
Biochem. J. (2004) 377, 545–552 (Printed in Great Britain) 545

Liver-X-receptor-mediated increase in ATP-binding cassette transporter A1
expression is attenuated by fatty acids in CaCo-2 cells: effect on cholesterol
efflux to high-density lipoprotein
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The effect of fatty acids on LXR (liver X receptors)-mediated
enhancement of ABCA1 (ATP-binding cassette transporter A1)
expression and cholesterol efflux was investigated in human
intestinal cells CaCo-2. LXR activation by T0901317 increased
basolateral cholesterol efflux to lipoprotein particles isolated at
a density of 1.21 g/ml or higher. Oleic and arachidonic acids
attenuated the amount of cholesterol isolated from these particles.
Stearic, linoleic and docosahexaenoic acids also decreased cho-
lesterol efflux from basolateral membranes, with the polyun-
saturated fatty acids being the most potent. Although oleic,
arachidonic and docosahexaenoic acids modestly decreased
ABCA1 mRNA levels in response to LXR activation, stearic
and linoleic acids did not. Except for oleic acid, all fatty acids
substantially attenuated an increase in ABCA1 mass secondary to

LXR activation. Inhibiting acyl-CoA:cholesterol acyltransferase
activity prevented the decrease in cholesterol efflux caused by
oleic acid. Thus, in response to LXR activation, all fatty acids
decreased the efflux of cholesterol from the basolateral membrane
of CaCo-2 cells. Although modest suppression of ABCA1 gene
expression by oleic, arachidonic and docosahexaenoic acids
cannot be completely excluded as a mechanism, the predominant
effect of fatty acids on ABCA1 expression and cholesterol efflux
is at a post-transcriptional level.
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INTRODUCTION

Results from numerous epidemiological studies have documented
a reciprocal relationship between atherosclerotic coronary heart
disease and HDL (high-density lipoprotein) levels [1]. It is
believed that HDL plays a pivotal role in reverse cholesterol trans-
port, a process that delivers cholesterol from the arterial wall to the
liver for disposal [2–4]. By promoting efflux of excess cholesterol
from macrophages contained within the arterial wall, HDL pre-
vents the accumulation of cellular cholesteryl esters and foam-
cell formation. Cholesterol carried in HDL returns to the liver,
whereby the sterol is converted into bile acids and secreted into
bile [5,6]. Secreted bile acids enter the enterohepatic circulation
or are lost by faecal excretion. Loss of biliary cholesterol or bile
acids via the gastrointestinal tract constitutes the major pathway
for cholesterol elimination from the body.

Reverse cholesterol transport is facilitated by a cell-surface
transporter called ABCA1 (ATP-binding cassette transporter A1)
[7]. This transporter facilitates the efflux of cholesterol and phos-
pholipids to lipid-poor apolipoproteins, resulting in the formation
of nascent HDL particles [8–10]. Mutations in ABCA1 are res-
ponsible for the phenotype found in Tangier disease [11–14].
This rare disorder is characterized by severe HDL deficiency,
accumulation of cholesteryl esters in macrophages in various
tissues and premature atherosclerosis [15]. Thus it is clear that
ABCA1 is critical for the normal production of HDL.

ABCA1 gene is a target for the nuclear hormone transcription
factor, LXR (liver X receptor) [16,17]. LXR is believed to act as a
sterol sensor in cells up-regulating genes involved in cholesterol
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PPARα, peroxisome-proliferator-activated receptor-α; RT, reverse transcriptase; RXR, retinoid X receptor; SREBP-1c, sterol-regulatory-element-binding
protein 1c.

1 To whom correspondence should be addressed (e-mail f-jeffrey-field@uiowa.edu).

elimination when cells are faced with excess sterols. LXR is
activated by the binding of specific oxysterols and, after ligand
activation, the LXR forms obligate heterodimers with RXRs
(retinoid X receptors), which then enhance the transcription of
such genes as those for cholesterol 7α-hydroxylase, lipoprotein
lipase, cholesteryl ester transfer protein, SREBP-1c (sterol-
regulatory-element-binding protein 1c) and other ABC sterol
transporters, such as ABCG1, ABCG5 and ABCG8 [18,19].

Besides being expressed in macrophages and parenchymal cells
of several organs, ABCA1 and LXR mRNAs are highly expressed
in intestine, suggesting that these proteins might play a role in
intestinal cholesterol metabolism [20,21]. Indeed, in an earlier
study, enhanced expression of ABCA1 was initially thought to
inhibit cholesterol absorption by facilitating efflux of enterocyte
cholesterol back out into the lumen [16]. More recent results in
cell culture and in animal models of ABCA1 gene non-function/
dysfuction, however, indicate that ABCA1 functions at the baso-
lateral, not the apical, membrane of the intestinal cell and is not the
sterol transporter responsible for inhibiting cholesterol absorption
[22–24]. Moreover, these latter studies increase the possibility
that ABCA1 is responsible for nascent HDL production by the
intestine.

Fatty acid flux through the intestine is substantial. After re-
esterification, most of these absorbed fatty acids are transported
as triacylglycerols or cholesteryl esters in triacylglycerol-rich
lipoproteins. However, results also suggest that certain dietary
fatty acids also affect HDL levels. In particular, polyunsatu-
rated fatty acids, which are recommended in lieu of dietary
saturated fatty acids, have been shown to decrease HDL levels
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[25]. Thus, in light of what we know, this could have an adverse
effect on reverse cholesterol transport and atherosclerosis. Since
the reason why polyunsaturated fatty acids should lower HDL
is not clear, and since the intestine is probably a major source
of nascent HDL, we set out to investigate whether specific fatty
acids regulate intestinal ABCA1 expression, cholesterol efflux
and HDL production. Using the cultured human intestinal cell
line, CaCo-2, we demonstrate that in response to LXR activation,
fatty acids decreased the basolateral efflux of cholesterol to
nascent HDL particles. Although some fatty acids modestly
decreased ABCA1 gene expression, the major effect of fatty acids
on ABCA1 expression was a decrease in its mass. In contrast, oleic
acid decreased cholesterol efflux not by interfering with ABCA1
expression, but by decreasing the amount of cholesterol available
for efflux.

MATERIALS AND METHODS

Materials

[3H]Cholesterol (48.3 Ci/mmol) was purchased from Perkin-
Elmer Life Sciences (Boston, MA, U.S.A.). Delipidated foetal
calf serum was from Intracel (Issaquah, WA, U.S.A.). Protease
inhibitor cocktail, TRI Reagent, human apolipoprotein A1
(apoA1), HDL from human plasma, goat anti-rabbit polyclonal
antibody–horseradish peroxidase, oleic acid, stearic acid, HDL
and fatty acid-free BSA were from Sigma Chemicals (St. Louis,
MO, U.S.A.). Arachidonic acid and docosahexaenoic acid were
from Cayman Chemicals (Ann Arbor, MI, U.S.A.). The MTP
(microsomal triacylglycerol transfer protein) inhibitor, BMS-
201038, was a gift from Bristol Myers Squibb (New Brunswick,
NJ, U.S.A.). T0901317 was a gift from Tularik (South San
Francisco, CA, U.S.A.). Anti-human ABCA1 rabbit polyclonal
antibody was purchased from Novus Biochemicals (Littleton, CO,
U.S.A.).

Cell culture

CaCo-2 cells were cultured in T-75 flasks (Corning Glassworks,
Corning, NY, U.S.A.) in Dulbecco’s minimum essential medium
(Gibco, Grand Island, NY, U.S.A.) with 4.5 g/l glucose, and
supplemented with 10 % (v/v) foetal bovine serum (Atlanta
Biologicals, Norcross, GA, U.S.A.), 2 mM glutamine, 100 units/
ml penicillin, 100 µg/ml streptomycin and 50 µg/ml gentamicin.
Once the flasks reached 80 % confluency, the cells were split
and seeded at a density of 2 × 105 cells/well on to polycarbonate
micropore membranes (0.4 µm pore size, 24 mm diameter)
inserted into transwells (Costar, Cambridge, MA, U.S.A.). Cells
were fed on alternate days and were used 14 days after seeding.

To prepare fatty acid/BSA solutions, appropriate volumes of the
fatty acid stock solution were dried under nitrogen with equimolar
amounts of sodium hydroxide and taken up in a sufficient amount
of M199 containing BSA to obtain the desired final concentra-
tion of the fatty acid. The molar ratio of fatty acid to BSA was
maintained at 4:1. The resulting solution was stirred vigorously
at 37 ◦C until clear and then added to cells.

Real-time RT (reverse transcriptase)–PCR

DNase-free RNA was extracted from cells and subjected to reverse
transcription for 4 h at 50 ◦C with SuperScript III (Invitrogen,
Carlsbad, CA, U.S.A.). After inactivation for 15 min at 70 ◦C, the
reverse-transcribed RNA with the appropriate primers for ABCA1
(forward primer 5′-ATGTCCAGTCCAGTAATGGTTCTGT-3′

and reverse primer 5′-CGAGATATGGTCCGGATTGC-3′,
NM 005502.2) or 18 S rRNA (forward primer 5′-TAAGTCCC-

TGCCCTTTGTACACA-3′ and reverse primer 5′-GATCCGAG-
GGCCTCACTAAAC-3′, K03432) were mixed with the 2 × Sybr
Green PCR master mix (Applied Biosystems, Foster City, CA,
U.S.A.) and subjected to real-time RT–PCR using an Applied
Biosystems model 7000 sequence detection system.

ABCA1 mass

After the incubation, cells were rinsed with PBS, scraped and
lysed with buffer C (10 mM Hepes/1.5 mM magnesium chloride/
10 mM potassium chloride/1 mM EDTA/1 mM EGTA, pH 7.4)
containing 1 mM 4-(2-aminoethyl)benzenesulphonyl fluoride,
0.8 µM aprotinin, 21 µM leupeptin, 36 µM bestatin, 15 µM
pepstatin A, 14 µM E-64, 22.7 µM N-acetyl-leucyl-leucyl-
norleucinal and 1.1 mM dithiothreitol. Cell homogenates were
centrifuged for 30 min at 100 000 g, and the pellet containing total
membranes was resuspended in 100 µl of buffer C containing pro-
tease inhibitors. After sonication for 20 s, 100 µg of membrane
proteins in 1× Laemmli sample buffer was separated by SDS/
PAGE on an 8 % porous gel [26] and transferred to an Immo-
bilon-P PVDF membrane (Millipore, Bedford, MA, U.S.A.).
After rinsing in Tris-buffered saline (TBS) (25 mM Tris/HCl,
pH 7.5/150 mM sodium chloride), the membrane was air-dried
for 15 min, washed with water/methanol (1:1, v/v), followed
by methanol alone. After drying for 10 min under vacuum at
room temperature (25 ◦C), the membrane was incubated for
1 h with anti-human ABCA1 rabbit polyclonal antibody. The
antibody was diluted 600-fold in TBS containing 0.05 % Tween-
20, 2 % non-fat dry milk and 1 % goat serum (Blotto). After
washing with TBS containing Tween-20, the membrane was then
incubated for 1 h with goat anti-rabbit antibody cross-linked to
horseradish peroxidase and diluted 100 000-fold in Blotto. The
membrane was washed thoroughly in TBS containing Tween-20,
and horseradish peroxidase was detected using SuperSignal West
Femto Maximum Sensitivity Substrate chemiluminescent detec-
tion system (Pierce Endogen, Rockford, IL, U.S.A.).

Cholesterol efflux

Cells were labelled for 24 h with 2.5 µCi/well [3H]cholesterol in
the presence of 1 % delipidated foetal calf serum and M199. After
extensive washing to remove unincorporated labelled cholesterol,
treatments were added to the upper chambers, whereas the
lower chambers received M199 alone. In some experiments,
human apoA1 (15 µg/2.5 ml) was added to the lower well.
In all experiments, 0.1 µM MTP inhibitor, BMS-201038, was
added together with the treatments apically. The MTP inhibitor
completely prevented the increase in secretion of triacylglycerol
and mass of apoB in response to 1 mM oleic or arachidonic
acid. After 24 h of incubation with the treatments, media from
both chambers were collected. Apical media were centrifuged at
17 320 g for 2 min to remove cell debris. Aliquots from the media
were taken for radioactivity counting to estimate [3H]cholesterol
efflux, both apically and basally. After rinsing the cells with PBS,
cell lipids were extracted with hexane/isopropyl alcohol/water
(30:20:1, by vol.). Organic extracts from cells were dried under
nitrogen, taken up in 1 ml of chloroform, and aliquots were taken
for counting to estimate cell-associated [3H]cholesterol. In some
experiments, cell lipids were separated by TLC to estimate the
amount of labelled unesterified and esterified cholesterol [22].

Other analyses

Protein content was estimated using the BCA kit (Pierce Endogen,
Rockford, IL, U.S.A.). Using SAS software, statistical analysis
was performed by linear mixed model analysis followed by
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Figure 1 Effect of oleic and arachidonic acids on cholesterol efflux

Cells were prelabelled for 24 h with 2.5 µCi/well [3H]cholesterol in the presence of 1 %
delipidated foetal calf serum. After thorough washing to remove unincorporated label, the medium
containing 1 µM T0901317 (0.02 % DMSO) and indicated amounts of oleic or arachidonic acid
complexed with BSA (4 mol of fatty acid/mol of BSA) were added to the upper chambers. MTP
inhibitor (0.1 µM) was included in apical media of all experiments. The lower chambers con-
tained M199 alone. After 24 h, lipids in media collected from both chambers and from cells
were extracted and the amounts of unesterified cholesterol were estimated as described in the
Materials and methods section. Unesterified cholesterol in basal medium is expressed as a
percentage of total labelled cholesterol in cells and media recovered from both upper and lower
chambers (2.52 × 106 d.p.m./dish). The closed symbols represent the means from experiment
no. 1 with n = 2 dishes at each concentration. The open symbols represent the means from
experiment no. 2 with n = 3 dishes for each concentration. The lines are drawn through the
means for the two experiments. The data were subjected to linear mixed model analysis followed
by Bonferroni’s test to determine significance between treatments at each concentration. a,
P < 0.05 versus control without fatty acids; b, P < 0.05 versus T0901317 + 18:1.

Tukey’s T test for comparison of the treatments (Figures 2–6).
For results shown in Figure 1, Bonferroni-adjusted P value was
used instead for comparison of the treatments. The results shown
in Figure 2 (right panel) were analysed by one-way ANOVA using
SigmaStat software.

RESULTS

Fatty acids decrease basolateral cholesterol efflux

In CaCo-2 cells, activation of LXR enhances efflux of cellular
cholesterol from the basolateral membrane [22]. In these cells
and in other cell types, fatty acids have been shown to interfere
with activation of the LXR pathway [27–29]. Since intestinal
cells are exposed to high concentrations of dietary and biliary
fatty acids, we determined whether an increase in fatty acid flux
would alter cholesterol efflux in response to LXR activation. To
address this initially, two common and representative dietary fatty
acids, oleic and arachidonic acid, were studied. CaCo-2 cells were
prelabelled with cholesterol and incubated with the LXR agonist,
T0901317, in the presence or absence of increasing concentrations
of the two fatty acids. The amount of cellular cholesterol that

Figure 2 Effect of fatty acids on cholesterol efflux

The experiment was performed as described in Figure 1. After thorough washing to remove
unincorporated label, 0.25 mM BSA alone or together with 1 mM stearic (T + 18:0), oleic
(T + 18:1), linoleic (T + 18:2), arachidonic (T + 20:4) or docosahexaenoic (T + 22:6) acids
was added to the upper chambers. Except for control dishes, 1 µM T0901317 (T) was added to
the apical medium together with the fatty acids. In another set of dishes, apoA1 (15 µg/2.5 ml)
was added to the lower wells. Unesterified cholesterol in basal medium is expressed as a
percentage of total labelled cholesterol in cells and media recovered from both upper and lower
chambers (2.14 × 106 d.p.m./dish). Left panel: values represent the means +− S.E.M. for three
separate experiments with 3–4 dishes for each treatment per experiment. Right panel: values
represent the means +− S.E.M. for three dishes. a, P < 0.05 versus BSA control; b, P < 0.05
versus T0901317; c, P < 0.05 versus T + 18:0; d, P < 0.05 versus T + 18:1.

effluxed into the basolateral medium was estimated. To eliminate
the contribution of cholesterol associated with triacylglycerol-
rich lipoprotein secretion, an MTP inhibitor, BMS 201038, at
a concentration of 0.1 µM, was added to the apical medium of
this experiment and all subsequent experiments. In the presence
of either 1 mM oleic or arachidonic acid, the MTP inhibitor
completely prevented the increase in secretion of triacylglycerol
or apoB mass (results not shown). Figure 1 shows the results of this
experiment. At concentrations of 50 or 100 µM, neither fatty acid
interfered with the basolateral efflux of cholesterol in response to
T0901317. At concentrations of 250 µM or above, however, both
fatty acids decreased cholesterol efflux. Arachidonic acid was
more potent than oleic acid in attenuating the effect of the LXR
agonist. Cholesterol efflux into the apical medium was not altered
by either the LXR agonist or the fatty acids (results not shown).
In the absence of T0901317, approximately equal amounts of
cholesterol label were recovered in the upper and lower chambers,
ranging from 1 to 2% of total cellular cholesterol label.

To examine the specificity (or non-specificity) of this effect,
cells were incubated with T0901317 and fatty acids of various
chain lengths and saturation. After the incubation, the amount
of labelled cholesterol that effluxed basolaterally was again esti-
mated (Figure 2, left panel). All fatty acids tested attenuated the
effect of the LXR agonist on cholesterol efflux. Compared with
the saturated and monounsaturated fatty acids, stearic and oleic
acid, the polyunsaturated fatty acids, linoleic, arachidonic and
docosahexaenoic acids, appeared to be relatively more effective
in suppressing cholesterol efflux.

We have previously shown that in response to LXR activation,
cholesterol efflux into the basolateral medium is enhanced in the
absence of exogenously added apoA1 as a cholesterol acceptor
[22]. It was assumed that CaCo-2 cells constitutively secrete
endogenous apoA1 that then acts as a sterol acceptor. To ensure
that this remained true under conditions of fatty acid flux, apoA1
was added to the lower wells and the experiment was repeated
(Figure 2, right panel). Compared with control dishes without
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Figure 3 Effect of oleic and arachidonic acids on the efflux of cholesterol
to lipoproteins isolated in the HDL density range

The experiment was performed as described in Figure 1. After thorough washing to remove
unincorporated label, 0.25 mM BSA alone (open bars) or together with 1 µM T0901317 (rising
right bars), 1 µM T0901317 + 1 mM of oleic acid (T0901317 + 18:1) (diagonal cross-hatch
bars) or 1 µM T0901317 + arachidonic acid (T0901317 + 20:4) (rising left bars) was added
to the upper chambers. The lower chambers contained 35 µg of HDL per ml of M199. At the
end of 24 h, the basal medium was collected and the density was adjusted to 1.063 g/ml with
solid KBr. The medium was centrifuged at 314 000 g for 18 h in a TLA-100.2 rotor using a
Beckman Optima TL tabletop ultracentrifuge. At the end of the centrifugation, 20 % of the volume
at the top was removed (VLDL + LDL fraction). The density of the subnatant was then adjusted
to 1.21 g/ml by the addition of solid KBr. After a second centrifugation at 314 000 g for 18 h,
the top 20 % of the volume was collected (HDL fraction). Radioactivity in the isolated fractions
and 1.21 g/ml subnatant was determined. The Figure shows a representative experiment of two
having similar results. The values represent the average of two dishes and the range is shown
by open and closed symbols.

apoA1, basolateral cholesterol efflux was increased in dishes
containing apoA1. Similar to what was observed in the absence
of added apoA1, however, all fatty acids suppressed cholesterol
efflux in response to LXR activation, with polyunsaturated fatty
acids being relatively more potent.

Oleic and arachidonic acids decrease the efflux of cholesterol
to lipoproteins isolated in the HDL density range

It is believed that the bulk of circulating HDL originates from
liver and intestine [30,31]. We have postulated that cellular
cholesterol, effluxing from the basolateral membrane of CaCo-
2 cells in response to LXR activation, represents cholesterol in
nascent HDL particles [22]. To address this, cells were labelled
with cholesterol and incubated with T0901317 in the presence
or absence of oleic or arachidonic acid. After the incubation, the
density of the basolateral medium was adjusted to 1.063 g/ml.
After centrifugation, lipoproteins floating at this density were
collected and the density of the remaining medium was readjusted
to 1.21 g/ml. After another centrifugation, lipoproteins floating at
this density and the subnatant were collected. The amount of
labelled cholesterol recovered in these fractions was estimated.
The results are shown in Figure 3. Most of the label was recovered

Figure 4 Effect of fatty acids on ABCA1 gene expression

Cells were incubated for 24 h with 0.25 mM BSA alone or together with 1 mM of stearic (T +
18:0), oleic (T + 18:1), linoleic (T + 18:2), arachidonic (T + 20:4) or docosahexaenoic
(T + 22:6) acids added to the upper chambers. Except for control dishes, 1 µM T0901317 (T)
was added to the apical medium together with the fatty acids. After the incubation, total cellular
RNA was extracted and the abundances of ABCA1 mRNA and of 18 S rRNA were estimated
by real-time RT–PCR as described in the Materials and methods section. mRNA abundance
of ABCA1 was normalized to 18 S rRNA. The values represent the means +− S.E.M. for three
experiments. For each treatment 3–4 dishes were used per experiment. a, P < 0.05 versus BSA
control; b, P < 0.05 versus T0901317.

in lipoproteins isolated at density 1.21 g/ml or greater. In the
presence of an MTP inhibitor, very little labelled cholesterol was
found in lipoproteins isolated at a density of 1.063 g/ml or less.
The LXR agonist significantly increased the efflux of cellular
cholesterol to particles isolated at density 1.21 g/ml or greater.
Both oleic and arachidonic acid significantly attenuated the efflux
of cholesterol to these particles.

Effect of fatty acids on ABCA1 gene expression

ABCA1, a gene target of LXR, facilitates the efflux of cel-
lular cholesterol to apoA1 or lipid-poor HDL particles [8–10].
In CaCo-2 cells, LXR activation with either T0901317 or 22-
hydroxycholesterol/9-cis-retinoic acid increases ABCA1 expres-
sion [22]. Thus, to address a possible mechanism to understand
why fatty acids decrease cholesterol efflux, ABCA1 mRNA levels
were estimated in cells that were incubated with T0901317 and
fatty acids of different chain lengths and saturation. The results are
shown in Figure 4. As expected, the LXR agonist significantly
increased ABCA1 mRNA levels. None of the fatty acids, how-
ever, caused substantial changes to ABCA1 gene expression.
Statistically, oleic, arachidonic and docosahexaenoic acids signi-
ficantly decreased ABCA1 mRNA levels by approx. 20%. Since
the suppression of ABCA1 mRNA abundance by these fatty acids
was modest, and since stearic and linoleic acids had no significant
effect on gene expression, and yet both caused a decrease in
cholesterol efflux, the results suggested that the effects of the
fatty acids on cholesterol efflux could not be attributed to changes
in ABCA1 gene expression.
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Figure 5 Effect of fatty acids on ABCA1 mass

Cells were incubated with the fatty acids as described in Figure 4. After the incubation, cells
were rinsed with PBS, lysed, and total membranes isolated as described in the Materials and
methods section. Proteins were separated by SDS/PAGE and immunoblotted using a polyclonal
anti-ABCA1 antibody. The top of the Figure shows a representative immunoblot, with each lane
depicting a separate dish. For control, T0901317 (T), T + 18:1 and T + 20:4, the data are derived
from four separate experiments. For each treatment, 3–4 dishes were used per experiment. Data
for T + 18:0, T + 18:2 and T + 22:6 are from one experiment with n = 3. a, P < 0.05 versus
BSA control; b, P < 0.05 versus T0901317; c, P < 0.05 versus T + 18:1.

Effect of fatty acids on ABCA1 mass

We next addressed whether fatty acids altered ABCA1 mass in
response to LXR activation. Cells were incubated with T0901317
or T0901317 and the various fatty acids. After the incubation,
ABCA1 mass was estimated by immunoblotting. The results
are shown in Figure 5. A representative immunoblot is shown
above the bar graph, with each lane representing a separate dish.
Similar to what we and others have observed before, the antibody
against ABCA1 detects two bands at approx. 220 kDa [32]. LXR
activation consistently and reproducibly increased the intensity
of the lower band in all experiments. Although in this blot, LXR
activation modestly increased the intensity of the upper band,
this was not a consistent finding in all experiments. ABCA1 mass
was estimated by determining the intensity of the lower band.
Stearic, arachidonic and docosahexaenoic acids markedly reduced
ABCA1 mass in response to LXR activation. Linoleic acid also
significantly suppressed ABCA1 mass, but the effect was more
modest. In distinct contrast with the other fatty acids, oleic acid
did not alter the mass of ABCA1.

Effect of oleic acid on esterification of plasma membrane
cholesterol

Since oleic acid did not alter ABCA1 mass, but did suppress
cholesterol efflux in response to LXR activation, another ex-
planation for the effect of oleic acid on cholesterol efflux was

pursued. Previous observations have suggested that ACAT (acyl-
CoA:cholesterol acyltransferase) and ABCA1 utilize the same
pool of membrane cholesterol as substrate [22]. In addition,
compared with other fatty acids, oleic acid is the preferred
substrate for cholesteryl esterification by ACAT [33,34]. Thus we
postulated that oleic acid was promoting the flux of membrane
cholesterol to ACAT, directing it away from ABCA1. This would
make less cholesterol available for ABCA1 and lead to diminished
cholesterol efflux. We addressed this possibility in the following
manner. Cells were prelabelled with cholesterol and incubated for
18 h with T0901317 and either 1 mM oleic or arachidonic acid.
After the incubation, the percentage of cellular cholesterol that
was esterified was estimated. In cells incubated with the LXR
agonist alone, between 6 and 8% of cellular cholesterol was
esterified. In cells incubated with oleic acid, approx. 16–20%
was esterified, compared with only 6–7% in cells incubated
with arachidonic acid. Thus, compared with arachidonic acid,
oleic acid was directing at least twice the amount of membrane
cholesterol to ACAT for esterification. If this were the explanation
for the observed decrease in cholesterol efflux by oleic acid,
preventing cholesterol esterification should reverse the inhibitory
effect of oleic acid on cholesterol efflux. To test this, cells
were prelabelled with cholesterol and incubated with T0901317,
T0901317 and oleic acid, or T0901317, oleic acid and a potent
ACAT inhibitor, PD128042. After the incubation, the percentage
of cellular cholesterol esterified and the percentage of cholesterol
recovered in the basolateral well were estimated in the presence or
absence of apoA1 added to the lower well. Figure 6 shows these
results. The results were similar whether apoA1 was added to the
lower well (right panel) or not (left panel). The upper panels depict
the percentage of cellular cholesterol esterified. Addition of oleic
acid caused a 2–3-fold increase in the amount of cholesteryl esters
within cells. This increase, however, was completely prevented
in cells incubated with the ACAT inhibitor. The lower panels in
Figure 6 depict the percentage of cholesterol effluxed. In response
to LXR activation, cholesterol efflux was attenuated 25–30%
by oleic acid. In cells incubated with oleic acid and the ACAT
inhibitor, however, the percentage of cholesterol efflux was similar
to cells incubated with the LXR agonist alone. These results
suggest that oleic acid probably decreases cholesterol efflux by
diverting cholesterol away from ABCA1 and towards ACAT.

DISCUSSION

The results of the present study clearly demonstrate that an in-
crease in fatty acid flux decreases the efflux of cellular cholesterol
from the basolateral membrane of CaCo-2 cells in response to
LXR activation. Although all the fatty acids tested suppressed
efflux, the effect was more pronounced with polyunsaturated
fatty acids. In previous studies performed in CaCo-2 cells and
other cell lines, it has been demonstrated that fatty acids, speci-
fically unsaturated fatty acids, interfere with LXR activation
[27–29]. In HEK-293 cells and rat hepatoma cells, unsaturated
fatty acids decreased gene expression of SREBP-1c, another
recognized gene target of LXR [28,29]. In CaCo-2 cells, we also
showed evidence for attenuation of SREBP-1c gene expression
by an influx of polyunsaturated fatty acids and postulated that the
mechanism was probably an interference of LXR activation by
the fatty acids [27]. Thus it seemed logical that if these fatty acids
interfered with LXR activation, other gene targets of LXR would
similarly be affected.

ABCA1, a sterol transporter critical for facilitating cholesterol
efflux, is such a gene target. In intestine, there is clear evidence,
both in vitro and in vivo, that LXR activation enhances the
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Figure 6 Effect of ACAT inhibition on cholesterol efflux

After labelling the cells with [3H]cholesterol as described in Figure 1, cells were washed and
incubated for 18 h with 1 µM T0901317, T0901317 and 1 mM oleic acid, or T0901317,
oleic acid, plus 4 µg/ml of the ACAT inhibitor, PD128042. In some of the dishes, apoA1,
15 µg/2.5 ml, was added to the lower well. After the incubation, the amount of label found
in cellular cholesteryl ester (upper panels) and the amount of cholesterol effluxed into the
lower well (lower panels) were estimated. The total cholesterol radioactivity in cells and media
was 2.66 × 106 d.p.m./dish for experiments without apoA1 and 3.5 × 106 d.p.m./dish for
experiments with apoA1. The closed symbols represent the mean from experiment no. 1 and the
open symbols represent the mean from experiment no. 2. For each treatment, three dishes were
used per experiment. The bar height represents the mean of the two experiments. a, P < 0.05
versus control; b, P < 0.05 versus T0901317; c, P < 0.05 versus T + 18:1.

expression of ABCA1 [16,22–24]. We previously demonstrated
in CaCo-2 cells that the LXR-mediated increase in ABCA1
mass was secondary to an increase in transcription of the
ABCA1 gene [22]. Thus, in the present study, we postulated that
polyunsaturated fatty acids would predominantly interfere with
transcription of ABCA1 in response to LXR activation. Our results
demonstrate clearly that this is not the case. Stearic, arachidonic
and docosahexaenoic acids essentially prevented the increase in
ABCA1 mass in response to LXR activation, and yet the effects
of the fatty acids on ABCA1 gene expression were either non-
existent or modest at best. Thus these results suggest that these
fatty acids exert their suppressive effects on ABCA1 mass at a
post-transcriptional step. While we were performing our studies,
Wang and Oram [32] showed in macrophages that unsaturated
fatty acids enhanced the rate of degradation of ABCA1 mass
without altering ABCA1 gene expression. It is clear, therefore,
that fatty acids alter LXR-mediated events at several different
levels of regulation.

In the present study, we elected to activate LXR to enhance both
ABCA1 expression and cholesterol efflux to investigate the regu-
lation of this LXR-mediated process by fatty acids. In the absence
of LXR activation, estimation of ABCA1 mass is difficult, and

with treatments that could potentially (and did) suppress the mass
of ABCA1 further, estimation of ABCA1 protein would have been
even more difficult. It is possible, therefore, that by simultaneously
activating LXR by T0901317, a fatty acid-induced inhibition of
ABCA1 transcription could have been masked. For the LXR
target gene, SREBP-1c, this was found to be true [28]. In FTO-
2B cells, LXR activation by T0901317 completely prevented the
attenuation of SREBP-1c gene expression by fatty acids. Thus,
in the present study, LXR activation may have masked the effect
of fatty acids on ‘basal’ ABCA1 gene expression. This, however,
cannot explain our present findings. All fatty acids decreased
cholesterol efflux in response to LXR activation, without changing
or only modestly attenuating ABCA1 gene expression.

Synthesized agonists of peroxisome-proliferator-activated
receptor-α (PPARα) enhance the expression of ABCA1, probably
through an LXR pathway [35–37]. Since non-esterified fatty
acids, particularly polyunsaturated fatty acids, are natural ligands
of PPARα [38,39], it could be postulated that fatty acid flux
through an intestinal cell might activate PPARα and, thus, enhance
ABCA1 expression and basolateral cholesterol efflux. PPARs play
a critical role in regulating the oxidation machinery for fatty
acids [40,41]. In the small intestine, however, we and others have
demonstrated that fatty acid oxidation is a minor pathway of fatty
acid metabolism [42–44]. The predominant fate of fatty acids in
the upper gut is esterification and transport. Since esterified fatty
acids are not ligands for PPARα, it is not probable that under
normal conditions PPARs play a significant role in the fatty acid
metabolism in this organ. Moreover, our present results are in
contrast with what would have been expected with an increase
in fatty acid flux, i.e. enhanced ABCA1 expression by activation
of a PPARα pathway. In fact, just the opposite was observed.
Fatty acids attenuated ABCA1 expression. In our experiments,
however, we cannot completely exclude the possibility that fatty
acid flux might regulate PPARα and ABCA1 expression, as all
of our experiments were performed in the presence of a very
potent LXR activator that could potentially obscure any PPARα-
enhancing effect on ABCA1 expression. Additional work will
be necessary to address the role of PPARs in regulating ABCA1
expression and cholesterol trafficking in small intestine.

Results observed with oleic acid are surprising. They provide
yet another mechanism for regulating cholesterol efflux and HDL
formation by the intestine, a mechanism that is independent
of ABCA1 expression. As we have postulated previously [22],
results of the present study suggest that ACAT and ABCA1 utilize
the same cholesterol substrate pool within the cell. Oleic acid, by
directing a substantial amount of plasma membrane cholesterol
to ACAT, clearly decreases the available pool of cholesterol for
ABCA1. This results in a decrease in basolateral cholesterol efflux
and HDL formation. If this observation can be applied to the
in vivo situation, it would indicate that diets enriched in oleic
acid would preferentially promote intestinal cholesterol secre-
tion in triacylglycerol-rich lipoproteins and less cholesterol
secretion in nascent HDL. Because of the major contribution of
the liver to plasma VLDL (very-low-density lipoprotein) and HDL
cholesterol, this hypothesis would have to be tested in lymph-
cannulated animals. To our knowledge, this has not been done.

Whether SREBP-1c or ABCA1 is investigated as gene targets
of LXR, it seems clear that all fatty acids are not equal in
interfering with LXR-mediated events. From combined results
of previous reports, the pattern of inhibition clearly favours
unsaturated fatty acids over saturated fatty acids and, in most
studies, polyunsaturated fatty acids over monounsaturated fatty
acids [27–29,32]. This has been generally true for our studies
in CaCo-2 cells. In our previous study, neither stearic nor oleic
acid altered mass or gene expression of SREBP-1c, whereas
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polyunsaturated fatty acids profoundly decreased both mass and
gene expression. In addition, oleic acid did not interfere with
LXR-mediated enhancement of SREBP-1c gene expression [27].
In the present study, in response to LXR activation, oleic acid
also had little or no effect on ABCA1 gene or protein expression,
whereas the polyunsaturated fatty acids markedly decreased
ABCA1 mass. Unlike the previous study, however, in which
stearic acid did not alter SREBP-1 mass, the saturated fatty
acid unequivocally decreased the mass of ABCA1 in the present
study. We do not have a good explanation for this. Although
others have observed interference of LXR-mediated activation by
stearic acid [28], it was attributed to the conversion of stearic into
oleic acid by stearoyl-CoA desaturase-1. Obviously, this cannot
be implicated in our study, as the effects of stearic and oleic acid
on ABCA1 expression differed significantly. Caution should be
used, therefore, in making generalizations about the effects of
certain fatty acids on LXR-mediated events, as it seems to be
partially dependent on cell type and the gene target of interest.

ABCA1 functions at the basolateral membrane of the intestinal
cell facilitating the transfer of cellular cholesterol to apoA1, an
apoprotein that is secreted by the intestine [22,23]. It is postulated
that intestinal ABCA1 is critical for nascent HDL formation by the
intestine [30]. The present findings suggest, therefore, that an in-
crease in fatty acid flux, but particularly polyunsaturated fatty
acid flux, will cause a decrease in HDL cholesterol derived from
intestine. Indeed, it has been demonstrated in several studies that
diets enriched with either monounsaturated or polyunsaturated
fat cause a modest decrease in plasma HDL [45]. By attenuating
the expression and/or activity of intestinal ABCA1, the results
of the present study provide at least a partial explanation as
to why an increase in dietary unsaturated fatty acids decreases
HDL levels. Although a decrease in intestinal HDL production
by a diet enriched in unsaturated fatty acids might be considered
detrimental, the decrease in HDL does not translate into increased
risk for atherosclerosis. In fact, the opposite occurs. Since
LDL (low-density lipoprotein) cholesterol levels decrease even
further by diets enriched in unsaturated fat, the HDL/LDL ratio
remains favourable. Numerous clinical studies have demonstrated
that diets enriched in unsaturated fats significantly reduce
cardiovascular events [45–48].

This work was supported by the Department of Veterans Affairs.

REFERENCES

1 Gordon, D. J., Probstfield, J. L., Garrison, R. J., Neaton, J. D., Castelli, W. P., Knoke, J. D.,
Jacobs, Jr, D. R., Bangdiwala, S. and Tyroler, H. A. (1989) High-density lipoprotein
cholesterol and cardiovascular disease. Four prospective American studies. Circulation
79, 8–15

2 Fielding, C. J. and Fielding, P. E. (1997) Intracellular cholesterol transport (review).
J. Lipid Res. 38, 1503–1521

3 Tall, A. R. (1990) Plasma high density lipoproteins. Metabolism and relationship to
atherogenesis. J. Clin. Invest. 86, 379–384

4 Oram, J. F. (2002) Molecular basis of cholesterol homeostasis: lessons from Tangier
disease and ABCA1. Trends Mol. Med. 8, 168–173

5 Schwartz, C. C., Halloran, L. G., Vlahcevic, Z. R., Gregory, D. H. and Swell, L. (1978)
Preferential utilization of free cholesterol from high-density lipoproteins for biliary
cholesterol secretion in man. Science 200, 62–64

6 Robins, S. J. and Fasulo, J. M. (1997) High density lipoproteins, but not other
lipoproteins, provide a vehicle for sterol transport to bile. J. Clin. Invest. 99, 380–384

7 Oram, J. F. and Lawn, R. M. (2001) ABCA1. The gatekeeper for eliminating excess tissue
cholesterol. J. Lipid Res. 42, 1173–1179

8 Chambenoit, O., Hamon, Y., Marguet, D., Rigneault, H., Rosseneu, M. and Chimini, G.
(2001) Specific docking of apolipoprotein A-I at the cell surface requires a functional
ABCA1 transporter. J. Biol. Chem. 276, 9955–9960

9 Remaley, A. T., Stonik, J. A., Demosky, S. J., Neufeld, E. B., Bocharov, A. V., Vishnyakova,
T. G., Eggerman, T. L., Patterson, A. P., Duverger, N. J., Santamarina-Fojo, S. et al. (2001)
Apolipoprotein specificity for lipid efflux by the human ABCAI transporter.
Biochem. Biophys. Res. Commun. 280, 818–823

10 Oram, J. F. and Vaughan, A. M. (2000) ABCA1-mediated transport of cellular cholesterol
and phospholipids to HDL apolipoproteins. Curr. Opin. Lipidol. 11, 253–260

11 Rust, S., Rosier, M., Funke, H., Real, J., Amoura, Z., Piette, J. C., Deleuze, J. F., Brewer,
H. B., Duverger, N., Denefle, P. et al. (1999) Tangier disease is caused by mutations in the
gene encoding ATP-binding cassette transporter 1. Nat. Genet. 22, 352–355

12 Bodzioch, M., Orso, E., Klucken, J., Langmann, T., Bottcher, A., Diederich, W., Drobnik,
W., Barlage, S., Buchler, C., Porsch-Ozcurumez, M. et al. (1999) The gene encoding
ATP-binding cassette transporter 1 is mutated in Tangier disease. Nat. Genet. 22, 347–351

13 Brooks-Wilson, A., Marcil, M., Clee, S. M., Zhang, L. H., Roomp, K., van Dam, M., Yu, L.,
Brewer, C., Collins, J. A., Molhuizen, H. O. et al. (1999) Mutations in ABC1 in Tangier
disease and familial high-density lipoprotein deficiency. Nat. Genet. 22, 336–345

14 Bortnick, A. E., Rothblat, G. H., Stoudt, G., Hoppe, K. L., Royer, L. J., McNeish, J. and
Francone, O. L. (2000) The correlation of ATP-binding cassette 1 mRNA levels with
cholesterol efflux from various cell lines. J. Biol. Chem. 275, 28634–28640

15 Serfaty-Lacrosniere, C., Civeira, F., Lanzberg, A., Isaia, P., Berg, J., Janus, E. D., Smith, Jr,
M. P., Pritchard, P. H., Frohlich, J., Lees, R. S. et al. (1994) Homozygous Tangier disease
and cardiovascular disease. Atherosclerosis 107, 85–98

16 Repa, J. J., Turley, S. D., Lobaccaro, J. A., Medina, J., Li, L., Lustig, K., Shan, B., Heyman,
R. A., Dietschy, J. M. and Mangelsdorf, D. J. (2000) Regulation of absorption and
ABC1-mediated efflux of cholesterol by RXR heterodimers. Science 289, 1524–1529

17 Costet, P., Luo, Y., Wang, N. and Tall, A. R. (2000) Sterol-dependent transactivation of the
ABC1 promoter by the liver X receptor/retinoid X receptor. J. Biol. Chem. 275,
28240–28245

18 Edwards, P. A., Kast, H. R. and Anisfeld, A. M. (2002) BAREing it all. The adoption of lxr
and fxr and their roles in lipid homeostasis. J. Lipid Res. 43, 2–12

19 Schultz, J. R., Tu, H., Luk, A., Repa, J. J., Medina, J. C., Li, L., Schwendner, S., Wang, S.,
Thoolen, M., Mangelsdorf, D. J. et al. (2000) Role of LXRs in control of lipogenesis.
Genes Dev. 14, 2831–2838

20 Willy, P. J., Umesono, K., Ong, E. S., Evans, R. M., Heyman, R. A. and Mangelsdorf, D. J.
(1995) LXR, a nuclear receptor that defines a distinct retinoid response pathway.
Genes Dev. 9, 1033–1045

21 Repa, J. J. and Mangelsdorf, D. J. (2000) The role of orphan nuclear receptors in the
regulation of cholesterol homeostasis. Annu. Rev. Cell Dev. Biol. 16, 459–481

22 Murthy, S., Born, E., Mathur, S. N. and Field, F. J. (2002) LXR/RXR activation enhances
basolateral efflux of cholesterol in CaCo-2 cells. J. Lipid Res. 43, 1054–1064

23 Mulligan, J. D., Flowers, M. T., Tebon, A., Bitgood, J. J., Wellington, C., Hayden, M. R.
and Attie, A. D. (2003) ABCA1 is essential for efficient basolateral cholesterol efflux during
the absorption of dietary cholesterol in chickens. J. Biol. Chem. 278, 13356–13366

24 Plosch, T., Kok, T., Bloks, V. W., Smit, M. J., Havinga, R., Chimini, G., Groen, A. K. and
Kuipers, F. (2002) Increased hepatobiliary and fecal cholesterol excretion upon activation
of the liver X receptor is independent of ABCA1. J. Biol. Chem. 277, 33870–33877

25 Shepherd, J., Packard, C. J., Patsch, J. R., Gotto, Jr, A. M. and Taunton, O. D. (1978)
Effects of dietary polyunsaturated and saturated fat on the properties of high density
lipoproteins and the metabolism of apolipoprotein A-I. J. Clin. Invest. 61, 1582–1592

26 Doucet, J. P., Murphy, B. J. and Tuana, B. S. (1990) Modification of a discontinuous and
highly porous sodium dodecyl sulfate–polyacrylamide gel system for minigel
electrophoresis. Anal. Biochem. 190, 209–211

27 Field, F. J., Born, E., Murthy, S. and Mathur, S. N. (2002) Polyunsaturated fatty acids
decrease the expression of sterol regulatory element-binding protein-1 in CaCo-2 cells:
effect on fatty acid synthesis and triacylglycerol transport. Biochem. J. 368, 855–864

28 Ou, J., Tu, H., Shan, B., Luk, A., DeBose-Boyd, R. A., Bashmakov, Y., Goldstein, J. L. and
Brown, M. S. (2001) Unsaturated fatty acids inhibit transcription of the sterol regulatory
element-binding protein-1c (SREBP-1c) gene by antagonizing ligand-dependent
activation of the LXR. Proc. Natl. Acad. Sci. U.S.A. 98, 6027–6032

29 Hannah, V. C., Ou, J., Luong, A., Goldstein, J. L. and Brown, M. S. (2001) Unsaturated
fatty acids down-regulate SREBP isoforms 1a and 1c by two mechanisms in
HEK-293 cells. J. Biol. Chem. 276, 4365–4372

30 Attie, A. D., Kastelein, J. P. and Hayden, M. R. (2001) Pivotal role of ABCA1 in reverse
cholesterol transport influencing HDL levels and susceptibility to atherosclerosis.
J. Lipid Res. 42, 1717–1726

31 Haghpassand, M., Bourassa, P. A., Francone, O. L. and Aiello, R. J. (2001)
Monocyte/macrophage expression of ABCA1 has minimal contribution to plasma HDL
levels. J. Clin. Invest. 108, 1315–1320

32 Wang, Y. and Oram, J. F. (2002) Unsaturated fatty acids inhibit cholesterol efflux from
macrophages by increasing degradation of ATP-binding cassette transporter A1.
J. Biol. Chem. 277, 5692–5697

c© 2004 Biochemical Society



552 S. Murthy and others

33 Haugen, R. and Norum, K. R. (1976) Coenzyme-A-dependent esterification of cholesterol
in rat intestinal mucosa. Scand. J. Gastroenterol. 11, 615–621

34 Goodman, D. S., Deykin, D. and Shiratori, T. (1964) The formation of cholesteryl esters
with rat liver enzymes. J. Biol. Chem. 239, 1335–1345

35 Chinetti, G., Lestavel, S., Bocher, V., Remaley, A. T., Neve, B., Torra, I. P., Teissier, E.,
Minnich, A., Jaye, M., Duverger, N. et al. (2001) PPAR-α and PPAR-γ activators induce
cholesterol removal from human macrophage foam cells through stimulation of the
ABCA1 pathway. Nat. Med. 7, 53–58

36 Chawla, A., Boisvert, W. A., Lee, C. H., Laffitte, B. A., Barak, Y., Joseph, S. B., Liao, D.,
Nagy, L., Edwards, P. A., Curtiss, L. K. et al. (2001) A PPAR γ -LXR-ABCA1 pathway in
macrophages is involved in cholesterol efflux and atherogenesis. Mol. Cell 7, 161–171

37 Knight, B. L., Patel, D. D., Humphreys, S. M., Wiggins, D. and Gibbons, G. F. (2003)
Inhibition of cholesterol absorption associated with a PPAR-α-dependent increase in
ABC transporter A1 in mice. J. Lipid Res, in the press

38 Schoonjans, K., Staels, B. and Auwerx, J. (1996) Role of the peroxisome proliferator-
activated receptor (PPAR) in mediating the effects of fibrates and fatty acids on gene
expression. J. Lipid Res. 37, 907–925

39 Pawar, A. and Jump, D. B. (2003) Unsaturated fatty acid regulation of PPARa activity in rat
primary hepatocytes. J. Biol. Chem. 278, 35931–35939

40 Kersten, S., Seydoux, J., Peters, J. M., Gonzalez, F. J., Desvergne, B. and Wahli, W.
(1999) Peroxisome proliferator-activated receptor α mediates the adaptive response to
fasting. J. Clin. Invest. 103, 1489–1498

41 Leone, T. C., Weinheimer, C. J. and Kelly, D. P. (1999) A critical role for the peroxisome
proliferator-activated receptor α (PPARα) in the cellular fasting response: the PPARα-
null mouse as a model of fatty acid oxidation disorders. Proc. Natl. Acad. Sci. U.S.A.
96, 7473–7478

42 Murthy, S., Albright, E., Mathur, S. N. and Field, F. J. (1990) Effect of eicosapentaenoic
acid on triacylglycerol transport in CaCo-2 cells. Biochim. Biophys. Acta 1045,
147–155

43 Trotter, P. J. and Storch, J. (1991) Fatty acid uptake and metabolism in a human intestinal
cell line (Caco-2): comparison of apical and basolateral incubation. J. Lipid Res. 32,
293–304

44 Levin, M. S., Talkad, V. D., Gordon, J. I. and Stenson, W. F. (1992) Trafficking of
exogenous fatty acids within Caco-2 cells. J. Lipid Res. 33, 9–19

45 Sacks, F. M. and Katan, M. (2002) Randomized clinical trials on the effects of dietary fat
and carbohydrate on plasma lipoproteins and cardiovascular disease. Am. J. Med. 113
(Suppl. 9B), 13S–24S

46 Dayton, S. and Pearce, M. L. (1969) Prevention of coronary heart disease and other
complications of arteriosclerosis by modified diet. Am. J. Med. 46, 751–762

47 Leren, P. (1970) The Oslo diet-heart study. Eleven-year report. Circulation 42,
935–942

48 Turpeinen, O., Karvonen, M. J., Pekkarinen, M., Miettinen, M., Elosuo, R. and
Paavilainen, E. (1979) Dietary prevention of coronary heart disease: the Finnish Mental
Hospital Study. Int. J. Epidemiol. 8, 99–118

Received 17 June 2003/31 October 2003; accepted 4 November 2003
Published as BJ Immediate Publication 4 November 2003, DOI 10.1042/BJ20030903

c© 2004 Biochemical Society


