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Lipoproteins play a pivotal role in the 
development of atherosclerosis, where 

apolipoprotein B-containing lipoproteins 
are considered pro-atherogenic and high-
density lipoprotein anti-atherogenic. The 
retention and accumulation of modified 
low-density lipoprotein in foam cells within 
the intima of the arterial vessel wall is 
characteristic of the atherosclerotic process. 
Conversely, high-density lipoprotein plays 
an important role in the efflux of excess 
free cholesterol from the arterial wall 
through the process of reverse cholesterol 
transport. High-density lipoprotein also 
has antioxidant and anti-inflammatory 
properties that may also confer a protective 
effect on the vasculature. Statins are 
the first-line treatment for lowering low-
density lipoprotein, but the residual risk 
of disease remains high. Novel therapies 
are under investigation that may offer 
a new therapeutic approach to treating 
atherosclerosis and additional protection 
against cardiovascular disease.

Introduction
Atherosclerosis is a systemic disease of the large- 
and medium-sized muscular arteries, which is 
characterised by endothelial dysfunction, vascular 
inflammation, and the build up of lipids, cholesterol, 
calcium, and cellular debris within the intima of 
the vessel wall. This build up results in plaque 
formation, vascular remodelling, acute and chronic 
luminal obstruction, abnormalities of blood flow and 
diminished oxygen supply to target organs.1 Plaque 
rupture and thrombosis result in the acute clinical 
complications of atherosclerosis. 

The process of atherosclerosis begins early in life 
and progresses over many decades. Rupture of a 
plaque or denudation of the endothelium overlying a 
fibrous plaque can expose the highly thrombogenic 
subendothelium and lipid core, which may result in 
thrombus formation that can partially or completely 
occlude the flow in the artery.1 

This paper investigates the pathophysiology of 
atherosclerosis, the pivotal role of lipoproteins in 
this process and the potential of novel strategies to 
reduce the cardiovascular burden of atherosclerosis. 

The pathophysiology of 
atherosclerosis
Atherosclerosis is an inflammatory disorder initiated 
by the subendothelial retention and accumulation 
of apolipoprotein B (ApoB)-containing lipoproteins 
such as low-density lipoprotein (LDL) in the arterial 
intima.2 This retained LDL is subsequently oxidised 
(oxLDL) and elicits a series of biological responses 
that lead to an inappropriate inflammatory 
response. Endothelial cells are stimulated to 
express monocyte chemotactic protein-1 (MCP-
1) that, in turn, attracts monocytes into the 
subendothelial space. The oxLDL also promotes 
the differentiation of monocytes into macrophages, 
under the action of granulocyte-macrophage colony-
stimulating factor (GM-CSF). The macrophages take 
up the oxLDL in a process that converts them into 
foam cells, the hallmark cell of atherosclerosis.3 

LDLs are the main atherogenic lipoproteins 
in plasma, although catabolic remnants of 
chylomicrons and very-low-density lipoproteins 
(VLDLs) have been implicated in the development 
of atherosclerosis. The retention of ApoB 
lipoproteins is also amplified in established 
atherosclerotic plaques, further accelerating the 
inappropriate inflammatory response.2 In addition 
to taking up oxLDL, macrophages in the vessel wall 
also secrete cytokines, including tumour necrosis 
factor (TNF)-a and interleukin-1, that stimulate 
endothelial cells to express adhesion proteins, 
including vascular cell adhesion molecule-1 
(VCAM-1), intracellular cell adhesion molecule-1 
(ICAM-1) and selectins. These adhesion proteins 
bind monocytes to the endothelium, making them 
available for recruitment into the artery wall by 
MCP-1. This process creates a vicious cycle that 
greatly amplifies the effects of the modified LDLs 
to promote atherogenesis.3 In addition, there are 
interactions between foam cells, T-lymphocytes 
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(CD36, CD40), the vessel wall and smooth 
muscle cells, mediated by various cytokines 
including matrix metalloproteinases (MMPs) 
and endothelin-1 that determine the ultimate 
fate of the lesions.3

The role of lipoproteins in 
atherosclerosis
Elevated levels of LDL and other ApoB-
containing lipoproteins are associated with 
an increased risk of cardiovascular disease. 
VLDL is produced by the liver, and through 
the actions of cholesteryl ester transfer protein 
(CETP) it becomes depleted of triglyceride 
(TG), resulting in the formation of LDL. The 
presence of additional risk factors, such 
as hypertension or smoking, increases the 
likelihood that pro-atherogenic particles will 
enter the macrophages in the vessel wall 
and contribute to the atherosclerotic plaque.4 
In contrast, high-density lipoprotein (HDL) 
promotes the efflux of cholesterol from the 
foam cells and returns it to the liver, thus 

inhibiting the progression of atherosclerosis. 
An inverse relationship between the level of 
HDL and the risk of coronary heart disease 
(CHD) has been consistently demonstrated in 
population studies.4,5

Macrophages in the vessel wall can protect 
against cholesterol toxicity by converting 
free cholesterol to cholesteryl ester, or 
by effluxing cholesterol to extracellular 
acceptors – generally HDL particles.6 
During reverse cholesterol transport, a 
proportion of the cholesteryl esters in HDL 
are transferred by CETP to pro-atherogenic 
VLDL and LDL (figure 1). Some of the 
cholesteryl esters in the VLDL/LDL pool can 
subsequently be returned to the liver via the 
LDL-receptor pathway, a process mediated 
by proprotein convertase subtilisin kexin 
type 9 serine protease (PCSK9);7 however, 
cholesteryl esters can also be delivered 
back to peripheral tissues. PCSK9 binds to 
hepatocyte LDL-receptors both intracellularly 
and extracellularly, leading to their lysomal 

degradation and, therefore, modifying the level 
of circulating LDL-cholesterol in the plasma.8,9 
It is regulated through sterol regulatory 
element binding protein-2 (SREBP-2) – a 
transcription factor important for the 
regulation of genes involved in cholesterol 
biosynthesis as well as synthesis of the LDL-
receptor itself.10 

Macrophages have several pathways for 
efflux of cholesterol, with different HDL-
associated apolipoproteins acting as acceptor 
molecules. Free cholesterol is effluxed to 
lipid-poor apolipoprotein A-I (ApoA-I) via 
the adenosine triphosphate (ATP)-binding 
cassette A1 (ABC-A1) pathway, and to 
mature apolipoprotein E (ApoE)-containing 
HDL via the ATP-binding cassette G1 
(ABC-G1) pathway.11 As ABC-G1 is highly 
expressed in macrophages and mediates 
cholesterol efflux from foam cells to mature 
HDL, it has been suggested that this 
pathway is important for the atheroprotective 
properties of HDL.12 

Figure 1. Role of cholesteryl ester transfer protein (CETP) in plasma lipoprotein metabolism

Key: ABC-A1 = ATP-binding cassette A1; ABC-G1 = ATP-binding cassette G1; ATP = adenosine triphosphate; CETP = cholesteryl ester transfer protein; HDL = high-density lipoprotein;  
LDL = low-density lipoprotein; VLDL = very-low-density lipoprotein

Adapted from Barter PJ, Brewer B Jr, Chapman J, Hennekens CH, Radar DJ, Tall AR. Cholesteryl ester transfer protein: a novel target for raising HDL and inhibiting atherosclerosis. Arterioscler 
Thromb Vasc Biol 2003;23:160–7. http://dx.doi.org/10.1161/ 01.ATV.0000054658.91146.64
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The composition of HDL-particles influences 
the amount of cholesterol they can carry. 
HDLs enriched with ApoE can carry larger 
amounts of cholesterol than those containing 
ApoA-I alone.13 From the lipid-poor ApoA-I 
particles, through HDL3 and HDL2, the 
action of lecithin:cholesterol acyltransferase 
(LCAT) esterifies cholesterol taken up by the 
particles, allowing it to be packaged in the 
lipid core as cholesteryl esters. Although the 
major apolipoprotein of both HDL3 and HDL2 
is ApoA-I, HDL2 also contains significant 
amounts of ApoE. The ApoE allows HDL2 
particles to further expand by LCAT-mediated 
enrichment of the core with cholesteryl esters. 
The larger HDLs with ApoE (HDL2 or HDL1) 
can deliver cholesterol to the liver directly, 
as ApoE itself is an effective ligand for the 
LDL-receptor.13 Furthermore, the increased 
content of ApoE and LCAT in these particles 
has been shown to promote cholesterol efflux 
from macrophages in an ABC-G1-dependent 
pathway.

Beyond its role in reverse cholesterol 
transport, HDL may have a number of 
properties that, together or individually, 
confer a protective effect on the vasculature. 
These include antioxidant properties and 
inhibition of adhesion molecule expression 
by the endothelium.14 Thus, by inhibiting LDL 
oxidation and MCP-1 expression, HDL may 
help to prevent two of the key factors in the 
development of atherosclerosis. In addition, 
HDL may have anti-inflammatory effects, in 
part exerted through reduction of neutrophil 
infiltration into the injured endothelium.14 
HDL also stimulates the generation of nitric 
oxide (NO), thus reducing the endothelial 
dysfunction that may precede development of 
atherosclerosis.15,16 In addition to stimulating 
NO production, HDL has a number of effects 
that may confer antithrombotic properties, 
including inhibition of platelet-activating factor, 
of thrombin, and of tissue factor.15,16 Finally, in 
vitro studies have shown that HDL promotes 
endothelial cell proliferation and migration, 
and it also has anti-apoptotic effects on 
endothelial cells. Together, these properties 
may help to protect the endothelium against 
lesions that would otherwise help to promote 
atherogenesis.15,16 

Lipoprotein(a), or Lp(a), is an analogue of 
LDL that has been established as a causal 

and independent risk factor for cardiovascular 
disease. It consists of an LDL-particle with 
a glyocoprotein known as apolipoprotein(a) 
(Apo[a]) attached to its associated ApoB – a 
process that takes place intracellularly in 
hepatocytes. Apo(a) has a close structural 
similarity to plasminogen, and, therefore, 
along with its LDL-type properties, Lp(a) also 
has antifibrinolytic properties – potentially 
promoting both atherosclerosis and 
thrombosis. Lp(a) levels are largely genetically 
determined and values of >500 mg/L are 
considered undesirably high. Its levels are 
generally lower in European populations 
and also appear to be unaltered by other 
cardiovascular risk factors.17 

Our current understanding of the overall 
contributions of LDL and HDL to the 
atherosclerotic disease process may be 
summarised as follows. The pro-atherosclerotic 
pathway is promoted by ApoB-containing 
lipoproteins, especially LDL; consequently, 
a high concentration of ApoB-lipoproteins 
promotes atherogenesis, because lipids will 
be taken up by the blood vessel, resulting 
in plaque formation. Conversely, the anti-
atherosclerotic pathway is promoted by 
HDL; consequently, a high concentration of 
HDL (ApoA-I-containing particles) inhibits 
atherogenesis, as the return of cholesterol from 
the plaque to the liver by reverse cholesterol 
transport is increased. As all ApoB-containing 
lipoproteins are atherogenic, the measurement 
of non-HDL cholesterol may, therefore, be 
a more logical target of therapy than simply 
measuring the level of LDL-cholesterol.

Current treatment
Statin therapy has been demonstrated to 
reduce cardiovascular events significantly 
in large outcomes trials of patients.18 A 
meta-analysis of data from over 169,000 
participants in 26 randomised trials showed 
that all-cause mortality was reduced by 10% 
per 1.0 mmol/L LDL reduction (rate ratio [RR] 
0.90, 95% confidence interval [CI] 0.87–
0.93; p<0.0001), largely reflecting significant 
reductions in deaths due to CHD (RR 0.80, 
99% CI 0.74–0.87; p<0.0001) and other 
cardiac causes (RR 0.89, 99% CI 0.81–0.98; 
p=0.002).18 

However, while statins are a first-line 
treatment for lowering elevated LDL they raise 

HDL by 5–15% at most.19 In addition, statins 
have been shown to increase the expression 
of PCSK9, which could limit their efficacy 
as the dose is increased.20-23 Combination 
therapy with a statin plus ezetimibe, a 
cholesterol absorption inhibitor, may represent 
an alternative approach to further reducing 
cardiovascular events. In a meta-analysis 
of 27 trials (>21,000 patients), there was 
incremental lowering of LDL-cholesterol, 
non-HDL-cholesterol and triglycerides 
by 15%, 13% and 5%, respectively, and 
raising of HDL-cholesterol by 1.6%, with the 
combination of ezetimibe plus statin compared 
with statin alone.24 However, so far there 
are limited outcomes data to support this 
strategy – even in high-risk patients. Although 
there was a significant reduction of 17% in 
major atherosclerotic events (RR 0.83, 95% 
CI 0.74–0.94; p=0.0021) in patients with 
advanced renal disease in the Study of Heart 
and Renal Protection (SHARP) trial,25 the 
Simvastatin and Ezetimibe in Aortic Stenosis 
(SEAS) trial failed to show significant clinical 
benefit in patients with aortic stenosis.26 
It is expected that the ongoing large scale 
phase III IMProved Reduction of Outcomes: 
Vytorin Efficacy International Trial (IMPROVE-
IT) will definitively address whether this 
combination is of value for high-risk patients, 
with completion of this study estimated later 
in 2014.27 

A combination of low levels of HDL, high 
TGs and small, dense LDL-particles (known 
as the atherogenic lipid triad) are common 
in patients with diabetes. Fibrates have 
demonstrated efficacy in substantially 
decreasing TG levels, modestly increasing 
HDL levels by around 10–20%, and 
moderately reducing LDL levels.19,28 A meta-
analysis investigating the effects of fibrates 
on cardiovascular outcomes in 18 trials, 
providing data for over 45,000 patients, found 
that fibrate therapy produced a 10% relative 
reduction for major cardiovascular events 
(95% CI 0–18; p=0.048) and a 13% relative 
reduction for coronary events (95% CI 7–19; 
p<0.0001) but no benefit on stroke (–3%, 
95% CI –16–9; p=0.69).29

Niacin (nicotinic acid) is currently the most 
effective agent to raise HDL with increases 
of 15–35% reported,16 and is also one of the 
few drugs that significantly lowers Lp(a).17 Two 
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recent large-scale trials investigating niacin 
as an add-on therapy to statins in those with 
pre-existing stable cardiovascular disease 
have shown the agent to have little benefit on 
clinical outcomes. Both the Atherothrombosis 
Intervention in Metabolic Syndrome with Low 
HDL/High Triglycerides: Impact on Global 
Health Outcomes (AIM-HIGH) and Heart 
Protection Study 2 – Treatment of High-
Density Lipoprotein to Reduce the Incidence 
of Vascular Events (HPS2-THRIVE) trials 
showed the addition of niacin to statin therapy 
did not significantly reduce the risk of the 
composite end point of death from CHD, non-
fatal myocardial infarction (MI), ischaemic 
stroke or coronary revascularisation.30,31 
Following the results of HPS2-THRIVE, the 
combination of extended-release niacin and 
laropiprant has been withdrawn from use. 

Potential future therapies
Advances in the understanding of the 
vascular biology of atherosclerosis have 
raised the possibility of using novel therapies 
to address, more directly, the issue of 
atherosclerosis. Several novel mechanisms 
are being investigated, these include raising 
HDL through the inhibition of CETP,32,33 
further lowering of LDL through inhibition of 
PCSK9,34 and methods to stabilise existing 
atherosclerotic plaques.35

CETP inhibition
Inhibition of CETP has the potential to impact 
on the lipid content and concentration of all 
lipoprotein fractions, thereby reducing the 
risk of atherosclerosis. Any beneficial effect of 
CETP inhibition on atherosclerosis may be due 
to decreased cholesterol uptake and increased 
cholesterol efflux in macrophage foam 
cells and in vascular cells of atherosclerotic 
plaques.36 A meta-analysis of 92 studies 
involving 113,833 participants found that 
the CETP genotypes exhibiting lower CETP 
activity are associated with decreased 
coronary risk.37 

Novel CETP inhibitors are in development 
and offer a potential new therapeutic 
approach for elevating HDL and reducing the 
risk of atherosclerosis. The development of 
torcetrapib, a CETP inhibitor, was terminated 
following the ILLUMINATE (Investigation of 
Lipid Level Management to Understand its 
Impact in Atherosclerotic Events) trial where 

torcetrapib therapy resulted in an increased 
risk of mortality and morbidity in patients at 
high cardiovascular risk.38 This appeared to 
signal an end to CETP inhibition as a strategy 
in these patients. However, it has been 
suggested that the increased morbidity and 
mortality observed in the ILLUMINATE study 
appear to be unrelated to CETP inhibition, 
and instead were the result of an off-target 
increase in blood pressure and small but 
significant increases in serum aldosterone.38,39 
Early studies on other CETP inhibitors, such 
as dalcetrapib, anacetrapib and evacetrapib, 
have demonstrated positive results on lipid 
profiles in patients with dyslipidaemia.40-42 
However, following the results of a second 
interim analysis it was announced that the 
development of dalcetrapib would be halted 
due to a lack of meaningful clinical efficacy 
in the large phase III dal-OUTCOMES trial, 
investigating the safety and efficacy of 
dalcetrapib in patients with stable CHD.43 
Anacetrapib remains the most advanced 
molecule in clinical development, showing a 
reduction in Lp(a) of 36.4%, in addition to its 
increase in HDL of 138.1%, and the ongoing 
phase III REVEAL (Randomized Evaluation 
of the Effects of Anacetrapib Through Lipid 
Modification) study is examining its efficacy 
in the reduction of major coronary events in 
patients with established vascular disease.44

PCSK9 inhibition
Loss-of-function mutations of PCSK9 result in 
higher levels of the LDL-cholesterol receptor 
and lower levels of LDL-cholesterol,7 and, 
as such, there are a number of monoclonal 
antibodies currently in development that 
bind to PCSK9 and inhibit its function. Both 
alirocumab (REGN727/SAR236553) and 
evolcumab (AMG145) have demonstrated 
impressive reductions in LDL-cholesterol 
levels as adjuncts to statin therapy in 
phase II trials of patients with primary 
hypercholesterolaemia. When added to 
either 10 mg or 80 mg of atorvastatin, 
alirocumab resulted in a significantly greater 
reduction in LDL-cholesterol and in Lp(a) 
than that attained with 80 mg of atorvastatin 
alone, and resulted in substantially more 
patients achieving LDL-cholesterol targets 
of 2.6 mmol/L and 1.8 mmol/L.45 Similarly, 
in an efficacy analysis of pooled data from 
four 12-week phase II studies, evolcumab 

showed reductions in LDL-cholesterol of up 
to 59% versus placebo with an acceptable 
safety profile.46 This class of agents is 
under investigation in phase III clinical 
trials across a variety of patient groups with 
hypercholesterolaemia; however, the large 
scale ODYSSEY Outcomes (Evaluation of 
Cardiovascular Outcomes after an Acute 
Coronary Syndrome During Treatment 
With Alirocumab) and FOURIER (Further 
Cardiovascular Outcomes Research With 
PCSK9 Inhibition in Subjects With Elevated 
Risk) studies will determine whether this 
additional reduction in LDL-cholesterol 
translates into a meaningful reduction in 
cardiovascular outcomes.47,48 

Lp-PLA2 inhibition
Another therapeutic approach under 
investigation is the inhibition of lipoprotein-
associated phospholipase-A2 (Lp-PLA2) to 
stabilise atherosclerotic plaques in an attempt 
to prevent rupture, commonly resulting in 
major cardiovascular events. Lp-PLA2 is an 
important regulator of lipid metabolism and 
inflammation that circulates with lipoprotein 
particles and is carried into the arterial wall 
with LDL-particles during the progression of 
atherosclerosis. Within the vessel wall,  
Lp-PLA2 releases small molecules that 
stimulate macrophage recruitment and 
evolution to foam cells, leading to plaque 
vulnerability.35 A number of observational 
and epidemiological studies have shown 
that elevated circulating Lp-PLA2 mass 
or activity (or both) predicts an increased 
risk for incident MI and stroke, remaining 
significant even after adjustment for other 
cardiovascular risk factors.35 Darapladib, a 
novel Lp-PLA2 inhibitor, is currently in clinical 
development and early studies have shown 
favourable reductions in Lp-PLA2 activity, and 
inflammatory markers. In November 2013, 
it was announced that the large phase III 
STABILITY (Stabilisation of Atherosclerotic 
Plaque by Initiation of Darapladib Therapy) 
trial did not meet its primary end point 
measure of a reduction in time to any major 
cardiovascular event, however, it was noted 
that there were greater reductions in some 
of the pre-defined secondary end points 
and patient subgroups that require further 
investigation. These results, and the results 
of a second phase III trial, SOLID-TIMI52 
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(Stabilization of Plaques Using Darapladib – 
Thrombolysis In Myocardial Infarction 52), 
will determine the effect of these changes 
on major coronary events in patients with 
established vascular disease.49,50

Summary
Current approaches to recognise and treat 
atherosclerosis have reduced the incidence 
of cardiovascular disease, however, 
considerable residual risk of disease remains. 
Lipoproteins play a pivotal role in the 
pathogenesis of atherosclerosis. The LDL 
pathway is considered pro-atherogenic, 
while HDL is anti-atherogenic. HDL has 
an important role in reverse cholesterol 
transport, increasing the efflux of free 
cholesterol from the arterial wall, and 
demonstrates other antioxidant and anti-
inflammatory properties that may also 
confer a protective effect on the vasculature. 
Statins are used to good effect for the 
reduction of LDL and in the prevention of 

cardiovascular disease, but, despite their 
use, the residual risk of disease remains 
high. Novel therapies are under investigation 
that may offer a new therapeutic approach 
to treating atherosclerosis and provide 
additional protection against cardiovascular 
disease. Although surrogate markers for 
CETP inhibitors initially looked promising, 
the recent failure of dalcetrapib has 
undermined confidence in this approach 
– however, ongoing studies may still prove 
that the effect on these markers translates 
into a meaningful reduction in events. Focus 
has since shifted to inhibition of PCSK9 
as the most promising strategy to reduce 
residual cardiovascular risk, and we await 
with interest the results of the large-scale 
outcomes studies into this class of  
agents •
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