, more 
attention was paid to the other analogs of araC, and in 
particular to the biologically active ones [10]. For further 
clarification of the effect of structure modification on kinetics 
of transport and metabolism during intestinal permeation our 
previous study was extended to include pyrimidine nucleo- 
bases, pyrimidine ribonucleosides, pyrimidine deoxyribonu- 
cleosides, and some 5'-substituted derivatives, in particular, in 
an effort to find out metabolically a more stable derivative that 
might be suitable as an oral congener of the antileukemic agent 
araC. Generally, for drugs administered PO, transport across 
the intestinal barrier is the first step towards reaching the 
systemic circulation and consequently the site of action for 
production of the appropriate effect. Therefore, we selected 

Offprint requests to: J. Berfinek 
The abbreviations used in this paper are defined in Materials and 
methods 

the everted rat intestine as a model for testing compounds with 
reference both to processes of intestinal absorption and to 
metabolism. Moreover,  on the basis of the measured partition 
coefficient we have applied the method of Rekker [17, 18] to 
calculate fragmental constants, which also characterize the 
lipophilicity. 

Materials and methods 

The study compounds were synthesized according to the 
references indicated in Table 1. 

The series of study compounds included pyrimidine 
nucleobases cytosine, uracil, thymine; pyrimidine ribonucleo- 
sides eytidine (Cyd), uridine (Urd); arabinosylcytosine deri- 
vatives arabinosylcytosine (araC) and its N-acetyl 
(N-Ac-araC), tri-O-acetyl (Ac3araC), tetra-acetyl derivatives 
(Ac4araC), cyclocytidine (cC); arabinosyluracil (araU), 
cyclouridine (cU); deoxyribonucleosides deoxycytidine 
(dCyd), deoxyuridine (dUrd), thymidine; and 5'-deoxy deriv- 
atives 5'-chlorocyclocytidine (5'-Cl-cC), 5'-chlorocytidine 
(5'C1-Cyd), 5'-chloroarabinosylcytosine (5'-Cl-araC), and 
2' ,5'-anhydroarabinosylcytidine (2' ,5 '-anhydro-araC). The 
nucleobases and nucleosides are commercial products (Phar- 
ma-Waldhof GmbH, Mannheim). The details of the everted 
jejunal preparation with continuous perfusiou and the design 
of permeation studies have been described earlier [7, 25]. 
Briefly, a 10-cm length of fasted everted rat jejunum was 
cannulated from both ends with tygon cannula, put in an organ 
bath connected with the outflow from a peristaltic pump on 
one side and to a UV concentration monitor on the other, and 
the outflowing solution from the concentration monitor was 
returned to a reservoir for recirculation. The organ bath 
contained the compound under study at a concentration of 
8.2 mM in 30 ml Krebs-Ringer bicarbonate (mucosal fluid). 
The circulating solution was also Krebs-Ringer bicarbonate, 
but a volume of 100 ml was used and it contained no drug at the 
beginning of the experiment (serosal fluid). The entire system 
was kept oxygenated with a constant temperature of 37 ° C and 
tested for functional integrity. The cumulative mucosal to 
serosal transport of compounds was recorded usually up to 
60 rain, when 10-~1 samples of both mucosal and serosal fluids 
were used for HPLC measurements of nucleosides and their 
metabolites. The concentration measurements necessary for 
the evaluation of transport parameters and for the determi- 
nation of the partition coefficients were performed by 
high-performance liquid chromatography (HPLC) in the 
reversed-phase mode. The liquid chromatography consisted of 
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Table 1. Transport and metabolic changes of different nucleobases and nucleosides during mucosal to serosal penetration across everted rat 
jejunum 

No. Compound tested 9 ([xmol/h) a Percent of compounds found b log P° 
(Total 
transport) Mucosal side Serosal Side 

1 Cytosine 
2. Uracil 
3. Thymine 
4. Cyd 

5. Urd 
6. AraC [3, 4, 6] 

7. N-Ac-araC 

8. Ac3araC. HC1 [1] 

9. Ac4araC [14] 

10. AraU [6] 
11. cC. HC1 [2] 

12. cU [26] 

13. dCyd 

14. dUrd 

15. Thymidine 

16. 5'-Cl-Cyd [111 

17. 5'-Cl-araC [11] 
18. 5'-Cl-cC. HC1 [11] 

19. 2' ,5'-Anhydro-araC [11] 

29.5 + 1.4 Cytosine 100 Cytosine 100 - 1.49 
28.2 + 1.2 Uracil 100 Uracil 100 - 1.11 
20.2 + 1.0 Thymine 100 Thymine 100 - 0.57 

9.0 _+ 2.1 Cyd 100 Cyd 97.5 - 2.51 
Urd 2.5 

5.1 + 1.2 Urd 100 Urd 100 - 1.98 
13.6 _+ 0.8 AraC 100 AraC 85 - 2.05 

AraU 15 
4.3 _+ 0.7 N-Ac-araC 100 N-Ac-araC 87.5 - 1.35 

AraC 7 
AraU 5.5 

6.8 + 1.5 Ac3araC 100 Ac3araC 65 - 0.80 
Ac3araU 35 

4.0 _+ 0.2 Ac4araC 100 Ac4araC 45 - 0.16 
N-AcAraC 16 
Ac3araU 39 

12.0 + 3.4 AraU 100 AraU 100 - 1.71 
9.2 + 1.1 cC 100 cC 62 - 4.03 

cU 29 
AraU 9 

14.5 + 0.1 cU 99 cU 99.5 - 2.85 
AraU 1 AraU 0.5 

10.6 + 2.3 deyd 100 dCyd 81.5 - 1.90 
(8.8 d) dUrd 1.5 

Uracil 17 
11.8 + 3.9 dUrd 96 dUrd 40 - 1.62 
(4.7 d) Uracil 4 Uracil 60 
13.4 + 0.1 Thymidine 100 Thymidine 52 - 0.93 
(7.0 a) Thymine 48 
17.6 + 0.3 5'-CI-Cyd 100 5'-C1-Cyd 97 - 1.05 

Uracil 3 
16.2 + 1.0 5'-Cl-araC 100 5'-Cl-araC 100 - 0.71 
15.2 + 0.2 5'-CI-cC 1.5 5'-Cl-araC 100 - 3.10 

5'-Cl-araC 98.5 
22.2 _+ 0.2 2',5'-Anhydro-araC 100 2',5'-Anhydro-araC 100 - 1.64 

a Transport rate: mean of at least five experiments + SD 
b Parent compounds and metabolites on mucosal and serosal sides after 60 min 
c Logarithm of partition coefficient in octanol-buffer 
d Net deoxynucleoside transport calculated from total transport 

a Mi l ton  Roy  mode l  396-57 min ipump ,  a mode l  709 pulse 
d a m p e n e r ,  a mode l  1203 U V  III  m on i t o r  ope ra t ed  at  254 n m  
(all f rom L a b o r a t o r y  D a t a  Cont ro l ,  Riv ie ra  Beach ,  Fla,  U S A ) ,  
a h o m e - m a d e  sep tum injec tor ,  and  a mode l  E Z  13 e lec t ronic  
r ecorde r  (Labora to rn f  p~fstroje, Prague ,  Czechoslovakia) .  The  
s ta t ionary  phase  was Sepa r on  SI C 18 octadecyl-sil ica wi th  
part ic le  size 10 ~m ( L abo r a t o r n i  p~fstroje),  packed  into a 
250 m m  x 4.2 m m  ID stainless steel co lumn,  and  mixtures  of 
aqueous  acetic acid (0.5 M concen t ra t ion)  and  m e t h a n o l  were  
used as the  mobi le  phase.  Mos t  subs tances  were  ch romato-  
g raphed  in 10 v o l . %  me thano l ,  bu t  h igher  m e t h a n o l  percen t -  
ages, as ind ica ted  in Tab le  2, were  necessary  with the  more  
l ipophilic c o m p o u n d s  for  sat isfactory e lu t ion  f rom the  column.  
Tab le  2 gives the  p e r t i n e n t  ch roma tog raph ic  data ;  the  capaci ty 
factors  (k) have  b e e n  calculated f rom the  basic equa t ion  t R = 
t M (1 + k),  t R be ing  the  r e t e n t i o n  t ime  of  the  c o m p o u n d  of 
in teres t  and  t M the  mobi le  phase  ho ldup  t ime (dead  t ime) .  This  
la t ter  quan t i ty  was d e t e r m i n e d  as descr ibed by  Ryba  [21]: t M 
was 2.34 rain for  the  typical flow ra te  of 1.0 ml /min;  for  uraci l  tR 
= 2.76 min;  for ur id ine  t R = 3.04 rain. T he  d e t e r m i n a t i o n  of 

the  par t i t ion  coefficient  (P) was pe r fo rmed  as descr ibed 
ear l ier  [7, 20]. 

Results  and discussion 

The  study compounds  and  the i r  metabol i t es  on  bo th  mucosal  
and  serosal  sides of the  in tes t ine  and  the i r  stabil i ty were  
qual i ta t ively and  quant i ta t ive ly  assessed, and  the  results  are 
given in Tab le  1. It  is clear tha t  pyr imidine  nuc leobases  did no t  
unde rgo  metabo l i c  a l te ra t ion  dur ing  pene t r a t i on  of the  
in tes t ina l  bar r ie r ,  which  is in a g r e e m e n t  with  an  ear l ier  r epor t  
[22]. The  significantly h igher  es t imated  t r anspor t  rates  for 
nuc leobases  t h a n  for the  co r respond ing  nucleosides  may  be  
indicat ive  of s imul taneous  passive and  active intes t inal  t rans-  
por t  of the  nucleobases ,  as r epo r t ed  e l sewhere  [22]. 

The  nucleos ide  b o n d  of r ibo  and  arab ino  der ivat ives  is 
significantly more  s table  t han  tha t  of 2 ' -deoxy  r ibonucleos ides  
dur ing  t r anspor t  (Table  1). T h e r e  is no  c leavage of the  
nucleosidic  b o n d  of the  r ibo and  a rab ino  der ivat ives  or of 
cyclonucleosides  dur ing  t ranspor t .  In  contrast ,  t he re  was a 



considerable cleavage of the nucleosidic bond of 2 '-deoxyri-  
bonucleosides.  For  instance, 60%, 48%, and 17% of the 
nucleobases were observed on the serosal side for deoxy- 
uridine, thymidine,  and deoxycytidine, respectively. As indi- 
cated, cytosine crosses the intestinal barrier unchanged. 
Therefore ,  in the case of deoxycytidine, the uracil detected 
could not be due to deaminat ion of cytosine, but rather to 
cleavage of deoxyuridine resulting from the deaminat ion of 
deoxycytidine. The  results are in agreement  with the lower 
chemical stability of the 2 'deoxyribonucleoside bond [19, 28, 
29], which is further influenced by the character of the 
pyrimidine base [12, 23, 24], where the protonat ion of the 
amino group should precede the cleavage reaction in cytosine 
derivatives [23]. 

Apparent ly  2 ' -deoxynucleosides were transported to a 
greater  extent than the corresponding ribonucleosides, as 

Table 2. Capacity factors (k) of pyrimidine derivatives on octadecyl 
silica (Separon SI 18) with mobile phases composed of 0.5 M acetic 
acid and methanol 

Compound k 

10% 50% 65% 
MeOH MeOH MeOH 

Cytosine 0.15 - - 
Uracil 0.18 - - 
Thymine 0.93 - - 
Cyd 0.42 - - 
Urd 0.30 - - 
AraC 0.73 - - 
N-Ac-araC 1.50 - - 
Ac3araC. HC1 - - 1.77 
Ac4araC - - 0.25 
AraU 0.51 - - 
cC. HC1 1,01 - - 
cU 0.25 - - 
dCyd 0.90 - - 
dUrd 0.62 - - 
Thymidine 1.50 - - 
5'-C1-Cyd - 0.81 - 
5'-Cl-araC - 0.71 - 
5'-CI-cC. HC1 - 1.55 - 
2' ,5'-Anhydro-araC - 0.68 - 
Ac3araU 2.55 - - 
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could have been predicted from Table  1 (total transport).  
However ,  2 ' -deoxynucleosides had undergone nucleosidic 
bond cleavage during transport,  which resulted in a high 
transport  rate of formed nucleobases (uracil, thymine) and in 
lower net  transport  of the intact deoxynucleosides (deoxycy- 
tidine, deoxyuridine,  thymidine),  the latter corresponding to 
the transport of r ibonucleosides (cytidine, uridine). Therefore  
it might be concluded that the change of the ribo to the 
deoxyribo moiety does not  increase the transport potentiali ty 
of nucleosides, but rather decreases the stability of the 
nucleoside bond. 

F rom the practical point of view, it is important  to know 
the metabolic  changes that might occur for araC derivatives 
used in the chemotherapy of myeloblastic leukemia.  In the 
present investigation of cytidine analogs during transport 
across the intestinal barrier  different results were obtained 
from those recorded in the in vitro experiments with isolated 
deaminase [13]. The natural nucleoside cytidine is deaminated 
significantly more slowly than its analogs, while its deamina- 
tion with isolated enzyme was the fastest [13]. Cytidine 
penetrates  the intestinal barrier at a relatively high rate,  while 
its modificat ion resulted in a lower transport rate and 
concomitantly increased the metabolic  alterations during 
penetrat ion,  as seen with acetyl derivatives of araC. During 
cyclocytidine transport  there was also detectable arabinosyl- 
uracil on the serosal side, besides cyclocytidine and cyclou- 
ridine. There  was no detectable araC at the serosal side, 
although araC is repor ted  [9] as the active therapeutic entity of 
cyclocytidine in therapeutic application. We assume that araU 
is a product  of deaminat ion of araC, basing this on the 
observation that cyclouridine is not t ransformed to a raU 
during transport.  During cyclocytidine transport,  the amount  
t ransported in i h was 9.2 ~tmol, which contained 0.9 ~tmol 
arabinosyluracil (9%),  while in the exper iment  with araC 
during the same period 1.36 ~tmol was transported,  containing 
2 ~tmol (15%) arabinosyluracil. Table  1 also shows that the 
total deaminat ion of cyclocytidine was 38%, because of the 
relatively high amount  of cyclouridine (29%). Twice as much 
cyclocytidine as araC was deaminated,  which is explained by 
the simultaneous deaminat ion of the arabinosylcytosine 
formed and the parent  cyclocytidine. 

F rom our previous results [7] and f rom Table 1 it is clear 
that the mucosal-serosal transport rate during 60 min was 
higher for cytosine nucleosides than for uracil nucleosides. 

Table 3. Inhibitory activity of araC derivatives 

Compound NSC no. Leukemia L1210 cells 

Inhibition of NA synthesis a 

EDs0 , ~tM 

Inhibition of cell growth b 
ICs0 , ~tM 

DNA RNA 

Arabinosylcytosine 287 459 0.13 > 1,000 0.05 
- ,5'-chloro 318 799 4.4 > 1,000 2.4 
- ,5'-bromo 24 
- ,2',5'-anhydro 340 843 20 

Cyclocytidine 145 668 0.3 36.8 0.08 
- ,5'-chloro 318 797 2.5 

a Micromolar concentration producing a 50% inhibition of nucleic acid synthesis; done at SRI International 
b Micromolar concentration producing a 50% inhibition of L1210 cell growth; done at Roswell Park Memorial Institute 
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This shows the importance of the C4-amino group in the 
transport process. This is evident from the effect of acetylation 
of the amino group on the transport rate, which was 
consequently depressed; tri-O-acetyl arabinosylcytosine was 
transported to greater extent than either N-acetyl or tetra-ace- 
tyl arabinosylcytosine. It was assumed [7] that such nucleosides 
are transported across the intestinal barrier by a carrier-me- 
diated process, in which the amino group might somehow play 
a role in forming a complex with (a) carrier system(s) rather 
than the sugar moiety. This is also supported by our 
experimental finding that HgC12, which was used to block 
sugar transport in the luminal aspect of the intestine [5], had no 
effect on nucleoside transport (in the present experimental 
conditions; unpublished data). 

It is interesting that 5'-chloroderivatives of araC are very 
stable towards metabolic alterations during intestinal transport 
(Table 1), as in the case of incubation with isolated deaminase 
[13]. Moreover,  the latter compounds were transported at 
higher rates. This is in contrast to the results with cyclocytidine 
and acetyl derivatives of arabinosylcytosine, where alterations 
of arabinosylcytosine molecule decreased both stability and 
transport. This stresses the importance of substitution of C-5 of 
the sugar moiety, and shows the potential perspectives for 
work with these compounds and with 2 ' ,5 '-anhydroarabino- 
sylcytosine. We have recently shown interesting biological 
properties of 5'-substituted derivatives of arabinosylcytosine 
and cyclocytidine [10]. It was found that araC was the strongest 
and most specific inhibitor of D N A  synthesis, and cyclocy- 
tidine efficiently inhibited both DNA and RNA synthesis. 
Apar t  from these, 5'-chloroarabinosylcytosine expressed the 

TaMe 4. Estimates of lipophilicity of sugar moiety (fragmental 
constant) 

Sugar moiety Fragmental 
constant 

1-fl-D-Arabinofuranosyl 
1-fl-D-Ribofuranosyl 
2-Deoxy- 1 -fl-D-erythropentofuranosyl 
5-Chloro-5-deoxy- 1-fl-D-arabino furanosyl 
5-Chloro-5-deoxy- 1-fi-D-ribofuranosyl 
2,5-Anhydro- 1-fl-D-arabinofuranosyl 

- 0.39 
- 0.76 
- 0.24 
+ 0.97 
+ 0.63 
+ 0.04 

T I 0 0 -  

8o 

6 o  

40- 

i 20- 

A 2 4 a r a C  . . 

aC 

N - A c - a r a C  × - ~ ~ a C  
~ C y d  

I 2 3 

- log P 
Fig. 1. Relationship between percentage of intestinal metabolic 
degradation (y) of nucleosides and their lipophilicity (log P). 
Relationship is expressed by linear equations: y = 55.9 + 20.7 log P 
(r = 0.99, n = 5); y = 58.2 + 24.0 log P (r = 0.93, n = 6) 

highest inhibition of DNA synthesis of all the tested derivatives 
of araC,  5-fluorouracil, and 6-aza pyrimidine nucleosides (in 
press). Some of these preliminary comparative results are 
given in Table 3. 

The results on the inhibitory activity of 5 '-deoxy-araC 
derivatives and their behavior during transport across the 
intestinal wall, where they exhibited higher rates of transport 
and were practically not biotransformed during penetration, 
encourages further investigation with regard to their potential 
oral use compared with the congeners in clinical use. It is 
known that the intestinal wall represents a complex barrier, 
which reduces the transport of oral formulations of araC to 
reach the systemic circulation through biotransformation by 
intestinal microflora or by intestinal deaminases [7]. The 
present investigation shows a clearcut stability of 
5 '-deoxy-araC derivatives compared with araC and with other 
pyrimidine nucleosides with regard to intestinal permeation 
under the present experimental conditions. Moreover, the 
former compounds were more highly resistant to enzymatic 
deamination in vitro than either araC or cytidine [13]. 
However, comparative full pharmacokinetic profiles of the 
aforementioned compounds in vivo must be established to 
allow an assessment of the sojourn of different compounds and 
give a more promising effective blood level, to improve their 
effects as chemotherapeutic agents after oral administra- 
tion. 

It has been reported that lipophilictiy is the main factor in 
the transport of compounds across biological barriers [15]. 
Therefore the partition coefficient (log P) of the series of 
nucleosides studied was measured (as detailed elsewhere [17, 
18]) and correlated with their transport rates (4) (Table 1). It 
was found that there is no correlation between lipophilicity and 
transport characteristics of the study nucleosides as reported 
earlier [7]. 

From the estimates of partition coefficients given in 
Table 1, the fragmental constant of the sugar moiety which 
characterizes the lipophilicity of the studied part of the 
molecule was calculated according to Rekker et al. [17, 18]. On 
the basis of the report an estimated fragmental constant for 
hydrogen of +0.19 was used, and consequently it was possible 
to calculate the fragmental constant of each sugar moiety of the 
study compounds (Table 4). The inclusion of a C1 atom in the 
sugar moiety significantly increased its lipophilicity, irrespec- 
tive of the configuration, as is evident from the increase in log 
P (+1.36) for both ribose and arabinose (Table 1). We used 
the fragmental constants given by Rekker et al. for aliphatic 
- O H  and C1 [17, 18] with the data of Table 4, and found an 
association between the experimental and the calculated 
estimates for chloro derivatives. Finally, 2 ' ,5 ' -anhydro ring 
formation increased the lipophilicity of the molecule (Table 1; 
log P - 1.64) compared with arabinosylcytosine (log P -2 .05) ,  
but not to the same extent as chlorination of the molecule (log 
P -0.71) .  Nevertheless, the transport rate of the anhydro 
derivative was higher than that of the 5'-chloro derivative, 
being the highest of all the compounds studied. This supports 
the present finding that lipophilicity is not the determinant 
factor of transport, which more probably is dependent on a 
specific carrier of the nucleosides [7]. 

On the other hand, if the lipophilicity is compared with the 
degradation of a nucleoside, a good correlation between the 
partition coefficient (log P) and the percentage metabolism is 
observed (r = 0.99, n = 5; Fig. 1). The metabolism of 
nucleosides by other nonspecific enzymes (esterases, deami- 
nases) is assumed, which should be dependent on the 
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formation of  a complex nucleoside enzyme. As  the cleavage of 
the nucleoside bond at 2 ' -deoxyribo nucleosides is basically a 
different reaction,  the 2 ' -deoxynucleosides do not  fit into the 
correlat ion,  except for 2 ' -deoxycytidine,  where the cleavage of 
the nucleoside bond is dependent  on previous deaminat ion to 
deoxyuridine.  The  slower deaminat ion of N-acetyl araC may 
be explained by the action of different enzymes at the same 
position on the nucleoside molecule  (r = 0.93, n = 6). 

In conclusion, our prel iminary screening results of 
5 ' -deoxy (including of 5 ' -halogeno) derivatives of araC 
(Table 3), together  with the present  study, indicate that this is 
a potential ly interesting new group of biologically active 
compounds.  The  results clearly show that 5 ' -deoxy(halogeno) 
derivatives are superior in their transport rate and metabolic  
changes to the clinically used compounds,  araC and cyclocy- 
tidine, and are the best of all the arabinosylcytosine derivatives 
tested in the present  experimental  conditions. The  present 
results stimulate further investigation of the mechanism of 
action and biological activity of the 5 ' -deoxy (5 '-halogeno) 
derivatives of araC in in vivo experiments,  in particular a 
comparison of 5 '-chloroarabinosylcytosine and araC PO in 
exper imental  tumors.  

Al though there  was no correlat ion be tween lipophilicity 
and transport  rate,  there is a good correlation between 
lipophilicity and metabolic  t ransformation during intestinal 
transport of the compounds studied. 

The calculated fragmental  constants of sugar components  
should be used more  generally for prediction of lipophilic 
character and nonspecific degradation of other  nucleoside 
analogs. 
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