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The concept of electrical protection of the ischemic myocardium is in constant evolution and has recently been
supported by experimental and clinical studies. Historically, antiplatelet agents, angiotensin-converting
enzyme inhibitors, B-blockers, and statins have been all proposed as drugs conferring anti-ischemic
cardioprotection. This was supported by the evidence consistently indicating that all these drugs were
capable of reducing mortality and the risk of repeat myocardial infarction. The electrical plasticity paradigm is,
however, a novel concept that depicts the benefits of improved sodium channel blockade with drugs such as
ranolazine and cariporide. Although it has been hypothesized that the protective role of ranolazine depends on
decreased fatty acid B-oxidation affecting preconditioning, we speculate against such a hypothesis, because
inhibition of B-oxidation requires higher concentrations of the drug, above the therapeutic range. Rather,
we discuss the key role of calcium overload reduction through inhibition of the late sodium current (Iya).
Mechanisms driving cardioprotection involve the block of a cascade of complex ionic exchanges that can result
in intracellular acidosis, excess cytosolic calcium, myocardial cellular dysfunction, and eventually cell injury
and death. In this review we discuss the studies that demonstrate how electrical plasticity through sodium

channel blockers can promote cardioprotection against ischemia in coronary heart disease.

Introduction

The term cardioprotection indicates all mechanisms that
contribute to the preservation of the heart from ischemic
damage, reducing or even preventing it in various settings,
including primary and secondary prevention of coronary
heart disease, cardiac surgery, and thrombolysis in acute
myocardial infarction.! In the broad scope of treatments
affording protection preventing myocardial damage or
limiting its extension after initial damage has already
ensued, mechanisms of cardioprotection can be classified
as physiological adaptive and compensatory mechanisms,
and therapeutic approaches. Acute adaptive mechanisms
mainly work by increasing myocardial energy supply,
whereas chronic mechanisms compensate for long-lasting
unfavorable influences, for example affecting the structural
remodeling occurring after the damage.? In this review we
will discuss some of the classical therapeutic approaches
yielding cardioprotection, mostly focusing on the novel pos-
sibility offered by membrane electrical remodeling through
sodium channel blockers. This review will not discuss all of
the numerous adaptive mechanisms operating in the heart,
which have been covered by other recent reviews.>~>
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Classical Therapeutic Approaches to Cardioprotection

Similar to the physiological adaptive and compensatory
mechanisms, treatments for cardioprotection can be clas-
sified as acute or chronic.? Acute interventions, such
as thrombolysis and/or percutaneous coronary interven-
tions in acute myocardial infarction, or prosthetic valve
replacement in severe aortic stenosis, aim to prevent the
loss of functional myocardium and to preserve ventricular
function.”® Artificial cardiac arrest during cardiac surgery,
known also as cardioplegia, is a special form of cardiopro-
tection that limits myocardial damage and reduces postop-
erative mortality.” Coronary interventions in patients with
stable coronary heart disease aim at relieving angina, reduc-
ing myocardial ischemia, or improving prognosis. Among
medical therapies, antiplatelet drugs,’°~!2 angiotensin-
converting enzyme (ACE) inhibitors,'®!* angiotensin II
receptor blockers,!® and statins'®~1® reduce mortality and
morbidity in patients with chronic stable angina and pre-
served left ventricular (LV) function. Other therapies, such
as nitrates, 2% calcium channel blockers, and p-blockers
have been shown to improve symptoms and exercise per-
formance, but their effects on survival in patients with
stable angina have not been proven. Nitrates, by releas-
ing nitric oxide, when administered by intravenous, oral,
or sublingual route, are very effective drugs in reducing
angina. However, only a few small retrospective studies
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suggested improvement in prognosis and prevention of
coronary events.22~22 Therefore, their chronic use, espe-
cially in asymptomatic patients without documentation of
transient ischemia, is controversial. In theory, calcium
channel blockers should have cardioprotective effects. How-
ever, studies of nifedipine, diltiazem, and verapamil did
not demonstrate mortality benefit in patients with unstable
angina and acute myocardial infarction. Similarly, studies of
secondary prevention in the postinfarction period with these
drugs also failed to reduce mortality, with the possible excep-
tion of a subgroup of patients without signs of heart failure.
The addition of verapamil to trandolapril therapy reduced
adverse coronary event rates by >60% in patients who devel-
oped congestive heart failure after myocardial infarction.?
On the other hand, unlike nitrates and calcium channel
blockers, p-blockers do improve prognosis.®* Indeed, in
patients with stable angina and LV dysfunction following
myocardial infarction, clinical trials have consistently indi-
cated that ACE inhibitors and B-blockers reduce mortality
and the risk of repeat myocardial infarction. Therefore, these
agents are recommended in such patients regardless of the
presence of angina, along with aspirin and lipid-lowering
drugs.2®

Role of Cardiac Sodium Currents in the Pathophysiology
of Myocardial Injury From Ischemia

Myocardial ischemia is characterized by an imbalance
between myocardial oxygen supply and oxygen demand,
causing a drastic reduction of the energy necessary for the
activity of ion pumps critical to the process of contraction-
relaxation of the cardiac myocyte. As a result, myocardial
ischemia produces a cascade of complex ionic changes
that reduce the intracellular pH (acidosis), and lead to an
increase in intracellular sodium and calcium concentrations,
cardiomyocyte dysfunction, and if the ischemia is severe
and/or prolonged enough, to cell necrosis.26 In the initial
phase of ischemia there is an increase of intracellular
sodium, which quickly returns to preischemic levels
during reperfusion if the duration of ischemia is short.?”
Several mechanisms cause the increase in the intracellular
sodium concentration in the ischemic cardiac myocyte.
Ischemia (1) markedly increases the amplitude of the late
sodium current (Ix,)%8; (2) activates the sodium/hydrogen
exchanger (NHE-1) in response to intracellular acidosis,
thus causing the increased entry of sodium?’; and (3)
decreases sodium extrusion from the cell as a result of
an inhibition of the Na*/K* ATPase pump.? Ischemia
also determines the opening of sarcolemmal adenosine
triphosphate (ATP)-dependent potassium channels (KATP).
As a direct result of the increased intracellular sodium
concentration, the concentration of intracellular calcium also
increases by virtue of reduced extrusion and increased entry
of calcium.®® In contrast, the opening of KATP channels
leads to hyperpolarization, action potential shortening, a
decrease in voltage-dependent Ca2+ entry, reduction in
contractility, decline in cellular metabolism, and eventually
to adecrease in oxygen consumption. The ischemic changes
in the intracellular sodium and calcium concentrations cause
significant changes in electrophysiologic, metabolic, and
contractile properties, which in turn may lead to irreversible
damage ending with cardiomyocyte death (Figure 1).
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Figure 1. Pathophysiology of sodium-induced calcium overload. In those
situations in which late Iy, increases (ischemia, heart failure, hypoxia),
the intracellular concentration of sodium increases, which in turn runs the
Na*/Ca** exchanger in reverse mode (ie, by sodium exit and calcium
enter in the cardiac cell). The result is an overload of calcium that
contributes to the appearance of electrical, mechanical, and metabolic
alterations that are associated with cardiac ischemia. In the figure,
cylinders represent the Na* /Ca™ exchanger in reverse mode.

Electrical Instability

Because the net current output of potassium during phase
2 of the action potential is small, an increase of late Iy,
generates a depolarizing current that prolongs cardiac
repolarization and extends the duration of the action poten-
tial and of the QT interval on the electrocardiogram.®!
However, due to the nonhomogeneous distribution of the
late Iy, in the ventricular wall, an increase in the late
Ina may extend much more than the duration of the action
potential in epicardial and endocardial myocytes. This, in
turn, causes increased dispersion of repolarization and elec-
trical instability, leading to ventricular tachyarrhythmias.??
Furthermore, when phases 2 and 3 of the cardiac action
potential are prolonged, calcium and sodium channels can
reopen, with consequent increase of cation currents that
may cause the development of early and post-potential
cardiac arrhythmias. Thus, the heterogeneity in the pro-
longation of ventricular action potential due to an increased
late Iy, can generate the necessary electrical substrate
for the occurrence of arrhythmias due to reentry and/or
triggered activity (focal-triggered arrhythmias).??

Contractile Dysfunction

The increased duration of the action potential along
with the increased intracellular concentration of calcium
during diastole gives rise to a tonic contraction that
slows down LV diastolic relaxation (negative lusitropic
effect), thus increasing LV end-diastolic pressure and
myocardial stiffness.?® This sustained contraction increases
cardiac workload and oxygen demand, and compresses
intramural, small, coronary vessels, in particular those in
the subendocardial area, with a consequent reduction of
coronary blood flow in the ischemic area during diastole.3*

Metabolic Changes

A dysfunction at the mitochondrial level leads to decreased
energy production and ATP synthesis, causing cell
degeneration and death.?
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Exogenous activation of KATP channels with the class
of drugs known as KATP-channel openers (eg, pinacidil)
facilitates cardioprotection and improves outcome after
acute impairment of myocardial circulation. At the same
time, KATP-channel openers are known to be associated
with considerable side effects, including disturbances in
cardiac rhythm such as ventricular fibrillation, inhibition
of insulin production, and hypotension. Thus, elaboration
of new KATP-channel openers remains important. In
contrast, a blockade of the late Iy, reduces the intracellular
concentration of sodium, and indirectly of calcium, and may
represent an effective pharmacological strategy to prevent
cardiac arrhythmias and contractile dysfunction, and may
have a protective effect in the ischemic myocardium. The
best way to test this hypothesis is to use drugs that
selectively block the late Iy,. Ranolazine is the first such
drug that specifically inhibits the late Iy,. In this review we
will focus on the studies that demonstrate how electrical
plasticity through sodium channel blockers can promote
cardioprotection against ischemia in coronary heart disease.

Therapeutic Potential of Sodium Channel Blockers
Sodium-Hydrogen Exchange Inhibitors

Several experimental®®=3% and clinical studies?*~%2 have
shown reduction of infarct size with the NHE inhibitor
cariporide. Furthermore, cariporide is thought to play a
critical role in vascular injury in diabetes.**~%> Cariporide
decreases the influx of sodium into ischemic -cells,
which ultimately inhibits the exchange of sodium for
calcium. It has been shown?*! that 40 mg cariporide given
intravenously over 10 minutes followed by a percutaneous
coronary intervention in acute myocardial infarction patients
decreased end-systolic volume over 3 weeks (from 77 to
69 mL in the cariporide group vs from 80 to 97 mL
in the placebo group; P=0.048), increased the ejection
fraction (from 44% to 50% in the cariporide group;
P <0.05 vs from 40% to 40% [unchanged] in the placebo
group). There was also improvement in regional wall
motion abnormalities and a reduction of myocardial infarct
size, as well as of the area under the curve for the
creatine kinase-myocardial band release (P =0.047). In the
Guard During Ischemia Against Necrosis (GUARDIAN)
trial,’® the effects of different doses of cariporide vs
placebo in patients with various ischemic syndromes
(unstable angina, non—ST-elevation myocardial infarction,
and high-risk percutaneous or surgical revascularization)
was investigated. The primary end point of all-cause
mortality or myocardial infarction at 36 days did not differ
between groups. The highest dose (120 mg) was associated
with a nonsignificant 10% reduction in the primary outcome.
At 120 mg, the benefit was limited to patients undergoing
coronary artery bypass grafting (CABG). Overall, in patients
undergoing CABG, cariporide reduced the incidence of
perioperative myocardial infarction, perhaps underscoring
the importance of early therapy in an ischemic event.
Cariporide may also exert protective effects on other
cellular targets such as endothelial cells.*6=%% Because
the NHE-1 isoform (with the water channel aquaporin-1
[AQP1]) is also a membrane-associated protein involved in
the transmembrane transport of water driven by osmotic

gradients, we have studied the involvement of NHE-1
(through its blockage mediated by cariporide) and AQP1
in the hyperosmolarity-mediated changes of endothelial
function, in terms of decreased nitric oxide production
and increased vascular cell adhesion molecule (VCAM)-1
expression, in endothelial cells exposed to high glucose.®
We found that osmotic stress, at levels produced by
diabetic hyperglycemia, increases VCAM-1 expression and
decreases endothelial nitric oxide synthase (eNOS) activity
in cultured human endothelial cells.*® The inhibition of
NHE-1 and AQP1 prevented the hyperosmolarity-induced
enhancement of VCAM-1 expression and the parallel
reduction in eNOS activity and expression.*® Therefore,
cariporide may contribute to protect endothelial cells
from the glucose-induced chain of events determined
by hyperosmolarity. Correction of hyperosmolarity by
targeting NHE-1 through cariporide may thus represent
a novel strategy to counteract the detrimental vascular
consequences of diabetic hyperglycemia.

Eniporide, another inhibitor of the NHE, given to acute
ST-elevation myocardial infarction patients, did not yield
differences in infarct size.*? There was actually a trend
toward excess death and stroke in patients receiving
eniporide. However, there was a significant reduction of
the incidence of heart failure in patients reperfused late
(<4 hours). In conclusion, the administration of the NHE-1
inhibitor eniporide before reperfusion therapy, in patients
with acute ST-elevation myocardial infarction, did not limit
infarct size or improve clinical outcome. Further research
on NHE inhibitors is needed.

Inhibitors of the Late Sodium Current

Ranolazine (Ranexa; Gilead Sciences, Inc., Foster City,
CA)  ([(1)N-(2,6-dimethylphenyl)-4 (2-hydroxy-3-(2-metho
xyphenoxy)-propyl)-1-piperazine acetamide dihydrochlo-
ride]) is a racemic mixture that contains enantiomeric
forms (Sranolazine and R-ranolazine). In ventricular
myocytes from dog and guinea pig hearts, ranolazine, at
therapeutically relevant concentrations (up to 10 mmol/L),
has been demonstrated to selectively inhibit the late Iy,
(ICs0 55 to 21 mmol/L) without affecting either the fast
sodium current responsible for the upstroke of the action
potential (ICsy value of 244 mmol/L for peak Iy,) or
the NHE.»® The drug acts as an atrial-selective sodium
channel blocker, which predominantly inhibits early Iya,
late Ina, Ike, and late Ic, at a concentration within the
therapeutic range (<10 wM). The drug is manufactured in
a sustained-release form that has a prolonged absorption
phase with maximal plasma concentrations typically seen
4 to 6 hours after administration. Although it inhibits
cardiac metabolism of fatty acids, this cannot explain the
clinically relevant effects of the drug, because inhibition
of B-oxidation requires concentrations of the drug above
the therapeutic range (=100 wM).?® Recent evidence
suggests that ranolazine reduces calcium overload in
the ischemic myocyte through inhibition of the late Iy,,
which can block the cascade of complex ionic exchanges
that can result in intracellular acidosis, excess cytosolic
calcium, myocardial cellular dysfunction, and if sustained,
cell injury and death.’! In isolated heart preparations
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of various animal species, ranolazine selectively inhibits
late Iy, in a manner that is concentration, voltage, and
frequency dependent.®25% This inhibition leads directly to
a decrease in the intracellular concentration of sodium and
indirectly to a reduction of calcium overload. At therapeutic
concentrations, ranolazine has no effect on peak Iy,, which
is the sodium current responsible for the action potential.
Furthermore, ranolazine does not inhibit the calcium
current flowing through the L-type channels or modify
the activity of the NHE-1 exchanger.’* In accordance with
these data, ranolazine does not depress the contractility of
the atria or ventricles. All of these data confirm that the
reduction of calcium overload caused by ranolazine is not
due to the reduction of calcium entry through the L-type
calcium channels or to the inhibition of NHE-1, but rather
to an indirect effect mediated by reduction of the late Iy;,.

In isolated, perfused, guinea pig hearts in which
ischemia is induced by reducing flow, ranolazine exerts
a cardioprotective effect with preservation of ATP cellular
levels and a decrease in creatine kinase (CK) and lactate
dehydrogenase (LDH), which are markers of cell death.
These data suggest that the myocytes tolerate ischemia
better when exposed to ranolazine.>® The effect of ranolazine
on late Iy, is more pronounced in ischemic or failing
myocytes in which the current is amplified. In a rat
model of ischemia/reperfusion injury, the administration of
ranolazine 10 minutes before the ligation of a coronary artery
reduced the release of CK and LDH during the reperfusion
period, suggesting that the drug was able to reduce cell
damage.” In rats subjected to coronary occlusion for 25
minutes and subsequent reperfusion for 2 hours, treatment
with ranolazine reduced the release of troponin T and the
size of the infarcted area.’ In a rabbit model of stunned
myocardium (15 minutes of coronary occlusion followed
by 3 hours of reperfusion), the animals pretreated with
ranolazine 10 minutes before occlusion showed a higher
ejection fraction and stroke volume.?” Moreover, ranolazine
decreased the number of akinetic or dyskinetic segments in
the left ventricle wall and infarct size.”” These data suggest
that the inhibition of the late Iy, may represent a new
therapeutic strategy for reducing myocardial stunning and
increasing cardioprotection during ischemia and myocardial
infarction.

Cardioprotection of Ranolazine in Clinical Trials

In controlled clinical trials carried out in patients with
chronic stable angina and acute coronary syndrome,
ranolazine, either alone or in combination with conventional
antianginal drugs (diltiazem, amlodipine, and atenolol), has
proven to be an effective and well-tolerated antianginal
drug. In patients with chronic angina and demand-induced
ischemia, ranolazine has the potential to partially disrupt the
consequences of cell hypoxia during transient myocardial
ischemia by reducing excess late sodium influx, thereby
reducing calcium overload and ultimately reducing the
concomitant increase in left ventricular wall tension.
Reduction in diastolic left ventricular wall tension would
decrease myocardial oxygen requirements in marginally
ischemic myocytes and has the potential to reduce
vascular compression, allowing more coronary blood flow

to the affected area. Antianginal effects are observed
at concentrations at which the heart rate, contractility,
conduction velocity, and intracardiac blood pressure do not
change. The antianginal effects of slow-release ranolazine in
patients with chronic stable angina have been evaluated in 3
studies: MARISA (Monotherapy Assessment of Ranolazine
in Stable Angina), CARISA (Combination Assessment
of Ranolazina in Stable Angina) and ERICA (Efficacy
of Ranolazine in Chronic Angina). MARISA®® was a
randomized, double-blind, placebo-controlled, crossover
of 191 patients with effort angina present for at least
3 months responsive to p-blockers, calcium antagonists,
and/or nitrates. Patients were randomized to ranolazine
500, 1000, and 1500 mg twice daily or placebo. After a
week of treatment, ranolazine significantly increased the
total exercise duration, time to onset of angina, and time of
appearance of ST depression >1 mm compared to placebo.
Because with 1500 mg twice a day there was an increase
of adverse events (decreased heart rate, blood pressure,
and increased QTc¢), it was decided not to continue to use
the dose of 1500 mg. CARISA® was a randomized, double-
blind, placebo-controlled, dose-response study achieved
in 823 highly symptomatic patients (4 episodes of angina
per week). Patients received placebo or ranolazine (750 or
1000 mg twice daily) for 12 weeks associated with classical
antianginal therapy, which included atenolol, amlodipine,
diltiazem, and nitrates as needed. Compared with placebo,
ranolazine produced a significant and dose-dependent
increase of duration of exercise, increased time to onset
of angina, and time of appearance of ST depression >1
mm. ERICA® was a randomized, double-blind, placebo-
controlled trial that compared the antianginal effects of
ranolazine and placebo in 565 patients with more than 3
anginal attacks per week despite treatment with amlodipine
10 mg per day. Patients received an initial dose of ranolazine
500 mg twice daily or placebo for a week, followed by 6
weeks of treatment with 1000 mg twice a day or placebo, in
addition to amlodipine. Ranolazine significantly decreased
the number of angina attacks by 23%.

The anti-ischemic effects of slow-release ranolazine in
patients with non—ST-elevation acute coronary syndrome
have been evaluated in MERLIN TIMI-36 study (Metabolic
Efficiency With Ranolazine for Less Ischemia in Non—ST-
Elevation Acute Coronary Syndromes),®! a randomized,
double-blind, placebo-controlled trial that included 6560
patients. Within 48 hours from the onset of angina due
to non-ST-elevation myocardial infarction and/or unstable
angina, in addition to standard therapy, patients were
randomized 1:1 to intravenous ranolazine (200 mg bolus
followed by infusion at a dose of 80 mg/h for a minimum
of 12 hours and a maximum of 96 hours) or placebo. Slow-
release ranolazine (1000 mg twice daily) or placebo were
then continued as long-term treatment. In patients with renal
failure, intravenous dose was reduced by 50%. The study
demonstrated that the drug was ineffective in reducing the
composite end point of cardiovascular death, myocardial
infarction, or recurrent ischemia in patients with unstable
angina or non—-ST-elevation myocardial infarction, but did
reduce recurrent ischemia and improved exercise tolerance
and frequency of angina without evidence of arrhythmias.
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Adverse Events With Ranolazine Treatment

Even though ranolazine has potential benefits in patients
with chronic stable angina and diastolic heart failure, dose-
related QTc interval prolongation secondary to IKr blockade
remains a concern. This effect may cause ventricular
arrhythmias especially in patients who are on other QTc
prolonging drugs or patients with liver failure. Current
evidence did not demonstrate increased sudden death in
patients with acute coronary syndromes; however, there
are very limited data on high doses (>1000 mg twice
daily) of ranolazine use. In addition, ranolazine has side
effects, including nausea, dizziness, and headache, which
may render its prolonged use in some patients. Blockage
of late Na channels in smooth muscle cells may potentially
lead to constipation and urinary retention.

Future Research

The following studies can be done to prove the clinical utility
of ranolazine:

1 Randomized clinical studies comparing ranolazine to
long acting nitrate in patients with chronic stable
angina on maximum tolerable dose of B-blockers and
calcium channel blockers: The effect of ranolazine
in patients with refractory angina despite medical
therapy and revascularization deserves investigation.

2 Patients with angina secondary to hypertrophic
cardiomyopathy and aortic stenosis due to the anti-
ischemic effects in the absence of coronary vasodi-
latation: It has been demonstrated that ranolazine
treatment improved symptoms in a young patient
with hypertrophic cardiomyopathy.52 Similarly, it has
been reported that an 88-year-old female with severe
aortic stenosis had her angina episodes relieved sub-
sequent to ranolazine 375 mg twice daily treatment.5®
These reports suggest that ranolazine may be use-
ful for the symptomatic treatment of patients with
left ventricular hypertrophy who did not respond to
traditional therapies.

3 Utility of ranolazine in the prevention of cardiac
arrhythmias including atrial fibrillation: Ranolazine
prolongs atrial refractoriness and inhibits after
depolarizations and triggered activity. It has been
demonstrated that ranolazine (1000 mg twice daily
for 10—14 days) significantly reduced postoperative
atrial fibrillation following coronary artery bypass
surgery.®* This benefit was not associated with
increased adverse events.

4 Clinical outcomes of QT prolongation induced by
ranolazine: Ranolazine has direct effects on ion
channels. This effect may be augmented by more
effective energy production by cardiomyocytes,
which may lead to ventricular arrhythmias and
death. The clinical outcomes of QT prolongation
by ranolazine should be investigated in large-scale
studies.

5 Utility of ranolazine in patients with left ventricu-
lar dyssynchrony: Ranolazine theoretically improves
myocardial perfusion and reduces ischemia. This
effect may be reflected as a reduction of dyssyn-
chrony, especially in patients with coronary artery

disease. It has been demonstrated that ranolazine
improved systolic and diastolic dyssynchrony by
gated single photon-emission computed tomographic
myocardial perfusion by an imaging study including
32 patients with reversible perfusion defects.®

6 Clinical outcomes of ranolazine treatment, especially
in a subgroup of patients such as women or African
Americans: Similar to each new drug, ranolazine treat-
ment outcomes should be investigated thoroughly
among all patient subgroups.

Conclusion

Selective sodium channel blockers may offer a safe and
effective strategy for the management of stable angina.
Preclinical and clinical studies have shown that ranolazine
and cariporide inhibit sodium channels, reduce the overhead
of calcium, and improve diastolic function, which translates
clinically as an anti-ischemic effect. These drugs exert these
effects without any significant change in heart rate or cardiac
contractility, blood pressure, and coronary flow. Ranolazine
should be reserved for patients who have not achieved
an adequate response with other antianginal drugs and
should not be used as an alternative to p-blockers. Large,
randomized, controlled trials investigating the effects of
these drugs on mortality and hospitalization rates in patients
with coronary artery disease are required.
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