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L>w levels of high-density lipo-
proteins have been consistently shown to 
be a major risk factor for coronary heart 
disease. However, the precise role ofHDL 
in the prev~ntion or reversal of atheroscle-
rosis (or both) is unknown. It has been pro-
posed that HDL functions jointly with the 
enzyme lecithin:cholesterol acyltrans-
ferase and the cholesteryl ester transfer 
protein to facilitate the movement of cho-
lesterol from tissues to the liver. This 
mechanism-referred to as reverse choles-
terol transport-has been shown to be an 
important physiologic mechanism. How-
ever, its clinical significance, though in-
triguing, is unclear. This article reviews 
recent advances concerning the compo-
nents of reverse cholesterol transport and 
evaluates their potential significance in 
the early diagnosis and treatment of ath-
erosclerosis. 
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Cholesterol transport is a complex process 
due to the low water solubility of cholesterol 
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and its fatty acid esters. Consequently, cho-
lesterol is transported as a component of lipo-
proteins. Lipoproteins are spheric macromole-
cules composed of a core of triglycerides and 
cholesteryl esters surrounded by an outer shell 
of cholesterol and phospholipids. These com-
plex molecules fulfill vitally important physi-
ologic roles as they allow the transport of fatty, 
water-insoluble molecules in aqueous body flu-
ids. 

Protein components, known as apolipopro-
teins, are embedded in the outer lipid layer 
and perform specific functions, similar to re-
ceptor proteins that are localized in the cell 
membrane. By allowing the solubilization of 
otherwise insoluble lipid, they serve to stabi-
lize the lipoprotein complex. In addition, apo-
lipoproteins act as cofactors for enzymes in-
volved in lipoprotein metabolism and direct 
the path of the lipoprotein particle to specific 
tissues by interacting with target cell recep-
tors. 

Lipoproteins may be categorized in four ma-
jor classes: chylomicrons, very-low-density lipo-
proteins (VLDL), low-density lipoproteins 
(LDL), and high-density lipoproteins (HDL). 
This classification is based on their differing 
buoyant densities that allow their separation 
by ultracentrifugation. The chemical compo-
sition of the classes oflipoproteins is presented 
in the Table . 

Mammalian systems are restricted in their 
cholesterol metabolism because essentially all 
tissues are able to synthesize cholesterol, 
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Table 
Composition of the Major Classes of Human Plasma Lipoproteins 

Composition, % 

Major 
Lipoprotein Trigly- Choles- Phospho- core Metabolic 
classes cerides terol lipids Protein lipid function 

Chylomicrons 85 7 6 3 Triglycerides Transport of dietary trigly-
cerides to storage cells 
(adipose tissue) and to 
triglyceride metabolizing 
cells (liver and muscle 
tissue) 

Very-low-density 60 16 14 9 Triglycerides Transport of endogenous 
lipoprotein (VLDL) (hepatic) triglycerides to 

storage cells (adipose tis-
sue) and to triglyceride 
metabolizing cells (mus-
cle tissue) 

Low-density 11 46 22 21 Cholesteryl Transport of cholesterol 
lipoprotein (LDL) esters derived from liver cells 

and from plasma mem-
branes to peripheral 
cells and/or liver cells; 
atherogenic 

High-density 8 20 22 50 Cholestery 1- Transport of cholesterol 
lipoprotein (HDL) esters from peripheral tissues 

to the liver (reverse cho-
lesterol transport); anti-
atherogenic 

(Adapted from WeisS, Lacko AG: Practical Cardiology [Special Issue] May 1988, pp 12-18.) 

whereas only the liver has the capacity to oxi-
dize and excrete cholesterol in significant 
amounts. The reverse cholesterol transport 
pathway was originally proposed by Glomsetl 
as a physiologically essential mechanism (Fig-
ure 1) that returns the peripheral cholesterol 
to the liver for reutilization or disposal. Re-
verse cholesterol transport was considered to 
be important in the maintenance of cholesterol 
homeostasis because it helped to prevent the 
accumulation of excess peripheral cholesterol 
by transporting part of it to the liver. 

This hypothesis gained support when HDLs, 
the primary vehicles of reverse cholesterol 
transport, were shown to indicate protection 
against atherosclerosis. Indeed, data from epi-
demiologic studies have consistently shown 
that elevated levels of HDLs strongly corre-
lated with increased resistance to coronary 
heart disease. 2•3 However, the mechanism 
whereby HDL is involved in the prevention 
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or reversal (or both) or atherosclerosis is un-
known. 

It has been proposed that HDL functions 
jointly with the enzyme lecithin:cholesterol 
acyltransferase (LCAT) and the cholesteryl es-
ter transfer protein in developing and main-
taining a cholesterol gradient between the pe-
ripheral tissues and the liver.45 Much of this 
hypothesis, however, remains clinically unsub-
stantiated. Key elements of knowledge are lack-
ing th~t would allow the linking of cholesterol 
efflux from cells and tissues with specific 
events in HDL metabolism. 

Components of reverse cholesterol 
transport 
Reverse cholesterol transport consists of four 
distinct phases as shown in Figure 2; namely, 
(1) cholesterol efflux from cells, (2) esterifica-
tion of cholesterol by the enzyme LCAT on the 
surface of specific HDL molecules, (3) transfer 
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Figure 1. Postulated role of lecithin:cholesterol acyltransferase (LCAT) in reverse cholesterol transport. 
CE = cholesteryl esters; C = unesterified cholesterol; PL = phospholipid (lecithin). (Adapted from Glomset 
JA : J Lipid Res 1969;9:155-167.) LCAT promotes establishment of a cholesterol gradient via the esterifica-
tion of lipoprotein cholesterol, resulting in the depletion of free ( unesterified cholesterol) on the outer surface 
of the lipoprotein particles. Subsequently, the equilibrium shifts and lipoproteins will take up cholesterol 
from the plasma membrane. 

of the LCAT -generated cholesteryl esters to 
lower density lipoproteins, and ( 4) the uptake 
of the cholesteryl ester-carrying lipoproteins 
by hepatic receptors. The following section con-
tains a brief overview of the physiologic and 
biochemical events involved in reverse cho-
lesterol transport. 

Cholesterol efflux 
Stein and coworkers6 and Rothblat and asso-
ciates7 have shown that cholesterol can be re-
moved from cells on incubation with HDL or 
with HDL components. Physiologically, this 
process may take place in the blood circula-
tion8 or in the peripherallymph.9 It has been 
estimated that the amount of peripheral cho-
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lesterol that is transported from the periph-
ery to the liver in a male adult is 0.9 g/d. This 
amount represents approximately a third of 
the total cholesterol present in the plasma com-
partment. The primary vehicle for reverse cho-
lesterol transport has been shown to be the 
HDL complex, and it is likely that reverse cho-
lesterol transport is enhanced by the high af-
finity HDL receptors present on the surface 
of peripheral cells. 

Lecithin:cholesterol acyltransferase 
reaction 
Lecithin:cholesterol acyltransferase is an en-
zyme that is synthesized in the mammalian 
liver and subsequently secreted into plasma. 
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Figure 2. Phases of reverse cholesterol transport. Sequence of events include the following: (1) efflux of 
the unesterified cholesterol (c) from peripheral cells to high density lipoproteins (HDL); (2) esterification 
of cholesterol by the enzyme lecithin:cholesterol acyltransferase (LCAT) on the surface of HDL; (3) transfer 
of the newly synthesized cho.lesteryl esters (CE) to lower-density lipoproteins (LDL and VLDL) by the cholesteryl 
ester transfer protein (CETP) and uptake of the cholesteryl ester carrying lipoproteins by the cell surface 
receptors in the liver. (Adapted from Frohlich JJ, Pritchard PH: Clin Biochem 1989;22:417 -423.) 

LCAT 
LECITHIN + CHOLESTEROL LYSOLECITHIN + CHOLESTERYL ESTER 

Figure 3. Esterification of plasma (HDL) cholesterol by lecithin:cholesterol acyltransferase (LCAT) reac-
tion. The LCAT reaction esterifies cholesterol by first splitting a fatty acid off the second (middle) carbon 
or lecithin (phosphatidyl-choline). This fatty acyl group is subsequently transferred by the enzyme to choles-
terol to generate cholesteryl ester. 

This enzyme is responsible for generating most 
of the plasma cholestery l esters by transfer-
ring fatty acid residues from phosphatidyl 
choline to cholesterol (Figure 3). 

The function of LCAT is to esterify the cir-
culating lipoprotein cholesterol (mainly in 
HDL) as an integral part of the reverse cho-
lesterol transport pathway that is responsible 
for the removal of excess cholesterol from tis-
sue membranes and its subsequent transport 
to liver. 

One of the main goals of this system is to 
prevent the accumulation of excess cholesterol 
into the peripheral tissues (particularly the ar-
teries). Because this system exchanges freely 
between lipoproteins and cell membranes, the 
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efficient removal of cellular cholesterol re-
quires the establishment of a cholesterol gra-
dient between peripheral tissues and the liver. 
Accordingly, the cholesterol in HDL has to be 
"trapped" in the interior of the lipoprotein par-
ticle to be rendered unavailable for exchange 
(Figure 4). The entrapment of cholesterol is 
accomplished by its esterification via the 
LCAT reaction. 

Therefore, the activity ofLCAT in the blood 
controls the extent to which cholesterol is 
trapped in HDL and also the rate at which cho-
lesterol is subsequently removed from the 
plasma. The action of LCAT facilitates the es-
tablishment of a concentration gradient be-
tween plasma membranes and lipoproteins, 
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Figure 4. Diagram showing equilibria between unesterified cholesterol of plasma lipoproteins and that 

of plasma membranes and effects of lecithin:cholesterol acyltransferase (LCAT) on these processes. (Adapted 

from Glomset JA , No rum KR: Adv Lipid Res 1973;11 :1-65.) As explained in Figure 1, after the esterifi-

cation of cholesterol by LCAT, the cholesteryl esters move from the surface to the interior part of the spheri-

cal lipoprotein (HDLJ particle. As a result, the surface of the lipoprotein is depleted from free cholesterol. 

In addition, the esterified cholesterol can no longer equilibrate with the tissue or other lipoprotein pools 

and thus become "locked" inside the lipoprotein particle. 

thus promoting the flow of cholesterol from pe-
ripheral cells to the plasma, and eventually 
to the liver. 

Cholesteryl ester transfer 
The cholesteryl esters produced on the surface 
of HDL particles by LCAT accumulate in the 
interior compartment of the lipoprotein com-
plex. During this process, the HDL is trans-
formed from one of its subspecies (HDL3) to 
a somewhat larger particle (HDL2). The proc-
ess of cholesteryl ester transfer precedes the 
cellular uptake of lipoprotein cholesterol and 
it is catalyzed by lipid transfer proteins, spe-
cifically the cholesteryl ester transfer pro-
tein.l3 During cholesteryl ester transfer, the 
lower-density lipoproteins (particularly VLDL) 
become enriched in cholesteryl esters and the 
HDL particles become enriched by triglyc-
erides (Figure 5) . 

The preferred cholesteryl ester acceptor is 
VLDL; however, in plasma samples of low-
triglyceride content, LDL can also fulfill this 
role. Cholesteryl ester transfer is considered 
to have important implications not only for cho-
lesterol transport but also for the metabolism 
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Figure 5. Major lipid transfers catalyzed by human 
lipid transfer proteins betweeen high-density lipoprotein 
(HDL) and very-low-density lipoprotein (VLDL). In gen-
eral, the plasma triglycerides are inversely correlated with 
HDL or HDL choleserol. This is due, at least in part, to 
the potential of the triglyceride-rich lipoproteins (VLDL 
and chylomicrons) for accepting cholesteryl esters from 
HDL. In return, triglycerides are transferred back from 
VLDL and chylomicrons to HDL, which becomes more 
labile by serving as a substrate for hepatic lipase. 

oflipoproteins, particularly HDL. A great deal 
of research activity is currently focused on the 
elucidation of the potential regulatory role of 
cholesteryl ester transfer protein(s) in the proc-
ess of lipoprotein remodeling and HDL metabo-
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lism in both the fasting and postprandial 
states. 

Current14 and earlier reported evidence15·16 

indicates that cholesteryl ester transfer pro-
tein (CETP) is atherogenic. In general, ele-
vated levels of CETP have been suggested to 
be associated with increased risk of coronary 
heart disease. 

The foregoing represent only a few exam-
ples of ongoing investigations that will ulti-
mately enhance the understanding of reverse 
cholesterol transport and its role in the pre-
vention and reversal of atherosclerosis. 

The next phase of reverse cholesterol trans-
port involves the transfer of the cholesteryl es-
ters from HDL to lower-density lipoproteins 
(VLDL and LDL), which are either metabo-
lized further (VLDL) or taken up by tissue re-
ceptors. 

Hepatic uptake of cholesteryl ester-carrying 
lipoproteins 
This system, also known as the LDL pathway, 
results in internalization of lipoprotein cho-
lesteroP0 Brown and Goldstein 10 developed 
this mechanism and characterized it in detail. 
It has been useful in providing a general model 
for cell surface interactions, including those 
for lipoproteins. As a result, additional recep-
tor systems have been discovered whose func-
tions overlap, at least to some degree, the 
mechanism of action of the LDL receptor.11.12 

Diseases affecting reverse cholesterol 
transport 
A number of genetic diseases have been de-
scribed that directly affect the components of 
the reverse cholesterol transport system. These 
diseases are deficiency syndromes18 that in-
clude the partial or near-complete absence of 
HDL, 19 specific apolipoproteins, 20 LCAT, 21 and 
cholestery 1 ester transfer protein, 22 respec-
tively. Apolipoproteins are essential compo-
nents of lipoproteins. Specifically, they contrib-
ute to the structural stability of lipoproteins, 
provide recognition signals to cell surface re-
ceptors, and activate enzymes of lipoprotein 
metabolism (lipoprotein lipase and LCAT). 

The study of these deficiency diseases has 
been instrumental in the understanding of the 
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role of the individual components of reverse 
cholesterol transport. For instance, patients 
with Tangier disease (absence of normal HDL) 
and LCAT deficiency have shown abnormal ac-
cumulation of cholesteryl esters and unesteri-
fied cholesterol, respectively, in peripheral tis-
sues, but generally no increased risk of coro-
nary heart disease.23·24 In both Tangier dis-
ease and LCAT deficiency, the composition or 
the level (or both) of all the lipoproteins tends 
to be highly abnormal, indicating the role for 
LCAT and HDL in both cholesterol and triglyc-
eride transport. 

The total deficiency of apolipoprotein AI com-
bined with apo CIII25 results in severe prema-
ture atherosclerosis and coronary heart dis-
ease. It appears that these latter diseases, as-
sociated with defective synthesis of specific apol-
ipoproteins, have a stronger influence on car-
diovascular risk than others such as Tangier 
disease, which is considered to represent hy-
percatabolism of HDL.26 Recent findings re-
garding the involvement of specific HDL 
subfractions in the process of reverse choles-
terol transport27 are likely to be valuable in 
the understanding of the pathophysiologic 
mechanisms in HDL deficiency syndromes and 
their impact on reverse cholesterol transport. 

Drugs affecting reverse cholesterol 
transport 
A number of pharmaceutical agents have been 
shown to have an impact on the components 
of reverse cholesterol transport. We will re-
view some of the observed effects on HDL lev-
els. Experts of the National Cholesterol Edu-
cation Program28 recently considered the need 
to raise HDL levels in patients whose cardio-
vascular risk is at an undesirable level. Al-
though the main strategy continues to be re-
duction of excess weight (particularly body 
fat), elimination of cigarette smoking, and pos-
sibly intense aerobic activity, several drugs are 
now available that can also raise HDL choles-
terol levels. The most effective of these drugs 
are nicotinic acid and gemfibrozil. Choles-
tyramine and lovastatin have also been shown 
to increase HDL levels, but to a smaller ex-
tent than nicotinic acid and gemfibrozii.29 

Some drugs, including probucol and some 
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of the diuretic antihypertensive drugs have 
been observed to lower HDL cholesterol lev-
els. Probucol, however, has been shown to in-
crease HDL3 levels and to promote reverse cho-
lesterol transport.30 

New potential clinical interventions aimed 
to promote reverse cholesterol transport 
Before discussing the potential mechanisms 
for enhancing the rate of reverse cholesterol 
transport, one has to establish that clinical 
benefits that would (or could) accrue by the 
acceleration of the flow of cholesterol from pe-
ripheral tissues to the liver. The difficulty in 
unequivocally establishing the direct clinical 
benefits lies in the fact that as of today little 
evidence exists to show that increasing the cir-
culating level of HDL will actually promote 
the mobilization of cholesterol not only from 
peripheral tissues but also specifically from the 
arteries. However, relatively recent studies by 
Badimon and colleagues31 clearly show for the 
first time that acute increases in the circulat-
ing HDL levels have a direct impact on the 
prevention or reversal (or both) of atherogene-
sis. Consequently, we are now reaching a stage 
when reverse cholesterol transport is becom-
ing an acceptable hypothesis to account for the 
protection against coronary heart disease by 
HDL, and corresponding intervention by diet 
and drugs can now become the focus of re-
search. Two of the potential sites where re-
verse cholesterol transport may be influenced 
involve circulating LDL levels and the regu-
lation of the ratio of free cholesterol to esteri-
fied cholesterol in peripheral tissues. 

First, it has been shown that LCAT reac-
tion can utilize cholesterol derived from cell 
membranes32 as well as from the intravascu-
lar lipoprotein pool, particularly from LDL. 33 

Accordingly, it is conceivable that cholesterol 
from LDL could compete with the cellular pool, 
which is the primary physiologic substrate for 
reverse cholesterol transport. Consequently, re-
duction of LDL levels (already a major target 
of preventive strategies) may also help to fa-
cilitate reverse cholesterol transport in addi-
tion to reducing the risk of infiltration of cho-
lesterol into the arteries. 

Second, the mobilization of cholesterol from 
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tissues requires that the cholesterol be in its 
unesterified form. Consequently, the ratio of 
free cholesterol to esterified cholesterol in a 
particular tissue is likely to influence the cho-
lesterol gradient between the membranes of 
that tissue and the lipoprotein cholesterol pool. 
The enzyme responsible for the conversion of 
free cholesterol to cholesteryl esters is fatty-
acyl-coenzyme A acyltransferase (ACAT). In-
hibitors of this enzyme have been prepared and 
have already been shown to facilitate the mo-
bilization of cholesterol in animal models. 34 It 
is likely that drugs such as ACAT inhibitors 
will soon become the subject of trials to deter-
mine their efficacy in the human population. 
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