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Summary. Administration of high-dose uridine or cytidine 
(3500 mg/kg) resulted in severe hypothermia of 6 - l 0  ° C in 
mice. This effect of uridine was observed in three different 
mouse strains, C57BI/6, Balb/c, and Swiss. A high-dose 
of uridine also caused hypothermia in Wistar rats. Co-in- 
fusion of uridine with benzylacyclouridine, an inhibitor of 
uridine phosphorylase, partially prevented uridine-mediat- 
ed hypothermia in mice. A low dose of uridine (100 rag/ 
kg) resulted in a slight increase in temperature. Plasma 
pharmacokinetics of uridine (at 3500 mg/kg) were studied 
in two mouse strains, C57B1/6 and Balb/c, and those of 
cytidine only in C57B1/6 mice. Peak plasma concentra- 
tions of uridine in both strains after uridine administration 
were about 20 mM (at 30-60 rain). The peak plasma con- 
centration of cytidine in C57B1/6 mice after cytidine ad- 
ministration was about 12 mM and that of uridine, 
1.3 mM. The mean residence time for uridine was about 
105 min. The area under the plasma concentration-time 
curve for uridine was about 50 mmol h/l, and that for 
cytidine, about 25 mmol h/1. In various tissues of 
C57B1/6 mice the levels of uridine, uracil and total uracil 
and cytosine nucleotide pools were determined before and 
2 h after uridine administration. Uridine levels increased 
about 53-fold in liver, about 70-fold in a colon tumor, and 
only about 7-fold in brain, while the corresponding uracil 
levels increased about 9-fold, 4-fold and 11-fold, respec- 
tively. Total uracil nucleotide pools increased about 
8-fold, 3.2-fold and 1.6-fold, respectively. Cytosine nucleo- 
tide pools did not increase in the brain. In conclusion, 
high-dose uridine administration caused severe hypo- 
thermia. Plasma levels of uridine and uracil were en- 
hanced to a considerably higher extent than the levels in 
the tissues. The hypothermia might be related to break- 
down products of uridine, since inhibition of uridine 
breakdown partially prevented hypothermia and since in 
brain uracil nucleotide levels were only slightly increased 
after uridine administration, while those of uracil were 
more markedly increased than in other tissues. 

Offprint requests to: G. J. Peters 
Abbreviations: TCA, trichloroacetic acid; GPT, 1-(2'-deoxy-13-D- 
glucopyranosyl) thymine; BAU, benzylacyclouridine; THU, tetra- 
hydrouridine; MRT, mean residence time; AUC, area under the 
plasma concentration-time curve; VD, volume of distribution; 
5FU, 5-fluorouracil 

Introduction 

In preclinical studies it has been demonstrated that delay- 
ed administration of uridine might be used to prevent 
5FU-induced myelosuppression [13, 21]. Both s.c. infu- 
sions [13] and repeated i.p. bolus injections [21] of uridine 
showed this protective effect. In these studies, no mention 
was made of any effect on body temperature. However, re- 
cently it was reported that uridine induced fever in rabbits 
[3, 34] and in human patients [34, 41]. Preliminary results 
demonstrated that high-dose uridine produced hypother- 
mia in mice [30]. Recently, Martin [20] reported that in ad- 
dition to uridine, cytidine was also able to 'rescue' mice 
from 5FU-induced toxicity, but no side-effects were re- 
ported. In an attempt to find out whether uridine-induced 
hypothermia is a general phenomenon, we determined the 
effects of uridine on body temperature in three mouse 
strains, C57B1/6, Balb/c and Swiss, and in Wistar rats. 
The effect of cytidine was studied in C57B1/6 mice only. 

In both rabbits and humans the onset of fever after uri- 
dine administration was delayed [3, 34, 41], suggesting that 
the generation of one or more metabolities of uridine is re- 
quired to affect thermoregulation. In addition to uridine 
we also measured the plasma concentrations of its catabo- 
lite uracil in C57B1/6 and Balb/c mice in order to gain an 
insight in the processes of metabolism and excretion of 
uridine and the possible relationship between uridine me- 
tabolism and temperature. The initial catabolism of uri- 
dine to uracil is catalyzed by uridine phosphorylase. 
Therefore, we also tested whether inhibitors of uridine 
phosphorylase could prevent the effect of uridine on body 
temperature. 

In brain and other tissues uridine will also be anabo- 
lized to nucleotides in a reaction catalyzed by uridine ki- 
nase [28]. Uridine appeared to be an essential factor for the 
maintenance of normal brain functions [8] and the pre- 
dominant cofactor for synthesis of pyrimidine nucleotides 
in neural tissues [8, 10, 28] and for nucleotide sugars [8, 
36]. Since body temperature is regulated in the hypothala- 
mus [7] and since an aberration in pyrimidine nucleotide 
pools might affect brain function, we measured the con- 
centration of uracil and cytosine nucleotides in murine 
brain after uridine administration, together with uridine 
and uracil concentrations. Furthermore, we determined 
uridine metabolism in liver, which is one of the major or- 
gans for the supply of pyrimidines [16]. For comparison we 
also measured uridine metabolites in a murine colon car- 
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cinoma, Colon 38. Some parts of  this work have abready 
been presented in preliminary form [30]. 

Materials and methods 

Chemicals. Pyrimidine nucleotides, nucleosides and bases 
were all obtained from Sigma, St Louis Mo, USA. GPT 
(NSC 402666) and THU were obtained from the Synthesis 
and Chemistry Branch, Division of  Cancer Treatment, 
NCI ,  Bethesda, Md, USA, while BAU was kindly pro- 
vided by Dr S. H. Chu, Brown University, Providence, RI, 
USA. The uridine solution was formulated by the Pharma- 
cy Department of  the Free University Hospital as de- 
scribed previously [19]. The other solutions were dissolved 
in 0.65% NaC1, adjusted to pH 7.0 if necessary, and ster- 
ilized by passage through 0.22-gin Millipore filters. The 
BAU solution had to be sonicated for solubilization. All 
solutions were tested for bacterial pyrogens with the Limu- 
ius test, which was negative for all compounds.  A pre- 
packed LIChrosorb 10-RP-18 column (150x4 .6mm,  
length x i.d.) and a prepacked Partisil-SAX column 
(250 x 4.6 ram, length x i.d.; particle size 10 lxm) were ob- 
tained from Chrompack,  Middelburg, The Netherlands. 
All other chemicals were of  analytical grade quality and 
were obtained commercially. 

Treatment of mice and rats. Experiments were performed 
on healthy adult animals, both females and males. They 
were kept in controlled areas and had access to food and 
water ad libitum. Three mouse strains, C57B1/6, Balb/c  
and Swiss mice, and Wistar rats were used, all obtained 
from the REPGO-TNO animal breeding station at Zeist, 
The Netherlands. The murine colon carcinoma Colon 38 
was obtained via Dr P. Lelieveld from the same Institute. 
Histology, growth characteristics and sensitivity to 5-FU 
have been described previously [2, 33, 421. The mice and 
rats received all compounds  as i.p. bolus injections. The 
volume of  injection for mice did not exceed 0.4 ml, and 
that for rats did not exceed 3.5 ml. Temperature was moni- 
tored rectally with a thermosensitive probe before admin- 
istration and at various intervals after treatment until body 
temperature was normalized. 

Measurement of  plasma uridine and uracil concentrations. 
Blood samples from the mice were taken before and after 
treatment via retro-orbital puncture under ether anesthesia 
with heparinized hematocrit capilaries. Blood samples 
were centrifuged immediately, and plasma was pipetted 
off and stored at - 20 ° C until analysis. All the compounds  
tested in this study are stable under these conditions. Plas- 
ma was deproteinized with TCA (final concentration 5%; 
5 g per 100ml H20 ) at + 4 ° C  for 20 min. Samples were 
neutralized with an alamine-Freon (trioctylamine- 
1,1,2-trichlorotrifluoroethane) solution [29]. Plasma levels 
of  uridine and uracil were determined with an HPLC 
method described previously [29], using a LiChrosorb 
10-RP 18 column. Pharmacokinetic parameters were 
calculated as described previously [34], according to van 
Rossum and van (~inrteken [43]. 

Tissue nucleotide measurements. In order to study the con- 
centrations of  nucleosides, bases, and nucleotides, mice re- 
ceived uridine or cytidine at 3500 mg/kg  i.p. as a bolus in- 
jection. After 2 h mice were killed by cervical dislocation. 

Tissues were removed as soon as possible and were imme- 
diately frozen in and subsequently stored in liquid nitro- 
gen. Initially tissues were obtained from mice which were 
completely frozen in liquid nitrogen immediately (less 
than 5 s) after cervical dislocation. This procedure dimin- 
ishes degradation of  nucleotides. Frozen tissues could be 
removed from these mice separately from the other tissues. 
In extracts prepared from these tissues the UTP and CTP 
pools were higher than in tissues obtained from mice that 
were not completely frozen, but the tissue pools of  total 
pyrimidine nucleotides and of  uridine and uracil were 
comparable for both methods (data not shown). Thus, dur- 
ing preparation of  the tissues UTP and CTP were de- 
graded to UMP and CMP, respectively, but not to uridine 
and cytidine. 

For analysis the frozen pieces of  tissues were weighed 
and subsequently pulverized using a micro-dismembrator 
[32]. The powder (still frozen) was extracted with a TCA 
solution (final concentration 5%) at 4°C  for 20 min and 
neutralized with alamine-Freon. In this extract the concen- 
trations of  uridine and uracil were determined as de- 
scribed above with a LiChrosorb 10-RP-18 column. Analy- 
sis of  all nucleotides was performed on a Partisil SAX col- 
umn using gradient elution [31]. Analysis of  the total py- 
rimidine nucleotide pool (U2P and CZP) was performed 
by heating the extracts in 1 Mperchlor ic  acid at 100 ° C for 
14 min, which hydrolyzes UTP, U D P  and UDP sugars to 
UMP, and CTP, CDP  and CDP sugars to CMP [23, 38]. 
The hydrolyzed extract was neutralized with alamine-Fre- 
on. Analysis of  UZP and CZP pools was performed on a 
Partisil-SAX column using isocratic elution [23] with 
50 m M f o r m i c  acid and 5 m M K H 2 P O  4 (pH 4.1) at 1.5 ml /  
rain. The retention time of  CMP was 8.6 min and that of  
UMP, 13.2 rain. 

Statistical analyses were performed using Student's 
t-test for unpaired and for paired data. 

Results 

Effect of  uridine and cytidine on body temperature 

Uridine given at a dose of  3500 mg/kg  was able to prevent 
myeloid toxicity caused by 5FU in mice [20, 33]. This dose 

Table 1. Body temperature in several mouse strains after treatment 
with uridine at 3500 mg/kg 

Time Body temperature (° C) 
(h-rain) 

C57B1/6 Balb/c Swiss 

0-00 37.6 38.2 38.1 
0-30 32.4*** 33.4*** 32.8** 
1-00 31.2"** 33.5** - 
2-00 31.9"* 35.8 o 31.8"* 
4-00 33.5 ° 37.0* 32.9* 
6-00 36.5 35.9* 33.3* 

Mean body temperature from 6-12 mice is given in each case. 
Temperature variation of mice treated with NaC1 was less than 
0.7°C. SD was less than 2°C. Significant different from the tem- 
perature before treatment as tested with the Student's test for 
paired data 
***P <0.001; ** 0.001 < P  <0.01; * 0.01 < P  <0.02; 
° 0.02<P <0.05 
Other side effects: shivering, spasms, swollen eyelids, discolored 
fur, no activity, and fro group formation 
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Fig. 1. Body temperature in C57B1/6 mice after an i.p. bolus in- 
jection of uridine. Means from at least 6-12 mice are shown. SD 
did not exceed 2°C. • • ,  3500mg/kg; A - - - - - - A ,  
2000mg/kg; * - - - * ,  1000mg/kg; • . . . . . . . .  • ,  500mg/kg; 
• . . . . .  V, I00 mg/kg. Significant different from values before 
treatment according to Student's t-test for paired data; xx, P 
<0.001;x, 0.001 < P<0 .01 ;o ,  0.01 < P<0.05 

reduced the body  tempera ture  of  Swiss, C57B1/6 and 
Ba lb / c  mice significantly (Table 1). Fur thermore ,  these 
mice showed spasms, shivering, swollen eyelids and 
discolora t ion  of  the fur. The lowest temperatures  were ob- 
served in Swiss mice and were as low as 26 ° C in some ani- 
mals. The lowest temperature  found in C57B1/6 mice was 
28°C and the lowest in Ba lb / c  mice, 27 ° C. When  body  
tempera ture  decreased to 2 6 - 2 8 ° C  the mice required a 
longer  t ime for recovery. 

C57B1/6 mice were used more extensively to study the 
effect of  ur idine on body  temperature  (Fig. 1). Ur idine  was 
adminis tered  at 3500, 2000, 1000, 500, and 100 mg/kg .  The 
temperature  decrease observed at 2000 m g / k g  was smaller 
than that with 3500 m g / k g  and mice recovered more  rap- 
idly. The other side-effects, such as spasms, were also less 
pronounced.  At 1000 m g / k g  no tempera ture  decrease was 
observed,  but  at 500 m g / k g  a small but significant fall in 
body  temperature  was observed. These mice recovered 
within a few hours. At 100 m g / k g  a small  but  significant 
rise in tempera ture  was observed. Since ur idine adminis-  
t rat ion is in tended for selective rescue from 5FU toxicity,  
without affecting ant i tumor  activity it has been used in 
mice bearing the colon carc inoma Colon 38 [33]. Treat- 
ment  of  these tumor-bear ing  mice with ur idine at 
3500 m g / k g  resulted in a comparab le  tempera ture  de- 
crease to that in mice without  tumors.  

Since the rat  is a species closely related to mouse, we 
also determined the effect of  ur idine on body  tempera ture  
of  this species (Fig. 2). Ur idine  was tested at two doses 
which were injected i.p. The fall in body  tempera ture  in 
rats was comparab le  to that observed in mice. Rats t reated 
with 3500 m g / k g  recovered more slowly; after 24 h the 
body  temperature  was normal ized.  

Effect of GPT and BA U 

In an a t tempt  to prevent  b reakdown of  uridine,  two inhibi- 
tors of  ur idine phosphorylase ,  GPT and BAU, were injected 
s imultaneously with uridine.  These compounds  are specif- 
ic competi t ive inhibi tors  of  ur idine phosphory lase  [15, 25, 
26]. GPT and BAU did not  affect the body  temperature  of  
mice. BAU was given at the same concentra t ion as used by 
Darnowsky and Handschumacher  [5]. GPT in combina-  
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Fig. 2. Body temperature in Wistar rats after an i.p. bolus injec- 
tion of uridine at 2000 mg/kg ( A - - - - - - A )  and at 3500 mg/kg 
( •  • ) .  Values are means + SE from 3 and 7 rats, 
respectively. Significance indicated as in Fig. 1 

t ion with uridine significantly decreased body  temperature  
(30.2+0.9 ° C after 1 h; mean _+ SE). This fall in body  tem- 
pera ture  was comparable  to that  with ur id ine  alone (Table 
1). In contrast,  BAU in combina t ion  with ur id ine  affected 
body  temperature  significantly less than ur id ine  alone 
(34.5 + 0.3 ° C after 0.5 h). Mice also recovered more quick- 
ly, body  temperature  being normal  again after 6 h. 

Effect of eytidine 

Through deaminat ion,  cytidine can act as a precursor  for 
uridine,  with the same abil i ty to rescue mice from 5FU 
toxici ty [20]. Cytidine also significantly decreased the body  
temperature  of  mice at a dose of  3500 m g / k g  (Fig. 3). 
THU,  a potent  inhibi tor  of  cytidine deaminase,  was ad- 
ministered at a dose repor ted  to be capable  of  inhibit ing 
cytidine deaminase in vivo [22]. However,  25 mg T H U / k g  
did not  prevent  the temperature  decrease caused by  cyti- 
dine. At 50 mg T H U / k g  comparab le  results were found 
(data  not  shown). On closer examinat ion it appeared  that  
T H U  itself affected body  temperature ,  leading to a 
temperature  decrease at 25 m g / k g  and an increase at 
50 mg/kg.  
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F i g .  3. Body temperature in C57B1/6 mice after an i.p. bolus in- 
jection of cytidine at 3500mg/kg ( •  • ) ,  cytidine plus 
THU at 25 mg/kg ( • - - - - - - O ) ,  or THU alone at 25 mg/kg 
© . . . .  0 )  or at 50mg/kg (A . . . . . . . .  A). Values are means + SE 
from 3-5 mice for THU alone, from 10 mice for cytidine, and 
from 6 mice for cytidine plus THU. Temperature decrease after 30 
and 60 min was significant at P <0.001 for cytidine and cytidine 
plus THU 
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Fig. 4A, B. Time-versus-plasma concentration curves for uridine 
(UR) and uracil (U) in C57B1/6 (A) and Balb/c (B) mice. Values 
are means + SEM from 4 animals. Blood samples were obtained 
from the same animal before and after uridine administration 

Plasma concentrations of  uridine, uracil and cytidine 

In  C57B1/6 and Balb /c  mice the plasma concentrations of 
ur idine and uracil were measured after administrat ion of 
3500 mg uridine/kg.  Blood samples were obtained from 
the same mice at 0, 15, 30, 60, 120, and 240 min and at 24 h 
after uridine administration. For all mice comparable con- 
centration-time curves were found. The mean values are 
presented in Fig. 4. In C57B1/6 mice (Fig. 4A) the peak 
uridine concentrat ion was reached after 30 min and 
amounted to about 20 raM. In  Balb/c  mice (Fig. 4B) the 
peak concentration was reached after 60 rain and amount-  
ed to about 20 raM. Thereafter, the uridine concentrat ion 
decreased relatively slowly. In  both mouse strains uridine 
was rapidly broken down to uracil. After 4 h uracil levels 
were higher than those of uridine in C57B1/6 mice. In 
Balb /c  mice uracil levels remained lower than those of 
uridine. Peak levels were observed after 2 - 4  h. 
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Fig. 5. Time-versus-plasma con- 
centration curves for cytidine, uri- 
dine and uracil in C57B1/6 mice 
after an i.p. bolus injection of cyti- 
dine at 3500 mg/kg. Blood sam- 
ples were obtained from the same 
animal before and after cytidine 
administration. Values are means 
+ SE from 4 animals 

In C57B1/6 mice we measured cytidine, uridine, and 
uracil concentrations after administrat ion of cytidine at 
3500 mg/kg  (Fig, 5). Cytidine reached a peak concentra- 
t ion of about 10 m M  after 1 h. Cytidine was deaminated to 
uridine, but uridine levels did not  exceed those of cytidine. 
Uridine levels remained relatively constant between 1 and 
1.5 m M  for 3 h. Uracil reached a peak plasma concentra- 
t ion of 1 m M  after 2 h. No cytosine was detected. 

In general, pharmacokinetic parameters of uridine for 
both mouse strains are comparable (Table 2). The total uri- 
dine clearance is slightly lower in Balb-c mice. The AUC 
for uracil is slightly lower in Balb /c  mice, although the dif- 
ference is smaller than for the peak concentration. 

Both peak concentrat ion and AUC are lower for cyti- 
dine in comparison to uridine. Considerable differences 
were also observed in the VD and the total clearance, which 
are both higher for cytidine. The AUC for uridine and ura- 
cil formed from cytidine are comparable. However, the 
AUC for uridine formed from cytidine is considerably 
lower than that of ur idine after uridine administrat ion 
itself. The same holds for uracil. 

Table 2. Pharmacokinetic parameters of uridine and cytidine and their metabolites 

Compound species Peak concentration MRT AUC V D Total clearance 
(mM) (min) (mmol h/l) (ml/kg) (ml/kg. min) 

Uridine 
C57B1/6 21.5 +6.3 96+11 47 __+6 773+115 0.319+__0.035 
Balb/c 20.8 +3.2 119+ 2 59 +6 689+ 89 0.249+0.030 

Uracil (from uridine) 
C57B1/6 10.62___5.91 118+ 15 11.9 +1.1 - - 
Balb/c 2.83+0.10 136+ 1 8.7 +0.9 - - 

Cytidine 11.6 +2.2 112+ 9 25 +4 1265+347 0.841+0.119 

Uridine (from cytidine) 1.32 _+ 0.43 - 3.11 + 0.56 - - 

Uracil (from cytidine) 1.10 ± 0.16 - 2.57 + 0.29 - - 

Parameters are calculated from data obtained in separate animals. The values are calculated from the time of injection up to 4 h after 
injection. Values are means + SE. Cytidine values are from C57B1/6 mice 
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Fig. 6A, B. Tissue levels of uridine (A) and uracil (B) at 2 h after 
administration of uridine (UR) at 3500 mg/kg or of cytidine (CR) 
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< P<0.01;*0.01< P<0.02 

Tissue levels of uridine, uracil cytidine and nucleotides 

It was repor ted  earl ier  that there are wide differences in 
ur id ine  and uracil  levels between p lasma and various tis- 
sues of  mice [5]. Modula t ion  of  p lasma levels depends  on 
the activities of  ur idine phosphory lase  and ur id ine  kinase 
in tissues, since it has been shown that  erythrocytes them- 
selves have a very low capaci ty  for either phosphory la t ion  
or phosphorolys is  of  ur id ine  [40]. Therefore,  we measured 
ur id ine  and uracil  levels (Fig. 6) in the liver, as a major  or- 
gan responsible  for ur id ine  b reakdown in Colon 38, and in 
bra in  because of  the effect of  ur id ine  on temperature.  Af- 
ter 2 h both ur idine and uracil  were at or a lmost  at plateau 
levels in the p lasma (Fig. 4), and body  temperature  was 
still low (Figs. 1, 3). Therefore  tissues were removed after 
2 h. In both the tumor  and the liver ur id ine  concentrat ions  
were increased considerably,  about  70- and  53-fold, re- 
spectively, while in bra in  the ur idine concentra t ion was 
only increased 7-fold (Fig. 6). Marked  differences were ob- 
served in uracil  levels in tumor,  liver, and  brain. Al though 
the absolute uracil levels were lower in bra in  tissue than in 
liver or tumor  tissue, the relative increase in uracil  levels 
was higher in bra in  (l l - fo ld)  than in liver (8.8-fold) or 
tumor  (3.8-fold). 
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Fig. 7A, B. Tissue levels of (A) total uracil nucleotide pool (UEP) 
and (B) cytosine nucleotide pool (CZP) (B) at 2 h after adminis- 
tration of uridine and cytidine. Further details are given in the 
legend to Fig. 6 

The effect of  cytidine was studied only in brain.  The 
cytidine level in brains  of  untreated mice was 42 + 9 p m o l /  
mg wet weight, increasing after t reatment  to 9 0 + 3 2  
(means + SE from 3 and 5 mice, respectively). After  cyti- 
dine adminis t ra t ion ur idine levels in bra in  increased about  
2.1-fold, but uracil  levels increased about  6.8-fold. 

Striking differences were observed in the abil i ty of  uri- 
dine to modula te  total uracil  and cytosine nucleot ide pools  
in tumor,  liver and brain  (Fig. 7). In the Colon 38 tumor,  
ur idine increased the UEP pools  only 3.2-fold, but CEP 
pools  increased 4.1-fold. In liver, UEP pools  increased 
more  than 7.8-fold, while CEP increased only 3.5-fold. In 
brain,  adminis t ra t ion  of  ur id ine  did  not significantly affect 
UEP or  CZP pool.  Al though cytidine is a direct precursor  
for cytosine nucleotides,  no increase in CEP pools  was ob- 
served in brain,  but  a small  but  significant increase was 
seen in UEP pools.  

Discussion 

In this study we observed that  systemic adminis t ra t ion  of  
ur id ine  can result in a severe hypothermia  in mice and 
rats. Furthermore,  a comparab le  dose of  cytidine also de- 
creased body temperature  in mice, al though to a lesser ex- 
tent than uridine. In previous studies on high-dose ur idine 
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and cytidine no mention was made of an effect on temper- 
ature [13, 14, 21]. In contrast, uridine induced fever in rab- 
bits [3, 341 and in human patients [41]. However, the dose 
which was administered was lower than that used in the 
experiments with mice and rats. Interestingly, at the lowest 
dose of uridine (100 mg/kg) a slight but significant tem- 
perature increase was observed. 

In a previous study we found evidence that uridine-in- 
duced hyperthermia in rabbits was caused by a catabolite 
of uridine [34]. The data obtained in this study indicate 
that the hypothermia in mice might also be cuased by a ca- 
tabolite of uridine. Inhibition of uridine catabolism to ura- 
cil by BAU partially prevented the uridine-induced hypo- 
thermia, indicating that uracil or further catabolites, such 
as carbamyl-[~-alanine or [3-alanine, interfere with thermo- 
regulation [34]. It might also be possible that the uridine- 
induced hyperthermia is a shock-like effect due to a 
sudden load of salts. However, a comparable injection 
with saline did not lead to hypothermia. Furthermore, in- 
jection of the same doses of cytidine resulted in less severe 
hypothermia. This effect of cytidine is probably due to its 
deamination to uridine or that of cytosine to uracil. Unfor- 
tunately, THU, a potent inhibitor of cytidine deaminase 
[22], affected body temperature. It might be that an effect 
on body temperature is an inherent property of pyrimidine 
ribonucleosides. No effect of pyrimidine deoxynucleosides 
has been reported, although thymidine has been adminis- 
tered at very high doses (80 g/m 2) both to patients [18, 47] 
and to mice (4 g/kg [9, 46, 47]. Up to now, deoxycytidine 
has only been administered at low doses to patients suffer- 
ing from purine nucleoside phosphorylase deficiency 
[39, 44]. 

A hypothermic effect has been described for several 
purines, such as adenosine and analogues [1, 12]. The ef- 
fect was observed at rather low doses of the compounds, 
much lower than those of the pyrimidine nucleosides used 
in this study. Therefore, this effect of adenosine is prob- 
ably mediated by a different mechanism [1] via the adeno- 
sine receptors, leading to an increase of cAMP levels [4]. 
Since adenosine can be considered as a local hormone [1] 
the hypothermic effects of adenosine are most probably 
peripheral in nature [12], although interaction with the hy- 
pothalamic temperature center cannot be excluded. 

The plasma uridine concentrations reported by Martin 
et al. [21] after an i.p. injection of 3500 mg/kg are compa- 
rable to our values. Although no pharmacokinetic data 
have been reported, the AUC estimated from their data 
appears to be smaller. Recently, Klubes et al. [14] reported 
a study on the bioavailability of uridine in mice following 
s.c. and oral administration, For s.c. administration these 
authors reported an AUC value for uridine from 0 to 2 h 
of 5890 Ixmol.h/1, which is considerably lower than we 
could calculate for i.p. uridine after 2 h in our two mouse 
strains. This variance in data might be due to either the 
different routes of administration or to the use of different 
mouse strains. 

Plasma uridine and uracil levels were studied together 
with tissue levels of uridine, uracil and pyrimidine nucleo- 
tides after uridine administration, in order to correlate 
these levels with the effect on body temperature. Uridine 
concentrations increased much more markedly in plasma 
than in the tissues examined, including brain. Although 
the absolute uracil concentration in brain was lower than 
in the tumor or liver, the relative increase was higher. If 

the lack of effect of uridine on total brain uracil and cyto- 
sine nucleotide pools is also true for different functional 
subregions of the brain, and if the hypothermic effects are 
not peripheral in nature, then the effect of uridine on body 
temperature may be mediated by uracil or another catabo- 
lite rather than by a nucleotide. This is supported by.the 
data obtained following cytidine administration. Cytidine 
not only enhanced uridine levels, but the relative increase 
in uracil levels was much higher. Also uracil nucleotide 
pools were increased. Santos et al. [37] reported that cyti- 
dine in tracer amounts was a better substrate for labeling 
brain pyrimidine nucleotides than uridine. It also appears 
to be a better substrate than uridine for labeling of liver 
pyrimidine nucleotides [17, 24]. This could be related 
to the longer exposure of tissues to uridine, due to gradual 
metabolism of cytidine to uridine. Studies on differ- 
ences in nucleotides in the various anatomical sections of 
the brain were beyond the scope of the study. 

Our data on physiological concentration of uracil nu- 
cleotide pools in liver and the tumor Colon 38 are compa- 
rable to data reported by Darnowsky and Handschumach- 
er [5], although in their report no data on levels in brain 
were included. No expansion of the uracil nucleotide 
pools was observed by these investigators after administra- 
tion of BAU with uridine at 250 mg/kg, probably because 
their dose of uridine was considerably lower than ours. An 
interesting difference was observed concerning the con- 
centration of uridine and uracil in plasma and tissues. 
While the physiological plasma concentration of uridine is 
between 5 and 10 ~tM, concentrations in brain and tumor 
were about 100 IxM and those in liver, as much as 200 ~tM 
(Fig. 6). Even wider differences were observed for uracil. 
This means that concentrations of nucleosides in tissues 
are not equal to those in plasma; the higher concentrations 
in tissues are probably due to an active transport system 
for uridine [35] and to differences in uridine metabolism 
between blood cells and tissues [6, 27, 28]. Comparable dif- 
ferences have been observed by Darnowski and Hand- 
schumacher [6]. These authors postulated that a concentra- 
tive transport mechanism is responsible for the large tissue 
uridine pools, which might form a reservoir for pyrimi- 
dines. The differences in uridine pools and in the effect of 
uridine on its nucleotides might play an important role in 
the selective uridine 'rescue' from 5FU toxicity. The low 
uridine pool in Colon 38 and the relatively minor effect of 
uridine on uridine nucleotide pools in Colon 38 might be 
linked with the sensitivity of this tumor to 5FU even with 
delayed administration of uridine [33]. Our data support 
the theory that rescue is mediated by the competition of 
UTP with 5FU nucleotides for incorporation into RNA in 
non-malignant tissues [21, 38]. Toxicity caused by 5FU is 
attributed to its incorporation into RNA [11, 38, 45]. 

This difference in uridine pools in tissues and plasma 
might be related to a selective effect of uridine on the ac- 
tion of 5FU. Assuming similar concentrations of uridine in 
plasma and bone marrow, the large increase in uridine 
concentration might selectively influence the pyrimidine 
and fluoropyrimidine metabolism in bone marrow cells. 
Since the uridine increase in the tumor is less pronounced, 
the effect on (fluoro)pyrimidine metabolism in tumor and 
other tissues might also be less marked. Up to now, only 
reversal of myelosuppression has been observed in pa- 
tients [30], but reversal of gastrointestinal toxicity has not 
yet been demonstrated. 
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In conclusion, this paper is the first report on a tem- 
perature-decreasing effect of the pyrimidine nucleosides 
uridine and cytidine. The effects are probably an inherent 
property of these pyrimidines and might be mediated by 
breakdown products. Evidence has been obtained from 
studies with the uridine phosphorylase inhibitor  BAU and 
from measurements of tissue uridine, uracil, and uracil nu- 
cleotide pools. The increase in uracil level was relatively 
highest in brain, support ing the relevance of uracil or fur- 
ther breakdown products for thermoregulation. It might be 
possible to regulate the effects on body temperature by us- 
ing an appropriate combinat ion  of BAU and uridine. The 
marked differences in uridine and uracil levels between 
the various tissues are relevant for the optimization of 
more specific therapy with 5FU and uridine. 

Acknowledgement. This work was supported by grant IKA 83-16 
from the Dutch Cancer Foundation (Koningin Wilhelmina Fonds). 

R e f e r e n c e s  

1. Arch JRS, Newsholme EA (1978) The control of the metabo- 
lism and hormonal role of adenosine. In: Campbell PN, 
Aldridge WN (eds) Essays in biochemistry, vol 14. Academic 
Press, London, p 82 

2. Corbett TH, Griswold DP, Roberts B J, Peckman JC, Schabel 
FM (1977) Evaluation of single agents and combinations of 
chemotherapeutic agents in mouse colon carcinomas. Cancer 
40: 2660 

3. Cradock JC, Vishnuvajjala BR, Chin TF, Hochstein HD, 
Ackerman TK (1986) Uridine-induced hyperthermia in the 
rabbit. J Pharm Pharmacol 38:226 

4. Daly JW, Bruns RF, Snyder SH (1981) Adenosine receptors 
in the central nervous system; relationship to the central 
actions of methylxanthines. Life Sci 28:2083 

5. Darnowsky JW, Handschumacher RW (1985) Tissue specific 
enhancement of uridine utilization and 5-fluorouracil therapy 
in mice by benzylacyclouridine. Cancer Res 45:5364 

6. Darnowsky JW, Handschumacher RE (1986) Tissue uridine 
pools : evidence in vivo of a concentrative mechanism for uri- 
dine uptake. Cancer Res 46:3490 

7. Feldberg W, Myers RD (1963) A new concept of temperature 
regulation by amines in the hypothalamus. Nature 200:1325 

8. Geiger A (1958) Correlation of brain metabolism and func- 
tion by the use of a brain perfusion method in situ. Physiol 
Rev 38 : 1 

9. Herman EH, Jordan W, Ardalan B, Zaharko DS, Bolten B J, 
Cooney DA (1980) Toxicologic effects of a high dose of thym- 
idine in mice. Toxicol Appl Pharmaco! 56:443 

10. Hogans AF, Guroff G, Udenfriend S (1971) Studies on the 
origin of pyrimidines for biosynthesis of neural RNA in the 
rat. J Neurochem 18:1699 

11. Houghton JA, Houghton PJ, Wooten RS (1979) Mechanism 
of induction of gastrointestinal toxicity in the mouse by 
5-fluorouracil, 5-fluorouridine and 5-fluoro-2'deoxyuridine. 
Cancer Res 39:2406 

12. Jonson B, Bergquist A, Li Y-O, Fredholm BB (1986) Effects 
of adenosine analogues on blood pressure, heart rate and 
colonic temperature in the rat. Acta Physiol Scand 126:491 

13. Klubes P, Cerna I, Meldon MA (1982) Uridine resuce from 
the lethal toxicity of 5-fluorouracil in mice. Cancer Chemo- 
ther Pharmacol 8:17 

14. Klubes P, Geffen DB, Cysyk RL (1986) Comparison of the 
bioavailability of uridine in mice after either oral or paren- 
teral administration. Cancer Chemother Pharmacol 17:236 

15. Langen P, Etzold G (1963) Deoxyglycosyl-thymine as an in- 
hibitor of pyrimidine nucleoside phosphorylase from ascites 
tumor. Biochem Z 339:190 

16. Levine RL, Hoogenraad N J, Kretchmer N (1974) Biological 
and clinical aspects of pyrimidine metabolism. Pediatr Res 8: 
724 

17. Lewan L, Ljungquist I, Engelbrecht L, Ynger T (1985) Utiliza- 
tion of labelled uridine, cytidine and orotic acid for determi- 
nation of ribonucleic acid synthesis in mouse liver. Comp 
Biochem Physiol [B] 81 : 499 

18. Leyva A, Schornagel JH, Kraal I, Wadman SK, Pinedo HM 
(1984a) Clinical and biochemical studies of high-dose thymi- 
dine treatment in patients with solid tumors. J Cancer Res 
Clin Oncol 107:211 

19. Leyva A, Van Groeningen CJ, Kraal I, Gall H, Peters GJ, 
Lankelma J, Pinedo HM (1984b) Phase I and pharmacokinet- 
ic studies of high-dose uridine intented for rescue from 
5-fluorouracil toxicity. Cancer Res 44:5928 

20. Martin DS (1987) Biochemical modulation-perspectives and 
objectives. In: Harrap KR, Connors TA (eds) Proceedings of 
the 8th Bristol-Myers Symposium on Cancer Research: New 
Avenues in Developmental Cancer Chemotherapy, Academic 
Press, London 

21. Martin DS, Stolfi RL, Sawyer RC, Spiegelman S, Young CW 
(1982) High-dose 5-fluorouracil with delayed uridine "rescue" 
in mice. Cancer Res 42:3964 

22. Mekras JA, Boothman DA, Perez LM, Greer S (1984) Use of 
fluorodeoxycytidine and tetrahydrouridine to exploit high 
levels of deoxycytidylate deaminase in tumors to achieve 
DNA- and target-directed therapies. Cancer Res 44:2551 

23. Moyer JD, Handschumacher RE (1979) Selective inhibition 
of pyrimidine synthesis and depletion of nucleotide pools by 
N-(phosphon-acetyl)-L-aspartate. Cancer Res 39:3089 

24. Moyer JD, Oliver JT, Handschumacher RE (1981) Salvage of 
circulating pyrimidine nucleosides in the rat. Cancer Res 41 : 
3010 

25. Niedzwicki JG, Chi SH, E1 Kouni MH, Rowe EC, Cha SH 
(1982) 5-Benzylacyclouridine and 5-benzyloxybenzyl-acyclou- 
ridine, potent inhibitors of uridine phosphorylase. Biochem 
Pharmacol 31:1857 

26. Niedzwicki JG, E1 Kouni H, Chu SH, Cha S (1983) Struc- 
tureactivity relationship of ligands of the pyrimidine nucleo- 
side phosphorylases. Biochem Pharmacol 32:399 

27. Peters G J, Veerkamp JH (1983) Purine and pyrimidine metab- 
olism in peripheral and phytohemagglutinin-stimulated mam- 
malian lymphocytes. Int J Biochem 1 5 : 1 1 5  

28. Peters G J, Veerkamp JH (1984) Pyrimidine metabolism in rat 
brain cortex and liver. Adv Exp Med Biol 165A: 531 

29. Peters GJ, Kraal I, Laurensse E, Leyva A, Pinedo HM (1984) 
Separation of 5-fluorouracil and uracil by ion-pair reversed- 
phase high performance liquid chromatography on a column 
with porous polymeric packing. J Chromatogr 307:464 

30. Peters GJ, Van Groeningen C J, Leyva A, Laurensse E, Lan- 
kelma J, Pinedo HM (1985) Species-dependent effect of high 
dose uridine on body temperature - Relevance to clinical 
studies. Proc Am Assoc Cancer Res 26:370 (Abstract 1462) 

31. Peters G J, Laurensse E, Leyva A, Lankelma J, Pinedo HM 
(1986a) Sensitivity of human, murine, and rat cells to 5-fluor- 
ouracil and 5'deoxy-5-fluorouridine in relation to drug- 
metabolizing enzymes. Cancer Res 46:20 

32. Peters GJ, Laurensse E, Leyva A, Pinedo HM (1986b) Tissue 
homogenization using a microdismembrator for the measure- 
ment of enzyme activities. Clin Chim Acta 158:193 

33. Peters G J, Van Dijk J, Van Groeningen C J, Laurensse E, 
Leyva A, Lankelma J, Pinedo HM (1986c) Toxicity and 
antitumor effect of 5-fluorouracil and its rescue by uridine. 
Adv Exp Med Biol 195 B: 121 

34. Peters G J, Van Groeningen C J, Laurensse E, Kraal I, Leyva 
A, Lankelma J, Pinedo HM (1987) Effect of pyrimidine nu- 
cleosides on body temperatures of man and rabbit in relation 
to pharmacokinetic data. Pharm Res 4:113 

35. Plageman PGW, Wohlhueter RM (1980) Permeation of nu- 
cleosides, nucleic acid bases, and nucleotides in animal cells. 
Curt Top Membranes Transport 14:225 



108 

36. Popov N, Schmidt S, Mathies H (1984) Protective effect of 
uridine on D-galactosamine induced deficiency in brain uri- 
dine phosphates. Biomed Biochem Acta 43:1399 

37. Santos JN, Hempstead KW, Kopp LE, Mieck RR (1968) Nu- 
cleotide metabolism in rat brain. J Neurochem 15:367 

38. Sawyer RC, Stolfi RL, Spiegelman S, Martin DS (1984) Effect 
of uridine on the metabolism of 5-fluorouracil in the CDsF 1 
murine mammary carcinoma system. Pharm Res 2:69 

39. Stoop JW, Zegers BJM, Spaapen LJM, Kuis W, Roord J J, 
Rijkers GT, Staal GEJ, Rijksen G, Duran M, Wadman SK 
(1984) The effect of deoxycytidine and tetrahydrouridine in 
purine nucleoside phosphorylase deficiency. Adv Exp Med 
Biol 165A: 61 

40. Tax WJM, Peters GJ, Veerkamp JH (1979) Pyrimidine metab- 
olism in lymphocytes and erythrocytes of man, horse and 
cattle. Int J Biochem 10:7 

41. Van Groeningen CJ, Leyva A, Kraal I, Peters GJ, Pinedo HM 
(1986) Clinical and pharmacokinetic study of prolonged ad- 
ministration of high-dose uridine intented for rescue from 
5-fluorouracil toxicity. Cancer Treat Rep 70:745 

42. Van Kranenburg-Voogd PJ, Keizer H J, Van Putten LM 
(1978) Experimental chemotherapy of transplantable mouse 
colon tumors. Eur J Cancer 14 [Suppl]: 153 

44. 

43. Van Rossum JM, Van Ginneken CAM (1980) Pharmacokinet- 
ic system dynamics. In: Gladtke E, Heimann G (eds) Phar- 
macokinetics. Fischer, Stuttgart, p 53 
Watson AR, Simmonds HA, Webster DR, Lawyard L, Evans 
DIK (1984) Purine nucleoside phosphorylase deficiency: A 
therapeutic challenge. Adv Exp Med Biol 165A: 53 

45. Wilkinson DS, Crumley J (1977) Metabolism of 5-fluorouracil 
in sensitive and resistant Novikoff hepatoma cells. J Biol 
Chem 252:!051 

46. Zaharko DS, Ramonas LM (1982) Comparison of in vitro and 
in vivo effects of thymidine on L1210 leukemia in mice. J Natl 
Cancer Inst 68:875 

47. Zaharko DS, Bolten B J, Kobayashi T, Blasberg RG, Lee SS, 
Giovanella BC, Stehlin JS (1979) Thymidine and thymine in 
biologic fluids during high-dose infusions of thymidine in 
mice, monkeys and man. Cancer Treat Rep 63:945 

Received November 13, 1986/Accepted May 13, 1987 


