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Summary
High-density lipoprotein (HDL) has received increasing
interest due to observations of an inverse relationship
between its systemic levels and cardiovascular risk and
targeted interventions in animal models that have had
favourable effects on atherosclerotic plaque. In addition to
its pivotal role in reverse cholesterol transport, HDL has
been reported to possess a range of functional properties,
which may exert a protective influence on inflammation,
oxidation, angiogenesis and glucose homeostasis. This
has led to the development of a range of HDL targeted
therapeutics, which have undergone evaluation in clinical
trials. The current state of HDL in cardiovascular preven-
tion will be reviewed.
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INTRODUCTION
On the basis of their clinical benefit in large cardiovascular
outcomes trials, the use of statins for lowering of low-density
lipoprotein (LDL) cholesterol has become widespread in
cardiovascular risk reduction strategies.1–6 The finding of a
substantial residual clinical risk in statin-treated patients
suggests that additional therapeutic strategies will be required
to achieve more effective risk reduction.7 For more than 50
years, increasing interest has focused on the potentially
protective effects of high-density lipoprotein (HDL), by
virtue of observations of an inverse relationship between
systemic measures of both HDL cholesterol and its major
protein, apolipoprotein A-I (apoA-I), and prospective car-
diovascular risk.8,9

STRUCTURAL AND COMPOSITIONAL
CONSIDERATIONS
HDL represents a variety of lipoproteins, isolated within the
1.05–1.21 g/mL density fraction of plasma.10 These particles
differ widely in terms of size, shape and lipid composition.11

The fundamental structure of an HDL particle includes a
central core of esterified cholesterol, surrounded by a surface
monolayer of phospholipid, free cholesterol and apolipo-
proteins.12 HDL spans the spectrum from small, lipid deplete,
discoidal particles, to larger, cholesterol rich, spherical
3025/Online ISSN 1465-3931 © 2018 Royal College of Pat
rg/10.1016/j.pathol.2018.10.017
particles. The protein composition of the surface monolayer
is predominantly populated by apoA-I and apoA-II (Fig. 1).
Shotgun proteomic studies have identified a large number of
additional proteins that can be carried on HDL particles.13

Whether the specific protein cargo on an individual HDL
particle modifies its functional properties remains to be
determined.

LESSONS FROM PATHOLOGYAND GENETIC
STUDIES
Early studies from coronary care units suggested that patients
with myocardial infarction appeared to have less HDL
cholesterol.14 This was subsequently confirmed by a number
of large population studies, which consistently demonstrated
an inverse association between HDL cholesterol levels and
the prospective incidence of coronary heart disease.8,9,15 This
relationship is curvilinear, largely driven by an increase in
cardiovascular risk in individuals with low HDL cholesterol
levels. More recently, low HDL cholesterol levels continued
to be associated with an increase in cardiovascular events
when LDL cholesterol levels were below 70 mg/dL (1.8
mmol/L) in clinical trials of statin therapy.16 Genetic studies,
in contrast, do not demonstrate a clear association between
HDL cholesterol and cardiovascular risk.17 Mendelian
randomisation studies do not report any relationship between
polymorphisms influencing HDL cholesterol levels and car-
diovascular event rates.18–20 This is in contrast to findings
with LDL cholesterol, which provided strong support for its
causal role in atherosclerotic cardiovascular disease.21–23 As
a result, there is a disconnect between the observational data
from population and genetic studies.24 Whether this suggests
that HDL cholesterol is more important as an epiphenomenal
risk factor as opposed to a causal factor, and therefore a
pharmacologic target, remains uncertain.

FUNCTIONAL PROPERTIES
The best characterised function of HDL involves its central
role in reverse cholesterol transport.25 HDL has been iden-
tified as a major recipient of free cholesterol, effluxed from
cells. Once present on the HDL particle surface, this
cholesterol is rapidly esterified by lecithin:cholesterol acyl-
transferase (LCAT) and then subsequently stored within the
particle core.26 This maintains a relatively low cholesterol
concentration on the particle surface, which permits ongoing
movement of lipid from cell to HDL. It also changes HDL
morphology from a nascent, lipid-deplete, discoidal particle,
to one that is larger, cholesterol rich and spherical in shape.
Cholesterol is subsequently taken up by the liver, facilitated
hologists of Australasia. Published by Elsevier B.V. All rights reserved.
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Fig. 1 Heterogeneity of high-density lipoprotein (HDL) particles in the systemic circulation span from lipid-free apolipoprotein (apo)A-I and lipid-deplete, discoidal
HDL particles, through to cholesterol rich, spherical HDL particles. Increasing particle size generates a larger surface area, permitting carriage of more proteins.
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by binding of circulating HDL to the scavenger receptor-BI
(SR-BI) on the hepatocyte surface.27 Cholesterol within
HDL particles can alternatively be transferred to LDL and
very low-density lipoprotein (VLDL) particles, in exchange
for triglyceride, a process promoted by cholesteryl ester
transfer protein (CETP).28 The fate of this transferred
cholesterol is uncertain. Given that LDL particles are ulti-
mately taken up by the liver, it is possible that this CETP-
mediated transfer may present an additional pathway for
reverse cholesterol transport.29 Changes in HDL morphology
influence interactions with different cellular cholesterol
transporter proteins. Lipid free apoA-I and discoidal, lipid-
deplete HDL particles preferentially accept cholesterol
effluxed via the ATP binding cassette A1 (ABCA1), while
spherical, lipid enriched HDL particles accept cholesterol via
ABCG1 and SR-BI.30,31 This may have potential implica-
tions for different therapeutic strategies aimed at enhancing
lipid mobilisation as an approach to reducing cardiovascular
risk.
Laboratory studies have revealed that HDL particles

possess a number of additional functional properties beyond
their role in lipid mobilisation. HDL have been demonstrated
to exert favourable effects on inflammatory and oxidative
pathways implicated in cardiovascular disease.32 This in-
volves inhibition of lipid peroxidation, cytokine-induced
upregulation of proinflammatory adhesion molecule and
chemokine expression by endothelial cells, and promotion of
macrophage phenotype switching from a pro-inflammatory to
anti-inflammatory form.33–35 This is likely to play an
important role at all stages of atherosclerosis, from early
plaque formation through to a more vulnerable setting. The
role of HDL inhibiting apoptosis, and thrombosis factors36,37

involved in plaque rupture, are also likely to confer a pro-
tective effect at the level of the artery wall. HDL has also
been reported to exert favourable effects on new vessel for-
mation, which is pivotal for successful angiogenesis in the
setting of vascular disease.38 Central to these properties in-
volves the favourable impact of HDL on nitric oxide
bioavailability, as evidenced by an increase in cellular syn-
thesis with HDL co-incubation and improvements in non-
invasive measures of vascular reactivity with HDL in-
fusions.39 Whether additional proteins carried on HDL par-
ticles confer these activities is uncertain, although there is
evidence that factors such as paraoxonase, which is carried on
HDL and inhibits lipid oxidation, is associated with reduced
systemic measures of oxidative stress and cardiovascular
risk.40,41 Similarly, microRNA species found associated with
HDL particles have been demonstrated to play an important
role in lipid mobilisation and angiogenesis activities of
HDL.42,43 Beyond its effects on the vessel wall, HDL has also
been demonstrated to promote islet cell function and poten-
tially improve glycaemic control in the setting of
diabetes.44,45

More recent data have suggested that these functional ac-
tivities of HDL may vary in different states. In particular,
there is evidence that HDL is less protective in the setting of
diabetes mellitus,46,47 acute coronary syndromes,48 systemic
inflammation,49 smoking50 and chronic kidney disease.51

Differences in cholesterol efflux capacity associate with
altered levels of cardiovascular risk in large case cohort
studies.52,53 While it has been suggested that therapeutic
agents may enhance or impair HDL functionality, this re-
mains to be fully elucidated. Similarly, whether additional
markers of HDL functionality or characterisation of its pro-
tein cargo can be used to stratify cardiovascular risk is
unknown.
These properties all contribute to a potential favourable

effect at the level of the artery wall. Animal studies have
demonstrated that promoting HDL functionality, via direct
infusion or transgenic expression of its major protein, apoA-I,
has a favourable effect on plaque burden and composition,54

in stent restenosis,55,56 vascular inflammation,33 and
myocardial injury in the setting of ischaemic injury.57 All of
these findings support the concept that targeting HDL may
have a protective influence on cardiovascular risk in humans.
EFFECTS OF ESTABLISHED LIPID
MODIFYING THERAPIES
Existing approaches to lipid modulation in cardiovascular
prevention have mild to modest effects on HDL. Lifestyle
changes can associate with modest HDL raising, in the
presence of loss of abdominal adiposity.58 Statins increase
HDL cholesterol by 3–15%, with evidence that these
changes associate with their benefits on plaque progression
and cardiovascular events.59–61 Fibrates similarly raise HDL
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cholesterol by 5–20% and in small studies have shown
improvement in coronary62 and carotid atherosclerosis,63

although not consistently.64 Outcome studies have failed to
show efficacy in the unselected patient, however, in those
with elevated triglycerides or low baseline HDL, there is a
consistent signal for benefit,65–68 possibly mediated through
elevations in the concentration of small HDL particles.69

Niacin is the most effective HDL-raising agent currently
used in clinical practice. While early studies demonstrated
that niacin exerted a favourable effect on progression of
coronary70 and carotid atheroma,71,72 in addition to cardio-
vascular events,73 more recent studies have failed to
demonstrate any clinical benefit of empirical niacin use in the
setting of background statin therapy.74,75 HDL raising also
associates with the benefits of the PPAR-g agonist, piogli-
tazone, on progression of coronary76 and carotid77 athero-
sclerosis in patients with type 2 diabetes, although the
outcome trial failed to show a significant reduction in the
composite endpoint.78

EMERGING THERAPIES
Considerable efforts have been undertaken to develop novel
approaches to targeting HDL in order to achieve more
effective reductions in cardiovascular risk. Infusing HDL
mimetics provides the opportunity to directly administer lipid
deplete HDL particles, with early evidence of favourable
effects on lipid transport79 and endothelial function.80 The
first mimetic studied in clinical trials, containing recombinant
apoA-IMilano, was reported to produce rapid regression of
coronary atherosclerosis in patients following an acute cor-
onary syndrome.81 However, subsequent imaging trials of
other mimetics have failed to demonstrate incremental
regression with infusion of mimetics containing wild type
apoA-I (CSL-111)82 or apoA-I and sphingomyelin (CER-
001)83 in intensive statin treated patients. In contrast, a small
imaging study demonstrated a trend towards plaque regres-
sion in acute coronary syndrome patients who received
autologous infusions of HDL which had undergone selective
delipidation.84 With refinements to the production process,
CSL-112 has demonstrated tolerability in a large safety
study85 and has advanced to evaluation in a large cardio-
vascular outcomes trial.
CETP plays an important role in remodelling of lipid

particles, by virtue of its role in facilitating transfer of
esterified cholesterol from HDL to VLDL and LDL particles,
in exchange for triglycerides. Support for developing CETP
inhibitors was provided from evidence that these agents
would substantially elevate HDL cholesterol levels,86 in
addition to observations from genetic studies that poly-
morphisms associated with low CETP activity associate with
lower cardiovascular event rates28,87,88 and that CETP inhi-
bition has favourable effects on animal models of athero-
sclerosis.89–92 While these agents produce robust HDL
cholesterol raising, in addition to LDL cholesterol lowering
with more potent agents, their impact has been variable on
coronary93 and carotid atheroma,94,95 as well as cardiovas-
cular event rates in large clinical trials. Large scale trials have
observed evidence of off-target toxicity with torcetrapib,96

clinical futility with dalcetrapib97 and evacetrapib,98 and
finally modest clinical efficacy with long term administration
of anacetrapib.99 Subsequent genetic analyses have provided
some insights into factors that may associate with potential
benefit of CETP inhibitors. Pharmacogenomic analysis of the
dalcetrapib clinical trial demonstrated efficacy in those pa-
tients who harboured the AA genotype of the ADCY9 gene on
chromosome 16.100 This also associated with greater in-
creases in cholesterol efflux activity and more favourable
effects on inflammatory markers. This has led to the initiation
of a new clinical trial, which is directly evaluating the impact
of dalcetrapib in high risk patients with the AA genotype.
Similar findings could not be definitively replicated with
evacetrapib, posing the question of whether this is a dalce-
trapib-specific phenomenon.101 Mendelian randomisation
has also interrogated the potential impact of CETP deficiency
and confirmed an association with cardiovascular protection,
which associates with the degree of apoB reduction.102 This
relationship appeared to be stronger in the absence of poly-
morphisms reducing HMG-CoA reductase, the target of
statins. This suggests that CETP inhibitors may be more
effective when administered as monotherapy, although this
has not been prospectively evaluated in a clinical trial.
Accordingly, there remains uncertainty regarding the clinical
utility of this target.103 While originally on the basis of their
ability to raise HDL cholesterol, it may be that their ultimate
benefit is derived from other properties.
Within the systemic circulation, HDL particles are subject

to a vast range of remodelling factors, which influence their
size, shape and chemical composition. Given their influence
on global lipid transport and additional HDL properties, these
factors provide additional targets for therapeutic modifica-
tion. LCAT facilitates esterification of cholesterol on the
HDL particle surface. This enables transfer of cholesterol to
the particle core and permits ongoing cholesterol efflux to the
particle surface. LCAT agonists have the potential to elevate
HDL cholesterol and promote lipid transport, but the impact
of this therapeutic approach remains to be determined.104

CONCLUSION
Evidence continues to accumulate supporting the concept
that HDL plays an important role in the prevention of
atherosclerotic disease. Whether this continues to provide
HDL quantity and functional quality with an essential place
in risk prediction, or whether it ultimately provides an addi-
tional target for risk reduction, will only be answered by
ongoing clinical trials in this space.
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