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Abstract Population studies have shown that plasma HDL
levels correlate inversely with cardiovascular disease risk. In
recent years there has been intense interest in developing
strategies for exploiting these cardioprotective properties
by increasing HDL levels. While this approach has consider-
able merit, it is important to recognize that HDL are struc-
turally and functionally diverse and consist of numerous,
highly dynamic subpopulations of particles that do not all
inhibit atherosclerosis to the same extent. For this reason
it is essential to assess HDL subpopulation distribution
and functionality when considering therapeutic interven-
tions that raise HDL levels.ilf This review documents what
is known about the relationship between the metabolism and
function of HDL subpopulations and how this affects their car-
dioprotective properties.—Rye, K-A., C. A. Bursill, G. Lambert,
F. Tabet, and P. J. Barter. The metabolism and anti-atherogenic
properties of HDL. J. Lipid Res. 2009. 50: S195-S200.
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HDL, the smallest and most dense of all plasma lipopro-
teins, consist of several distinct subpopulations of particles
that vary in size, shape, density, surface charge, and com-
position. An inverse relationship between HDL levels and
premature cardiovascular disease has been observed in
many large-scale prospective studies (1, 2). This relation-
ship is also evident in animal studies (3, 4).

HDL have several potentially anti-atherogenic proper-
ties. The best known of these is their ability to remove cho-
lesterol from cells, such as macrophages in the artery wall,
in the first step of the reverse cholesterol transport path-
way (5). HDL also inhibit LDL oxidation (6), promote en-
dothelial repair (7), improve endothelial function (8), have
anti-thrombotic and anti-inflammatory properties (8, 9), and
inhibit the binding of monocytes to the endothelium (10).
In addition to preventing atherosclerotic lesion progression,
HDL also promote lesion regression in animals (11, 12).

This work was funded by the NHMRC Grant Numbers 222722 and 482800.
CAB is supported by a NHF Career Development Award and the Philip
Bushell Foundation.

Manuscript recetved 8 October 2008 and. in revised form 24 November 2008.

Published, JLR Papers in Press, November 24, 2008.
DOI 10.1194/jlr R§00034-JLR200

Copyright ©2009 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

This review presents evidence that several of the afore-
mentioned anti-atherogenic functions of HDL are mediated
by specific subpopulations of particles. To appreciate this
functional diversity, it is important to understand something
of the origins and heterogeneity of HDL subpopulations.

ORIGINS OF HDL

HDL originate as discoidal particles that are either se-
creted from the liver or assembled in the plasma from
the individual constituents. Discoidal HDL consist of two
or more apolipoprotein molecules complexed with phos-
pholipids and unesterified cholesterol (Fig. 1A). These
particles are excellent substrates for LCAT, the enzyme
that generates most of the cholesteryl esters in plasma
(13). Cholesteryl esters are extremely hydrophobic and
partition into the center of the particles as they are formed.
This converts discoidal HDL into the large spherical HDL
particles that predominate in normal human plasma. It
also depletes the HDL surface of cholesterol and estab-
lishes a concentration gradient down which cholesterol
from other lipoproteins and cell membranes moves into
the HDL fraction, thus ensuring a continual supply of un-
esterified cholesterol for the LCAT reaction.

Spherical HDL contain a core of neutral lipids (choles-
teryl esters and some triglyceride) surrounded by a surface
monolayer of phospholipids, unesterified cholesterol, and
apolipoproteins (Fig. 1A). They can be separated by ultra-
centrifugation on the basis of density into two major sub-
fractions: HDLy and HDLs, with HDLs being larger and
less dense than HDLg (Fig. 1B). HDL can also be resolved
by nondenaturing gradient gel electrophoresis into five
distinct subpopulations of particles 7.6-10.6 nm in diam-
eter (Fig. 1C) (14).

The HDL in human plasma are classified on the basis of
their main apolipoproteins, apoA-I and apoA-Il, into two
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Fig. 1. HDL heterogeneity. The HDL in human plasma consist of
several subpopulations of particles that vary widely in shape (A),
density (B), size (C), composition (D), and surface charge (E).

populations of particles: those containing apoA-I, but not
apoA-II, (A-I)HDL, and those that contain apoA-I and
apoA-ll, (A-I/A-II)HDL (Fig. 1D) (15). In normal human
plasma, apoA-I is distributed approximately equally be-
tween (A-I)HDL and (A-I/A-II)HDL, while most of the
apoA-Il is associated with (A-I/A-II)HDL. When separated
by agarose gel electrophoresis on the basis of surface
charge, HDL migrate to a <y-, a-or pref- position (Fig. 1E)
(16). Most spherical HDL are a-migrating, while discoidal
HDL, lipid-free apoA-I, and lipid-free apoA-II migrate to a
prep-position. A minor subpopulation of large, spherical
HDL containing apoE as the only apolipoprotein migrate
to a y-position (17).

REMODELLING AND HDL
SUBPOPULATION HETEROGENEITY

Several plasma factors alter the size, shape, surface charge,
and composition of HDL in processes that are collectively
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termed remodelling. These plasma factors include LCAT,
cholesteryl ester transfer protein (CETP), phospholipid
transfer protein (PLTP), hepatic lipase (HL), and endo-
thelial lipase (EL) (Fig. 2).

One of the key events in remodelling is the dissociation
of lipid-free or lipid-poor apoA-I from spherical HDL by
CETP, PLTP, and HL (18). Lipid-free/lipid-poor apoA-I ac-
counts for up to 5% of the total plasma apoA-I and accepts
the cholesterol and phospholipids that efflux from cell
membranes via the ATP binding cassette transporter Al
(ABCAL). Progressive lipidation of apoA-I via this pathway
generates discoidal HDL and recycles apoA-I back into the
HDL fraction. This reduces the rate at which apoA-I is
cleared from the circulation and helps to maintain circu-
lating HDL levels.

CETP is a member of the lipopolysaccharide-binding/
lipid transfer protein family that transfers cholesteryl es-
ters and triglycerides and, to a lesser extent phospholipids,
between HDL, VLDL, and LDL (19). As CETP-mediated
transfers of cholesteryl esters between HDL and LDL are
rapid relative to the rate at which the lipoproteins are ca-
tabolised, these cholesteryl ester pools are in equilibrium
in vivo. This is not necessarily the case for CETP-mediated
transfers of cholesteryl esters and triglycerides between
HDL and VLDL. When VLDL levels are elevated, CETP-
mediated transfers of core lipids from HDL to VLDL exceed
those from VLDL to HDL, generating core lipid-depleted,
triglyceride-enriched HDL that have an excess of surface
constituents and are structurally labile. This imbalance is
rectified by the dissociation of lipid-free/lipid-poor apoA-I
and a reduction in HDL size (Fig. 2). Triglyceride-enriched
HDL are also excellent substrates for HL, which further
reduces HDL size and enhances the dissociation of lipid-
free/lipid-poor apoA-I (Fig. 2) (20). CETP can also remodel
HDL into small particles by a fusion process that does not
involve the dissociation of lipid-free/lipid-poor apoA-I
(21). Inhibiting CETP activity as a therapeutic strategy for
increasing HDL levels is under investigation. Although this
decreases atherosclerosis in animals (3), there is, as yet, no
evidence that it reduces cardiovascular events in humans.

PLTP is a member of the same protein family as CETP.
It transfers phospholipids between HDL and VLDL, as
well as between different HDL particles. PLTP remodels
HDL into large and small particles by particle fusion and
the dissociation of lipid-free/lipid-poor apoA-I (Fig. 2)
(22). The role of PLTP in atherogenesis is controversial,
with reports that its expression in macrophages both en-
hances and inhibits atherosclerosis in mice (23, 24). It
would seem, on balance, that PLTP has an unfavorable ef-
fect on atherosclerosis.

EL and HL are members of the triglyceride lipase family
with strikingly different substrate specificities. EL has high
phospholipase and very low triglyceride lipase activity, while
HL has high triglyceride lipase activity and low phospholi-
pase activity (25). Although both enzymes remodel HDL
into small particles, HL. does this more effectively than
EL. EL also differs from HL by not dissociating lipid-free/
lipid-poor apoA-I from HDL (Fig. 2) (25, 26). Although
their influence on atherosclerosis is poorly defined, EL
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Fig. 2. HDL Remodelling. Influence of plasma factors on the subpopulation distribution of HDL. LCAT
generates cholesteryl esters and remodels discoidal HDL into spherical HDL (i); cholesteryl ester transfer
protein (CETP) transfers cholesteryl esters and triglycerides between HDL, LDL, and VLDL; remodels HDL
into small particles; and generates lipid-free/lipid-poor apoA-I (ii); phospholipid transfer protein (PLTP)
transfers phospholipids between HDL and VLDL and between individual HDL particles; remodels HDL into
large and small particles; and generates lipid-free/lipid-poor apoA-I (iii); endothelial lipase (EL) hydrolyses
phospholipids and remodels HDL into small particles(iv); and hepatic lipase (HL) hydrolyses phospholipids
and triglycerides, remodels HDL into small particles, and generates lipid-free/lipid-poor apoA-I (v).

and HL both regulate plasma HDL levels (27, 28). Addi-
tional studies of these enzymes are warranted.

Insights into the regulation of HDL remodelling have
been obtained from homogeneous preparations of spher-
ical, reconstituted HDL (rHDL) in which the composition
is tightly regulated. This approach has established that
apoA-II does not dissociate from HDL. ApoA-II also inhibits
the CETP-mediated remodelling of HDL and the dissocia-
tion of lipid-free/lipid-poor apoA-I (29). The ability of CETP
to remodel HDL and mediate the dissociation of apoA-I is
also influenced by the phospholipid composition of the par-
ticles (30), while triglyceride-enrichment enhances both
HDL remodelling by PLTP and the dissociation of apoA-I
(22). ApoA-I and apoA-II also regulate the hydrolysis of
HDL phospholipids by EL, and the HL-mediated hydrolysis
of HDL phospholipids and triglycerides (31, 32).

RELATIONSHIP BETWEEN THE
CARDIOPROTECTIVE PROPERTIES AND
SUBPOPULATION DISTRIBUTION OF HDL

The results of human population and transgenic ani-
mal studies suggest that HDL subpopulations do not all
protect against atherosclerosis equally well. However, evi-
dence relating to the relative importance of (A-I)HDL vs.
(A-I/A-II)HDL, large vs. small HDL, and prefB-migrating
vs. a-migrating HDL is confusing. For example, the sugges-

tion that lipid-free/lipid-poor apoA-I and discoidal HDL,
which both exhibit pref migration, may be more cardio-
protective than spherical, o-migrating HDL is based largely
on the observation that pref-migrating lipid-free/lipid-poor
apoA-I is preferred over a-migrating HDL as an acceptor of
the cholesterol that effluxes from cells via ABCAI in the first
step of reverse cholesterol transport (33).

While superficially appealing, epidemiological evidence
supporting a cardioprotective role for pref-migrating lipid-
free/lipid-poor apoA-I is lacking. When this issue was ad-
dressed in a recent analysis of the Veterans Affairs HDL
Intervention Trial, subjects with new cardiovascular events
had significantly lower levels of large, a-migrating spherical
HDL than eventfree subjects (34). When apoA-I-containing
HDL subpopulations from these individuals were quantified
by 2-D gel electrophoresis, the cases had lower levels of
large a-migrating HDL and significantly higher levels of
small, poorly lipidated, prep-migrating HDL compared
with eventfree subjects (34). The concentration of large,
o-migrating spherical HDL was also the best negative pre-
dictor of recurrent cardiovascular events, while the concen-
tration of smaller, a-migrating HDL was a positive predictor
of new events (34). This is consistent with a recent report
showing that large, spherical HDL are the preferred accep-
tors of the cholesterol that effluxes from macrophages via
the ATP binding cassette transporter G1 (ABCG1) (35).

The possibility that HDL subpopulations are function-
ally distinct raises the important question as to which sub-
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populations should be therapeutic targets for raising HDL
levels. One intervention that elevates HDL levels is inhibi-
tion of CETP activity. This causes cholesteryl esters to accu-
mulate in HDL and selectively increases the level of large
HDLy particles (36). Inhibition of CETP activity in rabbits
by torcetrapib is markedly anti-atherogenic (3). In humans,
by contrast, torcetrapib does not reduce atherosclerosis
(37, 38). It also caused an excess of deaths and cardiovas-
cular events in a large-scale endpoint trial (39). At present
it is not known if this deleterious outcome was related di-
rectly to the inhibition of CETP; to the generation of large,
possibly dysfunctional HDL particles; or to off-target ef-
fects of torcetrapib. Whether CETP inhibition is cardiopro-
tective in humans is currently being investigated with other
compounds that appear not to share the off-target effects
of torcetrapib.

RELATIONSHIP BETWEEN THE
CARDIOPROTECTIVE PROPERTIES OF
HDL SUBPOPULATIONS AND THEIR
FUNCTIONAL HETEROGENEITY

Influence of HDL subpopulations on cholesterol efflux
from cells

HDL promote cholesterol efflux from cell membranes
by four distinct pathways: i) via ABCAL to lipid-poor/lipid-
free apoA-I; i) by passive diffusion to a wide range of HDL
acceptors; i) via scavenger receptor-Bl (SR-B1) to various
spherical HDL subpopulations; and ) via ABCGI to large,
spherical HDL.

SR-B1 is involved in the first and the last step of reverse
cholesterol transport. Although its ability to mediate cho-
lesterol efflux from cells in the first step of the pathway
lacks specificity, this may not be the case for its ability to
deplete HDL of cholesteryl esters in the final step (40).
While some investigators have reported that SR-B1 removes
cholesteryl esters from (A-I/A-II)HDL more effectively than
from (A-I)HDL (41), others have found that it preferen-
tially removes cholesteryl esters from (A-I)HDL (42).

Antioxidant properties of HDL subpopulations

Atherosclerosis is an inflammatory disease that is ini-
tiated, in part, by the presence of oxidized LDL in the ar-
tery wall. The ability of different HDL subpopulations to
inhibit LDL lipid and apolipoprotein oxidation is not well
understood. While some investigators have found that
HDLj3 inhibit LDL oxidation better than HDL, (43, 44),
others have reported that the antioxidant capacity of small,
dense HDL is impaired, at least in subjects with the meta-
bolic syndrome (45). Other studies have demonstrated that
CETP transfers lipid hydroperoxides from LDL to HDL,
where they are reduced to lipid hydroxides and cleared
by the liver (46). In that study, lipid hydroperoxide reduc-
tion was comparable in HDLy and HDLs.

HDL-associated proteins such as paraoxonase and
platelet-activating factor acetyl hydrolase also contribute
to the anti-oxidant properties of HDL. A recent report has
suggested that the anti-oxidant properties of paraoxonase
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are enhanced in (A-I/A-I)HDL (47). It is not known if this
is also the case for platelet-activating factor acetyl hydrolase.

Anti-inflammatory properties of HDL subpopulations

The results of in vitro studies have shown that HDLg
inhibit endothelial vascular cell adhesion molecule-1 and
intercellular adhesion molecule-1 expression in cultured hu-
man umbilical vein endothelial cells more effectively than
HDLs (48). This is unlikely to be caused by differences in
the apolipoprotein composition of the particles because
discoidal rHDL that contain either apoA-I or apoA-II as
the sole apolipoprotein inhibit adhesion molecule expres-
sion in activated human umbilical vein endothelial cells
equally well. However, the finding that apoA-I-containing
discoidal rHDL prepared with phospholipids of varying
sn-2 acyl chain length and unsaturation differ markedly
in their ability to inhibit inflammation (49) suggests that
the varying anti-inflammatory properties of HDLs and
HDL; is related to their phospholipid composition.

This specificity is not, however, evident in vivo. Irrespec-
tive of their phospholipid composition, infusions of apoA-I-
containing discoidal rHDL inhibit endothelial expression
of vascular cell adhesion molecule-1 and intercellular adhe-
sion molecule-1, as well as neutrophil infiltration into
acutely inflamed rabbit carotid arteries equally well (50).
This apparent lack of specificity most likely reflects a rapid
post-infusion equilibration of the rHDL phospholipids with
phospholipids from other lipoproteins and cell membranes.

FUTURE DIRECTIONS AND CONCLUSIONS

Although considerable progress has been made toward
understanding the functionality of HDL subpopulations
and their impact on cardiovascular disease, much remains
unknown. As new strategies for increasing HDL levels are
identified, it will be important to determine how they af-
fect HDL subpopulation distribution and function. This ap-
proach will not only enhance our understanding of HDL
subpopulation functionality, but also identify specific pop-
ulations of particles that are therapeutic targets for reduc-
ing cardiovascular risk.Hf
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