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of Hepatic Fatty Acid Oxidation and Ketogenesis
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AB S T RA C T Studies on the oxidation of oleic and
octanoic acids to ketone bodies were carried out in
homogenates and in mitochondrial fractions of livers
taken from fed and fasted rats. Malonyl-CoA inhibited
ketogenesis from the former but not from the latter
substrate. The site of inhibition appeared to be the
carnitine acyltransferase I reaction. The effect was
specific and easily reversible. Inhibitory concentra-
tions were in the range of values obtained in livers
from fed rats by others. It is proposed that malonyl-
CoAfunctions as both precursor for fatty acid synthesis
and suppressor of fatty acid oxidation. As such, it might
be an important element in the carbohydrate-induced
sparing of fatty acid oxidation.

INTRODUCTION

Previous studies from this laboratory have suggested
that the marked enhancement of long-chain fatty acid
oxidation and ketogenesis characteristic of livers from
ketotic animals results from activation of the first step
specific to fatty acid oxidation, namely the carnitine
acyltransferase reaction (see 1 for review). The mecha-
nism for this activation is not understood, though
elevation of liver carnitine levels appears to be one
component of the control system (2). It has long
been known that a reciprocal relationship exists
between liver glycogen content and fatty acid oxidation
(3, 4), and we have shown that high carnitine
concentrations are not sufficient to induce ketosis if
hepatic glycogen content is high (5). An attractive
hypothesis was that some factor related to hepatic
carbohydrate metabolism served to suppress fatty
acid oxidation in the fed state.

The studies to be reported below suggest that the
putative suppressor intermediate is related to carbo-
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hydrate metabolism but in fact is not part of the
immediate sequence of glycogen to pyruvate. Rather,
it is the first intermediate specific to the fatty acid
biosynthetic pathway, malonyl-CoA. Moreover, it is
shown that malonyl-CoA exerts its effect by inhibiting
camitine acyltransferase I. Thus, malonyl-CoA might
represent the regulatory factor through which the
carbohydrate sparing of hepatic fatty acid oxidation is
expressed.

METHODS
Animals. Male Sprague-Dawley rats weighing 100-150 g

were used. They were fed a diet containing 58.5% sucrose,
21% casein, and less than 1% fat by weight, together with
all necessary vitamins and minerals (Teklad Test Diets,
Life Sci. Div., The Mogul Corp., Madison, Wis.) and used
for experiments between 7:00 and 8:30 a.m. Fasted rats
were deprived of food for 24 h before use.

Preparation of liver homogenates. Rats were killed by
cervical dislocation followed by exsanguination. Liver
homogenates were prepared in a modified Krebs-Henseleit
bicarbonate buffer, pH 7.4, containing no calcium, twice the
normal amount of MgSO4, 4 vol of 0.154 M NaCl, and 100
vol of 0.154 M KCI per 130 vol of buffer (referred to
hereafter as potassium-KHB buffer). The tissue was first
minced with scissors and homogenized in a Dounce
homogenizer (Kontes Co., Vineland, N. J.) with six strokes
each of a loose and a tight-fitting plunger. Homogenates
from fed rats were brought to a final concentration of
5% (wt/vol) while those from fasted animals were pre-
pared in a concentration of 3.1% (wt/vol). The latter dilu-
tion was used to provide concentrations of mitochondria
equivalent to those obtained in the fed homogenates (judged
by measurements of glutamate dehydrogenase activity in
freeze-thawed preparations). The observed increase in mito-
chondrial content of homogenates from fasted rats presumably
resulted from shrinkage in liver size after 24 h of starvation
(35-40%). For certain experiments mitochondrial fractions
were prepared by centrifugation of the whole homogenate
at 2,000 g for 10 min in a refrigerated centrifuge, removal
of the supernate, and resuspension of the pellet to the
original volume with potassium-KHB.

Mitochondrial integrity was evident from the following
observations: (a) centrifugation of homogenates followed
by freeze thawing of supemates and pellets in liquid N2
showed that 95- 100%o of the glutamate dehydrogenase

The Journal of Clinical Investigation Volume 60 July 1977 *265-270 265



and citrate synthase activities were confined to the latter
fraction; (b) in the presence of ATP and coenzyme A
(CoASH) oxidation of oleate was absolutely dependent upon
the addition of camitine, whereas oxidation of octanoate and
L-octanoylcarnitine required neither CoASH nor camitine;
(c) the high rates of fatty acid oxidation seen in whole
homogenates and mitochondrial fractions were almost com-
pletely lost upon freeze thawing in liquid N2; (d) respiratory
control ratios expected for intact mitochondria were observed.

Experiments with homogenates. Incubations were carried
out in 25-ml Erlenmeyer flasks which initially contained,
in a total volume of 2.0 ml of potassium-KHB buffer, the
[14C1-labeled fatty acid and other components listed under
Results. Reactions were initiated by addition of 0.5 ml of liver
homogenate or mitochondrial fraction, the flasks were gassed
with 95% 02:5% CG2, capped with rubber stoppers from
which were suspended plastic center-wells (Kontes Co.), and
shaken at 37°C with 80-90 oscillations per min. At the
indicated times 0.4 ml of 1 Mhyamine hydroxide in methanol
and 0.4 ml of 5% (wt/vol) HC104 were injected into the
center wells and flasks, respectively. The flasks were shaken
for a further 45 min at room temperature to trap '4CO2
after which the center wells were placed in plastic vials and
assayed for radioactivity in a liquid scintillation counter. The
flask contents were transferred to tubes containing 0.3 ml of
70%o (wt/vol) HC104 and, after centrifugation, the super-
natant fraction was neutralized with 5 NKOH.The neutralized
extracts were analyzed for acetoacetate and f3-hydroxy-
butyrate and for the 14C content of the individual ketone
bodies as described previously (6). Throughout the text the
term "ketones" will always refer to the sum of acetoacetate
plus ,8-hydroxybutyrate.

Materials. Labeled fatty acids were from Amersham/
Searle Corp., Arlington Heights, Ill. L-carnitine was ob-
tained from Grand Island Biological Co., Grand Island, N. Y.
ATP, CoASH, acetyl-CoA, propionyl-CoA, methylmalonyl-
CoA, and malonyl-CoA were purchased from P-L Biochem-
icals, Inc., Milwaukee, Wis. The sources of all other materials
have been given previously (2, 5, 6).

RESULTS
For purposes of this discussion the important steps in
the hepatic oxidation of long-chain fatty acids to ketone
bodies are summarized below:

(a) Fatty acid + ATP

acyl-CoA
+ CoASH fatty acyl-CoA

synthetase
+ AMP+ pyrophosphate;

(b) Fatty acyl-CoA

CAT I
+ carnitine = fatty acylcarnitine + CoASH;

(c) Fatty acylcamitine

CAT II
+ CoASH = fatty acyl-CoA + carnitine;

fl-oxidation
(d) Fatty acyl-CoA -* acetyl-CoA

HMG-CoA
__+ ketone bodies;

cycle

where CAT I and CAT II represent carnitine acyl-
transferases I (located on the outer aspect of the inner
mitochondrial membrane) and II (located on the inner
aspect of the inner mitochondrial membrane), re-
spectively (7).

Determination of optimal conditions for the oxida-
tion of fatty acids by whole liver homogenates. The
standard reaction mixture ultimately employed in
studies with oleic acid contained in a final volume of
2.5 ml potassium-KHB buffer:sodium [1-_4C]-oleate,
0.1 mM, bound to 0.8% defatted albumin (molar ratio
fatty acid:albumin = 0.95); ATP, 4 mM; L-carnitine,
0.1 mM; CoASH, 0.05 mM; and liver homogenate in
the quantities indicated in legends to Tables. Simi-
lar conditions were used to examine the oxidation of
[1-14C]octanoate, except that albumin, carnitine, and
CoASHwere omitted and the substrate concentration
was increased to 0.2 mM. These conditions yielded
oxidation rates that were maximal and linear over a
period of 15 min. Ketone bodies, mainly in the form
of acetoacetate, were virtually the sole products of
oleate oxidation. Essentially no endogenous fatty acid
oxidation occurred under these conditions. The
quantity of fatty acids oxidized through the tri-
carboxylic acid cycle was less than 1% of that con-
verted into ketone bodies.

Comparison of rates of oxidation of oleate and
octanoate by liver homogenates. Table I shows that
both oleic acid and octanoic acid supported equally
high rates of ketogenesis in homogenates from fed
and fasted rats. In the case of the medium-chain
fatty acid this was expected since neither CAT I nor
CAT II is required for entry into the ,8-oxidation
sequence and octanoate has previously been shown to
be oxidized at similar rates in intact livers from
fed, fasted, and diabetic rats (8). The rate of oleate
oxidation, which is low in perfused livers from fed

TABLE I

Effects of Malonyl-CoA on the Oxidation of [1-14C ]-Oleate
and [1-14C I-Octanoate by Liver Homogenates

from Fed and Fasted Rats

Fatty acid -* ketones
State of
animal Malonyl-CoA [1-'4C]-oleate [1-'4C]-octanoate

mM nmolIl2 mmn

Fed 0 116 326
0.2 14 330

Fasted 0 129 329
0.2 41 344

0.5 ml of whole liver homogenates was incubated with the
standard reaction mixture described in the text.
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rats compared with those from fasted animals (9),
was equally rapid in homogenates prepared from
such livers. Thus, under the conditions of these
experiments, the overall capacity for long-chain fatty
acid oxidation in homogenates appeared to be un-

altered by fasting, an observation consistent with
those made by DiMarco and Hoppel with rat liver
mitochondria (10).

Effect of malonyl-CoA on the oxidation of fatty
acids by liver homogenates. If long-chain fatty acid
oxidation were normally suppressed in the fed state
by a specific factor, the high rates of ketogenesis
from oleate seen in the fed homogenate might have
been due to the 100-fold dilution of cellular com-

ponents in the final incubation mixtures. The puta-
tive factor might logically have been sought either
in the glycolytic sequence (glycogen -- pyruvate) or

in the fatty acid biosynthetic pathway per se (acetyl-
CoA -- fatty acids). In view of the known reciprocal
relationship between rates of fatty acid synthesis
and oxidation in liver, we favored the latter possibility.
Since malonyl-CoA represents the first compound
specific for fatty acid biosynthesis, it seemed a logical
candidate. When tested in the standard incubation
system at a concentration of 0.2 mM, malonyl-CoA
proved to be strongly inhibitory towards oleate oxida-
tion in homogenates from both fed and fasted rats,
though the latter appeared to be somewhat less
sensitive (Table I). However, the oxidation of octanoate
was totally unaffected by malonyl-CoA, indicating that
inhibition of oleate oxidation was exerted at a point
before the 8-oxidation sequence of enzymes. This
might have been either the acyl-CoA synthetase step
or one of the CAT reactions. That the forner was

TABLE II

Effects of Various CoASHDerivatives on Oleate Oxidation
by the Mitochondrial Fraction from

the Liver of a Fed Rat

Additions [1-'4C]oleate ketones

%of control

None 100
Acetyl-CoA 95.3
Propionyl-CoA 95.0
Methylmalonyl-CoA 101.2
Malonyl-CoA 14.5
Malonyl-CoA + camitine 18.2

0.5 ml of mitochondrial fraction prepared from the liver of a fed
rat (see Methods) was incubated for 12 min with the standard
reaction mixture described in the text. The absolute rate of
conversion of oleate into ketones in the control incubation was

85 nmol/12 min. The CoASHderivatives were present in a

concentration of 0.2 mM. The camitine mentioned in line 6
represents an additional quantity of 0.25 mM.

TABLE III

Effect of Malonyl-CoA on Oleylcarnitine Formation from
Oleate by the Mitochondrial Fraction from the

Liver of a Fed Rat

Additions Oleylcarnitine concentration

JAM

None 4.48
Carnitine (0.25 mM) 6.72
Malonyl-CoA (0.2 mM) 0.23
Malonyl-CoA + camitine 0.42

Incubation conditions were as described in Table II with
the exception that unlabeled oleate and D,L-[methyl-14C]
camitine were used. After 6 min, reactions were terminated
with HC1, the oleylcamitine was extracted into butanol (11),
and its 14C content was determined by liquid scintillation
counting.

not the affected site was established by the observa-
tion that the inhibition of oleate oxidation caused
by malonyl-CoA was accompanied by a marked in-
crease in the incorporation of the fatty acid into
phospholipids and triglycerides with no change in the
quantity of oleic acid utilized (data not shown). This
suggested that the site of malonyl-CoA inhibition
was at the level of CAT.

The data of Table II illustrate specificity for
the malonyl-CoA inhibition of oleate oxidation as
acetyl-CoA, propionyl-CoA, and methylmalonyl-CoA
were all without significant effect. Since this experi-
ment was performed with the mitochondrial fraction
as opposed to the whole liver homogenate, it is
evident that cytosolic factors are not required for ex-
pression of malonyl-CoA inhibition. However, the
remote possibility existed that deacylase activity in
the mitochondrial preparation preferentially hydro-
lyzed malonyl-CoA with the release of free CoASH
and that the latter was the cause of the inhibitory
effect. When an extra 200 ,tM CoASH was added a
50% inhibition of oleate oxidation was indeed ob-
served (experiments not shown). However, this inhibi-
tion was largely relieved by the addition of extra
carnitine, suggesting that at high concentrations
CoASH inhibits fatty acid oxidation by reversal of
the CAT I reaction via mass action. In contrast, the
inhibitory effect of malonyl-CoA was not reversed by
raising the carnitine concentration, indicating a direct
inhibition of either CAT I or CAT II. Since
malonyl-CoA would not be expected to gain access
to CAT II, which is situated on the inner aspect of
the inner mitochondrial membrane (7), and since it did
not inhibit the oxidation of octanoylcarnitine (data
not shown), the more likely site of interaction would
appear to be at the CAT I step. Direct evidence
to this effect was obtained in the studies of Table

Malonyl-CoA and Hepatic Ketogenesis 267



Fatty acid

Carnitine

Phospholipids
Triglycerides

Fatty acid
A

Fatty acylcarnitine

MITOCHONDRION
Fatty acyl CoA

Malonyl-Co

Pyruvate o Pyruvate r Acetyl-CoA Bodie

Acetyl- CoA

O.A.A.

Citrate Citrate

C02 O. A. A.

FIGURE 1 Interrelations between fatty acid biosynthesis, fatty acid oxidation, and ketogenesis
in liver. O.A.A. stands for oxaloacetate.

III. In these experiments the 14C label was present
on the carnitine molecule rather than on the oleic
acid, thus allowing determination of the oleylcarnitine
concentration reached during the various incubations.
In the control incubation, oleylcamitine concentration
at 6 min was 4.48 ,M and increased to 6.72 uM
with the further addition of 250 ,uM carnitine.1 By
contrast, the acylcarnitine concentration in the pres-

ence of malonyl-CoA was reduced to 0.23 uM and
was not significantly altered by the addition of extra
camitine. In experiments not shown, it was estab-
lished that the inhibition seen with malonyl-CoA was

largely lost by prior alkaline hydrolysis and that
the slight residual inhibitory effect could be fully
accounted for by the amount of free CoASHreleased.
Malonate had no inhibitory effect.

The reversibility of the malonyl-CoA inhibition of
oleate oxidation was demonstrated as follows. When
malonyl-CoA was added to a portion of a whole
homogenate such that its final concentration in the

I Excess carnitine increased the oleylcarnitine concentra-
tion but did not affect the rate of fatty acid oxidation, indi-
cating that at high camitine concentrations ketogenesis be-
comes limited by the capacity of the (-oxidation pathway.

reaction flask was 0.17 mM, oxidation of oleate was

inhibited by almost 90%. However, when the mito-
chondrial fractions were separated from both the
control homogenate and that containing added
malonyl-CoA, they oxidized the fatty acid at similar
rates that approximated those given by the unfrac-
tionated control homogenate (data not shown).

The effect of other metabolites on oleate oxida-
tion by rat liver homogenates. Because of the pos-

sibility mentioned earlier that intermediates in the
conversion of glycogen to pyruvate might also be
potential inhibitors of fatty acid oxidation, the follow-
ing compounds were tested: glycogen, amylopectin,
amylose, UDP-glucose, glucose, fructose, glucose-6-
phosphate, fructose-1,6-diphosphate, dihydroxyace-
tone, sn-glycerol-3-phosphate, 3-phosphoglycerate, 2-
phosphoglycerate, phosphoenolpyruvate, pyruvate,
and lactate + NAD+. In addition, a series of com-

pounds related to the pentose phosphate pathway and
the tricarboxylic acid cycle were tested: 6-phospho-
gluconate, ribulose-5-phosphate, ribose-5-phosphate,
xylulose-5-phosphate, oxaloacetate, citrate, a-keto-
glutarate, succinate, malate, alanine, aspartate, gluta-
mate, and glutamine. None was found to have a

significant effect.
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DISCUSSION

The notion that carbohydrate in some manner exerts
a sparing effect on hepatic fatty acid oxidation and
ketogenesis was established many years ago (12).
For example, the ingestion of a small amount of
glucose reverses starvation ketosis in man and inhibits
the oxidation of fatty acids to ketone bodies in
animals. Moreover, a reciprocal relationship exists
between glycogen content of the liver and its
ketogenic capacity (4, 13). However, the mechanism
of these interactions has remained an enigma. The
concept that opposing anabolic and catabolic pathways
are regulated such that stimulation of one pathway
is associated with the automatic suppression of the
other is well established in the case of carbohydrate
metabolism. For example, the processes of glyco-
genolysis and glycogen synthesis are usually not
simultaneously active, nor are the glycolytic and
gluconeogenic sequences. In both cases unidirectional
carbon flow is assured through the actions of specific
metabolites or cofactors. We felt that an analogous
mechanism might be operative in the regulation of
fatty acid synthesis and degradation. For this reason

we decided to test the effects of malonyl-CoA, the
first compound specific to fatty acid biosynthesis,
for its ability to suppress fatty acid oxidation in
liver homogenates. Malonyl-CoA was found to potently
inhibit ketone body production from oleate, an effect
that was not duplicated either by other CoASH
derivatives or by numerous intermediates involved
in glycogen-pyruvate interconversions, the pentose
phosphate pathway, or the tricarboxylic acid cycle.
The inhibition was shown to be reversible and to
be exerted at the first step specific to long-chain
fatty acid oxidation, the carnitine acyltransferase I
reaction. Thus, it is the only physiological metabolite
known to inhibit this enzyme.

In experiments not shown, significant inhibition was

observed at concentrations of malonyl-CoA as low as

0.02 mM, a level similar to that found in fed rats by
Guynn et al. (14).2 (The same authors showed that
the concentration of malonyl-CoA fell fourfold during
fasting.) We presume that the high and equivalent
rates of oleate oxidation seen in homogenates from
fed and fasted animals were due to dilution of the
malonyl-CoA to noninhibitory levels in both prepara-

tions.
Illustration of the possible role of malonyl-CoA in

the control of hepatic ketogenesis is given in Fig. 1.
It is proposed that with carbohydrate feeding fatty
acid synthetic rates are brisk, reflecting high rates of

2 In a typical experiment the rate of oleate oxidation in a

homogenate from fed liver was 80 nmol/10 min. Inhibition by
malonyl-CoA was: 0.02 mM(27%), 0.05 mM(77%), 0.1 mM
(89%o), and 0.2 mM(93%).

malonyl-CoA generation. In these circumstances
malonyl-CoA serves a dual role: substrate for fat
synthesis and repressor of fat oxidation. By contrast,
in starvation and diabetes, the flow of glucose carbon
to fatty acids is restricted and malonyl-CoA levels
are diminished with the result that fatty acid oxida-
tion and ketone body production increase.

Wehave previously suggested that the activation of
hepatic ketogenic capacity is brought about by eleva-
tion of the circulating glucagon to insulin ratio
(13). One consequence of this hormonal imbalance
is an increase in hepatic carnitine concentration
which serves to drive the carnitine acyltransferase
I reaction (2). We propose that a second effect is
depletion of hepatic malonyl-CoA consequent to a
block in the generation of pyruvate. The latter is
likely due both to dissipation of liver glycogen stores
as free glucose and to inhibition of the pyruvate
kinase reaction (15). In this regard it is of interest
that Cook et al. (16) have recently demonstrated that
glucagon acutely lowers malonyl-CoA concentrations
in livers from intact rats and in isolated hepatocytes.
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