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Abstract
Myocardial substrate metabolism provides the energy needed for cardiac contraction and
relaxation. The normal adult heart uses predominantly fatty acids (FAs) as its primary fuel source.
However, the heart can switch and use glucose (and to a lesser extent, ketones, lactate, as well as
endogenous triglycerides and glycogen), depending on the metabolic milieu and superimposed
conditions. FAs are not a wholly better fuel than glucose, but they do provide more energy per
mole than glucose. Conversely, glucose is the more oxygen-efficient fuel. Studies in animal
models of heart failure (HF) fairly consistently demonstrate a shift away from myocardial fatty
acid metabolism and towards glucose metabolism. Studies in humans are less consistent. Some
show the same metabolic switch away from FA metabolism but not all. This may be due to
differences in the etiology of HF, sex-related differences, or other mitigating factors. For example,
obesity, insulin resistance, and diabetes are all related to an increased risk of HF and may
complicate or contribute to its development. However, these conditions are associated with
increased FA metabolism. This review will discuss aspects of human heart metabolism in systolic
dysfunction as measured by the noninvasive, quantitative method – positron emission tomography.
Continued research in this area is vital if we are to ameliorate HF by manipulating heart
metabolism with the aim of increasing energy production and/or efficiency.
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Heart failure (HF) is a major public health problem. It affects more than 5.8 million people
in the United States, 14 million in Europe, and millions more worldwide (http://
www.worldheartfailure.org/index.php?item=75). HF is the #1 reason for hospital admission
in both men and women. Despite recent advances in medical and surgical therapy, patients
with HF have a 5 y mortality rate of ～50%, which is worse than most cancers. The
cornerstone of medical treatment for HF traditionally has been pharmacological antagonism
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of the sympathetic nervous and renin-angiotensin-aldosterone systems. However, even with
extensive blockade of these systems, the mortality rate for HF remains unacceptably high.
Thus, new and different approaches to the treatment of HF are needed.

One attractive target for treatment is myocardial substrate metabolism. Heart substrate
metabolism is needed for the generation of energy (in the form of adenosine triphosphate,
ATP) that is required for both contractile and relaxation work. If this process can be made
more efficient (i.e., more work/oxygen consumed), productive (i.e., more ATP made), and/
or economical (i.e., less ATP required), then heart function in HF may improve. In addition,
because excessive uptake and/or oxidation of certain substrates may actually contribute to
the development of HF in certain conditions, the restoration of a more normal pattern of
substrate utilization might potentially ameliorate HF.

In order to understand how heart metabolism in HF might be manipulated, we must first
understand normal human heart metabolism. Next, our focus shifts to myocardial
metabolism in some of the main conditions (such as diabetes) that can cause or accompany
HF in humans. Finally, the research will examine the primary changes in myocardial fatty
acid (FA) and glucose metabolism in systolic HF. Having reviewed the myocardial
metabolic phenotypes of systolic HF, and the conditions that contribute to it, we will discuss
the impact of standard HF therapies and metabolic modulator drugs on human heart
metabolism.

Normal myocardial metabolism
The ever-beating heart has a continual need for energy in the form of ATP to fuel its
contractile machinery and the ionic pumps that serve to regulate its function. A smaller, but
still not insignificant, amount of ATP is also needed to support other cellular processes, e.g.,
protein synthesis, which proceeds at a rate 2- to 3-fold faster than in skeletal muscle [1] and
accounts for ～10% of the heart's energy requirement [2]. In total, the heart utilizes, and
hence must also synthesize, more than 5 kg of ATP every day [3], or nearly 2 metric tons of
ATP every year.

In the normal (i.e., well-perfused/oxygenated), adult heart, this high demand for ATP is met
almost exclusively by mitochondrial oxidative phosphorylation. The reducing equivalents
(i.e., nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2))
required to drive this process are generated primarily by degradation of acetyl coenzyme A
(acetyl CoA) in the tricarboxylic acid (TCA) cycle and also by ß-oxidation of long-chain
FAs. After an overnight fast, the heart obtains approximately two-thirds of its energy needs
from circulating non-esterified (“free”) FAs (and also the FA moiety of plasma triglycerides
(TG)), with the remainder coming from circulating glucose, lactate, and, to a much lesser
extent, ketone bodies and amino acids [4]. A cartoon of the myocyte's substrate metabolism
and the PET tracers that are used to quantify it is shown in Figure 1. Oxidation of 1 mole of
a typical FA yields an estimated 106 to 129 mol of ATP, whereas oxidation of a mole of
glucose yields only 36-38 mol of ATP. In the presence of hyperglycemia and
hyperinsulinemia (e.g., the fed state), however, the utilization of FFA by the heart falls
dramatically while that of glucose increases several-fold [5]. Utilization of lactate or ketone
bodies becomes much more prominent during high intensity exercise [6, 7] or prolonged
fasting [8], respectively, reflecting the increased arterial concentrations of these substrates.
Data such as these illustrate the metabolic flexibility of the normal heart, i.e., its ability to
meet its ongoing energy needs by constantly and rapidly altering its pattern of fuel
utilization to adapt to the substrate and hormone environment. This differentiates the heart
from some other tissues, especially the brain, which normally depends almost exclusively on
glucose as an energy source. At the same time, however, the strong dependence of cardiac
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substrate utilization on extra-cardiac metabolism makes the heart potentially susceptible to
deleterious changes originating in other tissues (e.g., skeletal muscle).

Conditions that may contribute to and/or coexist with HF: their impact on
myocardial metabolism

While there are many possible contributors to HF, among the most prevalent are obesity,
diabetes, hypertension, and ischemia. It is important to understand the effects that each of
these conditions has on human myocardial metabolism as they may influence the heart
metabolism of patients with these pre-existing conditions if they go on to develop HF. These
co-existing conditions may also be reasonably expected to affect response to metabolic
modulator treatment.

Obesity
Obesity is now considered a major risk factor for the development of HF [9]. This is true
even in the absence of other co-morbidities often associated with obesity (e.g., diabetes,
hypertension). Obesity is very prevalent in patients with HF [[10]. In young women without
HF, obesity has a characteristic myocardial metabolic pattern: increased myocardial blood
flow (MBF), oxygen consumption (MVO2), and FA metabolism as quantified by positron
emission tomography (PET) [11]. In fact, body mass index (BMI) was the only independent
predictor of MBF and MVO2 in a study of young women [11]. BMI also directly related to
myocardial FA metabolism, as did glucose area under the curve, a measure of insulin
resistance [11]. This is likely at least in part due to the fact that with increasing BMI, there is
increased fat mass, overall turnover of FAs, as well as increased MBF. Interestingly, men
did not appear to respond to obesity in the same manner as women. In contrast to the
women, men who were obese did not have higher MBF or MVO2 compared with nonobese
men [12]. Obese men did have higher myocardial FA oxidation and oxidation than nonobese
men, similar to what was seen in women. However, in multivariate analyses, sex was a
much stronger independent predictor of myocardial FA metabolism than obesity [12].
Further highlighting the complexity of myocardial metabolism, sex and obesity interact in
the prediction of both myocardial glucose uptake and glucose utilization/plasma insulin level
[12]. Exactly how obesity (and sex) may affect myocardial metabolism when HF develops is
an area of intense research currently.

Diabetes
Diabetes is also a major risk factor for the development of HF [13]. Epidemiologic evidence
suggests that the unadjusted relative risk for the development of HF in diabetic men is ～2.8,
and it is even higher in diabetic women at ～8 [13]. Even after adjustment for age, cigarette
smoking, cholesterol level, left ventricular (LV) hypertrophy, and systolic blood pressure,
diabetic men and women still have a much higher risk of HF than nondiabetic individuals.
Animal and human autopsy studies suggest that excessive myocardial FA delivery and lipid
deposition is linked with diabetes and cardiac dysfunction. Excessive FA delivery to and
uptake by the heart in animals can directly cause dysfunction through a process known as
“lipotoxicity.” In this process, excessive FA uptake by the heart contributes to ceramide and/
or reactive oxygen species production, which can cause apoptosis [14, 15]. Alternatively,
myocardial excessive reactive oxygen species production (and other processes) may cause
dysfunction without causing cell death. The myocardial metabolic “fingerprint” of patients
with type 1 diabetes (but without HF) shows that these patients have higher myocardial FA
utilization, oxidation, and % FA oxidation than nondiabetic subjects [16]. This is in part due
to higher plasma FA levels in type 1 diabetes. Myocardial glucose use as quantified by PET,
on the other hand, is lower in these diabetic patients [16]. Congruent with these findings is
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the fact that myocardial oxygen consumption is also higher in the type 1 diabetic patients
than controls (since FAs are a less oxygen efficient fuel than glucose) [16].

The hearts of patients with type 2 diabetes, like those with type 1 diabetes, have a higher
consumption of FAs. Although many patients with type 2 diabetes are also obese, diabetes is
associated with an even more pronounced myocardial metabolic derangement than obesity
alone. For example, in one study of three groups of women, i.e., normal, obese, and diabetic,
FA utilization and oxidation were higher in the diabetic patients than in either the normal or
the obese subjects [17]. Conversely, fractional myocardial glucose uptake was lower in the
patients with diabetes than in the other two groups [17]. In another PET study of both men
and women, diabetes was again related to higher myocardial FA utilization, oxidation, and
esterification rates compared to nondiabetic controls [18]. Thus, similar to the case with
obesity and type 1 diabetes, type 2 diabetes is generally associated with increased
myocardial use of FAs. Whether patients with these conditions maintain this characteristic
shift towards increased reliance on myocardial FA metabolism if they develop HF is not yet
completely clear.

Myocardial metabolism in systolic HF
The pathogenesis of HF includes alterations in hemodynamics, up-regulation of the neuro-
hormonal axis (specifically the sympathetic nervous system and the renin-angiotensin-
aldosterone system), and changes in metabolic substrate use. Whether changes in myocardial
metabolism are adaptive or maladaptive likely depends upon the pathways by which the HF
developed and the heart's milieu. Several animal models and in vitro studies of HF have
shown a shift of myocardial metabolism from primarily FA use to glucose [19]. This has
most particularly been shown in the progression from cardiac hypertrophy to ventricular
dysfunction in animal models of pressure or volume overload-related HF. For example,
elevations in glycolytic enzyme activation in cardiac hypertrophy and congestive HF were
demonstrated in canine ventricular homogenates [20]. Guinea pigs with hypertrophied
failing ventricles show defective oxidation of FAs, while maintaining their ability to oxidize
glucose [21]. This shift in substrate preference mirrors that seen in the fetal heart, which
relies primarily on glycolysis and lactate metabolism for energy, and in which rates of FA
oxidation are very low. Newborn pigs induced with early-onset LV volume overload with
hypertrophy show a delay in the normal development of FA oxidation in the newborn heart,
supporting the shift from FA to glucose metabolism in HF [22]. These and other animal data
have been extensively reviewed by others [19] and will not be discussed further here.

Human data
Despite the consensus of a metabolic shift from FA to glucose use in animal studies of HF,
studies in humans have been fewer and more conflicting. A study in adult humans with
idiopathic dilated cardiomyopathy (IDCM) using PET for determination of substrate
utilization showed that FA utilization, including FA oxidation, was significantly decreased,
while rates of glucose utilization were increased compared to normal controls, see Figure 2
[23]. In contrast, another PET study examining a mixed population of ischemic and non-
ischemic cardiomyopathy subjects found increased rates of FA uptake compared to glucose
[24]. Although the majority of the patients in this study had ischemic cardiomyopathy, the
PET analyses used only non-ischemic regions of interest as assessed by blood flow and
normal contractility on echocardiogram. Given that these regions have higher relative
workload compared to regions with decreased contractility, it is unclear if extrapolations can
be made to metabolism in global LV dysfunction, potentially explaining the conflicting
results from these two studies. In addition, there is a study of mostly non-ischemic (and 1
ischemic) cardiomyopathy patients and normal controls using invasive arterio-coronary
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sinus measurements that demonstrated no difference in FA uptake between the groups [25].
FA oxidation was not measured in this study.

These discrepancies in substrate preference may also be explained by the degree of LV
dysfunction, and/or the development of insulin resistance. In one human PET study,
myocardial FA metabolism was reduced compared to controls, but further reductions in LV
function were associated with insulin resistance and an up-regulation of FA uptake and
oxidation (see Figure 3) [26]. As HF progresses, increased adrenergic tone causes increased
lipolysis and free FA levels [27]. Differences in serum substrate levels affecting the
metabolic milieu may also explain some of the inconsistencies in human HF studies. While
Dávila et al. [23] and Tuunanen et al. [26] reported similar FA levels between IDCM
patients and controls; Taylor et al. reported an increase in serum FA levels compared to
reported normal values, and their levels were much higher than that in either of the other
studies.

Whichever substrate the heart prefers in failure, it likely needs both glucose and FAs. When
the failing heart is acutely depleted of FAs, cardiac work and efficiency are compromised
[28]. Reduced substrate selection flexibility and myocardial metabolic reserve in HF are also
seen in response to stress. During pacing-induced tachycardia, subjects with IDCM were
unable to increase their glucose uptake unlike control subjects. [29] (Neither the IDCM
group nor the controls displayed an increase in FA uptake or oxidation during stress).

Changes in substrate preference are also affected by the etiology of HF and consequent
changes in substrate availability. Although in acute, severe ischemia glucose (from
glycogen) is favored over FA [30], the degree of ischemia also affects substrate preference.
In moderate ischemia, FAs still provide the majority of acetyl CoA for ATP production [30].
In one study in which 10 of 12 patients with decreased LV function had ischemic
cardiomyopathy, the hearts displayed increased FA uptake and decreased glucose use [24].
In that study, plasma FFA levels were high, suggesting that peripheral insulin resistance that
often accompanies long-standing HF may play a role in determining the myocardial
metabolic profile [24]. Although there are no studies of myocardial metabolism in patients
with hypertension-induced LV dysfunction, there is a study comparing myocardial
metabolism in patients with hypertension-induced LV hypertrophy to patients with IDCM
and to normal controls [31]. In that study, myocardial metabolism in the patients with
hypertension and LV hypertrophy is characterized by reduced rates of myocardial FA
metabolism – similar to patients with IDCM – but in contrast to normal controls [31]. Thus
it is reasonable to expect that in patients with both hypertension and decreased LV function
that there would be a metabolic shift favoring glucose relative to FA. To our knowledge,
there are no studies of myocardial metabolism in patients with diabetic cardiomyopathy and
decreased LV systolic function. In those with diabetic cardiomyopathy and normal ejection
fraction (but with diastolic dysfunction, which often precedes systolic dysfunction), FA
utilization and oxidation are increased and glucose uptake decreased [32]. Thus, it appears
that the conditions accompanying or causing HF likely have a significant impact on the
heart's substrate preference.

Studies have demonstrated that other modulating factors such as age, sex, and obesity alter
myocardial metabolism in the normal heart. There is generally a decline in FA utilization
and oxidation with advancing age [33], but higher levels of FA utilization and oxidation in
females and the obese [11, 34]. All of the subjects in the study by Taylor et al. and the
majority of the IDCM group in the paper by Dávila et al. were men. Precisely how age, sex,
and obesity affect myocardial metabolism in patients with HF remains unknown.
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Impact of standard HF therapy on myocardial metabolism
Beta-blocker therapy

One of the most effective medical therapies for improving survival in HF is beta-adrenergic
blockade. In general, beta-blockers decrease cardiac oxygen demand by decreasing heart
rate, blood pressure, and dp/dt. They can also decrease renin secretion, thereby decreasing
preload. Some beta-blockers also have antioxidant properties. The myocardial metabolic
effects of beta-blockers are not extensively studied but are fairly consistent. In one study,
patients with ischemic cardiomyopathy treated with carvedilol for ～4 months resulted in a
lowering of myocardial uptake of the FA analog, 14(R,S)-[18]fluoro-6-thia-heptadecanoic
acid [35]. Despite the usual inverse relationship between glucose and FA use, mean
myocardial glucose uptake (as traced by the glucose analog [18F]-fluoro-2-deoxy-glucose)
did not change with beta-blocker treatment in this study. Given that FA oxidation requires
more oxygen consumption/mole than glucose, it is not surprising that other studies of beta-
blocker treatment (with metoprolol) have shown a decrease in MVO2 [36,37]. Beta-blockers
are well-known to inhibit catecholamine-driven lipolysis, and thus, may decrease FA
delivery to the heart in HF. There is also evidence from a study in a dog model that beta-
blockers also directly decrease FA oxidation by inhibiting carnitine palmitoyl transferase I
activity [38].

Angiotensin converting enzyme inhibition (ACE-I)
The other medication that is standard of care for HF therapy is ACE-I. Unlike beta-blockers,
these drugs have been shown to increase FA uptake and utilization. For example, in one
study in which most patients had IDCM, 6 months of enalapril therapy increased FA uptake
and decreased FA wash-out, as measured using a FA analog tracer and single photon
emission (SPECT) imaging [39].

Impact of metabolic modulator therapy
There are a few medical therapies that are designed to modulate myocardial metabolism for
the improvement of HF. In general, these therapies are aimed at increasing glucose oxidation
in the failing heart. The rationale put forth is that glucose is a more oxygen efficient fuel.
Since glucose and FA metabolism in the heart generally oppose one another in a “yin yang”
fashion, these drugs generally enhance glucose oxidation via decreasing FA delivery or
metabolism [40,41].

Among the treatments that decrease plasma free FA levels are: 1) a regimen of intravenous
glucose, insulin, and potassium, 2) nicotinic acid and its derivatives, and 3)
thiazolidinediones. The latter are not recommended for the treatment of HF, in part because
of the black box warning of increased cardiac events with thiazolidinediones and because of
the fluid retention they can induce. Glucose, insulin, and potassium treatment acutely
increased cardiac systolic function in one small, unblinded, uncontrolled study of men with
ischemic cardiomyopathy [42]. It is not possible to determine from this study whether these
subjects may have obtained benefit from the enhanced uptake of a more oxygen efficient
fuel (glucose) because they had ischemia or because they had HF. Nevertheless, the
difficulty of administering this regimen, maintaining glucose homeostasis, as well as the
intravenous volume load given with this regimen limits applicability in HF treatment,
especially in patients who are already volume-overloaded. Acipimox, a nicotinic acid
derivative, has also been tried as a metabolic modulator therapy for HF. Acipimox given
acutely in one study decreased plasma FFA levels and hence myocardial FA uptake by
～80% in both HF patients and controls [28]. However, in contrast to what was
hypothesized, the treatment resulted in a decrease in cardiac function. The HF patients had a
decrease in cardiac output, stroke volume, and efficiency. In the controls, efficiency
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increased, but they too experienced a similar decrease in cardiac output and stroke volume
(although the difference was not significant, perhaps in part due to fewer [N=8] controls
than HF patients [N=18]). In sum, currently there are no easily administered treatments for
acutely decreasing FA delivery to the heart for the purpose of improving its function.
Moreover, significant, acute decreases in plasma FA levels appear to be harmful to patients
with HF.

In contrast, longer-term treatment with partial FA beta-oxidation inhibitors (such as
trimetazidine) appears to increase cardiac function. Trimetazidine (which is not approved by
the FDA and not available in the United States) increases systolic function [43], wall
motion, and response to dobutamine in patients with ischemic cardiomyopathy.
Trimetazidine also improved exercise capacity [44], functional class [44], markers of
inflammation [45], and most importantly, 2 y outcomes in patients with ischemic
cardiomyopathy [46]. There are fewer studies of trimetazidine performed solely in patients
with nonischemic HF. However, it appears to have salutary effects in this group as well. In
nonischemic patients, it improves cardiac energetics, improves glucose tolerance, and
increases ejection fraction [47]. Interestingly, trimetazidine only decreased myocardial FA
oxidation to a small degree [47] and no study in humans with HF has actually determined if
glucose oxidation increases in response to this treatment. Ranolazine is another drug that
may partially inhibit FA oxidation, and/or it may exert its beneficial effects through its
actions on sodium channels, or another mechanism. There are no studies in humans, in vivo,
to confirm its mechanism(s) of action in humans. Although ranolazine is approved only for
the treatment of ischemia, there are some animal studies suggesting that it, too, has
beneficial effects on heart failure [48,49].

Drugs that primarily inhibit FA oxidation via inhibiting carnitine palmitoyltransferase
(CPT)-1 have also been tried as treatments for HF. Etomoxir is often used to modulate FA
oxidation in animal models of HF, but a recent trial in humans demonstrated that it has liver
toxicity [50]. Perhexiline, another CPT-1 inhibitor, has also been tried in the treatment of HF
but with mixed results. In one study, symptoms improved [51], but in another, neither
exercise capacity nor function nor 1 y hospital admission rates changed [52]. Currently,
perhexiline is mainly used in Australia and New Zealand. Its use is complicated by the fact
that certain individuals are poor metabolizers of the drug, which leads to an increased risk of
toxicity. Monitoring of plasma drug levels and Cis-hydroxyperhexiline levels are
recommended to help avoid peripheral neuropathy and liver damage.

Conclusions
In contrast to the normal adult heart, the nonischemic failing human heart generally uses
relatively more glucose at the expense of FA oxidation. This conclusion, however, may need
to be refined as there are some suggestions that not all heart failure is metabolically the
same. Co-morbid conditions, degree of ischemia, degree of FA oxidative metabolism
machinery dysfunction, and plasma substrate levels, also appear to affect myocardial
metabolism. Moreover, whether an increase in glucose metabolism is adaptive or
maladaptive likely depends upon the demands placed on the heart and other superimposed
conditions. Certainly, glucose is a more oxygen efficient fuel. However, if oxygen is not
limiting, the rationale for decreasing FA metabolism is less compelling. A “normal” pattern
of ～60-70% FA use would seem to be a logical goal for the nonischemic failing heart.
Indeed, studies of metabolic modulator therapy demonstrate that an acute, marked decrease
in myocardial FA metabolism is detrimental. However, chronic, mild FA oxidation
inhibition by trimetazidine appears to be well-tolerated and beneficial in HF patients.
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Figure 1.
Cardiomyocyte substrate metabolism pathways. 18F-FHTA/FTP = 18fluoro-6-thia-
heptadecanoate/fluoro-4-thia-palmitate. 123I-BMIPP = Iodofilitic acid. FDG =
fluorodeoxyglucose.
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Figure 2.
PET-determined rates of myocardial FA utilization and oxidation and glucose utilization in
patients with idiopathic dilated cardiomyopathy (IDCM) vs. normal controls. From Ref. [23]
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Figure 3.
PET-derived rates of myocardial FA uptake and oxidation in normal controls (dark bars) and
patients with IDCM. Those patients with IDCM and greater insulin resistance (white bars)
oxidize a similar amount of FAs compared with normal controls. Patients without insulin
resistance take up and oxidize fewer FAs than controls.
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