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    PREFACE




    


    


    


    


    


  




  

    Despite major developments in the early diagnosis and understanding of underlying molecular mechanisms, cardiovascular diseases (CVDs) remain the leading cause of death (31% death globally), followed by cancers. The risk of developing CVDs is highest among all non-communicable diseases. It has increased multi-fold with the increase in prevalence of metabolic disorders, including obesity. CVDs affect people of all regions and all ages, and there are many socio-demographic risk factors. Despite major basic research in this area, translating laboratory discoveries into therapeutic interventions remains a major challenge, and only a handful of drugs have reached to clinical application. Thus drug development against cardiovascular diseases has many unique challenges which large pharmaceutical companies are often not willing to address. The 6th volume of the book series entitled, “Frontiers in Cardiovascular Drug Discovery” is a compilation of five reviews on diverse topics, including translational research towards improved drugs, various molecular pathways and biomarkers to be targeted for the drug discovery as well as challenges in cardiovascular drug development.




    The review by Pratiti et al is focused on the piperazine-based drug ranolazine for the treatment of various cardiovascular diseases. Ranolazine was initially developed as an oral antianginal medicine, and later identified as a versatile cardiovascular drug against various indications. The authors have provided a detailed account of translational research work carried out on ranolazine for a whole range of other CVDs. In the second chapter Zhang et al have emphasized the importance of Rho/Rho kinase (ROCK) as an important drug target. Rho/Rho kinase is related to cardiovascular conditions such as coronary atherosclerosis, hypertension, and heart failure. Selective inhibitors of ROCK can treat many CVDs. This article presents the relationship between various CVDs and Rho/Rho kinase, and thus validates this as a legitimate drug target. Numerous examples of ROCK inhibitors with potential as drugs are also presented.




    The review article of G. Mercanoglu and F. Mecanoglu provides a comprehensive account of major challenges and bottlenecks in CVD drug development, that have resulted in a huge vacuum in this drug pipeline. The authors have commented on reasons of a gradual shift of CVD drug development from large pharmaceutical companies to medium pharma industries, small biotech firms and research and development institutions. A field which was historically considered as a “profitable” area of therapeutic research and development now needs support from World Health Organizations and other NGOs. With this background, the authors have provided some logical solutions to overcome the existing problems. Platelet P2Y12 receptor (P2Y12R) for adenosine 5'diphosphate (ADP) plays a central role in platelet function, hemostasis, and thrombosis. Akaydin et al have discussed various approaches to inhibit P2Y12 receptors for the prevention of platelet aggregation and thrombosis. These inhibitors can also prevent and treat ischemic complications in patients with unstable angina, myocardial infarction and coronary intervention. Various classes of P2Y12 inhibiting drugs and their clinical outcomes are discussed. Kabir et al have contributed a comprehensive review on the nexus of diabetes and cardiovascular diseases such as atherosclerosis, hypertension and myocardial infarction. CVD is the most prevalent cause of mortality in the diabetic population. The authors have also provided a detailed account of the mechanisms of the onset of these diseases. Studies of the molecular mechanisms involved in the progression of CVDs in diabetes as well as biomarker identification can not only contribute to the early diagnosis and prevention of the disease, but it can also help in the novel target identification for anti-diabetic and anti-CVD drug development.




    I would like to express our gratitude to all the authors for their scholarly contributions, and for the timely submissions of their reviews. The production team of Bentham Science Publishers also deserves our appreciation for the job very well done. Among them Ms. Mariam Mehdi (Assistant Manager Publications), and Mr. Mahmood Alam (Director Publications) have played a key role in the timely completion of the volume in hand. We sincerely hope that the efforts of authors and production team will help readers in a better understanding of the recent important developments in this key area of therapeutic intervention.
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      Abstract




      Ranolazine is approved for symptomatic stable angina patients on standard antianginal therapy. It inhibits myocardial late sodium current (INa) and partially inhibits fatty acid oxidation. INa is increased in the pathological conditions of ischemia and heart failure. Ranolazine changes myocardial fatty acid beta-oxidation to glucose oxidation, making the heart more oxygen efficient in ischemia. Thus, ranolazine improves myocardial desynchrony, mechanical dysfunction, diastolic depolarization, and action potential duration during ischemia. The book chapter focuses on salient features of ranolazine with emphasis on its indication in cardiovascular medicine, the knowledge gap in its translational research, and future scope. One of the important findings of the review is that ranolazine is a versatile cardiovascular medicine with effects on angina, heart failure, arrhythmia, and cardiomyopathy. Most animal studies of ranolazine had a correlation with human trials. Ranolazine, with its current cost and side effects profile, could be a second-line medication for angina, heart failure, and arrhythmia, specifically for patients having intolerance or side effects to first-line medications. Ranolazine as a pain modulator in angina, myotonia, and claudication needs to be further studied. Ranolazine may improve cardioversion rates in cardioversion and treatment-resistant patients with paroxysmal atrial fibrillation. Ranolazine is an option for preventing recurring shocks in patients with defibrillators who have recurrent ventricular tachycardias. Diabetes, hibernating myocardium and reperfusion injury are major modulators of ranolazine’s treatment outcomes. Subsequently, better outcomes are seen in the presence of these pathologies. Ranolazine has similar efficacy as most oral hypoglycemics, and long-term studies are needed to evaluate its outcomes in diabetics with angina.
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      RANOLAZINE




      Ranolazine is N-(2,6-dimethylphenyl)-4(2-hydroxy-3-[2-methoxyphenoxy]-pro pyl)-1-piperazine acetamide dihydrochloride. The drug was patented in 1986, and Food and Drug Administration (FDA) approved it in early 2006 for symptomatic patients on standard antianginal therapy under the tradename of Ranexa [1]. It has an empirical formula of C24H33N3O4 with a molecular weight of 427.54 g/mole [2]. Fig. (1) illustrates the chemical structure of ranolazine. Though the exact mechanism of action for ranolazine is unknown, some of its known effects in the cardiovascular system include partial inhibition of fatty acid oxidation and inhibition of late sodium current (INA) [3]. A typical cardiac cell action potential (AP) involves the following four phases [4]:





      

        	In Phase 0, the cell depolarizes due to the opening of fast sodium (Na+) channels. When the voltage-gated fast sodium channels open and permit sodium to rapidly flow into the cell, the cell depolarizes, and the membrane potential reaches a maximum of +20 millivolts prior to sodium channel closure.




        	In phase 1, the fast sodium channels close, leading to cell repolarization. During this phase, the potassium (K+) ions leave the cell through open potassium channels.




        	Phase 2 involves the opening of the voltage-gated calcium channels and the closure of fast potassium channels. As a result, after brief initial repolarization, the action potential plateau is observed because of increased calcium ion permeability and decreased potassium ion permeability. Consequently, the combination of decreased potassium efflux and increased calcium influx leads to the plateauing of the action potential.




        	During phase 3 rapid repolarization, the calcium channels close, and the slow potassium channels open, causing the plateau to end. As a result, the cell membrane potential returns to its resting level.




        	Phase 4 is the cell’s resting membrane potential of -80 to -90 millivolts.
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Fig. (1))


      Ranolazine chemical structure.

    




    

      



      Mechanism of Action




      

        Effects on Late Sodium Current




        The cardiac cell action potential is changed under pathological conditions, including ischemia and arrhythmia. Ischemia is defined as inadequate blood flow leading to reduced oxygen delivery to the tissue. Ischemia leads to inefficient cell metabolism leading to extracellular accumulation of K+. Ischemia-induced depolarization is slower, and it occurs because of ischemia-induced inactivation of some of the fast sodium channels. Thus, the number of fast Na+ channels available for rapid action potential generation decreases [5]. Further, there is an important role played by late sodium current (INa) in the ischemic condition. Late INa is the inward current caused by the influx of Na+ that is sustained throughout the plateau phase of the action potential. In this phase, the Na+ that passes through voltage-gated Na channels fails to be inactivated completely and remains “open” for longer than it would normally be if the Na+ channels remained closed. Normally, late INa constitutes only 1% of the peak INa and is increased in pathological conditions of ischemia and heart failure [3].


      




      

        Effect on Metabolism




        Heart cells utilize fatty acid oxidation or glucose oxidation for energy production in the form of adenosine triphosphate (ATP). The fatty acid oxidation is more energy efficient for each mole utilized as compared to glucose. However, glucose oxidation is more oxygen efficient in the sense that less oxygen is utilized for glucose oxidation for each mole substrate. Normal myocardium prefers fatty acid oxidation under physiologic conditions and may switch to glucose oxidation under ischemia with oxygen deficiency. This step of energy change is important since fatty acid oxidation recovery is quicker with reperfusion. Further, fatty acids suppress glucose oxidation leading to an increase in glycolysis end-products, including lactate, pyruvate, and hydrogen within the cell. The accumulated hydrogen ions activate the Na+/H+ exchange system. This H+ ion exchange with Na+ causes cell swelling and subsequent exchange of Na+ for Ca2+, leading to intracellular calcium overloading with ultimate cell contracture and rupture [6]. Fig. (2) illustrates the molecular mechanism of ranolazine on cardiac metabolism.
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Fig. (2))


        Molecular mechanism of ranolazine on cardiac metabolism.



        The exact mechanism of action of ranolazine for angina is still unknown though some mechanisms have been postulated. Ranolazine has an anti-ischemic effect via enhancing myocardial cellular glucose oxidation while inhibiting fatty acid beta-oxidation via pyruvate dehydrogenase. Higher doses of ranolazine (approximately equivalent to 100 µmol/L) are required to inhibit fatty acid oxidation by 12%. Furthermore, ranolazine, at a maximum, could only inhibit 60% of fatty acid beta-oxidation [3, 6]. Ranolazine also inhibits INa leading to a reduction in calcium overload in the ischemic myocyte [3]. This eventually improves the resting potential and decreases peak INa, late INa, myocardial desynchrony, mechanical dysfunction, diastolic depolarization (relaxation), and action potential duration [1, 7].




        Fig. (3) gives the comparison of the action potential and sodium current (a) under physiological conditions, (b) during ischemia, and (c) with the effect of ranolazine.
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Fig. (3))


        Action potential and sodium current (a) under physiological conditions, (b) during ischemia, and (c) with the effect of ranolazine.

      




      

        



        Dosage Formulations, Pharmacodynamics and Pharmacokinetics




        Ranolazine has been studied in an immediate-release (IR) or extended-release (ER) formulation. ER ranolazine formulation is the only available formulation in the United States and is the most commonly used formulation. It is available in 500 mg and 1000 mg dosages and is taken twice a day for the indication of chronic angina [8]. Oral bioavailability varies from 30% to 55%, and peak concentration is achieved within 3-5 hours. Plasma protein binding is approxi-mately 65%, and the majority of biotransformation is mediated by cytochrome P450 (CYP) 3A4 [3]. Multiple metabolites of ranolazine have been identified, though not studied in detail. Half-life is 7 h, and steady-state is mostly reached within 3 days with twice-daily dosing of ranolazine ER [2]. Age, gender, or food does not change the pharmacokinetics of ranolazine; however, ranolazine levels have been affected by CYP3A inhibitors/inducers, P glycoprotein inhibitors, and the presence of renal and hepatic impairment [9]. The estimated volume of distribution is 80 L, and almost 75% of the drug is excreted in urine as metabolites [6]. Maximum drug concentration increases by 30-40% in renal impairment and almost 70% in moderate liver impairment [9]. Ranolazine clearance by dialysis and the average plasma maximum concentration of ranolazine in dialysis patients is highly variable [10]. Ranolazine has multiple drug interactions with other heart medications, including digoxin and diltiazem [2]. There is an intravenous formulation of ranolazine that has not been used often in human studies.


      




      

        Side Effects




        

          General Side Effects




          The most common side effects of ranolazine noted in early studies include dizziness, nausea, asthenia, and constipation. The incidence of side effects was dose-dependent, with higher doses of ranolazine (1000-1500 mg) causing more side effects. The prevalence of dizziness has remained around 11-12% in further clinical studies [8, 11]. Other side effects of ranolazine include dyspepsia and headache [9]. Ranolazine can also cause vomiting, vertigo, abnormal vision, confusion, postural hypotension, and syncope at plasma concentrations of more than 8000 ng/mL, clinically correlating with a ranolazine dose of 1000 mg two times a day or higher. Syncope has been reported in most ranolazine clinical studies with no evidence of ventricular arrhythmias [1, 3]. In a few patients, mild transient eosinophilia had occurred [3].


        




        

          Tolerability of Ranolazine




          Ranolazine has been well-tolerated in randomized control trials (RCT). In clinical practice, long-term treatment with ranolazine has also been well-tolerated, even in high-risk coronary artery disease patients. Survival analyses testing showed that symptomatic improvements attributable to ranolazine are not offset by increased mortality [11]. Ranolazine does not have any significant effects on heart rate or blood pressure at rest or during exercise, unlike most cardiac medication for ischemic heart disease or arrhythmia. Ranolazine could also be taken safely in the presence of most commonly used cardiac medications, including beta-blockers and calcium channel blockers, without any dose adjustment. Ranolazine with a QT-prolonging effect and a theoretical risk of arrhythmia has been anti-arrhythmic in most studies. Discontinuation rates are higher in the elderly population, with adverse events being the most common cause of discontinuation and dizziness being the most common adverse event [11]. Discontinuation rates are lower in patients with chronic heart failure (CHF).


        




        

          Drug-drug Interaction




          A combination of ranolazine with flecainide could be pro-arrhythmic [12]. Ranolazine potentiates the effect of angiotensin-converting enzyme inhibitors (ACE-I) and angiotensin II receptor blockers (ARBs), leading to a higher prevalence of angioedema, dry cough, renal impairment, hypotension, anemia, and serum potassium > 5.5 mmol/L. Hence, patients on ranolazine should be monitored for these adverse effects [13]. In the Combination Assessment of Ranolazine in Stable Angina (CARISA) trial, the addition of ranolazine to standard treatment, including atenolol, amlodipine, and diltiazem, did not cause worsening of adverse events [14]. Ranolazine plasma levels are increased by CYP3A inhibitors, and hence the coadministration of other potent CYP3A inhibitors like ketoconazole, diltiazem, verapamil, etc., should be avoided. Table 1 summarizes the potential ranolazine drug interactions.




          

            Table 1 Ranolazine drug interactions.




            

              

                

                  	Interaction



                  	Medication Name

                


              



              

                

                  	Medication levels that are increased by the addition of ranolazine



                  	Digoxin, Aliskiren, Colchicine, Dabigatran, Dofetilide, Edoxaban, Everolimus, Lovastatin, Metformin, Midazolam, Morphine, Nadolol, Nimodipine, Red Yeast Rice, Sirolimus, Tacrolimus, Rimegepant

                




                

                  	Medications that increase ranolazine levels



                  	CYP 3A4 inhibitors (Ketoconazole, Diltiazem, Simvastatin, Macrolide


                  Antibiotics, Protease Inhibitors, Grapefruit Juice, Alprazolam), P-glycoprotein


                  Inhibitor (verapamil), P-glycoprotein/ABCB1 Inhibitors, Rifaximin

                




                

                  	Medications that decrease ranolazine levels



                  	CYP3A4 Inducers

                




                

                  	Medication effects that are enhanced by ranolazine



                  	ACE-I, ARB, Haloperidol, Risperidone

                




                

                  	Abbreviations: CYP: cytochrome P450, ABCB1: ATP-binding cassette sub-family B member 1, ACE-I: Angiotensin-converting enzyme inhibitors, ARB: Angiotensin II receptor blockers

                


              

            




          


        


      




      

        



        QT-prolonging Effects




        Ranolazine can increase the duration of action potential and cause QT prolongation. Although a rare side effect, many drugs with or without cardiac indication may induce electrophysiological changes of QT prolongation on electrocardiogram (ECG) [1]. This QT-prolonging effect could trigger a malignant form of polymorphic ventricular tachyarrhythmia called torsade de pointes [10]. The relationship between QT prolongation and the plasma concentration of ranolazine is linear. Ranolazine inhibits rapid delayed potassium rectifier current, late sodium current, and L-type calcium current with a net effect of a modest increase in the QT interval [6]. The mean QT prolongation is 6 msec with 1000 mg bid dosing, although almost 5% of the population may have QT prolongation by 15 msec with the highest plasma concentrations. The QT-prolonging effect is higher for patients with moderate to severe hepatic impairment [2]. Hence, preexisting QT prolongation, concomitant QT-prolonging drugs, or hepatic impairment are contraindications for ranolazine. Since most significant QT-prolonging effects were seen at 1500 mg dose, approval was sought for a maximal dose of 1000 mg formulation [6]. In the ranolazine clinical studies, including CARISA, Monotherapy Assessment of Ranolazine in Stable Angina trial (MARISA), Efficacy of Ranolazine in Chronic Angina (ERICA), and MERLIN-TIMI 36, the safety data did not show increased arrhythmia except for one case of torsade de pointes seen in both ranolazine and placebo groups in MERLIN-TIMI 36. In the Ranolazine Open-Label Experience (ROLE) study, the average increase in QTc interval was 2.4 msec, but 16 out of 746 patients had QTc of more than 500 msec. However, in the MERLIN TIMI-36 study, ranolazine showed decreased supraventricular tachycardia and a non-statistical trend for decreased new-onset atrial fibrillation (AF) [1].


      




      

        



        Animal Studies




        (I) Efficacy in Angina: Most animal studies show improvement in ischemia-reperfusion injury with ranolazine in the form of improved LV pressure, coronary flow, and infarct size [15]. Possible mechanisms for this effect include improved cytosolic and mitochondrial calcium overloading, reactive oxygen species, and Reperfusion Injury Salvage kinases (RISK) pathways [15, 16]. Multiple animal studies corroborate the prevention of calcium overloading by INa as the likely mechanism of ranolazine in ischemia. Most studies, though randomized, have not been longitudinal to evaluate the long-term effects of ranolazine in INa. The vasodilatory effect of ranolazine has been studied in some aortic preparations. This effect has been seen in aortic rings with endothelium contracted with phenylephrine [17]. This effect is attenuated by the inhibition of nitric oxide synthase (NOS), suggesting NOS as the possible mechanism for vasodilation. This vasodilatory effect of ranolazine is also seen in the presence of nicardipine [18].




        (II) Efficacy in Arrhythmia: Both in vitro and in vivo studies for the ranolazine effect on arrhythmias have been conducted in varied settings in different animal models. Most studies include action potential duration and arrhythmia mapping with no biochemical marker evaluation. Almost all studies have noted improvement with ranolazine. Ranolazine has a better anti-arrhythmic effect in atrial myocytes than in ventricular myocytes, which is an important caveat [19]. A low dose of ranolazine may cause more ventricular arrhythmias than a higher dose [20]. However, a contrary effect had been noted in human studies with higher doses of ranolazine predisposing to arrhythmias. Ranolazine may have more benefits in paroxysmal AF than persistent AF [21]. The antiarrhythmic effect of ranolazine seems to be dependent on the baseline steady-state ratio of activated/inactivated INa. This ratio may be affected by pathological conditions, including ischemia, heart failure, and diabetes mellitus (DM). Hence these factors, if not measured, could affect ranolazine study outcomes [19].




        (III) Efficacy in Heart Failure: Studies about the effect of ranolazine on heart failure are positive except in studies wherein ranolazine was not given to the animals for at least 2-4 weeks prior to the outcome assessment [22]. Ranolazine, due to being a glycometabolic modulator, possibly needs chronic administration for improvement in heart failure. The most consistent improvement in heart failure is noted in LVEDP and a maximal rate of rise and fall in left ventricular pressure. Other effects include improving calcium alternans and pressure overload-induced cardiac hypertrophy [22, 23]. These changes are mediated by Ca2+-dependent calmodulin (CaM)/CaMKII/MEF2 and CaM/ CaMKII/ calcineurin/ NFAT hypertrophy signaling pathways. Improvement is also noted in apoptotic pathways by TUNEL-positive cells and caspase-9 expression [23, 24].




        (IV) Efficacy in Cardiomyopathy: Anthracyclines are a group of chemotherapeutic medications used in different forms of cancer. Anthracyclines inhibit the topoisomerase IIα enzyme that relaxes the topologically supercoiled DNA. Topoisomerase IIα facilitates DNA replication and transcription. Thus, anthracyclines interfere with cancer cell DNA synthesis and RNA transcription during mitosis, leading to cell cycle block at the G1 or G2 phases and then cell death [25, 26]. Anthracyclines induce ROS production that could hyperactivate the cardiac isoform of calmodulin-dependent protein kinase II δ. This further induces hyperactivation of the cardiac late sodium current with cytosolic calcium overload. Mitochondrial oxidative stress, NAD(P)H, and ATP depletion-induced energetic stress cause sustained ROS production, leading to cardiotoxicity and cardiomyopathy [25].




        Since some of the stressors were related to late sodium current, ranolazine was suggested as an intervention to prevent anthracycline-induced cardiomyopathy. In an animal study of 344 rats with cardiomyopathy caused by DOX, rats on placebo continued to have worsening progressive systolic and diastolic heart failure. Rats receiving ranolazine had improved diastolic function and stable systolic function with decreased mortality. Further molecular studies suggested that ranolazine decreased myocardial NADPH oxidase 2 expression, oxidative/nitrative stress, expression of the Na+/Ca2+ exchanger 1, doxorubicin-induced hyper-phosphorylation, oxidation of Ca2+/calmodulin-dependent protein kinase II, and decreased myocardial fibrosis [27].




        (V) Efficacy in Metabolic Disorder: Most metabolic studies have been conducted for diabetes in rat models. Studies have shown improvement in biochemical tests, including fasting blood glucose level and glycated hemoglobin a1c (HbA1c) [28, 29]. Ranolazine also improves recruitment in muscle microvasculature and insulin-mediated whole-body glucose disposal [30]. It also improves inflammatory and oxidative stress markers, thus modulating glucose metabolism. Further, in diabetic cardiomyopathic rats, ranolazine improves caspase-3, Notch homolog 1 (NOTCH1), and neuregulin 1 (NRG1) expression [31]. Table 2 summarizes some of the animal studies related to ranolazine.




        

          Table 2 Animal studies related to ranolazine.




          

            

              

                	Study



                	Animal model



                	Pre experiment ranolazine



                	During experiment ranolazine



                	Post experiment ranolazine



                	Biochemical outcomes



                	Ranolazine effect

              


            



            

              

                	I. Ischemia

              




              

                	Calderon-Sanchez et al., 2016 [32]



                	Rat



                	(+)



                	(+)



                	(+)



                	Intracellular Ca2+,


                Diastolic Ca2+ concentration



                	Improvement

              




              

                	Ma et al., 2014 [33]



                	Guinea pig isolated myocyte



                	(-)



                	(+)



                	(+)



                	Hypoxia and hydrogen peroxide-induced INa



                	Improvement

              




              

                	Aldakkak et al., 2011 [15]



                	Guinea pig



                	(+)



                	(+)



                	(+)



                	Oxygen radical, Ca2+ overloading


                LV pressure, CF, VF, infarct size



                	Improvement. Did not affect mitochondrial permeability transition pore

              




              

                	Efentakis et al., 2016 [16]



                	Rabbit heart



                	(+)



                	(+)



                	(+)



                	RISK pathway


                Infarct size



                	Improvement

              




              

                	II. Arrythmia

              




              

                	Ogawa et al., 2017 [34]



                	Rabbit



                	(-)



                	(-)



                	(+)



                	VT/VF post ischemia



                	Improvement

              




              

                	Fumagalli et al., 2014 [35]



                	Rat



                	(+)



                	(+)



                	(+)



                	Troponin


                VT/VF, LV systolic, diastolic function, neurological recovery post-resuscitation



                	Improvement

              




              

                	Bhimani et al., 2014 [36]



                	Dog heart (closed or open)



                	(-)



                	(+)



                	(+)



                	Atrial flutter and AF cycle length, effective RP



                	Improvement

              




              

                	Moschovidis et al., 2020 [20]



                	Rabbit Heart, post-MI



                	(-)



                	(+)



                	(-)



                	VA post-myocardial ischemia



                	Low dose worsened VA, and high dose improved VA

              




              

                	Hartmann et al., 2016 [37]



                	Explanted human myocyte



                	(-)



                	(+)



                	(-)



                	Sarcoplasmic reticulum Ca+ leak


                Atrial myocyte APD



                	Improvement in myocyte from AF heart, not from HF heart

              




              

                	Fromeyer et al., 2016 [38]



                	Isolated rabbit hearts



                	(-)



                	(+)



                	(-)



                	QTc, effective RF, APD, prolongation of ventricular repolarization



                	Improvement

              




              

                	Ellerman et al., 2018 [39]



                	Isolated rabbit hearts



                	(-)



                	(+)



                	(-)



                	Atrial APD, atrial effect RP



                	Improvement

              




              

                	Caves et al., 2017 [19]



                	Isolated rabbit left atrial


                and right ventricular myocytes.



                	(-)



                	(+)



                	(-)



                	INa in atrial and ventricular


                myocytes depended on activated/inactivated state block.



                	Improvement was observed; Increased atrial effect than ventricular

              




              

                	Ramirez et al., 2019 [21]



                	Isolated sheep heart



                	(-)



                	(+)



                	(+)



                	Dominant frequency, singularity point density



                	Improvement in PAF, not persistent AF

              




              

                	III. Vasodilation

              




              

                	Malavaki et al., 2015 [17]



                	Rabbit aorta



                	(-)



                	(-)



                	(+)



                	Vasodilatory effect with nicardipine



                	Improvement, time-dependent

              




              

                	Paredes-Carbajal et al., 2013 [18]



                	Phenylephrine precontracted rat aortic rings



                	(-)



                	(+)



                	(+)



                	Aortic ring/ endothelium relaxation



                	Improvement was observed; Attenuated by nitric oxide synthase inhibitor

              




              

                	IV. Heart Failure

              




              

                	Teng et al., 2018 [40]



                	Rat heart



                	(-)



                	(-)



                	(+)



                	B-type natriuretic peptide-45, norepinephrine


                LV function



                	Improvement

              




              

                	Wang et al., 2019 [23]



                	Rats



                	(+)



                	(+)



                	(-)



                	TUNEL-positive cells, caspase-9 expression, LVEDP, maximal rate of left ventricular pressure rise and fall



                	Improvement

              




              

                	Fukaya et al., 2019 [41]



                	Dog hearts



                	(+)



                	(+)



                	(-)



                	Arrhythmogenic AP alternans APD and Ca2+ alternans in HF



                	Improvement

              




              

                	Goldstein et al., 2019 [22]



                	Swine hearts (advanced heart failure)



                	(-)



                	(+)



                	(-)



                	LVEDP, LV peak systolic pressure, maximal LV pressure rises



                	No improvement

              




              

                	Nie et al., 2019 [24]



                	Mice



                	(+)



                	(+)



                	(-)



                	Ca2+-dependent CaM/CaMKII/MEF2 and CaM/CaMKII/calcineurin/NFAT hypertrophy signaling pathways triggered by pressure overload, endoplasmic reticulum mediated apoptosis,


                pressure overload-induced cardiac hypertrophy, systolic and diastolic function



                	Improvement

              




              

                	V. Metabolic

              




              

                	Tawfik et al., 2019 [28]



                	Rats



                	(+)



                	(+)



                	(-)



                	Histopathological score, apoptotic markers, inflammatory and oxidative stress markers, fasting blood glucose, A1c



                	Improvement

              




              

                	Cassano et al. 2020 [29]



                	Rats (Diabetic)



                	(+)



                	(+)



                	(-)



                	Blood glucose levels, pro-inflammatory profile (interleukin-6)


                Lean body mass, learning, and long-term memory



                	Improvement

              




              

                	Chen et al., 2020 [31]



                	Diabetic cardiomyopathy rats



                	(+)



                	(+)



                	(-)



                	Bcl-2, Bax,


                Caspase-3, NOTCH1, and NRG1 expression


                TUNEL staining (apoptosis), interventricular septum, LV internal diameter



                	Improved biochemical markers, apoptotic markers. No improvement in cardiac function and indices.

              




              

                	Fu et al., 2013 [30]



                	Rats



                	(+)



                	(+)



                	(-)



                	Recruitment of muscle microvasculature, insulin-mediated whole-body glucose disposal, eNOS


                phosphorylation and cAMP production



                	Improvement

              




              

                	Abbreviations: AP: action potential, APD: action potential duration, AF: atrial fibrillation, Bcl-2: B-cell lymphoma 2, Bax: Bcl-2 associated X protein, Ca2+: Calcium, CF: coronary flow, Caspase-3: cysteinyl aspartate specific proteinase-3, CaM: calmodulin, EDV: end-diastolic volume, ESV: end-systolic volume, HF: heart failure, INa: late sodium current, LV: left ventricle, LVEF: left ventricular ejection fraction, NO: nitric oxide, NOTCH 1: Notch homolog 1, NRG1: Neuregulin 1, PAF: paroxysmal atrial fibrillation, RV: right ventricle, RP: refractory period, RISK pathway: Reperfusion Injury Salvage Kinases pathway, VA: ventricular arrhythmias, VF: ventricular fibrillation, VT: ventricular tachycardia

              


            

          




        




        E. Pharmacological Indication: Ranolazine ER tablets in the formulation of 500 mg or 1000 mg two times a day is FDA approved for chronic angina. It can be used with other anti-anginal medications, including beta-blockers (BB), nitrates, or calcium channel blockers (CCB), or could be substituted for these medications if they are not tolerated due to side effects [42]. Ranolazine has been used off-label for ventricular tachycardia (VT) [43-45].


      


    




    

      



      CHRONIC STABLE ANGINA (CSA)




      Chronic stable angina is the most common indication for ranolazine, especially refractory chronic angina, through which patients with ischemic heart disease (IHD) and ongoing angina benefit the most. Patients may be on maximized guideline-recommended first-line anti-anginal medications or may have an intolerance to some of the recommended medications. Multiple mechanisms have been researched to explain the antianginal effects of ranolazine. Most studied parameters include improved diastolic pressure [46], diastolic function [46, 47], ventricular dyssynchrony [48], endothelial function [49, 50] and myocardial perfusion [51]. The MARISA trial was the first to indicate that ranolazine monotherapy improved exercise duration, reduced angina frequency, and reduced the time before angina symptoms in patients with chronic angina. Later, the CARISA trial evaluated ranolazine in the presence of other antianginal medications and demonstrated similar benefits as in the MARISA trial. Additionally, there was a significant decrease in nitroglycerine (NTG) use in the ranolazine group [52, 53], though no mortality benefit was seen. Since patients in the previous trial were not on maximized doses of guideline-recommended antianginal medications, the ERICA trial enrolled patients taking amlodipine 10 mg daily and with ≥ 3 anginal attacks per week. Concomitant use of long-acting nitrates was allowed, and their percentage was similar in both ranolazine and placebo groups (between 40-45% in both groups). In this trial, ranolazine decreased angina frequency and NTG use per week and improved quality of life (QOL). These trials formed the major basis for the indication of ranolazine for chronic stable angina [52, 53]. We further explain the effect of ranolazine on angina below.




      Improvement in Symptoms: MARISA trial enrolled 191 CSA patients with well-documented coronary artery disease (CAD) and at least a three-month history of effort angina responding to BB, CCB, and/or long-acting nitrates. All other antianginals were discontinued, and ranolazine monotherapy increased the total exercise duration, time to angina, and 1 mm ST-segment depression during exercise tolerance test (ETT) performed according to Bruce protocol at the end of one week of ranolazine in a dose-dependent manner compared to placebo [54]. It seemed that these benefits of ETT were independent of its effect on heart rate, blood pressure, and rate pressure product. However, ranolazine decreases heart rate (HR) and blood pressure (BP) during ETT, with the maximal effect seen at a dose of 1000 mg [55]. In a more recent study comparing ivabradine with ranolazine for changes in angina symptoms measured by Seattle Angina Questionnaire (SAQ), both ranolazine and ivabradine improved angina symptoms as compared to placebo. Additionally, ranolazine improved SAQ significantly higher than ivabradine [56]. Subset analysis showed that physical limitation, angina frequency, angina stability, treatment satisfaction, and disease perception of SAQ improved except for physical limitations of ranolazine as compared to ivabradine [56]. In a similar study in women, SAQ (all subsection), Duke Activity Score Index, and Women’s Ischemia Symptom Questionnaire showed significant improvement after 4 weeks of ranolazine. In most of these studies, the prevalence of diabetes was around 29%, and the subgroup analysis for diabetics has not been reported [57]. The SAQ is a reliable and valid test and correlates with long-term survival and acute coronary syndrome (ACS) hospitalization among patients with chronic CAD [58]. A meta-analysis including seven studies has shown the net benefit of ranolazine in exercise stress test parameters. The studies included were scored as low risk for bias in 4 of the 7 domains of bias in the Cochrane Collaboration tool [59].




      MERLIN TIMI 36 identified worsening angina as a requirement of additional therapy as defined by an increase in angina to a higher Canadian Cardiovascular Society classification requiring new or increasing doses of antianginal medications in response to symptom change. The study included hospitalized patients with non-ST elevation acute coronary syndromes (NSTE-ACS) as compared to previous studies, including patients with stable angina. In this study, similar to the previous study, compared to placebo, ranolazine reduced the incidence of recurrent ischemia (HR: 0.78; 95% CI: 0.67 to 0.91; p < 0.002), worsening angina (HR: 0.77; 95% CI: 0.59 to 1.00; p <0.048), and intensification of antianginal therapy (HR: 0.77; 95% CI: 0.64 to 0.92, p < 0.005). This further led to decreased hospital stays and revascularization for worsening angina. However, all-cause mortality, cardiovascular death, or MI did not differ between the groups [60]. Consequently, this decreases the interaction of patients with health care systems [61]. Post-hoc analysis of MERLIN TIMI 36 study demonstrated consistent significant benefit of ranolazine in improving recurrent ischemia in diabetics, women, and patients with beta natriuretic peptide (BNP) >80 pg/ml [62].




      Another study in patients with non-obstructive coronary artery disease (NOCAD) (<50% epicardial coronary stenosis) showed a direct correlation between changes in SAQ scores and myocardial perfusion reserve index (MPRI) (correlation 0.23; p=0.04). The improvement in SAQ scores with MPRI is more likely to be seen with lower coronary flow reserve (CFR <2) [63]. Zhu et al. compared ranolazine with ivabradine and nicorandil and found ranolazine to improve MPRI only if the patients had baseline CFR <2.5 or a global MPRI <2 [64]. In a Greek longitudinal observational study to evaluate ranolazine in routine clinical practice for 6 months, the symptoms of angina assessed by the Canadian Cardiovascular Society (CCS) grading system improved significantly. Adherence to medication was good, with only 7.9% discontinuing medication by three months. This improvement in angina symptoms was associated with improved function of daily life [65]. These benefits in angina frequency have also been noted in the veterans’ population [66], shorter [67], or longer-term studies of 1-2 years in severe angina patients taking standard doses of atenolol, amlodipine, or diltiazem [14].




      In a randomized control trial (RCT) of patients with chronic angina and incomplete revascularization following percutaneous coronary intervention (PCI), ranolazine, as compared to placebo, did not improve SAQ. Further analysis suggested improvement in SAQ scores with ranolazine at 6 months among diabetics (mean difference 3.3; 95% CI 0.6, 6.1; P=0.02) and patients with baseline SAQ angina frequency ≤60 (P=0.02), although the improvement was not sustained at 12 months [68]. Some of these patients may benefit from complete revascularization. One limitation of this trial was that it included a mixed group of patients with residual disease, including untreated chronic total occlusions and diffuse distal disease, and also the functional significance of untreated disease (stress, fractional flow reserve) was unknown.




      Improvement in Heart Function: Despite multiple studies concluding that ranolazine improves clinical angina, few studies have studied the effect of ranolazine on human cardiac function. Studies have evaluated both right and left heart function. Most used tests include echocardiography and single-photon emission computerized tomography using nuclear imaging for myocardial perfusion. Most studies have shown improvement in diastolic function and myocardial perfusion imaging (MPI), with few studies showing improvement in systolic function.




      Left Heart Function: A study evaluating both systolic and diastolic heart function after 2 months of ranolazine 1000 mg found a non-significant increase in left ventricular ejection fraction. Additionally, a significant increase was noted in deceleration time (DT), isovolumic contraction (ICT), isovolumic relaxation times (IRT), ejection time (ET), and myocardial performance index (MPI). The study postulated that shortened IRT, a diastolic parameter, as well as improvements in the systolic parameters of ICT and ET were the reasons for improved measured myocardial performance by MPI [69]. Murray et al. enrolled patients with systolic and diastolic heart failure to study the effect of ranolazine on left ventricular ejection fraction and autonomic measures. Follow-up was completed for an average of 24 months, and echo cardiac parameters were evaluated. LVEF was increased in 70% of ranolazine patients as compared to controls, with an average increase of 11.3 units. Being an open-label trial with unblinded echocardiographic evaluation, the study had a high risk for bias [70].




      Hayashida et al. evaluated regional LV segments that were either normal (perfused by intact coronary vessels), ischemic (perfused by stenotic vessels but without ECG evidence suggesting myocardial necrosis), or infarcted (total coronary occlusion and with ECG evidence for necrosis). Ranolazine was administered as a single dose in the intravenous formulation. No change in peak filling rate was noted in the normal segments as compared to ischemic segments, leading to an improved regional diastolic function in ischemic segments. Thus, ranolazine may be beneficial in chronic under-perfused hibernating myocardium. The study also noted a significant decrease in HR as compared to placebo, and it is difficult to ascertain if the improvement in diastolic function is independent of the effect on heart rate and if similar results could be seen in echocardiographic evaluation [71]. A cohort study on diabetic, non-obstructive CAD patients found ranolazine treatment resulting in modest but significant improvement in diastolic function without any changes in CFR or exercise-stimulated myocardial blood flow. There was a significant inverse correlation whereby improvement following treatment with ranolazine was greater in patients with lower baseline-corrected CFR [47]. In contrast, a small pilot study of fifteen asymptomatic, moderate-severe aortic stenosis patients did not show a significant improvement in diastolic function or MPR with the use of ranolazine [72].




      Two studies evaluating the effect of ranolazine on MPRI have shown positive results. One study observed an improvement in women with angina and NOCAD with at least 10% ischemic myocardium on stress cardiac magnetic resonance (CMR) imaging. The other study enrolled patients with a high probability of CAD and reversible perfusion defects on exercise treadmill gated single-photon CT MPI. In both studies, the images were read by experienced readers blinded to treatment assignment [51, 73]. However, in another study of 2 weeks duration in patients with NOCAD, there was no improvement in MPRI. In this study, the peak heart rate decreased significantly during pharmacological stress in the ranolazine group. The changes in MPRI predicted the change in SAQ and quality of life (QoL) score after adjustment for body mass index (BMI), prior myocardial infarction, and site (P = 0.0032). Consistent with other studies, low CFR<2.5 subjects had a better improved MPRI (P = 0.0137) [74].




      Right Heart Function: Ranolazine has been studied for pulmonary hypertension (PH) with a pilot study conducted in 2015. The study enrolled 11 patients with Group 1 PH, with almost 90% of patients being on phosphodiesterase inhibitors. At the end of three months, patients’ WHO class for PH, exercise tolerance, quality of life, echocardiographic and invasive hemodynamic parameters were evaluated. Though ranolazine in the dose of 1000 mg improved WHO PH class and echocardiographic features significantly, it did not improve invasive hemodynamic parameters. Major effects were seen in RV end-diastolic volume and right heart strain. Similar to left heart function, these changes were independent of changes in blood pressure and heart rate [75]. In a similar phase 1 placebo-controlled safety trial for Pulmonary Arterial Hypertension using ranolazine 500 mg dosing, there was no improvement in echocardiographic features, exercise testing, or hemodynamic monitoring. The study further showed that most patients did not reach therapeutic ranolazine blood levels with 500 mg dosing [76].




      Further evaluation by Finch et al. found ranolazine in the dosage of 1000 mg two times a day given for an average of 6 -24 months improved ETT, functional class, echocardiographic and hemodynamic parameters in patients with PH related to heart failure with preserved ejection fraction. Most of the improvement was achieved in 6 months and remained stable over the 2 years of monitoring. A limitation of the study was the possible bias due to being an open labelled study type with an unblinded evaluation of outcomes. In this study, at day 180, mean pulmonary artery pressure (mPAP) decreased to 29.0 ± 9.2 mm Hg (p = 0.007), pulmonary capillary wedge pressure (PCWP) decreased to 13.1 ± 5.3 mm Hg (p = 0.004), and peripheral vascular resistance (PVR) did not change significantly [77]. Most of these studies enrolled a small number of stable patients from a specialty (PH clinic), which could lead to selection bias. Ranolazine is also not effective in improving New York Heart Association (NYHA) functional class, 6-minute walk distance, N-terminal pro-brain natriuretic peptide, or quality of life measures in patients with precapillary PH (groups I, III, and IV). A recent randomized placebo-controlled, double-blind study showed a significant increase in right ventricular ejection fraction (RVEF) at the end of 6 months compared with baseline in the ranolazine group after adjusting for baseline values, age, and sex. The absolute change in RVEF in ranolazine was an average of 7.6 with a standard error of 1.7 and a p-value of 0.005. There was also a significant increase in left ventricular end-diastolic volume index and LV and RV systolic volume [78].




      Fig. (4) Illustration of the effect of ranolazine on hemodynamic and echocardiographic parameters of the heart.




      Improvement in Quality of Life: Numerous quality of life (QoL) scores have been used to evaluate the QoL in CSA patients on ranolazine. Quality of life could be extrapolated from angina frequency, physical limitation, mental component, angina stability, and dyspnea scores. Studies have measured changes in QoL cross-sectionally or longitudinally over 1-12 months. Most of the QoL benefit for ranolazine is derived from the improvement in angina frequency, leading to better treatment satisfaction without improvement in physical limitation. Few studies have shown benefits in SAQ QoL in angina patients, although similar benefits were not seen in PH.
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Fig. (4))


      Ranolazine effect on heart hemodynamic and echocardiographic parameters.



      Willis et al. studied the effects of a 12-week exercise training program with and without ranolazine on ETT, daily physical activity, and QoL in CSA patients. In this study, a 12-week exercise program itself improved aerobic fitness, physical activity, and health-related QoL (HRQoL) in both ranolazine and placebo groups. There was no significant difference in primary outcomes between these groups. Also, measured outcomes including physical activity, non-exercise physical activity, and sedentary time tracked via accelerometers increased similarly in both groups. It is difficult to ascertain the barriers to translating improved angina scores to improving quality of life, especially since ranolazine had improved ETT in multiple other studies [79]. In Type 2 Diabetes Evaluation of Ranolazine in Subjects With Chronic Stable Angina (TERISA) trial, the physical component of Medical Outcomes Short Form-36 (SF-36) improved significantly with ranolazine though the mental component remained the same. Patients with CAD are at higher risk of developing depression, and its presence affects outcomes of CAD. Hence it may be important to control depression and anxiety in quality-of-life studies for ranolazine [80]. Optimism also plays a role in the self-perception of quality of life and leads to better health outcomes [81]. In TERISA trial of patients with DM and chronic stable angina, both SAQ QoL and Rose dyspnea scores improved more in the ranolazine group, though it was not statistically significant (p= 0.08). Further, the number needed to treat for ranolazine to achieve a clinically significant improvement in angina was 11, indicating low efficacy. This efficacy increases if the baseline anginal symptoms are severe [80]. Contrarily, in the MERLIN TIMI study of ACS patients, the QoL and Medical Outcomes Study 12-item Short Form (SF-12) mental component significantly improved as compared to SAQ physical limitations and SF-12 physical component. Longitudinal analyses showed female sex, DM, and lack of early revascularization therapy were independently associated with significantly worse outcomes in health status and QOL scores. However, no differential treatment effects (i.e., treatment X subgroup interaction) related to any of these clinical or demographic factors were seen [58].




      An Epistemonikos database-based meta-analysis of 16 studies suggested ranolazine probably results in little or no difference in the quality of life. Ranolazine might decrease the frequency of anginal events, but the certainty of the evidence is low, with a probable increase in the incidence of adverse effects. The meta-analysis included ranolazine from 500 to 1000 mg dosage formulation; the lower doses being less efficacious could have affected the overall results [82]. On the other hand, the Cochrane review summarized that there is moderate-quality evidence that people with stable angina who received ranolazine as an add-on therapy to standard of care medication had fewer angina episodes but increased risk of presenting non-serious adverse events compared to those given placebo. Further, there was moderate evidence for ranolazine on quality of life, though the effect per se was uncertain [83]. In this review, meta-analysis for ranolazine 1000 mg dosing was significant in reducing angina frequency, while including studies with all dosing led to a non-significant effect on angina frequency [83].




      D. Cost-effectiveness: Various cost-effectiveness models for ranolazine have been studied in different populations. Most studies have shown a modest cost-benefit for ranolazine in patients with at least daily to weekly angina. Studies varied in factors leading to benefits. In a Markov model, ranolazine patients lived a mean of 0.700 quality-adjusted life years (QALYs) at the cost of $15,661 as compared to standard of care (SoC) patients of 0.659 QALYs at the cost of $14,321. The incremental cost-effectiveness ratio (ICER) for the addition of ranolazine was $32,682/QALY. Monte Carlo simulation found that at a $50,000/QALY willingness-to-pay threshold, ranolazine was cost-effective in 97% of 10,000 iterations [84]. In a decision tree model adapted to the Greek setting, ranolazine plus SoC resulted in an ICER equal to €4620 per QALY gained. In the probabilistic sensitivity analysis, the likelihood was 100% for ranolazine plus SoC being cost-effective at the threshold of €34,000 per QALY gained. This model considered patient compliance, angina frequency, hospitalization, procedures [PCI, coronary artery bypass graft (CABG)], routine monitoring of medications, and medication acquisition. However, the analysis was conducted according to the third-party payer perspective, and hence only direct costs were considered. The indirect cost to patients may be higher than the cost considered in the analysis [85]. In a UK study that included direct and indirect costs, ranolazine was cost-effective [86]. Meta-analysis of cost-effectiveness studies on ranolazine had also shown benefits [87].




      In a Markov-based Unites States societal perspective model, the incremental cost-effectiveness ratio for the addition of ranolazine to SoC for diabetics and chronic stable angina patients was $45,308/QALY. Most of the benefit in this model was contributed by patients' bodily pain improvement-based gain in QALYs (2.73 versus 3.96, p = 0.01) [88]. On the other hand, in a Spanish study, ANCOVA model results showed that 41.47% of the variability of the ICER was due to the utility level associated with moderate angina frequency for non-hospitalized patients [89]. Monte Carlo stimulation had demonstrated ranolazine to be cost-effective in 71-100% of 10,000 iterations in different studies [85, 88]. Most models extrapolated results for one year since few studies are long-term. Further, most models did not include adverse events or productivity losses which may further increase or decrease the cost per QALY gained [86]. In a three-year follow-up study on refractory angina patients, cardiac hospitalization (p = 0.003), followed by PCI and myocardial infarction, continued to be lower in patients on ranolazine as compared to patients not on ranolazine. Mortality was also low, at only 3% overall for 3-year follow-up [90].




      In a study of real-world data, ranolazine treatment in patients with stable ischemic heart disease (IHD) was associated with fewer revascularization procedures, shorter length of stay if hospitalized, and lower associated healthcare costs compared with patients initiating BB or long-acting nitrates, though the procedure rates and healthcare costs were similar to patients initiating CCBs. CCBs though less expensive, have additional effects on BP and heart rate, and hence ranolazine may be a good option in patients who have side effects or contraindication to CCBs to decrease inpatient resource utilization [91]. Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation (COURAGE) trial found that delaying revascularization through guideline-directed medical therapy did not increase irreversible ischemic events or 1- year mortality. However, patients were more likely to undergo subsequent revascularization for continued angina and dissatisfaction with their current treatment regimen [91]. Health utility estimates for CSA patients change by angina frequency, and hence angina frequency should be considered for cost-effectiveness studies [92]. A Veterans based cohort study of 37,060 patients showed PCI [Hazards ration (HR) 1.16; confidence interval (CI) 1.08 - 1.25,p <0.00] and ACS hospitalization (HR 1.13; 95% CI 1.00 to 1.27, p <0.042) occurred more often in ranolazine patients while CABG (HR0.82; 95% CI 0.68 to 1.00, p <0.046) and atrial fibrillation related hospitalization (HR 0.74; 95% CI 0.67 to 0.82, p <0.001) occurred more often in conventional treatment group without ranolazine. Adjusted one-year costs were similar in both groups (p=0.71). Although the total cost and outpatient cost remained similar in both groups, pharmacy costs were higher for ranolazine, and inpatient costs were higher for the conventional group [93].


    




    

      



      ACUTE CORONARY SYNDROME (ACS)




      Because of the efficacy of ranolazine in CSA, studies have evaluated ranolazine in ACS. Ranolazine has been used as an antianginal medication [94], a metabolic modulator during ischemia [95], medication improving reperfusion injury after PCI [96], cardiac dysfunction [97], and as an antiarrhythmic during ACS or post ACS period [98]. Though some of these studies have shown a positive effect, ranolazine has little benefit in the immediate post ACS period. In a pilot RCT of patients with stable effort angina and positive stress test undergoing elective PCI, ranolazine given as 1000 mg two times a day for seven days prior to PCI resulted in a significant decrease in peri-procedural MI with no effect on the major adverse cardiac event (MACE) [96]. In patients presenting with chest pain due to cardiac microvascular dysfunction, CFR <2 (diagnosed by cardiac Rb-82 positron emission tomography and computed tomography imaging) ranolazine may improve CFR [99]. Ranolazine, given as intravenous formulation followed by oral formulation in ACS, significantly decreased non-sustained ventricular tachycardia (VT), supraventricular tachycardia, ventricular pauses ≥ 3 seconds, and a trend for reduction in new-onset AF during the seven days post-ACS period [45]. No improvement has been noted in sustained monomorphic or polymorphic VT. These anti-arrhythmic effects of ranolazine are independent of TIMI risk, prior heart failure, reduced EF, and prolonged QT interval [45]. The median AF burden in Holter monitoring, i.e., the proportion of recorded time patients spent in AF, tends to be lower with ranolazine, 5.1% in ranolazine recipients versus 14.1% in placebo recipients (p = 0.056) [100]. Ranolazine has a lesser effect than amlodipine on clopidogrel-induced inhibition of platelet reactivity in CAD patients, especially with high platelet reactivity at baseline [101]. Thus, ranolazine may be a better anti-anginal treatment for CAD patients on clopidogrel with high platelet reactivity.




      In a translational study by Schemer et al., ACS patients were randomized to ranolazine or placebo in addition to SoC for 6 weeks. Nitric oxide synthesis can be decreased by asymmetric (ADMA) and symmetric dimethylarginine (SDMA), two methylation products of arginine protein residues by protein arginine methyltransferase 1 (PRMT-1) and PRMT-2. The nitric oxide pathway is involved in oxidative stress. In the ranolazine group, plasma arginine levels were significantly higher at the end of the study than at baseline. However, ADMA and SDMA levels did not differ. Urine levels of the oxidative stress marker 8-iso-PGF2α tended to be lower in ranolazine-treated patients indicating lower oxidative stress in this group of ACS patients [95]. A similar small hypothesis-generating study with 6 weeks of ranolazine showed a trend in improving the global strain rate assessed by speckle-tracking echocardiography in patients with unstable angina [97].




      In MERLIN TIMI 36 study, adding ranolazine to standard treatment for ACS was not effective in reducing MACE. Additionally, ranolazine did not adversely affect the risk of all-cause death or symptomatic documented arrhythmia [98]. In a subgroup analysis of MERLIN TIMI 36 study that enrolled 3565 patients with a history of prior angina presenting with ACS in the form of unstable angina or non-ST elevated myocardial infarction (NSTEMI), the sub-study evaluated patients who had PCI within 30 days of the index event. Ranolazine significantly decreased the primary composite endpoint events (CV death, MI, or recurrent ischemia) at 1 year (HR, 0.71; 95% CI, 0.55- 0.91; P =0.01) in this group of patients. Similar benefits were not noted in patients on medical management after ACS. This is contrary to the opinion that anti-anginal medication has more benefits in medical management [94]. In another analysis of the same study, ranolazine, similar to CSA, improved rates of worsening angina and the requirement for anti-anginal treatment 30 days post-ACS. This improvement in ischemia was not associated with decreased hospitalization, revascularization, or electrocardiographic changes in ischemia. The MACE rates showed improvement though it was not significant (P=0.055) [98]. In a subgroup analysis at 1-year, patients with baseline beta type natriuretic peptide >80 pg/ml benefitted the most with a significant reduction in primary endpoint including CV death, MI, and recurrent ischemia. This may be explained by ranolazine’s effect on improving ventricular wall stress [102]. Thus, BNP may be a good biomarker to identify high-risk ACS patients who would benefit from ranolazine. It could further be used as a cardiac biomarker in ranolazine studies. A similar subgroup analysis showed a decrease in recurrent ischemia in women and diabetics [100, 103].


    




    

      



      ATRIAL FIBRILLATION




      Ranolazine’s inhibitory potential on different cardiac ion channels is differential with major action on peak and late INa, with minor effects on rapidly activating delayed-rectifier K+ current (IKr) and L-type Ca2+ (ICa-L) channels. Likewise, ranolazine has a lower threshold for atrial effect as compared to ventricles. Ranolazine decreases conduction velocity and enhances post-repolarization refractoriness [7]. Ranolazine has shown benefits in early and late atrial depolarization in animal studies that have been translated to human studies. Ranolazine decreases the incidence of AF in ACS, decreases the time spent in AF in post ACS period, time to cardioversion, the incidence of perioperative AF during open-heart surgeries, and AF recurrence rate after successful cardioversion [7].




      Prevention of Chronic Atrial Fibrillation: AF could occur in the setting of structural heart disease, perioperatively, or during ACS. AF may be paroxysmal or permanent, wherein the patient is in irregular heart rhythm permanently. AF could be managed by rate control or rhythm control with a goal to change the rhythm to normal sinus. Rhythm control strategies could be invasive, including cardioversion, ablation, or non-invasive, in the form of medical management. Anti-arrhythmic medications, though mostly safe, have considerable side effects, thus limiting their long-term use. Ranolazine has been studied for rhythm control in AF undergoing cardioversion or receiving other antiarrhythmic medications. Ranolazine has some efficacy in doses of 500-750 mg to prevent recurrence of AF after successful cardioversion. In a study on patients after successful cardioversion from AF, a divergence was noted around 10-20 days between ranolazine and placebo groups, indicating the ineffectiveness of ranolazine in preventing early recurrence of AF after cardioversion which is usually caused by electrical remodeling and systemic inflammation. After this early phase, ranolazine has a better effect in preventing AF, especially from pulmonary vein triggers [104].




      Murdock et al. have conducted a retrospective case series and cohort study to evaluate the impact of ranolazine on increasing successful cardioversion rates in treatment-resistant and cardioversion-resistant AF patients. Though these studies did not have a placebo arm, the successful cardioversion rates were 59-76% in this high-risk group [105].




      This data is further confirmed in a metanalysis of 10 studies that showed ranolazine was effective in reducing the risk of AF (p=0.003), especially post-operative AF when compared to non-post-operative AF (odds ratio [OR] 0.70; 95% CI 0.54–0.83; p = 0.005). Moreover, improved successful cardioversion rates and time to cardioversion were noted [106]. Another meta-analysis with similar results showed significant heterogeneity in the studies that improved when ranolazine data were pooled by drug dosage results. Ranolazine <1000 mg had lower heterogeneity. However, the weighted mean difference for AF conversion was greater for the higher dose of ranolazine. Statistical testing also showed publication bias. One salient limitation of these studies is a short-term follow-up, and they lack data about efficacy in subgroups including diabetes, low EF, and history of CAD since these are known risk factors for AF [107, 108].




      

        Rhythm Control for Atrial Fibrillation in the Presence and Absence of other Medications




        In an RCT enrolling new-onset AF, starting iv amiodarone with one oral dose of ranolazine 1500 mg non significantly improved conversion rate to normal sinus rhythm (p=0.056) as compared to amiodarone only. Further median time to conversion and the cumulative conversion rates were higher in the combined treatment group. This finding was associated with a significant increase in QTc, though the increase did not lead to increased arrhythmia or treatment discontinuation. The study postulated the combination of ranolazine and amiodarone to be synergistic. Other adverse events included episodes of hypotension <90 mm Hg that were seen in both groups [109]. A one-time high dose of ranolazine with amiodarone significantly improved cardioversion success rates. Another related study testing ranolazine 750 mg combined with reduced dronedarone dosages also found that the combination had good efficacy in reducing the burden of AF. This combination was synergistic, and most of the AF burden reduction was achieved within 4 weeks and was sustained till the end of the study at 12 weeks. This study enrolled a distinct group of patients with dual-chamber programmable pacemakers implanted for standard clinical indications so that the AF burden could be continuously monitored. Ranolazine has not been studied in comparison to other standard antiarrhythmics and in permanent AF patients [110].




        In addition to the effect on ion channels, additional restoration of mitochondrial function (oxidative stress) in atrial tissue and activation of Akt/mammalian target of rapamycin signaling pathway may contribute to the anti-AF effects of ranolazine [111]. Another study showed increased refractoriness and fibrillation inducibility threshold without significantly altering mean arterial blood pressure with ranolazine [112]. Analysis of atrial fibrillatory wave (f-wave) provides qualitative and quantitative insight into atrial-specific effects of antiarrhythmic drugs. Antiarrhythmic drugs, including dofetilide, amiodarone, sotalol, and flecainide, used in preventing AF reproducibly reduce the f-wave dominant frequency (DF) in ECG. Ranolazine could possibly lower AF DF but could not change fibrillatory wave amplitude in a small cohort study [113]. Thus, for AF, animal studies have translated to human clinical studies with good efficacy. Further RCTs are needed to substantiate the findings from the initial studies.


      




      

        



        Post-operative Atrial Fibrillation (POAF) in Patients Undergoing Cardiac Surgery




        POAF is a complication of cardiac surgeries that occurs in almost 20% to 50% of patients. It increases the risk for embolism, cardiac-related deaths, duration of hospitalization, and costs. BB and amiodarone are efficacious, though they may have some hemodynamic side effects [114]. After on-pump surgery, patients developing POAF had significantly reduced time to conversion after treatment with amiodarone combined with ranolazine, then with amiodarone alone in a randomized trial with 41 patients. There was no significant correlation between time to conversion of POAF, age, surgical time, heart-lung machine time, and aortic cross-clamp time [115]. In another retrospective cohort study, ranolazine was independently associated with a significant reduction of AF compared to amiodarone after CABG, with no difference in adverse events [116]. Amiodarone, being a medication with a long half-life, requires multiple dosing up to 7 days pre-op for POAF prevention. Contrarily, pre-operative ranolazine for 1-3 days prevents POAF [116, 117]. However, large-scale randomized control trials are warranted before any strong conclusions can be made regarding the role of ranolazine in post CABG AF.


      


    




    

      



      CARDIOMYOPATHY




      Cardiomyopathy could be caused by multiple risk factors, including IHD, non-ischemic idiopathic, drug-induced, stress, etc.




      

        



        Chemotherapy-induced Cardiomyopathy




        Anthracyclines are a group of chemotherapeutic medications with effective anti-tumor cytotoxic activity on breast cancers, soft tissue sarcomas, non-Hodgkin’s lymphomas, acute lymphoblastic, myeloblastic and myelogenous leukemias. Doxorubicin [(DOX), or Adriamycin] and daunorubicin are the most commonly used anthracyclines. Anthracyclines are cardiotoxic and lead to cardiomyopathy. Late sodium current-induced stressor is one of the suggested mechanisms for cardiomyopathy. Common cardiovascular drugs, including BB, ACE-I, ARB, and CCB, have prevented chemotherapy-induced reduced LVEF in some limited studies. But these effects are associated with hemodynamic effects, including heart rate-pressure products, rather than their ability to prevent an earlier diastolic dysfunction [118]. These findings led to Ranolazine to Treat Early Cardiotoxicity Induced by Antitumor Drugs (INTERACT) study, a phase 2b study comparing single-agent ranolazine with common cardiovascular drugs to treat early diastolic dysfunction induced by cancer drugs. In this pilot study, 3 patients had treatment failure with standard meds as compared to none in the ranolazine group. Treatment failure was defined as failure to normalize or improve impaired relaxation or biomarker elevations at the end of five weeks. The patients in the standard group had a trend for lower blood pressure and pulse. Thus, ranolazine added to standard treatment or for patients not tolerating standard treatment may improve diastolic dysfunction caused by anthracyclines [118]. Some data show that ranolazine is protective in diabetic cardiomyopathy-induced apoptosis by activating the NOTCH1/NRG1 signaling pathway. Consequently, ranolazine may have additive benefits in diabetic patients requiring chemotherapy [31].
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Figure 2: Molecular mechanism of ranolazine on cardiac metabolism






OEBPS/Images/9789815036909-C1_F3.jpg
(A) NORMAL (B) ISCHEMIA (C) RANOLAZINE

decreased or
/ increased AP

v

ACTION :
POTENTIAL :
higher resting potential
4 fast sodium channels
possible prolonged action potential
SODIUM T INa, prolonged 4 peak INa
INa and late INa
CURRENT

myocardial dyssynchrony
mechanical dysfunction

/

CONTRACTION

4 dyssynchrony

4 action potential duration,
early and delayed after
depolarization

4 diastolic depolarization






