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Abstract The origins of cholesterol utilized by intestinal
ABCA1 were investigated in the human intestinal cell line
Caco-2. Influx of apical membrane cholesterol increases
ABCA1 mRNA and mass, resulting in enhanced efflux of
HDL-cholesterol. Luminal (micellar) cholesterol and newly
synthesized cholesterol are not transported directly to
ABCA1 but reach the ABCA1 pool after incorporation into
the apical membrane. Depleting the apical or the basolateral
membrane of cholesterol by cyclodextrin attenuates the
amount of cholesterol transported by ABCA1 without alter-
ing ABCA1 expression. Filipin added to the apical side but
not the basal side attenuates ABCA1-mediated cholesterol
efflux, suggesting that apical membrane “microdomains,”
or rafts, supply cholesterol for HDL. Preventing cholesterol
esterification increases the amount of cholesterol available
for HDL. Ezetimibe, a Niemann-Pick C1-like 1 protein inhib-
itor, does not alter ABCA1-mediated cholesterol efflux.
U18666A and imipramine, agents that mimic cholesterol
trafficking defects of Neimann-Pick type C disease, attenu-
ate cholesterol efflux without altering ABCA1 expression;
thus, intestinal NPC1 may facilitate cholesterol movement
to ABCA1. ABCA1-mediated cholesterol efflux is indepen-
dent of cholesterol synthesis. The results suggest that fol-
lowing incorporation into plasma membrane and rafts of the
apical membrane, dietary/biliary and newly synthesized cho-
lesterol contribute to the ABCA1 pool and HDL-cholesterol.
NPC1 may have a role in this process.—Field, F. J., K. Watt,
and S. N. Mathur. Origins of intestinal ABCA1-mediated
HDL-cholesterol. J. Lipid Res. 2008. 49: 2605–2619.
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Reverse cholesterol transport is thought to be a key pro-
cess through which peripheral cells unload their unwanted,
excessive cholesterol by returning it to the liver for eventual
elimination (1, 2). Through this mechanism, peripheral
cells are protected from the potential harmful effects of
cholesterol accumulation and subsequent foam cell forma-
tion. If these peripheral cells happen to be endothelial
cells or macrophages that reside within a coronary arterial
wall, reverse cholesterol transport, in theory, will prevent,
or potentially reverse, atherosclerosis and ischemic heart

disease. The lipoprotein particle responsible for transport-
ing cholesterol from peripheral cells back to the liver for
disposal is HDL. There is now good clinical evidence to sug-
gest that elevated plasma HDL levels are beneficial, low
plasma HDL levels are deleterious, and therapies that tend
to raise plasma HDL levels are cardioprotective (3–8).

ABCA1 mediates the efflux of cellular cholesterol and
phospholipids to apolipoprotein A-I (apoA-I) and is re-
sponsible for nascent HDL particle formation (1, 9–11).
In the absence of ABCA1, HDL-cholesterol levels are ex-
tremely low, peripheral macrophages fill with cholesterol,
and atherosclerosis is premature or accelerated (12–15).
Although several tissues express ABCA1, liver and intestine
express high levels of this transporter, suggesting that
these two organs are the major sources for plasma HDL.
Indeed, it is now clear that liver and intestine supply al-
most the entirety of plasma HDL (16, 17).

The ABCA1 gene is a target for the nuclear hormone
transcription factor, liver X receptor (LXR) (18–20).
LXR is believed to act as a sterol sensor, which, when acti-
vated, will result in the upregulation of genes that translate
proteins which facilitate cholesterol elimination (19, 21–
25). In a recent study in cultured intestinal cells, a nonsterol
LXR agonist, T0901317, was used to enhance the expres-
sion of ABCA1 to address whether ABCA1 facilitates choles-
terol transport at the apical or the basolateral membrane
of the cell, at the time a very controversial question (26).
The results were clear. ABCA1 facilitated the basolateral
efflux of cholesterol to endogenously synthesized or exog-
enously supplied apoA-I. Thus, as in other cells, intestinal
ABCA1 was responsible for nascent HDL particle forma-
tion and played no role in disposing of cholesterol back into
the lumen. Other studies have since confirmed our obser-
vations (27–29). What was not clear from our earlier study,
however, was the cellular origin of the HDL-cholesterol
transported by ABCA1. Because intestinal ABCA1 might
be an important target to enhance HDL-cholesterol produc-
tion, the present study was performed in an attempt to elu-
cidate the cellular pool of cholesterol that is used as
substrate for ABCA1 and HDL production.
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EXPERIMENTAL PROCEDURES

Materials
[3H]cholesterol (48.3 Ci/mmol) and [3H]mevalonolactone

(33 Ci/mmol) were obtained from Perkin Elmer Life Sciences (Bos-
ton, MA). Protease inhibitor cocktail, sodium taurocholate, Tri Re-
agent, brefeldin A, monensin, U18666A, imipramine, Wortmannin,
nigericin, nocodazole, monoclonal anti-b-actin antibody pro-
duced in mouse, and clone AC-15 were from Sigma Chemicals
(St. Louis, MO). Rabbit polyclonal anti-human ABCA1 was from
Cayman Chemicals (Ann Arbor, MI). Mouse monoclonal anti-
human ABCA1 antibody was from Abcam Inc. (Cambridge, MA).
The bicinchoninic protein assay kit, stabilized goat anti-mouse
HRP-conjugated antibody, and superSignal west femto maximum
sensitivity substrate chemiluminescent detection kit were from
Pierce Biotechnology, Inc. (Rockford, IL). The ACAT inhibitor
PD128042 was a generous gift from Brian Krause, Parke-Davis Phar-
maceutical Division, Warner-Lambert Co. (Pfizer, Inc.). T0901317
was a gift from Tularik, Inc. (San Francisco, CA). Human apoA-I
was purchased from Meridian Life Science, Inc. (Saco, ME). The
Amplex Red Cholesterol Assay Kit was obtained from Invitrogen
(Carlsbad, CA). Ezetimibe was purchased from Sequoia Research
Products (Pangbourne, Berkshire, UK). The microsomal triglyc-
eride transfer protein (MTP) inhibitor BMS-201038 was a gift from
Bristol Myers Squibb (New Brunswick, NJ). Lovastatin was a gift
from Merck (Rahway, NJ).

Cell culture
Caco-2 cells were cultured in T-75 flasks (Corning Glassworks,

Corning, NY) in DMEM (GIBCO, Grand Island, NY) with 4.5 g/l
glucose and supplemented with 10% FBS (Atlanta Biologicals, Nor-
cross, GA), 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin. Once the flasks reached 80% confluency, the cells
were split and seeded at a density of 0.2 3 105 cells/well onto
polyester membranes (0.4 mm pore size, 24 mm diameter) in-
serted into transwells (Costar, Cambridge, MA). Cells were fed
every other day and were used 14 days after seeding.

Micelle preparation
Appropriate volumes of ethanol stock solutions containing

taurocholate and individual lipids were evaporated under nitro-
gen, and the dried lipids were dissolved in DMEM. The resulting
solution was stirred vigorously at 37°C until clear.

Estimation of efflux of [3H]cholesterol and cholesterol
mass into basal medium

Caco-2 cells were incubated for 18 h with 1.5 ml 10% FCS-
DMEM containing 2.5 mCi [3H]cholesterol to uniformly label
cellular cholesterol. Radiolabeled cholesterol was added to the
apical medium in ethanol (,0.5%, final concentration). To re-
move unincorporated labeled cholesterol, the filter insert was
washed twice with DMEM and transferred to a new 6-well plate.
The basal medium was replaced with 2.5 ml DMEM containing
3 mg/ml apoA-I. The cells were then incubated at 37°C in 1.5 ml
DMEM, on the apical side, containing 0 or 2 mM T0901317,
0.05 mM MTP inhibitor, BMS-201038, and/or other treatments
as described below. An aliquot (0.2 ml) of the basal medium was
removed at the indicated time to measure basal efflux. An equal
amount of the basal medium was replenished with fresh me-
dium. The radioactivity recovered at each time point was used
to calculate the percent of [3H]cholesterol effluxed into the
basal medium. At the end of the incubation, the basal medium
was collected and a sample was taken to estimate the percent of
[3H]cholesterol effluxed into the medium. The remaining basal
medium was extracted with 2.5 ml hexane-isopropyl alcohol-water

(3:2:0.1; v/v/v). The hexane layer was removed, and the aqueous
lower phase was extracted once again with 2 ml hexane. The com-
bined hexane extracts were used for estimation of unesterified
cholesterol mass by the Amplex Red method in the absence of
cholesterol esterase according to the protocol described by the
manufacturer. As a blank, cholesterol mass was estimated in an
equal amount of basal medium from wells that were not exposed
to cells, and this value was subtracted from the experimental val-
ues. The apical medium was removed, and the cells were washed
two times with 1.5 ml cold DMEM. Cell lipids were extracted with
1.5 ml hexane-isopropyl alcohol-water (3:2:0.1; v/v/v). A portion
of the lipid extract was taken and counted in a Packard liquid
scintillation counter to determine total cholesterol label. Another
portion was taken to estimate unesterified cholesterol mass by the
Amplex Red method. In some experiments, the remaining lipid
extract was separated by TLC on a silica gel G plate (250 mm;
Uniplate, Analtech, Inc., Newark, DE), using a solvent system
containing hexane-diethyl ether-acetic acid (90:10:1; v/v/v). Cho-
lesterol and cholesteryl ester bands were localized by authentic
standards, scraped from the plate, and counted.

Efflux of cholesterol taken up from micelles
Caco-2 cells were incubated at 37°C for 18 h in 1.5 ml of apical

medium containing 0 or 2 mM T0901317 in 10% FCS-DMEM to
upregulate the expression of ABCA1. At the end of this incuba-
tion, the apical medium was replaced with a micellar solution
containing 5 mM taurocholate and 0.05 mM [3H]cholesterol
(2.5 mCi cholesterol/dish). T0901317 was added back to the
dishes that had it originally. The basal medium was replaced with
2.5 ml DMEM containing 3 mg/ml apoA-I. At specified times, the
amount of labeled cholesterol taken up and the amount recov-
ered in the basal medium were estimated. The amount of choles-
terol mass was also estimated.

Efflux of newly synthesized cholesterol
Cells were incubated at 37°C for 18 h in 1.5 ml apical medium

containing 0 or 2 mM T0901317 in DMEM to upregulate the
expression of ABCA1. During the second incubation to measure
efflux, the basal medium was replaced with 2.5 ml DMEM con-
taining 3 mg/ml apoA-I. Radiolabeled mevalonate 6 2 mM
T0901317 was added to the apical medium (10 mCi [3H]MVA/
dish), and the incubation was continued for 3, 6, or 18 h. At the
end of the indicated time period, basal medium and cells were
analyzed for labeled cholesterol. The lipids were extracted twice
with a chloroform-methanol mixture (water-methanol-chloroform;
0.9:1:1; v/v/v). The combined chloroform phase from two ex-
tractions was washed two times with a water-methanol mixture
(1:1; v/v) to completely remove unincorporated [3H]MVA. A
small aliquot was taken and counted to determine total sterol
synthesis. The remaining lipid extract was used to isolate choles-
terol on a silica gel TLC plate using hexane-diethylether-acetic
acid (80:20:1, v/v/v). Radioactivity in the cholesterol fraction
was determined using a Packard liquid scintillation counter.

RNA estimation by real-time quantitative RT-PCR
RNA was extracted from cells and subjected to DNase treat-

ment followed by reverse transcription for 4 h at 50°C with Super-
Script III (Invitrogen). The transcriptase was inactivated for 15 min
at 70°C. The cDNA was mixed with the appropriate primers (Ta-
ble 1) for the gene and 23 Sybr Green PCR master mix (Applied
Biosystems), and the real-time RT-PCR was performed using a
BIO-RAD Chromo4 real-time PCR detector system. The thermal
cycler parameters were: hold for 2 min at 50°C and 10 min at
95°C for one cycle, followed by amplification of cDNA for 45 cy-
cles with melting for 15 s at 95°C and annealing and extension for

2606 Journal of Lipid Research Volume 49, 2008
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1 min at 60°C. In this real-time PCR procedure, using Sybr Green
dye, the mass of PCR product generated is estimated after each
PCR cycle, and threshold cycle number is determined in the ex-
ponential phase of the curve. The values were normalized using
18S rRNA as endogenous internal standard. The relative expression
of the gene was calculated using the comparative CT method (30).

Immunoblot analysis of ABCA1
Cells were incubated at 37°C for 18 h in 1.5 ml of apical medium

containing 0 or 2 mM T0901317 and the indicated amounts of
other compounds. Cells were washed and harvested in 1 ml DMEM
buffer. Cells were sedimented at 16,000 g, 5 min, and the pellet
was taken in 0.15 ml of RIPA buffer [50 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% so-
dium deoxycholate, and 0.1% SDS] containing protease inhibitors.
The cell suspension was sonicated for 10 s, followed by centri-
fugation at 16,000 g for 10 min. The supernatant was collected,
and an equal amount of protein (40 mg) was applied to the
SDS-PAGE and transferred to an Immobilon-P polyvinylidene di-
fluoride (PVDF) membrane (Millipore, Bedford, MA). After rins-
ing in TBS (25 mM Tris-HCl, pH 7.5, 150 mM sodium chloride),
the membrane was air-dried for 15 min, washed with water and
methanol (1:1; v/v), followed by methanol alone. After drying for
10 min at room temperature, the blot was incubated at room tem-
perature for 1 h with the mouse monoclonal anti-human ABCA1
and monoclonal anti-b-actin antibody diluted 2,000-fold in TBS
containing 0.05% Tween-20 and 5% nonfat dry milk (Blotto).
After washing in TBS containing Tween-20, the membrane was
then incubated at room temperature for 1 h with goat anti-mouse
antibody cross-linked to HRP (stock 10 mg/ml) diluted 2,500-fold
in Blotto. The membrane was washed thoroughly in TBS con-
taining Tween-20, and HRP was detected with superSignal west
femto maximum sensitivity substrate chemiluminescent detection
kit (Pierce). Equal loading of the samples was ensured by using
an equal amount of protein per sample and by density of actin
band on the blot.

ABCA1 mass was determined by immunoprecipitation with rab-
bit polyclonal anti-human ABCA1 antibody followed by Western
blotting using anti-human ABCA1 mouse monoclonal antibody.
Briefly, the cells were washed and harvested in 0.5 ml of RIPA
buffer containing protease inhibitors. The cell suspension was son-
icated for 10 s, followed by centrifugation at 16,000 g for 10 min.
The supernatant was collected, and an equal amount of protein
(200 mg) was taken for immunoprecipitation with 1 mg rabbit
polyclonal anti-human ABCA1 antibody. This mixture was incu-
bated overnight at 4°C with gentle mixing. Ten microliters of
protein A/G slurry was added to the immunocomplexes and in-
cubated at 37°C for 4 h. The mixture was centrifuged at 2,500 g
for 10 min to sediment the complex. The supernatant was dis-
carded, and 5 ml of 0.1 M glycine-HCl, pH 3.5, followed by 15 ml
of 53 Laemmli sample buffer was added to dissociate the antigen-

antibody complex. This mixture was applied quantitatively to the
SDS-PAGE and transferred to an Immobilon-P PVDF membrane
(Millipore). The Western blot analysis for ABCA1was performed
as described above.

Other analyses
Protein content was estimated using the bicinchoninic acid as-

say kit (Pierce). One-way ANOVA with Tukeyʼs post test or un-
paired t-test was performed to compare the treatments using
GraphPad Prism version 4 for Windows (GraphPad Software,
San Diego CA).

RESULTS

Apical membrane cholesterol influx increases
ABCA1-mediated HDL-cholesterol transport

To address whether cholesterol influx from the apical
membrane of intestinal cells contributes to ABCA1-mediated
HDL formation, cells that were cultured on membranes
separating an upper and lower well were labeled with cho-
lesterol overnight to uniformly label all cholesterol pools.
To drive apical membrane cholesterol into the cell, tauro-
cholate micelles containing increasing concentrations of un-
labeled cholesterol were added to the apical medium. As
a cholesterol acceptor, all dishes contained apoA-I in the
basolateral medium. In this experiment and all subsequent
experiments, an MTP inhibitor, BMS-201038, was added to
all dishes to prevent triglyceride-rich lipoprotein assembly
and secretion. This MTP inhibitor, and one similar, pre-
vents apoB and associated triglyceride and cholesterol
secretion without altering ABCA1-mediated cholesterol ef-
flux (26, 29). To enhance ABCA1 expression, another set
of cells was incubated with micelles and the nonsterol LXR
agonist T0901317. After an 18 h incubation, the amount of
labeled apical membrane cholesterol esterified within cells
(Fig. 1A), together with the amount of unesterified cho-
lesterol label (Fig. 1B) and cholesterol mass (Fig. 1C) re-
covered in the basolateral medium, was estimated. In cells
incubated in the absence of the LXR agonist (open bars),
the amount of labeled cholesterol recovered in the baso-
lateral medium increased in a concentration-dependent
manner in response to the influx of micellar cholesterol
(Fig. 1B). Analysis by TLC indicated that the labeled choles-
terol recovered in the basolateral medium was essentially
all unesterified. Uptake of micellar cholesterol resulted in

TABLE 1. Primers for real-time PCR

Primer Name Sequence Accession Number

ABCA1- F 5′-ATG-TCC-AGT-CCA-GTA-ATG-GTT-CTG-T-3′ XM_032950.3
ABCA1- R 5′-CGA-GAT-ATG-GTC-CGG-ATT-GC-3′
ABCG1- F 5′-TGC-ATC-CGG-CGA-GTA-CG-3′ AY048757
ABCG1- R 5′-TCT-GAG-TCA-CAC-ATG-CCC-TCC-3′
HMG-CoA synthase- F 5′-TTT-CCT-CTG-GTG-CCG-CTC-3′ NM_001098272
HMG-CoA synthase- R 5′-GCA-GTC-TCC-AGG-TCT-GTC-ACT-G-3′
SREBP-1c- F 5′-GGA-GGG-GTA-GGG-CCA-ACG-GCC-T-3′ GI 409404
SREBP-1c- R 5′-CAT-GTC-TTC-GAA-AGT-GCA-ATC-C-3′
18S- F 5′-TAA-GTC-CCT-GCC-CTT-TGT-ACA-CA-3′ M33069
18S- R 5′-GAT-CCG-AGG-GCC-TCA-CTA-AAC-3′

Intestinal HDL-cholesterol 2607
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the influx of apical membrane cholesterol to ACAT as cellu-
lar labeled cholesteryl esters increased in parallel fashion.

The results differed, however, in the presence of an LXR
agonist (Fig. 1A, hatched bars). As expected, in the absence
of cholesterol, the LXR agonist significantly increased the
basolateral efflux of labeled cholesterol (Fig. 1B). Adding
increasing concentrations of micellar cholesterol to the
apical medium, however, did not promote additional ef-
flux. Thus, the differences observed in efflux between
the two groups diminished; and in fact, at the highest con-
centration of micellar cholesterol (200 mM), the amount
of labeled cholesterol recovered in the basolateral well was
similar in cells incubated with or without the LXR ago-
nist. Although fewer cholesteryl esters were formed in cells
incubated with the LXR agonist compared with controls
[an observation noted before (26)], cholesteryl esters did
increase in cells incubated with micellar cholesterol, sug-

gesting that apical membrane cholesterol was trafficking
to ACAT (Fig. 1A).

When the amount of cholesterol mass recovered in the
basolateral medium was estimated (Fig. 1C), the results
were similar. In the absence of the LXR agonist, the
amount of unesterified cholesterol recovered in the baso-
lateral medium was significantly increased in cells incu-
bated with 100 mM or 200 mM micellar cholesterol. In
cells incubated with the LXR agonist but without micellar
cholesterol, the basolateral efflux of cholesterol mass was
increased approximately 5-fold. Adding 5 mM or 25 mM
of micellar cholesterol did not significantly alter the
amount of cholesterol mass recovered in the basolateral
medium. At 100 mM or 200 mM of cholesterol, the amount
of cholesterol mass recovered was modestly increased. As
observed in the results using radiolabeled cholesterol,
the differences in efflux observed between the two groups
diminished with increasing concentrations of micellar cho-
lesterol influx.

There are two possible but not mutually exclusive expla-
nations for these results. Enhanced influx of apical mem-
brane cholesterol (displaced by the uptake of micellar
cholesterol) is transported to the ABCA1 cholesterol pool
and is effluxed into the basolateral medium; and/or, en-
hanced influx of apical membrane cholesterol causes an
increase in ABCA1 expression, which in turn, facilitates
the efflux of more cholesterol.

To test the latter possibility, ABCA1 gene expression
(Fig. 1D) and protein expression (Fig. 1E) were estimated
in cells from the above experiment. In the absence of the
LXR agonist, ABCA1 gene and protein expression in-
creased in a step-wise fashion in cells incubated with increas-
ing concentrations of micellar cholesterol. In the absence
of micellar cholesterol, the LXR agonist significantly
increased the expression of ABCA1. Adding increasing
concentrations of micellar cholesterol, however, did not sig-
nificantly further increase its gene or protein expression.
These results essentially mirror those observed with choles-
terol efflux, suggesting that changes in ABCA1 expression
could explain the changes observed in cholesterol efflux.
Whether apical membrane cholesterol contributes directly
to the ABCA1 cholesterol pool remains in question and will
be addressed below.

Cholesterol taken up from micelles is not a direct substrate
for ABCA1-mediated HDL production

It has been suggested that the intestinal “HDL pathway”
may serve as an alternative pathway for cholesterol absorp-
tion (17, 29, 31). To address whether luminal cholesterol
taken up by the enterocyte enters the ABCA1 pathway and
HDL formation, cells were first incubated for 18 h with the
LXR agonist to enhance ABCA1 expression. Cells incu-
bated without the LXR agonist served as controls. The cells
were then incubated for 15, 30, 60, or 120 min with tauro-
cholate micelles containing 50 mM labeled cholesterol.
Over this time course, the amount of labeled cholesterol
within cells and that recovered in the basolateral medium
was estimated. The results are shown in Fig. 2. The amount
of micellar cholesterol taken up was similar in cells incu-

Fig. 1. Effect of micellar cholesterol on ABCA1-mediated efflux
of endogenous cholesterol. Caco-2 cells were labeled for 18 h with
2.5 mCi of [3H]cholesterol. After labeling, cells were washed and
placed in new wells with the basal medium containing 3 mg/ml apo-
lipoprotein A-I (apoA-I). Increasing amounts of cholesterol solubi-
lized in 5 mM taurocholate micelles were added to the apical
medium with 0 (open bars) or 2 mM (hatched bars) of the liver
X receptor agonist T0901317. At the end of an 18 h incubation,
the following were estimated: (A) cellular [3H]cholesteryl esters;
(B) percent of [3H]cholesterol effluxed into the basal medium;
(C) cholesterol mass effluxed into the basal medium; (D) ABCA1
mRNA; (E) ABCA1 mass. The data represent the mean 6 SE of
6 dishes. * P , 0.05 versus cells incubated without cholesterol or
T0901317. § P , 0.05 versus cells incubated without cholesterol
but with T0901317.

2608 Journal of Lipid Research Volume 49, 2008
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bated with or without the LXR agonist (Fig. 2A, inset).
Thus, enhancing ABCA1 expression does not alter choles-
terol uptake from the lumen. Moreover, over the 2 h time
course, the amount of labeled micellar cholesterol recov-
ered in the basal medium (Fig. 2B, inset) was similar in
cells incubated in the presence or absence of the LXR
agonist, suggesting that luminal cholesterol had not yet
reached a pool of cholesterol that is exported by ABCA1.
The incubation was then continued for 6, 12, and 22 h to
determine at what time micellar cholesterol was entering
the ABCA1 pool and was available for efflux. By 6 h, and
certainly by 12 h and 22 h, the amount of labeled micellar
cholesterol recovered in the basal medium (Fig. 2B) was
significantly more in cells initially incubated with the
LXR agonist, suggesting that cholesterol taken up from
the lumen was reaching the ABCA1 pool, but only after
a delay of several hours. The amount of cell-associated la-
beled cholesterol remained similar throughout the 22 h
incubation (Fig. 2A). To verify that cholesterol efflux was
indeed enhanced in cells first incubated with the LXR ago-

nist, cholesterol mass recovered in the basal medium was
estimated (Fig. 2C). At each of the time points, more cho-
lesterol mass was recovered in the basal medium from cells
in which ABCA1 was first upregulated. These results sug-
gest that luminal micellar cholesterol does not directly traf-
fick to the ABCA1 pool and to HDL. The delay would
suggest that the cholesterol taken up is first incorporated
into the apical membrane before it eventually becomes
available to ABCA1 in the basolateral membrane.

Newly synthesized cholesterol contributes to
ABCA1-mediated HDL production

To address whether newly synthesized cholesterol con-
tributes to intestinal HDL-cholesterol, ABCA1 expression
was first enhanced by incubating cells with the LXR ago-
nist for 18 h (Fig. 3, triangles). Cells incubated without
the LXR agonist served as controls (Fig. 3, circles). Trace
amounts of labeled mevalonate were then added, and the
amount of labeled cholesterol within cells and that recov-
ered in the basolateral medium were estimated over 18 h.
In cells incubated with or without the LXR agonist, the
rates of mevalonate incorporation into cellular cholesterol
were similar. At 3 h, similar amounts of labeled cholesterol
were recovered in the basal medium in both treatment
groups. At 6 h and 18 h, however, the amount of newly

Fig. 3. Utilization of newly synthesized cholesterol for ABCA1-
mediated cholesterol efflux. ABCA1 expression was first enhanced
by incubating cells for 18 h in the presence (open triangles) or ab-
sence (open circles) of 2 mM T0901317. Following this incubation,
the basal medium was replaced with medium containing 3 mg/ml
apoA-I. The apical medium was replaced with medium containing
10 mCi [3H]mevalonate. T0901317 was added back to the cells that
had it originally. At the end of each time point indicated on the
X-axis, the amount of labeled cholesterol within cells and that re-
covered from the basal medium were estimated. The data represent
the mean6 SE of 8 dishes. *P , 0.05 versus cells incubated without
T0901317 at the corresponding time point by Studentʼs t-test.

Fig. 2. Utilization of cholesterol taken up from micelles for ABCA1-
mediated cholesterol efflux. ABCA1 expression was first enhanced
by incubating cells for 18 h in the presence (open triangles) or ab-
sence (open circles) of 2 mM T0901317. Following this incubation,
the basal medium was replaced with medium containing 3 mg/ml
apoA-I. The apical medium was replaced with medium containing
micelles consisting of 5 mM taurocholate and 50 mM [3H]cholesterol.
T0901317 was added back to the cells that originally had it. At the
end of each time point indicated on the X-axis, the amount of
labeled cholesterol taken up (A) and that recovered in the basal
medium (B) were estimated. Basal medium from two wells was
combined to estimate cholesterol mass (C). The data represent
the mean6 SE of 6 dishes. *P, 0.05 versus cells incubated without
T0901317 at the corresponding time point by Studentʼs t-test.
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synthesized cholesterol recovered in the basolateral me-
dium was significantly more in cells incubated with the
LXR agonist. At 18 h, approximately 5% of the newly
synthesized cholesterol could be recovered in the basal
medium (Fig. 3, bottom panel). Thus, newly synthesized
cholesterol contributes to the ABCA1 cholesterol pool
and is utilized for the production of HDL by the intestine.
The several hoursʼ delay in detecting ABCA1-mediated
efflux of newly synthesized cholesterol, however, suggests
initial incorporation of the sterol into the plasma mem-
brane prior to its transport by ABCA1. This possibility will
be addressed below.

We also asked whether cholesterol synthesis was re-
quired for ABCA1-mediated cholesterol efflux. Cells were
again labeled overnight with cholesterol to uniformly label
all cholesterol pools. They were then incubated for 18 h with
the LXR agonist in the presence or absence of 25 mM
lovastatin, a concentration that essentially prevents choles-
terol synthesis in Caco-2 cells (32, 33). Following the incu-
bation, the amount of cholesterol label and cholesterol
mass recovered in the basolateral medium was estimated
(Fig. 4). Preventing cholesterol synthesis with lovastatin
did not alter the amount of cholesterol label (Fig. 4, upper
panel) or mass (Fig. 4, lower panel) found in the basolat-
eral medium in response to LXR activation. These data,
taken together, suggest that newly synthesized cholesterol
contributes to ABCA1-mediated HDL-cholesterol (albeit,

after its probable incorporation into the apical membrane)
but that newly synthesized cholesterol is not required for
normal ABCA1-mediated HDL-cholesterol efflux to occur.

Cholesterol from both apical and basolateral membranes
contributes to HDL-cholesterol

From the above results, there is a suggestion that choles-
terol derived from the apical membrane may enter the
ABCA1 cholesterol pool and contribute to the formation
of HDL-cholesterol. To test this hypothesis, cells were la-
beled with cholesterol overnight to uniformly label all cho-
lesterol pools. Cholesterol was then extracted from either
the apical membrane or basolateral membrane by adding
increasing concentrations of cyclodextrin to the apical or
basolateral medium, respectively. After 2 h, the cells were
extensively washed and placed in new wells. ABCA1 ex-
pression was then enhanced by adding the LXR agonist.
Over the next 18 h, the efflux of labeled cholesterol and
cholesterol mass into the basolateral medium was esti-
mated. Figure 5 shows these results. The upper panel shows
the amount of cholesterol label and mass extracted from
the apical (left) and basal (right) membranes after 2 h
of incubation with cyclodextrin. With increasing concen-
trations of cyclodextrin, the amount of cholesterol extracted
from either the apical membrane or the basolateral mem-
brane increased. There was no loss of apical cholesterol by
cyclodextrin placed in the basal medium, and no loss of
basal cholesterol by cyclodextrin placed in the apical me-
dium (data not shown). The lower panel shows the
amount of cholesterol recovered in the basal medium in
response to the LXR agonist from cells in which choles-
terol was extracted from the apical (left) or the basolateral
(right) membrane. In both cases, the percent of labeled cho-
lesterol or cholesterol mass that was recovered in the basal
medium decreased in response to LXR activation. Thus, de-
pleting cholesterol in either the apical membrane or the
basolateral membrane resulted in less ABCA1-facilitated
efflux of cellular cholesterol. These results also suggest
two possible but not mutually exclusive explanations: cho-
lesterol derived from either membrane contributes to intes-
tinal HDL-cholesterol; and/or depleting either membrane
of cholesterol suppresses ABCA1 expression and attenuates
the efflux of cholesterol.

To address the latter possibility, the effect of cyclodex-
trin on ABCA1 gene expression and protein expression
was determined. Except for including a set of cells incu-
bated in the absence of both cyclodextrin and the LXR
agonist (to validate enhanced expression of ABCA1), and
using 1 mg/ml or 5 mg/ml of cyclodextrin, the protocol
described in Fig. 5 was followed. The results are shown
in Fig. 6. Extracting cholesterol from either the apical
membrane or the basal membrane did not alter ABCA1
mRNA levels (Fig. 6, left lower data). Likewise, ABCA1 mass
was not altered (Fig. 6, right data). In contrast, HMG-CoA
synthase mRNA, a gene responsive to the removal of cho-
lesterol, was significantly increased in cells incubated with
cyclodextrin (Fig. 6, upper left data). These combined re-
sults would suggest, therefore, that cholesterol contained
in both the apical membrane and the basal membrane

Fig. 4. Effect of inhibiting cholesterol synthesis on ABCA1-mediated
cholesterol efflux. Cells were labeled for 18 h with 2.5 mCi of [3H]
cholesterol. After labeling, cells were washed and placed in new
wells with the basal medium containing 3 mg/ml apoA-I. The cells
were then incubated with or without 2 mM T0901317 and in the
presence or absence of 25 mM lovastatin. At the end of 18 h, the
amount of cholesterol label and mass recovered in the basal me-
dium was estimated. The data represent the mean 6 SE of 6 dishes.
*P , 0.05 versus cells incubated with T0901317.
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of intestinal cells contributes to the pool utilized by ABCA1
for HDL-cholesterol production.

Cholesterol trafficking and ABCA1-mediated
cholesterol efflux

Filipin, a cholesterol-sequestering agent that binds to
cholesterol-rich domains of cellular membranes causing
disruption of raft structure and organization, was used to
interfere with the normal movement of plasma membrane
cholesterol (34–38). To explore whether disrupting raft
structure would affect ABCA1-mediated cholesterol efflux,
cells were incubated with labeled cholesterol overnight to
uniformly label all cholesterol pools. The cells were then
incubated with the LXR agonist and increasing concentra-
tions of filipin added to either the apical medium or the
basal medium. Following the incubation, the amount of
labeled cholesterol and cholesterol mass recovered in the
basolateral medium was estimated. Control incubations
were without filipin. The results are shown in Fig. 7. In a
concentration-dependent manner, the addition of filipin

to the apical medium significantly decreased the amount
of cholesterol mass and cholesterol label recovered in
the basal medium in response to LXR activation (Fig. 7,
diagonal bars). In contrast, filipin added to the basolateral
side was without effect (Fig. 7, horizontal bars). Similar to
what was observed with cyclodextrin, filipin did not alter
ABCA1 protein mass. To prove that filipin was not inter-
fering with the action of the LXR agonist, the observed in-
crease in mRNA levels for two other LXR target genes,
SREBP-1c and ABCG1, was not altered by the presence of
filipin (data not shown). Thus, filipin prevents apical mem-
brane cholesterol from reaching ABCA1 but not choles-
terol contained in the basolateral membrane.

We then asked whether filipin would interfere with the
basolateral efflux of newly synthesized cholesterol, because
most newly synthesized cholesterol is believed to traffick to
rafts of the apical membrane (as reviewed in Refs. 39, 40).
Thus, the experiment described in Fig. 3 was repeated in
the presence of 2 mg/ml filipin in the apical medium. These
results are shown in Fig. 8. After 18 h, the incorporation of

Fig. 5. Effect of depleting cholesterol from either
the apical or the basolateral membrane on ABCA1-
mediated cholesterol efflux. Cells were labeled for
18 h with 2.5 mCi of [3H]cholesterol. After labeling,
the indicated amounts of cyclodextrin were added
for 2 h to either the apical (left side of figure) or
basal (right side of figure) medium. Following this
2 h incubation, the amount of cholesterol label and
mass recovered from the apical (left upper panel) or
basal (right upper panel) medium was estimated. Fol-
lowing extensive washings, the basal medium was re-
placed with medium containing 3 mg/ml apoA-I. The
apical medium was replaced with medium containing
2 mM T0901317. At the end of 18 h, the amount of
cholesterol label and mass recovered in the basal
medium was estimated (bottom panels). The data
represent the mean 6 SE of 12 dishes. *P , 0.05
versus cells incubated without cyclodextrin but with
T0901317 by Studentʼs t-test.
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labeled mevalonate into cellular cholesterol was unaltered
by the presence of filipin (Fig. 8, upper panel). The efflux
of newly synthesized cholesterol by cells incubated with
filipin, however, was decreased by approximately 40%, com-
pared with controls (Fig. 8, lower panel). These results sup-
port the notion that newly synthesized cholesterol probably
trafficks to the apical plasma membrane before becoming
available for efflux via ABCA1, and they provide support
that apical membrane rafts supply cholesterol for intestinal
HDL production.

In Caco-2 cells, Niemann-Pick C1-like 1 protein (NPC1L1),
the putative apical membrane cholesterol transporter, fa-
cilitates the trafficking of apical membrane cholesterol to
the ACAT pool (41). Because the above results suggest that
apical membrane cholesterol, and perhaps more specifi-
cally, apical membrane raft cholesterol contributes to HDL-
cholesterol, it was questioned whether NPC1L1 had a role
in delivering cholesterol to ABCA1. To address this, cells
were incubated overnight with labeled cholesterol to uni-
formly label all cholesterol pools. The cells were then in-
cubated with the LXR agonist and the NPC1L1 inhibitor,
ezetimibe, at a concentration that significantly interferes
with trafficking of cholesterol (41). Following the incuba-
tion, the amount of labeled cholesterol and cholesterol
mass recovered in the basolateral medium was estimated
(Fig. 9). In another set of cells, ABCA1 mass and gene ex-
pression were also estimated. Inhibiting the action of

NPC1L1 by ezetimibe did not alter the amount of choles-
terol label (Fig. 9B) or mass (Fig. 9C) in response to LXR
activation, suggesting that NPC1L1 was not facilitating the
delivery of apical membrane cholesterol to ABCA1. As
expected, however, ezetimibe did interfere with the traf-
ficking of cholesterol to ACAT (Fig. 9A). Ezetimibe did
not alter ABCA1 mass or mRNA levels (data not shown).

There is evidence to suggest that ABCA1 shares a pool of
cholesterol with ACAT (39, 42). To address this, cells were
incubated overnight with labeled cholesterol to uniformly
label all cholesterol pools. The cells were then incubated
with the LXR agonist T0901317 in the presence or absence
of a potent ACAT inhibitor, PD128042. Following the in-
cubation, the percent of cholesterol esterified within cells
and the amount of labeled cholesterol and cholesterol
mass recovered in the basolateral medium were estimated.
In another set of cells, ABCA1 mass and gene expression
were also estimated. The results are shown in Fig. 10. Pre-
venting the esterification of cholesterol by almost 90% by
PD128042 (Fig. 10A) caused a modest increase in the
amount of cholesterol label (Fig. 10B) and mass (Fig. 10C)
recovered in the basolateral medium from these cells. In
the absence of the LXR agonist, ABCA1 mass was in-
creased 2-fold in cells incubated with the ACAT inhibitor.
In the presence of the LXR agonist, the ACAT inhibitor
did not increase ABCA1 mass above that observed for the
LXR agonist alone. ABCA1 mRNA levels were not signifi-
cantly altered by the presence of the ACAT inhibitor (data
not shown). These results would support the premise that
ACAT and ABCA1 share a common cholesterol pool.

Fig. 7. Effect of filipin on ABCA1-mediated cholesterol efflux.
Cells were labeled for 18 h with [3H]cholesterol. After labeling, cells
were washed and placed in new wells with the basal medium con-
taining 3 mg/ml apoA-I. Filipin was then added to either the apical
(diagonal bars) or the basal (horizontal bars) medium in the pres-
ence or absence of 2 mM T0901317 (added to the apical medium).
At the end of 18 h, the amount of cholesterol mass (lower panel)
and label (upper panel) recovered in the basal medium was esti-
mated. The data represent the mean 6 SE of 12 dishes. In another
set of cells, following the incubation, ABCA1 mass was estimated
(right side). The data represent the mean 6 SE of 4 dishes. *P ,
0.05 versus cells incubated without filipin but with T 0901317.

Fig. 6. Effect of depleting cholesterol from either the apical or the
basolateral membrane on expression of ABCA1 and HMG-CoA
synthase. The experimental design was exactly as described for
Fig. 5, except that either 1 mg/ml or 5 mg/ml of cyclodextrin
was used and a set of cells were incubated in the absence of cyclo-
dextrin but in the presence or absence of T0901317. Following the
incubation, ABCA1 mRNA and protein and HMG-CoA synthase
mRNA were estimated. The data represent the mean 6 SE of
6 dishes for mRNA estimation and mean 6 SE of 4 dishes for
protein. *P , 0.05 versus cells incubated without cyclodextrin but
with T0901317.
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Finally, various agents that interfere with normal vesicu-
lar and/or cholesterol trafficking were used to investigate
the importance of these pathways in ABCA1-mediated cho-
lesterol efflux. Their effect on ABCA1 mass was also deter-
mined. Figure 11 shows these results. Neither nocodazole,
which disrupts microtubule-mediated movement of vesi-
cles (43), nor Wortmannin, which interferes with early en-
docytic trafficking/fusion by inhibiting PI-3 kinase (44),
altered the amount of cholesterol mass recovered in the
basal medium in response to LXR activation. In contrast,
monensin and brefeldin A, agents that disrupt Golgi func-
tion (43, 45), nigericin, a potassium ionophore that inter-
feres with the function of acidic vesicles (45), and U18666A
and imipramine, hydrophobic amines that cause the accu-
mulation of cholesterol in the late endosomal compart-
ment, mimicking the phenotype of Niemann-Pick type C
(NPC) cells (43, 46), all significantly decreased ABCA1-
mediated cholesterol efflux. Monensin, brefeldin A, and
nigericin, however, significantly decreased ABCA1 mass.
In contrast, U18666A and imipramine did not. These results
do not permit implicating a role for normal Golgi or acidic
vesicle function in transporting cholesterol to ABCA1. The
significant attenuation of ABCA1 expression by these agents
could certainly explain their effect on cholesterol efflux. On
the other hand, U18666A and imipramine did not alter
ABCA1 mass. These results, therefore, could implicate a role
for NPC1 in delivering cholesterol to ABCA1 in intestine.

DISCUSSION

The results of this study show that in intestinal cells, the
influx of endogenous apical membrane cholesterol en-
hances gene and protein expression of ABCA1, resulting
in increased efflux of cellular cholesterol to apoA-I and
HDL production. After uptake of cholesterol from mi-
celles, however, micellar cholesterol itself is not directly
transported to the ABCA1 pool but is instead first in-
corporated into the apical membrane before it becomes
available for ABCA1-mediated efflux. Similarly, newly syn-
thesized cholesterol contributes to the ABCA1 pool and
HDL-cholesterol, but it, too, is first incorporated into the
apical membrane before it enters the ABCA1 cholesterol
pool. Thus, although intestinal HDL-cholesterol can come

Fig. 8. Effect of filipin on ABCA1-mediated newly synthesized cho-
lesterol efflux. ABCA1 expression was first enhanced by incubating
cells for 18 h in the presence or absence of 2 mM T0901317. Follow-
ing this incubation, the basal medium was replaced with medium
containing 3 mg/ml apoA-I. The apical medium was replaced with
medium containing 10 mCi [3H]mevalonate with or without 2 mg/ml
filipin. T0901317 was added back to cells that had it originally. At
the end of 18 h, the amount of labeled cholesterol found within
cells (upper bars) and that recovered in the basal medium (lower
bars) were estimated. The data represent the mean6 SE of 4 dishes.
*P , 0.05 versus cells incubated without filipin but with T0901317.

Fig. 9. Effect of ezetimibe on ABCA1-mediated cholesterol efflux.
Cells were labeled for 18 h with [3H]cholesterol. After labeling, cells
were washed and placed in new wells with the basal medium con-
taining 3 mg/ml apoA-I. The cells were then incubated for 18 h in
the presence (hatched bars) or absence (open bars) of 2 mM
T0901317 and with or without 25 mM ezetimibe. At the end of the
incubation, the percent of cholesterol esterified within cells (A) and
the amount of cholesterol label (B) and mass (C) recovered in the
basal medium were estimated. The data represent the mean 6 SE
of 6 dishes. *P , 0.05 versus cells incubated without ezetimibe or
T0901317. §P , 0.05 versus cells incubated without ezetimibe but
with T0901317. #P , 0.05 versus cells incubated with ezetimibe but
without T0901317.
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from newly synthesized cholesterol or cholesterol taken up
from micelles, it is ultimately cholesterol contained within
the apical and basolateral plasma membranes that is uti-
lized by ABCA1. Moreover, it appears that it is cholesterol
contained within specialized microdomains, or rafts, of
the apical membrane that trafficks to ABCA1. ABCA1-
mediated cholesterol efflux and intestinal HDL production
are independent of normal NPC1L1 function, cholesterol
synthesis, and microtubular function. NPC1 protein, how-
ever, may play a role in delivering cholesterol to ABCA1
in intestine.

With the discovery of ABCA1 and delineation of its role
in facilitating cholesterol efflux and HDL formation (12,
13), it was initially proposed that intestinal ABCA1 was in-
volved in cholesterol uptake and absorption (19). Over

time, however, it became clear that intestinal ABCA1 func-
tioned at the basolateral membrane, facilitating the ef-
flux of cholesterol to apoA-I and producing nascent HDL
particles. It played no role in facilitating the uptake of
luminal cholesterol into the cell or its efflux back into the
lumen, thought to be mediated by ABCG5/ABCG8 (47),
and only a minor role in the absorption of cholesterol
(28, 48, 49). In an elegant study performed in mice spe-
cifically lacking only intestinal ABCA1, it was found that
the intestine contributed approximately 30% of the total
plasma HDL-cholesterol (17). It was also observed that
within 2 h of gavaging labeled cholesterol to these animals,
the transport of cholesterol from the lumen to plasma, or
more specifically to plasma HDL, was decreased by ap-
proximately 35% (similar to the overall decrease observed
in HDL). Moreover, less labeled cholesterol was found in
liver and more was retained within the intestine. In con-
trast, transport of dietary cholesterol into lymph was unaf-
fected. It was concluded that cholesterol uptake from the

Fig. 10. Effect of ACAT inhibition on ABCA1-mediated cholesterol
efflux. Cells were labeled for 18 h with [3H]cholesterol. After label-
ing, cells were washed and placed in new wells with the basal me-
dium containing 3 mg/ml apoA-I. The cells were then incubated
for 18 h in the presence (hatched bars) or absence (open bars)
of 2 mM T0901317 and with or without 2.6 mM of an ACAT inhibi-
tor, PD128042. At the end of the incubation, the percent of choles-
terol esterified within cells (A) and the amount of cholesterol label
(B) and mass (C) recovered in the basal medium were estimated.
The data represent the mean 6 SE of 6 dishes. *P , 0.05 versus
cells incubated without PD128042 or T0901317. §P , 0.05 versus
cells incubated without PD128042 but with T0901317. #P , 0.05
versus cells incubated with PD128042 but without T0901317.

Fig. 11. Effect of various agents known to disrupt cellular choles-
terol trafficking on ABCA1-mediated cholesterol efflux and ABCA1
protein. Cells were incubated for 18 h with 10% FBS-DMEM. The
cells were washed and placed in new wells with the basal medium
containing 3 mg/ml apoA-I. The cells were then incubated for 18 h
with 2 mM T0901317 and the indicated amounts of the various
compounds. At the end of the incubation, the amount of choles-
terol mass recovered in the basal medium (A) was estimated. The
amount of cellular ABCA1 protein (B) was estimated by immuno-
precipitation and immunoblot analysis as described in the Experi-
mental Procedures section. The data represent the mean 6 SE of
6 dishes for cholesterol mass or 4 dishes for ABCA1 protein. *P ,
0.05 versus control cells (with T0901317).
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lumen was not impaired in mice lacking intestinal ABCA1
but that transport of luminal cholesterol directly into plasma
was attenuated (17). Our results would agree in part.
ABCA1 does not facilitate the uptake of micellar choles-
terol into the cell, inasmuch as markedly enhancing the
expression of ABCA1 by an LXR agonist did not alter
the amount of cholesterol taken up. In our cells, however,
over a 2 h time period, cholesterol that was taken up from
micelles did not find its way to the ABCA1 pool, suggesting
that cholesterol taken up from the lumen was not being
directly shuttled to the basolateral membrane, the site of
ABCA1. Obviously, over time, the sterol taken up will even-
tually equilibrate with cholesterol contained within the
plasma membrane, the location of 80–90% of total cellu-
lar cholesterol. This exogenous dietary/biliary cholesterol
will then become substrate for either the chylomicron
or the HDL pathway. From our data, however, there does
not appear to be a direct cellular pathway by which lumi-
nal (dietary) cholesterol trafficks directly to ABCA1 and
HDL production.

In mouse models deficient in either ACAT2, ABCA1, or
a combined deficiency of ACAT2 and ABCA1, Temel et al.
(31) concluded that ABCA1 contributed minimally to
cholesterol absorption when ACAT2 was functional. In
the absence of ACAT2 (which resulted in a 3-fold increase
in intestinal ABCA1 expression), however, ABCA1 was able
to partially compensate by facilitating the transport of
more cholesterol into plasma, most likely through ABCA1-
dependent efflux of free cholesterol. From these results, it
is clear that compared with ABCA1, ACAT2 is more impor-
tant in facilitating the transport of cholesterol from the
intestinal lumen to plasma. Our results would agree. Po-
tently inhibiting intestinal ACATactivity did enhance ABCA1
mass and ABCA1-mediated cholesterol efflux, but the ef-
fects were modest. A more dramatic effect might have
been observed if the ACAT pathway had been “stressed”
by increasing the amount of cholesterol influx. Indeed,
in the study by Temel et al. (31), animals were fed a mod-
erate cholesterol diet (0.17%, w/w) so that the unesteri-
fied cholesterol pool within the intestinal cells of animals
deficient in ACAT2 was certain to be expanded. Despite
this, the observed difference in cholesterol absorption be-
tween the ACAT2- and ACAT2/ABCA1-deficient animals
was modest. In a previous study in Caco-2 cells (26), we ob-
served that with cholesterol influx, ABCA1 gene expres-
sion could be enhanced if ACAT activity was inhibited,
conditions that would favor accumulation of unesterified
cholesterol and an increase in ABCA1-mediated choles-
terol efflux. Nevertheless, it seems clear from our results
and those of others (31, 48, 50–52) that the pathway of
intestinal ABCA1-mediated cholesterol efflux and HDL
production is a “low-capacity” system and is not designed
for, nor meant for, transport of dietary cholesterol into the
body, even if the chylomicron pathway were to be dis-
rupted by interfering with NPC1L1, ACAT2, or MTP ac-
tivity. Thus, attempting to lower plasma cholesterol by
inhibiting cholesterol absorption through targeting intes-
tinal ABCA1 would be futile and, by lowering plasma
HDL, probably harmful.

Our results implicate cholesterol contained within the
apical membrane as a major source for ABCA1-mediated
cholesterol efflux. Moreover, the data suggest that it may
be cholesterol contained within “specialized microdo-
mains,” or rafts, of the apical membrane that supply cho-
lesterol to ABCA1. Filipin, an agent recognized to disrupt
raft function by binding to cholesterol-rich domains of cell
membranes, markedly attenuated ABCA1-mediated cho-
lesterol efflux when added to the apical medium. When
added to the basolateral medium, filipin was without ef-
fect. This makes sense. In polarized intestinal cells, rafts
are exclusively confined to the apical membrane (34). Be-
cause filipin did not alter the amount of ABCA1 protein,
the results suggest that filipin was preventing cholesterol
from reaching ABCA1. In an earlier study performed in
fibroblasts, Mendez et al. (35), found that ABCA1 did
not colocalize with membrane rafts and that disrupting raft
structure did not alter cholesterol efflux to apoA-I. These
investigators concluded that in fibroblasts, membrane rafts
do not supply cholesterol to the ABCA1-mediated efflux
pathway. The differences observed between the two studies
may simply be related to the cell type, i.e., an enterocyte
versus a fibroblast (certainly much different in function)
or perhaps polarized cell versus nonpolarized cell. In the
present study, it was possible to independently manipulate
either the apical membrane or the basolateral membrane
to investigate pathways involved in ABCA1-mediated cho-
lesterol efflux. There is another potential explanation. In
other cells studied, the activity of cholesterol efflux closely
parallels the level of expression of ABCA1 (53–55). This
suggests, and it is our impression as well, that the limiting
factor in ABCA1-mediated cholesterol efflux is related to
the amount of ABCA1 protein present in the basolateral
membrane. To investigate the contributions of different
pools of cellular cholesterol to the ABCA1-mediated path-
way, we have eliminated the possibility of ABCA1 being the
limiting factor by maximizing its expression with an LXR
agonist. If ABCA1 were limiting in the studies by Mendez
et al. (35), it may be difficult to demonstrate a decrease in
cholesterol efflux following disruption of raft function.

Although we suspect, as do others (56), that membrane
cholesterol in close proximity to ABCA1 is a substrate for
ABCA1-mediated efflux, our results are not conclusive. In
contrast to the results with filipin, cyclodextrin added to
either the apical or the basolateral side caused a significant
decrease in ABCA1-mediated cholesterol efflux. Because
ABCA1 mass was not altered by cyclodextrin, this might
suggest that cholesterol contained in both membranes
contributes to the ABCA1 efflux pathway. Cyclodextrin
added to the apical medium will disrupt raft structure
and function (57). Thus, it would be expected that these
results would parallel those of filipin, and they do. Adding
cyclodextrin to the basal medium and removing choles-
terol from the basolateral membrane should theoretically
decrease the availability of cholesterol to ABCA1, and in
fact, we did observe less efflux of ABCA1-mediated choles-
terol. We cannot exclude, however, the possibility that with
the extraction of cholesterol from the basolateral mem-
brane (the location of ABCA1), the ABC transporter is
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rendered dysfunctional. To our knowledge, there is no in-
formation concerning the membrane microenvironment
of ABCA1 and the role it might play in its function. Ob-
viously, further studies would be required to address this
issue. The observation that apical membrane cholesterol
did not replenish cholesterol extracted from the basolat-
eral membrane might suggest that ABCA1 was rendered
nonfunctional or that trafficking of apical membrane cho-
lesterol to the ABCA1 cholesterol pool occurs slowly.

There are several studies that imply that normal intracel-
lular cholesterol trafficking is critical in ABCA1-mediated
cholesterol efflux. Previous studies have suggested that
the Golgi apparatus is important in cholesterol efflux
(45, 58). Others have implicated NPC1 (59–61). Little is
known about the role of cholesterol trafficking and intes-
tinal HDL production. In the present study, there was lit-
tle question that agents known to disrupt Golgi function,
brefeldin A and monensin, caused a profound attenuation
of ABCA1-mediated cholesterol efflux. Although this could
imply that trafficking of cholesterol through this organelle
is important for cholesterol efflux, both agents significantly
decreased ABCA1 mass. Similarly, nigericin, a potassium
ionophore that alkalinizes acidic vesicles, disrupting their
function, profoundly decreased cholesterol efflux; but it,
too, markedly decreased ABCA1 mass. The mechanism
or mechanisms through which these agents decreased
ABCA1 mass is not clear. These results, however, do not
allow us to differentiate whether these agents are limiting
the supply of substrate for ABCA1, i.e., disrupting choles-
terol trafficking to ABCA1, or are just limiting ABCA1 mass.

It is clear from our results that the uptake of micellar
cholesterol leads to the influx of apical membrane cho-
lesterol and upregulation of ABCA1 gene and protein ex-
pression. These results agree with dietary studies in mice
showing that intestinal ABCA1 gene expression is enhanced
following the ingestion of cholesterol (62). Because cho-
lesterol itself is not thought to be a ligand for LXR, the re-
sults imply that oxysterols generated within the cell act as
the true ligand for LXR. Because dietary and/or biliary
cholesterol enhances intestinal ABCA1 expression, it would
seem to make sense that the apical cholesterol transporter
NPC1L1 (63–65) would have a role in regulating ABCA1
expression. Indeed, in animals that lack NPC1L1, the
expression of intestinal ABCA1 is attenuated (64), and
feeding an LXR agonist to mice lacking NPC1L1 fails to
normalize intestinal ABCA1 expression and raise plasma
HDL-cholesterol levels (66). These results imply that when
cholesterol uptake is attenuated by the absence of NPC1L1,
ABCA1 is limiting and/or insufficient cholesterol is avail-
able for ABCA1-mediated HDL production. What seems
clear from our results, however, is that NPC1L1 does not
facilitate the transport of apical membrane cholesterol to
ABCA1 in the basolateral membrane. Ezetimibe, an agent
that interferes with NPC1L1 function (65), did not alter
cholesterol efflux or ABCA1 expression. Because NPC1L1
facilitates the trafficking of apical membrane cholesterol to
ACAT (41), our results would suggest that this specific
pathway is not critical for normal HDL production by
the intestine. Our findings would support clinical observa-

tions showing that administration of ezetimibe does not
decrease HDL-cholesterol levels (67–70).

It has been observed in NPC disease fibroblasts that
ABCA1-mediated cholesterol efflux is attenuated (59, 60).
Although the exact function of the defective protein in this
disease, NPC1, is unknown, the disorder is characterized
by impaired cholesterol trafficking with the accumulation
of unesterified cholesterol in late endosomes/lysosomes
(71–75). It was suggested, therefore, that NPC1 plays a role
in providing ABCA1 with cholesterol for efflux. ABCA1
mass, however, is decreased in NPC cells (60). Moreover,
the defect in cholesterol efflux in these cells can be par-
tially but not completely reversed by an LXR agonist, up-
regulating ABCA1 expression (61). It could be argued that
ABCA1 mass is the limiting factor for cholesterol efflux in
NPC cells, independent of NPC1 and defects in cholesterol
trafficking. In our study, the hydrophobic amines U18666A
and imipramine, agents that mimic the cholesterol traffick-
ing defects found in NPC cells (as reviewed in Refs. 76–
78), caused attenuation of ABCA1-mediated cholesterol
efflux without altering ABCA1 mass. Thus, our results
would implicate a role for intestinal NPC1 in supplying
cholesterol to ABCA1. Moreover, implicating NPC1 would
explain why an LXR agonist could not completely abrogate
the attenuation of ABCA1-mediated cholesterol efflux ob-
served in NPC cells (61). One must use caution, however,
in interpreting results using inhibitors of cholesterol traf-
ficking. Further experiments, perhaps using Caco-2 cells
in which NPC1 expression has been attenuated, will be
required to confirm the role of NPC1 in intestinal HDL-
cholesterol transport.

Although not a direct substrate source for ABCA1, our
results demonstrate that approximately 5–6% of newly
synthesized cholesterol is eventually transported by ABCA1
to intestinal HDL-cholesterol. Hours elapsed, however,
before newly synthesized cholesterol was found in the ba-
solateral medium in response to LXR activation. If our pos-
tulate is correct, that it is membrane cholesterol that is the
final substrate source for ABCA1 transport, then it would
be expected that newly synthesized cholesterol is first trans-
ported to the plasma membrane before reaching the
ABCA1 pool. Indeed, in the presence of filipin in the api-
cal medium, the efflux of newly synthesized cholesterol
was significantly attenuated, suggesting that it was initially
trafficking to the apical membrane. This agrees with our
previous findings in Caco-2 cells (38), and those of others
in other cell types (73, 79–81), suggesting that most newly
synthesized cholesterol trafficks to the cell surface. Ob-
viously, following equilibration of the newly synthesized
cholesterol with membrane cholesterol, the newly synthe-
sized cholesterol will eventually enter the ABCA1 cholesterol
pool. The present data also suggest that newly synthesized
cholesterol is not required for intestinal HDL production.
Inhibiting cholesterol synthesis with lovastatin did not alter
ABCA1-mediated cholesterol efflux. This result makes
sense and supports animal and human data showing that
statins, potent inhibitors of cholesterol synthesis, either do
not significantly alter plasma HDL-cholesterol levels or
modestly increase them (82).
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The real importance of intestinal ABCA1 is that it
facilitates the basal efflux of cholesterol to apoA-I and
contributes to approximately 30% of the circulating HDL-
cholesterol (17). Targeting ways to enhance the production
of intestinal HDL-cholesterol would obviously be benefi-
cial. We postulated that if luminal (dietary or biliary) cho-
lesterol could be channeled to the ABCA1 pathway and
away from the chylomicron pathway, it would be possible
to divert luminal cholesterol from a potentially atherogenic
pathway to an anti-atherogenic pathway. Clearly, inhibiting
ACAT activity is not a rational approach. Despite previous
data (31, 52, 83, 84) and our present data, which show an
increase in ABCA1-mediated cholesterol efflux in cells in-
cubated with an ACAT inhibitor, this does not translate
clinically into higher plasma HDL-cholesterol levels. In
ACAT2-deficient animals, or in animals or humans treated
with ACAT inhibitors, HDL-cholesterol levels are unaltered
(52, 85–87). Likewise, ezetimibe, which disrupts choles-
terol trafficking from the apical membrane to ACAT by in-
terfering with NPC1L1, does not divert more cholesterol to
the HDL pathway. A different approach was used in a re-
cent study by Brunham et al. (88). These investigators fed
mice an intestinal-specific LXR agonist that increased in-
testinal ABCA1 gene expression by 6-fold and plasma
HDL-cholesterol levels by almost 50%. Because this agent
only targeted intestinal LXR, it did not cause fatty liver or
hypertriglyceridemia, serious side effects that limit the use
of nonspecific LXR agonists. It is clear, therefore, that if
the expression of intestinal ABCA1 can be upregulated
(in our opinion, the limiting factor in intestinal HDL pro-
duction), HDL-cholesterol levels will increase, having a fa-
vorable effect on atherosclerosis.
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