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Abstract
Oxysterol-induced macrophage apoptosis may have a role in atherosclerosis. Macrophages lacking
the type 2 cannabinoid receptor (CB2) are partially resistant to apoptosis induced by 7-
ketocholesterol (7KC). AM-251 and SR144528 are selective antagonists of CB1 and CB2 receptors,
respectively. We observed that both compounds reduce 7KC-induced apoptosis in Raw 264.7
macrophages. As oxysterol-induced macrophage apoptosis requires acyl-coenzymeA:cholesterol
acyltransferase (ACAT) activity, we tested their affects on ACAT activity. AM-251 and SR144528
both reduced cholesteryl ester synthesis in unstimulated and acetylated LDL-stimulated Raw 264.7
macrophages, CB2 +/+ and CB2−/− peritoneal macrophages, as well as in vitro, in mouse liver
microsomes. Consistent with inhibition of ACAT, the development of foam cell characteristics in
macrophages by treatment with acetylated LDL was reduced by both compounds. This work is the
first evidence that AM-251 and SR144528 are inhibitors of ACAT and as a result, might have anti-
atherosclerotic activities independent of their affect on cannabinoid signaling.
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During atherogenesis, macrophages in the vascular intima take up modified low density
lipoproteins (LDL), such as oxidized LDL (OxLDL), and store much of the LDL-derived
cholesterol as cholesteryl esters in cytosolic lipid droplets [1]. Accumulation of cytosolic lipid
droplets within macrophages transforms them into the foam cells which define early
atherosclerotic lesions known as fatty streaks [2]. Intracellular cholesteryl ester synthesis is
carried out by acyl-coenzyme A:cholesterol acyltransferase (ACAT) using cholesterol and
fatty-acyl CoA as substrates [3]. Inhibition of ACAT prevents foam cell formation and, in some
animal studies, slows the progression of atherosclerosis[4].

Lesional macrophage apoptosis plays several roles during the pathophysiology of
atherosclerosis. During early lesion formation, macrophage apoptosis is anti-atherosclerotic
[5,6] while at later stages it likely contributes to plaque destabilization [7]. Lesional
macrophages are subject to several apoptotic inducers, including oxLDL, which potently
induces apoptosis in cultured macrophages largely as a result of its cytotoxic oxysterol
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constituents like 7-ketocholesterol (7KC) [8,9]. Oxysterols are also substrates for ACAT and
reduction of ACAT activity in macrophages produces resistance to 7KC-induced apoptosis,
indicating that ACAT is a required step in the signaling pathway of oxysterol-induced
macrophage apoptosis [10].

Cannabinoids and endocannabinoids function via two G-protein coupled receptors known as
CB1 and CB2 [11]. CB1 is mainly expressed in the central nervous system where it mediates
the psychoactive effects of cannabinoids [12]. CB2 is expressed by immune cells, including
macrophages, and mediates the anti-inflammatory and immunosuppressive effects of
cannabinoids [13]. CB2 is expressed by lesional macrophages and Δ9-tetrahydrocannabiol
induces lesion regression in mice by a mechanism sensitive to CB2 antagonism [14]. Recently,
we observed that CB2 null macrophages are partially resistant to oxLDL/oxysterol-induced
apoptosis [15]. During the course of this study, we noted that AM-251, a CB1-selective
antagonist [16], in addition to SR144528, a CB2-selective antagonist [17], also increased the
survival of macrophages exposed to 7KC. In the present study, we explored the hypothesis that
AM-251 and SR144528 reduce 7KC-induced apoptosis by interfering with the ACAT-
mediated step of oxysterol-induced apoptosis signaling. Our results demonstrate that both
compounds inhibit ACAT activity in vivo and in vitro.

Materials and methods
Cell lines and reagents

Raw 264.7 macrophages were cultured in RPMI-1640 supplemented with 10% FBS, 2 mM
glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in a humidified
atmosphere of 5% CO2 and 95% air. SR144528 was supplied by Dr. Francis Barth (Sanofi-
Aventis). AM-251 and 7-ketocholesterol were obtained from BioMol and Steraloids,
respectively. [9,10-3H]Oleic acid and [Oleoyl-1-14C]-CoA were from American Radiolabeled
Chemicals. Mouse liver microsomes and acetylated LDL were purchased from CellzDirect and
Biomedical Technologies, respectively. All other reagents and supplies were from Fisher
Scientific.

Mice
Resident peritoneal macrophages were isolated by lavage from wild type and CB2 null mice
as previously described [15]. All animal procedures were conducted in accordance with the
guidelines administered by the Animal Research Facility and the Institutional Animal Care and
Usage Committee at East Tennessee State University.

Caspase-3 Assay
Macrophages were seeded (2 × 106/well) in 12-well culture plates. AM-251 or SR144528 were
added from 4 mM stock solutions prepared in DMSO, 1h prior to the addition of 7KC from a
2 mg/ml ethanol stock solution. Controls were adjusted to receive equivalent volumes of
DMSO and ethanol. After 16 h, caspase-3 activity was determined as previously described
[10]. All treatments were done in triplicate and the data presented as the mean RFLU/mg protein
± SD.

APOPercentage Assay
Macrophages, seeded (50,000/well) in 96-well plates and supplemented with AM-251,
SR144528 or vehicle alone 1h prior to the addition of 7KC as described above for caspase-3
assays. After 16 h, apoptosis was quantified using the APOPercentage (Biocolor) colorimetric
protocol according to the manufacturer’s directions.

Thewke et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 April 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Viability Assays
Macrophages were seeded (10,000/well) in 96-well plates and supplemented with AM-251,
SR144528 or vehicle only as described above. After 24 h, the viability was determined using
a CellTiter 96 Kit (Promega) according to the manufacturer’s instructions.

Neutral Lipid Synthesis
Macrophages (2 × 106) were seeded in 35 mm culture dishes. After 4 h, the cells were rinsed
twice with PBS, refed RPMI-1640+0.5% FBS containing varying amounts of AM-251 or
SR144528. Controls received an equivalent volume of vehicle. After 1 h, [3H]-oleate (1.0
μCi/ml) or, for determination of acLDL-stimulated ACAT activity, [3H]-oleate (1.0 μCi/ml)
+ 100 μg/ml acLDL, was added. After 6 h, the cells were rinsed three times with ice-cold PBS
+0.2% BSA. Neutral lipids were extracted in hexane:2-propanol (3:2 v/v), subjected to thin
layer chromatography (TLC) on silica gel 60 plates and the amount of radiolabel incorporated
into cholesterol esters, triacylglycerides, and diacylglycerides was quantified by liquid
scintillation counting (LSC) as we previously described [10]. All treatments were done in
triplicate and the data presented as the mean dpm/mg protein ± SD.

In Vitro ACAT Assay
A 200 μl assay mixture containing 0.1 M potassium phosphate buffer (pH 7.4), 2.5 mg/ml BSA
and 60 μg of microsomal proteins was preincubated with and without inhibitors (added as a
10 μl methanol solution to make final concentrations of 0–20 μM) for 30 min at 37°C. [14C]
oleoyl-CoA (0.5 μCi) was then added and the incubation continued for 5 min. The reactions
were terminated by adding 1.2 ml of chloroform/methanol (2:1 v/v) and the cholesteryl-[14C]
oleate extracted by the method of Bligh and Dyer[18]. The samples were dried under nitrogen,
resuspended in hexane, subjected to TLC and the radioactivity of the cholesteryl-[14C]oleate
measured by LSC.

Foam cell formation
Raw 264.7 macrophages were seeded at 2 × 105 per well in a 4-chamber slide (LabTek). After
attaching, the cells were rinsed twice with PBS and refed RPMI-1640+2% FBS supplemented
with and without 8 μM AM-251 or SR144528. All wells were adjusted to receive the same
concentrations of vehicle. After 1 h, 100 μg/ml acLDL was added and the incubation continued
for 16 h. The cells were rinsed with PBS, fixed in 4% formaldehyde and the intracellular neutral
lipids and nuclei were stained with oil red O and hematoxylin, respectively. Lipid droplet
formation was examined using a model BX41 Olympus light microscope equipped with a
Micropublisher 5.0 cooled RTV digital camera (Qimaging).

Statistical Analysis
Statistical differences were determined by Student t-test with P<0.05 considered statistically
significant.

Results
AM-251 and SR144528 inhibit 7KC-induced macrophage apoptosis

To determine the affect of AM-251 and SR144528 on 7KC-induced apoptosis in Raw 264.7
macrophages we monitored two independent indicators of apoptosis, caspase-3 activity and
uptake of APOPercentage dye. In comparison to controls supplemented with vehicle only, Raw
264.7 macrophages supplemented with AM-251 or SR144528 displayed reduced caspase-3
activity (Fig. 1A) and reduced uptake of APOPercetage dye (Fig. 1B) following a 16h treatment
with 7KC. In contrast, activation of caspase-3 activity in Raw 264.7 macrophages by
staurosporine was not affected by supplementation with either AM-251 or SR144528 (Fig.
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1C). At these concentrations the viability of Raw 264.7 macrophages, as determined by a
modified MTT assay, was unaffected by either compound (Fig. 1D).

AM-251 and SR144528 inhibit cholesterol ester synthesis in vivo and in vitro
To determined if AM-251 and SR144528 were affecting sterol esterification in macrophages
we monitored the ability of SR144528 and AM-251 to inhibit the incorporation of [3H]oleate
into neutral lipids; cholesteryl [3H]oleate ([3H]CO), [3H]triacylglycerol ([3H]TG) and [3H]
diacylglycerol ([3H]DG). In unstimulated Raw 264.7 macrophages, both SR144528 and
AM-251 inhibited [3H]CO synthesis in a dose dependent fashion with IC50 values of ~2.6 μM
and ~1.9 μM, respectively (Fig. 2A and 2B). SR144528 showed almost no inhibition of [3H]
TG or [3H]DG synthesis even at the highest dose, while AM-251 produced a slight stimulation
of [3H]TG and [3H]DG synthesis. Similar to their affect on cholesteryl [3H]oleate formation,
both compounds also prevented the incorporation of [3H]oleate into 7-ketocholesteryl-[3H]
oleate in macrophages treated with exogenous 7KC (Fig. 2C).

We next examined the ability of AM-251 and SR144528 to inhibit cholesterol ester synthesis
in Raw 264.7 macrophages in which ACAT activity was stimulated with acetylated LDL
(acLDL) (Fig. 3A). Both compounds displayed dose-dependent inhibition of cholesterol
esterification with IC50 values similar to those observed in unstimulated Raw 264.7 cells. In
comparison to a prototypical ACAT inhibitor, Sandoz 58–035, both AM-251 and SR144528
were less potent inhibitors of acLDL-stimulated cholesterol esterification in macrophages (Fig.
3A).

To explore the role of cannabinoid receptor signaling in AM-251 and SR144528 mediated
inhibition of sterol esterification, we compared their affects on cholesterol esterification in
peritoneal macrophages isolated from CB2+/+ and CB2−/− mice. We observed no affect of CB2
deficiency on the ability of either compound, in the presence or absence of acLDL, to inhibit
cellular sterol esterification (Fig. 3B). This result indicates that AM-251 and SR144528 inhibit
ACAT activity independent of CB2 expression.

We next evaluated AM-251 and SR144528 for in vitro ACAT inhibitory activity by measuring
the formation of cholesteryl [14C]oleate from [14C]oleoyl-CoA in isolated mouse liver
microsomes. Preliminary experiments showed the formation of cholesteryl [14C]oleate in
mouse liver microsomes was linear up to ~9 minutes, therefore a 5 minute incubation was used
for subsequent reactions. AM-251 and SR144528 inhibited microsomal ACAT activity in a
concentration-dependent manner with IC50 values of 3.8 ± 1.3 μM and 3.6 ± 1.1 μM,
respectively (Fig. 3C). At 10 μM, SR144528 and AM-251 inhibited ACAT activities ~68%
and ~77%, respectively. In comparison, 58–035 inhibited ACAT with an IC50 of 0.4 ± 0.2
μM, similar to that reported in the literature [19].

Inhibition of Lipid Droplet Accumulation in Macrophages by AM-251 and SR144528
The hallmark of early atherosclerosis is the formation of macrophage-derived foam cells.
Cultured macrophages can take on foam cell characteristics when they ingest acLDL via
receptor-mediated mechanisms and, in an ACAT-dependent mechanism, store the acLDL-
derived cholesterol as cholesteryl esters within lipid droplets in the cytosol. To assess the affect
of AM-251 and SR144528 on foam cell formation we stained macrophages with oil red O, a
dye selective for intracellular neutral lipids. Lipid droplet formation was undetectable in Raw
264.7 macrophages cultured in the absence of acLDL (Fig. 4A) but readily detectable in those
cultured in the presence of acLDL (Fig. 4B). Macrophages cultured in the presence of acLDL
and AM-251 (Fig. 4C) or SR144528 (Fig. 4D) displayed substantially reduced accumulation
of lipid droplets. Under these conditions we observed no affect on cellular morphology or
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viability. Similar inhibition of acLDL-stimulated lipid droplet formation by AM-251 and
SR144528 was observed with murine peritoneal macrophages (data not shown).

Discussion
In this study, we show that AM-251 and SR144528 inhibit 7KC-induced macrophage apoptosis
but not staurosporine-induced apoptosis. This suggests that AM-251 and SR144528 selectively
inhibit 7KC-induced apoptotic signaling rather than apoptosis in a general. The apoptotic
signaling pathway induced by oxLDL/oxysterols in macrophages is dependent upon ACAT-
mediated oxysterol esterification[10]. The observation that concentrations of AM-251 and
SR144528 necessary to inhibit 7KC-induced apoptosis also blocked sterol esterification in
macrophages supports the hypothesis that these compounds prevent 7KC-induced apoptosis,
at least partly, as a consequence of their ability to inhibit oxysterol esterification.

CB2 deficiency has been noted to reduce the susceptibility of macrophages to oxysterol-
induced apoptosis by a mechanism that is independent, or downstream, of ACAT [15]. Thus,
the observation that SR144528 can inhibit ACAT activity in CB2 −/− macrophages suggests
that SR144528 may block oxysterol-induced apoptosis by two mechanisms; antagonizing CB2
and inhibiting ACAT. Although ACAT inhibition in CB1 deficient macrophages was not
evaluated in this study, it seems unlikely that AM-251 inhibition of 7KC-induced apoptosis is
due to affects on CB1 signaling as the concentration of AM-251 required to block apoptosis
is nearly two orders of magnitude greater than the reported Ki values for inhibition of CB1
receptor signaling [20].

Although the possibility of additional affects on cholesterol trafficking can not be ruled out by
the present study, the ability to inhibit ACAT activity in vitro demonstrates that both
compounds are direct inhibitors of ACAT, independent of their ability to antagonize
cannabinoid receptors. As inhibition of ACAT slows macrophage foam cell formation [21], it
seems reasonable to conclude that the prevention of foam cell formation by AM-251 and
SR144528 is a consequence of their inhibition of ACAT.

This is the first report of either AM-251 or SR144528 affecting an enzyme linked to
cardiovascular disease or lipoprotein metabolism. However, AM-251 is structurally and
pharmacologically similar to another CB1 specific antagonist, SR141716A (Rimonabant,
Acomplia™) [22]. The only structural difference is the replacement of a p-iodo group attached
to the phenyl substituent at C-5 of the pyrazole ring of AM-251 with a p-chloro group in
SR141716A. SR141716A alters some cardiovascular risk factors in both mice [23] and humans
[24–28] suggesting a direct pharmacological affect of SR141716A on lipoprotein and lipid
metabolism [25,28]. Anti-atherosclerotic affects of SR141716A are currently under evaluation
in human trials [29] and recently, SR141716A was shown to reduce development of
atherosclerosis in mice [30]. Interestingly, AM-251, SR144528 and SR141716A all share some
structural similarities with a recently identified pharmacophore for ACAT inhibition, the
diphenylethane backbone of Sandoz 58-035 [31]. Although the affect of SR141716A on ACAT
activity is not yet known, the high structural homology between SR141716A and AM-251
implies that some of the cardiovascular beneficial effects of SR141716A might be due to
inhibition of ACAT. Thus, administration of AM251, SR144528 and potentially SR141716A,
in addition to having direct affects on cannabinoid signaling, might also influence the
progression of atherosclerosis by decreasing serum cholesterol levels through inhibition of
ACAT in the liver and suppressing foam cell formation by inhibiting ACAT in macrophages.
In addition, affects on plaque stability due to modulation of macrophage apoptosis pathways
could also result. The result of which could be either beneficial or harmful depending upon the
stage of the lesion. Clearly, additional studies will be needed to fully elucidate the precise
mechanisms by which these compounds affect atherosclerosis.
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Fig. 1.
AM-251 and SR144528 inhibit 7-ketocholesterol induced apoptosis. Raw 264.7 macrophages
were pretreated for 1 h with AM-251 or SR144528, prior to treatment with 7KC (10 μg/ml) as
indicated. After 16 h, apoptosis was evaluated by (A) caspase-3 activity assay and (B)
APOPercentage assay. (C) Caspase-3 activity induced in Raw 264.7 macrophages after a 6h
treatment with staurosporine (1 μM) in the absence and presence of AM-251 or SR144528 as
indicated. (D) Cell viability of Raw 264.7 macrophages incubated for 24 h in medium
supplemented with AM-251 or SR144528, as indicated, was determined by a modified MTT
assay and presented as the percentage ± SD of the mean of the control cells treated with vehicle
only. * p<0.05
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Fig. 2.
AM-251 and SR144528 inhibit sterol esterification in vivo and in vitro. The affect of (A)
AM-251 and (B) SR144528 on the incorporation of [3H]oleate into neutral lipids in Raw 264.7
macrophages. Cells were incubated in medium supplemented with increasing concentrations
of AM-251 and SR144528 as indicated for 1 h prior to the addition of [3H]oleate (1 μCi/ml).
After a 6 h incubation, the total lipids were extracted and the amount of cholesteryl [3H]oleate,
[3H]triacylglycerol and [3H]diacylglycerol formed was determined. (C) AM-251 and
SR144528 prevent esterification of 7-ketocholesterol. Raw 264.7 macrophages were pretreated
for 1 h with the antagonists, as indicated, prior to the addition of [3H]oleate (1 μCi/ml) and
7KC (10 μg/ml). After 6 h, the formation of 7-ketocholesteryl [3H]oleate was determined.
Values are the percentage of the mean dpm/mg protein ± SD determined for control cells
(vehicle only) for duplicate experiments each performed in triplicate. * p<0.05.
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Fig. 3.
AM-251 and SR144528 inhibit the stimulation of cholesterol esterification by acLDL
independent of CB2 expression. (A) Raw 264.7 macrophages were pretreated with increasing
concentrations of AM-251, SR144528 or 58-035 for 1h prior to supplementation with acLDL
(100 μg/ml) and [3H]oleate (1 μCi/ml) as indicated. Following a 6 h incubation, the amount of
cholesteryl [3H]oleate formed was determined and the ACAT activity expressed as percentage
of the mean cholesteryl [3H]oleate dpm/mg realized for controls (vehicle only). Each
experiment was performed independently twice, each with triplicate samples. (B) AM-251 and
SR144528 inhibit acLDL-stimulated cholesterol esterification in resident peritoneal
macrophages from wild type and CB2 null mice. Wild type (CB2+/+) and CB2 null (CB2−/−)
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resident macrophages were pretreated with AM-251 or SR144528 for 1h prior to the addition
of acLDL (100 μg/ml) and [3H]oleate (1 μCi/ml). After 6 h, total lipids were extracted and the
amount of cholesteryl [3H]oleate formed was determined. ACAT activity is expressed as the
percentage of the mean cholesteryl [3H]oleate dpm/mg realized for controls (vehicle only).
Each experiment was performed independently twice, each with triplicate samples. (C) Mouse
liver microsomes were preincubated for 30 min with various concentrations (0–20 μM) of the
inhibitors as indicated. [14C]Oleoyl-CoA (0.5 μCi) was added and the amount of cholesteryl
[14C]oleate formed after a 5 min incubation at 37°C was determined. ACAT activity is
expressed as the percentage of cholesteryl [14C]oleate formed in the absence of inhibitors ±
SD for triplicate samples. In some cases the error bars are smaller than the symbol and are not
visible.
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Fig. 4.
Lipid droplet accumulation in Raw 264.7 macrophages is inhibited by AM-251 and SR144528.
(A) Cells were cultured for 16 h in medium alone (-acLDL), or medium supplemented with
(B) 100 μg/ml acLDL, (C) 100 μg/ml acLDL and 8 μM AM-251 or (D) 100 μg/ml acLDL and
8 μM SR144528. The cells were fixed and the neutral lipids stained with oil red O. Original
magnification = 40X. Bar, 10 μm.
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