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The cholesterol contained within HDL is inversely associated with risk of coronary heart disease and is a key 
component of predicting cardiovascular risk. However, despite its properties consistent with atheroprotection, the 
causal relation between HDL and atherosclerosis is uncertain. Human genetics and failed clinical trials have created 
scepticism about the HDL hypothesis. Nevertheless, drugs that raise HDL-C concentrations, cholesteryl ester transfer 
protein inhibitors, are in late-stage clinical development, and other approaches that promote HDL function, including 
reverse cholesterol transport, are in early-stage clinical development. The fi nal chapters regarding the eff ect of 
HDL-targeted therapeutic interventions on coronary heart disease events remain to be written.

Genesis of the HDL hypothesis
HDLs were fi rst described in the 1960s after isolation 
by ultracentrifugation. Advances in precipitation of 
apoB-containing lipoproteins made it possible to 
measure the cholesterol content of HDL (HDL-C) in 
many individuals and enabled large-scale epidemiological 
studies of the relation between HDL-C concentrations 
and coronary heart disease. The fi rst compelling reports 
of the strong inverse association between HDL-C and 
coronary heart disease were from the Framingham Heart 
Study.1 These observational data formed the basis for the 
widely acknowledged concept of HDL as the good 
cholesterol and led to the idea that HDL might have 
properties that protect against coronary heart disease, 
and therefore that intervention to raise HDL-C would 
reduce risk of coronary heart disease (the HDL 
hypothesis). Indeed, Glomset and colleagues2 originated 
the concept of reverse cholesterol transport and 
speculated that HDL, by promoting this process, 
protected against coronary heart disease.

The hypothesis that HDL is protective against 
atherosclerosis was supported by a series of animal studies 
in the 1980s and 1990s. Badimon and colleagues3 infused 
HDL into rabbits and reported inhibition of atherosclerosis. 
Rubin and colleagues4 showed that mice overexpressing 
the major HDL protein apolipoprotein A-I (apoA-I) are 
protected from atherosclerosis. Viral overexpression of 
apoA-I in mice with pre-existing atherosclerosis resulted in 
regression of pre-existing atherosclerotic disease.5 These 
preclinical data matched the epidemiological data and 
strongly reinforced the HDL hypothesis, making HDL a 
major target for novel therapeutic approaches to decrease 
atherosclerosis.

In parallel, major advances were made in the 
understanding of the molecular and physiological 
regulation of plasma HDL-C concentrations. The 
comprehensive, but probably incomplete, model of HDL 
metabolism, based on work from many laboratories 
worldwide6 is shown in the fi gure. Biogenesis of HDL 
occurs in the liver and intestine, which both synthesise 
and secrete apoA-I. Shortly after secretion as a lipid-poor 
protein, apoA-I interacts with the cholesterol–phospholipid 
transporter ABCA1 (ATP Binding Cassette A1) expressed 
by hepatocytes and enterocytes to acquire lipids, thereby 
generating a nascent HDL particle.7 HDL acquires 
additional lipids and apolipoproteins derived from the 
hydrolysis of triglyceride-rich lipoproteins, and this 
process partly accounts for the strong inverse relation 
between triglycerides and HDL-C. The enzyme lecithin 
cholesteryl acyl transferase (LCAT) acts on cholesterol in 
nascent HDL particles to generate cholesteryl ester, 
which forms the core of the mature HDL particle.8

Two metabolic pathways of clearance of cholesteryl ester 
in HDL have been described: direct uptake by the liver or 
steroidogenic tissues via the HDL receptor scavenger 
receptor B1 (SR-BI), or transfer to apoB-containing 
lipoproteins (usually in exchange for triglyceride) by the 
plasma protein cholesteryl ester transfer protein (CETP). 
Uptake via SR-BI is selective and after removal of 
cholesteryl ester the smaller apoA-I containing HDL 
particle dissociates and recycles.9 The eff ect of CETP is not 
only depletion of cholesteryl ester from the HDL particle, 
but also triglyceride enrichment of the particle. This 
triglyceride-enriched HDL is susceptible to lipolytic 
modifi cation by hepatic lipase and endothelial lipase. 
Upon modifi cation by these two enzymes, a smaller HDL 
particle is formed, which is susceptible to faster 
catabolism. At least some apoA-I is catabolised in the 
kidneys after the lipid-poor form is fi ltered and then taken 
up via a process involving the proteins cubilin and 
megalin, and degraded by proximal tubular cells.10

Thus, many apolipoproteins, enzymes, lipid transfer 
proteins, cellular lipid transporters, and cell surface 
receptors act together to regulate HDL metabolism in a 
way that ultimately determines the plasma HDL-C 
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concentration. This complex metabolism results in 
various HDL particles of diff erent density, size, and 
composition. The plasma HDL-C concentration is a 
refl ection of the net state of production, modifi cation and 
catabolism of HDL particles and, as a result, should not 
be interpreted as a measure of reverse cholesterol 
transport-mediated fl ux.

Several medical and environmental factors infl uence 
HDL metabolism, including those that tend to reduce 
HDL-C concentrations (eg, obesity, type 2 diabetes, 
infl ammation, and smoking) and those that increase 
HDL-C concentrations (eg, oestrogen, thyroid hormone, 
exercise, and alcohol use).11 HDL-C concentration is 
therefore a refl ection of various metabolic and 
infl ammatory processes, and this partly explains its 
strong inverse association with coronary heart disease. 
Nevertheless, improved understanding of HDL 
metabolism gave rise to therapeutic targets with potential 
to increase HDL-C concentrations and, according to the 
HDL hypothesis, reduce risk of coronary heart disease.

HDL-C still has value as a predictor of 
cardiovascular risk
Although the HDL hypothesis has been challenged, it is 
important to emphasise that its value as a predictor of 
cardiovascular risk remains largely unchallenged. Many 
prospective studies from diff erent racial and ethnic 
groups worldwide have confi rmed that HDL-C is a 
strong, consistent, and independent predictor of incident 
cardiovascular events (myocardial infarction, ischaemic 
stroke).11,12 Strong data also exist regarding HDL-C as a 

predictor of incident cardiovascular events in the setting 
of secondary prevention in individuals who have already 
been diagnosed with cardiovascular disease. In the statin 
era, the relation of HDL-C to cardiovascular events in 
patients treated with statins is less clear. In some large 
clinical trials with statins, on-treatment HDL-C was 
predictive of incident cardiovascular events,13 whereas in 
others it was not.14 In the JUPITER trial, the ability of 
HDL-C to predict incident events in patients treated with 
high-dose statin was weak.15 However, in a large meta-
analysis of eight statin trials, among statin-treated 
patients baseline HDL-C concentrations were strongly 
predictive of subsequent cardiovascular events.16

The usefulness of HDL-C as an independent risk 
predictor is shown by its continued central use in 
cardiovascular risk equations. For example, in the recent 
American Heart Association and American College of 
Cardiology risk calculator HDL-C is a critical component 
in risk prediction,12 in agreement with the European 
guidelines issued a few years before.17 Thus, regardless of 
the nature of the relation of HDL-C with cardiovascular 
disease, its use as a predictor of risk remains 
unchallenged.

There is substantial interest in other measures of 
HDL-related analytes and whether they could provide 
predictive power that exceeds that of HDL-C itself. For 
example, many prospective studies have assessed plasma 
apoA-I concentrations and compared them with HDL-C 
in predicting incident cardiovascular events. Overall, the 
conclusion is that apoA-I might be slightly better at 
predicting risk than HDL-C,18 although not all large 

Figure: HDL metabolism and the action of HDL-targeted therapies
apoA-1=apolipoprotein A-I. LXR=liver X receptor. LCAT=lecithin cholesteryl acyl transferase. CETP=cholesteryl ester transfer protein. CE=cholesteryl ester. TG=triglyceride. 
PL=phospholipid. EL=endothelial lipase. HL=hepatic lipase. FC=free cholesterol. PLTP=phospholipid transfer protein. VLDL=very low-density lipoprotein.
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studies support this conclusion.19 Although there has 
been historical interest in the HDL subfractions HDL2 
and HDL3, neither is signifi cantly better at predicting 
risk than HDL-C itself.20 More recently, there has been 
interest in the measurement of HDL particle number 
(HDL-P), which is done through nuclear magnetic 
resonance lipoprotein analysis. Studies that have 
compared HDL-P with HDL-C,21 including those in the 
setting of high-dose statin therapy,22 have concluded that 
HDL-P could be better than HDL-C in predicting incident 
events. However, a change to measurement of HDL-P 
instead of HDL-C in clinical practice will probably need 
more head-to-head comparative data.

Challenges to the HDL hypothesis and the 
causality of HDL in cardiovascular disease risk
Challenges to the HDL hypothesis are driven by data 
derived from human genetics studies and randomised 
controlled trials. Much has been learned from the study 
of Mendelian disorders of low HDL-C. The three 
Mendelian disorders causing primary extreme low 
HDL-C include mutations in apoA-I, ABCA1, and LCAT.23 
Despite HDL-C concentrations that are less than the 5th 
percentile, none of these disorders is unequivocally 
associated with premature coronary heart disease.23–26 
Heterozygosity for structural mutations in apoA-I (eg, 
apoA-IMilano

27) has been associated with no increased risk 
of atherosclerosis despite low concentrations of HDL-C 
(there are a few exceptions such as the L178P mutation in 
apoA-I28). Similar confl icting data are from patients with 
deleterious ABCA1 mutations, which when they occur in 
both alleles cause Tangier disease. Despite the almost 
undetectable plasma HDL-C and apoA-I concentrations, 
these patients do not routinely develop premature 
coronary heart disease,29,30 but the rarity of the disease 
makes it diffi  cult to defi ne the risk for coronary heart 
disease. Whether heterozygotes for loss-of-function 
mutations in ABCA1, who have about half the normal 
concentrations of HDL-C, are at increased risk of 
coronary heart disease is still debated. Although an 
imaging study suggested increased atherosclerosis in 
Tangier heterozygotes,31 larger population-based studies 
have suggested that there is no increased risk of 
cardiovascular events.32 Homozygous defi ciency of LCAT 
causes very low concentrations of HDL-C and early 
chronic kidney disease but premature coronary heart 
disease is not a common clinical observation in these 
individuals.33,34 Heterozygosity for loss-of-function 
mutations in LCAT slightly reduces HDL-C 
concentrations, and whether this translates into 
increased risk of coronary heart disease is debated. 
Whereas some imaging studies have shown increased 
atherosclerosis in LCAT heterozygotes,35,36 others have 
not.37 Overall, the cardiovascular risk associated with 
genetically reduced LCAT activity and lower HDL-C 
concentrations is not increased.38 Conversely, CETP 
defi ciency is a Mendelian cause of markedly raised 

HDL-C but despite being described more than 20 years 
ago, it is not clear whether CETP defi ciency protects 
against coronary heart disease.39

This confusing and seemingly paradoxical picture 
regarding the rare Mendelian disorders is further 
compounded by recent data on low-frequency and 
common genetic variants associated with variation in 
HDL-C. For example, loss-of-function variants in 
endothelial lipase (gene name LIPG) are associated with 
raised HDL-C concentrations.40 A LIPG variant N396S 
present in 1–2% of individuals of European ancestry 
raises HDL-C and apoA-I concentrations40 but was found 
not to be associated with protection from coronary heart 
disease.41 By contrast with LDL-C, in which the most 
common variants associated with LDL-C are also 
associated with coronary heart disease, most common 
variants associated with HDL-C have no association with 
coronary heart disease.41,42

Many variants not only aff ect HDL-C concentrations, 
but also have an eff ect on other lipoproteins. As a result, 
the question as to whether HDL-C concentrations are 
directly related with cardiovascular disease risk cannot be 
answered by studies of these variants. Johannsen and 
colleagues43 found a highly signifi cant association 
between genetic variation in the CETP gene that caused 
higher HDL-C concentrations and reduced cardiovascular 
disease risk. However, LDL-C, non-HDL-C, and 
triglyceride concentrations were signifi cantly lower in 
carriers of the HDL-increasing CETP alleles, which 
makes it hard to understand the direct eff ect of the 
HDL-C phenotype on the risk of cardiovascular disease. 
Variants associated with triglycerides are often associated 
with coronary heart disease even after adjusting for their 
eff ects on HDL-C, whereas variants associated with 
HDL-C are rarely associated with coronary heart disease 
after adjusting for their eff ects on triglyceride 
concentrations.42 Thus, the aggregate lesson from human 
genetics is that genetically altered HDL-C concentrations 
do not necessarily translate to an altered risk of coronary 
heart disease.

In addition to the human genetics, reports from several 
randomised clinical trials of HDL-raising drugs have 
failed to show a reduction in cardiovascular events. 
Although each of these trials have their caveats, taken 
together they contribute to the perception that raising 
HDL-C concentrations per se does not necessarily confer 
a cardiovascular benefi t or result in a benefi cial eff ect on 
coronary heart disease outcome measures. Nicotinic acid 
(niacin) has been used for more than 50 years as a 
cholesterol-lowering and HDL-raising drug. Historically, 
one major clinical outcome trial with niacin (using 
immediate-release niacin), the Coronary Drug Project, 
was done in the pre-statin era. The trial investigated 
lowering of cholesterol in men with hypercholesterolaemia 
and showed the benefi t of niacin treatment compared 
with placebo in reducing cardiovascular events.44 
Administration of niacin resulted in signifi cant 
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cholesterol reduction in this trial, which probably 
contributed to, or even accounted for, its benefi t. However, 
two recent trials of niacin (using extended-release niacin; 
AIM-HIGH45 and HPS2-THRIVE46) were done on the 
background of statin therapy and were primarily designed 
to show the benefi t of the HDL-raising eff ects of niacin. 
Neither trial met its primary endpoint and niacin failed to 
reduce cardiovascular events in both trials. Based on this, 
extended-release niacin added to a statin in patients with 
reasonably controlled LDL-C concentrations does not 
confer a cardiovascular benefi t despite a slight increase in 
HDL-C concentrations. As a result, niacin should not be 
considered a therapeutic option for raising HDL-C 
concentrations.

Experience with CETP inhibitors has been most 
problematic for the HDL hypothesis. Torcetrapib was the 
fi rst CETP inhibitor to enter a phase 3 cardiovascular 
outcome trial (ILLUMINATE). This trial was stopped 
prematurely due to increased coronary heart disease events 
and total mortality in patients who were being randomised 
to torcetrapib plus standard statin treatment.47 Torcetrapib 
was subsequently described to have off -target eff ects on 
blood pressure and adrenal hormone production, which 
could have contributed to the adverse outcomes, despite 
the more than 70% increase in HDL-C concentrations in 
torcetrapib-treated individuals.48 More troublesome for the 
HDL hypothesis was the experience with dalcetrapib; its 
phase 3 trial dal-OUTCOMES in patients who had acute 
coronary syndrome was ended prematurely for futility; 
there was no trend for benefi t despite a more than 25% 
increase in HDL-C.49 Although the increase in HDL-C was 
modest, the epidemiology of HDL-C and coronary heart 
disease risk would have predicted a benefi t of such an 
increase if the relation were causal.

No association was shown between HDL-C 
concentrations at baseline and cardiovascular outcome 
in either group of the dal-OUTCOMES study, which is 
diff erent from the fi ndings of some secondary prevention 
studies. HDL particles in patients with acute coronary 
syndrome could have lost their protective capacity, which 
is supported by data in patients with stable and unstable 
coronary heart disease.50 In the dal-ACUTE study, the 
eff ect of dalcetrapib on HDL effl  ux capacity was 
disproportionately lower than on HDL-C concentrations, 
which suggests that improvements in HDL function and 
HDL-C concentrations are dissociated.51 Dalcetrapib had 
no eff ect on lowering LDL-C concentrations, compared 
with the CETP inhibitors in clinical development (eg, 
anacetrapib,52 evacetrapib,53 and TA899554). Thus, if these 
CETP inhibitors signifi cantly reduce cardiovascular 
events, this could be due to reduction in LDL-C and will 
not serve as a formal test of the HDL hypothesis.55

In a phase 2 trial using coronary atheroma volume by 
intravascular ultrasound as an endpoint, a novel apoA-I 
transcriptional upregulator (RVX-208) was found to have 
no signifi cant eff ect on plaque size.56 All trials with HDL-
directed therapies have been carefully examined,57 and 

certainly have their caveats, but taken together with the 
human genetics data create an unmistakable impression 
that the HDL cholesterol hypothesis is not proven and, in 
its simplest form, is unlikely to be correct.

Concept of HDL function and cardiovascular 
disease risk: the HDL function hypothesis
The above developments have led to a recasting of the 
HDL hypothesis to a diff erent and more subtle concept, 
namely the HDL function hypothesis.58 In this view, it is 
not HDL cholesterol itself that has a causal relation to 
atheroprotection, but rather HDL function, which cannot 
be reliably estimated through the simple measurement of 
HDL-C. In test tubes, model systems, and even in some 
human studies, HDL has been shown to have various 
properties that might reasonably be expected to confer 
cardiovascular protection.59 The best known and best 
studied of these properties is the ability to promote 
cholesterol effl  ux from cells (such as macrophages) and 
the related complex physiological process of reverse 
cholesterol transport.60 Studies have shown that lipid-poor 
apoA-I promotes effl  ux of cholesterol via the transporter 
ABCA1 and that mature HDL promotes cholesterol effl  ux 
via ABCG1, SR-BI, and probably other mechanisms. The 
ABC transporters also regulate myelopoesis and 
infl ammatory responses and in model systems have 
major eff ects on atherosclerosis.61 Modifi cation of apoA-I 
by myeloperoxidase impairs its ability to promote 
cholesterol effl  ux, and myeloperoxidase-modifi ed apoA-I 
is abundant in human atheroma.62 Methods to test the 
capacity of HDL from an individual to promote cholesterol 
effl  ux from macrophages (HDL cholesterol effl  ux 
capacity) have been developed. Most studies have reported 
a slight correlation between HDL cholesterol effl  ux 
capacity and HDL-C concentration, suggesting that 
HDL-C concentration does not predict the ability of an 
individual’s HDL to promote macrophage cholesterol 
effl  ux. Cross-sectional studies of prevalent coronary heart 
disease and measures of atherosclerosis have indicated 
that HDL cholesterol effl  ux capacity is a signifi cant 
inverse predictor of coronary heart disease even after 
adjusting for HDL-C concentrations.63,64 However, in 
patients recruited from a coronary catheterisation 
laboratory, HDL cholesterol effl  ux capacity was positively 
associated with incident cardiovascular events.64 Data 
from large prospective observational studies will be 
needed to better refi ne the role of HDL effl  ux capacity in 
the risk of coronary heart disease.

Methods of tracing movement of cholesterol from 
macrophages to the liver and faeces (macrophage reverse 
cholesterol transport) in animal models have been 
developed.60 Overall, the relation of macrophage reverse 
cholesterol transport to atherosclerosis in the same 
model system is much stronger (inverse) than of HDL-C 
to atherosclerosis, suggesting that macrophage reverse 
cholesterol transport might come closer to a causal 
pathway leading to atheroprotection. Studies of 
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macrophage reverse cholesterol transport in human 
beings are needed to validate this concept. A method of 
reverse cholesterol transport in human beings65 was used 
to show a defect in tissue cholesterol effl  ux in patients 
with a loss-of-function mutation in apoA-I.66 The 
application of this and a diff erent macrophage-specifi c 
method of reverse cholesterol transport in human 
beings67 to therapeutic interventions will be important.

HDL and apoA-I have been reported to have various 
other properties that could be atheroprotective.59,68 These 
include anti-infl ammatory and anti-oxidant eff ects, 
NO-promoting eff ects, and anti-apoptotic eff ects. 
Experiments in model systems have indicated that some of 
these properties, such as the anti-infl ammatory eff ects, 
occur in vivo69,70 and could contribute towards 
anti-atherosclerotic eff ects of HDL infusion. Some data in 
human beings have suggested that these eff ects, 
particularly related to enhancing NO production,71 might 
be relevant to cardiovascular disease. However, more work 
will be needed to show the importance of these properties 
in human beings. A key issue is whether these measures 
are quantitatively and inversely related to incident coronary 
heart disease independent of HDL-C concentrations.

Considerations regarding the therapeutic target 
of HDL
What implications does the above information have for 
the development of HDL-targeted therapeutics? In our 
opinion, it cannot be assumed that an intervention that 
raises HDL-C concentrations will reduce cardiovascular 
risk (the converse is also true: interventions that reduce 
HDL-C concentrations cannot be assumed to confer 
increased cardiovascular risk). However, not all 
HDL-raising interventions are doomed to failure. It will 
depend on the mechanism by which the HDL-raising 
occurs, the eff ects on relevant HDL functions, and the 
other eff ects on lipoprotein fractions (ie, LDL-C, 
triglyceride-rich lipoproteins, and Lp(a)). An example is 
CETP inhibitors, of which there are still several in clinical 
development, including two (anacetrapib and evace-
trapib) in phase 3 cardiovascular outcome trials 
(REVEAL, NCT01252953; ACCELERATE, NCT01687998). 
These two compounds are very eff ective in raising 
HDL-C (>100% at the doses being used in the phase 3 
trials). Their eff ects on HDL function are not fully 
understood, although some data suggest that they have 
the potential to promote cholesterol effl  ux capacity (a 
conclusion highly dependent on the method used to 
measure it). Both drugs substantially reduce LDL-C 
concentrations (>30%) and also reduce concentrations of 
Lp(a). Therefore, a positive outcome in their phase 3 
programmes will not prove that the increase in HDL-C 
per se provided the benefi t. However, a negative outcome 
with these drugs will permanently bury the formal HDL 
cholesterol hypothesis and cast a general pall over 
HDL-targeted therapeutics in general. In this case in 
particular, answers to whether these CETP inhibitors 

improve HDL function (or not) will be critical.
Some classes of HDL-targeted therapeutics are focused 

on promoting aspects of the reverse cholesterol transport 
pathway rather than on raising HDL-C (fi gure). For 
example, infusion of apoA-I containing recombinant HDL 
particles or of lipid-poor HDL particles is an approach that 
continues to progress in the clinic. ApoA-I can be isolated 
from human plasma or made recombinantly. In either 
case, the apoA-I is recombined with phospholipids to 
form a recombinant particle that prevents the apoA-I from 
being rapidly catabolised and provides substantially 
improved pharmacokinetics. In several preclinical studies, 
there has been documented benefi t on atherosclerosis. 
For two of these approaches (one involving apoA-I isolated 
from human plasma and the other a recombinant mutant 
form called apoA-IMilano) encouraging data in phase 2 trials 
using coronary intravascular ultrasound were reported.72,73 
A third approach to recombinant apoA-I–phospholipid 
particles was reported to have no signifi cant eff ect in a 
coronary intravascular ultrasound trial.74 The reasons for 
these discrepant results are not understood, but all of 
these trials were small phase 2 trials using a surrogate 
imaging endpoint. An alternative approach is to delipidate 
autologous HDL and then re-infuse the lipid-poor HDL; a 
small coronary intravascular ultrasound study suggested 
some plaque regression.75 Infusion of recombinant HDL 
particles promotes cholesterol mobilisation due to 
enhancing the macrophage effl  ux capacity of the plasma 
in a dose-dependent manner.76 There is substantial 
enthusiasm for this approach, which is the closest in 
concept to the HDL-targeted approaches that have been 
most successful in animal models.

In theory, a therapeutic approach targeted towards 
upregulating effl  ux pathways in macrophages could be 
atheroprotective.77 For example, liver X receptors are 
nuclear receptors that transcriptionally upregulate ABCA1 
and ABCG1 in macrophages, and liver X receptor agonists 
have been shown to promote macrophage reverse 
cholesterol transport and reduce or even regress 
atherosclerosis in animals. Liver X receptors remain an 
attractive therapeutic target. However, the liability of liver 
X receptor activation in the liver causing increased 
lipogenesis and liver fat has held back clinical development 
of compounds for what is otherwise a highly attractive 
target. Another approach being explored is antagonism of 
miR-33; this microRNA targets and reduces ABCA1 and 
ABCG1 expression in macrophages. Antagonising miR-33 
results in upregulation of these transporters, and it was 
shown that an anti-sense oligomer to miR-33 resulted in 
increased reverse cholesterol transport and reduced 
atherosclerosis in mice,78 and increased HDL-C 
concentrations in non-human primates.79 Increasing LCAT 
activity has the potential to promote reverse cholesterol 
transport and, in theory, reduce atherosclerosis.34 Infusion 
of recombinant LCAT, or activation of endogenous LCAT, 
is an approach that has been of interest to the academic 
and biopharmaceutical communities alike.
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Conclusion
HDL-C is a highly eff ective biomarker for predicting 
cardiovascular risk and its use for this purpose is 
undisputed. Whether other related biomarkers, such as 
apoA-I or HDL-P, will be unequivocally better remains to 
be seen. However, the classic HDL hypothesis—defi ned 
as the concept that intervention to raise HDL-C concen-
trations will reduce cardiovascular risk—is questionable 
and is increasingly diffi  cult to defend in its simplest form. 
The HDL cholesterol hypothesis is gradually being 
replaced by the HDL function hypothesis, but the latter 
remains exactly that—a hypothesis awaiting formal 
testing and validation. HDL-C and other measures of 
HDL mass are not adequate surrogates for HDL function. 
The methods for measuring HDL function and related 
physiological processes such as reverse cholesterol 
transport in human beings are in the early stages and are 
much more complex than a simple measure of HDL 
mass. New tests of HDL function should be reproducible, 
straightforward to measure, and show an association with 
coronary heart disease outcome measures. If successful, 
the CETP inhibitors in clinical development will not 
formally prove either the HDL cholesterol or the HDL 
function hypothesis, and if they fail the HDL function 
hypothesis will not have been disproven. Ultimately, we 
will need cardiovascular outcome studies of interventions 
that unequivocally improve aspects of HDL function to 
test this new hypothesis. The question is whether the 
community will remain focused on HDL long enough to 
allow these critical therapies to reach fruition and be 
tested in appropriately powered randomised clinical trials.
Contributors
DJR was responsible for the fi rst draft of the report, critcal editing of the 
report, and editing of the fi gure. GKH was responsible for the literature 
search, the intial draft of the fi gure, and critical editing of the report.

Declaration of interests
DJR reports grants from AstraZeneca, BristolMyersSquibb, and National 
Institutes of Health, during the conduct of the study. DJR is a founder of 
VascularStrategies, which performs assays of HDL function as a service, 
and is an inventor on a patent method for reverse cholesterol transport in 
human beings that is licensed to VascularStrategies by the University of 
Pennsylvania. GKH reports grants from the Netherlands Organisation 
for Scientifi c Research, outside the submitted work.

References
1 Kannel WB, Dawber TR, Friedman GD, Glennon WE, 

McNamara PM. Risk factors in coronary heart disease. An 
evaluation of several serum lipids as predictors of coronary heart 
disease; the Framingham Study. Ann Intern Med 1964; 61: 888–99.

2 Glomset JA, Janssen ET, Kennedy R, Dobbins J. Role of plasma 
lecithin:cholesterol acyltransferase in the metabolism of high 
density lipoproteins. J Lipid Res 1966; 7: 638–48.

3 Badimon JJ, Badimon L, Fuster V. Regression of atherosclerotic 
lesions by high density lipoprotein plasma fraction in the 
cholesterol-fed rabbit. J Clin Invest 1990; 85: 1234–43.

4 Rubin E, Krauss R, Spangler E, Verstuyft J, Clift S. Inhibition of 
early atherogenesis in transgenic mice by human apolipoprotein AI. 
Nature 1991; 353: 265–67.

5 Tangirala RK, Tsukamoto K, Chun SH, Usher D, Pure E, Rader DJ. 
Regression of atherosclerosis induced by liver-directed gene transfer 
of apolipoprotein A-I in mice. Circulation 1999; 100: 1816–22.

6 Schaefer EJ, Anthanont P, Asztalos BF. High-density lipoprotein 
metabolism, composition, function, and defi ciency. 
Curr Opin Lipidol 2014; 25: 194–99.

7 Parks JS, Chung S, Shelness GS. Hepatic ABC transporters and 
triglyceride metabolism. Curr Opin Lipidol 2012; 23: 196–200.

8 Rousset X, Vaisman B, Amar M, Sethi AA, Remaley AT. Lecithin: 
cholesterol acyltransferase—from biochemistry to role in 
cardiovascular disease. Curr Opin Endocrinol Diabetes Obes 2009; 
16: 163–71.

9 Hoekstra M, Van Berkel TJ, Van Eck M. Scavenger receptor BI: a 
multi-purpose player in cholesterol and steroid metabolism. 
World J Gastroenterol 2010; 16: 5916–24.

10 Barth JL, Argraves WS. Cubilin and megalin: partners in lipoprotein 
and vitamin metabolism. Trends Cardiovasc Med 2001; 11: 26–31.

11 Toth PP, Barter PJ, Rosenson RS, et al. High-density lipoproteins: a 
consensus statement from the National Lipid Association. 
J Clin Lipidol 2013; 7: 484–525.

12 Goff  DC Jr, Lloyd-Jones DM, Bennett G, et al. 2013 ACC/AHA 
guideline on the assessment of cardiovascular risk: a report of the 
American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines. Circulation 2014; 129 (suppl 2): S49–73.

13 Olsson AG, Schwartz GG, Szarek M, et al. High-density lipoprotein, 
but not low-density lipoprotein cholesterol levels infl uence 
short-term prognosis after acute coronary syndrome: results from 
the MIRACL trial. Eur Heart J 2005; 26: 890–96.

14 Ray KK, Cannon CP, Cairns R, Morrow DA, Ridker PM, 
Braunwald E. Prognostic utility of apoB/AI, total cholesterol/HDL, 
non-HDL cholesterol, or hs-CRP as predictors of clinical risk in 
patients receiving statin therapy after acute coronary syndromes: 
results from PROVE IT-TIMI 22. Arterioscler Thromb Vasc Biol 2009; 
29: 424–30.

15 Ridker PM, Genest J, Boekholdt SM, et al. HDL cholesterol and 
residual risk of fi rst cardiovascular events after treatment with 
potent statin therapy: an analysis from the JUPITER trial. Lancet 
2010; 376: 333–39.

16 Boekholdt SM, Arsenault BJ, Hovingh GK, et al. Levels and changes 
of HDL cholesterol and apolipoprotein A-I in relation to risk of 
cardiovascular events among statin-treated patients: a meta-analysis. 
Circulation 2013; 128: 1504–12.

17 Ray KK, Kastelein JJ, Boekholdt SM, et al. The ACC/AHA 2013 
guideline on the treatment of blood cholesterol to reduce 
atherosclerotic cardiovascular disease risk in adults: the good the 
bad and the uncertain: a comparison with ESC/EAS guidelines for 
the management of dyslipidaemias 2011. Eur Heart J 2014; 
35: 960–68.

18 Emerging Risk Factors Collaboration, Di Angelantonio E, Gao P, 
et al. Lipid-related markers and cardiovascular disease prediction. 
JAMA 2012; 307: 2499–506.

19 Mora S, Buring JE, Ridker PM, Cui Y. Association of high-density 
lipoprotein cholesterol with incident cardiovascular events in 
women, by low-density lipoprotein cholesterol and apolipoprotein 
B100 levels: a cohort study. Ann Intern Med 2011; 155: 742–50.

20 Superko HR, Pendyala L, Williams PT, Momary KM, King SB 3rd, 
Garrett BC. High-density lipoprotein subclasses and their 
relationship to cardiovascular disease. J Clin Lipidol 2012; 6: 496–523. 

21 Mackey RH, Greenland P, Goff  DC Jr, Lloyd-Jones D, Sibley CT, 
Mora S. High-density lipoprotein cholesterol and particle 
concentrations, carotid atherosclerosis, and coronary events: MESA 
(multi-ethnic study of atherosclerosis). J Am Coll Cardiol 2012; 
60: 508–16.

22 Mora S, Glynn RJ, Ridker PM. High-density lipoprotein cholesterol, 
size, particle number, and residual vascular risk after potent statin 
therapy. Circulation 2013; 128: 1189–97.

23 Rader DJ, deGoma EM. Approach to the patient with extremely low 
HDL-cholesterol. J Clin Endocrinol Metab 2012; 97: 3399–407.

24 Hovingh GK, de Groot E, van der Steeg W, et al. Inherited disorders 
of HDL metabolism and atherosclerosis. Curr Opin Lipidol 2005; 
16: 139–45.

25 Santos RD, Asztalos BF, Martinez LR, Miname MH, Polisecki E, 
Schaefer EJ. Clinical presentation, laboratory values, and coronary 
heart disease risk in marked high-density lipoprotein-defi ciency states. 
J Clin Lipidol 2008; 2: 237–47.

26 Oldoni F, Sinke RJ, Kuivenhoven JA. Mendelian disorders of high-
density lipoprotein metabolism. Circ Res 2014; 114: 124–42.

27 Sirtori CR, Calabresi L, Franceschini G, et al. Cardiovascular status of 
carriers of the apolipoprotein A-I(Milano) mutant: the Limone sul 
Garda study. Circulation 2001; 103: 1949–54.



Series

624 www.thelancet.com   Vol 384   August 16, 2014

28 Hovingh GK, Brownlie A, Bisoendial RJ, et al. A novel apoA-I 
mutation (L178P) leads to endothelial dysfunction, increased arterial 
wall thickness, and premature coronary artery disease. 
J Am Coll Cardiol 2004; 44: 1429–35.

29 Schaefer EJ, Zech LA, Schwartz DE, Brewer HB, Jr. Coronary heart 
disease prevalence and other clinical features in familial high-density 
lipoprotein defi ciency (Tangier disease). Ann Intern Med 1980; 
93: 261–66.

30 Hovingh GK, Kuivenhoven JA, Bisoendial RJ, et al. HDL defi ciency 
and atherosclerosis: lessons from Tangier disease. J Intern Med 2004; 
255: 299–301.

31 Bochem AE, van Wijk DF, Holleboom AG, et al. ABCA1 mutation 
carriers with low high-density lipoprotein cholesterol are 
characterized by a larger atherosclerotic burden. Eur Heart J 2013; 
34: 286–91.

32 Frikke-Schmidt R, Nordestgaard BG, Stene MC, et al. Association of 
loss-of-function mutations in the ABCA1 gene with high-density 
lipoprotein cholesterol levels and risk of ischemic heart disease. 
JAMA 2008; 299: 2524–32.

33 Schaefer EJ, Santos RD, Asztalos BF. Marked HDL defi ciency and 
premature coronary heart disease. Curr Opin Lipidol 2010; 21: 289–97.

34 Rousset X, Shamburek R, Vaisman B, Amar M, Remaley AT. 
Lecithin cholesterol acyltransferase: an anti- or pro-atherogenic 
factor? Curr Atheroscler Rep 2011; 13: 249–56.

35 Hovingh GK, Hutten BA, Holleboom AG, et al. Compromised 
LCAT function is associated with increased atherosclerosis. 
Circulation 2005; 112: 879–84.

36 Duivenvoorden R, Holleboom AG, van den Bogaard B, et al. 
Carriers of lecithin cholesterol acyltransferase gene mutations have 
accelerated atherogenesis as assessed by carotid 3.0-T magnetic 
resonance imaging [corrected]. J Am Coll Cardiol 2011; 58: 2481–87.

37 Calabresi L, Baldassarre D, Simonelli S, et al. Plasma lecithin: 
cholesterol acyltransferase and carotid intima-media thickness in 
European individuals at high cardiovascular risk. J Lipid Res 2011; 
52: 1569–74.

38 Calabresi L, Simonelli S, Gomaraschi M, Franceschini G. Genetic 
lecithin:cholesterol acyltransferase defi ciency and cardiovascular 
disease. Atherosclerosis 2012; 222: 299–306.

39 de Grooth GJ, Klerkx AH, Stroes ES, Stalenhoef AF, Kastelein JJ, 
Kuivenhoven JA. A review of CETP and its relation to 
atherosclerosis. J Lipid Res 2004; 45: 1967–74. 

40 Edmondson AC, Brown RJ, Kathiresan S, et al. Loss-of-function 
variants in endothelial lipase are a cause of elevated HDL 
cholesterol in humans. J Clin Invest 2009; 119: 1042–50.

41 Voight BF, Peloso GM, Orho-Melander M, et al. Plasma HDL 
cholesterol and risk of myocardial infarction: a mendelian 
randomisation study. Lancet 2012; 380: 572–80.

42 Do R, Willer CJ, Schmidt EM, et al. Common variants associated 
with plasma triglycerides and risk for coronary artery disease. 
Nat Genet 2013; 45: 1345–52.

43 Johannsen TH, Frikke-Schmidt R, Schou J, Nordestgaard BG, 
Tybjaerg-Hansen A. Genetic inhibition of CETP, ischemic vascular 
disease and mortality, and possible adverse eff ects. J Am Coll Cardiol 
2012; 60: 2041–48.

44 Canner PL, Berge KG, Wenger NK, et al. Fifteen year mortality in 
Coronary Drug Project patients: long term benefi t with niacin. 
J Am Coll Cardiol 1986; 8: 1245–55.

45 Boden WE, Probstfi eld JL, Anderson T, et al. Niacin in patients with 
low HDL cholesterol levels receiving intensive statin therapy. 
N Engl J Med 2011; 365: 2255–67.

46 Group HTC, Landray MJ, Haynes R, et al. Eff ects of extended-
release niacin with laropiprant in high-risk patients. N Engl J Med 
2014; 371: 203–12.

47 Barter PJ, Caulfi eld M, Eriksson M, et al. Eff ects of torcetrapib in 
patients at high risk for coronary events. N Engl J Med 2007; 
357: 2109–22.

48 Funder JW. Aldosterone, sodium, and hypertension: lessons from 
torcetrapib? Hypertension 2010; 55: 221–23.

49 Schwartz GG, Olsson AG, Abt M, et al. Eff ects of dalcetrapib in 
patients with a recent acute coronary syndrome. N Engl J Med 2012; 
367: 2089–99.

50 Besler C, Heinrich K, Rohrer L, et al. Mechanisms underlying 
adverse eff ects of HDL on eNOS-activating pathways in patients 
with coronary artery disease. J Clin Invest 2011; 121: 2693–708.

51 Ray KK, Ditmarsch M, Kallend D, et al. The eff ect of cholesteryl 
ester transfer protein inhibition on lipids, lipoproteins, and markers 
of HDL function after an acute coronary syndrome: the dal-ACUTE 
randomized trial. Eur Heart J 2014; 35: 1792–800.

52 Cannon CP, Shah S, Dansky HM, et al. Safety of anacetrapib in 
patients with or at high risk for coronary heart disease. N Engl J Med 
2010; 363: 2406–15.

53 Nicholls SJ, Brewer HB, Kastelein JJ, et al. Eff ects of the CETP 
inhibitor evacetrapib administered as monotherapy or in 
combination with statins on HDL and LDL cholesterol: a 
randomized controlled trial. JAMA 2011; 306: 2099–109.

54 Ford J, Lawson M, Fowler D, et al. Tolerability, pharmacokinetics 
and pharmacodynamics of TA-8995, a selective cholesteryl ester 
transfer protein (CETP) inhibitor, in healthy subjects. 
Brit J Clin Pharmacol 2014; published online March 17. http://dx.doi.
org/10.1111/bcp.12380

55 Rader DJ, deGoma EM. Future of cholesteryl ester transfer protein 
inhibitors. Ann Rev Med 2014; 65: 385–403.

56 Nicholls SJ, Gordon A, Johannson J, et al. ApoA-I induction as a 
potential cardioprotective strategy: rationale for the SUSTAIN and 
ASSURE studies. Cardiovasc Drugs Ther 2012; 26: 181–87.

57 van Capelleveen JC, Brewer HB, Kastelein JJ, Hovingh GK. Novel 
therapies focused on the high-density lipoprotein particle. Circ Res 
2014; 114: 193–204.

58 Rader DJ, Tall AR. The not-so-simple HDL story: is it time to revise 
the HDL cholesterol hypothesis? Nat Med 2012; 18: 1344–46.

59 Rosenson RS, Brewer HB Jr, Ansell B, et al. Translation of high-
density lipoprotein function into clinical practice: current prospects 
and future challenges. Circulation 2013; 128: 1256–67. 

60 Rader DJ, Alexander ET, Weibel GL, Billheimer J, Rothblat GH. 
Role of reverse cholesterol transport in animals and humans and 
relationship to atherosclerosis. J Lipid Res 2009; 50: S189–94.

61 Westerterp M, Bochem AE, Yvan-Charvet L, Murphy AJ, Wang N, 
Tall AR. ATP-binding cassette transporters, atherosclerosis, and 
infl ammation. Circ Res 2014; 114: 157–70. 

62 Huang Y, DiDonato JA, Levison BS, et al. An abundant dysfunctional 
apolipoprotein A1 in human atheroma. Nat Med 2014; 20: 193–203.

63 Khera AV, Cuchel M, de la Llera-Moya M, et al. Cholesterol effl  ux 
capacity, high-density lipoprotein function, and atherosclerosis. 
N Engl J Med 2011; 364: 127–35.

64 Li XM, Tang WH, Mosior MK, et al. Paradoxical association of 
enhanced cholesterol effl  ux with increased incident cardiovascular 
risks. Arterioscler Thromb Vasc Biol 2013; 33: 1696–705.

65 Turner S, Voogt J, Davidson M, et al. Measurement of reverse 
cholesterol transport pathways in humans: in vivo rates of free 
cholesterol effl  ux, esterifi cation, and excretion. J Am Heart Assoc 
2012; 1: e001826.

66 Holleboom AG, Jakulj L, Franssen R, et al. In vivo tissue cholesterol 
effl  ux is reduced in carriers of a mutation in APOA1. J Lipid Res 
2013; 54: 1964–71.

67 Cuchel M, Billheimer JT, Millar JS, et al. Assessment of reverse 
cholesterol transport in vivo in humans: a novel method. 
Arterio Thromb Vasc Biol 2012; 32: A71.

68 Luscher TF, Landmesser U, von Eckardstein A, Fogelman AM. 
High-density lipoprotein: vascular protective eff ects, dysfunction, 
and potential as therapeutic target. Circ Res 2014; 114: 171–82.

69 Wu BJ, Chen K, Shrestha S, Ong KL, Barter PJ, Rye KA. 
High-density lipoproteins inhibit vascular endothelial infl ammation 
by increasing 3beta-hydroxysteroid-delta24 reductase expression 
and inducing heme oxygenase-1. Circ Res 2013; 112: 278–88.

70 De Nardo D, Labzin LI, Kono H, et al. High-density lipoprotein 
mediates anti-infl ammatory reprogramming of macrophages via 
the transcriptional regulator ATF3. Nat Immunol 2014; 
15: 152–60.

71 Besler C, Heinrich K, Rohrer L, et al. Mechanisms underlying 
adverse eff ects of HDL on eNOS-activating pathways in patients 
with coronary artery disease. J Clin Invest 2011; 121: 2693–708.

72 Nissen SE, Tsunoda T, Tuzcu EM, et al. Eff ect of recombinant 
ApoA-I Milano on coronary atherosclerosis in patients with acute 
coronary syndromes: a randomized controlled trial. JAMA 2003; 
290: 2292–300.

73 Tardif JC, Gregoire J, L’Allier PL, et al. Eff ects of reconstituted 
high-density lipoprotein infusions on coronary atherosclerosis: a 
randomized controlled trial. JAMA 2007; 297: 1675–82.



Series

www.thelancet.com   Vol 384   August 16, 2014 625

74 Tardif JC, Ballantyne CM, Barter P, et al. Eff ects of the high-density 
lipoprotein mimetic agent CER-001 on coronary atherosclerosis in 
patients with acute coronary syndromes: a randomized trial. 
Eur Heart J 2014; published online April 29. http://dx.doi.
org/10.1093/eurheartj/ehu171

75 Waksman R, Torguson R, Kent KM, et al. A fi rst-in-man, 
randomized, 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: 2727–35.

76 Gille A, Easton R, D’Andrea D, Wright SD, Shear C. CSL112 
enhances biomarkers of reverse cholesterol transport after single 
and multiple infusions in healthy subjects. 
Arterioscler Thromb Vasc Biol 2014; published online June 26. http://
dx.doi.org/10.1161/ATVBAHA.114.303720 

77 Degoma EM, Rader DJ. Novel HDL-directed pharmacotherapeutic 
strategies. Nat Rev Cardiol 2011; 8: 266–77.

78 Rayner KJ, Sheedy FJ, Esau CC, et al. Antagonism of miR-33 in 
mice promotes reverse cholesterol transport and regression of 
atherosclerosis. J Clin Invest 2011; 121: 2921–31.

79 Rayner KJ, Esau CC, Hussain FN, et al. Inhibition of miR-33a/b in 
non-human primates raises plasma HDL and lowers VLDL 
triglycerides. Nature 2011; 478: 404–07.


	HDL and cardiovascular disease
	Genesis of the HDL hypothesis
	HDL-C still has value as a predictor of cardiovascular risk
	Challenges to the HDL hypothesis and the causality of HDL in cardiovascular disease risk
	Concept of HDL function and cardiovascular disease risk: the HDL function hypothesis
	Considerations regarding the therapeutic target of HDL
	Conclusion
	References


