
Vol. 17, No. 6, 1964 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

METABOLIC CONTROL WPEBFUSBDUTHUBT DURING 
FILIOBOACEUTB POIBONING.* 

J.R. Williamm’, Ed. Jonar and G.F. &zone. 

Johnron Etseerch Foundation, Univerrity of Pen~y~v~ir, 

Philadelphia, Prmuylvania. 

ReceivedSeptember 25, 1964 

The inhibitory effect of fluoroacetatt on the citric acid cycle 

is due to the smthesis of fluorwitratt, which is a cempetitivt inhibitor 

of ~conihrt (P&em, 1957). Comequently, citr8tt tccumltte8 in fluo- 

rocicttatc poisoned timautm. Margrtth aad Azzont (1964) have recently 

reported that rat heart lmmogenates have l large tndtgawus flmtrttctttte 

insensitive respiratima, and am the basis of rtudita with metabolic 

inhibitors concluded that it utt ltrgtly rapported by the utilization 

of ghttmtt rind glycolytically generated DPML 

The prwent investigetion vith the irolattd perfused rat heert 

hr failed to subetantiatt this ruggestion. In thi8 paper we report data 

om the mechriul performnet of the heart during fluoroeottatt poisoning, 

and wtabolia control point6 htvt been identified by l pplw the cross- 

over theora of Clumot et al (19%) to the glycolytic qatr and the a- 

citric mid cycle, 

MEEOBg. Perdkmian end 8nalyti081 te&tniqaes wae similar to tht8t pre- 

vloualy described (Williama, 1964a, Willi8non aId Jones, 1964). Xalt, 

fed, l lbm rota of Wistar attain (2-260 g.) wore tasod. Sodim flw- 

reactkte (20 w/kg body vt.) *ru injected lntiaperitwully 30 8in. 

* Supported by Gnat PBS 12202.01 
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before the htarts vtrt rawvtd. Contractile force vao mtarurtd vith 

a Dtcktr trantdwtr (Model 902-l) and the flwrttctnct intensity of 

the intact btating heart vat matured by meant of a microflwrimtttr 

(Chance, Cohen, Jgbtis and Schotntr, 1962) focutttd on the surface 

of the htart through the vindov in the htart chamber. 

BEsllLTs. In Fig. 1. art reported the levels of the glycolytic inttr- 

mtdiattt in hearts frtm flwroacttatt poitontd rats under tvo ptr- 

fution conditiont, the value8 being txprtrstd a8 a ptrcentagt of the 

appropriate ltvtlr in htarts from norattl rate. 
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Ffg. 1. Tissue levels of the glycolytic inttrmdiattt in perfused hearts 
from narmtl and fluoroacttatt poi8oned rat6. The glycolytic inttrmediattt 
are sbopm Sn ttqutatt along the l btcitta, and the figuret betide tach 
intemtdiatt art the mean tissue ltvtlt found In control htartt, tXpret8td 
in grrrltt/g. dry vt. 

Outstanding in the glycolytic pattern is thllt in htartt froa flwro- 

l cttttt ptirorttd rats there ‘111~ a large acctmulttion of htxttt wnophot- 

pbtea. Ia the abttmct of addtd aubttratt pyruvatt utt the only 

glJcolytic inttrmtdiatt vhich vat decreased relative tt the controlt. 

After 15 minutes pmfuaion vlth &coat and iatulin, glucott 6-P and 

fructoat 6-P iacrtartd 120fold tt atv ttationary atate ltwtls, vhilt 

the other inttrmtdiatet iacrttutd only 2 to 6-fold. In htartt frta 
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fluoroacetate poisoned rats perfused with glucose and insulin, Fig. 1 

shows that there was a relative accumulation of the hexose monophosphates 

and a relative depletion of all the other intermediates. Since glycol- 

ytic flux (treasured by the rate of glucose uptake and lactate formation) 

was decreased by 50 o/o under these conditions, the control point in 

the glycolytic sequence is identified at the phosphofructokinese step 

(Ghosh and Chance, 1964). Clearly glucose is not a major metabolic fuel 

in the fluoroacetate poisoned rat heart. The citrate content of hearts 

from fluoroacetate poisoned rats after 5 minutes of perfusion in the 

absence of substrate was 22.8 pnoles/g.dry wt. compared with 0.4 poles/ 

g. dry wt. in the controls. On further perfusion for 15 minutes with 

glucose and lnsulfn, the citrate content of control hearts showed little 

change, while that of the poisoned hearts fell gradually to about 50 o/o 

of the initfal value. 

The response of the perfused rat heart to fluoroacetate in vitro -e 

was studied kinetically by simultaneously observing the force of con- 

traction and the level of reduced pyridine nucleotides (as determined 

by direct f luorimetric measurement). Addition of fluoroacetate (1 eM) 

to a heert perfused in the absence of substrate decreased the contract- 

ile Porte by 30 o/o within 5 minutea, and the pyrldine nucleotides became 

more oxidised as shown by a decrease of the fluorescence (Fig. U). 

Fig. 2B is a continuation of the trace showo in Fig. 2A after an inter- 

val of 5 minutes when the force had decreased to a constant value 55 o/o 

of the initial. Addition of 100 )rmoles acetate had no effect on the 

force of contraction over a period of 7 minutes. Fig. 2C shows that 

the addition of 20 wles pmte fully restored the contractile force, 

but had no effect on the state of oxidation-reduction of the pyridine 

nucleotides. In the absence of fluoroacetate, pyruvate invariably 

produces an increase of mitochondrial DF+Nti which is reoxldfsed upon the 

addition of 0.1 mM arsenite, thus locating the DPNR generating step at 

pyruvic oxidase (Williamson, 1964b). 
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Fig. 2. Changes in the contractile force and fluorescence intensity 
of the perfused rat heart after the addition of fluoroacetate. The 
heart was perfused initially with 20 ml. of buffer containing no 
substrates. 

The uptake of pyruvate and conversion of pyruvate to lactate 

were found to be the same in hearts from normal and fluoroacetate 

poisoned rats, indicating that the restoration of the contractile 

force after pyruvate addition was associated with the ability of 

pyruvate to increase energy production by overcoming the block in the 

citric acid cycle. This was confirmed in the experiment ehoun in Fig. 3. 

Addition of fluoroacetate produced the expected crossover at the site 

of aconitase as a result of fluorocitrate inhibition. Glutamte and 

aspartate level6 were decreased by 13 and 18 o/o respectively. Pyruvate 

when present alone greatly increased the levels of all the intermediates 

of the citric acid cycle, and decreased those of glutauate and aapertate. 

When pyrwate was added to hearts previously perfused with fluoroacetate, 

the citrate content increased to values 100 tiraea the control, and the 

level of intermediates beyond the aconitase step were also increased 

above the control values, indicating that the inhibition of aconitaee 

ha8 been wercaae by the increased levels of citrate. 

MSCUSSIoN . -Fluoroacetate poiooMmg in the intact rat ia characterimd 
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Fig. 3. Effects of fluoroacetate and pmte on the levels of @-ittic 
acid cycle intmediates, glutamate and atpartate in perfused rat heart. 
All hearts were pre-perfuaed for 10 minutes wtth subatrate free buffer 
and transfered to recirculation circuits containing 15 ml of medium for 
further perfusion as shmm. Control hearts were perfused for 10 minutes 
in the absence of substrate, and the figure8 shown beside each inter- 
mediate are the wan tissue levels expressed in qamles/g. dry wt. 
Heart8 were perfused either with fluoroacetate alone for 5 minutes, with 
pyruvate alone for 10 minutes, or with fluoroacctate for 5 minutes followed 
by pyruvate addition and perfusion for a further 10 minutes. 

by a diabetic-like syndrome involving effects on the nervous system, 

glycania and ketonemia (Peters, 1957). The elevated blood sugar levels 

could theoretically be caused either by decreared glucose utilisation 

or by suppression of insulin release from the beta cells of the paucreas. 

A possible specific effect of fluoroacetate on insulin production has 

recently bttn naltd out by the work of Karam and Grodaky (1962). A 

deoreased rate of glucose uptake aud phosphorybtion by the rat heart 

has been confirmed in the present investigation, and the site of inhibition 

located at the phosphofructokinase step. The mechanism for the inhibition 

of glycolpis i6 undoubtedly related to the large accumlation of 

citrate, which has recently been shown to be a potent inhibitor of 

phoaphofructokinast in cell-fret systems (Lorry and Passonneau, 1964). 

Purthemmre, it would appear that the mechanism responsible for decreased 
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glucose utilization during fluoroacetate poisoning ie similar to that 

in the acute alloxan diabetfc 8t8te (G8rland,Randle and Reusholm8, 1963; 

Parmeggiani and Bowom, 1963). The ree8en for the accmnulation of 

citrate in hearts from diabetic rat8 i8 not at present clear. 

The complete oxidation of pyridine nucleotide8 after the addition 

of fluoroacetate wen in the presence of pyrwate indicate8 that DPNH 

oxidation by the respiratory chain is faster than DPl?H production. This 

is au expected consequence of the block in the citric acid cycle at the 

8COnit88e Site. Apparently, hopever, this block i8 not complete in 

cardiac muscle since neither glpC0ly8iS nor amino acid8 Berve 88 major 

hydrogen donors to the respiratory chain. Pyruvate pay be especially 

effective in wercoming the block in the citric acfd cycle by providing 

oxaloacetate, acetyl CoA and DPRH. Oamloacetate fwlaatiou can be 

8timulated in the preeeuce of pyruvate eithex by direct carboxylation, 

or by tramamination reactlox es indicated by the decrea8ed level8 

of glutamate and aapartate. Coxdeusation of oxaloacehte with acetpl Cd 

will elevate citrate until it can compete effectively with fluo*itrate 

8t the aconitare aotive site. Acetate i8 unable to wercoxe the aconlta8e 

inhibition eince it c8xnot provide 8 nev 8ouxce of exaloacetate, and 

unlike pyruvate require8 ATP for activation. 

These result8 suggest that although the initial effect of fluoro- 

acetate is to give rire to fluorocltrate, the aecoxdary inhibition of 

phosphofructokinase by the accumlated citrate is actually lethal rime 

it deprives the cell of pyruvate which would eventually wercaae the 

inhibition of aconitese. 
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