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Metabolic Modulators for Chronic Cardiac Ischemia

Pirouz Parang, MD,* Bramah Singh, MD," and Rohit Arora, MD*

Many patients with ischemic heart disease continue to experience anginal symptoms despite
revascularization and treatment with antianginal medications. The effectiveness of current
anti-ischemic medications is limited by their hemodynamic side effects, such as hypotension
and bradycardia, which result in compromised organ perfusion. In this article, we review five
novel agents (ranolazine, trimetazidine, L-carnitine, ribose, and dichloroacetate) under inves-
tigation for treatment of ischemic heart disease that work by enhancing the efficiency of the
myocardium, rather than decreasing its work. This new paradigm promises to eliminate these

side effects.

Key words: ischemia, angina, coronary heart disease.

Up to 26% of patients with coronary heart disease
continue to experience ischemic symptoms despite
mechanical revascularization and optimal medical
anti-ischemic therapy (1). Ischemic symptoms such as
angina are caused by an imbalance between oxygen
delivery and oxygen requirements of the myocardium.

Revascularization by coronary artery bypass graft-
ing or percutaneous coronary intervention increases
oxygen delivery, whereas current medical therapy
works by reducing the oxygen demand through
decreasing cardiac work. This is done through a
reduction in preload and afterload and by negative
inotropism, which often leads to unacceptable side
effects of hypotension, bradycardia, and organ hypop-
erfusion (Table 1).

A novel approach to this problem would try to
decrease the heart’s oxygen requirements without
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affecting cardiac work, and in effect, make the heart a
more efficient pump. A medication that thus increases
the efficiency of the heart should have no affect on
blood pressure, heart rate, or left ventricular function.
In this article we review five such compounds cur-
rently under investigation: ranolazine, trimetazidine,
L-carnitine, ribose, and dichloroacetate.

Myocardial cells derive energy by oxidation of both
glucose and fatty acids. Fatty acid oxidation requires
higher oxygen consumption to generate the same
number of adenosine triphosphate (ATP) molecules.
This has been called the “oxygen-wasting effect” of
fatty acid metabolism (2). In normal as well as in
ischemic hearts, fatty acid oxidation is the main
source of energy. Excessive use of fatty acids oxida-
tion during ischemia as a source of energy is partly
responsible for injury to and contractile dysfunction of
the myocardium.

The main reason for elevated rates of fatty acid oxi-
dation during and after the period of ischemia is the
dramatic increase in levels of circulating plasma fatty
acids. Elevated levels of fatty acids inhibit the enzyme
pyruvate dehydrogenase, which facilitates the rate-
limiting step in the oxidation of glucose, the conver-
sion of pyruvate to acetyl coenzyme A (CoA) (3).
Decoupling of glycolysis from glucose oxidation
results in increased lactate levels and acidosis. This
further exacerbates the inefficiency, as energy in the
form of ATP is directed away from contractile func-
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Table 1. Current Agents

Drug Heart Rate Systolic Pressure Myocardial Contractility
B-Blockers W l 2

Nitrates T l >
Dihydropyridines T A —ord
Diltiazem and verapamil W d —ord
Metabolic modulators > “ —orT

tion toward maintaining ionic homeostasis. In addi-
tion, accumulation of long-chain fatty acid intermedi-
ates can induce diastolic dysfunction and lower the
arrhythmic threshold of the ischemic ventricle (4).
The dominance of fatty acid oxidation persists into the
reperfusion period, which will continue to hamper car-
diac function.

Dyck et al (5) demonstrated in ex-vivo studies in rat
and pig hearts that inhibition of fatty acid oxidation
could increase glucose oxidation in both normal and
ischemic hearts. This led to a decrease in lactate pro-
duction and an increase in cardiac contractility.
Inhibition of fatty acid oxidation improved cardiac
function during the reperfusion period as well.
Promotion of glucose oxidation by inhibition of fatty
acid oxidation seems to be most effective during peri-
ods of demand-induced ischemia or during postis-
chemic reperfusion, when there is still residual tricar-
boxylic acid cycle activity. It is not as effective when
blood flow is completely occluded (6).

Substituted Piperazine Compounds

Ranolazine

Although the exact molecular mechanism for its antiang-
inal action is unclear, it appears that ranolazine acts by
inhibition of fatty acid oxidation and promotion of glu-
cose metabolism during periods of elevated free fatty
acid concentration associated with myocardial ischemia.

Human Trials

An early clinical trial by Thadani et al (7) of 319 sub-
jects failed to demonstrate any improvement in time to
ST segment depression during exercise testing or
anginal frequency with ranolazine as monotherapy
compared with placebo at doses of 30, 60, or 120 mg
three times daily. This negative result may have been
due to the low doses of the drugs used in the study.

In a study by Cocco et al (8), immediate-release
ranolazine was studied against placebo in one-time
doses of 10, 60, 120, or 240 mg in 104 patients who
remained symptomatic despite therapy with B-blocker
or diltiazem. Only the 240-mg dose significantly
improved time to angina, exercise duration, and time
to ST segment depression on stress testing done with-
in 3 hours after the administration of ranolazine. The
three other doses showed no benefit.

Rousseau et al (9) enrolled 158 patients in a double
blind study using a crossover design to compare
ranolazine (400 mg three times daily), atenolol (100
mg daily), and placebo. Background B-blocker thera-
py was discontinued, although 54% of subjects
remained on calcium-channel blockers, 11% on
nitrates, and 4% on both. Ranolazine and atenolol
showed similar results in improvement in exercise
duration, time to onset of angina, and time to ST seg-
ment depression. However, a significant increase
occurred in the double product (heart rate x systolic
blood pressure) at the end of the exercise with
ranolazine, demonstrating the increased mechanical
efficiency of the myocardium with ranolazine. The
results from two more recent large trials,
Monotherapy Assessment of Ranolazine in Stable
Angina (MARISA) and Combination Assessment of
Ranolazine in Stable Angina (CARISA), using higher
doses of ranolazine, have been promising.

The MARISA trial studied sustained-release
ranolazine as monotherapy in 191 patients with
chronic stable angina (10). All subjects had 3 months
of exertional angina that responded to P-blockers,
calcium-channel blockers, or long-acting nitrates.
All antianginal medications were discontinued dur-
ing the trial. Subjects with recent unstable angina,
recent myocardial infarction or coronary revascular-
ization, or New York Heart Association (NYHA)
class III or IV congestive heart failure (CHF) were
excluded.
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After a single-blind qualifying phase, subjects were
randomized to receive double-blind treatment with
twice daily doses of 500, 1000, 1500 mg or placebo
for 1 week according to a four-period, balanced Latin
square design. At the end of each treatment period,
exercise treadmill tests were done at peak and trough
drug levels.

Compared with placebo, all doses showed improve-
ment in exercise duration, time to angina, and time to
ST segment depression, at both trough and peak drug
levels, with a clear dose-response relationship. The
1500-mg bid dose was associated with a less than 3
beats/min decrease in resting heart rate and a 3 mm
Hg decrease in resting blood pressure at peak drug
levels. Dose related adverse events, mainly dizziness,
nausea, asthenia, and constipation occurred substan-
tially higher at this dose. With the 500-mg bid dosing,
the overall adverse event rate was similar to placebo.
The QTc interval increased by 6, 7, and 11 millisec-
onds at trough and 5, 6, and 14 milliseconds at peak
with the 500, 1000, and 1500-mg bid dosing, respec-
tively. The beneficial effects and side-effect profile of
the drug were consistent after subgroup analyses by
history of diabetes mellitus, history of heart failure,
gender, and age.

The CARISA trial studied 823 subjects who were
randomized to receive ranolazine (750 mg, 1000 mg)
or placebo bid in addition to background antianginal
therapy with 50 mg atenolol, 180 mg long-acting dil-
tiazem or 5 mg amlodipine once a day (1). All other
antianginal drugs were withdrawn at least 5 days
before the first qualifying exercise test.

Inclusion criteria were coronary heart disease, 3-
month history of exertional angina, ischemic ST seg-
ment depression of at least 1 mm, and limited exercise
capacity on treadmill testing. Patients with acute coro-
nary syndrome or revascularization during the previ-
ous 2 months, NYHA class III or IV CHEF, or those
subjects with left bundle branch block, digoxin thera-
py, or resting ST segment depression that prevented
satisfactory interpretation of exercise electrocardio-
gram were excluded.

At peak and trough levels, ranolazine increased
treadmill exercise duration. The frequency of angina
attacks and nitroglycerin consumption was significant-
ly reduced with ranolazine. There were small but sta-
tistically significant drops in heart rate and blood pres-
sure. Adverse events were reported in 26.4%, 31.2%,
and 32.7% of the subjects taking placebo, and 750 and
1000 mg bid, respectively. QTc interval increased over
placebo by 6.1 milliseconds and 9.2 milliseconds with
the 750 and 1000-mg bid-dosing, respectively, with no
reported cases of torsade de pointes.

Ranolazine is being reviewed by the US Food and
Drug Administration (FDA) under a New Drug
Application filed by CV Therapeutics, Palo Alto, CA.

Trimetazidine

Trimetazidine is a metabolic agent without any nega-
tive inotropic or vasodilatory properties. The molecu-
lar mechanism of action of trimetazidine remains
unclear.

Animal Studies

In research by Kantor et al (11) on isolated working
rat hearts, trimetazidine reduced the rate of fatty acid
oxidation and increased glucose oxidation by inhibi-
tion of the long-chain 3-ketoacyl coenzyme A thiolase
(LC 3-KAT) enzyme. These findings were disputed by
Mclnnes et al (12), whose experiments did not show
any inhibition of LC 3-KAT by trimetazidine.
Lopaschuk et al (13) later confirmed the Kantor
group’s findings and hypothesized that the McInnes
group’s negative results may have been due to high
concentrations of substrate used.

Human Trials

In a double-blind study of 50 subjects, Manchanda
(14) demonstrated improvement in time to 1-mm ST
depression, Duke treadmill score, and frequency of
angina in patients taking trimetazidine compared with
placebo. In the Trimetazidine in Poland (TRIMPOL
II) study, 426 patients with stable angina were ran-
domized to receive trimetazidine or placebo in addi-
tion to metoprolol (15). There were increases in time
to ST segment depression in exercise testing, exercise
workload, and decreases in nitrate consumption and
angina frequency.

Marzilli et al (16) published a meta-analysis of 12
randomized, double-blind trials evaluating trimetazi-
dine conducted between 1985 and 2001. The study
population in the trials ranged from 21 to 347. In all,
811 patients were studied in the 12 trials.
Trimetazidine was effective in lowering the frequency
of angina attacks compared with placebo. The statisti-
cal significance was lost when the drug was compared
with another antianginal medication. Similarly,
trimetazidine was found to significantly improve time
to I-mm ST depression when compared with placebo,
but there was no statistically significant difference
compared with another agent. There was no signifi-
cant improvement in exercise duration, but there was
a trend compared with placebo (P = .06).

This meta-analysis reported fewer adverse events
for trimetazidine compared with nifedipine, metopro-
lol, or propranolol. Most side effects were mild and
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related to the gastrointestinal tract. The safety profile
of this drug remains unknown, since no dose-response
trials have been published.

Fragasso et al (17), having previously shown that
heparin may decrease the ischemic threshold in
patients with coronary artery disease—probably
through an increase in fatty acid oxidation—conduct-
ed a trial to investigate whether this effect can be
reversed with trimetazidine. In the four phases of the
study, 9 patients received either intravenous (IV)
heparin or placebo (IV saline) and oral trimetazidine
or a placebo pill. Exercise testing was performed dur-
ing each stage. Heparin caused a worsening of time to
I-mm ST segment depression and recovery time.
When trimetazidine was given before the heparin
infusion, these readings were similar to those obtained
with placebo infusion.

Other Compounds

L-carnitine

L-carnitine is a naturally occurring amino acid essen-
tial for the transport of fatty acids into the mitochon-
dria. Carnitine is involved in oxidation of long-chain
fatty acids and stabilization of cellular membranes and
is also a free-radical scavenger. It is synthesized in the
liver and kidneys, but its plasma concentrations will
drop during dietary deficiency. Since skeletal and car-
diac muscle use fatty acids as main source of energy,
carnitine deficiency mainly manifests as dysfunction
of the above tissues. Carnitine depletion can also
cause hypoglycemia, hyperammonemia, hypoketone-
mia, coma, seizures, and developmental disorders
(18).

Cardiac muscle contains very high levels of carni-
tine compared with other tissues. Myocardial
ischemia has been shown to deplete carnitine levels in
the myocardium. When combined with elevated levels
of fatty acids during ischemia, this leads to elevation
of toxic metabolites of fatty acid esterification. It has
been suggested that depletion of free L-carnitine in the
ischemic myocardium can impair the electrical and
contractile activities of the heart.

In rats, the administration of L-carnitine has been
shown to attenuate the depletion of endogenous L-
carnitine and improve the recovery of the ischemic
myocardium. It has also been shown to improve car-
diac function in rats with ventricular hypertrophy and
in rats after myocardial infarction. Carnitine may
make cardiomyocytes more resistant to free radicals.
Another proposed mechanism is through shifting the
metabolism from fatty acid oxidation to glucose oxi-

dation. Propionyl L-carnitine (PLC) is a carnitine
derivative that may have enhanced beneficial effects
compared with carnitine.

Animal Studies

Sethi et al (19) treated rats with ligated left coronary
arteries and a control group with sham ligations with
4 weeks of PLC. Treatment was started 3 weeks after
the ligation, since it has been shown that in rats,
myocardial infarcts are fully healed after this period.
The rats treated with PLC showed lower body weight
gain (attributed to CHF) and lower weight of the heart
(secondary to hypertrophy). The treated animals also
had significantly lower left ventricular end-diastolic
pressure.

Felix et al (20) showed that the addition of PLC to
the drinking water of diabetic rats improved cardiac
function both at baseline and after a period of no-flow
ischemia. This benefit was not observed in the control
group of nondiabetic rats.

Human Trials

Iliceto at al (21) studied the benefits of carnitine in
patients presenting with a first acute myocardial
infarction in the L-Carnitine Ecocardiografia
Digitalizzata Infarto Miocardico (CEDIM) trial in
which 239 patients received carnitine or placebo with-
in 24 hours of onset of chest pain. This was continued
for 1 month. At 12 months, the patients treated with
carnitine had significantly lower left ventricular end-
diastolic and end-systolic pressures. Carnitine-treated
patients also had less mortality from heart failure,
though the difference was not statistically significant.

Singh et al (22) compared administration of carni-
tine with placebo in 101 patients with suspected
myocardial infarction. Significant improvements were
seen in infarct size (as assessed by cardiac enzymes
and electrocardiogram), angina, NYHA class III or IV
CHEF, left ventricular enlargement, arrhythmias, and
total cardiac events, including cardiac deaths and non-
fatal myocardial infarctions.

Iyer et al (23) examined the efficacy of oral carni-
tine vs placebo in 47 patients with chronic stable angi-
na in improving exercise tolerance. There was no
improvement in time to ST depression, ST score, or
rate-pressure product. The carnitine-treated group
demonstrated significant improvements in exercise
duration and time needed for ST changes to return to
baseline.

Ribose

Ribose is a pentose sugar that has been shown in
numerous animal experiments to enhance ATP pro-
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duction and improve cardiac function. Ribose can
enhance metabolism by entering the pentose phos-
phate pathway and bypassing the rate limiting
enzymes of glucose-6-phosphate dehydrogenase and
6-posphogluconate-dehydrogenase.

Human Trials
Pliml et al (24) studied 20 male patients with docu-
mented severe coronary artery disease. After an initial
treadmill test, the subjects whose stress test showed
reproducibility were randomized to receive four daily
doses of ribose vs placebo. On day 5, the treadmill
exercise test was repeated. The ribose-treated group
showed significant improvement in time to ST seg-
ment depression and time to moderate angina. These
changes were not significant in the placebo group.
Omran et al (25) studied the benefits of ribose in 15
patients with stable chronic coronary disease and
NYHA class II or III CHF. Patients were given ribose
or placebo (dextrose) for a 3-week treatment period.
After a 1-week washout period, the alternative treat-
ment was administered for another 3 weeks. The
investigators reported significant improvements in
quality of life assessed with a questionnaire and func-
tional capacity assessed by using an exercise ergome-
ter. Peak exercise capacity was not affected, however.
Patients were also evaluated echocardiographically
before and after the treatment periods. No difference
was found in left ventricular volume, stroke volume,
or ejection fraction. Ribose treatment, however,
resulted in significant deceleration of the E-wave,
with significantly smaller left atrial volume and high-
er left atrial contribution of ventricular filling. The
authors hypothesized that during ATP deficiency, cal-
cium may bind to troponin longer during diastole.
Treatment with ribose hence improves diastolic relax-
ation by restoring ATP levels. No adverse events have
been reported with ribose and it seems to have no
effect on hemodynamics (24).

Dichloroacetate

Dichloroacetate is another investigational agent that
promotes aerobic oxidation of carbohydrates over
fatty acids. It does so by activation of the pyruvate
dehydrogenase complex (PDC), a group of enzymes at
the inner mitochondrial membrane. Pyruvate dehydro-
genase is inactivated when phosphorylated by pyru-
vate dehydrogenase kinase. Dichloroacetate increases
the activity of PDC by inhibiting pyruvate dehydroge-
nase kinase. Glucose is metabolized to pyruvate,
which under aerobic condition is oxidized to acetyl
CoA by the PDC. This is the rate-limiting reaction in
the oxidation of glucose; therefore, dichloroacetate

can stimulate the rate-limiting step in the oxidation of
glucose. Fatty acid oxidation is inhibited by increased
levels of malonyl-Co A (26).

In Vitro and Animal Studies

Barak et al (27) used 13C-nuclear magnetic resonance
spectroscopy to study the relative contribution of fatty
acids on one hand and pyruvate and lactate on the
other to the production of acetyl-CoA used in energy
production. Administration of dichloroacetate signifi-
cantly increased the relative contribution of lactate
and pyruvate to the production of acetyl-CoA.
Ischemic hearts treated with dichloroacetate also
demonstrated significantly improved rate-pressure
products.

In experiments on isolated rat hearts, the adminis-
tration of dichloroacetate through the perfusate after
30 minutes of no-flow global ischemia improved the
rate and magnitude of left ventricular recovery. In an
experiment in intact dogs, administration of
dichloroacetate before partial occlusion of the left
anterior descending (LAD) coronary artery improved
myocardial pH, ATP and lactate levels. In another
experiment, dichloroacetate was administered to
open-chest dogs, before or during complete occlusion
of the LAD. Dichloroacetate-treated dogs had smaller
rises in their ST segments.

Wambolt et al (28) studied ex-vivo administration
of dichloroacetate to hearts from a group of rats with
pressure-overload cardiac hypertrophy. A control
group was studied that did not have hypertrophied
hearts. The excised hearts were subjected to 20 min-
utes of global no-flow ischemia followed by reperfu-
sion. Half the hearts received dichloroacetate in the
reperfusion perfusate, while the other half did not.
Mechanical function of the hearts was assessed by the
measurement of peak systolic pressure, rate-pressure
product, cardiac output, hydraulic work, and coronary
flow. In the ischemic group, all of these parameters—
except for the peak systolic pressure in hypertrophic
hearts—showed significant improvement with admin-
istration of dichloroacetate. In the control, nonischemic
group, the hypertrophied hearts had similar improve-
ments with the administration of dichloroacetate.

Using a model of transient myocardial ischemia in
live pigs, Kudej et al (26) demonstrated that the
administration of dichloroacetate shortly after reperfu-
sion significantly reduced the length of the period of
myocardial stunning.

Human Studies

In an experiment by Wargovich (29) in human sub-
jects with coronary artery disease, 9 such patients
undergoing catheterization were given intravenous
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dichloroacetate. It improved left ventricular stroke
volume and decreased systemic vascular resistance
and myocardial efficiency index. No changes were
seen in left ventricular end-diastolic pressure, left ven-
tricular dP/dt,,,, coronary sinus flow, coronary resis-
tance, or myocardial oxygen consumption.

Discussion

Through biochemically distinct mechanisms, these
agents appear to improve myocardial efficiency and
relieve ischemia without producing the dose-limiting
side effects of agents currently in use. Current data
looks promising, but further research is needed to
address the following issues:

1. Except for the CARISA, and MARISA trials evalu-
ating ranolazine, and the TRIMPOL trial evaluating
trimetazidine, currently available data come from
small studies. There are no long-term efficacy or
safety data with any of the agents. The clinical sig-
nificance of the QTc prolongation seen with
ranolazine and its arrhythmogenic potential cannot
yet be adequately assessed. Event rates for sudden
cardiac death and torsade de pointes may be so low
that an increased risk cannot be ruled out with the
small sample sizes and short follow-up periods of
the current studies.

2. Only intermediate end points (exercise duration,
time to angina, etc) were studied. Major clinical end
points such as death or myocardial infarction were
not evaluated.

3. There is no consistent use of two stress tests at
baseline to demonstrate stable baseline exercise
duration and ischemic threshold.

4. There is no clear justification on the choice of med-
ications and doses (ie, diltiazem, 240 mg) against
which the new agents have been tested.

Nevertheless, this represents an exciting and poten-
tially revolutionary new paradigm for the treatment of
chronic myocardial ischemia that deserves to be rigor-
ously studied.
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