
MULTIPLE EFFECTS OF FLUOROACETATE 701 

trations of lipid phosphorus in young rats and 
in the tumor were similar, and greater than in 
adult rats: 4)  the concentration of an alkali- 
resistant phospholipid was greater in the tu- 
mor than in the carcass. 
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Multiple Effects of Fluoroacetate on Pyruvate Metabolism in vitro. (19737) 
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The injection of iluoroacetate into rats has 
been shown to result in the accumulation of 
large amounts of citrate in certain organs 
(1-5). KO accumulation of citrate was fiound 
(3)  in livers ~f fluoroacetate-treated rats; 
these rats were of the same sex and strain as 
those whose livers had previously been shown 
to produce large amounts of citrate in vitro 
(6)  . t  .4 possible explanation for this discrepi 
ancy was furnished by studies (7,8) showing 
that an interruption in the Krebs cycle in the 
case of liver results in the diversion of C2 
fragments away from the Krebs cycle and into 
acetoacetate formation, and it might have 
been assumed that the results could be ex- 
plained solely on this basis. However, when 
in vitro studies were carried out to test this 
simple hypothesis, new results were obtained, 
some of which appear to be unexplainable in 
terms of the inhibition of citrate removal 
alone. 

* Public Health Service Postdoctoral Research Fel- 
low of the Sational Cancer Institute. 

t The rats used b ~ -  Potter anld Busch(3) were 
normal males. Subsequent work in this laboratory 
and in that o i  Dr. K. P. DuBois makes it clear that 
hormonal and other phy-siological factors can alter the 
capacity of the liver to accumulate citrate follow- 
ing tmhe injection of duoroacetate. Fed female rats 
accumulated citrate in their livers following the 
injection of fluoroacetate, and 'male rats could be 
shown to do likewise under special conditions. 

Experimental. Chemicals. Slodium mono- 
fluoroacetate was supplied by Dr. K. P. Du- 
Biois of the University of Chicago Toxicity 
Laboratory; adenosine triphosphate (ATP) 
was prepared by Dr. G. ,4. LlePage and asso- 
ciates. 

Homogenates. Male rats (weighing 201)- 
300 g) obtained from the Holtzmann-Rolfs- 
meyer Rat Go. were used in this study. After 
the rats were decapitated, thie kidneys were 
quickly removed and placed in ice-colld iso- 
tonic KC1 solution; after weighing, they were 
placed in glass homogenizers( 9) containing 9 
volumes of ice-cold isotonic KC1 solution and 
homogenized in the clold; the same procedure 
'was followed with liver homogenates, but the 
homogenizers ctontained 5 volumes of KC1 
solution to  give a concentration of 16% liver 
by weight. 

Flask contents. a) Reaction mixtures. Each 
Warburg flask contained 1.0 ml of a basal 
medium composed of 0.01 M ILllgC12, 0.2 M 
KC1, and 0.01 M K phosphate buffer ad- 
justed to pH 7.2(6) as well as 30 pM potas- 
sium pyruvate, 3 pM potassium *4TP and 
sufficient 0.2 M lor 0.012 M sodium mono- 
fluoroacetatet to produce the desired con- 
centration. All substrates were added as 
potassium salts neutralized to pH 7.2-7.4. I n  
all (experiments other than those involving 
phosphate studies, an additional 0.1 ml of 01.1 
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OXYGEN UPTAKE o PYRUVATE 
M K phiosphate was added. Center wells con- 
tained 0.2 ml of 2.5 M KaOH and a wick of 
filter paper. Cold homogenates were added to 
the cold reaction mixtures and the vessels were 
equilibrated 10 minutes before manometric 
readings were begun. The gas phase was air 
and the temperature was 38°C. b) Homo- 
genate systems. Three homogenate systems 
were employed for the purpose of studying the 
effects of fluoroacetate on pyruvate oxidation. 
In  addition to the basal medium. pyruvate and 
-4TP noted above, the Ziver-rza2onafe system 
contained 80 mg of liver tissue and 12 p l l  of 
potassium malonate ; the l iver-fumarate sys- 
tem contained 80 mg of liver tissue and 40 
@I of potassium fumarate, while the kidney-  
f umara te  system contained 40 mg of kidney 
tissue and 40 pM of potassium fumarate. 
Each of these reaction systems responds dif- 
ferently to fluoroacetate as will be shown be- 
low. The concentration of fumarate was 
selected following the demonstration that in- 
creasing the concentration of fumarate in- 
creased iormation of citrate and decreased 
fiormation of acetoacetate by liver homo- 
genates; at  40 p M  of fumarate, both of 
these effects had reached plateau levels (8). 
Oxygen uptake in 60 minutes was proportional 
to tissue at  concentrations up to 90 mg wet 
weight of liver per Warburg flask and up to 
40 mg of kidney per flask; in general, kidney 
homogenates were much more labile than liver 
homogenates. 

Determinations. Reactions were stopped 
by the addition of 0.3 ml of 50% perchloric 
acid to the main chamber. The protein-free 
supernatant fluid obtained on centrifugation of 
the contents of the flask was used for the 
analyses. Citrate ( lo ) ,  acetoacetate,$ a-keto- 
glutarate and pyruvate ( 1 1 ) , and inorganic 
phosphate( 12) were determined by standard 
methods. 

Results. Compai?ative studies on kidnev 

$ Trifluoroacetate inhibited neither the kidney- 
fumarate nor the liver-malonate system. Recrystal- 
lized difluoroacetate did not inhibit the liver-malonate 
system and the slight inhibition of the kidney- 
fumarate system at  high concentrations may have 
been due t o  monofluoroacetate contaminating the 
product. 

QLehninger, .4. L., Personal communication, see (8). 
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FIG. 1-4. Effects of fluoroacetate concentration 
on oxygrii uptake, pyruvate utilization, citrate 
f orination aiicl acetoacetate formation by the liver- 
funlarate system (Liver F), liver-malonate system 
(Liver 31) and kidney-fumarate system (Kidney 
3’) described in  the t ex t .  Time of incubation: 

60 min. 

and liver homogenates. The data obtained 
with each of the 3 homogenate systems are 
presented in Fig. 1-4, and are plotted together 
for purposes of coimparison. The following 
sections consider each of these systems sepa- 
rately. 

Egect of fluoroacetate on the kidney- 
fumarate system. The sole pathway of pyru- 
vate oxidation in this system is the citric acid 
cycle( 1 3 ) .  At low Concentrations of fluoro- 
acetate a maximal accumulation of citrate was 
found (Fig. 3). However, as the concentra- 
tion of fluoroacetate was increased, the block 
of oxidation was established earlier and/or 
more completely (Fig. 1) and this progressive 
depression of oxidation was paralleled by de- 
pression of citrate formatilon. While initial 
oxidation was depressed less in this system 
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than oxidation at  later time intervals, increas- 
ing concentration of fluoroacetate also de- 
pressed the initial oxidation. l l  

The block of citrate oxidation is probably 
limited to a tricarboxylic acid step and at low 
levels of fluoroacetate it appears that the other 
reactions are not blocked, since a micromole of 
citrate is formed for each micromole of fu- 
marate added to kidney homogenates inhibited 
in vitro (Fig. 5 )  .Ti 

Effect  of fluoroacetate on the liver-rnalonate 
system. The liver-malonate system also has 
one pathway for pyruvate oxidation, but in 
this case oxidative decarboxylation of pyru- 
vate is followed by the condensation of the 
‘(C2” fragments to acetoacetate, In  this 
system, the depression of oxygen uptake (Fig. 
1) was associated with a simultaneous diminu- 
tion of pyruvate utilization (Fig. 2 )  and aceto- 
acetate formation (Fig. 4) but these effects 
were not noted until higher concentrations of 
fluoroacetate were present as compared to the 
kidney-fumarate system. Moreover, the oxi- 
dation was increasingly depressed as the incu- 
bation progressed. The rate of oxidation of 
the blocked system here, however, was the 
same as that of the control until a time (301 

11 Maintenance of bound phosphate was observed 
in the liver-fumarate system ; bound phosphate of 
the kidney-fumarate system diminished as oxygen 
uptake decreased, in control flasks as well as in flasks 
containing fluoroacetate. Bound phosphate de- 
creased rapidly even in control flasks of the liver- 
malonate system although oxidation proceeded at a 
linear rate, and  a t  the end of 6.0 minutes of incuba- 
tion, almost all the high energy phosphate had been 
released from ATF. 

I I n  these experiments, oxygen uptake studies in- 
dicated that extra pyruvate disappearinlg was largely 
oxidized to completion and hence, fumarate must 
have cycled but was eventually trapped as citrate; 
for example, in a 60 minute incubation period, with 
4 pM of fumarate and 3 0  puM of pyruvate as sub- 
strates, 6.7 pM of pyruvate disaplpeared, of whilch 
3.8 pM entered into citrate formation; total oxygerl 
uptake was 8.5 pM in the measured 50 minute period 
after the 10 minute equilibration period. The con- 
sumption of considerably more oxygen than the 1.9 
pM necessary for conversion of pyruvzte to citrate 
indicated that some fumarate proceeded around 
the cycle more than once but was eventually stop- 
ped only at the citrate level, suggesting that the 
other parts of the cycle were unaffected. 

V M  F U M A R A T E  ADDED 

FIG,  5. Clonrersion of fumarate t o  citrate by kid- 
ney homogcnates poisoned in vbtro with fluoroace- 
tate oomparcil t o  controls. Additions as in kidney- 
fumavnte sgstein described in the text except for 
quantitr of fumarate added. Flasks with fluoro- 

acetate contained 6 pM. 

minutes of incubation) when its activity sud- 
denly decreased; oxidation by the control con- 
tinued at  a linear rate for at least 60 minutes. 
This delayed response acoounts for the failure 
of high levels of fluorloacetate to produce more 
than a limited response in the measurements 
undertaken, and suggests that the action of 
the inhibitor must have been indirect just as in 
the kidney-fumarate system. I t  is unlikely, 
however, that the eventual decline in rate can 
be attributed to the formation of fluorlocitrate 
since in this system essentially no oxidation 
takes place via the citric acid cycle, i.e., no 
more than 0.25 pM (of citrate were found in 
any of these flasks, and moreover there is no 
basis for explaining the results in terms of a 
block in the citric acid cycle, which was al- 
ready blocked by malonate in this system. 
The time studies revealed tshat ithe inhibition 
of the liver-malonate system was not competi- 
tive; moreover, the inhibition was not pre- 
vented by additi’on of as much as 0.03 M 

EjTect of jluoroacetate on the liver- funtarate 
system. The liver-fumarate system can oxi- 
dize pyruvate by both of the above mentioned 
pathiways; these 2 pathways are in fact com- 
petitive, with citrate formation preferential 
when fumarate is available(8). Any differ- 
ential effect of fiuoroacetate would thus be re- 
vealed in this reaction as a shift away from 

MgC12( 14). 



704 MULTIPLE EFFECTS OF FLUOROACETATE 

the normal ratio of citrate to acetoacetate. 
When the fluoroacetate concentration was in- 
creased, there was a diminution in citrate for- 
mation (Fig. 3 )  paralleled by a compensatory 
rise in acetoacetate formation such that pyru- 
vate utilization actually increased (Fig. 2 ) ,  
while oxygen uptake continued unaffected 
(Fig. 1). 

Discussion. The results indicate that fluoro- 
acetate or its derivatives may inhibit 2 en- 
zymatic steps in addition to aconitase, which 
has been studied in considerable detail by 
Peters and associates( 15) .  The liver homo- 
genate illustrates one of these inhibitions by 
decreasing the metabolism of pyruvate via the 
citric acid cycle and shifting to the alternative 
pathway of acetoacetate production. I t  seems 
likely that this result is due to a direct inhibi- 
tion of an “acetokinase”( 16) rather than to a 
shift resulting from the unavailability of C, 
acids, a mechanism studied by Lehninger ( 7 ) ,  
and by Recknagel and Potter (8)  inasmuch as 
a considerable backlog of fumarate was pres- 
ent when fluoroacetate was studied. Differ- 
ences in the KI and K, for these acetokinases 
and fluoroacetate or inhibitors formed from it 
must result in the metabolic shifts noted, and 
it appears that the acetokinase leading into 
the citric acid cycle is affected to a greater 
extent than the other acetokinases in liver. 
The decreased utilization of C, fragments for 
citric acid formation is reflected in an in- 
creased availability for acetoacetate formation 
in vitro and by the increased acetylation of 
foreign amines in intact rabbits treated with 
fluoroacetate( 17) .  That  the formation of 
acetoacetate can also be inhibited is sholwn by 
the data obtained with higher levels of fluoro- 
acetate. The finding of Hagan et d.( 18) of 
significantly less fluoroacetate in livers of 
poisoned rats than in other organs tested may 
result from utilization of “fluoroacetoacetate)’ 
formation as a means of detoxification of 
fluoroacetate by the liver. 

The in vitro studies reported here suggest 
that the pharmacological effects of Auoroace- 

tate may involve the production oi more than 
one type of “biochemical lesion,” while spe- 
cies differences may well reflect differing ra- 
tios of the several enzymes involved. 

Summary. 1. ‘Citrate formation is increased 
and oxidation is diminished by addition of 
fluoroacetate to kidney homogenates; under 
the same conditions, citrate formation is de- 
treased and acetoacetate formation is in- 
creased while oxidation is unchanged in liver 
homogenates. 2. ,4t higher concentrations of 
fluoroacetate, acetoacetate formation is also 
inhibited in liver homogenates. 
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