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    Abstract     Myocardial ischemia is universally accepted to be the result of an imbalance 
between oxygen supply and requirements to the myocardium. The presence of fl ow 
limiting coronary stenosis is the main recognized pathological mechanism underly-
ing this condition. While revascularization procedures are performed with the aim 
to remove the fl ow limiting stenosis, traditional medical therapy with hemody-
namic agents aim at reducing oxygen demand of the myocardium. However, 
although effective, none of these treatment strategies or their combination confers 
symptomatic relief in all patients, in this way underlying the need for further 
research in this area. 

 Metabolic derangement is critical in patients who presents with ischemic heart 
disease (IHD). Under normal conditions the heart derives most of its energy from 
β-oxidation of free fatty acids (FA). However, the healthy heart is able to easily 
switch from one substrate to another according to substrate availability, nutritional 
status, and exercise level. Paradoxically, during prolonged and severe ischemia the 
myocardium continues to derive most of its energy (50–70 %) from β-oxidation, 
despite a high rate of lactate production. At this stage it is believed that FA oxidation 
can turn to be detrimental in that, while requiring more oxygen, it produces less 
ATP. Given such metabolic derangements, pharmacological approaches aimed at 
rebalancing myocardial metabolism may play a key role in treatment of patients 
with IHD. In this scenario, therapeutic interventions aiming at a shift of myocardial 
substrate utilization towards glucose metabolism would particularly benefi t cardiac 
effi ciency and IHD symptoms. In the next session principal metabolic agents will be 
discussed to further address their role in IHD.  
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1         Introduction 

 In the last thirty years mortality from cardiovascular disease has shown a global 
reduction. Such results have been mainly attributed to improved pharmacological 
and mechanical treatments, as well as effi cacious educational programs. However, 
ischemic heart disease (IHD) remains the most important cause of death and mor-
bidity in the western countries [ 1 ,  2 ]. Myocardial ischemia is commonly attributed 
to obstructive coronary artery disease (CAD) that, by limiting coronary blood fl ow, 
cause an unbalance between myocardial metabolic demands and blood supply. 
Based on this concept, anti-ischemic therapy has been mainly focused on the 
mechanical removal of the coronary obstructions, and/or pharmacological modula-
tion of cardiac work and coronary blood fl ow, or both. These strategies are expected 
to restore an adequate supply/demand balance, improve symptoms and prolong sur-
vival. Unfortunately, an objective evaluation of available evidence does not confi rm 
such expectations. Actually, several trials have reported that over 30 % of patients 
still experience angina despite “successful” coronary revascularization, by percuta-
neous coronary intervention (PCI) or by coronary artery bypass grafting (CABG) 
[ 3 ,  4 ]. Although with a certain degree of inertia, factors other than epicardial stenosis, 
such as microvascular dysfunction and metabolic derangement have been suggested 
as the underlying physiopathological mechanisms for persistent symptoms. Given 
the above mentioned incomplete success with current treatment, therapeutic strate-
gies that target these “alternative physiopathological mechanisms” (i.e. metabolic 
modulation) have gained augmented interest. 

 Indeed, studies have shown that metabolic modulation therapy plays a critical 
role in the acute phase of ischemic events, impacting on the results of acute inter-
ventions, in the subsequent development of heart failure (HF)-stunned and hyber-
nated myocardium- as well as for those who experience chronic stable angina [ 5 ]. 
A better understanding of the metabolic changes occurring at the time of ischemic 
events and following reperfusion are translating into new therapeutic opportunities.  

2     Energy Metabolism and Myocardial Ischemia 

 As described in details in the previous chapters, the elevated energy demands of the 
heart are met by the hydrolysis of adenosine triphosphate (ATP), which is derived 
from a number of different metabolic pathways, including glycolysis and the mito-
chondrial oxidation of glucose, lactate, fatty acids (FA), and ketones. Under normal, 
aerobic conditions, 50–70 % of ATP requirements are derived from fatty acid 
ß- oxidation, with the remainder being mainly derived from carbohydrates oxida-
tion, primarily glucose and lactate [ 6 – 8 ]. 

 Importantly, the healthy heart is able to easily switch from one substrate to 
another according to substrate availability, nutritional status, and exercise level. 
For example, during increased workload (i.e. inotropic challenge) energy demands 
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are primarily met with increase in the glycolytic rates and carbohydrate oxidation, 
whereas exogenous fatty acid oxidation largely remains unchanged [ 9 ,  10 ]. 

 On the other hand, in conditions of chronic neuro-hormonal activation (i.e. heart 
failure, HF) there is an enhanced catecholamine induced activation of lipolysis and 
up-regulation of genes associated with FA use via peroxisome proliferator-activated 
receptor (PPAR) which ultimately lead to increased FA delivery to the heart. 
In addition, FA promote their own uptake and oxidation and antagonize the uptake 
of glucose, lactate, and pyruvate, in part through direct inhibition of pyruvate dehy-
drogenase. Mitochondrial effects of FA include uncoupling of cellular respiration, 
resulting in decreased ATP production and oxygen wasting. Thus, elevated blood 
levels of FA augment lactate and proton accumulation, decrease cellular pH, and 
disrupt cellular function. Other consequences of excessive FA concentration in the 
blood stream include impaired calcium handling, oxidative stress, reduced activity 
of the glucose transporter (GLUT)-4 and myocytes apoptosis [ 11 ]. 

 Similarly, energy substrate utilization is a determinant factor of the capability of 
the heart to sustain ischemic insults [ 6 ,  12 ]. During mild to moderate ischemia, 
myocardial cells enhance glucose uptake in order to generate suffi cient ATP for 
maintaining appropriate ionic gradients and calcium homeostasis. Paradoxically, 
during prolonged and severe ischemia, myocardium continues to derive most of its 
energy from FA β-oxidation, despite a high rate of lactate production. In this condi-
tions, acute allosteric and/or covalent modulation of cardiac energy metabolism 
occur and high rates of FA oxidation further inhibit glucose oxidation due to com-
petitive interaction (Randle phenomenon). Although the complete oxidation of FA 
yields more adenosine triphosphate (ATP) than does complete oxidation of glucose, 
it requires a greater amount of oxygen. Therefore, for a given amount of oxygen 
consumed, metabolism of glucose is more “energy effi cient,” producing about 15 % 
more ATP. During sustained ischemia, when O 2  availability is very low and meta-
bolic supply is impeded, FA oxidation can turn to be detrimental. By requiring more 
oxygen, it produces less ATP and more reactive oxygen species (ROS), all events 
that concur in depressing mitochondrial respiratory effi ciency. However, absolute 
FA and carbohydrates oxidation is limited by the lack of an adequate supply of 
oxygen to the muscle during ischemia. In the post-ischemic period, rates of FA 
oxidation rapidly recover in the face of depressed contractile function, whereas 
rates of glucose oxidation remain low [ 6 ,  13 ,  14 ]. 

 In conclusion, alterations in the availability of oxygen and circulating energy 
substrates, as well as alterations in the mechanisms regulating substrate metabolism 
contribute to the metabolic phenotype during ischemia, and can be responsible for 
disruption of cell homeostasis, alterations in cellular and mitochondrial membrane 
structure, and altered cardiac contractility and effi ciency. 

 Based on this rationale, pharmacological agents and strategies that shift the 
balance of oxidative ATP production from FA β-oxidation towards glucose oxida-
tion [ 15 – 21 ] increase cardiac post-ischemic recovery function and effi ciency during 
chronic ischemia [ 22 ,  23 ]. Figures  1  and  2  encompass normal energy generation in 
the healthy heart and metabolic derangement in the ischemic heart, respectively.
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3         Metabolic Modulation Therapy 

 Given the interdependence between FA and glucose oxidation, metabolic modulation 
therapy with optimization of energy substrate utilization can be achieved by either 
inhibiting FA oxidation or stimulating glucose oxidation. This purpose can be 
achieved through three major strategies: (1) directly enhancing glucose oxidation; 
(2) decreasing the circulating levels of FA and/or their uptake by cardiac myocytes 
or mitochondrion; (3) directly inhibiting the enzymes that participate in FA 
oxidation. 

3.1     Strategies to Enhance Glucose Oxidation 

3.1.1     Dicholoroacetate (DCA) 

 The rate-limiting step for glucose oxidation is catalyzed by the pyruvate dehydrogenase 
(PDH) complex, which consists of PDH, PDH kinase (PDK), and PDH phosphatase 
(PDHP) enzymes [ 24 ]. Flux through PDH is regulated both by substrate/product 
ratios and by covalent modifi cation. PDH fl ux is increased in response to increases 
in glycolysis and hence an increased generation of pyruvate, while PDH fl ux is 
decreased by increased ratios of mitochondrial NADH/NAD +  and acetyl- CoA/CoA 
[ 25 ]. With regards to covalent modifi cation, PDHP dephosphorylates and activates 
PDH, whereas PDK, in response to acetyl-CoA and NADH (produced primarily from 
FA oxidation) phosphorylates and inhibits PDH; and thus restricts the oxidation of 
glycolytically derived pyruvate [ 24 ]. Dichloroacetate (DCA) inhibits PDK activity, 
thus stimulating the mitochondrial PDH with improved glycolysis and glucose 
oxidation coupling and decreased proton production [ 26 ]. 

 Despite the promising experimental evidence, a contemporary PubMed search 
displays only two small studies of DCA, conducted on a total of less than 50 
ischemic heart disease patients. No defi nitive conclusions can therefore be derived 
for clinical purposes. In addition, when used in other pathological conditions, 
DCA treatment has been associated with relevant neurotoxicity, thus further com-
promising the expectations for any future clinical utilization.   

3.2     Strategies to Reduce Cellular/Mitochondrial FA Uptake 

 Many years ago, Oliver and coworkers developed the concept that suppression of 
circulating plasma non-esterifi ed FA, and thus myocardial FA uptake and oxidation, 
reduced ischemic damage and ventricular arrhythmias during acute myocardial 
infarction (AMI) or exercise- induced angina. This concept was further developed in 
the 1980s with the demonstration that direct inhibition of FA transport into the mito-
chondria with oxfenicine increased glucose oxidation and decreases lactate produc-
tion, which resulted in symptom relief in patients with stable angina. 
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3.2.1     Glucose–Insulin–Potassium (GIK) Solution 

 The rationale for this pharmacological approach originates from the early nineteenth 
century, when it was observed that chest pain could be relieved by administration of 
sugar. Later on, it was found that patients with AMI present high plasma levels of 
FA, within 30 minutes of the onset of chest pain, and such levels could be reduced 
by infusion of glucose, insulin and potassium (GIK) in experimental models of AMI 
[ 27 ]. Such a property becomes particularly relevant in patients with diabetes, who 
have blunted baseline glucose utilization capability due to insulin resistance. 
Indeed, GIK solutions have been shown to augment glucose utilization at the 
expense of FA uptake through increased GLUT-1 and GLUT-4 translocation to the 
sarcolemmal membrane. In animal models of AMI, early GIK administration was 
associated with reduced myocardial oxygen extraction, malignant arrhythmias, and 
myocardial infarct size and ultrastructural damage and improved systolic function. 
Despite these promising results, over the years there has been only one clinical 
study, the Immediate Myocardial Metabolic Enhancement During Initial Assessment 
and Treatment in Emergency care (IMMEDIATE) Trial, confi rming the benefi ts 
with administration of GIK solution in the fi rst critical hours after the onset of 
symptoms of AMI, when FA levels are elevated. This study showed that pre-hospi-
tal administration of intravenous GIK, compared with glucose placebo, was associ-
ated with lower rates of the composite outcome of cardiac arrest or in-hospital 
mortality [ 28 ]. 

 However, subsequent trials designed to support the benefi cial effects of GIK solution 
in preserving cardiac tissue during AMI did not confi rm these results. In this regard, a 
meta-analysis, including a total of 16 randomized trials which investigated the role of 
GIK solution in 28,374 AMI patients from 1966 to 2008, was recently conducted. There 
were a total of 1,367 deaths (9.6 %) in the GIK group and 1,351 deaths (9.6 %) in the 
control group. The lack of benefi t was also confi rmed in the subgroup analysis of 
patients given high-dose GIK and in those whom reperfusion was not performed [ 29 ]. 

 Overall, there is no defi nitive evidence to support the use of the GIK solution in 
clinical practice. Such controversies have been attributed to the possible opposed 
effects of hyperglycemia with glucose toxicity and insulin infusion, with hypergly-
cemia neutralizing the benefi ts of insulin [ 30 ]. Indeed the benefi cial effects, if any, 
have been related to the various properties of insulin (i.e. vasodilator [ 31 ], anti- 
infl ammatory [ 32 ], antioxidative [ 33 ], positive inotropic [ 34 ], prosurvival [ 35 ] and 
antifi brinolytic [ 36 ]). Therefore, studies designed to separate out the effects of 
hyperglycemia and glucose toxicity are needed in order to confi rm these broad spec-
trum benefi cial effects of insulin and its utility in the AMI setting.  

3.2.2     Carnitine Palmitoyl Transferase Inhibitors 

 A strategy to inhibit mitochondrial uptake of FA is to suppress rate-limiting enzyme 
for the mitochondrial uptake of fatty acids like carnitine palmitoyl transferase (CPT) 
I or II. Perhexiline, a reversible CPT-1, and to a lesser extent, CPT-2 inhibitor has 
been shown to ameliorate angina [ 37 ], and, more recently to attenuate the increase 
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in diastolic tension associated with myocardial ischemia, thereby improving 
myocardial effi ciency [ 38 ]. Inhibition of CPT-1/CPT-2 by perhexiline increases 
myocardial oxygen utilization effi ciency by at least 13 %. However, following per-
hexiline administration, cardiac effi ciency increases by approximately 30 %, there-
fore suggesting additional mechanisms of effect [ 39 ]. However, interest in the long 
term administration of perhexiline has been diminished due to association with 
infrequent but serious hepatotoxicity and neuropathy that necessitates regular moni-
toring of plasma levels and makes perhexiline relatively contraindicated in patients 
with hepatic or renal dysfunction [ 40 ].  

3.2.3    Malonyl-CoA Decarboxylase (MCD) Inhibitors 

 Malonyl-CoA is another potent, endogenous inhibitor of CPT-1 which decreases the 
uptake of FA into the mitochondria, thereby reducing mitochondrial FA β-oxidation. 
Malonyl-CoA decarboxylase (MCD) degrades malonyl-CoA and this effects leads to an 
increased fatty acid oxidation. Inhibition of MCD signifi cantly increases malonyl- CoA 
levels, therefore causing a signifi cant decrease in FA oxidation rates and a subsequent 
increase in glucose oxidation rates. In line with such pharmacodynamic properties, 
animal models of inhibition of MCD have shown a signifi cant improvement in car-
diac functional recovery of aerobically reperfused ischaemic hearts [ 15 ]. Inhibition 
of MCD in the heart appears to be a safe and a very promising therapeutic target for 
IHD but unfortunately has not yet been introduced for testing in a clinical setting.   

3.3     Strategies to Reduce FA Oxidation 

 The concept of metabolic protection of the ischemic myocardium is in constant 
evolution and has recently been supported by clinical studies. The benefi cial effect of 
coupling glycolysis to glucose oxidation explains the effi cacy of anti-ischemic FA 
oxidation inhibitors such as trimetazidine and ranolazine. This is supported by the 
sub-cellular linkage between key glycolytic enzymes and the activity of two survival-
promoting membrane-bound pumps, namely the sodium–potassium ATPase, and the 
calcium uptake pump of the sarcoplasmic reticulum (SERCA). Indeed, it has been 
demonstrated that ischemia induced disruption of cardiac metabolism can be mini-
mized by metabolic agents that decrease oxidation of FA and increase the rate of 
combustion of glucose and lactate. In line with these considerations, the greatest prog-
ress in the use of metabolic therapy came with the advent of the direct inhibitors of 
myocardial FA oxidation, specifi cally TMZ and ranolazine [ 41 ]. 

3.3.1    Trimetazine 

 The anti-anginal effi cacy of TMZ was established prior to the discovery that the 
drug acts via partial inhibition of myocardial FA oxidation (Fig.  3 ) [ 41 ,  42 ]. Initial 
preclinical studies demonstrated that it was cytoprotective in several models of 
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myocardial ischaemia and reperfusion [ 43 ]. More recently, Kantor et al. showed 
that TMZ specifi cally inhibits the long-chain activity of the enzyme 3-ketoacyl- 
CoA thiolase [ 17 ]. This enzyme, commonly referred to as ‘3-KAT’, catalyzes the 
terminal reaction of FA β-oxidation, using long-chain 3-ketoacyl-CoA as a sub-
strate, to generate acetyl-CoA. At clinically relevant concentrations TMZ does not 
inhibit the short or medium chain activity of 3-KAT. These results suggest that TMZ 
acts via inhibition of 3-KAT to reduce the NADH/NAD +  and acetyl-CoA/free CoA 
ratios in the mitochondrial matrix. This would remove inhibition on PDH, and 
increase the rate of glucose oxidation. Indeed, in the working rat heart, TMZ signifi -
cantly increased the rate of glucose oxidation despite only modestly reducing the 
rate of FA oxidation [ 12 ,  17 ]. A recent meta-analysis proved that TMZ was as effec-
tive as Ca-channel blockers, long-acting nitrates, micorandil or ranolazine to 
improve exercise tolerance and/or clinical parameters, whether used as monother-
apy or in combination therapy [ 44 ]. Clinical trials have also proved the effi cacy of 
this metabolic agent in angina refractory to Ca 2+ -channel blockers, and have 
supported the superior benefi t associated to the addition of this metabolic agent to 
classic hemodynamic agent, such as β-blockers or nitrates [ 45 ]. Furthermore, other 
studies have supported the use of TMZ to improve clinical manifestation in patients 
with stable IHD. Indeed, following chronic administration of TMZ a decrease of 
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average number of attacks per week, reduction of mean weekly consumption of 
short acting nitrates, improvement of quality of life, lessening of severity of main 
clinical manifestations of chronic HF, and lowering of its functional class have been 
observed [ 44 ,  46 – 48 ]. Moreover, similar effi cacy of TMZ has been demonstrated 
both in men and women, which allows recommendation of this metabolic myocar-
dial cytoprotector to patients with IHD irrespective of gender [ 49 ,  50 ]. TMZ has 
been provided to confer cardioprotection also in patients undergoing CABG and 
PCI [ 44 ,  51 ].

   Benefi cial effects of TMZ with reduction in left ventricular end-systolic volume, 
improved NYHA class, increased exercise duration and, more importantly, reduced 
all-cause mortality and cardiovascular events have been documented also in HF 
patients [ 52 ]. Unfortunately, although its clinical benefi ts have been documented 
since early eighties, trimetazidine still lacks a widespread clinical use and has only 
lately been included in the European guidelines (with a class IIb recommendation) 
for the management of chronic stable angina patients [ 53 ].  

3.3.2    Ranolazine 

 In 2006, ranolazine (RNZ), a piperazine structurally related to TMZ was approved 
in the U.S. for the relief of angina in patients who remained symptomatic on BBs, 
CCB, or nitrates [ 54 ]. RNZ was shown to display antischemic properties through 
promotion of glucose oxidation at the expense of FA oxidation since early nineties 
[ 19 ]. However, additional properties such as reduction in intracellular calcium 
overload through inhibition of the late sodium channels have recently gained 
more attention [ 55 ]. These effects have been associated with a preserved mito-
chondrial structure, decreased intracellular calcium content and, fi nally, decreased 
post- ischemic ventricular fi brillation, myocardial stunning and infarct size. For 
this reason RNZ is currently considered a fi rst generation of a new drug category 
(i.e. inhibitor of late sodium currents). Nonetheless, it is important to note that 
therapeutic concentrations at which a reduction in calcium overload is observed 
are similar to those at which an increase in glucose oxidation has been docu-
mented [ 19 ]. However, regardless of the action mechanism, RNZ has been shown 
to confer signifi cant clinical benefi t in angina patients. Its use is associated with a 
signifi cant prolongation in exercise duration to angina and to ST-segment depres-
sion (1 mm), either in comparison or on top of defi ned anti-angina drugs [ 56 ]. 
Nonetheless, its effects on the morbidity of angina patients remain still to be deter-
mined. Despite QTc-prolonging action, clinical data have not shown a predisposition 
to torsades de pointes, and the medication has shown a reasonable safety profi le even 
in those with structural heart disease. Other common side effects include dizziness 
and constipation. 

 Despite the “younger” age, as compared to TMZ, RNZ has evoked a major success 
and has gained a class IIa recommendation for angina relief in both European and 
American guidelines on management of stable ischemic heart disease [ 57 ].    
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4     Conclusions 

 Metabolic agents improve effectiveness of energy production, decrease the oxygen 
debt, and protect myocardial cells from the effects of ischemia. In this way they 
provide a valid alternative action mechanism as compared to classical hemody-
namic agents which induce changes such as reduction in systemic vascular resis-
tance, coronary vasodilatation, or negative inotropism. These effects offer particular 
advantage in patients in whom conventional treatment has proven insuffi cient or in 
those patients in whom conventional hemodynamic agents induce symptomatic 
hypotension, inappropriate bradycardia, or worsening HF. Unfortunately, a consis-
tent part of the enthusiasm achieved from bench side research gets lost in translation 
when fi ndings are applied into the clinical setting. For this reason, research efforts 
should be centered into the careful selection of the treatment agent as well as proper 
designation and support of clinical trials.     
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