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Abstract: Pressure overload of the heart, such as seen with pulmonary hypertension and/or systemic
hypertension, can result in cardiac hypertrophy and the eventual development of heart failure. The devel-
opment of hypertrophy and heart failure is accompanied by numerous molecular changes in the heart,
including alterations in cardiac energy metabolism. Under normal conditions, the high energy (adenosine
triphosphate [ATP]) demands of the heart are primarily provided by the mitochondrial oxidation of fatty
acids, carbohydrates (glucose and lactate), and ketones. In contrast, the hypertrophied failing heart is
energy deficient because of its inability to produce adequate amounts of ATP. This can be attributed to a
reduction in mitochondrial oxidative metabolism, with the heart becoming more reliant on glycolysis as a
source of ATP production. If glycolysis is uncoupled from glucose oxidation, a decrease in cardiac efficiency
can occur, which can contribute to the severity of heart failure due to pressure-overload hypertrophy. These
metabolic changes are accompanied by alterations in the enzymes that are involved in the regulation of
fatty acid and carbohydrate metabolism. It is now becoming clear that optimizing both energy production
and the source of energy production are potential targets for pharmacological intervention aimed at improv-
ing cardiac function in the hypertrophied failing heart. In this review, we will focus on what alterations in
energy metabolism occur in pressure overload induced left and right heart failure. We will also discuss po-
tential targets and pharmacological approaches that can be used to treat heart failure occurring secondary to
pulmonary hypertension and/or systemic hypertension.
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Heart failure is the progressive deterioration in cardiac
function and is the leading cause of morbidity and mor-
tality in developed countries.® It affects over 5 million
Americans, and 600,000 new cases are diagnosed each
year.” Heart failure is clinically defined as “a complex
clinical syndrome that can result from any structural or
functional cardiac disorder that impairs the ability of the
ventricle to fill with or eject blood.”® Heart failure can
develop due to a wide variety of causes, including ische-
mic heart disease, viral/bacterial myocarditis, and cardio-
myopathies as well as pressure and volume overload due
to long-standing hypertension, valvular diseases, or pul-
monary artery hypertension.* Pulmonary arterial hyper-
tension can be idiopathic or occur secondary to conditions

such as left heart failure, lung disease, hypoxia, or throm-
boembolism and is associated with a poor clinical out-
come.’

Regardless of the initiating cardiac abnormality, the
syndrome of heart failure represents a complex clinical
picture, including abnormal myocardial contractility, al-
tered hemodynamics, ventricular remodeling, and neu-
rohumoral activation.® Currently f-blockers, angiotensin
converting enzyme inhibitors (ACEI), angiotensin recep-
tor blockers (ARBs), nitrites, digoxin, aldosterone antag-
onists, implantable cardioverter-defibrillators, cardiac re-
synchronization therapy, left ventricular assist devices,
and heart transplantation are available approaches to treat
and manage heart failure.” The current management of
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right ventricular failure, which includes the use of di-
goxin, furosemide, inotropes, prostacyclin derivatives, en-
dothelin receptor antagonists, and phosphodiesterase in-
hibitors, is largely empirical.®*® These treatments focus
largely on modifying hemodynamic and neurohormonal
pathways.'® Although current treatment strategies delay
or lessen the worsening of heart failure, the prognosis of
patients with heart failure remains poor.>''"** The 1-year
and 5-year mortalities are 20% and 50% respectively.'*
The cost of managing patients with heart failure in the
United States is approximately $39 billion." Therefore, it
is important to develop novel therapeutic approaches to
treat heart failure.

In the failing heart, the structure of cardiomyocytes
can be relatively well preserved despite significant con-
tractile functional impairment.'® This impairment in con-
tractile function is partly due to alterations in energy
substrate metabolism and alterations in enzymatic path-
ways that regulate energy metabolism in the heart."
Because the myocardium is viable but dysfunctional,'®

Glucose

targeting energy metabolism to treat heart failure is a
potential new treatment strategy. Therefore, targeting car-
diac metabolism as an approach to treat heart failure has
recently received considerable interest.

This article will focus on what alterations in cardiac
energy metabolism occur in pressure overload—induced
heart failure and the therapeutic approaches to normal-
ize energy balance, with the aim of preventing the pro-
gression from compensated cardiac hypertrophy to de-
compensated heart failure.'”-*°

CARDIAC ENERGY METABOLISM

The heart has a very high energy demand, with more
than 95% of this energy demand being met by adeno-
sine triphosphate (ATP) derived from mitochondrial oxi-
dative phosphorylation and the rest from glycolysis.*"*?
In an adult heart, 60%-90% of the ATP is derived from
oxidation of fatty acids, whereas 10%-40% is generated
from glucose oxidation (Fig. 1). Glycolysis and lactate ox-
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Figure 1. Alterations in myocardial energy substrate metabolism in heart failure. In the normal heart, fatty acids and glucose serve
as the primary energy substrates to produce adenosine triphosphate (ATP) via oxidation. In the failing heart, decreases in fatty acid
and glucose oxidation lead to energy deficit. Decreases in fatty acid oxidative enzymes contribute to decreases in fatty acid
oxidation, whereas decreases in the glucose transporter GLUT4 and pyruvate dehydrogenase (PDH) kinase (PDK)-mediated inhibi-
tion of PDH contribute to decreased glucose oxidation. The heart becomes more reliant on glycolysis for ATP, which is partly
mediated by enhanced GLUT1 expression. ADP: adenosine diphosphate; CD36: cluster of differentiation 36; CoA: coenzyme A;
CPT: carnitine palmitoyltransferase; FACS: fatty acyl-CoA synthase; FADH,: flavin adenine dinucleotide; FAT: fatty acid translo-
case; LCAD: long-chain acyl-CoA dehydrogenase; MPC: mitochondrial pyruvate carrier; TCA: tricarboxylic acid.



idation make up the majority of the remaining contribu-
tion.

Fatty acid oxidation

Free fatty acids in the cytosol of myocytes are activated
to fatty acyl coenzyme A (CoA) moiety prior to metabo-
lism.** Fatty acyl CoA requires carnitine palmitoyl trans-
ferase 1 (CPT1), the rate-limiting enzyme of mitochon-
drial fatty acid uptake, for conversion to fatty acyl carnitine
and uptake by the mitochondria (Fig. 1).***® The acyl-
carnitine is then converted back to fatty acyl CoA by
CPT 1I located on the inner mitochondrial membrane.
Fatty acyl CoA then undergoes f-oxidation in the mi-
tochondrial matrix.”” Malonyl CoA is a key negative reg-
ulator of fatty acid metabolism that inhibits CPT1 activ-
ity.”®% It is synthesized by acetyl CoA carboxylase (ACC)
and degraded by malonyl CoA decarboxylase (MCD). Phos-
phorylation of ACC by AMP-activated protein kinase
(AMPK) inhibits malonyl CoA formation and enhances
fatty acid oxidation.*32

Glucose metabolism

Glucose transport into the adult cardiomyocytes involves
the glucose transporters GLUT4 and GLUT1.** Glucose
is then primarily converted to glucose-6-phosphate by
hexokinase II, the first step in glycolysis.>* During gly-
colysis, pyruvate generated from glucose can then sub-
sequently be converted to lactate or oxidized in the mi-
tochondria. Glycolysis yields 2 ATP per molecule of
glucose. Oxidation of pyruvate involves the transport
of pyruvate into the mitochondria via the mitochon-
drial pyruvate carrier.*® Conversion of pyruvate to acetyl
CoA is catalyzed by pyruvate dehydrogenase (PDH), the
rate-limiting enzyme in glucose oxidation.***” PDH is
phosphorylated and inhibited by PDH kinase 4 (PDK4).
Complete oxidation of glucose yields 31 ATP per mole-
cule of glucose.

Adrenergic signaling in heart

Adrenergic signaling in the heart occurs as a result of
both epinephrine release from the adrenal glands and
myocardial epinephrine release from cardiac sympathetic
nerves.*®**° Epinephrine exerts its effects through activa-
tion of both a and f receptors in the heart. Although
the importance of S receptors in the heart has long
been recognized, more recently a receptors have also
been shown to play a role. The stimulation of a and f
receptors results in activation of phoshpholipase C/pro-
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tein kinase C and adenylyl cyclase/protein kinase A
pathways, respectively. Chronic excessive adrenergic stim-
ulation of both receptors has been implicated in patho-
logic cardiac hypertrophy. Interestingly, in heart failure,
f-1 adrenergic receptors are downregulated, which is an
effect that has been attributed to catecholamine-induced
enhanced receptor turnover and degradation. Further-
more, excess catecholamines lead to a decrease in func-
tional activity of the cardiac f-1 receptor and marked
desensitization of the heart to inotropic effects of epi-
nephrine.*’

Although the effects of sympathetic stimulation on the
heart have been well known, the mechanisms by which
the heart generates ATP for increased work during sym-
pathetic (epinephrine) stimulation was unknown. Reports
from earlier studies are conflicting as to whether there
is an increase in glucose uptake and oxidation*' or an in-
crease in fat extraction and oxidation.** More recently, epi-
nephrine was shown to increase glucose oxidation rates
by approximately 400% without significant increases in
fatty acid oxidation rates in isolated working rat hearts.*?
Although adrenergic stimulation has been shown to in-
crease glucose oxidation rates, f-blockers widely used in
the treatment of heart failure have been shown to inhibit
fat oxidation and result in an increase in glucose oxida-
tion,™ an effect that could be attributed to carnitine pal-
mitoyltransferase I (CPT1) inhibition.*®

CARDIAC METABOLISM IN LEFT

HEART FAILURE

A failing heart has been referred to as “an engine out
of fuel.”*® A number of studies have shown decreased
phosphocreatine and ATP levels in failing myocardium
of both animals and humans.?**’**® Myocardial ATP con-
tent can decrease by 30%—40% in the failing heart rela-
tive to the normal heart. It has been proposed that the
failing heart switches from primarily using fatty acids
as energy substrates to primarily using glucose for en-
ergy production.’®®’ However, the primary metabolic
switch appears to be a switch from mitochondrial oxi-
dative metabolism to an increase in glucose uptake
and glycolysis.?***°3 Early studies in hypertrophied
hearts subjected to aortic banding showed an increase
in glycolysis, with either no change or a decrease in
both carbohydrate oxidation (glucose and lactate) or
fatty acid oxidation.”**” A similar increase in glucose up-
take was observed in hypertrophied hearts from Dahl
salt-sensitive rats.’”* This increase in glucose uptake and
glycolysis can occur in the absence of any increase in
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glucose oxidation, resulting in an uncoupling of glycoly-
sis from glucose oxidation.’® Indeed, recent studies of
failing swine hearts have shown that glucose oxidation
rates can be significantly depressed,”® which probably
occurs secondary to a decrease in overall mitochondrial

oxidative metabolism.

Myocardial energy deficits precede the development

of heart failure

Although studies providing evidence of energy deficit in
heart failure abound,?****° whether alterations in sub-
strate metabolism and energy deficit are a cause or con-
sequence of heart failure has not been clearly delineated.
In a model of aortic arch constriction, Doenst et al.® in-
vestigated cardiac function and fatty acid and glucose
metabolism during the development of hypertrophy and
heart failure. Diastolic and systolic dysfunction were ob-
served at 6 weeks and 10 weeks, respectively, follow-
ing aortic constriction. They observed that 2 weeks after
pressure overload, when hypertrophy was evident with
preserved cardiac function, there was a significant de-
crease in fatty acid (oleate) oxidation rates, whereas glu-
cose oxidation rates were increased. This was associated
with significantly decreased messenger RNA expression
of fatty acid oxidative enzymes. Thus, decreased fatty
acid oxidation involves both decreases in fatty acid up-
take and mitochondrial oxidation. Thus, inhibition of ox-
idative metabolism and energy deficit precede the onset
of heart failure.

Zhang et al.** also investigated the early alterations in
myocardial substrate metabolism in pressure overload—
induced heart failure. Mice that underwent abdominal
aortic constriction (AAC) developed systolic dysfunction
(heart failure) 3 weeks after the procedure. This was pre-
ceded by a 37% decrease in myocardial ATP production
from mitochondrial oxidative metabolism within 2 weeks
of an AAC. This was associated with decreases in both
glycolysis and oxidative metabolism. Decreases in palmi-
tate, glucose, and lactate oxidation were observed. Addi-
tional decreases in glycolysis and oxidative metabolism
was observed at 3 weeks, when heart failure was evident.
A 47% decrease in ATP production was observed at this
time. Not only were the absolute glycolytic and glucose
oxidation rates decreased, but the increase in glycolysis
and glucose oxidation normally observed in sham (con-
trol) hearts were blunted in hearts from mice subjected
to AAC. Thus, energy deficit was associated with insulin
resistance as observed by decreased membrane GLUT4
expression in hearts from AAC mice. A number of stud-
ies have demonstrated systemic insulin resistance in pa-

tients with congestive heart failure.®”** In this study, it
was interesting to note that cardiac insulin resistance de-
veloped as early as 2 weeks after AAC, whereas systemic
insulin resistance was not evident.

Selective decreases in glucose oxidation

in heart failure

In agreement with previous studies of mice subjected to
AAC®" and pigs with heart failure,*® Zhabyeyev et al.®® ob-
served a significant decrease in glucose oxidation 6 weeks
after transverse aortic constriction (TAC)-induced heart
failure. A decrease in glucose uptake and glycogen syn-
thesis observed in TAC hearts was attributed to insulin
resistance as shown by decreased phosphorylation of Akt
and decreased membrane GLUT4 expression. However,
these authors found no differences in fatty acid oxida-
tion. Decreased malonyl CoA levels associated with AMPK-
induced phosphorylation and inhibition of ACC possibly
prevented the decrease in fatty acid oxidation observed in
other studies.

Studies investigating the mechanisms of angiotensin II
(Ang II)-mediated heart failure also reported selective
decreases in glucose oxidation.®®*®” Ang II is the main
effector of the renin-angiotensin-aldosterone (RAS) sys-
tem that is involved in adverse cardiac remodeling and
heart failure.®®®® Ang II infusion in mice for 14 days
resulted in cardiac hypertrophy, insulin resistance, and
diastolic dysfunction.®® This was accompanied by a de-
crease in the ability of insulin to stimulate glucose oxi-
dation and to inhibit palmitate oxidation, compared with
wild-type (WT) mice. The decrease in glucose oxidation
can be attributed to PDK4-mediated phosphorylation of
PDH and acetylation of PDH secondary to decreased
SIRT3 (the deacetylase) expression. In response to insu-
lin, although hearts from both groups produced similar
amounts of ATP, Ang II-treated hearts produced 80%
of ATP from palmitate, whereas WT hearts generated
only 62%. This also resulted in diastolic dysfunction and
reduced cardiac efficiency. Thus insulin resistance and
decreased glucose oxidation play a role in RAS-mediated
heart failure. To further confirm the role of glucose oxi-
dation, mice lacking PDK4 knockout (KO) were investi-
gated after treatment with Ang II. The lack of PDK4
removes the inhibition on PDH, the rate-limiting en-
zyme in glucose oxidation, thereby increasing glucose ox-
idation rates in the heart. Interestingly, Ang II-treated
PDK4 KO hearts did not develop diastolic dysfunction
and had glucose oxidation rates that were significantly
higher than those in WT-Ang II hearts. However, no
changes in palmitate oxidation were observed with Ang II



treatment. Moreover, irbesartan, the AT1R blocker, pre-
vented Ang IT-induced diastolic dysfunction in WT mice.®’
In comparison to hearts treated with Ang II, irbesartan
increased both glucose and palmitate oxidation rates and
restored the energy deficit. Inhibition of PDK4 expres-
sion by irbesartan that led to increased PDH activity pos-
sibly contributed to the restoration of glucose oxidation.
Similar to Ang II-induced heart failure, phenylephrine,
the o-1 agonist, also induced cardiac hypertrophy and di-
astolic dysfunction that was associated with a selective
reduction in glucose oxidation.®” On the other hand, WT
mice subjected to TAC showed increased glucose oxida-
tion and glycolysis with no changes in palmitate oxida-
tion.”! Such observed differences could be attributed to
the model of heart failure, strain, and age of mice stud-
ied and the degree and duration of pressure overload.
Riehle et al.** investigated the metabolic and energetic
alterations in mice deficient for PGC-1 . Interestingly,
basal rates of glucose and palmitate oxidation and glycol-
ysis were increased in these hearts. In response to pres-
sure overload 3 weeks after aortic banding, decreased
cardiac efficiency was accompanied by a decrease in gly-
colysis and glucose oxidation, features that are consistent
with insulin resistance, whereas no significant changes
in palmitate oxidation were observed. These studies sug-
gest that enhancing glucose oxidation and promoting
better coupling between glycolysis and glucose oxidation
could prove to be beneficial in the treatment of heart
failure.

Decreased fatty acid oxidation in heart failure

In aortic banding—induced heart failure, palmitate oxi-
dation rates determined from kinetic analysis of the '*C
isotopic enrichment data for glutamate were significantly
reduced compared with sham-operated rats.”” In response
to a f-adrenergic agonist challenge, palmitate oxidation
rates increased in both groups, albeit to a lesser extent
in failing hearts.”® A recent study also found a similar
metabolic profile, with hearts from mice subjected to TAC
having lower fatty acid oxidation rates, whereas an in-
crease in glycolysis and glucose oxidation was observed.*°
Consistent with these studies, Osorio et al.”' observed a
decrease in fatty acid oxidation rates in pacing-induced
heart failure in conscious dogs. This was attributed to a
decreased expression of CPT1 and medium-chain acyl-
CoA dehydrogenase (MCAD). Sack’? and Razeghi’® previ-
ously reported decreased expression of genes involved in
fatty acid oxidation. Decreased fatty acid metabolic gene
expression has also been shown to be reduced in failing
human hearts.”>”* Similar fatty acid metabolic gene pro-
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files were observed in a spontaneous hypertension heart
failure (SHHF /Mcc-fa?) rat model of hypertension, hyper-
trophy, and failure.”? Contrary to these studies, palmitate
oxidation rates were found to be significantly increased in
WT mice subjected to TAC.”* Proteomic and microarray
analysis reveal increased expression of genes involved in
mitochondrial oxidative phosphorylation in left ventricles
from rabbit hearts after 4 weeks of aortic banding.”®

To further investigate the contribution of fatty acid
oxidation to the development of cardiac hypertrophy and
heart failure, pressure overload-induced models of heart
failure were studied in genetically modified mice deficient
for CPT1b’* or acetyl CoA carboxylase 2 (ACC2/").>° Al-
though the former demonstrate decreased fatty acid oxi-
dation, the latter have higher cardiac fatty acid oxidation
rates. CPT1b is an enzyme present in the outer mito-
chondrial membrane that regulates the entry of long-
chain fatty acids into the mitochondria for f-oxidation. As
CPT1b-homozygous mice are embryonically lethal, the
authors have used heterozygous (CPT1b*/") mice that are
partially deficient for CPT1b. TAC-induced pressure over-
load resulted in a precipitous decrease in ejection fraction
and fractional shortening in the CPTI1b*/~ mice com-
pared with WT mice. Palmitate oxidation was significantly
decreased, whereas glucose oxidation was increased, in
failing CPT1b hearts. This was also accompanied by car-
diac hypertrophy that was significantly higher than that
found in WT mice. CPT1b*~ mice subjected to TAC had
higher accumulation of triglycerides and ceramides. In-
terestingly, enzymes involved in the uptake of fatty acids
into the myocyte were down-regulated. The authors sug-
gest that myocardial lipid accumulation and lipotoxicity
was due to decreased palmitate oxidation rates rather
than changes in fatty acid uptake. On the other hand,
transgenic mice overexpressing fatty acid transport pro-
tein 1 (FATP1),”® lipoprotein lipase,’” long-chain acyl CoA
synthetase,”® and peroxisome proliferator activated recep-
tor o (PPAR-a)”® in which myocardial fatty acid uptake,
esterification, or oxidation were enhanced were associated
with cardiac hypertrophy, contractile dysfunction, and ac-
cumulation of lipids and lipid intermediates. Mice sub-
jected to 10 weeks of pressure overload developed cardiac
hypertrophy, had lower rate pressure product compared
with sham-operated mice, and were associated with de-
creased CPT1 activity and decreased palmitate oxidation
rates.®

Although the previous study examined cardiac metabo-
lism in a mouse model with low fatty acid oxidation, Kol-
wicz et al.*° used a mouse model lacking ACC2 (ACC27/")
in which higher cardiac fatty acid oxidation is found. Car-
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diac function was preserved in ACC2”/~ mice despite
higher fatty acid oxidation rates. Furthermore, preserved
cardiac function and attenuated cardiac hypertrophy were
observed in ACC2”/~ mice subjected to TAC when com-
pared with WT mice subjected to TAC. Of interest, lactate
production rates were markedly decreased in the ACC2/~
mice, indicative of a better coupling between glycolysis
and glucose oxidation.

In summary, heart failure is associated with an energy
deficit state that precedes the onset of heart failure. This
is associated with decreased oxidative metabolism (fatty
acids and glucose) and a switch in substrate use from
fatty acids to glucose for glycolysis.

CARDIAC METABOLISM IN RIGHT

HEART FAILURE

Studies of right ventricular failure due to pressure over-
load are not as extensive as those of left ventricular fail-
ure. As in the left ventricle, the right ventricle develops
hypertrophy in response to pressure overload.®'”"** Due
to the thin wall, the right ventricle undergoes rapid and
exaggerated hypertrophic response.®' Following hyper-
trophy, the right ventricle undergoes dilatation resulting
in decreased contractile force, ultimately resulting in
right ventricular failure.'?° Similar to the left ventricle,
the right ventricle also primarily depends on mitochon-
drial oxidative phosphorylation for ATP production from
fatty acids and glucose.®®' Right heart failure is also as-
sociated with low ATP production.®*?

Energy deficit in right ventricular hypertrophy

and failure

Right ventricular hypertrophy (RVH) and failure are
associated with a switch from oxidative metabolism to
glycolysis.®" In the early stages of RVH, glycolysis may
compensate for lack of ATP production via oxidative me-
tabolism. However, long-term reliance on glycolysis for
ATP could lead to energy starvation and failure.**®** In
hypertrophied right ventricle of ferret hearts induced by
pulmonary artery clipping, a decrease in creatine phos-
phate content but preserved ATP levels was observed.®?
In contrast, in monocrotaline-induced RVH, decreases in
both phosphocreatine and ATP levels were observed.®?

Right ventricular dysfunction is associated

with increased glycolysis

Takeyama et al®® observed that glucose uptake was in-
creased in the right ventricle of conscious rats 4 weeks after
pulmonary constriction (using *C-2 deoxyglucose [2DG]).
There was no difference in "*C f-methylheptadecanoic

acid (BMHDA) accumulation, suggesting no differences
in fatty acid uptake between sham and hypertrophied
right ventricles. Interestingly, '*C-BMHDA uptake in the
hypertrophied left ventricle was decreased compared with
hearts from sham-operated rats.®> The increase in "*C-
2DG uptake would suggest either increased glycolysis or
increased glycogen synthesis. Other studies have shown
increases in glycolysis in hypertrophied hearts.>*>>8¢
Therefore, these authors suggest that glycolysis was in-
creased in hypertrophied right ventricles after pulmonary
constriction. Consistent with this study, subsequent stud-
ies have shown in both humans and rats with pulmo-
nary hypertension that **F-fluoro deoxyglucose (**FDG) up-
take is increased in the right ventricle.¥”#® Schwartz et al ®*
also reported that, in the right ventricle of pig hearts sub-
jected to acute pulmonary constriction, glucose uptake
tended to increase and free fatty acid uptake did not
change compared with hearts from sham-operated pigs.
However, acute pulmonary artery constriction in rats re-
sulted in increased "*C-BMHDA deposition, with no changes
in using "*C-2DG deposition.®®

In a monocrotaline-induced model of pulmonary hy-
pertension, the development of RVH is a maladaptive re-
sponse. The subsequent right ventricle dysfunction was
associated with enhanced 2-fluoro-2-DG uptake, suggesting
increased rates of glycolysis in this model.*® Results were
confirmed in isolated working hearts, where glycolysis
rates were increased compared with controls, whereas no
differences in glucose oxidation rates were observed. Mo-
lecular studies revealed increased GLUT1 expression con-
sistent with increased glucose uptake. Increased GLUT1
expression could be a compensatory mechanism to en-
hance glucose transport for low levels of ATP production
in glycolysis. However, in working hearts, where glucose
oxidation rates were unchanged, phosphorylation of PDH,
which is the rate-limiting enzyme for glucose oxidation,
was increased. In contrast, in a model of pulmonary artery
banding (PAB)-induced RVH (without pulmonary artery
hypertension), right ventricle oxygen consumption was re-
duced in PAB hearts compared with controls, suggest-
ing decreased rates of glucose oxidation. In this model,
increased fatty acid oxidation rates were associated with
increase in expression of CPT1, thus making CPT1 a tar-
get for treatment. Interestingly, PDH is inhibited much
more in the monocrotaline-induced PAH model, in which
RVH is maladaptive, than in the PAB-induced RVH model,
which is an adaptive response to increased afterload.*
In fawn-hooded rats with pulmonary hypertension and
RVH, FOXO1-mediated upregulation of PDK4 resulted in
decreased glucose oxidation and poor right ventricular



function.”® These studies would suggest that activating
PDH through inhibition of PDK might be useful in con-
ditions of pulmonary hypertension associated with pul-
monary vascular endothelial damage. Taken together,
these studies suggest uncoupling between glycolysis and
glucose oxidation. In summary, a healthy right ventricle
is able to generate ATP through the oxidation of both
fatty acids and glucose as substrates and therefore is
metabolically flexible. In contrast, a hypertrophied right
ventricle is more reliant on glycolysis.

APPROACHES TO TREAT LEFT HEART FAILURE
Inhibiting fat oxidation

Heart failure is associated with decreased glucose oxida-
tion and increased glycolysis. Therefore, one approach to
treat heart failure is to enhance glucose oxidation and to
promote a better coupling between glycolysis and glucose
oxidation.”**” This can be achieved by inhibiting fatty
acid oxidation or directly enhancing glucose oxidation. In-
hibiting fatty acid oxidation to promote glucose oxidation
involves exploiting the Randle cycle.”* Acetyl CoA derived
from fatty acid oxidation inhibits PDH thus lowering glu-
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cose oxidation. As a result, inhibiting fatty acid oxidation
would enhance glucose oxidation. The rate of fatty acid
oxidation can be regulated by inhibiting CPT1, by inhibit-
ing MCD (the enzyme that degrades malonyl CoA to pro-
mote malonyl CoA inhibition of CPT1), or by inhibiting
long-chain 3-ketoacyl-CoA thiolase (KAT; Fig. 2).2*
CPT1 is the rate-limiting enzyme for mitochondrial
fatty acid uptake.**> Etomoxir is an irreversible inhibitor
of CPT1.”” Etomoxir has been shown to improve cardiac
function in rat hearts subjected to pressure overload.”
Furthermore, in a clinical trial of patients with New York
Heart Association (NYHA) class II heart failure, etomoxir
(80 mg/day for 3 months) improved left ventricular ejec-
tion fraction and cardiac output at peak exercise.”* Per-
hexiline, another CPT1 inhibitor, has also been shown to
improve systolic function, exercise capacity, and overall car-
diac energetics in patients with heart failure.”>*°
Inhibition of MCD increases malonyl CoA content in
hearts, which would subsequently exert its inhibitory ef-
fect on CPT1.””?® MCD inhibitors have been shown to
improve insulin sensitivity and enhance glucose oxida-
tion via inhibition of fatty acid oxidation.*® Although a
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Figure 2. Targeting cardiac energy metabolism for the treatment of heart failure. Fatty acid oxidation can be targeted at the level of
fatty acid uptake through cluster of differentiation 36 (CD36)/fatty acid translocase (FAT), mitochondrial fatty acid uptake via
carnitine palmitoyltransferase (CPT) I, or fatty acid oxidation in the mitochondria. Mitochondrial fatty acid uptake can be inhibited
using CPT I inhibitors such as etomoxir, perhexline, and malonyl coenzyme A (CoA) decarboxylase (MCD) inhibitors. Glucose
oxidation can be enhanced by dichloroacetate, the pyruvate dehydrogenase kinase (PDK) inhibitor. ADP: adenosine diphosphate;
ATP: adenosine triphosphate; FACS: fatty acyl-CoA synthase; FADH,: flavin adenine dinucleotide; LCAD: long-chain acyl-CoA
dehydrogenase; MPC: mitochondrial pyruvate carrier; TCA: tricarboxylic acid.
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number of studies have shown beneficial effects in the
setting of ischemic heart disease,®®19°
seen whether it will improve heart failure.

fS-blockers are widely used in the treatment of heart
failure. Because of their negative inotropic and chro-
notropic effects, f-blockers reduce cardiac workload and
are therefore beneficial in the treatment of heart failure.
In addition to these effects, f-blockers have also been
shown to have metabolic modulating effects. Metopro-
lol has been shown to reduce CPT1 activity in dogs with
heart failure.*” In patients with left ventricle dysfunction,
metoprolol treatment reduced oxidative metabolism and
resulted in an improvement in cardiac efficiency in patients
with left ventricle dysfunction. Subsequently, carvedilol
has also been shown to inhibit CPT1."*" In noncachectic
patients with moderately severe heart failure, carvedilol
reduced fatty acid oxidation and increased glucose ox-
idation rates. This was associated with improvement in
NYHA class symptoms. %2

Trimetazidine is a partial fatty acid oxidation inhibitor
that inhibits KAT.'**'%* This results in an increase in
glucose oxidation. In pressure overload—induced hyper-
trophied rat hearts, trimetazidine reduces glycolysis, en-
hances glucose oxidation, and improves postischemic
recovery.'®” In patients with heart failure, trimetazidine
treatment was associated with a reduction in whole-body
resting energy expenditure.'®® Furthermore, in a random-
ized clinical trial, trimetazidine improves NYHA func-
tional class, left ventricular ejection fraction,'®’'%® and
whole-body insulin sensitivity.'® A recent retrospective
study has shown that trimetazidine treatment is effective
in reducing mortality and improving event-free survival
in patients with congestive heart failure.'®® Ranolazine,
another partial fatty acid f-oxidation inhibitor, has also
been shown to increase glucose oxidation and PDH activ-
ity."'° It also improves the coupling between glycolysis
and glucose oxidation.''® Ranolazine treatment of intra-
coronary embolization—induced heart failure in dogs was
associated with improvement in left ventricular systolic
function without alterations in cardiovascular hemody-
namics, suggesting that ranolazine primarily targets
cardiac metabolism.'"! Currently, a clinical trial investi-
gating the effect of ranolazine on heart failure with pre-
served ejection fraction is ongoing.'"

it remains to be

Enhancing glucose oxidation

Inhibiting PDK (the enzyme that phosphorylates and in-
hibits PDH) using dichloroacetate (DCA) appears to be
beneficial in pressure overload heart failure.”>*” DCA se-
lectively stimulates glucose oxidation and promotes cou-

pling between glycolysis and glucose oxidation.''*!"*

This would result in decreased proton production, which
otherwise could worsen cardiac efficiency. Treatment of
Dahl salt-sensitive rats with DCA prevented the progres-
sion of hypertrophy to heart failure and improved systo-
lic cardiac function and survival.’? In this study, DCA
treatment was associated with increased '*)FDG uptake
and PDH activity. Therefore, the authors speculate that
DCA primarily increased glucose oxidation and amelio-
rated heart failure. A limitation of this study is that '"*FDG
is a marker of glycolysis and cannot reliably measure glu-
cose oxidation rates.

The effect of dichloroacetate on cardiac function in
patients with congestive heart failure is conflicting. In a
small clinical study involving 10 patients with moderate
to severe heart failure, dichloroacetate administration im-
proved left ventricular mechanical efficiency, increased
stroke volume and left ventricular minute work with a
simultaneous reduction in myocardial oxygen consump-
tion.'®> However, a subsequent study failed to show ben-
efits in patients with congestive heart failure.''®

Enhancing fatty acid oxidation

Because pressure overload heart failure is consistently
associated with decreased fatty acid oxidation, another
approach to treat heart failure is to enhance fatty acid
oxidation. A number of experimental studies have shown
favorable effects of a high-fat diet on cardiac function and
survival in different disease states, such as myocardial
infarction, heart failure, and hypertension.'' In an at-
tempt to enhance fatty acid oxidation, rats subjected to
pressure overload were fed a high-fat diet or diet supple-
mented with omega-3 polysaturated fatty acid. This re-
sulted in attenuation of left ventricular remodeling and
dysfunction.®*>'7!® In a subsequent study, a linoleate-
enriched high-fat diet (but not saturated high-fat diet)
attenuated cardiac hypertrophy, left ventricular chamber
dilation, and improved systolic function in aged hyper-
tensive heart failure rats.''® Moreover, a high-fat diet
reduced cardiac hypertrophy and improved contractile
function in Dahl salt-sensitive rats.'**'?!

In these studies, pressure overload was induced in
lean (nonobese) animals and then a high-fat diet was fed
to the animals in an attempt to increase fatty acid oxida-
tion. In humans, heart failure is associated with other
risk factors such as obesity,"?* diabetes,'** and hyperten-
12# each of which can also independently increase
the risk of heart failure. Obesity and diabetes are associ-
ated with insulin resistance and increased cardiac fatty
acid oxidation.' Therefore, further studies are needed to

sion,



ascertain the effect of accelerating fat oxidation in heart
failure models associated with obesity and diabetes.

APPROACHES TO TREAT RIGHT

HEART FAILURE

Inhibiting fat oxidation

In a PAB model of right ventricle failure in rats in
which increased fatty acid oxidation is maladaptive, both
trimetazidine and ranolazine inhibit fatty acid oxidation
and glycolysis and enhance glucose oxidation. This re-
sults in a better coupling between glycolysis and glucose
oxidation and is associated with better cardiac index and
exercise capacity. Treatment with these fatty acid oxida-
tion inhibitors also led to some regression in RVH.'?
The PAB model is similar to that of pulmonary stenosis
in which there is right ventricle outflow obstruction.
Thus, fatty acid oxidation inhibitors, by modulating me-
tabolism, may prove to be useful despite persistence of pul-
monary stenosis. Additional clinical studies are needed to
investigate the effect of fatty acid oxidation inhibitors in
right heart failure. We expect that, in a manner similar to
the beneficial effects observed in the treatment of conges-
tive heart failure, inhibition of fat oxidation would also
improve right heart failure.

Enhancing glucose oxidation
The effect of DCA has been more extensively investi-
gated in experimental models of right heart failure. In
a monocrotaline-induced model of RVH and failure,
DCA, a PDK inhibitor, reduced cardiac hypertrophy and
improved cardiac output as measured in vivo.*® In a work-
ing heart model, DCA acutely improved cardiac function
and increased glucose oxidation rates. DCA induced a
threefold increase in glucose oxidation rates, whereas gly-
colysis increased by a mere 25%. The marked increase
in glucose oxidation rates, disproportionate to minor in-
creases in glycolytic rates, implies a better coupling be-
tween glycolysis and glucose oxidation. DCA also in-
creased right ventricle cardiac output in a PAB model
of right ventricle failure. This was associated with de-
creased GLUT1 expression and increased oxygen con-
sumption rates, which suggests improved glucose ox-
idation. Furthermore, in the fawn-hooded rat model
of PAH and RVH, DCA inhibited FOXO1-mediated
PDK4 upregulation, which resulted in improved cardiac
output and right ventricle function that was associated
with stimulation of glucose oxidation.”

RVH is also associated with higher mitochondrial
membrane potential (hyperpolarization) in addition to al-
terations in cardiac energy metabolism.'?’ Increases in in-
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tracellular and intramitochondrial calcium could lead to
mitochondrial hyperpolarization and activation of the tran-
scription factor NFAT, which is involved in cardiac hyper-
trophy.'?®'* Furthermore, this study reported that DCA
reverses mitochondrial hyperpolarization in monocrotaline-
induced RVH.'” In addition, in Langendorft perfusions,
DCA increased right ventricular inotropy only in the hyper-
trophied right ventricles and not in normal right ventricles,
which is an effect that could be attributed to normalization
of mitochondrial membrane potential. Furthermore, im-
proved coupling of glycolysis to glucose oxidation by DCA
in the hypertrophied right ventricle, which is more de-
pendent on glycolysis than a healthy ventricle, could ex-
plain why increased inotropy was observed only in the
hypertrophied right ventricle and not in the healthy ven-
tricle.

CONCLUSIONS

Heart failure is associated with alterations in cardiac
energy metabolism that lead to an energy deficit. In
heart failure, there is a switch from oxidative metabolism
to greater reliance on glycolysis. Specifically, decreases in
fatty acid and glucose oxidation result in energy deficit
that is inadequately compensated by glycolysis. Increased
glycolysis and decreased glucose oxidation results in lac-
tate and proton build up in the myocardium that com-
promises efficiency. Targeting metabolism as a therapeu-
tic strategy may be one approach to treat heart failure.
Pharmacological inhibition of fatty acid oxidation or stim-
ulating glucose oxidation may restore energy imbalance
and improve cardiac function.
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