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Abstract

We have studied the cellular and molecular mechanisms involved in the suppression of apoB secretion from HepG2 cells following
incubation with avasimibe (CI-1011), a novel inhibitor of acyl-coenzyme A: cholesterol acyltransferase (ACAT). Cellular lipid analysis
revealed that avasimibe significantly decreased the synthesis of cholesterol and cholesteryl ester, and, at higher doses, of triglyceride.
Time-course trypsin protection assays revealed that avasimibe induced the accumulation of translocationally arrested apoB intracellularly.
Pulse-chase studies showed that the treatment with avasimibe induced a >75% decrease in apoB secretion relative to control, but initially
enhanced the protein stability and cellular accumulation of apoB. Subcellular fractionation of microsomes further confirmed the
accumulation of secretion-incompetent apoB-lipoproteins in the endoplasmic reticulum (ER) and Golgi compartments of avasimibe-
treated HepG2 cells. Although incubation of drug-treated cells with carbobenzoxyl-leucinyl-leucinyl-leucinal (MG132), a potent
proteasome inhibitor, increased cellular apoB (70%), it failed to increase apoB secretion. Drug treatment induced an accumulation
of secretion-incompetent apoB-containing lipoprotein particles, the majority of which demonstrated a density in a range similar to that of
high-density lipoprotein. However, studies in permeabilized cells demonstrated that, at longer chase times, intracellularly accumulated
apoB was eventually degraded, indicating that the inhibition of degradation may be transient. Oleate treatment of avasimibe-treated cells
partially restored apoB secretion but not to the levels seen in control cells. In summary, we hypothesize that avasimibe acutely blocks the
secretion of apoB and its associated lipoproteins from HepG2 cells, transiently enhancing its membrane association and cellular
accumulation with eventual intracellular degradation of accumulated apoB. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction core of VLDL particles assembled and secreted by mam-

malian hepatocytes. There is a growing body of evidence

ACAT (E.C. 2.3.1.26) catalyzes the formation of cho-
lesteryl esters from cholesterol and long-chain fatty acyl-
coenzyme A [1,2]. It has been suggested that ACAT plays a
role in hepatic cholesterol homeostasis by preventing
excessive accumulation of free cholesterol in intracellular
membranes [3-5]. Cholesteryl esters are also found in the
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on the role of the core and surface lipid components of
VLDL in protecting apoB from cellular degradation and
facilitating its maturation and subsequent secretion from
hepatocytes. Failure to mobilize sufficient lipid to com-
plete either of these stages in the assembly process results
in apoB degradation [6]. The intracellular availability of
phospholipid [7], of triglyceride [8-12], and of cholesterol
esters [13—15] all have been suggested as important deter-
minants of hepatic apoB secretion. There are different
functional pools of cholesterol in the hepatocyte, including
a metabolically active pool, an ACAT substrate pool, and a
cholesteryl ester pool [16]. The role of ACAT and choles-
teryl esters in apoB secretion has been controversial.
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Cholesteryl ester is believed to be an important substrate
for microsomal triglyceride transfer protein (MTP) [17]
and may have a role in the protection of newly synthesized
apoB from degradation [18-22]. In vitro studies have
shown that ACAT inhibitors reduce apoB100 secretion
in primary rabbit hepatocytes [18,23], primary rat hepa-
tocytes [13], and HepG2 cells [19-21,24-27]. Several in
vivo studies in miniature pigs [28-30], rabbits [31-33], rats
[31,32], hamsters [32], and monkeys [22,32,34] have
confirmed these in vitro observations. In contrast, several
studies have argued against any regulatory role of choles-
teryl ester in apoB secretion. For example, Graham and
colleagues [35], using HepG2 cells and two different
ACAT inhibitors, showed that cholesterol esterification
is not essential for apoB secretion. Wu and colleagues
[11] have reported that blocking of the stimulatory effect of
oleic acid on apoB secretion in HepG2 cells occurred
without affecting the stimulation of cholesteryl ester synth-
esis. They concluded that in HepG?2 cells cholesteryl ester
synthesis is not rate limiting for apoB secretion. Similar
conclusions were reported by Furukawa and Hirano [10]
and Sato et al. [36]. Ooyen et al. [37] reported decreased
intracellular degradation and increased apoB secretion
following incubation of HepG2 cells with an ACAT inhi-
bitor (Sandoz 58-035). There are several possible explana-
tions for the above discrepancies. Since most of the studies
were conducted using ACAT inhibitors with completely
different physico-chemical and structural properties, it is
difficult to compare the efficacy of different ACAT inhi-
bitors without knowing their bioequivalency and any pos-
sible pleiotropic effects (for structure—activity reviews,
refer to [38,39]). Additional discrepancies may arise from
the choice of animal models and cell types (primary versus
cell line) with different cholesterol and cholesteryl ester
pool sizes. Furthermore, analysis of newly synthesized
versus the total mass of cholesteryl ester may be another
source of contradictory observations.

In the present study, we have investigated molecular
mechanisms involved in the synthesis, stability, assembly,
and secretion of apoB100-containing lipoproteins in
HepG2 cells following incubation with avasimibe, a novel
ACAT inhibitor. Avasimibe has been shown to lower
plasma total cholesterol in chow-fed rats [40], casein-
fed rabbits [40], and hypercholesterolemic hamsters
[41], and to decrease lipoprotein(a) and apoB100 levels
both in vivo and in vitro in cynomolgus monkeys [34].
More recently, in miniature pigs, Burnett et al. [30]
reported that avasimibe significantly decreased plasma
VLDL-apoB levels and VLDL-apoB secretion as well.
From the same laboratory, Wilcox et al. [27] reported a
significant dose-dependent reduction of apoB secretion in
HepG?2 cells in the presence of avasimibe. In the present
study, we further investigated the intracellular mechanisms
by which ACAT inhibition influences the assembly and
secretion of apoB-containing lipoproteins, focusing on the
intracellular mechanisms of action of this inhibitor.

2. Materials and methods
2.1. Materials

HepG2 cells (ATCC HB 8065) were obtained from the
American Type Culture Collection. Fetal bovine serum
(certified grade) and cell culture medium were from Life
Technologies Inc. Culture dishes and plates were obtained
from Sarstedt. BSA, leupeptin, pepstatin, PMSF, trypsin
(tissue culture grade), soybean trypsin inhibitor, albumin
and al-antitrypsin antiserum, rabbit anti-goat IgG, cyclo-
heximide, puromycin, and other common laboratory
reagents were from the Sigma, and ALLN were obtained
from Calbiochem. Trasylol (aprotinin) was from Bayer.
Ultrapure electrophoresis reagents were from Bio-Rad.
[*H]Oleate, [*H]acetate, and [*’S]methionine protein
labeling mixtures were purchased from DuPont, Canada.
Prestained protein standards (rainbow markers) and
Amplify were purchased from Amersham International.
Polyclonal apoB antibodies were obtained from Medix-
Biotech and purified in the laboratory. Immunoprecipitin
(Staphylococcus aureus extract) was prepared in the
laboratory.

2.2. Cell culture

Monolayer cell cultures were maintained in o-MEM in
culture flasks or multiwell dishes containing 10% fetal
bovine serum. Cells were grown in 35- or 100-mm dishes at
37°, 5% CO, in complete medium (o-MEM, 10% fetal
bovine serum). Cultures were allowed to reach 80-100%
confluency before experiments were performed.

2.3. Analysis of cellular lipid synthesis

To assess the rate of cholesterol and cholesteryl ester
synthesis, HepG2 cells were pulsed for 6 hr with 5 nCi/mL
of [*H]acetate. Triglyceride synthesis was monitored by
labeling cells for 6 hr with 5 uCi/mL of [*H]oleate bound
to BSA. Labeled cells were treated with hexane:isopropa-
nol (3:2) to extract total lipid. Extracted total lipid was
dried, suspended in hexane, and applied to a thin-layer
chromatogram. The TLC plates were developed using a
two-solvent system to separate polar lipids with chloro-
form:methanol:acetic acid:formic acid:H»O (70:30:12:4:2)
and neutral lipids with petroleum ether:ethyl ether:acetic
acid (90:10:1). The lipids were stained with iodine vapor
and identified based on comparison to known lipid stan-
dards (Sigma). The spots identified on the TLC plates were
cut and counted using a scintillation counter.

2.4. Metabolic labeling of intact HepG?2 cells
HepG2 cells were preincubated in methionine-free

MEM at 37° for 1 hr and pulsed with 100 pCi/mL of
[**S]methionine for 1 hr. Following the pulse, the cells
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were washed twice and chased in complete medium sup-
plemented with 10 mM methionine. At various chase
times, duplicate or triplicate dishes were harvested, and
cells were lysed in solubilization buffer (PBS containing
1% Nonidet P-40, 1% deoxycholate, 5 mM EDTA, 1 mM
EGTA, 2mM PMSF, 0.1 mM leupeptin, 2 pg/mL of
ALLN). The lysates were centrifuged for 10 min at 4°
in a microcentrifuge, and supernatants were collected for
immunoprecipitation.

To assess the effects of different conditions on apoB
synthesis and secretion, cells were incubated with or with-
out 10 uM avasimibe (DMSO was used as a negative
control) or with or without 360 UM oleate conjugated with
BSA (oleate:BSA ratio 8:1). Oleate-BSA complex was
prepared as follows. A total of 150 mg of fatty acid-free
BSA was added to 10 mL of pre-warmed methionine-free
MEM, or hepatocyte attachment medium, or Williams’ E
medium and mixed and allowed to incubate for 5 min at
37° until BSA was dissolved completely. The medium—
BSA solution was then sterilized by syringe-filtration
(0.45 um). The filtered solution was diluted by adding
40 mL of additional medium. A solution of oleic acid
was prepared by dissolving 34 mg of the oleic acid in
500 pL of anhydrous ethanol. A volume of 75 pL of the
prepared oleate stock solution was added in 50 mL of
medium-BSA solution. The mixture was then either incu-
bated overnight while constantly rotating at room tem-
perature or for 2 hr at 37°. By using this protocol, the final
concentration of oleate in solution was 360 uM with an
oleate:BSA ratio of 8:1. The oleate-BSA complex was
added to the culture medium and incubated with the
HepG2 cells for a period of 18 hr.

2.5. Permeabilization of HepG2 cells

HepG?2 cells cultured in 35-mm dishes were depleted of
methionine by incubation in methionine-free MEM for 1 hr
at 37° under 5% CO,. Cells were pulsed with 100 pCi/mL
of [**S]methionine for 1 hr and then were permeabilized as
described [42]. Briefly, pulsed cells were washed twice and
then were incubated in CSK (0.3 M sucrose, 0.1 M KCl,
2.5 mM MgCl,, | mM Na-free EDTA, and 10 mM PIPES,
pH 6.8) containing 50 pg/mL of digitonin for 10 min.
Permeabilized cells were then washed three times in
CSK buffer and chased in CSK buffer for different time
periods. All steps were conducted in the presence and
absence of avasimibe. At various intervals, duplicate or
triplicate dishes were washed, solubilized, and subjected to
immunoprecipitation.

2.6. Trypsin digestion of permeabilized HepG?2 cells

To determine the translocation status of apoB within the
ER membrane, we used a protocol previously developed in
our laboratory [42,43]. Briefly, HepG2 cells pretreated
with and without avasimibe (10 uM) were pulsed for

15 min and chased for various periods of time. At each
time point, cells were permeabilized by incubating in CSK
buffer containing 75 pg/mL of digitonin for 5 min. Then
cells were subjected to trypsin (200 pg/mL) treatment for
10 min at room temperature. After trypsinization, proteo-
lysis was stopped by adding a 10-fold excess of soybean
trypsin inhibitor, and cells were solubilized for immuno-
precipitation. To prevent any residual trypsin activity, a
protease inhibitor mixture was included in all the steps.

2.7. Subcellular fractionation of ER and Golgi
compartments

To investigate the effect of avasimibe on intracellular
trafficking of newly synthesized apoB-containing lipopro-
teins, we used a subcellular fractionation protocol to
separate the ER and Golgi compartments. Briefly, HepG2
cells were pulsed with 100 uCi/mL of [*S]methionine and
chased for 0 and 2 hr in the presence and absence of the
ACAT inhibitor. Cells were homogenized and subjected to
sucrose gradient ultracentrifugation as described [44].
Gradients were separated into 12 fractions and immuno-
precipitated for apoB. Fractions 1-6 and 7-12 corre-
sponded to ER and Golgi compartments, respectively,
based on organelle-specific enzyme marker measurements.
NADPH-cytochrome ¢ activity and N-acetylglucosamine
phosphotransferase activity were assayed as organellar-
specific markers for ER and Golgi, respectively, as
described [44].

2.8. Analysis of luminal and membrane-associated
apoB pools

Isolation of the microsomal fraction and separation of
the luminal and membrane components by carbonate
extraction and ultracentrifugation were performed as
described [44-47]. Membrane and luminal fractions were
then diluted with 800 pL of a solubilization buffer contain-
ing 360 pL of 5 x C buffer (250 mM Tris—HCI, pH 7.4,
750 mM NaCl, 25 mM EDTA, 5 mM PMSEF, 5% Triton X-
100) and 410 pL of PBS supplemented with 450 KIU/mL
of Trasylol, 5 mM PMSF and subjected to immunopreci-
pitation, SDS—PAGE, and fluorography.

2.9. Immunoprecipitation, SDS—PAGE,
and fluorography

Immunoprecipitation was performed as described pre-
viously [42,48]. Immunoprecipitates were washed with
wash buffer (10 mM Tris—HCI], pH 7.4, 2 mM EDTA,
0.1% SDS, 1% Triton X-100) and were prepared for
SDS-PAGE by resuspension and boiling in 100 puL. of
electrophoresis sample buffer. Proteins were separated
on SDS-polyacrylamide gels, which then were fixed,
stained, and soaked in Amplify (Amersham), before being
dried and exposed to DuPont autoradiographic film at
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—80° for 1-4 days. The apoB bands were excised from the
gel, digested in hydrogen peroxide/perchloric acid, and
associated radioactivity was quantitated by liquid scintilla-
tion counting.

3. Results
3.1. Effect of avasimibe on cellular lipid synthesis

To assess the effects of avasimibe on the synthesis of
lipids, HepG2 cells were incubated for 18 hr in the pre-
sence of drug concentrations ranging from 0 to 10 uM. The
cells were labeled with either [*H]acetate or [*H]oleate
bound to BSA. Radiolabeled lipid fractions were extracted
from the cells and analyzed by TLC and scintillation
counting. The results revealed that in the presence of
avasimibe, the levels of intracellular newly synthesized
triglyceride, free cholesterol, and cholesteryl esters
decreased dramatically in a concentration-dependent man-
ner (Fig. 1). The maximum response was observed at
10 uM avasimibe, which resulted in near complete inhibi-
tion of lipid synthesis. Interestingly, during the incubation
period, incorporation of labeled oleate into triglyceride
increased initially at 1 puM avasimibe (26.6 + 10.1%,
P =0.04) but decreased sharply at 5 and 10 uM. The
ICso concentration of the drug for inhibition of cholesterol
ester synthesis was found to be approximately 2 pM. At
this concentration, there was no inhibition of triglyceride
synthesis. Thus, higher concentrations of avasimibe were
required to observe inhibition of triglyceride synthesis.

3.2. Effect of avasimibe on apoB synthesis,
secretion, and degradation

To determine the effect of avasimibe on the synthesis
and secretion of apoB, HepG2 cells were incubated over-
night with 10 UM avasimibe and then pulsed with
[**SImethionine and chased for 0 and 2 hr. Immunopreci-
pitated apoB was analyzed by SDS—PAGE and fluorogra-
phy. Fig. 2 shows the effect of the ACAT inhibitor on
cellular, medium, and total apoB remaining. In avasimibe-
treated cells, cellular apoB at 0 hr showed a 36.9 +2.2%
decrease (P = 0.027) compared with control, indicating
significant inhibition of synthesis by the drug. Surprisingly,
in drug-treated cells, cellular apoB remaining after the 2-hr
chase period was 2-fold more than that in the control cells
(P =0.001), suggesting intracellular accumulation of
apoB in the presence of avasimibe. Secretion of apoB in
drug-treated cells decreased 75.6 &+ 5.7% (P = 0.01). This
drastic decrease in apoB secretion can be attributed partly
to the possible suppression of apoB synthesis and also to its
accumulation in avasimibe-treated cells. Examination of
total apoB remaining after the 2-hr chase revealed that, in
control cells, 65.9 + 1.9% (4148 + 358 and 1414 + 80 cpm
per dish at + =0 and 2 hr, respectively; P = 0.004) of
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Fig. 1. Effect of avasimibe on cellular lipid synthesis. HepG2 cells were
incubated for 18 hr in the presence of 0-10 uM avasimibe followed by a
6-hr pulse in the presence of 5 pCi/mL of [*H]acetate (panel A: cholesteryl
ester; panel C: free cholesterol) or [*H]oleate bound to albumin (panel B:
triglyceride). Total cellular lipid was extracted and separated by TLC as
described in Section 2. Lipids of interest were visualized with iodine vapor,
cut from the plate, and quantitated by liquid scintillation counting. Data
shown are total dpm per culture dish (means £ SD, n = 3).

radiolabeled apoB was degraded, while in avasimibe-
treated cells only 20.2 + 10.1% (2618 + 91 and 2089 +
264 cpm per dish at ¢t = 0 and 2 hr, respectively; P = 0.06)
was degraded. It appears that in HepG2 cells avasimibe
increased the stability of cellular apoB, causing its accu-
mulation inside the cells.

To determine whether there might be differences
between the 18-hr treatments used in the preceding experi-
ments and a more acute exposure of the cells to avasimibe,
a set of experiments was performed using a 90-min pre-
treatment time. The results showed that synthesis of apoB
was not affected significantly by the drug under these
conditions, whereas inhibition of secretion and intracel-
lular accumulation of apoB were still observed (data not
shown). These results suggest that at least these effects of
the ACAT inhibitor are likely to be mediated by a relatively
fast-acting mechanism.
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Fig. 2. Effect of avasimibe on apoB synthesis, secretion, and degradation.
Overnight incubation of HepG2 cells in the presence or absence of 10 pM
avasimibe was followed by a pulse with [3S]methionine and a chase
of 0 and 2 hr. Medium and cells were harvested, immunoprecipitated
with an anti-human apoB antibody, and run on a SDS-polyacrylamide gel.
Full-length apoB was visualized by fluorography and quantitated by
excision from the gel, digestion, and liquid scintillation counting. The
figure shows radiolabeled apoB immunoprecipitated from cells (panel A)
and medium (panel B). Panel C shows total apoB remaining in control and
avasimibe-treated cells at 0 and 2-hr chase time points. Data are
means + SD, n = 3.

To investigate any global effects of avasimibe treatment,
the effects of the drug on the synthesis and secretion of two
hepato-specific proteins, albumin and «1-antitrypsin, were
evaluated. HepG2 cells were incubated in the presence and
absence of avasimibe and then labeled with [>°>S]methio-
hr. Cellular and secreted albumin and o1-antitrypsin were
isolated by immunoprecipitation and quantitated as for
apoB. Fig. 3 illustrates that, although avasimibe had no
effect on albumin secretion, the drug significantly inhibited
albumin synthesis at 0 hr (48.5 + 0.3% decrease relative to
the control; 12310 & 1400 and 6345 4 39 cpm per dish
in control and avasimibe-treated cells, respectively; P =
0.013). Cellular levels of albumin after the 2-hr chase
rebounded to the control value (1970 + 913 and 2421 +
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Fig. 3. Effect of avasimibe on albumin synthesis and secretion. Overnight
incubation of HepG2 cells in the presence or absence of 10 uM avasimibe
was followed by a pulse with [**S]methionine and a chase of 0 and 2 hr.
Medium and cells were harvested, immunoprecipitated with an anti-human
albumin antibody, and run on a SDS-polyacrylamide gel. Full-length apoB
was visualized by fluorography and quantitated by excision from the gel,
digestion, and liquid scintillation counting. The figure shows radiolabeled
albumin immunoprecipitated from cells (panel A) and medium (panel B).
Data are means + SD, n = 3.

272 cpm per dish in control and avasimibe-treated cells,
respectively; P = 0.68). Similar results were obtained for
al-antitrypsin (data not shown). The reduced level of
albumin synthesis was not due to avasimibe-induced cell
death as no significant cell loss was observed. However,
when cells were pretreated for only 90 min before pulse-
chase labeling, no significant effects could be observed on
albumin and a1-antitrypsin synthesis or secretion (data not
shown). This suggests that short-term pretreatment of
HepG?2 cells with avasimibe does not affect the synthesis
and/or secretion of hepato-specific proteins.

3.3. Effect of avasimibe on the translocation
efficiency of apoB

The following experiments were undertaken to deter-
mine whether inhibition of apoB secretion might be due to
an alteration in translocational efficiency. Translocational
status of newly synthesized apoB was assessed based on
accessibility to trypsin in permeabilized HepG?2 cells. This
protocol has been used previously in our laboratory to
investigate apoB translocation in HepG2 cells [42,43],
McRH7777 cells [49], and primary hamster hepatocytes
[50]. HepG?2 cells were pretreated with and without 10 pM
avasimibe, pulse-chased, and permeabilized with digitonin.
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Fig. 4. Effect of avasimibe on translocational status of apoB. Pretreatment
of HepG2 cells with 10 uM avasimibe was followed by [*S]methionine
pulse-labeling and chase periods of 30, 60, or 120 min. All cells were
permeabilized in CSK buffer containing 75 pg/mL of digitonin, and half
were treated with 200 pg/mL of trypsin. After arresting proteolysis with
soybean trypsin inhibitor, cells were harvested in solubilizing buffer and
subjected to immunoprecipitation with an anti-human apoB antibody.
Intact, full-length apoB was isolated by SDS-PAGE, visualized by
fluorography, and quantitated by liquid scintillation counting. Data are
expressed relative to control cells not treated with avasimibe and not
exposed to trypsin (mean percent of control & SEM, n = 3). The P values
represent comparisons between the levels of trypsin-resistant apoB in cells
treated without or with avasimibe at different time points (30, 60, and
120 min).

Trypsin protection assays were then performed as
described in Section 2, and translocational efficiency
was calculated as the percentage of intact, trypsin-resistant
apoB in trypsin-treated cells relative to total apoB recov-
ered from control cells that were permeabilized but not
exposed to trypsin. This assay was carried out at chase
times of 30-120 min (Fig. 4). After a 30-min chase,
although avasimibe caused a 23.6 +3.5% (P = 0.027)
decrease in cellular apoB (compared with the control cells
without trypsin), the percentage of trypsin-resistant apoB
was found to be similar under both conditions (61.1 4+ 3.2
and 63.4 & 3.4% in control and avasimibe-treated cells,
respectively; P = 0.32), suggesting no significant differ-
ence in translocation efficiency at this time point. In control
cells after a 60-min chase, 73.1 £ 0.8% of radiolabeled
apoB was found to be trypsin-resistant, indicating an
increase in apoB translocation across the ER membrane
(compared with the 30-min data). In avasimibe-treated
cells, the percentage of trypsin-resistant apoB was not
significantly different from the level after 30 min
(61.5 +5.7% compared with 63.4 + 3.4%). After a 120-
min chase, avasimibe-treated cells contained 18.0 4+ 3.8%
trypsin-resistant apoB, indicating exposure of greater than
80% of apoB to the cytosolic face of the microsomal
membrane. In contrast, control cells had a significantly
higher percentage of trypsin-resistant apoB after the 120-
min chase (37.5 & 5.4%; P = 0.037 relative to avasimibe-
treated cells). Thus, it appears that translocational effi-

ciency of apoB is not affected by avasimibe treatment at the
initial phase of apoB transit through the secretory pathway.
However, there may be a greater proportion of apoB
remaining, associated with the cytosolic face of the micro-
somes in avasimibe-treated cells, at longer chase times.
This may suggest a reduced ability of newly synthesized
and membrane-associated apoB to enter a secretion com-
petent pool in the presence of avasimibe.

3.4. Effect of avasimibe on apoB transit through
the ER and Golgi compartments

To further investigate the effect of avasimibe on intra-
cellular biogenesis of apoB, we used a subcellular fractio-
nation protocol to separate the ER and Golgi
compartments. HepG2 cells were pulsed and chased for
0 and 2 hr. Cells were homogenized and subjected to
sucrose gradient centrifugation. Gradients were separated
into 12 fractions, and apoB was immunoprecipitated. Fig. 5
depicts apoB isolated from the ER (fractions 1-6) and
Golgi (fractions 7-12). At O hr in both control and avasi-
mibe-treated cells, most of the apoB resided in the ER
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Fig. 5. Effect of avasimibe on apoB transit through the ER and Golgi
compartments. Cells were pulsed and chased for 0 (panel A) and 2 hr
(panel B) with and without 10 uM avasimibe pretreatment. Cell homo-
genates were subjected to sucrose gradient centrifugation as described in
Section 2. Gradients were fractionated, and each fraction was immuno-
precipitated with an anti-human apoB antibody. SDS-PAGE, fluorography,
and scintillation counting allowed quantitation of apoB associated with
each fraction. Fractions 1-6 contain contents isolated from the ER, while
fractions 7—12 represent the Golgi compartment. Shown is a representative
experiment of two independent experiments.
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compartment with a peak at fraction 3. In all ER fractions,
apoB radioactivity was markedly higher in avasimibe-
treated cells relative to control cells. After a 2-hr chase,
less radioactivity was recovered from the fractions of
control cells, suggesting that most of the apoB was secreted
or degraded (Fig. 5B). In contrast, after a 2-hr chase in
ACAT inhibitor-treated cells, there was an accumulation of
radiolabeled apoB in both ER and Golgi, with a higher
level in the latter compartment.

3.5. Effect of carbobenzoxyl-leucinyl-leucinyl-leucinal
(MG132) on the degradation of apoB

The involvement of the proteasome in apoB turnover in
the presence of an ACAT inhibitor was studied using
MG132, a potent proteasome inhibitor. The proteasome
is reported to be responsible for the degradation of apoB
that is associated with the ER membrane or retro-translo-
cated back to the cytosol from the ER lumen. Both control
and avasimibe-treated cells were incubated in the presence
of MG132 for 15 min before the pulse, and the protease
inhibitor was also present during the pulse and chase.
Immunoprecipitable apoB recovered under each condition
is shown in Fig. 6. At O hr, MG132 increased cellular apoB
in control cells more than 2.3-fold, suggesting significant
protection of apoB against proteasomal degradation
(55,975 £ 767 and 127,226 £ 3337 cpm per dish, without
and with MG132, respectively; P = 0.008). The extent of

140000
120000

O Cells (0h)
B Cells (2h)
Media (2h)

100000 |
80000

. p=0.41 p=0.045
60000 [
400001

20000

Immunoprecipitable apoB (CPM)

0

MG132 - - + +
Avasimibe - + - +

Fig. 6. ApoB synthesis and secretion in the presence of avasimibe and
MGI132. Cells treated in the presence and absence of avasimibe were
exposed to MG132 15 min before the beginning of the pulse. Both drugs
were also present during the pulse and subsequent O and 2-hr chase. Cells
were harvested at each time point, and medium was collected after 2 hr. All
samples were analyzed for apoB content by SDS-PAGE, fluorography, and
liquid scintillation counting. Radiolabeled apoB isolated from cells at 0 and
2 hr were compared with apoB secreted into the culture medium after 2 hr.
Data are means = SEM, from two independent experiments, each
performed in duplicate. The P values marked with one asterisk () represent
comparisons between cells treated under various conditions and control/
untreated cells. The P values marked with two asterisks (xx) show
comparisons between avasimibe-treated versus avasimibe + MG132-treated
cells. The P values for apoB at the 2-hr chase compare the total radiolabeled
apoB in cells plus medium (total apoB) under various conditions.

protection against degradation by MG132 in avasimibe-
treated cells at O hr was 1.7-fold (58,029 £ 10,790 and
103,197 4 4440 cpm per dish, without and with MG132,
respectively; P = 0.017). Interestingly, although the pre-
sence of MGI132 in avasimibe-treated cells increased
recovery of newly synthesized apoB, it failed to restore
it completely to the level of control cells + MG132, sug-
gesting the possible involvement of mechanisms other than
proteasomal degradation in reducing cellular apoB levels.
After a 2-hr chase, MG132 increased cellular apoB in
control (from 7516 £ 1208 to 51,699 4+ 4006 cpm per
dish; 6.9-fold) and avasimibe-treated cells (from
36,685 £ 16,210 to 87,835 £ 24,800 cpm per dish; 2.4-
fold), respectively. Expressed as a percentage, the level of
radiolabeled apoB degraded was 72.9 & 8% (—MG132)
versus 46.8 =2.9% (+MG132) (P = 0.003) in control
cells and 30.4 £4.5% (—MG132) versus 13.9+7.1%
(+MG132) (P = 0.045) in avasimibe-treated cells. Thus,
MG132 stimulated secretion of apoB more than 2-fold in
control cells but significantly suppressed apoB secretion in
avasimibe-treated cells.

3.6. Effect of avasimibe on apoB turnover
in permeabilized cells

Intact HepG2 cells incubated with and without avasi-
mibe were pulsed, permeabilized with digitonin, and then
chased in CSK buffer, in the presence and absence of
avasimibe, for 0, 90, and 180 min (Fig. 7). In control cells,
there was significant degradation of newly synthesized
apoB after 90 min (25.3 4+ 7.0% of initial apoB remain-
ing), while in avasimibe-treated cells the extent of degra-
dation was significantly (P = 0.008) less than control
(90.3 + 27.7% remaining). After 180 min of chase, apoB
in avasimibe-treated cells was reduced to 29.4 + 8.0%,
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Fig. 7. Effect of avasimibe on apoB turnover in permeabilized cells. Intact
HepG2 cells incubated with and without avasimibe were pulsed,
permeabilized with digitonin, and then chased in CSK buffer, in the
presence and absence of avasimibe, for 0, 90, and 180 min. Full-length
apoB remaining after each chase time was quantitated after immunopre-
cipitation, SDS-PAGE, fluorography, and scintillation counting. Data are
means + SEM, from two independent experiments, each performed in
duplicate. The P values compare percent apoB remaining between control
and avasimibe-treated cells at different chase times.
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Fig. 8. Effect of avasimibe in oleate-treated HepG2 cells. Control and
avasimibe-treated cells were also treated in the presence and absence of
oleate. Medium and cells were harvested after a pulse and chase of 0 and
2 hr. Data reflect full-length apoB quantitated from cells at O and 2 hr as
well as from medium at 2 hr. All treatments contained BSA as a vehicle
control as it was used to deliver oleate (means+ SEM, from two
independent experiments performed in duplicate). The P values show
comparisons between control cells treated with or without oleate as well as
avasimibe-treated cells with or without oleate.

which was still significantly higher than the level of
11.2 +0.8% seen in control cells (P = 0.012). Overall,
these data indicated avasimibe-induced enhancement in
the stability of apoB in permeabilized HepG2 cells.

3.7. Effect of avasimibe on oleate-treated cells

To examine the effect of avasimibe on oleate-stimulated
cells, control and avasimibe-treated cells were incubated in
the presence and absence of oleate. Cells were then pulsed
and chased for 0 and 2 hr. Fig. 8 shows radiolabeled apoB
recovered under different conditions. At O hr, there was no
significant difference in cellular apoB except in avasimibe-
treated cells (without oleate), in which cellular apoB was
approximately 40% greater than that in control cells
(144,387+ 23,473, 201,822 £+ 16,193, 143,589 + 27,655,
and 141,363 % 16,189 cpm per dish in BSA-, avasimibe +
BSA-, BSA + oleate-, and BSA + oleate + avasimibe-
treated cells, respectively). At the 2-hr chase, avasimibe
increased cellular apoB about 2-fold compared with the
control (P = 0.03), suggesting apoB accumulation in drug-
treated cells. Addition of oleate in control and avasimibe-
treated cells showed opposite effects on cellular apoB at
the 2-hr chase. As depicted in Fig. 8, oleate treatment of
control cells increased both the cellular apoB remaining at
2 hr (P =0.049) and secreted apoB (P = 0.03), when
compared with control cells not treated with oleate. How-
ever, in avasimibe-treated cells, oleate caused a non-sig-
nificant 16.2 & 5.3% decrease in cellular apoB (P = 0.13)
with a trend towards an increase in apoB secretion
(P = 0.08). The percentage of apoB degradation in control
cells dropped from 78.4% without oleate to 56.7% in the
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presence of oleate, whereas in the avasimibe-treated cells it
declined slightly from 72.7 to 62.9% in the absence and
presence of oleate, respectively.

3.8. Effect of avasimibe on the density profile
of apoB100-containing lipoproteins

To investigate the effect of avasimibe on the assembly of
apoB-containing lipoproteins, HepG2 cells were pulsed,
chased for 10 and 120 min, and used to prepare micro-
somes. Luminal contents as well as culture medium at
each chase time were subjected to sucrose gradient ultra-
centrifugation and immunoprecipitation. Fig. 9 shows the
distribution of luminal apoB-containing lipoproteins.
Fractions 1-5 represent high-density apoB lipoprotein
(apoB-containing lipoprotein with a density similar to that
of HDL, peak density 1.065-1.170 g/mL), fractions 6-10
represent the lower density apoB lipoprotein particles
(LDL-apoB, peak density 1.011-1.045 g/mL), and the
top fractions (11 and 12) contain very-low-density apoB
lipoprotein particles (density < 1.011 g/mL) (see [45,51]).
Results depicted in Fig. 9A indicate that at O hr, in the
microsomal lumen of both control and avasimibe-treated
cells, radiolabeled apoB was distributed in two different

15000
LDL VLDL
12000
9000
6000

3000

—0— Control
—@— Avasimibe

15000}

12000}
9000}

Immunoprecipitable apoB (CPM)

6000}

1 2 3 4 5 6

7 8 9 10 11 12
Fraction

Fig. 9. Effect of avasimibe on the assembly and secretion of apoB-
containing lipoproteins. HepG2 cells treated with and without avasimibe
were pulsed with [3>S]methionine and chased for 10 (panel A) and 120 min
(panel B). Medium was collected, and microsomes were isolated from
harvested cells. The luminal contents of the microsomes were extracted with
carbonate, and these contents, were subjected to sucrose gradient ultra-
centrifugation to separate HDL-like (fractions 1-5), LDL-like (fractions
6-10), and VLDL-like lipoprotein particles (fractions 11 and 12).
Radiolabeled apoB associated with each fraction was quantitated by
immunoprecipitation, SDS-PAGE, fluorography, and scintillation counting.
These data are representative of two independent experiments.
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density regions of the gradient (LDL and HDL) with the
majority of nascent apoB being present in the secretion
incompetent-HDL particles with the peak at fraction 2.
Interestingly, at the 2-hr chase time, the luminal apoB-
containing lipoprotein pattern was completely different for
control and avasimibe-treated cells (Fig. 9B). After the
2-hr chase, neither radiolabeled apoB-containing HDL
(secretion-incompetent) nor LDL-like particles (secre-
tion-competent) were detected in the ER lumen of the
control, indicating either gradual conversion of HDL-like
particles (by recruiting more lipid) to secretion-competent
LDL or their degradation (or a combination of both).
Analysis of medium from control cells revealed a high
level of apoB secretion in the form of LDL particles (data
not shown). Analysis of avasimibe-treated cells revealed
no change in apoB-containing lipoprotein particle profile
between the 0 and 2-hr chase, suggesting drug-induced
inhibition of apoB secretion, cellular apoB stabilization, as
well as lack of lipid recruitment by the nascent lipoproteins
leading to their cellular accumulation.

4. Discussion

The body of data concerning the effects of avasimibe is
small, but there have been studies using other ACAT inhi-
bitors including: Dup 128, Sandoz 58-035, CL277,082,
447C88, FCE 27677, and NTE-122. In the present study,
overnight incubation of HepG2 cells with avasimibe sig-
nificantly decreased intracellular levels of newly synthe-
sized cholesterol and cholesteryl ester, and at higher doses
triglyceride synthesis was also inhibited. This observation
on cholesterol and cholesteryl ester is in agreement with
the findings of Wilcox et al. [27]. They reported similar
effects on HepG2 cells following a 19-24-hr incubation
with avasimibe and Dup 128, another ACAT inhibitor.
In contrast to our findings, they observed no effect on
cellular triglyceride synthesis as assessed by ['*C]loleate
labeling, although triglyceride secretion as measured by
either ['#CJacetate or ['*CJoleate labeling was shown to be
inhibited. Other investigators have also made contrasting
observations on the effect of ACAT inhibitors on cellular
lipid biosynthesis. Benoist and Grand-Perret [52] using
Sandoz 58-035 found a reduction in cholesteryl ester
mass and synthesis without any effect on cellular choles-
terol and triglyceride, or apoB secretion. However, Avra-
moglu et al. [21], using the same ACAT inhibitor in HepG2
cells, reported reduction in newly synthesized cellular
cholesteryl ester and concluded that both newly synthe-
sized and stored cholesteryl ester are important determi-
nants of apoB secretion from HepG2 cells. In contrast,
Graham and colleagues [35], using two different ACAT
inhibitors (447C88 and CL277,082), found that while both
drugs inhibited cholesterol esterification, only one of the
two inhibitors (CL277,082) significantly reduced trigly-
ceride and phosphatidylcholine secretion from HepG2

cells. Interestingly, in another study, incubation of HepG2
cells with Sandoz 58-035 resulted in increased cellular
triglyceride and cholesterol while decreasing cholesteryl
ester content [37]. Furthermore, in an in vivo feeding study,
Burnett et al. [30] found that in miniature pigs avasimibe
treatment induced a dose-dependent increase in liver
triglyceride accumulation. Since we have not measured
triglyceride mass in our current study, we cannot rule out
the possibility that cellular triglyceride mass levels may
not be changed in parallel with the rate of cellular trigly-
ceride synthesis (which was decreased under the conditions
of this study).

In the present study, avasimibe was found to inhibit
apoB secretion significantly. This inhibition was observed
after both short-term (90 min) and long-term (overnight)
incubations. Overnight treatment also suppressed apoB
synthesis, whereas short-term incubation did not. Long-
term incubation with avasimibe appears to cause a general
suppression of protein synthesis as evidenced by decreased
synthesis of both albumin and a1-antitrypsin. Wilcox et al.
[27] reported no change in apoB mRNA levels in HepG2
cells following a 24-hr incubation with avasimibe. Thus, it
is possible that the lower level of radiolabeled apoB
observed at the end of the pulse period in our study was
due to a slower protein translation in avasimibe-treated
cells. Interestingly, the avasimibe-induced inhibition of
apoB secretion coincided with a significant decline in
intracellular synthesis of both core lipoprotein lipids,
triglyceride and cholesterol ester. The inhibition of trigly-
ceride synthesis was unexpected but it might explain, at
least partially, the reduction in apoB secretion since the
link between triglyceride availability and apoB secretion
has been well established [9,52-56]. It is also important to
note that at the 1c5y concentration (~2 puM) for inhibition of
cholesteryl ester synthesis, there was no significant effect
on triglycerides, and higher doses were required for inhibi-
tion of triglyceride synthesis.

Surprisingly, we found that cellular degradation of apoB
was attenuated drastically during short-term treatment with
the drug. Inhibition of secretion together with higher
cellular stability of apoB caused its accumulation inside
the cells under these conditions. In contrast to our findings,
Wilcox et al. [27] found an accelerated rate of apoB
degradation in avasimibe-treated HepG2 cells. The reasons
for these contrasting findings are unclear but may be
related to the different cell culture conditions employed.
In addition, our conclusions are based on classical pulse-
chase studies, whereas Wilcox et al. [27] derived their
conclusions based on multicompartmental modeling of
pulse-chase data. It should also be noted that we did
observe increased degradation of accumulated apoB in
avasimibe-treated permeabilized HepG2 cells following
a longer chase time. In support of our findings of an initial
inhibition of apoB degradation, there is one report in the
literature indicating suppression of apoB degradation in
HepG2 cells by Sandoz 58-035 [37].
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To further study the apoB secretory pathway under these
conditions, we examined translocation of newly synthe-
sized apoB across the ER membrane. According to our
findings, although avasimibe did not initially affect the rate
of apoB translocation across the ER membrane, it appeared
to impair posttranslational movement of apoB out of the
membrane-associated pool such that, after a 2-hr chase
period, more than 80% of apoB was still exposed on the
cytosolic face of the ER. This translocation-arrested apoB
would ordinarily be targeted for degradation by the pro-
teolytic machinery of the cell, particularly the proteasome
system, but our data indicate that at least part of this pool
remains intact under conditions of short chase times.

Recently, Post et al. [57] reported that in rat hepatocytes
avasimibe stimulated bile acid synthesis and increased
cholesterol 7o-hydroxylase mRNA and protein levels.
Hepatocytes treated with avasimibe showed a shift from
storage and secretion of cholesteryl esters to conversion
of cholesterol into bile acids. The enzyme that links these
two metabolic pathways is the liver-specific cholesterol-
7a-hydroxylase [58,59]. Studies in Chinese hamster ovary
(CHO) cells expressing apoB53 and cholesterol-7o-hydro-
xylase found that apoB53 was not degraded and accumu-
lated in cells while still associated with the ER membrane
[58]. The mechanism of this protection from degradation
was found to be an inhibition of apoB ubiquitination, an
early step in proteasome-mediated degradation. This effect
of the expression of cholesterol-7a-hydroxylase was
reversed by oxysterols [58]. Interestingly, oxysterols are
true ACAT activators (refer to the review by Chang et al.
[60]). These findings provide a possible link between the
sterol-status of cells, altered by the expression of choles-
terol-7a-hydroxylase, and the ubiquitin-dependent protea-
somal degradation of apoB, although direct evidence
requires further studies.

Our data on the assembly of apoB-containing lipopro-
teins also suggest poor lipidation of these particles in
avasimibe-treated cells. Most of the radiolabeled apoB
recovered in the ER lumen was associated with particles
in the density range of HDL, while in control cells most
radiolabeled apoB was either secreted or degraded. It is
noteworthy that in avasimibe-treated cells even apoB-
containing lipoproteins with the density of LDL were
not secretion-competent but remained confined inside
the secretory pathway. To study the role of lipidation on
apoB stability and secretion, we incubated control and
avasimibe-treated cells with oleate. The effects of avasi-
mibe and oleate on cellular apoB were not additive, and
apoB accumulation in avasimibe-treated cells was abro-
gated, in part, by oleate treatment. This suggests that oleate
can potentially reverse the short-term blocking action of
avasimibe on apoB degradation and secretion. One possi-
ble explanation for these observations may be that oleate,
by increasing ACAT activity [61], was able to neutralize
the blocking effect of avasimibe and restore apoB secre-
tion. On the other hand, oleate treatment might reverse the

avasimibe-induced inhibition of triglyceride synthesis,
enhance triglyceride availability, and thus induce assembly
and secretion of apoB lipoproteins.

We also studied the effects of MG132, a potent protea-
some inhibitor, on apoB biogenesis in the presence and
absence of avasimibe. Interestingly, MG132 increased the
cellular level of apoB in both control and avasimibe-treated
cells, indicating that the proteasomal system is active in the
presence of avasimibe. The apoB rescued by MG132 was
not secretion-competent and accumulated inside the ACAT
inhibitor-treated cells. Since the effects of avasimibe and
MG132 on apoB stability (2-hr level) appear to be additive,
it also argues in favor of two distinct mechanisms being
affected by the two drugs. Our findings on apoB degrada-
tion in permeabilized cells appear to support the above
hypothesis. In avasimibe-treated cells, apoB was signifi-
cantly more stable than control cells (about 7-fold) at
90 min, but this enhanced stability was reversed almost
completely by 180 min. These observations indicate pos-
sible transient inhibition of ER-localized proteases by the
drug.

In summary, avasimibe appears to exert its blocking
effects on apoB secretion from HepG2 cells through novel
mechanisms. Prolonged association with the microsomal
membrane and impaired lipidation of nascent apoB,
together with suppressed cellular protein turnover systems,
lead to transient accumulation of secretion-incompetent
apoB-containing lipoproteins inside the cell. Further inves-
tigation is required to better elucidate the nature of these
mechanisms.
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