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Introduction 

Heart failure (HF) is associated with altered cardiac metabo
lism.1 The changes in cardiac metabolism are, in part, due to 
maladaptive mechanisms, in part secondary to comorbidities 
such as diabetes and ischemic heart disease. As a conse
quence, HF should be regarded as a systemic and multiorgan 
syndrome with metabolic failure, and the failing heart can be 
regarded as an engine out of fuel.2 The metabolic derange
ments taking place in heart failure are not limited to the car
diac myocytes, but extend to skeletal muscles and the 
vasculature causing changes that contribute to the worsening 
of exercise capacity (fatigue, muscle weakness, exercise limi
tation) and to disease progression (Figure 1).1 Furthermore, 
with the heart and skeletal muscle being less metabolically ef
ficient when these metabolic changes occur, patients will ex
pend more energy for any given level of exercise. 

Cardiac metabolism in the normal 
and in the failing heart 

At rest cardiac myocytes derive their main source of energy 
from free fatty acid oxidation, with up to 80% of high energy 

phosphates being produced through this reaction. The re
maining energy is produced by glucose oxidation. Excess glu
cose taken up by the myocytes is stored in the form of 
glycogen in order to be used in states of increased metabolic 
demand. Glucose utilization is 2030% more metabolically 
efficient compared to free fatty acid oxidation in the produc
tion of high energy phosphates.3 
The heart at rest uses a less efficient metabolic pathway in 
order to store more efficient fuel for states of increased 
metabolic demands such as in the presence of increased 
heart rate and blood pressure or the need for a higher car
diac output (Figure 2). An increase in glucose and lactate up
take and utilization without significant changes in free fatty 
acid (FFA) metabolism occurs during low to moderate inten
sity exercise.46 

Therefore, the myocardium adapts its substrate utilization 
according to the metabolic demands at the time; at rest this 
is only 1520% of its maximal oxidative capacity.4 When the 
myocardial metabolic requirements exceed the limit of its 
metabolic reserve, the myocardium reaches its anaerobic 
threshold. When glucose is used as a substrate the anaerobic 
threshold is higher as compared to when fatty acids are used. 
Maladaptive myocardial energetics play a key role in the 
pathophysiology and progression of heart failure. A ketosis
prone state is observed in patients with heart failure in 
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Abstract 

Heart failure is associated with altered cardiac metabolism, in part, due to maladaptive mechanisms, in part secondary to 
comorbidities such as diabetes and ischemic heart disease. The metabolic derangements taking place in heart failure are 
not limited to the cardiac myocytes but extend to skeletal muscles and the vasculature causing changes that contribute to 
the worsening of exercise capacity. Modulation of cardiac metabolism with partial inhibition of free fatty acid oxidation 
has been shown to be beneficial in patients with heart failure. At the present, the bulk of evidence for this class of drugs 
comes from trimetazidine. Newer compounds partially inhibiting free fatty acid oxidation or facilitating the electron trans
port on the mitochondrial cristae are in early phase of their clinical development.
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whom blood ketone bodies and free fatty acid levels are 
higher during fasting, and remain high after glucose 
infusion.7 In patients with heart failure the plasma levels of 
ketone bodies are related to the degree of neurohormonal 
activation and the severity of cardiac dysfunction.8 One 
cause for these maladaptive changes occurring in patients 
with heart failure is cardiac insulin resistance that develops 
early in the natural history of heart failure and that reduces 
the myocardial utilization of glucose and favors the utilization 
of free fatty acids. These changes in cardiac metabolism re
duce the cardiac metabolic efficiency thereby reducing the 

production of highenergy phosphates. Cardiac metabolic de
rangements occurring in heart failure favor its progression, 
by reducing cardiac and skeletal muscle efficiency and 
thereby further reducing functional capacity. 
The reduced production of high energy phosphates limits 
their availability and reserves and impairs myocardial con
tractility and relaxation.9 This cardiac and skeletal muscle 
metabolic remodeling, with the consequent reduction in the 
production of high energy phosphates, leads to a progressive 
worsening of both diastolic and systolic function and muscle 
contractile strength, and ultimately can lead to muscle mass 
loss and to the progression of left ventricular remodeling.10 
As heart failure progresses, the presence of a compensatory 
hyperadrenergic state results in an elevated level of free fatty 
acids in the serum that leads to the storage of free fatty acids 
as intramyocardial triglycerides that causes both lipotoxic
ity and worsening of heart failure. 
At the cellular level, the altered utilization of glucose and free 
fatty acids induces maladaptive cellular changes with de
creased mitochondrial cristae, decrease in cellular size and 
myofibrillar content and reduction in actinomyosin coupling. 
Therefore, interventions aimed at optimizing cardiac and 
skeletal muscle metabolism, and increasing high energy 
phosphate production may represent a complementary ap
proach to the treatment of heart failure.11 
 
 

Treatment of heart failure  
with metabolic agents 
 
Agents that increase cardiac energy consumption have 
negative longterm prognostic effects that may be related to 
the exhaustion of highenergy phosphates leading to altered 
handling of Ca+2 and favoring arrhythmias. Several agents 
have been suggested to improve cardiac metabolism, to 
date, of these agents, only trimetazidine and perhexiline 
have been approved for human use. 
Trimetazidine and perhexiline are approved for the 
treatment of angina pectoris and myocardial ischemia. Both 
drugs partially inhibit myocardial fatty acid oxidation, 
improve myocardial energy production and improve regional 
and global myocardial function.12 Trimetazidine is available 
worldwide (except USA where its dossier has never been 
submitted), while perhexiline is available in very few 
countries, perhaps because of its dubious safety profile.13,14 
Both agents inhibits FFA oxidation directly by blocking 3
ketoacylcoenzyme A thiolase (3KAT) and shift myocardial 
energy production from free fatty acids to glucose. Studies 
have demonstrated the benefits of these compounds on 
myocardial function in patients with heart failure. 
Trimetazidine is widely used in the treatment of stable 
angina pectoris and has a relatively significant amount of 
evidence for use in the treatment of heart failure. The effects 
of trimetazidine in heart failure are related to the improved 
myocardial production of high energy phosphates.11 
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Figure 1. Electron microscope image of cardiac myocytes in heart failure 
with reduced ejection fraction showing reduced myofibrillar content, 
glycogen accumulation, smallrounded mitochondria with reduced cristae, 
irregular nuclear envelopes.



Trimetazidine 
 
Metabolic modulation of cardiac metabolism with trimetazi
dine is associated with an improvement of the cardiac phos
phocreatine/ATP ratio by 33%. This effect translates into a 
parallel improvement of left ventricular function and with a 
reduction in the wholebody energy expenditure. Trimetazi
dine (TMZ) has consistently been shown to improve left ven
tricular ejection fraction, to reduce the New York Heart 
Association (NYHA) class, to decrease the rate of hospitaliza
tions and to reduce the levels of brain natriuretic peptide 
(BNP) in patients with heart failure and reduced ejection frac
tion (HFrEF).1526 A number of these studies have also sug
gested that trimetazidine is effective in reducing 
hospitalizations and allcause mortality in patients with HFrEF. 
Studies have shown that trimetazidine improves cardiac func
tion, exercise capacity and prognosis in patients with heart fail
ure. Randomized clinical trials demonstrated that TMZ, added 
to optimal heart failure therapy, improves left ventricular end
systolic volume and ejection fraction and functional class in pa
tients with heart failure. A multicenter cohort study including 
669 patients with chronic heart failure has demonstrated that 
adding trimetazidine to conventional therapy for heart failure 
is effective in reducing mortality and hospitalizations for heart 
failure.15 Several metaanalyses of randomized controlled trials 
have consistently confirmed the findings of the studies on the 

effect of trimetazidine in heart failure and have confirmed that 
trimetazidine improves cardiac function and exercise capacity, 
reduces mortality, cardiovascular events and hospitalizations in 
both ischemic and nonischemic heart failure.27 
Because of the strength of clinical evidence on its efficacy 
trimetazidine has been included in the guidelines for the 
treatment of heart failure with reduced ejection fraction to be 
used in patients with heart failure of ischemic etiology used 
as an addon to an angiotensinconverting enzyme (ACE) 
inhibitor (or an angiotensin receptor blocker if ACE inhibitors 
are not tolerated), a betablocker and a mineralocorticoid 
receptor antagonist. 
 
 

Perhexiline 
 
Like trimetazidine, perhexiline had also been originally devel
oped as an antianginal medication. This drug was initially 
marketed in the 1970s but its use declined due to the reports 
of serious adverse events, including hepatotoxicity and neu
rotoxicity. Subsequently, it has been found that the toxicity 
could be preventable with individualized dosing and dosage 
titration to steady state levels between 150 and 600 mg/mL. 
A few small placebocontrolled clinical studies suggest that 
this compound may be effective in heart failure, but the evi
dence to support its use is at the present very weak. 
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Figure 2. Metabolic pathways of glucose and nonesterified fatty acids in the cytosol and at the mitochondria level in cardiac myocytes.



An improvement in peak oxygen consumption was found fol
lowing perhexiline treatment compared to no change in pa
tients treated with a placebo.28 In the same study perhexiline 
was found to improve left ejection fraction, symptoms, resting 
and peak stress myocardial function and skeletal mass energet
ics. Other clinical trials have shown an improvement in symp
toms of heart failure in patients treated with perhexiline.2931 A 
recent study found that treatment improved cardiac energetics 
given the improvement in the phosphocreatine (PCr)/ATP ratio 
but no significant change in left ventricular function or BNP fol
lowing perhexiline treatment.29 
 
 

Etomoxir 
 
Etomoxir is an inhibitor of CPT1, similar to perhexiline. Animal 
studies suggested that etomoxir improved cardiac function in 
diabetic rats, and therefore the compound had been tested in 
humans.32 However, in a randomized placebocontrolled trial 
etomoxir including 347 patients was stopped early due to un
acceptably high liver transaminase levels. Given the safety con
cerns, the clinical development of etomoxir has been halted. 
 
 

Dichloroacetate 
 
Dichloroacetate is an inhibitor of pyruvate dehydrogenase ki
nase that increases mitochondrial pyruvate dehydrogenase 
and in turn glucose oxidation. Small studies have shown that 
dichloroacetate improves left ventricular function, also seen 
in animal models.33 Subsequent clinical trials in patients with 
heart failure patients did not detect any significant benefit of 
dichloroacetate and its clinical development has been 
stopped.34,35 
 
 

Metabolic‐like agents 
 
Other agents with metabolic effects on the myocardium in
crease high energy phosphate production without altering me
tabolism, but rather by facilitating electron transport on the 
surface of the mitochondrial cristae. 
Elamipretide is an aromaticcationic tetrapeptide that binds se
lectively to cardiolipin via electrostatic and hydrophobic inter
actions. This small molecule protects cardiolipin from oxidative 
stress and preserves the function of the respiratory electron 
chain. Elamipretide also prevents cardiolipin from converting 
cytochrome c into a peroxidase and protects its electron carry
ing function. Therefore, it partially stabilizes and partially nor
malizes the dysfunctional mitochondria of cardiomyocytes and 
other tissues including skeletal muscle. It partly increases the 
electron flux through cytochrome C and reduces electron leak 
as well as increasing the maximum rate of ATP synthesis and re
ducing the production of reactive oxygen species.36 It has un
dergone early clinical trial evaluation in mitochondrial 

myopathies and shows promise preclinically for CHF both by 
targeting the metabolically stressed heart,37 but also by improv
ing skeletal muscle function.38,39 Elamipretide improved left ven
tricular systolic function and stroke volume without affecting 
heart rate nor blood pressure in a dog model of systolic heart 
failure. This drug is currently been tested in a phase II study in 
patients with acute heart failure. 
Coenzyme Q10, also known as ubiquinone, is an important com
ponent of electron transport on the mitochondrial cristae un
dergoing cyclical oxidation and reduction. Depletion of 
Coenzyme Q10 can slow mitochondrial respiration in the car
diomyocytes while its supplementation accelerate respiration. 
Nearly 50% of coenzyme Q10 comes from food while the re
mainder is synthesized through the mevalonate pathway. This 
pathway is blocked by statins that reduce coenzyme Q10 levels. 
Levels of coenzyme Q10 inversely correlate to the severity of 
the disease in patients with heart failure. And low levels of coen
zyme Q10 had been associated with increased mortality. Coen
zyme Q10 supplementation has been associated with improved 
left ventricular function in small size studies. More recently the 
QSymbio study tested the effect of coenzyme Q10 compared 
to placebo in 420 patients with heart failure and reported an 
improvement of symptoms and a trend towards a reduction in 
cardiovascular events. The efficacy of coenzyme Q10 for the 
treatment of heart failure will need more supportive data be
fore it can be endorsed. 
MitoQ is a mitochondrial targeted antioxidant where an 
ubiquinonederivative, ubiquinol, is linked to the cation triph
enylphosphonium (TPP+) by a 10carbon alkyl chain. TPP+ is 
used to take advantage of the electrochemical gradient across 
the inner mitochondrial membrane and therefore, increases by 
several hundredfold the concentration of ubiquinol across the 
mitochondria. MitoQ can be administered orally, and preclinical 
studies have shown efficacy in protecting against oxidative dam
age. Preclinical studies suggested a protective effect of MitoQ 
against anthracycline and cocaine toxicity. To date MitoQ has 
been tested in patients with Parkinson’s disease and chronic 
hepatitis C but not in heart failure. 
 
 

Conclusions 
 
A maladaptive cardiac metabolism occurs early in patients with 
heart failure and impairs cardiac and skeletal muscular function. 
Modulation of cardiac metabolism with partial inhibition of free 
fatty acid oxidation has been shown to be beneficial in patients 
with heart failure. At the present, the bulk of evidence for this 
class of drugs comes from Trimetazidine. Newer compounds 
partially inhibiting free fatty acid oxidation or facilitating the 
electron transport on the mitochondrial cristae are in early 
phase of their clinical development. 
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