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Abstract

Purpose of review—Randomized clinical trials provide strong evidence that pharmacological
elevation of HDL-cholesterol (HDL-C) fails to reduce cardiovascular disease risk in statin-treated
humans. It is thus critical to identify new metrics that capture HDL's cardioprotective effects.

Recent findings—We review recent evidence that HDL's cholesterol efflux capacity is a strong
inverse predictor of incident and prevalent cardiovascular disease in humans. In light of those
findings, we assess the proposal that impaired macrophage cholesterol efflux to HDL contributes
to disease risk. We also discuss recent studies implicating small HDL particles in cholesterol
efflux from macrophages.

Summary—These observations lay the foundation for a new approach to understanding

mechanistically how HDL's functional properties help reduce CVD risk.
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Introduction

Epidemiological and clinical studies demonstrate a robust positive correlation between low
density lipoprotein-cholesterol (LDL-C) and cardiovascular disease (CVD) risk. In contrast,
high density lipoprotein-cholesterol (HDL-C) has a strong inverse association with CVD[1].
Indeed, these associations between lipid levels and vascular health led to the ubiquitous
terms “bad cholesterol” for LDL-C and “good cholesterol” for HDL-C, signaling near
universal acceptance of the lipoproteins' roles in vascular health.

With the introduction of HMG-CoA-reductase inhibitors in the late 1980's—and the
resulting reduction in CVD observed in multiple randomized clinical trials—it became clear
that LDL-C is indeed “bad” and that it resides in the causal pathway of atherosclerotic
vascular disease. This conclusion is strongly supported from a mechanistic point of view
because the bulk of cholesteryl ester found inside vascular lesions appears to originate
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directly from cholesteryl ester-rich LDL particles. The complex interactions between
atherogenic LDL and the artery wall are reviewed elsewhere in this issue.

Because of the strong inverse correlation between HDL-C and CVD, and because of the
dramatic success of approaches that lower LDL-C, it was anticipated that therapies designed
to raise “good cholesterol” would further reduce CVD risk. However, the recent failure of
several different HDL-C-raising agents, such as niacin, to reduce CVD risk in statin-treated
subjects cast doubt on the cardioprotective nature of HDL [2,3]. These observations further
suggest that increasing HDL-C levels does not directly confer atheroprotection, at least in
the context of statin treatment. However, HDL is a heterogeneous collection of noncovalent
particles comprising amphipathic lipids, neutral lipids, and a wide variety of proteins [4].
Therefore, measurements of HDL cholesterol content does not necessarily reflect either the
overall abundance of HDL particles or the distribution of HDL subspecies [5]. Furthermore,
HDL-C levels only explain a fraction (~1/3) of the variance in functional assays such as
sterol efflux capacity [6]. The potential role of HDL particle size and cholesterol content in
modulating HDL particle number is summarized in Figure 1. Thus, modulating HDL
cholesterol content might have no impact on the population of HDL particles responsible for
atheroprotection. To successfully implement CVD therapies that target HDL, it will be
critical to ascertain which HDL properties are responsible for cardioprotection and to
identify the means to monitor and ultimately modulate those factors.

Many lines of evidence suggest that HDL's anti-atherogenic activities include fighting
inflammation, combatting oxidation, and promoting endothelial repair. However, HDL's
best-studied cardioprotective property is its ability to accept cholesterol from macrophages
in the artery wall—the first step of reverse cholesterol transport (RTC). Indeed the HDL
hypothesis proposes that HDL mediated RTC is responsible for the inverse correlation of
HDL-C and CVD risk; thus the hypothesis has always related to HDL function, not HDL
cholesterol content [7,8]. Enhanced transport of cellular cholesterol from macrophages to the
liver by HDL retards plaque progression in animal models [9]. Recent human studies
indicate that the ability of serum HDL (serum depleted of LDL and other apoB-containing
lipoproteins) to promote cholesterol efflux from cultured macrophages associates strongly
and inversely with prevalent and incident CVD, supporting HDL's proposed role in reverse
cholesterol transport and atherogenesis [10,11].

This review will focus on HDL/macrophage interactions that initiate reverse cholesterol
transport, their impact on cholesterol mobilization from the artery wall, and how these
pathways can inform HDL biology and future drug development.

Macrophages and reverse cholesterol transport

When macrophages take up and degrade more lipoprotein-derived cholesterol than they can
excrete, they convert free cholesterol to cholesteryl ester. Macrophages laden with lipid
droplets of cholesteryl ester, called foam cells, are the hallmark of early atherosclerotic
lesions [12]. By acting as an acceptor for free cholesterol, HDL can remove cholesterol from
macrophages and retard and/or reverse foam cell formation.
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Multiple pathways contribute to macrophage cholesterol efflux, including the ATP-binding
cassette transporters ABCA1 and ABCG1, aqueous diffusion, and scavengerreceptor class B
member 1 (SR-B1) [13]. ABCAL1 is defective in Tangier's disease, a disorder associated with
low HDL-C levels and early onset atherosclerosis [14,15]. Because it is clearly relevant to
macrophage cholesterol homeostasis, while the physiological significance of the other
pathways in humans is unclear, this review will focus on the role of that transporter.

It has long been thought that ABCAL interacts only with lipid-free or poorly lipidated
apolipoproteins (apos)—such as apoA-1, A-11, E, CI/1I/111 or A-1V—to form nascent HDL
particles [16]. The most important of these is apoA-1, HDL's main structural protein, which
accounts for ~70% of all HDL protein mass and is found on most HDL particles. The
immediate product of the interaction between ABCA1 and apoA-I is a nascent HDL particle
likely containing 2 molecules of apoA-I, and ~1 mass equivalent (~60 kDa) of
phospholipid (PL) and free cholesterol (FC) [17]. No neutral lipids (cholesteryl ester or
triglyceride) are incorporated. Strong evidence supports the notion that ABCA1 acts
efficiently to transform lipid-free apoA-I to lipidated HDL particles. The most compelling
observation is that plasma from Tangier's disease humans contains essentially no lipidated
HDLs; only small amounts of lipid-free apoA-I can be detected [18]. It should be noted that
recent evidence suggests that ABCA1 might also interact with more mature HDL [19].

The combined results of many investigators have produced the following model for
ABCAU's role in promoting cholesterol efflux from macrophages [13,16, 20]. ABCALl is a
phospholipid translocase; the preferred substrate is phosphatidylcholine. ATP-dependent
translocase activity accumulates phospholipid substrate at a membrane site adjacent to
ABCAL referred to as the activated lipid domain. ApoA-I binds the activated lipid domain
created by ABCAL and to the enzyme itself during the formation of nascent HDL. Recent
single-molecule observations suggest that only ABCAL1 dimers interact with apoA-I, raising
the possibility the translocase is directly involved in the formation of nascent HDL [21].
ABCAL lipid translocalization, combined with the presence of apoA-I, leads to the
simultaneous release of both phospholipid and free cholesterol to lipid-free apoA-I and the
release of very small immature HDL particles with no neutral lipid core. The free cholesterol
is derived from both plasma membrane and intracellular membrane compartments.

Newly synthesized ABCAL has a short half-life; the protein recycles between the plasma
membrane and late endocytic vesicles [13,20]. Binding of apoA-I to the transporter
stabilizes the protein by protecting it from calpain-mediated intracellular proteolysis. The
phospholipid translocase activity of ABCAL causes reorganization of lipid domains in the
plasma membrane that in turn promote export of phospholipid and free cholesterol to apoA-I
and other plasma apolipoproteins.

In lipid-laden macrophage foam cells, transport of esterified cholesterol—contained within
lipid droplets—must be preceded by hydrolysis and release of free cholesterol. This process,
though incompletely understood, possibly involves several neutral cholesteryl ester
hydrolases [22]. Some studies suggest that enzymatic oxidation of cholesteryl ester acyl
chain moieties potentiate this process by increasing hydrolase affinity, possibly contributing
to the array of oxidized lipids observed in human atheromata [23-26].
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The overall net transfer of cholesterol from macrophages (and perhaps other arterial cells) to
extracellular acceptors (e.g., apoA-1) at the artery wall ultimately reduces cellular
cholesterol content and thus attenuates atherogenesis.

Cholesterol efflux capacity of serum HDL and human CVD

Using J744 macrophages as a model system, Rothblat and colleagues have extensively
characterized the ability of HDL and serum HDL (HDL depleted of LDL and other apoB-
containing lipoproteins) to accept cholesterol [6]. Prior to incubation, the macrophages are
incubated with radiolabeled cholesterol in the presence of an ACAT inhibitor to limit
esterification of cellular free cholesterol. This process increases free cholesterol levels; it
also prevents esterification of radiolabeled cholesterol, thereby maximizing localization of
the sterol in the plasma membrane. Additionally, ABCA1 expression is upregulated, using
stable cCAMP analogs. Following incubation, the medium of the cells is collected, cellular
debris removed, and cholesterol efflux is quantified by scintillation counting of radiolabeled
cholesterol. Cholesterol efflux capacity is calculated as the percentage of radiolabel in the
medium relative to that in the total system (medium + cells). In this model system, studies
with inhibitors suggest that ABCA1, ABCG1 and aqueous diffusion, and SR-B1 each
account for ~ 14 of cholesterol efflux [27].

A key early study demonstrated that serum HDL (serum depleted of apoB-containing
lipoproteins) from different humans have very different efflux capacities in this system,
despite their similar levels of HDL cholesterol [6]. This finding strongly suggests that HDL
cholesterol content is not the major determinant of cholesterol efflux capacity in this system.
The potential clinical relevance of this observation was demonstrated by analyzing samples
from two large cohorts [10]. Impaired efflux capacity of HDL was a superior predictor of
cardiovascular disease status than traditional CVD risk factors. Indeed, efflux capacity
strongly and negatively associated with CVD status after correction for HDL-C levels.
Moreover, apoA-I explained only 40% of the variance in efflux capacity, while HDL-C
accounted for only 34%. These observations strongly support the proposal that HDL's ability
to remove cholesterol from macrophages is important for human cardioprotection. They also
indicate that HDL-C is not a major determinant of efflux capacity in this model of
macrophage reverse cholesterol transport.

The efflux capacity of J774 macrophages can also be quantified with a BODIPY cholesterol
(a fluorescently labeled form of free cholesterol). Using this model, Rothblat and colleagues
found that efflux of BODIPY cholesterol is mediated mainly by the ABCA1 pathway [28].
In the Dallas Heart Study, impaired cholesterol efflux capacity measured with BODIPY
predicted future cardiovascular events [11]. Indeed, it was the strongest predictor of incident
CVD events. Importantly, the Dallas cohort was multiethnic and included a large number of
relatively young, apparently healthy subjects. In a logistic model that adjusted for traditional
lipid factors, including HDL-C and LDL-C, impaired sterol efflux capacity remained a
strong predictor of future events, suggesting that this metric provides clinically valuable
information that is independent of traditional lipid risk factors. Collectively, these studies
indicate that the cholesterol efflux capacity of serum HDL, as measured by these in vitro
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functional assays, is biologically relevant and—importantly—is not reliably reflected by
common measures of HDL such HDL-C or apoA-I.

Therapies that target HDL-C and atheroprotective HDL

To date, therapies directed at HDL have specifically targeted HDL-C, owing to its robust
inverse association with CVD risk and its facile measurement. Inhibition of cholesteryl ester
transport protein (CETP) perhaps represents the most targeted approach in terms of
mechanism. CETP enables the passive movement of neutral lipid between HDL particles
and LDL/VLDL particles in a 1:1 molecular exchange of cholesteryl ester for
triacylglyceride. Because of the relative concentrations of these constituents, CETP typically
facilitates a net flux of cholesteryl ester from HDL to LDL and VLDL [29]. Thus, inhibiting
CETP causes cholesteryl ester to accumulate in HDL particles and triacylglyceride to
accumulate in LDL and VLDL particles. However, two CETP inhibitor trials in statin-
treated subjects —ILLUMINATE (Investigation of Lipid Level Management to Understand
Its Impact in Atherosclerotic Events) and the Dal-OUTCOMES study —were recently
halted because of adverse results and predicted futility, respectively [30,31].

Another HDL-C targeted intervention, niacin, also failed to reduce clinical events in statin-
treated subjects [3]. Taken together, these observations indicate that increasing the
cholesterol content of HDL particles does not necessarily reduce CVD events. This
conclusion argues strongly against the hypothesis that increasing HDL-C is atheroprotective
in statin-treated subjects.

In contrast, the power of impaired efflux capacity of serum HDL to predict both incident and
prevalent CVD strongly suggests that this metric reflects the cardioprotective actions of
HDL. However, the factors that control the efflux capacity of human serum HDL are poorly
understood. It is noteworthy that the Dallas Heart study focused on future CVD events in
healthy subjects, and that the investigators used the BODIPY assay, which predominantly
measures cholesterol efflux by the ABCAL pathway [11]. Moreover, this pathway is
defective in humans with Tangier's disease, and these subjects accumulate cholesterol-laden
macrophages in many different tissues [18], strongly supporting the idea that ABCAL plays
a critical role in mediating cholesterol efflux from macrophages in humans.

One key unresolved issue is the primary ligand for ABCA1. Although current dogma favors
poorly lipidated or lipid-free apoA-1, this species is only a minor component of total apoA-I
in blood. Moreover, levels of poorly lipidated apoA-I are elevated in subjects with
established CVD, suggesting it is unlikely to be cardioprotective [32,33].

Jessup and colleagues recently provided strong evidence that small HDLs, but not large
HDLs could also accept sterol from cells by the ABCA1 pathway [19]. Importantly, small
HDLs carry much less cholesterol per particle, indicating that HDL-C levels do not
necessarily provide useful information on the size and concentration of this HDL subspecies.
Moreover, both niacin and CETP inhibitors decrease the catabolism of HDL, thereby
increasing the size of the HDL particle and raising HDL-C. The impact of these therapies on
small and medium-sized HDL particles is less well understood.
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These observations indicate that another key metric of HDL's cardioprotective effects, in
addition to the efflux capacity of HDL, may be the concentrations of the various HDL
subspecies. However, there is no agreement on how to accurately quantify the size and
concentration of HDL, and two widely used methods—NMR and non-calibrated ion
mobility—give substantially different concentration values.

We recently converted the ion mobility method of Kraus and colleagues to a quantitative
metric of HDL size and concentration [5]., which we call ‘calibrated ion mobility analysis.’
Importantly, we demonstrated that our calibrated approach accurately quantifies the size and
concentration of reconstituted HDL particles as well as gold nanoparticles, providing strong
evidence that it can accurately quantify HDL from biological samples. In a small study, the
concentration of medium-sized HDL particles was selectively lower in subjects with
advanced carotid atherosclerotic disease, and this association remained highly significant
after correction for HDL-C [5]. Another study of a cohort from the same study population
concluded that HDL 3 (the small and dense HDL fraction) was a strong and independent
predictor of carotid disease, bolstering the notion that HDL's carrying less cholesterol may
impact atheroprotection [34].

Conclusions

It is clearly time to end the clinical focus on HDL-C and to understand mechanistically how
HDL's functional properties contribute to CVD risk. It will also be important to link
variations in HDL's size and function to HDL -targeted therapies, genetics, and populations
at high risk for CVD, such as diabetics. The development of new metrics for quantifying
HDL function, based on a better understanding of macrophage reverse cholesterol transport,
is critical for achieving these goals.
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Figure 1. Potential mechanisms for discordance between HDL-C, HDL particle number, and

HDL function

HDL particles are heterogeneous and the concentrations of individual subpopulations can
vary markedly between individuals with the same levels of HDL-C and apoA-1. Moreover,

the content of proteins with different biological activities can also vary widely, in part

because of differences in the protein cargo carried by different HDL subspecies. In this
hypothetical example, subjects A and B have equal HDL-C (the traditional HDL metrics)
but unequal particle concentrations, particle size distributions, protein contents, and

functional capacities.
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