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Abstract

In the advanced stages of heart failure, many key enzymes involved in myocardial energy substrate metabolism display
various degrees of down-regulation. The net effect of the altered metabolic phenotype consists of reduced cardiac
fatty oxidation, increased glycolysis and glucose oxidation, and rigidity of the metabolic response to changes in work-
load. Is this metabolic shift an adaptive mechanism that protects the heart or a maladaptive process that accelerates
structural and functional derangement? The question remains open; however, the metabolic remodelling of the failing
heart has induced a number of investigators to test the hypothesis that pharmacological modulation of myocardial
substrate utilization might prove therapeutically advantageous. The present review addresses the effects of indirect
and direct modulators of fatty acid (FA) oxidation, which are the best pharmacological agents available to date for
‘metabolic therapy’ of failing hearts. Evidence for the efficacy of therapeutic strategies based on modulators of FA
metabolism is mixed, pointing to the possibility that the molecular/biochemical alterations induced by these pharma-
cological agents are more complex than originally thought. Much remains to be understood; however, the beneficial
effects of molecules such as perhexiline and trimetazidine in small clinical trials indicate that this promising thera-
peutic strategy is worthy of further pursuit.

This article is part of the Spotlight Issue on: Metabolic Remodelling in Heart Failure

1. Introduction

A long-known feature of the failing heart phenotype is the profoundly
altered energy metabolism." ATP concentration is ~30% lower in
failing compared with normal human myocardium® and its flux
through creatine kinase is also reduced.’ Such depletion of chemical
energy stores is associated with marked changes in substrate utiliz-
ation.* Cardiac muscle satisfies its high-energy requirements by oxi-
dizing fatty acids (FAs) and carbohydrates and, to a lesser extent,
amino acids. Despite some inconsistent reports, there is growing con-
sensus that the failing heart looses its metabolic flexibility and relies
more on glucose as its preferential substrate.* Is this metabolic shift
an adaptive mechanism that protects the heart or a maladaptive
process that accelerates cardiac pathology? The question remains
open; however, the metabolic remodelling of the failing heart has
induced a number of investigators to test the hypothesis that pharma-
cological modulation of myocardial substrate utilization might prove
therapeutically advantageous. The present review will go over data
that do or do not support the efficacy of therapeutic strategies for
heart failure (HF) based on modulators of FA metabolism. For
more detailed descriptions of the cardiac metabolic pathways and

of their fine regulation, we refer the reader to the numerous
reviews on this topic.*”’

2. Metabolic changes in the failing
myocardium

2.1 Regulation of myocardial FA oxidation

The healthy cardiac muscle can oxidize various energy substrates,
although under post-absorptive conditions, it preferentially utilizes
FA'® (Figure 1). Myocardial FA oxidation (FAO) is a complex
process that provides almost 70% of cardiac ATP in the fasting
state, whereas the remaining portion yields mostly from the oxi-
dation of the competing substrates lactate, glucose, and pyru-
vate*'© FAO is less energy efficient than glucose oxidation,
theoretically requiring 11-12% more oxygen for a given amount
of ATP produced.* The amount of ATP synthesized per mole of
oxygen consumed is dependent on the coupling of oxygen con-
sumption to ATP production in the mitochondria. Classical
studies in humans and dogs show that very high plasma levels of
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Figure | Cardiomyocyte substrates utilization. (A) Healthy cardiomyocyte. Cardiomyocyte mainly uses FAs that enter into the cell and are con-
verted in the mitochondria through the carnitine palmitoyltransferase type 1 and type 2 (CPT-1 and CPT-2), and the carnitine acylcarnitine translocase
(CT) before being used by B-oxidation (3-Ox) to produce FADH,, H,O, NADH, and acetyl-CoA. Glucose and lactate enter into the cells and are
transformed into pyruvate by glycolysis and lactate dehydrogenase, respectively. (B) Early HF cardiomyocyte. In early HF, FA utilization is blunted,
mitochondrial FA 3-Ox decreases, while uptake and metabolism of the competing substrate glucose increase. (C) End-stage HF cardiomyocyte. In
overt HF, FA uptake and metabolism are significantly depressed; although, the glucose uptake and metabolism is significantly enhanced. RV, right ven-
tricle; LV, left ventricle; FA-CoA, fatty acyl-coenzyme A; FADH,, reduced form of flavine adenine dinucleotide; NADH, reduced form of nicotinamide

adenine dinucleotide.

free FA have a profound oxygen wasting effect on the myocardium,
resulting in a fall in the rate of left ventricular (LV) power by up to
30% relative to the rate of myocardial oxygen consumption.*'""?
The mechanism for this effect is not clear, but may involve mito-
chondrial uncoupling and stimulation of futile substrate cycles
that waste ATP.* The normo-perfused, healthy heart readily
extracts and oxidizes circulating FA in proportion to their arterial
concentration.**"® Once in the cytosol, FA are first converted
into long-chain acyl-CoA esters by fatty acyl-CoA synthase: 75%
of them are transferred into mitochondria through the carnitine
palmitoyltransferase type 1 (CPT)-1/carnitine system and immedi-
ately oxidized,>"® whereas the remaining are stored into the trigly-
ceride pool for later oxidation. FAO requires the conversion of
acyl-CoA into acyl-carnitine’ by CPT-1, a key limiting step
enzyme whose activity is inhibited by malonyl-CoA. This latter is
formed by acetyl-CoA carboxylase (ACC) and degraded by
malonyl-CoA decarboxylase (MCD)." The activities of MCD and
ACC, which are highly expressed in the myocardium, determine
the cytosolic levels of malonyl-CoA and play a pivotal role in

regulating FAO during physiological and pathological conditions,
such as fasting, diabetes, and ischaemia.”

Long-chain acyl-CoA metabolism in the mitochondrial matrix
occurs via the [-oxidation pathway involving the activity of
acyl-CoA dehydrogenase, enoyl-CoA hydratase, L-3-hydroxyacyl-CoA
dehydrogenase, and 3-ketoacyl-coenzyme A thiolase (3-KAT).> Each
cycle of FAO results in the production of acetyl-CoA, FADH,, and
NADH, which can also modulate the activity of the above enzymes
through an inhibitory feedback. An acute increase in workload of
healthy hearts, for instance during exercise or (-adrenergic stimu-
lation, increases myocardial FAO."® Interestingly, the increase in
FAO following an acute increase in workload does not depend on
the activity of MCD-malonyl-CoA pathway."”'®

The transcriptional control of genes encoding for FAO enzymes is
in large part mediated by peroxisome proliferator-activated receptor
(PPAR)-a, -B, -8, and -y, the retinoid X receptor-a (RXRa) and the
PPAR co-activator y (PGC-1a).>"® PPARs, RXRa, and PGC-1a form
heterotrimers binding to responsive elements of various promoters,
thus activating the transcription process. The rate of FAO is partially
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dependent on the expression level of PPAR-regulated genes that
encode FAQ enzymes.”

2.2 Myocardial FAO in the failing heart

A number of clinical studies have clearly documented a reduced util-
ization of FA and an increased utilization of glucose as energy sub-
strates by the failing heart.*~** When FAO was directly measured
using radiolabelled tracers and normalized to myocardial oxygen con-
sumption, it was found reduced by 70% in patients with dilated cardi-
omyopathy compared with control subjects, even during pacing
stress.”” These results are consistent with previous ones showing a
significant reduction in FAO in a dog model of severe non-ischaemic
dilated cardiomyopathy.>*~>¢ Various mechanisms have been pro-
posed to explain the switch in substrate preference, from FA to
carbohydrate, observed in the failing heart.**” One hypothesis is
that the altered fuel selection reflects a reversal from the adult to
the foetal metabolic phenotype, which may protect the failing heart
from further irreversible structural and functional impairment.27 The
foetal heart, endowed with fewer, immature mitochondria compared
with the adult heart,”® has a limited ability to oxidize long-chain
FA?%3% therefore lactate and glucose oxidation constitute the major
sources of energy for ATP synthesis.>' During the transition from
foetal to neonatal life, the heart is exposed to an increased haemo-
dynamic load and oxygen tension which, in turn, drive its metabolic
transformation. A reverse change would occur during advanced HF
as a direct consequence of reduced expression of the FA-handling
enzymes in response to changes in haemodynamic load, myocardial
blood flow, and metabolic milieu. The exact sequence of events
involved in this phenomenon is not yet well defined.

Other studies failed to observe abnormalities in cardiac FA uptake
and utilization in HF.>%*3 For instance, HF patients with elevated
plasma FA displayed even an increased uptake of this substrate.>*
Another study based on indirect measures of the rate of FAO from
FA extraction and transmyocardial respiratory quotient showed an
elevated arterial FA concentration and a higher oxidation rate in HF
patients compared with controls, despite no differences in coronary
blood flow or cardiac energy expenditure.®* In this regard, it is impor-
tant to consider that HF patients have approximately a 20—50%
increase in the circulating levels of FA.?>*¢ Moreover, dogs with mod-
erately/severe HF showed normal myocardial FAO,?” which supports
the hypothesis that FAO is not down-regulated during early HF, but it
is significantly depressed in the more advanced stages (Figure 7).

Several studies documented a decreased expression and activity of
enzymes involved in mitochondrial FAQ in the failing heart. Myocar-
dial expression of enzymes of the first and third step of FA
B-oxidation was first found down-regulated in a study on patients
with terminal HF and undergoing cardiac transplantation.*® A
reduced expression and activity of the key enzyme CPT-1 was
found in failing hearts of dogs® and patients.*” Similar to patients,
the expression of medium-chain acyl-CoA dehydrogenase, one of
the enzymes of the FA B-oxidation, is down-regulated in the dog
model of pacing-induced HF.> In the light of data collected from
several experimental models, it has become clear that the HF-induced
mRNA down-regulation of enzymes involved in FAQO is far more pro-
nounced than the actual changes in enzymatic activity or protein
levels, +54041

The mechanisms responsible for the down-regulation of FAO in the
failing myocardium are not well defined, but appear to be in part the
result of reduced transcriptional activation of genes regulated by

PPARa/RXRa/PGC-1a heterotrimer. In fact, the transcriptional acti-
vation complex, when activated by long-chain FA, is able to bind
specific responsive elements that regulate the expression of genes
that encode enzymes involved in FAO.*> PPARa protein levels
were found to be significantly decreased in the myocardium of
human end-stage HF compared with control donor hearts,* but
unchanged in the myocardium of dogs with pacing-induced HF,
despite a significant decrease in RXRa protein levels.”® PPARa
protein levels were also unchanged in rodent models of HF. 0444
Although it is conceivable that impaired formation of the nuclear het-
erotrimer or the peroxisome responsive element’s affinity for PPARa
contributes to downregulate essential enzymes for FAO in the failing
myocardium, this has not been clearly demonstrated. It is also note-
worthy that the down-regulation of FAO genes in the failing human
heart is consistent with lower levels of oestrogen-related receptor-o
and PGC-1a.***” On the other hand, PGC-1a expression was found
not significantly different from control in our canine model of HF.*8

The decrease in FAO is accompanied by enhancement of glucose
uptake and glycolysis in the failing heart, which can have both ben-
eficial and toxic effects.”” Genetic strategies have been used to test
whether enhancing glucose utilization can render hearts more toler-
ant to chronic injury. Transgenic mice with cardiac specific overex-
pression of glucose transporter type 1 (GLUT-1), which increases
basal myocardial glucose uptake, are more resistant to HF progression
compared with wild-type.®® This suggests that accelerating glucose
metabolism in HF above what is induced by the normal switch in
metabolism is beneficial. However, it has been noted that accelerated
glucose uptake and metabolism can result in ‘cardiac glucotoxicity’
which is further exacerbated by elevated circulating FA>" Studies in
experimental models and in patients suggest that glucose utilization
is enhanced in the failing heart mostly due to the down-regulation
of the competing FAO rather than to an up-regulation of the oxidative
glycolytic pathway.?>*" Enzymes of both carbohydrate and FA metab-
olism are down-regulated in the severely failing heart.>" In fact, during
pacing stress, the failing heart produces more lactate compared with
control, even in the absence of coronary pathology.”> Moreover, we
found that the increase in myocardial glucose uptake in HF is associ-
ated with higher NADPH levels due to up-regulated glucose-6-
phosphate dehydrogenase, a key enzyme of the oxidative pentose
phosphate pathway, which can fuel myocardial superoxide generation
by NADPH oxidase. We interpret these phenomena as the conse-
quence of a limited capacity of the failing heart to channel the
higher amount of extracted glucose into the glycolytic/oxidative
pathway, with consequent re-direction towards the pentose phos-
phate pathway which, in turn, would worsen oxidative stress.>*>>

Finally, in dogs with pacing-induced HF, we have tested the hypoth-
esis that the recovery of cardiac substrate oxidation capacity might
match with functional recovery, but we found that the basal FA and
glucose oxidation is normalized at an early stage of post-failure recov-
ery, when reverse morphological remodelling is not complete and
contractile function is still partially impaired.”®

3. Pharmacological modulation
of myocardial FA metabolism

The results of the above-cited studies indicate that the primary goal of
metabolic therapies for HF should be the maintenance of myocardial
capacity for oxidative metabolism and the flexibility in substrate use.
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Several studies investigated the possibility of improving the function of
the failing myocardium without affecting oxygen consumption and
haemodynamics, using agents aimed at enhancing myocardial energy
efficiency. Shifting energy substrate preference away from the use of
FA towards glucose as an oxidative fuel is a promising therapeutic
approach to better preserve or improve the mechanical function
and limit the progression of HF.>* Broadly speaking, myocardial FA
metabolism can be modulated by indirect and direct approaches.
Indirect approaches are aimed at decreasing circulating FA levels,
such as by the administration of glucose—insulin—potassium sol-
utions,>® nicotinic acid or related analogues,”® or B-adrenergic block-
ing drugs.>” Direct approaches include the activation of PPARs, the
inhibition of FA mitochondrial uptake via suppression of CPT-1, or
the inhibition of 3-KAT, the last enzyme involved in B-oxidation®®
(Figure 2). To date, the most effective metabolic modulation of
[3-oxidation in the failing myocardium is seen with pharmacological
agents such as trimetazidine and perhexiline, which directly inhibit
FAO and improve regional and global myocardial function.

3.1 Indirect FAO modulators

The excessive mobilization of FA from adipose tissue and chronic
elevation of their circulating levels in HF*® at least in part induced
by B-adrenergic overdrive, inhibits myocardial uptake of glucose,
promotes the onset of insulin resistance,”® and can be
pro-arrhythmic.’”*® Moreover, the excess of plasma FA can cause
abnormalities of myocardial function, including the formation of reac-
tive oxygen species61 and oxygen wastage.‘"5 [t has been suggested
that a decreased capacity for FAO may result in the accumulation
of long-chain fatty acyl intermediates and triglyceride, which would
lead to the generation of toxic lipid metabolites and accelerate the
progression of HF.%? Interestingly, the pathological role of triglyceride
accumulation in cardiomyocytes has been recently challenged by a
clinical study showing that myocardial lipid accumulation is not
related to the severity of cardiac dysfunction in patients with HF of
various etiologies.®> On the other hand, the toxic effects of long-chain
fatty acyl metabolites are supported by more solid evidence.** There-
fore, an indirect therapeutic approach to modulate FAO in failing
heart is to reduce the circulating levels of FA. The best-known
pharmacological agents utilized for this strategy are nicotinic acid
and its derivatives, which can decrease myocardial FAO through a
progressive decrease in plasma levels of FA>® Acute treatment with
acipimox, a nicotinic acid derivative with profound anti-lipolytic
effects, caused a decrease in myocardial FAO and enhanced glucose
uptake in patients with dilated cardiomyopathy.®® Surprisingly,
however, these metabolic effects were associated with a significant
fall in cardiac work and efficiency. One possible explanation is the
fact that although FAO is reduced in the failing heart, it still represents
a critical source of energy and its further inhibition by an aggressive
pharmacological treatment would necessarily cause a functional
derangement. Unfortunately, this study did not include a control
group or placebo employed. A very recent study in patients with
ischaemic HF treated with either acipimox or placebo for 28 days
demonstrated no beneficial effect on cardiac function, despite a sig-
nificant decrease in plasma FA levels.®® Taken together, the available
evidence suggests that FA lowering by suppression of lipolysis in
adipose tissue does not improve cardiac function in HF.

Long-term therapy with B-adrenergic receptor antagonists (meto-
prolol and carvedilol) is known to improve cardiac performance
and survival in patients with HF through an energy-sparing effect, in

part due to a switch in myocardial substrate preference away from
FAO towards carbohydrate oxidation.®” ¢’ Little is known about
the effects of (-adrenergic receptor activation in HF on myocardial
substrate metabolism. Studies in the canine tachypacing model of
HF found that 3,-adrenergic receptor stimulation shifts substrate pre-
ference towards free fatty acids (FFA) oxidation associated with
greater and deleterious myocardial oxygen requirement.”® Several
studies showed that long-term therapy with [B-adrenergic receptor
antagonists decrease oxidative metabolism and improve myocardial
performance in patients with HF, which is associated with a switch
in myocardial substrate preference away from FAO towards carbo-
hydrate oxidation.®®*”"72 There are clear differences in the pharma-
cological effects and clinical efficacy among various [(3-adrenergic
receptor antagonists, as seen in clinical studies showing that chronic
administration of carvedilol rather than metoprolol increased the sur-
vival in HF patients.”® Studies in a canine HF model found a more pro-
nounced shift in substrate preference from FFA to glucose, increased
plasma insulin levels, and suppressed glucagon levels, leading to
increased myocardial glucose uptake with carvedilol than metopro-
lol.”* At present, the precise effects of antagonism of Bs- and
[3,-adrenergic receptors on substrate metabolism of failing cardio-
myocytes in vivo are not clear, as the pharmacological effect of
these drugs can profoundly alter heart rate, preload, afterload, and
circulating substrates, and hormones.

3.2 Direct FAO modulators

3.2.1 PPAR agonists

A key question that remains open is whether the reduced FAO is an
adaptive or a maladaptive process in the failing heart. If it is adaptive,
then enhancing FAO should accelerate the progression of failure
towards decompensation. We found that chronic pharmacological
activation of PPARa with the agonist fenofibrate upregulates medium-
chain acyl-CoA activity and expression and prevented the HF-induced
reduction in myocardial FAO, but did not without affecting LV func-
tion or chamber volume in dogs with pacing-induced HF.”> These
data are in agreement with another study performed by our group

in rats with infarct-induced HF.**

Conversely, other authors tested
fenofibrate treatment in pigs with pacing-induced HF and found
increased expression of PPARa-regulated genes, prevention of LV
hypertrophy, and delayed development of LV dilation and dysfunction;
however, the effects on FAO were not assessed.”® Taken together,
these findings support the important regulatory role of the PPAR/
RXRa/PGC-1a heterodimeric complex on FAO, but leave open the
question on whether the selective pharmacological modulation of
FAO at the transcriptional level has a positive impact on the pro-
gression of HF.

3.2.2 CPT-1 inhibitors

Several findings suggest that direct inhibition of mitochondrial FA
uptake is a helpful approach to increase glucose oxidation at the
expense of myocardial FAO and to limit the progression of HF.
Three CPT-1 inhibitors have been evaluated for this purpose: oxfeni-
cine, etomoxir, and perhexiline. Oxfenicine is an effective inhibitor of
cardiac CPT-1 and FAO that was initially developed for the treatment
of chronic stable angina.77 Oxfenicine is not available for human use;
however, we evaluated it in the canine tachypacing model of HF, com-
paring normal dogs with untreated and oxfenicine-treated dogs with
HF.*® Oxfenicine extended the development of terminal failure and
attenuated haemodynamic alterations and LV chamber dilation.
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Figure 2 Targets for modulation of myocardial FA metabolism. Indirect modulators of FAO: B-blockers, glucose—insulin—potassium solution (GIK),
nicotinic acid or related analogues (acipimox). Direct modulators of FAO: PPARa agonists, carnitine palmitoyltransferase type 1 (CPT-1) inhibitors,
B-oxidation (B-Ox) inhibitors. FA-CoA, fatty acyl-coenzyme A; CPT-2, carnitine palmitoyltransferase type 2; CT, carnitine acylcarnitine translocase.

Interestingly, oxfenicine also prevented the HF-induced transcriptional
down-regulation of metabolic enzymes [CPT-1, medium-chain
acyl-CoA dehydrogenase (MCAD), GAPDH, and citrate synthase].
These results were the first to show in a large animal experimental
model that CPT-1 inhibition might be effective for slowing the pro-
gression of clinical HF.

Etomoxir is an irreversible inhibitor of CPT-1 that efficaciously inhi-
bits myocardial FAO and causes reciprocal activation of pyruvate dehy-
drogenase and glucose oxidation.”®”? Rupp et al. showed that etomoxir
prevented the initiation of pathological gene expression and develop-
ment of HF in rats with pressure overload-induced cardiac hypertro-
phy.”” On the other hand, treatment with etomoxir failed to reverse
contractile dysfunction in rats with established HF induced by chronic
pressure overload.”® The initial open-label clinical trial in HF patients
with etomoxir showed promising results®>®"; however, the subsequent
placebo-controlled trial was stopped due to hepatotoxicity.®* Never-
theless, this latter trial showed trends for improved cardiac function
in treated patients®? and suggested that CPT-1 inhibition could be
exerting a positive effect on the myocardium.

Perhexiline is a drug for the treatment of chronic stable angina that
is used in Australia and some parts of Asia, but is not clinically avail-
able in the USA or Europe.”” It is more effective at inhibiting the
cardiac isoform of CPT-1 than the liver isoform.®* Small placebo-
controlled clinical studies report that perhexiline enhances the
quality of life and increases the LV ejection fraction in patients with
contractile dysfunction.®*® Abozguia et al®> demonstrated in symp-
tomatic patients with hypertrophic cardiomyopathy that perhexiline

increased the myocardial ratio of phosphocreatine to ATP as
measured by nuclear magnetic resonance, consistent with a metabolic
mechanism of action. Although data from these small clinical studies
suggest that perhexiline should improve clinical outcome in HF
patients, a large-scale pivotal trial has not be conducted in patients
with HF or hypertrophic cardiomyopathy.

3.2.3 Inhibitors of FA (3-oxidation
Direct partial inhibition of mitochondrial FA B-oxidation has been
shown to be effective anti-ischaemic agents and has shown clinical effi-
cacy in patients with chronic stable angina, as seen in improved exer-
cise time to onset of symptoms and a decrease in the frequency in
episodes of angina.”” Trimetazidine and ranolazine are anti-anginal
drugs that have been shown to inhibit myocardial FAO in vitro and
result in reciprocal activation of glucose oxidation, 2% and both
compounds inhibit myocardial FA uptake in humans.>®® Trimetazi-
dine is a partial inhibitor of the terminal enzyme in B-oxidation long-
chain 3-ketoacyl thiolase.”® Few studies have investigated the effects
of trimetazidine in animal models of HF. Studies in the rat infarct
model of HF showed no benefit on LV function or chamber remodel-
ling”"? but it prolonged survival in cardiomyopathic hamsters.”
Trimetazidine is widely used in Europe and Asia for treating chronic
stable angina, where it improves exercise tolerance and decreases the
frequency of anginal episodes with lowering blood pressure or heart
rate like traditional drugs for this indication.”* Several small studies in
HF patients evaluated the effects of trimetazidine on LV function and
clinical indices of HF severity. In general, these studies have shown
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that trimetazidine is well tolerated in HF patients and has no direct
effect on heart rate or blood pressure.>?>~'%* The duration of treat-
ment in these studies has been relatively short (3—6 months), and
endpoints have focused on LV function. Results generally support
either a trend or significant improvement in LV ejection fraction con-
comitant with a reduction in systolic and diastolic volumes. Exercise
performance and LV wall motion during dobutamine stress has
been found to improve relative to placebo treatment.”® In addition,
plasma markers of HF severity improve with treatment (brain
natriuretic peptide and inflammatory cytokines).”®'%*1%% All together,
evidence from these short-term studies with surrogate endpoints of
HF outcome suggest that long-term treatment with trimetazidine
could improve hard clinical endpoints (i.e. survival and hospitaliz-
ation). As with perhexiline, large controlled trials have not been con-
ducted, at this point, there is no evidence that trimetazidine improved
clinical outcomes; thus, it is not approved by regulatory agencies for
the treatment of HF.

Ranolazine is an anti-anginal drug with a clinical pharmacology
similar to trimetazidine.'® It is approved in the USA and some Euro-
pean countries for the treatment of chronic stable angina in patients
who have not achieved an adequate response with other anti-anginal
drugs.'® The mechanism responsible for the anti-anginal actions of
ranolazine are not known; however, in vitro studies found that it inhi-
bits FAO in skeletal muscle and increases pyruvate dehydrogenase
activity and glucose oxidation in the myocardium. There have been
few reports on the effects of ranolazine on human metabolism,
although it has been shown to lower haemoglobin A1lc in diabetic
patients and to decrease cardiac FA uptake in humans. Ranolazine
also inhibits the late Na™ current and prevent ventricular repolariza-
tion abnormalities.’®” There are no reports on the effect of ranolazine
on cardiac function or clinical outcome in HF patients. Studies with
acute intravenous treatment in dogs with microembolization-induced
chronic HF showed rapid improvement in LV function (greater ejec-
tion fraction, stroke volume, and cardiac output), despite no increase
in myocardial oxygen consumption, and thus improve mechanical effi-
ciency.'® There was no change in net myocardial extraction of
glucose, lactate, or free FAs from the blood, suggesting that ranolazine
was not acting through effects on myocardial metabolism. Beneficial
effects were observed in LV systolic function and chamber size with
3 months of treatment with ranolazine compared with placebo.'®”
Although the current evidence suggests that ranolazine could be
effective for treating HF, clinical studies have not been performed,
and its use in HF might be limited because it increases serum
digoxin levels and has effects of cardiac depolarization with potential
rhythm disturbances. Importantly, the mechanism of action in HF does
not appear to be through inhibition of myocardial FAO.'%®

4. Conclusions

We started the present review with the question on whether the
altered energy substrate utilization characterizing the failing heart is
an adaptive/protective mechanism or a maladaptive process that
accelerates structural and functional derangement. After reviewing a
number of studies on the pharmacological modulators of FAO, a
new question arises, namely whether metabolic therapies should be
really considered a valid option for the treatment of HF. It is too
early to draw conclusions; however, it is undeniable that pharmaco-
logical agents such as perhexiline and trimetazidine proved surpris-
ingly efficacious in small clinical trials. The real problem is perhaps

that our interpretative paradigm based on the equation FAO
inhibition = enhanced carbohydrate oxidation is too simplistic.
Depending on the site of inhibition in the FAO pathway, different
inhibitors may induce different metabolic changes, ranging from
reduced accumulation of toxic intermediates of FA metabolism to
re-channelling of glucose in the glycolytic oxidative pathway. More-
over, since cardiac metabolic alterations depend on the severity of
HF, a fine modulation of 3-oxidation should be finely matched to
the stage of the disease. Finally, a new chapter might be opened in
the next future: the potential use of metabolic modulators for the
treatment of the diastolic HF with preserved systolic function, diag-
nosed in a growing portion of HF patients, particularly among the
elderly and in women.""®""
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