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ARTICLE INFO ABSTRACT

Available online 22 March 2016 Refractory angina refers to a group of patients with stable coronary atherosclerotic disease and angina symptoms,

unresponsive to traditional medical management, while considered to be suboptimal candidates for revascular-
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this entity is expected to increase. This review describes traditional and novel pharmacotherapies for symptoms
relief and for long-term management of refractory angina. Mechanisms of action and relevant clinical trials are
discussed and current recommendations from major European and US cardiovascular societies are reported.
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1. Introduction

A group of coronary artery disease (CAD) patients has persistent,
ischemia-related symptoms and remains in part unresponsive to
traditional medical management, while considered to be suboptimal
candidates for revascularization procedures due to advanced age, signif-
icant comorbidities or patient-specific anatomical grounds (i.e. diffuse
coronary disease, lack of vascular conduits). These patients are often

Abbreviations: CAD, coronary artery disease; CCBs, calcium channel blockers; ESC,
European Society of Cardiology; AHA, American Heart Association.
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characterized as “no-option” patients and constitute the constantly in-
creasing CAD subgroup of refractory angina. The current definition of re-
fractory angina according to the European Society of Cardiology (ESC)
Joint Study Group on the Treatment of Refractory Angina, as it stands
since the most recent treatment guidelines dated back in 2002, refers
to the presence of persistent, chronic (at least 3 months) angina
due to coronary insufficiency, that cannot be controlled by combina-
tion of medical treatment, angioplasty or coronary bypass surgery
(Mannheimer et al., 2002).

Angina is the result of myocardial ischemia caused by the imbalance
between myocardial blood supply and oxygen demand and is most
commonly associated with obstructive coronary atherosclerotic disease.
Luminal stenosis can lead to insufficient distribution of oxygen in myo-
cardial cells either at rest or more frequently at stress. Recent data sug-
gest that microvascular coronary artery disease constitutes another
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source of refractory angina and is usually attributed to augmented vaso-
constriction due to reduced nitric oxide release and subsequently im-
paired endothelium-dependent vasodilation (Camici & Crea, 2007;
Crea et al,, 2014).

Traditional antianginal drugs, i.e. beta-blockers, calcium channel
blockers (CCB) and nitrates aim either to decrease oxygen consumption
or augment oxygen supply by enhancing myocardial blood flow. Al-
though efficient in treating angina symptoms to a certain extent, tradi-
tional agents do not produce symptom relief in all patients.
Approximately 5%-15% of patients appear to be refractory to “triple
therapy”, highlighting the need to develop novel pharmacotherapies.
During the last decades, a number of novel antianginal drugs have
emerged targeting both pathophysiology mechanisms of ischemia, as
well as myocardium metabolic pathways and coronary blood flow re-
distribution. Moreover, an integral part of the management of the re-
fractory angina patient is risk factor modification, achieved by life
style changes and statins, renin-angiotensin system inhibitors and anti-
thrombotic agents (Fig. 1).

The purpose of this review is to describe conventional and novel
pharmacotherapies for symptoms relief and for long-term management
of refractory angina. Mechanisms of action and relevant clinical
trials are discussed and current recommendations from major
European and US cardiovascular societies are reported. Finally, non-
pharmacological approaches are briefly summarized. Of note, refractory
angina constitutes an advanced form of chronic ischemic heart disease
and pharmacotherapies used for refractory angina overlap to a great ex-
tent with those used in chronic stable angina.

2. Epidemiology

Mannheimer et al. reported that approximately 5%-15% of patients
suffering from angina meet the criteria of refractory angina. These
data, combined with more recent results (Hemingway et al., 2008), pro-
vide a rough estimation of 490,000 to 1,470,000 patients in the United
States suffering from refractory angina. The annual incidence rate is
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25,000-75,000 newly diagnosed cases each year (Soran, 2009). The
ESC estimates that 15% of patients who experience angina can be char-
acterized as having refractory angina with an annual incidence of
30,000-50,000. Approximately 67%-77% of the patients with refractory
angina are men with an average age of 64-70 years. The majority of
these patients have previously sustained a myocardial infarction
(64%-71%) and most of them have undergone at least one revasculari-
zation procedure (64%-88%) (Andréll et al., 2011).

Although initial data regarding the natural history and the prognosis
of refractory angina patients have considered them as a high-risk mor-
tality group, a recent study reported that over 70% of those patients
are expected to survive 9 years following diagnosis (Henry et al.,
2013). Similarly, refractory angina patients were shown to have inter-
mediate rates of myocardial infarction and/or death, but increased hos-
pitalization rates (Povsic et al., 2015).

3. Current pharmacotherapy
3.1. Traditional antianginal pharmacotherapy

3.1.1. Beta-blockers

Beta-blockade reduces myocardial oxygen demand via reducing
myocardial contractility, heart rate and blood pressure. Myocardial
beta-adrenergic receptors are transmembrane G-coupled proteins
which upon activation via circulating catecholamines stimulate adenyl
cyclase to synthesize cyclic adenosine monophosphate, which serves
as a second intracellular messenger (Xiang, 2011). Raised intracellular
cyclic adenosine monophosphate levels increase sarcoplasmic
reticulum calcium release and ultimately the rate and force of sarco-
mere contraction. Beta-blockers competitively block the effects of cate-
cholamines on myocardial beta-receptors, thereby exerting a negative
inotropic, chronotropic and dromotropic effect (Fig. 2). Furthermore,
beta-blockers decrease systolic blood pressure possibly through their
inhibitory effect in renin release from the juxtaglomerular apparatus
(Buhler et al., 1972).

Disease-modifying
agents ‘
+ Statins J

Antithrombotic agents
Renin-angiotensin inhibitors

Fig. 1. Pharmacotherapeutic approaches targeting refractory angina. Traditional and novel antianginal agents facilitate symptoms relief either by decreasing oxygen demand or by
increasing oxygen supply. Disease-modifying agents hold a key role in halting or reversing the progression of ischemic coronary disease.
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Fig. 2. Mechanism of action of beta-blockers in cardiac smooth muscle cells. Beta-adrenoceptors are coupled to Gs-proteins, which, upon noradrenalin binding, activate adenylyl cyclase
(AC) to form cAMP from ATP. Increased cAMP activates a cAMP-dependent protein kinase A (PK-A) that phosphorylates L-type calcium channels, which causes increased calcium entry
into the cell. PK-A also phosphorylates sites on the sarcoplasmic reticulum (SR), which lead to enhanced release of calcium intracellularly. Beta-blockers via blocking beta-adrenoreceptors
reduce heart rate and contractility, thereby reducing afterload and reducing myocardial oxygen demand. Reduced heart rate prolongs the diastolic phase of the cardiac cycle resulting in

increased diastolic coronary perfusion, thereby increased myocardial oxygen supply.

All types of beta-blockers, regardless of their inherent properties ap-
pear to be equally effective in managing angina symptoms. Long-acting
cardioselective agents, such as atenolol and metoprolol, are preferred
for the treatment of stable angina patients. In addition, beta-blockers
are the only antianginal drugs proven to prevent reinfarction and to im-
prove survival in patients who sustained a myocardial infarction
(Gibbons et al., 2003). Although recent data questioned the benefit of
beta-blockers in patients with stable CAD and no prior myocardial in-
farction (Andersson et al, 2014; Goldberger et al., 2015), beta-
blockers still remain the first-line therapy for the treatment of angina
(Kones, 2010). However, commonly prescribed doses are usually
below the doses used in the trials that showed the efficacy of these
agents (Table 1).

3.1.2. CCBs

CCBs are classified into two major categories based on chemical
structure and mechanism of action (i.e. dihydropyridines and non-
dihydropyridines). CCBs reduce cell transmembrane inward calcium
flux via blocking L-type calcium channels and subsequently attenuate
vascular smooth muscle cell contraction, thereby reducing myocardial
oxygen demands (via lowering peripheral vascular resistance) and to
some extent improve coronary blood flow, thereby increasing myocar-
dial oxygen supply (via coronary artery relaxation) (Fig. 3). Moreover,
the non-dihydropyridines (i.e. diltiazem and verapamil), demonstrate
additional antianginal effects by depressing cardiac pacemaker rate

and slowing conduction (Gibbons et al, 2003; Kones, 2010;
Henderson & O'Flynn, 2012).

Studies have shown the safety of long-acting agents in this category
when used to treat stable angina, while short-acting dihydropyridines
appear to have increased risk of cardiovascular events (Alderman
etal., 1997; Fihn et al., 2012). CCBs reduce symptoms and increase exer-
cise tolerance, especially when used in combination with other
antianginal agents. CCBs can be added to therapeutic schemes or replace
beta-blockers in cases of serious adverse effects. Of note, they do not
seem to improve mortality and care should be taken when prescribed
due to a number of contraindications and side effects (Fihn et al,,
2012) (Table 1).

3.1.3. Nitrates

Nitrates act as exogenous nitric oxide donors and a process of bio-
transformation is required for them to become biologically active. Nitric
oxide stimulates soluble guanylate cyclase, which converts guanosine
triphosphate into cyclic guanosine monophosphate. Cyclic guanosine
monophosphate activates protein kinase G, which in turn exerts a direct
lusitropic effect by relaxing both myocardial and vascular smooth mus-
cle cells (Tsai & Kass, 2009). Exogenous nitrates are characterized by
a graded dose-response relationship. In low doses, they exert
venodilatory properties, whereas in higher doses they promote arterial
dilation. By reducing left ventricle preload and afterload, nitrates reduce
myocardial oxygen demands. Nitrates induced coronary arteries and
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Table 1

Drugs against refractory angina: traditional agents. Mechanisms of action, common adverse effects, contraindications, recommendations from major cardiology societies (*, Recommen-

dations refer to stable angina).

Agents Mechanism of action Common adverse effects Contraindications Class/level
of evidence*
Traditional agents ESC AHA

Beta-blockers « Chronotrope-negative
« Inotrope-negative

« Afterload reduction

Bradycardia

Bronchospasm

Reduced libido
Hypotension

Dihydropyridines

CCBs  Vasodilation * Hypotension
« Afterload reduction » Headache
* Peripheral edema
* Reflex tachycardia
Non-dihydropyridines
= Chronotrope-negative * Bradycardia
« Inotrope-negative + Conduction impairment
< Vasodilation » Constipation
Nitrates « Coronary vasodilation * Hypotension
« Ventricular wall stress reduction » Headache
* Flushing

Reflex tachycardia

Conduction disturbances

Peripheral vasoconstriction

Severe bradycardia

Conduction system disease

Asthma I/A I/B
Refractory heart failure

Active peripheral artery disease

Severe aortic stenosis
Obstructive cardiomyopathy /B /B

Congestive heart failure

Severe bradycardia

Conduction system disease

Wolff-Parkinson-White syndrome 1/B /B
Concomitant beta-blockage

Hypertrophic obstructive cardiomyopathy

Severe aortic stenosis

Concomitant phosphodiesterase type 5 (PDE5) I/B /B
inhibition

Nocturnal or rebound angina

collaterals dilation enhance coronary perfusion, thus increasing exercise
tolerance and decreasing the frequency of anginal attacks (Fig. 4). In
combination with beta-blockers or CCBs, nitrates produce even more
potent anti-ischemic effect (Gibbons et al., 2003; Kones, 2010).

Despite the fact that, nitrates are regarded as one of the traditional
antianginal drugs they confer no survival benefit. In a meta-analysis
comparing the efficacy of beta-blockers, CCBs and nitrates in stable an-
gina patients, beta-blockers were shown to be superior to CCBs in de-
creasing the frequency of episodes of angina (Heidenreich et al.,
1999). The combination of beta-blockers with nitrates is favored as
they both lower myocardial oxygen demand and redistribute coronary
blood flow into the subendocardial layers. Furthermore, beta-blockers
can prevent reflex tachycardia caused by nitrate-induced hypotension,
whereas nitrates attenuate any potential rise in left ventricular-end di-
astolic pressure, due to beta-blockers' negative inotropic effects.

Short-acting nitrates should be prescribed to all refractory angina
patients for immediate symptoms control (Table 1). Long-acting agents
are recommended for the management of angina when initial therapy
with beta blockers or non-dihydropyridine CCBs is contraindicated, is
poorly tolerated or is not adequate, as in cases with refractory angina
(Fihn et al., 2012). Due to the frequent side effects and tolerance devel-
opment, nitrate doses should be titrated to control symptoms at the
lowest possible dose (Husted & Ohman, 2015) (Table 2).

3.2. Disease-modifying agents

Even though these agents are not used as direct antianginal medica-
tions, there is strong evidence supporting their efficacy in halting or
even reversing atherosclerotic process, thereby reducing anginal epi-
sodes in the long term. These agents are not dedicated to refractory an-
gina therapy, however they constitute the corner stone of stable CAD
treatment and therefore incorporation into therapeutic schemes for
the no-option patients should be always contemplated (Table 3).

3.2.1. Statins

Milestone studies have shown that reduction of serum low-density
lipoproteins with the use of 3-hydroxy-3-methylglutaryl-coenzyme A
reductase agents, namely, statins, reduces the risk of major cardiovascu-
lar events by 20%-45% (Sacks et al., 1996; Pitt et al., 1999; Cholesterol

Treatment Trialists, 2010). Interestingly, more intensive statin therapy
results in greater risk reduction compared to less intensive approaches
(Homocysteine Collaborative Group, 2010). Cannon et al. recently
showed that the addition of ezetimibe (a non-statin lipid-lowering
agent) to standard statin therapy with simvastatin resulted in signifi-
cant lowering of low-density lipoprotein cholesterol levels and im-
proved cardiovascular outcomes (Cannon et al., 2015). Besides
reducing low-density lipoprotein cholesterol, statins exert pleiotropic
effects (e.g. anti-inflammatory and plaque-stabilizing properties)
(Tahara et al., 2006; Puri et al., 2014).

The level of low-density lipoprotein cholesterol reduction optimal
for refractory angina is not clearly defined; as with all stable CAD pa-
tients, lipid-modification therapy is recommended and maximally tol-
erated intensity of statins should be considered, adjusted to related
co-morbidities (i.e. diabetes) and age (Fihn et al., 2012).

3.2.2. Antithrombotic agents

Patients with established refractory angina should be adminis-
tered appropriate antithrombotic therapy. Platelets are implicated in
thrombus formation following plaque disruption leading to the pre-
cipitation of acute coronary syndromes. Aspirin, an irreversible cyclo-
oxygenase inhibitor, blocks synthesis of thromboxane A2, thereby
attenuating platelet inhibition. Aspirin decreases the risk of major car-
diovascular events (Antithrombotic Trialists' Collaboration, 2002). In-
hibition of platelet aggregation is a guidelines' mandate for all
patients with refractory angina and is recommended that all patients
should be prescribed aspirin indefinitely, unless contraindicated
(Mannheimer et al., 2002).

P2Y;, receptor inhibitors (i.e. clopidogrel, prasugrel and ticagrelor)
also prevent platelet inhibition (through a different mechanism than as-
pirin and with reduced risk of major bleeding) and constitute an alter-
native to aspirin for secondary prevention of CAD. Combination with
aspirin, dual antiplatelet therapy did not show superiority in reducing
major atherothrombotic events in CAD patients vs. monotherapy with
aspirin (Bhatt et al., 2006) and is recommended for a limited time peri-
od post-stenting (i.e. 12 months in patients after percutaneous coronary
intervention with drug eluting stent implantation and 1-6 months with
bare metal stent) (Montalescot et al., 2013).
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Fig. 3. Mechanism of action of calcium channel blockers in cardiac and vessel smooth
muscle cells. Voltage-sensitive Ca®" channels (L-type) open following membrane
depolarization and calcium ions enter the cell. The elevation of intracellular calcium
results in enhanced binding to calmodulin in vascular (V) smooth muscle cells and to
troponin in heart (H) smooth muscle cells. The calcium-calmodulin/troponin complex
activates the enzyme myosin light-chain kinase (MLCK), which phosphorylates light-
chain myosin (Myosin-LC). Phosphorylated Myosin-LC favors actin and myosin
interaction, which results in smooth muscle contraction. Calcium channel blockers via
blocking L-type Ca®" channels reduce the sarcomere contraction thereby reducing
contractility, increasing vasodilation, reducing afterload and finally reducing myocardial
oxygen demand.

3.2.3. Renin-angiotensin system inhibitors

Renin-angiotensin system inhibitors (i.e. angiotensin-converting
enzyme inhibitors and angiotensin receptor blockers) have cardio-
protective effects and reduce long-term mortality in CAD patients.
While multiple large-scale trials (Mitchell et al., 2007) have demon-
strated the efficacy of angiotensin-converting enzyme inhibitors in pa-
tients with stable coronary atherosclerosis, their effectiveness in
reducing angina symptoms remains unclear. The mechanisms of action
that could potentially explain the antianginal effect include, amongst
others, improvement in myocardial oxygen supply and demand rela-
tionship. Data are limited regarding the effect of novel agents in this cat-
egory (e.g. direct inhibitors of renin and angiotensin receptor neprilysin
inhibitors) in patients with stable CAD. Aiming to improve long-term
prognosis, hypertensive refractory angina patients with diabetes, left
ventricular ejection fraction <40% or chronic renal disease should be
administered angiotensin-converting enzyme inhibitors and, in the
case of intolerance, angiotensin receptor blockers (Fihn et al., 2012;
Montalescot et al., 2013).
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Fig. 4. Mechanism of action of nitrates. Circulating nitrates are converted to nitric oxide
(NO) in vascular endothelial cells and enter the smooth muscle cells. NO activates
guanyl cyclase (GC) and the activated GC* converts guanosine triphosphate (GTP) to
cyclic guanosine monophosphate (cGMP). Increased cGMP decreases intracellular levels
of calcium (Ca?™) via inhibition of calcium channels thereby decreasing intracellular
calcium concentrations. cGMP also activates the myosin light chain phosphatase
(MLCK), which dephosphorylates myosin light chains, resulting in decreased interaction
between myosin heads and actin thus leading to smooth muscle cells relaxation and
consequently vasodilation. Vasodilation in peripheral vasculature reduces preload and
afterload. Dilation of the epicardial coronary arteries and collaterals increases
myocardial oxygen supply.

4. Novel pharmacological therapies

Novel pharmacotherapies for refractory angina exert their anti-
anginal effects via restoring balance in the myocardium supply/demand
equilibrium either by augmenting the same mechanisms as traditional
agents or by targeting other pathways, mainly through modulation of
the energy metabolism of the ischemic myocardium (Table 4).

4.1. Ilvabradine
Ivabradine is the only agent known with pure heart rate-slowing

properties and no clinically meaningful effect on blood pressure, myo-
cardial contractility and atrioventricular node conduction. Ivabradine's

Table 2
Short- and long-acting nitrates. Dosages, onset and duration of action.
Nitrates Dose Onset Duration
Short-acting
Nitroglycerin ~ Spray/tablet 0.3-0.6 mg every 5 1-3 min 30-40 min
sublingual  min to max 1.2 mg
Ointment 7.5-30 mg applied to  ~30 min 2-12h
an area of ~10 cm?
Isosorbide Tablet 5mg ~5 min >1h
dinitrate
Long-acting
Isosorbide-5-  Tablet 60-240 mg once 60-120 min 5-12h
mononitrate daily
Isosorbide Tablet 10-45 mg three or 20-40 min  4-6h
dinitrate four times daily

Transdermal 0.2to 0.8 mg/honce 40-60 min 18-24h

patches daily
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Table 3

Drugs against refractory angina: disease-modifying agents. Mechanisms of action, common adverse effects, contraindications, recommendations from major cardiology societies

(*, Recommendations refer to stable angina).

Agents Mechanism of action Common adverse effects Contraindications Class/level of evidence*
Disease modifying agents ESC AHA
Statins « Plaque stabilization * Myopathy < Hypersensitivity
« Pleiotropic effects « Liver function abnormalities « Active liver disease
* Pregnancy
« Concomitant CYP3A4 I/A I/A
inhibition
Antithrombotic agents « Incremental in thrombosis « Erosive gastritis « Active peptic ulcer
prevention < Gastrointestinal bleeding « Active bleeding
« Salicylism « Hypersensitivity Aspirin Aspirin
« Hypersensitivity reactions
« Thrombotic thrombocytopenic I/A /A
purpura
P2Y,, inhibitors P2Y;, inhibitors
I/B I/B
Renin-angiotensin system « Improve long-term prognosis « Hypotension « Angioneurotic edema
inhibitors « Acute renal failure « Pregnancy
« Hyperkalemia < Renal artery stenosis
» Cough « Aortic stenosis /B I/B
« Angioedema < Hypertrophic obstructive
« Anaphylaxis cardiomyopathy

action is mediated via decreasing the slope of spontaneous diastolic
depolarization in sino-atrial pacemaker cells by selectively inhibiting I
channels; it is therefore only effective when sinus rhythm is present
(Vilaine, 2006) (Fig. 5).

Early clinical studies demonstrated ivabradine efficacy in increasing
time to limiting angina and to 1-mm ST segment depression during
standardized exercise protocols compared to placebo (Borer et al.,
2003). Randomized trials established its non-inferiority to beta-

Table 4

blockers (atenolol) (Tardif et al., 2005) and CCBs (amlodipine)
(Ruzyllo et al., 2007; Tardif et al., 2009) in decreasing the number of an-
gina attacks as well as its excellent safety profile. Investigators in the
BEAUTIFUL study randomly assigned 10,917 patients with stable CAD
and left ventricular systolic dysfunction to either ivabradine or placebo
(Fox et al., 2008). Although cardiovascular outcomes did not improve, in
a subgroup of patients with symptom-limiting angina, ivabradine did
reduce the incidence of myocardial infract hospitalizations. In the

Drugs against refractory angina: novel agents. Mechanisms of action, common adverse effects, contraindications, recommendations from major cardiology societies (*, Recommendations

refer to stable angina).

Agents Mechanism of action Common adverse effects Contraindications Class/level
of evidence*®
Novel agents ESC AHA

Ivabradine « Inhibition of sinus node If pacemaking current * Luminous phenomena  Severe bradycardia
* Pure heart rate reduction * Bradycardia « Sick sinus syndrome
* Prolongation of diastole » Headache « Severe hepatic impairment
« Concomitant CYP3A4 inhibition Ila/B  N/A¥
« Agents prolonging QT interval
Ranolazine * Inhibition of late inward Na* current « Constipation « Concomitant cytochrome P450 inhibition
» Reduction of Ca?" in ischemic myocytes » Nausea » Advanced hepatic impairment
 Improved left ventricular diastolic function « Headache « Agents prolonging QT interval lla/B  1la/B
* Vomiting
« Prolongation of QT interval
Nicorandil * Release nitric oxide free radicals « Hypotension « Hypotension
* Vasodilation of arterial and venous system * Flushing * Cardiogenic shock
« Activation of adenosine triphosphate sensitive » Headache + Concomitant phosphodiesterase lla/B N/A
potassium channels « Constipation type 5 (PDES5) inhibition

Trimetazidine Inhibition of fatty-acid B-oxidation in mitochondria

Improved myocyte tolerance to ischemia

Gastrointestinal ulcerations
Parkinsonism
Restless leg syndrome

Extrapyramidal disorders
Severe renal impairment

* Nausea IIb/B N/A
» Headache
Perhexiline « Inhibition of carnitine-palmitoyltransferase 1 and 2 * Nausea « Hypersensitivity
« Shifting myocardial metabolism from fatty acids to » Headache « Severe renal impairment
carbohydrates « Hypoglycemia in diabetics = Severe hepatic impairment
» Enhancement of energy efficiency in ischemic myocytes * Hepatotoxicity * Porphyria N/A N/A
« Peripheral neuropathy
Allopurinol « Inhibition of xanthine oxidase « Headache « Hypersensitivity
» Reduction of vascular oxidative stress * Rash « Severe renal impairment N/A N/A
* Gastrointestinal distress
Fasudil « Inhibition of Rho-kinase  Inadequate data available  Inadequate data available

» Reducing calcium sensitization of vascular smooth muscle
» Maintenance of coronary vasodilation

N/A N/A

¥ Ivabradine is approved in the United States for use in stable, symptomatic heart failure with heart rate of >70 bpm and on maximally tolerated doses of beta-blockers.
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Fig. 5. Mechanism of action of ivabradine. Ivabradine is a selective antagonist of the If current and exhibits its actions mainly in the sinoatrial node (A; dashed red circle). (B) The If channels
determine the slope of the diastolic depolarization, which controls the frequency of action potentials and in this way the heart rate. The If channels open at the end of the action potential,
allowing If current to flow, thus driving the membrane voltage towards the threshold of the next action potential. (C) By selectively blocking the If channels with ivabradine, diastolic
depolarization is delayed, prolonging diastole and slowing the heart rate. This allows increased coronary flow and myocardial perfusion.

SHIFT trial, 6558 patients with symptomatic heart failure and on stable
guideline-based background therapy, addition of ivabradine was shown
to improve clinical outcomes (Swedberg et al., 2010).

Initial enthusiasm from studies that demonstrated reduction in the
rate of adverse cardiac outcomes (Fox et al., 2008; Swedberg et al.,
2010) was replaced by skepticism when data from other studies emerged
(Fox et al., 2014). In the Study assessInG the morbidity—-mortality beNe-
fits of the If inhibitor ivabradine in patients with coronary artery disease
(SIGNIFY), the larger study to date, that enrolled 19,102 stable CAD pa-
tients without heart failure and left ventricle systolic dysfunction and
on standard medical therapy, the addition of ivabradine did not improve
prognosis (Fox et al., 2014). It has been proposed that elevated heart rate
should be considered a risk factor in CAD patients with heart failure,
whereas in those without left ventricular dysfunction, it appears to be
rather a risk marker of other processes that influence CAD progression
(Ferrari & Fox, 2015). Certainly, further studies are warranted to better
understand the potential mechanisms, if any, that ivabradine, via reduc-
ing heart rate, can influence adverse clinical outcomes.

Ivabradine is currently approved for use in Europe and is indicated
for the symptomatic treatment of refractory angina in patients with
normal sinus rhythm, who have a contraindication or are intolerant to
beta-blockers (Montalescot et al., 2013). It is also indicated in combina-
tion with beta-blockers for patients whose angina symptoms are inade-
quately controlled and with a resting heart rate of >60 bpm. Recently,
the Food and Drug Administration has given approval for its use in sta-
ble, symptomatic heart failure, with heart rate of >70 bpm and on max-
imally tolerated doses of beta-blockers.

4.2. Ranolazine

Ranolazine, a relatively new agent, is an active piperazine derivative
that acts as a selective inhibitor of the late sodium current (Belardinelli
et al., 2006). In the ischemic myocardium, increased intracellular sodi-
um levels lead to intracellular calcium overload via decreased efflux of
calcium ions through the sodium/calcium exchanger (Sossalla &
Maier, 2012). Ranolazine inhibits pathological increase in late sodium
current leading to reduction of calcium overload in the ischemic
myocytes, thereby improving left ventricular diastolic function (Fraser
et al., 2006) (Fig. 6). Enhanced myocardial relaxation decreases oxygen
demand and increases coronary blood supply. Ranolazine is also, though
in supra-therapeutic plasma levels, a partial inhibitor of free-fatty acid

oxidation, thereby promoting glucose utilization instead which is far
more energy-efficient.

The antianginal role of ranolazine has been demonstrated in several
clinical studies (Pepine & Wolff, 1999; Chaitman et al., 2004a, 2004b;
Stone et al., 2006; Koren et al., 2007). Amongst them, MERLIN-TIMI
36, which enrolled 6560 CAD patients following non-ST-elevation
acute coronary syndrome demonstrated improvement in exercise dura-
tion and sufficiently reduced angina (Morrow et al., 2007). This effect
was also appreciated in the TERISA study, where the regimen was
administered to patients with diabetes and chronic angina despite
treatment with up to 2 antianginal agents; aside from leading to an im-
provement of symptoms, the addition of ranolazine resulted in a reduc-
tion of hemoglobin Alc (Kosiborod et al., 2013). Further studies have
been designed (Arnold et al., 2015) and others are warranted to inves-
tigate the association between ranolazine and glycemic levels.

More recently, and on the contrary to other studies, investigators
from the RIVER-PCI trial showed no incremental benefit in reducing an-
gina or improving quality of life in patients with incomplete revascular-
ization after percutaneous coronary intervention, a subgroup that falls
into the description of refractory angina patients (Alexander et al.,
2015). Furthermore, the investigators reported that there was no im-
provement in the primary endpoint of ischemia-driven revascularization
or hospitalization with no revascularization (Weisz et al., 2015). It has
been suggested that ranolazine might not be the ideal first-line treat-
ment for incomplete revascularized patients, and the functional signifi-
cance of untreated lesions should be estimated, for example, with
fractional flow reserve, so as to identify whether medical treatment
alone is sufficient for non-stented plaques (Head & Kappetein, 2015).

In general, ranolazine is considered safe and has been in clinical use
for several years. It has been approved by the Food and Drug Adminis-
tration as a first-line angina treatment and is indicated in Europe as
add-on therapy for the symptomatic treatment of patients with stable
angina who are inadequately controlled or are intolerant to first-line
antianginal therapies (Montalescot et al., 2013).

4.3. Nicorandil

Nicorandil is a nicotinamide ester that has both nitrate-like proper-
ties as well as cardioprotective effects (Gross et al., 1992; Kukovetz
et al,, 1992; Treese et al., 1992). It has been shown to induce release of
nitric oxide free radicals in the same fashion as nitrates and it also
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exhibits mitochondrial adenosine triphosphate-potassium channel ac-
tivating properties in vascular smooth muscle cells (Fig. 7). Nicorandil
increases coronary blood flow by reducing both preload and afterload
via vasodilation of the venous and arterial systems.

Several small randomized trials have shown the antianginal efficacy
of nicorandil compared to beta-blockers, nitrates and CCBs (Ulvenstam

et al,, 1992; Raftery et al., 1993; Somma et al., 1993). Nicorandil has also
been shown to improve myocardial perfusion both at rest and during
exercise. The possible cardioprotective effects of nicorandil were inves-
tigated in the IONA study (Iona Study Group, 2002) as well as by Matsuo
etal. (2003), where nicorandil pretreatment induced beneficial myocar-
dial preconditioning, independently of the severity of ischemia. A
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recent, single-centered, randomized trial of nicorandil in patients with
slow coronary blood flow, characterized by frequent angina attacks, re-
sulted in improved symptomatic relief when compared to nitrates (Sani
et al., 2015). Of note, a meta-analysis reported that there are no data to
support its role as an add-on therapy with respect to the magnitude
of clinical efficacy of different antianginal classes (Belsey et al., 2015).
Further studies are warranted to establish whether the unique pharma-
codynamic characteristics of nicorandil are advantageous for the treat-
ment of refractory angina.

Clinical experience indicates that nicorandil, combining two distinct
mechanisms of action, offers an effective alternative to established vaso-
dilator therapy with conventional nitrates and CCBs in the long term
treatment of stable angina (Zhu et al., 2007). Nicorandil is available in
most European countries approved for long-term management of angi-
na as an add-on regimen to beta-blockers and CCBs (Montalescot et al.,
2013). Currently, it is not cleared for clinical use by the Food and Drug
Administration.

4.4. Trimetazidine

Trimetazidine, a metabolic modulator used for decades in cardiolo-
gy, is a partial inhibitor of the terminal enzyme in mitochondrial long-
chain 3-ketoacyl CoA thiolase, an enzyme incremental for fatty-acids
p-oxidation (Kantor et al., 2000). By inhibiting the last step of free
fatty-acids catabolism, trimetazidine promotes a reciprocal activation
of carbohydrates oxidation (Fig. 8). Unlike conventional antianginal
agents, in which efficacy is mediated through hemodynamic modula-
tion aiming to restore the balance between myocardial oxygen supply
and demand, trimetazidine appears to protect myocytes against ische-
mia by inhibiting fatty acid metabolism and to a smaller extent by stim-
ulating glucose metabolism. In theory, this cytoprotective activity
should limit myocyte loss during ischemia in patients with angina and
could ultimately lead to improved prognosis. Experimental models of is-
chemia and reperfusion have shown that trimetazidine limits cell acido-
sis and calcium overload, preserves intracellular high-energy deposits,
modulates the inflammatory response, and reduces free radicals-
induced myocardial injury and subsequent infarct size.

Clinical studies have evaluated the effectiveness of trimetazidine in
stable angina, as monotherapy in ischemic cardiomyopathy and in
acute myocardial infarction (Labrou et al., 2007) or in combination
with other antianginal agents in stable angina patients (Szwed et al.,
2001; Kolbel & Bada, 2003; Chazov et al., 2005). Although a meta-
analysis has not shown superiority against other first-line antianginal

agents or reduction in mortality (Ciapponi et al., 2005), addition in the
standard antianginal treatment for the refractory angina patient is sup-
ported by more recent studies and meta-analysis (Peng et al., 2014;
Belsey et al., 2015; Tsioufis et al., 2015; Y. Zhang et al., 2015). Currently,
trimetazidine is in use in Europe; however, it has not yet been cleared
by the Food and Drug Administration.

4.5. Perhexiline

The antianginal efficacy of perhexiline was demonstrated early, even
in patients poorly controlled with other antianginal drugs (Horowitz
et al.,, 1986). Perhexiline, yet another cardiac metabolic agent, inhibits
the enzymes carnitine palmitoyltransferase-1 and -2 that regulate mito-
chondrial uptake of long-chain fatty acids. Like trimetazidine, the main
mechanism of action of perhexiline is through shifting myocardial sub-
strate utilization from fatty acids to carbohydrates, which is energetical-
ly more efficient for the heart to metabolize (Kennedy et al., 2000).
Perhexiline further potentiates platelet responsiveness to nitric oxide
both in stable angina and in acute coronary syndrome patients
(Willoughby et al., 2002) (Fig. 8).

Initial reports demonstrated its effectiveness, however, its use mark-
edly declined after reports of hepatotoxicity and peripheral neuropathy
(Cole et al., 1990). These adverse reactions were later shown to occur in
patients who were “slow hydroxylators”, due to a polymorphic variant
of the cytochrome P-450 enzyme which metabolizes the drug
(Ashrafian et al., 2007). A review of 26 randomized, double-blinded tri-
als where perhexiline was used as monotherapy or added to standard
antianginal treatment reported its potency in angina symptoms relief
(Killalea & Krum, 2001).

Recently, a United Kingdom multi-centre study reported the efficacy
and safety of perhexiline in patients with chronic heart failure and/or
refractory angina (Phan et al., 2009), and demonstrated minimal side ef-
fects or toxicity, while patients suffering from refractory angina exhibit-
ed the greatest improvement of symptoms. In the United Kingdom,
perhexiline is available for off-label use, while in Australia, it is widely
used in the treatment of refractory angina. It is not approved by the
Food and Drug Administration.

4.6. Allopurinol
Allopurinol is a xanthine oxidase inhibitor used in the treatment of

gout that inhibits the xanthine oxidase-catalyzed formation of uric
acid from hypoxanthine and xanthine (Manchanda et al., 2011).
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Xanthine oxidase is a potent mediator of oxidative stress. It is consid-
ered that xanthine oxidase inhibitors can reduce myocardial oxygen
consumption by reducing tissue oxidative stress (Stone, 2011). It is
also considered to improve endothelial dysfunction in high doses by re-
ducing vascular oxidative stress (George et al., 2006).

Noman et al. (2010) demonstrated, in a recent randomized placebo-
controlled study, the possible role of allopurinol as an effective anti-
ischemic medication. Sixty-five patients with CAD under beta-
blockage were enrolled and randomly assigned to placebo or allopurinol
(600 mg per day) for 6 weeks. High-dose allopurinol significantly
prolonged the time to ST depression, total exercise time and time to an-
gina in patients with chronic stable angina, suggesting that endogenous
xanthine oxidase activity is involved in exercise-induced myocardial is-
chemia. Yet another study showed that, at the same doses, allopurinol
can lead in reduction of left ventricular hypertrophy in CAD patients
and to the improvement of endothelial dysfunction (Rekhraj et al.,
2013).

Although allopurinol is low cost and has a long-term (>40 years)
safety record (for treatment of gout), no large-scale trials have exam-
ined the efficacy, dosages and possible side effects when administered
as an antianginal agent in CAD patients, let alone in refractory angina
patients (Antony & Dargie, 2010). Allopurinol is not cleared by the
Food and Drug Administration and is not in use in Europe for the treat-
ment of angina.

4.7. Rho-kinase inhibitor

Rho-kinase has been identified as one of the effectors of the small
guanosine triphosphate-binding protein Rho and is substantially in-
volved in the pathogenesis of a wide spectrum of cardiovascular dis-
eases including angina (Mohri et al., 2003). Fasudil is an inhibitor of
Rho kinase implicated in vascular smooth muscle contractile response
that has known anti-ischemic effects. It is regarded to exhibit its mech-
anism by reducing calcium sensitization of vascular smooth muscle in
order to maintain coronary vasodilation and prevent vasospasm
(Shimokawa et al., 2002). By inhibiting Rho kinase, fasudil may inhibit
the effects of vasoconstrictors that are unaffected by current therapies.

Vicary et al. reported that fasudil prolonged time to ST-segment de-
pression on exercise testing, improved exercise duration, and signifi-
cantly reduced the number of anginal attacks (Vicari et al., 2005). The

potential usefulness of Rho kinase inhibitors for the treatment of refrac-
tory angina remains to be examined in future studies.

4.8. Other pharmacological approaches

Agents that might also be of benefit for the refractory angina patients
include molsidomine, antidepressants (such as escitalopram and imip-
ramine), testosterone, chelation therapy and thrombolytic regimens
(such as urokinase). None of these agents have been tested in a
placebo-controlled trial and their mechanism of action with respect to
alleviation of angina symptoms remains elusive. Finally, commonly
used as a last resort for pain control, opioids can be administered
under close monitoring and caution due to their frequent side effects.

5. Pharmaceutical management of refractory
angina in the setting of coronary microvascular dysfunction

Microvascular angina secondary to microvascular dysfunction, with-
out obstructive epicardial CAD, accounts for a percentage of the refrac-
tory angina patients. No refractory angina-dedicated study has been
performed to date examining therapeutic options in this group of
patients. Symptom management remains challenging and there is little
evidence to support any of the current treatment strategies (Marinescu
et al,, 2015).

Risk factor control and life style modification are considered to be
the basis; smoking cessation and weight control are known to improve
endothelial dysfunction (Crea et al., 2014). Similarly, disease-modifying
agents such as renin angiotensin system inhibitors and statins have
been shown to ameliorate endothelial function in the coronary micro-
circulation and represent first-line treatment options (Chen et al.,
2002). With regards to symptoms control, traditional antianginal agents
are in use; albeit considered to be less effective compared to obstructive
CAD. The efficacy of novel antianginals, such as ranolazine, nicorandil
and fasudil has been evaluated in small-scale clinical trials (Jaw-Wen
et al,, 1997; Mohri et al., 2003) with promising results (Fig. 9).

Other agents that have been evaluated for the management of mi-
crovascular angina include nitric oxide modulators (sildenafil),
xanthines, estrogens, alpha-antagonists and tricyclic antidepressants
(i.e. imipramine) (Loffler & Bourque, 2016). Targeting several patho-
physiologic mechanisms, results have been inconsistent in improving
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Fig. 9. Pharmacotherapy of refractory angina patients in the setting of coronary microvascular dysfunction disease.

symptoms and in modifying the natural history of endothelial
microvascular dysfunction. As current treatment approaches may not
be effective in refractory microvascular angina patients, future goals
should include larger-scale studies with longer follow-up periods, eval-
uating both traditional antianginal drugs, as well as regimens targeting
the unique pathophysiologic mechanisms of coronary microvascular
dysfunction.

6. Non-pharmacological approaches
for the management of refractory angina

A detailed description of the non-pharmacological approaches
for the management of refractory angina is beyond the scope of this re-
view. Invasive and non-invasive approaches are currently in use
and others are under evaluation. Amongst them, enhanced external
counterpulsation, spinal cord stimulation, transmyocardial laser revas-
cularization and reduction of coronary sinus have been widely used.

Enhanced external counterpulsation consists of ECG-gated sequen-
tial lower limb compressions and has been shown to improve angina
symptoms, myocardial perfusion and quality of life in patients with re-
fractory angina (Arora et al,, 1999; Loh et al., 2008; C. Zhang et al., 2015).
The sequential cuff inflations create a retrograde arterial pressure wave
that augments diastolic pressure, therefore increasing coronary
perfusion pressure and preload. The beneficial effects of enhanced ex-
ternal counterpulsation in patients with CAD appears to persist after
completion of therapy for even up to 3 years. Enhanced external
counterpulsation is typically provided on an outpatient basis in
35 one-hour sessions over a seven-week period. The ESC recommends
enhanced external counterpulsation for symptoms relief in patients
with angina refractory to optimal medical and revascularization strate-
gies (Class Ila, level of evidence B) and similarly the AHA supports its use
for angina relief and improvement of quality of life (Class IIb, level of
evidence B).

Spinal cord stimulation is performed through minimal invasive im-
plantation of electrodes to the epidural space typically between C7
and T4 inducing bilateral paresthesia across the subjective area affected
by angina pectoris. The electrodes are attached to an implanted device,

allowing the patient to control the presence, the continuity as well as
the intensity of the stimuli. Neuromodulation, mainly spinal cord stim-
ulation, inhibits nociceptive afferent nerve fibers and leads to augment-
ed release of the inhibitory neurotransmitter y-aminobutyric acid, thus
resulting in local analgesia. Moreover, it is considered that it enhances
coronary microcirculatory blood flow, thereby improving myocardial is-
chemia (Latif et al., 2001). Spinal cord stimulation is considered to be a
safe, reversible modality, with anti-ischemic effects and has been shown
to improve quality of life, without concealing angina during an acute
coronary syndrome. Both the ESC and AHA recommend spinal cord
stimulation (Class IIb, level of evidence B and C, respectively) for the
treatment of refractory angina.

Transmyocardial laser revascularization is performed either
epicardially during open heart surgery or endocardially following
percutaneous approach. These laser-based modalities, in principle, cre-
ate transmural microchannels in the ischemic myocardium and are
considered to restore myocardial perfusion, most likely via injury-
stimulating angiogenesis and denervation (Henry et al., 2014). Although
transmyocardial laser revascularization is approved by the Food and Drug
Administration and has a class IIb (level of evidence B) recommendation
from the AHA (Fihn et al,, 2012), no new trials have been published in the
last ten years and it is considered very unlikely that new research will be
undertaken in this field. A recent review has indicated that risks associat-
ed with transmyocardial laser revascularization outweigh the potential
clinical benefits and that the procedure may pose unacceptable risks
(Briones et al., 2015). Transmyocardial laser revascularization is not rec-
ommended by the ESC.

Percutaneous reduction of coronary sinus is an evolving modality for
the alleviation of symptoms in refractory angina patients. Controlled
narrowing of the coronary sinus creates an upstream pressure gradient
that results in the redistribution of blood from the less ischemic epicar-
dium to the ischemic endocardium thus reducing myocardial ischemia
(Banai et al., 2007). A recent, double-blinded, sham-controlled trial of
a coronary sinus reducing device in patients with refractory angina,
showed significant improvements in reducing angina and improving
quality of life (Verheye et al., 2015). Coronary sinus reduction is not cur-
rently included in European or US cardiovascular societies guidelines.
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7. Conclusions and future perspectives

As the population ages and CAD mortality decreases, the number of
patients suffering from refractory angina will most likely increase and
apparently we should shift our focus on symptoms relief and im-
provement of quality of life of these patients. Evidently, pharmacologi-
cal approaches play a key role in the management of refractory
angina. The value of intensified medical treatment in newly diagnosed
patients has been demonstrated (Dourado et al., 2015) and efforts to
achieve well-tolerated, optimal dosages and schemes cannot be
overemphasized. Traditional agents, with novel drugs that are joining
our armamentarium, and others that are under development and inves-
tigation, need to remain in the focus of future studies. Several non-
pharmacological approaches are in use or under investigation; however,
few have provided sufficient clinical data, potentially explaining the
lack of dedicated guidelines for the treatment of refractory angina.
First and foremost, along with pharmaceutical regimens and other
treatment options, lifestyle modifications should be the basis of the
therapeutic plans, as no pill or intervention will completely relieve the
patient. Clinicians should treat the refractory angina patient with a for-
mulated plan that includes behavioral strategies to achieve effective
disease management supplemented by individualized selection of phar-
macologic agents. A patient-centered approach is imperative, built
around a multidisciplinary team that will aim to treat the patient as an
entity and not merely the heart.

Conflict of Interest Statement

The authors declare that there are no conflicts of interest.

Acknowledgments

The authors would like to thank Dr. Konstantinou Dimitrio for his
comments during the manuscript's preparation. Creative assistance for
the preparation of the graphical illustrations was provided by Servier
Medical Art (www.servier.com), licensed under the Creative Commons
Attribution 3.0 Unported License (http://creativecommons.org/license/
by/3.0/).

References

Alderman, M. H., Cohen, H., Roqué, R,, & Madhavan, S. (1997). Effect of long-acting and
short-acting calcium antagonists on cardiovascular outcomes in hypertensive pa-
tients. Lancet 349, 594-598.

Alexander, K. P., Weisz, G., Prather, K., James, S., Mark, D. B., Anstrom, K. |, et al. (2015).
Effects of ranolazine on angina and quality of life after percutaneous coronary inter-
vention with incomplete revascularization: Results from the ranolazine for incom-
plete vessel revascularization (RIVER-PCI) trial. Circulation.

Andersson, C,, Shilane, D., Go, A. S., Chang, T. I, Kazi, D., Solomon, M. D., et al. (2014). Beta-
blocker therapy and cardiac events among patients with newly diagnosed coronary
heart disease. ] Am Coll Cardiol 64, 247-252.

Andréll, P., Ekre, O., Grip, L., Wahrborg, P., Albertsson, P., Eliasson, T., et al. (2011). Fatality,
morbidity and quality of life in patients with refractory angina pectoris. Int ] Cardiol
147,377-382.

Antithrombotic Trialists' Collaboration. (2002). Collaborative meta-analysis of
randomised trials of antiplatelet therapy for prevention of death, myocardial infarc-
tion, and stroke in high risk patients. Br Med ] 324, 71-86.

Antony, R, & Dargie, H. J. (2010). Allopurinol for chronic stable angina: old drug, new
tricks? Lancet 375, 2126-2127.

Arnold, S. V., McGuire, D. K., Spertus, J. A., Tang, F., Yue, P., Inzucchi, S. E., et al. (2015).
Glucose-lowering medications and angina burden in patients with stable coronary
disease: Results from the type 2 diabetes evaluation of ranolazine in subjects with
chronic stable angina (TERISA) trial. Am Heart ] 170, 753-759 (e752).

Arora, R. R, Chou, T. M,, Jain, D., Fleishman, B., Crawford, L., McKiernan, T., et al. (1999).
The multicenter study of enhanced external counterpulsation (MUST-EECP): Effect
of EECP on exercise-induced myocardial ischemia and anginal episodes. ] Am Coll
Cardiol 33, 1833-1840.

Ashrafian, H., Horowitz, ]. D., & Frenneaux, M. P. (2007). Perhexiline. Cardiovasc Drug Rev
25,76-97.

Banai, S., Ben Muvhar, S., Parikh, K. H., Medina, A., Sievert, H., Seth, A., et al. (2007).
Coronary sinus reducer stent for the treatment of chronic refractory angina pectoris:
A prospective, open-label, multicenter, safety feasibility first-in-man study. ] Am Coll
Cardiol 49, 1783-1789.

Belardinelli, L., Shryock, J. C., & Fraser, H. (2006). Inhibition of the late sodium current as a
potential cardioprotective principle: Effects of the late sodium current inhibitor
ranolazine. Heart 92, iv6-iv14.

Belsey, J., Savelieva, 1., Mugelli, A., & Camm, A. ]. (2015). Relative efficacy of antianginal
drugs used as add-on therapy in patients with stable angina: A systematic review
and meta-analysis. Eur ] Prev Cardiol 22, 837-848.

Bhatt, D. L, Fox, K. A. A,, Hacke, W., Berger, P. B., Black, H. R,, Boden, W. E., et al. (2006).
Clopidogrel and aspirin versus aspirin alone for the prevention of atherothrombotic
events. N Engl | Med 354, 1706-1717.

Borer, ]. S., Fox, K., Jaillon, P., & Lerebours, G. (2003). Antianginal and antiischemic effects
of ivabradine, an I(f) inhibitor, in stable angina: A randomized, double-blind, multi-
centered, placebo-controlled trial. Circulation 107, 817-823.

Briones, E., Lacalle, ]. R, Marin-Leon, I, & Rueda, J. R. (2015). Transmyocardial laser revas-
cularization versus medical therapy for refractory angina. Cochrane Database Syst Rev
2, CD003712.

Buhler, F. R, Laragh, J. H,, Baer, L., Vaughan, E. D., Jr., & Brunner, H. R. (1972). Propranolol
inhibition of renin secretion. A specific approach to diagnosis and treatment of renin-
dependent hypertensive diseases. N Engl ] Med 287, 1209-1214.

Camici, P. G., & Crea, F. (2007). Coronary microvascular dysfunction. N Engl ] Med 356,
830-840.

Cannon, C. P., Blazing, M. A, Giugliano, R. P., McCagg, A., White, ]. A., Theroux, P., et al.
(2015). Ezetimibe Added to Statin Therapy after Acute Coronary Syndromes. N Engl
J Med 372, 2387-2397.

Chaitman, B. R, Pepine, C.]., Parker, J. O., et al. (2004a). Effects of ranolazine with atenolol,
amlodipine, or diltiazem on exercise tolerance and angina frequency in patients with
severe chronic angina: A randomized controlled trial. JAMA 291, 309-316.

Chaitman, B. R,, Skettino, S. L., Parker, J. O., Hanley, P., Meluzin, J., Kuch, J., et al. (2004b).
Anti-ischemic effects and long-term survival during ranolazine monotherapy in pa-
tients with chronic severe angina. ] Am Coll Cardiol 43, 1375-1382.

Chazov, E. I, Lepakchin, V. K,, Zharova, E. A, Fitilev, S. B, Levin, A. M., Rumiantzeva, E. G.,
et al. (2005). Trimetazidine in angina combination therapy—the TACT study:
Trimetazidine versus conventional treatment in patients with stable angina pectoris
in a randomized, placebo-controlled, multicenter study. Am J Ther 12, 35-42.

Chen, J. W., Hsu, N. W,, Wy, T. C, Lin, S. ]., & Chang, M. S. (2002). Long-term angiotensin-
converting enzyme inhibition reduces plasma asymmetric dimethylarginine and im-
proves endothelial nitric oxide bioavailability and coronary microvascular function in
patients with syndrome X. Am J Cardiol 90, 974-982.

Cholesterol Treatment Trialists, C. (2010). Efficacy and safety of more intensive lowering
of LDL cholesterol: A meta-analysis of data from 170000 participants in 26
randomised trials. Lancet 376, 1670-1681.

Ciapponi, A., Pizarro, R,, & Harrison, J. (2005). Trimetazidine for stable angina. Cochrane
Database Syst Rev, CD003614.

Cole, P. L., Beamer, A. D., McGowan, N., Cantillon, C. O., Benfell, K., Kelly, R. A, et al. (1990).
Efficacy and safety of perhexiline maleate in refractory angina. A double-blind
placebo-controlled clinical trial of a novel antianginal agent. Circulation 81, 1260-1270.

Crea, F., Camici, P. G., & Bairey Merz, C. N. (2014). Coronary microvascular dysfunction: An
update. Eur Heart ] 35, 1101-1111.

Dourado, L. O. C,, Poppi, N. T., Adam, E. L., Leite, T. N. P., Pereira, A. d. C,, Krieger, J. E., et al.
(2015). The effectiveness of intensive medical treatment in patients initially diag-
nosed with refractory angina. Int | Cardiol 186, 29-31.

Ferrari, R., & Fox, K. M. (2015). The role of heart rate may differ according to pathophys-
iological setting: From SHIFT to SIGNIFY. Eur Heart | 36, 2042-2046.

Fihn, S. D., Gardin, J. M., Abrams, J., Berra, K., Blankenship, J. C,, Dallas, A. P., et al. (2012).
2012 ACCF/AHA/ACP/AATS/PCNA/SCAI/STS guideline for the diagnosis and manage-
ment of patients with stable ischemic heart disease: A report of the American College
of Cardiology Foundation/American Heart Association Task Force on Practice
Guidelines, and the American College of Physicians, American Association for
Thoracic Surgery, Preventive Cardiovascular Nurses Association, Society for
Cardiovascular Angiography and Interventions, and Society of Thoracic Surgeons.
Circulation 126, e354-e471.

Fox, K., Ford, L, Steg, P. G., Tardif, J. C., Tendera, M., Ferrari, R, et al. (2014). Ivabradine in sta-
ble coronary artery disease without clinical heart failure. N Engl ] Med 371, 1091-1099.

Fox, K, Ford, L, Steg, P. G., Tendera, M., & Ferrari, R. (2008). Ivabradine for patients with
stable coronary artery disease and left-ventricular systolic dysfunction (BEAUTIFUL):
A randomised, double-blind, placebo-controlled trial. Lancet 372, 807-816.

Fraser, H., Belardinelli, L., Wang, L., Light, P. E., McVeigh, ]. J., & Clanachan, A. S. (2006).
Ranolazine decreases diastolic calcium accumulation caused by ATX-II or ischemia
in rat hearts. | Mol Cell Cardiol 41, 1031-1038.

George, ], Carr, E., Davies, ], Belch, ]. . F., & Struthers, A. (2006). High-dose allopurinol im-
proves endothelial function by profoundly reducing vascular oxidative stress and not
by lowering uric acid. Circulation 114, 2508-2516.

Gibbons, R. J., Abrams, J., Chatterjee, K., Daley, J., Deedwania, P. C., Douglas, ]. S., et al.
(2003). ACC/AHA 2002 guideline update for the management of patients with chron-
ic stable angina—summary article: A report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines (Committee on the
Management of Patients with Chronic Stable Angina). ] Am Coll Cardiol 41, 159-168.

Goldberger, J. J., Bonow, R. O., Cuffe, M., Liu, L., Rosenberg, Y., Shah, P. K, et al. (2015).
Effect of beta-blocker dose on survival after acute myocardial infarction. ] Am Coll
Cardiol 66, 1431-1441.

Gross, G. J., Auchampach, J. A, Maruyama, M., Warltier, D. C., & Pieper, G. M. (1992).
Cardioprotective effects of nicorandil. | Cardiovasc Pharmacol 20(Suppl. 3), S22-S28.

Head, S. J., & Kappetein, A. P. (2015). Coronary artery disease: A dam in the river for
ranolazine. Lancet.

Heidenreich, P. A, McDonald, K. M., Hastie, T., Fadel, B., Hagan, V., Lee, B. K,, et al. (1999).
Meta-analysis of trials comparing (3-blockers, calcium antagonists, and nitrates for
stable angina. JAMA 281, 1927-1936.


http://www.servier.com
http://creativecommons.org/license/by/3.0/
http://creativecommons.org/license/by/3.0/
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0005
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0005
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0005
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0010
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0010
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0010
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0015
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0015
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0015
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0020
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0020
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0020
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0025
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0025
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0025
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0030
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0030
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0035
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0035
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0035
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0040
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0040
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0040
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0045
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0045
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0050
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0050
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0050
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0055
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0055
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0055
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0060
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0060
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0060
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0065
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0065
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0070
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0070
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0070
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0075
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0075
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0075
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0080
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0080
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0080
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0085
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0085
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf9000
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf9000
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0090
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0090
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0090
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0095
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0095
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0100
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0100
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0100
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0105
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0105
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0105
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0105
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0110
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0110
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0110
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0110
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0115
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0115
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0120
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0120
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0125
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0125
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0130
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0130
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0135
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0135
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0140
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0140
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0140
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0140
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0140
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0140
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0140
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0145
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0145
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0150
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0150
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0150
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0155
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0155
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0160
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0160
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0160
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0165
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0165
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0165
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0165
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0170
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0170
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0175
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0180
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0180
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0185
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0185

130 AA. Giannopoulos et al. / Pharmacology & Therapeutics 163 (2016) 118-131

Hemingway, H., Langenberg, C., Damant, ]., Frost, C., Pyordld, K., & Barrett-Connor, E.
(2008). Prevalence of angina in women versus men. Circulation 117, 1526-1536.
Henderson, R. A,, & O'Flynn, N. (2012). Management of stable angina: summary of NICE

guidance. Heart 98, 500-507.

Henry, T. D., Satran, D., Hodges, J. S., Johnson, R. K., Poulose, A. K., Campbell, A. R, et al.
(2013). Long-term survival in patients with refractory angina. Eur Heart | 34,
2683-2688.

Henry, T. D., Satran, D., & Jolicoeur, E. M. (2014). Treatment of refractory angina in pa-
tients not suitable for revascularization. Nat Rev Cardiol 11, 78-95.

Homocysteine Collaborative Group. (2010). Intensive lowering of LDL cholesterol with
80 mg versus 20 mg simvastatin daily in 12064 survivors of myocardial infarction:
a double-blind randomised trial. Lancet 376, 1658-1669.

Horowitz, J. D., Sia, S. T., Macdonald, P. S., Goble, A. ., & Louis, W. ]. (1986). Perhexiline ma-
leate treatment for severe angina pectoris—Correlations with pharmacokinetics. Int |
Cardiol 13, 219-229.

Husted, S. E., & Ohman, E. M. (2015). Pharmacological and emerging therapies in the
treatment of chronic angina. Lancet 386, 691-701.

Tona Study Group (2002). Effect of nicorandil on coronary events in patients with stable
angina: the impact of nicorandil in angina (IONA) randomised trial. Lancet 359,
1269-1275.

Jaw-Wen, C.,, Wen-Lieng, L., Nai-Wei, H., Shing-Jong, L., Chih-Tai, T., Shih-Pu, W., et al.
(1997). Effects of short-term treatment of nicorandil on exercise-induced myocardial
ischemia and abnormal cardiac autonomic activity in microvascular angina. Am J
Cardiol 80, 32-38.

Kantor, P. F., Lucien, A., Kozak, R., & Lopaschuk, G. D. (2000). The antianginal drug
trimetazidine shifts cardiac energy metabolism from fatty acid oxidation to glucose
oxidation by inhibiting mitochondrial long-chain 3-ketoacyl coenzyme A thiolase.
Circ Res 86, 580-588.

Kennedy, J. A., Kiosoglous, A. ]., Murphy, G. A., Pelle, M. A., & Horowitz, ]. D. (2000). Effect
of perhexiline and oxfenicine on myocardial function and metabolism during low-
flow ischemia/reperfusion in the isolated rat heart. J Cardiovasc Pharmacol 36,
794-801.

Killalea, S. M., & Krum, H. (2001). Systematic review of the efficacy and safety of
perhexiline in the treatment of ischemic heart disease. Am J Cardiovasc Drugs 1,
193-204.

Kolbel, F., & Bada, V. (2003). Trimetazidine in geriatric patients with stable angina
pectoris: The Tiger Study. Int J Clin Pract 57, 867-870.

Kones, R. (2010). Recent advances in the management of chronic stable angina. Il. Anti-
ischemic therapy, options for refractory angina, risk factor reduction, and revascular-
ization. Vasc Health Risk Manag 6, 749-774.

Koren, M. ], Crager, M. R., & Sweeney, M. (2007). Long-term safety of a novel antianginal
agent in patients with severe chronic stable angina: The ranolazine open label expe-
rience (ROLE). ] Am Coll Cardiol 49, 1027-1034.

Kosiborod, M., Arnold, S. V., Spertus, J. A, McGuire, D. K., Li, Y., Yue, P., et al. (2013).
Evaluation of ranolazine in patients with type 2 diabetes mellitus and chronic
stable angina: Results from the TERISA randomized clinical trial (type 2 diabetes eval-
uation of ranolazine in subjects with chronic stable angina). ] Am Coll Cardiol 61,
2038-2045.

Kukovetz, W. R., Holzmann, S., & Poch, G. (1992). Molecular mechanism of action of
nicorandil. ] Cardiovasc Pharmacol 20(Suppl. 3), S1-S7.

Labrou, A., Giannoglou, G., Zioutas, D., Fragakis, N., Katsaris, G., & Louridas, G. (2007).
Trimetazidine administration minimizes myocardial damage and improves left ven-
tricular function after percutaneous coronary intervention. Am J Cardiovasc Drugs 7,
143-150.

Latif, O. A., Nedeukovic, S. S., & Stevenson, L. W. (2001). Spinal cord stimulation for chron-
ic intractable angina pectoris: A unified theory on its mechanism. Clin Cardiol 24,
533-541.

Loffler, A. I, & Bourque, J. M. (2016). Coronary microvascular dysfunction, microvascular
angina, and management. Curr Cardiol Rep 18, 1.

Loh, P. H,, Cleland, J. G. F., Louis, A. A., Kennard, E. D., Cook, ]. F,, Caplin, ]. L, et al. (2008).
Enhanced external counterpulsation in the treatment of chronic refractory angina: A
long-term follow-up outcome from the international enhanced external
counterpulsation patient registry. Clin Cardiol 31, 159-164.

Manchanda, A, Aggarwal, A, Aggarwal, N., & Soran, O. (2011). Management of refractory
angina pectoris. Cardiol J 18, 343-351.

Mannheimer, C., Camici, P., Chester, M. R,, Collins, A., DeJongste, M., Eliasson, T., et al.
(2002). The problem of chronic refractory angina. Report from the ESC Joint Study
Group on the treatment of refractory angina. Eur Heart | 23, 355-370.

Marinescu, M. A,, Loffler, A. L, Ouellette, M., Smith, L., Kramer, C. M., & Bourque, ]. M.
(2015). Coronary microvascular dysfunction, microvascular angina, and treatment
strategies. ] Am Coll Cardiol Img 8, 210-220.

Matsuo, H., Watanabe, S., Segawa, T., Yasuda, S., Hirose, T., Iwama, M., et al. (2003).
Evidence of pharmacologic preconditioning during PTCA by intravenous pretreat-
ment with ATP-sensitive K+ channel opener nicorandil. Eur Heart ] 24, 1296-1303.

Mitchell, G. F., Dunlap, M. E., Warnica, W., Ducharme, A., Arnold, J. M. O,, Tardif, J. -C,, et al.
(2007). Long-term trandolapril treatment is associated with reduced aortic stiffness.
Hypertension 49, 1271-1277.

Mohri, M., Shimokawa, H., Hirakawa, Y., Masumoto, A., & Takeshita, A. (2003). Rho-kinase
inhibition with intracoronary fasudil prevents myocardial ischemia in patients with
coronary microvascular spasm. J Am Coll Cardiol 41, 15-19.

Montalescot, G., Sechtem, U., Achenbach, S., Andreotti, F., Arden, C., Budaj, A, et al. (2013).
2013 ESC guidelines on the management of stable coronary artery disease: the task
force on the management of stable coronary artery disease of the European Society
of Cardiology. Eur Heart ] 34, 2949-3003.

Morrow, D. A, Scirica, B. M., Karwatowska-Prokopczuk, E., et al. (2007). Effects of
ranolazine on recurrent cardiovascular events in patients with non-st-elevation

acute coronary syndromes: The Merlin-Timi 36 randomized trial. JAMA 297,
1775-1783.

Noman, A, Ang, D.S. C., Ogston, S., Lang, C. C,, & Struthers, A. D. (2010). Effect of high-dose
allopurinol on exercise in patients with chronic stable angina: A randomised, placebo
controlled crossover trial. Lancet 375, 2161-2167.

Peng, S., Zhao, M., Wan, ], Fang, Q., Fang, D., & Li, K. (2014). The efficacy of trimetazidine
on stable angina pectoris: A meta-analysis of randomized clinical trials. Int J Cardiol
177, 780-785.

Pepine, C. J., & Wolff, A. A. (1999). A controlled trial with a novel anti-ischemic agent,
ranolazine, in chronic stable angina pectoris that is responsive to conventional
antianginal agents. Am J Cardiol 84, 46-50.

Phan, T. T,, Shivuy, G. N., Choudhury, A., Abozguia, K., Davies, C., Naidoo, U., et al. (2009).
Multi-centre experience on the use of perhexiline in chronic heart failure and refrac-
tory angina: Old drug, new hope. Eur ] Heart Fail 11, 881-886.

Pitt, B., Waters, D., Brown, W. V., van Boven, A. ], Schwartz, L., Title, L. M., et al. (1999).
Aggressive lipid-lowering therapy compared with angioplasty in stable coronary ar-
tery disease. N Engl | Med 341, 70-76.

Povsic, T. J., Broderick, S., Anstrom, K. J., Shaw, L. K,, Ohman, E. M., Eisenstein, E. L., et al.
(2015). Predictors of long-term clinical endpoints in patients with refractory angina.
J Am Heart Assoc 4.

Puri, R, Libby, P., Nissen, S. E., Wolski, K., Ballantyne, C. M., Barter, P. ]., et al. (2014). Long-
term effects of maximally intensive statin therapy on changes in coronary atheroma
composition: Insights from SATURN. Eur Heart | Cardiovasc Imaging 15, 380-388.

Raftery, E. B, Lahiri, A., Hughes, L. O., & Rose, E. L. (1993). A double-blind comparison of a
beta-blocker and a potassium channel opener in exercise induced angina. Eur Heart |
14, 35-39.

Rekhraj, S., Gandy, S. J., Szwejkowski, B. R., Nadir, M. A., Noman, A., Houston, ]. G., et al.
(2013). High-dose allopurinol reduces left ventricular mass in patients with ischemic
heart disease. ] Am Coll Cardiol 61, 926-932.

Ruzyllo, W., Tendera, M., Ford, I., & Fox, K. M. (2007). Antianginal efficacy and safety of
ivabradine compared with amlodipine in patients with stable effort angina pectoris:
A 3-month randomised, double-blind, multicentre, noninferiority trial. Drugs 67,
393-405.

Sacks, F. M., Pfeffer, M. A., Moye, L. A,, Rouleau, ]. L., Rutherford, J. D., Cole, T. G, et al.
(1996). The effect of pravastatin on coronary events after myocardial infarction in pa-
tients with average cholesterol levels. N Engl ] Med 335, 1001-1009.

Sani, H. D., Eshraghi, A., Nezafati, M. H., Vojdanparast, M., Shahri, B., & Nezafati, P. (2015).
Nicorandil versus nitroglycerin for symptomatic relief of angina in patients with slow
coronary flow phenomenon: A randomized clinical trial. ] Cardiovasc Pharmacol Ther
20, 401-406.

Shimokawa, H., Hiramori, K., linuma, H., Hosoda, S., Kishida, H., Osada, H., et al. (2002).
Anti-anginal effect of fasudil, a rho-kinase inhibitor, in patients with stable effort an-
gina: A multicenter study. J Cardiovasc Pharmacol 40, 751-761.

Somma, S., Liguori, V., Petitto, M., Carotenuto, A., Bokor, D., Divitiis, O., et al. (1993). A
double-blind comparison of nicorandil and metoprolol in stable effort angina
pectoris. Cardiovasc Drugs Ther 7, 119-123.

Soran, O. (2009). Treatment options for refractory angina pectoris: Enhanced external
counterpulsation therapy. Curr Treat Options Cardiovasc Med 11, 54-60.

Sossalla, S., & Maier, L. S. (2012). Role of ranolazine in angina, heart failure, arrhythmias,
and diabetes. Pharmacol Ther 133, 311-323.

Stone, P. H. (2011). Allopurinol: A new anti-ischemic role for an old drug. ] Am Coll Cardiol
58, 829-830.

Stone, P. H.,, Gratsiansky, N. A,, Blokhin, A., Huang, I. Z., & Meng, L. (2006). Antianginal ef-
ficacy of ranolazine when added to treatment with amlodipine: the ERICA (efficacy of
ranolazine in chronic angina) trial. ] Am Coll Cardiol 48, 566-575.

Swedberg, K., Komajda, M., Bohm, M., Borer, J. S., Ford, I., Dubost-Brama, A., et al. (2010).
Ivabradine and outcomes in chronic heart failure (SHIFT): A randomised placebo-
controlled study. Lancet 376, 875-885.

Szwed, H., Hradec, J., & Preda, I. (2001). Anti-ischaemic efficacy and tolerability of
trimetazidine administered to patients with angina pectoris: Results of three studies.
Coron Artery Dis 12(Suppl. 1), S25-S28.

Tahara, N, Kai, H., Ishibashi, M., Nakaura, H., Kaida, H., Baba, K., et al. (2006). Simvastatin
attenuates plaque inflammation: Evaluation by fluorodeoxyglucose positron emis-
sion tomography. ] Am Coll Cardiol 48, 1825-1831.

Tardif, J. C,, Ford, I, Tendera, M., Bourassa, M. G., & Fox, K. (2005). Efficacy of ivabradine, a
new selective I(f) inhibitor, compared with atenolol in patients with chronic stable
angina. Eur Heart | 26, 2529-2536.

Tardif, J. C., Ponikowski, P., & Kahan, T. (2009). Efficacy of the I(f) current inhibitor
ivabradine in patients with chronic stable angina receiving beta-blocker therapy: A
4-month, randomized, placebo-controlled trial. Eur Heart ] 30, 540-548.

Treese, N., Erbel, R,, & Meyer, J. (1992). Acute hemodynamic effects of nicorandil in coro-
nary artery disease. ] Cardiovasc Pharmacol 20(Suppl. 3), S52-S56.

Tsai, E. J., & Kass, D. A. (2009). Cyclic GMP signaling in cardiovascular pathophysiology
and therapeutics. Pharmacol Ther 122, 216-238.

Tsioufis, K., Andrikopoulos, G., & Manolis, A. (2015). Trimetazidine and cardioprotection:
Facts and perspectives. Angiology 66, 204-210.

Ulvenstam, G., Diderholm, E., Frithz, G., et al. (1992). Antianginal and anti-ischemic effica-
cy of nicorandil compared with nifedipine in patients with angina pectoris and coro-
nary heart disease: A double-blind, randomized, multicenter study. ] Cardiovasc
Pharmacol 20, S67-S73.

Verheye, S., Jolicoeur, E. M., Behan, M. W.,, Pettersson, T., Sainsbury, P., Hill, ., et al. (2015).
Efficacy of a device to narrow the coronary sinus in refractory angina. N Engl ] Med
372,519-527.

Vicari, R. M., Chaitman, B., Keefe, D., Smith, W. B., Chrysant, S. G., Tonkon, M. J., et al.
(2005). Efficacy and safety of fasudil in patients with stable angina: A double-blind,
placebo-controlled, phase 2 trial. ] Am Coll Cardiol 46, 1803-1811.


http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0190
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0195
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0195
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0200
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0200
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0205
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0205
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0210
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0210
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0210
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0210
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0215
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0215
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0215
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0220
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0220
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0225
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0225
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0225
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0230
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0230
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0230
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0235
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0235
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0235
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0235
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0240
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0240
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0240
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0240
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0245
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0245
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0245
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0250
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0250
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0255
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0255
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0255
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0260
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0260
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0260
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0265
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0265
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0265
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0265
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0270
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0270
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0275
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0275
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0275
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0280
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0280
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0280
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0285
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0285
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0290
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0290
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0290
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0295
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0295
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0300
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0300
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0305
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0305
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0310
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0310
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0315
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0315
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0320
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0320
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0320
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0325
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0325
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0325
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0330
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0330
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0330
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0330
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0335
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0335
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0335
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0340
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0340
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0340
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0345
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0345
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0345
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0350
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0350
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0355
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0355
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0360
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0360
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0365
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0365
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0365
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0370
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0370
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0370
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0375
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0375
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0380
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0380
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0380
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0380
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0385
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0385
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0390
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0390
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0390
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0395
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0395
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0400
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0400
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0400
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0405
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0405
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0410
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0410
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0415
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0415
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0420
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0420
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0420
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0425
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0425
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0430
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0430
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0430
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0435
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0435
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0435
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0440
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0440
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0440
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0445
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0445
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0445
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0450
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0450
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0455
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0455
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0460
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0460
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0465
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0465
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0465
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0465
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0470
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0470
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0475
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0475

AA. Giannopoulos et al. / Pharmacology & Therapeutics 163 (2016) 118-131 131

Vilaine, J. P. (2006). The discovery of the selective I(f) current inhibitor ivabradine. A new
therapeutic approach to ischemic heart disease. Pharmacol Res 53, 424-434.

Weisz, G., Genereux, P., Iniguez, A., Zurakowski, A., Shechter, M., Alexander, K. P., et al.
(2015). Ranolazine in patients with incomplete revascularisation after percutaneous
coronary intervention (RIVER-PCI): a multicentre, randomised, double-blind,
placebo-controlled trial. Lancet.

Willoughby, S. R., Stewart, S., Chirkov, Y. Y., Kennedy, J. A,, Holmes, A. S., & Horowitz, J. D.
(2002). Beneficial clinical effects of perhexiline in patients with stable angina pectoris
and acute coronary syndromes are associated with potentiation of platelet respon-
siveness to nitric oxide. Eur Heart | 23, 1946-1954.

Xiang, Y. K. (2011). Compartmentalization of beta-adrenergic signals in cardiomyocytes.
Circ Res 109, 231-244.

Zhang, C,, Liu, X., Wang, X, Wang, Q., Zhang, Y., & Ge, Z. (2015a). Efficacy of enhanced ex-
ternal counterpulsation in patients with chronic refractory angina on Canadian
Cardiovascular Society (CCS) angina class: An updated meta-analysis. Medicine 94,
€2002.

Zhang, Y., Ma, X. -j., & Shi, D. -z. (2015b). Effect of trimetazidine in patients undergoing
percutaneous coronary intervention: A meta-analysis. PLoS One 10, e0137775.

Zhu, W. -L, Shan, Y. -D., Guo, J. -X., Wei, J. -P,, Yang, X. -C,, Li, T. -D., et al. (2007). Double-
blind, multicenter, active-controlled, randomized clinical trial to assess the safety and
efficacy of orally administered nicorandil in patients with stable angina pectoris in
China. Circ ] 71, 826-833.


http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0480
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0480
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0485
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0485
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0485
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0490
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0490
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0490
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0495
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0495
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0500
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0500
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0500
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0500
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0505
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0505
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0510
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0510
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0510
http://refhub.elsevier.com/S0163-7258(16)30016-X/rf0510

	Pharmacological approaches of refractory angina
	1. Introduction
	2. Epidemiology
	3. Current pharmacotherapy
	3.1. Traditional antianginal pharmacotherapy
	3.1.1. Beta-blockers
	3.1.2. CCBs
	3.1.3. Nitrates

	3.2. Disease-modifying agents
	3.2.1. Statins
	3.2.2. Antithrombotic agents
	3.2.3. Renin–angiotensin system inhibitors


	4. Novel pharmacological therapies
	4.1. Ivabradine
	4.2. Ranolazine
	4.3. Nicorandil
	4.4. Trimetazidine
	4.5. Perhexiline
	4.6. Allopurinol
	4.7. Rho-kinase inhibitor
	4.8. Other pharmacological approaches

	5. Pharmaceutical management of refractory angina in the setting of coronary microvascular dysfunction
	6. Non-pharmacological approaches for the management of refractory angina
	7. Conclusions and future perspectives
	Conflict of Interest Statement
	Acknowledgments
	References


