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Abstract
We previously showed that in the perfused rat heart, the capacity of n-fatty acids to generate
mitochondrial acetyl-CoA decreases as their chain length increases. In the present study, we
investigated whether the oxidation of a long-chain fatty acid, oleate, is inhibited by short-chain fatty
acids, acetate or propionate (which do and do not generate mitochondrial acetyl-CoA, respectively).
We perfused rat hearts with buffer containing 4 mM glucose, 0.2 mM pyruvate, 1 mM lactate, and
various concentrations of either (i) [U-13C]acetate, (ii) [U-13C]acetate plus [1-13C]oleate, or (iii)
unlabeled propionate plus [1-13C]oleate. Using mass isotopomer analysis, we determined the
contributions of the labeled substrates to the acetyl moiety of citrate (a probe of mitochondrial acetyl-
CoA) and to malonyl-CoA. We found that acetate, even at low concentration, markedly inhibits the
oxidation of [1-13C]oleate in the heart, without change in malonyl-CoA concentration. We also found
that propionate, at a concentration higher than 1 mM, decreases (i) the contribution of [1-13C]oleate
to mitochondrial acetyl-CoA, and (ii) malonyl-CoA concentration. The inhibition by acetate or
propionate of acetyl-CoA production from oleate probably results from a competition for
mitochondrial CoA between the CoA-utilizing enzymes.

Introduction
In non-ruminant mammals, the arterial acetate concentration is usually very low (0.05 to 0.15
mM). The main endogenous sources of acetate are (i) gut flora fermentation in the lower
digestive tract, (ii) acetone metabolism [1], (iii) decarboxylation of pyruvate by reactive oxygen
species [2], and (iv) deacetylation of acetyl-CoA, acetylcholine and acetylated proteins.
Streptozotocin-diabetic rats [3] and humans with type II diabetes [4] have elevated blood
acetate concentrations. The main exogenous sources of acetate are ethanol oxidation in the
liver, and hemodialysis against solutions containing up to 40 mM acetate1. In patients dialyzed
against such solutions, the capacity to oxidize acetate can be exceeded, and arterial acetate
concentrations can increase up to 11 mM [5]. Adverse effects of acetate include hypoxemia
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and cardiovascular effects which have been ascribed to uncontrolled AMP degradation to
adenosine [6]. In normal human volunteers, ingestion of ethanol results in a major decrease in
whole-body lipid oxidation [7], and, in some cases to alcoholic hypoglycemia [8]. It is not clear
whether the decrease in fatty acid oxidation results from ethanol per se, or from acetate derived
from ethanol oxidation.

In the normal heart, 60–90% of mitochondrial acetyl-CoA derives from long-chain fatty acid
oxidation [9,10]. Our previous study demonstrated that in the perfused rat heart, the capacity
of n-fatty acids to generate mitochondrial acetyl-CoA decreases as their chain length increases
(see Figs 8A and 8B of ref. [11]). Acetate was much more effective at generating mitochondrial
acetyl-CoA than oleate. Since acetate can accumulate in body fluids after ethanol ingestion or
during hemodialysis, one could hypothesize that acetate could compete with long-chain fatty
acids for the generation of mitochondrial acetyl-CoA, the oxidation of which is the main source
of energy in the heart [9,12,13].

Randle et al perfused rat hearts with 5.5 mM glucose, 5 mM [14C]acetate, and no long-chain
fatty acids. From the production of 14CO2, they concluded that most of mitochondrial acetyl-
CoA was derived from acetate [14]. In the same hearts, glucose oxidation was suppressed via
inhibition of pyruvate dehydrogenase.

Contradictory conclusions were reported on the interaction between short-chain and long-chain
fatty acid metabolism in perfused rat hearts. Bethencourt et al. perfused rat hearts with
recirculating buffer containing 0.72 mM [1-14C]palmitate + 0, 0.5 or 5 mM unlabeled acetate.
Since the 14CO2 production and the total 14C-lipid content of the hearts were the same in all
three groups, they concluded that the oxidation of [1-14C]palmitate and its incorporation into
tissue lipids were unaltered by acetate [15].

In contrast, O’Donnell et al. perfused rabbit hearts with recirculating buffer containing 5 mM
glucose, 0.5 mM [2,4,6,8,10,12,14,16-13C]palmitate ± 0.1 mM unlabeled butyrate, a four
carbon short chain fatty acid, the oxidation of which is not regulated by the carnitine
palmitoyltransferase system. Using the NMR-assayed labeling of C4 of glutamate as a proxy
for the labeling of mitochondrial acetyl-CoA, they found that palmitate oxidation was
completely inhibited by 0.1 mM butyrate [16].

We hypothesized that, in the heart, acetate or propionate competes with long-chain fatty acids,
such as oleate, the most abundant long-chain fatty acid in plasma, for the production of
mitochondrial acetyl-CoA. We took advantage of mass isotopomer analysis2 which allows
measuring the contribution of a 13C-substrate to mitochondrial acetyl-CoA from the labeling
of the acetyl moiety of citrate. In addition, this technique allows measuring, in the same
experiment, the contribution to mitochondrial acetyl-CoA of two substrates which generate
singly-labeled (M1) and doubly-labeled (M2) acetyl-CoA, for example, [1-13C]oleate and
[U-13C]acetate, respectively. Also, we wanted to test whether acetate interferes with the
regulation of fatty acid oxidation by malonyl-CoA. In one of the control conditions, we used
propionate which is not a precursor of mitochondrial acetyl-CoA but which, like acetate, affects
the distribution of CoA species.

Previous work from our group has demonstrated that a sizeable fraction of the acetyl moiety
of heart malonyl-CoA derives from the partial oxidation of fatty acids in peroxisomes [17].
The present project expands on this topic in the framework of the competition between long-
chain fatty acids and acetate for the formation of mitochondrial acetyl-CoA. Because of the
wealth of information derived from the mass isotopomer distribution of the acetyl moiety of

2Mass isotopomers are defined as Mn, where n is the number of heavy atoms in the molecule.
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citrate and of malonyl-CoA, and because of the small amount of heart tissue available, we gave
priority to assays of labeling patterns and the tissue content of malonyl-CoA over assays of
concentrations of other metabolites.

Experimental procedures
Materials

Chemicals and biochemicals were obtained from Sigma-Aldrich. [1-13C]Oleic acid, sodium
[U-13C]acetate, sodium [1-13C]acetate, [U-13C]citric acid, [1,5-13C]citric acid, and [U-13C]
malonic acid were purchased from Isotec (Miamisburg, OH). [U-13C]malonyl-CoA was
prepared from [U-13C]malonic acid as described previously [11], and purified by high pressure
liquid chromatography. ATP-citrate lyase was prepared from the livers of rats that had been
starved for 2 days and then re-fed for 3 days with a high glucose diet. The enzyme, isolated
from the Bio-Gel column [18] was precipitated with 50% ammonium sulfate, and aliquots of
the suspension (2 U/0.1 ml) were kept frozen at -80°C. Before use, the enzyme was dissolved
in 1 ml of 250 mM Tris-HCl, pH 8.7 containing 5 mM dithiothreitol.

Heart Perfusion Experiments
Male Sprague-Dawley rats (250–310g) were fed ad libitum for 10–12 days with standard
laboratory chow. Hearts from overnight-fasted rats were perfused in the Langendorff mode
(12 ml/min) with non-recirculating bicarbonate buffer containing 3% dialyzed bovine serum
albumin (Intergen, fatty acid-free), 50 M L-carnitine, 8 nM insulin, 4 mM glucose, 1 mM lactate
and 0.2 mM pyruvate. After 15 min equilibration, the following protocols were conducted for
additional 40 min before quick-freezing the hearts; in protocol 1, 2 and 3, 0–2 mM [U-13C]
acetate (low range of plasma (acetate) in hemodialyzed patients), and either 0.4 mM [1-13C]
oleate (n = 5, physiological range of long-chain fatty acid concentration), or 0.8 mM [1-13C]
oleate (n = 3, high range of long-chain fatty acid concentration) were added to the perfusate.
In protocol 4 and 5, 0.4 mM [1-13C]oleate, and either 0–2 mM [U-13C]acetate or 0 – 2 mM
unlabeled propionate were infused into the perfusate respectively. Lastly, in protocol 6, 0.8
mM [1-13C]oleate and 0–2 mM [U-13C]acetate was infused into the perfusate.

Analytical Procedures
The 13C-labeling of malonyl-CoA was assayed as described previously [17], except that (i) we
isolated the short-chain CoA esters on an Oasis cartridge (Waters), and (ii) malonate was
assayed as the bis-TBDMS derivative (monitoring m/z 333–336). For the assay of the malonyl-
CoA concentration, other samples of frozen tissue were spiked with an internal standard of
[U-13C]malonyl-CoA before extraction. The 13C-labeling of the acetyl moiety of citrate (a
probe of mitochondrial acetyl-CoA) was assayed by cleaving citrate with ATP-citrate lyase
isolated from rat liver [18] and analyzing acetyl-CoA by ion trap liquid chromatography-mass
spectrometry (LC-MS) [19]. The assay was set up using standards of [1,5-13C]citrate and
[U-13C]citrate which generate M1 and M2 acetyl-CoA, respectively. In the calculations of
molar percent enrichments (MPE) all raw data were corrected for natural abundance of 13C.

Data Presentations and Statistics
Mass isotopomers of metabolites containing 1 to n 13C atoms are identified as Mi with i = 1,
2,... n. The molar percent enrichment (MPE) of individual 13C-labeled mass isotopomers
(Mi) was calculated as:

MPEi = 100x
AMi

∑
i=0

n
AMi

Bian et al. Page 3

J Mol Cell Cardiol. Author manuscript; available in PMC 2007 August 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



where AM and AMi represent the peak areas from ion chromatograms corrected for natural
abundance, corresponding to unlabeled (M) and 13C-labeled (Mi) mass isotopomers,
respectively.

We present data from about 40 heart perfusion experiments. For each of the six experimental
conditions chosen, we ran 5–8 perfusions in the presence of unlabeled or selected 13C-labeled
substrate(s) with the concentration parameters being allowed to vary. Data shown in figures
are the 13C-enrichments and the malonyl-CoA concentration assayed in the heart. The control
data of protocols 2 and 3 are presented as means ± S.E. The data of the other 4 protocols are
means of duplicate GC-MS or LC-MS injections, respectively, which differed by < 2%.

Results
In hearts perfused with 0–2 mM [U-13C]acetate, in the absence of long-chain fatty acids, the
M2 enrichment of the acetyl moiety of citrate increased to about 90% (Fig 1A). This enrichment
represents the contribution of [U-13C]acetate to mitochondrial acetyl-CoA. In the same hearts,
the M2 enrichment of malonyl-CoA increased to 30–40% (Fig 2A). The concentration of
malonyl-CoA remained between 4.4 and 6.3 nmol g.w.w−1. at [U-13C]acetate concentrations
0–0.6 mM, and increased to about 7.5 nmol g.w.w−1. at 1 and 2 mM [U-13C]acetate (Fig 3,
solid squares).

In hearts perfused with a constant 0.4 mM [1-13C]oleate and 0-2 mM [U-13C]acetate, the M2
enrichment of the acetyl moiety of citrate (derived from [U-13C]acetate) increased to about
90% as in the absence of [1-13C]oleate (compare Figs 1B and 1A). At 0 mM [U-13C]acetate,
the M1 enrichment of the acetyl moiety of citrate (derived from [1-13C]oleate) was 7.3 ± 0.64
% (S.E., n = 5, Fig 1B, solid diamonds). As the [U-13C]acetate concentration was increased to
2 mM, the M1 enrichment of the acetyl moiety of citrate decreased to zero. Since only one of
the acetyl moieties of [1-13C]oleate was labeled, the contribution of [1-13C]oleate to
mitochondrial acetyl-CoA was calculated by multiplying the M1 enrichment of the acetyl
moiety of citrate by 9. Thus, the contribution of 0.4 mM [1-13C]oleate to mitochondrial acetyl-
CoA decreased from 66 ± 13 % (S.E., n = 5) to zero as the [U-13C]acetate concentration was
increased to 2 mM (Fig 1B, open triangles). Fig 1B also shows that the total contribution of
acetate and oleate to mitochondrial acetyl-CoA (dotted line) ranged from 90 to 100% at acetate
concentrations from 0.2 to 2 mM. Thus, the contribution of other acetyl-CoA sources (glucose,
lactate, pyruvate from perfusate + endogenous sources) was very small.

In the same hearts, the M2 enrichment of malonyl-CoA from [U-13C]acetate increased to 42
% (Fig 2B, solid squares). In parallel, the M1 MPE of malonyl-CoA from [1-13C]oleate
decreased from 11 ± 0.9 % (S.E., n = 5) to 7.7 % (Fig 2B, solid diamonds). The malonyl-CoA
concentration did not follow any clear pattern, ranging between 2.5 to 6.7 nmol g.w.w−1. (Fig
3, solid diamonds).

In hearts perfused with a constant 0.8 mM [1-13C]oleate and 0–2 mM [U-13C]acetate (Figs 1C
and 2C) the data were similar as those obtained with 0.4 mM [1-13C]oleate and 0–2 mM
[U-13C]acetate (Figs 1B and 2B), with the following exceptions. First, the contribution of
[U-13C]acetate to mitochondrial acetyl-CoA increased to 80% (Fig 1C, solid squares). Second,
the contribution of [1-13C]oleate to mitochondrial acetyl-CoA decreased from 90 ± 0.94 %
(S.E., n = 3) to 17% (Fig 1C, open triangles). Third, the total contribution of acetate and oleate
to mitochondrial acetyl-CoA was greater than 95% at acetate concentrations greater than 0.2
mM. The M2 and M1 enrichments of malonyl-CoA were somewhat lower than in the presence
of 0.4 mM [1-13C]oleate (compare Figs 2C and 2B). Again, the malonyl-CoA concentration
did not follow a clear pattern (Fig 3, solid triangles).
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In the above experiments, both [1-13C]oleate and [U-13C]acetate contributed to mitochondrial
acetyl-CoA. To test whether a fatty acid that does not generate acetyl-CoA can influence the
oxidation of oleate, we perfused a group of hearts with a constant 0.4 mM [1-13C]oleate and
0-2 mM unlabeled propionate. At 0 mM propionate, the M1 enrichment of the acetyl moiety
of citrate (derived from [1-13C]oleate) was 7.3 ± 0.64% (S.E., n = 5, Fig 4A, solid diamonds).
When the propionate concentration was increased to 2 mM, the M1 enrichment of the acetyl
moiety of citrate decreased to 3.9%. Multiplying these percentages by 9 yields the contribution
of 0.4 mM [1-13C]oleate to mitochondrial acetyl-CoA which decreased from 66 ± 13% (S.E.,
n = 5) to 35% as the propionate concentration was increased to 2 mM (Fig 4A, solid squares).
In the same hearts, the M1 enrichment of malonyl-CoA remained between 8 and 11% (Fig 4B,
solid triangles). The malonyl-CoA concentration decreased from 5 ± 0.5 nmol g.w.w−1 (S.E.,
n = 5) to 2.8 nmol g.w.w−1. (Fig 4B, solid diamonds).

Discussion
Perfusions with [U-13C]acetate

In hearts perfused with [U-13C]acetate, and no oleate, the contribution of [U-13C]acetate to
mitochondrial acetyl-CoA reached 90% at 2 mM substrate concentration (Fig 1A). This, in
spite of the presence of other acetyl-CoA generating substrates in the perfusate (glucose,
lactate, pyruvate) (Fig 1A). Thus, acetate was the main source of energy in the heart. Although,
in vivo, the heart of the rat (a non-ruminant mammal) is not in contact with substantial
concentrations of acetate, the activity of mitochondrial acetyl-CoA synthetase 2 (heart form,
AceCS2) is high (about 1 U/g) [20], with a fairly low Km for acetate of 0.06 mM [21]. Thus,
the heart can rapidly switch to acetate as an energy source.

Perfusions with [U-13C]acetate and [1-13C]oleate
In the absence of acetate, [1-13C]oleate, 0.4 or 0.8 mM, contributed 65 or 85% of mitochondrial
acetyl-CoA, respectively (left-hand side of Figs 1B and 1C). We chose oleate concentrations
of 0.4 and 0.8 mM oleate to simulate the range of physiological conditions. With increasing
concentrations of [U-13C]acetate, the contribution of [1-13C]oleate to mitochondrial acetyl-
CoA decreased to low levels (Figs 1B and 1C, open triangles). Establishing that in spite of the
presence of abundant [1-13C]oleate, [U-13C]acetate still contributed most of mitochondrial
acetyl-CoA. Thus, low concentrations of acetate strongly inhibit the oxidation of oleate. Our
findings differ from those of Bethencourt et al who reported that 14CO2 production from 0.72
mM [1-14C]palmitate by the perfused rat heart was not affected by 0.5 or 5 mM acetate [15].
Bethencourt et al acknowledged the surprising character of their finding, for which we cannot
provide an explanation.

While the M2 enrichment of malonyl-CoA (derived from [U-13C]acetate) was about one-half
that of the acetyl moiety of citrate (Fig 2B), its M1 enrichment (derived from [1-13C]oleate)
was, in almost all cases, greater than that of the acetyl moiety of citrate. This higher M1 labeling
of malonyl-CoA derives from partial peroxisomal beta-oxidation of [1-13C]oleate [11,17],
which generates highly labeled [1-13C]acetyl-CoA. The latter was transferred to the cytosol,
and used for malonyl-CoA synthesis. The transfer of peroxisomal acetyl-CoA to the cytosol
may involve (i) carnitine acetyltransferase (although this enzyme was reported absent in the
extra-mitochondrial space of the heart [22]), and/or (ii) direct transfer through the peroxisomal
membrane [23,24]. Mitochondrial acetyl-CoA also contributes to malonyl-CoA synthesis, after
transfer to the cytosol via citrate. Highly labeled acetyl-CoA derived from peroxisomes mixes
with low-labeled acetyl-CoA transferred from mitochondria in the cytosol. This combined
acetyl-CoA pool, more labeled than the acetyl moiety of citrate, provides the substrate pool
for the synthesis of malonyl-CoA.
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Perfusions with propionate and [1-13C]oleate
To test whether a fatty acid that does not generate acetyl-CoA can influence the oxidation of
oleate, we perfused hearts with a constant 0.4 mM [1-13C]oleate and 0–2 mM unlabeled
propionate. In the absence of propionate, [1-13C]oleate contributed about 66% of mitochondrial
acetyl-CoA (Fig 4A). When propionate was added, the M1 enrichment of mitochondrial acetyl-
CoA decreased from 7.5% to 4% (Fig 4A). This corresponds to a decrease of the contribution
of [1-13C]oleate to mitochondrial acetyl-CoA from 66 to 35%. This inhibition results probably
from the decreased availability of mitochondrial CoA which is partly trapped as propionyl-
CoA. However, the inhibition of oleate oxidation is less pronounced with propionate than with
acetate, although both are activated by heart AceCS2 [25]. A likely explanation of this
difference is the lower affinity of AceCS2 for propionate than for acetate, i.e., Km of 4.1 mM
vs. 0.06 mM [21]. Similar differences in affinity for propionate and acetate were also found in
guinea-pig heart mitochondria [25]. An additional explanation may involve the inhibition of
the 3-ketoacyl-CoA thiolase involved in oleate oxidation by acetyl-CoA [26] formed from
acetate.

In spite of the decrease in the M1 enrichment of mitochondrial acetyl-CoA, the M1 enrichment
of malonyl-CoA remained between 9 and 11%, i.e., higher than the enrichment of
mitochondrial acetyl-CoA. This confirms that part of the M1 acetyl-CoA used for malonyl-
CoA synthesis derived from the partial peroxisomal oxidation of [1-13C]oleate [17]. Also, the
constancy of the M1 enrichment of malonyl-CoA, while the enrichment of mitochondrial
acetyl-CoA decreased, shows that the contribution of peroxisomal oxidation of [1-13C]oleate
to cytosolic acetyl-CoA increased while the contribution of [1-13C]oleate to mitochondrial
acetyl-CoA decreased.

Mechanisms involved in the inhibition of oleate oxidation by acetate or propionate
Our previous study showed that the capacity of a single fatty acid to contribute to mitochondrial
acetyl-CoA increases as its chain length decreases [11]. The present study showed that the
competition between a short-chain and a long-chain fatty acid for the production of
mitochondrial acetyl-CoA favors the short-chain compound. Also, a short-chain fatty acid
which does not generate acetyl-CoA (propionate at concentration > 1 mM) inhibits the
production of mitochondrial acetyl-CoA from a long-chain fatty acid (oleate).

First, consider the inhibition of oleate oxidation by propionate concentrations
greater than 1 mM—In another study3, we found that in rat hearts perfused with 0 to 1 mM
propionate, the total concentration of propionyl-CoA + methylmalonyl-CoA + succinyl-CoA
increased from 38 to 70 nmol g.w.w.−1. Although the concentration of free CoA was not
measured, this suggested substantial trapping of CoA in the three metabolites of propionate.
This is supported by reports that (i) the total concentration of free CoA decreased four- and
five-fold when 1 or 2 mM propionate was added to the perfusate of rat hearts [27,28]. Thus,
in the present study, propionate probably decreased the amount of free CoA in the
mitochondrial matrix available to the malonyl-CoA insensitive carnitine palmitoyltransferase
II (CPT II) and 3-ketoacyl-CoA thiolase reactions involved in the mitochondrial phase of oleate
oxidation as illustrated in Fig 5. The decreased availability of free CoA with increasing
propionate concentrations would explain the lower contribution of oleate to mitochondrial
acetyl-CoA at propionate concentrations greater than 1 mM (Fig 4A).

The inhibition of oleate oxidation by propionate did not result from an increase in malonyl-
CoA concentration which, actually, decreased as the concentration of propionate increased

3Kasumov, T., Cendrowski, A.V., David, F., Jobbins, K.A., Anderson, V.E., and Brunengraber, H. “High efficiency of anaplerosis from
propionate in the perfused rat heart”. Biochemical Journal (submitted).
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(Fig 4B, solid diamonds). Liedtke et al reported that infusion of 2 mM propionate into a branch
of the coronary artery of pigs did not affect the heart concentrations of ATP, ADP, or AMP
[29]. Therefore, it is unlikely that, in our study, the activity of acetyl-CoA carboxylase was
affected via modulation of AMP-activated protein kinase. A more likely explanation is that the
acetyl-CoA carboxylase flux was decreased by a lowering of the cytosolic concentration of
acetyl-CoA. In support of this explanation, two studies conducted in perfused rat hearts [27]
and in live pig hearts [29] reported that 1 or 2 mM propionate decreased the myocardial
concentration of acetyl-CoA by half. Since 90% of heart acetyl-CoA is mitochondrial [30], it
is likely that in our study, propionate decreased the concentration of cytosolic acetyl-CoA. The
decrease in long-chain fatty acid oxidation and malonyl-CoA concentration by propionate
shows that, even in the heart, the rate of long-chain fatty acid oxidation is not absolutely linked
to malonyl-CoA concentration.

Although propionate decreased the labeling of mitochondrial acetyl-CoA from [1-13C]oleate
(Fig 4A), it did not affect the M1 enrichment of malonyl-CoA (Fig 4B, solid triangles). The
most likely explanation of this finding is that the contribution of peroxisomal oxidation of
[1-13C]oleate to [1-13C]acetyl-CoA used for malonyl-CoA synthesis increased as the transfer
of mitochondrial acetyl-CoA to the cytosol decreased. We previously showed [17], that the
peroxisomal oxidation of fatty acids contributes a substantial fraction to the cytosolic acetyl-
CoA used for malonyl-CoA synthesis.

Second, consider the inhibition of oleate oxidation by acetate—This inhibition may
result from a competition for free mitochondrial CoA between AceCS, CPT II and 3-ketoacyl-
CoA thiolases. The concentration of free mitochondrial CoA in the heart (40 to 60 M) is lower
than the Km for CoA of AceCS (570 M [31]), CPT II (121 M[32]), but higher than the Km of
general 3-ketoacyl-CoA thiolase (18 M [32]). Therefore, the competition for free CoA between
AceCS and CPT II is set by the relative activities of the two enzymes. The activity of rat heart
AceCS2 is about 100 nmol min−1 mg protein−1 [31]. The total CPT (CPT I + CPT II) activity
in rat heart is about 8.9 nmol min−1 mg protein−1 [33]. So, the activity of AceCS is much higher
than that of CPT II in rat heart. Thus, in the presence of acetate, AceCS outcompetes CPT II
for free CoA, and hinders the conversion of oleoylcarnitine to oleoyl-CoA, and thus oleate
oxidation.

The trapping of mitochondrial CoA into esters plays a role in a number of physiological and
pathological processes, such as the oxidation of acetoacetate in isolated heart mitochondria
[34] and perfused hearts [35], propionate metabolism in the heart [27,28], inborn errors of long-
chain fatty acid oxidation [36], valproate intoxication [37,38], etc. Stanley et al. showed that
a moderate elevation of β-hydroxybutyrate suppressed palmitate oxidation in pig hearts [39],
without changes in concentrations of malonyl-CoA, acetyl-CoA, or free CoA. The authors
hypothesized that the elevation in β-hydroxybutyrate may reduce the delivery of fatty acyl-
CoA to the mitochondria. It is also possible that the concentration of acetoacetate formed via
a low β–hydroxybutyrate concentration (0.8 mM) is not sufficient to drain the pool of
mitochondrial CoA.

The inhibition of oleate oxidation by acetate probably does not involve the inhibition of CPT
I by malonyl-CoA, since the addition of acetate did not increase the malonyl-CoA concentration
in the hearts (Fig 3). Indeed, the inhibition of oleate oxidation by butyrate is not due to the
decreased entry of long-chain acyl-CoA into the mitochondria [40].

The data on the labeling of malonyl-CoA yield information on the old question as to whether
an AceCS is present in heart cytosol. Barth et al and Ballard et al reported the presence of
cytosolic AceCS [20,41,42], while Scholte et al claimed that acetyl-CoA synthetase is only
localized in the mitochondria [43]. Recently, Fujino et al reported that most of heart acetyl-
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CoA synthetase activity is mitochondrial, with a very small fraction of the activity in the cytosol
[21]. If cytosolic activation of acetate occurred in the heart, one would expect malonyl-CoA
to be more labeled than the acetyl moiety of citrate. This is because a cytosolic acetyl-CoA
synthetase would convert plasma [U-13C]acetate to [U-13C]acetyl-CoA used for malonyl-CoA
synthesis. However, our data argue against a cytosolic activation of acetate. In the presence of
[U-13C]acetate (this study, Figs 1A and 2A) or [U-13C]glucose (Table I of Ref. [17]), the
enrichment of malonyl-CoA was about 40% that of the acetyl moiety of citrate (Figs 1A and
2A). Labeling of extramitochondrial acetyl-CoA from [U-13C]glucose can only occur via
export of mitochondrial acetyl-CoA. Thus, the similar dilutions (malonyl-CoA)/(acetyl of
citrate) with [U-13C]acetate and [U-13C]glucose show that no substantial activation of acetate
occurs in heart cytosol, in agreement with the report from Fujino et al.

In summary, our data demonstrate that acetate strongly inhibits long-chain fatty acid oxidation
in the heart. We therefore hypothesize that acetate may be a useful adjunctive therapy in
myocardial reperfusion which is characterized by an abnormally high contribution of long-
chain fatty acid to energy metabolism, coupled with the excessive production of reactive
oxygen species [44]. Also, acetate might be useful for the treatment of acute decompensation
of patients with long-chain fatty acid oxidation disorders [36].
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CPT  
carnitine palmitoyltransferase

GC-MS  
gas chromatography-mass spectrometry

LC-MS  
liquid chromatography-mass spectrometry
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molar percent enrichment
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Fig 1.
Profiles of the M1 and M2 molar percent enrichments (MPE) of the acetyl moiety of citrate in
hearts perfused with increasing concentrations of [U-13C]acetate, and either no [1-13C]oleate
(panel A), 0.4 mM [1-13C]oleate (panel B), or 0.8 mM [1-13C]oleate (panel C). The M2 MPE
derived from [U-13C]acetate also represent the percent contribution of [U-13C]acetate to
mitochondrial acetyl-CoA. The percent contribution of [1-13C]oleate to mitochondrial acetyl-
CoA (open triangles in panels B and C) was calculated as 9 times the M1 enrichment of the
acetyl moiety of citrate (solid diamonds). The total contribution of [U-13C]acetate and [1-13C]
oleate to mitochondrial acetyl-CoA is shown as dotted lines in panels B and C.
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Fig 2.
Profiles of the M1 and M2 MPE of malonyl-CoA in hearts perfused with increasing
concentrations of [U-13C]acetate (M2), and either no [1-13C]oleate (panel A), 0.4 mM [1-13C]
oleate (panel B, M1), or 0.8 mM [1-13C]oleate (panel C, M1).
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Fig 3.
The malonyl-CoA concentration of hearts perfused with (i) [U-13C]acetate (0-2mM), (ii)
[U-13C]acetate (0-2mM) + 0.4mM [1-13C]oleate, or (iii) [U-13C]acetate (0–2mM) + 0.4mM
[1-13C]oleate.
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Fig 4.
Data from hearts perfused with 0.4 mM [1-13C]oleate and increasing concentrations of
unlabeled propionate. Panel A: M1 enrichment of the acetyl moiety of citrate (solid diamonds),
and contribution of [1-13C]oleate to mitochondrial acetyl-CoA (solid squares)calculated as 9
times the M1 enrichment of the acetyl moiety of citrate (solid diamonds). Panel B: M1 MPE
and the concentration of malonyl-CoA
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Fig 5.
Hypothetical competition for mitochondrial CoA between acetate or propionate activation and
the β-oxidation of long-chain acyl-CoAs derived from long-chain fatty acids.
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