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Is it time to modify the reverse cholesterol
transport model?
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ABCA1 was recently identified as the
mutant molecule in Tangier disease, a
condition associated with very low
HDL, cholesteryl ester accumulation
in tissue macrophages, and an appar-
ent increased risk of atherosclerotic
cardiovascular disease. ABCA1 is an
ATP-binding cassette transporter that
facilitates the addition of phospho-
lipids and cholesterol to free apoA-I,
initiating the formation of HDL (1).
ABCA1 is upregulated in cholesterol-
loaded cells, as a result of activation of
LXR/RXR at the proximal promoter of
the ABCA1 gene (2, 3). It has been pro-
posed that increased expression of
ABCA1 in macrophages or other tis-
sues could activate the excretion of
cholesterol via HDL and retard the
development of atherosclerosis (3, 4).
While we await the results of athero-
sclerosis studies, two reports in the JCI
on ABCA1 knockout (KO) mice are
notable, since they address different
aspects of this hypothesis and reach
some unexpected conclusions that call
into question the accepted view of
reverse cholesterol transport.

Macrophage ABCA1 contributes little
to maintaining plasma HDL levels
ABCA1 KO mice have very low HDL
levels and accumulate macrophage
foam cells in the lung (5). In this issue
of the JCI, Haghpassand et al. describe
elegant studies in which they have esti-
mated the contribution of macrophage
ABCA1 to overall plasma HDL levels
(6). These authors transplanted bone
marrow from wild-type mice into
ABCA1 KO mice and from ABCA1 KO
mice into wild-type mice. In the former
experiment, they found that apoA-I and
HDL cholesterol were slightly but sig-
nificantly increased, suggesting a minor
contribution of macrophage ABCA1 to
plasma HDL levels. In the latter experi-
ment, they could detect no contribu-
tion at all; HDL levels were unchanged.

These experiments underestimate the
macrophage ABCA1 contribution to
HDL, since only about 35% of liver
macrophages were repopulated within
the 14 weeks that the transplanted mice
were studied. Nevertheless, it can be rea-
sonably concluded that macrophage
ABCA1 does not make a large contri-
bution to HDL levels. This result prob-
ably reflects the widespread expression
of ABCA1 in different cell types. In par-

ticular, hepatocytes express ABCA1,
and overexpression of ABCA1 in both
liver and macrophages in ABCA1 trans-
genic mice appears to result in elevated
HDL cholesterol and apoA-I levels (7).
Presumably, the major contribution to
HDL is from hepatic expression (Figure
1). Since ABCA1 binds and lipidates
free apoA-I, but not bulk HDL (8), these
results imply that hepatic ABCA1 gives
rise to bulk HDL particles, independent

Figure 1
Contribution of ABCA1 to macrophage cholesterol efflux, HDL levels, and centripetal cholesterol
flux. ABCA1 probably has a major role in the efflux of phospholipids and cholesterol from different
cells (macrophages, hepatocytes) to apoA-I. This is followed by further growth of the HDL particle,
involving the addition of lipids and apoproteins, cholesterol esterification by lecithin-cholesterol
acyltransfer (LCAT), and influx of phospholipids under the control of phospholipid transfer protein
(PLTP), and eventuates in the formation of mature HDL. Macrophage ABCA1 makes only a minor
contribution to the maintenance of circulating HDL, while hepatic expression of ABCA1 probably
has a major role in this regard (thick arrow). Studies in ABCA1 KO mice indicate that although
ABCA1 has a key role in maintaining HDL levels, overall centripetal flow of cholesterol from periph-
ery to liver appears not to be affected by the absence of ABCA1. Nonetheless, the phenotype of Tang-
ier disease indicates that ABCA1 has an essential role in removing cholesterol deposited in
macrophages, but probably not other cells. The amount of cholesterol lost from macrophages is
too small to be measured in the overall centripetal flow of cholesterol. Moreover, macrophage-
derived cholesterol could be redistributed to VLDL/LDL and taken up in other peripheral tissues,
without substantially changing VLDL/LDL cholesterol levels or centripetal cholesterol flux.
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of any direct interaction with
macrophage ABCA1. However, HDL
can mediate macrophage cholesterol
efflux by mechanisms unrelated to
ABCA1 (9). Thus, hepatic and
macrophage ABCA1 might act by dis-
tinct mechanisms to reduce the mass of
cholesterol associated with macro-
phage foam cells. This might further
lead to a decrease in the number of
macrophages entering lesions, and
hence lesion initiation or progression.

No defect in reverse cholesterol
transport detected in ABCA1 
KO mice
In a recent issue of the JCI, Groen et al.
used ABCA1 KO mice to evaluate the
role of ABCA1 in hepatic and biliary
lipid metabolism and fecal sterol excre-
tion (10). They found that biliary cho-
lesterol, phospholipid, and bile salt
secretion rates were similar in ABCA1
KO and control mice, whether these
animals were fed regular chow or high-
fat, high-cholesterol diets. Moreover,
fecal excretion of cholesterol and bile
salts, and the proportion of newly syn-
thesized cholesterol incorporated into
biliary lipids, were unaltered in ABCA1
KO mice. These results are surprising
because one might have expected that
the very low HDL levels in ABCA1 KO
mice would result in decreased delivery
of cholesterol from plasma into liver
and bile. The uptake of HDL free and
esterified cholesterol via scavenger
receptor B-I (SR-BI) has been shown to
act as an important source of biliary
cholesterol (11, 12). Of course, the
decrease in hepatic cholesterol delivery
seen in the HDL of ABCA1 KO mice
might be compensated by other
sources of cholesterol, either by an
increase in hepatic cholesterol biosyn-
thesis or by increased uptake of choles-
terol from a non-HDL lipoprotein frac-
tion. The authors attempted to
measure these processes, first by mon-
itoring levels of mRNAs for cholesterol
biosynthetic enzymes, and second by
following the clearance of artificial
cholesterol/phospholipid vesicles in
wild-type and ABCA1 KO mice. Nei-
ther test brought to light any signifi-
cant compensatory mechanism in KO
animals. Unfortunately, these experi-
ments are not entirely satisfactory,
since mRNA levels offer an imperfect
gauge of cholesterol biosynthetic rates
(13), and infusion of phospholipid
vesicles may not adequately track the

clearance of non-HDL cholesterol in
ABCA1 KO mice. Nevertheless, the
findings support the authors’ conclu-
sion that HDL levels do not control net
cholesterol transport from the periph-
ery via the liver into the bile (10).

The apparently modest contribu-
tions of macrophage cholesterol to
HDL levels and of HDL to biliary cho-
lesterol are at first glance surprising
and provocative. However, these
results are consistent with an impor-
tant body of work from the laborato-
ries of Spady and Dietschy (14−16).
These studies have shown that over- or
underexpression of individual mole-
cules involved in the reverse choles-
terol transport pathway does not per-
turb the centripetal flow of cholesterol
from the periphery to the liver. Such
studies have assessed overall reverse
cholesterol transport by measuring
peripheral cholesterol synthesis, which
in the steady state approximates the
centripetal flux of cholesterol. Unfor-
tunately, they cannot provide infor-
mation on efflux of cholesterol from
specific cell types such as macrophages
or smooth muscle cells in atheroma.
These experiments have shown that in
cholesteryl ester transfer protein trans-
genic, apoA-I KO, and SR-BI trans-
genic mice, all with reduced HDL lev-
els, centripetal cholesterol flux is not
appreciably changed (14−16). Similar-
ly, overexpression of the plasma cho-
lesterol-esterifying enzyme (LCAT), or
of the rate-limiting enzyme of bile salt
biosynthesis (Cyp7a), does not lead to
a change in these measurements (14).
Infusion of phospholipid/apoA-I
discs, which are devoid of cholesterol
and thus remove cholesterol from cells
by passive or other mechanisms, like-
wise does not affect fecal sterol excre-
tion, although it does lead to a tempo-
rary increase in reverse cholesterol
transport to the liver (14).

These results indicate that overex-
pression of individual molecules in the
chain of reverse cholesterol transport
does not increase the efficiency of the
overall process, suggesting that there
is not a single, rate-limiting step. How-
ever, the simultaneous overexpression
of multiple molecules involved in
reverse cholesterol transport can
increase fecal sterol excretion. Thus,
adenoviral overexpression of human
LCAT or human SR-BI individually in
human apoA-I transgenic mice has
only modest effects, whereas the com-

bined overexpression of LCAT and 
SR-BI markedly increases fecal sterol
excretion (17). There could also be
important species differences. Infu-
sion of phospholipid/pro−apoA-I dis-
coidal HDL into four humans with
heterozygous familial hypercholes-
terolemia (FH) did increase biliary
sterol excretion (18). However, careful
human studies have shown that there
is no relationship between plasma
HDL levels and mathematically mod-
eled tissue cholesterol pool sizes, sug-
gesting that in humans HDL levels are
not a general marker of the efficiency
of centripetal cholesterol flux (19).

Is it time to pull the plug on reverse
cholesterol transport?
Do these findings imply that we
should throw out the idea that the
protective role of HDL in atherogene-
sis is related to its ability to stimulate
reverse cholesterol transport, or that
increasing ABCA1 expression might be
antiatherogenic? Not at all: While
HDL levels may not determine the effi-
ciency of centripetal cholesterol trans-
port, the concentration of HDL or its
apoproteins is certainly rate-limiting
for macrophage cholesterol efflux.
This is dramatically demonstrated by
Tangier disease, where the cellular phe-
notype is a lack of phospholipid and
cholesterol efflux to apoA-I (20), and
macrophages but not other cells accu-
mulate cholesteryl esters. Thus, the
macrophage, a professional choles-
terol scavenger, is particularly reliant
on ABCA1 and apoA-I to rid itself of
excess cholesterol, either by direct or
by indirect mechanisms (Figure 1).
The efflux of cholesterol from
macrophage foam cells has not been
measured in studies of centripetal cho-
lesterol flux, or biliary lipid output.
This contributes such a small fraction
to the total cholesterol flux that it can-
not be detected. Thus, an increase in
apoA-I, HDL, or ABCA1 that leads to a
decrease in macrophage foam cell cho-
lesterol content is unlikely to change
centripetal cholesterol flux in suffi-
cient amounts to be detected.
Increased cholesterol efflux from the
macrophage could be followed by a
small change in cholesterol transport
to the liver, or even a slight increase in
uptake in other peripheral tissues (Fig-
ure 1). Often the term “reverse choles-
terol transport” is used to indicate the
initial step in this process, i.e., the
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efflux of cholesterol from cells in
atheroma (21). Perhaps we should stop
using the term “reverse cholesterol
transport” and replace it with more
precise descriptors such as “macro-
phage cholesterol efflux” and “cen-
tripetal cholesterol transport.”

The relationship between these
processes requires further clarifica-
tion. Plasma HDL levels may relate to
macrophage cholesterol efflux, either
by determining the efficiency of cho-
lesterol removal from foam cells, or by
acting as a marker of the level of
ABCA1-mediated cholesterol efflux
from foam cells, as in low HDL states
associated with heterozygous ABCA1
mutations (22). It is now evident that
plasma HDL level does not bear a sim-
ple relationship to centripetal choles-
terol transport, but it cannot be
excluded that some individuals with
high HDL levels have increased cen-
tripetal cholesterol transport that
includes an increase in macrophage
cholesterol efflux.

HDL as a therapeutic target
The results of these studies suggest
that it might be timely for lipoprotein
researchers to place greater emphasis
on the interaction of HDL and its
apoproteins with cells in atheroma
and to devote less effort pursuing the
idea that centripetal cholesterol trans-
port needs to be increased by thera-
peutic interventions involving HDL.
Measurements of biliary lipid outputs
or fecal sterol excretion may not pro-
vide any insight into the effectiveness
of drugs that act on HDL to favorably
affect foam cell cholesterol content
and atherosclerosis. Successful inter-
ventions at the level of the foam cell
could be mediated by increased
ABCA1 expression (perhaps using the

LXR or RXR activators; refs. 2, 23), by
increased apoA-I or HDL biosynthesis
(which might be achieved via PPARα
activators), or by decreased HDL
catabolism (using nicotinic acid or
cholesteryl ester tramsfer protein
[CETP] inhibitors). Finally, it is worth
noting that small molecules that acti-
vate LXR or RXR act favorably to
increase expression of several different
molecules involved in macrophage
cholesterol efflux and intestinal cho-
lesterol excretion (24). Small-molecule
activators of nuclear hormone recep-
tors thus represent an attractive way to
influence multiple steps of cholesterol
homeostasis in a way that can reduce
atherosclerosis (3, 23).
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