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Acetoacetate oi'dation by heart mitochondria 

A. WAAEED SIDDIQUI 
.ft 

Department of Experimental Medicine, McGill Umversity 

'II H. Sc. Degree 

ABSTRACT 

Ac~toacetate-dependent oxygen consumption of,mitochondria 
1" 

required pres~nce of both 2-oxoglutarate and maTate for maximal rates of 

respiration." Under these conditions, it was observed that (i) Pi and 

arsenate were stimulatory, (ii) parapyruvate and arsenite were inhibitory 

and this 4nhi~ition was not reversed by.ATP, and (iii) formation of 14C02 

from 14C-acetoacetate was not detectable. Experiments with differentially . 

labeled pyruvate suggest that the effect described under (iii) resulted 
,; - " 

from the eff1ux of intramitochondrial intenmediates of the citric acid 

cycle in exchange for the entry of added malate •. 

When acetoacetate-dependent respiration was followed without 

2-oxoglutarate and malate, Pi, arsenate and malate were found to be 

, inhibitory. The malate-inhibited respiration was·not reversed by ATP. 
( 1 

Similar stimulatory and inhibitory e'ffects of Pi and arsenate 

were also observed.on mitochondrial oxidation of pyruvate and acetylcarn~tine. 

The results suggest that the activation of acetoacetate for 

mitochondrial oxidation proceeds mainly if not exclusively through the 

succinyl-CoA route. 

.. 

, 

... ;,1%%5 am,," rP 11. r Fr , ... !!. "'.Mf " 
1 

i 

1 , 
·l 
1 

1 
j , 

: . 



.' 

" 

t 
l 
II" 

~ 
i' 
~ , 

" \ 

1 

e 
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A. WAHEED SIDOIQUI 

Department of Experimental Medicine, McGill University 
\7 

M. Sc. Degree 

RESUME 

La consommation d'oxY9~ne d~pendant de l'acetoacetate requiert 

la présence simultanée du. 2-oxoglutarate et du malate pour l'obtention de 

taux de respiration maximum. Dans ces conditions, nous avonS observé que 

(i) Pi et arsenate étaient stimulatuers, (ii) parapyruvate et arsenite 

étaient inhibiteurs et que cette inhibition n'était pas renversée par 
'+ 

l'ATP, et (iii) la formÙion de l4C02 A partir de l4C-acetoacetate n'était 

pas détectable. Des expériences avec des pyruvates marqués différemment 

suggèrent que l'effet décrit en (iii) résulte de l'efflux d'intermédiaires 

intramitochondriaux du cycle de l'acide citrique en contrepartie de l'entrée 

du malate ajouté. 

Lorsque la respiration dépendant de l'acetoacetate était suivie 

sans 2-oxoglutarate ni malate, Pi, arsenate et malate étaient inhibiteurs. 

La respiration inhibée par le malate n'était pas rétablie par l'ATP. 

Des effets similaires, stimulateurs et inhibiteurs, du Pi 

et de l'arsenate 'ont été aussi observés avec l'oxidation mitochondriale du 

pyruvate et des ~carnitines. '\. 

1 lf!S résultats suggèrent que l'activation de " acetoacetate 

pour l'oxydation mitochondriale se fàit principalement sinon exc)usivement 

par la voie du succinyl-CoA. 
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1 . l NTRODUCT IOU. -- ! 

1.1 GENERAL CHARACTERISTICS OF MITOCHONDRIA 

Mitochondrla were first describeo by Altman (1) in 1894 and were 

called "bioblast" at that tlme. r~itochondria are the subcel1ular organelles 

present ln the cytoplasm of all aerobic eucaryotlc cells. Under aerobic 

conditions most of the energy yield1ng reactions of the ce11 proceed in 

mitochondrla. The number of mitochondria per cell appears to be constant 

and character;stic for any given ce11 type but may change with the state of 

development or with funct10nal activity. The size and shape of mitochondria 

vary From one cell type to another. In general mitochondria are 3-5 ]J long 

by 0.2-0.5 ~ wide (1). 

The most characteristic feature of mitocpondria is the presence 

of a double membrane system; a smooth outer membrane and an inner membrane 

that infolds to varying degrees forming "cr istae". In liver mHochondria the C 

crislae are sparse and irregu1ar, but in kidney or heart mitochondria they 

are numerous and nearly f111 the entire lumen of the mitochondria. The inner 

membrane div1des the mitochondria into two spaces. The space between the 

outer and inner membrane is ca1led intermembrane space and the space inside 

the inner membrane is called matrlX. Mitochondria with many cristae have 

relatively small matrix and those w1th fe~/er cristae have large matrix. The 

cristae have numerous mushroom-llke subunits which project int~ the matrix 

and are called "inner membrane spheres" or the elementary particles (2). 
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2. 

The pr;mary function of membranes is to separate compartments. 

Mitochondria1 membranes not only divide the mitochondria into compartments 

but a1so participate in other bio10gical functions by virtue of the acquisi­

tion of numerous secondary components. Isolation and examination of the 

physica1 and chemica1 properties of high1y purified outer and in~r membranes 

of mitochondria (2) have revea1ed that the two membranes contain numerous . 

\1 
] 

enzymes e.g. monoamine oxidase and ATP-dependent long chain fatty acid activa- ( 

ting enzymes are loca1ized in the outer membrane. Respiratory chain enzymes. 

e ATP synthes i zing enzymes, 2-oxog1 utarate dehydrogenase, succi nats dehydrogenase, 

carn;tine fatty acy1 transferase and D-3-hydroxybutyrate dehydrogenase are 

present in the inner membrane. Adeny1ate kinase represents enzyme of the 

intermembrane space. The matrix contains citrate synthase, isocitrate dehydro-

genase, fumarase, ma1ate dehydrogenase, aconitase, glutamate dehydrogenase 

and enzymes invo1ved in fatty acid oxidation (2). 

Aerobic ce11s obtain most of their energy by the transfer of 

electrons from organic fuel mo1ecules to mo1ecular oxygen. In these cells, 

the c;tr;c acid cycle is the final common pathway in the degradation of'acety1 

groups derived from the catabo1ism of carbohydrates, 1ipids and amino acids. 

The reducing équivalents, produced by the oxidat;on of c;tric acid cycle 

intenmediates and those formed in the cytop1asm (e.g. during glyco1ysis) are 

fed into a series of e1ectron carriers before being util;zed for the reduction 

of oxygen. The ensuing process of e1ectron transport to mo1ecu1ar oxygen 

proceeds with a large decline in free energy, much of which ;s conserved as 

ATP by the coupled ox;dative phosphorylation of Aop. A s;mplified scheme of 

the respiratory chain ;s shown in Figur~ 1 . 
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Fig. 1 A simplified scheme of the mamrnalian mHochondiral respi.­

ratory chain and the points of entry of electrons from various 

subs tra tes. 

The flow of electrons is shown From substrates to 

o~gen which in coupled m1tochondria accompanies conservation of 

energy. However many of the reactions shown can proceed in the 

reverse direction. The fluted lines represents loci of action 

of various i.nhibitory agws. Cyt, cytochrome. FP, various 
, ~ 

flavoprotein dehydrogenases. Coq, coenzyme Q. Abridged from 
'\ 

Lehning'er (3). 
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Oxidative phosphoryla~on 

Respiration of mitochondria with intact membranes requires nct 
. 

onlya substrate but also ADP and Pi. This;s because of the coupling of 

oxidation to phosphorylation as a result of whic~ ATP is formed. It has 

been shown that during the ox1dation of substrates that feed reducing 

equivalents at the level of NAD of the respiratory chain, the observed Pla 

or ADPIO ratio is approximately 3. The corresponding ratio is approximately 

2 and 1 when reducing equivalents are fed into the chain at the level of 

flavoproteins and cytochrome c, respectively (4). It is generally accepted 

that there are three phosphorylation sites, located at the span between NADH 

and f1avoprotein (site 1). between cytochrome b and cl, (site II), and between 

cytochrome c and oxygen (site III), (3,4). It is unclear however whether the 

primary energy conservi n9 act is -the formation of a high-energy compound (5), 

the development of a membrane potential (6), or a conformational change in 

the membrane (7). 

Metabolite transport systems of mitochondria 

Since oxidation of citric acid cycle intermediates and oxidative 

phosphorylation occurs within the mitochondria, thé membranes must be permeable 

to a variety of ions' and substrates. Unlike ,the inner menbrane, the outer 

membrane of mitochondria is freely permeable to mo1ecules of up to a mo1ecular 

weight of 10,000. A1though the inner membrane a110ws only much smal1er 

(molecular weight < 150) neu'tral mo1ecules to permeate readi1y, it is impermea­

ble to many ions, and is considered to be the mitochondria1 osmotic barrier. 
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However, transport, of certain ions tJ~'ross the 1nner membrane is made possib1e 

because of the presence of specifie trans1ocators in the inner membrane (2). 

These translocators catalyze a 1:1 exchange between specifie ion pairs (8,9). 

Exchange reactions have been demonstrated for ADP and ATP and for most of the 

intermediates of the citric acid cycle (8,9). 

For certain molecules it has been suggested that on1y a portion of 

a molecule is transported into mitochondria by what has been described as group 

translocation mechanism (8). $uch a mechanism of translocation has been 

implicated in the transport of aspartate and fatty 'acylcarnitine esters. At 

least for the lat~er, it has been Shown recently that acy1carnitine entry 

involves a 1:1 exchange with the intramitochondrial carnitine ftnd that this 

process is cata1yzed by the presence of a carnitine acy1carnitine trans10case 

in mitochondria (10). 

Transport of reducing equiva1ents across mitochondrial membrane 

Unlike the reducing equivalents generated within the mitochondria, 

the reducing equivalents generated in cytop1asm are not directly transported " 

into the mitochondria for oxidation via the electron transport chain. The 

reducing equivalents in cytoplasm appear as reduced pyridine nuc1eotides which 

cannot penetra te the mitochondria1 inner membrane. However electrons derived 

from NADH can enter the mitochondrial resp;ratory chain by indirect routes 

called shuttles. The best known are the glycero1 phosphate and malate shuttles 

(9). The glycerol phosphate shutt1e is unidirectional and is operative in 

liver and insect muscle. In other tissues as we11 as in liver, the malate 

shuttle, which is bi-directional appears to be the major shuttle. In liver 
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o..ma1ate shuttle functions to carry reducing equivalents from the mitochondrial 

matrix ta the reductive biosynthetic reactions in the cytop1asm tg). 

Control of respiration: the respiratory states 

Apart from oxygen and the respiratory chain itself, lIIitochondrial 

respiration and oxidative phosphorylation depend on the presence,of substrates, 

Pi and ADP.· The genera1 conditions affecting the respiratory rate of intact 

m1tochondria as described by Chance and Williams (11) are classified as 

follows. 

(i) State 1 respiration is the condition in wh1ch both ADP and respiratory 

sub~trates are lacking. 

(i i) State 2 respiration is the conditi on in which respi ratory substrate 

on1y is 1 acking. 

(ii 1) Stat~ 3 respiration ;s the candi ti on in wh; ch all required components 

are present (active respi ration) 

(iv) State 4 respiration is the condi tian in which only ADP i s l ack i ng • 

When ADP is added under conditions of state 4 respiration, the 

respiration ;ncreases markedly (state 3 respiration) and added ADP is 

phosphory1ated to ATP. The dependence of respiratory rate on ADP concentration 

is called respiratory control or acceptor control. The rate of respiration in 

the presence of ADP divided by the rate in its absence (state 3/state 4) is 

def1ned as'the "respiratory control ratio". A high respiratory control ratio 

1s general1y observed with tightly coupled intact mitochondria. The phenome-

non of respiratory control is also seen in living ce1ls. A relaxed muscle 

respires slowly, but when ATP breakdown is accelerated such as during 

exercise, the AOP formed immediately acce1erates respiration (4). 
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Various substances can affect the general metabolism of 

mitochondria and in coupled intact mitochondria, the effect may be on the 

transport of electrons, energy conservation\ ATP synthesis or transport of 

metabo lites. 

(a) Inhibitors of electron transport (respiratory) chain 

The flow of electrons between NADH dehydrogenase and Coenzyme 

Q is inhibited by rotenone, amytal, piericidin; between cytochrome band 

c by antimycin; between cytochrome oxidase (a + a3) and oxygen by cyanide, 

azide, sulfide, and carbon monoxide. 

(b) Inhibitors of energy-conserving mechanism - the uncouplers 

Uncouplers are substances which cause rèspiratory chain-linked 

phosphorylation of ADP and Pi to ATP to become dissociated from,respiration 
.( 

with the result that the maximal respiration no longer requires ADP and Pi. 

Under conditions such as in state 4 respiration, addition of uncouplers 
, 

bring about stimulation of respi ratory rates. Some common uncouplers are 

2,4 dinitrophenol (DUP), dicumarol, carbonyl cyanide m-chlorophenylhydrazone 

(m-C1-CCP) and p-trifluoromethoxyphenylhydrazone of carbonyl cyanide (FCCP). 

Uncouplers stimulate ATPase activity i.e. hydro1yze ATP to ADP. The exact 

mode of action of uncoup1ers is unknown. 

(c) Inhibitors of energy-trapping mechanism for ATP synthesis 

Oligomycin and aurov~rtin inhibit coupled respiration induced by 

ADP and Pi, but have no effect on uncoup1ed (non-phosphory1ating) respiration. 

They a1so have no effect on substrate-linked phosphorylation (12). Arsenate 

.i : 



,-,,1 

. -, 

c 

- ---.. ___ ~ ....." wI.. "11 • F •••• ''"'', .... ". _____ ~. 

8. 

readi1y uncoup1es substrate-lin~ed phosphory1ation (12) but is re1ative1y 

ineffective against respiratory ehain-linked phosphorylat;on. Arsenate does 

not induce ATPase activity. al' 
(d) Inhibitors of the transport system 

Respiration and oxidative phosphorylation is inhibited when 

transport of ADP, Pi and substrates are inhibited. Atracty10side and 

bongkrekic acid inhibit phosphory1ation qf externa1ly added AOP, but do not. 

inhibit phosphorylation of ,i nt rami tochondrial ADP (8). Mersalyl and other 

SH-reagents inhibit phosphorylation by inhibiting the transport of Pi (8). 

n-Butylmalonate, an inhibitor of the transport system of the 

dicarboxylates (13) effectively inhibits mitochondrial respiration 

dependent on added malate and succinate. 

(e) Inh~bitors of citric acid cycle 

O~gen consumption dependent on the oxidation of acetyl group is 

marked1y inhibited by substances that terminate the eyclie operation of 

citric acid cycle e.g. malonate inhibits succinate oxidation by innibiting 

the succihate dehydrogenase. Arsenite inhibits the oxidation of 2-oxog1uta­

rate by inhibiting 2-oxoglutarate oxidase system (12). 

1.2 Metabolism of ketone bodies 

• Acetoaeetate, D-3-hydrexybutyrate and acetone, colleetively known 

as ketone bodies. were discovered in urine of diabetics between 1857 and 1884 

(14) and were considered to be use1ess products of a pathologieal process or 

4aP of an abnormal metabolism. However, it was later established that ketone 
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bodies can be utilized)bY extra-hepatic tissues to serve as a source of 

energy (14). More recent elucidations of the metabolic reactions involved ih 

the metabolism of ketone bodies have led to the present view that ketone 

bodies are specia11y generated by the 1iver to supp1y tissues with an 

alternate fuel of respiration when carbohydrate is short in supply. 

, Carbohydrate, aminoacids and ~t are the three major fuels of 

respiration. Glucose and fat both are oxidized by tissues. But when glucose 

is short in supply, the contribution of fat as fuel increases. The three 

forms in which fat is available to tissues are free fatty acids, trig1ycerides 

and ketone bodies. The proportion of energy derived from the oxidation of the 

three forms described above depends on the presence of the requisite enzymes 

in the tissues (15). Although fatty acids are an important substrate for 

myocardial and ske1etal muscle (16), the supp1y of fatty acids is restricted 

by their re1atively'low solubility and toxicity at high concentration (17). 

Therefore ketone bodies are viewed as supplementary means of transporting the 

energy contained in free fatty acids (18). It has been well documented that 

ketone bodies can be effectively uti1ized by extra-hepatic tissues to serve 

as a source of energy (19) and together with fatty acids play an important part 

in the calorie homeostasis (20). 

Whenever the glucose 1evel in the blood plasma is low, as in 

starvation or on a low carbohydrate (or high fat) diet t or when glucose is 

not utilizable, as in diabetes, the concentration of fatty acids in plasma 

rises. This r;se ;s roughly paralleled by an increase in the concentration 

of ketone bodies. The moderate ketosis which occurs under a variety of c;rcum­

stances such as during starvat;on (21,22) and after pràlonged exercise (23) is 

. a normal physiological process that supplies tissues with a ready utilizable 
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fuel of respiration. Thus ketosis (a state in which ketone bodies accumulate 

in the'extracellular fluid in concentrations greater than during çonditions 

of plenty of carbohydrate) is a physiol0,9ical phenomenon réflecti{lg metabolic 

alterations that characterize a change from carbohydrate to fat dxidation. 

In contrast te the physiological ketosis, the severe ketosis of the diabetic, 

e.g. ketoacidesis of diabetic coma (lS) i$ obviously a harmful pathOlogical 

condition in whi ch the quanti ties of ketone bodi es foï"med gross ly exceed 

poss ib le needs. 

1.2.1 Formation of ketone bodies: General considerations 

1 

Ketone bodies are formed mainly in liver. Ketone bodies production , 
'l 

is a1so known to occur in mammary gland (24), kidney J14} and by the walls of 

rumen and omasum (25-27). but the relative contribution is negligible in the 
< 

regulation of ketone bodies metabolism. The two main ketone bodies 

acetoaCètate and 0-3-hydroxybutyrate are interconverted by tissues. Acetone 

is usually a miner component of the ketone bodies: it 15 thought not to be 

utilized to any great extent by animals. It is generally believed that 

acetone in the body and in the urine arises from a spontaneous, non-enzymatic 
'. 

decarboxy1 ation of acetoacetate (28). 

Piror to 195-3, it wa~generally believed that'ketone bodièS were 

normal intermediates in the oxidation of fatty acids. In 1953, two new 

decisive discoveries concerning the metaboiism of ketone bodies made it clear 

that acetoacetate and 0-3-hydroxybuty~ate àte not direct intermediates of the 
O' , 

fatty acid oxidation. The fatty acid oxidation does produce ketone bodies 

but their formation proceed through acetyl-CoA. The two discoveries showed 

that (i) the intermediates formed during oxidation of fatty acids are the 
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coenzyme A der1vat1ves of ketone bod1es, rather than the free ketone bod1es 

(29) and that (11) the 1ntennedldte formed from long-chain fatty acids 15 

L~t)-3-hydroxybutyryl-CoA, whereas the free 3-hydroxybutyr1c aCld appear1ng 

ln the body flu1ds has the 0 (-) configurat1on (30). It 1S now known that 

fatty âC1ds have to undergo B-oxldation to produce acetyl-CoA which serves as 

a precursor of ketone bodies 

1.2.1. l Biosynthesis of Acetoacetate 

1 Acetoacetate 1S considered to be the parent compound from which 

both acetone and D-3-hydroxybutyrate are derlved. Normally acetoacetate 

formation proceeds when fatty acid oxidatlon is active in 1ivèf mitochondr1a 

( 14) • 

Acetyl-CoA serves as the immediate precursor for the fonnat1on 

of acetoacety1-CoA. Acetoacetyl-CoA arlses from the thiolase catalyzed 

condensat1on of acetyl-CoA (31,32). 
ct 

Acetoacetyl-CoA thiolase 

2CH3.CO.SCoA ~<------------~~ CH3"CO.CH 2·CO.SCoA 
(EC 2.3.1.9) 

+ 
CoASH 

For the production of acetoacetate from acetoaoety1-CoA, two 

enzymatic pathways have been imp1icated 

(a) Direct deacy1ation (33 - 35) 

~ 

CH3·CO.CH2.CO.SCoA + H20 

'\ 

Acetoacety1-CoA deacy1ase 

~, 

,. CHjCO.CH 2·COOH 

-+ 
CoASH 

1 • 
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(b) Hydroxymethylglutary1-CoA (HMG-CoA) pathway (36,37) 

CH 3·CO.CH2·CO.SCoA CH 3 

+ CH 3 . CO . S CoA ____ H_MG_-_C.:....:o_A---=.,s y!....n_t.:....:h.:....:e.:....:ta.::..s.:....:e~> HOOC . CH 2 • ~ • CH 2" CO . SC oA 

+ H20 () OH EC 4.1.3.5 

CH 3 

HOOC.CHZ·C.CHZ·CO.SCoA 

OH 

HMG-CoA 1yase 
------~} CH

3
.CO.CH

2 
COOH 

(EC 4.1.3.4) 
+ 

12. 

There has been considerable controversy as to WhlCh of these two 
" 

pathways play the major ro1e in the productlon of acetoacetate ln llver (19). 

Recent studies have conc1uded that HMG-CoA pathway lS the major route of 

acetoacetate fonnation (38). 

Although the major site of acetoacetate production lS wlthln 

mitochondria, an extramitochondria1 pathway of acetoacetate formatlon via the 

cytoplasmic HMG-CoA route has also been proposed (38,39). Low but significant 

activities of the enzymes of HMG-CoA pathway have been reported to be present 

in the cytoplasmic fraction of gUlnea-plg and rat 11ver (38). The activlties 

of the cytoplasmic HMG-CoA pathway enzymes are increased in starvation and 

alloxan diabetes (38). The main source of the cytoplasmic acetyl-CoA is the 

citrate transported from the mitochondria into the cytoplasm and cleaved by 

the cytoplasmic citrate lyase (EC 4.1.3.6) (40). 

1.2.1.2 Biosynthesi~ of D-3-hydroxybutyrate 

e It is generally accepted that D-3-hydroxybutyrate synthesis results 

from the reduction of acetoacetate according to the following equation. 
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D-3-hydroxybutyrate 

CH3.CO.CH2'COO~ . ~ADH t Ht 
( dehydrogenase 

Acetoacetate ( E Cl. 1 . 1 . 30 ) 

13. 

} CH 3.CHOH.CH 2 .COOH t NAD + 

D- 3-hydroxybutyrate 

Th15 enzyme 15 present in many tlssues, with the highest actlvlty belng found 

" ln 11ver (41). D-3-hydroxybutyrate dehydrogenase ln tight1y bound to the 

mltochondrla and lS c1ose1y assoclated with the e1ectron transport and oXlda-

tlVe phosphory1atlOn system (41). Though the reduction of acetoacetate to 

D-3-hydroxybutyrate as shown in the above equat;on ;s reverslble, its 1ink to 

the e1ectron transport chaln and oXldative phosphory1ation system suggests 

that its phYSlo1og1ca1 ro1e may be in an oxidat;ve pathway, rather th an ln 

the forma t i on of 0- 3-hydroxybutyra te (41). 

1.2.2 Regulation of ketogenesis 

Ketosis deve10ps whenever the avai1abi1ity of carbohydrate lS 

deficient ln re1at~on to the amount of fét being catabo1ized. Thus, the 

re1ationship between carbohydrate and fat utilization rates are important 

determinants of ketosis. Under any given condition, the utilizability of the 

availab1e carbohydrate is determined by the amount of insulin (42). Thus the 

metabollc key to ketosis lS uti1izab1e carbohydrate and the endocrine key to 

carbohydrate utilizability is insulin. 

Ketosis is initiated by a relative or abso1ute deficiency of 

insul;n which in turn results in mobilization of free fatty acids from periphe-

ral fat stores. The accompanying increased concentration of free fatty acids 

in plasma leads to an increased delivery and uptake of fatty acids by the 

liver (43). 
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There are three major pathways for free fatty acid utilization 

within the liver (a) esterification of triglycerides (and some phospholipids) 

where they can be stored in the liver or released as lipoprotein. (b) complete • 

oxidation to CO2 and water in the citric acid cycle. and (c) partial oxidation 

to ketone bodies (44). Moreover, these three pathways are interrelated and 

could act competitively. If pathway (a) or (b) or both are reduced, then 

fatty acids being presented ot the liver. 

There is a decreased output of triglycerides by l;vers of starved 

rats (45) and this lower output rneans that a higher proportion of the plasma 

free fatty acids are diverted to the oxidation pathway. In states of increased 

free fatty acid I!.Itilization: such as fasting or alloxan diabetes,fatty acid 

synthet;s is also decreased (46). Thus increased free fatty acid utilization .... 
assàciated with a decreased triglyceride output and decreased fatty 

acid synthes;s favour the formation of ketone bodies. In these conditions 

citr;c acid cycle activi~hows little change (46,47). 

When free fatty acids become the predominant oxidative substrate 

they produce increased levels of acetyl-Co~ and increase the redox state of 

the mitochondria and cytoplasmic compartments of the ce'l (48,49). With an 

lncrease of the redox state of the cell, the substrate pair malate-oxaloacetate, 

which is in enzymatic equilibrium with NAD-NADH, shifts toward the formation of 

increased malate and decreased oxaloacetate (48,50,51). The rate of entry of 

acetyl-CoA into the citric acid cycle is controlled by available concentrations 

of oxaloacetate {18.48}. Oxaloacetate is an intermediate in the synthesis of 

glucose via the extramitochondrial enzymes of gluconeogenesis and of citrate 
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via an intramltochondrlal condensatlon reactlon, catalyzed by cltrate 

synthase. The lncreased rates of gluconeogenesis occurlng when free fatty 

acid utilization is augmented brlng about a relatlve and absolute depresslon 

of intramitochondrlal levels of oxaloacetate (18). The decreased activity 

of a number of citric aCld cycle enzymes and the lower levels of oxaloacetate 

effect an impaired rate of oxidative utilization of the increased acetyl-EoA. 

This increased steady-level of acetyl-CoA results in the formatlon of ketone 

bodies. Thus, both over production (obligatory) and underutllization (non 

ob1igatory) of acetyl-C~A for oxidative purposes in the liver, participate 

in ketogenesis. 

1.2.3 Utilization of ketone bodies 

That animal tissues except liver can oxidize ketone bodies has long 

been known, but the extent to which ketone bodies can be uti1ized as fuel has 

become known only recently (18). Apart from heart, kidney, skeletal muscle 

and brain, utilization of ketone bodies has also been shown to proceed in 

ma~ry gland (52, 53) skin (54) submaxillary gland (55) adipose tissue (56-58) 

and in malignant hepatocyte (59). Moreover, certain tissues utilize ketone 

bodies in preference to other availab1e substrates. Heart muscle, for example, 

can use acetoacetate preferentially even when glucose and insulin or lactate 

are availab1e (60). Ketone bodies are also the preferred substrates over free 

fatty acids in heart (60,61-63) and resting ske1eta1 muscle (64). Kidney 
9 

cortex a1so uses acetoacetate in preference to glucose and lactate (18). 

Ketone bodies are the major metabolic fuel for the brain of the suck1ing rat 

under normal conditions (65). 
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1.2.3.1 E~zymes 1nvo1ved in the utilization of ketone bodies 

, 

It lS generally aceepted that D-3-hydroxybutyrate 15 in1tially 

converted ta acetoacetate before belng degraded by the extra-hepalic tissues. 

Un1 i ke acetoacetate, 1_; ver can aet; vate D-3-hydroxybutyrate to 

D-3-hydroxybutyryl-CoA (66). The D-3-hydroxybutyry1-CoA ;s converted to 

L-3-hydroxybutyryl-CoA by a raeemase (61) which is then oxidized ta acetoa-

cety1-G'ÜA by L-3-hydroxyacyl-CoA dehydrogenase (EC 1 .. 1.1.35) (29, 68). The 

acetoacety1-CoA formed is c1eaved by acetoacetyl-CoA thiolase to give two 

mo1ecules of acetyl-CoA which then enter the citric acid cycle. 

It has been sh'Üwn that both dextrorotatory and levorotatory isomers 

of 3-hydroxybutyrate are ox;dized by liver, kida~y and heart mitochondria 

(30. 69). , 

The metabolism of D and L-3-hydroxybutyrate discussed above ;s 

summa ri zed be l ow 

D-3-Hydroxybutyrate L-3-Hydroxybutyrate 

ATP + CoASH 1 Synthetase Synthetase 1 ATP + CoASH 

. Racemase 
D-3-Hydroxybutyryl-CoA "it-<:----------+~ L- 3-Hydroxybl:ltyryl-CoA 

Acetoacetyl-CoA thiolase 

NAO+ l L-3-hydroxyacyl-CoA 
dehydrogenase 

2 Acetyl-CoA f-(------------~) Acetoacetyl-CoA 

l CoASH 

Citric acid cycle 

,'/ 

.. 
v 

.,iL rgter ... m.PPln.p--"'~ ~-.... --~"""'-_____ 1;ua_"_'M""'.f_". ___ ---:--j;tJ-~--' __ T-,-" --"Ii:'(_.--""". --------
'- " 



" 

'. 

C ~! 

" -,... ~ .... ' ....... .". ...... ",.... ,.... .....;lf'"';o"_ """ ~. Tt '~"'Y"' .... '" _".. ................ .. _~ ...... 

17. 

The f,rst obligatory step in the uti1ization of acetûacetate is 

lts enzymatic canverSlon ta acetoacetyl-CoA. Two different enzymes have been 

described for the activation of acetoacetate to acetoacety1-CoA 

(a) 3-oxoacid CoA transferase (succinyl-CoA:3-oxoacid-CoA Transferase, 

(EC 2.8.3.5) (19, 70). 

Acetoacetate Acetoacetyl-CoA 

+ 
3-oxoaci d-CoA 

+ 
( ) 

Succ i nyl-CoA trans ferase Succinate 

(b) Acetoacety1-CoA synthetase (71-76) 

Acetoacetate + ATP T CoASH 
Acetoacety1-C?A 

~ Acetoacetyl-CoA 
Synthetase + AMP + pp; 

The succinyl-CoA linked activation of acetoacetate has been 

considered to be the major route for the o~dative utilization of acetoacetate 

by the extrahepatic tissues (19,70). Unlike 3-oxoacid-CoA transferase, no 

direct evidences are avai1able to demonstrate the involvement of acetoacetyl-
.-

CoA synthetase in the oxidative utilization of acetoacetate. The acetoacety1-

CoA is c1eaved ta two molecules of acetyl-CoA which then enters the citric acid 

cycle 

Acetoacetyl-CoA thiolase 

Acetoacetyl-CoA ~(-------------~~ 2 Acetyl-CoA 

CoASH 

The activit1es of the enzymes of ketone bodies utilization 

(O-3-hydroxybutyrate dehydro~enase, 3-oxacid-CoA transferase and acetoacetyl­

CoA thiolase) present,in many mammal1an tissues, have been reported by 

Williamson et al (77). These authors have "shawn ,t~ the enzyme activities, 
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found in various rat tissues are more than sufficient to account for the 

observed rate of ketone bodies oXldatlon (77). The activities of D-3-hydroxy-

butyrate dehydrogenase and 3-oxoacid-CôA transferase are not affected by 

ketonemic co~ditions such as starvation, alloxan diabetes or fat-feeding 

i.e. conditions where the rate of ketone bodies utilization are increased 

(77, 78). However, the acetoacetyl-CoA thialase activity has been reported 

to increase in kidney, heart and liver on fat feeding (77, 79). 

As compared ta the adult tissues, developing tissues show higher 

enzyme activities. In rat mammary gland, the low activities of the 

enzymes of ketone bodies utilization before parturition, increase four to 

eight-fold after suckling commenced and reach peak activities between llth and 

the 20th day of lactation, and finally return to the pre-partum values within 

five days of weaning (52). In immature rat brain, the D-3-hydroxybutyrate 

dehydrogenase activity is three times higher (80, 81), and the 3-oxoacid-CoA 

transferase activity is two ta four-fold higher, than in adult brain (81-82). 
~ 

The acetoacetyl-CoA thiolase activity is twice as high at birth than in 

adulthood and declines slowly from birth to weaning (80-83). Neither starva­

tion. (20, 83) nor fat feeding'{20, 79) appears to alter 3-oxoacid-CoA transfe­

rase activity of brain at any age after birth, although a maternal high fat 

diet has been reported to increase both 3-oxoacid-CoA transferase and acetoace­

tyl-CoA thiolase activities of fetal brain (84). In developing heart and 

kidney,'in contrast to developing brain, there is a slow rise in the activities 

of the ketone bodies utilization to reach maximum values after weaning, but 

never exceed the adult values (81). 
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The D-3-hydroxybutyrate dehydrogenase and 3-oxoacid-CoA transfe-

rase act directly on free ketone bodies, and~/heir developmental pattern 
~l 

in brain c10sely fbllows the changes in blood ketone bodies levels. The new 

born rat ;5 transiently hypoglycemic after birth, and it's blood ketone bodles' 

level are ;nitially very low, as low as those of the nonnally fed adults (20) 

With the onset of suckling the b100d ketone bodies levels rise as much as 

ten-fo1d, and a true ketosis ensues (20). This ketosis is of nutritional 

origin, it ref1ects the ketogenic nature of maternal rat milk (84). The 

ketosis 1asts unti1 about 20-22 days of age when the rat is weaned onta 

standard high carbohydrate diet, the ketosis then gradua11y disappears (20). 

The greater uti1ization of ketone bodies by immature rat brain slices (85) 

and higher c~rebral arterio-venous differences in suckling rats (65) paral1el 

the increased blood concentration and the increase in enzyme activities in 

developing brain. Thus the rate of utilization of ketone bodies in the brain 
'ft 

of the suckling rat ;s determined by both greater amount of the key enzymes 

and higher concentration of ketone bodies. 

1.2.3.2 {ii} Control of the utilization of ketone bodies 

The utilization of ketone bodies depends on the presence of the 

requisite enzymes. Liver is unable to uti1ize ketone bodies because of the 

absence of the key enzyme 3-oxoacid-CoA transferase. R~cently Cornblath et al 

(86) have reported a unique genetic syndrome of ketoacidosis in i~fancy which 

was shown to be due to the deficiency of ~-oxoacid-CoA transferase (87). 

The difference between the utilization of ketone bodies by various 

o ~ organs, and the difference between the suckl,ing and adult rats, are due to the 

wle r &11911' 1 . ---·-,--------..,c-----·---.....:~ ______ • Plo." Op 
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different amounts of t~e enzymes in the tissues. The activitie, of the 

enzymes involved in the utilization of ketone bodies are fairly constant 

and do not alter in ketonemic conditions. On the other .hand. the concentration 

of ketone bodies in the blood varies w;th the ketonemic conditions. Under 

conditions such as severe exercise. fasting, the ketone bodies concentration 

can increase 10-30 fold and this range of concentration change far exceeds 

that of any other b100d metabo1ite (19). Thus in ketonemic conditions, the 

activities of the enzymes of ketone bodies uti1ization are not the major 

controlling factor of the rate of ketone bodies utilization. Under these 

conditions, the controlling factor is the concentration of ketone bodies, in 

particu1ar acetoacetate, in plasma and tissues. The concentration of acetoa-

cetate in tur~ depends on the rate of ketogenèsis by the liver. The rate of 

ketogenesis is determined by the plasma concentration of free fatty acids. 

The p1asma free fatty acid concentration in turn depends mainly on the release 

of free fatty acids from adipose tissues' by the hydrolysis of triglycerides. 

The degradation of triglycerides to release free fatty acids ;5 prompted by 

several hormones such as glucagon, epinephrine, norepinephrine and corticoste-

roids (20). 

The rate of acetoacetate oxidation also depends on the rate of 

formation and removal of acetyl-CoA 

3-oxoacid-CoA transferase 
Acetoacetate + Succinyl-CoA ~(-------......----t)' Acetoacetyl-CoA 

-t 

Succinate 

Acetoacetyl-CoA thiolase 

Acetoacetyl-CoA + CoASH ~<----------+) 2 Acetyl-CoA 
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Although the equl11brlum of the 3-oxoacid-CoA transferase reactlon favours , 

the formation of acetoacetate, that of acetoacety1-CoA thiolase favours the 

formation of acetyl-CoA (19). It.;5 the coup1ing of the thiolase with 

transferase that overcomes the unfavourable equilibrium of the transfera5e 

thereby a110ws the formation of acetyl-CoA from acetoacetate to proceed 

readily. Thus an increase in acetoacetate results in a reciprocal ;ncrease 

in acetyl-CoA. Conditions which favour rapid removal of acetyl-CoA, e.g. 

oxidation via citrlc acid cycle, favour acetoacetate utilization. 

Succinyl-CoA is required for the activation of acetoacetate, but 

other substrates a150 ~ompete with acetoacetate for 5uccinyl-CoA. Hence the 

rate of formation and utilization of succiny1-CoA may influence the rate of 

ketone bodies utilization. For succinyl-CoA ut11ization, bath the activities 

of succiny1-CoA hydrolase and synthetase have been imp1icated (19). 

Succinyl-CoA hydrolase 

Succiny1-CoA + H20 ~<---------------~) Succinate 

(EC 3.1.2.3) 

Succinyl-CoA synthe~ase 

Succinyl-CoA ~(-------------------~> Succinate + GTP 
+ (EC 6.2.1.4 and 5) + 

GOP(ADP) GTP{ATP) 
+ + 

Pi CoASH 

Because substrate-level phosphorylation involving succinyl-CoA synthetase ;s 

freely reversible (88), it has been suggested that changes in the concentration 

.... ,..11. II~ Jj .?~~--.,.----:---.-.-.q ____ T ...... tf .. _____ , .. ~_ ---.{-------' __ .. _l'D'IIIfoJl'fJ_"!'_' ___ Inw .... ...,...,..t-_. ----,,.~---.- ~-
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of Pi, GOP and ADP could affect the concentration of succinyl-CoA (19). In 
• 

agreement with this view, it has been reported that high levels of Pi and 

nuc1eotides capable of accepting high energy phosphate II-Pli, inhibit 

acetoacetate oxidation (89). 

Q 1.2.4 Role of ketone bodies 

In ketonemic conditions, ketone bodies are the major source of 

energy production. At birth and during the suckling period, ketone bodies 

are the major metabolic fuels utilized by the brain of the rat (85,65) and 

other species (90,91). It has been estimated that 48-76~ of the energy requi­

rement of the brain of the young rat could be accounted for by the uptake 

of ketone bodies from the blood (65). The suck1i~g period in the rat is a 

time of rapid 1ipogenesis (92) and active cholesterol synthesis in the central 

nervous system (93). It has been postulated that the ketone bodies are not 

only major matabolic fuels for energy production, but are a1so sources of 

carbon for the synthesis of sterol and fatty acids in the central nervous 

system of the suckling rat (93). The acety1-units, required for the 

cytoplàsmic 1ipogene~s and cholesterol synthesis have to be transported 

across the mitochondria. In rat liver, citrate is an effective carrier of 

acety1-CoA (94). Citrate produced in the mitochondria enters the cytoplasm 

and is cleaved by the citrate 1yase (EC 4.1.3.8) to acety1-CoA and oxa1oace-

ta te (95). 
Citrate-

Citrate t ATP + CoASH )0 Acetyl-CoA + Oxaloacetate + ADP + Pi 
(il -lyase 

.' It has been reported that, io mice liver as well as in adipose tissue of rat 

and mices acetoacetate c~ld substitute for citrate in,the transfer of acetyl­

units outside the mitochondria (96). Buck1ey and Williamson (75) and Stern (73) 
\ i 
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have reported the existence of acetoacety1-CoA synthetase in rat brain and 

1iver cytosol respective1y. They have suggested that the coupling of this 

enzyme (acetoacet~-CoA synthetase) wlth cytosoli~ acetoacety1-CoA thiolase 

~ould provide acetyl-CoA for cytoplasmic biosynthetic processes without the 

need for the transport of C2-un;~\s from the mitochondria. It is speculated .' 

that. acetoacetate coupled to cytop1asmic acetoacety1-CoA synthetase would 

be a more efficient carrier of acetyl-CoA than citrate. because. as a resu1t 

of cytoplasmic thio1ase activity. twice as much acetyl-CoA would be formed 

per mole of ATP uti1ized than results from the cleavage of citrate to acetyl-

CoA 973.75). 

1.3 Statement of the problem 
p 

The first step in the oxidative uti1ization of acetoacetate is its 

activation to acetoacetyl-CoA. For this two different mechanisms have been 

described (19.49). One of these is the succiny1-CoA-linked activation invol-

ving the enzyme 3-oxoacid-CoA transferase. The second is a synthetase 
"', 

mediated ATP-and CoA-dependent conversion of acetoacetate to acetoacety1-CoA. 

The 3-oxoacid-CoA transferase has been we11 characterized and the qualitative 

involvement of succinyl-CoA route in the activation of. acetoacetate 1s fair1y 

certain (19.70). Although an ATP-dependent acetoacetyl-CoA synthetase has . 

recently been identified (73,75), the evidence used to implicate such a 

synthetase in the oxidative utilization of acetoacetate is indirect only 

(71 , 72. 74, 76, 97). 

'. The inference that mitochondrial oxidation of acetoacetate prOceeds 

both via the succinyl-CoA route and via ATP-dependent route rests mainly on 

the following observations. 
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(i) Mitochondrial oxidation of acetoacetate has been reported to be 

inhibited by Pi. It is believed that Pi directs succinyl-CoA towards substrate­

level phosphoryl ation whereby the s'uee; nyl-CoA-linked ac-ti vation of 

acetoacetate ;s impaired (98). Thus Pi inhib;t~on of acetoaeetate oxidation 

has been considered as an evidence for the sucéinyl-CoA-dependent route of 

acetoacetate activation. 

{ii} The succinyl-CoA-linked oxidation of acetoacetate involving the 

enzyme 3-oxoacid-CdÂ transferase has been reported ta be inhibited by 

arsenate, because arsenate d,; rects succinyl-CoA towards arsenolysi s. 

Accordingly arsenate-;nsensitive oxidation of acetoacetate has been considered 

ta provide evidence for succinyl-CoA-independent route (s) of acetoacetate 

activation (97). 

In the above studies, no attempts were made ta examine the 

specificity of the effects of Pi and arsènate. 1 have done this using substra­

tes other than acetoacetate and under a variety of experimental conditions 

such as: 

- in the presence or absence of the sparkers of the citric acid cycle , 

- time ~f prior incubation of mitochondria, 

concentration dependence of Pi or arsenate. 

Further, ta determine if icetoacetate oxidation can proceed via an ATP­

dependent activatory route. effect of ATP on acetoacetate-dependent oxygen . . , 

consomption ~as determined under conditions ,in which generation of succinyl­

CoA was sp~cifically suppressed. 
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2. MATERIALS AND METHODS 

2:1 MATERIALS 

2. l . l Chemi ca l s 

Acetoacetate (Lithium salt), amytal (amobarbital), dithiothreitol 

(OTT). 2,4 dinitrophenol (DNP), dil<etene, DL-3-hydroxybutyrate (sodium salt), 

L-malic aCid, NADP, 2-oxoglufarate (monopotassium salt), oligo~cin, 

cis-oxaloacetic acid, pyruvic acid (potassium salt), rotenone, succinic acid 

and Trizma-~ase were purchased from Sigma Chemical Co. St. Louis, Missouri. 

ATP (disodium salt), ADP (sodium salt), acetoacetyl-CoA (trisodium salt). 

Coenzyme A (lithium salt), NAD and NADH were obtained from P.L. Biochemicals, 

Milwaukee, Wisconsin. Sodium arsenite, sodium arsenate, EoTA, ferric chloride. 
r:, 

ethyl acetate, hydroxylamine-HC1, D-mannitol. manganous sulphate, potassium 

floride. potassium cyanide and sodium nitrite (Na N0 2) were purchased fram 

Fisher Scientific Co. Acetone, butyric acid, citric acid, ferrous ammonl um 

sulphate [Fe(NH4)2S04.6H2OJ, malonlc acid, magnesium chloride. methanol, 

perchloric acid. potassium phosphate (mono and dibasic). sucrose, sodium 

acetate and Triton X-100 were supplied by J.T. Baker Chemical Co. Phillipsburg· 

N.J. The fol10wing chemical~ were obtained from the sources mentioned against 

their names. Trifluoroacetic acid and p-nitroaniline (Eastman Organic 

CHemicals). L-carnitine (General Biochemicals). albumin (bovine) Fatty acid 

poor (Mann Research Labs), parapyruvate or pyruvate aldol (Calbiochom), 

cysteine-HCl (Nutritional Blochemicals Co.) Hydroxide of Hyamine (Packard), 



(~ 

( 

sodium pentabarbltal \Abbott), p-Trif1uoro methoxyphenylhydrazone of 

carbonyl cyanlde (FCCP) was a gift from Dr. P.G. Heylter of Du Pont. 

L(-) Acety1carnltine and L(-) palmlty1carnitine were synthesized by 

Dr. S.V. ~ande. 

2. 1.2 Enzymes 

26. 

Nagarse (EC 3.4.4.16) was obtained from Nagase & Co. Osaka Japan 

(U.S. Distributor : Enzyme Deve1op~ent Corp., 2 Penn P1aza, New York). 

Aconitase (EC 4.2.1.3) 30-70 U/g and isocitrate dehydrogenase (EC 1.1. 1.42.) 

10 mg/ml, 5 U/mg wer@! purchased fram Sigma Chemical Co. Carnitine acetyl 

transferase (EC 2.3.1.7) 5 mg/ml, 80 U/mg; D-3-Hydroxybutyrate dehydrogenase 

(EC 1.1.1.30) 5 mg/ml, 3 U/mg; L-3-Hydroxyacy1-{oAdehydrogenase (EC 1.1.1.35) 

2 mg/ml, 125 U/mg; and citrate synthase (EC 4.1.3.7) 2 mg/ml. 110 U/mg were 

obtained from Boehringer ~~nnheim. 

2.1.3 Radloactlve Chemica1s 

Ethy1 [14Cil acetoacetate, Sodium [14 C1J pyruvate, Sodium [ 14C2JPyr­

uvate were obtained from New [ngland Nuclear. Ethyl [14C4J acetoacetate and 

[U_ 14 CJ pyruv;c acid were purchased from Amersham/Searle. 

All solutions, made with deionized double distilled water, 

were neutralized ta pH 7.0 unless otherwise mentioned. 

-- ~- -- ----
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2.1.4 Synthesis of acetoacety1carnitine 

Acetoacety1carnitine was synthesized according the method 

described b"y Bohmer and Bremer (99). 1500 mg L-carnitine was weighed in 

a 10 ml centrifuge tube and 0.5 ml trifluoroacetic acid and 0.225 ml 

Oiketene were added and the tube was placed in ice for six hours. The 

tube was then kept at room temperature ·overnight. 5 ml of acetone were 

27. 

then added and the tube was kept in ice for four hours. The tube was 

centrifuged in cold to remove the undisso1ved materia1. The supernata~t 

was transferred into a 150 ml centrifuge bottle kept in ice and 50 ml 

diethyl ether was added to precipitate acetoacetylcarnitine. After the 

precipitation of acetoacety1carnitine as a sticky mass, the diethyl ether 

, was removed and the precipitates were dissolved in 0.5 ml ethanol. Acetoace­

tylcarnitine was again precipitated by the addition of 50 ml diethyl ether. 

The precipi tates were dried under reduced pressure and a crisp, foarl1Y and 

extremely hygroscopie acetoacety1carnitine was thus synthesized. That the 

product synthesized was acetoacety1carnitine, was confirmed by estimating 

the product enzyrnatically. 

Carnitine 
Acetoacetyl carniti ne + CoASH (~-------4) Acetoacetyl-CoA 

acetyl trans ferase + 
Carni tine 

L-3-hydroxyacyl 
Acetoacetyl - CoA + NADH <:: > L-3-hydroxybutyryl - CoA 

-CoA dehydrogenase + 

NAO'" 

The sum: 

'-""""- ~" .. " .......... --~-... .,. -_ ....... -_. 
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CoASH 
t 

(i) carnitine-acetyl transferase L-3-hydroxybutyryl-CoA 
~(----- -_.- ----.---- .------ -~ T 

NADH (ii) L-3-hydroxy acyl-CoA 
dehydrogenase 

Carni ti ne 
T 

NAO t 

The following reagents were added to a cuvette with 10 mm light 

path. 

60 ~l 0.2 M Potassium phosphate buffer pH 7.4 

10 ~l 10 mM CoASH 

la ~l 6 mM NADH (freshly prepared in 10 mM Tris-Cl) pH 8.0 • 

1 0 ~ 1 1 25 mr1 DTT 

0-20 nmoles of acetoacetylcarnitine sol~tion. 

The reaction was started by the addition of 5 ~l carnitine acetyl 

transferase. Total assay volume was 250 ~l. The oxidation o{ NA OH was 

followed by a decrease in extinction at 340 nm as a result of the convèrsion 

of acetoacetylcarnitine to L-3-hydroxybutyryl-CoA. The product synthesized 

was 85% pure acetoacetylcarnitine and was found to be free of acetoacetate. 

2.1.5 Preparation of [ 14CJacetoacetate 

[ 14CJAcetoacetate was prepared by the hydrolysis of Ethyl [ l4CJ 

acetoacetate according ta the procedure as described by Hall (100). Equimolar 

amounts of ethyl ~ 4C~ acetoacetate or ehtyl r4c4] acetoacetate al'ld LiOH 

were incubated at 40°C for four hours. The solution was neutralized ta pH 7.0. 

Acetoacetate was estimated enzymatically and stored frozen in smal1 portions. 

• 



c 

o 

- --
, , 

__ ,~,)...., '-.' "''' """ __ ..., ...... ",,-·~"!Ii.~"l""<>",oY~ __ ~ .... _ '''''''''. ",-", 

29. 

• 
2. 1.6 Preparation of mitochondria fro~ rat heart 

Rat heart mitochondria were isolated according to the procedure 

described by Pande and B1anchaer (101). The rats weighing'150-200 9 were 

sacrificed by decapitation and the hearts were quick1y removed. and placed 

in chi11ed homogenizing medium, which consisted of 0.21 M mannitol. 70 mM 

sucrose and 0.1 mM EDTA. The hearts were. cut into pieces and repeated1y 

washed with severa1 portions of chil1ed homogenizing medium to remove the 

externa1 blood. The procedure for preparation of mitochondria from one rat 

heart is described below. The volumes of the homogenizing medium and the 

amou~t of Hagarse etc. were proportionately increased ~ccording to the number 

-, 

of rats hearts used. The heart, free fram external blaod was fina11y chapped 

and suspended in 8 ml of the homogenizing medium containing tlagarse a proteolytic 

enzyme [subtilopeptidase At (EC 3.4.4.l6~], and made 10 mM with respect to 

Tris-Cl (pH 7.4). Following 8 minutes of incubation at OOC with occasional 

stirring. 12 ml of homogenizing medium was added and the tissue was homogenized 

with a Potter-Elvehjem glass-Teflon homogenizer (size C, A.H. Thomas Company, 

Philadelphia) having a 100se1y fitting pestle (clearance about 0.66 mm) unti1 

large tissues no longer remained. The contents were again incubated at OOC 

for 8 minutes. Following incubation 15 ml of homogenizing medium was added 

and the process of homogenization repeated but this time with pestle that gave 

clearance of 0.20 mm unti1 the resistance to homogenization was no longer felt ,. 

(four to six passes were generally found sufficient). The resu1ting ho~ogenate 

was centrifuged at 400 x 9 for five minutes at OOC using a Sorva11 RC-2B 

refrigerated centrifuge. The supernatant conta)ning mitochondria and m;crosomes 

was again centrffuged at 12.000 x 9 for ten minutes to sediment mitochondria. 
'-
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The mitochondrial pellet obtained was rinsed 'IIith homogenizing medlum to 

remove any loosely adhering upper layer of \'Ihite material. The pellet was 

".shed by ,u,pending in 15 ml homogenizing medium .M recentri,f~ed at 

12,000 x g for eight minutes. The resulting pellet was once aga;n rinsed 

w;th homogenizing medium and then uniformly suspended using a vortex mixer 

in 0.6 - 0.8 ml of homogenizing medium wh;ch had been made 10'mM withrespect 

to Tris-Cl (pH 7.4). The mitochondrial suspension was store~ at oOe when 

not in use. Total time for isolation was about 1 1/2 hours • 

Only freshly isolated mitoc~ondria were used for the measuoement 

of oxygen consumption. The isolated mitochondria were used in these experi­

ments within 2-3 heurs after the;r isolation, and ~ere ~tored at 0-40 C. 

Fresh1y prepared mitochondria exhibiting respiratory control ratio above 5 

were used. The substrate pair used were either pyruvate and malate or 

acetoacetate, malate and 2-oxoglutarate. The respiratory control ratio 

declined when mitochendria were stored at O~4oC for 4 - 6 haurs. 

Preparatio~f mito~hondria from rabbit heart 

The method used, for the isolation of rabbit heart mitochondria 

were essentially simrilar ta the one described above for rat heart mitochondria. 

The rabbit weighing 2.5 kg was anesthesized by intravenously injecting 

pentabarbital (25 mg/kg body weight) in the marginal ear vein and the heart 

was quickly removed. One gm portion of the heart was used and the ~;tochondria 

were isolated according to the procedure which was followed for one rat heart. 

: 1 
1 
1 



----- -- --~--~~~ - --._----~-----.,.....---

31. 

2.1.7 Preparation of homogenate fram rat heart 

White male Sprague-Dawley rats weighing 150-200 gm were used. 

The rats were decapitated with guillotine, their hear,ts quickly rel1loved 

and placed in cold 0.25 M sucrose. The heartS were cut into pieces and 

washed 2-3 times with chilled 0.25 M sucrose. The hearts were chopped using 

medium (5ml/gm heart) that contained 0.25 f4 sucrase, 20 mM Tris-Cl pH 7.4. A 

Potter-Elvehjem homogenizer with a tightly-fitting pestle was used. The 

pestle was'motor-driven and about six up and down movements of the homogeni-

zing tube were required for complete homogenization. The homogenate was 

centrifuged at 400 x 9 at 0-2oC in Sorvall RC-2B refrigerated centrifuge for 

one mfnute to sediment only unbroken cells etc. The resulting supernatant 

was used as heart homogenate. 
-\ 

Preparation of homogenate ·'rom rat kidney 

Rat kidney homogenate was prepared according to the method 

described by Johnson and Lardy (102). The kidney capsules were removed by 

gently squeezing the kidneys through the thumb and fingers. The k~dneys were 

then cut sagitta1ly and the medullary portions were removed and discarded. 
( 

The kidney cortexes were chopped anq then homogenized in 0.25 M sucrose made 

20 mM with respect to Tris-Cl pH 7.4 as described for rat heart homogenate. 

Oialyzed homogenate 

Whenever required, the homogenate prepared as above was poured 

.. 
1 , 

j , 

into dialyzing bag and dia1yzed against water containing 1 mM OTT and 20 mM i, 
l 

o Tri.s-Cl pH 7.4 at 0-4oC with four changes for two hours. 

1 

; 1 
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Sonieated mitoehondria 

$onieated mitoehondria were prepared by exposing the freshly 
1 

,~-

iSQlated mitochondria to lligh frequeney sound using a son;e dismembrator 

manufactured by Quigley-Rochester, Inc. Rochester, N.Y. Sonication was 

done genera11y three times at 0-4oC for 30 seconds duration eac~ time, 

with 30 seconds intervals in between successive sonieation. 

Sonicated heart homogenate 

Sonicated heart homogenate wa$ prepared by the procedure as 

described above for sonicated mitochondria. 

2.2 ANALYTICAL METHODS 

2.2.1 Measurement of oxygen consumption by polarographic method 

Mitochondrial oxygen consumption was measured at 280C using 

a Clark-type oxygen electrode (Yel10w spr;ng Instrument Co. Ohio) having a 

teflon membrane. The electrode was fitted in a glass reaction chamber of 

1.6 to 1.8 ml in volume with a temperature jacket. The reaction chamber 

contained a magnet;c stirr;ng bar which was driven by a magnetic stirrer 

positioned directly underneath the chamber. The use of the magnetic stirrer 

penni.tted continua1 m;x;ng of the reaction med; um and faci 1 itated establishment 

of the equilibrium between the oxygen dissolved in solution and the gas 

diffusing through the teflon membrane of the o~gen electrode. The reaction 

chamber was first filled w;th known volume of the reaction medium without \ 

! ' 
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trapping any air bubble to avoid back diffusion of oxygen and then closed 

,with a glass stopper which had a smal1 capillary opening. Additions to the 

system were made via the capi11ary opening us;ng Hamilton microsyringes. 

The oxygen electrode consists of a platinum wire sealed in glass 

as the cathode and a si1ver wire immersed in a chloride-containing solution 

as reference anode. When a voltage ;s imposed across the two electrodes 

,';l11I1ersed in an "Oxygen-containing solution, oxygen undergoes an electrolytic 

reduction. With a polarizing voltage of 8 mV, current is directly proportio-

nal to the oxygen concentration ef the solution. The current generated 

was measured with the Gilson recorder which permitted determination of the 

decrease in àxygen consumption as a function of time. The oxygen content 

of the air-saturated reaction medium was taken as 472 natoms oxYgen/ml at 

2Soe (103). 

2.2.2 Prote;n estimation 

Protein cpncentrations of t~e mitochondrial suspension or 

homogenate were detenmined by the method of Lowry et al (104) using crystalline 

BSA as standard. 

2.2.3 Estimation of acetoacetate 

2.2.3.1 Enzymatic method 

0-3-Hydroxybutyrate dehydrogenase catalyzes the reduction of 

acetoaletate ta D-3-hydroxybutyrate according to the fol1owing equation 

0-3-hydroxYbutyrate 
Acetoacetate <: , D-3'-hydroxybutyrate 

+ dehydrogenase + 
NADH + H+ NAO+ 
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The quantitative measurement of acetoacetate was made by fol10\·ling the 

oxidation of NADH spectrophotometriçal1y (105). The decrease in extinction 

at 340 nm due to the oxidation of ~IADH was proportional to the amount of 

acetoacetate present. 

The following reagents were added to a cuvette having 10 mm li ght 

path 85 ul 0.1 M Tris-Cl pH 7.0, 10 ul 5 mM NAOH (prepared in 10 mM Tris-Cl 
. 

pH 8.0 andaceto-acetate solution (0-20 nmoles)pH 7.0. 

The reaction was started by the addition of 10 ].Il D-3-hydroxybu-
1 

tyrate dehydrogenase. Total assay volume was 250 ul. 

2.2.3.2 Non-enzymatie method 

The colorimetrie method of Walker (106) as modified by Allred 

(107) was used. This colorimetrie reaction depends upon the coupling of 

acetoacetate with an excess of p-nitrobenzene-diazo hydraxide. The colored 

product formed was then extracted with ethylacetate and the absorbance was 

measured at 450 nm. 

Preparation of diazo reagent: 

This reagent was prepared immediately before use by adding the 

fo11owing in the arder mentioned. 

3.0 ml NaN02 (0.5% w/v, prepared fresh) 

20.0 ml p-nitroaniline (0.05% in 0.05 N Hel), 

kept in iee bath and then 

7.0 ml 0.2 M Sodium acetate was added. 
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'---.!For acetoacetate detennination the following components 

were added to a 5 ml screw capped tube: 

250 ~l 1 M Sodium acetate bl\:er pH 5.2 

750 ~l Diazo reagent (prepared fresh) 

20 ~1 0.25 M HgC1 2 

.. 
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Acetoacetate solution at neutral pH and water to a final volume of 1250 ul. 

Following iQ~ubation at room temperature for 30 minutes, 250 ~l of 5 N Hel 

was added and the colored product fonned was extracted with 1.0 ml of ethyl 

acetate. The absorbance of the ethyl acetate phase was measured at 450 nm 

-- , 

in a Gilford spectrophotometer against a reagent blank. The blank received 

treatment identical to that of experimental except that acetoacetate solution) 

was substituted by water. 

For estimation ~f acetoacetate in the presence of acetoacetyl-CoA 

the procedure outlined above was found to be unsat;sfactory because in the 

presence of HgT2 ions, acetoacetyl-CoA also contributed to the color due to 

acetoacetate formation. In the above procedure, H9+2 ions were included to 

eliminate the -interference (if any) by thiol groups (107). Therefore it is 

not possible to estimate acetoacetate in the presence of acetoacetyl-CoA by the 

above mentioned procedure. No such difficulty was encountered by the Walker's 

method (106) in the presence of acetoacety1-CoA. 

2.2.4 Estimation of citrate 

Citrate was estimated according ta the method.dèscribed by 

Williamson and Carkey (108). The method describ~d measures total of citrate, 

Cis-aconitate and isocitrate according ta the fOllowing reaction. 
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Fe1'2 

Citra~e .. (---~) (C;s-aconitate) 
Aconitase 

(activated) 

l socitrate 

l Mn+2 
NADp T 

36. 

Isocitrate dehydrogenase 
2-oxog1utarate + cO2 + NADPH + H 

Activation of aconitase 

This was carried out as described by Williamson and Corkey (108) 

To 9.8 mg Fe(NH4)2 S04,6H20 and 17.6 mg of cysteine, HC1.H 20 in a 10 ml 

graduated centrifuge tube was added 4.5 ml of water and after mixing nitrogen 

was bubbled through the solution for 10 minutes at room temperature. The pH 

of the solution"was then adjusted to 7.4 with lN NaOH and tlfe volume of the 

solution was adjusted ta 5.0 ml using water. The final concentration of the 
\ 

clear anter solution of Fe(NH4)2 S04,6H20 and cysteine HC1.H20 at this,stage, 

was 5 and 20 mM respectively. When the activation solution was purple or 

brown, it was discarded and a new solution was prepared. The brown or purple , 

color is caused by the oxidation of Fe+2 to Fe+3, and the s61ution becornes 

turbid due to cystine formation (108). 

Aconitase (3 mg) was dissolved in 0.15 ml water and then 0.15 ml of activating 

solution was added and nitrogen was passe~ above the surface of the solution 

for a brief period at 0-40C. The enzyme solution was then incubated for , 
exactly five minutes at 300 e (without nitrogen). The aconitase thus activated 

1 

,was stored in iee until used. (The volume of the activ'ated aconitase solution 

was made to 0.3 ml witn ice cold water if necessary). 
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Citrate was estimated spectrophotometrically by adding the 
• 

following reagents ta a cuvette with 10 mm light path. 

20 ~l 1 M Triethanolamine, ~ 7.4 (pH adjusted with NaOH) 

la \11 NADp T (Sodium salt) 10 mg/ml 

5 ~ l 2. 5 mr~ t4nSO 4 

200 \11 citrate solution (0-20 nmoles) at neutral pH. 

2 ~1 Isocitrate dehydrogenase 

37. 

, 
The reaction was started by the addition of 10 \11 of activated 

aconitase. Total assay volume was 250 ~l. The increase in optical density 

**" 

was fo11owed with a Gilson spectrophotometer equipped with recorder (Model 240). 

Under these conditions, it was observed that: 

(a) Oxaloacetate interfered with citrate estimation. Concentration of 
~ 

oxaloacetate above 0.66 mM were inhibitory and complete inhibition was 

observed when oxaloacetate concentration reached 1.66 mM. It was found that 

the interference by oxaloacetate can be eliminated by boiling the citrate , 

solution for 10 minutes priar ta the estimation of citrate. 

(b) - Free ATP, 1 mM and above a1so interfered with citrate estimation. 

The interference by 3 mM ATP was e1iminated partial1y but not c~mpletely 

by the presence of 0.8 mM MgC1 2• 

(c) It has been reported that presence of high concentration of K+ 

ions interfere with the estimation of citrate (108). Our experiments contained 

K+ ions' and it'was observed that K+ ions up to 30 mM did not interfere with the 

estimatic10 of ci trate. 
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2.2.5 E~timatiôn, of 2-oxogllJtarate 

2-oxoglutarate was estimated according' te the method described , 
1 0> • 

by Bergmeyer and Bernt (109).2-0xoglutaratê is qupntitativel~. converted ta 

glutamate in the presence of an excess of ammonium ions, NADH and glutamate 

dehydrogenase (L~Glutamate : NAO(P) oxido-reductose, deam;nating, EC 1.4.1.3). 
'" 

+ + 2-oxoglutarate + NADH + NH4 + H l Glutamate dehydrogenase 

Glutamate + NAO++ H20 

The following components were added to a cuvette with 10 mm light path and 

the fal1 in absorbance at 340 nm was recorded against a blank in which 

2-oxog1utarate solution was replaced by water. 

25 111 0.1 M Phosphate buffer pH 7.4 

10 III 1 M Ammonium chloride 

10 111 5 mM NADH 

0-20 nr~oles 2-oxoglutarate solution 

The reaction was started by the addition of 2 111 of glutamate dehydrogenase. 

Total assay volume was 250.~1. 

2.2.6 Collection of 14C~ for liqufd scintillation counting 

ln ex.periments where mitochondrial oxida.tion of (4C] aceotacetate . " 

,or ~4.cJpyruvate to l'4c02 was fo.i1owed,' the tube cOhtaining the incubation system 
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was closed wlth rubber serum stopper. A hanglng plastIC cup (lnserted through 

the rubber stopper) containlng 0.2 ml of 1 M Hyamine and a fIl ter paper-wlck 

14 served to trap evolved CO 2. At a predetermined tlme, the reactlOn \'Ias 

termlnated by lnJecting methanol to a final concentration of 50'~ (v/v) Thls 

followed separate inJectiorsof a<jui"ous NaHC03, to provide 2 wmoles of NaHC03 

ta act as a- carrier for CO 2 (llO)and apredetennlned volume (between 1-1.5 ml) 

of 1 M potassium phosphate buffer (pH 5.5) ta bring\~inal pH of the solutlOn 

ta 6.0 (Ill). The lower part of the tube was kept at 37°C. After two hours, 

the Hyaminecantaining cup was transferred to a counting vial containlng 15 ml 

Aquasol (New England Nuclear Corporation) and the radioactivity was measured 

using a Packard Tri-Carb liquid scintillation spectrometer system (Model 3375). 

, 
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3. RESUL TS 

3.1 LNHIBITION OF ACETOACETATE OXIDATION BV MALATE 

!II 

40. 
) 

It 1s known that respiration of mitochondria with substrates that 

require operation of citric acid cycle is generally stimulated by the addition 

of small amounts of "sparkers", i.e. intermediates, of citric acid cycle. 

Szent-Gy~rgyi (112) had sh~n that addition of smal1 amounts of fumùrate, 

malate or succinate to minced-muscle suspensions greatly stimulated the 

oxidation of endogenous substrates in tissues and that thlS effect of sparkers 

was catalytic. In line with this, the mitochondrial oxidation of pyruvàte, 

acetylcarnit1ne, acetoacetylcarnitine (Fig. 2, curves A, Band C), and 

palmitylcarnitine (curve E) was stimulated by 0.2 mM malate. Unlike the 

mitochondria1 oxidation of these substrates (Fig. 2, curves A, Band e), 

oxidation of acetoacetate was markedly inhibited by malate (Fig. 2, curve 0). 

Respiratory studies with isolated mitochondria are influenced by 

the amount and nature of the endogenous substrate (113), because the endogenous 

substrates of mitochondria are a1tered in natune and are slowly d~leted during 

storage of mitochondria at oOe (114). Dep1etion of endogenous substrates was 

reported to occur much more rapidly by preliminary iQcubation at 280e for a 

few minutes than the depletion which occured during storage of the mitochondria 

at oOe (115). In line with this, the degree of stimulation or inhibitio~ by . 
malate on the mitochondrial oxidation of substrates (Fig. 2) varied with the ' 

age of mitochondria after isolation. Thus the stimulatory effect of malate 

on the mitochondrial oxidation of pyruvate, acetylcarnitine, and acetoacetyl­

carnitine was more marked with mitochondria that were aged for 4-6 hours at 

~--'''''''''---.~----. ' , 
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Fig. 2 Effect of malate and of subsequently added 2-oxoglutarate 

on the mitochondrial oxidation of various substrates. 

Ta 1.65 ml of air-saturated medium (230 mM mannitol, 

70 mM sucrase, 20 mM Tris-Cl, 20 ~M EDTA, pH 7.2, 2aoC) was added 

3 mM AOP. 2.5 mM Pi and freshly isolated mitochondria (9.59 mg 

protein). Other additions were made as shawn. Numerals by the 

side of the tracing, the rate of oxygen consumption in natoms 

per min per mg of proteine Mito, mitochondria, 2-0G, 2-oxoglutarate, 

AcAc, acetaacetate, AcAc-C, acetoacetylcarnitine. Pyr, pyruvate. 

Acetyl-C. acetylcarnitine. The substrates. malate and 2-oxogluta­

rate were added respecti vely at 2, 4 and 6 mi nutes after the 
, 

addition of mitochondria. 
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OOC (data not shown) or incubated for a few minutes at 2aoC (Fig. 2, 

curves A, Band Cl. On the other hand the inhibition of acetoacetate 

oxidation by ma1ate was more marked with fresh1y iso1ated mi\ochondria than 

with mitochondria which were aged fdr a few hours at OOC (data not shown) or 

for a few minutes at 2aoe (Fig. 2, curve 0). 

The inhibition of acetoacetate-dependent respir~tion by malate 

was reversed by added 2-oxoglutarate (Fig. 2, curve 0). Although the 

respiratory rates of other substrates were a1so stimulated by added 2-oxoglu-

ta rate , the 2~oxoglutarate stimulation of respiration was more marked with 

acetoacetate as compared to that with other substrates (Fig. 2). This 

greater stimulatory effect of 2-oxoglutarate on acetoacetate oxidation 

resulted most likely because of the convertibility of 2-oxoglutarate to 

succinyl-CoA because succinyl-CoA in conjunction with 3-oxoacid-CoA transfe-

rase leads to the activation of acetoacetate. Oxidation of pyruvate, acety1-

carnitine, and acetoacetylcarnitine - i.e. of substrates which do not require 

succinyl-CoA for initiation of their oxidative utilization - was not as much 

stimulated by 2-oxoglutarate. 

It is possible that the inhibition of acetoacetate-dependent 

respirationAby malate resulted from the exchange between added malate and 

intramitochondria1 2-oxoglutarate. It;s known that heart mitochondria 

contain a translocator (2-oxoglutarate trans10cator) which catalyzes such an 

exchange (116). Inhibition could thus result from depletion of the precursor 

of succinyl-CoA. If this were 50 th en respiration with acetoacetylcarnitine 

(which d9rnot require succinyl-CoA for activation) should not be inhibited by 

malatê. Curve C of Fig. 2 shows that this was indeed SOi instead of being 
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inhibitory malate was now stimulatory for respiration. 

It has been suggested that acetoacetate can also be activated 

by an ATP-dependent activating enzyme (71-76,97). The possibility of such 

a reaction proceeding in the experiment of Fig. 2 (curve D) cannot be ruled 

out becau&e under these conditions well coupled-mitochondria oxidizing 
~\l\d 

acetoacetate in the pres~nce of AOP and PiASynthesize ATP and ATP 50 generated 

could activate acetoacetate. In order to test this possibility, oxidation of 

acetoacetate was fol10wed in the presence of an uncoupler 2,4 dinitrophenol 

(DNP) and in order to deplete the mitochondria of their.endogenous ATP a Qrief 

prior incubation of mitochondria with DNP was allowed prior to the initiation 

of respiration. As is evident from Fig. 3, addition of malate caused inhibition 

of acetoacetate-dependent respiration, but further addition of ATP did not 

restore the malate-inhibited respiration inspite of the fact that oligomycin 

was 'present to prevent ATP hydrolysis (cu.rve A. Fig. 3). T-hus no ATP-dependent 

activation of acetoacetate proceeded under these conditions. On the contrary, 

added 2-oxoglutarate markedly stimulated the malate-inhibited respiration , 

(curve e, Fig. 3). 'Under these conditions the possibility of a direct activa-

tion of acetoacetate by an, ATP-dependent ~ct;vat;ng enzyme is remote. Compari­

son of curve B of Fig. 3 and curve 0 of Fig. 2 shows that when mitochondrial 

oxidation of acetoacetate is fol1owed either in the presence of DNP (where no 
-

ATP 1S available) or in the absence of DNP (where ATP is generated)9 2-oxoglu-

tarate stimulated the respiration dependent on acetoacetate oxidation. 

Therefore for the oxidation of acetoace~ate succinyl-CoA-li~ked, activatory 

pathway involving the enzyme 3-oxoacid-CoA transferase appears ta be th~anly 
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Fig. 3 Effect of ATP and 2-oxoglutarate on th~ malate-inhibited 

o~gen consumptipn of mitochondria with acetoacetate as a 

substrate. 

To 1.65 ml of air-saturated medium (230 mM mannitol, 

'70 mM sucrase, 20 mM Tris-Cl, 20 ~M EDTA, pH 7.2, 2Soe) was 

added 50 ~M DNP and freshly isolated mitochondria (0.59 mg 

protein). Other additions made as shown. Numerals by the side 

of the tracing, the rate of o~gen èonsumptiàn in natoms per min 

per mg of proteine Mito, mi tochondria. AcAc, acetoacetate. 

011go, oligomYcin. 2-0G, 2-oxoglutarate. 
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route. If th1s i5 50 th en inhibition of 2-oxoglutarate oxidation should 

resu1t in the inhibition of acetoacetate-dependent respi ration and 'addition 

of ATP shou1d not accelerate the respiratory rates. ' In agreement with this 

Fig. 4 and 5 show that the mitochondrial oxidation of acetoacetate in the 

presence of 2-oxoglutarate and malate was markedly inhibited by prior 
~ ,1 

incubation of mitochondria with arsenite (Fig. 4) or parapyruvate (Fig. 5) 

i.e. by compounds that are known to inhibit the oxidation of 2-oxoglutarate 

(12,117). The effect of para~yruvate or of arsenite on the acetoacetate· 

dependent respiration was sim11ar irrespective of whether respiration was 

stimulated by DNP plus Pi (Fi~. 4 and 5) or by ADP plus Pi (Fig. 6). In 

similar experiments with malate present no such marked inhibitory effect of 

arsenite or of parapyruvate was ~bserved on the oxidation of substrates -

such as ac~toacetylcarnitine (Fig. 7), pyruvate (Fig. 8), acetylcarnitine 

(Fig. 9) and palmitylcarnitine (Fig. la) - that do not require succinyl-CoA 

for initiation of their oxidative utilization. The effect of arsenite or 

of parapyruvate on the oxidation of acetoacetylcarnine, pyruvate, acetylcarni­
\, 

tine and palmitylcarnitine was similar irrespective of whether respiration was 

stimulated by ADP plus Pi (Hg. 7,8,9 and la) or by DNP plus Pi (data not 

shawn). The fact that arsenite - or parapyruvate-induced inhibition of acetoa­

cetate oxidation was not reversed by added ATP plu~ oligomycin (curve C, Fi~. 4 

and, 5) strongly suggest that the succinyl-CoA-linked activatory pathway for 

the oxidation of acetcacetate involving the enzyme 3-oxoacid-CoA tran$ferase 
~ 

may be the only route of acetoacetate,activation. 

In these and other experiments (to be shown) acetoacetate oxidation 

was followed in th e' presence of sparkers of the citric acid cycle 2-oxog1utarate 
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Fig. 4 Effect of arsenfte and of subsequently adde~ ATP on the 

oxygen consumption of mitochondria with aceto8cetate. 

2-oxog1utarate and malate as substrates. 

Ta 1.65 ml of air-saturated ~dium (230 mr~ mannitol. 

70 mM sucroses 20 mM Tris-Cl. 20 ~M EDTA. pH 7.2. 2sOC) was added 

50 ~M ONP. 2 mM Pi. 2 mM arsenite (in curves C and 0 only) and 

freshly iso1ated mitochondria (0.48 mg protein). Substrates 

added at 3 minutes after the addition of mitochondria are: 

Curve A: 5.8 mM acetoacetate + 0.14'mM 2-oxog1utarate + 

0.2 mM ma1ate. 

Curve B: 0.14 mM 2-oxog1utarate + 0.2 mM'ma1ate. 

Curve C: 5.8 mM acetoacetate t 0.14 mM 2-oxoglutarate + 

0.2 lJIo1 malate (2 mM arsenite was present pri9r ta the 

\ addition of mitochondria). After fo11owing respiration 

for 2 minutes, l pg oligomYcin and 3 mM ATP was added. 

Curve D: 0.14 mM 2-oxog1utarate ~ 0.2 mM malate (2 mM arsenite 

was present prior to the addition of mitochondria). 

Numera1s by the side of the tracing, the rate of oxygen 

cons""ption in natoms per·min per mg of prote;n; Mita, mitochondria. 

AcAc, acetoacetate. 2-0G. 2-oxoglutarate. 01190. oligomYcin. 
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5 mM 0.14 "'"' 0.2 nftt 
[AcAc + 2-0G + Malate (in curves A and C») 

0.14 mM 0.2 mM 
[2-0G + Malate (in curves Band 0)] 

3 mM ATP + l l'g 01igo (in curve C) 
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fig. 5 Effect of parapyruvate and of sUbsequently added ATP on the 

oxYgep consumptiori of mitochondria with acetoacetatel 2-oxoglutarate 

and malate as substrates. 

To 1.65 ml of air-saturated "medium (230 mM mannito1~ 

70 mM sucrose, 20 mM Tris-Cl, 20 ~M EOrA, pH 7.2, 2aoC) was added 

50 pM DNP, 2 mM Pi, 2 mM parapyruvate (in curves C and D only) 

and freshly isolated mitochondria (0.48 mg protei,,>-- Substrates 

added at l minute aft~r·the addftiQn of mitochondria, are: 

Curve A: 5.8 mM acetoacetate + 0.14 mM 2-oxoglutarate + 0.2 mM 

malate. 

Curve B: 0.14 mM 2-oxoglutarate + 0.2 mM malate • .. 
Curve C: 5.,8 mM ace~oacetate + 0.14 mM 2-oxogl utarate + 0.2 niot 

malate (2 mM parapyruvate was present prior to the '. . . 
addition of mitochondria). After fOllowing respiration .. 
for 3 minutes.- 1 Ilg oligomycin and 3 mM ATP was added. 

Curve 0: 0.14 mM 2-oxoglutarate + D.2 mM malate (2 mM parapy­

ruvate was present prior to the addition of mitochondria. 

Numerals by the side of the tracing, t rate of the 

oxygen consumption in' natoms per mi-n per mg of pro 

m~tochondriat P-Pyr, Parapyruvate. 2-0G. 2-oxog1utarate. AcAc' 

acetoacetate. 011go, oligomYcin. 
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Fig. 6 Effect of arsenite or of parapyruvate on the oxygen 

consumption of mitochondria with acetoacetate, 2-oxoglutarate 

and malate as substrates. 

To 1.65 ml of a1r~saturated medium (230 mM mannitol, 
, 

70 mM sucrose, 20 mM Tris-Cl, 20 ~M EDTA, pH 7.2, 2aoe) was 

added 3 mM ADP, 2.5 mM'Pi, 2 mM arsenite (in curve A only), . 
2-mM Parapyruvate (in curve C only) ahd freshly isolated 

mitochondria (0.51 mg protein). 5.8 mM Acetoacetate, 0.14 mM 

2-oxoglutarate and 0.2 mM malate were added at 1 minute 

(in curves C and D) or at 3 minutes (in curves A and B) after 

the addition of mitochondria. Mito, mitochondria. 2-0G, 

2-oxoglutarate. P-pyr, parapyruvate. AcAc, acetoacetate •. 
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Fig. 7 Effect of arsenite or of parapyruvate on the oxygen 

consumption of mitochondria with acetoacetylcarnitine and 

malate as substrates. '. 

To 1.65 ml of air-saturated medium (230 mM mannitol, 

70 mM sucrose, 20 mM Tris-Cl, 20 ~M EDTA, pH 7.2, 2Soe) was 

added 3 mM ADP, 2.5 mM Pi, 2 mM arsenite (in curve A only), 

2 mM parapyruvate (in curve C only) and freshly isolated 

mftochondria (0.51 mg protein). 4.5 mM Acetoacetylca~itine 

and 0.2 mM malate were added at 1 minute (in curves C and D) 
, 

or at 3 minutes (in curves A and B) after the additton of 

m1tochondria. Mito, mitochondfra. AcAc-c, Acetoacetylcarnitine. 

P-pyr, Parapyruvate. 
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Fig. 8 Effect of parapyruvate on the oxygen consumpt10n of 

mitochondria with pyruvate and malate as substrates • 
• 

To 1.65 ml of air-saturated medium (230 mM mannitol, 

70 mM ~ucrose, }p mM Tris-Cl, 20 ~M EDTA, pH 7.2, 2aoe) was 

added 3 mM ADP. 2.5 ~Pi, 2 mM parapyruvate (in curve A only) 

and freshly isolated mitochondria (0.51 mg protein). 0.25 mM 

Pyruvate and 0.2 mM malate were added a'&o 1 minute after the 

addition of m1tochondria. Mito. mitochondr1a. Pyr. pyruvate. 

P-pyr, parapyruvate. 
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Fig. 9 Effect of arsen1te or o'f parapyruvate on the oxygen 

consumption of mitochondria with acetylcarnitine and malate 

as substrates. 

To 1.65 ml of a1r-saturated medium (230 mM mannitol, 

70 mM sucrose, 20 mM Tris-Cl, 20. pM EDTA, pH 7.2, 28°C) was 

added 3 mM ADP, 2.5 ""1 Pi 1 2 11ft arsenite (in curve A on1y), 
t 

2 mM parapyruvate (in curve C only) and freshly isolated 

m1tochondria (0.51 mg prote1n). 5 mM Acetylcarnitine and 
If. 

0.2 mM malate were added at l minute (in curves C and 0) or 

at 3 minutes (in curves A and 8) after the addition of mitochondria. 
t 

Mito, mftochondrfa. Acetrl-c, acetylcarnftine. P-pyr, parapyruvate. 
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Fig. 10 Effect of arsenite on the oxygen consumptfon of 

m1tochondria with palmity1carnitine and malate as substrates. 

To 1.65 ml of a1r-saturated medium (230 mM mannitol, 

70 "'" sucrase, 20 ~ Tris-Cl, 20 pM EDTA, pH 7.2 , 2aoC) was 

added 3 mM ADP, 2.5 mM Pi, 2 mr~ arsenite (in curve A only) and 

freshly 1salated m1tochondria (0.47 mg protein). 30 l1M 

Palm1tylcarni tine and 0.2 mM malate were added at 3 minutes' . 

after the addition of mitochondria. Mito, mitochondri'a, 

Pa1mfty1-c, palmitylcarnitine. 
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and malate. Although malate W6S shawn ta inhibit acetoacetate oxidation, 

it was found that apart from 2-oxoglutarate, addition of malate was a1so 

necessary for the continued oxidation of acetoacetate. 

With freshly isolated mitochondria acetoacetate was oxidized 

even in the absence of the added sparkers of citric acid cycle provided 

mitochondria were uncoupled to stimu1ate respiration and no Pi was present 

(Fig. 11, curve A). Under these conditions, the respiratory rates were 

high to begin with but ~eclined gradual1y with time presumably because of 

the exhaustion of endogenous sparkers, especial1y 2-oxog1utarate. Experiments 

w1th different limiting amounts of 2-oxog1utarate showed that heart mitochon­

dria oxidized 2-oxoglutarate with high affinity 50 that it was possible to 

observe 2-oxoglutarate-dependent cyc1es of respiration (Fig. 11, curve B, C 

and D). The rates of oxygen consumption of 2-oxog1utarate-dependent cycles 

were mu ch higher when acetoacetatè \'las a1so present showing that oxidation 

of 2-oxog1utarate was promoting oxidation of acetoacetate (Fig. 11, curve E). 

The rapid phase of respiration in the presence of acetoacetate and 1imiting . 
amounts of 2-oxog1utarate were fo11owed by a slow phase of respiration 

(Fig. 11, curve E). The slow phase of respiratlon was stimu1ated by 

2-oxoglutarate ~ùt not on1y by acetoacetate as aceto~cetate was already present 
in saturating concentration. 

Although when added a10ne, ma1ate was inhibitory for acetoacetate 

oxidation, in the presence of added 2-pxoglutarate ma1ate was no langer 
. 

fnh1bitory and the initial high respiratory rate dependent on acetoacetate 

'ox1dation remained linear. Under" these c(;md;~ malate probably competes 

w1th 2-oxoglutarate for entry 1nto mitochondria via ~glutarate ' 

. ~ 

Il 
.1 

; 

1 

trànslocator (116). Palmieri et al i 118) have~ reported -that ~dri a, li 

dlcarbollYlates con.,etfthely lnhlbffl!,d the "pt.te of 2-oxoglutarate. and ~~~~r 
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Fig. 11 Oxidation of different limiting amounts of 2-oxog1utarate 

and/or of acetoacetate by rat heart mitochondria. 

/ 
To 1.75 ml of air-saturated medium (230 mM mannitol, 

70 mM sucrase, 20 mM Tris-Cl, 20 ~M EOTA,pH 7.2, 2SoC) contained 

50 ~ ONP and the fo110wing substrates: 

Curve A: 5 mM acetoacetate. 
1 

Curve B: 0.044 mM 2-oxoglutarate + 2.5 mM Pi. 

Curve C: 0.088 mM 2-oxoglutarate + 2.5 mM Pi. 

Curve 0: 0.176 mM 2-oxoglutarat\ + 2.5 mM Pi. _ 
Curve E: 0.044 mM 2-oxoglutarate + 2.5 mM Pi + fi nlM acetoacetate. 

Reaction was in1tiated by adding freshly iso1ated 

m1tochondria (0.44 mg protein). Numerals by the side of the tracing, 4C) 
, 

the rate of oxygen consumption in natoms per min per mg of proteine 

Mita, mitochondria. Ac~c, acetoacetate. 2-0G, 2-oxoglutaràte • 
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Fig. 1Z Effect of various conéentrat1ons of 2-oxoglutara~e and 

malate on the oxYgen consumption of mitochondria wlth acetoacetate 

as a substrate. 

1.65 ml of air-satur~ted medium (230 mM mannitol, 

70 mM sucrO'Se, 20 mM Tris-Cl, 20 llM EDTA. pH .1~2..' 2SoC) çontained 

50 pM DNP, la mM Pi and the fOllow1ng substrates: 
, 

Curve A: 5 mM acetoacetate + 0.14 mM 2.-oxoglutarate + 0.2 mM 

ma1ate. 

Curve B: 0.14 mM 2-oxoglutaratè + 0.2 mM malate. 

Curve C: 5 mM acetoacetate + 0.07 mM 2·oxoglutarate + ~.l mM 

malate. 

Curve D: 0.07 mM 2-oxoglutarate + 0.1 mM malate. 

Curve E: 5 mM acetoacetate + 0.035 mM 2-0xofJlutar~te + 0.05 mM 

malate. -. 
~ 

Curve F: 0.035 mM 2-oxoglutarate + 0.05 mM malate. 

Reaction was initiated by adding freshly tsolated 
~ , , 

mitQchondria (0 .. 15 1119 protein). Nume'rals by the sich~" of the' 

tracing, the rate of the oxygen consumption ,1n na,toms pe~ 

mtn per Illy of proteine Mito, mitoC!hondr1a~ 2~OG~ ,2+oxog'lutaratè. 
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ma1ate was found to be very effective in this regard. We a1so ob5erved 

that the mitochondrial oxidation of 2-oxoglutarate (either in the 

presence 'of DNP plus Pi or AOP plus Pi) was inhibited by added malate. 

Thus when mitochondria1 oxidation of acetoacetate 1S followed in the 

presence of 2-oxoglutarate and malate. the rapid oxidation of 2-oxoglutarate 

15 prevented by malate and 2-oxoglutarate is avai1ab1e for longer period 

ta support the oxidation of acetoacetate by generating succinyl-CoA. 

0.14 mM 2-0xoglutarate~nd 0.2 mM malate were found to be optimal to 

support acetoacetaté dependent respiration maximal1y (Fig. 12, curve A). 

3.2 ~h1bition by Pi and by arsenéte of ox1datinn of acet~acetate and 'of 

other substrates when respiration was followed w1thout added sparkers 

of citric ac1d cycle. 

li has been reported earlfer that arsènate and Pi 1nh1bit the' 
1 

oxtdat1on of acetoacetaté and th1s has been 1nterpr~ted to bé due ta' 

the diversion of succinyl ... éoA from ac;etoacetate act1 vat10n to subs-trate-' ' 
, , - , 

level phoSPh~rylatfon, ,,_~9,?::2~) ~ We' confi rmed inlt~b1ti0!1"of acetoacetate , 

oxidation by Pi and arsenate tg. '13)' but found 'that this effect wu nct, 
, , 1 -, " ,~ 

spéd'fic to ~cetoacetat~ ~x1dation alone a~ an fntlibitjon of mitoChQ~dr1al 
,~ ,~ , 

r.esp1rat1,on' by Pi -and arsenate W8$ al so seen' with other substrates such' as 
", fi '1 

l<:e,toa~ètylcatn1t1ne (Fig. 145' and'acétylcarn1t'ine (Hg. 15). Thus,the" 
• t' , 
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Fig."13 Inhibition of,mitochondria'l oxidatioD of acetoacetate by Pi 

~nd by arsenate in the absence of added malate and 2·oxo91utarate~ 

To 1.65 ml of air-saturated medium (230 mM mannitol, 

70 mM sucrose, 20 mM Tris-Cl, 20 ~M' EDTA, pH 7.2, 2SoC) was 

added 50 lIM DUP, 5 mM acetoacetate and freshly 1so1ated m1tochondr1a 

(1.46 mg protein), a minute, later. Pi (2 mM in cùrvè Band 20 mM 11'1 

curve C) and arsenate (2 mM in curve 0 an~ 20 mM in curve E) were 

" added. Curve A lacked Pi and arsenate a~d served as control. ,Mito, 

\m1to(hondt1a. AcAc, aceto&Cetate. 
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Fi,g. 14 Inhibition of m1tochondrial oxidatfon of acetoacetylcar­

nit1ne by Pi and by arsenate in the absence of added malate. 

To 1.65 ml of air-saturat~d medium (230 mM mannitol, 

70 mM sucrose, 20 mM Tris-Cl. 20 ~M EfrTA, pH 1.2, 2aoC) was added 

50 ~M DNP, 4.5 mM acetoacetylcarn1tine and freshly 1so1ated 

m1tochondrh 0.46 mg protein). a minute later, Pi (2 mM in curye 

Band 20 mM in cu rye- C) and arsenate (2 mM in curye 0 and 20 mM 

1n. cvrye E) was added. Curve A ?hcked Pi and arsenate and 

seryed as 

carn1 t1 ne., 

" , 

, ' , 

'r, " 
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Fig. 15 Inhibition of mftochondri.l oxidation of acetylcarnitine' 

by Pi and by arsenate in the absence of added malâte. 

To 1.66 ml air-saturated medium (230 mM mannitol, 

70 ntt sucrose, 20 11ft Tris-Cl, ~O ~M EDTA,- pH 7.2, 2SoC) 'was ,addëd," 

50 ~M.DNP, 5 mM ace~lcarn1t1ne and fre$hly isolated mitochondr,ia 
• 

(1.46 mg protein), one minute later. Pi (2 mM in èUrve Band 2{) RJM 

fn curve C) and arsenate (2 mM 1 n eurve 0 and 20 mM. in curve.i) 

were added. Cur-ve A lacked Pi and arsenate and served as control. 
; 

Mito; mitochondria. Acetyl-C, acetylcarnitine. 
" '. 

, . 

o· 

" . 

- ' 
" 

• 'c 

" ...... 

" ' 

• ~. ' ," f ~ " 

, ' 

, ~. 1 • 

... ' 
1 

'. 

. , 

';-- . . " 

,'. 

, "'-

" ' 

1 l '. 

.. 

.f' 1 • 

"1 ~, 1 

" . . , 
. ~ , ' 

• 
", J ~ ~ • , 

,. ~ .. t·'. .-

" ' '" ... 
: .' 

J ',' " 
, , 

\ Î, _' • 

, • ,1 r ~ r "l, 

, " . " 

~ ../ .: 1 

... • •• ' J' 

~ '. 1 '~. ,::,~ (~ 1.' ,,~, r \ , .. ~ • .' • • , • 

." 1.' , ' 1 • ". ~ ..,. 
l' • 1 • ~: ~ • l, • • ,~ 1 

• (. 1 1. 1 

t", '1.'. 

" .' l' 

.., 1 ~ ; 

:~ Iii, •••• 

l ' ~. " , Jo , '1" .\, 
, , 

, • \: 'l. l ~.: 
~ .t, _ All_ 

, , 

" '1 

• 



() 

. 
0 

~ 

't. l 
0, 

" 

,. ~" ...: IJ;! 
~ j J 1 \ 

.. /~" :, ~ 
" r ,i _ ... 

" , ''.,.. ". ~'" 

la '" 

pM DII~ l 
~ÂcetYl-C' [

50 

;j1\M 
5 , 

M1to 

1 

tEl iL •• ; li n JlII'.!MI , ... ;p._lllt 1 

Arse~lte Or'". Pi 

T 
SO"l1M 0 

1 ' , 

1 l,!. 
IMn 

.. ' 

1 
. 

4 , • , , 

, , 

\; 

,; 

~. , " 

20 mM Arsenate' 

,. " 
", 

. , 

',' , ,~ .. 
\ . ~ 

" ". 
1 

, ,,.: . ,. ' " " " " , , 
, " 

.. 

, : 
" J.!, .. :: .. f 
'.' 

\ , 

. 
"" 

" , 

... ------'-:",....-

60. 

'. 
'-

C 

E 

,3 \ 

. '. 
',. 

, " 

, .' '. , , " ~ J: ,'. 

.. 
1 

. l 
! 

! 
1 
1 



, , . 
1 
\ 

. , 
l ' 

1 

',' 

o 

. -- --~~ -",. -..,.. - -. ----~ --. , .... ., 

61. 
" 

..,. 

experimental conditions. Wh en malate and 2-oxoglutarate were not added 

oxidatian of acetoacetate was·'t'ound ta be stimu1ated as well as inhibited by 

Pi. Where stimulatory rffect was evident it immediately followed Pi-addition 

and preceded the inhibitory effect. A reciprocal relationship existed between 

the condition~ th~t stimulated or inhibited the respiration. Thus, within 

limits, the stimulation o~r~SPiratian, in magnitude and in duratian was more 

marked (i) at lower concentrations of Pi (tig. 16, Expi. 1)." (ii) at higher 

concentration of mitochondria (data not elaborated) and (iii) when Pi addition 

was made earlier in the Oxygraph ~xper,iment' than added later (compare curve 

B ~nd C of Expt. II of Fig. 16). Converse1y, the 'inhibitory effect of Pi 

become more marked as Pi concentration was increased·(Fig. 16, Expt. 'I),' the 
01 

amount of mitochondr1a \'Jas decreased (not shown} and the t1me of fncubation . , , . 
of m1toc~ondria at 2~OC in·the incubation medium (with or ~ithout DNP)7 

preceding Pi addition was incrêased (Fig- ~6, Expt. II). 

In general, arsenate· showed effects similar 'ta those of ,Pi. The 

differénces between the effect of Pi and arsenate may be sUllfIleriZed ~s fo llQWs.' . . 
Whereas 5 mM Pi added ~~ respiring mitochondria was quite 1nhibitory (Fig .. 16, 

Expt, .. 1), under simihr conditions. arsenate did n.ot show a~y' inhibitory effeCt 
, ' ' . 

" ' • 'r " l "" 1 

(Fig. J7. Expt. 1). Howev.er, wh~n mitochondria were·prior incubated'for,a 

brief period at 2SQC" (wittl or without DNP) befo~e the add~tion 'of ace'tQacet~te, . ~ '. . 

subsequently' added arsenate' was more inhibitory for respi rati.on than was Pi ~ ., . . 

r. (Compar'e curves Q and C,. f1g~ 11)'. "Further, under these conditions 'the 
, > •• , 

'1nhibitory effectivenes$ of arsenate was min1m1zed,'but not revers~d~ by the 
, ' " 1 • 

s1multaneoU$ inclus'ion of Pi (Fig. 17, E~pt. II). This is in coritrast to an 

earÙer repor,t (9-8). 'With arsenàte, unlike that with Pi, th.~ 1n~'~b1t()ry 
, . 

efféct, was f9~nd' to also de'pend on' the 'order' of addi t1'0~ of comp~nents. ,When 
4"" :, 

.>' .. 

~ 

• 
; 1 , 

j 
f 
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Fig. 16 The effect of t~e order of addition of Pi on the 
-

mitochondrial oxidation of acetoacetate when fol1owed in the 

absence of added 2-oxoglutarate and malate." 

... 
To 1.62 ml of air-saturated médium (230 mM 

mannitol, 10 mM sucrose, 20 mM Tris-Cl,,20 ~M t~TA, pH 7.2, 

2SoC) was added fresnly 1so1ated m1tochondr1a' (O.74 and 0.38 mg 

protein in Expt. J'and Il respectively). Othêr ftdditions were 
'\ 

made as shown. 'Thè two expey:1~nts were performed' on 

differerit dàys. 
, , 

Numera1.s by the side of the tracing t ,oxygen 

consumption, 1n natoms per min pel' mg of p~tei,n. 
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Fig. 17 The effect of the order of addition of arsenate and its 

modification by Pi on'the mitochondria1 oxidation of aceto~etatè 
, 

when fo1lowed in the absence of added 2-oxoglutarate and malate. 

To 1.62 ml of air-saturated medium (230 mM mannitol, 

70 mM sucrase, 20 mM'tris-Cl. 20 pM'EDTA, pH 7.2~ 2SoC) was 

added fresh ly 1501 a1!ed l\1i tocho~a ria ((,.7 4 m~ protein h' ,Other 

additions were as shown. Numerals by the side of the tracin9, 

the rate of oxygen consumption in "atoms per,min per mg of 
~ 

. protein" Mito, mitochondria. 
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arsenate was added to rnitochondria respiring with acetoacetate, only a partial 
, . 

inhib,ition of oxyge'n-consumption ~as seen. But when ars'eanate was added prior 

to the addition of mitochondr,ia and acetoacetate, respiration was found to be 

fUlly inhibited. It co~ld be that in the forme~ experiment t~~tion seen 

after the addition of arsenate resulted from the oxidation of that acetoacetyl-CoA 

whfch was formed prior to the addi tion of arseante;' in the 1 atter experiment, 

, howe'ler, where a .,prior i ncubati on of mi tOC;:,hondri,a wi th arsenate proceded aceto-, 

acetate aodition, little succiny'l-CoA would be expected 'ta remain ~vailable for 

aeetoa~etyl~CoA formation and ft was perhaps because of this that the oxidation 

of acetoacetate was severe1y in~ibfted. 

3.3 Stimulation by Pi'and by"arsenate of Qxidation of acetoacetate and of other 
... f ,.., 

substrates when respiration was foHowed in the presence of added sparkers of 
l , 

the. citr.ic acid cy1~. 

In agreement'with the ear11er reports (97,98) we,found that arsenate and 
• M 

Pi inhibit acetoacetate oxi~ation (Fig. 1~,16 ~nd 17). The inhfbitory effect of 

Pi or arsenate was evident on1y wffen spark~rs of the ~it~ic cyçTe malate and 
\ ~ ,1 ' ~, 

-... l '" C , , • , 

~-oxogll.l"~~a~e were not added, and was not s~eC'ific ,for acetoac.etate oxidation 
, , ' 

as oxidatfon'of other sybstrates was also inhibited. On the other hand, when 

sparkers of the· citric aci~ cyéle werepres.ent, Pi o~ arsen'ate, stimulated r~the; 
. . , ., 

then inhbi ti~g 'the oxidaticln of aCétoacètatè ,as weH as of other substrates 

'(as shown below). '~'. • '. r 
.\ 

, '>.... • 

. The .raté of O~P .. stimula.ted respiration wtth acetoacétate in the 

presence of 2-oxog1utar~te and malate was mark~d1y stimulated by up to 2~ m~ of 
1 • , '" ,.' 1 I~ 

• J 1 ~. • \, 1 ,.. • 

eit"er Pi ot of arsenate and no in~ibition was observed. Und~r ,the se co~ditions. 

the same toncentration of P, or arsenate which ihhibited the,oxidation of 
" . 

acetoacetate in the absence of sparkefs, st1mu1 at~d th~ aCètoacetate dependÈmt 
1 i " , 

respir.ation in the presence of sparkers of citric actd cycle (Table' 1) ~ The· "l 
j ~, " 

optimal \ concentrati on of Pi ,for stirilulation' ~arièd 'bêiween, l' to' 2.5 mM but no 
1\ '. ..... l ' • ' 

" 1'inhjbitl1n :,~a~, nOt1ê~a~~e .ev,e~ (a~,' ~~ .mM, P~. ':, ' .... "., , ',' ", 

; ~ t " T~~, s:r1m~~ ator,y effett" O.t'.,Pi ~n.d, of "arserta~~ wu nct. res~rj cted to the 

Q~1~a~~r of' ac~toaeétate' ~S,'~, ~1~~1;ar ~,ffe~~ ~~s ~e~n on ~he' DNP~~tim~lated 
.... \'" '., •. , ".~v ..... \,-.~w..-~ ..... _ .. ~....t. .. ~:,-~:,,': ,'" '.' ",' ' , , 

- ...... .....-.-l.. ...... _..-1 " '~,' _ if} k.~;-.i~'" ~,,J.l-"" ~t..~. ~}---'~""~?;-::Vor"-~;~'- j;' --,'-, ~ '.. ,.a " 
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• TABLE 1 

To 1.65 ml of air-saturated-medium (230 mM mannitol, 

70 mM sucrose. 20 mM Tris-Cl. 20 ~M EDTA, pH 7.2. 2SoC) was added 

50 ~M ONP, 0.14 mM 2-oxog1utarate and 0.2 mM ma1ate. 5 mM aceto­

acetate was added in experiments (i) to {v} on1y. Reaction was 

initiated by the addition of fresh1y iso1ated mitochondria 

(0.47 mg protein). Pi or arsenate was added a minute later and 
0\.. 

the respiration was followed for more than four minutes, during 

which period. the respiratory rates remained linear. Experiments 

(1) and (vi) lacked Pi 'and ~ate and served as controls. The 

acetoacetate-stimulated oxygen consumption. i.e. the natoms of 

oxygen consumed due to the mitochondrial oxidation of acetoacetate 

alone, has been calculated by subtracting the natoms of oxygen 

consumed due to the oxidation of 2-0G + malate from the natoms 

bf oxygen consumed du~ to the oxidation of 2-0G + malate + AcAc. 
\ 

2-0G, 2-oxoglutarate, AcAc, acetoacetate. 

* % increase compared to the rates observed with 2-oxoglutarate. 

malate and acetoacetate alone [Expt.J (i) . 

** % increase compared ta the rates observed w;th 2-oxoglutarate, 

malate alone [Expt.J(vi) • 

) ~, 



c 

1 
1 

( 

64. 

l
rsenate was added to mitochondria respiring with acetoacetate. on1y a partial 

inhibition of oxygen-consumpti~was seen. But when arseanate was added prior 
-

to the addition of mitochondria and aeetoacetate, respiration was found t~ be 

\ fully inhibited. It could be that in the former experiment the respiration seen 

after the addition of arsenate resulted from the oxid~tion of that acetoacety1-CoA 

which was formed prior ta the addition of arseante; in the latter experiment, 

however, where a prior incubation of mitochondria with arsenate proceded aceto- l, 

acetate addition. little succinyl-CoA would be expected to remain available for 

acetoacetyl-CoA formation and it was perhaps because of this that the oxidation 

of acetoacetate was severe1y inhibited. 

3.3 Stimulation by Pi and by arsenate of exidation of acetoacetate and of other 

substrates when respiration was followed in the' presence of added sparkers of 

the citric acid eyle. 

In agreement with the earlie~ reports (97,98) we found that arsenate and 

Pi inhibit acetoacetate oxidation (Fig. 13,16 and 17). The inhibitory effect -of 

Pi or arsenate was evident only when sparkers of the citric cycle malate and 

2-oxoglutarate were not added, and was not specifie for acetoacetate oxidation 
b 

as oxidation of other substrates was also inhibited. On the other hand. when 

sparkers of the citric acid cycle were present, Pi or arsenate stimulated rather 

than inhbiting the oxidation of acetoacetate as we11 as of other substrates 

(as shown be1ow). 

The rate of DNP-stimu1ated respiration with acetoacetate in the 

presence of 2-oxoglutarate and ma1ate was markedly stimulated by up to 20 mM of 

either Pi or of arsenate and no inhibition was observed. Under thesè conditions, 

the same concentration of Pi or arsenate which inhibited the oxidation of 

acetoacetate in the absence of sparkers, stimulated the acetoacetate depe~gent 

respiration in the presence of sPQrkérs of citric acid cycle (Table 1). The 

optimal concentration of Pi for stimulation varied between l to 2.5 mM but no 

inhibition was noticeable even at 20 m~ Pi. 

The stimulatory effect of Pi and of arsenate was not restricted to the 

ox1dation of acetoacetate as a similar effect was seen on the DNP-stimu1ated 
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TABLE 1 . Pl and arsenate stlmulatlon of the mltochondrlal oxygen consumption 

Î ln the presence of acetoacetate, 2-oxog1utarate, and ma1ate 

Expt. Substrates added Pl 
!dol 

Arsenate 
!dol 

na toms oxygen 
consumed in 

t lncrease 
in oxygen 
consLlllption 

AcAc-stimulated ~ 
oxygen consumption 

4 mins 

as natoms of as S increase in 
oxygen consumed oxygen consumpt1on 

.... 7 - - - -- - -- --- - ----------------------

(i) 2-06 + Mal ate + AcAc 663 

__ (ii) • 2-0G + Ma1ate + AcAc 2 843 27' 

(111)' 2-06 + Malate + AcAc 20 805 1 21 

(1 v) 2-06 + Malate + AcAc 2 744 • 12 

(v) 2-06 + Malate + AcAc 20 714 8 

(vi) 2 -OG + Ma l a te 93 

(vii) 2-0G + Malate ** 2 154 65 

(vi11)2-0G + Ma1ate 20 104 12 

( ix) 2-0G + Ma l ate 2 118 20 

(x) 2-0G + Ma 1 ate 20 95 2 

(i) (vi) 570 

(ii) - (Vli) 2 689 21 

( il i) - (vi i i ) 20 701 23 

• (lV) - (h) 2 626 
C7I 

10 U'I 

-~ 
. 

(v) - (x) 619 11 
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oxidation of various othet substrates such as pyruvate, acety1,carnitine, 

acetQacetylcarnitine, palmitylcarnitine (in the presence of malate) and 

succinate (in the presence of amytal'(Table 2). In as much as effec-t's of Pi 

on the oxidation of acetoacetate with rabbit heart mitochondria (data not 

shown) were similar'to those described above for rat heart mitochond~ia, the 

observed effects of Pi are not specific ta mitochondria of rat heart. 

3.4 Effect of ADP on the mitochondrial oxidation of acetoacetate 

Hatefi and Fakouhi (90) have reported that mitochondria1 ox,idation 

of acetoacetate was inhibited by ADP especially in the presence of Pi. In 

our experiments oxidation of acetoacetate in the presence of malate (0.2 mM) 

and 2-oxog1utarate (0.14 mM) was found to be as rapid with ADP + Pi as with 

DNP + Pi (Fig. 18, compare curves A and B). Moreover, the oxid~tion of 

acetoacet-ate wa9l1 foll/nd well coup1ed to phosphorylation (Fig. 19); the ADP/O 

* values with acetoacetate (2.86 ± 0.067 ) as substrate were simiJar (p > 0.1) 

,-' l, 

** ta those seen in panallel experiments w!th pyruvate plus malate (2.97 ± 0.063 ) 

and the' respiratory control ratios with the two substrates were a1so alike. , 

It is knbwn that when mitochondria are uncoup1ed the respiration 

proceeds normally or may even be stimulated, but no couPled~resPiratO? _' 

phosphorylation of Abp to ATP takes place. In 1ine with this it was observ~ 
, that the respiratory rates were higher 'when mitochondrial oxidatiQn of 

acetoacetate was folilowed in the presence of an uncoupler than in the presence 

of ADP and Pi. (co~p'are curve A and B, of Fig. 18 and Expt la and Expt 1 la 

of Table 3). This was true not only with acetoacetate, but a1so with other 

* Values are mean (of 11 experiments) ± SE. 

** Values ue mean (of 13 experiments) ± SE.. 

,. " ,., -~-, ..... _.~_.-
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TABLE 2 

To 1.7 ml (in Expt. I-lII) or 1.65 ml (in Expt. IV .. 

and V) of air-saturated medium (230 mM mannitol, 70 mM sucrose, 

20 mftt Tris-Cl, 20 \JM EDTA, pH 7.2, 2Soe) was added 50 ,\.lM DNP 

and various substrates as shawn. Reaction was initiated by the 

addition of freshly isô1ated mitochondria (0.59 mg p:otein in 

Expt. 1-111 and 0.73 mg protein in Expt. IV and V); Pi or 

arsenate were added a minute latter and the respiratiorr'was 
\ 

!OllDWed for five more minutes. 
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III. 
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TABlE 2 
J 

Stlmulation by Pi and by arsenate of the mitochondrlal 
axidation of different substrates in the presence of 0.2 ~ malate 

and of succinate in the presence ot 1.8 mM a~tal 
~. 

Substrates Pi ArS'enate natoms oxygen 
mM mM consumed in 5 mins 

Pyruvate 296 

(0.5 .. } 2 378 

20 366 

2 379 

20 430 

Acetylcami ti ne 52.0 

'\( 5.0 ntot) ... (2 834 
v 

20 766 """-
2 588 

20 636 

AcetoacetY1Ca~itine 484 

(4.5 mM) "'~ 
2 ". 748 

20 676 

2 558 

20 610 

4 

Il ... 

% incre~se in 
oxygen consumption 

28 

24 

28 

45 

60 

47 

13 

22 

55 

40 

15 

26 
~ 

0\ ...... 
", 

J 
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TABLE 2 (cont'd) 

Expt. Substrates 

1) 

IV. Pa1mitylcarnitine 

(30 M) 

" 

v. Succinate + ~tal 

(5 mM) (1.8 mM) 

.. 

Pi 
nI4 

2 

20 

.-

2 

20 

o 

,. 

'. 

Arsenate 
nI4 

2 

20 

2 

20 

, 

-. 

~," 

natoms oxygen -, S increase in 
consumed in 5 mins J 0xYgea c~nsumption 

~ 

• 

94 

148 

162 

134 

193 

129 

328 

214 

286 

352 

• 

57 

72 

43 

105 

154 

66 

122 

173 
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2 mM Pi 
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Substrates 

(as shown) 
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Fig, 19 StifU1~on of acetoacetat~tlXidation by ADP. 

To 1.62 ml of air-saturated medium (230 mM mannitol, 

70 mM sucr,ose, 20 mM Tris-Cl, 20 ~ EDTA, pH 7.2, 2SoC) was 

~dded f~shly isolated mitochondria (O.6~9 protein). Other 

additions were made as shown. Numerals by ~~ide of the 

trac1ng, the rate of oxygen consumption in natoms per min per 

mg of proteine Mito, mitochondria. 
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substrates like pyruvate'when FCCP was the uncoupler. For sorne unknown 

71. 

reason(s) it was not true with the uncoupler DNP. With FCCP and Pi, the 
, 1 ,. 

rate of pyruvate oxidation was always found to be higher than with ADP plus 

Pi (Table 3, Expt lb and Expt. lIb). It 1s believed that ADP in the presence 

of Pi inhibits acetoacetate oxidation because succinyl-CoA is directed towards 
... 

substrate-level phôiphorylation and hence·t~e succinyl-CoA linked activation 

of acetoacetate is impaired (98). If this view is correct then in the presence 

of ADP and Pi mitochondrial oxidation of acetoacetY1Carniti~shOUld give 

higher respirqtory rate than that of acetoaçetate, but as can be seen from 

Hg. 18, ; t is not sa. .In the presence of ADP and Pi, mitochondri a respi red' 

as rapidly with acetoacetate as with acetoacetylcarnitine or pyruvate (Fig. 18, 

curves B, C, and D). This was true not only with rat heart mitochondria but 

also with rabbit heart mitochondria (data not shown). Thus under trr~se 

conditions the results sugge$t that ADP in the presence of Pi does not inhibit 

acetoacetate oxidation. 
. . 

Based on the measurement of oxygen consumption the rèsults 
• 1 

described in Table l show that in the presence of sparkers of citric acid 

cycle Pi s'timulated the mitochondrial oxygen consumption dependent on acetoa­

cetate oxidation, These results, however, do not unequivocallyshow that in 

the presence of sp~ers, Pi stimulates the mitochondrial oxidation of acetoa­

cetate as oxidation of sparkers is also stimulated by Pi. This can only be 

shown conclusively by measurement of the disappearance of acetoacetate under l 

appropriate conditons. Thus when Pi stimulated acetoacetate-dependent 

respiration mor~ acetoacetate should dtsappear'from the incubation medium. 
,9 

, 
Therefore attempts were made to measure the disappearance of acetoacetate 

c.. . 

~ . . , 
• , 4 
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TABLE 3 

""'-
Ta 1.65 ml air saturated medium (230 mM mannitol, 

70 mM sucrose, 20 mM Tris-Cl, 20 ~M EDTA, ~ 7.2, 2aoe) was 

added·various substrates as shown, 2.5 mM Pi and either ADP (2 mM), 

DNP (50 pM) or FCCP (1 ~M). Reaction was fnitiated by the addition 

of freshly isolated-mitochondr1a (0.72 mg prote1n from rat heart 

in Expt. 1 or 0.87 mg protein from rabbit hear~ in Expt. II). 
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TABLE 3 Comparison of respiratory rates of mitochondria wjth different substrates 

in the presence of Pi and ejther AOP s ONP or FCCP 

SUBSTRAT ES 

~ 

E-xpt. ,1 (Rat heart mitochondria) 
~ 

(a) Acetoacetate + Z-oxog1utarate + Malate 

, (5 mM) (0.14 nftt) (0.2 mM) 

(n) Pyruvate (5 mM) T Malate (0.2 mM) .. - ) 
~xpt. II (Rabbit heart mitochondria) 

(a) Acetoacetate + 2-ôxog1utarate + Ma1ate 

(5 mM) (0.14 mM) (0.2 mM) 

--(b) Pyruvate (S mM) + Mà1ate (0.2 mM)-

J _ 

Respiratory rates 
nato01s oxygen/min per mg 

AOP 
(2 mM) 

486 

500 

419 

406 ., 

{ 

ONP' 
(50 ~M) 

574 

214 

440 

264 

~ 

FCCP 
(1 llM) 

593 

666 

... 

.. 
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under the condltlons as descnbed ln Table 1. But the results obtalned 

were varlable. ln order to get slgnlflcant data, the ac,c;ay volunle l'Jas 

reduced to 40 ,,1 and the lncubatlOn tlme was lncreased ta 30 mInutes. k 

Walkerr~ method (106,107) was replaced by a more senSltlve enzymatlc method 

(105) to estlmate acetoacetate. But lnsplte of these changes, the results 

"-
obtalned '11er/!: not conclusIve. It wa~ then realized that measurernent of the 

disappearance of substrate could not be a sensltlve a~d accurate method 
i 

because of the fol1owlng cdnslderatlons. 

The oxygen content at 280 C lS 472 natoms oxygen/ml (103) or 

850 natoms °
2
/1.8 ml lncubatlon medlum (the maXlmum capaclty of the oxygraph 

chamber used lS 1.8 ml). Slnce elght moles of oxygen are consumed per mole 

of acetoacetate oXldlzed, therefore 106 (850 ; 8) nmoles of acetoacetate can 

be maxlmally oXldlzed. The optlmum c~ncentratlon of acetoacetate IS 5 mM and 

hence the amount of acetoacetate present 15 9,000 nmoles. Therefore only 

1.17% acetoacetate can dlsappear. If Pl causes 50% stlmulatlOn of acetoacetate 

oXldation, then only 53 nmoles acetoacetate (0.58%) would be oXldlzed ln the 

absence of Pl. Hence measurement of the disappearance of a few nmoles out 

of thousands I.e. a dlfference of only 0.6%, proved to be an lnaccurate and 

lnsensltlve method. 

It was therefore considered to use radIoactIve acetoacetate 50 

14 that the formation of the product CO 2,,,lnstead of the dlsappearance of 

substrate, could be accurately measured. It was expected that, under the 

candi tlons as described in Table l, more 14CO shou1d evo1ve due to the 2 

mitochondrla1 oXldatlon of C4CJ acetoacetate in the presence of Pi than ln 
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1 t s absence. 14 But on1y neg11g1b1e amount of CO
2 

was evo1ved due to the 

OX1 dat10n of 14 
~ C31 acetoacetate, desplte the fact that under 1dentlca1 

condit1ons acetoacetate great1y stimu1ated mitochondrla1 oxygen consumption. 

That the above observation was not specifie with this partlcular batch of 

[ 14er acetoacetate was eVldent from the fact that similar results were 

obtained wltll [14C4J acetoaeetate obtained from another supplier. In order 

to check the methodo1ogy and conditlons used to eol1eet 14C02 from the 

. 14 14 14 oXldatlOn of [ C
3 

J-or' [ C4J aeetoacetate. r C
2
J pyruvate was used as 

the substrate. Experiments with pyruvate also showed that whi1e pyruvate 
1 

addition to a mltochondrial incubatlon system containing ma1ate resulte'd ln 

14 a large 1ncrease in oxygen consumption, the conversion o"f [ CZJ ryruvate to 

14 CO 2 was only a small fraction of that expected from the stimulation of oxygen 

consumption. Therefore a systematic study of mitochondrial oxidation of 

dlfferential1y labe1ed pyruvate was undertaken as shown below. 

3.5 Effect of ma1ate On the converSlOn of dlfferentlally labe1ed [14 CJ 

pyruvate to 14CO and on the stoichiometry of pyruvate-dependent oxygen 
2 

consumption. 

Table 4 shows the results of an experlment ln whleh oxidation 

of differentlally 1abeled pyruvate to 14C02 was fol1owed \Vithout (E\Pt:~ A) ... 

or with added ma1ate (Expt. B). Pyruvate oxidation was a1so fol1o\'Jed 

(Expt. C) in the presence of ma10natè and carnitine. Malonate was added ta 

block the citric acid cycle and carnitine was added ta a110w regeneration of 

CoASH from acetyl-CoA 50 that the oxidation of pyruvate to the leve1 of aeetyl 

group could proceed (119). Results of Expt. B showed that when pyruvate alone 
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TABLE 4 

The incubation system in a final 

contained: 0.23 M manni tal, 70 nt4 sucrose, 20 mM .Tris-Cl, 

20 ~M EDTA, 2.0 ~~ ADP, 2.5 mM potassium phosphate, 14.3 nmoles 

of [140pyruvate (115,000 to 193,000 cpm) and freshly isolated 

mitochondria, 52 ~g protein, to start the reactions. In 

addition, where shown, l mM L-malate or l mM malonate plus 

13 mM (-) carnitine were present. Final pH was 7.2, temperature 

28°C. After 7 minutes, reactions were stopped by the addition 

of methanol to a final concentration of 50% (v/v). The 

radioactivity recovered in CO2 was measured as described under 

methods. 
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TABLE 4 

Expt. 
no. 

A 

B 

C 

'7 .. ~"'>'<f""'''''!'''''''_'''''' 

~ • 

Effect of malate or malonate on the oxidatlon 

of differentially 1abeled [ 14C] pyruvate to 14C02 

Radioactive 
pyruvate 

['4C,] pyruvate 

1 [14C2J pyruva te 

14 [U- CJ pyruvate 

[ 14C,] pyruva te 

[ 14C~ pyruvate 

14 [U- CJ pyruvate 

[ 14C,] pyruvate 

[14C~ pyruvate 

14 [U- CJ pyruvate 

Other additi ons 

ma1ate 

,malate 

ma1ate 

malonate + carnitine 

malonate + carnitine 

malonate + carnitine 

,_ ""_~ 10. 

~ 

Radioactivity recovered 
in C02 (as % of added 
counts) 

75.3 

2.9 

23.2 

68.7 

72 .1 

69.2 

75.7 

2. 1 

22.8 
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was fncubated with mitochondria, the conversion of carbon atoms 1, 2 

and 3 of pyruvate to CO 2 proceeded to about equal extent. This is to be 

expected if acetyl group derived from pyruvate dehydrogenase react;on 

were further bein9 completely oxidized to COZ' 'Resu1ts of Expt. C 

sho\lled that as expected malonate had little effect on the oxi.~at;on of 

pyruvate to acetyl-CoA as shown by the 1ack of malonate effect on the 
14 14 conversion ofT Cl] pyruvate to CO2 (Table 4 compare lines 7 and 4) 

but the oxidation of carbon atom 2 of [14C2J pyruvate was great1y 

inhibited (compare lines i3 and 5). If ma10nate inhibits the oxidation of 

acetyl-CoA to CO 2 without affecting the conversion of pyruvate to acetyl­

CoA, then in the presence of ma10nate (and carnitine) 1/3rd as much 

14CO shou1d be produced from the oxidation of [U_ 14CJ pyruvate as that 
2 

seen in the absence of ma1onate. Resu1ts of Expt. C showed that this 

was indeed 50 (compare lines 9 and 6). Hence, as expe~ted malonate 

comp1etely inhibited the operation of citric acid cycle. Resu1ts of Expt. A 

showed that \'/hile malate did not affect the oxidation of pyruvate to 

acetyl-CoA (compare lines 1 and 4) so far as the subsequent oxidation of . ' 

acetyl-CoA derived from pyruvate (; .e. of carbon atoms 2 and 3 of pyruvate) 

was concerned. malate was as strongly inhibitory as was malonate (compare 

results @f Expt. A, Band Cl. These results were unexpected because malate, 

a ·'sparker" of citric acid cycle, is known to enhance the ox;dat;on of 

substances requiring the operation of the cttr;c acid cycle (120-122). 

1 
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An understandtng of this anamolous behaviour of,malate was obtained 

ln the subsequent experiments ,in which it was realized. in agreement with the 

findings of Van Karff (123). that heart mitochondria exhibited a high affinity 
• /J' 

for pyruyate 50 that by offering a limiting amount of pyruvate. pyruvate-

dependent cycle of respiration could be followed which permitted the determi­

nation of ~O (atom)/~ pyruvate (mole)as shown in figs. 20-22. The 60/6 pyruva-

te ratios were determined by measuring the mitochondrial oxygen consJmption 

dependent on pyruvat1lfxidation either alone (Fig. 20) in the pre~ence of 
. 

malonate (Fig. 21) or ma1ate (Fig. 22). These experiments showed that ~0/6 
, 

pyruvate approached 5 (4.84 ± 0.198. mean S.E.M. of 5 experiments with different 

preparation of mitochondria) when pyruvate alone was offered to mitochondria 

(Fig. 20). Because 60/6 pyruvate of 5 is to be ~xpected in theory for the 

oxidation of pyruvate to CO2, under these conditions of Fig. 20. the acetyl-CoA 

groups derived fram pyruvate were being nearly completely oxidized to CO2• 

This is essentia1ly in agreement with the results of radioactive experiments 

(Expt. B) of Table 4. Fig. 21 shows that when malonate was present the ratio 

60/6 pyruvate approachëd 1 (0.97 ± 0.038 mean ± S.LM. of 3 separate experi­

ments with different preparation of mitochondria). This is to be expected if 
\ 

malonate blocked the operation~of citric acid cycle completely 50 that under 

these conditions, pyruvate ox;dation could only proceed' as far as acetyl-CoA. 

Fig. 22 shows that when malate was present, the ~O/~ pyruvate was 3.6 ± 0.18 

(Mean ± S.E.M. of separate experiments with different preparation of mitochon­

dria). The value 3.6 ± 0.18 is significantly different (p < 0.01) from the 

value of 4.84 observed without malate. ~O/~ pyruvate ratios in the above ~ 

experiment were similar irrespective of whether coupled mitochondria with 

...... __ . _~J._ _ __ .> ____ _ 
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Fig. 20 àO/à pyruvate ratio during mitochondria1 oxidation of 

pyruvate. 

To 1.8 ml air-saturated medium (230 mM mannitol, 

• 0 70 mM sucrose, 20 mM Tris-Cl, 20 ~M EDTA, pH 7.2, 28 C) was 

added 2 mM ADP, 2.5 mM ~i and 46 ~M pyruvate. Reaction was 
.. 

initiated by the addition of freshly isolated mitochondria 

(0.52 mg protein). Mito, mitochondria. 
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Fig. 21 Effect of malonate plus carn1t1ne. on àO/à pyruvate ratio 

To 1.8 ml at!r-saturated medium (230 mM mann; tol t 

70 mM sucrose, 20 mM Tris-Cl, 20 ~M EOTA, pH 7.2, 280t) was 

added 2 mM AOP, 2.5 mM Pi, l mM ma1onate, 13 mM L(-) carnitine 

and 0.185 mM pyruvate. Reaction w4s initiated by the addition 

of fresh1y iso1ated mitochondria (0.48 mg protein). Mito, 

mi tochondria. 
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fig. 22 Effect of malate on àO/â pyruvate ratio. 

To 1.8 ml air-saturated medium (230 mM mannitol, 
q 

70 mM sucrose, 20 mM Tris-Cl, 20 ~M EDTA, pH 7.2, 2SoC) was 

added 2 mM ADP, 2.5 mM Pi, 1 mM malate and 46 ~M pyruva~e. 

Reaction was initiated by the addition of freshly isolated 

mitochondria (0.48 mg protein). Mito, mirochondria. 
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AOP ± Pi or mitochondria uncoupled with DNP ± Pi were used. Thus results 

of Fig. 22 where ma1ate was presént, showed that oxidation of at least part 

'of the pyruvate was proceeding well beyond the formation of acetyl-CoA. A 

ration of fJ.O/6. pyruvate of greater than 1 but less than 5 could resul tif 

part 0: the pyruvate was beintL~ized completely ta CO2 while the remainder 

was being -oxid,ized drrly partially. However, this was not the case in the , 

present experi~s because as experiments of Table 4 showed conversion of the 

carbon atoms 2 ~3 of py~uvate ta co;. was -no greater .wi th malate as compared 

to tha t seen with ma l ana te. -' 
\...-

The'abave results could be explained if there was an exchange of 
.j) 

added malate with the int~amitochondrial anions of the-intermediates of citric 

aC4d cycle. Existence of such anion exchanger i~ heart mitochandria is known 

in 'which an entry of malate ioto mitochondria simultaneeusly leads ta the exit 
;;.i t 

of another penneant intramitochondrial anion such as succinate, 2-oxoglutarate 

or citrate (124). If the entry of malate were coupJed to the exit of succinate, 

for example, the fJ.O/6. pyruvate would be 4.0. However, the experimenta11y . \ 

determined values of âO/fJ. .pyruvate with malate present averaged 3.6 suggesting 
. 

that besides succinate other anions like 2-oxoglutarate and citrate were also , 
exchanging with malate. Direct measurements in one such experiment showed that 

'f 
while sorne accumulation of 2~oxoglutarate occu~ed during the oxidation of 

malate alone, its amount was increased by the additional presence 'of pyruvate. 

This extra fonnation of 2-oxoglutal'ate, however, correspon~ed to 0111y 

14.4% of that expected from the amount of pyruvate that disappeared. Thus~~~ 
~ , .....---~ 

---these results slJggest that ma'late interrups the cyclic operation..of ttre 
- --~ 
'. ----

citric acid cycle because of the efflux of mitochohstri-al,y generated a.cids 
, -------

of the e1trie acid eyel. in eXChan~!~try of added malate. 

~~~ . 
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3.6 Acetoacetyl-CoA synthetase actfvity in rat heart preparation 

Although ATP-dependent acti vation of acetoacetate hàs been 

implicated in the oxidation of acetoacetate, as described earlier, there ., 
was no evidence in our experiments that such was the case. Whether an ATP-

l ' 

dependent activating enzytœ for acetoacêtate existed at all has been a 

s.ubject of controversy ti11 recently (2q',77). Recently Stern (73) and 

Buckley and Williamson '(5) using indirect assay procedure were able ta 

demonstrate acetoacetyl-CoA synthetase activity in rat liver and brain cytosol 

respecti vely. 

Having failed to find any evidence for the involvement of an 

ATP-dependent activatot.;y mechanism in the oxidative utilization of acetoacetate, 
l 

we wished to ascerta;n whether a direct ATP-linked activation of acetoacetate 
\ ' 

at all proceeded in rat hea.rt. Therefore attempts were made to measure 
,") 

acetoacetyl .. CoA synthetase acti vit y in heart horogena tes by di rect assay 

procedure •. 

Acetoacety1-CoA 

Acetoacetate t ATP + CoASH ~<------~) Acetoacetyl-CoA + AMP + PPi 

Synthetas\ 

,r 
This direct assay was based on the measurement of the pH-dependent ultra-

violet absorption of acétoacety1-CoA at 303 nm (~125). But under the l~ 

conditions emp1oyed, no acetoacetyl-CoA cou1d be 'estimated. Estimation of 

acetbacetyl-CoA fo~ by coup11ng to L-3-hydroxyacyl-CoA dehydrogenase 

catalyzed ox1dation of NAOH were also unsuccessful because despite 1 mM 
1 ~ 

potassium cyanide and amytal present to ';nhî.bit the electron transport 

chain, the rate of NADH 

/ 
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oxidation in the absence of acetoacetate was so high that the condition were 
~ 

not appropriate for detecting relative1y much slower activation of aceto-

acetate. The high'and variable control absorbance associated with the use of 

homogenates further 1imited the amount of tissue preparation that could be 

used in such a procedure. Assay procedures. based on hydroxamate formation 

a~e quite sucessful for fol1owing activation of short and long chain fatty 

acids (126) but such a procedure was found not to be applicable for assay 

of acetoacetyl-CoA synthetase. This was because when acetoacetyl-CoA reacts 

with neutral hydroxylamine the reaction product is 3-methyl-5-isoxazolone and 

not a hydroxamate (127). Assays based on the formation of AMP and PPi (assuming 

these to be the products of acetoacety1-CoA synthetase reactions) were 

unsuitable because of the presence of active enzyme in rat heart that rapid1y 

metabolize AMP and PPi. Assays based on the disappearance of acetoacetate, 

ATP, and CoASH were found impractical because the activity of acetoacety1-CoA 

syntnetase in p~eparation of rat he art was not high enough to cause any 

measurab1e change in the saturating concentrations of acetoacetate, ATP or 

CoASH necessary during assay. Besides with ATP and CoASH presence of very 

active endogenous enzymes metabo1izing ATP and CoASH rendered the value of 

such approach questionable. Measurement of acetoacetate-dependent CoASH 

disappearance could not have been perfect anyway because under the conditions 

of the assay with CoASH present a variable utilization ôf CoASH for 

acetoacetyl-CoA thio~~ reaction would also have preceeded. 

Both Stern (73) and Euckley and Williamson (75) have followed 

acetoacetyl-CoA formation by coupling acetoacetate activation to citrate 

formation. We found that using such an approach it ~as possible to qualitatively 

pick up ATP and CoASH dependent activation of acetoacetate. 
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Fig. 22 A. Linearity of acetoacetyl-CoA synthetase activity of rat-heart 

homogenate as a function of amount of protein. The reaction medium consisted of 

60 mM Tris-Cl (pH 7.4), 4 mM MgC1 2, 5 mM OTT, l mM oxaloacetate. 0.25 mM CoASH, 

15 mM ATP. 2 units of citrate synthetase, 10 ~g rotenone, 10 vg oligomycin and 
30 mM acetoacetate. The reaction was started by the addition of freshly prepared 

heart homogenate wh~ch was first dialyzed and then sonicated as described under 
Methods. Total assay volume was 500 ~1. Following incubation foi 30 minutes at 

370 C the reaction was terminated by adding 75 vl of 70% perchloric acid. The tubes . , 

were chilled. the contents neutra1ized to pH 7.4 with Na OH and then centrifuged. 

Citrate was determined on the supernatant as described under Methods. The values 

shown are the mean of triplicate analyses, correction for controls lacking ATP 
and CoASH was applied. 
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Following reaction sequences were involved in the assay procedure employed. 

" 
Acetoacetyl-CoA synthetase 

Acetoacetate + ATP + CoASH4r(-----------~) Acetoacetyl-CoA (l) 
) 

+ AMP + PPi 
Acetoacetyl-CoA th;ol 

Acetoacetyl-CoA t CoASH~--------~~~2 Acetyl-CoA (2) 

Acetyl-CoA t Oxaloacetate (3) 

lsocitrate d ydrogenase 
Ci.!rate t NADP+ ( > 2-oxo~1 uta te t NADPH + H

t 
(4) 

Aconitase 
t CO2 

The citrate formed was estimated by following an increas in absorbance 

at 340 nm. Under the conditions emoloyed. citrate formiltion 

increased 

Under optimally termined conditions, the highest activity of 

acetoacetyl-CoA synthetase was found to be present in mitochondria, whereas 

very 1ittle activity was found to be present in supernatant (post mitochondrial 

fraction). (Table 5). lt was not certain wheth~r the low cytoplasmic activity 

was due to the leakage of the mitochondrial enzyme or because of a possible 

limitation of acetoacetyl-CoA thiolase activity in the supernatant. The 

activity of the acetoacetyl-CoA synthetase in heart homogenates was found to 

decrease on storage and retained about half of its activity after one week 

and one-fourth after two weeks when stored at -20°C. 

An effect of acetoacetate concentration on activation showed that 

the enzyme activity rose as the concentration of acetoacetate was increased 

up to 240 mM (Table 5). This lack of saturation of enzyme activity by up to 

240 mM acetoacetate was a1so seen with rat k1dney homogenates (Table 6). 

" 

• 
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TABLE 5 

Acetoacetyl-CoA synthetase activity was ~asured by 

coupling acetoacetate activation to citrate formation (73). The 

reaction medium consis~ed of 60 mM Tris-Cl {pH 7.4),4 mM MgC1 2, 

5 mM DTT, 1 mM oxaloacetate, 0.25 mM CoASH, 15 mM ATP, 2 units of 

citrate synthase, 10 ~g rotenone, 10 ~g oligomycin and var;ous 

concentrations of acetoacetate" The reactions was started by 

the addition of heart preparation which were first dialyzed and 

then sonicated (details under methods). Total assay volume was 

500 ~l. The reaction was terminated by adding 75 ~1 70% perchloric 

acid following incubation for 30 minutes at 370 C. The tubes~ere 

chilled and then centrifuged. Citrate was determined on the 

supern~tant as described under methods. The values are the mean 
............. 

of three readings corrected for controls lacking ATP and CoASH. 
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TABLE 5 Acetoacetyl-CoA synthetase activity in rat heart preparation 

Preparation AcAc Specific activity 
mM !t 

nmoles citrate formed/mg per hr 

Expt. 1 (wi th fresh preparat i on) 

Homogenat~ 30 117 

Mitochondria 30 108 

Supernatant 30 12 

C~ 
(post mitochondrial fraction) 

Expt. II (with 1 week old preparation) 

Homogenate .0.50 6 
1 

1.28 8 

2.50 12 

5.0 18 

15.0 37 

30.0 51 

Expt. II 1 (with 2 week old preparation) 

Homogenate 15 12 

30 26 

'- 60 36 

90 42 

(- ) 120 50 

240 59 

-____ ~~ ___ """~_' ________ ........ _...--L ___ .... _ -.. ~-: ____ ~ ______ ",, __ ~ ____ '-- - -
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Thus based on indirect assay procedures, lt was found that 

acetoacetyl-CoA synthetase is present in rat heart and kidney and that the 

saturation concentration of acetoacetate seems to be several told higher 

than the physiological concentration present normally in body fluide 

3.7 Activation of 0(-) and L(t)-3-hydroxybutyrate by rat heart. 
( 

It has been"reported that both D and L-3-hydroxybutyrate are 

activated by rat liver and kidney (30). But there is no information available 

about the ab'il ity of rat heart to acthate Dl-3-hydroxybutyrate. Therefore 

it ...,as of interest to know if the same could be true in rat heart. Using 

assay procedure based on hydroxamate formation (126) it was possible to detect 

'" activation of., OL-3-hydroxybutyrate in rat heart homogenates. Optimum assay 

conditions with respect to the concentration of NH 20H, ATP, OTT and CoASH were 

determined as shown in Table 6 and 7. Under the optimal assay conditions, 

inclusion of potassium cyanide and potasium fluoride to inhibit the electron 

transport chain and.pyrophosphatase activity respectively, were found un­

necessary. However, it was observed that when OTT was replaced by cysteine 

neutra1ized with Tris, the final color yield due to the formation of ferric 

hydroxamate was markedly decreased in the presence of KF (5 mM and above). 

Under optimally determined conditions it was observed that Ol-3-

hydroxybutyrate was poorly activated by heart homogenate. An effect of 

OL-3-hydroxybutyrate concentration showed that the enzyme activity kept on 

increas;ng as the concentration of Dl-3-hydroxybutyrate was increased up to 

256 mM. (Table 7, Expt. Jo). Because extremely high concentration of 

-~ ... , - .. ~.... . - .. , C" 
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TABLE 6 

Acetoacetyl-CoA synthetase activity was m~asure~ by 

coupling acetoacetate activation to citrate formation (73). The 

reaction medium consisted of 60 mM Tris-Cl (pH 7.4), 4 mM MgC1 2, 

5 mM OTT, 1 mM oxaloacetate, 0.25 mM CoASH, 15 mM ATP. 2 units 

of citrate synthase, 10 ~g rotenone, 10 ~g oligo~cin and various 

concentrations of acetoacetate. The reaction was started by 

the addition of kidney homogenate. The homogenate was first 

dialyzed and then sonicated (details as under methods). Total 

assay volume was 500 ~l. The reaction was terminated by adding 

75 ~l 70% perchloric acid fol1owing incubation for 30 minutes at 

37°C. The tubes were chi]led and then centrifuged. Citrate 

was determined on the supernatant as deseribed under methods. 

The values are the mean of three readings corrected for controls 

lacking ATP and CoASH. 
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TABLE 6 

Acetoacetyl-CoA synthetase activity in rat kidney homogenate 

(prepared fresh) 

Acetoacetate Specifie activity 

nmoles citrate formed/mg per hr 

0.25 17 

2.50 23 

15.00 27 

30.00 33 

0 60.00 40 

120.00 42 

240.00 44 

!ri 
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TABLE 7 
~. 

The reaction mixture cons;ste10f 500 mM NH 20H 

(pH 7.0), 100 mM Tris-Cl (pH 7.0), 4 mg MgC1 2, 7.5 mM AlP, 

0.5 mM CoASH. 5 mM OTT, 0.1% Triton X-100 (to dissociate the 

-structurally bound enzyme), 16 mM butyrate or/and va,r1ous 

concentration of DL-3-hydroxybutyrate. The reaction was started 

by the addition of dia1yzed heart homogenate (0.45 mg ~protein in 

Expt. l·and 0.225 mg protein in Expt. II). Total assay volume 

was 250 ~l. FOllowing incubation for 60 minutes at 370C, the 

reaction was terminated by adding 20 pl of 32% FeÇ1 3 in 60% 

perchlori,c acid (final pH s 1.0). The tubes were chi11ed and 

centrifuged. The hydroxamate formed was estimated in the 

supernatant colorimetrical1y by measuring the absorbance at 540 nm 
~ 

(126). The values are the mean of three readings corrected for 

controls lacking ATP and CoASH. 
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TABLE 7 

Activation of butyrate and OL-3-hydroxybutyrate 

by homogenates of rat heart 

Butyrate DL - 3-hydroxyb.utyra te 

mM mM 

8 

16 

32 

64 

128 

256 

512 . 

16 

16 

32 

64 

16 16 

16 32 

16 64 

t 

88. 

Hydroxamate formed 

nmoles/mg per hr 
1 , , 
r 
i 

65 i 

92 

203 , 

1 
272 

408 ~ 

'; 

511 1 
'1 

133 1 
! 

799 

104 

1tJ9 

239 
, . 

743 

716 

686 
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OL-3-hydroxybutyrate satùrated the activating enzyme, we considered Ul€ 

possibility that this substrate was being activated non-specifically by the 

medium chain fatty acid activating enzyme-butyryl-CoA synthetase. If OL-3-

hydroxybutyrate is activated by the same enzyme which~activates butyrate then 

it is to be expected that the activation ~f butyrate would be inhibited by 

the simultaneous presence of OL-3-hydroxybutyrate. The results indicated 

(Expt. II of Jable 7) that the activatio~ of the butyrate was ~rogressively 

inhibited with increasing concentration of OL-J-hydroxybutyrate. 

In arder ta check if both 0(-) and L(+)-3-hydroxybutyrate are . ~ 

activated, determination of D(-) and L(+)-3-hydroxybutyryl-CoA are required. 

Assay procedure based on the formation of hydroxamate was used to estimate 

both iS9mers of 3-hydroxybutyrate (30,126), L-3-hydroxybutyryl-CoA was 

estimated enzymatical1y by coupling ta the formation of acetoacetyl-CoA 

àccording to the fol1owing equation (128}. 

L-3-hydroxybutyryl-CoA + 
+ L-3-hydroxyacyl-CoA 

NAD ~<::-----------J» Acetoacetyl-CoA + NADH 
-dehydrogenase + H+ 

(EC 1.1.1. 35) 

The data of Table 8 show that the L-3-hydroxybutyryl-CoA fo~ed·was exactly 

half of the total amount of hydroxamate formed showing that both 0(-) and 

L(+) isomers of 3-hydroxybutyrate are acti~ated by homogenates of rat heart. 
~ ~ 

. , 
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TABLE 8 
" 

The incubation system contained 100 mM Tris-Cl 

pH 7.4, 4 mM MgC1 Z' 0.1% Triton X-100, 7.5 mM ATP, 5 mM OTT, 

0.5 mM CoASH"256 'mM. OL-3-hydroxYbutyrate, and various amounts 

of dialyzed heart homogenate. Total assay volume was 250 ~l. 

Time of incubation was 30 mins at 370 C. The reaction was stopped 

~by adding 60 III of 60% perchloric acid. The tubes were' chilled, 

neutralized ta pH 7.0 and then centrifuged. 

Estimation ~f Ol-3-hydroxybutyryl-CoA: 

To 125 ~l of the neutral supernatant obtained above 

was added 45 ~1 of 2 M NH20H (pH 7.0). Following incubation for 

~ 10 minutes at room temperature, 20 III of 32% of FeC1 3 in 60% 

perChloric
i 
9C,id was added (final pH :s 1.0). ri hydroxamate 

formed was estimated colorimetrically at 540 nm (126). 

Estimation of L(+)-3-hydroxybutyryl-CoA: 

Ta a cuvett with 10 mm light path was added 90 111 

0.5 M tris-Cl ~9.5, 5 III 0.1 M EOTA, 10 III 0.01 M NAO+, 
. 

40 pl H20 and 5 pl of L(+)-3-hydroxyacyl-CoA dehydrogenas~. The 

react10n was initiated by the addition of 100 pl of the neutra1 

supernatant. (Total volume 250 ul) and an increase in absorbance 

at 340 nm due ta the formation of acetoacetyl-CoA was recorded 
- . 

"-using Gilson spectrophotometer equipped with recorder (128). The 
, .. . 

" '" values are the mean of three readings corrected for controls 

lackfng ATP and CoASH. 
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TABLE 8 

Activation of both 0 (-) pnd L(+)-3-hydroxybutyrate 

by homo~na'te of rat heart 

Homogenate 

mg protein 

0.1'4 

0.29 

0.57 

1.14 

2.15 

DL-3-hydroxybutyryl-CoA 
fnnned based on 
hydroxamate method 

Pl moles 

73, 

95 

95 

88 ' 'iO 

93 ... ~,r 

l(t)-3~hydroxybutyryl-CoA 
formed based on enzymatic 
method 

n mo1~s 

36 

47 

47 ' 
-' 

43 

46 ~ 

1 • , , 

90. 

~J 

, , 
"'E L t. T. '. 



[ 
i' 
t , 
, 0 
• " r 
î , 

1 
l' 
1 

1 

l 
1 

1 
1 

(\ 

" 

4. DISCUSSION 

, 
lt is known that addition of smal1 amounts of aèids,of the 

citrie acid cycle (s,uch ,as ma1ate, succinate, etc) greatly stimulates 

the mitochondrial oxidat~n of those sUQstrates that require the 

operation of citric acid cycle (112). In line with this we observed 

that the oxidation of pyruvate, acetylcarnitine an~ acetoacetyl­

~ine was stimulatéd by malate (Fig. 2). However, oxidation of 

a~etoacetate was found to be inhibited by malate (Fig. 2, curve D). 

The reasons fo~ this unexpected effect of malatè on acetoacet~te 
... 

oxidation can be explained by th~ following considerations. 

91. 

\_-- Recent studies' have shown that the 1nner mitochondrial membrane 

1s not freely permeable to the acids of citric acid cycl~ and have demonstrated 

the presence of several transport systems responsible for the movement of 
1 

these acids across the inner membrane (8,129}. Thus transport systems are 

known which would allowentry of malate in exchange for the exit of either 

intram1tochond~ïal succinat~i or of 2-oxoglutarate. r -;,~ 

If an entry of malate led tO\~~~flu~ of 2-oxoglutarate then the mitochond~ial 

oxidat1on of acetoacetate would be inhibited by the addition of malate. It 
1 

appears that the malate inhibition of acetoacetate oxidation resulted from . . 
malate-induced 105S of intrami'tochondrial 2-oxoglutarate. It is known that , 
2-oxog1utarate oxidation leads ta the formation of succinyl-CoA and that . 

succinyl-CoA can be utilized for activation of aceto~cetate. The observation 
" , 

that malate inhibition of acetoac~tate oxidation was restored by the addition 
+ ' , 

of small amounts of 2-oxoglutarate "J.

'

t!nds support ta the above belief {Fig. 2, 

(urve D and Fig. 2, curvé S)~ It ~y be noted that oxidation of other 

'1 • 
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substrates. WhlCh do not requlre~s'ucclnyl-CoA for lnltiation of thelr 

oXldatlVe utlllZation. ~Ias not as much stlmulated by 2-oxoglut.arate. 

(Flg. 2, curves A. Band Cl. Slmllar1y, inhibitors of 2-oxoglutarate 

oXldatlon, arsenite and parapyruvate lnnlbited the oXldation of 

acetoacetale to a much greater extent than the lnhibition of the 

oXldation of other substrates such as pyruvate. acety1carnitine, 

acetoacetylcarnitlne and pa1mity1carnitlne. which do not requlre 

succinyl-CoA for in1tiation of thelr oxidative utillzation (Flg. 4-10). 

Other workers believe that acetoacetate can be activated by an 

ATP-dependent actlvating enzyme a1so (71-73, 97). If ATP ;s able to 

activate acetoacetate for oxidation th en the stimulatory effect of 

2-oxog1utarate on acetoacetate d~dat;on should be less or absent 
'" 

~when/ADP plus Pi l~stead of DNP support the respiration. This being 

because in presence of ADP plus Pi ATP becomes avallable bath due ta the 

action of adenylate klnase and from the oxidative phosphorylation that 

accompanies mitochondrial respiration. However, the stimulation of 

respiration by 2-oxoglutarate was found ta be as marked with ADP plus 

Pi as with DNP plus Pi (Fig. 23). Furthermore, when acetoacetate­

dependent respiration wàs inhibited by either malate (Fig. 2), arsenite 

(Fig. ,4) or parapyruvate(Fig. 5) ~ddition of ATP (in the presence of 

oligomycin) was unable to stimulate respiration. These results, based 
,,1-

on the measurement of oxygen consumption. failed to provide any evidence 

for the involvement of an ATP-dependent activatory enzyme in the oxidative 

ut11ization of aCêtoacetate. 
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Fig. 23 Stlmulation of acetoacetate oxidation by 2-oxoglutarate . 

in presence of ADP or DNP. 

To 1.62 ml of air-saturated medium (230 mM mannitol, 

70 mM sucrose, 20 mM Tris-Cl, 20 ~M EDTA, pH 7.2, 2aoe) was 

added freshly isolated mitochondria (0.54 mg protein). Other 

additions were made as shown. Numerals by the side of the 

tracing, the rate of oxYgen consumption in natoms per min per 

mg of protein. Mita, mitochondria. 
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It has been reported that Pi and arsenate inhibit the mitochondrial 

oxidatlon of acetoacetate (97,98) by directing succinyl-.CoA towards substrate­

level phosphorylation and towards arsenolysis, respectively, whereby the 

succinyl-CoA-llnked activation of acetoacetate is impaired (98). Accordingly 

'" arsenate-insensitive oxidation of acetoacetate has been considered to provide 

evidence for succinyl-CoA-independent route (s) of acetoacetate activation 

(97). From the results obtained in the present study it is clea'r that the 

effects of Pi and arsenate on acetoacetate oxidation fail to indicate whether 

acetoacetate activation has involved a succinyl-CoA-dependent or -independent 

route. This being because the effect of Pi and arsenate on acetoacetate 

oxidatfon varied with the conditions and because similar effects were also 

seen on the oxidation of other substrates. Thus in the absence of added 

sparkers of citric acid cycle, Pi and arsenate inhibited the oxidation not 
of 

onlY/acetoacetate but of other substrates as well (Fig. 14 and 15). In 

contrast, when added sparkers of citric acid cycle were present, Pi and 

arsenate stimu1ated rather than inhibited the oxidation of acetoacetate and 

of other substrates (Table 1 and 2). Table l shows that with DNP present, 

arsenate stimu1ated acetoacetate oxidation under conditions in which activation 

of acetoacetate involved succinyl-CoA-dependent route. Therefore the suggestion 

of Alexandre et al. (97) that oxidation of acetoacetate in the presence of 

arsenate indicates a succinyl-CoA-independent path of acetoacetate activation 

15 no longer jU5tified. Insofar as Pi promotes the leakage of intramitochon­

dr1al acids of citric acid cycle (130, 131), it is to be anticipated that when 

the concentration of intramitochondrial intermediates of citric acid cycle is 

sub-optimal, oxida'tion of substrates coupled to the operation of citric acid 1 

i 
. 1 
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• 
cycle would be inhlbited by Pi. Our findlngs that oxidation of acetodcetate 

and of other substrates \'las inhibi ted by Pi (and by arsenate) only wh en 

sparkers of the cltric acid cycle (malate and 2-oxéglutarate) were not added. 

suppor~s view. Further, although Hatef'i and Fakouhi (98) considered a 

Pi inhibition of acetoacetate oxidation to be mediated by effects on succinyl-
1 

CoA metabolism alone, they also noted that depletion of bound (i.e. intramito­

chondrial ?) substratessensitized mitochondria to inhibition by Pi. 

The precise mechanisms by which Pi stimulated oxidation of acetoa-

cetate and of other substrates is not clear but such effect(s) of Pi are 

unlikely to be restricted to any one step alone. For a respiration dependent 

on the operation of citric acid cycle a Pi involvement is to be expected 

because succinyl-CoA deacylation requires Pi. This would be true even during 

acetoacetate oxidation because wh1le each molecule of acetyl-CoA entering 

citric acid cycle produces Q molecule of succinyl-CoA the latter would 

generate twice as many acetyl-CoA molecules if Pi was lacking and the deacyla­

tion of succinyl-CoA were linked to the 3-oxoacid-CoA transferase reaction 

alone*. In such a situation for each turn of the citric acid cycle, one 

molecu1e of ao acyl-CoA (as acetoacetyl-CoA or as acetyl-CoA) wou1d appear as 

a surplus and the fa11ing concentration of intramitochondria1-CoA wou1d slow 

down respiration by limiting 2-oxoglutarate oxidase step of the citric acid 

cycle. Under these conditions. presence of Pi should permit regeneration of 
• ~ 

CoASH by directing part of the succinyl-CoA (and a1so acetoacetyl-CoA because 
. l 

of the reversibility of the 3-oxoacid~CoA transferase reaction) towards 

* The ac~ivity of succinyl-CoA hydrolase is quite low in heart (132) • 
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\ 
subs traté-l eve 1 phosphoryl ation. Our fi'nd~ng that Pi s timul ated acetoaceta te 

oxidation when sparkers of citrlc acid cycle were present 1S consistent with 

thi5 view. 

Pi a150 stimulated oxidation of substrates that did not require 

operation of entire citric acid cycle. Table 2 shows this for succinate 

oxidation (in the presence of amytal). Because Pi accelerates the reduction 

of oxaloacetate by mitochondrial malate dehydrogenase (133) part of the Pi 

stimulation of succinate oxidation could have occurred in this way. In 

addition when an added citric acid cycle intermediate serves as a ~bstrate 

for oxidation (e.g. succinate in Table 2) or is required for supporting 
o 

respiration of another substrate (e.g. malate with pyruvate, malate plus 2-

oxoglutarate with acetoacetate) a stimulatory effect of Pi may be exerted in 

the translocation of polycarboxylate anions. It is known that permeation of 

severa1 acids of citric acid cycle is dire~tly or indire~y facilitated by 

Pi (8, 13, 129). Besides these other stimulatory effects of Pi are a1so 

possible e.g. oxidation of NADH by mitochondria1 preparation---is, stimu1ated 

by Pi (~). Inasmuch as physi~togica1 leve1s of Pi accentuated respiration 

of uncoupled mitochondria by action at severa1 sites it is possible that 
- . 

changes in Pi'level in vivo contribute to the fine control of energy metabo1ism. 
~ 

Furthermore, because at physiological'levels, Pi and ADP stimulated rather 

than inhibited the 2-oxoglutarate-supported oxidation of acetoacetate, it is 

clear that under conditions of high rat~s of succinyl-CoA generation acetoace­

tate competes successfully with Pi for the utilization of succinyl-CoA • 
.... 

Additional support for this view is offered below. The stimulation of the 

oxidation of 2~ox9g1utarate to succinate by Pi is wel1 known and is generally 

----""--""._--' ._. --""~---""""'-"------""""'-'I--'-' __ . __ ~ ____ ~_. __ "- __ 
'. . 
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interpreted to indicate a requirement of Pi for substrate-,leve1 phosphory1ation 

(135). Fig. 24 shows that such Pi stimulated oxidation of 2-oxoglutarate in 

the presence of malonate was inhibited by acetoacetate. This is to be' expected 

only if acetoacetate diverts succiny1-CoA,from substrate-1eve1 phosphorylation 

to acetoacety1-CoA formation because with malonate present to block the citric 

acid cycle, regeneration of CoASH from acetyl-CoA (derived from acetoacetyl­

CoA) cannot proceed and consequently 2-oxoglutarate oxidation slows down due 

ta a pausicity of CoASH. AdditiQn of carnitine should reverse such an 

inhibitory effect of acetoacetate because, as ~ result of carnitine acetyl­

transferase reaction, carniti~e can regenerate free CoASH from acetyl-CoA (136) 
\. 

and from acetoacetyl-CoA (97). Fig. 24 shows that such an effect was indeed 

observed. No such effect of carnitine was seen in the absence of acetoacetate. 

If ;s evident, therefo~e. that contrary to the belief commonly held (97, 98, 

137) even in the presence of Pi, succinyl-CoA can be wel1 utilized for acetoa­

cetate activation. 

Among various substrates tested, mitochondria from heart show 

hi ghest and s imil ar respi ratory rates with pyruvate and pa 1mity1carnitine (l38) 

and our present finding show that mitochondria respire as rapidly ~ith 
-

acetoacetate as with pyruvate. "The ADP plus Pi stimulated respiratory rates 

with acetoacetate (492 ± 17.6) were found to be quite similar (p > 0.1) ta 

those (519 ± 12.8) seen in paralle1 experiments with pyruvate. Inasmuch as 
\, 

acetoacetate ,oxidation was wel1 coupled ta phosphorylation, it is evident 

that heart can derive nearly as much energy by utilizing ketone bodies as 

that possible from the aerobic oxidation of carbohydrate or of fat which of 
~ 

course is quite appropriate for th;s tissue. Because oxidation of acetoacetate 

---_ .. _~ _ .. " ..... _---_t .... _ .. __ ... _lIImm_ ..... ' .. «:::i!-______ -----------·------.,... .. ~. 
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Fig. 24 Inhibition of the Pi-stimulated oxidation of 2-oxoglu­

tarate by acetoacetate and its reversal by carnltine. 

To 1.6 ml of air-saturated medium (230 mM mannitol, - . 
70 mM sucrase, 20 mM Tris-~l, 20 ~M EDTA, pH 7.2, 2Soe) was 

added freshly isolated mitochondria (1.2 mg protein). Other 

additions were made as shown. Numerals by the side of the tracing, 

the rate of oxygen consumption Th natoms per min per mg of proteine 

Mito, mitochondria. 
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was coupled to succinyl-CoA-linked activation of acetoacetate it appears that 

the 3-oxoacid-CoA transferase of intact heart mitochondria has adequate capa-
> 

city 50 as not to limit the utilization of acetoacetate for energy production. 

As described earlier, Pi and arsenate stimulated the acetoacetate-

dependent respiration of rat heart mitochondria when malate and 2-oxo~lutarate 

were present. However, attempts to ascertain if under these conditions Pi 

stimulated the oxidation of acetoacetate by following the conversion of [14C4J -

acetoacetate or of [14C3J acetoacetate to 14C02, were unsuccessf .. l because 

only negligible amo!n-t ~9f 14C02 '.'las produced in such experiments despite the 

fact that under identical conditions acetoacetate greatly stimulated mitochon­

drial oxygen consumption. Experiments with pyruvate showed that while malate -

a known sparker of the citric acid cyc1e - stimulated pyruvate oxidation as 

seen by stimulation of oxygen consumption, ~imultaneously the conversion of 

carbon atoms of acetyl group (derived from pyruvate oxidation to CO2 was 

inhibited by malate (Table 4). A clue to this anamolous behavior of malate 

was obtained by the determination of the ôO(atom)fll pyruvate (mole) ratio. 

When pyruvate alone' was offered to mitochondria. the ().Of~ pyruvate ratio was 

found to be close tOrS'(Fig. 20). Because ratio of 5 is to be expected from 

the complete oxidation of a mole of pyruvate to CO2, 

; t 1s cl ear that pyruvate was nearly compl etely oxi di zed, to CO2 and water when 

oxidation of pyruvate depended on the presence of endogenous sparkers of the 

citric acid cycle. When mitochondrial oxidation of pyruvate was followed in 

the presence of 9dded malate, the àO/~ pyruvate ratio averaged 3.6. This 

showed that pyruvate was incompletely oxidi zed 1n the presence of malate. It 

.=7RP" 
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is kn~n that mitochondria have transport systems because of which entry 

of ma1ate 1eads to the exit of another permeant intramitochondrial arqion 

such as succinate, 2-oxog1utarate or citrate (124). Chappell and Haar~off 

(139) on the basis of experiments with rat liver mitochondria have suggested 

that during the oXidati~of suc~inate, entry of succinate appeared to be 

obligatori1y linked to the exit of malate. If the reverse of above were 

operating in the present experiments with heart mitochondria t-i.e. if the 

entry of malate were coupled to the exit of succinate) then the 60/6 pyruvate 

would have ·been 4.0. However, the experimental1y determined values of 60/6 '" 

pyruvate with malate present averaged 3.~ suggesting that besides succinate 

other anions.like 2-oxog1utarate and citrate may a1so be exchanging with 

ma1ate. Direct measurement in one such experiment showed that whi1e som~ 

accumulation of 2-oxoglutarate occurred during the oxidation of ma1ate a10ne, 

its amount was increased by the additional presence of pyruvate. This extra 

formation of 2-oxog1utarate. however corresponded to only 14.4% of that 

expected from the aroount of-pyruvate disappearing. In somewhat similar 

experirnents but with 5 mM ma1ate, LaNoue et a1.(140) have found that pyruvate 

oxidatiori 1ed initial1y to the accumulation in the incubation medium of 

significant amounts of succinate, sorne of 2-oxog1utarate and much smaller 

amounts of citrate. Although Davis (141) has reported that commercial prepa-

rations of pyruvate have significant amounts of parapyruvate as contaminant 

which inhibited the oxidation of 2-oxog1utarate, the accumulation of 2-oxoglu­

tarate in our experiments could not be due ta th;s r~ason because at the low 

levels of pyruvate employed in the present experiments, inhibition by 
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contaminating parapyruvate was not noticeable*. Furthermore, this accumulation 
• 

of 2-oxog1~tarate due ta pyruvate oc~urred on1y in the presence of malal~. 

Though not quite so marked,an inhlbition of mitochondrial. 

axidation of [ l4cJ-acety1-COA by higher concentrations of added sparkers of 

citric acid cycle has been observed" by other investigators before and this 

has been attributed to the dilution. of acetyl-CoA pool by,tYl-COA supposedly 

derived from the added "sparkers" (142, 143). However, as the present study 

shows the inhibition of the conversion of carbon atoms of acety1 group to CO 2 , 
by added sparkers of citric ~èid cycle such as malate results instead fram the 

interruption of the cyclic operation of the citric acid cycle brought about 

by the eff1ux of mitochondrial1y generated acids of citric acid cycle in 

exchange for the entry of added ma1ate. 

Evaluation of the invo1vement of ATP-dependent activation of acetoacetate: -
c 

ATP-dependent activation of acetoacetate has been described for 

several tissues (71-76). Acetoacetyl-CoA synthetase activity in a11 the studies 

cited above was measured by coupling acetoacetate activation to citrate forma-

tion. In the present study, based on the measurement of oxygen consumption,' 

no evidence cou1d be obtained for the participation of an ATP-dependent 

activatory mechanism in the oxidative utilization of acetoacetate by rat heart 

mitochondria. Assay of acetoacety1-CoA synthetase activity in preparations of 
) 

rat heart based on measurement of the pH-dependent absorption of acetoacetyl-
• 

1 

CoA at 303 nm (125) or estimation of the acetoacety1-CoA formed by coupling 

ta L-3-hydroxyacyl-COA dehydrogenase were unsuccessful. However, by coup1 i n9 

* We did obtain, in agreement with the finding of Davis (141) non-1inear 
rates of respi ration with cOlTl11ercia1 preparations of pyruvate bei n9 used 
(Sigma Chemical Co.) but this was marked only above concentrations 
exceeding 90 pM. 
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acetoacetate activation t9 citrate formation (73, 75), we were able to detect 

the presence of an ATP-dependent acetoacetyl-CoA synthetase in preparations 

of rat hearot and kidney" But such an enzyme exhibited q very poor affinity 

for acetoacetate because the rate of acetoacetate activation kept on increa-

sin9 with rising concentration of acetoacetate and there was no evidence that 

the rate became saturated at 240 mM (Table 5). DL-3-Hydroxybutyrate was also 

found to be poorly activated by homogenates of rat heart as extremely high 

concentration (256 mM) of DL-3-hydroxybutyrate were requi red to saturate the 

activity of the enzyme (Table 7). 

Because of the low affinity for acetoacetate and OL-3-hydro~buty-

rate it is unlikely that the ATP-dependent activating enzyme \'Iould be involved 

in the oxidative utilization of acetoacetate and DL-3-hydroxybutyrate in heart 
~ 

or kidney even under ketonemic conditions. The concentrationsof acetoacetate 

and D-3-hydroxybutyrate in blood of normal adult p'ersons 'fasted for 12-20 hours, 

are 0.015-0.226 mM and 0.031-0.650 mM respectively (49). Normally about two-
, 

third of the ketone bodies are found as D-3-hydroxybutyrate and one-third as' ' 

acetoacetate and acetone. In severe cases of ketoacidosis, blood ketone 

bodies levels may be raised up to 5 mM (49). In rats starved for 48 hours, 

the concentrationsof aCetoacetate and 0-3-hydroxybutyrate were found. to be 

0.47 mM and 1.62 mM respectively (19). 

The poor activation of acetoacetate and OL-3-hydroxybutyrate by 

rat heart r~ised the question as to whether these substrates were activated 

non-specifica11y by one of the short~chain acyl-CoA synthetases such as 

butyryl-CoA synthetase. Sorne support for this was obtained in experiments 

where the activation of butyrate was found to be inhibited by the simultaneous 
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pres~ce of'Dl-3-hydroxybutyrate (Table 7). 

It has been r~ported that bath D('-') and L( +) ; somers of 3-

hydroxybutyrate are activated by rat liver and kidney f'JO). We found this 
, 

ta be true for heart tissue as well. 

5. CONCLUSION 

Malate stfmulated the mitachondrial toxidation of pyruvate and 
, . 

/aCYl car~i ti ne as expected but oxi dati.on of acetoaèeta te was found to be 

.J 

inhibited by malate. This inhibition of acetoacetate oxidation by malate 

was restored by the addi tian of 2-oxogl utarate. Oxidation of other substrates 

was relatively little affected by the presente of 2~oxoglutarate. This requi­

rement of 2-oxogl utarate for acetoacetate ox; dation stems from the abil ity 

of 2-oxoglutarate to provide succinyl-CoA. It appéars 'that inhibition of 

acetoacetate oxidation by mala·te resulted from the 10ss of intramitochondrial 

2-oxoglutarate (or its precursors) that accampanied entry of malate into 

mi tochond ri a • .. 
Unlike the oxidation of pyruvate and acylcarnitine, optifual oxida-. , 

tian of acetoaCetate required the presence Of bath malate and 2-oxoglutarate.-

When 2-oxoglutarate was present smal1 amounts of malate stimulated instead of 

inhibiting the oxidatio'n of acetoacetate. 

The 2-oxoglutarate s~pported oxidation of acetoacatate was , 

markedly inhibited by arsenite and parapyruvate. These inhibitors of 2-

oxoglutarate o~idation also inhibited mitochondrlal oxygen consumption with 

pyruvate and acylcarnitines when respiration was f'ollowed in the presence of 
, ' ~ 

malate but the extent of such inhibition was' relatively smàl1. 

• 
1 

\ 

.1Oi_ ... '5"'1! ...... _ .'/>iR:~b_''F'''''I'''''''~ , V ,,*1'" ~ ft$' ~"II'If"''''~1RV'''tfIiIIIII. ~,,_"'_ .... r .... ~_""' __ '-'"" .-

1 
j 

J 

1 
1 

.1 



• 

--

104 •. 

Inh1b1tlon of acetoacetate oX1dation by arsenlte, parapyruvate 

(ln the presence of 2-oxoglutarate and malate) or malate (in the absence of 

added sparkers) was not at all restored by the add1tion of ATP showing that 

ATP was unable ta activate acetoacetate for oxidation. Thus there is no 

eVldence that ATP-dependent activation of acetoacetate may be involved in 

the oxidative util1zation of acetoacetate. The above results th us suggest 

that a continual generatlon of mitochondr1al s~cinyl-CoA is obligatory for 

init1ating acetoacetate oxidation. 

When sparkers of citric acid cycle were not added. Pi and 

arsenate inhibited the mitochondrial oxidation of acetoacetate: however, 

under these conditlons Pi and arsenate inhibited the oxidation of pyruvate 

and acylcarnikines as well. This was true with uncoupled mitochondria and 

under conditions ln which production of ATP was not expected. Thus the' 

inference of Alexandre et al.(97) that oxidation of acetoacetate in presence 

of arsenate indicates involvement of succinyl-CoA-ind~pendent route in the 

activation of ac~toacetate is not true. 

Acetoacetate was able to support as high rate of coupled respira-

tion of rat hear~ mitochondria as seen in parallel experiments with pyruvate, 

showing that rat heart mitochondria can derive as much energy by ox;dizing 

acetoacetate as that possible from the oxidation of pyruvate. 

Because in our experiments activation of acetoacetate proceeded 

via su~cinyl-CoA route, the capacity of 3-oxoacid-CoA transferase of rat 

heart ~tochondria appears ta be 

of ac~t~cetate for oxidation. 

adequate 50 as not ta limit the utilization 

,~ 

1 
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Under conditions in ~hich oxygen consumption of mitochondria 

with acetoacetate as substrate was stimufated by the addition of 2-oxoglutarate 

and malate. conversion of [14C3]- or [14C4J-acetoacetato to 14C02 did not 

proceed. This discrepancy was resolved by fol1owing the effect of malate on 

the oxidation of differentia11y labeled pyruvate. The results showed that 

although malate stimulated pyruvate-dependent consumption of oxygen. production 
14 14' 14 of CO2 from[ c~- and [ C~ pyruvate was inhibited. It appears that 

entry of ma1ate in mitochondria accompanied an efflux of intramitochondrial 

intermediates of çitric acid cycle resulting in interruption of the cyclic 

operation of citric acid cycle. 

In the presence of ATP and CoASH, tat heart preparations activated 

acetoacetate as well as 0(-) and L(+) isomers of 3-hydroxybutyrate. But the 

activating enzyme showed such poor affinity for acetoacetate and 3-hydroxybuty-

rate that its involvement in the activation of ketone ~dies in vivo is 

questionab1e. It is possible that butyry1-CoA synthetase itself activates non­

specifical1y acetoacetate and 3-hydroxybutyrate because presence of OL-3-

hydroxybutyrate was found to inhibit the activation of butyrate. 
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