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Myocardial function depends on adenosine triphosphate (ATP) supplied by oxidation of
several substrates. In the adult heart, this energy is obtained primarily from fatty acid oxi-
dation through oxidative phosphorylation. However, the energy source may change de-
pending on several factors such as substrate availability, energy demands, oxygen supply,
and metabolic condition of the individual. Surprisingly, the role of energy metabolism in
development of cardiac diseases has not been extensively studied. For instance, alterations
in glucose oxidation and transport developed in diabetic heart may compromise myocar-
dial performance under conditions in which ATP provided by glycolysis is relevant, such
as in ischemia and reperfusion. In some cardiac diseases such as ischemic cardiomyopa-
thy, heart failure, hypertrophy, and dilated cardiomyopathy, ATP generation is diminished
by derangement of fatty acid delivery to mitochondria and by alteration of certain key en-
zymes of energy metabolism. Shortage of some co-factors such as L-carnitine and creatine
also leads to energy depletion. Creatine kinase system and other mitochondrial enzymes
are also affected. Initial attempts to modulate cardiac energy metabolism by use of drugs
or supplements as a therapeutic approach to heart disease are described. © 2003 IMSS.
Published by Elsevier Science Inc.

Key Words: Energy metabolism, Heart metabolism, Glycolysis, Oxidative phosphorylation, Creatine
kinase, L-carnitine.

Introduction topic agents involved. However, the role of energy metabo-
lism in onset and development of cardiac diseases is poorly
understood. Some papers describing metabolic alterations
or use of metabolic support during cardiac diseases have been
published (1-8), but a cause-effect relationship between
metabolism and disease has not been examined. Therefore,
in the present paper we analyzed the correlation between
perturbation of catabolic pathways and the existence of
some cardiac diseases (see Table 1); in addition, we at-
tempted to identify the manner in which they might contrib-
ute to illness development.

Normal cardiac function depends on adequate delivery of oxy-
gen and oxidizable substrates to generate sufficient adeno-
sine triphosphate (ATP) to meet energy demands of the or-
gan. This process is achieved through different metabolic
pathways, including glycolysis, B-oxidation, ketone body
oxidation, Krebs cycle, and oxidative phosphorylation, which
directly participate in generation of ATP. At the same time,
creatine kinase system is involved in energy transfer from
mitochondria to myofibrils (Figure 1).

Research on mechanisms leading to cardiovascular dis-
eases such as heart failure, ventricular hypertrophy, diabetic
cardiomyopathy, and dilated cardiomyopathy has focused Oxidizable Substrates in the Heart
mainly on study of mechanical factors (overload, muscular

tone) and on proliferative factors and inotropic and chrono- Heart metabolism is predominantly aerobic, with the major-

ity of energy supplied by oxidative phosphorylation. ATP
produced by means of this pathway is essentially used for
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Figure 1. ATP production and ATP transfer pathways in heart under aero-
bic conditions and their relative contribution to ATP production and ATP
transfer for contraction. CK, Krebs cycle.

contribution to ATP formation in isolated cardiac myocytes is
26, 34, and 40%, respectively (38). Increase in lactate con-
centration to 7.5 mM (simulating enhancement in body skeletal
muscle activity) results in increased, predominant contribu-
tion of lactate oxidation to ATP supply of approximately
64% (38,41). Perfusion of whole heart with physiologic mix-
ture of 5.5 mM glucose, 1.2 mM lactate, 0.35 mM palmitate,
and 0.17 mM acetoacetate shows that fatty acid oxidation
supported 60% of total energy demand, ketone bodies 27%,
and lactate, 13%; glucose is not oxidized (42). Delivery of
substrates to myocardium may vary depending on several

Table 1. Disturbances in energy metabolism in various myocardial pathologies

factors such as myocardial regional perfusion (30) or nutri-
tional state of the individual. Thus, during starvation, en-
ergy demand in heart is provided by ketone bodies (78%) and
fatty acid oxidation (22%) (42). This change in substrate pref-
erence results from a large increase in ketone bodies plasma
concentration (from 0.19 to 4 mM for B-hydroxybutyrate and
from 0.17 to 1.2 mM for acetoacetate), over the increase in
fatty acids (from 0.35 to 0.82 mM for palmitate) (42,44).
Substrate oxidation in heart also changes radically during
development of the organ (Table 2). In fetal stage and after
birth, main sources of energy are glucose and lactate, also
the most abundant blood substrates, ranging from 1 to 10 mM
for glucose and 1 to 2 mM for lactate depending on species
(39,40,45). Additional factors responsible for preferential
oxidation of glucose were identified. In newborn animals,
fatty acid oxidation is strongly inhibited by high concentration
of malonyl-CoA, a metabolite produced during fatty acid syn-
thesis (46). Malonyl-CoA is a potent, noncompetitive inhib-
itor of carnitine-palmitoyl transferase I (CPTI) (47,48),
which catalyzes transport of fatty acids into mitochondria
(49). In addition, L-carnitine, a co-factor of CPTI, is low;
this contributes to establishing low rates of fatty acid oxida-
tion. After birth, the heart gradually shifts from glucose to
fatty acid oxidation, which correlates with decrease in malo-
nyl-CoA and increase in fatty acid delivery to myocardium
from lipogenic tissues such as liver and adipose cells (50).

Alterations in Glucose Oxidation

Contribution of glycolysis to supply of ATP in adult heart is
small. However, there is evidence that ATP produced through
this pathway greatly supports ionic gradients used for depo-
larization during myocyte excitation, as well as mainte-
nance of K and Na* homeostasis (44,51). During acute in-
crease in work, glucose oxidation also supplies important
levels of ATP to cover high energy demand (43).

Severe alterations in glycolytic pathway in some cardiac
diseases have been reported. In the diabetic animal there is a de-
creased glucose transport from blood to myocardial cell.
This diminished transport is attributed to loss of insulin-

Condition associated with ATP depletion

Affected pathway and enzymes

Ventricular hypertrophy (9-14)[a,b,e.f,g]

Heart failure (5,6,15,16)[b,f]

Cardiomyopathies associated with diabetes (1,14,17,18,19,21-27)[c,d,e,f]
Dilated cardiomyopathy (12,28,29)[a,b,e.f,g]

Ischemic syndromes (7,30-32)[a,d]

Ischemia-reperfusion (3,8,33,34)[a,b,f]

Myocardial infarction (4)[a,b,e,f]

“KREBS cycle enzymes
"Respiratory chain enzymes
‘Glucose transport

dGlucose oxidation enzymes
°Fatty acid transport

{Creatine kinase system
Fatty acid oxidation enzymes

Enzymes and pathways affected in each disease are indicated by letters in brackets.
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Table 2. Preferred substrate oxidation under different physiologic and
non-physiologic conditions

Substrate Condition

Glucose Fetal and newborn heart, hypoxia
(38-40)

Fatty acid Adult non-ischemic heart (41)

Lactate and ketone bodies Starvation (5,38,42)
Glucose (from glycogen stores) Ischemia (33)
Fatty acid lactate and glucose* Reperfusion, intense exercise (33,43)

“Under these conditions, glucose and lactate oxidation increases consider-
ably but fatty acids remain the main source of energy.

dependent intracellular trafficking of GLUT-4 transporter
associated with insulin resistance in diabetic state (1). In-
deed, GLUT-1 and GLUT-4 protein levels diminish in dia-
betes but can be normalized by insulin treatment or restored
by exercise training (17,20,52). Pyruvate, propionate, and
Krebs cycle intermediates modulate GLUT-4 activity by in-
terfering with GLUT trafficking in isolated cells, suggesting
that availability and differential substrate oxidation may
regulate glucose transport (53).

In addition to altered glucose transport, diminished oxi-
dation of this substrate has been observed. Recent studies
demonstrated that in streptozotocin-induced diabetic rat, glu-
cose oxidation is impaired. Alteration in oxidative metabo-
lism of glucose originates in inhibitory effect of fatty acid
oxidation on pyruvate dehydrogenase (PDH) complex (Fig-
ure 2) (54-57) due to high circulating levels of fatty acids
that accompany noninsulin-dependent diabetes (18). A sim-
ilar effect was found in an experimental model of hypertri-
glyceridemia developed by our group, in which low heart
mechanical performance correlated with low levels of ac-
tive PDH (PDHa) (58). In contrast, diabetic animals with
low susceptibility for developing hypertriglyceridemia are
resistant to developing cardiomyopathy (22).

H

High carbohydrate diets induce an increase in liver PDH
activity, which leads to stimulation of fatty acid synthesis
and onset of hypertriglyceridemia (59). It was also reported
in fructose-induced hypertriglyceridemia model that selec-
tive stimulation of liver PDH and diminution in the heart en-
zyme are present (60). This latter observation suggests dif-
ferential metabolic regulation of this complex by fatty acid
supply to the organ. In the diabetic pig heart that develops
low cardiac work, pacing to increase work—supposed to ac-
celerate pyruvate oxidation—fails to augment PDHa activity
despite unaltered glucose uptake and lactate production (20).
These data suggest derangement of mitochondrial carbohy-
drate metabolism in diabetic myocardium. Lack of PDH re-
sponse to work load or electrical stimulation also is evident in
sugar-induced hypertriglyceridemic rat heart (58).

At the same time, provision of high-fat diet to rats for 28
days leads to significant increase in hepatic PDH kinase
(PDHK) activity and in consequence, diminution of PDHa
activity (61). Although cardiac PDH and PDHK activities
were not measured in the latter study, it is likely that such
events occurred in myocardium. In rats with insulin defi-
ciency or impaired insulin action, PDH kinase activity in-
creases (24). Marked increase in PDHK4 isoform was de-
tected in diabetic rat heart, suggesting that this isoenzyme is
involved in long-term regulation of PDH activity in rat heart
(24). This event also occurrs in liver, heart, and skeletal
muscle during starvation (19), in which fatty acid oxida-
tion is enhanced and insulin levels decreased.

Cardiac PDH status was studied in gold thioglucose-in-
duced mouse obesity model. In this model, hyperinsuline-
mia and insulin resistance are associated with large reduc-
tion of PDHa despite increase in total amount of enzyme
(62-64). However, when animals are injected with 2-tetra-
decylglycidic acid (a strong inhibitor of fatty acid oxida-
tion), decrease in heart PDHa is attenuated (63), indicating
that observed effects are due primarily to products of this re-
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Figure 2. Effect of fatty acid oxidation on pyruvate dehydrogenase (PDH) interconversion. -oxidation products, NADH and acetyl-CoA, activate PDH

kinase that phosphorylates and hence inactivates PDH.
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action, i.e., rise in [NADH]/[NAD] and [acetylCoA]/[CoA] ra-
tios (19).

There are low levels of phosphorylated hexoses together
with low glycolytic rates and high levels of citrate in dia-
betic cardiomyopathy. Because citrate is a powerful inhibi-
tor of phosphofructokinase type 1 (PFK-1), this suggested
that at least activity of this enzyme is impaired (23). In-
creased fatty oxidation rates are largely responsible for the
increase in citrate concentration that contributes to decrease
PFK-1 activity in diabetic heart (23). Moreover, increased lipid
availability to rat heart induces selective inhibition of cardiac
PDHa in contrast to liver PDHa. A significant decline in fruc-
tose 2,6-bisphosphate (a potent activator of PFK-I) that may
be due to activation of PFK-2 phosphatase activity by high ci-
trate levels indicates multiple inhibitory effects of fatty acid
oxidation on cardiac glycolytic pathway (65). In our labora-
tory, using the sugar-induced hypertriglyceridemia rat model
(66), we found impaired glucose oxidation and low glyco-
lytic rates (50% lower than control matches). Levels of PFK-
I were diminished by 20%, but this activity may additionally
have been inhibited by high levels of citrate produced dur-
ing fatty acid oxidation (58).

Glycolysis in Ischemia and Reperfusion

Under aerobic conditions, glycolytic ATP supply is much
lower than that derived from oxidative phosphorylation.
However, in ischemia ATP produced through glycolysis be-
comes relevant. When oxygen and blood flow are inter-
rupted during ischemia, myocardium switched from oxida-
tive to glycolytic metabolism (31,32,67-69). It was shown
that the degree of damage due to ischemia was inversely re-
lated to glycolytic flow prior to and during ischemic epi-
sode. In this regard, studies carried out in the isolated and
perfused rat heart show that stimulation of glycolysis with
insulin or adrenergic agents or dichloroacetate (70,71) signifi-
cantly prevented the injury caused by a period of ischemia.

Therefore, derangement of glycolytic pathway implies an
increase in risk for individuals experiencing episodes of is-
chemia and reperfusion. For instance, in subjects with dyslipi-
demias the mechanical heart work recovery after infarction or
stroke was significantly slower (33,72). Similarly, in the sugar-
induced hypertriglyceridemic rat ischemia and reperfusion in-
jury was greater than in control animals (8,73). High levels of
serum fatty acids correlate with this enhanced damage (2,74).
In contrast, in a diabetic animal model the low rate of glycoly-
sis in heart prevented ischemic and reperfusion damage be-
cause deleterious effect caused by acidification from glycolytic
end products is thus attenuated (14). However, this beneficial
effect may account solely for ischemic insult since during rep-
erfusion, it is well established that ATP from glycolysis and
glucose oxidation readily prevents reperfusion myocardial
stunning and that ATP depletion contributes to low recovery of
mechanical activity (33,70,71,75).

Although the majority of metabolic changes and their
outcomes were studied in animal models, their relevance for
clinical practice appears promising. Indeed, some metabolic
approaches are being adopted in the treatment of ischemia
and infarct in humans, as described later (4,76,77).

Impairment of Fatty Acid Metabolism

Because fatty acids are the main source of acetyl-CoA sup-
plied to Krebs cycle in the heart, alterations in fatty acid ox-
idation may have a more profound effect on cardiac func-
tion than alterations in other oxidative pathways. In cardiac
hypertrophy, characterized by increase in ventricular mass,
considerable oxygen deprivation of inner tissue is observed
due to lack of vascular flow in this area, which leads to hy-
poxia (10,78,79). Under these circumstances, oxidative me-
tabolism in myocardium is significantly diminished (14,80)
and glycolysis became relevant (25). It has been proposed
that impaired long-chain fatty acid utilization occurring in
severely hypertrophied heart is related to subtle alterations
of mitochondrial membranes resulting in breakdown of func-
tional links between palmitoyl-CoA synthase and carnitine
palmitoyltransferase-I (79). Accordingly, mitochondria iso-
lated from overload-induced hypertrophied rat hearts fail to
oxidize palmitoyl-CoA even in presence of saturating con-
centration of L-carnitine (79).

Hypertriglyceridemia present in the patient with diabetes
is mainly due to depressed clearance of very low density li-
poproteins (VLDLs), catalyzed by lipoprotein lipase, an en-
zyme associated with vascular wall. Expression and activity
of this enzyme is insulin sensitive; in consequence, under
insulin-resistance condition often linked to the subject with
diabetes, lipoprotein lipase activity diminishes, affecting fatty
acid supply to peripheral tissues such as heart (25). Under
these conditions, diminution of levels of acetyl-CoA de-
rived from fatty acid oxidation enhances carbohydrate oxi-
dation, increasing levels of glycolytic products malonyl-CoA
and acetyl-CoA (54). This results in further inhibition of
fatty acid oxidation enzymes such as CPT-I and thiolase,
modulated by these intermediaries.

Thanks to the development of techniques such as photon-
emission computer tomography (PET), it is now possible to
follow the fate of slowly metabolized fatty acid analogs such
as 3-123-iodomethyl-iodophenyl pentadecanoic acid, taken
up preferentially by myocardium. This methodology leads
to accurate evaluation of fatty acid metabolism in patients
with heart idiopathic dilated cardiomyopathy. Low rates of
fatty acid uptake are associated with low perfused zones and
severity of hemodynamic and histopathologic indices (28).
Thus, it may be possible to establish a relationship between
deficient fatty acid oxidation and low ATP levels with the
degree of severity of the cardiomyopathy.

It was established recently that genetic control of lipid
metabolism may be mediated by peroxisome proliferator-
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activated receptors (PPARs), transcriptional factors that regu-
late expression of a multitude of genes involved in intra- and
extracellular lipid metabolism (81,82). There are three types
of PPARs, but only a and 3 (also called d) are expressed in
heart (83). PPARs activate gene transcription in response to
binding of specific ligands such as polyunsaturated long-
chain fatty acids, leukotrienes, prostaglandins, herbicides,
and fibrates (84). Their activation leads to energy metabo-
lism stimulation and to a generalized systemic hypotriglycer-
idemic action. The former occurs by means of increasing en-
zymes of peroxisomal but also mitochondrial (3-oxidation
and microsomal w-oxidation. The latter action consists of
the following: (a) enhancement of HDL-cholesterol by reg-
ulating levels of two major HDL apolipoproteins, apoA-I
and apoA-II; (b) increased hydrolysis of plasma triglycerides
due to induction of endothelial lipoprotein lipase and reduc-
tion of apoC-III expression, and (c) decreased synthesis of
fatty acids and triglycerides and lowering of total circulat-
ing cholesterol and triglycerides, VLDL- and LDL-choles-
terol, insulin, and proinflammatory cytokines (tumor necro-
sis factor o and interleukin-6) (81,85,86).

These data suggest that PPARs action may prevent coro-
nary heart disease (87,88). Indeed, PPAR synthetic ligands are
used in treatment of lipid-related metabolic disorders such
as hyperlipidemia, atherosclerosis, diabetes, and obesity as
hypotriglyceridemic, hypoglycemic, and anti-inflammatory
drugs (84,85). Moreover, it was shown recently that PPARa
ligands improve the insulin resistance and cardiac mechani-
cal dysfunction in diabetic rat model (27); nuclear protein
levels of PPARa decline in response to pressure overload
during development of cardiac hypertrophy, leading to lower
fatty acid utilization (13). Thus, although little is known con-
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cerning the participation of PPARs at the onset of cardio-
vascular diseases it is thought they may play an important
role in such processes when genetic regulation of lipid me-
tabolism is perturbed.

Heart Failure Due to L-Carnitine Deficiency

Carnitine deficiency is evident in hypertrophic isolated rat
heart and in patients with hypertrophic cardiomyopathy (89).
In animal models, propionyl-L-carnitine supplement in the
rat diet significantly improves myocardial performance
(12). L-carnitine increases fatty acid oxidation in two inde-
pendent ways: it increases fatty acid translocation to mito-
chondrial matrix by stimulating exchange of acyl-CoA/car-
nitine through carnitine-palmitoyl transferase type I (CPT-I)
(Figure 3) and also decreases acetyl-CoA levels by generation
of acetyl-carnitine, a reaction catalyzed by acetylcarnitine-
transferase. Decrease in acetyl-CoA levels promotes pyru-
vate oxidation through PDHa. Thus, L-carnitine is an acti-
vator not only of fatty acid oxidation but also of carbohydrate
metabolism. This activation of glucose oxidation is also ob-
served in fatty acid-perfused isolated heart, suggesting that
this effect occurs secondarily to facilitate intramitochondrial
transfer of acetyl groups from acetyl-CoA to acetylcarnitine,
thereby relieving acetyl-CoA inhibition on PDHa (9,90).

In consequence, L-carnitine may be considered as an en-
ergy balancing factor in heart (Figure 3). In this sense, bene-
ficial effects of propionyl-L-carnitine in volume-overloaded
rat hearts are attributed to simultaneous relief of PDHa inhi-
bition and activation of CPT-I, resulting in increase in me-
chanical activity of hypertrophied hearts (11). Moreover,

«—cCr ATP
CKmit CKcyt
PCr «——» PCr ADP,
]
Pi
MYOFIBRILS

MITOCHONDRION

Figure 3. Creatine kinase system. ATP generated by mitochondria is directly transferred to myofibrils by mitochondrial (CKmit) and cytosolic (CKcyt) iso-

forms. 1. Respiratory chain; 2. adenine nucleotide translocase.
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L-carnitine supplement in diet clearly improves mechanical
activity in ischemic and reperfused hearts when compared with
animals not receiving the supplement (91). In streptozotocin-
diabetic rat, supplementation with L-carnitine reversed cardiac
dysfunction induced by the pathologic state, perhaps due to
improvement in fatty acid and carbohydrate utilization (92).

L-carnitine deficiency is classified as primary or second-
ary. It was suggested that primary deficiency results from a
genetic disorder that leads to impaired synthesis of L-car-
nitine, abnormal handling at renal level, alterations in cellu-
lar mechanism involved in transport affecting its deposition
and turnover to other tissues, and excessive degradation or
disorder in intestinal absorption (7,93). Many cases were re-
ported in which cardiomyopathies associated with this kind
of L-carnitine deficiency were evident at a very early age;
subsequently, individuals not treated with supplements of
this metabolite almost invariably develop severe cardiac
disease (7,93).

Secondary deficiency is more common and is associated
with genetic disorders of fatty acyl-CoA metabolism,
mainly deficiencies in enzymes such as fatty acyl-CoA de-
hydrogenases (94). It may also be found in patients with trans-
port alterations located in carnitine/acyl-carnitine translo-
case or in organic cation transport OCTNZ2, responsible for
sodium-dependent carnitine uptake cell (94). In these cases,
L-carnitine levels are diminished by 25-50% of normal con-
tent. L-carnitine secondary deficiency may also evolve as a re-
sult of certain liver and kidney diseases (Fanconi syn-
drome, tubular renal acidosis), premature birth, and
malnutrition due to malabsorption in newborns receiving
soybean-based supplements (95). There are also low levels
of L-carnitine in diabetes-induced, overload-induced heart fail-
ure and hypertensive hamsters (96). Accumulation of cyto-
solic long chain acyl-fatty-CoA and acyl-CoA induced by
diminished fatty acid transport into mitochondrion may in-
hibit additional mitochondrial enzymes such as adenine nu-
cleotides translocase (a key site in oxidative phosphorylation)
and sarcolemmal Na*/K* ATPase (97) (Figure 3) . Although
inhibition of these sites compromises muscle contraction, it
is not yet clear whether L-carnitine secondary deficiency suf-
fices to cause heart failure.

Other Energy Production Disturbances

Senescence affects some mitochondrial functions, princi-
pally Krebs cycle and oxidative phosphorylation enzymes (98).
There is increase in free radical production with aging. Krebs
cycle enzymes such as a-ketoglutarate dehydrogenase and
respiratory chain complexes I and IV are very sensitive to
reactive oxygen species produced in aged heart (34). In ad-
dition, hydroperoxide-induced oxidative stress in isolated
rat heart is able to inactivate glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and PFK-I, resulting in blockade
of the glycolytic pathway (99). Low PDHa activities are ob-

served in hearts from old rats. However, this is not associ-
ated with increase in PDH kinase activity but with decrease
in blood glucose availability related to aging, in which insulin
resistance evolved (100). Furthermore, it was proposed that
changes in membrane composition induced by aging may af-
fect Ca®* handling and intrinsically alter PDHa activity and
probably other Ca®*-sensitive dehydrogenases (101).
Alterations in phosphocreatine system were also described.
This system is an important reserve of energy in myocar-
dium and is controlled by creatine kinase isoenzymes (CK)
(Figure 4). It has been proposed that mitochondrial isoen-
zyme is associated with adenine nucleotide translocase and
that cytosolic ATP/ADP ratio is modified by CK to modu-
late directly translocase activity (3). Cytosolic CK isoen-
zymes are responsible for ATP generation from PCr. In pa-
tients with heart failure or dilated cardiomyopathy, very low
levels of PCr and total ATP are found (5,15,16,29,80).
These decreased levels of high energy phosphate metabo-
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Figure 4. Altered steps in metabolism of fatty acids and in L-carnitine
deficiency-associated diseases. 1, Carnitine palmitoyl-acyl transferase-I
and II (CPT-1, CPT-II) low activity; 2, carnitine/acyl-carnitine translocase
deficiency; 3, fatty acyl-CoA dehydrogenases deficiency; 4, low carnitine
delivery; 5, PDHa inhibition, and 6, inhibition of adenine nucleotide trans-
locase (ANT). ACoAC, acetyl CoA carboxylase; CAT, carnitine acetyl
transferase; PDHa, active form of pyruvate dehydrogenase; KC, Krebs
cycle; B-OX, fatty acid B-oxidation; OF, oxidative phosphorylation.
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lites are also found in animal models with the same dis-
eases. In aMHC*** mouse that shows marked diastolic
dysfunction manifested as both decreased rate of left ventric-
ular relaxation and increase in end-diastolic pressure, heart
content of PCr is lower and Pi content increases (102).

Mechanisms by which decreased levels of energy stores
induce depressed contraction are unclear to date. Some the-
ories propose that inorganic phosphate derived from PCr
and ATP degradation could promote early diastolic failure
by sequestering Ca’* and by desensitizing contractile pro-
teins (6). It has been established that there is a correlation
between diastolic dysfunction and low ATP contents in bi-
opsies from patients with some types of myocardiopathy
(5); alterations in creatine kinase (CK) activity also are de-
scribed in these patients (5,16,103). It was suggested that ni-
tric oxide (NO) produced by cardiac muscle exacerbates
during reperfusion and inflammatory response, inhibiting
mitochondrial and cytosolic CK isoenzymes. This leads to
decreased sensitivity of mitochondrial respiration to ADP
and thus decreased ATP synthesis (104) that results in defi-
ciency in contractile function of the heart.

Other disorders in ATP production in heart may actually
be present in many genetic diseases in which some key en-
zymes are affected. In hypoxemia associated with tetralogy
of Fallot, PDHa and cytochrome c oxidase are downregu-
lated. It was suggested that low oxygen tension present in
these patients could alter expression of mitochondrial en-
zymes. In turn, this may lead to low aerobic cardiac metabo-
lism even in presence of normal oxygen tension and could
also explain postoperative risk characterized by low rates of
oxidative ATP production and high rates of lactate produc-
tion, indicating a predominant anaerobic metabolism (105).

Therapeutic Approaches Using Metabolic Support

One of the most important contributions of knowledge on
metabolic disturbances present in cardiovascular disease is
its application for therapeutic use. A number of different
clinical trials show efficacy of metabolic support by means of

Table 3. Pharmacologic support used in cardiovascular disorders

different drugs that can restore or amend metabolic defect
affecting a determined condition (Table 3). Many of these
metabolic drugs have mechanisms of action different from
those of traditional drugs. They work by shifting myocardial
energy metabolism away from fatty acids toward glucose
oxidation.

Two piperazine derivatives, ranolazine and trimetazidine
(Figure 5), are used in treatment of angina pectoris and in
chronic ischemic heart disease (106,108,110-112). These
drugs enhance glucose oxidation by inhibiting fatty acid ox-
idation, primary at mitochondrial long-chain 3-ketoacyl
CoA thiolase level (106,108,110-112). Dichloroacetate (Fig-
ure 5), a drug that increases the amount of PDHa by inhibit-
ing PDHK activity, improves myocardial hemodynamics in
patients with chronic coronary artery disease and congestive
heart failure; however, its metabolism is variable and clinical
data on its use are limited (107,111,113). Glucose-insulin-
potassium (GIK) solutions have been shown as beneficial in
animal models of ischemia and acute myocardial infarction
by improving glucose oxidation; its use in humans in some
Central and South American countries has shown promising
results in cardioplegic interventions and postinfarction rep-
erfusion (77). L-carnitine and propionyl-L-carnitine (Figure
5) have similar effects by improving glucose oxidation
(77,107-111,113-115). Creatine supplementation also shows
encouraging beneficial effects in experimental models of
muscle energy deficiency such as Duchenne muscular dystro-
phy and other mitochondrial myopathies (104,116-118).

Conclusions

In myocardium, although (-oxidation is the main source of
reducing equivalents and acetyl-CoA for oxidative phos-
phorylation, other metabolic pathways also contribute to gener-
ation of ATP to meet all energetic demands in the whole or-
gan. The majority of cardiac diseases in which mechanical
dysfunction develops are associated with an energetic deficit
often generated by disturbances in one or more metabolic
steps of ATP production pathways. However, it is not known

Drugs

Pathway affected

Clinical and trial status

Trimetazidine (4,3,76,77,102,106)
Ranolazine (4,76,77)
Dichloroacetate (4,5,76,77,107)
L-carnitine, propionyl-L-carnitine

(4,11,76,77,92,96,108,109)

Glucose and insulin (4,76,77)

UFatty acid oxidation
T Glucose oxidation
UFatty acid oxidation
M Glucose oxidation
T Glucose oxidation
NPDHa

T Glucose oxidation

fPDHa

M Glucose oxidation
MGlucose transport

Approved in Europe for angina treatment
Phase I1I trials for treatment of angina
Experimental. Ischemic disease

Approved in Europe for muscular dystrophy
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and myocardial infarction
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Figure 5. Chemical structures of drugs used for metabolic support in car-
diac diseases.

whether metabolic defect might cause the pathology or whether
this is a later consequence. In some cardiomyopathies resulting
from genetic disorders in which synthesis of proteins is af-
fected by impaired production of its transcript, it is clear
that energetic deficit would lead to decreased myocardial
function; but again, the origin of the metabolic disturbance
is unclear. In any case, manipulation of metabolic state of

the

heart represents an attractive alternative for therapeutics

and overall, for prevention of further complications.

References

1

2.

. Rodrigues B, McNeill J. The diabetic heart: metabolic causes for the

development of a cardiomyopathy. Cardiovasc Res 1992;26:913-922.
Lopaschuck GD, Wambolt RB, Barr RL. An imbalance between gly-
colysis and glucose oxidation is a possible explanation of the detri-
mental effects of high levels of fatty acids during aerobic reperfusion
of ischemic hearts. J Pharmacol Exp Ther 1993;264:135-144.

. Wallimann T. Dissecting the role of creatine kinase. Curr Biol 1994;

4;42-46.

. Ferrari R, Pepi P, Ferrari F, Nesta F, Benigno M, Visioli O. Meta-

bolic derangement in ischemic heart disease and its therapeutic con-
trol. Am J Cardiol 1998;82:2K—13K.

5.

10.

11.

12.

13.

14.

15.

20.

21.

22.

23.

24.

25.

26.

27.

Starling RC, Hammer DF, Altschuld RA. Human myocardial ATP
content and in vivo contractile function. Mol Cell Biochem 1998;180:
171-177.

. Vogt A, Kiibler W. Heart failure: is there an energy deficit contribut-

ing to contractile dysfunction? Basic Res Cardiol 1998;93:1-10.

. Wang Y, Meadowe A, Longo N. Abnormal sodium stimulation of

carnitine transport in primary carnitine deficiency. J Biol Chem 2000;
275:20782-20786.

. Carvajal K, Bafios G. Myocardial function and effect of serum in iso-

lated heart from hypertriglyceridemic and hypertensive rats. Clin Exp
Hypertens 2002;24:235-248.

. Broderick TL, Quinney HA, Lopaschuk GD. Carnitine stimulation of

glucose oxidation in the fatty acid perfused isolated working rat
heart. J Biol Chem 1992;267:3758-3763.

Allard MF, Schonekess BO, Henning SL, English DR, Lopaschuk GD.
The contribution of oxidative metabolism and glycolysis to ATP pro-
duction in hypertrophied heart. Am J Physiol 1994;267:H742-H750.
Schonekess BO, Allard MF, Lopaschuck GD. Propionyl L-carnitine
improvement of hypertrophied heart function is accompanied by an
increase in carbohydrate oxidation. Circ Res 1995;77:726-734.

El Alaoui-Talibi Z, Guendouz A, Moravec M, Moravec J. Control of
oxidative metabolism in volume-overloaded rat hearts: effect of pro-
pionyl-L-carnitine. Am J Physiol 1997;272:H1615-H1624.

Lehman JJ, Kelly DP. Gene regulatory mechanism governing energy
metabolism during cardiac hypertrophic growth. Heart Fail Rev 2002;
7:175-185.

Ravingerova T, Neckar J, Kolar F, Steka R, Volkovova K, Ziegelhoffer
A, Styk J. Ventricular arrhythmias following coronary artery occlu-
sion in rats: is the diabetic heart less or more sensitive to ischaemia?
Basic Res Cardiol 2001;96:160-168.

De Sousa E, Veksler V, Minajeva A, Kaasik A, Mateo P, Mayoux
E, Hoerter J, Bigard X, Serrurier B, Ventura-Clapier R. Subcellu-
lar creatine kinase alterations. Implications in heart failure. Circ
Res 1999; 85:68-76.

. Dzeja PP, Redfield MM, Burnett JC, Terzic A. Reduced activity of

enzymes coupling ATP-generating with ATP-consuming processes in
the failing myocardium. Mol Cell Biochem 1999;201:33—40.

. Garvey WT, Hardin D, Huhaszova M, Dominguez JH. Effects of dia-

betes on myocardial glucose transport system in rats: implications of
diabetic cardiomyopathy. Am J Physiol 1993;264:H837-H844.

. Rodrigues B, Grassby PF, Battell ML, Lee SYN, McNeill JH. Hyper-

triglyceridemia in experimental diabetes: relationship to cardiac dys-
function. Can J Physiol Pharmacol 1994;72:447-455.

. Randle PJ, Priestman DA, Mistry S, Halsall A. Mechanisms modifying

glucose oxidation in diabetes mellitus. Diabetologia 1994;37: S155-S161.
Hall J, Stanley WC, Lopaschuk GD, Wisneski JA, Pizzurro R, Hamil-
ton CD, McCormack JG. Impaired pyruvate oxidation but normal glu-
cose uptake in diabetic pig heart during dobutamine-induced work. Am
J Physiol 1996;271:H2320-H22329.

Flarsheim CE, Grupp IL, Matlib A. Mitochondrial dysfunction accompa-
nies diastolic dysfunction in diabetic rat heart. Am J Physiol 1996;
271:H192-H202.

Rodrigues B, Cam MC, Kong J, Goyal RK, McNeill JH. Strain differences
in susceptibility to streptozotocin-induced diabetes: effects on hypertrigly-
ceridemia and cardiomyopathy. Cardiovasc Res 1997; 34:199-205.
Stanley W, Lopaschuk GD, McCormack JG. Regulation of energy sub-
strate metabolism in the diabetic heart. Cardiovasc Res 1997;34: 25-33.
Wu P, Sato, J, Zhao Y, Jaskiewicz J, Popov KM, Harris RA. Starva-
tion and diabetes increase the amount of pyruvate dehydrogenase ki-
nase isoenzyme 4 in rat heart. Biochem J 1998;329:197-201.
Rodrigues B, Cam MC, McNeill JH. Metabolic disturbances in dia-
betic cardiomyopathy. Mol Cell Biochem 1998;180:53-57.
Mahgoub MCA, Abd-Elfattah AS. Diabetes mellitus and cardiac
function. Mol Cell Biochem 1998;180:59-64.

Aasum E, Belke DD, Severson DL, Riemersma RA, Cooper M,
Andreassen M, Larsen TS. Cardiac function and metabolism in type 2



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Heart Metabolic Disturbances in Cardiovascular Diseases 97

diabetic mice after treatment with BM 17.0744, a novel PPAR-alpha
activator. Am J Physiol 2002;283:H949-H957.

Yazaki Y, Isobe M, Takahashi W, Kitabayashi H, Nishiyama O, Sekiguchi
M, Takemura T. Assessment of myocardial fatty acid metabolic abnormal-
ities in patients with idiopathic dilated cardiomyopathy using 123 I BMIPP
SPECT: correlation with clinicopathological findings and clinical course.
Heart 1999;81:153-159.

Ishinno K, Botker E, Clausen T, Hetzer R, Sehested J. Myocardial
adenine nucleotides, glycogen, and Na, K+ATPase in patients with
idiopathic dilated cardiomyopathy requiring mechanical circulatory
support. Am J Cardiol 1999;83:396-399.

Bassingthwaighte JB, Li Z. Heterogeneities in myocardial flow and
metabolism: exacerbation with abnormal excitation. Am J Cardiol
1999;83:7H-12H.

Rumsey W, Abbot B, Bertelsen D, Msallamaci K, Nelson D, Erecin-
ska M. Adaptation to hypoxia alters energy metabolism in rat heart.
Am J Physiol 1999;276:H7-H80.

Argaud L, Ovize M. Pertubations du métabolisme myocardique au cours
de I'isquémie et de la reperfusion. Arch Mal Coeur 2000;93:87-90.
Opie LH. Metabolism of free fatty acids, glucose and catecholamines
in acute myocardial infarction. Am J Cardiol 1975;36:938-953.
Lucas DT, Szweda LI. Declines in mitochondrial respiration during
cardiac reperfusion: age-dependent inactivation of a-ketoglutarate
dehydrogenase. Proc Natl Acad Sci USA 1999;98:6689-6693.
Braunwald E. Control of myocardial oxygen consumption. Am J Car-
diol 1971;27:416-432.

Neely JR, Morgan HE. Relationship between carbohydrate and lipid
metabolism and the energy balance of heart muscle. Annu Rev Phys-
iol 1974;36:413-459.

Zierler KL. Fatty acids as substrates for the heart and skeletal muscle.
Circ Res 1976;38:459-463.

Montini J, Bagby GJ, Spitzer JJ. Importance of exogenous substrates
for the energy production of adult rat heart myocytes. J] Mol Cell Car-
diol 1981;13:903-911.

Phelps RL, Metzger BE, Freinkel N. Carbohydrate metabolism in preg-
nancy. X VIL Diurnal profiles of plasma glucose, insulin, free fatty acids,
triglycerides, cholesterol, and individual acids in the late normal preg-
nancy. Am J Obstet Gynecol 1981;140:730-736.

Bartelds B, Gratama JWC, Knoester H, Takens J, Smid GB, Aar-
noudse JG, Heymans HSA, Kuipers JRG. Perinatal changes in myo-
cardial supply and flux of fatty acids, carbohydrates, and ketone bod-
ies in lambs. Am J Physiol 1998;274:H1962-H1969.

Laughlin MR, Taylor J, Chesnick AS, DeGroot M, Balaban RS. Pyru-
vate and lactate metabolism in the in vivo dog heart. Am J Physiol
1993;264:H2068-H2079.

Jeffrey FMH, Diczku V, Sherry AD, Malloy CR. Substrate selection
in the isolated working rat heart: effects of reperfusion, afterload, and
concentration. Basic Res Cardiol 1995;90:388-396.

Goodwin GW, Taylar CS, Taegtmeyer H. Regulation of energy me-
tabolism of heart during acute increase in heart work. J Biol Chem
1988;272:29530-29539.

King LM, Opie LH. Glucose and glycogen utilisation in myocardial
ischemia. Changes in metabolism and consequences for the myocyte.
Mol Cell Biochem 1998;180:3-26.

Medina HM. The role of lactate as energy substrate for brain during
the early neonatal period. Biol Neonate 1991;48:237-244.

Saggerson ED. Carnitine acyltransferase activities in rat liver and heart
measured with palmitoyl-CoA and octanoyl-CoA. Biochem J 1982;
202:397-405.

De Vries Y, Arvidson DN, Waterham HR, Cregg JM, Woldegiogis
G. Functional characterization of mitochondrial carnitine palmitoyl-
transferases I and II expressed in the yeast Pichia pastors. Biochem-
istry 1997;36:5285-5292.

Mills SH, Foster DW, McGarry JD. Effects of pH on the interaction
of substrates and malonyl-CoA with mitochondrial carnitine palmi-
toyltransferase. Biochem J 1984;219:601-608.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Eaton S, Bartlett K, Pourfarzam M. Mammalian mitochondrial 3-ox-
idation. Biochem J 1996;320:345-357.

Abdel-aleem S, St. Lous J, Hendrickson SC, El-Shewy HM, El-Dawy
K, Taylor DA, Lowe JE. Regulation of carbohydrate and fatty acid
utilisation by L-carnitine during cardiac development and hypoxia.
Mol Cell Biochem 1998;180:95-103.

Dizon J, Burkhoff D, Tauskela J, Whang J, Cannon P, Katz J.
Metabolic inhibition in the perfused rat heart: evidence for glyco-
lytic requirement for normal sodium homeostasis. Am J Physiol
1998;274:H1082-H1089.

Hall JL, Sexton W, Stanley WC. Differential regulation of myocar-
dial glucose transporters with exercise training in streptozotocin-in-
duced diabetic rats. J Appl Physiol 1994;78:76-81.

Fischer Y, Bottcher U, Eblenkamp M, Thomas J, Jiingling E, Rosen P,
Kammermeier H. Glucose transport and glucose transporter GLUT4
are regulated by products of intermediary metabolism in cardiomyo-
cytes. Biochem J 1997;321:629-638.

Hansford RG, Cohen L. Relative importance of pyruvate dehydroge-
nase interconversion and feed-back inhibition in the effect of fatty ac-
ids on pyruvate oxidation by rat heart mitochondria. Arch Biochem
Biophys 1978;191:65-81.

Latipdd PM, Peuhurienn KJ, Hiltunen JK, Hassinen IE. Regulation of
pyruvate dehydrogenase during infusion of fatty acids of varying chain
lengths in the perfused rat heart. J Mol Cell Cardiol 1985;17:1161-1171.
Liedtke AJ, DeMaisson L, Eggleston AM, Cohen LM, Nelis SH.
Changes in substrate metabolism and effects of excess fatty acids in
reperfused myocardium. Circ Res 1988;89:1019-1023.

Johnston D, Lewandowski DE. Fatty acid metabolism and contractile
function in the reperfused myocardium. Circ Res 1991;68:714-725.
Carvajal K, Bafio S, Moreno-Sanchez R. Impairment of glucose me-
tabolism and energy transfer in the hypertriglyceridemic rat heart.
Mol Cell Biochem 2003;in press.

Park O, Cesar D, Faix D, Wu K, Shackleton CHL, Hellerstein MK.
Mechanisms of fructose-induced hypertriglyceridaemia in the rat.
Biochem J 1992;282:753-757.

Shafrir E. The plurimetabolic syndrome in animals: models for experi-
mentation, their implications and relation to NIDDM. In: Crepaldi G,
Tiengo A, Manzato E, editors. Diabetes, obesity and hyperlipidemias:
V. The plurimetabolic syndrome. Amsterdam, The Netherlands: Ex-
cerpta Medica;1993. pp. 45-55.

Sugden MC, Fryer LGD, Holness M. Regulation of hepatic pyruvate
dehydrogenase kinase by insulin and dietary manipulation in vivo.
Studies with the euglycaemic and hyperinsulinaemic clamp. Biochim
Biophys Acta 1996;1316:114-180.

Kerbey AL, Caterson ID, Williams PF, Turtle JR. Proportion of ac-
tive dephosphorylated pyruvate dehydrogenase complex in heart and
isolated heart mitochondria is decreased in obese hyperinsulinaemic
mice. Biochem J 1984;217:117-121.

Caterson ID, Tylor KW. Islet cell function in gold thioglucose-in-
duced obesity in mice. Diabetologia 1982;23:119-123.

Caterson ID, Astbury LD, Williams PF, Vanner MA, Cooney GJ,
Turtle JR. The activity of the pyruvate dehydrogenase complex in
heart and liver from mice during the development of obesity and in-
sulin resistance. Biochem J 1987;243:549-553.

French TJ, Goode AE, Holness MJ, Maclennan PA, Sugden MC. The
relationship between changes in lipid fuel availability and tissue fruc-
tose 2,6-bisphosphate concentrations and pyruvate dehydrogenase
complex activities in the fed state. Biochem J 1988;256:935-939.
Bafios G, Carvajal K, Cardoso G, Zamora J, Franco M. Vascular re-
activity and effect of serum in a rat model of hypertriglyceridemia
and hypertension. Am J Hypertens 1997;10:379-388.

Wambolt RB, Henning SL, English DR, Dyachkova Y, Lopaschuk GD,
Allard MF. Glucose utilization and glycogen turnover accelerated in
hypertrophied rat hearts during severe low-flow ischemia. J Mol Cell
Cardiol 1999;31:493-502.

Brenstrom B, Liedtke AJ, Nellis SH. Mechanism of substrate prefer-



98

69.

70.

71.

72.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Carvajal and Moreno-Sdnchez/Archives of Medical Research 34 (2003) 89-99

ence for oxidative metabolism during early myocardial reperfusion.
Am J Physiol 1990;259:H317-H323.

Brenstrom B, Nellis SH, Liedtke AJ. Metabolic oxidation of glucose
during early myocardial reperfusion. Circ Res 1989;64:1094-1101.
Cargnoni A, Ceconi C, Curello S, Benigno M, Willem de Jong J, Ferrari R.
Relation between energy metabolism, glycolysis, noradrenaline release
and duration of ischemia. Mol Cell Biochem 1994;160/161:187-194.
Vanoverschelde JL, Janier MF, Bakke JE, Marshall DR, Bergmann SR.
Rate of glycolysis during ischemia determines extent of ischemic in-
jury and functional recovery after reperfusion. Am J Physiol 1994;
267:H1785-H1794.

West KM, Ahuja MMS, Bennett PH. The role of circulating glucose and
triglyceride concentrations and their interactions with other “risk factors”
as determinants of arterial disease in nine diabetic population samples
from WHO multi-national study. Diabetes Care 1983;6:361-369.

. Carvajal K, El Hafidi M, Bafios G. Myocardial damage due to is-

chemia and reperfusion injury: role of calcium overload and free rad-
icals. J Hypertens 1999;17:1607-1616.

El Hafidi M, Bafios G. In vivo lipid oxidation in sugar-induced rat hy-
pertriglyceridemia and hypertension. Hypertension 1997;30:624-628.
Liu Q, Clanachan AS, Lopaschuk GD. Acute affects of triiodothyro-
nine on glucose and fatty acid metabolism during reperfusion of is-
chemic rat hearts. Am J Physiol 1998;275:E392-E399.

Veitch K, Maisin L, Hue L. Trimetazidine effects on the damage to
mitochondrial functions caused by ischemia and reperfusion. Am J
Cardiol 1995;76:25B-30B.

Shofield RS, Hill JA. Role of metabolically active drugs in the manage-
ment of ischemic heart disease. Am J Cardiovasc Drugs 2001:1: 23-35.
Remondino A, Rosenblatt-Velin N, Montessuit IT, Papageorgiou I,
Dorsaz P, Jorge-Costa M, Lerch R. Altered expression of proteins of
metabolic regulation during remodelling of the left ventricle after
myocardial infarction. J Mol Cell Cardiol 2000;32:2025-2034.
Brunold C, El Alaoui-Talibi Z, Moravec M, Moravec J. Palmitate ox-
idation by the mitochondria from volume-overloaded rat hearts. Mol
Cell Biochem 1998;180:117-128.

Jung W, Dietze GJ. 31P Nuclear magnetic resonance spectroscopy: a
non-invasive tool to monitor metabolic abnormalities in left ventricu-
lar hypertrophy in humans. Am J Cardiol 1999;83:19H-24H.
Schoonjans K, Staels B, Auwerx J. Role of the peroxisome prolifera-
tor-activated recepetor (PPAR) in mediating the effects of fibrates
and fatty acids on gene expression. J Lipid Res 1996;37:907-925.
Reedy JK, Hashimoto T. Peroxisomal beta-oxidation and peroxisome
proliferator-activated receptor alpha: an adaptive metabolic system.
Annu Rev Nutr 2001;2:193-230.

Braissant O, Foufelle F, Scotto C, Dauca M, Whali W. Differential
expression of peroxisome proliferator-activated receptors (PPARs):
tissue distribution of PPAR-a, - and -y in the adult rat. Endocrinol-
ogy 1996;137:354-366.

Vamecq J, Latruffe N. Medical significance of peroxisome prolifera-
tor-activated receptors. Lancet 1999;354:141-148.

Kersten S, Desvergne B, Whali W. Roles of PPARs in health and dis-
ease. Nature 2000;405:421-424.

Jonkers 1J, Mohrschladt MF, Westendorp RG, van der Laarse A,
Smelt AH. Severe hypertriglyceridemia with insulin resistance is as-
sociated with systemic inflammation: reversal with bezafibrate ther-
apy in a randomized controlled trial. Am J Med 2002;112:275-280.
Fruchart JC, Staels B, Duriez P. PPARS, metabolic disease and ath-
erosclerosis. Pharmacol Res 2001;44:345-352.

Watts GF. Treating patients with low HDL-cholesterol: choices, is-
sues and opportunities. Curr Control Cardiovasc Med 2001;2:118-122.
Nakamura T, Sugihara H, Kinoshita N, Toneyama S, Azuma A, Nak-
agawa M. Can serum carnitine levels distinguish hypertrophic cardi-
omyopathy from hypertensive hearts? Hypertension 2000;36:215-219.
Calvani M, Reda E, Arrigoni-Martelli E. Regulation by carnitine of
myocardial fatty acid and carbohydrate metabolism under normal and
pathological conditions. Basic Res Cardiol 2000;95:75-83.

91.

92.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Lopaschuk GD, Spafford MA, Davies NJ, Wall SR. Glucose and palmi-
tate oxidation in isolated working rat hearts reperfused after a period
of transient global ischemia. Circ Res 1990;66:546-553.

Terada R, Matsubara T, Koh N, Nakamura J, Hotta N. Effects of pro-
pionyl-L-carnitine on cardiac dysfunction in streptozotocin-diabetic
rats. Eur J Pharmacol 1998;357:185-197.

. Scholte HR, Rodrigues-Pereira R, de Jongue PC, Luyt-Houwin IE,

Hedwing M, Verduin M, Ross JD. Primary carnitine deficiency. J Clin
Chem Clin Biochem 1990;28:351-357.

Indiveri C, Iacobazzi V, Giangregorio N, Palmieri F. The mitochondrial
carnitine carrier protein: cDNA cloning, primary structure and compari-
son with other mitochondrial transport proteins. Biochem J 1997;321:
713-719.

Paulson DJ. Carnitine deficiency-induced cardiomyopathy. Mol Cell
Biochem 1998;180:33-41.

Whitmer JT. L-carnitine treatment improves cardiac performance and re-
stores high energy phosphate pools in cardiomyopathic Syrian ham-
ster. Circ Res 1987;61:396-408.

Rottenberg H. Decoupling of oxidative phosphorylation. Biochim Bio-
phys Acta 1990;1018:1-17.

Schild L, Reinheckel T, Wiswedel I, Aaugustin W. Short-term impair-
ment of energy production in isolated rat liver mitochondria by hy-
poxia/reoxygenation: involvement of oxidative protein modification.
Biochem J 1997;328:205-210.

Janero DR, Hreniuk D, Sharif HM. Hydroperoxide-induced oxidative
stress impairs heart muscle cell carbohydrate metabolism. Am J
Physiol 1994;266:C179-C188.

Nakai N, Sato Y, Oshida Y, Yoshimura A, Fujitsuka N, Sugiyama S,
Shimomura Y. Effects of aging on the activities of pyruvate dehy-
drogenase complex and its kinase in rat heart. Life Sci 1997;60:
2309-2314.

Pepe S, Tsuchiya N, Lakatta EG, Hansford RG. PUFA and aging modu-
late cardiac mitochondrial membrane lipid composition and Ca?* ac-
tivation of PDH. Am J Physiol 1999;276:H149-H158.

Spindler M, Saupe KW, Christe ME, Sweeney L, Seidman CE, Seidman
JG, Ingwall JS. Diastolic dysfunction and altered energetics in the
oaMHC403/+ mouse model of familial hypertrophic cardiomyopa-
thy. J Clin Invest 1998;101:1775-1783.

Soboll S, Brdiczka D, Jahnke D, Schmidt A, Schlattner U, Wendt S,
Wyss M, Walliman T. Octamer-dimer transitions of mitochondrial
creatine kinase in heart diseases. J] Mol Cell Cardiol 1999;31:857-
866.

Kaasik A, Minajeva A, De Sousa E, Ventura-Clapier R, Veksler V.
Nitric oxide inhibits cardiac energy production via inhibition of mito-
chondrial creatine kinase. FEBS Lett 1999;444:75-77.

Merante F, Mickle DAG, Weisel RD, Li R, Tumiati LC, Rao V, Wil-
liams WG, Robinson BH. Myocardial aerobic metabolism is impaired in a
cell culture model of cyanotic heart disease. Am J Physiol 1998;275:
H1673-H1681.

Kantor PF, Lucien A, Kozak R, Lopaschuk GD. The antianginal drug
trimetazidine shifts cardiac energy metabolism from fatty acid oxida-
tion to glucose oxidation by inhibiting mitochondrial long-chain
3-ketoacyl coenzyme A thiolase. Circ Res 2000;86:580-588.
Wambolt RB, Lopaschuk GD, Brownsey RW, Allard MF. Dichloro-
acetate improves postischemic function of hypertrophied rat hearts. J
Am Coll Cardiol 2000;36:1378-1385.

Lopaschuk GD. Treating ischemic heart disease by pharmacologically im-
proving cardiac energy metabolism. Am J Cardiol 1988;82; 14K-17K.
Breveti G, di Lisa F, Perna S, Menab6 R, Barbato R, Martone VD,
Siliprandi N. Carnitine-related alterations in patients with intermit-
tent claudication. Circulation 1996;93:1685-1689.

Keith V, Maisin L, Hue L. Trimetazidine effects on the damage to
mitochondrial functions caused by ischemia and reperfusion. Am J
Cardiol 1995;76:25B-30B.

Lopaschuk GD, Stanley WC. Manipulation of energy metabolism in
the heart. Science Med 1997;6:42-51.



112.

113.

114.

115.

116.

Heart Metabolic Disturbances in Cardiovascular Diseases 99

Pogatsa G. Metabolic energy metabolism in diabetes: therapeutic im-
plications. Coron Artery Dis 2001;1:5S29-S33.

Lopaschuk GD. Optimizing cardiac energy metabolism: how can fatty
acid and carbohydrate metabolism be manipulated? Coron Artery Dis
2001;1:S8-S11.

Brass EP. Supplemental carnitine and exercise. Am J Clin Nutr 2000;
72:6185-623S.

Xiao CY, Chen M, Hara A, Hashizume H, Abiko Y. Palmitoyl-L-car-
nitine modifies the myocardial levels of high-energy phosphates and
free fatty acids. Basic Res Cardiol 1997;92:320-330.

Pulido SM, Passaquin AC, Leijendekker WJ, Wallimann T, Riiegg UT.

117.

118.

Creatine supplementation improves intracellular Ca?>* handling and
survival in mdx skeletal muscle cells. FEBS Lett 1998;439:357-362.
Neubauer S, Remkes H, Spindler M, Horn M, Wiesmann F, Prestle J,
Walzel B, Ertl G, Hasenfuss G, Walliman T. Downregulation of the
Na+-creatine cotransporter in failing human myocardium and in ex-
perimental heart failure. Circulation 1999;100:1847-1850.

Walliman T, Schlattner U, Guerrero L, Dolder M. The phosphocreatine
circuit and creatine supplementation, both come of age! In: Mori A,
Ishida M, Clark JF, editors. Guanidino compounds in biology and medi-
cine: 5. Victoria, Melbourne, Australia: Blackwell Science Asia Pty.,
1999. pp. 118-129.



