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Abstract. Selective protection of the normal host tissues 
from the toxic effects of anticancer agents would allow the 
use of higher, probably more effective, doses of the drugs. 
It has been demonstrated that delayed high-dose uridine 
administration after 5-flnorouracil decreases the extent of 
myelosuppression and causes faster regeneration of the 
bone marrow. We studied the biochemical consequences of 
the gastrointestinal toxicity caused by 5-fluorouracil and 
the potential of high-dose uridine treatment to influence 
these adverse effects. 5-FluorouraciI caused dose-related 
decreases in the biochemical parameters (thymidine ki- 
nase, sucrase, maltase, alkaline phosphatase) selected as 
early markers of the impaired metabolic activity of the 
intestinal mucosa. The nadir of the biochemical changes 
was reached between 24 h and 72 h after 5-fluorouracil 
treatment, and complete regeneration of the mueosa took 
6 - 7  days. Delayed high-dose uridine administration failed 
to mitigate the severity of the gastrointestinal damage that 
ensued after 5-fluorouracil treatment, but caused signifi- 
cantly earlier regeneration of the mucosa. 
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Introduction 

5-Fluorouracil (5-FU) is widely used for the treatment of 
gastrointestinal (GI), breast and head and neck cancers. 
Severe GI and/or bone marrow toxicity limit its clinical 
usefulness [4]. 

Correspondence to: Judit Kralovanszky, Head of Clinical Research De- 
partment, National Institute of Oncology, R O. B. 21, H-1525 Budapest, 
Hungary 

The GI toxicity, which manifests itself as stomatitis, 
nausea, vomiting, diarrhea, mucositis and hemorrhage, can 
affect all rapidly growing epithelia of the digestive tract 
[1]. The extensive clinical use of 5-FU has prompted many 
investigations concerning the biochemistry, pharma- 
cology, modulation and scheduling of the drug with a view 
to increasing its antitumor activity and decreasing its dose- 
limiting side effects [4, 22, 27]. In order to affect cellu- 
lax growth 5-FU has to be activated to the nucleotides 
5-fluoro-2"-deoxyuridine-5"-monophosphate (FdUMP) or 
5-fluorouridine-5'-triphosphate (FUTP). FdUMP inhibits 
the enzyme thymidylate synthase (TS), thereby reducing 
de novo synthesis of dTTP and inhibiting DNA synthesis 
[22]. FUTP is incorporated into the RNA instead of UTP, 
which results in disturbances of RNA synthesis [11, 25], 
most probably causing processing of nuclear RNA to cyto- 
plasmic rRNA [22]. 

The intracellular metabolism of 5-FU may be different 
in normal and in tumor cells, providing a rationale for the 
selective biochemical modulation of the drug [22]. It has 
been postulated that the gastrointestinal toxicity of 5-FU in 
mice is due to the incorporation of FUTP into the RNA 
[11], while the antitumor effect would be correlated with 
the level of FdUMP. These results provided a basis for the 
selection of uridine - a natural competitive pyrimidine - 
as potential rescue agent. The administration of delayed 
high dose uridine could rescue mice from the lethal toxic 
effect of 5-FU [13, 14, 17, 20]. The rescue from myelotox- 
icity was manifested as a more rapid recovery, both in mice 
[20] and man [6, 21]. 

Studies which evaluate the potential effect of uridine in 
reducing the GI toxicity of 5-FU have not been performed 
previously. We described a rat model to study G1 toxicity 
induced by cytostatic agents such as cisplatinum analogues 
[16, 23]. For this purpose, several biochemical parameters 
were determined on isolated small intestinal mucosal cells. 
Thymidine kinase (TK) was used as a metabolic marker of 
the dividing crypt cells, while alkaline phosphatase (AP), 
sucrase (SUC) and maltase (MAL) activities were mea- 
sured to characterize the digestive capacity of the matured 
enterocytes. These biochemical parameters are early 
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Fig. 1. Time-course of biochemical changes in TK and SUC after treat- 
ment with 5-fluorouracil. Animals were injected with 5-fluorouracil 
I x 83 mg/kg on day 0. Biochemical parameters were measured daily 
from day 1 to day 11. Enzyme activities were calculated as gmol/h per 
cm intestinal length (A/cm) or gmol/h per mg prot (SPA). Mean 
values +_. SE of 4 - 6  rats are given and related to the enzyme activities in 
tissues from untreated animals. Asterisks denote statistically significant 
differences from untreated controls: *P <0.01; **P <0.001 

markers of the impaired small intestinal functions after 
cytostatic treatments [16, 23]. Biochemical examinations 
were carried out on isolated small-intestinal mucosal cells 
[15]. In the present study we describe the changes in these 
biochemical parameters in rats treated with 5-FU in vivo. 
In addition we investigated the potential of delayed high- 
dose uridine administration in the mitigation of these side- 
effects. 

ties the whole homogenate and for that of TK the 100 000 g supernatant 
was used. 

AP activity was determined with p-nitrophenylphosphate as sub- 
strate, and the p-nitrophenol released was measured spectrophotometri- 
cally at 405 nm [2]. Disaccharidase activities were estimated by measur- 
ing the rate of hydrolysis of SUC and MAL, using the glucose oxidase- 
peroxidase method to measure the amount of glucose formed [3]. TK 
activity was measured by determining the conversion of 2@4C]-TdR to 
2-[14C]-TMP by the DEAE cellulose disc method [12]. Protein content 
was determined by the method of Hartree [9]. AP, SUC and MAL 
activities were calculated as micromoles per hour per centimeter of 
intestine, and that of TK as nanomoles per hour per centimeter of in- 
testine. Statistical analysis was performed by using Student's t-test for 
unpaired samples. 

Plasma uridine concentrations. Blood samples of rats were taken at 
several time points in heparinized tubes following i.p. uridine adminis- 
tration. After centrifugation plasma samples were frozen and stored at 
-20~ After thawing, these samples were extracted with 5% 
trichloroacetic acid as described previously [19] and were analysed for 
uridine and uracil using a standard reversed-phase HPLC method [19]. 

Results 

General observations 

5-FU given as a single i.p. dose (21-250 mg/kg) caused 
serious side-effects in the GI tract of rats. Diarrhea began 
as soon as 48 h after the treatment and lasted 5 - 6  days. 
With increasing dose there was an increase in weight loss. 
The LD50 value of 5-FU for the H-Riop Wistar outbred 
male rats was 250 mg/kg. The individual days of death 
between the 1 st and 9th days after the treatment were in- 
dicative rather of GI than of bone marrow toxicity. 

Materials and methods 

Chemicals. 5-FU was kindly provided by Hoffmann La Roche, 
Budapest, Hungary. Uridine was formulated as a pyrogen-free sterile 
solution by the Pharmacy Department and provided by the Oncology 
Department of the Free University Hospital Amsterdam, The Nether- 
lands. All other chemicals were reagent grade. 

Animals and treatment. Experiments were performed with healthy adult 
Wistar H-Riop outbred male rats weighing 180-200 g. Animals were 
kept in controlled conditions and had access to food and water ad libitum. 
The rats received 5-FU and uridine treatment as i. p. bolus injections. The 
injection volume was 0.01 ml/g of body weight: Doses and dosage sched- 
ules are given in the legends of each figure and table. Control animals 
received 0.9% NaC1 instead of drugs. In each group 4 -  6 animals were 
treated. 

Isolation of  intestinal cells. Animals were killed 24 and 48 h after 5-FU 
administration in the dose-response studies. For the study of time course 
rats were sacrificed at 6, 24, 48, 72, 96, 168 h after the 5-FU injection. 
The small intestine was removed after the Treitz ligament and washed 
with 154 mM NaC1 containing 1 nea mercaptoethanol. Intestinal epitheli- 
al cells were isolated with a combined chemical mechanical method 
described in detail earlier [ 15, 28]. 

Biochemical determinations. Isolated cells were centrifuged for 10 min 
at 1500 rpm (500 g) at +5 ~ C, washed with isotonic KC1 and homoge- 
nized in isotonic KC1. Subsequently the homogenate was centrifuged for 
60 min at 100000 g. For the determination of AP, SUC an MAL activi- 

In vitro effect of 5-FU on the intestinal marker enzymes 

To determine whether 5-FU itself affected the activity of 
the marker enzymes, 5-FU was added directly to the 
enzyme assays in concentrations of 0.1 mM-10mM. In 
this concentration range, 5-FU did not cause significant 
changes in the enzyme activities. 

Time course of biochemical changes after treatment 
with 5-FU 

Before viewing the time course of biochemical changes 
after a single 83 mg/kg dose of 5-FU (Fig. 1), it must be 
remembered that intestinal cells are not made up of a single 
population but there is a differentiation gradient from the 
crypt to the villus region. Therefore, we demonstrate 
changes in activity of TK, a marker of mitotically active 
cells, and that of SUC, which is an excellent marker of the 
differentiated villus cells. 

The activity- profiles of the two enzymes were very 
similar either the results were expressed per centimeter of 
intestinal length or per milligram of protein. This means 
that the enzyme activity decrease and increase observed 
after 5-FU treatment not only reflected the change in cellu- 
larity and repopulation but was probably connected with a 
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Fig. 2. Dose-response curves for biochemical parameters in isolated rat 
intestinal mucosal cells after 5-fluorouracil treatment. Rats were treated 
with a single dose (21-250 mg/kg) of 5-fluorouracil. The TK activity 
change was determined 24 h and that of the other parameters 48 h after 

the treatment. Mean values _+ SE of 4 -  6 rats axe given. Asterisks denote 
statistically significant differences from untreated controls: *P <0.05; 
**P <0.01; ***P <0.001 

decrease in enzyme concentration per cell caused by the 
disturbed cell differentiation. 

The distribution pattern of TK was different from that of 
SUC. In the first 6 h after the treatment no change or a very 
slight increase of the enzyme activities was observed. 
Thereafter a sharp decrease of TK activity started, reaching 
the activity nadir as soon as 24 h after the treatment. This 
was followed by a very sharp rise in the enzyme activity as 
a consequence of the compensatory increased proliferative 
activity of the dividing cell zone. TK activity reached the 
normal level, followed by a rebound between 4 8 - 7 2  h. 

The decrease in the activity of SUC started and 
developed later and the maximal lesion was observed be- 
tween 4 8 - 7 2  h after 5-FU administration. Complete bio- 
chemical regeneration of the mucosa took 6 - 7  days. The 
other two functional enzymes of the matured enterocytes, 
AP and MAL, showed a similar pattern to that of SUC. 
(Data not shown). 

Dose-response studies with various doses of 5-FU 

The dose-response relation of the biochemical parameters 
on 5-FU was investigated after different single doses of the 
drug 24, and 48 h after the treatment (Fig. 2). The results 
show that in the dose range examined (21 - 2 5 0  mg/kg) the 
decreases in all biochemical parameters studied were 
directly related to the 5-FU doses. The enzyme activities 
decreased sharply even with the lowest dose of 5-FU 

(21 mg/kg), and the levels were then significantly different 
from those in the untreated controls in the dose range of 
4 3 -2 5 0  mg/kg 5-FU. The values of the inhibitory con- 
stants (I50) calculated from the dose-response curves were 
in the therapeutic dose range, showing that during 5-FU 
treatment about a 50% decrease in the metabolic activity of 
the intestinal mucosa cells should be expected. 

Effect of schedule on the intestinal toxicity of 5-FU 

To study the effect of the schedule on the GI toxicity of 
5-FU, we compared the biochemical changes in the intesti- 
nal mucosal cells after treating the animals either with a 
single high dose (1 x 84 mg/kg) or with repeated small 
doses (4 x 21 mg/kg daily) of 5-FU. For comparison we 
also measured the marker enzymes after treatment with a 
single 1 x 21 mg/kg dose of 5-FU. Rats from all the three 
groups together with the untreated controls were killed 24, 
48 and 96 h after the single doses or after the last dose of 
repeated 5-FU treatment (Fig. 3). 

For the functional enzymes (AP, SUC, MAL) no signif- 
icant difference (P >0.05) in the extent of decrease in 
enzyme activity at the time of  nadir was observed between 
the groups treated with single high dose and repeated small 
doses of 5-FU. However the nadir was 24 h earlier in the 
latter group. In the animals which received repeated small 
doses, TK activity did not show the rapid and marked 
decrease observed for the single high dose. Probably the 
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Fig. 3. The effect of dosage schedule on 
the small intestinal toxicity caused by 
5-fluorouracil. Animals were treated with 
a single high dose (1 x 84 mg/kg), divided 
small doses (4 x 21 mg/kg) given daily or 
with a single small dose (1 x 21 mg/kg) of 
5-fluorouracil. Biochemical determina- 
tions were performed 24, 48 and 96 h 
after the single doses or after the last dose 
of 5-fluorouracil. Mean values _+ SE of 
3-5 animals are shown 

rapid increase in TK activity seen 48 h after the first dose 
of 5-FU compensated the decreases caused by the sub- 
sequent 5-FU doses. 

The time required for biochemical regeneration of the 
mucosa was shorter in the group treated with 4 x 21 mg/kg 
5-FU than in the animals which received the single high 
dose of 5-FU. 

Plasma uridine concentration 

Plasma plateau level of uridine after i.p. administration 
were in the same range as observed previously in mice [19] 
about 5 mM (up to 2 h after administration of 2 g/kg) and 
about 20 mM (up to about 1 h after administration of 
3 g/kg). Plasma uracil levels varied between 2 and 3 mM 
during this time period. 

Effect of delayed high-dose uridine treatment on the 
small-intestinal toxicity induced by 5-FU 

We examined the possibility of mitigating the GI toxicity 
of 5-FU by delayed high-dose uridine administration. Ani- 
mals were treated with 5-FU (1 x 83 mg/kg) alone or in 
combination with uridine 3.5 g/kg administered 2 and 20 h 
after 5-FU. The changes in enzyme activity were studied 1, 
2, 3, 4 and 7 days after the 5-FU injection. 

Uridine administration failed to reduce the toxic effect 
of 5-FU on the small intestinal mucosal cells. The extent of 
the decrease in enzyme activity in the group treated with 
5-FU alone was similar to that obtained in the group treated 
with 5-FU + uridine (Fig. 4). However, there was a more 
rapid recovery of the enzyme activities to the pretreatment 
levels in the uridine-treated groups. The data presented in 
Fig. 4 suggest that complete regeneration of the intestinal 
mucosa was achieved earlier if the same dose of 5-FU 
was administered in combination with delayed high-dose 
uridine. 

D i s c u s s i o n  

5-FU and other fluorinated pyrimidine derivatives cause 
different lesions in the gastrointestinal system of experi- 
mental animals but so far neither histological nor biochem- 
ical investigations have made it possible to identify the 
specific change(s) causing the death of the experimental 
animals [18]. 

5-FU given in a single dose produced dose-related re- 
versible lesions in the small intestinal mucosa even at the 
therapeutic dose. This was manifested in the decrease of 
most enzyme activities which were important for the nor- 
mal cell proliferation and for the digestive function of the 
intestinal mucosa. The capability of intestinal cells to hy- 
drolyze disaccharides to glucose and galactose is 
decreased, and the undigested, osmotically active disac- 
charides pass through the small intestine into the colon, 
where they extract water, causing diarrhea [18]. 

In the first 24 h after the 5-FU injection only the divid- 
ing crypt cells were damaged, judging by the low TK and 
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Fig. 4. Comparison of the time courses of biochemical changes obtained 
after treatment either with 5-fluorouracil alone or with 5-fluorouracil + 
high-dose uridine. Group of 8 -10  rats were injected with 5-FU 
(83 mg/kg) on day 0. After treatment animals were divided into two 
groups with 4 - 5  animals in each. The first group received uridine 

3.5 g/kg per day, 2 and 20 h after 5-FU treatment, second group received 
0.9% NaC1 instead of uridine. Biochemical investigations were perform- 
ed on days 1-7 in both groups. Mean values _+ SE of 4-5 animals are 
given. *P <0.05 (statistically significant difference from the value ob- 
tained in the 5-FU treated group) 

almost intact brush border enzyme activities. The use of 
TK as a marker for toxicity has a complicating factor when 
evaluating the effects of 5-FU. TK is an important enzyme 
in the supply of thymidine nucleotides via the salvage 
pathway. However, the rate-limiting de novo enzyme, thy- 
midylate synthase, is also severely inhibited in the intesti- 
nal mucosa of the rat [26]. This inhibition is retained for a 
longer period. A prolonged depletion of thymidine nu- 
cleotides will probably lead to enhanced GI toxicity. 
Functional enzymes were only slightly affected until 48 h, 
but thereafter the decrease was long-lasting and complete 
regeneration of the intestinal function took 6 - 7  days. Sim- 
ilar, but less serious biochemical changes and more rapid 
regeneration were demonstrated after treatment with cis- 
platin and iproplatin, whereas carboplatin treatment caused 
only very mild intestinal toxicity [ 16]. 

Since 48 h are required for the production of mature 
enterocytes [10], the time course of the damage of the 
brush-border enzymes supports the proposition that action 
of 5-FU on these biochemical processes is indirect in na- 
ture. Inhibition of mitotic activity, which became manifest 
very early within the first 24 h, was demonstrated by 
Roche et al. [24]. The maximal lesion appeared on the 3rd 
to 4th days, when the glucose absorption was reduced sig- 
nificantly and the digestive enzyme activities decreased 
[10, 24]. These data fit well with the differences in the 

side-effects of 5-FU observed in clinical practice. The 
dose-limiting toxicity of weekly bolus 5-FU is not GI tox- 
icity but myelotoxicity. However, for daily bolus injections 
and continuous infusions GI toxicity is predominant (in- 
cluding diarrhea and mucositis). The very low I50 values of 
the intestinal marker enzymes, which were within the ther- 
apeutic dose range, demonstrated that GI toxicity might be 
dose limiting with this schedule. Biochemical modulation 
can be useful to improve the therapeutic index of 5-FU 
either by enhancing its antitumor effect or by decreasing its 
toxicity against the normal tissues. 

Two biochemical mechanisms are supposed to play a 
role in the protection of 5-FU toxicity by uridine. First, 
uridine competes with 5-FU for incorporation into RNA. 
Secondly, the inhibition of TS by FdUMP will be disturbed 
by the elevated amount of dUMP. Results of Sawyer et al. 
[25] showed that 1000 mg/kg uridine could not prevent the 
inhibition of TS by FdUMP, supporting the hypothesis that 
the decreased 5-FU incorporation into RNA is more prob- 
ably responsible for the protective effect of uridine. 

As for the schedule of uridine administration, it was 
found that similar bone marrow protection could be 
achieved in mice after high-dose bolus uridine 
(3500 mg/kg) treatment or after repeated small doses 
(800 mg/kg every 2 h for 4 doses) [17]. In patients the 
rescue by uridine was schedule-dependent. Bolus injec- 
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tions and cont inuous infusions would not be applied, while 
an intermittent  ur idine schedule resulted in reversal of he- 
matological  toxicity [5, 6]. Current ly oral ur idine is under  
invest igat ion [7]. Plasma levels obtained in mice in vivo, as 
against in vitro results, were high enough to effect rescue in 
the presence of 5-FU toxicity [20]. The plasma levels of 
ur idine observed in the rat were similar to those observed 
in mice [19]. In the case of small- intest inal  mucosa the 
5-FU-induced biochemical  changes were not  milder  after 
delayed high-dose uridine administration,  but recovery 
was faster. Limited rescue in the GI tract by uridine was 
established. 

Conclusion 

5-FU caused severe dose-dependent  decreases in the bio- 
chemical  parameters ( thymidine kinase, sucrase, maltase, 
alkaline phosphatase) selected as early markers of the 
small intestinal  toxicity. The I50 values of the enzymes 
were in the therapeutic dose range. Intermit tent  high-dose 
uridine administrat ion failed to mitigate the severity of the 
G! damage, but was followed by earlier regeneration of the 
small- intest inal  mucosa.  
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