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Potentiation of 5-Fluorouracil 

Inhibition of Flexner-Jobling 
Carcinoma by Glucose 

Abstract. A significant potentiation 
of the antitumor action of 5-fluorouracil 
in rats bearing the Flexner-Jobling car? 
cinoma is produced by the intraperi- 
toneal administration of large doses of 
glucose. 

The 5-fluorouracil (5-FU) and 6- 
azauracil (6-AzaU) analogues of uri- 
dine diphosphoglucose (UDP-glucose) 
serve as substrates for UDP-glucose de- 

hydrogenase (1, 2). Moreover, strik- 

ing effects on the Michaelis constants 

(Km) of the unnatural substrates are 
observed with change of pH. The 
Kv values for 6-azaUDP-glucose and 

FUDP-glucose are about 40- and 13- 
fold lower, respectively, at pH 7.0 than 

they are at pU 8.7. The Km for UDP- 

glucose shows about a threefold de? 
crease in this pH range. At pH 7.0 
and below, the Km values of all three 
substrates are of a similar order of 

magnitude. Essentially similar observa? 
tions were made with a second enzyme, 
UDP-glucuronyl transferase and the 

analogue substrates, FUDP-glucuronic 
acid and 6-azaUDP-glucuronic acid 

(3). 
These findings are explained by the 

marked differences in the pKa values of 
the three substrates. The pKa of UDP- 

glucose is 9.5 (2); of FUDP-glucose, 
7.7 (4); and of 6-azaUDP-glucose, 6.8 
(5). Thus the ionic state of the py- 
rimidine moiety has a determinative ef? 
fect on the binding of substrate to en? 

zyme and it is the undissociated form 
of the substrate that is the effective 
species for interaction with the enzyme. 
Indeed the Km values of the three sub? 
strates expressed in terms of the con? 
centrations of the un-ionized substrate 
in solution are all similar (2). 

That these observations may have 
wider significance is suggested by sev? 
eral considerations. Similar pH. effects 
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with pyrimidine analogue substrates 
were recently described (6). Further- 
more the pKa values due to ionization 
of the pyrimidine rings of all nucleo- 
sides and nucleotides of a particular 
base are alike, and at a given pH ap? 
proximately the same ratio of un-ionized 
to ionized species will exist with the 
ribose derivatives of a particular base 

analogue regardless of the enzymic re? 
action studied. Also it should be rec- 

ognized that the degree of ionization 

may have a marked effect upon the 

transport of a drug into cells and that 
in many instances anions diffuse through 
cell membranes only with difficulty (7). 

Since Warburg's classic discovery 
(8) it has been known that the pH of 

many tumors may be below that of 
normal tissues as a result of high 
aerobic glycolytic capacity and the ac? 
cumulation of lactate. The aforemen- 
tioned observations which indicate that 
the antitumor pyrimidine analogues, 
5-FU and 6-AzaU, are more effective 
in a more acidic environment suggest 
that some of the differential growth 
inhibitions of these analogues may be 

due, at least in part, to the greater 
acidity of many tumor tissues. If this 
is so, measures which lower still further 
the pH of tumors might also produce 
a significant potentiation of the carcino- 
static action of the antipyrimidines, 
5-FU and 6-AzaU, and of other agents 
whose pKa values are in the physiolo? 
gical range. The published reports (9, 
10) that intraperitoneal administration 
of glucose can produce a prolonged 
decrease to levels of 6.3 to 6.5 in the 
pH of certain tumors (including the 

Flexner-Jobling carcinoma in r"ats) of? 
fered a relatively simple means of test? 

ing this possibility (11). 
Female Holtzman rats (110 to 120 

g) were implanted in the right axillary 
region with Flexner-Jobling carcinoma 
(12) by the usual trocar technique. 
Nine days after inoculation the experi? 
mental groupings were formed by sort? 

ing the animals so that the tumor-size 

distribution within each group was com? 

parable. Animals which were not sus- 

ceptible and those bearing unusually 
large or small tumors were rejected; 
the rejects numbered 10 to 20 percent 
of those inoculated. Animal weights 
and tumor sizes were determined dur? 

ing the 7 days of treatment; on the 8th 

day the animals were killed and the 
tumors were weighed to the nearest 10 

mg. 
The animals were given glucose (5 

g/kg of body weight) or isotonic saline 

intraperitoneally 2 hours prior to treat? 
ment and then 5-FU (13) of the ap- 
propriate dosage plus either glucose (2.5 
g/kg) or isotonic saline. The volume 
administered was 2 ml in each case. 
When galactose was substituted for 

glucose the same dose regimen was 
followed. 

In T*able 1 are presented the results 
of four separate experiments, each of 
which demonstrates a significant poten? 
tiation of the antitumor action of 5-FU 

by the administration of glucose. Defi- 
nite tumor inhibition was observed 
when glucose was included in the treat? 
ment even at the low dose of 10 mg of 
5-FU per kilogram (P < 0.01). This 
dose when administered with saline did 
not give significant inhibition of control 
tumors (P > 0.2). In two experiments 
the mean tumor size with glucose treat? 
ment alone was somewhat smaller than 
that of the saline controls. To eliminate 
a possible slight effect of the glucose 
treatment on tumor size, the data for 

Table 1. The potentiation of the antitumor 
action of 5-FU by glucose. Level of signifi? 
cance of difference in tumor weights was 
calculated by the t test. 

Dose of Average weight of tumor in grams 
5-FU-1_ 

(mg/kg) Saline Glucose P* 

Experiment 1 (8 rats per group) 
0 4.65 ? 1.23 4.30 ? 1.23 > 0.5 

Pf > 0.2 Pf ^ 0.01 
10 3.63 ? 0.93 2.78 ? 0.69 :f= 0.05 

Experiment 2 (12 rats per group) 
0 2.30 ? 0.73 1.82 ? 0.77 > 0.1 

Pf > 0.5 Pf < 0.01 
10 2.11 ? 0.98 1.05 ? 0.57 < 0.01 

Experiment 3 (10 rats per group) 
0 5.63 ? 1.35 4.44 ? 0.77 < 0.02 

Pf > 0.5 Pf < 0.01 
10 5.22 ? 1.35 3.44 ? 0.69 < 0.001 
15 4.84 ? 0.54 2.90 ? 0.66 < 0.001 
30 3.11 ? 0.52 1.82 ? 0.64 < 0.001 

Experiment 4 (6 rats per group) 
0 5.93 ? 1.65 5.48 ? 1.42 > 0.5 

Pf > 0.4 Pf < 0.01 
10 5.33 ? 1.20 3.27 ? 1.17 < 0.001 
20 4.10 ? 1.25 2.37 ? 0.85 < 0.02 
30 2.91 ? 1.56 2.32 ? 0.68 > 0.4 
40 2.16 ? 1.36 1.33 ? 0.55 > 0.2 

* Comparison between tumor weights at given 
doses of 5-FU with and without supplementary 
glucose. f Comparison between tumor weights 
at 5-FU dose of 10 mg/kg and the respective 
saline or glucose control. 

627 



each dosage of 5-FU were compared 
with the appropriate saline or glucose 
control value and plotted log-dose 
against probit percent. The regression 
lines obtained indicated that 50-per- 
cent inhibition of tumor growth is 
caused by a dose of about 32 mg of 
5-FU per kilogram when given with 
saline and by a dose of about 18 mg 
with concurrent glucose treatment. 
Since the pKa values of 5-FU nucleo- 
sides and nucleotides are 7.6 to 7.7, at 
the physiological pH of 7.4 these com? 

pounds are about 60 percent undissoci- 

ated; at pH 6.3 the level reached in 
tumors after glucose treatment (9, 10), 
the 5-FU ribose derivatives would be 95 

percent un-ionized. Thus the percentage 
increase in the antitumor activity may 
be related to the increase in the per? 
centage of un-ionized species of nucleo- 
tide that is present. 

An experiment was performed to test 
whether 5-FU antitumor action can be 
enhanced by galactose administration 

(in the same regimen as for glucose in 
Table 1). Treatment with this hexose 
was tested because, in contrast to the 
effect of glucose treatment, it does not 
cause lactate accumulation and a low- 
ered pH in the Flexner-Jobling car? 
cinoma (9). The tumor sizes after 7 

days of treatment were (in grams wet 

weight =fc S.D.): saline alone, 6.5 ? 

1.5; galactose alone, 6.5 zt 1.5; saline 
+ 5-FU (10 mg/kg), 6.6 ? 1.6; 

galactose + 5-FU (10 mg/kg), 6.5 
? 1.9; glucose + 5-FU (10 mg/kg), 4.8 
? 0.9. Thus galactose had no measur- 
able effect on the tumor response to 
5-FU while the expected response to 
concurrent glucose therapy was ob? 
served (0.01 > P > 0.001). 

The question arises whether glucose 
treatment increases the toxicity of 5-FU 
as well as its antitumor effect; that is, 
does the therapeutic index remain un- 

changed? Present indications are that 
the toxicity is not significantly affected 
in the rat by added glucose treatment. 
At the various doses (Table 1), the 

average weight change was comparable 
in the saline and glucose-treated group 
pairs. Fatalities were observed only at 
40 mg of 5-FU per kilogram, where 
two animals of six in the saline group 
died and one of six in the glucose group 
died. Groups of normal rats were ad? 
ministered 5-FU in seven daily doses 
of 40, 60, 80, and 100 mg per kilo? 

gram of body weight with concurrent 
saline or glucose treatment. All animals 
that received 60 mg of 5-FU or more 

per kilogram of body weight per day 
died within the 7 days of the experi- 

628 

ment and those given 40 mg died with? 
in 3 days after the end of the treat? 
ment. The average times of death at 
the various 5-FU doses were similar 
in the saline and glucose-treated group 
pairs. 

The major site of action of 5-FU is 
the enzyme thymidylate synthetase 
(14), which is profoundly inhibited by 
5-fluoro-2'-deoxyuridine-5'-monophos- 
phate. Since this analogue nucleotide 
is formed from 5-FU in a "lethal syn? 
thesis" in which at least four different 

enzymes participate, pH alterations 

might affect the reaction at thymi? 
dylate synthetase, or one or more of the 

enzymes in the pathway of 5-fluoro-2'~ 

deoxyuridine-5 '-monophosphate synthe? 
sis. Although enzyme studies showing 
the analogue nucleotides to be more 
effective in an acidic environment led 
to the present experiments, it may not 
be assumed that glucose potentiation is 

occurring at the enzyme level. Trans? 

port of 5-FU into the tumor cell may 
be enhanced by the lowered pH. Future 
studies will be needed to determine 

which, if any, of these explanations is 
valid. 

The pKa values of other antitumor 

compounds, such as 8-azaguanine, 6- 

azauracil, 6-thioguanine, and 6-mercap- 
topurine and their nucleosides and nu? 
cleotides are significantly below those 
of their respective natural congeners 
(15), but it is not known whether the 
antitumor action of these compounds 
may also be enhanced in an acidic 
tumor environment. Perhaps the thera? 

peutic index can be improved still fur? 
ther by decreasing the toxicity to 
normal tissues by alkalinization through 
bicarbonate administration or hyper- 
ventilation (16). 
Shiu-shia Kung, Nelson D. Goldberg 

June L. Dahl, R. E. Parks, Jr. 

Department of Pharmacology and 

Toxicology, University of Wisconsin 
Medical School, Madison 

B. E. Kline 
Wisconsin Alumni Research 

Foundation, Madison 

References and Notes 

1. N. D. Goldberg, J. L. DaM, R. E. Parks, 
Jr., Proc. Am. Assoc. Cancer Res. 3, 322 
(1962). 

2. -5 j, Biol. Chem., in press. 
3. __-} in preparation. 
4. I. Wempen, R. Duschinsky, L. Kaplan, J. J. 

Fox, /. Am. Chem. Soc. 83, 4755 (1961). 
5. M. Prystas, J, Gut, F. Sorm, Chem. Ind. 

London 1961, 947 (1961). 
6. F. M. Kahan and J. Hurwitz, /. Biol. Chem. 

237, 3778 (1962). 
7. B. B. Brodie and C. A. M, Hogben, /. 

Pharm. Pharmacoh 9, 345 (1957). 
8. O. Warburg, K. Posener, E. Negelun, Bio~ 

chem. Z. 152, 309 (1924). 
9. C. Voegtlin, H. Kahler, R. H. Fitch, Natl. 

Inst. Health Bull. 164, 15 (1935a). 

10. M. Eden, B. Haines, H. Kahler, J. Natl. 
Cancer Inst. 16, 541 (1955). 

11. In preliminary studies the intraperitoneal 
administration of 5 g glucose per kilogram 
of body weight in mice caused a high mor- 
tality rate, thus rat tumors seemed more 
suitable for study than mouse tumors. 

12. The line of Flexner-Jobling carcinoma used 
is that carried in the Wisconsin Alumni Re? 
search Foundation laboratories. 

13. The 5-fluorouracil was a gift of Dr. James 
Price. 

14. L. Bosch, E. Harbers, C. Heidelberger, Can? 
cer Res. 16, 335 (1958). 

15. Reported pKa values are: 8-azaguanosine, 8.5 
(R. M. Bock, private communication); 6- 
azauridine, 6.8 (5); 6-thioguanosine, 8.3 (4); 
6-mercaptopurine riboside, 7.8 (4). 

16. Supported by grant CY 2686 of the National 
Cancer Institute. 

26 April 1963 

"Microsome" Fraction of Brain: 

Structural Changes Induced by 
Ascorbic Acid 

Abstract. The usual vesicular con? 
figuration of membrane fragments in the 
brain ilmicrosomey' fraction is radically 
altered by treatment with ascorbic acid 
and adenosine monophosphate. Light- 
scattering measurements and electron 
micrographs show that the treated mem- 
branes assume predominantly planar 
forms. This change in structure appears 
to be contingent upon a continued 

transport of electrons from ascorbic 
acid. 

Although the ascorbic acid content of 
neurons in certain parts of the brain 
such as hypothalmus is remarkably high 
(1), the nature of its role in neural 
function is completely unknown. As? 
corbic acid was found to induce gross 
structural changes in vitro in the mem- 
branous component of the so-called "mi- 
crosome" fraction of rat brain. Al? 

though these structural changes are as? 
sociated with an oxidation of ascorbic 

acid, no other potential electron donor, 
for example, glucose, tricarboxylic acid 

cyclic intermediates, glutathione, or hy- 
drosulfite, could be substituted for 
ascorbic acid or D-isoascorbic acid in 

producing this effect. 
This investigation actually began as 

an attempt to duplicate with micro- 
somes from the brain the finding that 
ascorbic acid, in the presence of micro- 
somes from several non-neural tissues 
such as adrenal, liver, and kidney, can 
activate the oxidation of reduced 
nicotinamide adenine dinucleotide 

(NADH2) (2). However, there was an 
interference with the optical measure? 
ment of this oxidation because of an 

unexpected change in light scatter? 

ing in brain microsome fractions that 
had been treated with ascorbic acid. 
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