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Introduction

An early event in the atherosclerotic disease process is endothelial dysfunction, which promotes a constellation of processes that contribute to plaque development, including vasoconstriction, thrombosis, inflammation, oxidation and proliferation (fig. 1).

A number of drugs currently used in the treatment of CVD, including hypertension and atherosclerosis, have been shown to have significant pleiotropic actions. These drugs include angiotensin-converting–enzyme (ACE) inhibitors, which potentiate kinin–nitric oxide (NO) production; statins, which not only lower plasma cholesterol but also scavenge superoxides and promote NO biosynthesis; and calcium channel blockers (CCBs). 
dihydropyridine-type CCBs may play a broader role in the treatment of atherosclerosis. A variety of anti-atherosclerotic mechanisms for dihydropyridine-type CCBs have been proposed (table 1).

Review of Evidence from Clinical Trials: A Potential Anti-Atherosclerotic Role for Long-Acting Dihydropyridine-Type CCBs
A beneficial role for vascular-selective, long-acting CCBs in reducing vascular events in patients with established CAD has been suggested in several recent clinical trials. In ALLHAT, amlodipine was evaluated against a diuretic in the treatment of hypertension and was found to be as useful in the control of arterial pressure.1 A survey of a number of clinical trials with CCBs suggested that their ability to control arterial pressure was of paramount importance.2 In the Circadian Anti-ischemia Program in Europe (CAPE) trial, amlodipine was shown to reduce ischemia in patients with coronary artery disease3; in the Prospective Randomized Evaluation of the Vascular Effects of Norvasc Trial (PREVENT), amlodipine was shown to reduce hospitalizations for unstable angina and revascularization4(fig. 2). Treatment was also associated with significant slowing (p = 0.007) of the progression of carotid atherosclerosis (fig. 3). In the Coronary AngioPlasty Amlodipine REStenosis Study (CAPARES), amlodipine was shown to reduce the need for revascularization in patients with stable angina.5
In addition to clinical trials with amlodipine, the European Lacidipine Study on Atherosclerosis (ELSA) recently reported that the long-acting CCB lacidipine also slowed progression of carotid atherosclerosis. Results from the ELSA study indicated that the estimated increase in IMT in the lacidipine group was 40% less than in the atenolol group. This was observed over the entire 4-year study period, as well as throughout the annual progression rate. Although blood pressure reductions were comparable between the two treatment groups throughout the study, the 24-hour mean ambulatory pressure was slightly lower in patients treated with atenolol, suggesting that the anti-atherosclerotic effect was not related to blood pressure lowering.
Anti-Atherogenic Mechanisms of Action for Amlodipine (table 2)

Dihydropyridine ring of amlodipine is in the charged state at physiologic pH levels. This positive charge leads to strong electrostatic interactions of amlodipine with membrane phospholipid head groups.6 These physicochemical interactions result in the drug’s concentrating in the membrane at levels >10 000-fold higher than in the surrounding aqueous environment. At these high membrane concentrations, there is a sustained reservoir of amlodipine available for binding over time to calcium channel receptors within the plasma membrane of vascular smooth muscle cells (VSMCs).7 These measurements explain the extended duration of activity of amlodipine compared with shorter-acting, less lipophilic agents. Additionally, the positive charge and strong lipid affinity of amlodipine enable it to inhibit aggregation of modified LDLs, a key step in foam cell formation mediated by the electronegative properties of oxidized lipid.8 This atheroprotective effect of amlodipine could not be reproduced by other antihypertensive agents (other CCBs, ACE inhibitors) that lack such physicochemical characteristics.
Strong membrane interactions have been reported for other third-generation CCBs, such as lacidipine and lercanidipine.9,10  The high affinity of lacidipine for vascular membranes under normal and atherosclerosis-like conditions might contribute to the antiatherogenic activities reported for this compound in preclinical models of atherosclerotic disease.11,12
Antioxidant Properties of CCBs
Both in vitro and in vivo studies have shown that highly lipophilic CCBs inhibit oxidative damage to lipids associated with cellular membranes and lipoprotein particles.13,14 Amlodipine is capable of donating protons to lipid peroxide molecules, thereby blocking the peroxidation process.
 Under controlled experimental conditions, amlodipine inhibited lipid peroxide formation at concentrations as low as 10.0 nmol/L, independent of calcium channel modulation.15,16
Antioxidant activity has also been reported for other CCBs,17,18,19 including lacidipine, a compound with which activity was observed in preclinical models of atherosclerotic disease, as well as in hypertensive patients, in whom a beneficial effect on carotid intima-media thickness and number of plaques was demonstrated.20

Inhibition of Smooth Muscle Cell Proliferation and Migration 
Smooth muscle cell proliferation and migration are early characteristics of atheroma development. In VSMCs obtained from atherosclerotic plaques, Ca2+ transport mechanisms and basal intracellular Ca2+ levels are disrupted as a result of increased membrane cholesterol content.21 These changes have important consequences for atherosclerosis, because calcium participates directly in signal transduction pathways that promote SMC proliferation and migration, among other changes. Membrane bilayer swelling was attributed to the accumulation of unesterified cholesterol in the diseased artery,6,22,23 an atherogenic stimulus that leads to increased SMC proliferation owing to the production of growth factors.24 Amlodipine has been shown to effectively inhibit smooth muscle cell proliferation following cholesterol enrichment. 
Inhibition of Cytokine- and Free-Radical-Induced Endothelial Apoptosis
Tumour necrosis factor-
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 (TNF-) is a cytokine that is elevated in atherosclerosis and mediates damage to the vessel wall during the inflammatory process. Cytokines such as TNF-[image: image2.png]


 can activate resident macrophages that interfere with the structural integrity of the fibrous cap. Disruption of the fibrous plaque reveals the underlying, highly thrombotic lipid core, leading to acute coronary syndromes in patients with CAD. In addition to its effect on plaque destabilisation, TNF-[image: image3.png]


 also interferes with endothelial function, leading to the expression of proteins that mediate programmed cell death or apoptosis. Amlodipine has been shown to inhibit TNF-[image: image4.png]


-induced endothelial apoptosis in a dose-dependent manner, starting at low nanomolar levels (10.0 nM). Amlodipine enhanced endothelial NO production through a bradykinin-dependent pathway. This ability of amlodipine to stimulate NO synthesis was dose dependent and could not be reproduced by other CCBs (diltiazem, nifedipine), but could be replicated by the ACE inhibitor enalapril. Amlodipine specifically increased the intracellular concentrations of endothelial nitric oxide synthase protein, leading to an enhanced rate of NO production.
Modulation of Vascular Cell Gene Expression and Extracellular Matrix Formation
Amlodipine increases the expression of the cytokine interleukin-6 in human vascular SMC by activating its specific gene promoter. Up-regulation of interleukin-6 by amlodipine at low pharmacological concentrations leads to a potent antiproliferative effect, independent of calcium channel modulation. Amlodipine was also shown to have favourable effects on the synthesis of extracellular matrix (ECM) proteins involved in atherogenesis. 
Disruptions in ECM metabolism may contribute to vascular remodelling during the development and progression of human atherosclerotic lesions. Matrix metalloproteinases represent a family of enzymes that degrade ECM components in human atherosclerotic plaques, leading to promotion and destabilisation of the lesion. In both fibroblasts and vascular SMC, CCBs have been shown to inhibit the expression of procollagens I, III and IV at nanomolar concentrations.
Matrix metalloproteinases (MMPs) actively participate in VSMC proliferation and vessel-wall remodeling.25,26 Although the mechanisms of action involved are still unclear, CCBs might act not only on MMP activity/expression but also on transcription of the tissue inhibitor of metalloproteinases (TIMPs).27,29
 Recently, various CCBs, including amlodipine, have been reported to modulate MMP activity.27,28
Stimulation of NO Synthesis by Amlodipine
Amlodipine inhibits platelet aggregation.30,31 In vivo, amlodipine-induced vasodilation was reduced through inhibition of NO synthesis (with use of a substituted arginine molecule),32 and amlodipine has been shown to increase peripheral and coronary blood flow.33
In vitro, amlodipine, unlike nifedipine or diltiazem, caused a dose-dependent release of nitrite, the hydration product of NO. The release of nitrite or inhibition of tissue oxygen consumption was similar in magnitude to those caused by the 3 ACE inhibitors captopril, enalapril, and ramiprilat.34

Role of Kinins in NO Production
Another CCB, benidipine, releases NO, and a portion of its biologic and therapeutic activity is NO dependent.35,36 A number of innovative studies hypothesized that benidipine increases the release of kallikrein.37 there is a local kinin system in blood vessels; (2) activation of the B2-kinin receptor stimulates  NO production; and (3) this is the mechanism through which amlodipine releases NO. There are no L-type calcium channels on endothelial cells and that amlodipine activates eNOS, there must be a mechanism independent of its CCB properties whereby amlodipine releases NO.
Implications of the Release of NO by Amlodipine for the Treatment of CVD
Reduction in NO production or the biologic activity of NO contributes to the development of heart failure, diabetes, atherosclerosis, and hypertension. In states where eNOS is downregulated, the activity of the enzyme can be enhanced, and drugs such as amlodipine, other CCBs, and ACE inhibitors might confer benefit by restoring NO production. NO-dependent regulation of oxygen consumption in explanted human hearts were greater when amlodipine was combined with an ACE inhibitor.38 The combination was found to be more than additive, indicating a true synergism. This can be explained through an understanding of the role of kinins in the mechanism of action of both drugs. ACE inhibitors block the breakdown of kinins, and amlodipine stimulates kinin formation by activating or releasing kallikrein.

Conclusions
L-type CCBs indicated that these drugs were potent and selective vasodilators because of their ability to reduce intracellular SMC Ca2+ concentration. Increasing basic and clinical data suggest that there are non–calcium-related pleiotropic actions of CCBs. Amlodipine can regulate membrane fluidity and cholesterol deposition, stimulate NO production to recruit its biologic actions, act as an antioxidant, and regulate matrix deposition. In the PREVENT study, which showed significant clinical benefits with amlodipine therapy, compared with placebo, including a marked reduction in cardiovascular morbidity and significant slowing in the progression of carotid atherosclerosis. These findings support a potentially new therapeutic role for certain third-generation dihydropyridine-type CCBs, such as amlodipine, in the treatment of atherosclerosis.
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[image: image6.png]Fig. 1. Integrated cellular mechanisms of atherosclerosis
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[image: image8.png]Fig. 2. The Prospective Randomised Evalu-
ation of the Vascular Effects of Norvasc
Trial (PREVENT): the dihydropyridine-
type calcium channel blocker amlodipine re-
duces cardiovascular risk in patients with
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Fig. 3. The Prospective Randomised Evaluation of the Vascular
Effects of Norvase Trial (PREVENT). the dihydropyridine-type cal-
cium channel blocker amlodipine slows the progression of carotid
atherosclerosis, as measured by B-mode ultrasound [21]. IMT
ma-media thickness.
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Antioxidant activities
Remodelling of vascular smooth muscle cell membranes
Inhibition of smooth muscle cell proliferation and migration
Inhibition of endothelial apoptosis following cytokine treatment
Enhancement in endothelial nitric oxide production
Modulation of gene expression

Inhibit expression of certain matrix metalloproteinases





