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20Atherosclerosis, the underlying cause ofmyocardial infarction and thrombotic cerebrovascular events, is respon-
21sible for themajority of deaths inwesternized societies. Mortality from this disease is also increasing at amarked
22rate in developing countries due to the acquisition of a westernized lifestyle accompanied with elevated rates of
23obesity and diabetes. Atherosclerosis is recognized as a chronic inflammatory disorder associated with lipid
24accumulation and the development of fibrotic plaques within the walls of medium and large arteries. A range
25of immune cells, such as macrophages and T-lymphocytes, through the action of various cytokines, such as
26interleukins-1 and -33, transforming growth factor-β and interferon-γ, orchestrates the inflammatory response
27in this disease. The disease is also characterized by marked dysfunction in lipid homeostasis and signaling path-
28ways that control the inflammatory response. This reviewwill discuss themolecular basis of atherosclerosiswith
29particular emphasis on the roles of the immune cells and cytokines alongwith the dysfunctional lipid homeosta-
30sis and cell signaling associated with this disease.
31© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
32(http://creativecommons.org/licenses/by/4.0/).

3334

35

36

371. Introduction

38Coronary heart disease (CHD) is responsible for one in three deaths
39inwesternized countries. An estimated 23.6million people are expected
40to die globally from cardiovascular related pathologies by 2030 and the
41disease and its complications, which include stroke and myocardial
42infarction (MI), have been estimated to have total costs (both direct
43and indirect) of approximately $315.4 billion in 2010 [1]. Atherosclero-
44sis, a chronic inflammatory disorder of the large and medium sized
45arteries, constitutes the major underlying cause of CHD [2]. Many risk
46factors for atherosclerosis have been identified and these are generally
47classified as modifiable and non-modifiable. The latter include age,
48gender, and genetic predisposition to hypercholesterolemia, hyperten-
49sion, diabetes and systemic inflammation [2]. Modifiable risk factors
50include cigarette-smoking, diet rich in saturated fats, and a sedentary
51lifestyle [2]. It is now well accepted that atherosclerosis is initiated by
52a local immune response to lipid deposition within the arterial sub-
53endothelial compartment [2].

542. Lipid metabolism in atherosclerosis

55Lipoprotein particles function as vehicles for the transport of insolu-
56ble lipids in the blood and are composed of a core region storing TAGs
57and cholesteryl esters (CEs), with a surrounding polar region consisting
58of phospholipids and apolipoproteins. Different forms of lipoproteins
59are involved in lipid trafficking and considerable exchange of various
60apolipoproteins occurs between them. For example, chylomicrons
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61 primarily facilitate the transport of dietary triacylglycerols (TAGs) from
62 the intestine to peripheral tissues. The non-esterified fatty acids and 2-
63 monoacyl glycerol produced by the digestion of TAGs within chylomi-
64 crons by lipoprotein lipase (LPL) are then taken up by the adipose tissue
65 or skeletal muscle for utilization/storage [2]. The liver can acquire the
66 resulting chylomicron remnants via specific receptors and metabolize
67 them [3]. In contrast to chylomicrons, very low-density lipoproteins
68 (VLDL) are involved in the transport of TAGs synthesized by the liver
69 [2]. Intermediate-density lipoproteins (IDL) are formed following the
70 digestion of TAGs in VLDL by LPL and hepatic lipase (HL) [2]. Further
71 processing and hydrolysis of TAGs in IDL by HL results in the production
72 of low-density lipoprotein (LDL) particles [2]. LDL functions to carry
73 cholesterol from the liver to peripheral tissues. High plasma LDL levels
74 is a major risk factor for atherosclerosis as identified from numerous
75 epidemiological studies and clinical trials with statins, inhibitors of 3-
76 hydroxy-3-methyl glutaryl coenzyme A reductase (HMG-CoA reduc-
77 tase), a rate limiting step in the biosynthesis of cholesterol [2].
78 The LDL particles enter cells of peripheral tissues predominantly
79 via receptor-mediated endocytosis involving its cognate receptor,
80 LDLR (Fig. 1). The crucial involvement of LDL within atherosclerosis
81 was discovered through studies on subjects with familial hypercholes-
82 terolemia; a condition that arises from mutations in the LDLR gene [4].
83 Heterozygous sufferers are relatively common (1 in 500) whereas
84 homozygotes are less frequent (1 in a million) and exhibit six to ten
85 times the levels of LDL within their plasma compared to non-sufferers,
86 and are prone to MIs at an early age [4]. The clearance of plasma LDL
87 by LDLR is critical for limiting atherosclerosis and it is therefore not sur-
88 prising that considerable research and therapeutic approaches have
89 been devoted on this receptor. For example, proprotein convertase
90 subtilisin/kexin type-9 (PCSK9) is an emerging target for cholesterol-
91 lowering therapies because this enzyme binds to LDLR and targets it
92 for lysosomal degradation in cells [5]. Inducible degrader of LDLR
93 (IDOL), an E3 ubiquitin lipase that mediates ubiquitination and subse-
94 quent degradation of LDLR, represents another promising target [6].
95 The pioneering work by Brown and Goldstein that demonstrated nega-
96 tive feedback regulation of transcription of LDLR and HMG-CoA reduc-
97 tase by the sterol regulatory element binding protein pathway [7]
98 suggested that additional mechanisms mediate uncontrolled cellular

99uptake of LDL in atherosclerosis. Indeed, as discussed below in detail,
100LDL is subject to modification, particularly oxidation, and suchmodified
101LDL is taken up in an uncontrolledmanner by scavenger receptors (SRs),
102such as A (SR-A) and cluster of differentiation 36 (CD36), by certain
103plaque-resident macrophages and smooth muscle cells (SMCs) [2]
104(Fig. 1).
105Excess intracellular cholesterol is toxic and there are essentially
106two main routes for its removal; either through enzymatic-driven con-
107version to amore soluble transportable form or through reverse choles-
108terol transport (RCT) [2,8]. Cholesterol is enzymatically modified
109through a number of processes such as hydroxylation and esterification
110within the endoplasmic reticulum (ER) to produce oxysterols and sterol
111esters respectively [2,8–10]. Esterification of cholesterol reduces the
112solubility of the molecule and promotes storage within cytoplasmic
113lipid droplets [2,8–10]. RCT is the primary pathway for the removal of
114excess cholesterol and involves lipid transporters such as ATP-binding
115cassette transporter (ABC)-A1 and –G1 that mediate the transfer of
116cholesterol from peripheral cells to selected extracellular acceptors
117such as high-density lipoproteins (HDL) and associated apolipoproteins
118[2,8–10] (Fig. 1). The cholesterol is then delivered to the liver for con-
119version to bile salts in preparation for excretion [2,8–10]. Homeostatic
120mechanisms exist to prevent lipid overload andmany act by stimulating
121cholesterol efflux and modulating the inflammatory response. For
122example, the production of oxysterols and desmosterol activates liver
123X receptors (LXRs) leading to induced expression of ABC-A1 and -G1
124[11,12], and thereby RCT. In addition, macrophage cholesterol loading
125induces autophagy, a process by which double-membrane vacuoles
126sequesters intracellular contents and targets them for degradation via
127fusionwith secondary lysosomes, leading to RCT [13]. Furthermore, per-
128oxisome proliferator-activated receptors (PPARs) play an important
129role in the control of cholesterol homeostasis [14,15].
130The involvement of HDL particles within atherosclerosis has re-
131ceived a great level of attention [16,17]. Sufferers of Tangier disease
132contain mutations within the gene for ABC-A1 and are associated with
133drastically low levels of HDL, localized accumulation of CEs within dif-
134ferent tissues of the body and development of premature atherosclero-
135sis [18]. The relationship between reduced HDL levels and incidences of
136CHD have long been established as one of the major risk factors for the

Fig. 1. Overview of cholesterol metabolism. Dietary lipids are absorbed in the intestine and transported by chylomicrons to peripheral tissues. Following lipolysis by lipases, chylomicron
remnants deliver dietary lipids to the liver. Liver-derived VLDLs containing ApoB and ApoE (E3) mediate the transport of endogenously synthesized lipids. VLDLs are then hydrolyzed to
intermediate density lipoproteins and on to LDLs. ApoB facilitates LDL binding to its cognate receptor (LDLR), which are then internalized and degraded in the lysosomes. The uptake of LDL
by LDLR is under negative feedback regulation. Scavenger receptors such as SR-A and CD36 predominantly facilitate the excessive, uncontrolled uptake of modified LDL particles intomac-
rophages during the disease. Lysosomal acid lipases hydrolyze cholesteryl esters (CEs) to free cholesterol and free fatty acids (FFAs). The free cholesterol is either trafficked out of the cells
for reverse cholesterol transport through ABC transporters, such as ABCA-1 and SR-B1, or re-esterified to CEs for storage by the action of acyl-coenzyme A acyltransferase 1 (ACAT-1)with-
in the endoplasmic reticulum, and then stored as lipid droplets [regulated by adipocyte differentiation-related protein (ADRP)]. The accumulation of CEs depends on the FFA availability
[regulated by carnitine palmitoyltransferase 1(CPT-1)] and hydrolysis of CEs [modulated by neutral cholesterol ester hydrolase (NCEH)]. NPC-1 and -2 regulate the intracellular trafficking
of cholesterol.
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