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Abstract: For .4 decades it has been recognized that elevated serum levels of high-density lipoprotein
cholesterol (HDL-C) are associated with reduced risk of cardiovascular disease (CVD) and its sequelae.
Many prospective observational studies performed around the world have confirmed an inverse relation-
ship between HDL-C and cardiovascular risk in people irrespective of sex, race, or ethnicity. Conse-
quently, it was assumed that, by extension, raising HDL-C through lifestyle modification and
pharmacologic intervention would reduce risk of CVD. Animal studies are consistent with this assump-
tion. Lipid treatment guidelines around theworld promoted the recognition of HDL-C as a therapeutic tar-
get, especially in high-risk patients. Somepost hoc analyses fromrandomized controlled trials also suggest
that raising HDL-C beneficially affects the risk of CVD. However, a number of recent randomized studies
putatively designed to test the ‘‘HDL hypothesis’’ have failed to show benefit. The results of these trials
have caused many clinicians to question whether HDL-C is a legitimate therapeutic target. In response
to themany questions and uncertainties raised by the results of these trials, the National Lipid Association
convened an expert panel to evaluate the current status of HDL-C as a therapeutic target; to review the
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current state of knowledge ofHDLparticle structure, composition, and function; and to identify the salient
questions yet to be answered about the role of HDL in either preventing or contributing to atherosclerotic
disease. The expert panel’s conclusions and clinical recommendations are summarized herein. The panel
concludes that, although low HDL-C identifies patients at elevated risk, and much investigation suggests
thatHDLmay play a variety of antiatherogenic roles, HDL-C is not a therapeutic target at the present time.
Risk stratified atherogenic lipoprotein burden (low-density lipoprotein cholesterol and non–HDL-C)
should remain the primary and secondary targets of therapy in patients at risk, as described by established
guidelines. TheNational LipidAssociation emphasizes that rigorous research into the biology and clinical
significance of low HDL-C should continue. The development of novel drugs designed to modulate the
serum levels and functionality ofHDL particles should also continue. On the basis of an enormous amount
of basic scientific and clinical investigation, a considerable number of reasons support the need to continue
to investigate the therapeutic effect of modulating HDL structure and function.
� 2013 National Lipid Association. All rights reserved.
The proposition that high-density lipoproteins (HDLs)
protect against the development of cardiovascular disease
(CVD) is based on a number of robust and consistent
observations. (1) Human population studies have shown
consistently that plasma concentrations of both HDL cho-
lesterol (HDL-C) and the major HDL apolipoprotein (apo),
apoA-I, are statistically independent, inverse predictors of
the risk of having a CVD event in multivariate models that
adjust for established risk factor covariates.1 (2) HDLs pos-
sess several properties with the potential to protect against
CVD.2,3 (3) Interventions that increase the HDL concentra-
tion in a variety of animal models inhibit the development
of atherosclerosis.4–7 (4) In proof-of-concept studies in hu-
mans, infusions of reconstituted HDLs (rHDL) and mutant
forms of HDL (apoA-IMilano) promote regression of coronary
atheroma as assessed by intravascular ultrasound (IVUS).8,9

However, interventions that increase the concentration of
HDL-C in statin-treated humans have not yet been shown to
translate into a reduction in clinical CVD events. Indeed,
recent human clinical trials that investigated the effects of
HDL-C–raising agents have failed to find any clinical CVD
benefit,10,11 and in one case the treatment caused harm.12

The question arises: why has the robust evidence from the
human population studies, the animal intervention studies,
and the HDL functional studies not translated into a reduc-
tion in clinical CVD events in 4 recent trials with agents that
increase the concentration of HDL-C? At this time it is not
possible to provide a definitive answer to the question of
whether it is too soon to abandon the HDL hypothesis. In this
consensus statement, we advocate that much more research
is needed to understand the reasons for the unexpected
results in these failed clinical trials. This document reviews
much of what we know about HDL particles and identifies
many areas where more research is required.
Figure 1 Incidence of CHD according to concentration of HDL-
C in the Prospective Cardiovascular M€unster study.20 CHD, coro-
nary heart disease; HDL-C, high-density lipoprotein cholesterol.
Epidemiology

HDL-C as an independent risk factor for CVD

The epidemiologic evidence in support of HDL-C as an
inverse predictor of CVD has been appreciated for .50
years. Gofman et al13 first reported an inverse association
between HDL-C levels and risk of ischemic heart disease.
Subsequently, an inverse association between HDL-C and
CVD risk was found in the Norwegian Tromsø Heart
Study,14 and this was soon followed by US longitudinal
data available from the Honolulu Heart Study and the Fra-
mingham Heart Study (FHS).15,16 Both of those studies
found low HDL-C to be either highly prevalent in patients
with CVD or to increase the risk of myocardial infarction
(MI), independent of other CVD risk factors. In fact, low
HDL-C has been repeatedly found to be associated with in-
creased CVD risk worldwide in both men and women. For
example, observational studies in Germany (Fig. 1) and Is-
rael (Fig. 2)17–20 identified low HDL-C as the strongest pre-
dictor of incident MI, especially in men older than 50 years.
Epidemiologic data are consistent with arteriographic stud-
ies that found low HDL-C to be prevalent in patients with
left main coronary artery disease (CAD)21 as well as a
dose-response relationship between HDL-C and extent of
arteriographically defined CAD.22

On the basis of the aforementioned studies, there was
general acceptance by the mid-1980s that HDL-C was
important to CVD risk factor assessment. It was, therefore,
quite surprising, when the Adult Treatment Panel (ATP) of
the National Cholesterol Education Program issued the
inaugural guidelines for the identification and management



Figure 2 Kaplan–Meier survival curves by HDL-C and TC
levels: 21-year CHD mortality from the Israeli Ischemic Heart
Disease Study.19 HDL-C, high-density lipoprotein cholesterol;
TC, total cholesterol.
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of hyperlipidemia in 1988,23 that minimal emphasis was
placed on screening for low HDL-C. Among the most con-
troversial recommendations of ATP I was the recommenda-
tion not to perform a lipoprotein analysis if screening total
cholesterol (total-C) was desirable, defined as ,200 mg/dL.
However, it was well recognized that at least 20% of MI
survivors in the FHS had ‘‘desirable’’ total-C levels
(Fig. 3).24,25 This finding raised the possibility that, in ad-
dition to cigarette smoking, hypertension, and diabetes mel-
litus, low HDL-C was an important contributor to MI risk
in normocholesterolemic subjects. To further explore the
role of HDL-C in subjects with desirable cholesterol
concentrations, the FHS found incident CVD risk to be in-
creased in subjects with low levels of HDL-C, independent
of other cardiovascular risk factors.26 This was followed by
arteriographic evidence consistently showing that low
HDL-C was the most common lipoprotein abnormality in
patients with established CVD, irrespective of total-C
levels27–30 and that a low HDL-C in the absence of elevated
cholesterol was also predictive of future CVD events.31

The validity of the inverse association generated in
observational studies extended to randomized clinical trials
in which it was observed in both placebo- and drug-treated
groups. The Lipid Research Clinics Coronary Primary
Prevention Trial32 found that increases in HDL-C after
Figure 3 Distribution of TC concentration among men with and
without CHD in the Framingham Heart Study, 16-year follow-
up.24,25 CHD, coronary heart disease; TC, total cholesterol.
treatment with the bile acid resin, cholestyramine, corre-
lated with reduced risk of initial MI or CVD death. In a
follow-up analysis of men in the FHS, the Lipid Research
Clinics Prevalence Mortality Follow-up Study, the Coro-
nary Primary Prevention Trial, and the Multiple Risk Factor
Intervention Trial it was concluded that that each 1-mg/dL
rise in HDL-C was associated with a 3% to 4% reduction in
CVD mortality rates (Fig. 4).33 This result heightened inter-
est in the possibility that increasing HDL-C would translate
into clinical improvement in CVD risk. This possibility was
further supported in the primary prevention Helsinki Heart
Study (HHS) in which a 1% increase in HDL-C with gem-
fibrozil was associated with a 3% decrease in CVD
events.34 Another randomized controlled trial that tested
the fibric acid gemfibrozil was the Veterans Affairs HDL
Intervention Trial (VA-HIT), a secondary prevention study
of male veterans with CVD who had a low HDL-C at base-
line (,35 mg/dL).35 Even though HDL-C levels rose mod-
estly (6%), a significant proportion of the clinical benefit in
CVD risk (22%) was attributable to HDL-C.36

The suggestion that raising HDL-C contributed to
reduced CVD risk in HHS and VA-HIT was subsequently
evaluated in statin-based randomized controlled trials. A
common theme emerged related to CVD risk in placebo-
treated patients. Specifically, placebo-assigned subjects
with low HDL-C (as defined by median or lowest tertile)
levels in the Scandinavian Simvastatin Survival Study, West
of Scotland Coronary Prevention Trial, and Air Force/Texas
Coronary Atherosclerosis Prevention Study all exhibited
higher event rates than patients with higher HDL-C levels
at baseline. Moreover, arteriographic progression of CAD
was also higher in patients with low vs higher HDL-C
levels at baseline.37 These data indicated that low HDL-C
was both prevalent and predictive of CVD events, indepen-
dent of other associated risk factors for major coronary
heart disease (CHD). Further work by Brown et al38 found
Figure 4 Correlation of HDL-C (low, middle, and high sub-
groups) with incidence of CHD in Framingham Heart Study, Lipid
Research Clinics Follow-up, Coronary Primary Prevention Trial,
and Multiple Risk Factor Intervention Trial.33 CHD, coronary
heart disease; H, HDL-C $ 50 mg/dL; HDL-C, high-density lip-
oprotein cholesterol; L, HDL-C , 40 mg/dL; M, HDL-C 40–49
mg/dL.
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that the addition of the HDL-C–raising medication niacin
when combined with a statin (with or without bile acid
resins) improved CVD risk to a greater extent than ob-
served with monotherapy to lower low-density lipoprotein
cholesterol (LDL-C), thereby paving the way for
hypothesis-generating trials to test whether raising HDL-
C might provide incremental CVD risk reduction beyond
statin monotherapy.

Total-C/HDL-C ratio

The atherogenic component of serum total-C derives
from the LDL-C fraction, and the HDL-C component was
shown to be inversely related to the development of
CHD.39,40 Although the strength of the relation of total-C
to CHD declines after 60 years of age in men, the total-
C/HDL-C ratio continues to predict events reliably in the
elderly of both sexes (Table 1).41 This ratio has been found
to be one of the most powerful lipid measures for predicting
CVD events.42,43 Comparing age-adjusted fifth with first
quintile lipid CVD risk ratios for the individual lipids and
their ratios, it is evident that the total-C/HDL-C and
LDL-C/HDL-C ratios are stronger predictors of CHD
than the individual lipids that comprise them (Table 2).44

However, knowledge of the individual (total-C and HDL-
C) components is important, and in risk assessment and
treatment recommendations both are examined as 2 sepa-
rate, but related, risk factors.45–47 In addition, the joint con-
sideration of HDL-C and non–HDL-C is now common.

Very high HDL-C levels (.100 mg/dL)

If low HDL-C levels predict elevated risk of adverse
CVD outcomes, are high or very high HDL-C concentra-
tions associated with diminished risk? In fact, ATP II
guidelines added high levels of HDL-C, defined as $60
mg/dL, as a negative risk factor that might be used to
counteract the presence of any traditional CVD risk
factors.48

The association between high HDL-C and longevity was
initially suggested by Glueck et al49 in 1975. However, it
was not until the discovery that high HDL-C can be caused
Table 1 Development of CHD by total-C/HDL-C ratio vs total-C accor

Total-C/HDL-C

Quintile 5/Quintile 1*

Age, year, range 49–59 60–69
Men 3.4† 2.9†

Women 3.7† 6.7†

CHD, coronary heart disease; HDL-C, high-density lipoprotein cholesterol; t

*Quintile 5/Quintile 1, ratio fifth risk quintile to first risk quintile for tota

†P , .05.

‡P , .001.

xNot significant.
{P , .01.
by genetic variation in the cholesteryl ester transfer protein
(CETP) that great interest emerged for this possible associ-
ation.50 Unfortunately, in contrast to epidemiologic and
clinical evidence that support high LDL-C as highly corre-
lated with increased CVD risk, subsequent studies to eval-
uate common genetic polymorphisms in CETP have been
mixed, with some reports suggesting increased lifespan
and others finding no evidence of CVD protection, despite
the presence of very high HDL-C.51–54 In addition to CETP,
genetic variation in scavenger receptor class B type 1 has
also been suggested to influence HDL-C levels.55 Genome-
wide association studies have shown that multiple genetic
loci are associated with serum levels of HDL-C, but most
are also associated with levels of triglycerides (TGs) or
LDL-C or both, making it difficult to assess how the mod-
ulation of HDL-C levels by these genes affects CVD risk.3

However, a recent study that used the principle of Mende-
lian randomization evaluated the effect of multiple single
nucleotide polymorphisms in the gene for endothelial lipase
on the risk of CVD.56 No association between increased se-
rum levels of HDL-C and risk of CVD could be discerned.
Taken together, these data challenge the long-held notion
that raising levels of plasma HDL-C reduces risk of MI
and other CVD events.

Finally, the recent isolation and characterization of the
HDL proteome and the 80 to 100 associated proteins
involved in biologic processes that include lipoprotein
transport and immune function have yet to identify novel
cargo-related proteins that either quantitatively raise HDL-
C levels, presumably through increased stabilization in the
circulation and reduced degradation, or enhance its func-
tionality.57 Thus, from an epidemiologic viewpoint, al-
though high HDL-C (.60 mg/dL) and very high HDL-C
(.100 mg/dL) levels are uncommon in the US population
(16% and 0.7% of men; 32% and 1% of women, respec-
tively),58 the clinical significance of elevated HDL-C vis-
�a-vis relative CVD protection remains unestablished.

HDL-C as a risk factor or biomarker of risk

The epidemiologic inconsistency in the dose–response
relationship between HDL-C and CVD risk raises the
ding to age: 16-year follow-up of the Framingham Heart Study41

Total-C

(.240/,200 mg/dL)

70–81 35–64 65–94
2.3† 1.9‡ 1.2x

3.3† 1.8{ 2.0‡

otal-C, total cholesterol.

l-C/HDL-C.



Table 2 Efficiency of blood lipids and ratios in predicting
CHD: Framingham Heart Study subjects, ages 50–80 years268

Age-adjusted Q5/Q1 risk ratios

Men Women

Total-C 1.9 2.5
LDL-C 1.9 2.5
HDL-C 0.4 0.5
Total-C/HDL-C 2.5 3.1
LDL-C/HDL-C 2.5 2.8

CHD, coronary heart disease; HDL-C, high-density lipoprotein

cholesterol; LDL-C, low-density lipoprotein cholesterol; Q, quintiles

of blood lipid distribution; total-C, total cholesterol.
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possibility that HDL-C may be more of a biomarker of risk
rather than directly causative in this process. Specifically,
HDL-C levels are inversely correlated with obesity and
waist circumference, TGs and small LDL particles, insulin
resistance, and cigarette smoking, making it difficult, if not
impossible, to adequately assess, even after adjustment for
these covariates. Perhaps a ‘‘purer’’ manner to evaluate
HDL-C as a causative factor in CVD would be to study
men and women who have isolated low HDL-C (,40 mg/
dL), who have never smoked, with a body mass index
(measured by both height and weight; kg/m2) ,25, normal
TG levels (eg, ,100 mg/dL), and normal fasting glucose
levels (,100 mg/dL). Unfortunately, the likelihood of find-
ing sufficient numbers of middle-aged men and women
who meet this criteria is low; in the National Health and
Nutrition Examination Survey III, only 4.8% of men and
8.7% of women met the HDL-C and TG criteria.59 Because
HDL-C is so closely intertwined with other factors that in-
fluence CVD risk, it is unlikely that epidemiologic studies
will ever be able to adequately resolve this issue.

Epidemiology conclusions

For the past 50 years, observational studies have iden-
tified a solid inverse relationship between HDL-C and CVD
risk. Early studies found that each 1% rise in HDL-C
correlated with an approximate 3% reduction in CVD
events that appeared to be more robust than the corre-
sponding association with LDL-C lowering. However, in
the statin era, although low HDL-C continued to portend
unfavorable outcomes, statin treatment in subjects with low
HDL-C was associated with reduced arteriographic pro-
gression of CAD or CVD events, even though mean levels
of HDL-C rose modestly or not at all. Epidemiologic
inconsistency has also arisen between levels of HDL-C and
CVD events, and monogenic abnormalities that result in
extremely low or high HDL-C levels have not reliably
suggested premature CVD or longevity, respectively. Com-
plicating this paradigm are associated metabolic features
such as obesity, hypertriglyceridemia, small LDL particles,
and insulin resistance that tend to cluster with low HDL-C.
Therefore, from an epidemiologic perspective, HDL-C
levels per se may not be the proper parameter to adequately
assess the contribution of HDL to CVD risk.
Analytical methods

A need is increasing to characterize and quantify the
diverse roles of HDL particles in atherogenesis to improve
the diagnosis, prevention, and treatment of CVD.60,61 This
information provides a foundation for fostering improved
understanding of the pathophysiology of atherosclerosis,
direct the future course of research, and design interven-
tions that effectively reduce CVD risk in various patient
populations. This section describes features of the major
analytic procedures used to assess HDL heterogeneity and
reviews evidence for the associations of HDL measure-
ments on the basis of these procedures with CVD risk. Fi-
nally, a classification scheme for 5 major HDL subfractions
is presented that can serve as a framework for comparing
results obtained with different methodologies.

Analyses of HDL subfractions as a function of
size, density, or both

Analytical ultracentrifugation
The earliest method used for quantifying HDL involved

analytical ultracentrifugation with the use of Schlieren
optics. In the late 1940s, Gofman et al13 identified HDL
subclasses as a function of size and density on the basis
of their ultracentrifugal flotation rate (F1.2) in a high salt so-
lution. These studies established that most HDL particles
have buoyant density between 1.063 and 1.21 g/mL. This
provided the basis for standard preparative ultracentrifugal
isolation of HDL1,62 and for the designation of large buoy-
ant HDL2 and smaller more dense HDL3 (Fig. 5). Subse-
quently, a curve deconvolution method was developed to
refine this analysis and to define further heterogeneity
within HDL.63 This ‘‘gold standard’’ method was the first
to be used in a prospective study to show an inverse relation
of plasma HDL-C concentration to CHD risk.62 Recently,
long-term follow-up (29 years) of 1905 men in this study
has found that both HDL2 and HDL3 are independently re-
lated to CHD risk.64

Non-denaturing gradient gel electrophoresis
Gradient gel electrophoresis in conjunction with auto-

mated densitometry was used65 to identify the following 5
HDL subspecies separable on the basis of particle diameter:
HDL3c (7.2–7.8 nm), HDL3b (7.8–8.2 nm), HDL3a (8.2–
8.8 nm), HDL2a (8.8–9.7 nm), and HDL2b (9.7–12.9 nm)
(Fig. 6). Subsequent studies reported that HDL2b (very
large HDL [HDL-VL]), which is strongly correlated with
total HDL-C, was most strongly inversely related to CHD
risk60 and that increased HDL3b (small HDL [HDL-S])
was associated with an atherogenic lipoprotein phenotype
characterized by increased TGs and small, dense LDL, to-
gether with reduced HDL2b (HDL-VL).61 As described



Figure 5 Analytical ultracentrifugation. Measurement of HDL
by analytical ultracentrifugation. Major HDL particle subclasses
are distinguished by flotation rate in a salt solution of density
1.2 g/mL (F1.2), and total mass, represented by the area under
the curve, which is determined by first principles of physics
from Schlieren optics. Initially, 3 major HDL subclasses were
identified. HDL1, with the highest flotation rate, is generally not
detectable in significant concentrations in human plasma. A
curve-fitting procedure was later developed to resolve 2 subclasses
of HDL2 (HDL2a and HDL2b). From Rosenson et al.87 A.U., arbi-
trary units; HDL, high-density lipoprotein.
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below, the use of two-dimensional electrophoresis has
found that particles corresponding to HDL2b (large HDL
[HDL-L]) are independently and inversely related to CHD
risk.66

Density gradient fractionation
Precise and reproducible fractionation of the major HDL

particle subpopulations (HDL2b, HDL2a, HDL3a, HDL3b,
and HDL3c) in human plasma is based on an isopycnic
Figure 6 Nondenaturing gel electrophoresis. Separation of HDL
subclasses from 4 representative plasma samples by gradient gel
electrophoresis. HDL is isolated from plasma by ultracentrifuga-
tion at density of 1.21 g/mL and electrophoresed in a 4% to
30% nondenaturing gradient gel. After staining the protein with
Coomassie blue and scanning the gels by densitometry, the size
distribution is determined by calibration with the use of protein
standards (right lane). This procedure resolves 5 distinct sub-
classes, although the smallest, HDL3c, is generally present at
low concentrations. From Rosenson et al.87 HDL, high-density lip-
oprotein; Std, standard.
equilibrium methodology (Fig. 7).67 The plasma or serum
sample (3 mL) is layered on the surface of a NaCl-KBr so-
lution of density 1.24 g/mL, and the density is then adjusted
to 1.21 g/mL. The procedure involves a single ultracentrif-
ugal step, which allows almost quantitative recovery of
highly resolved HDL fractions of defined hydrated density
and physicochemical properties. This method avoids major
contamination with plasma proteins and facilitates HDL
isolation in a nondenatured, nonoxidized state. Gradients
are fractionated with a precision pipette from the meniscus
downward to avoid contamination with plasma proteins of
density .1.25 g/mL present in the residue at the base of the
tube.

The main disadvantage of this method is the same as that
of other ultracentrifugal separations, because lipoproteins
are subject to high ionic strength and centrifugal force (57
! 107 g/min); shear forces are reduced by use of a swing-
out rotor.

Vertical rotor ultracentrifugation
Vertical Auto Profile (VAP) is another HDL subfractio-

nation method that is based on ultracentrifugation.68 Unlike
Figure 7 Density gradient ultracentrifugation. Representative
electrophoresis profiles and mean particle sizes of HDL subfrac-
tions (HDL2b, HDL2a, HDL3a, HDL3b, and HDL3c) from normoli-
pidemic human plasma separated by isopycnic, single-spin,
density gradient ultracentrifugation. Human plasma is separated
by isopycnic, single-spin, density gradient ultracentrifugation.
The plasma or serum sample (3 mL) is layered on a cushion of
NaCl-KBr solution of density 1.24 g/mL to the surface of the gra-
dient, and the density is then adjusted to 1.21 g/mL. The procedure
involves a single ultracentrifugal step, allows almost quantitative
recovery of highly resolved HDL fractions of defined hydrated
density and physicochemical properties, avoids major contamina-
tion with plasma proteins, and facilitates HDL isolation in a non-
denatured, nonoxidized state. Gradients are fractionated with a
precision pipette from the meniscus downward to avoid contami-
nation with plasma proteins of density . 1.25 g/mL present in the
residue at the base of the tube. One-dimensional electrophoresis
was performed in nondenaturing gradient polyacrylamide gel
(4%–20%). **Peak diameter was determined at the maximum ab-
sorption intensity of each band with the use of Kodak 1D software
filters after staining with Coomassie Brilliant Blue. Size by nega-
tive stain electron microscopy provided smaller estimates
(HDL2b 1 HDL2a: mean diameter 9.6 nm and range 10.8–7.2
nm; HDL3a 1 HDL3b 1 HDL3c: mean diameter 7.3 nm and range
9.0–5.4 nm), reflecting the nonhydrated state. From Rosenson
et al.87 HDL, high-density lipoprotein.
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most other ultracentrifugation methods, VAP is done in a
vertical rotor, which makes the method relatively fast and
more practical for the analysis of routine clinical speci-
mens. For HDL, it measures the cholesterol content of its
2 main size or density subfractions, namely HDL2 (HDL-
VL, HDL-L) and HDL3 (medium HDL [HDL-M], HDL-S,
and very small HDL [HDL-VS]).69 VAP is relatively
precise, with intra-assay coefficients that range from 4%
to 10%.70

Two-dimensional gel electrophoresis
This procedure separates HDL subfractions on the basis

of both their size and charge (Figs. 8 and 9).71 Concentra-
tions of these subfractions are expressed in milligrams per
deciliter (mg/dL) of apoA-I and as a percentage of total
plasma apoA-I concentration. Five main HDL particles
are identified: (1) very small discoidal precursor HDL of
preb mobility (known as preb-1 HDL or HDL-VS; diame-
ter approximately 5.6 nm) which contains apoA-I and phos-
pholipid; (2) very small discoidal HDL of a mobility
(known as a-4 HDL or HDL-S; diameter approximately
7.4 nm) which contains apoA-I, phospholipid, and free
Figure 8 Two-dimensional gel electrophoresis. The apoA-I–containing
with CHD (b), with a schematic diagram of all of the apoA-I–containing
densitometric scan across the a-migrating HDL particle region, indicatin
particle diameter from very large a-1 HDL (11.0 nm diameter) to very s
migrating apoA-I–containing particles in the a-2 region (9.2 nm in diame
and apoA-II (more heavily shaded), whereas all other particles that cont
contain appreciable amounts of apoA-II (less heavily shaded). The aster
position, very small preb-1 HDL and small a-4 HDL are discoidal partic
large, and very large a-3, -2, and -1 HDL are spherical and contain chole
the untreated state tend to have significant decreases in the levels of apo
increases in apoA-I in very small preb-1 HDL and small a-4 HDL parti
heart disease; HDL, high-density lipoprotein; TG, triglyceride.
cholesterol; (3) small spherical HDL of a mobility (known
as a-3 HDL or HDL-M; diameter approximately 8.2 nm),
which contains apoA-I, apoA-II, phospholipid, free choles-
terol, cholesteryl ester, and TGs; (4) larger-sized spherical
HDL of a mobility (known as a-2 HDL or HDL-L; diam-
eter approximately 9.2 nm) which contains the same con-
stituents as a-3 HDL; and (5) very large spherical HDL
of a mobility (known as a-1 HDL or HDL-VL) which con-
tains the same constituents as a-3 and a-2 HDL, except for
the near absence of apoA-II (Fig. 8). Adjacent to the a par-
ticles are prea particles that are of similar size, but present
in lower amounts, and do not contain apoA-II. In addition,
there are large preb-migrating HDL known as preb-2 HDL,
which are classified as HDL-VS.72 The ability of HDL par-
ticles to promote cellular efflux, a property thought to
contribute to their antiatherogenic role, is shared by preb-
1 HDL (HDL-VS), which are most efficient in interacting
with the adenosine triphosphate-binding cassette trans-
porter A1 (ABCA1), and spherical HDL (HDL-M, HDL-
L, and HDL-VL), which preferentially interact with
ABCG1 to promote cellular cholesterol efflux onto spheri-
cal HDL particles that contain both apoA-I and apoA-II.73
HDL subpopulation profiles of a healthy subject (a) and a patients
HDL particles shown on the right (c). Below panel a is a plot of a
g the presence of 4 a-migrating HDL particles that range in mean
mall preb-1 HDL (5.6 nm diameter). In the schematic diagram a-
ter) and in the a-3 region (8.1 nm in diameter) contain both apoA-I
ain apoA-I, including small a-4 HDL (7.4 nm in diameter), do not
isk marks the serum albumin or a front. On the basis of their com-
les that do not contain cholesteryl ester or TGs, whereas medium,
steryl ester and TGs in their cores. Patients with CHD in general in
A-I in very large and large a-migrating HDL particles and modest
cles. From Rosenson et al.87 Apo, apolipoprotein; CHD, coronary



Figure 9 The 2-dimensional gel electrophoresis. The 2-dimensional gel electrophoresis patterns after apoA-I immunoblotting observed
for whole plasma are shown in the left panel, for lipoproteins of density ,1.125 g/mL as separated by ultracentrifugation are shown in the
center panel, and for lipoproteins of density 1.125 to 1.24 g/mL are shown in the right panel. These data indicate that apoA-I–containing
HDL of density , 1.125 g/dL mainly comprise very large and large a-migrating HDL, whereas apoA-I–containing HDL particles of den-
sity 1.125 to 1.24 g/mL contain mainly medium and small a-migrating HDL and very small preb-1 HDL. From Rosenson et al.87 Apo,
apolipoprotein; d, density; HDL, high-density lipoprotein.
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Spherical HDLs also contribute to delivery of cholesterol to
the liver via SR-B1.73 Other HDL particles contain apoE
without apoA-I (very large preb-migrating HDL) and small
HDL particles that contain apoA-IV without apoA-I.73 The
functions of these latter particles have not been well de-
fined. Patients with CAD also often have small discoidal
HDL particles and decreased large a-1 (HDL-L) and a-2
(HDL-VL) HDL particles. Levels of these subfractions
have been reported to be superior to HDL-C in risk
prediction.74,75

NMR spectroscopy
Measurements of HDL subfractions by nuclear magnetic

resonance (NMR) spectroscopy are based on the principle
that protons (the nuclei of hydrogen atoms) within lipo-
protein particles of different size have a natural magnetic
distinctness arising from their unique physical structure.76

As a result, lipoprotein particles of different size in unfrac-
tionated plasma or serum give rise to distinguishable lipid
NMR signals that have characteristically different frequen-
cies (Fig. 10, left panel).77,78 The NMR signal frequencies
(chemical shifts) of HDL subfractions, compared with LDL
and very low-density lipoprotein (VLDL) subfractions, are
particularly well differentiated (Fig. 10, right panel).

Lipoprotein subclass reference standards used in the
fitting model were determined from preparative isolation of
pure lipoprotein subclass standards. For the purposes of
generating highly purified lipoprotein subfractions with
narrow size distributions, a combination of
ultracentrifugation and agarose gel filtration chromatogra-
phy were used.79,80 After removal of VLDL and plasma lip-
oproteins by ultracentrifugation, LDL fractions were
purified on an agarose gel filtration A-15 column, and
HDL fractions were further purified on an A-1.5 column.
The mean particle diameters of the purified subcomponents
of the 38 lipoprotein subclasses were measured by electron
microscopy. Average lipoprotein diameters were derived by
measuring the diameters of at least 200 lipoprotein particles
quantified from 2 or more grids. A total of 30 lipoprotein
subcomponents have been used to provide a better repre-
sentation of the continuum of particle subspecies present
in plasma. By appropriate grouping and summation of the
levels of the expanded subcomponent set, 10 subclasses
of lipoproteins can be quantified with acceptable precision
into large, medium, and small VLDL; intermediate-density
lipoprotein (IDL); large, medium-small, and very-small
LDL; and large, medium, and small HDL. The diameter
ranges for the HDL subclasses are as follow: large HDL
8.8 to 13 nm, medium HDL 8.2 to 8.8 nm, and small
HDL 7.3 to 8.2 nm. The coefficients of variation for large,
medium, and small HDL subclasses are ,10%, 15%, and
10%, respectively.

The lipoprotein NMR signals used for lipoprotein
quantification are those of the terminal lipid methyl group
protons, because they are unresponsive to, and therefore
unaffected by, fatty acid or other chemical compositional
differences.78 Furthermore, to a close approximation, the
number of methyl protons in a lipoprotein particle of given



Figure 10 NMR spectroscopy. Relationship of lipoprotein subclass diameter to lipid methyl group NMR chemical shift and frequency
(left panel) and methyl signal line shape and chemical shift of 5 isolated HDL subclasses of differing diameter (right panel). The natural
magnetic distinctness of lipoprotein particles of different size makes it possible in theory to use any NMR instrument in any laboratory for
lipoprotein analysis, but in practice it requires dedicated instrumentation. The subclass NMR signals highly overlap, making it necessary to
computationally ‘‘deconvolute’’ the plasma NMR signal envelope to extract the amplitudes of the subclass signals that are used to calculate
subclass concentrations. Accurate and reproducible deconvolution is only possible if the NMR conditions (magnetic field strength, temper-
ature, etc) used to generate the subpopulation reference signal library exactly match the conditions used subsequently to measure (in ap-
proximately 1 minute) each patient plasma sample. The NMR LipoProfile-3 method currently used by LipoScience (Raleigh, NC) models
the plasma signal as the sum of the contributing signals of 26 subpopulations of HDL as well as 47 subpopulations of LDL, VLDL, and
chylomicrons. Given the limited measurement precision of the derived concentrations of each of the many subpopulations, they are grouped
for routine reporting purposes into large, medium, and small subclass categories. From Rosenson et al.87 Chylos, chylomicrons; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; NMR, nuclear magnetic resonance; VLDL, very low-density lipoprotein.
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diameter is constant, even in the face of significant varia-
tions in core cholesterol ester and TG content. These prop-
erties render the detected subclass methyl signal amplitudes
directly proportional to subclass particle number and enable
NMR-derived concentrations of HDL to be given in particle
number units (mmoles of particles per liter; mmol/L).78

Investigations are ongoing to establish the relationship
between CVD and NMR-determined concentrations of
HDL particle subclasses.81,82 An important consideration
in interpreting the clinical significance of observed univar-
iate disease associations with individual HDL subclasses or
HDL size is the confounding that arises from the strong in-
verse correlation between large and small HDL subclasses
and the even stronger inverse associations of large HDL
particles (and HDL size) with total (and small) LDL parti-
cle concentrations.78,79 Without conducting regression
analyses that eliminate the confounding caused by these
correlations, misleading conclusions may be reached about
the clinical importance and potential functional differences
among HDL subclasses.81,82 Thus, published studies that
report associations between HDL subclasses and CHD
risk by using NMR spectroscopy may differ from other
methods cited above because of the more robust statistical
modeling.

Ion mobility
Ion mobility is a gas-phase differential electrophoresis

macromolecular mobility-based method for lipoprotein
separation.83 In this high-throughput procedure, after
charge neutralization, lipoprotein particles are separated
by size on the basis of the mobility of the particle passing
through a voltage gradient, and the isolated particles are
counted directly. The initial ion mobility method involves
the reduction of albumin contamination of the HDL size re-
gion by incubation of plasma with blue dextran and a short
ultracentrifugation in the absence of salt. Recently, to opti-
mize recovery of small HDL particles, a simplified proce-
dure for lipoprotein isolation was developed by using
incubation of a small plasma aliquot with dextran sulfate at-
tached to magnetic beads. An automated curve deconvolu-
tion method was used to resolve 5 HDL subfractions that
correspond to those measured by gradient gel electrophore-
sis (Fig. 11).

In samples derived from the prospective Malmo Diet and
Cancer Study,84 very large HDL particles (HDL2b, HDL-
VL) were inversely correlated with risk of MI. This associ-
ation was based on the inclusion of HDL2b (HDL-VL) in 2
independent principal components analyses, which were
determined from ion mobility measurements that included
all lipoprotein fractions. One of the component analyses
corresponds to the atherogenic lipoprotein phenotype that
includes increased levels of TGs and smaller LDL particles,
and the second component includes smaller HDL particles.
Genetic analyses indicated that these components have dif-
fering underlying determinants, thus suggesting 2 different
mechanisms for the cardioprotective effects of HDL.84



Figure 11 Ion mobility. Representative results for ion mobility analysis of HDL particle subclasses performed on 3 representative plasma
samples. The y-axis shows mass concentration (arbitrary units) derived from transformation of particle concentration, which is measured
directly by this procedure. Shown from left to right are deconvoluted curves that delineate the 5 major HDL subclasses (HDL-VS, HDL-S,
HDL-M, HDL-L, and HDL-VL) as described in Table 3. This method also indicates small peaks larger than HDL-VL, which have not yet
been characterized. Particle concentration for each subclass is determined from the area under the curve. HDL, high-density lipoprotein;
HDL-L, large high-density lipoprotein; HDL-M, medium high-density lipoprotein; HDL-S, small high-density lipoprotein; HDL-VL, very
large high-density lipoprotein; HDL-VS, very small high-density lipoprotein.
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HDL measurements based on apolipoprotein
content

ApoA-I and apoA-I:A-II particles
A system initially devised by Aloupovic85 used an im-

munochemical method to distinguish HDL particles, as
well as other lipoproteins, by their apo content. The main
HDL species, lipoprotein (Lp) A-I and LpA-I:A-II, contain
approximately 35% and 65% of plasma apoA-I, respec-
tively.86 In plasma, both LpA-I and LpA-I:A-II are hetero-
geneous and can be separated into subfractions according to
lipid composition, density, size, and charge. As reviewed
extensively elsewhere,87 the cardioprotective roles of
LpA-I and LpA-I:A-II have been controversial, as has the
utility of measuring total apoA-I level, compared with
HDL-C, in assessing CHD risk.

Proposed nomenclature

As discussed before, use of different techniques and
procedures has led to different terms in defining HDL
species. To provide guidelines for future studies and to
compare and contrast published data that have used
different methods, new HDL nomenclature and classifica-
tion on the basis of size (and corresponding density) of the
major HDL particle subclasses has been proposed
(Table 3).87 The upper limit of the HDL density range
for HDL is now defined as 1.25 g/mL to incorporate
preb HDL (HDL-VS). In addition, these terms are com-
pared with other designations available in the literature.
In this nomenclature, HDL particles are termed very large
(VL), large (L), medium (M), small (S), and very small
(VS). In addition, preb HDL is included as a subspecies
within HDL-VS.
HDL-targeted intervention studies in
animals

Many studies have investigated the effects of increasing
HDL concentration on atherosclerosis animal models. It
should be emphasized, however, that all of these models
have their limitations and that none is a true model for
human disease. However, with this reservation, the animal
studies have, with very few exceptions, provided powerful
evidence that increasing HDL-C concentration does protect
against atherosclerosis.

Badimon et al4 were the first to report direct antiathero-
genic effects of HDLs. With the use of a model of experi-
mental atherosclerosis in rabbits, they showed that weekly
infusions of HDLs significantly reduced the development
of aortic fatty streaks.4 A similar beneficial effect was ob-
served in rabbits infused with rHDL that contained com-
plexes of phospholipids and apoA-I.88 But the most
compelling evidence has come from studies in a range of
genetically modified animals, with overexpression of the
human APOAI gene in transgenic mice, resulting in an in-
creased concentration of HDL-C and a protection against
atherosclerosis.5–7

Another example relates to the inhibition of CETP in
rabbits. Rabbits (like humans) have a high natural level of
activity of CETP, the plasma protein that promotes transfers
of cholesteryl esters from the nonatherogenic HDL fraction
to particles in the atherogenic VLDL and LDL fractions.
The existence of a high level of activity of CETP in
rabbits may be one reason for the susceptibility of this
species to development of atherosclerosis. As outlined
below, this suggestion is supported by the observation
that inhibiting CETP in rabbits reduces the development of
atherosclerosis.



Table 3 Classification of HDL by physical properties

Proposed term
Very large HDL
(HDL-VL) Large HDL (HDL-L) Medium HDL (HDL-M) Small HDL (HDL-S)

Very small
HDL (HDL-VS)

Density range, g/mL 1.063–1.087 1.088–1.110 1.110–1.129 1.129–1.154 1.154–1.25
Size range, nm 12.9–9.7 9.7–8.8 8.8–8.2 8.2–7.8 7.8–7.2

Density gradient
ultracentrifugation

HDL2b HDL2a HDL3a HDL3b HDL3c

Density range, g/mL 1.063–1.087 1.088–1.110 1.110–1.129 1.129–1.154 1.154–1.170

Gradient gel
electrophoresis

HDL2b HDL2a HDL3a HDL3b HDL3c

Size range, nm 12.9–9.7 9.7–8.8 8.8–8.2 8.2–7.8 7.8–7.2

2D gel electrophoresis a-1 a-2 a-3 a-4 Preb-1 HDL
Size range, nm 11.2–10.8 9.4–9.0 8.5–7.5 7.5–7.0 6.0–5.0

NMR Large HDL-P Medium HDL-P Small HDL-P
Size range, nm 12.9–9.7 9.7–8.8 8.8–8.2 8.2–7.8 7.8–7.2

Ion mobility HDL2b HDL2a 1 HDL3
Size range, nm 14.5–10.5 10.5–7.65

HDL, high-density lipoprotein; HDL-P, high-density lipoprotein particles; NMR, nuclear magnetic resonance; 2D, 2-dimensional.

Modified from Rosenson et al.87
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Feeding rabbits a diet rich in cholesterol leads to the
development of extensive atherosclerosis. However, in
cholesterol-fed rabbits in which the CETP gene had been
inhibited by injection of antisense oligodeoxynucleotides
against CETP, there was a reduction in hepatic CETP
mRNA and mass, a reduction in non–HDL-C, and an in-
creased concentration of HDL-C.89 These changes were ac-
companied by a substantial reduction in aortic
atherosclerosis.

A vaccine approach has been used to generate autoan-
tibodies against CETP in vivo in rabbits.90 In a cholesterol-
fed rabbit model, animals that were immunized against
CETP had a reduced plasma activity of CETP, an increase
in the concentration of HDL-C, a modest decrease in LDL-
C concentration, and a significant reduction in aortic ather-
osclerotic lesions.90

Chemical inhibitors of CETP were shown in cholesterol-
fed rabbits to reduce CETP activity by .90% and to almost
double the level of HDL-C.91 These changes were accom-
panied by a substantial reduction in atherosclerotic lesions
in the aortas of these animals.91 The increase in HDL-C that
resulted from CETP inhibition in rabbits is generally ac-
companied by a decrease in non–HDL-C, although in one
study the antiatherogenic effects of inhibiting CETP were
apparent even when the increase in HDL-C was not accom-
panied by changes in other lipoprotein fractions.92 Thus,
evidence from animal studies that HDL-raising interven-
tions are antiatherogenic is robust.

Clinical trials of pharmacologic interventions to
raise low levels of HDL-C

Elevated LDL-C has long been known as a major
predictor of CHD risk. Importantly, during the past decade,
the introduction of statins has unquestionably revolution-
ized treatment of dyslipidemia by reducing significantly
major vascular events. In primary and secondary prevention
trials that used a statin, plasma LDL-C was reduced 25% to
55% and CHD event rates by 24% to 45%, compared with
placebo.93–96 Growing numbers of patients with low HDL-
C and normal LDL-C levels (as many as 40%–45% of all
patients with CHD),97,98 as well as patients with diabetes,
metabolic syndrome, or multiple lipid abnormalities, com-
prise an expanding reservoir of patients for whom statin
monotherapy may not be the best therapeutic option. Statin
therapy, unfortunately, raises HDL-C levels modestly by
5% to 10% and by as much as 10% to 15% in persons
with the metabolic syndrome.99 Yet it is unclear to what ex-
tent these HDL-C effects contribute to the clinical benefits
of statins.100 Lack of a clinically meaningful effect of stat-
ins on HDL-C has focused interest in use of other therapeu-
tic dyslipidemic interventions such as nicotinic acid or
niacin, fibrates, omega-3 fatty acids, or CETP inhibitors.
Niacin is presently the most effective clinically available
therapeutic agent for raising low HDL-C levels. In addition,
niacin also produces moderate reductions in TGs, Lp(a),
and, at higher doses, LDL-C levels.96 This section discusses
the findings from clinical trials that have evaluated these in-
terventions on surrogate outcome measures (such as B-
mode ultrasonographic assessment of carotid intimal media
thickness [cIMT], coronary angiographic studies, and
IVUS), as well as placebo-controlled randomized trials
that have assessed clinical event reduction with HDL-C–
raising therapies.

Clinical effects of raising HDL-C
Low HDL-C is also frequently associated with ele-

vated TGs and variable levels of small, dense LDL-C, an
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atherogenic lipid triad typically found in persons with
type 2 diabetes and metabolic syndrome.101 More than 23
million Americans have type 2 diabetes,102 whereas an
estimated 68 million have the metabolic syndrome,103

with .65% of diabetes-related deaths due to late-stage
effects of cardiac or blood vessel disease.102,104 These
numbers are expected to increase in the next 10 years,
because of the alarming rise in obesity across the
globe.102 HDL-C levels can also be increased by adop-
tion of certain healthy lifestyle factors. Modifiable life-
style changes such as smoking cessation, increased
physical activity, and weight control can produce small
increases in HDL-C (2–7 mg/dL), although results vary
and are frequently disappointing in persons with low
HDL-C.105

Studies with fibrates
Fibrates are also recommended for treatment of per-

sons with low HDL-C or high TG levels, but outcome
trials with fibrates have shown mixed results. Positive
studies for gemfibrozil were reported for trials in partic-
ipants with low HDL-C or high cholesterol and TG levels
(eg, HHS in primary prevention and VA-HIT).34–36 In
VA-HIT, 2531 male veterans with established CHD and
low levels of baseline HDL-C were randomly assigned
to gemfibrozil 1200 mg daily vs matching placebo and
were followed for a mean of 5.1 years. Statins were not
used in this trial. LDL-C at baseline was 111 mg/dL
and was 113 mg/dL at 5.1 years. Gemfibrozil raised
HDL-C only modestly (from 32 mg/dL to 34 mg/dL)
compared with placebo; this 6% relative increase in
HDL-C, combined with a relative reduction in TGs of
31%, was associated with a significant 22% reduction
in the cumulative rate of CHD death or nonfatal MI,
which was the trial primary end point.

In another fibrate trial, the Bezafibrate Infarction Pre-
vention study, 3090 patients with CHD were randomly
assigned to bezafibrate 400 mg daily vs placebo and
followed for 6.2 years. HDL-C increased 18%, TGs
decreased 21%, and LDL-C decreased 6.5%, but these
beneficial lipid changes were associated with only a 10%
reduction in CHD events (P 5 NS)106; however, a post hoc
analysis of patients with a baseline TG .200 mg/dL
showed a significant 40% reduction of CHD events.106

By contrast, fenofibrate failed to show CHD benefits in
recent trials conducted in diabetic participants in whom
most were without overt dyslipidemia (Fenofibrate Inter-
vention and Event Lowering in Diabetes and Action to
Control Cardiovascular Risk in Diabetes).107,108 Post hoc
analyses of all these trials (HHS, Bezafibrate Infarction Pre-
vention, VA-HIT, Fenofibrate Intervention and Event Low-
ering in Diabetes, and Action to Control Cardiovascular
Risk in Diabetes) showed that fibrates significantly reduced
CHD events in subgroups of patients with reduced HDL-C
and elevated TGs, whereas no benefits were observed in the
subgroups without these characteristics.108–110
Cardiovascular outcome studies with niacin as mono-
therapy and combination dyslipidemic therapy

In the first large clinical trial of lipid-lowering pharma-
cotherapy, the Coronary Drug Project (CDP),111 8341 men
with CHD were randomly assigned to 5 lipid-altering regi-
mens (low- and high-dose estrogen, thyroxine, clofibrate,
and niacin) for 6 years. Only niacin reduced significantly
the incidence of nonfatal MI (26%) and stroke (24%) com-
pared with placebo (Table 4). A 15-year follow-up to the
CDP found an 11% reduction in total mortality in the orig-
inal niacin cohort compared with the placebo group.112 Un-
fortunately, HDL-C was measured only in a small
subgroup; therefore data were not sufficient to evaluate
the effect of HDL-C change and reduction of CHD end
points during the trial.

The Stockholm Ischaemic Heart Disease Secondary
Prevention Study randomly assigned men and women
(n 5 555) to treatment with niacin plus clofibrate or
placebo.113 After 5 years, nonfatal CV events were reduced
by 33% and total mortality by 26% overall in the drug ther-
apy group compared with the placebo group. The
Cholesterol-Lowering Atherosclerosis Studies (CLAS,
CLAS II) were the first angiographic studies to find a clear
treatment effect on atherosclerotic lesions.114,115 After 2
years, 162 men randomly assigned to niacin plus colestipol
had significant increases in stenosis regression and de-
creases in progression compared with those on placebo.114

After 4 years, regression and nonprogression rates contin-
ued to improve with active treatment.115

In the single-site Familial Atherosclerosis Treatment
Study, men (n 5 146) were randomly assigned to treatment
with colestipol and niacin, colestipol and lovastatin, or
usual care (43% received colestipol).116 After 2.5 years,
combination treatment was associated with significant de-
creases in coronary stenosis, assessed by quantitative coro-
nary arteriography, as well as a substantial 73% relative
reduction in death, MI, or refractory ischemic symptoms
that required surgical or interventional treatment. More-
over, during a 10-year follow-up, patients who continued
on triple therapy experienced sustained reductions in out-
comes and a 93% reduction in total mortality compared
with patients who had returned to usual care.117

Similar findings were reported for the patients in the
HDL Atherosclerosis Treatment Study (HATS), which
included 160 men and women who had an apoB lipoprotein
level $125 mg/dL at baseline.118 After 3 years, treatment
with simvastatin (mean dose 13 mg/d) plus niacin (mean
dose 2400 mg/d) was associated with a significant regres-
sion by quantitative coronary angiography and a 90%
reduction in the composite end point of death, MI, stroke,
or revascularization (P 5 .03) compared with placebo.
Of note, the addition of antioxidants tended to mitigate
the angiographic and clinical efficacy of combination
therapy. Both the Familial Atherosclerosis Treatment
Study and HATS show that powerful LDL-C lowering
and HDL-C raising can substantially reduce CV morbidity



Table 4 Review of niacin clinical trials on atherosclerosis, clinical events, or both

Study (year) No. (% F) Treatment

Entry

requirement

Duration,

y

Baseline Change in lipids, %

Atherosclerosis change by angiography

or carotid U/S (treatment vs control) Reduction in clinical events %

Age, y

HDL-C,

mg/dL*
LDL-C

mg/dL†
TG

mg/dL HDL-C LDL-C† TG Regression, % Progression, % Stenosis

CHD death 1

nonfatal MI

PTCA or

CABG

All-cause

mortality

CDP (1975)111 3908 (0) Niacin 3 g vs

placebo

MI 5 45 (252) 7 meq/L (210) 226.1 15‡ 67‡ 24 (NS)

CDP follow-up

(1986)112
3467 MI 15 51 212.4 211.9x

SIHD Secondary

Prevention

(1988)113

555 (20) MI 5 61 48 161 (251) 208 (213) 219 36‡ 26{

CLAS (1987)114 162 (0) Niacin 4 g 1

colestipol

30 g vs

placebo

CABG 2 54 45 171 151 37 243 222 16.2 vs 2.4‡ 39 vs 61

CLAS II (1990)115 103 (0) CABG 2 54 44 171 154 37 240 218 18 vs 6{ 48 vs 85jj

FATS (1990)116 146 (0) Niacin 4 g 1

colestipol

230 g vs

usual care

Angiographic

CHD

2.5 46 39 190 194 43 232 229 39 vs 11‡ 25 vs 46‡ 20.9 vs 2.1‡ 2 (NS) 75

FATS follow-up

(1998)117
176 (0) Angiographic

CHD

10 43 202 210 23 248 236 72{ 93x

HATS (2001)118 160 (13) Niacin 1-4 g 1

simvastatin

10-20 mg vs

placebo

Angiographic

CHD

3 53 31 125 213 26 242 236 20.4 vs 3.9x 60 57

ARBITER 2

(2004)119
167 (7) ERN 0.5-1 g 1

statin vs

placebo 1

statin

CHD on statin

and HDL-C

, 45 mg/dL

1 67 39 87 154 21 22.3 213 cIMT 1.6

vs 5.1x

ARBITER 3

(2006)120
130 (8) Open-label

ARBITER

2 patients

switched

to ERN

2 67 40 88 165 23 29.5 220 24.6% decrease

in cIMT

(P 5 .008)

ARBITER 6

(2009)121
208 (22) ERN 2 g/d vs

ezetimibe

10 mg

CHD and HDL-C

, 50 for men

and , 55 mg/

dL for women

1.17 64 43 81 126 18 220 218 21.58% decrease

in cIMT (P 5

.001 vs baseline)

Oxford (2009)123 63 (94) ERN 2 g statin

vs placebo 1

statin

T2DM with CHD

or carotid/

peripheral

atherosclerosis

HDL-C , 40

mg/dL niacin

2 g/d

1 65 39 85 168 23 19 11 21.1 mm2 for ERN

vs 1.2 mm2 for

placebo

21.64 mm2 in

carotid

wall area by

MRI (P 5 .03)

9/165 in

ezetimibe vs

2/160 in ERN-

treated

patients

ARBITER, Arterial Biology for the Investigation of the Treatment Effects of Reducing Cholesterol; CABG, coronary artery bypass grafting; CDP, Coronary Drug Project; CHD, coronary heart disease; cIMT, carotid intimal medial thickness; CLAS, Cholesterol

Lowering Atherosclerosis Study; ERN, extended-release niacin; F, female; FATS, Familial Atherosclerosis Treatment Study; HATS, HDL-Atherosclerosis Treatment Study; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;

MI, myocardial infarction; MRI, magnetic resonance imaging; NS, not significant; PTCA, percutaneous coronary angioplasty; SIHD, Stockholm Ischemic Heart Disease; T2DM, type 2 diabetes mellitus; TC, total cholesterol; TG, triglyceride; U/S, ultrasound.

*Lipids in mg/dL, except TG for the CVD (1975) study in which TG were meq/L.

†If LDL-C value is not available, TC value is given in parentheses.

‡P , .01.

xP # .001.

{P # .05.

jjP , .0001.
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and mortality, although these studies do not directly address
whether niacin provides additive benefit to statins, or
whether an increase in HDL-C adds to the benefit of lower-
ing LDL-C levels.116,118

In the Arterial Biology for the Investigation of the
Treatment Effects of Reducing Cholesterol (ARBITER) 2
trial, 167 patients with known CAD and low HDL-C (,45
mg/dL) were randomly assigned to extended-release niacin
(ERN) 1000 mg at bedtime or placebo.119 All subjects were
required to be on statin therapy with an LDL-C entry crite-
rion of ,130 mg/dL. At 12 months, the ERN-treated pa-
tients had almost no change in cIMT (0.014 6 20.104
mm; P 5 .23), whereas the placebo group on statin therapy
alone exhibited a significant increase in cIMT (0.044 6
20.100 mm; P , .001), indicating significant progression
of atherosclerosis.119 It should be noted, however, the dif-
ferences between ERN and placebo did not achieve statis-
tical significance.

After the completion of ARBITER 2, patients were
continued on an open-label, 12-month follow-up (ARBI-
TER 3).120 Follow-up was completed in 104 subjects for an
additional year: 47 that were crossed-over from placebo
and started on ERN and 57 that continued ERN for a total
of 24 months. At the completion of the 2-year treatment,
patients converted from placebo to ERN experienced sig-
nificant regression of cIMT (20.095 6 0.019 mm; P ,
.001 vs placebo phase). The ARBITER 2 and 3 studies
were the first to indicate the potential for stabilization
and subsequent regression of atherosclerosis with the addi-
tion of a second antidyslipidemic agent, in this case ERN,
to stable statin therapy.

In the ARBITER 6 trial, 363 participants with CHD or
CHD equivalent on statin treatment with 80 mg/dL LDL-C
were randomly assigned to ezetimibe (10 mg/d) or ERN
(2000 mg/d). This trial compared the effectiveness of
combination therapy directed at lowering LDL-C (ezeti-
mibe) with combination therapy directed at raising HDL-C
(niacin) on atherosclerosis measured by cIMT.121 The study
was terminated early after 14 months; ezetimibe reduced
LDL-C more than niacin (217.6 6 20.1 mg/dL vs 210
6 24.5 mg/dL; P 5 .01), whereas niacin increased HDL-
C more than ezetimibe (7.5 6 9.2 mg/dL vs 22.8 6 5.7
mg/dL; P, .001). At 8 and 14 months, ezetimibe treatment
did not show significant changes in mean cIMT from base-
line (0.0014 6 0.0020 mm [P 5 .38], 0.0007 6 0.0035 mm
[P 5 .84], respectively). By comparison, niacin signifi-
cantly reduced the mean cIMT from baseline at both 8
and 14 months (20.0102 6 0.0030 mm [P 5 .004] and
20.0142 6 0.0041 mm [P , .001], respectively). Superior-
ity of niacin over ezetimibe was maintained after inclusion
of data from an additional 107 subjects who completed a
close-out assessment.122 The ARBITER 6 trial shows po-
tential superiority of niacin and its effects on both HDL-
C and LDL-C in regression of atherosclerosis monitored
by cIMT, compared with ezetimibe, which primarily mod-
ulates LDL-C, in patients already on a statin with relatively
low levels of LDL-C.
The Oxford Niaspan Study evaluated effects of ERN
2000 mg/d on atherosclerosis measured by magnetic reso-
nance imaging in patients (n 5 71) with type 2 diabetes
mellitus and CHD or carotid or peripheral artery disease
who achieved LDL-C lowering with statin but had low
HDL-C levels (,40 mg/dL).123 After 1 year, ERN in-
creased HDL-C 23% and decreased LDL-C 19%. After
12 months, magnetic resonance imaging showed ERN sig-
nificantly reduced plaque in the carotid wall area compared
with placebo (21.64 mm2 [95% CI 23.12 to 20.16]; P 5
.03). Mean changes in carotid wall area were 21.1 6 2.6
mm2 for ERN compared with 1.2 6 3.0 mm2 for placebo.
The Oxford Niaspan and ARBITER 6 studies were con-
ducted with participants on statin therapy and well-
managed LDL-C levels at baseline. Each found that niacin
treatment could reduce atherosclerosis.

Analysis from HATS showed that niacin/simvastatin
combination therapy produced nearly a 50% relative
reduction in major clinical events in the subset of partic-
ipants with diabetes or impaired fasting glucose,124 with no
significant difference in glycemic control between active
treatment or placebo groups. Absolute risk reduction was
similar among participants with and without diabetes. Sim-
ilarly, in a post hoc analysis of the CDP, participants with
diabetes treated with niacin experienced significantly lower
overall CVevents at 6 years125 and lower 15-year total mor-
tality than participants treated with placebo.125 Another
post hoc analysis of 6- and 15-year event rates in patients
with metabolic syndrome found significant reductions in
the niacin group over placebo.126

The AIM-HIGH trial
The Atherothrombosis Intervention in Metabolic Syn-

drome with Low HDL/High Triglycerides: Impact on
Global Health (AIM-HIGH) trial was a randomized,
placebo-controlled clinical trial in patients with a history
of atherosclerotic CVD and atherogenic dyslipidemia (low
HDL-C, high TGs).127 The AIM-HIGH investigators hy-
pothesized that raising HDL-C with ERN would reduce
the risk of CV events among patients who had achieved tar-
get levels of LDL-C (40–80 mg/dL) with intensive simva-
statin 6 ezetimibe therapy 10 mg daily, as needed, in
either arm. After a 4- to 8-week open-label run-in with sim-
vastatin 40 mg daily and rapid up-titration of progressively
increasing dosages of ERN (500 mg daily during week 1;
1000 mg daily during week 2; 1500 mg daily during
week 3; 2000 mg daily during week 4), participants tolerat-
ing at least 1500 mg daily were randomly assigned in a
double-blind 1:1 randomization scheme to ERN or match-
ing active placebo (50 mg niacin per tablet). In this event-
driven trial, it was projected that 800 adjudicated primary
events during a 2.5- to 7-year (mean 4.6 year) follow-up
would provide 85% power to detect a relative 25% treat-
ment difference between the ERN and placebo groups.
Follow-up was scheduled to conclude in December 2012.
A total of 3414 men and women, mean age of 64 years,
were recruited from 92 enrolling centers across the United
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States and Canada and followed for an average of 36
months. At entry, 3196 patients (94%) were taking a statin,
with a mean baseline LDL-C of 71 mg/dL, HDL-C was 35
mg/dL, and TG level was 161 mg/dL; by contrast, only 218
patients (6%) were statin-naive at trial entry. In this small
subset, mean baseline LDL-C was 125 mg/dL, HDL-C
was 33 mg/dL, and TGs were 215 mg/dL.

During a 36-month follow-up, compared with placebo,
ERN raised mean HDL-C by 25% (to 42 mg/dL), lowered
TGs by 29% (to 122 mg/dL), whereas LDL-C further
declined from 74 mg/dL to 62 mg/dL. As noted earlier,
the trial was stopped at a formal interim analysis because
of lack of efficacy of ERN. The primary end point (time
to first event for the composite of CHD death, nonfatal
MI, ischemic stroke, hospitalization for acute coronary
syndrome [ACS], or symptom-driven coronary or cere-
bral revascularization) occurred in 282 ERN-treated
subjects (16.4%) compared with 274 placebo-treated pa-
tients (16.2%) (hazard ratio [HR] 1.02; 95% CI 0.87–1.21;
P 5 .80).

Second Heart Protection Study
A much larger secondary prevention trial similar in

design to AIM-HIGH outside North America (the Second
Heart Protection Study, Treatment of HDL to Reduce the
Incidence of Vascular Events [HPS2-THRIVE]) that com-
pared simvastatin plus ERN/laropiprant with simvastatin
alone in 25,673 patients has recently concluded.128 Study
participants between 50 and 80 years of age with a history
of MI, cerebrovascular atherosclerotic disease, peripheral
artery disease, or diabetes with other evidence of sympto-
matic CHD were enrolled from China, Scandinavia, and
the United Kingdom. All subjects received at baseline
either simvastatin 40 mg daily (with a total-C ,130
mg/dL) or ezetimibe/simvastatin 10/40 mg daily. The pro-
prietary ERN preparation used in HPS2-THRIVE was fun-
damentally different from that used in AIM-HIGH in that
this agent was combined with laropiprant, a prostaglan-
din-D2 receptor-1 antagonist, to mitigate niacin-induced
flushing. Unlike AIM-HIGH, participants were enrolled
regardless of their baseline (entry) HDL-C levels. The pri-
mary outcome measure was major vascular events, defined
as the first occurrence of major coronary event (nonfatal MI
or coronary death) or stroke (any nonfatal or fatal stroke,
including subarachnoid hemorrhage) or revascularization
(coronary or noncoronary artery surgery or angioplasty [in-
cluding amputation]).

Demographics indicated that 83% of enrolled subjects
were men, the mean age was 64.9 years, 78% had a history
of prior CHD, and 32% were diabetic. The baseline lipid
values showed a remarkably stable and exceedingly well-
treated population with a mean total-C of 128 mg/dL, direct
LDL-C of 63 mg/dL, HDL-C of 44 mg/dL, and TGs of 125
mg/dL. During an average 4-year follow-up, the ERN/
laropiprant patients compared with placebo patients showed
an average 10 mg/dL further decrease in LDL-C, 6 mg/dL
increase in HDL-C, and a 33 mg/dL decrease in TG
levels—directional changes that were virtually identical to
those observed in AIM-HIGH. Among patients randomly
assigned to the ERN/laropiprant combination, compared
with simvastatin plus placebo, the HR for major vascular
events was 0.96 (95% CI 0.90–1.03; P 5 .29). No differ-
ences were observed in the components of the primary
end point or in any of the secondary end points as a func-
tion of treatment assignment. Similarly, no treatment differ-
ences were observed among enrolled subjects who were
,65 years of age, those between 65 and 75 years of age,
or those .75 years of age by treatment assignment. A bor-
derline interaction (P 5 .06) was observed for the region
from which subjects were enrolled with a better response
to ERN/laropiprant among European study participants
than among participants from China, whereas the mean
changes in lipids over time (especially LDL-C) were nota-
bly less among Chinese (27 mg/dL) than among Euro-
peans (212 mg/dL). Importantly, subgroup analysis also
showed a statistically significant interaction between base-
line LDL-C levels and treatment effects such that partici-
pants with LDL-C levels ,78 mg/dL showed no benefit
with ERN/laropiprant, whereas participants with LDL-C
levels above this level did have benefit.

Notably, several serious adverse events were reported
among patients randomly assigned to ERN/laropiprant
compared with simvastatin plus placebo. In particular,
there were significant excess rates of any diabetic compli-
cation (HR 1.55; 95% CI 1.34–1.78), serious bleeding (HR
1.38; 95% CI 1.17–1.62), and serious infection (HR 1.22;
95% CI 1.12–1.34). As expected, the incidence of statin-
related myopathy was significantly higher among Chinese
enrollees. The reasons for the excess serious adverse events
observed in HPS2-THRIVE remain unknown. The Oxford
Trialists who conducted the study indicated that niacin was
the most likely cause for the observed findings. Yet, study
participants were randomly assigned to the combination of
niacin and laropiprant, so it is not possible in this trial to
determine which agent, if either, is responsible for these
unexpected adverse events. Furthermore, in AIM-HIGH, in
which patients were treated with niacin alone, no such
pattern of excess adverse events was observed for serious
infections or bleeding. As expected, niacin worsens glyce-
mic control in approximately 10% of patients and is
associated with cutaneous side effects. Nevertheless, be-
cause the ERN combination used in HPS2-THRIVE in-
cluded a prostaglandin inhibitor, it is certainly plausible
that some (or most) of the off-target effects observed in this
trial may be related to laropiprant as opposed to niacin. A
critical issue is whether the prostaglandin D2 receptor-1 an-
tagonist, laropiprant, which was used in HPS2-THRIVE to
reduce niacin-induced flushing, is really biologically inert
with respect to atherosclerosis and thrombosis, as the Ox-
ford Trialists have maintained in their public commentary
after the presentation of the trial preliminary results in
March 2013. In particular, there is a paucity of scientific in-
formation that relates to the known pathobiologic effects of
prostaglandin D2. Of note, experimental data suggest that
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prostaglandin D2 receptor-1 deletion in mice augmented
aneurysm formation and accelerated atherogenesis and
thrombogenesis, implicating the possibility that niacin-
induced prostaglandin D2 release may function as a con-
straint on platelets during niacin therapy.129 Landmesser130

suggested that the effects of inhibition of the prostaglandin
D2 receptor-1 by laropiprant on thrombosis and atheroscle-
rosis in humans in vivo may be complex and difficult to
predict, because it has been observed that, on the one
hand, laropiprant at low concentrations may prevent the in-
hibitory effects of prostaglandin D2 on platelet function, in-
cluding effects on platelet aggregation and thrombus
formation, whereas, on the other hand, laropiprant at higher
concentrations may attenuate platelet activation induced by
thromboxane and inhibited thrombus formation.130 These
observations raise uncertainty as to whether the prostaglan-
din D2 receptor-1 antagonist laropiprant used to reduce
niacin-induced flushing is really biologically inert with re-
spect to atherosclerosis and thrombosis and certainly raise
the possibility that the unexpected serious adverse effects
observed in HPS2-THRIVE may have, in part, been related
to the use of this agent when combined with ERN.

In the aftermath of the neutral findings of both AIM-
HIGH and HPS2-THRIVE, uncertainties have abounded in
terms of how the trial results should be interpreted and
incorporated into clinical practice. Accordingly, the fol-
lowing questions have been posed. Was the fundamental
‘‘HDL cholesterol hypothesis’’ as configured in AIM-HIGH
and HPS2-THRIVE wrong? Was the therapeutic interven-
tion in HPS2-THRIVE complicated by adverse effects on
the vasculature? Were the expectations of clinical benefit
for ERN and simvastatin incorrect?

For .4 decades, an abundance of robust epidemiologic
evidence supports the observation that low levels of HDL-C
and elevated levels of LDL-C are independently predictive
of the risk of developing CHD in both men and women. As
already noted, in the original placebo-controlled CDP, high-
dose immediate-release niacin (3000 mg/d) was associated
with a significant 14% reduction in CHD death or MI, a
26% reduction in nonfatal MI alone, and a 21% reduction
in stroke or transient ischemic attacks—event rate reduc-
tions that are comparable with reductions achieved in
contemporary placebo-controlled statin trials. In addition,
VA-HIT found a 22% reduction in CHD death or nonfatal
MI during a 5.1-year mean follow-up, whereas the com-
bined incidence of CHD death, MI, or stroke was reduced
significantly by 24%. Seemingly, these data confirmed the
so-called HDL hypothesis that raising low levels of HDL-C
(by 6%, or 2 mg/dL) from 32 mg/dL at baseline to 34
mg/dL at follow-up and lowering TG levels (by 31%) from
160 mg/dL at baseline to 115 mg/dL at follow-up was
associated with significant clinical event reduction. Impor-
tantly, however, baseline LDL-C in VA-HIT, which pre-
dated widespread statin use, was 111 mg/dL, compared
with 71 mg/dL in the present study among those receiving a
statin at trial entry. This 40 mg/dL between-trial difference
in baseline LDL-C is consistent with the significant effect
statins have made on both reducing elevated LDL-C levels
and CV risk.

In addition to the anticipated effects of ERN on raising
HDL-C and lowering both TGs and LDL-C, AIM-HIGH
was designed with an aggressive on-treatment LDL-C
target of 40 to 80 mg/dL, in part because of the continued
evolution in clinical practice that has supported lower levels
of LDL-C in high-risk patients with metabolic syndrome
and atherogenic dyslipidemia, who were targeted for
enrollment in the trial. As noted earlier, 94% of patients
who were randomly assigned to AIM-HIGH had a mean
baseline LDL-C level of 71 mg/dL, in contrast to the 6% of
statin-naive patients, whose mean baseline LDL-C level
was 125 mg/dL—an almost 45-mg/dL difference. Again,
by comparison with VA-HIT in which the baseline LDL-C
was 111 mg/dL and patients were not receiving a statin, the
baseline LDL-C difference was 40 mg/dL. In addition to
the well-controlled LDL-C levels in patients at baseline in
AIM-HIGH, the levels of baseline non–HDL-C (mean 108
mg/dL) and apoB (mean 81 mg/dL) were likewise very low
at baseline. Hence, the patients enrolled in AIM-HIGH
exhibited excellent lipid control at baseline, which reflected
the proficiency and dedication of the trial investigators in
optimizing lipid treatment and secondary prevention. Sim-
ilarly, in HPS2-THRIVE, one might dispute the characteri-
zation that this was a high-risk study population, because
these patients were so well treated and had a mean baseline
LDL-C in the mid–60-mg/dL range with a mean baseline
HDL-C in the mid–40-mg/dL range. Given a baseline lipid
profile that is well within existing ATP III clinical practice
guidelines for the optional, ‘‘optimal’’ LDL-C target, why
would one expect a dyslipidemic intervention such as nia-
cin to provide incremental clinical benefit? In retrospect,
it may well be that the inclusion of very well–treated pa-
tients with such low levels of baseline LDL-C, non–HDL-
C, and apoB played an important role in mitigating much
of the long-term residual risk the investigators sought to
find with ERN. Importantly, 75% of the statin-treated pa-
tients in AIM-HIGH at baseline had been taking a statin
for at least 1 year, and 40% of patients had been taking a
statin for 5 or more years. Because of the long-standing
treatment with statins and the concomitant use of aggres-
sive secondary prevention (or disease-modifying therapies),
it may have been difficult to discern incremental clinical
benefit with ERN.

Finally, what could explain the lack of clinical benefit
viewed from the perspective of the practicing clinician,
who is often faced with patients who have low levels of
HDL-C but varying levels of LDL-C? As hypothesized
earlier, it is possible that long-standing, aggressive LDL-
C reduction therapy with statins may deplete the soluble
constituents of the large eccentric lipid cores of vulner-
able coronary plaques and, by so doing, may convert
vulnerable plaques destined for rupture (with associated
sudden cardiac death, MI, or ACS) to stable, quiescent
plaques, where the risk of such plaque ruptures is
significantly reduced. This remains speculation at
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present, but it could provide a plausible explanation for
the observed findings.

In summary, how should clinicians interpret the results
of AIM-HIGH and HPS2-THRIVE and, as a corollary, are
there subsets of patients for whom niacin should (or should
not) continue to be administered? Recognizing that the
study, by design, included only those patients with
established, stable, nonacute atherosclerotic CVD, the
results of these trials only apply to the types of patients
enrolled and should not be generalized to the broader
subpopulations that were excluded (such as patients with
acute MI or ACS or patients likely to require myocardial
revascularization in the subsequent 4–8 weeks after trial
enrollment). By contrast, for those patients with stable,
nonacute CHD with residually low levels of HDL-C who
are able to achieve and maintain very low levels of optimal
LDL-C on a statin, the results of AIM-HIGH and HPS2-
THRIVE do not support the use of ERN to further reduce
clinical risk and to improve CVD outcomes. Data derived
from several, prospective, observational registries suggest
that only approximately 15% to 20% of all patients with
treated high-risk CHD are able to achieve and maintain the
kinds of very low LDL-C that were achieved in AIM-HIGH
and HPS2-THRIVE; as such, these trial results may directly
apply only to this subset of more unselected patients with
CHD and dyslipidemia.

In a recently updated meta-analysis, including the results
of AIM-HIGH, Lavigne and Karas131 examined whether ni-
acin reduced CVD events in previously published clinical
trials of niacin. (Note that the HPS2-THRIVE trial was
not published in full and was not included in their report.)
This analysis included 11 studies, with 9959 subjects who
were followed for 2.7 years on average. In this analysis, ni-
acin significantly reduced the composite end points of any
CVD event (OR 0.66; 95% CI 0.49–0.89; P 5 .007;
Fig. 12) and major CHD event (OR 0.75; 95% CI 0.59–
Figure 12 Effect of niacin therapy on the occurrence of any CVD e
Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/
Biology for the Investigation of the Treatment Effects of Reducing Chole
Atherosclerosis Study; CVD, cardiovascular disease; FATS, Familial Ath
ment Study; HDL, high-density lipoprotein; STOCKHOLM, Stockholm
San Francisco, Atherosclerosis Specialized Center of Research.
0.96; P 5 .02; Fig. 13). In a provocative finding, meta-
regression analysis found no significant association be-
tween the extent of HDL-C–raising observed in the trials
and the observed reduction in CVD events.

CETP inhibitor trials
Apart from fibrates and niacin, CETP inhibition has

likewise been a therapeutic target for HDL-raising therapy.
However, the cardioprotective role of raising HDL through
its surrogate marker HDL-C has become clouded after early
termination of the Investigation of Lipid Level Manage-
ment to Understand its Impact in Atherosclerotic Events
(ILLUMINATE) trial with the CETP inhibitor torcetrapib
in patients with high risk of CHD12 and the more recent ter-
mination of the dal-OUTCOMES trial with dalcetrapib.11

In combination with atorvastatin, torcetrapib increased
HDL-C by 72% and further lowered LDL-C by 25%. How-
ever, it caused a significant 60% higher rate of CV events
and mortality than did atorvastatin monotherapy. Whether
this excess mortality signal was attributed to so-called
‘‘off-target’’ effects (increased activation of the renin-
angiotensin system and increased blood pressure) of torce-
trapib or due to to other factors (eg, large ‘‘dysfunctional’’
HDL molecules) remains uncertain, but the ILLUMINATE
trial indicates that increasing the quantity of HDL-C may
be inadequate for cardioprotection.

More recently, the large dal-OUTCOMES trial in 15,871
patients with ACS was terminated earlier than planned.
Patients received dalcetrapib 600 mg daily or placebo in
addition to best available evidence-based care. The primary
efficacy end point was a composite of CHD death, nonfatal
MI, ischemic stroke, unstable angina, or resuscitated cardiac
arrest. Despite raising HDL-C levels by 31% to 40%
compared with placebo, no differences were observed in
the rate of the primary end point at a median 31 months of
follow-up after 1135 primary events had been adjudicated.
vent.131 AFREGS, Armed Forces Regression Study; AIM-HIGH,
High Triglycerides: Impact on Global Health; ARBITER, Arterial
sterol; CDP, Coronary Drug Project; CLAS, Cholesterol-Lowering
erosclerosis Treatment Study; HATS, HDL-Atherosclerosis Treat-
Ischemic Heart Disease; UCSF_SCOR, University of California,



Figure 13 Effect of niacin therapy on the occurrence of major CHD events.131 AFREGS, Armed Forces Regression Study; AIM-HIGH,
Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/High Triglycerides: Impact on Global Health; ARBITER, Arterial
Biology for the Investigation of the Treatment Effects of Reducing Cholesterol; CDP, Coronary Drug Project; CHD, coronary heart disease;
CLAS, Cholesterol-Lowering Atherosclerosis Study; FATS, Familial Atherosclerosis Treatment Study; HATS, HDL-Atherosclerosis Treat-
ment Study; HDL, high-density lipoprotein; STOCKHOLM, Stockholm Ischemic Heart Disease; UCSF_SCOR, University of California,
San Francisco, Atherosclerosis Specialized Center of Research.
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Compared with placebo, dalcetrapib did not alter the risk of
the primary end point (cumulative event rate 8.0% and 8.3%,
respectively; the HR for dalcetrapib was 1.04; 95% CI 0.93–
1.16; P 5 .52). Thus, evidence from clinical trials supports
HDL-raising therapy and CVevent reduction with niacin or
gemfibrozil in the absence of statin therapy (CDP, VA-
HIT) but not in the setting of statin coadministration (AIM-
HIGH, HPS2-THRIVE, ILLUMINATE, dal-OUTCOMES).

Ongoing studies
Clinical end point–driven, large-scale, randomized con-

trolled trials of 2 additional CETP inhibitors (anacetrapib
and evacetrapib) are currently ongoing, and results of these
studies will likely provide further insight into the role of
pharmacologic inhibition of CETP to further reduce CV
risk. In addition, other therapeutic strategies for manipu-
lating the HDL axis are also ongoing, including, for
example, infusion of peptides that mimic the functional
aspects of apoA-I. Finally, subgroup analysis after publi-
cation from the recently completed AIM-HIGH and HPS2-
THRIVE studies may also provide additional insight and
may help to formulate new hypotheses about the role of
targeting HDL-C as a therapeutic intervention to reduce
CVD risk.

Summary of clinical trials

Advances in dyslipidemic therapy have contributed to
the sustained decline in CHD mortality observed over the
past 4 decades; however, despite these impressive gains,
CHD remains the most frequent cause of death worldwide.
Although large-scale clinical trials with statins have found
that reducing LDL-C decreases mortality and CVD events
by 25% to 35% compared with placebo, these rates remain
unacceptably high, in the range of 65% to 75% of the rates
observed in placebo-treated patients. Although evidence
suggests that low HDL-C levels should also be considered a
target for therapy, particularly in patients with multiple risk
factors, established CHD, or its equivalents, results from
multiple placebo-controlled trials for clinical event reduc-
tion with fibrates, niacin, and CETP inhibitors have failed
to provide convincing clinical benefit to date. Thus, it
remains unclear whether HDL-C is a treatment target to
further mitigate CVD risk.

Challenges posed by a sequence of negative
studies and rationale for not abandoning further
study prematurely

Despite the well-documented inverse relationship be-
tween levels of high HDL-C and CV risk in human
population studies and despite the robust evidence in
animals that HDL raising translates into a reduction in
atherosclerosis, the hypothesis that HDL raising in humans
will reduce clinical CVD events has still not been substan-
tiated. In fact, as outlined earlier, 4 recent human trials with
HDL-raising agents did not show a reduction in CVD
events, and, in 1 trial, the treatment was associated with
serious harm. The ILLUMINATE trial with the CETP
inhibitor, torcetrapib, caused harm,12 whereas the AIM-
HIGH trial with niacin10 and the dal-OUTCOMES trial
with the CETP inhibitor, dalcetrapib,11 did not cause
harm but were both stopped early for futility. Finally, it
has now been reported that the HPS2-THRIVE study with
ERN/laropiprant failed to meet its primary end point and
showed evidence of an excess of serious adverse events.

These 4 trials have undermined the HDL hypothesis and
have led to suggestions that it is time to stop further efforts
to target HDL as a cardioprotective strategy in humans.
However, there is a highly plausible case to be made that
these negative trials have not, in fact, tested the hypothesis
that HDL raising is cardioprotective, whether because of
using a flawed drug (torcetrapib), because of problems with
trial design (AIM-HIGH), or because of the possibility that
the hypothesis was tested in the wrong population (dal-
OUTCOMES). Lessons learned from these trials have
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informed the design of new trials that use agents that raise
the level of HDL-C.

ILLUMINATE trial

This trial tested the hypothesis that inhibition of CETP
by treatment with torcetrapib would reduce CVD events in
humans. The rationale for conducting this study was based
on several observations.

(1) CETP promotes the transfer of cholesterol from the
protective HDL fraction to potentially proatherogenic
particles in the VLDL/LDL fractions. Its inhibition re-
sults in an increase in the concentration of HDL-C and
(usually) a decrease in the concentration of cholesterol
in the VLDL/LDL fraction.

(2) Inhibition of CETP in rabbits, whether by genetic ma-
nipulation, by the use of an anti-CETP vaccine, or by
the use of small molecule inhibitors of CETP, greatly
reduces the susceptibility of rabbits to the development
of atherosclerosis.

(3) In a large meta-analysis of 92 studies that involved
113,833 participants, it was concluded that participants
with CETP polymorphisms that are associated with de-
creased CETP activity and mass have an elevated con-
centration of HDL-C and a decreased risk of having a
coronary event.132 A similar conclusion was drawn
from an analysis of a cohort of 18,245 healthy Ameri-
cans in the Women’s Genome Health Study.133 This
conclusion was further supported by another recent
meta-analysis in which it was concluded that a com-
mon genetic variation of the CETP gene reduces the
risk of MI to the same extent as reported in the earlier
meta-analysis. In this analysis it was found that the ap-
parently protective CETP gene variant was accompa-
nied not only by higher levels of HDL-C but also by
lower levels of LDL-C.56

However, use of the CETP inhibitor, torcetrapib, did not
reduce atherosclerosis in 3 imaging trials and caused
serious harm in a large clinical outcome trial, the ILLU-
MINATE trial. The trial was conducted in 15,067 people
with manifest CVD or type 2 diabetes mellitus. Partici-
pants, all of whom were receiving atorvastatin at a dose
required to reduce the level of LDL-C to ,100 mg/dL,
were randomly assigned to receive either torcetrapib or
matching placebo, with an estimated follow-up of 4.5 years.
Despite a 72% increase in HDL-C and a 25% decrease in
LDL-C in the group receiving torcetrapib, the trial was
terminated early because of statistically significant excesses
of both CVD events (464 vs 373; P , .001) and total mor-
tality (93 vs 59; P 5 .006) in the torcetrapib-treated
group.12 Treatment with torcetrapib increased the number
of deaths from both CVD and non-CVD causes. More pa-
tients in the torcetrapib group than in the control group
died of cancer (24 vs 14) and infection (9 vs 0), although
there was no evidence that torcetrapib increased the total
(fatal plus nonfatal) numbers of neoplasms and infections.
Why did torcetrapib cause harm in the
ILLUMINATE trial?

It is possible that torcetrapib generates HDLs that do not
function normally, although this is not supported by the
observation that HDLs isolated from torcetrapib-treated
patients have an increased (not decreased) ability to pro-
mote the efflux of cholesterol.134 Nor is it supported by the
observation in the Investigation of Lipid Level Manage-
ment Using Coronary Ultrasound to Assess Reduction of
Atherosclerosis by CETP Inhibition and HDL Elevation
study in which those torcetrapib-treated patients who
achieved HDL-C levels in the upper quartile showed signif-
icant regression of coronary atherosclerosis.135

It is also possible that the harm caused by torcetrapib
was the result of an off-target effect unrelated to CETP
inhibition.136 Treatment with torcetrapib in the ILLUMI-
NATE trial was associated with a 5-mm Hg increase in sys-
tolic blood pressure, an increase in serum aldosterone, a
reduction in serum potassium, and an increase in serum
concentrations of bicarbonate and sodium. Furthermore,
preclinical studies conducted since termination of the torce-
trapib program have shown that treatment with torcetrapib
also increases blood pressure in animals that lack CETP.
Torcetrapib has been shown to increase the synthesis of
both aldosterone and cortisol in adrenal cortical cells grow-
ing in tissue culture. Torcetrapib also impairs endothelial
function in a process that is independent of either CETP in-
hibition or changes in HDL-C levels. It has also been
shown that compounds structurally related to torcetrapib
(but lacking CETP inhibitory activity) raise blood pressure
in animals and induce synthesis of aldosterone by adrenal
cortical cells. Other CETP inhibitors, including dalcetrapib,
anacetrapib, and evacetrapib, have minimal effects on
blood pressure or serum aldosterone levels in either animals
or humans nor do they induce synthesis of aldosterone in
studies of adrenal cortical cells.

However, although consistent with a proposition that
off-target effects of torcetrapib may have been responsible
for the harm observed in the ILLUMINATE trial and the
absence of an effect on atherosclerosis in the imaging trials,
these post hoc and preclinical studies cannot be regarded as
definitive, and it cannot be concluded that torcetrapib
would have reduced CV events if these off-target effects
had not occurred.
Dal-OUTCOMES

This was a multicenter, randomized, double-blind, pla-
cebo-controlled trial designed to test the hypothesis that
CETP inhibition with dalcetrapib reduces CVD morbidity
and mortality in patients with recent ACS. More than
15,000 patients, all of whom were being treated with statins
to achieve recommended levels of LDL-C, were randomly
assigned to receive dalcetrapib or matching placebo. The
primary outcome was time to first occurrence of a
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composite CV end point. The trial was planned to continue
until 1600 primary end point events had occurred.

The trial was terminated early on the basis of futility
after the Data and Safety Monitoring Committee concluded
that further continuation of the study had virtually no
chance of yielding a positive result.11 It is important to
stress that the dal-OUTCOMES trial was not terminated
on the basis of safety.

The explanation for the failure of dalcetrapib is not
known, although several possibilities should be considered.

(1) The increase in HDL-C concentration induced by dal-
cetrapib may not have been accompanied by an en-
hancement of the protective properties of HDL.

(2) It is also possible that CETP inhibition is not effective
in patients treated soon after an acute coronary event as
was the case with dal-OUTCOMES. This possibility is
supported by the unexpected observation in dal-
OUTCOMES that the level of HDL-C in the placebo
group did not predict the risk of having a CVD event.11

Whether CETP inhibitors have a future will depend on
the results of ongoing large-scale CVD clinical outcome
trials being conducted with anacetrapib and evacetrapib.

AIM-HIGH

This trial tested the hypothesis that treatment with niacin
would reduce CVD events in statin-treated humans who
had low levels of HDL-C. The rationale for AIM-HIGH
was that niacin increases the level of HDL-C by up to 30%
and also reduces the level of LDL-C by approximately
15%. When given as monotherapy, niacin has been shown
to reduce clinical CVD events. Furthermore, when given in
combination with a statin, niacin promotes regression of
atherosclerosis as assessed by measuring cIMT.

AIM-HIGH was designed on the assumption that niacin
increases the concentration of HDL-C by approximately
25%. It was an event-driven trial designed to have an 85%
power to detect a 25% reduction in CVD events. It was
calculated that a sample size of 3400 participants followed
for 2.5 to 7 years would generate the required 800 primary
events. However, AIM-HIGH was terminated early on the
basis of futility at which time there had been approximately
550 primary events.10

Treatment with niacin increased the level of HDL-C by
25% (as predicted) to an on-treatment level of 42 mg/dL.
However, the level of HDL-C also increased substantially
in the placebo group to an on-treatment level of 38 mg/dL.
As a consequence, the on-treatment difference in HDL-C
between the 2 groups was only 4 mg/dL. The median on-
treatment levels of LDL-C were 68 and 63 mg/dL, respec-
tively, in the placebo and niacin groups, a difference of 5
mg/dL. If the inverse relationship between HDL-C and
vascular disease risk in observational studies is causal and
if one-half of this risk is reversible within a few years (as
observed with statin therapy), it would then follow that an
observed 4-mg/dL increase in HDL-C would translate into
a 3% to 4% reduction in risk. On the basis of meta-analyses
of statin clinical trials, a difference in LDL-C of 5 mg/dL
predicts a 2.5% difference in event rates between treatment
groups. Thus, the observed differences in the 2 groups
would predict a CVD event rate in the niacin group of at
most 6.5% lower than in the placebo group, only one-
quarter of the predicted 25% reduction on which the power
calculations were based.

Put simply, in no way did this trial have the power to
detect a 6.5% reduction in events. Thus, whatever conclu-
sions are drawn from AIM-HIGH, it has not tested the HDL
hypothesis, nor was it in any way powered to test the
potential benefits of niacin. The use of low-dose niacin in
the placebo group, choosing patients without high TGs and
low HDL-C such as those commonly treated in practice,
and very aggressive LDL-C lowering beyond the common
application of current guidelines also reduced the likeli-
hood of being able to detect a significant difference in the
primary end point between treatment groups.

HPS2-THRIVE

The value of adding niacin to effective statin therapy
was also investigated in the much larger HPS2-THRIVE
study that randomly assigned 25,000 participants. As
described earlier, this trial failed to achieve its primary
efficacy outcome. Patients treated with ERN/laropiprant
had LDL-C levels 10 mg/dL lower and HDL-C levels 6
mg/dL higher than in patients taking placebo. Thus, as was
the case with AIM-HIGH, this trial did not test the HDL
hypothesis. The observed 10-mg/dL decrease in LDL-C in
HPS2-THRIVE would be expected (on the basis of statin
trial meta-analyses) to produce a 5% to 6% proportional
reduction in major vascular event risk. If the inverse
relationship between the concentration of HDL-C and the
risk of having a vascular event observed in population
studies is causal and if half of this risk is reversible (as
observed in LDL-C–lowering intervention studies), it may
follow that the observed 6-mg/dL increase in HDL-C would
produce a 4% to 5% reduction in CV event rates. Conse-
quently, the combined lipid changes in HPS2-THRIVE
might have been expected to reduce the risk of having a
major vascular event by approximately 10%, which is
compatible with the 4% reduction that was observed.

In other words, the observed effect of the treatment on
the primary end point was compatible with the observed
changes in concentrations of LDL-C and HDL-C. If this
were not the case, one interpretation of the results of HPS2-
THRIVE is that the changes in LDL-C and HDL-C induced
by ERN/laropiprant were not sufficient to translate into a
significant effect on major vascular events. Thus, although
it is reasonable to conclude that in statin-treated patients
whose serum LDL-C concentration is very low, the addition
of ERN/laropiprant does not result in a significant reduction
in major vascular events. It should be made clear that the
result does not invalidate the hypothesis that there may
have been significant beneficial effects had there been
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greater reductions in LDL-C or greater elevations in
HDL-C or both.
Emerging HDL-targeted therapies

Intravenous infusion of reconstituted HDLs

rHDL-like particles consist of complexes of phospho-
lipids with the main HDL apolipoprotein, apoA-I. Intrave-
nous infusions of rHDLs have been shown consistently in
a variety of animal models to inhibit experimental ather-
osclerosis.5,88 Two proof-of-concept studies suggest a
similar antiatherogenic effect of infusing rHDLs into
humans.9,10

ApoA-IMilano is a mutant form of apoA-I that was dis-
covered in Italian families with low HDL-C but apparently
decreased CV risk. In a small study in humans who re-
ceived 5 once-weekly intravenous infusions of rHDLs con-
taining apoA-IMilano, a significant reduction was observed
in coronary atheroma, as assessed by IVUS.8

In another human study (Effect of rHDL on Atheroscle-
rosis – Safety and Efficacy trial), participants received 4
once-weekly intravenous infusions of rHDLs containing
apoA-I isolated from healthy humans (CSL-111).9 These
infusions resulted in statistically significant improvements
in plaque characterization index as assessed by coronary
IVUS and in coronary score as assessed by quantitative cor-
onary angiography. However, the treatment did not result in
a significant change in atheroma volume or nominal change
in plaque volume compared with placebo. Evidence in this
trial also suggested that doses of rHDL .40 mg/kg resulted
in abnormalities of liver function, leading to a cessation of
the 80-mg/kg dose arm.

These early results are promising and have provided the
rationale for embarking on additional larger human trials
with newer formulations of rHDLs that appear to be free of
any liver toxicity.

HDL delipidation

Another novel technique related to the concept of rHDL
infusion involves the collection of plasma that is subse-
quently subjected to a process that selectively removes lipid
from HDLs. The resulting lipid-poor HDLs resemble the
apoA-I/phospholipid rHDLs described in the previous
section. They are then reinfused back into the patient. In
one small human trial that involved 28 patients with ACS, 7
once-weekly treatments resulted in a numerical trend
toward a decrease in atheroma volume compared with
baseline.137 Further larger studies that use this approach are
currently being planned.

CETP inhibitors

Despite the failure of 2 previous trials, the hypothesis
that CETP inhibitors will be antiatherogenic in humans is
still being tested in studies with anacetrapib and evace-
trapib, 2 CETP inhibitors that are much more potent than
dalcetrapib and which do not share the off-target adverse
effects of torcetrapib.

Anacetrapib

As evidenced in the 18-month, Determining the Efficacy
and Tolerability of CETP Inhibition with Anacetrapib trial
that included .1600 participants, all of whom were being
treated with effective doses of statins, treatment with
anacetrapib was shown to be free of the safety issues
observed with torcetrapib.138 In this trial of statin-treated
patients, anacetrapib increased the level of HDL-C from
41 mg/dL at baseline to an on-treatment level of 101
mg/dL (an increase of approximately 140%) and decreased
LDL-C from a baseline of 81 mg/dL to an on-treatment
level of 45 mg/dL (a decrease of approximately 35%).
Treatment with anacetrapib had no effect on blood pressure
or on electrolyte or aldosterone levels.

Prespecified adjudicated CVD events occurred in 16
patients treated with anacetrapib (2.0%) and 21 patients
receiving placebo (2.6%) (P 5 .40). Significantly fewer pa-
tients in the anacetrapib group than in the placebo group
underwent revascularization (8 vs 28; P 5 .001).138

The Results of the Determining the Efficacy and Toler-
ability of CETP Inhibition with Anacetrapib trial provided
the comfort needed to embark on a much larger clinical
outcome trial with anacetrapib. The Randomized Evalua-
tion of the Effects of Anacetrapib Through Lipid Modifi-
cation trial (ClinicalTrials.gov number NCT01252953) is a
phase 3 trial designed to determine whether treatment with
anacetrapib given at a daily dose of 100 mg reduces the risk
of a composite end point (coronary death, MI, or coronary
revascularization) in patients with circulatory problems
who have their LDL-C optimally treated with a statin. It
is planned to randomly assign 30,000 subjects to anacetra-
pib 100 mg daily or matching placebo with a predicted
follow-up of approximately 5 years. This study will include
men and women with a history of MI, cerebrovascular ath-
erosclerotic disease, peripheral arterial disease, or diabetes
mellitus with other evidence of symptomatic CHD. This
study is ongoing.

Evacetrapib

Evacetrapib is another potent and selective inhibitor of
CETP. The biochemical effects, safety, and tolerability of
evacetrapib were assessed in a 12-week randomized,
placebo-controlled trial that included 398 patients with
elevated LDL-C or low HDL-C levels.139 Evacetrapib was
given either as monotherapy or in combination with a sta-
tin. When given as monotherapy, evacetrapib produced
dose-dependent increases in HDL-C of 54% to 129% and
decreases in LDL-C of 14% to 36%. When given to
statin-treated patients, evacetrapib at a daily dose of 100
mg increased HDL-C by 78.5% to 88.5% and decreased

http://ClinicalTrials.gov
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LDL-C by 11% to 14%.139 A large phase 3 clinical out-
come study that uses evacetrapib has now commenced.

New PPAR-a, -d, and -g agonists

Fibrates have long been known to increase the concen-
tration of HDL-C, although the magnitude of the increase is
modest.140 Although evidence of the cardioprotective prop-
erties of fibrates is compelling in subjects with elevated
plasma TGs and low levels of HDL-C,140,141 the benefits
cannot be explained in terms of the observed increase in
concentration of HDL-C. It has been suggested that fibrates
enhance the ability of HDL to promote reverse cholesterol
transport (RCT), although the clinical importance of this re-
mains to be established. Newer peroxisome proliferator-
activated receptor (PPAR)-a agonists are in development
that are said to promote greater increases in the concentra-
tion of HDL-C, although details of such compounds are
currently not available. Published results with such agents
are awaited with interest. Dual PPAR-a/g agonists in devel-
opment have also been reported to promote a greater in-
crease in the concentration of HDL-C than observed with
agents displaying PPAR-a activity alone.142 A clinical trial
with one such agent, aleglitazar, is currently under way. Re-
sults are awaited with interest.

RVX-208

RVX-208 is a small molecule that increases production
of apoA-I by stimulating its gene transcription.143 It in-
creases the concentrations of both HDL-C and apoA-I in
humans,144 with evidence of an increase in the preb HDL
particles that are known to be the preferred acceptors of
cholesterol released from cells by the ABCA1 transporter.
The effects of RVX-208 on human coronary atherosclerosis
are currently being studied in an IVUS trial.145
Role of HDL in RCT

Plasma levels of HDL-C are inversely associated with
incident CAD and CVD events such as MI and mortality.
This highly consistent observation led to the HDL hypoth-
esis that interventions to raise HDL-C will result in reduced
risk of CAD. However, recent findings have raised serious
questions about the validity of this hypothesis or the
emphasis on whole body cholesterol excretion vs a focus
on macrophage cholesterol efflux.73 A number of genetic
polymorphisms associated with HDL-C have no association
with CAD.56 Furthermore, several clinical trials that in-
volve interventions that raise HDL-C levels (niacin,
CETP inhibitors) have failed to show reductions in CVD
events.11,12,128 In light of these results, it is difficult to as-
certain the validity of the HDL hypothesis.

A plausible alternative to the HDL hypothesis is one that
focuses on HDL function rather than HDL-C levels per se.
RCT (the ability to promote cholesterol efflux from
macrophages and transport it to the liver for biliary
excretion) is one of the best-characterized HDL functions.
Through the RCT pathway, cholesterol efflux from arterial
foam cells onto HDL particles leads to reductions in
atherosclerotic lesion size.146 Data from animal models
show that increasing plasma apoA-I through intravenous in-
fusion or hepatic overexpression promotes macrophage
RCT and prevents or regresses atherosclerosis.147 Even in
humans, the infusion of large amounts of reconstituted
apoA-I particles reduces the burden of coronary atheroscle-
rosis.9,10 Thus, a detailed molecular understanding of the
mechanisms by which HDL and apoA-I promote choles-
terol efflux and transport it back to the liver for biliary ex-
cretion is not only of biological interest but is potentially of
considerable therapeutic value.

The metabolism of HDL is intimately connected to its
role in RCT. The biosynthesis of HDL is complex (Fig. 14).
ApoA-I is synthesized in the liver and intestine and rapidly
lipidated locally via the cholesterol transporter ABCA1.
Studies in mice have shown that ABCA1 expressed by
the liver and small intestine is responsible for generating
most of the nascent discoidal HDL. Lipid-poor apoA-I is
also an acceptor of cholesterol efflux via ABCA1 from
macrophages. Once bound to nascent discoidal HDL, free
cholesterol is esterified by lecithin-cholesterol acyltransfer-
ase (LCAT), and the cholesteryl ester is sequestered in the
hydrophobic core of the HDL particle. With progressively
greater lipidation, the particle becomes larger and more
spherical, resulting in the progressive formation of HDL3

(smaller) and HDL2 (larger) particles. Large HDL2 particles
are acceptors of cholesterol efflux via ABCG1 from
macrophages.148

Mature HDL can transfer its cholesterol to the liver
indirectly via CETP-mediated transfer to apoB-containing
lipoproteins, with subsequent uptake by the liver, or
directly via selective uptake by the SR-B1 (Fig. 15).
Once delivered to the liver, cholesterol can be excreted di-
rectly into the bile as cholesterol or after conversion via 7-a
hydroxylase to bile acids and, unless reabsorbed by the in-
testine, is ultimately excreted in feces. In addition, evidence
also suggests that HDL-derived cholesterol can be trans-
ported to the intestinal enterocyte and excreted without first
going through the hepatobiliary route,149 although the
quantitative contribution of this pathway in humans is
uncertain.

The metabolic fate of HDL-C and apoA-I, however, is
not so simple and unidirectional (Fig. 16). HDL can be re-
modeled by lipases such as hepatic lipase and endothelial
lipase, which hydrolyze HDL TGs and phospholipid, re-
spectively.73 This results in a reduction in the volume of
HDL particles and promotes the dissociation of apoA-I
from the particles, de facto regenerating lipid-poor apoA-I
that can then once again function as a cholesterol acceptor
via ABCA1, but is also at risk of catabolism via the kid-
neys. In addition, the HDLs are continuously interacting
with apoB-containing lipoproteins via the action of CETP
and phospholipid transfer protein that contribute to the



Figure 14 Biosynthesis of HDL. Reprinted with permission from Rader.99 ABCA1, adenosine triphosphate–binding cassette transporter-
1; apo, apolipoprotein; CE, cholesteryl ester; FC, free cholesterol; HDL, high-density lipoprotein; LCAT, lecithin cholesterol acyltransfer-
ase; LPL, lipoprotein lipase; PL, phospholipid; PLTP, phospholipid transfer protein; TG, triglyceride.
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dynamic exchange of cholesteryl esters for TGs and phos-
pholipids between HDL and apoB-containing lipoproteins.
Thus, circulating levels of HDL particles and of the choles-
terol they carry are determined by the equilibrium between
factors that affect production and factors that affect
catabolism.

The concept of RCT was first introduced in 1968 by
Glomset.150 The physiological need for this process is
clear, as nonhepatic cells acquire cholesterol through the
uptake of lipoproteins and de novo synthesis, yet (with
the exception of steroidogenic tissues that convert choles-
terol to steroid hormones) they are unable to catabolize it.
Because an excess of intracellular free cholesterol is toxic,
one of the pathways that cells have developed to balance
cholesterol intake and de novo synthesis and maintain via-
bility is the efflux of excess cholesterol from peripheral
cells to extracellular HDL acceptors, followed by its trans-
port to the liver and its enteric excretion. The pathways by
which peripheral cholesterol that is effluxed from tissues to
apoA-I or HDL gets back to the liver for excretion are cov-
ered above. Essentially, after esterification of free choles-
terol by LCAT, the cholesteryl ester in the HDL core has
2 primary routes to the liver: direct uptake by SR-B1 or
transfer to apoB-containing lipoproteins by CETP with sub-
sequent uptake by the liver. HDL-derived cholesterol arriv-
ing at the liver, after hydrolysis by neutral or lysosomal
lipases, can be effluxed by the hepatocyte back into the
plasma by the ABCA1 transporter to apoA-I as an acceptor.
Alternatively, it can be routed to the bile as free cholesterol
or after conversion to bile acids. Ultimately, RCT is com-
plete when the cholesterol and bile acids are excreted
from the body in the feces.

Relationship of macrophage cholesterol efflux to
atherosclerosis

Although every peripheral cell can efflux cholesterol and
contribute to RCT, it is the RCT from macrophages that is
directly relevant to the prevention and management of
atherosclerosis. Multiple pathways are known by which
excess cholesterol in foam cells can be removed by
HDL73,151 (Fig. 17). The 2 most important pathways quan-
titatively are the ABCA1 and ABCG1 transporters, which
efflux cholesterol to lipid-poor apoA-I and mature HDL, re-
spectively. Macrophage SR-B1 can promote cholesterol ef-
flux to mature HDL but is quantitatively less important in
cholesterol-loaded cells. Lipid-loaded macrophages express
apoE, which facilitates the efflux of cholesterol.

The concept that macrophage-specific RCT is relevant to
atherosclerosis is supported by numerous studies in animal
models. With the use of a method that specifically assesses
macrophage RCT, it has been found, for example, that (1)
mice overexpressing apoA-I have increased, and mice
deficient in apoA-I have reduced, macrophage RCT147,152;
(2) hepatic SR-B1 expression is a positive regulator of mac-
rophage RCT inverse to its effects on plasma HDL-C



Figure 15 RCT from mature HDL to liver. Reprinted with permission from Rader.99 Apo, apolipoprotein; BA, bile acids; CE, cholesteryl
ester; CETP, cholesteryl ester transfer protein; FC, free cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LDLR,
low-density lipoprotein receptor; RCT, reverse cholesterol transport; SR-B1, scavenger receptor class B type 1; VLDL, very low-density
lipoprotein.
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concentrations153; (3) liver X-receptor-a154 and PPAR-a155

agonists significantly increase macrophage RCT in mice;
and (4) probucol increases macrophage RCT despite reduc-
ing plasma levels of HDL-C.156 Multiple other studies have
assessed macrophage-specific RCT by genetically and
Figure 16 Metabolic fates of HDL and apoA-I. Reprinted with perm
cholesteryl ester; CETP, cholesteryl ester transfer protein; EL, endoth
LDL, low-density lipoprotein; LDLR, low-density lipoprotein recepto
TG, triglyceride; VLDL, very low-density lipoprotein.
pharmacologically manipulating mice, and the effects on
RCT (in contrast to the effects on HDL-C concentrations)
are largely consistent with the effects of the same interven-
tions on atherosclerosis.146 Overall, the dynamic rate of
macrophage RCT correlates much better than steady-state
ission from Rader.99 AMN, amnionless; apo, apolipoprotein; CE,
elial lipase; HDL, high-density lipoprotein; HL, hepatic lipase;
r; PL, phospholipid; SR-B1, scavenger receptor class B type 1;



Figure 17 Pathways for removal of excess cholesterol in foam
cells by HDL. Reprinted with permission from Rader.99

ABCA1, adenosine triphosphate–binding cassette transporter
A1; ABCG1, adenosine triphosphate–binding cassette transporter
G1; apo, apolipoprotein; CE, cholesteryl ester; FC, free choles-
terol; HDL, high-density lipoprotein; LXR/RXR, liver X-receptor
b/retinoid X-receptor a; OS, oxysterol; SR-B1, scavenger receptor
class B type 1.
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plasma HDL-C level with atherosclerosis, suggesting that
methods to assess macrophage-specific RCT may be more
useful in dissecting the molecular regulation of RCT be-
cause it is relevant to atherogenesis and that the promotion
of cholesterol efflux from macrophages, more than just the
increase in HDL-C levels, is a potential therapeutic ap-
proach to preventing or regressing atherosclerotic disease.73

Robust and sensitive methods for assessing RCT in
humans are needed to assess novel therapies targeted
toward raising HDL and RCT. In a study that tested the
cholesterol efflux capacity of HDL, measured with the use
of an established ex vivo assay,157 efflux capacity was
found to be a significant predictor of atherosclerotic
CVD, independent of HDL-C and apoA-I levels.158 In
in vitro studies in cholesterol-loaded human macrophages
the ABCA1 pathway seems to be the predominant pathway
for cholesterol efflux.159 The observation that the efflux
capacity of HDL may be a more important parameter in de-
termining risk of atherosclerosis than plasma levels of
HDL-C157 has spurred interest in the concept of HDL func-
tion and its relationship to CVD.

Although this ex vivo approach supports the concept that
the capacity of HDL in promoting efflux is more important
than the serum concentration of HDL-C, a more effective
approach would be to develop a clinical method to deter-
mine cholesterol flux in humans and in particular the efflux
from cholesterol-loaded macrophages in coronary plaques.
Some investigators have shown that the quantification of
fecal sterol mass and bile acid excretion is a viable
surrogate for RCT. For example, an acute intravenous
bolus infusion of apoA-I in humans was found to result in a
significant increase in fecal sterol excretion, suggesting a
promotion of RCT,160 whereas no increase in fecal sterol
excretion in the steady state was reported in patients who
were receiving CETP inhibitors.161 However, this approach
is not macrophage specific, is unlikely to be very sensitive,
and may have limited utility in the chronic steady-state set-
ting because of counter-regulatory pathways involved in
biliary cholesterol excretion and fecal sterol absorption.

An isotope kinetic modeling technique has been devel-
oped that involves the intravenous infusion of stable
isotopically labeled cholesterol for approximately 24 hours,
with frequent blood sampling for analysis of plasma free
cholesterol and cholesteryl ester and for isotope enrich-
ments of fecal sterols by mass spectrometry.162 With the
use of a multicompartmental model, this method allowed
the calculation of the key steps in RCT, namely the rates
of whole body efflux of free cholesterol from tissues into
the plasma compartment, after correcting for red blood
cell exchange with plasma-free cholesterol, esterification
of free cholesterol to cholesterol ester, clearance of choles-
terol ester from the blood, and flux from plasma cholesterol
into fecal bile acids and neutral sterols. With the use of this
method, an approximate 40% reduction in efflux despite
normal esterification and fecal excretion rates was observed
in subjects with hypoalphalipoproteinemia due to ABCA1
or APOAI genetic alterations.163

Similar to the fecal sterol excretion method, this method
measures whole body cholesterol efflux and is not macro-
phage specific. Thus, it remains to be established whether it
will have utility in determining cholesterol efflux specifi-
cally from cholesterol-loaded coronary macrophages in
humans after therapeutic intervention. Nevertheless, other
metrics of the RCT pathway generated by this approach,
including plasma cholesterol ester production and clearance
rates, plasma cholesterol flux into specific neutral sterols
and bile acids, and the quantitative role of the red cell
membrane as a lipoprotein-independent pathway for cho-
lesterol transport are potentially useful in helping to
understand the mechanisms underlying RCT.

Recently, a macrophage-specific method was devel-
oped.164 This method is based on early studies conducted
to investigate the mechanisms that regulate cholesterol me-
tabolism by Nilsson and Zilversmit165 that showed when a
saturated solution of radiolabeled unesterified cholesterol
mixed with albumin to stabilize the solution was adminis-
tered to rats as an intravenous bolus, the tracer rapidly dis-
appeared from the blood compartment, followed by its
reappearance in the circulation. It was further reported
that the disappearance of the tracer from the blood com-
partment was due to the rapid uptake by reticuloendothelial
cells.165 Schwartz et al166–169 used a similar preparation
(‘‘particulate cholesterol’’) to study cholesterol metabolism
in humans. Radiolabeled cholesterol or its precursor, meva-
lonic acid, was administered in subjects with or without
bile fistula, and tracer data obtained from plasma and
bile were then analyzed with multicompartmental ana-
lysis. Their results were consistent with rapid clearance
of the cholesterol-albumin complexes from the blood com-
partment and subsequent reappearance of the tracer on cir-
culating HDL as free cholesterol, suggesting that this
approach may specifically measure the efflux of cholesterol
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from macrophage cells to HDL particles as sole acceptor.
On the basis of these data, feasibility studies were conduct-
ed in humans to show that the administration of a bolus of
nanoparticulate 3H-cholesterol was rapidly removed by the
reticuloendothelial system and then labeled cholesterol
gradually reappeared in the blood, potentially reflecting
physiological cholesterol efflux in vivo.164 With additional
validation, this may be a method for assessing macrophage-
specific RCT in humans in vivo.

HDL-mediated cholesterol efflux from macrophages,158

or measurements of the flux of cholesterol from macro-
phages to the liver and feces,146 seem to correlate better
with atherosclerotic burden than with HDL-C levels.
Thus, it may be time to modify the HDL cholesterol hy-
pothesis to the HDL flux hypothesis in which interventions
to promote cholesterol efflux and RCT may reduce CHD
risk, regardless of whether it raises plasma HDL-C levels.73

This change will guide a way forward in the development
of HDL-targeted therapeutics. To establish this paradig-
matic shift, a number of issues need to be clarified. First,
as outcome studies with drugs that increase HDL-C levels,
such as CETP inhibitors, are currently in progress, there is a
major need to address how these drugs influence the rate of
RCT in humans and to relate this to the outcomes seen with
these drugs. Second, clinical outcomes studies of interven-
tions that promote cholesterol efflux and RCT, including in-
fusions of reconstituted apoA-I/phospholipid particles and
strategies to upregulate pathways of macrophage choles-
terol efflux, such as liver X-receptor agonists and miRNA
(miR-33) inhibitors, are ultimately required to test the
HDL flux hypothesis. Third, a deeper understanding of
the complex biology of HDL metabolism and its relation-
ship to RCT and atherothrombotic events is urgently
needed. This might lead to biomarkers of HDL flux and
functionality that are more informative than simple mea-
surements of HDL-C levels. Finally, new loci found in hu-
mans, which associate not only with plasma HDL-C but
also with CHD risk,56 may harbor genes that influence
HDL flux through a mechanism that directly affects ather-
osclerosis and thus may be of particular interest as thera-
peutic targets.

Recent clinical trial and genetic studies suggest the need
to evaluate therapies that affect HDL function rather than
simply HDL-C elevation. Perhaps, moving from a focus on
the HDL-C hypothesis to a focus on the HDL flux
hypothesis will permit a biologically based reassessment
of the optimal therapeutic approach to targeting HDL for
reducing CVD risk.73

Proteome and lipidome: HDL compositional
heterogeneity and function

HDL particles are macromolecular complexes of lipids
and proteins that are largely assembled in the extracellular
space and then remodeled in the circulation with the
participation of lipid transfer proteins, enzymes, and cell
surface proteins.170 Once formed, HDL performs multiple
biological functions, many of which may contribute to athe-
roprotection. The HDLs are primarily responsible for the
reverse transport of cholesterol from cells in the periphery,
including lipid-laden macrophages in the atherosclerotic
plaque, to the liver for catabolism. Within this pathway,
HDL and many of its apolipoproteins can promote lipid re-
moval from cells through multiple mechanisms171 and can
deliver cholesteryl esters to the liver via the process of se-
lective uptake.172 In vivo animal models clearly show that
genetic lowering of plasma HDL decreases the appearance
of macrophage-derived cholesterol in the feces.152 Aside
from their lipid transport functions, HDLs can prevent ox-
idative modification of LDL, thus inhibiting generation of
macrophage foam cells in the vessel wall.173 Importantly,
HDLs also have clear anti-inflammatory traits (reviewed
in Rye et al2). HDL can inhibit the expression of proinflam-
matory cell adhesion molecules on endothelial cells174 and
can modulate the activity of macrophage chemotactic fac-
tors that signal the infiltration of surface-adhered mono-
cytes into the vessel wall.173 Readers interested in more
detail on lipid transport, antioxidative, and anti-
inflammatory functions of HDL are directed to recent re-
views.4,170 Interestingly, there is also a host of lesser
known, but potentially highly important, HDL functions.
For innate immunity, HDLs contain bacteriocidic factors
in several species of fish175 as well as humans176,177 and
can neutralize toxins released during infection, including
enterohemolysin,178 lipopolysaccharide, and lipoteichoic
acid.179–183 Indeed, HDL is also the source of trypanosome
lytic factor that protects humans from Trypanosoma brucei.
In addition, HDL has documented roles in hemostasis,184

undergoes dramatic compositional rearrangements in the
acute phase response,185 and plays roles in apoptosis,
stem cell differentiation, and even glucose homeostasis.186

These reports beg many questions as to how HDL can me-
diate such a diverse array of functions. This has prompted
tremendous interest in understanding the composition,
structure, and subparticle constitution of HDL. Determina-
tion of the main physical, chemical, and hydrodynamic fea-
tures of HDL was achieved during the period up to the early
1980s, and, concomitantly, the earliest experimental evi-
dence that HDL constitutes a heterogeneous continuum of
pseudomicellar, quasi-spherical particle subpopulations
was provided.170

With the advent of highly resolutive technologies at the
molecular level, as exemplified by mass spectrometry, it has
become possible to probe not only the complexity of the
protein components of HDL particles, the ‘‘proteome,’’ but
also that of the lipid components, the ‘‘lipidome.’’87 Thus,
the possibility of understanding the nature of protein–pro-
tein, lipid–protein, and lipid–lipid interactions within
HDL particles, and in turn their relationships to HDL func-
tionality, is on the horizon.3 Figure 18 illustrates this new,
integrated concept, which emphasizes the fact that the par-
ticle heterogeneity of HDL is determined both by the com-
plement of lipids and of proteins in an individual particle.
Given that the plasma levels of some minor HDL proteins,



Figure 18 Schematic of HDL functionality as the integration of
its proteome and lipidome. HDL, high-density lipoprotein.
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such as transthyretin, are only sufficient on a molar basis to
be present in 1 in 500 (or less) HDL particles, then one ob-
tains a first glimpse of the enormous potential level of HDL
particle subpopulation heterogeneity in man.

Importantly, experimental data indicate that HDL-C
measurement provides not only an inadequate evaluation
of HDL functionality but also that the increase in the
cholesterol content of HDL may occur without clinical
benefit when assessed as reduction in CV risk.56,158 Thus,
the capacity of HDL to efflux cellular cholesterol was
more informative than HDL-C level as a metric to estimate
CVD risk in the studies of Khera et al,158 whereas the small
increment in HDL-C due to a functional variant in the en-
dothelial lipase gene failed to manifest as a cardioprotective
effect in the analyses of Voigt et al.56 The cholesterol con-
tent of HDL is, therefore, clearly not atheroprotective per
se. This finding in part reflects the fact that different
HDL particle subpopulations contain differing absolute
numbers of free cholesterol and of cholesteryl ester mole-
cules per particle; large particles such as HDL2 contain sev-
eral fold greater numbers of cholesterol molecules than
small HDL3 particles.170 Indeed, cholesterol-poor,
ABCA1-active acceptor HDL, such as preb particles, are
significantly underestimated by HDL-C determination.87

The next main paradigm in the study of HDL is to relate
new understanding of the structure and composition of
individual HDL particle subpopulations to their function,
and in turn, to the risk of CVD. For example, lipid-poor
forms of apoA-I, sometimes referred to as preb HDL, are
the most efficient and specific acceptors of cellular choles-
terol through the ABCA1 transporter, whereas large,
cholesteryl ester-rich HDL2 are efficient cholesterol accep-
tors through both the SR-B1 receptor and ABCG1 path-
ways.73 The relationship of such particles to CVD
remains unclear, however. Indeed, a single HDL particle
species may possess multiple biological activities relevant
to atherosclerosis, such as cellular cholesterol efflux activ-
ity, antioxidative, and anti-inflammatory activity; we have
yet to determine which of these is most relevant to athero-
protection and ultimately to reduction in CVD risk.

In light of this, it is the goal of this section to summarize
current knowledge of the different features of HDL
compositional heterogeneity and to relate them, as far as
possible, to specific functions. In addition, therapeutic
approaches to normalizing the altered structure, metabo-
lism, and function of HDL typical of certain cardiometa-
bolic disease states are addressed.

HDL protein composition

HDL is an assembly of amphipathic proteins that
stabilize lipid emulsions composed of phospholipids, cho-
lesterol, TGs, and cholesteryl esters. In addition to struc-
tural stability, these apolipoproteins impart biological
targeting of the lipid cargo to various tissues via receptors,
modifying its chemical form (ie, lipolysis or esterification)
or transferring it to other lipoproteins. In humans, roughly
65% of HDL protein mass is composed of apoA-I with
another 15% by apoA-II. Although the presence of limited
additional protein constituents has been known for many
years, recent applications of techniques for soft ionization
mass spectrometry have revealed the staggering complexity
of the HDL proteome. By the end of 2012, at least 14
studies had applied various unbiased ‘‘shotgun’’ mass
spectrometry techniques to characterizing the human
HDL proteome. These included HDL isolated by traditional
density ultracentrifugation,187–197 but also immunoaffinity
capture198 and size exclusion chromatography.199 Accord-
ing to the HDL Proteome Watch Initiative (http://
homepages.uc.edu/wdavidswm/HDLproteome.html), 188
individual proteins have been proposed to be associated
with HDL. Of these, 85 proteins have appeared in at least
3 different studies (from independent laboratories) and
thus represent the best current estimate of the HDL pro-
teome. Although HDL is well known to contain structural
proteins (ie, the ‘‘apos’’), enzymes (LCAT), and transfer
proteins (CETP, etc) that are key to lipid metabolism, these
studies found additional proteins involved in surprisingly
disparate functions. For example, many proteins involved
in inflammation and the immune response were identified,
including numerous members of the complement cascade
(C3, C4A, vitronectin, etc), protease inhibitors (antithrom-
bin III, a-1-antitrypsin inhibitor, serine protease inhibitors,
etc), and acute-phase response proteins (serum amyloid A,
transthyretin, etc). Also present were proteins involved in
heme and iron metabolism such as hemoglobin, transferrin,
and hemopexin, as well as proteins with a host of additional
enigmatic functions, ranging from platelet regulation to vi-
tamin binding and transport. Not coincidentally, the pre-
dicted functions of many of these protein constituents line
up nicely with the diverse functions attributed to HDL de-
scribed earlier (Fig. 19).200

Given the known exchangeability of certain apolipopro-
teins, HDL has been viewed by some as a transient
ensemble of proteins that randomly exchange. However,
evidence is mounting that HDL proteins in fact segregate
into compositionally stable particles. For example, Santos
et al201 have shown highly distinct HDL protein patterns
with the use of a 2-dimensional gel electrophoresis system.

http://homepages.uc.edu/%7Edavidswm/HDLproteome.html
http://homepages.uc.edu/%7Edavidswm/HDLproteome.html


Figure 19 Functional relationships of the HDL-associated proteins detected in proteomic studies. Reproduced from Shah et al.200 AMBP,
a-1-microglobulin/bikunin precursor; Apo, apolipoprotein; AZGP1, zinc-a-2-glycoprotein; bind, binding; CETP, cholesteryl ester transfer
protein; chymo, chymotrypsin; Comp, complement; Cys-oxid, cysteine oxidation; glycoprot, glycoprotein; HB, hemoglobin; Hep, heparin;
Ig, immunoglobulin; ITIH, inter-a-trypsin inhibitor heavy chain; LCAT, lecithin cholesterol acyltransferase; LPS, lipopolysaccharide; PA-
FAH, platelet-activating factor acetyl hydrolase; PLTP, phospholipid transfer protein; Pon, paraoxonase; prot, protein; rel, related; SAA,
serum amyloid A; Vit, vitamin.
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In addition, proteomic profiling of HDL density192 and gel
filtration199 subfractions clearly indicate that HDL proteins
distribute in distinct patterns across the HDL spectrum.
Strong evidence is available that major HDL activities
rely on cooperative interactions between associated pro-
teins. The most striking example of on-particle cooperation
is the discovery that a specific HDL subparticle (containing
apoA-I, apoL-I, and haptoglobin-related protein) can medi-
ate the lysis of T brucei, a trypanosome responsible for Af-
rican sleeping sickness.202 Given the extraordinary
functional diversity of HDL proteins, it is easy to imagine
the existence of additional unknown subspecies that may
mediate HDL cardioprotection. Indeed, Jensen et al203

used immunoaffinity chromatography on samples from 2
large prospective case–control studies to separate HDL
into 2 subspecies, HDL that contains apoC-III and HDL
that does not. They found that cholesterol level in HDL
containing apoC-III was significantly associated with
CVD risk, whereas the cholesterol levels of the particles
lacking apoC-III were associated with protection. That
study supports the concept that distinct populations of
HDL particles may be better biomarkers of disease risk in
CVD and possibly in other inflammatory disease states or
even innate immune function.

Similar studies of the other lipoprotein classes have also
found protein diversity, although not to the extent of HDL.
LDL, commonly associated with a single molecule of
apoB, has been shown by a handful of mass spectrometry
studies to contain approximately 15 to 20 distinct pro-
teins.204–206 Most of these can also be found in HDL, al-
though there are a few examples of exclusive LDL
proteins such as calgranulin A.204 VLDL appears to have



Table 5 Broad range of lipid species isolable from HDL

Dihydroceramide
Ceramide
Monohexosylceramide
Dihexosylceramide
Trihexosylcermide
GM3 ganglioside
Sphingomyelin
Sphingosine-1-phosphate
Phosphatidylcholine
Alkylphosphatidylcholine
Alkenylphosphatidylcholine (plasmalogen)
Lysophosphatidylcholine
Lysoalkylphosphatidylcholine (lysoplatelet activating factor)
Phosphatidylethanolamine
Alkylphosphatidylethanolamine
Alkenylphosphatidylethanolamine (plasmalogen)
Lysophosphatidylethanolamine
Phosphatidylinositol
Lysophosphatidylinositol
Phosphatidylserine
Phosphatidylglycerol
Bis(monoacylglycero)phosphate
Cholesterol ester
Cholesterol
Diacylglycerol
Triaclyglycerol

Information was kindly provided by Prof. Peter Meikle, Baker IDI

Heart and Diabetes Institute, Melbourne, Australia.
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a similar complement of proteins,207 although the isoform
profile of these proteins (ie, posttranslational modifications)
likely varies between the lipoprotein classes, perhaps with
functional implications.

With the complexity of the HDL proteome largely
established, investigations have turned to monitoring
changes in various disease states. In a comparison of the
HDL3 protein profiles between normolipidemic subjects
and patients with documented CAD,191,208,209 several pro-
teins that were enriched in the patients with CAD, includ-
ing apoE, apoC-IV, paraoxonase 1, complement C3, and
apoA-IV, were involved in vascular inflammation. Impor-
tantly, pattern recognition analyses were able to clearly dif-
ferentiate mass signatures from healthy subjects and
subjects with CAD, particularly from mass markers found
in apoA-I, apoC-III, and apoC-I.208 In a similar comparison
in control subjects with stable CAD, and subjects with
ACS,193 significant differences in serum amyloid A,
apoA-IV, and complement C3 levels were noted in the pa-
tients with ACS, indicating a shift to an inflammatory pro-
file. No differences were noted in the ability of HDL from
the different groups to promote various modes of choles-
terol efflux; however, other HDL functionalities with regard
to vascular inflammation and antioxidation were not tested.
Overall, these studies indicate that HDL can change its pro-
tein composition dramatically in CAD.

The state of the HDL proteome has been evaluated in
other conditions as well. For example, sex steroid with-
drawal in men increased HDL-associated levels of clusterin
(apoJ) while increasing the capacity of HDL to promote
cholesterol efflux from macrophages.210 A follow-up study
showed that testosterone replacement in hypogonadal men
promoted significant increases in paraoxonase 1 and fibrin-
ogen a chain, while lowering apoA-IV, but had no effects
on HDL-C levels or cholesterol efflux functionality.211 Be-
cause renal disease is associated with low HDL-C and in-
creased renal disease, 2 laboratories have monitored the
HDL proteome in response to chronic dialysis. Holzer
et al195 found that patients undergoing dialysis have in-
creased levels of the acute-phase inflammatory proteins se-
rum amyloid A, lipoprotein-associated phospholipase A2,
and apoC-III in HDL along with decreases in phospholipid
and increases in TG content. These changes corresponded
with impaired cholesterol efflux function. Weichhart
et al.196 showed that HDL from patients with advanced re-
nal disease lacked normal anti-inflammatory properties and
correlated this with HDL enrichment of several proteins, in-
cluding serum amyloid A. These studies are suggestive of a
link between HDL dysfunction and increased risk of CAD
in renal disease.

The effect of non-CAD chronic inflammatory disease
states on the HDL proteome has also been explored. In a
cohort of patients with psoriasis, a chronic inflammatory
skin disease, a reduction in apoA-I levels was observed
relative to controls, but these patients had increased levels
of apoA-II and proteins involved in the acute-phase
response. Strikingly, the ability of HDL to promote
cholesterol efflux from macrophages was negatively corre-
lated with psoriasis severity. Overall, these studies indicate
that the HDL proteome can change in a variety of inflam-
matory disease states and that these changes are often
related to in vitro measures of HDL function. However, it
remains to be seen whether these changes are secondary to
other processes occurring during disease progression or if
the HDL particles themselves contribute to the disease
etiology.

HDL lipid composition

The number of individual molecular lipid species pre-
sent in the HDL lipidome is high (Table 5); indeed, .200
of them were recently identified,212,213 and it is safe to pre-
dict that this number will only grow with the development
of available technologies.214 Cholesterol is by far the most
well-known component of the HDL lipidome because, in
the form of HDL-C, it represents the main risk factor for
CVD. Cholesterol is present in HDL in esterified and free
forms, which, together with phospholipids and TGs, consti-
tute 4 major lipid classes of HDL. Phospholipids and free
cholesterol form the surface lipid monolayer of HDL,
whereas cholesteryl esters and TGs build the hydrophobic
lipid core. Cholesterol is, however, far from being a quan-
titatively major lipid carried by HDL. Indeed, phospho-
lipids quantitatively predominate in the HDL lipidome,



Toth et al NLA HDL Consensus Statement 513
accounting for 20% to 30% of total HDL mass; they are fol-
lowed by cholesteryl esters (14–18 wt%), TGs (3–6 wt%),
and free cholesterol (3–5 wt%).

HDL contains diverse molecular classes of phospholipids
among which phosphatidylcholine and sphingomyelin pre-
dominate; indeed, phosphatidylcholine accounts for approx-
imately 70% of HDL phospholipid. Most of
phosphatidylcholine in HDL is accounted for by the 18:2/
16:0, 18:2/18:0, and 20:4/16:0 species.215 In addition, HDL
carries significant amounts of phosphatidylinositol, lyso-
phosphatidylcholine, phosphatidylethanolamine, and plas-
malogens.212,215,216 Minor HDL phospholipids include
phosphatidylglycerol, phosphatidylserine, phosphatidic
acid, and cardiolipin.213,217,218 Phosphatidylinositol, phos-
phatidylserine, and phosphatidic acid are negatively charged
phospholipids that determine the net surface charge of
HDL,217,219,220 thereby modulating interactions with extra-
cellular matrix, enzymes, and other protein components.
The family of HDL cholesteryl esters is less diversified;
the major molecular species of cholesteryl ester includes
cholesteryl linoleate that accounts for.50% of total choles-
teryl ester in HDL.215 HDL also carries numerous molecular
species of TGs that are dominated by those containing oleic,
palmitic, and linoleic acidmoieties.212 Finally,HDLcontains
multiple minor bioactive lipids, including ceramides, lysos-
phingolipids, glycosphingolipids, gangliosides, sulfatides,
diacylglycerides, monoacylglycerides, free fatty acids, lipo-
philic vitamins, and antioxidants.212,221–227 Biologically
active lysosphingolipids carried by HDL are represented by
sphingosine-1-phosphate, sphingosylphosphorylcholine,
and lysosulfatide.228 HDL is the major carrier of sphingo-
sine-1-phosphate in the circulation, accounting for, together
with albumin, .90% of plasma sphingoid base
phosphates.216

Importantly, HDL particle subpopulations differ in their
content of lipids. Although no differences are found
between HDL subspecies in particle contents of phospha-
tidylcholine, phosphatidylethanolamine, phosphatidylinosi-
tol, lysophosphatidylcholine, cholesteryl ester, and total
fatty acids, HDL content of sphingomyelin (expressed as
percentage of total lipids) decreases 2-fold with HDL
density from HDL2b to HDL3c.

215 This result suggests
that in contrast to other major lipid classes, the sphingo-
myelin pool is not in equilibrium across HDL subpopula-
tions, reflecting the slow rate of transfer of sphingomyelin
through the aqueous phase.229 Similarly, the HDL content
of free cholesterol decreases 2-fold from HDL2b to
HDL3c.

215 As a result, the cholesteryl ester-to-free choles-
terol ratio increases with HDL density, in parallel with
LCAT activity,230 consistent with the observation that small
HDL constitutes a major site of cholesterol esterification
within the HDL particle pool.231 Finally, sphingosine-1-
phosphate is enriched in small, dense HDL3 (40–50
mmol/mol HDL) compared with HDL2 particles (15–20
mmol/mol),215,232,233 potentially reflecting enrichment of
HDL3 in apoM,192 a specific carrier for sphingosine-1-
phosphate.234
HDL lipids exert major effects on HDL function. Thus,
cholesterol efflux capacity of HDL via SR-B1 is propor-
tional to the HDL content of phospholipids.235 The ability
of HDL to efflux cellular cholesterol, but also its capacity
to protect LDL from oxidation, depends on the physical
state of phospholipids, with a more fluid liquid–crystal
phospholipid surface monolayer resulting in more efficient
cholesterol acceptor particles236,237 that display higher anti-
oxidative activity.238 HDL-associated lysosphingolipids
possess anti-inflammatory, cytoprotective, antiapoptotic,
and vasodilatory functions.239,240 In particular, sphingo-
sine-1-phosphate acts via increased nitric oxide production
and improved survival of endothelial cells, interacting with
sphingosine-1-phosphate receptors and activating intracel-
lular signaling cascades that include the small G-protein
Rac, Src kinase, phosphatidylinositide 3-kinase, protein ki-
nase B, extracellular signal-related kinase, and mitogen-
activated protein kinase.241–244

The HDL lipidome can be altered under conditions of
dyslipidemia, insulin resistance, and increased systemic
inflammatory tone. Such alterations may involve core
enrichment in TGs with cholesteryl ester depletion as a
consequence of elevated CETP activity, depletion of sur-
face phospholipid as a consequence of phospholipase
activation, and increased abundance of free cholesterol as
a consequence of decreased LCAT activity.170 As a result,
HDL function, primarily cholesterol efflux capacity, can
be attenuated; direct functional relevance of such composi-
tional alterations, however, remains to be established.

miRNAs in HDL

HDL is known to mediate specific cell signaling events
in cells of the vasculature. For example, it can interact with
SR-B1 to modulate nitric oxide production in the endothe-
lium, and apoA-I can interact with ABCA1 to promote the
availability of intracellular cholesterol pools and to pro-
mote anti-inflammatory cellular responses.245 However, re-
cent work has found that a new class of signaling
molecules, microRNAs (miRNAs), may be a key mode of
HDL-based cellular communication. These molecules are
capable of regulating cellular processes via mRNA target-
ing and repressing translation of key cellular mediators.
Although miRNAs have been long associated with extracel-
lular lipid vesicles and microparticles, Vickers et al246 have
recently provided evidence that HDL may be a key miRNA
conduit. They demonstrated that HDL isolated from human
plasma contained a complement ofmiRNAs (withmiR-135a,
miR-118-5p, and miR-877 among the most commonly
found) that was unique from the complement typically found
in circulating exosomes. HDL from subjects with familial
hypercholesterolemia exhibited a different miRNA profile
than that from healthy persons. Strikingly, HDL was
capable of delivering these mediators to recipient cells via
an SR-B1–dependent pathway. miRNA from familial
hypercholesterolemia-HDL was found to alter gene expres-
sion profiles in human hepatocytes differently than HDL
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from healthy subjects. Although this field of research is still
emerging, the implications of different miRNA cargos on
HDL particles and their potential for altering cell function
in disease states may open exciting avenues for understand-
ing, and exploiting, HDL’s role in modulating atherogenesis
and CAD-related end points.

The promise of therapeutic approaches to alter
HDL composition and function

The antiatherogenic, cardioprotective effects associated
with elevated HDL-C levels appear to derive from the
capacity of HDL particles to exert a spectrum of anti-
atherogenic and vasculoprotective effects.247 Common met-
abolic diseases associated with accelerated atherosclerosis
and premature CVD, and notably type 2 diabetes mellitus
and metabolic syndrome, are frequently characterized by
subnormal levels of HDL particles of defective antiathero-
genic function. Clearly, innovative therapeutic strategies
targeted to normalize HDL metabolism, structure, and
function are critically required, and particularly with a
view to enhancing cholesterol efflux, with consequent re-
duction in plaque cholesterol content and inflammation.
In this way, plaque stabilization, regression, or both may
be achieved, with the potential for reduction in CV events.

As yet, little knowledge is available of the effects of
lipid-modulating agents on HDL composition and function,
and this is primarily limited to niacin and to CETP
inhibitors. Niacin, which may induce elevation of HDL-C
levels by up to 30% at the 2-g/d dose, has been shown to
favor normalization of the altered HDL proteome in
subjects displaying CHD.209 Moreover, HDL from niacin-
treated subjects displays a minor increment in cholesterol
efflux activity, primarily reflecting a small increase in
HDL particle numbers (,10%).

Recent findings with anacetrapib, a potent CETP inhib-
itor that raises levels of HDL-C .100%, have clearly
indicated that its action improves both HDL efflux capacity
from macrophages and the anti-inflammatory activity of
HDL as determined by its ability to suppress toll-like
receptor-4–mediated inflammatory responses in this cell
system; moreover, a marked increase in the cholesteryl
ester-to-TG ratio in HDL from anacetrapib-treated subjects
has been reported.148,248 Subsequently, HDL particle anal-
ysis revealed that anacetrapib increased large HDL2 with
increases in levels of HDL apoA-I, apoA-II, apoE, and
apoC-III. The relationship between the potential changes
in the HDL proteome and lipidome to specific changes in
function remains indeterminate in these pioneering studies.
Nonetheless, it is relevant that this agent has been shown to
promote RCT and bulk cholesterol excretion in a hamster
model.249

Pharmacologic modulation of the miRNA content of
HDL particles with a view to potentiating mechanisms of
vascular repair or plaque stabilization is highly attractive
but remains to be exploited.
Proteome and lipidome conclusions and
perspectives

Plasma HDL particles display a high level of composi-
tional heterogeneity that is directly linked to their hetero-
geneity in biological activities. Available data suggest that
at least some biological functions of HDL can be confined
to individual subpopulations of distinct proteome or
lipidome or both. Linking composition of distinct HDL
subpopulations to specific atheroprotective functions calls
for further studies. When successful, identification of such
clinically relevant HDL subpopulations may be followed by
assessment of their circulating levels and biological activ-
ities under conditions associated with accelerated athero-
genesis. As a corollary, further development of HDL-based
therapies can be envisaged to specifically target beneficial
subspecies among those constituting the plasma HDL pool.

Dysfunctional HDL: What is dysfunctional HDL,
and is it clinically relevant?

Clinical and epidemiologic studies show a robust,
inverse association of HDL-C level with CVD risk.250,251

Moreover, hypercholesterolemic mice with genetically
engineered deficiencies in proteins implicated in HDL me-
tabolism have strongly atherosclerotic phenotypes,252 pro-
viding compelling evidence that HDL is a key modulator
of atherosclerosis in animal models. These observations
have triggered intense interest in targeting HDL for thera-
peutic intervention.

However, several lines of evidence weaken the hypoth-
eses that HDL-C levels relate to CVD status and that
elevating HDL-C is necessarily therapeutic. For example,
genetic variations that associate with altered HDL-C do not
strongly affect CVD risk.56,253 Certain drugs that elevate
HDL levels, such as fibric acid derivatives, show no clear
clinical benefit.11 Moreover, certain genetically engineered
deficiencies in proteins involved in murine HDL metabo-
lism greatly increase both HDL-C levels and atherosclero-
sis.252,254 Such observations have led some investigators to
conclude that higher HDL levels do not prevent CVD. We
believe the correct interpretation is that HDL-C levels do
not necessarily reflect its antiatherosclerotic effects in ei-
ther humans or animal models and that HDL-C is not the
correct target for intervention. Therefore, we need to under-
stand which forms of HDL are cardioprotective and how
they function in the artery wall.

HDL has potent anti-inflammatory effects
in vivo

Recent studies indicate that HDL is anti-inflammatory
in vivo,255–258 and this property may contribute signifi-
cantly to its ability to inhibit atherosclerosis. Indeed,
many lines of evidence support the proposal that athero-
sclerosis is a chronic inflammatory disorder.259 For
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example, macrophage accumulation in the arterial intima
and increased markers of systemic inflammation are hall-
marks of CVD.

Proteins proposed to have anti-inflammatory properties,
such as paraoxonase 1 and clusterin, are cotransported with
HDL in plasma.255,258 Importantly, levels of those proteins
are markedly altered in humans with CVD and in mice that
are susceptible to atherosclerosis.258,260–262 Loss of anti-
inflammatory proteins, perhaps in concert with gain of
proinflammatory proteins, may thus be other key steps to
HDL dysfunction.

Serum HDL mobilizes cholesterol from
macrophages

Cell-based assays have provided key insights into many
aspects of lipoprotein metabolism. With the use of that
approach, de la Llera-Moya et al157 have shown that the
ability of human serum HDL to promote sterol efflux
from cultured macrophages varies markedly, despite similar
levels of HDL-C and apoA-I. Thus, HDL-C level is not the
main determinant of macrophage sterol efflux in that sys-
tem. Those investigators also demonstrated that the efflux
capacity of serum HDL associated strongly and negatively
with CVD status in 2 independent human populations.158

That association was also independent of HDL-C and
apoA-I levels. Differences in efflux capacity of serum
HDL correlated with efflux by the ABCA1 pathway in
macrophages.

Taken together, these observations suggest that the
capacity of the serum HDL particle to promote sterol
efflux from macrophages reflects its functionality, raising
the possibility that efflux assays could provide insights into
HDL biology and CVD risk. If robustly linked to CVD
status, quantifying HDL-mediated sterol efflux from
macrophages could prove useful in mechanistic studies,
assessment of CVD risk, and evaluation of therapeutic
interventions. However, cell-based assays are technically
demanding and therefore unlikely to be widely applicable
to clinical studies. It is therefore critical to develop
quantitative, high-throughput assays that assess HDL func-
tion and can show independence from HDL-C levels.

Dysfunctional HDL conclusions

How should dysfunctional HDL be assessed, given that
investigators have used many different definitions?262–264

We believe those differences arise because multiple path-
ways impair HDL’s functions in vivo. For example, sys-
temic inflammation may alter HDL’s sterol efflux
capacity by modulating its content of serum amyloid A,
an acute-phase protein.265 Moreover, many lines of evi-
dence indicate that oxidized lipids in HDL promote mono-
cyte adhesion to endothelium, a key early step in
atherogenesis.262 In addition, several studies have reported
a strong association between damage by myeloperoxidase
to apoA-I, HDL’s major protein, and impaired sterol efflux
by the ABCA1 pathway.264 Another important factor may
be the absolute concentration of HDL particles, which
might be a better metric for HDL concentration than
HDL-C.266,267 Thus, many observations suggest that both
local (artery wall) and systemic (inflammation, altered
TG metabolism) pathways can generate dysfunctional
HDL.

Despite intense interest, however, it is not yet clear
whether the concept of dysfunctional HDL could improve
clinical practice by better predicting risk or assessing new
interventions that target HDL. It will therefore be critical to
determine whether any metrics proposed for dysfunctional
HDL provide clinically useful information in large and
diverse populations.
HDL consensus summary of conclusions and
recommendations

A. Epidemiology
1. Low serum levels of HDL-C have been found re-

peatedly to be the best predictor of CHD in observa-
tional studies, especially in men older than 50 years.
After adjustment for established covariates, high
levels of HDL-C in general correlate with low risk,
whereas low levels correlate with higher risk of
CHD. This is established from cohorts around the
world and independent of race, ethnicity, and sex.
However, most studies did not adjust for LDL parti-
cle concentration or apoB levels that may confound
this association.

2. Data from observational cohorts are somewhat incon-
sistent. Extremely low HDL-C is not consistently as-
sociated with premature CHD development, and
extremely high HDL-C is not consistently associated
with atheroprotection in a reliable manner.

3. Epidemiologic inconsistency has also arisen among
levels of HDL-C, CHD events, and monogenic abnor-
malities that result in extremely low (apoA-IMilano and

Paris, Tangier disease) or high HDL-C (CETP and en-
dothelial lipase loss-of-function polymorphisms show
little correlation, whereas loss-of-function variants in
phospholipid transfer protein associate with increased
HDL-C and reduced risk of CHD) and have not reli-
ably demonstrated premature CHD or longevity,
respectively.3

4. HDL-C levels are inversely related to weight, waist
circumference, TGs, insulin resistance, systemic in-
flammatory tone, and cigarette smoking, all of which
can confound the true relationship between HDL-C
and risk of CHD. Isolated low HDL-C occurs in
,1% of the population.

5. Given that the amount of cholesterol in an HDL par-
ticle is not likely to confer atheroprotection, serum
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HDL-C levels (or the change in them) may not be the
proper parameter to assess adequately the contribu-
tion of HDL to CHD risk.

B. Clinical trials
1. Evidence is robust from animal studies that use infu-

sible apoA-I/HDL and viral hepatic transfection with
apoA-I to suggest that HDL particles are antiathero-
genic and can regress established atherosclerotic
plaque.

2. Evidence is growing that HDLs can modulate in-
flammation, oxidation, endothelial function, insulin
secretory capacity, and other processes that affect
atherogenesis.

3. The hypothesis that HDL-C–targeted therapies in hu-
mans will reduce clinical CVD events has still not
been substantiated. In fact, 4 recent human trials
with HDL-C–targeted agents did not show a reduc-
tion in CV events.

4. The results of ILLUMINATE, dal-OUTCOMES,
AIM-HIGH, and HPS2-THRIVE have placed the
HDL cholesterol hypothesis in question. However,
plausible reasons for why these trials failed suggest
that the HDL hypothesis has still not been rigorously
and conclusively tested.

5. Some of the agents used to raise HDL-C in clinical
trials had adverse off-target effects that may have off-
set the potential benefits of the HDL raising.

6. A reduction in clinical CVD events may require a
much greater increase in HDL-C/HDL particles
than has been achieved in the trials with niacin and
CETP inhibitors.

7. Increasing the level of HDL-C may be of little value
when the concentration of LDL-C is very low, as was
the case in each of the failed trials.

8. We need much more research to understand the rea-
son for the unexpected results in these failed trials.

9. The potential for changing other components or func-
tions of HDL with beneficial effects remains an im-
portant concept. Interventions that increase the
concentration of HDL-C may not be accompanied
by an increase in other protective properties of
HDL particles.

10. The inverse relationship between the concentration
of HDL-C and CV risk observed in population
studies may represent an epiphenomenon rather
than reflecting an ability of HDL to protect. This
proposition is not, however, supported by the animal
studies in which increasing HDL is demonstrably
antiatherogenic.

11. Effects (regression, stabilization) on the develop-
ment of atherosclerosis in animals (or humans
with CSL 111, apoA-IMilano, delipidated HDL) do
not necessarily translate into effects on clinical
events in humans. The relationship between plaque
regression and risk of CV events is yet to be more
fully defined.
12. In addition to ongoing trials with anacetrapib and
evacetrapib, investigations are under way with other
novel agents that will further probe the effect of
HDL raising with the following:
a. HDL infusions
b. HDL mimetics
c. Newer CETP inhibitors
d. Liver X-receptor agonists
e. Farnesoid X-receptor agonists
f. RVX-208
g. Novel PPAR-a, -g, -d agonists
h. miRNA inhibitors

C. HDL particles and subclasses
1. A need exists to move beyond HDL-C as a surrogate

for HDL particles, particle concentrations, and sub-
fractions. HDL particles and subfractions should be
more specifically defined in terms of size, density,
charge, and composition. Such measures should be
correlated with prospective risk of CVD, whether
protective or detrimental.

2. HDL-C refers only to the cholesterol content of HDL
particles. Targeting the cholesterol content of an
HDL particle for elevation with drugs does not
make much sense unless it reliably reflects RCT ca-
pacity, which is unlikely.

3. The cholesterol content of HDL does not represent
many important HDL functions that are related to
CVD risk. Specific examples include the relative cho-
lesterol efflux from the macrophage mediated by
ABCA1, as well as antioxidant, anti-inflammatory,
antiapoptotic, anti-infective properties, and capacity
to modulate insulin secretion.

4. A need exists to establish the most informative clin-
ical measures of HDL particles/subfractions so as to

a. Improve CVD risk assessment,
b. Develop therapies that could influence the content

of specific components of HDL that have athero-
protective properties,

c. More clearly establish the effect of specific thera-
pies on HDL raising or functionality or both, and

d. Correlate effect of specific types of functional
HDL particles or subfractions with risk reduction.

5. Standardize methods that measure specific features of
HDL functionality. Validation will require prospec-
tive, observational studies and interventional studies
with agents that change the functional features in
question.

6. Conduct research to identify certain HDL subclasses
with specific properties with the use of other analyt-
ical methods such as proteomics, lipidomics, and
functional measures such as capacity for RCT.

7. HDL-C is a biomarker of CVD risk but not a target of
therapy. Measures of HDL particles/subfractions may
be more useful than HDL-C in
a. Assessing the effectiveness of CVD risk manage-

ment and



Toth et al NLA HDL Consensus Statement 517
b. Being a more appropriate target of therapy.
8. Levels of various HDL particles and subfractions are

strongly correlatedwith serumTGs and concentrations
of subclasses of atherogenic lipoproteins (chylomicron
remnants, VLDL-C, IDL-C, LDL-C, and the number
of LDL particles). Thus, the relationships between
HDL-C and CVD risk must consider concentrations
of the full spectrum of circulating lipoproteins.

9. Future studies for management of dyslipidemia are
needed to determine the predictive utility of HDL
subclass concentrations, and the functional properties
of individual HDL particle sizes and subfractions.

10. Prospective, randomized studies should be designed
to more precisely and quantitatively ascertain the ef-
fect of specific interventions on HDL functionality
and role in risk modulation.

D. HDL proteome and lipidome
1. The composition of HDL is much more complex than

previously appreciated. The molecular cargo of HDL
particles regulates functionality and can vary as a
function of genetic and metabolic milieu.

2. It is urgent to more fully identify and characterize the
large number of proteins, enzymes, apoproteins, bio-
active lipids, phospholipids, fatty acids, and miRNAs
carried by HDL particles and how these affect func-
tionality. Without this information, it will be difficult
to fully understand how or why HDL is protective or
injurious, depending on clinical circumstances.

3. Predicted functions from known protein constituents
imply that HDL plays roles in lipid transport and ex-
change, inflammation, innate immunity, hemostasis,
extracellular matrix remodeling, complement, insulin
secretion, metal ion transport, and modulation of en-
dothelial function, among many others.

4. The HDL lipidome is potentially even more com-
plicated, and the presence of low abundance and
potentially bioactive (ie, signaling, antioxidant or
pro-oxidant, anti-inflammatory or proinflammatory)
lipids may have important functional or pathologic
significance.

5. HDL also carries miRNA cargos that are distinct
from typical microparticle cargos, and these may be
important mediators of HDL signaling and vascular
cell function.

6. HDL is a phospholipid-based platform for the extra-
cellular assembly of proteins and lipids to form par-
ticles that perform distinct and diverse functions.
Many of these functions may be important for CAD
but for other disease states as well.

7. It is important to quantitatively characterize differ-
ences in HDL’s proteome and lipidome in clinically
specific and discrete human populations (CAD, dia-
betes, other chronic inflammatory states) and how
these affect function and risk of CHD.

8. It is critical to identify and characterize specific HDL
particles (both from a protein and lipid standpoint)
that may be cardioprotective. This may involve
methods such as physical isolation, tandem affinity
purification, immuno-coprecipitation, chemical
cross-linking, coseparation, and bioinformatic
analyses.

9. Identifying which proteins and lipids colocalize in
discrete populations of HDLs and establishing
whether they can be therapeutically manipulated are
issues of high priority for further investigation.

10. HDL is not just a singular molecular entity. Its func-
tions are not entirely reflected by HDL-C or apoA-I
levels, 2 of the most commonly used HDL surrogates
to characterize risk.

11. With more understanding, it may become possible to
do the following:
a. Identify and pharmacologically raise subpopula-

tions of HDL that have desirable atheroprotective
effects; such treatments may or may not raise
HDL-C.

b. Produce clinical assays that measure HDL or its
components that better identify persons who are at
heightened risk of atherosclerotic vascular disease.

E. Dysfunctional HDL
1. Animal models have provided strong evidence that

HDL can become dysfunctional and lose its cardio-
protective actions. However, it remains unclear under
what circumstances dysfunctional HDL is relevant to
humans.

2. The molecular basis for generating dysfunctional
HDL is poorly understood in both animal models
and humans.

3. It is critical to develop standardized, high-throughput
assays that can assess HDL function and be applied
in human studies. Such assays—when applied in
large and diverse populations—should determine
whether new HDL metrics related to loss of function
or dysfunction provide clinically useful information.

F. Extant questions
1. Why have recent clinical outcomes trials shown no

benefit?

a. Baseline HDL-C levels not low enough
b. Use of concomitant therapies
c. Some agents not potent enough
d. Unanticipated off-target toxicities
e. Choice of combination therapies (eg, niacin or fi-

brates in combination with a statin)
2. How can we reconcile the positive outcomes with

surrogate measures and the absence of benefit in clin-
ical outcomes trials (eg, niacin)?

3. Are surrogate end points (eg, quantitative coronary
angiography, cIMT, and IVUS) informative measures
of atherosclerosis stabilization or regression?

4. What is the effect of studying different patient popu-
lations on results?

5. What are the effects of HDL-raising therapies in pa-
tients with low HDL-C or high TGs?
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6. Why have numerous post hoc subgroup analyses
shown significant clinical outcomes benefit in pa-
tients with low HDL-C or high TGs?

7. To what extent does the fact that all CETP inhibitor
trials to date have taken all comers, without specific
HDL-C entry criteria, contribute to their lack of ob-
served benefit?

8. Do we need to address the role of LDL-C, VLDL-C,
IDL-C, remnant particles, apoB, and Lp(a) reduction
and other lipoprotein effects of CETP inhibitors and
niacin?

9. Despite the use of aggressive secondary prevention
interventions and guideline-directed medical therapy,
Why does residual CHD risk remain appreciable?

10. Should HDL particles or specific measures of HDL
function be used as inclusion criteria in future
studies?

11. What is the most appropriate assay for HDL func-
tionality? Rates of RCT, inhibition of oxidation or in-
flammation, etc?

12. What will the outcomes of ongoing or planned clini-
cal outcomes studies of novel HDL-targeted therapies
suggest?

13. Should more extensive study of novel agents be per-
formed with the use of intermediate end points before
launching large-scale outcomes studies?

14. To what extent does the occurrence of a recent ACS
alter the relationship between HDL/HDL-C levels/
functionality and outcomes?

G. Clinical recommendations
1. Serum HDL-C is an extremely important biomarker

of risk for CV events and is appropriately incorpo-
rated into quantitative CV risk models.

2. Currently, evidence from clinical trials is insufficient
to recommend HDL-targeted therapy. No evidence
supports raising HDL-C levels to some arbitrarily de-
fined HDL-C threshold (ie, .40 mg/dL in men or
.50 mg/dL in women).

3. No new guideline for the management of dyslipide-
mia will be recommending pharmacologic interven-
tion for low HDL-C, given the absence of positive
data from randomized, prospective studies.

4. In patients with established CHD who are able to
achieve and maintain optimal levels of LDL-C and
non–HDL-C on statins, current data do not support
additional clinical benefit with additional lipid-
altering agents.

5. Patients who are unable to achieve their LDL-C and
non–HDL-C goals on a statin should continue to be
considered for combination therapy. The adjuvant
therapy should be used with the goal of lowering
LDL-C and non–HDL-C to risk-stratified target
levels.

6. For patients with metabolic syndrome or insulin re-
sistance, the likely best approach to raising HDL-C
is lifestyle modification (dietary modification, weight
loss, exercise, and smoking cessation), as set forth by
the National Cholesterol Education Program ATP III.

7. The results of clinical trials should not be extended to
patient populations not represented by the study
population.
Acknowledgments

Each author contributed in writing this consensus state-
ment and each is responsible for the content. The chair (Dr
Toth) and co-chairs (Drs Barter and Rosenson) were also
responsible for reviewing and editing throughout the
development of this article. We thank Mary R. Dicklin,
PhD, Chad C. Cook, PhD, and Kevin C. Maki, PhD, with
Biofortis Clinical Research for providing editorial assis-
tance. The paper ‘‘High-Density Lipoproteins: A Consensus
Statement from the National Lipid Association’’ has been
endorsed by the International Atherosclerosis Society.
Financial disclosures

The Consensus Statement did not receive any industry
funding support; the project content had no input from
industry; and the authors received no payment for their
contributions.

The 2013 National Lipid Association (NLA) Consensus
Conference on high-density lipoproteins did not receive
funding from industry. The NLA maintained full control
over the planning, content, quality, scientific integrity,
implementation, and evaluation of this Consensus State-
ment, which limited the potential for commercial influence
and bias.

P.P.T. has received consulting fees from Amgen, Athe-
rotech, Genzyme, Kowa Pharmaceuticals, LipoScience Inc,
and Merck & Co and he has received speaker’s bureau
honoraria from Abbvie, Amarin Corp, AstraZeneca, Gen-
zyme, Kowa Pharmaceuticals, and Merck & Co. P.J.B. has
received research grants from Merck & Co and Pfizer Inc
and he has research honoraria from Amgen, AstraZeneca,
ISIS, Kowa Pharmaceuticals, Merck & Co, Novartis, Pfizer
Inc, and Roche. R.S.R. has received research grants from
Amgen, Genentech, and Roche; he has received consulting
fees from AstraZeneca, Abbott Laboratories, Amgen,
Genentech, LipoScience Inc, Sanofi-Aventis, and Sticares
ACT. W.E.B. has received research grants and consulting
fees from Abbott Laboratories. M.J.C. has received hono-
raria from AstraZeneca, Danone, Kowa Pharmaceuticals,
Merck & Co, Pfizer Inc, and Roche. M.C. has received
research grants from Aegerion, CSL Limited, and Sanofi.
R.B.D. has received consulting fees from Bayer, Genzyme,
GlaxoSmithKline, and Vertex. M.H.D. has received
consulting fees from Amgen, Merck & Co, Roche, and
Sanofi-Aventis and he has ownership interest in Omthera
Pharmaceuticals. W.S.D. has received speaking fees from



Toth et al NLA HDL Consensus Statement 519
Abbott Laboratories and Merck & Co. J.W.H. has received
research grants from Merck & Co; he has received consul-
ting fees from Amgen, Bristol-Myers Squibb, Corcept
Therapeutics, GlaxoSmithKline, and Merck & Co; and he
has received speaking honoraria from Merck Schering-
Plough. R.H.K. has received consulting fees from Abbvie
and Merck & Co. A.K. has received research grants from
Kowa Pharmaceuticals and CSL Limited. R.M.K. has
received research grants from Merck & Co; he has received
consulting fees from Celera, Corcept Therapeutics, Merck
& Co, Quest Diagnostics, and Roche; and he owns stock
options in MedHealth Solutions. M.M. has received con-
sulting fees from Roche. D.J.R. has received consulting
fees from AstraZeneca, Bristol-Myers Squibb, Daiichi
Sankyo Inc., Eli Lilly & Co, Merck & Co, Novartis, and
Roche.
References

1. Emerging Risk Factors Collaboration, Di Angelantonio E, Sarwar N,

et al. Major lipids, apolipoproteins, and risk of vascular disease.

JAMA. 2009;302:1993–2000.

2. Rye KA, Bursill CA, Lambert G, Tabet F, Barter PJ. The metabolism

and anti-atherogenic properties of HDL. J Lipid Res. 2009;50(suppl):

S195–S200.

3. Teslovich TM, Musunuru K, Smith AV, et al. Biological, clinical and

population relevance of 95 loci for blood lipids. Nature. 2010;466:

707–713.

4. Badimon JJ, Badimon L, Fuster V. Regression of atherosclerotic le-

sions by high density lipoprotein plasma fraction in the cholesterol-

fed rabbit. J Clin Invest. 1990;85:1234–1241.

5. Rubin EM, Krauss RM, Spangler EA, Verstuyft JG, Clift SM. Inhi-

bition of early atherogenesis in transgenic mice by human apolipo-

protein AI. Nature. 1991;353:265–267.

6. Liu AC, Lawn RM, Verstuyft JG, Rubin EM. Human apolipoprotein

A-I prevents atherosclerosis associated with apolipoprotein[a] in

transgenic mice. J Lipid Res. 1994;35:2263–2267.

7. Plump AS, Scott CJ, Breslow JL. Human apolipoprotein A-I gene ex-

pression increases high density lipoprotein and suppresses athero-

sclerosis in the apolipoprotein E-deficient mouse. Proc Natl Acad

Sci U S A. 1994;91:9607–9611.

8. Nissen SE, Tsunoda T, Tuzcu EM, et al. Effect of recombinant ApoA-I

Milano on coronary atherosclerosis in patients with acute coronary syn-

dromes: a randomized controlled trial. JAMA. 2003;290:2292–2300.

9. Tardif JC, Gregoire J, L’Allier PL, et al. Effects of reconstituted high-

density lipoprotein infusions on coronary atherosclerosis: a random-

ized controlled trial. JAMA. 2007;297:1675–1682.

10. Boden WE, Probstfield JL, Anderson T, et al. Niacin in patients with

low HDL cholesterol levels receiving intensive statin therapy. N Engl

J Med. 2011;365:2255–2267.

11. Schwartz GG, Olsson AG, Abt M, et al. Effects of dalcetrapib in pa-

tients with a recent acute coronary syndrome. N Engl J Med. 2012;

367:2089–2099.

12. Barter PJ, Caulfield M, Eriksson M, et al. Effects of torcetrapib in pa-

tients at high risk for coronary events. N Engl J Med. 2007;357:

2109–2122.

13. Gofman JW, Young W, Tandy R. Ischemic heart disease, atheroscle-

rosis, and longevity. Circulation. 1966;34:679–697.

14. Miller GJ, Miller NE. Plasma-high-density-lipoprotein concentration

and development of ischaemic heart-disease. Lancet. 1975;1:16–19.

15. Rhoads GG, Gulbrandsen CL, Kagan A. Serum lipoproteins and cor-

onary heart disease in a population study of Hawaii Japanese men.

N Engl J Med. 1976;294:293–298.
16. Gordon T, Castelli WP, Hjortland MC, Kannel WB, Dawber TR.

High density lipoprotein as a protective factor against coronary heart

disease. The Framingham Study. Am J Med. 1977;62:707–714.

17. Assmann G, Funke H. HDL metabolism and atherosclerosis. J Car-

diovasc Pharmacol. 1990;16(suppl 9):S15–S20.

18. Goldbourt U, Medalie JH. High density lipoprotein cholesterol and

incidence of coronary heart disease–the Israeli Ischemic Heart Dis-

ease Study. Am J Epidemiol. 1979;109:296–308.

19. Goldbourt U, Yaari S, Medalie JH. Isolated low HDL cholesterol as a

risk factor for coronary heart disease mortality. A 21-year follow-up

of 8000 men. Arterioscler Thromb Vasc Biol. 1997;17:107–113.

20. Assmann G, Schulte H, von Eckardstein A, Huang Y. High-density

lipoprotein cholesterol as a predictor of coronary heart disease risk.

The PROCAM experience and pathophysiological implications for

reverse cholesterol transport. Atherosclerosis. 1996;124(suppl):

S11–S20.

21. Pearson TA, Bulkley BH, Achuff SC, Kwiterovich PO, Gordis L.

The association of low levels of HDL cholesterol and arteriographi-

cally defined coronary artery disease. Am J Epidemiol. 1979;109:

285–295.

22. Pearson TA. Coronary arteriography in the study of the epidemiology

of coronary artery disease. Epidemiol Rev. 1984;6:140–166.

23. Report of the National Cholesterol Education Program Expert Panel

on Detection, Evaluation, and Treatment of High Blood Cholesterol

in Adults. The Expert Panel. Arch Intern Med. 1988;148:36–69.

24. Castelli WP, Anderson K. A population at risk. Prevalence of high

cholesterol levels in hypertensive patients in the Framingham Study.

Am J Med. 1986;80:23–32.

25. Castelli WP. Epidemiology of coronary heart disease: the Framing-

ham study. Am J Med. 1984;76:4–12.

26. Abbott RD, Wilson PW, Kannel WB, Castelli WP. High density lip-

oprotein cholesterol, total cholesterol screening, and myocardial in-

farction. The Framingham Study. Arteriosclerosis. 1988;8:207–211.

27. Miller M, Mead LA, Kwiterovich PO Jr., Pearson TA. Dyslipidemias

with desirable plasma total cholesterol levels and angiographically

demonstrated coronary artery disease. Am J Cardiol. 1990;65:1–5.

28. Ginsburg GS, Safran C, Pasternak RC. Frequency of low serum high-

density lipoprotein cholesterol levels in hospitalized patients with

‘‘desirable’’ total cholesterol levels. Am J Cardiol. 1991;68:187–192.

29. Genest JJ, McNamara JR, Salem DN, Schaefer EJ. Prevalence of risk

factors in men with premature coronary artery disease. Am J Cardiol.

1991;67:1185–1189.

30. Romm PA, Green CE, Reagan K, Rackley CE. Relation of serum lip-

oprotein cholesterol levels to presence and severity of angiographic

coronary artery disease. Am J Cardiol. 1991;67:479–483.

31. Miller M, Seidler A, Kwiterovich PO, Pearson TA. Long-term pre-

dictors of subsequent cardiovascular events with coronary artery dis-

ease and ’desirable’ levels of plasma total cholesterol. Circulation.

1992;86:1165–1170.

32. Gordon DJ, Knoke J, Probstfield JL, Superko R, Tyroler HA. High-

density lipoprotein cholesterol and coronary heart disease in hyper-

cholesterolemic men: the Lipid Research Clinics Coronary Primary

Prevention Trial. Circulation. 1986;74:1217–1225.

33. Gordon DJ, Probstfield JL, Garrison RJ, et al. High-density lipopro-

tein cholesterol and cardiovascular disease. Four prospective Ameri-

can studies. Circulation. 1989;79:8–15.

34. Frick MH, Elo O, Haapa K, et al. Helsinki Heart Study: primary-

prevention trial with gemfibrozil in middle-aged men with dyslipide-

mia. Safety of treatment, changes in risk factors, and incidence of

coronary heart disease. N Engl J Med. 1987;317:1237–1245.

35. Rubins HB, Robins SJ, Collins D, et al. Gemfibrozil for the second-

ary prevention of coronary heart disease in men with low levels of

high-density lipoprotein cholesterol. Veterans Affairs High-Density

Lipoprotein Cholesterol Intervention Trial Study Group. N Engl J

Med. 1999;341:410–418.

36. Robins SJ, Collins D, Wittes JT, et al. Relation of gemfibrozil treat-

ment and lipid levels with major coronary events: VA-HIT: a ran-

domized controlled trial. JAMA. 2001;285:1585–1591.



520 Journal of Clinical Lipidology, Vol 7, No 5, October 2013
37. Ballantyne CM, Herd JA, Ferlic LL, et al. Influence of low HDL on

progression of coronary artery disease and response to fluvastatin

therapy. Circulation. 1999;99:736–743.

38. Brown BG, Zhao XQ, Cheung MC. Should both HDL-C and LDL-C

be targets for lipid therapy? A review of current evidence. J Clin Lip-

idol. 2007;1:88–94.

39. NIH Consensus conference. Triglyceride, high-density lipoprotein,

and coronary heart disease. NIH Consensus Development Panel on

Triglyceride, High-Density Lipoprotein, and Coronary Heart Dis-

ease. JAMA. 1993;269:505–510.

40. Kannel WB. High-density lipoproteins: epidemiologic profile and

risks of coronary artery disease. Am J Cardiol. 1983;52:9B–12B.

41. Kannel WB, Wilson PW. Comparison of risk profiles for cardiovas-

cular events: implications for prevention. In: Abboud FM, editor.

Advances in Internal Medicine. Chicago, IL: Mosby Yearbook,

1996. p. 39–66.

42. Wilson PW, Kannel WB. Hypercholesterolemia and coronary risk

in the elderly: The Framingham Study. Am J Geriatr Cardiol.

1993;2:56.

43. Corti MC, Guralnik JM, Salive ME, et al. HDL cholesterol predicts

coronary heart disease mortality in older persons. JAMA. 1995;274:

539–544.

44. Kannel WB, Wilson PW. Efficacy of lipid profiles in prediction of

coronary disease. Am Heart J. 1992;124:768–774.

45. Expert Panel on Detection, Evaluation, and Treatment of High Blood

Cholesterol in Adults. Executive Summary of The Third Report of

The National Cholesterol Education Program (NCEP) Expert Panel

on Detection, Evaluation, And Treatment of High Blood Cholesterol

In Adults (Adult Treatment Panel III). JAMA. 2001;285:2486–2497.

46. Sullivan LM, Massaro JM, D’Agostino RB Sr. Presentation of mul-

tivariate data for clinical use: the Framingham Study risk score func-

tions. Stat Med. 2004;23:1631–1660.

47. D’Agostino RB Sr., Vasan RS, Pencina MJ, et al. General cardiovas-

cular risk profile for use in primary care: the Framingham Heart

Study. Circulation. 2008;117:743–753.

48. Sempos CT, Cleeman JI, Carroll MD, et al. Prevalence of high blood

cholesterol among US adults. An update based on guidelines from

the second report of the National Cholesterol Education Program

Adult Treatment Panel. JAMA. 1993;269:3009–3014.

49. Glueck CJ, Fallat RW, Millett F, Gartside P, Elston RC, Go RC. Fa-

milial hyper-alpha-lipoproteinemia: studies in eighteen kindreds. Me-

tabolism. 1975;24:1243–1265.

50. Inazu A, Brown ML, Hesler CB, et al. Increased high-density lipo-

protein levels caused by a common cholesteryl-ester transfer protein

gene mutation. N Engl J Med. 1990;323:1234–1238.

51. Hirano K, Yamashita S, Nakajima N, et al. Genetic cholesteryl ester

transfer protein deficiency is extremely frequent in the Omagari area

of Japan. Marked hyperalphalipoproteinemia caused by CETP gene

mutation is not associated with longevity. Arterioscler Thromb

Vasc Biol. 1997;17:1053–1059.

52. Arai Y, Hirose N, Yamamura K, et al. Deficiency of cholesteryl ester

transfer protein and gene polymorphisms of lipoprotein lipase and

hepatic lipase are not associated with longevity. J Mol Med (Berl).

2003;81:102–109.

53. Koropatnick TA, Kimbell J, Chen R, et al. A prospective study of

high-density lipoprotein cholesterol, cholesteryl ester transfer protein

gene variants, and healthy aging in very old Japanese-American men.

J Gerontol A Biol Sci Med Sci. 2008;63:1235–1240.

54. Rhyne J, Ryan MJ, White C, Chimonas T, Miller M. The two novel

CETP mutations Gln87X and Gln165X in a compound heterozygous

state are associated with marked hyperalphalipoproteinemia and ab-

sence of significant coronary artery disease. J Mol Med. 2006;84:

647–650.

55. Vergeer M, Korporaal SJ, Franssen R, et al. Genetic variant of the

scavenger receptor BI in humans. N Engl J Med. 2011;364:136–145.

56. Voight BF, Peloso GM, Orho-Melander M, et al. Plasma HDL choles-

terol and risk of myocardial infarction: a mendelian randomisation

study. Lancet. 2012;380:572–580.
57. Heinecke JW. The protein cargo of HDL: implications for vascular

wall biology and therapeutics. J Clin Lipidol. 2010;4:371–375.

58. Ballantyne CM. Clinical Lipidology: A Companion to Braunwald’s

Heart Disease. Philadelphia, PA: Saunders/Elsevier; 2009.

59. Miller M, Zhan M. Factors influencing coronary risk in low HDL

syndromes. Atherosclerosis. 2003;169:347–348.

60. Johansson J, Carlson LA, Landou C, Hamsten A. High density lipo-

proteins and coronary atherosclerosis. A strong inverse relation with

the largest particles is confined to normotriglyceridemic patients.

Arterioscler Thromb. 1991;11:174–182.

61. Berneis KK, Krauss RM. Metabolic origins and clinical significance

of LDL heterogeneity. J Lipid Res. 2002;43:1363–1379.

62. Havel RJ, Eder HA, Bragdon JH. The distribution and chemical com-

position of ultracentrifugally separated lipoproteins in human serum.

J Clin Invest. 1955;34:1345–1353.

63. Anderson DW, Nichols AV, Pan SS, Lindgren FT. High density lipo-

protein distribution. Resolution and determination of three major

components in a normal population sample. Atherosclerosis. 1978;

29:161–179.

64. Williams PT, Feldman DE. Prospective study of coronary heart dis-

ease vs. HDL2, HDL3, and other lipoproteins in Gofman’s Livermore

Cohort. Atherosclerosis. 2011;214:196–202.

65. Blanche PJ, Gong EL, Forte TM, Nichols AV. Characterization of

human high-density lipoproteins by gradient gel electrophoresis.

Biochim Biophys Acta. 1981;665:408–419.

66. Asztalos BF, Cupples LA, Demissie S, et al. High-density lipoprotein

subpopulation profile and coronary heart disease prevalence in male

participants of the Framingham Offspring Study. Arterioscler

Thromb Vasc Biol. 2004;24:2181–2187.

67. Chapman MJ, Goldstein S, Lagrange D, Laplaud PM. A density gra-

dient ultracentrifugal procedure for the isolation of the major lipopro-

tein classes from human serum. J Lipid Res. 1981;22:339–358.

68. Cone JT, Segrest JP, Chung BH, Ragland JB, Sabesin SM,

Glasscock A. Computerized rapid high resolution quantitative analy-

sis of plasma lipoproteins based upon single vertical spin centrifuga-

tion. J Lipid Res. 1982;23:923–935.

69. Kulkarni KR, Marcovina SM, Krauss RM, Garber DW,

Glasscock AM, Segrest JP. Quantification of HDL2 and HDL3 cho-

lesterol by the Vertical Auto Profile-II (VAP-II) methodology. J Lipid

Res. 1997;38:2353–2364.

70. Kulkarni KR. Cholesterol profile measurement by vertical auto pro-

file method. Clin Lab Med. 2006;26:787–802.

71. Asztalos BF, Sloop CH, Wong L, Roheim PS. Two-dimensional elec-

trophoresis of plasma lipoproteins: recognition of new apo A-I-con-

taining subpopulations. Biochim Biophys Acta. 1993;1169:291–300.

72. Asztalos BF, de la Llera-Moya M, Dallal GE, Horvath KV,

Schaefer EJ, Rothblat GH. Differential effects of HDL subpopula-

tions on cellular ABCA1- and SR-BI-mediated cholesterol efflux.

J Lipid Res. 2005;46:2246–2253.

73. Rosenson RS, Brewer HB Jr., Davidson WS, et al. Cholesterol efflux

and atheroprotection: advancing the concept of reverse cholesterol

transport. Circulation. 2012;125:1905–1919.

74. Asztalos BF, Collins D, Cupples LA, et al. Value of high-density lip-

oprotein (HDL) subpopulations in predicting recurrent cardiovascular

events in the Veterans Affairs HDL Intervention Trial. Arterioscler

Thromb Vasc Biol. 2005;25:2185–2191.

75. Asztalos BF, Batista M, Horvath KV, et al. Change in alpha1 HDL

concentration predicts progression in coronary artery stenosis.

Arterioscler Thromb Vasc Biol. 2003;23:847–852.

76. Lounila J, Ala-Korpela M, Jokisaari J, Savolainen MJ,

Kesaniemi YA. Effects of orientational order and particle size on

the NMR line positions of lipoproteins. Phys Rev Lett. 1994;72:

4049–4052.

77. Otvos JD. Measurement of lipoprotein subclass profiles by nuclear

magnetic resonance spectroscopy. Clin Lab. 2002;48:171–180.

78. Jeyarajah EJ, Cromwell WC, Otvos JD. Lipoprotein particle analysis

by nuclear magnetic resonance spectroscopy. Clin Lab Med. 2006;26:

847–870.



Toth et al NLA HDL Consensus Statement 521
79. Rudel LL, Marzetta CA, Johnson FL. Separation and analysis of lip-

oproteins by gel filtration. Methods Enzymol. 1986;129:45–57.

80. Sata T, Havel RJ, Jones AL. Characterization of subfractions of

triglyceride-rich lipoproteins separated by gel chromatography

from blood plasma of normolipemic and hyperlipemic humans.

J Lipid Res. 1972;13:757–768.

81. El Harchaoui K, Arsenault BJ, Franssen R, et al. High-density lipo-

protein particle size and concentration and coronary risk. Ann Intern

Med. 2009;150:84–93.

82. Mora S, Otvos JD, Rifai N, Rosenson RS, Buring JE, Ridker PM.

Lipoprotein particle profiles by nuclear magnetic resonance com-

pared with standard lipids and apolipoproteins in predicting incident

cardiovascular disease in women. Circulation. 2009;119:931–939.

83. Caulfield MP, Li S, Lee G, et al. Direct determination of lipoprotein

particle sizes and concentrations by ion mobility analysis. Clin

Chem. 2008;54:1307–1316.

84. Musunuru K, Orho-Melander M, Caulfield MP, et al. Ion mobility

analysis of lipoprotein subfractions identifies three independent

axes of cardiovascular risk. Arterioscler Thromb Vasc Biol. 2009;

29:1975–1980.

85. Alaupovic P. The concept of apolipoprotein-defined lipoprotein fam-

ilies and its clinical significance. Curr Atheroscler Rep. 2003;5:

459–467.

86. James RW, Hochstrasser D, Tissot JD, et al. Protein heterogeneity of

lipoprotein particles containing apolipoprotein A-I without apolipo-

protein A-II and apolipoprotein A-I with apolipoprotein A-II isolated

from human plasma. J Lipid Res. 1988;29:1557–1571.

87. Rosenson RS, Brewer HB Jr., Chapman MJ, et al. HDL measures,

particle heterogeneity, proposed nomenclature, and relation to ather-

osclerotic cardiovascular events. Clin Chem. 2011;57:392–410.

88. Nicholls SJ, Cutri B, Worthley SG, et al. Impact of short-term admin-

istration of high-density lipoproteins and atorvastatin on atheroscle-

rosis in rabbits. Arterioscler Thromb Vasc Biol. 2005;25:2416–2421.

89. Sugano M, Makino N, Sawada S, et al. Effect of antisense oligonu-

cleotides against cholesteryl ester transfer protein on the develop-

ment of atherosclerosis in cholesterol-fed rabbits. J Biol Chem.

1998;273:5033–5036.

90. Rittershaus CW, Miller DP, Thomas LJ, et al. Vaccine-induced anti-

bodies inhibit CETP activity in vivo and reduce aortic lesions in a

rabbit model of atherosclerosis. Arterioscler Thromb Vasc Biol.

2000;20:2106–2112.

91. Okamoto H, Yonemori F, Wakitani K, Minowa T, Maeda K,

Shinkai H. A cholesteryl ester transfer protein inhibitor attenuates

atherosclerosis in rabbits. Nature. 2000;406:203–207.

92. Morehouse LA, Sugarman ED, Bourassa PA, et al. Inhibition of

CETP activity by torcetrapib reduces susceptibility to diet-induced

atherosclerosis in New Zealand White rabbits. J Lipid Res. 2007;

48:1263–1272.

93. Cannon CP, Steinberg BA, Murphy SA, Mega JL, Braunwald E.

Meta-analysis of cardiovascular outcomes trials comparing intensive

versus moderate statin therapy. J Am Coll Cardiol. 2006;48:438–445.

94. Cholesterol Treatment Trialists’ (CTT) Collaboration, Baigent C,

Blackwell L, et al. Efficacy and safety of more intensive lowering

of LDL cholesterol: a meta-analysis of data from 170,000 partici-

pants in 26 randomised trials. Lancet. 2010;376:1670–1681.

95. Study of the Effectiveness of Additional Reductions in Cholesterol

and Homocysteine (SEARCH) Collaborative Group, Armitage J,

Bowman L, et al. Intensive lowering of LDL cholesterol with 80

mg versus 20 mg simvastatin daily in 12,064 survivors of myocardial

infarction: a double-blind randomised trial. Lancet. 2010;376:

1658–1669.

96. Grundy SM, Cleeman JI, Merz CN, et al. Implications of recent clin-

ical trials for the National Cholesterol Education Program Adult

Treatment Panel III guidelines. Circulation. 2004;110:227–239.

97. Rubins HB, Robins SJ, Collins D, et al. Distribution of lipids in 8,500

men with coronary artery disease. Department of Veterans Affairs

HDL Intervention Trial Study Group. Am J Cardiol. 1995;75:

1196–1201.
98. Genest J Jr., McNamara JR, Ordovas JM, et al. Lipoprotein choles-

terol, apolipoprotein A-I and B and lipoprotein (a) abnormalities in

men with premature coronary artery disease. J Am Coll Cardiol.

1992;19:792–802.

99. Rader DJ. Molecular regulation of HDL metabolism and function:

implications for novel therapies. J Clin Invest. 2006;116:3090–3100.

100. Meyers CD, Kashyap ML. Pharmacologic augmentation of high-

density lipoproteins: mechanisms of currently available and emerg-

ing therapies. Curr Opin Cardiol. 2005;20:307–312.

101. Reaven GM. Syndrome X: 6 years later. J Intern Med Suppl. 1994;

736:13–22.

102. Roger VL, Go AS, Lloyd-Jones DM, et al. Heart disease and stroke

statistics–2011 update: a report from the American Heart Associa-

tion. Circulation. 2011;123:e18–e209.

103. Ervin RB. Prevalence of metabolic syndrome among adults 20 years

of age and over, by sex, age, race and ethnicity, and body mass index:

United States, 2003-2006. Natl Health Stat Rep. 2009;13:1–7.

104. Lloyd-Jones DM, Leip EP, Larson MG, et al. Prediction of lifetime

risk for cardiovascular disease by risk factor burden at 50 years of

age. Circulation. 2006;113:791–798.

105. Singh IM, Shishehbor MH, Ansell BJ. High-density lipoprotein as a

therapeutic target: a systematic review. JAMA. 2007;298:786–798.

106. Secondary prevention by raising HDL cholesterol and reducing tri-

glycerides in patients with coronary artery disease: the Bezafibrate

Infarction Prevention (BIP) study. Circulation. 2000;102:21–27.

107. Keech A, Simes RJ, Barter P, et al. Effects of long-term fenofibrate

therapy on cardiovascular events in 9795 people with type 2 diabetes

mellitus (the FIELD study): randomised controlled trial. Lancet.

2005;366:1849–1861.

108. Group AS, Ginsberg HN, Elam MB, et al. Effects of combination

lipid therapy in type 2 diabetes mellitus. N Engl J Med. 2010;362:

1563–1574.

109. Scott R, O’Brien R, Fulcher G, et al. Effects of fenofibrate treatment

on cardiovascular disease risk in 9,795 individuals with type 2 diabe-

tes and various components of the metabolic syndrome: the Fenofi-

brate Intervention and Event Lowering in Diabetes (FIELD) study.

Diabetes Care. 2009;32:493–498.

110. Sacks FM, Carey VJ, Fruchart JC. Combination lipid therapy in type

2 diabetes. N Engl J Med. 2010;363:692–694 [author reply 694–695].

111. Clofibrate and niacin in coronary heart disease. JAMA. 1975;231:

360–381.

112. Canner PL, Berge KG, Wenger NK, et al. Fifteen year mortality in

Coronary Drug Project patients: long-term benefit with niacin.

J Am Coll Cardiol. 1986;8:1245–1255.

113. Carlson LA, Rosenhamer G. Reduction of mortality in the Stockholm

Ischaemic Heart Disease Secondary Prevention Study by combined

treatment with clofibrate and nicotinic acid. Acta Med Scand.

1988;223:405–418.

114. Blankenhorn DH, Nessim SA, Johnson RL, Sanmarco ME, Azen SP,

Cashin-Hemphill L. Beneficial effects of combined colestipol-niacin

therapy on coronary atherosclerosis and coronary venous bypass

grafts. JAMA. 1987;257:3233–3240.

115. Cashin-Hemphill L, Mack WJ, Pogoda JM, Sanmarco ME, Azen SP,

Blankenhorn DH. Beneficial effects of colestipol-niacin on coronary

atherosclerosis. A 4-year follow-up. JAMA. 1990;264:3013–3017.

116. Brown G, Albers JJ, Fisher LD, et al. Regression of coronary artery

disease as a result of intensive lipid-lowering therapy in men with

high levels of apolipoprotein B. N Engl J Med. 1990;323:1289–1298.

117. Brown BG, Brockenbrough A, Zhao X-Q, et al. Very intensive lipid

therapy with lovastatin, niacin, and colestipol for prevention of death

and myocardial infarction: a 10-year familial atherosclerosis treat-

ment study (FATS) follow-up [Abstract 3341]. Circulation. 1998;

98(suppl I):I-635.

118. Brown BG, Zhao XQ, Chait A, et al. Simvastatin and niacin, antiox-

idant vitamins, or the combination for the prevention of coronary dis-

ease. N Engl J Med. 2001;345:1583–1592.

119. Taylor AJ, Sullenberger LE, Lee HJ, Lee JK, Grace KA. Arterial Bi-

ology for the Investigation of the Treatment Effects of Reducing



522 Journal of Clinical Lipidology, Vol 7, No 5, October 2013
Cholesterol (ARBITER) 2: a double-blind, placebo-controlled study

of extended-release niacin on atherosclerosis progression in second-

ary prevention patients treated with statins. Circulation. 2004;110:

3512–3517.

120. Taylor AJ, Lee HJ, Sullenberger LE. The effect of 24 months of com-

bination statin and extended-release niacin on carotid intima-media

thickness: ARBITER 3. Curr Med Res Opin. 2006;22:2243–2250.

121. Taylor AJ, Villines TC, Stanek EJ, et al. Extended-release niacin or

ezetimibe and carotid intima-media thickness. N Engl J Med. 2009;

361:2113–2122.

122. Villines TC, Stanek EJ, Devine PJ, et al. The ARBITER 6-HALTS

Trial (Arterial Biology for the Investigation of the Treatment Effects

of Reducing Cholesterol 6-HDL and LDL Treatment Strategies in

Atherosclerosis): final results and the impact of medication adher-

ence, dose, and treatment duration. J Am Coll Cardiol. 2010;55:

2721–2726.

123. Lee JM, Robson MD, Yu LM, et al. Effects of high-dose modified-

release nicotinic acid on atherosclerosis and vascular function: a ran-

domized, placebo-controlled, magnetic resonance imaging study.

J Am Coll Cardiol. 2009;54:1787–1794.

124. Morse JS, Brown BG, Zhao XQ, et al. Niacin plus simvastatin protect

against atherosclerosis progression and clinical events in CAD pa-

tients with low HDL-C and diabetes mellitus or impaired fasting glu-

cose. J Am Coll Cardiol. 2001;37(suppl A):262A.

125. Canner PL, Furberg CD, Terrin ML, McGovern ME. Benefits of ni-

acin by glycemic status in patients with healed myocardial infarction

(from the Coronary Drug Project). Am J Cardiol. 2005;95:254–257.

126. Canner PL, Furberg CD, McGovern ME. Benefits of niacin in pa-

tients with versus without the metabolic syndrome and healed myo-

cardial infarction (from the Coronary Drug Project). Am J Cardiol.

2006;97:477–479.

127. AIM-HIGH Investigators. The role of niacin in raising high-density

lipoprotein cholesterol to reduce cardiovascular events in patients

with atherosclerotic cardiovascular disease and optimally treated

low-density lipoprotein cholesterol Rationale and study design. The

Atherothrombosis Intervention in Metabolic syndrome with low

HDL/high triglycerides: Impact on Global Health outcomes (AIM-

HIGH). Am Heart J. 2011;161:471–477 e2.

128. HPS2-THRIVE Collaborative Group. HPS2-THRIVE randomized

placebo-controlled trial in 25 673 high-risk patients of ER niacin/lar-

opiprant: trial design, pre-specified muscle and liver outcomes, and

reasons for stopping study treatment. Eur Heart J. 2013;34:

1279–1291.

129. Song WL, Stubbe J, Ricciotti E, et al. Niacin and biosynthesis of

PGD(2)by platelet COX-1 in mice and humans. J Clin Invest.

2012;122:1459–1468.

130. Landmesser U. The difficult search for a ’partner’ of statins in lipid-

targeted prevention of vascular events: the re-emergence and fall of

niacin. Eur Heart J. 2013;34:1254–1257.

131. Lavigne PM, Karas RH. The current state of niacin in cardiovascular

disease prevention: a systematic review and meta-regression. J Am

Coll Cardiol. 2013;61:440–446.

132. Thompson A, Di Angelantonio E, Sarwar N, et al. Association of

cholesteryl ester transfer protein genotypes with CETP mass and ac-

tivity, lipid levels, and coronary risk. JAMA. 2008;299:2777–2788.

133. Ridker PM, Pare G, Parker AN, Zee RY, Miletich JP, Chasman DI.

Polymorphism in the CETP gene region, HDL cholesterol, and risk

of future myocardial infarction: genomewide analysis among 18245

initially healthy women from the Women’s Genome Health Study.

Circ Cardiovasc Genet. 2009;2:26–33.

134. Yvan-Charvet L, Matsuura F, Wang N, et al. Inhibition of cholesteryl

ester transfer protein by torcetrapib modestly increases macrophage

cholesterol efflux to HDL. Arterioscler Thromb Vasc Biol. 2007;27:

1132–1138.

135. Nicholls SJ, Tuzcu EM, Brennan DM, Tardif JC, Nissen SE. Choles-

teryl ester transfer protein inhibition, high-density lipoprotein rais-

ing, and progression of coronary atherosclerosis: insights from

ILLUSTRATE (Investigation of Lipid Level Management Using
Coronary Ultrasound to Assess Reduction of Atherosclerosis by

CETP Inhibition and HDL Elevation). Circulation. 2008;118:

2506–2514.

136. Barter PJ, Rye KA. Cholesteryl ester transfer protein inhibition as a

strategy to reduce cardiovascular risk. J Lipid Res. 2012;53:

1755–1766.

137. Waksman R, Torguson R, Kent KM, et al. A first-in-man, random-

ized, placebo-controlled study to evaluate the safety and feasibility

of autologous delipidated high-density lipoprotein plasma infusions

in patients with acute coronary syndrome. J Am Coll Cardiol.

2010;55:2727–2735.

138. Cannon CP, Shah S, Dansky HM, et al. Safety of anacetrapib in pa-

tients with or at high risk for coronary heart disease. N Engl J Med.

2010;363:2406–2415.

139. Nicholls SJ, Brewer HB, Kastelein JJ, et al. Effects of the CETP in-

hibitor evacetrapib administered as monotherapy or in combination

with statins on HDL and LDL cholesterol: a randomized controlled

trial. JAMA. 2011;306:2099–2109.

140. Barter PJ, Rye KA. Is there a role for fibrates in the management of

dyslipidemia in the metabolic syndrome? Arterioscler Thromb Vasc

Biol. 2008;28:39–46.

141. Jun M, Foote C, Lv J, et al. Effects of fibrates on cardiovascular out-

comes: a systematic review and meta-analysis. Lancet. 2010;375:

1875–1884.

142. Younk LM, Uhl L, Davis SN. Pharmacokinetics, efficacy and safety

of aleglitazar for the treatment of type 2 diabetes with high cardio-

vascular risk. Expert Opin Drug Metab Toxicol. 2011;7:753–763.

143. Bailey D, Jahagirdar R, Gordon A, et al. RVX-208: a small

molecule that increases apolipoprotein A-I and high-density lipopro-

tein cholesterol in vitro and in vivo. J Am Coll Cardiol. 2010;55:

2580–2589.

144. Nicholls SJ, Gordon A, Johansson J, et al. Efficacy and safety of a

novel oral inducer of apolipoprotein a-I synthesis in statin-treated pa-

tients with stable coronary artery disease a randomized controlled

trial. J Am Coll Cardiol. 2011;57:1111–1119.

145. Nicholls SJ, Gordon A, Johannson J, et al. ApoA-I induction as a po-

tential cardioprotective strategy: rationale for the SUSTAIN and AS-

SURE studies. Cardiovasc Drugs Ther. 2012;26:181–187.

146. Rader DJ, Alexander ET, Weibel GL, Billheimer J, Rothblat GH.

Role of reverse cholesterol transport in animals and humans and re-

lationship to atherosclerosis. J Lipid Res. 2009;50:S189–S194.

147. Zhang Y, Zanotti I, Reilly MP, Glick JM, Rothblat GH, Rader DJ.

Overexpression of apolipoprotein A-I promotes reverse transport of

cholesterol from macrophages to feces in vivo. Circulation. 2003;

108:661–663.

148. Yvan-Charvet L, Wang N, Tall AR. Role of HDL, ABCA1, and

ABCG1 transporters in cholesterol efflux and immune responses.

Arterioscler Thromb Vasc Biol. 2010;30:139–143.

149. van der Velde AE, Brufau G, Groen AK. Transintestinal cholesterol

efflux. Curr Opin Lipidol. 2010;21:167–171.

150. Glomset JA. The plasma lecithins:cholesterol acyltransferase reac-

tion. J Lipid Res. 1968;9:155–167.

151. Rothblat GH, Phillips MC. High-density lipoprotein heterogeneity

and function in reverse cholesterol transport. Curr Opin Lipidol.

2010;21:229–238.

152. Moore RE, Navab M, Millar JS, et al. Increased atherosclerosis in

mice lacking apolipoprotein A-I attributable to both impaired reverse

cholesterol transport and increased inflammation. Circ Res. 2005;97:

763–771.

153. Zhang Y, Da Silva JR, Reilly M, Billheimer JT, Rothblat GH,

Rader DJ. Hepatic expression of scavenger receptor class B type I

(SR-BI) is a positive regulator of macrophage reverse cholesterol

transport in vivo. J Clin Invest. 2005;115:2870–2874.

154. Naik SU, Wang X, Da Silva JS, et al. Pharmacological activation of

liver X receptors promotes reverse cholesterol transport in vivo.

Circulation. 2006;113:90–97.

155. Nakaya K, Tohyama J, Naik SU, et al. Peroxisome proliferator-

activated receptor-alpha activation promotes macrophage reverse



Toth et al NLA HDL Consensus Statement 523
cholesterol transport through a liver X receptor-dependent pathway.

Arterioscler Thromb Vasc Biol. 2011;31:1276–1282.

156. Yamamoto S, Tanigawa H, Li X, Komaru Y, Billheimer JT, Rader DJ.

Pharmacologic suppression of hepatic ATP-binding cassette trans-

porter 1 activity in mice reduces high-density lipoprotein cholesterol

levels but promotes reverse cholesterol transport. Circulation. 2011;

124:1382–1390.

157. de la Llera-Moya M, Drazul-Schrader D, Asztalos BF, Cuchel M,

Rader DJ, Rothblat GH. The ability to promote efflux via ABCA1

determines the capacity of serum specimens with similar high-

density lipoprotein cholesterol to remove cholesterol from macro-

phages. Arterioscler Thromb Vasc Biol. 2010;30:796–801.

158. Khera AV, Cuchel M, de la Llera-Moya M, et al. Cholesterol efflux

capacity, high-density lipoprotein function, and atherosclerosis.

N Engl J Med. 2011;364:127–135.

159. Larrede S, Quinn CM, Jessup W, et al. Stimulation of cholesterol ef-

flux by LXR agonists in cholesterol-loaded human macrophages is

ABCA1-dependent but ABCG1-independent. Arterioscler Thromb

Vasc Biol. 2009;29:1930–1936.

160. Eriksson M, Carlson LA, Miettinen TA, Angelin B. Stimulation of

fecal steroid excretion after infusion of recombinant proapolipopro-

tein A-I: potential reverse cholesterol transport in humans. Circula-

tion. 1999;100:594–598.

161. Brousseau ME, Diffenderfer MR, Millar JS, et al. Effects of choles-

teryl ester transfer protein inhibition on high-density lipoprotein sub-

species, apolipoprotein A-I metabolism, and fecal sterol excretion.

Arterioscler Thromb Vasc Biol. 2005;25:1057–1064.

162. Turner S, Voogt J, Davidson M, et al. Measurement of reverse cho-

lesterol transport pathways in humans: in vivo rates of free choles-

terol efflux, esterification, and excretion. J Am Heart Assoc. 2012;

1:e001826.

163. Holleboom AG, Franssen R, Jakulj L, et al. In vivo tissue cholesterol

efflux is impaired in carriers of mutations in APOA1 and ABCA1.

Circulation. 2010;122:A17881.

164. Cuchel M, Billheimer JT, Millar JS, et al. Assessment of reverse cho-

lesterol transport in vivo in humans: a novel method. Arterioscler

Thromb Vasc Biol. 2012;32:A71.

165. Nilsson A, Zilversmit DB. Fate of intravenously administered partic-

ulate and lipoprotein cholesterol in the rat. J Lipid Res. 1972;13:

32–38.

166. Schwartz CC, Halloran LG, Vlahcevic ZR, Gregory DH, Swell L.

Preferential utilization of free cholesterol from high-density lipopro-

teins for biliary cholesterol secretion in man. Science. 1978;200:

62–64.

167. Schwartz CC, Berman M, Vlahcevic ZR, Swell L. Multicompartmen-

tal analysis of cholesterol metabolism in man. Quantitative kinetic

evaluation of precursor sources and turnover of high density lipopro-

tein cholesterol esters. J Clin Invest. 1982;70:863–876.

168. Schwartz CC, Zech LA, Vandenbroek JM, Cooper PS. Cholesterol

kinetics in subjects with bile fistula. Positive relationship between

size of the bile acid precursor pool and bile acid synthetic rate.

J Clin Invest. 1993;91:923–938.

169. Schwartz CC, VandenBroek JM, Cooper PS. Lipoprotein cholesteryl

ester production, transfer, and output in vivo in humans. J Lipid Res.

2004;45:1594–1607.

170. Kontush A, Chapman MJ. High-Density Lipoproteins: Structure, Me-

tabolism, Function and Therapeutics. New York, NY: Wiley & Sons;

2012.

171. Adorni MP, Zimetti F, Billheimer JT, et al. The roles of different

pathways in the release of cholesterol from macrophages. J Lipid

Res. 2007;48:2453–2462.

172. Gu X, Trigatti B, Xu S, Acton S, Babitt J, Krieger M. The efficient

cellular uptake of high density lipoprotein lipids via scavenger recep-

tor class B type I requires not only receptor-mediated surface binding

but also receptor-specific lipid transfer mediated by its extracellular

domain. J Biol Chem. 1998;273:26338–26348.

173. Navab M, Imes SS, Hama SY, et al. Monocyte transmigration in-

duced by modification of low density lipoprotein in cocultures of
human aortic wall cells is due to induction of monocyte chemotactic

protein 1 synthesis and is abolished by high density lipoprotein.

J Clin Invest. 1991;88:2039–2046.

174. Barter PJ, Rye KA. High density lipoproteins and coronary heart dis-

ease. Atherosclerosis. 1996;121:1–12.

175. Concha MI, Smith VJ, Castro K, Bastias A, Romero A, Amthauer RJ.

Apolipoproteins A-I and A-II are potentially important effectors of

innate immunity in the teleost fish Cyprinus carpio. Eur J Biochem.

2004;271:2984–2990.

176. Villarroel F, Bastias A, Casado A, Amthauer R, Concha MI. Apolip-

oprotein A-I, an antimicrobial protein in Oncorhynchus mykiss: eval-

uation of its expression in primary defence barriers and plasma levels

in sick and healthy fish. Fish Shellfish Immunol. 2007;23:197–209.

177. Johnston LD, Brown G, Gauthier D, Reece K, Kator H, Van Veld P.

Apolipoprotein A-I from striped bass (Morone saxatilis) demon-

strates antibacterial activity in vitro. Comp Biochem Physiol B Bio-

chem Mol Biol. 2008;151:167–175.

178. Figueiredo PM, Catani CF, Yano T. Serum high-density lipoprotein

(HDL) inhibits in vitro enterohemolysin (EHly) activity produced

by enteropathogenic Escherichia coli. FEMS Immunol Med Micro-

biol. 2003;38:53–57.

179. Grunfeld C, Marshall M, Shigenaga JK, Moser AH, Tobias P,

Feingold KR. Lipoproteins inhibit macrophage activation by lipotei-

choic acid. J Lipid Res. 1999;40:245–252.

180. Ma J, Liao XL, Lou B, Wu MP. Role of apolipoprotein A-I in protect-

ing against endotoxin toxicity. Acta Biochim Biophys Sin (Shanghai).

2004;36:419–424.

181. Parker TS, Levine DM, Chang JC, Laxer J, Coffin CC, Rubin AL.

Reconstituted high-density lipoprotein neutralizes gram-negative

bacterial lipopolysaccharides in human whole blood. Infect Immun.

1995;63:253–258.

182. Jiao YL, Wu MP. Apolipoprotein A-I diminishes acute lung injury

and sepsis in mice induced by lipoteichoic acid. Cytokine. 2008;43:

83–87.

183. Li Y, Dong JB, Wu MP. Human ApoA-I overexpression diminishes

LPS-induced systemic inflammation and multiple organ damage in

mice. Eur J Pharmacol. 2008;590:417–422.

184. Nofer JR, Brodde MF, Kehrel BE. High-density lipoproteins, plate-

lets and the pathogenesis of atherosclerosis. Clin Exp Pharmacol

Physiol. 2010;37:726–735.

185. Jahangiri A. High-density lipoprotein and the acute phase response.

Curr Opin Endocrinol Diabetes Obes. 2010;17:156–160.

186. Gordon SM, Hofmann S, Askew DS, Davidson WS. High density lip-

oprotein: it’s not just about lipid transport anymore. Trends Endocri-

nol Metab. 2011;22:9–15.

187. Karlsson H, Leanderson P, Tagesson C, Lindahl M. Lipoproteomics

II: mapping of proteins in high-density lipoprotein using two-

dimensional gel electrophoresis and mass spectrometry. Proteomics.

2005;5:1431–1445.

188. Heller M, Stalder D, Schlappritzi E, Hayn G, Matter U, Haeberli A.

Mass spectrometry-based analytical tools for the molecular protein

characterization of human plasma lipoproteins. Proteomics. 2005;5:

2619–2630.

189. Hortin GL, Shen RF, Martin BM, Remaley AT. Diverse range of

small peptides associated with high-density lipoprotein. Biochem Bi-

ophys Res Commun. 2006;340:909–915.

190. Rezaee F, Casetta B, Levels JH, Speijer D, Meijers JC. Proteomic

analysis of high-density lipoprotein. Proteomics. 2006;6:721–730.

191. Vaisar T, Pennathur S, Green PS, et al. Shotgun proteomics impli-

cates protease inhibition and complement activation in the antiin-

flammatory properties of HDL. J Clin Invest. 2007;117:746–756.

192. Davidson WS, Silva RA, Chantepie S, Lagor WR, Chapman MJ,

Kontush A. Proteomic analysis of defined HDL subpopulations re-

veals particle-specific protein clusters: relevance to antioxidative

function. Arterioscler Thromb Vasc Biol. 2009;29:870–876.

193. Alwaili K, Bailey D, Awan Z, et al. The HDL proteome in acute cor-

onary syndromes shifts to an inflammatory profile. Biochim Biophys

Acta. 2012;1821:405–415.



524 Journal of Clinical Lipidology, Vol 7, No 5, October 2013
194. Holzer M, Wolf P, Curcic S, et al. Psoriasis alters HDL composition

and cholesterol efflux capacity. J Lipid Res. 2012;53:1618–1624.

195. Holzer M, Birner-Gruenberger R, Stojakovic T, et al. Uremia alters

HDL composition and function. J Am Soc Nephrol. 2011;22:

1631–1641.

196. Weichhart T, Kopecky C, Kubicek M, et al. Serum amyloid A in ure-

mic HDL promotes inflammation. J Am Soc Nephrol. 2012;23:

934–947.

197. Mange A, Goux A, Badiou S, et al. HDL proteome in hemodialysis

patients: a quantitative nanoflow liquid chromatography-tandem

mass spectrometry approach. PloS One. 2012;7:e34107.

198. Watanabe J, Charles-Schoeman C, Miao Y, et al. Proteomic profiling

following immunoaffinity capture of high-density lipoprotein: associ-

ation of acute-phase proteins and complement factors with proin-

flammatory high-density lipoprotein in rheumatoid arthritis.

Arthritis Rheum. 2012;64:1828–1837.

199. Gordon SM, Deng J, Lu LJ, Davidson WS. Proteomic characteriza-

tion of human plasma high density lipoprotein fractionated by gel fil-

tration chromatography. J Proteome Res. 2010;9:5239–5249.

200. Shah AS, Tan L, Lu Long J, Davidson WS. The proteomic diversity

of high density lipoproteins: our emerging understanding of its im-

portance in lipid transport and beyond. J Lipid Res.. 2013;54:

2575–2585.

201. Santos RD, Schaefer EJ, Asztalos BF, et al. Characterization of high

density lipoprotein particles in familial apolipoprotein A-I deficiency.

J Lipid Res. 2008;49:349–357.

202. Rifkin MR. Identification of the trypanocidal factor in normal human

serum: high density lipoprotein. Proc Natl Acad Sci U S A. 1978;75:

3450–3454.

203. Jensen MK, Rimm EB, Furtado JD, Sacks FM. Apolipoprotein C-III

as a potential modulator of the association between HDL-cholesterol

and incident coronary heart disease. J Am Heart Assoc. 2012;1.

204. Karlsson H, Leanderson P, Tagesson C, Lindahl M. Lipoproteomics

I: mapping of proteins in low-density lipoprotein using two-

dimensional gel electrophoresis and mass spectrometry. Proteomics.

2005;5:551–565.

205. Karlsson H, Mortstedt H, Lindqvist H, Tagesson C, Lindahl M. Pro-

tein profiling of low-density lipoprotein from obese subjects. Proteo-

mics Clin Appl. 2009;3:663–671.

206. Stahlman M, Davidsson P, Kanmert I, et al. Proteomics and lipids of

lipoproteins isolated at low salt concentrations in D2O/sucrose or in

KBr. J Lipid Res. 2008;49:481–490.

207. Mancone C, Amicone L, Fimia GM, et al. Proteomic analysis of hu-

man very low-density lipoprotein by two-dimensional gel electropho-

resis and MALDI-TOF/TOF. Proteomics. 2007;7:143–154.

208. Vaisar T, Mayer P, Nilsson E, Zhao XQ, Knopp R, Prazen BJ. HDL in

humans with cardiovascular disease exhibits a proteomic signature.

Clin Chim Acta. 2010;411:972–979.

209. Green PS, Vaisar T, Pennathur S, et al. Combined statin and niacin

therapy remodels the high-density lipoprotein proteome. Circulation.

2008;118:1259–1267.

210. Rubinow KB, Tang C, Hoofnagle AN, et al. Acute sex steroid with-

drawal increases cholesterol efflux capacity and HDL-associated

clusterin in men. Steroids. 2012;77:454–460.

211. Rubinow KB, Vaisar T, Tang C, Matsumoto AM, Heinecke JW,

Page ST. Testosterone replacement in hypogonadal men alters the

HDL proteome but not HDL cholesterol efflux capacity. J Lipid

Res. 2012;53:1376–1383.

212. Wiesner P, Leidl K, Boettcher A, Schmitz G, Liebisch G. Lipid pro-

filing of FPLC-separated lipoprotein fractions by electrospray ioniza-

tion tandem mass spectrometry. J Lipid Res. 2009;50:574–585.

213. Yetukuri L, Soderlund S, Koivuniemi A, et al. Composition and lipid

spatial distribution of HDL particles in subjects with low and high

HDL-cholesterol. J Lipid Res. 2010;51:2341–2351.

214. Quehenberger O, Armando AM, Brown AH, et al. Lipidomics re-

veals a remarkable diversity of lipids in human plasma. J Lipid

Res. 2010;51:3299–3305.
215. Kontush A, Therond P, Zerrad A, et al. Preferential sphingosine-1-

phosphate enrichment and sphingomyelin depletion are key features

of small dense HDL3 particles: relevance to antiapoptotic and antiox-

idative activities. Arterioscler Thromb Vasc Biol. 2007;27:

1843–1849.

216. Scherer M, Bottcher A, Schmitz G, Liebisch G. Sphingolipid profil-

ing of human plasma and FPLC-separated lipoprotein fractions by

hydrophilic interaction chromatography tandem mass spectrometry.

Biochim Biophys Acta. 2011;1811:68–75.

217. Lee JY, Min HK, Choi D, Moon MH. Profiling of phospholipids in

lipoproteins by multiplexed hollow fiber flow field-flow fractionation

and nanoflow liquid chromatography-tandem mass spectrometry.

J Chromatogr A. 2010;1217:1660–1666.

218. Deguchi H, Fernandez JA, Hackeng TM, Banka CL, Griffin JH. Car-

diolipin is a normal component of human plasma lipoproteins. Proc

Natl Acad Sci U S A. 2000;97:1743–1748.

219. Davidson WS, Sparks DL, Lund-Katz S, Phillips MC. The molecular

basis for the difference in charge between pre-beta- and alpha-

migrating high density lipoproteins. J Biol Chem. 1994;269:

8959–8965.

220. Boucher JG, Nguyen T, Sparks DL. Lipoprotein electrostatic proper-

ties regulate hepatic lipase association and activity. Biochem Cell

Biol. 2007;85:696–708.

221. Bowry VW, Stanley KK, Stocker R. High density lipoprotein is the

major carrier of lipid hydroperoxides in human blood plasma from

fasting donors. Proc Natl Acad Sci U S A. 1992;89:10316–10320.

222. Garner B, Witting PK, Waldeck AR, Christison JK, Raftery M,

Stocker R. Oxidation of high density lipoproteins, I: formation of

methionine sulfoxide in apolipoproteins AI and AII is an early event

that accompanies lipid peroxidation and can be enhanced by alpha-

tocopherol. J Biol Chem. 1998;273:6080–6087.

223. Goulinet S, Chapman MJ. Plasma LDL and HDL subspecies are het-

erogenous in particle content of tocopherols and oxygenated and hy-

drocarbon carotenoids. Relevance to oxidative resistance and

atherogenesis. Arterioscler Thromb Vasc Biol. 1997;17:786–796.

224. Skipski VP, Barclay M, Barclay RK, Fetzer VA, Good JJ,

Archibald FM. Lipid composition of human serum lipoproteins.

Biochem J. 1967;104:340–352.

225. Dawson G, Kruski AW, Scanu AM. Distribution of glycosphingo-

lipids in the serum lipoproteins of normal human subjects and pa-

tients with hypo- and hyperlipidemias. J Lipid Res. 1976;17:

125–131.

226. Senn HJ, Orth M, Fitzke E, Wieland H, Gerok W. Gangliosides in

normal human serum. Concentration, pattern and transport by lipo-

proteins. Eur J Biochem. 1989;181:657–662.

227. Lalanne F, Pruneta V, Bernard S, Ponsin G. Distribution of diacyl-

glycerols among plasma lipoproteins in control subjects and in pa-

tients with non-insulin-dependent diabetes. Eur J Clin Invest. 1999;

29:139–144.

228. Nofer JR, Assmann G. Atheroprotective effects of high-density lipo-

protein-associated lysosphingolipids. Trends Cardiovasc Med. 2005;

15:265–271.

229. Nilsson A, Duan RD. Absorption and lipoprotein transport of sphin-

gomyelin. J Lipid Res. 2006;47:154–171.

230. Kontush A, Chantepie S, Chapman MJ. Small, dense HDL particles

exert potent protection of atherogenic LDL against oxidative stress.

Arterioscler Thromb Vasc Biol. 2003;23:1881–1888.

231. Nakamura Y, Kotite L, Gan Y, Spencer TA, Fielding CJ, Fielding PE.

Molecular mechanism of reverse cholesterol transport: reaction of

pre-beta-migrating high-density lipoprotein with plasma lecithin/cho-

lesterol acyltransferase. Biochemistry. 2004;43:14811–14820.

232. de Souza JA, Vindis C, Negre-Salvayre A, et al. Small, dense HDL 3

particles attenuate apoptosis in endothelial cells: pivotal role of apo-

lipoprotein A-I. J Cell Mol Med. 2010;14:608–620.

233. de Souza JA, Vindis C, Hansel B, et al. Metabolic syndrome features

small, apolipoprotein A-I-poor, triglyceride-rich HDL3 particles with

defective anti-apoptotic activity. Atherosclerosis. 2008;197:84–94.



Toth et al NLA HDL Consensus Statement 525
234. Christoffersen C, Obinata H, Kumaraswamy SB, et al. Endothelium-

protective sphingosine-1-phosphate provided by HDL-associated ap-

olipoprotein M. Proc Natl Acad Sci U S A. 2011;108:9613–9618.

235. Yancey PG, de la Llera-Moya M, Swarnakar S, et al. High density

lipoprotein phospholipid composition is a major determinant of the

bi-directional flux and net movement of cellular free cholesterol me-

diated by scavenger receptor BI. J Biol Chem. 2000;275:

36596–36604.

236. Davidson WS, Gillotte KL, Lund-Katz S, Johnson WJ, Rothblat GH,

Phillips MC. The effect of high density lipoprotein phospholipid acyl

chain composition on the efflux of cellular free cholesterol. J Biol

Chem. 1995;270:5882–5890.

237. Litman BJ, Lewis EN, Levin IW. Packing characteristics of highly

unsaturated bilayer lipids: Raman spectroscopic studies of multila-

mellar phosphatidylcholine dispersions. Biochemistry. 1991;30:

313–319.

238. Zerrad-Saadi A, Therond P, Chantepie S, et al. HDL3-mediated inac-

tivation of LDL-associated phospholipid hydroperoxides is deter-

mined by the redox status of apolipoprotein A-I and HDL particle

surface lipid rigidity: relevance to inflammation and atherogenesis.

Arterioscler Thromb Vasc Biol. 2009;29:2169–2175.

239. Tolle M, Pawlak A, Schuchardt M, et al. HDL-associated lysosphin-

golipids inhibit NAD(P)H oxidase-dependent monocyte chemoattrac-

tant protein-1 production. Arterioscler Thromb Vasc Biol. 2008;28:

1542–1548.

240. Kwon YG, Min JK, Kim KM, Lee DJ, Billiar TR, Kim YM. Sphin-

gosine 1-phosphate protects human umbilical vein endothelial cells

from serum-deprived apoptosis by nitric oxide production. J Biol

Chem. 2001;276:10627–10633.

241. Mineo C, Deguchi H, Griffin JH, Shaul PW. Endothelial and antith-

rombotic actions of HDL. Circ Res. 2006;98:1352–1364.

242. Nofer JR, van der Giet M, Tolle M, et al. HDL induces NO-

dependent vasorelaxation via the lysophospholipid receptor S1P3.

J Clin Invest. 2004;113:569–581.

243. Igarashi J, Michel T. S1P and eNOS regulation. Biochim Biophys

Acta. 2008;1781:489–495.

244. Matsuo Y, Miura S, Kawamura A, Uehara Y, Rye KA, Saku K.

Newly developed reconstituted high-density lipoprotein containing

sphingosine-1-phosphate induces endothelial tube formation. Athero-

sclerosis. 2007;194:159–168.

245. Mineo C, Shaul PW. Novel biological functions of high-density lip-

oprotein cholesterol. Circ Res. 2012;111:1079–1090.

246. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD,

Remaley AT. MicroRNAs are transported in plasma and delivered

to recipient cells by high-density lipoproteins. Nat Cell Biol. 2011;

13:423–433.

247. Kontush A, Chapman MJ. Functionally defective high-density lipo-

protein: a new therapeutic target at the crossroads of dyslipidemia, in-

flammation, and atherosclerosis. Pharmacol Rev. 2006;58:342–374.

248. Krauss RM, Wojnooski K, Orr J, et al. Changes in lipoprotein sub-

fraction concentration and composition in healthy individuals treated

with the CETP inhibitor anacetrapib. J Lipid Res. 2012;53:540–547.

249. Castro-Perez J, Briand F, Gagen K, et al. Anacetrapib promotes re-

verse cholesterol transport and bulk cholesterol excretion in Syrian

golden hamsters. J Lipid Res. 2011;52:1965–1973.

250. Gordon DJ, Rifkind BM. High-density lipoprotein–the clinical impli-

cations of recent studies. N Engl J Med. 1989;321:1311–1316.
251. Wilson PW, Abbott RD, Castelli WP. High density lipoprotein cho-

lesterol and mortality. The Framingham Heart Study. Arteriosclero-

sis. 1988;8:737–741.

252. Tall AR, Costet P, Wang N. Regulation and mechanisms of macro-

phage cholesterol efflux. J Clin Invest. 2002;110:899–904.

253. Frikke-Schmidt R, Nordestgaard BG, Stene MC, et al. Association of

loss-of-function mutations in the ABCA1 gene with high-density lip-

oprotein cholesterol levels and risk of ischemic heart disease. JAMA.

2008;299:2524–2532.

254. Covey SD, Krieger M, Wang W, Penman M, Trigatti BL. Scavenger

receptor class B type I-mediated protection against atherosclerosis in

LDL receptor-negative mice involves its expression in bone marrow-

derived cells. Arterioscler Thromb Vasc Biol. 2003;23:1589–1594.

255. Barter PJ, Nicholls S, Rye KA, Anantharamaiah GM, Navab M,

Fogelman AM. Antiinflammatory properties of HDL. Circ Res.

2004;95:764–772.

256. Spieker LE, Sudano I, Hurlimann D, et al. High-density lipoprotein

restores endothelial function in hypercholesterolemic men. Circula-

tion. 2002;105:1399–1402.

257. Zabalawi M, Bharadwaj M, Horton H, et al. Inflammation and skin

cholesterol in LDLr-/-, apoA-I-/- mice: link between cholesterol ho-

meostasis and self-tolerance? J Lipid Res. 2007;48:52–65.

258. Navab M, Anantharamaiah GM, Reddy ST, et al. The oxidation hy-

pothesis of atherogenesis: the role of oxidized phospholipids and

HDL. J Lipid Res. 2004;45:993–1007.

259. Ross R. Atherosclerosis–an inflammatory disease. N Engl J Med.

1999;340:115–126.

260. Danesh J, Whincup P, Walker M, et al. Low grade inflammation and

coronary heart disease: prospective study and updated meta-analyses.

BMJ. 2000;321:199–204.

261. Ridker PM, Rifai N, Pfeffer MA, et al. Inflammation, pravastatin, and

the risk of coronary events after myocardial infarction in patients

with average cholesterol levels. Cholesterol and Recurrent Events

(CARE) Investigators. Circulation. 1998;98:839–844.

262. Van Lenten BJ, Hama SY, de Beer FC, et al. Anti-inflammatory HDL

becomes pro-inflammatory during the acute phase response. Loss of

protective effect of HDL against LDL oxidation in aortic wall cell

cocultures. J Clin Invest. 1995;96:2758–2767.

263. Berard AM, Foger B, Remaley A, et al. High plasma HDL concen-

trations associated with enhanced atherosclerosis in transgenic

mice overexpressing lecithin-cholesteryl acyltransferase. Nat Med.

1997;3:744–749.

264. Shao B, Oda MN, Oram JF, Heinecke JW. Myeloperoxidase: an ox-

idative pathway for generating dysfunctional high-density lipopro-

tein. Chem Res Toxicol. 2010;23:447–454.

265. Banka CL, Yuan T, de Beer MC, Kindy M, Curtiss LK, de Beer FC.

Serum amyloid A (SAA): influence on HDL-mediated cellular cho-

lesterol efflux. J Lipid Res. 1995;36:1058–1065.

266. Otvos JD. The surprising AIM-HIGH results are not surprising when

viewed through a particle lens. J Clin Lipidol. 2011;5:368–370.

267. Mackey RH, Greenland P, Goff DC Jr., Lloyd-Jones D, Sibley CT,

Mora S. High-density lipoprotein cholesterol and particle concentra-

tions, carotid atherosclerosis, and coronary events: MESA (Multi-

Ethnic Study of Atherosclerosis). J Am Coll Cardiol. 2012;60:

508–516.

268. Kannel WB, Wilson PWF. Efficacy of lipid profiles in prediction of

coronary disease. Am Heart J. 1992;124:768–774.


	High-density lipoproteins: A consensus statement from the National Lipid Association
	Epidemiology
	HDL-C as an independent risk factor for CVD
	Total-C/HDL-C ratio
	Very high HDL-C levels (.100 mg/dL)

	HDL-C as a risk factor or biomarker of risk
	Epidemiology conclusions

	Analytical methods
	Analyses of HDL subfractions as a function of size, density, or both
	Analytical ultracentrifugation
	Non-denaturing gradient gel electrophoresis
	Density gradient fractionation
	Vertical rotor ultracentrifugation
	Two-dimensional gel electrophoresis
	NMR spectroscopy
	Ion mobility

	HDL measurements based on apolipoprotein content
	ApoA-I and apoA-I:A-II particles

	Proposed nomenclature

	HDL-targeted intervention studies in animals
	Clinical trials of pharmacologic interventions to raise low levels of HDL-C
	Clinical effects of raising HDL-C
	Studies with fibrates
	Cardiovascular outcome studies with niacin as monotherapy and combination dyslipidemic therapy
	The AIM-HIGH trial
	Second Heart Protection Study
	CETP inhibitor trials
	Ongoing studies

	Summary of clinical trials
	Challenges posed by a sequence of negative studies and rationale for not abandoning further study prematurely
	ILLUMINATE trial
	Why did torcetrapib cause harm in the ILLUMINATE trial?

	Dal-OUTCOMES
	AIM-HIGH
	HPS2-THRIVE

	Emerging HDL-targeted therapies
	Intravenous infusion of reconstituted HDLs
	HDL delipidation
	CETP inhibitors
	Anacetrapib
	Evacetrapib
	New PPAR-α, -δ, and -γ agonists
	RVX-208

	Role of HDL in RCT
	Relationship of macrophage cholesterol efflux to atherosclerosis
	Proteome and lipidome: HDL compositional heterogeneity and function
	HDL protein composition
	HDL lipid composition
	miRNAs in HDL
	The promise of therapeutic approaches to alter HDL composition and function
	Proteome and lipidome conclusions and perspectives
	Dysfunctional HDL: What is dysfunctional HDL, and is it clinically relevant?
	HDL has potent anti-inflammatory effects in vivo
	Serum HDL mobilizes cholesterol from macrophages
	Dysfunctional HDL conclusions

	HDL consensus summary of conclusions and recommendations
	Acknowledgements
	Financial disclosures
	References


