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Abstract-Twenty-seven esters of 5-fluoro-2’-deoxyuridine (FUDR) were prepared and 
their toxicity and/or carcinostatic activity assayed by oral administration to mice with 
adenocarcinoma-755 tumors. 3’,5’-Diesters of FUDR with C4 to Cls aliphatic acids 
had a greater effect on the mice or the tumors tl an equivalent dosages of unesterified 
FUDR. The dibutyryl, dihexanoyl, and dioctanoyl were the most effective antitumor 
agents of the FUDR diesters with aliphatic acids. Carboxylic diesters with nonaliphatic 
acids, and certain sulfonyl, carbamoyl, and phosphoryl esters, offered no distinct advan- 
tage over the aliphatic esters, owing to either low carcinostatic activity or high toxicity. 
The toxicity and possibly also the antitumor potency of 3’,5’-dibutyryl FUDR were 
increased by simultaneous administration of an organophosphate inhibitor for 
esterases, effecting its hydrolysis. 3’,5’-Dibutyryl thymidine also increased the toxicity 
of FUDR to mice. The FUDR esters were less potent than FUDR in inhibiting the 
reproductive potential of houseflies and pea aphids. 

5-FLUORO-2’-DEOXYURIDINE (FUDR) has significant carcinostatic activity in certain 

solid human tumors and in transplanted mouse and rat tumors.lp 2 The carcinostatic 
activity of FUDR is considered to be primarily the result of inhibition of DNA 
biosynthesis by blocking thymidylate synthetase, the enzyme that catalyses the 
methylation of 2’-deoxyuridylic acid to thymidylic acid.s> 4 In this action FUDR must 
be phosphorylated intracellularly to yield Sfluoro-2’-deoxyuridine-5’-monophos- 
phate (FUDRP), the specific competitive inhibitor for thymidylate synthetase.a-s 
The efficiency with which the cell can metabolize FUDR to FUDRP is decreased by 
cleavage of the glycosyl bond by nucleoside phosphorylase, yielding Sfluorouracil 
(FU).4, 7 

Attempts to modify the phosphate group of FUDRP so that the substituted com- 
pounds, mostly phosphodiesters, might have a facilitated entry into the cell and 
release of FUDRP have proved unsuccessful .**9 However, nucleoside phosphorylase 
was less active on FUDRP and certain of its esters than on FUDR in cleaving such 

* Permanent address: Pesticide Research Laboratory, Sumitomo Chemical Co., Osaka, Japan. 
t This study was conducted while these authors were in the Department of Entomology, Uni- 

versity of Wisconsin, Madison, Wis. 
$ American Cancer Society Professor of Oncology. 
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compounds to FU.ra The action of FUDR might also be altered by administration in 
the form of neutral esters which could be hydrolyzed intracellularly and then metabo- 
lized to FUDRP. The effective chemotherapeutic and toxic doses might be altered 
by changes in tissue specificity resulting from variations in any of the following: 
tissue distribution because of the liposolubility of the esters; selectivity patterns in the 
esterases hydrolyzing the esters of FUDR; and susceptibility of the esters to cleavage 
by nucleoside phosphorylase. Studies comparing FUDR with 3’,5’-diacetyl FUDR, 
and 6-azauridine (AzUR) with 2’,3’,5’-triacetyl AzUR, after their administration to 
cancer patients have established the greater stability of the acetylated derivatives in 
L’il’o, with the 5’-acetyl monoesters of FUDR and AzUR occurring as the major 
persisting intermediates in the release of free FUDR and AzUR.lr-l” Nucleoside 
phosphorylase is much less effective in vitro in freeing FU from acetylated FUDR than 
from free FUDR unless the esterases active in de-esterification are also present in the 
nucleoside phosphorylase preparation.99 10 

Many purine and pyrimidine antimetabolites are also active as insect chemosteri- 
lants.r”, la FUDR induced sterility with no oviposition when incorporated into the 
adult diet of houseflies, while FU gave temporary sterility with oviposition.17 

Twenty-seven esters of FUDR were prepared and subjected to various types of 
bioassay to ascertain the influence of the neutral ester groupings. The properties of 
esterases in human, mouse, and insect tissues effecting the hydrolysis of these esters 
were also investigated.l* 

MATERIALS AND METHODS 

Synthesis of FUDR esters 

FUDR and thymidine were provided by Dr. S. A. Schepartz, Cancer Chemo- 
therapy National Service Center, Bethesda, Md. The twenty-seven esters of FUDR 

were prepared by the following six esterification procedures: 
1. From acid anhydride. To 1 g FUDR dissolved in 20 ml anhydrous pyridine 

(previously dried over potassium hydroxide) was added at room temperature 2.1 
molar equivalents of acid anhydride. The reaction mixture was then heated to 80”- 
85” for 2 hr, cooled, poured into ice water, and the esters recovered by extraction 
three times with equal volumes of chloroform. The chloroform was then washed with 
ice-cold 0.01 N sulfuric acid, 1 % aqueous sodium bicarbonate, and finally water. 
After drying with sodium sulfate, the chloroform was evaporated and the residual 

oil or crystals subjected to chromatography. 
2. From acid chloride. To 1 g FUDR in 20 ml anhydrous pyridine was added at 5” 

2.1 M equiv. of acid chloride. The mixture was held at room temperature overnight, at 
which time a large precipitate of pyridine hydrochloride was evident. The reaction 
mixture was then added to ice water and worked up as indicated above. 

3. N-Methylcarbamate. One g of FUDR was suspended in methyl isocyanate (5 g) 
in a sealed tube. After heating at 100” for 5 hr, the tube was cooled and opened. 
Crystals of the 3’, 5’-di(N-methylcarbamoyl) FUDR were evident on evaporating the 
excess methyl isocyanate. The product was recrystallized from acetone without chroma- 
tographic purification. 

4. Diformyl FUDR. To 0.5 g FUDR dissolved in IO ml 98 % formic acid at room 
temperature was added 2.0 g anhydrous sodium formate. The mixture was cooled to 
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.5.‘, I.1 g cow. sulfuric acid added by drops, and the reaction mixture held overnight 

at room temperature. Excess formic acid was evaporated and the residue extracted 
with chloroform. The chloroform-soluble materials were subjected to chromato- 

graphy. 
5. 5’-Acyloxy esters of FUDR. The procedure was the same as 1 except that I.0 

M eq of the acid anhydride was utilized. On chromatography the major product was 
the 5’-substituted ester, but some 3’-substituted and diester were also recovered. 

6. 3’-Acylo~y esters of FUDR. The procedure used by Michelson and Toddlg 
with thymidine esters was found to be directly applicable to preparation of the FUDR 
esters. The 5’-trityl FUDR (m.p. 150”-I 51”)s was esterified to yield the 5’-trityl-3’- 
acetyl FUDR (m.p. 90’-91”)s and the 5’-trityl-3’-butyryl FUDR (m.p. lO7’-108‘) 
and the trityl group was removed by refluxing with acetic acid. 

The yields given in Table I are based on the amount of FUDR used in the initial 
reaction. Acid anhydrides were used for preparing the shorter chain length esters, 
since the acid chlorides were found to result in very poor yields. With the aliphatic 
acid chlorides the yield appeared to increase with chain length, such that the chlorides 
were practical for the pentanoyl and higher esters only. The relatively low yield with 
some of the higher esters resulted from a large amount of mono-substituted esters 
recovered. Only the mono-(p-toluenesulfonyl) ester, and no diester, was recovered 
from reaction of FUDR with p-toluenesulfonyl chloride. 

3’,5’-Diacetyl, dipropionyl, and dibutyryl esters of thymidine were prepared in the 
same manner as the corresponding esters of FUDR. Five carbonyl-l”C-labeled FUDR 
esters were made from aceticJ4C anhydride for use in another study.ls FUDR reacted 
with 2.1 M eq of acetic-r4C anhydride according to procedure 1 yielded 3’,5’-diacetyl- 
14C FUDR. Similarly, I.0 M equiv. of acetic-14C anhydride was reacted with 3’-acetyl 
FUDR to yield 3’-acetyl,5’-acetyl-14C FUDR, and with 5’-acetyl FUDR to yield 
3’-acetyl-14C,5’-acetyl FUDR. Procedure 5 was used to prepare 5’-acetyl-14C FUDR 
and procedure 6 to prepare 3’-acetyl-14C FUDR. 

Chromatography and characterization of products 
Silica gel columns were used to isolate the pure esters of FUDR. The columns were 

prepared by thoroughly mixing 100 g silicic acid (100 mesh powder, Mallinckrodt 
Chemical Works, N.Y., for chromatographic analysis) with 50 ml water and then 
packing the gel suspended in hexane to yield a 3.5 x 30-cm column. The columns 
were generally developed with 200 ml of each of the following solvents in the order 
indicated: hexane, chloroform, ethyl acetate, and methanol. In the case of the mono- 

acetyl and monobutyryl FUDR esters, the solvent series was hexane, chloroform, 
chloroform :ethyl acetate (1 :l), ethyl acetate, and methanol. Unreacted FUDR was 
eluted in the methanol. Fifteen-ml aliquots were collected and the elution position 
of the FUDR derivatives ascertained by determining the absorbance of a small 
aliquot from each tube at 266 rnp in methanolic solution. The fraction tubes were 
combined, based on the peaks for elution of ultraviolet-absorbing materials, evapor- 

ated, and the residue recrystallized from the solvents indicated in Table 1. 
The structures assigned are based on elemental analyses and interpretation of infra- 

red spectra in addition to the synthetic route utilized. Chromatography and crystalliza- 
tion procedures employed ruled out possible contamination of the FUDR diesters 
by FUDR or its monoesters. 
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Bioassays 
The tumor-inhibitory activity of the FUDR esters was assayed against the trans- 

planted mouse tumor, adenocarcinoma 755; a described strain and assay procedure 
were used.19 20 FUDR was administered at 5 to 40 mg/kg daily by stomach tube for 
seven days, starting one day after transplantation of the tumor. Dosages for the 
esters were the same in mmoles/kg as for FUDR and were therefore expressed as 
FUDR-equivalent doses. Compounds were dissolved or suspended in a fine state of 
subdivision in 0.5 y0 carboxymethylcellulose in isotonic NaCl, or propylene glycol or 
corn oil, dependent on the solubility characteristics of the compound. Oral administra- 
tion involved O-20 ml of solution per 20-g mouse weight each day. A typical experiment 
involved adenocarcinoma 755 in mice with 10 mice per group. One group was a 
control, another received only the solvent used to dissolve the FUDR derivatives, a 
third was given FUDR, and the remaining groups received equivalent doses of the 
FUDR esters. Survival, tumor volume, and mouse weight were recorded on days 10, 
15, and 20. Results are presented for only day 15, as they serve to illustrate the 
activity of the compounds and are generally averaged from at least two different 
experiments. 

The chemosterilant assay with houseflies, Musca domestica L., was based on that 
of LaBrecque and Gouckar and involved incorporation of the test compound into the 
adult diet. Solutions of O-25 mmole of the compounds in 5 ml acetone, aqueous ace- 
tone, or methanol were added to 10 g of food mixture (6 parts sugar, 6 parts powdered 
nonfat dry milk, and 1 part powdered egg). The treated food was allowed to dry for 
24 hr, repulverized, and placed in the test cages; 100 housefly pupae were placed in 
each cage. The emerging flies were exposed to treated food only for 4 days. Thereafter, 
treated and untreated food were available. Egg collections were made daily from 
days 4 through 9 by placing a container of C.S.M.A. housefly mediaa in each cage 
for a 90-min period. The seeded media was then transferred to holding cages for 
emergence. The 4-6 day egg collections were kept separate from the 7-9 day group. 

Adult mortality was recorded at 4 days and again at 7 days. 
In a preliminary study it was found that fourth-instar or apterous adult pea aphids, 

Acrythosiphon pisum (Harris), treated with FUDR failed to produce as many nymphs 
as untreated aphids. These aphids were exposed to the FUDR by feeding through a 
membrane into a 0.1% aqueous solution of FUDR for 20 hr, by feeding on pea 
plants (Pisum saticwm L., Early Perfection variety) previously injected with 500 pg 
FUDR per plant, or by applying topically to the abdomen of the aphids a solution 
containing 2 pg FUDR in 0.4 ~1 of 50% aqueous acetone. 

The injection of the FUDR derivatives into the pea plants was used for further 
bioassay. Test materials in aqueous solution or suspension were injected in volumes 
of 25 to 50 ~1 per plant by a described procedure. 23 One day after treatment each plant 
was infested with 10 fourth-instar pea aphids. Nymphal counts and adult mortalities 
were recorded six days after infestation. The remaining nymphs and adults were then 
removed and the plants reinfested on the seventh day with 10 aphids per plant and 
again checked out as previously indicated. Adult mortality during the six days 
averaged 33 % and did not appear to be related to the chemical injected. The adult 
mortality occurred mostly after nymph production was essentially complete and thus 
did not affect the overall interpretation of results. The size of the plants at the time of 
injection was such that an FUDR dose of 1-O pmole per plant yielded theoretical 

B.P.--5A 
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ppm values (uniform distribution assumed) of 665 for the part of the plant above the 
injection site, or 328 for the whole plant exclusive of the seed, or 185 for the whole 
plant including the seed. 

TABLE 2. ANTITUMOR ACTIVITY OF FUDR AND ESTERS AS ASSAYED WITH MICE AND 

ADENOCARCINOMA 755 

Compounds administered orally for seven consecutive days and observations made on day 15 after 

inoculation. 

Compound 

FUDR No. alive AWgt. Tumor vol. 
Equiv. T-C - 

Solvents* (mg/kg/day) Total no. T C T/C 
(8) (mma> 

FUDR Pg 

:g” 
cmc 

Monoesters of FUDR 
3’-Acetyl 
5’-Acetyl z: 
3’-Butyryl 

:: 
S-Butyryl Pg 

Pg 
5’-(p-Toluene- 

sulfonyl) P&0 

3’,;;X.&slters of FUDR 

:f 
Acetyl 

:: 
Pg 
cmc 

Propionyl Pg 
Pg 

Pentanoyl 2 
Hexanoyl co 

ii 
Pg 
Pg 
P8 
co 
co 

Heptanoyl 
Octanoyl 

co 
co 
co 
co 
co 
co 
co 

Lauroyl 
co 
co 

Myristoyl 
Palmitovl 

co 
co 
co 

Stearoyi co 
Oleoyl 
Cyclohexylcarbonyl : 
Benzoyl pglco 
Phenoxyacetyl pglco 

56159 -0.8 768 1,321 0.58 
28128 +0.2 768 1,080 0.71 
18120 -0.2 525 492 1.07 
28128 -1.0 1,202 1,555 0.77 

:;;22; 
7/10 

20120 
819 

20120 

-0.5 645 1,161 0.56 
-23 462 1,161 0.40 
-1.5 530 1,520 0.35 
-1.3 647 1,323 0.49 
-1.1 910 1,520 0.60 
-0.9 724 1,323 0.55 

16/19 $04 544 741 0.73 

IS/18 
29129 

:;\!z 
1 s/20 
26126 
20120 
19120 
20120 
12/19 
lo/lo 
18/19 
11120 
16120 
19120 

1:/;: 
19120 
19120 
5/10 
9120 

16/20 

2%o 
13120 
20120 
1?/20 
18/19 
13117 
19120 

ii\?: 
6/10 

24128 
18/20 

-1.4 
f0.4 
-1.2 
-1.3 
-1.1 
-1.4 
-1.1 
+03 
-1.3 
-3.4 
-5.2 
-1.0 
-06 
-24 
-0.5 
-1.1 
-2.0 
--04 
-0.1 
-2.0 
-5.2 
-0.4 
-1.0 
-3.4 
-1.3 

‘y:: 
-0.6 
-1.2 
-1.2 

:::z 
-0.3 
-2.6 
-3.2 

424 
472 
563 
338 
540 
894 
610 
896 
517 
454 
560 
543 

% 
1,129 

983 
146 
547 
970 
114 
152 
187 
703 
224 
327 
729 
392 
662 
452 
454 
891 

1,173 
550 
280 
190 

1,313 0.32 
483 0.98 

1,122 0.50 
420 0.80 
492 1.10 

1,555 0.57 
1,313 0.46 
1,313 0.68 
1,072 0.48 
1,650 0.28 
1,780 0.31 
1,323 0.41 
1,119 0.43 
1,072 0.35 
1,372 0*82 
1,372 0.72 

586 0.25 
1,324 0.41 
1,372 0.71 

499 0.23 
1,072 0.14 

920 0.20 
1,372 0.51 

499 0.45 
967 0.34 

1,291 0.56 
1,243 0.32 

991 0.67 
991 0.46 
991 0.46 
916 0.97 
916 1.28 

1,095 0.50 
558 0.50 
813 0.23 
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Compound 

FUDR No. alive ATy’t. Tumor vol. 
Equiv. _____ 

Solvents* (mg/kg/day) Total no. T C T/C 
(g) (mm3) 

Phenylacetyl 
Ff’“” :: 

4119 -3.9 813 0.09 
N-Methylcarbamoyl 19120 -2.6 1,510 0.80 
O,O-Diethylphos- 

phoryl PY lo/lo +1.1 159 241 0.66 
Methylsulfonyl pglco :: 16/18 -1.1 812 813 1.00 

* Abbreviations used: pg = propylene glycol; cmc = carboxymethylcellulose; co = corn oil; 
and pg/co = half of group tested with pg and the other half with co solvent and results averaged 
since no apparent difference results from solvent effect. Compounds were in solution except those 
tested with both solvents (pg/co) where the administered dose was part in solution and part in sus- 
pension. 

RESULTS 

Antitumor activity and toxicity to mice of FUDR esters 

Growth of adenocarcinoma-755 tumors was inhibited by many FUDR esters 
administered by stomach tube to the mice (Table 2). Interpretation of inhibitory studies 
with this tumor is complicated by the decrease in tumor volume when there is marked 
weight loss in treated animals This can be illustrated by two starvation experiments 
in which the tumor volume and animal weight were compared on day 15 after tumor 
transplantation for mice on normal feed and mice that were fed only every third day. 
In the first experiment with 10 mice per group the tumor volume averaged 1,473 mms 
for mice on full feed and 602 mm3 for mice partially starved, resulting in a 3.9-g 
weight difference between the two groups. In the second experiment with 15 mice per 
group the tumor volume averaged 1,700 mm3 for full-fed and 770 mm3 for partially 
starved mice, resulting in a 4.5-g weight difference. The weight loss resulting from 
partial starvation was almost identical for mice with and without the transplanted 
tumors. Thus a weight difference of 3.9 to 4.5 g due to starvation resulted in a tumor 

volume ratio (T/C, volume of tumor in partially starved mice divided by volume of 
tumor in mice on full feed) of 0.41 to 0.45. A decrease in the tumor volume ratio 
could also result from weight loss initiated by the toxic effect of a chemical as well as 
by starvation. Selective carcinostatic activity for a test compound would be indicated 
by reduction in the tumor volume ratio without marked weight loss or mortality for 

the mice. 
Certain of the esters of FUDR with aliphatic acids gave marked carcinostatic 

activity independent of weight loss, others were not greatly different from unesteri- 
fied FUDR in activity or toxicity, and many were sufficiently toxic that their potential 
carcinostatic activity could not be readily interpreted because of the weight loss at 
the dosages used. Esters with aliphatic acids of intermediate chain length (Ca, CS, and 
Cs) were in the first group, shorter chain length acid (Cl to Cs) esters were in the second 
group, and the Cg, CT, Cs, and longer chain acid esters were in the last group. Di- 
formyl, diacetyl, dipropionyl, and monoacetyl esters of FUDR were not greatly 
different in activity from unesterified FUDR. The dibutyryl through the dipalmitoyl 
esters of FUDR gave reduced T/C values at lower FUDR-equivalent doses (10 or 
20 mg/kg/day) than esters of shorter chain length. Toxicity also increased with the 
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longer chain lengths as was evidenced by the higher mortality and less efficient weight 
gain resulting from the 40-mg FUDR-equivalent dose of the butyryl esters, the 20-mg 
FUDR-equivalent dose of the esters with CT and Cs to Cl2 acids, and the IO-mg 
FUDR-equivalent dose of the dipentanoyl and dimyristoyl esters. However, three 
diesters of FUDR gave T/C values of 0.45 or less with 1.0 g or less weight difference 
between the treated and control group. These diesters were the butyryl at 10 and 20 
mg, and the hexanoyl and octanoyl at 20 mg FUDR-equivalent dosages. Further 
testing of the dibutyryl, dihexanoyl, or dioctanoyl esters of FUDR would appear 
warranted as a possible means of reducing the total FUDR-equivalent dose necessary 
to inhibit tumor growth. 

Esters of FUDR derived from other than aliphatic acids offered no distinct ad- 
vantage over the aliphatic esters due to either low carcinostatic activity or high 
toxicity, although further testing of lower doses of the dibenzoyl, diphenylacetyl, and 
diphenoxyacetyl esters might be justified. 

Assays of the acids which would be released on hydrolysis of the FUDR esters 
in Go showed that they probably do not contribute greatly to the toxicity or the 
antitumor activity with adenocarcinoma 755. The dibutyryl, dihexanoyl, and dioctan- 
oyl esters of FUDR at 20 mg FUDR-equivalent/day and the didecanoyl, dilauroyl, 
dimyristoyl, and dipalmitoyl esters at 10 mg FUDR-equivalent/day were much more 
potent than equivalent amounts of the acids formed on their complete hydrolysis. 
Only caproic, caprylic, and capric acids gave any indication of reduction in tumor 
volumes at these doses. Phenoxyacetic and phenylacetic acids were also less potent 
than their FUDR esters at equivalent doses. An experiment with 3’,5’-dipalmitoyl 
FUDR (Table 3) illustrates the greater potency of this diester than of the hydrolysis 
products administered individually or in combination, but does not differentiate 
between tumor inhibition due to weight loss caused by toxicity of the material and 
that which resulted from selective carcinostatic activity. The toxicity in many cases 
and the carcinostatic activity in certain instances (dibutyryl, dihexanoyl, and di- 
octanoyl esters) for the FUDR diesters are greater than that due to either the FUDR 
or the acid component alone. It is less certain that the diester is more toxic or of 

TABLE 3. ANTITUMOR ACTIVITY OF 3',5'-DIPALMITOYL FUDR COMPARED TO ITS HY- 

DROLYSIS PRODUCTS (FUDR AND PALMITIC ACID) AS ASSAYED WITH MICE AND ADENO- 

CARCINOMA 755 

No. alive AWt.7 Tumor vol.: 
FUDR-Equiv.* T-C 

Compound (mg/kg/day) Total no. (g) 
- -- 

FUDR 
Palmitic acid 
FUDR + Palmitic acid 
3’,5’-Dipalmitoyl FUDR 

f : 9/10 S/l0 -1.8 0.0 0.93 1.04 
:: 7/10 

8/10 
-3.3 to.6 0.47 1.25 

* Compounds administered orally in propylene glycol for seven consecutive days after inoculation. 
The molar equivalent dose of palmitic acid used was twice that of either FUDR or 3’,5’-dipalmitoyl 
FUDR; it represented the theoretical amount of palmitic acid released on total hydrolysis of the 
diester. 

t Weight gain per mouse averaged 1.7 g in the control group. 
t Tumor volume at 15 days after inoculation in mm3 for treated group divided by control group 

where average volume in controls was 2,799 mma/mouse. 
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higher antitumor activity than the combined FUDR and acid simultaneously ad- 
ministered, although this appears to be the case with the dipalmitoyl ester (Table 3). 
Potential differences in absorption, distribution, and detoxication of the fat-soluble 
diesters as compared with the water-soluble FUDR and acidic hydrolysis products 
make it difficult to establish this relationship. 

S&S-Tributylphosphorotrithioate (DEF) was inactive as an antitumor agent and 
had little effect on the potency of FUDR, but it increased the toxicity and possibly 
also the carcinostatic activity of 3’,5’-dibutyryl FUDR (Table 4). In another experi- 
ment utilizing mice and transplanted adenocarcinoma-755 tumors, it was found that 
3’,5’-dibutyryl thymidine in propylene glycol greatly increased the toxicity of FUDR 
in saline when both were administered intraperitoneally. Dibutyryl thymidine alone 
at 10, 50, or 250 mg/kg/day for seven days gave no mortality, effect on tumor volume, 
or weight gain. FUDR at 100 mg/kg/day for seven days gave no mortality, a slight 
weight loss, and a tumor volume ratio (T/C) of O-10. However, treatment with the same 
dose of FUDR and 10 mg dibutyryl thymidine/kg resulted in 12% mortality, no 

TABLE 4. EFFECT OF S&S-TRIBUTYLPHOSPHOROTRITHIOATE (DEF) ON ANTITUMOR 

ACTIVITY OF FUDR AND ~‘,~‘-DIBUTYRYL-FUDR WITH MICE AND ADENOCARCINOMA 755 

m/kg DEF, T/C? 
FUDR-Equiv. 

FUDR Derivative (mg/kg/day)* 0 10 20 
- 

FUDR 

3’,5’-Dibutyryl 

(1W 1.38 1.20 
0.94 1.05 
0.54 0.69(90 %): $ 
I.03 1.22 
0.89(85 %,: 0.58(83 %)$§ 0.58(74 %): 9 
0.67(75 %):: ** 0.23(30%): ** 

* Compounds administered orally in propylene glycol for seven consecutive days after inoculation. 
t Tumor volume at 15 days after inoculation in mm3 for treated group divided by control group 

where average volume in controls was 2,017 mm3/mouse. 
$. Per cent survival at 15 days for those groups with more than 5 % mortality. 
3 Weight gain per mouse averaged 1.0-2.0 g less than control group during 15-day experimental 

period. 
** Weight gain per mouse averaged 2.0-2.6 g less than control group during 15-day experimental 

period. 

tumor development, and a large weight loss. With 50 and 250 mg of dibutyryl thymi- 
dine/kg combined with the 100 mg dose of FUDR/kg, no mice survived the pronounced 
toxic effects of the mixture. Thymidine and diacetyl thymidine in another study also 
greatly increased the toxicity and carcinostatic activity of FUDR at a daily dose for 
each compound of 40 mg FUDR-equivalent/kg. 

Very limited investigations with other tumors, using described strains and pro- 
cedures,rp 2o indicated that FUDR administered at 40 mg/kg/day by stomach tube 
was less active than an equivalent dose of 3’,5’-diacetyl FUDR. In each of four experi- 
ments with sarcoma 180 in mice (using carboxymethylcellulose for administration), 
the average tumor volume on day 15 after inoculation (982 mm3 for controls) was 
greater with FUDR (494 mma) than with an equivalent dose of diacetyl FUDR (236 
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mm3). In a single experiment with leukemia 1210 in mice (using propylene glycol for 
administration), the average survival times (days) were: control, 11.5; FUDR, 12.0; 
and diacetyl FUDR, 14.0. In a single experiment with Novikoff hepatoma in rats 
(using carboxymethylcellulose for administration), the average survival times (days) 
were: control, 8.0; FUDR, 8.0; and diacetyl FUDR, 10.5. 

Effect of FU, FUDR, and FUDR esters on reproduction by insects 
The reproductive potential of houseflies and pea aphids, insects with different types 

of reproduction, was greatly diminished by FU, FUDR, and certain FUDR esters 

without apparent toxic effects. With houseflies, the compounds were ingested by both 
adult sexes for at least four days before egg collections were begun. Ingestion of the 
fluoro-compounds from systemically treated pea plants by the ovoviviparous aphids 
began in the instar prior to the adult stage in which nymph production was initiated. 
In both cases the FU derivatives were present in the insect at the time of nucleic acid 
formation in the eggs or embryos. 

TABLE 5. EFFECT OF FU, FUDR and FUDR 3’,5’-DIESTERS IN THE DIET OF ADULT 
HOUSEFLIES ON REPRODUCTION 

Compound* 

Adult mortality Adults from eggs laid 
thru 7th day Between days 7 and 91 

(%) (No./10 flies) (% of control) 

Control 
FU 
FUDR 
3’,5’-Diesters of FUDR 

Acetyl 
Butyryl 
Hexanoyl 
Stearoyl 
N-Methylcarbamoyl 
Methylsulfonyl 

1.5 

:;: 

:i 
28 

:: 
24 

228 

1; 

1:: 

2646 
302 
245 

100 
0.4 
8.3 

:2” 
2.6 

116 
132 
107 

* Compounds were tested at 0.25 mmole in 10 g diet or 0.33% to 1.95%, dependent on the 
compound molecular weight. The solvent (20% aqueous acetone for FU and FUDR, methanol 
for the N-methylcarbamoyl ester, and acetone for the others) containing the compound was evaporated 
after mixing with the diet and before offering to the flies and did not alter the results based on controls 
within the experiment. The average emergence from the 100 pupae originally introduced into each 
cage was 88.8 %. All results are averages of 3 to 5 replicates per treatment. 

t Eggs were collected during a 90-min oviposition period on each of days 7, 8, and 9. The numbers 
of adults indicated are averages from eggs laid per 10 surviving flies. The same relative potency of 
compounds was evident for eggs laid during days 4 to 6 of adult life. 

Housefly reproduction was more greatly affected by FU than by FUDR (Table 5). 
The distearoyl, di(N-methylcarbamoyl) and di(methylsulfony1) esters were inactive. 
The diacetyl, dihexanoyl, and probably also the dibutyryl esters of FUDR were active 
but did not give the graded response anticipated with chain length modification. Less 
effect on reproduction was noted in each replicate of the dibutyryl ester treatments 
than with the diacetyl and dihexanoyl esters. No explanation is available for this 
discrepancy. The toxicity of the compounds to adult houseflies was low and did not 
correlate with the potency in affecting reproduction. 
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Pea aphid nymph production was more sensitive to FUDR and diacetyl FUDR than 
FU (Table 6). FUDR and diacetyl FUDR were active at O-1 to 0.3 pmole per pea 
plant or in the range of 66 to 267 ppm in the stem and leaves above the injection site 
(uniform distribution assumed). The FUDR appeared to be more persistent in the 
peas than diacetyl FUDR. In another experiment involving injection of 0.1 and 1.0 
pmole per plant, it was found that di(O,O-diethylphosphoryl) FUDR was inactive, 
FU was active at the higher level but only during the first week, diacetyl FUDR was 
active at both levels but did not persist into the second week, and FUDR was active 

TABLET. EFFECTOF FU,FUDRand 3',5'-DIACETYLFUDRINJECTEDINTOPEAPLANTS 

ON THE PRODUCTION OF NYMPHS BY PEA APHIDS FEEDING ON THE PLANTS 

Per cent reduction in nymph production 
at indicated rmoles per plant* 

Compound 
- -- 

First week after injection 
FU 
FUDR 
3’,5’-Diacetyl FUDR 

Second week after injection 

%DR 
3’,5’-Diacetyl FUDR 

0.1 0.3 1.0 3.0 
_____ 

9 
E b? f : 

:: 81 93 97 

8 1: 7: 1: 
0 0 0 0 

* The production of nymphs per 10 aphids on each control plant averaged 
128 during the first week after injection and 94 during the second week after 
injection following reinfestation with an additional 10 aphids. Notes on adult 
mortality and approximate ppm levels of compounds in the plants are considered 
in the text. Results are average of 4 replicates. 

at both levels the first week and persisted in active concentration into the second week 
with the 1.0 pmole per plant initial dose. A survey experiment with 0.5 pmole per 
plant showed almost complete blockage of nymph production within the first week 
by FUDR and diacetyl FUDR, and no activity for the di(O,O-diethylphosphoryl) 
FUDR. Several other FUDR diesters were also inactive [dibutyryl, dioctanoyl, 
dipalmitoyl, dibenzoyl, di(N-methylcarbamoyl), and di(methylsulfonyl)], but were 
of sufficiently low water solubility that the actual dose entering and moving within the 
plant was probably very low. 

DISCUSSION 

Certain 3’,5’-diesters of FUDR with aliphatic acids were more potent than FUDR 
as carcinostatic and/or toxic agents after oral administration to mice. Esterases in 
normal and tumor tissues of mice have been shown to hydrolyze these esters to 
FUDR,rs while nucleoside phosphorylase in certain of these tissues is much less active 
in cleavage of 3’,5’-diacetyl FUDR than of FUDR to FU.rO. The esters may there- 
fore serve as FUDR precursors for slow release of higher or more persistent levels of 
FUDR than might be obtained by direct administration of the less stable FUDR. 
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The rate of FUDR release from the esters might be controlled by either modifying 
the ester groupings, since their nature greatly affects the hydrolysis rate, or by in- 
hibiting the responsible esterases with appropriate organophosphate esters.18 Inhibi- 
tion of many of these esterases in vivo by S,S,S-tributylphosphorotrithioatets resulted 
in no effect on the carcinostatic activity of FUDR but an increased activity and 
toxicity for 3’,5’-dibutyryl FUDR. Thymidine and its 3’,5’-diacetyl and dibutyryl 
esters greatly increased the toxicity of FUDR to mice, confirming an earlier observa- 
tion in respect to the effect of thymidine .24 The increased toxicity of FUDR to mice 

in the presence of thymidine and thymidine esters probably results from saturation 
of the degradative pathway by thymine, formed from thymidine by nucleoside phos- 
phorylase, and the consequent inability to degrade and thus detoxify FU formed from 
FUDR,’ as has been discussed for somewhat analogous situations.10 The marked 
toxicity increase from FUDR on continuous administration to cancer patients can be 
prevented by thymidine,es but the effect of thymidine esters under such circumstances 
has not been investigated. 

Acetyl esters of a riboside antitumor agent, 2’,3’,5’-triacetyl AzUR, and a deoxy- 
riboside antitumor agent, 3’,5’-diacetyl FUDR, have shown certain favorable bio- 
logical properties compared with the unesterified AzUR and FUDR.11-14 This 
approach may warrant investigation with other nucleoside carcinostatic agents and 
with longer chain length aliphatic esters involved in the esterification. 

Esterases that hydrolyze FUDR esters are present in houseflies and pea aphids.18 
Certain FUDR esters inhibited the reproductive potential of these insects, although 
they were less active than FUDR. FU is considered to yield temporary sterility with 
oviposition in houseflies, and FUDR to effect sterility with no oviposition.r7 FU-14C 
consumed by adult flies yielded 1% incorporation into the internal components of the 
eggs, and the amount of 14C from FU in the eggs was inversely related to their vi- 
ability. It was suggested without experimental evidence that FU may have replaced 
uracil in the egg RNA.171 2s Recently these same workers have isolated 5-fluorouri- 
dylic-1% acid from the RNA of fly eggs after ingestion of FU-14C by the adults.27 
The more permanent effect of FUDR than FU as a chemosterilant for flies might result 
from synthesis of FUDRP which can then inhibit thymidylate synthetase and DNA 
biosynthesis in a manner analogous to its action as a carcinostatic agent,4s 6 although 
these reactions have not been studied with insects. The much greater effect of FUDR 
than FU on pea aphid reproduction might also imply an action via FUDRP for 
blocking DNA biosynthesis in this case. Many purine and pyrimidine antimetabolites 

are known to serve as insect chemosterilants, 159 1s but very little information is 

available on their possible biochemical action in the insect. 
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