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Abstract Both leucovotin (LV) and cisplatin (cis-dichlor- 
odiammine platinum II, CDDP) act as modulators of 5- 
fluorouracil (5-FUra) by increasing the intracellular con- 
centration of reduced folate. We measured intracellular 
folate levels following the administration of LV or cisplatin 
in tumor-beating rats to determine the optimal schedules for 
their use as 5-FUra modulators. Donryu rats were inocu- 
lated with Yoshida sarcoma cells on the tight flank. Seven 
days after tumor inoculation, the animals were injected with 
LV or CDDE The kinetic and dose-related changes in 
intracellular folate concentration were analyzed by means 
of a binding assay. Folate levels in the tumor tissues were 
significantly higher than baseline 1 and 2 h after adminis- 
tration of LV and remained significantly high until 8 h after 
administration. Folate levels in the tumor tissues were 
significantly higher than baseline 1 and 2 h after cisplatin 
administration, then decreased to a rather low level 8 h 
after, and to a significantly lower level than baseline 24 h 
after administration. The folate levels in the tumor tissue 
increased in proportion to the dose of LV, but did not 
increase when the dose of cisplatin was increased from 
1 mg/kg to 8 mg/kg. Repeat high-dose administration of LV 
and repeat low-dose administration of cisplatin are advo- 
cated when they are used as modulators of 5-FUra. 
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Introduction 

Complete removal of malignant cells is the ideal method of 
treating gastric or colorectal carcinomas. However, recur- 
rent disease is not rare even when extended procedures are 
employed, including resection of the organ origin, broad 
lymph node dissection, and combined resection of neigh- 
boring organs. The search for effective chemotherapy for 
these tumors has been in progress for a long time. However, 
carcinomas originating from the alimentary tract show poor 
response to conventional chemotherapy. 

5-Fluorouracil (5-FUra) is an antimetabolite, which is 
now most frequently used in the treatment of carcinoma 
derived from the gastrointestinal tract. 5-FUra acts against 
tumor growth mainly by competitive inhibition of thymi- 
dylate synthase (TS), which is the key enzyme of de novo 
synthesis of pyrimidine nucleotides. However, some poten- 
tial mechanisms of resistance have been observed after 
administration of 5-FUra [1, 2]. These mechanisms of 
resistance can be overcome by increasing the intracellular 
folate level. Leucovorin (5-formyltetrahydrofolate, LV) and 
cisplatin (cis-dichlorodiammine platinum II, CDDP) can 
modulate 5-FUra by increasing intracellular folate [3-  5]. 

In this study, we analyzed the intracellular levels of 
5,10-methylenetetrahydrofolate (CH2H4PteGlu) and tetra- 
hydrofolate (H4PteGlu) in tumor-bearing rats following the 
administration of LV or cisplatin. The objectives of this 
study were to compare their effects on intracellular folate 
levels and to determine the optimal administration sched- 
ules for these agents as modulators of 5-FUra. 

Materials and methods 

Tumor models 

Male Donryu rats were obtained from Nippon SLC, Shizuoka, Japan. 
Yoshida sarcoma cells, obtained from T. Sasaki (Department of 
Experimental Therapeutics, Cancer Research Institute, Kanazawa 
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Table 1 Changes in tumor folate 
level (pmol/g tissue; mean _+ 
SD) following administration of 
leucovorin ( CH2H4PteGlu 
methylenetetrahydrofolate) 

*P <0.05; **P <0.01 vs base- 
line 

Table 2 Changes in tumor folate 
level (pmol/g tissue; mean _+ 
SD) following administration of 
cisplatin 

*P <0.05; **P <0.01 vs base- 
line 

Time after administration 

Baseline 1 h 2 h 8 h 24 h 

Total folate 3.6_+0.6 7.8_+1.8"* 8.0+_2.1" 5.9_+0.9* 5.1_+0.7" 
CH2H4PteGlu 2.5_+0.3 6.0_+0.9** 5.7_+0.9** 3.8-+0.4** 2.6-+0.3 

Time after administration 

Baseline 1 h 2 h 8 h 24 h 

Total folate 2.3_+0.3 4.7_+0.9** 3.7_+0.6* 2.0-+0.4 1.3_+0.2'* 
CH2H4PteGIu 1.4-+0.1 2.9_+0.6* 2.3_+0.5* 1.0_+0.4 0.8_+0.2** 

University), were passaged in Domyu rats by i. p. inoculation at weekly 
intervals. The Donryu rats were 4 weeks of age on arrival; they were 
quarantined for 1 week, then inoculated s.c. with 1 x 10 6 Yoshida 
sarcoma cells on the right flank. All animals were allowed access to 
food and water ad libitum. 

Chemicals 

d,I-LV and cisplatin were gifts from Nippon Lederle, Tokyo, Japan 
and Bristol-Myers Squibb, Tokyo, Japan, respectively. 
[6-3H]fluorodeoxyuridine ([6-3H]FdUrd) was purchased from New 
England Nuclear (Boston, Mass.). Other chemicals were purchased 
from Sigma Chemicals (St. Louis, Mo.). 

Kinetic study of intracellular folate levels in Yoshida sarcoma 
following administration of LV or cisplatin 

Seven days after the tumor inoculation, the animals were fasted for 24 h 
then injected with LV (100 mg/kg; expt 1) or cisplatin (4 mg/kg; expt 2) 
via the caudal vein. At 1, 2, 8, and 24 h after injection, the rats were 
anesthetized with 40 mg/kg sodium pentobarbital (i.p.) prior to 
removal of the tumor. Untreated rats were entered in each experiment 
as the source of the baseline values. Every group contained four rats. 

Dose-related changes in intracellular folate levels in Yoshida sarcoma 
following administration of LV or cisplatin 

Seven days after the tumor inoculation, the animals were fasted for 
24 h, then injected with LV (25, 50, 100, or 200 mg/kg; expt 3) or 
cisplatin (0.2, 0.5, 1, 2, 4, or 8 mg/kg; expt 4) via the caudal vein. Two 
hours after injection, the rats were anesthetized with 40 mg/kg sodium 
pentobarbital (i. p.) prior to removal of the tumor. Untreated rats were 
entered in each experiment as the source of the baseline values. Every 
group contained five rats. 

Preparation of tumor for folate assay 

The tumor samples (250 nag) were homogenized with a fourfold 
amount of 0.2 M Tris-HCl solution (pH 7.4) containing 20 mM 2- 
mercaptoethanol, 15 mM cytidine 5'-monophosphate (CMP), and 
0.1 M sodium fluoride, after which they were centrifuged (105 000 g, 
60 min). The supernates were used for the measurement of folate level. 

Preparation of [6-3H]FdUMP 

[6-3H]FdUMP was synthesized enzymatically from [6-3H]FdUrd in the 
laboratories of Toyama Chemical (Toyama, Japan). The solution was 

diluted with water to give 3.7 x 106 dpm/ml radioactivity, and a 
concentration of 114 pmol/ml. 

Cofactor solution A and B 

Cofactor solution A consisted of 50 mM potassium phosphate buffer 
solution (pH 7.4) containing 9 mM formaldehyde, 20 mM 2-mercap- 
toethanol, 15 mM CMR 0.1 M NaF, 16 mM ascorbic acid, and 2% fetal 
calf serum albumin. Cofactor solution B was the same solution with the 
formaldehyde omitted. 

Methylenetetrahydrofolate and tetrahydrofolate assay 

The folate levels were assayed by determination of ternary complex 
composed of intrinsic TS, intrinsic CH2H4PteGlu, and extrinsic 
tritiated FdUMR The supernates prepared for folate assay were each 
incubated with 0.1 ml [6-3H]FdUMP and 0.05 ml of cofactor solution 
A or B at 30 ~ C for 20 min. The reaction was stopped with 10% 
trichloroacetic acid. CH2H4PteGlu, and H4PteGlu concentrations were 
measured as described previously [6]. We measured both the mono- 
glutamate and the polyglutamates of methylenetetrahydrofolate as 
components of TC. 

Statistical analysis 

All results were expressed as means _+ SD. Comparisons of values 
were analyzed by Student's or Welch's t-test. Statistical significance 
was considered to be achieved at P < 0.05. 

Results 

Kinet ic  analysis  of  in t racel lular  fola te  levels  in Yoshida 
sa rcoma fo l l owing  adminis t ra t ion of  LV or cisplat in 

The  sum of  CH2H4PteGlu and H4PteGlu (total folate)  in the 
tumor  t issue was increased  about  twofo ld  compared  with 
base l ine  at 1 and 2 h after adminis t ra t ion  o f  LV. These  two  
values  were  s ignif icant ly  different  f r o m  the basel ine.  The  
changes  in CH2H4PteGlu levels  fo l l owing  adminis t ra t ion  o f  

LV were  s imilar  to those  in total folate  levels .  Subsequent ly ,  
fola te  leve ls  had dec l ined  8 h after LV adminis t ra t ion,  but  
still r ema ined  s ignif icant ly  high. By  24 h after LV admin-  
istration, CH2H4PteGlu had dec l ined  to a level  that was not 
s ignif icant ly  di f ferent  f rom basel ine,  but  total folate  l eve l  



Table 3 Tumor folate level 
(pmol/g tissue; mean _+ SD) 
following administration of var- 
ious doses of leucovorin 

*P <0.05; **P <0.01 vs base- 
line 

Dose of leucovorin (mg/kg) 

Baseline 25 50 t00 200 

Total folate 2 . 6 _ + 0 . 3  3.6_+0.2** 4.3_+0.9* 5.1 _+ 0.1"* 5.5_+0.9** 
CH2H4PteGlu 1 .7 - +0 . 3  2.4-+0.2** 2.7-+0.5* 3.2_+0.6** 3.6_+0.5** 

Dose of cisplatin (mg/kg) 

Baseline 0.2 0.5 1.0 2.0 4.0 8.0 

Total folate 2.7_+0.3 2.9_+0.3 3.7_+0.6* 5.1_+0.8"* 4.8_+0.5** 5.2_+0.7** 4.8_+0.9** 
CH2H4PteGlu 1.6-+0.5 2.0-+0.5 2.5-+0.6 3.2_+0.5** 3.0_+0.4** 3.0_+0.9* 2.9_+0.5* 
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Table 4 Tumor folate level 
(pmol/g tissue; mean _+ SD) 
following administration of var- 
ious doses of cisplatin 

*P <0.05; **P <0.01 vs base- 
line 

still remained significantly high (expt 1; Table 1). Total 
folate and CH2H4PteGlu levels in the tumor tissue were 
significantly higher than baseline at 1 and 2 h after 
administration of cisplatin. Folate levels at these times 
were significantly higher than baseline. However, 24 h 
after administration of cisplatinm total folate and 
CH2H4PteGlu had declined to significantly low levels 
(expt 2; Table 2). 

Dose-related changes in intracellular folate 
levels in Yoshida sarcoma following administration of LV 
or cisplatin 

Intracellular folate levels after LV were increased in a dose- 
dependent manner. At doses above 25 mg/kg, folate levels 
were significantly higher than baseline. Total folate and 
CH2H4PteGlu levels increased 2.1-fold following adminis- 
tration of 200 mg/kg of LV (expt 3; Table 3). Following 
administration of cisplatin, total folate and CH2H4PteGlu 
also increased, showing dose dependency at doses less than 
1 mg/kg. The values for total folate and CH2H4PteGlu were 
significantly different from baseline at doses more than 0.5 
and 1.0 mg/kg, respectively. However, the levels did not 
increase when the dose of cisplatin was increased from 
1 mg/kg to 8 mg/kg (expt 4; Table 4). 

Discussion 

In recent years, combination chemotherapy has been 
expanded to include biochemical modulation, which em- 
ploys a drug (modulator) to increase the pharmacological 
effects of the anticancer drug (effector) by selectively 
enhancing the activity of the effector [7, 8]. 5-FUra is the 
drug most commonly used as an effector. Such combination 
arms with 5-FUra and its modulators lead to substantial 
improvement in the treatment of colonic and gastric 
carcinoma [7, 9]. Many agents have been reported as 
modulators of 5-FUra. Uracil inhibits the degradation of 
5-FU to F [3-alanine and enhances its anti-tumor activity 
[10]. Methotrexate acts as a modulator of 5-FUra by 

increasing the concentration of phosphoribosylpyrophos- 
phate in the tumor [11, 12]. Alpha-2a-interferon may also 
demonstrate a modulator effect on 5-FUra [13], but the 
therapeutic advantages of its concomitant use with 5-FUra 
have been questioned [14, 15]. 

5-Fluoro-2'-deoxyuridine-5'-monophosphate (FdUMP), 
a metabolite of 5-FUra, competitively inhibits TS by 
forming a ternary complex (TC). This TC is composed of 
FdUMR TS and CHzH4PtGlu. To achieve a cytocidal effect 
of 5-FUra it is necessary to obtain a high TS inhibition rate 
(TSIR). If the total TS levels and FdUMP supply and 
deoxyuridine monophosphate (dUMP) levels are the 
same, TSIR appears to depend on reduced folate levels 
and increases in proportion to it. Intracellular folate 
deficiency, low FdUMP, high dUMP, and high TS levels 
might reduce TSIR, resulting in innate resistance to 5-FUra, 
which can be overcome by an increase in intracellular folate 
[1]. Moreover, the intracellular level of CH2H4PteGlu 
affects the stabillity of TC [6]. Consequently, a high 
intracellular concentration of CH2H4PteGlu is necessary 
to achieve satisfactory results with 5-FUra chemotherapy. 
Both LV and cisplatin act as modulators of 5-FUra by 
increasing the intracellular folate level. 

We measured the ternary complex by adding a sufficient 
amount of tritiated FdUMP to cytosol as the folate level. 
This value is generally correlated with the endogenous 
folate pool, but might actually be affected by the endoge- 
nous TS level. However, we have confirmed that the TS 
level is unchanged 2 h after administration of 5-FUra in 
solid Yoshida sarcoma (data not shown). Furthermore, our 
purpose was to investigate not the actual amount of folates, 
but the kinesis and dose-related changes of the intracellular 
folate level after LV or cisplatin. In this study, we used a 
homogeneous tumor model consisting of a Donryu rat with 
Yoshida sarcoma. This experimental model proved suitable 
for our purpose. 

The major clinical success in modulation of 5-FUra has 
been achieved with the use of LV [4, 16-18].  However, the 
optimal dose and schedule for LV as a modulator of 5-FUra 
has remained obscure. Many prospective randomized clin- 
ical trials have been performed to establish the most 
efficacious regimen. The Gastrointestinal Tumor Study 
Group reported a prospective and randomized study of 
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343 previously untreated patients with measurable meta- 
static colorectal carcinoma [19]. The response rate was 
significantly increased from 12% to 30% by the addition of 
high-dose LV (500 mg/m 2) to 5-FUra, but low-dose LV did 
not increase the response rate over 5-FUra alone. The study 
of the Mayo Clinic-North Central Cancer Treatment Group, 
which included 280 patients with metastatic colonic carci- 
noma, gave rise to the conclusion that both high-dose and 
low-dose LV lengthened the survival time of the patients 
[16]. Since LV alone has no antimetabolic effect, a syner- 
gistic effect of LV on 5-FUra depends on the increase in 
folate levels following LV administration. In our study, 
folate levels in the tumor tissue were significantly higher 
than baseline at 1 and 2 h after administration of LV and 
remained high until 8 - 2 4  h after administration. The 
increase in intracellular folate levels correlated with the 
dose of LV, reaching a 2.1-fold increase following admin- 
istration of 200 mg/kg of LV. Therefore, the optimal dose of 
LV as a modulator of 5-FUra in rats will be 200 mg/kg, or 
more, from the viewpoint of augmentation of intracellular 
folates. However, most of the folate increase following LV 
will be in monoglutamate form. The correlation between 
the synergistic effect of LV on 5-FUra and the increase of 
the intracellular folate pool should be examined in future 
studies. 

Cisplatin is also a modulator of 5-FUra. Although 
cisplatin itself is cytotoxic through binding with DNA 
bases, its synergism with 5-FUra is believed to be related 
to some other mechanism [20]. Recently, we investigated 
the possible biochemical modulation of 5-FUra by cisplatin 
in rodent tumor models in vivo [21]. We found that i.p. 
administration of cisplatin (5 mg/kg) significantly enhanced 
5-FUra cytotoxicity by inhibiting intracellular L-methionine 
metabolism and consequently increasing the reduced folate 
pool in Yoshida sarcoma cells. Moreover, we found that i. p. 
administration of cisplatin on day 1 and continuous infusion 
of 5-FUra from day 1 to day 6 had a synergistic effect 
against tumor growth in Yoshida sarcoma-bearing rats. 

We measured the augmentation of intracellular folate 
level using solid Yoshida sarcoma in the present study. The 
time-course of folate level change in a solid tumor will 
presumably be different from that in ascitic cells [21]. The 
folate levels in the tumor tissue were significantly increased 
over baseline at 1 and 2 h after the injection of cisplatin. 
The maximum inhibition of amino acid accumulation in 
L1210 murine leukemia cells occurred following 
10-30 rain of preincubation with cisplatin [20, 22]. 
These processes corresponded in time to the increase in 
reduced folate in the tumor tissue. We found here that folate 
declined to a rather low level 24 h after cisplatin adminis- 
tration. Folate levels were also increased in proportion to 
the dose of cisplatin at doses less than 1 mg/kg, but they did 
not show any correlation at doses above 1 mg/kg. We 
reported dose-dependent inhibition of L-methionine uptake 
by ascitic tumor cells after i.p. administration of cisplatin 
[21]. However, we consider that the limitation of folate 
augmentation revealed in this study is due to limitation of 
intracellular homocysteine and the S-adenosyl-methionine 
pool. Consequently, even if cisplatin causes dose-dependent 

inhibition of methionine transport, the increase in intracel- 
lular folate following methionine deficiency will not be 
correlated with the dose of cisplatin administered and will 
have some upper limit. Methionine transport into L1210 
cells is inhibited by aqueous derivatives of cisplatin at 
concentrations as low as 10 gM in vitro, and there is little 
further inhibition at concentrations of 25 to 50 gM [20]. 
The biosynthesis of folate following the deficiency of 
intracellular methionine can also be brought about by a 
low-dose injection of cisplatin in vivo. The optimal sched- 
ule for cisplatin as a modulator of 5-FUra seemed to be 
repeat low-dose administration. 

The concomitant use of 5-FUra and a modulator may 
improve the response rate. However, the side-effects of 
such combination chemotherapy are far from negligible 
[17, 23]. The findings in the present study have demon- 
strated that repeat high-dose administration of LV and 
repeat low-dose administration of cisplatin are optimal for 
use in the modulation of 5-FUra with regard to intracellular 
folate change. Further studies are mandatory to clarify the 
clinical response and side effects of such regimens. 
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