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Abstract

Introduction Medium-chain fatty acids (MCFAs) have
physical and metabolic properties that are distinct from
those of long-chain fatty acids, which make them a readily
available cellular energy source. These properties have been
used advantageously in the clinics for more than 50 years
for treating lipid absorption disorders, undernourished
patients, and more recently subjects with long-chain fatty
acid oxidation defects. In these latter subjects, nutritional
interventions with MCFA-containing triglycerides have
been shown to improve clinical symptoms, particularly
cardiomyopathies.

Potential benefits of MCFA metabolism in cardiac
diseases There is, however, only a limited number of
studies that have considered the potential use of MCFAs
as metabolic therapy for cardiac diseases in general.
Nevertheless, current experimental evidence does support
the notion that the diseased heart is energy deficient and
that alterations in myocardial energy substrate metabolism
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contribute to contractile dysfunction and cardiac disease
development and progression. Hence, this article will
review current literature on MCFAs with a specific
emphasis on their metabolism and potential benefits for
the heart. It will include practical considerations about the
potential clinical application of MCFA therapy for the
management of patients with cardiac diseases.
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Introduction

Medium-chain fatty acids (MCFAs) have a chain length
between 6 to 12 carbons and are saturated. In contrast,
long-chain FAs (LCFAs) contain 14 or more carbons and
often carry one or more double bonds. These structural
differences confer to MCFAs distinct metabolic properties
such as their unregulated (3-oxidation for energy produc-
tion, which have been used advantageously in various
clinical conditions, in which cases MCFAs are traditionally
administered as medium-chain triglycerides (MCTs). For
clinical use, there are various commercial preparations of
MCTs, containing either MCFAs alone in the form of oil or
margarine, or in combination with carbohydrates, proteins,
essential FAs, vitamins and minerals in the form of milk or
enteral solutions [1, 2]. Furthermore, MCT-containing lipid
emulsions, which are classically administered as a mix with
LCFA-containing triglycerides (LCTs), are also available
for parenteral infusion [3]. It is noteworthy that in contrast
to LCTs, MCFA-containing triglycerides are minor constit-
uents of the classical diet, except in populations consuming
large amounts of coconut oil, which contains over 50%
even-carbon MCFAs, as it occurs in Sri Lanka and other
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developing countries [4]. Milk is also another natural source
of MCFAs; their proportion can reach ~50% of FAs in some
mammals such as rabbits and rats [5]. Interestingly, results
from a prospective cohort study including more than 80,000
US females showed that in contrast to LCFAs, intakes of
MCFAs were not significantly associated with the risk of
coronary heart disease [6].

Since their first introduction in the 1950s for the
treatment of lipid absorption disorders [2], MCT-enriched
diets have been proposed for clinical conditions associated
with increased energy needs, such as undernourished
patients or premature neonates [7, 8], and more recently
for the management of obesity [9-12]. Over the past
decades, MCTs have also been used for the nutritional
management of patients with inherited LCFA (3-oxidation
disorders [13]. These patients often present in the clinics
during their first years of life with fasting-induced
hypoketotic hypoglycaemia, myopathy, cardiomyopathy or
liver dysfunction. MCFAs, which bypass the enzyme defect
and thereby can restore energy production, have been
shown to improve clinical symptoms, particularly cardiac
hypertrophy and dysfunction, in most patients [14—17].
More recently, MCFAs with an odd number of carbons
were reported to be superior to even-carbon MCFAs in
improving the cardiomyopathy of one patient with genetic
LCFA oxidation deficiency [18]. Beyond being readily
oxidized for energy production, odd-carbon MCFAs are
anaplerotic for the citric acid cycle (CAC), a process that
has been shown to be crucial for maintenance of gluconeo-
genesis in liver, neurotransmitter synthesis in the brain,
insulin signalling in (3-cells as well as optimal contraction
in the heart [19].

In other cardiomyopathies, unrelated to inherited FA
oxidation defects, MCFAs or MCTs have only been used in
a restricted number of animal studies. Nevertheless,
numerous evidence support the notion that the diseased
heart is energy deficient and that alterations in myocardial
energy substrate metabolism contribute to contractile
dysfunction and cardiac disease development and progres-
sion [20-24]. Beyond the potential benefit of pharmaco-
logical interventions with “metabolic modulators,” which
have been proposed as adjunctive therapies in these
diseases [20-24], there appears to be also a potential for
nutritional interventions with even- and/or odd-carbon
MCFAs in the treatment of cardiac diseases given the
reported benefits of MCTs in the management of cardio-
myopathies associated with inherited LCFA oxidation
defects. Furthermore, findings from recent studies in
animals and humans have emphasized the importance of
LCFAs as determinant of contractile function, structural
remodelling, and mitochondrial energy metabolism in the
failing, post-infarcted or hypertrophied heart [25-27].
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This article will review current experimental evidence
suggesting the potential benefits of MCFAs as metabolic
therapy in cardiac diseases. Herein, metabolism of even-
and odd-carbon MCFAs will be presented, followed by a
description of their reported effects on myocardial substrate
metabolism, function and remodelling. Finally, their effects
beyond the heart as well as potential limitations in their
clinical use will be discussed.

Metabolic effects of MCFAs

This section will describe MCT and MCFA metabolism at
the whole-body and cellular levels. Thereafter, their impact
on myocardial substrate metabolism, a potential determi-
nant of contractile function, energy status, disease progres-
sion, and resistance to ischemia—reperfusion [20, 21, 27],
will also be presented. For each section, we will discuss
potential differences between even- and odd-carbon
MCFAs, although unless specified, the text refers predom-
inantly to even-carbon MCFAs.

MCFA metabolism at the cellular level

MCFAs display numerous unique metabolic properties that
contrast with LCFAs and contribute to their metabolic
effects [12, 28]. The P-oxidation of LCFAs is highly
regulated by substrate availability, transport across plasma
and mitochondrial membranes, and specific FA oxidation
enzyme activities. Specifically, LCFA uptake is mediated
by sarcolemmal transporters, such as FA translocase (FAT/
CD36), plasmalemmal FA-binding protein and FA transport
protein (Fig. 1) [29]. Subsequently, LCFAs are activated
into their corresponding acyl-CoA derivatives, which are
either incorporated into intracellular lipid pools or enter the
mitochondria for (3-oxidation. Transport of long-chain acyl-
CoAs (LC-acyl-CoAs) into the mitochondria is mediated by
the concerted action of three carnitine-dependent enzymes
[30]. The first enzyme of this carnitine shuttle, carnitine
palmitoyltransferase I (CPT-I), is the key regulatory step for
LCFA transport and oxidation into mitochondria. In
contrast, MCFAs do not rely on membrane transporters
for their uptake into cells and mitochondria; they are
directly activated in the mitochondrial matrix by medium-
chain acyl-CoA (MC-acyl-CoA) synthetase prior to f3-
oxidation, which is not subject to regulation at the level of
CPT-I [12, 28, 31]. Accordingly, MCFAs are rapidly taken
up by cells, readily and preferentially (3-oxidized in the
mitochondria at rate that is determined by their availability,
that is their blood concentrations. There appears to be little
peroxisomal oxidation or incorporation into triglycerides of
MCFAs [10, 32, 33].



Cardiovasc Drugs Ther (2008) 22:97-106

99

Palmitate Octanoate Heptanoate
[eesecsee) [cecesee)
Plasma membrane
Mitochondrial membrane,
Pyruvate B-oxidation J
x8 x4 X2
> >Acetyl-CoA
(o)

Citric Acid
Cycle

Oxaloacetate Citrate

Succinyl-CoA

Propionyl-CoA —
a0

Fig. 1 Long-chain and medium-chain fatty acid oxidation pathways
in cardiomyocytes. Compared to long-chain fatty acids, medium-chain
fatty acids are directly oxidized into mitochondria. Circles represent
atoms of carbon from fatty acids that enter into the citric acid cycle.
Complete (3-oxidation of one molecule of octanoate yields 4
molecules of acetyl-CoA, while one molecule of heptanoate yields
two molecules of acetyl-CoA and one molecule of propionyl-CoA
(from carbons 5, 6 and 7), which is anaplerotic in that it enters the
pool of citric acid cycle intermediates at the level of succinyl-CoA.
FABP, plasmalemmal fatty acid-binding protein; CD36, fatty acid
translocase/CD36; CPT, carnitine palmitoyltransferase; CA7, carnitine-
acylcarnitine translocase

Recently, the use of odd-carbon MCTs has been
proposed as an alternative to even-carbon MCTs in the
nutritional management of patients with LCFA oxidation
defects [18]. The benefit of odd-carbon MCTs, specifically
heptanoate-containing triglycerides or triheptanoin, is at-
tributed to their anaplerotic properties. Anaplerosis is the
re-filling of the catalytic intermediates of the CAC that
carry acetyl-CoA as it is oxidized. In fact, the oxidation of
one molecule of heptanoate, which have seven carbons,
yields two acetyl-CoA and one propionyl-CoA molecules,
while that of octanoate, a eight-carbon containing MCFA,
yields four acetyl-CoA units (Fig. 1). Propionyl-CoA
derived from heptanoate is further metabolised to succi-
nyl-CoA, which is an anaplerotic reaction that feeds the
pool of CAC intermediates [19]. Supporting evidence for
this metabolic scheme is provided by labelling experiments
conducted in perfused hearts with heptanoate differentially
labelled with carbon 13 (**C) on carbon 1 or carbons 5, 6
and 7. Indeed, using [1-'>CJheptanoate, there was incor-
poration of label into citrate and the expected fall in
enrichment from citrate to succinate concurred with the
notion that the carbon-1 of heptanoate enters the CAC via
[3-oxidation and not through anaplerosis. In contrast, the
use of [5,6,7—13C3]heptanoate resulted in the formation of

['*Cs]succinate in a proportion that supported the notion of
heptanoate metabolism to propionyl-CoA [26].

MCFA metabolism at the whole-body level

While traditionally, MCFAs are given in the form of MCTs,
their route of administration, oral or parenteral, has a major
impact on the formation of their derived metabolites [2, 12,
34]. When given orally, MCTs which are hydrosoluble, are
readily hydrolysed to MCFAs that are absorbed into the
portal vein and are rapidly taken up and oxidized by the
liver. This contrasts with LCFAs that are packed into
chylomicrons, which bypass the liver via the lymphatic
system and are delivered to extrahepatic tissues. Accord-
ingly, MCTs are hydrolysed faster and are better absorbed
than LCTs [2, 12]. Results from animal and human studies
provide also evidence that MCT diets lead to less
deposition of body fat than LCT diets. Furthermore,
because ingested MCFAs are directed toward oxidation
rather than storage, they also influence energy expenditure
[2, 12]. In the liver, MCFAs are not significantly incorpo-
rated into lipids. Rather, excess formation of acetyl-CoA
through [(3-oxidation of MCFAs leads to ketone body
synthesis [2, 12]. In fact, ketone bodies, namely acetoace-
tate and (-hydroxybutyrate, are the quantitatively most
important MCFA-derived metabolites that become available
to non-hepatic organs when MCTs are administered orally.
In contrast, intravenous MCTs are hydrolysed presumably
by lipoprotein lipase to MCFAs, which are rapidly taken up
and oxidized by peripheral tissues, particularly heart,
muscles and kidneys, but also liver [33, 35]. The oxidation
rate of enterally or parenterally administered MCTs is
similar, but it is faster than that of LCTs [35].

Similarly, the hepatic metabolism of odd-carbon MCFAs
leads to ketone body synthesis. However, beyond the
formation of the classical four carbons (C4) ketone bodies
acetoacetate and [3-hydroxybutyrate from acetyl-CoA me-
tabolism, odd-carbon MCFAs lead also to the formation of
the C-5 ketone body analogs {3-ketopentanoate and (-
hydroxypentanoate from propionyl-CoA metabolism. Re-
cently, Kinman et al. [34] have demonstrated that heptanoate
and C5-ketone bodies were the predominant circulating
metabolites when triheptanoin was infused intravenously,
whereas only C5-ketone bodies were detected when
triheptanoin was given intraduodenally. Irrespective of the
route of administration of MCFAs, their hepatic metabolism
can contribute to energy production as well as favour
anaplerosis and hence gluconeogenesis and thereby induce
changes in the availability of other circulating substrates,
such as LCFAs or glucose, for non-hepatic organs, a
phenomenon that can indirectly modulate cardiac energy
substrate metabolism.
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Metabolic effects of MCFAs in the heart

Metabolic effects of MCFAs that have been documented in
the normal and diseased hearts include modulation of
substrate selection, anaplerosis, and energy status. These
effects have been described in hearts from rats and pigs
perfused ex vivo or in situ. It is noteworthy that a number
of earlier studies that is prior to 2000, have been conducted
using MCFAs, principally octanoate, as the sole source of
FAs. While results from these studies provide useful
metabolic informations, care should be taken in extrapolat-
ing conclusions from these studies to the in vivo situation.
Indeed, as discussed below, the metabolic effects of MCFAs
differ when supplied alone or together with LCFAs, a
condition that is more physiologically relevant.

Modulation of substrate selection In the heart, as in other
tissues, MCFAs are more easily oxidized than LCFAs and
their contribution to energy production is related to their
coronary concentration [36, 37]. In rat hearts perfused with
carbohydrates and FAs, replacing LCFAs by MCFAs at a
concentration providing the same quantity of acetyl-CoA
units (assuming complete (3-oxidation) induced a two- to
six-fold increase in the myocardial levels of acetyl-CoA as
well in the rate of FA [3-oxidation, while the rate of
glycolysis and glucose oxidation was decreased [37, 38].
When supplied at concentration greater than 0.5 mM,
MCFAs provided more than 80% of acetyl-CoA molecules
for oxidation into the CAC [36-39]. Evidence supporting
the notion that (3-oxidation of MCFAs is uncontrolled when
supplied as the sole FA to perfused hearts is supported by
our finding of a high rate of ketone body release,
representing as much as 25% of acetyl-CoA production,
when hearts were perfused with carbohydrates and 0.2 mM
octanoate. This ketone body release is attributed to the high
activity and reversibility of cardiac 3-oxoacidtransferase
[40]. However, the latter metabolic effect of MCFAs, as
well as an increased myocardial malonyl-CoA levels [37,
41] are not observed when hearts are perfused with a
mixture of MCFAs and LCFAs.

In hearts perfused with 1-1.2 mM LCFA (oleate or
palmitate), decreasing LCFA concentration to 0.4-0.6 mM
combined with addition of 0.6—-1.2 mM MCFA (octanoate)
led to the following metabolic changes. First, there was an
increased contribution of total exogenous FAs to energy
production, which was due to MCFAs since that of LCFAs
was decreased [42, 43]. Second, the contribution of
carbohydrates, namely glucose, pyruvate and/or lactate, to
energy production remained unchanged or was slightly
increased, providing about 10% of acetyl-CoA production
[42, 43]. Third, glycolytic flux was unaffected, but the
cytosolic redox state, as reflected by the lactate-to-pyruvate
production rate, was less reduced than with LCFAs alone
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[42, 43]. Finally, the myocardial levels of endogenous
energy stores, glycogen and triglycerides, were also
unchanged [42].

Similar metabolic effects of MCFAs have been reported
in animal models of left ventricular hypertrophy, which
display enhanced glycolysis and decreased FA oxidation.
First, we conducted a study in hearts from 15-week-old
spontaneously hypertensive rats (SHR) [44], which also
show hypertension, insulin resistance and dyslipidemia,
thereby mimicking some of the characteristics of the
metabolic syndrome [45]. These rats also exhibit a genetic
defect in FAT/CD36, concurring with the reported reduced
contribution of exogenous LCFAs to (3-oxidation in the
heart [44—47]. In our study, SHR hearts were perfused in a
working mode with physiological concentrations of sub-
strates, including 0.4 mM oleate, and hormones and
subjected to an adrenergic stimulation to increase energy
demand (Fig. 2). Addition of 0.2 mM octanoate increased
exogenous FA contribution to energy metabolism, princi-
pally due to MCFA contribution (10.5+0.6%), with an
equivalent decrease in endogenous non-carbohydrate sub-
strate contribution, probably endogenous LCTs [44]. In
contrast, glycolysis and glucose oxidation were unaffected.
When octanoate was replaced by 0.2 mM heptanoate, there
was a two-fold lower contribution of this odd-carbon
MCFA to acetyl-CoA formation for energy production
(4.9+£0.8%; n=4; Fig. 2, unpublished data), concurring with
the notion that oxidation of one molecule of heptanoate
yields two times less acetyl-CoA molecules compared to
octanoate (Fig. 1). Furthermore, concurring with Okere et
al., we detected the formation of M+3 isotopomers of
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Fig. 2 Relative substrate contribution to acetyl-CoA for citrate
synthesis in isolated working SHR hearts perfused with different
mixtures of fatty acids. SHR hearts were perfused in a working mode
with either 0.49 mM oleate (C18:1), 0.4 mM oleate+0.2 mM
octanoate (+C8), or 0.4 mM oleate+0.2 mM heptanoate (+C7) and
with physiological concentrations of other substrates and hormones,
and subjected to an adrenergic stimulation. Results depicted for groups
C18:1 and +C8 were adapted from [44]. Bars represent the relative
contribution of carbohydrates (PDC; black bars), exogenous oleate
(OLE: white bars), octanoate (OCT) or heptanoate (HEPT: dotted
bars); and other non-glucidic endogenous substrates (OS; grey bars)
to acetyl-CoA for citrate synthesis. *p<0.05 vs C18:1 group
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succinate (MPE M+3=1.1+0.1%; n=4) when hearts were
perfused with [5,6,7-'°C5]- but not [1-'>CJheptanoate, in
agreement with the metabolism of the last three carbons of
heptanoate to succinyl-CoA.

More recently Allard et al. [42] have examined the
effects of MCFAs in a rat model of left ventricular
hypertrophy induced by aortic banding. Hearts were
perfused with glucose and 1.2 mM palmitate, or 0.6 mM
palmitate plus 1.2 mM octanoate. These two mixtures of
FAs supply an equivalent amount of acetyl-CoA molecules.
In the presence of octanoate, there was a two-fold increased
contribution of exogenous FAs, attributed to MCFAs,
reduced glycolysis, whereas glucose oxidation remained
unchanged. Collectively, these metabolic effects concurred
with our findings in SHR except that they were of greater
magnitude, possibly due to the use of a greater octanoate
concentration (1.2 versus 0.2 mM in our study).

Anaplerosis Another potential beneficial effect of MCFAs
is to increase myocardial levels of CAC intermediates. This
anaplerotic effect was reported in different conditions of
heart perfusions with the even-carbon MCFA, octanoate or
hexanoate [26, 43, 44, 48-50]. This increase in CAC
intermediate levels, more specifically that of isocitrate and
malate, appears to be due to a preferential partitioning of
pyruvate to carboxylation rather than to decarboxylation
combined with an increased supply of acetyl-CoA from the
MCFAs. There were no reported changes in the cardiac
efflux of CAC intermediates, a process that is often referred
to as cataplerosis [43, 44, 48, 49].

The magnitude of the anaplerotic effect was more marked
with odd- than even-carbon MCFAs. In pig hearts perfused
in situ and subjected to ischemia—reperfusion, the addition of
0.4 mM heptanoate induced a 25-50% increase in CAC

intermediate tissue levels, particularly succinate, fumarate
and malate [26]. We also obtained similar results in working
SHR hearts perfused ex vivo and subjected to adrenergic
stimulation [44] in the presence of either 0.49 mM oleate
(C18:1), or a mixture of 0.4 mM oleate and 0.2 mM
octanoate (+C8) or 0.2 mM heptanoate (+C7; Fig. 3).

Energy production Much remain to be learned, however,
on the mechanism by which the aforementioned unique
metabolic effects of MCFAs impact on cardiac energy
production. In our studies conducted in hearts from SHR
and Wistar rats, despite differences in substrate selection for
energy production induced by the addition of MCFAs, there
was no difference in the absolute CAC flux rates, calculated
from oxygen consumption and flux ratios [43, 44, 49].
However, Allard et al. [42] found that the metabolic effects
of octanoate were associated with an increased myocardial
concentration of adenosine triphosphate (ATP) both in
control and hypertrophic rat hearts. Furthermore, the lower
glycolytic rate of hypertrophied hearts perfused in the
presence of octanoate was associated with a decreased
activity of both isoforms of adenosine monophosphate
kinase (x1 and «2), suggesting that beyond their metabolic
effects, MCFAs may also impact on the activity of this
signalling pathway which is considered as a cellular
metabolic and energy fuel sensor [20, 42].

Potential benefits of MCFAs in cardiac diseases

The following section will describe the potential benefits of
MCFAs on the normal and diseased heart beyond metab-
olism. This includes contractile function as well as the
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Fig. 3 Effects of medium-chain fatty acids on the myocardial levels
of citric acid cycle intermediates. SHR hearts were perfused in a
working mode with different mixtures of fatty acids, as described in
Fig. 2. Tissue levels of citrate (Cit), isocitrate (Iso), x-ketoglutarate

(aK@), succinate (Suc), fumarate (Fum), malate (Mal) and total citric
acid cycle intermediates were quantified by gas chromatography—mass
spectrometry in tissue homogenates spiked with standards. *p<0.05,
**p<0.001 vs C18:1 group
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development of hypertrophy or its progression to failure.
First, we will discuss findings related to cardiomyopathy
development in subjects with LCFA oxidation defects,
principally humans. Then, we will describe findings in
studies using other models of cardiomyopathy, which were
conducted exclusively in animals. As a whole, while part of
the reported benefits of MCFAs may potentially be
attributed to the aforementioned metabolic effects on the
heart, the contribution of additional indirect effects cannot
be excluded and hence will also be discussed.

LCFA oxidation defects

The clinical phenotype of patients affected with genetic FA
oxidation defects is very diversified but frequently includes
cardiomyopathy and/or heart beat disorders [13, 51].
Interestingly, cardiac symptoms are specifically associated
with LCFA oxidation defects, either disorders of carnitine
shuttle for transport across the mitochondrial membrane or
defects of specific mitochondrial enzymes for LCFA
oxidation. In contrast, they are exceptional in MCFA or
short-chain FA oxidation disorders. Cardiac decompensa-
tion occurs under conditions where LCFAs usually become
the major energy source such as fasting or during a stress
challenge. The treatment regimen that has been successful
in improving the outcome of many patients with LCFA
oxidation defects, particularly in alleviating their cardio-
myopathy [14—17], include dietary MCTs (~30% of calorie
intake) in conjunction with frequent carbohydrate feedings,
carnitine supplementation, and reduced consumption of
LCTs. In these patients, MCTs was found to restore ketone
body production and improves metabolic control following
exercise [52]. Among the proposed underlying pathophys-
iological mechanisms in these patients are defective energy
production combined with accumulation of toxic LCFA
derivatives, either LC-acyl-CoAs or carnitines [51, 53]. The
benefit of MCT administration is attributed to MCFAs and
their derived metabolites, which bypass the defective
enzyme block and thereby, can restore energy production
beyond that provided by carbohydrates. This is suggested
by the finding that cold tolerance of mouse with LCFA
oxidation defects can be increased by feeding a MCT-
enriched diet prior to cold challenge but not by glucose
infusion [54]. Furthermore, MCFAs appear also to decrease
the accumulation of toxic LCFA-derived metabolites,
although the underlying mechanism remains to be clarified.
In fact, experiments conducted in fibroblasts from patients
with LCFA oxidation deficiencies demonstrated that
MCFAs can be normally oxidized in these cells, inducing
a decreased accumulation of toxic LCFA derivatives and
correction of secondary metabolic disturbances [55-57].
Actually, MCT supplementation is generally considered to
be beneficial in FA oxidation defects, even if MCFA
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utilization slightly differs between the different enzyme
defects [13, 58].

Nevertheless, despite marked improvements in the clinical
status of most FA oxidation defective patients, there remain
persistent cardiac and muscle dysfunctions in some of these
subjects. Recently, Roe et al. [18] reported a dramatic
improvement of cardiomyopathy and muscle symptoms after
substituting even-carbon (trioctanoin) by odd-carbon (trihep-
tanoin) MCTs in a few patients with very long-chain acyl-
CoA dehydrogenase deficiency. In one of these patients,
cardiac hypertrophy and dysfunction was normalized after a
few weeks of triheptanoin treatment. Triheptanoin ingestion
induced a rapid appearance of both C4- and C5-ketone
bodies in plasma. There was no evidence for any accumu-
lation of toxicity linked to propionyl-CoA overload. It was
postulated that the beneficial effect of triheptanoin results
from its anaplerotic property. Presumably this would
compensate for a decreased tissue CAC intermediate level
attributed to excessive leakage and thereby improve acetyl-
CoA metabolism in the CAC and energy production.
However, controlled clinical studies appear warranted to
substantiate the potential advantageous role of anaplerotic
odd-carbon MCTs in patients with LCFA oxidation defects.

Cardiac hypertrophy and failure

Collectively, studies that have examined the effects of
MCFAs in animal models of hypertrophy, both using the ex
vivo perfused heart model or in vivo, have reported some
benefits on cardiac function or disease progression. First, in
their rat model of pressure-overload induced hypertrophy,
Allard et al. [42] reported an improved contractile function
of working hearts perfused with 0.6 mM palmitate and
1.2 mM octanoate compared to 1.2 mM palmitate alone.
Similarly, we demonstrated that the capacity of SHR hearts
to withstand an acute adrenergic stress, as evidenced by a
rapid decline in cardiac functions and enhanced lactate
dehydrogenase release (reflecting loss in cell membrane
integrity), can be improved by increasing the contribution
of exogenous FA oxidation to energy production by
supplementation with 0.2 mM octanoate [44]. Replacing
octanoate with 0.2 mM heptanoate did not result in
additional benefits (unpublished data), in spite of hepta-
noate’s greater anaplerotic effect as illustrated in Fig. 3.
Collectively, these results suggest that impaired energy
production rather than defective anaplerosis contributes to
cardiac dysfunction in this model of acute heart failure.

In addition to these aforementioned effects of acute
supplementation with MCFAs, there have been a number of
studies reporting some benefits following feeding SHR
with a MCT-enriched diet [47, 59, 60]. These benefits
include prevention of cardiac hypertrophy and improve-
ment of cardiac function, despite persistent hypertension.
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Ischemia and reperfusion

Earlier studies in perfused rat hearts have reported
improved functional recovery following an ischemic
insult with high concentrations of hexanoate or octa-
noate [38, 61]. However, using a less severe model of
ischemia—reperfusion (i.e. 60% reduction of regional
coronary flow) in the pig heart perfused in situ and lower
concentrations of MCFAs (0.4 mM hexanoate or hepta-
noate), Okere et al. [26] did not observe any improvement
in cardiac function.

Diabetic cardiomyopathy

To the best of our knowledge, there has been only one
study in a rat model of diabetes with MCFAs, in which it
was shown that the addition of hexanoate as sole FA source
to hearts perfused with glucose alone normalized contractile
function [39]. However, interestingly in mice overexpress-
ing peroxisome proliferator-activated receptor o« (PPARx)
in a cardiomyocyte specific manner, which recapitulates the
diabetic metabolic phenotype, administration of a diet
enriched in LCFAs exacerbated the cardiomyopathy and
contractile dysfunction, whereas a MCFA-enriched diet
rescued these abnormalities [62]. Collectively, these results
suggest that MCT-enriched diet may improve the diabetic
cardiomyopathy, however further work is necessary to
confirm this favourable effect, notably in human diabetic
patients.

Fig. 4 Effects of acyl-CoAs of
different chain lengths on the
activity of myocardial mito-
chondrial enzymes. Data are
means+SE of four experiments.
The enzyme activity of citrate
synthase, aconitase and NADP'-
isocitrate dehydrogenase
(NADP-ICDH) was determined
spectrophotometrically as previ-
ously described [44] in frozen
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Other effects of MCFAs

Much remains to be learned about the mechanisms
underlying the reported beneficial effects on cardiac
function and disease progression. While these effects may
result from the aforementioned unique metabolic properties
and effects of MCFAs, there are additional potential indirect
both cardiac and extra-cardiac effects, which ought also to
be considered as potential mechanisms to explain the
benefits of MCFAs. For example, replacing LCFAs by
MCFAs as energy substrate may contribute to decrease
potentially adverse effects of LCFAs, which has been
referred to as lipotoxicity [62, 63]. This phenomenon has
been proposed to occur whenever there is a mismatch
between LCFA uptake and oxidation, leading to their
conversion to biologically active metabolites such as
ceramide and/or diacylglycerol that may impact on signal-
ling pathways and gene expression. For example, in
contrast to LCFAs, MCFAs do not activate PPARx and
genes regulated thereby such as uncoupling protein 3 and
pyruvate dehydrogenase kinase 4 [64]. In addition, while
LC- and MC-acyl-CoAs differentially activate cardiac Krp
channels, an important regulator of cellular excitability
[65], only LC-acylcarnitine derivatives were found to
decrease inward K current and elicit electrophysiological
alterations [51, 66]. Finally, LC-acyl-CoAs have been
shown to inhibit ex vivo the activity of enzymes involved
in energy substrate metabolism and its regulation. This
includes acetyl-CoA carboxylase, the mitochondrial tricar-
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boxylate transporter, and several CAC enzymes [67, 68].
Figure 4 illustrates the inhibitory effects of increasing
concentrations of LC-acyl-CoAs, but not MC-acyl-CoAs,
on myocardial citrate synthase, nicotinamide adenine
dinucleotide phosphate (NADP")-isocitrate dehydrogenase
and aconitase activities.

At the whole-body level, MCFAs also have other effects
that may indirectly impact on cardiac function and metabo-
lism as well as on risk factors for cardiac diseases. For
example, MCT-enriched diets have been associated with
improved insulin sensitivity and glucose tolerance [47, 69],
increased thermogenesis and down-regulation of adipogenic
genes, resulting in a reduced fat storage and a decreased
body weight [11, 69]. In addition, they may also impact on
the immune response or coagulation pathways [70, 71].
Interestingly, MCFAs have recently been reported to be
ligands for G-protein coupled receptors acting as signalling
molecules, for example to potentiate insulin secretion at the
level of B-cells [72, 73]. The potency of MCFAs as agonist
appears, however, to be chain length dependent.

Potential limitations or safety of MCFAs

Only few deleterious effects have been reported with the
use of MCFAs, many of which have been reported mainly
when MCTs were administered as the main dietary energy
source representing >50% of the total energy intake. These
include decreased absorption of LCTs, which may result in
deficiency in essential polyunsaturated LCFA, steatorrhea,
gastrointestinal discomfort, increased risk of ketogenesis
and acidosis, and in some studies, though not all, changes
in blood lipid profile such as a raise in triglycerides or non-
high-density lipoprotein cholesterol [1-3, 74, 75]. Howev-
er, MCTs should be well tolerated while providing an
adequate source of energy when given at less than 30% of
the total energy intake.

MCFAs may, however, interfere with protein metabo-
lism, as suggested from perfused rat heart experiments [76].
In fact, octanoate being a chemical analogue of 2-
ketoisocaproate, is a potent inhibitor of branched-chain
alpha-keto acid dehydrogenase kinase, resulting in activa-
tion of branched-chain alpha-keto acid dehydrogenase
complex and thereby leucine oxidation [77]. Further
investigations appear warranted to assess the significance
of this effect given that leucine modulates the mammalian
target of rapamycin signaling pathway, which governs cell
protein synthesis as demonstrated in skeletal muscle [78].
The impact of heptanoate on leucine metabolism should
also be further considered. On additional considerations for
odd-carbon MCFAs is propionyl-CoA overload, although
this has not been reported in recent studies in humans and
rats in which triheptanoin was supplied at <30% of the total
energy intake [18, 19].

@ Springer

Conclusion

In summary, MCFAs are readily oxidized by cells,
including cardiomyocytes, and provide a very efficient
source of energy production. MCFAs display metabolic,
biological and physical properties that are distinct from
LCFAs, which may contribute to their reported benefits on
the heart’s energy status and contractile function. These
properties have been used advantageously for the nutrition-
al management of cardiomyopathies in subjects with
inherited LCFA {3-oxidation defects [13]. Studies in animal
models indicate that MCFAs may favourably modulate
cardiac disease progression [42, 44, 62]. Interestingly, these
beneficial effects of MCFAs have been reported in animal
models for which the expression of myocardial genes
coding for FA {3-oxidation are decreased (pressure-overload
hypertrophy [42]) or increased (diabetic cardiomyopathy
[62]). This suggests that MCFAs use would not be
restricted to a given condition. However, to the best of
our knowledge, the effect of MCT feeding has not yet been
examined in patients with coronary diseases or heart failure.
While there appear to be many potential beneficial direct
and indirect effects linked to substituting dietary LCTs for
MCTs as an energy source, much remain to be learned
about the metabolic alterations prevailing in patients with
such diseases, particularly at the myocardial level. In fact,
in contrast to animal models, patients received multiple
medications, for which there is little information about their
impact on substrate metabolism [20]. Hence, a better
understanding of the prevailing metabolic alterations in
these patients would help to delineate specific conditions in
which MCTs are likely to be beneficial.
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