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Abstract Previous studies in nonhuman primates revealed
a striking positive correlation between liver cholesteryl ester
(CE) secretion rate and the development of coronary artery
atherosclerosis. CE incorporated into hepatic VLDL is nec-
essarily synthesized by ACAT2, the cholesterol-esterifying
enzyme in hepatocytes. We tested the hypothesis that the
level of ACAT2 expression, in concert with cellular choles-
terol availability, affects the CE content of apolipoprotein B
(apoB)-containing lipoproteins. In a model system of lipo-
protein secretion using COS cells cotransfected with micro-
somal triglyceride transfer protein and truncated forms
of apoB, ACAT2 expression resulted in a 3-fold increase
in microsomal ACAT activity and a 4-fold increase in
the radiolabeled CE content of apoB-lipoproteins. After
cholesterol-cyclodextrin (Chol-CD) treatment, CE secretion
was increased by 27-fold in ACAT2-transfected cells but by
only 7-fold in control cells. Chol-CD treatment also caused
the percentage of CE in the apoB-lipoproteins to increase
from 3% to 33% in control cells and from 16% to 54% in
ACAT2-transfected cells. In addition, ACAT2-transfected
cells secreted 3-fold more apoB than control cells. These
results indicate that under all conditions of cellular
cholesterol availability tested, the relative level of ACAT2
expression affects the CE content and, hence, the potential
atherogenicity, of nascent apoB-containing lipoproteins.—
Temel, R. E., L. Hou, L. L. Rudel, and G. S. Shelness. ACAT2
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It is well established that increased plasma concentra-
tions of LDL and other apolipoprotein B (apoB)-containing
lipoproteins are risk factors for the development of coro-
nary artery disease. In humans and other mammalian
species, the cholesteryl esters (CEs) in LDL particles are
synthesized by two different enzymes, LCAT and ACAT2.
LCAT, a liver-derived plasma protein, acts primarily on
plasma HDL to produce cholesteryl linoleate and arachi-

donate (1). In many mammalian species, LCAT-derived
HDL-CE can subsequently be transferred to apoB-containing
lipoproteins by cholesteryl ester transfer protein (2).

ACAT2 also synthesizes CE found in LDL, yet the char-
acteristics of LCAT and ACAT2 are dramatically different.
Similar to the related enzyme, ACAT1 (3), ACAT2 is an
endoplasmic reticulum-localized transmembrane protein
that transfers the fatty acyl moiety of acyl-CoA to free cho-
lesterol, producing mainly cholesteryl oleate and palmi-
tate. As ACAT2 expression is limited to hepatocytes and
enterocytes, ACAT2-derived CE can be packaged directly
into nascent apoB-containing lipoproteins or stored as
neutral lipid droplets in the cytosol (4–9).

Although CEs synthesized by both LCAT and ACAT2
are found within plasma apoB-containing lipoproteins,
ACAT2-derived CE appears to be more atherogenic. Liver
perfusion studies in African green monkeys fed high-fat,
cholesterol-enriched diets demonstrated that hepatic ACAT
activity was positively correlated with CE secretion rates,
plasma LDL-CE content, and the degree of coronary artery
atherosclerosis (10). Studies in several mouse models have
also shown a relationship between ACAT2-derived CE and
atherosclerosis. When ACAT2-deficient (ACAT22/2) mice
were crossed with atherosclerosis-susceptible apoE-deficient
(ApoE2/2) or low density lipoprotein receptor-deficient
(LDLr2/2) mice, almost no atherosclerosis was observed
(11, 12). Because the ACAT22/2 ApoE2/2 and ACAT22/2

LDLr2/2 mice displayed significantly lower plasma concen-
trations of cholesteryl oleate and cholesteryl palmitate in
apoB-containing lipoproteins, it was concluded that plasma
accumulation of ACAT2-derived CE promotesatherogenesis
in mice (11, 12). The specific contribution of liver ACAT2 to
atherogenesis was further established by Bell et al. (13), who
demonstrated that antisense oligonucleotide-mediated in-
hibition of liver ACAT2 limited atherosclerosis development
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in apoB-100-only LDLr2/2 mice. In contrast to the reduc-
tion of atherosclerosis in ACA22/2 mice, genetic inactiva-
tion of LCAT in either ApoE2/2 or LDLr2/2 mice resulted
in an enrichment of apoB-containing lipoproteins with
ACAT2-derived CE and significantly increased atheroscle-
rosis (14).

Although the ACAT2-derived CE content of apoB-
containing lipoproteins is an important mediator of
atherosclerosis development, little is known regarding
the quantitative relationships among ACAT2 expression,
cellular cholesterol availability, and the composition of
nascent apoB-containing lipoproteins (15). Therefore, we
explored the consequences of ACAT2 expression on the
lipid composition of newly secreted apoB-containing lipo-
proteins in a transfected cell-based system, in which ACAT2
expression and exogenous cholesterol can be readily ma-
nipulated. Although ACAT2 is regulated allosterically by
substrate availability (16), we observed that under all con-
ditions of cellular cholesterol content, ACAT2 protein mass
and activity dramatically affected the CE content of nascent
apoB-containing lipoproteins. These results suggest that
even under conditions of cholesterol excess, partial thera-
peutic inhibition of ACAT2 may reduce the CE content
and, hence, the potential atherogenicity, of newly secreted
apoB-containing lipoproteins.

EXPERIMENTAL PROCEDURES

Transient transfection and metabolic radiolabeling
of COS cells

COS-1 cells were cultured in 150 mm dishes containing DMEM
and 10% FBS (complete medium), as described previously (17).
Transfections were performed using FuGENE 6 (Roche Applied
Science) and a total of 17.5 mg of DNA per dish at a mass ratio of
1:1.5:1 [human microsomal triglyceride transfer protein (MTP)
large subunit/human apoB-34 or apoB-50/African green mon-
key ACAT2 or truncated human placental alkaline phosphatase
(AP)]. Where indicated, the mass of ACAT2 plasmid was titrated
from 0 to 5 mg, with a corresponding decrease in AP plasmid. In
all other experiments, the maximum dose of ACAT2 plasmid
was used (5 mg). The apoB constructs contained a His6 tag at
their C termini for affinity purification (17, 18) (see below). The
assembly and secretion of both apoB-34 and apoB-50 are fully
dependent upon coexpression with MTP (18, 19). Twenty-four
hours after transfection, cells were washed with PBS and meta-
bolically radiolabeled for 24 h in serum-free DMEM containing
10 mCi/ml [3H]oleate, 0.5% fatty acid-free BSA, and 20 mCi/ml
[35S]methionine/cysteine, as described previously (17, 18).

For the experiment involving the ACAT inhibitor CP-113,818
(20), 24 h after transfection, cells were incubated for 2 h in
complete medium containing either 1.25 mg/ml CP-113,818 or
vehicle [0.025% (v/v) DMSO]. The cells were then metabolically
radiolabeled with [3H]oleate, as described above, also in the
presence of either 1.25 mg/ml CP-113,818 or vehicle.

Radiolabeled lipid composition of COS cells and
affinity-purified lipoproteins

Affinity purification of apoB-34- and apoB-50-containing lipo-
proteins and analysis of radiolabeled lipids were performed as
described (17, 18). Briefly, the medium and cells from two 150 mm
dishes were combined and the His6-tagged apoB-containing lipo-

proteins were purified by nickel-nitrilotriacetic-agarose affinity
chromatography (Qiagen). Lipids were extracted from purified
lipoproteins (17, 18) or from COS-1 cells lysed in 0.1 N NaOH,
as described (21). The extracted lipids were separated by TLC
and quantitated by liquid scintillation counting.

Preparation of cholesterol-cyclodextrin solution

Methyl-b-cyclodextrin (CD; Sigma-Aldrich) was dissolved in
water at a concentration of 344 mM. Four hundred milligrams of
purified cholesterol (Nu-Chek Prep, Inc.) was added to 20 ml of
CD solution in a 50 ml glass tube and rotated overnight at room
temperature, followed by incubation at 60jC with periodic vor-
texing for 2 h. After cooling to room temperature, the solution
was passed through a 0.45 mm HT Tuffryn membrane syringe
filter (Gelman) and stored at 4jC in a glass tube. The cholesterol
concentration of the final solution was 19 mg/ml, as determined
by Cholesterol/HP assay kit (Roche Applied Bioscience); the
CD/cholesterol molar ratio was ?7.

Loading of cells with free cholesterol and analysis of
cholesterol mass

Free cholesterol solubilized in methyl-b-cyclodextrin (Chol-
CD) was added to preheated (37jC) complete DMEM-10% FBS
such that the final concentration of the CD was 5.0 mM and
the exogenous free cholesterol concentration was ?311 mg/ml.
After incubation at 37jC for 1 h, the medium was filter-sterilized
through a 0.22 mm membrane and 12 ml was added to each
dish of COS cells. Control dishes received an equivalent volume
of complete medium alone (DMEM-10% FBS). The addition of
Chol-CD increased the total cholesterol content of the medium,
as determined by gas-liquid chromatography (see below), from
31 to 66 mg/ml. After incubation at 37jC for 2 h, the cells were
washed with PBS and metabolically radiolabeled with [3H]oleate
for 24 h at 37jC. After harvesting medium, cells were washed with
PBS and cell pellets were recovered by scraping. Cells were lysed
with 0.1 N NaOH and homogenized by shearing through a 28
gauge needle. The internal standard, 5a-cholestane (20.6 mg),
was added and lipids were extracted from cell lysates and medium
by the method of Bligh and Dyer (22). Cholesterol mass was
measured by gas-liquid chromatography as described previously
(21). The difference in mass between total and free cholesterol
was multiplied by 1.7 to calculate the CE mass. The protein
concentrations of the cell lysates were determined using a modi-
fied Lowry assay. Cell viability was determined by a colorimetric
MTT assay (23).

Quantitation of apoB-50 secretion and
cellular accumulation

COS-1 cells cultured in 100 mm dishes were transfected with
a total of 8 mg of DNA at a mass ratio of 1:1.5:1 (MTP/apoB-50/
ACAT2 or AP). Twenty-four hours after transfection, cells were
incubated for 2 h at 37jC with complete medium or complete
medium supplemented with Chol-CD, as described above. The
cells were washed with PBS and metabolically radiolabeled with
100 mCi/ml [35S]methionine/cysteine for 3 h at 37jC. After
harvesting medium, cells were washed with PBS and lysed, as
described (24). ApoB-50 was immunoprecipitated from the me-
dium and cell lysates using anti-human apoB polyclonal anti-
body (Academy Bio-Medical) and separated by 6% SDS-PAGE.
After fixation and drying, gels were exposed to Fujifilm BAS-MS
imaging plates. The plates were scanned and the images acquired
using a Fujifilm BAS-5000 imager and Image Reader software
(version 1.8; Fujifilm). The apoB-50 band intensity was quanti-
fied using the Fujifilm Multi Gauge software and normalized to
cellular protein mass.
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Microsomal ACAT activity and immunoblot analyses

An aliquot of washed cells was resuspended in ACAT homog-
enization buffer (0.25 M sucrose, 1 mM EDTA, and 0.1 M K2HPO4,
pH 7.4) supplemented with 10 ml/ml protease inhibitor cock-
tail, containing 4-(2-Aminoethyl)-bezenesulfonylfluoride, aprotinin,
leupeptin, bestatin, pepstatin, and E-64 (Sigma; catalog No. P
8340), and microsomes were isolated as described previously
(21). Microsomes (100 mg of protein) and 1 mg of fatty acid-free
human serum albumin (Miles) dissolved in ACAT reaction buffer
were placed into a 16 3 100 mm glass tube. After bringing the
final volume of the reaction to 300 ml with ACAT reaction buffer,
cholesterol dissolved in hydroxypropyl-b-cyclodextrin was added
to the tube such that the final concentration of exogenous cho-
lesterol was 0.5 nmol/mg microsomal protein. The tube contain-
ing the ACAT reaction mixture was incubated for 30 min in a
shaking 37jC water bath. After adding 30 nmol of [1-14C]oleoyl-
CoA (7,885 dpm/nmol) (Amersham Pharmacia Biotech), the
tube was vortexed and placed back into the water bath for
10 min. The ACAT reaction was terminated and the lipids were
extracted as described (21). The extracted lipids were resus-
pended in CHCl3 containing 1 mg/ml cholesteryl oleate, applied
to a polyester-backed silica gel TLC plate (PE SIL G; Whatman),
and separated using 70:30:1 hexane-ethyl ether-acetic acid as the
running solvent. The separated lipids were visualized using I2

vapor, and the CE band was cut from the plate and subjected to
scintillation counting. Quantitation of relative ACAT mass was
achieved by immunoblot analysis, as described previously (25,
26). The immunoreactive proteins were visualized by exposing
the blots to Biomax MS scientific imaging film (Kodak). Relative

ACAT2 protein mass was quantified by densitometry of the ex-
posed film using the ChemiImager 5500 (Alpha Innotech).

RESULTS

Impact of ACAT2 expression on CE incorporation into
apoB-containing lipoproteins

To determine whether ACAT2 expression affects CE in-
corporation into apoB-containing lipoproteins, COS cells
were transiently transfected with plasmids encoding a His6-
tagged form of apoB-34 or apoB-50 (17, 18), human MTP,
and either a control plasmid (AP) or African green mon-
key ACAT2 (27). The cells were metabolically radiolabeled
for 24 h with [3H]oleate and [35S]methionine/cysteine in
serum-free medium containing 0.5% fatty acid-free BSA.

AP- and ACAT2-transfected cells displayed similar lev-
els of endogenous ACAT1 protein (Fig. 1A, upper blot).
However, ACAT2 protein was detected only in ACAT2-
transfected cells (Fig. 1A, lower blot). Although the ex-
pression of endogenous COS cell ACAT1 produced a basal
level of microsomal ACAT activity in AP-transfected cells,
transfection with ACAT2 increased microsomal ACAT ac-
tivity by 3- to 4-fold (Fig. 1B). Cells transfected with apoB-34
or apoB-50 displayed similar amounts of ACAT protein and
ACAT activity (Fig. 1A, B).

Fig. 1. Impact of ACAT2 expression on cholesteryl ester (CE) enrichment of apolipoprotein B (apoB)-
containing lipoproteins. Duplicate dishes of COS cells were transfected with microsomal triglyceride transfer
protein (MTP), apoB-34 or apoB-50, and either alkaline phosphatase (AP) or ACAT2, as indicated. Cells
were metabolically radiolabeled with [3H]oleate and [35S]methionine/cysteine for 24 h. A: Immunoblot
analysis of ACAT1 and ACAT2. B: Microsomal ACAT activity (means 6 range). C: Percentage radiolabeled
CE content of apoB-containing lipoproteins {apoB-associated [3H]CE/apoB-associated [3H](phospho-
lipid 1 triglyceride 1 CE) 3 100} (means 6 range). D: Immunoprecipitation, SDS-PAGE, and fluorography
of radiolabeled apoB recovered from medium aliquots. The experiment was repeated with similar outcomes
(data not shown).
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The impact of increased ACAT2 protein expression and
activity on the core lipid composition of the secreted apoB-
containing lipoproteins was dramatic. Compared with
particles secreted by AP-transfected cells, apoB-34- and
apoB-50-containing lipoproteins secreted from ACAT2-
transfected cells displayed 4.5- and 3.3-fold increases, re-
spectively, in the percentage of CE (Fig. 1C). The expression
of ACAT2 also increased the number of apoB-containing
particles secreted from the cells. Secretion of apoB-34
and apoB-50 was increased 22% and 32%, respectively, by
ACAT2- versus AP-transfected cells (Fig. 1D). These results
demonstrate that the expression of ACAT2 by COS cells
increased microsomal ACAT activity and caused both an
increase in apoB-34- and apoB-50-containing lipoprotein
secretion and an increase in particle CE content.

To determine whether ACAT2 activity was necessary
for the increased CE content of apoB-containing lipopro-
teins, COS cells expressing apoB-34, MTP, and either AP
or ACAT2 were metabolically radiolabeled with [3H]oleate
for 24 h in the presence or absence of the ACAT inhibitor
CP-113,818 (20). Similar to the results in Fig. 1C, apoB-
containing lipoproteins from ACAT2-transfected cells con-
tained 6-fold more CE relative to AP controls (Fig. 2). The
increased incorporation of ACAT2-derived CE into the
apoB-containing lipoproteins caused the triglyceride (TG)
content of the particles to decrease from 74% to 60% but
had no effect on phospholipid (PL) content. CP-113,818
treatment of ACAT2-transfected cells decreased the CE
and increased the TG content of the apoB-containing
lipoproteins to levels virtually identical to those observed
in AP cells. Immunoblot analysis revealed that CP-113,818
did not decrease the level of endogenous ACAT1 or exog-
enous ACAT2 (data not shown). These results indicate
that ACAT2 must be enzymatically active to enrich apoB-
containing lipoproteins with CE.

Quantitative relationships among ACAT2 mass, activity,
and the CE content of apoB-containing lipoproteins

We explored whether there is a quantitative relationship
between the expression of ACAT2 and the extent of CE
enrichment in apoB-containing lipoproteins. COS cells
were transiently transfected with fixed amounts of apoB-34
and MTP and varying amounts of ACAT2 and labeled with
[3H]oleate, as described above. A linear relationship was
observed between ACAT2 plasmid mass and both ACAT2
protein expression (Fig. 3A; r 2 5 0.98) and ACAT activity
(Fig. 3B; r2 5 0.99). Although increasing ACAT2 expres-
sion caused an increase in the CE content of apoB-34-
containing lipoproteins (Fig. 3C, Table 1), a significant
hyperbolic relationship was observed (r 2 5 0.92). This re-
sult suggested that at higher levels of ACAT2 protein
expression and activity, depletion of the free cholesterol
substrate pool was not fully compensated for by endoge-
nous synthesis, thereby limiting further CE incorporation

Fig. 2. Effect of ACAT inhibition on the CE content of apoB-
containing lipoproteins. Duplicate dishes of COS cells were trans-
fected with MTP, apoB-34, and either AP or ACAT2, as indicated.
Twenty-four hours after transfection, cells were incubated for 2 h
with either 1.25 mg/ml CP-113,818 or vehicle [0.025% (v/v)
DMSO]. The cells were then metabolically radiolabeled with
[3H]oleate for 24 h in the presence of either 1.25 mg/ml CP-
113,818 or vehicle, and the percentage [3H]lipid content of the
affinity-purified apoB-containing lipoproteins (means 6 range)
was determined. PL, phospholipid; TG, triglyceride.

Fig. 3. Relationship among ACAT2 protein mass, activity, and
apoB-containing lipoprotein CE content. Duplicate dishes of COS
cells were transiently transfected with MTP, apoB-34, and 0, 1,
2.5, or 5 mg of ACAT2, as indicated. Cells were radiolabeled with
[3H]oleate for 24 h. Relationships are shown between ACAT2
plasmid mass and relative ACAT2 protein mass (A), microsomal
ACAT activity (OD, optical density) (B), and the percentage [3H]CE
in apoB-34-containing lipoproteins (C). Each data point represents
the mean of duplicate samples. The data in A and B were fit to a
linear regression. The data in C were fit to a hyperbolic curve.

ACAT2 and cholesteryl ester secretion 1621
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into apoB-containing lipoproteins. Although ACAT2 ex-
pression increased the CE content of apoB-34-containing
particles, the surface-to-core lipid ratio (PL/TG1CE) did
not change appreciably (Table 1). Although the use of
[3H]oleate did not allow us to measure the free cholesterol
content of the lipoprotein surface, it appears that ACAT2-
mediated incorporation of CE into apoB-containing
lipoproteins caused a corresponding decrease in core TG.

Effects of cholesterol loading and ACAT2 expression on
cellular CE content

As the previous experiment indicated that the free
cholesterol content of the COS cells may become limiting
at high ACAT2 levels, we explored the impact of exogenous
cholesterol loading on cellular lipid and apoB particle

composition in ACAT2- and AP-transfected cells. COS
cells were transiently transfected with plasmids encoding
apoB-34, MTP, and either AP or ACAT2. The cells were
then incubated for 2 h in either complete medium (DMEM
with 10% FBS) or complete medium supplemented with
Chol-CD. After the cholesterol-loading period, cells were
switched to serum-free medium and incubated for 24 h
with [3H]oleate and 0.5% BSA, as described above.

Immunoblot analysis revealed that preincubation
with Chol-CD-supplemented medium did not change the
amount of ACAT1 or ACAT2 protein present in either
AP- or ACAT2-transfected cells (Fig. 4A). Likewise, micro-
somal ACAT activity was unaffected by cholesterol loading,
although, as observed previously, ACAT2-transfected cells
displayed a significant increase in ACAT activity relative to
AP-transfected controls (Fig. 4B). Cholesterol loading with
Chol-CD increased the cellular free cholesterol mass by
?2-fold and the esterified cholesterol mass by ?5-fold in
both AP- and ACAT2-transfected cells (Fig. 4C). Surpris-
ingly, the mass of cellular free and esterified cholesterol
was not significantly affected by ACAT2 expression,
despite the dramatic increase in microsomal ACAT activ-
ity (Fig. 4B). Compared with exposure to complete me-
dium alone, incubation with Chol-CD-supplemented
medium caused cell viability to decrease by 32% for the
AP-transfected cells but by only 15% in ACAT2-transfected
cells (Fig. 4D). Although not reflected by the cellular levels

TABLE 1. Effect of ACAT2 on the radiolabeled lipid composition of
apoB-34-containing lipoproteins

Percentage Total
[3H]Lipid

ACAT2 Plasmid (mg) PL TG CE CE/TG PL/CE1TG

0 19.1 77.7 3.3 0.042 0.24
1 16.9 68.7 14.5 0.211 0.20
2.5 19.0 63.5 17.4 0.274 0.24
5 20.3 57.8 22.0 0.380 0.25

ApoB, apolipoprotein B; CE, cholesteryl ester; PL, phospholipid;
TG, triglyceride. Values shown are means of duplicate samples.

Fig. 4. Effect of cholesterol loading on cellular ACAT mass and activity, cholesterol content, and cell viability. Duplicate dishes of COS
cells were transiently transfected with MTP, apoB-34, and either AP or ACAT2, as indicated. Cells were incubated without (2) or with (1)
free cholesterol solubilized in methyl-b-cyclodextrin (Chol-CD), as indicated, and then radiolabeled with [3H]oleate and processed,
as described for Fig. 1. A: Immunoblot analysis of ACAT1 and ACAT2. B: Microsomal ACAT activity. C: Cellular free cholesterol (FC) and CE
mass. D: Cell viability. For B and C, values shown represent means 6 range. The experiment was repeated with similar outcomes (data not
shown). For D, AP-transfected, non-cholesterol-loaded cells were used as controls, and values shown represent means 6 SEM (n 5 4).
Statistically significant differences were determined by ANOVA (Tukey-Kramer honestly significant difference) and are indicated by
different letters (P , 0.05).
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of free cholesterol and CE, the increased cell viability of
the ACAT2- versus AP-transfected cells may be attributable
to enhanced esterification of a cytotoxic pool of free cho-
lesterol that can accumulate in the endoplasmic reticulum
after cholesterol loading (28).

The effects of ACAT2 and cholesterol loading on cellular
lipids were further explored by metabolic radiolabeling of
cells with [3H]oleate. In both AP- and ACAT2-transfected
cells, the cellular [3H]CE content increased by ?10-fold in
response to Chol-CD (Fig. 5A), a somewhat higher value
than the ?5-fold increase observed when CE mass was
measured by GC (Fig. 4C). In addition, unlike CE mass,
[3H]CE content increased by 1.8-fold in Chol-CD-treated
ACAT2- versus AP-transfected cells. Cholesterol loading
with Chol-CD reduced the [3H]TG content in both AP- and
ACAT2-transfected cells by ?40%; however, the [3H]PL
content of cells remained constant, irrespective of trans-
fection or cholesterol-loading conditions (Fig. 5A).

Impact of cellular CE enrichment and ACAT2 expression
on the lipid composition of apoB-containing lipoproteins

The lipid composition of apoB-34-containing lipopro-
teins was dramatically affected by both manipulation of
ACAT activity and Chol-CD loading of cells. After incu-
bation with complete medium supplemented with Chol-
CD, AP-transfected cells secreted 6-fold more [3H]CE

compared with AP-transfected cells treated with complete
medium alone (Fig. 5B). Secretion of [3H]TG in apoB-34
particles was reduced by 88%, creating an overall 65% re-
duction in total core [3H]lipid secretion (Fig. 5B). Hence,
cholesterol loading in the absence of ACAT2 overexpres-
sion created aberrant, apparently smaller particles with a
surface-to-core lipid ratio of 0.98 (Table 2).

In the absence of Chol-CD treatment, ACAT2 expression
increased [3H]CE secretion by 8.6-fold, primarily by
increasing the proportion of [3H]CE in apoB-34-containing
lipoproteins from 3% to 16% of total [3H]lipid (Fig. 5B,
Table 2). Relative to non-cholesterol-loaded, AP-transfected
cells, cholesterol-loaded ACAT2-transfected cells displayed
a 27-fold increase in [3H]CE secretion and an increase from
3% to 54% in the proportion of [3H]CE contributing to
total radiolabeled lipid, well above the 22% maximum value
observed when cells were cultured in the absence of exog-
enous cholesterol (Fig. 3C, Table 1). The enhanced secre-
tion of [3H]CE in Chol-CD-treated, ACAT2-expressing cells
was accompanied by a 75% reduction in [3H]TG (Fig. 5B),
resulting in maintenance of the surface-core lipid ratio of
apoB-34 particles (Table 2). These results suggest that the
levels of cellular free cholesterol and ACAT expression
contribute significantly to the CE content of apoB-contain-
ing lipoproteins.

Effect of cellular cholesterol content and ACAT2
expression on apoB secretion

The results in Fig. 1D indicated that ACAT2 expression
increased the secretion of apoB. To more thoroughly de-
fine the impact of ACAT2 on apoB secretion, COS cells
were transiently transfected with plasmids encoding apoB-
50, MTP, and either AP or ACAT2. After incubation with
either complete medium or complete medium supple-
mented with Chol-CD, the cells were metabolically radio-
labeled with [35S]methionine/cysteine for 3 h. ApoB-50
was then quantitated by immunoprecipitation, SDS-PAGE,
and phosphorimager analysis.

Similar to the results observed in Fig. 1D, ACAT2 caused
a 3.2-fold increase in apoB-50 secretion relative to the AP
controls (P, 0.05) (Fig. 6A, compare lanes 1–3 with 7–9).
Likewise, under conditions of cholesterol loading, ACAT2
resulted in a 3.6-fold increase in apoB-50 secretion (P, 0.05)
(Fig. 6A, compare lanes 4–6 with 10–12). However, Chol-CD
reduced apoB-50 secretion by 36% in ACAT2-transfected
cells (P , 0.05) (Fig. 6A, compare lanes 7–9 with 10–12).

Fig. 5. Effect of ACAT2 overexpression and cholesterol loading
on the lipid composition of cells and apoB-34-containing lipopro-
teins. Duplicate dishes of COS cells were transfected with MTP,
apoB-34, and either AP or ACAT2, as indicated, followed by radio-
labeling with [3H]oleate. A: Radiolabeled lipid content of cells. B:
Radiolabeled lipid content of apoB-34-containing lipoproteins. All
values are means of duplicate samples 6 range. The experiment
was repeated with similar outcomes (data not shown).

TABLE 2. Effect of ACAT2 and cholesterol loading on the
radiolabeled lipid composition of apoB-34-containing lipoproteins

Percentage Total
[3H]Lipid

Plasmid Medium PL TG CE CE/TG PL/CE1TG

AP 2Chol-CD 29 68 3 0.04 0.41
AP 1Chol-CD 49 17 33 1.90 0.98
ACAT2 2Chol-CD 28 56 16 0.28 0.39
ACAT2 1Chol-CD 33 13 54 4.20 0.49

AP, alkaline phosphatase; Chol-CD, free cholesterol solubilized in
methyl-b-cyclodextrin. Values shown are means of duplicate samples.

ACAT2 and cholesteryl ester secretion 1623
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The reduction in apoB secretion observed in Chol-CD-
loaded ACAT2 cells was accompanied by in increase in
its intracellular accumulation (Fig. 6B, compare lanes 1–9
with 10–12). Although not reaching statistical significance,
apoB-50 secretion also appeared to decrease in Chol-
CD-treated AP cells (Fig. 6A, compare lanes 1–3 with 4–6).
As observed previously (Fig. 4A), the cholesterol content of
the ACAT2-transfected cells did not alter the expression
of ACAT2 protein (data not shown). Overall, these results
indicate that in addition to its effects on particle CE con-
tent, ACAT2 expression also significantly stimulates apoB-
50 secretion, irrespective of cellular cholesterol content.

DISCUSSION

One of the strongest predictors of coronary artery athero-
sclerosis in nonhuman primates is the rate of hepatic CE
secretion (10). As hepatic cholesteryl oleate is produced
intracellularly by the enzyme ACAT2 (7, 8, 25, 29), we used a
simplified and well-characterized cell-based system to
establish quantitative relationships among ACAT protein
mass and activity, cellular CE content, and the composi-
tion of nascent apoB-containing lipoproteins. These ex-
periments revealed that under conditions of limiting
endogenous cholesterol availability, ACAT2 overexpres-
sion increased the radiolabeled CE content of apoB-34- and
apoB-50-containing lipoproteins from ?5% to 15% and
22%, respectively (Fig. 1C). However, as the supply of free
cellular cholesterol became limiting, the CE content of
apoB-containing particles became refractory to further
increases in ACAT2 expression (Fig. 3C). When exogenous
cholesterol was provided to cells via Chol-CD complexes,

ACAT2 expression exerted a further dramatic impact on
CE secretion. In cholesterol-loaded control (AP) cells, CE
secretion increased by ?6-fold relative to nonloaded con-
trol cells (Fig. 5B). In ACAT2-overexpressing cells, a similar
extent of cholesterol loading caused a disproportionate
27-fold increase in CE secretion (Fig. 5B). These results
demonstrate that under a disparate range of conditions of
cellular cholesterol content, the extent of ACAT2 expres-
sion regulated the mobilization of CE for apoB-containing
lipoprotein assembly.

Although both AP- and ACAT2-expressing COS cells
accumulated similar levels of cellular CE after cholesterol
loading with Chol-CD (Figs. 4C, 5A), the ACAT2 cells were
better able to secrete CE on apoB-containing particles
(Fig. 5B, Table 2). Although this could be attributable
simply to overexpression of ACAT2, it is also possible that
ACAT2, by virtue of its distinct structure and membrane
topology (30–32), is better adapted to interact with com-
ponents of the apoB-lipoprotein secretory pathway. This
prediction is consistent with the finding that ACAT2 ex-
pression is confined to hepatocytes and enterocytes and is
responsible for the synthesis of all CE present in nascent
apoB-containing lipoproteins (5, 9, 25, 33). Furthermore,
in studies by Liang et al. (15), stable transfection of ACAT1
or ACAT2 in rat hepatoma cells caused similar increases in
cellular CE content, yet ACAT2 cells secreted 2-fold more
apoB than ACAT1 cells, suggesting a specialized role of
ACAT2 in apoB secretion. However, in these studies, apoB
and CE secretion were not normalized to ACAT mass or
activity (15), and our attempts to directly compare ACAT1
with ACAT2 were compromised by the inability to obtain
transfected ACAT1 activity levels comparable to those ob-
served in ACAT2 cells (27). Hence, the relative potential of

Fig. 6. Effect of ACAT2 expression and cholesterol loading on apoB-50 secretion. Triplicate dishes of COS
cells were transiently transfected with apoB-50, MTP, and either AP or ACAT2, as indicated. Cells were
incubated without (2) or with (1) Chol-CD, as indicated, and then radiolabeled with [35S]methionine/
cysteine for 3 h. The apoB-50 that was secreted into the medium (A) or accumulated within the cell (B) was
immunoprecipitated, separated by SDS-PAGE, and quantitated by phosphorimager analysis. PSLU, photo-
stimulated luminescence units. Statistically significant differences as determined by ANOVA (Tukey-Kramer
honestly significant difference) are indicated by different letters (P , 0.05).
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ACAT1 versus ACAT2 to provide CE for apoB-containing
lipoprotein assembly is still not fully defined, although it
is clear from these and other studies that both enzymes are
capable of producing CE for apoB assembly and secre-
tion (15, 34).

It is generally assumed that during the translation of
apoB, a nascent first-step precursor particle is formed,
which then acquires additional lipid after trafficking to a
distal site within the secretory pathway (35–39). An issue
relevant to the current studies is the relationship between
the composition of lipids added to apoB during the first
versus the second (posttranslational) step of lipoprotein as-
sembly (40). The production of truncated apoB-containing
lipoproteins in MTP-cotransfected nonhepatic cells is gen-
erally thought to recapitulate only the first step in lipo-
protein assembly (18). Nonetheless, MTP is required for
both steps of lipoprotein assembly and the lipid transfer
rate for MTP-mediated CE transfer is ?70% of that ob-
served for TG (41). The studies here confirm that the rela-
tive lack of discrimination between TG and CE displayed by
MTP in vitro also exists in vivo, as there appears to be little
selectivity with respect to the incorporation of CE versus
TG into nascent lipoprotein particles, particularly when ac-
companied by ACAT2 expression. Therefore, we postulate
that the facile enrichment of nascent apoB-containing lipo-
proteins with CE observed in this study may also be oper-
ational under conditions that support second-step assembly.

In this study, we found that ACAT2 expression in COS
cells increased apoB-50 secretion by ?3-fold (Fig. 6A).
This outcome is in agreement with previous studies dem-
onstrating that ACAT activity and/or CE mass can have a
stimulatory effect on the secretion of apoB (42–46). Most
notably, Spady, Willard, and Meidell (34) demonstrated
that adenovirus-mediated overexpression of ACAT1 in
LDLr2/2 mice resulted in increased hepatic CE accumu-
lation and enhanced hepatic apoB and CE secretion. More
recently, Liang et al. (15) demonstrated that overexpres-
sion of either ACAT1 or ACAT2 in rat hepatoma cells
increased the secretion and cellular accumulation of
radiolabeled CE to about the same extent, but ACAT2
expression caused a greater increase in apoB secretion
than ACAT1. Although ACAT2 expression in our studies
consistently increased apoB secretion, we unexpectedly
found that Chol-CD treatment of ACAT2-expressing
cells, which increases cellular CE content (Figs. 4C, 5A),
caused a reduction in apoB-50 secretion (Fig. 6). Because
cholesterol-loaded, ACAT2-transfected cells displayed not
only a dramatic increase in CE but also a substantial re-
duction in TG (Fig. 5A), it is possible that CE is not used as
efficiently as TG in the cotranslational lipidation of apoB.
It is also possible, however, that the increase in cellular
free cholesterol adversely affects other aspects of the lipo-
protein assembly process.

Although our in vitro data and those of many others sug-
gest a specialized role for ACAT in apoB lipoprotein assem-
bly, ACAT2 expression and CE synthesis are not essential for
apoB-containing particle secretion in vivo (5, 11, 12). In
addition, we have reported that during isolated liver per-
fusion, the perfusate accumulation rate of apoB was similar

for ACAT2-sufficient and -deficient mice (33). Thus, we
believe that the primary role of ACAT2 expression, relevant
to atherogenesis, is to enrich apoB-containing lipoproteins
with cholesteryl oleate and palmitate, as opposed to increas-
ing the number of secreted apoB-containing particles.

The studies described here have important implications
for the use of ACAT2 inhibitors as a means of limiting CE
secretion and, hence, atherosclerosis progression. It has
long been known that ACAT is stimulated allosterically
by cholesterol, a finding that explains the dramatic in-
crease in cellular CE content produced by cholesterol
loading (16). Indeed, exogenous cholesterol loading had
a greater impact on cellular CE than did the overexpres-
sion of ACAT2 (Figs. 4C, 5A). Therefore, the question
arises whether excess cholesterol availability would coun-
teract the partial therapeutic inhibition of ACAT2. In
the cell-based system described here, it is clear that al-
though cholesterol availability is an important regulator of
ACAT2, the relative level of ACAT2 expression had a dra-
matic impact on the CE content and, therefore, the po-
tential atherogenicity, of newly secreted apoB-containing
lipoproteins (Figs. 1C, 3C, 5B). These results suggest that
even partial therapeutic inhibition or silencing of ACAT2,
particularly in the liver, will both reduce the CE content
of apoB-containing lipoproteins and confer atheropro-
tection. Indeed, recent studies by Bell et al. (13) indicate
that antisense oligonucleotide-mediated silencing of liver
ACAT2 limited atherogenesis in apoB-100-only LDLr2/2

mice fed an atherogenic diet. It will be of interest in future
studies to determine quantitative relationships between
ACAT2 and CE content of newly secreted lipoproteins
in vivo.

In conclusion, the current studies demonstrate that the
level of ACAT2 expression in concert with free cholesterol
availability determines the CE content of apoB-containing
lipoproteins. These findings validate previous correlative
studies linking liver ACAT activity with the rate of cho-
lesteryl oleate secretion and further support ACAT2 as an
attractive target for achieving plasma cholesterol decreases
and inhibition of atherosclerosis progression.
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