
Introduction

The recruitment of inflammatory cells in the arterial wall is trig-
gered by the deposition and oxidation of lipid material in the arte-
rial wall. This is a defensive mechanism that by self-perpetuation
becomes injurious leading to the development and progression of
atherosclerotic lesions [1]. The accumulation of lipid material is
the result of an imbalance between the influx and efflux of choles-
terol within the arterial wall. High levels of plasma low-density
lipoprotein (LDL)-cholesterol are considered the major mecha-
nism responsible for the influx and accumulation of cholesterol in

the arterial wall, while high-density lipoprotein (HDL)-cholesterol
seems responsible for its efflux [2–4]. The mechanism by which
cholesterol is removed from extra-hepatic organs and delivered to
the liver for its catabolism and excretion is called reverse choles-
terol transport (RCT).

Epidemiological evidence has associated high levels of HDL-
cholesterol/apoA-I with protection against atherosclerotic disease,
but the ultimate mechanism(s) responsible for the beneficial effect
is not well established. Recently, research efforts have focused on
ApoA-IMilano, a naturally occurring mutation of apoA-I with potent
anti-atherogenic properties [5]. Benefits associated with the
administration of the recombinant form of ApoA-IMilano (rApoA-IM)
have been described in several experimental models of atheroscle-
rosis [6–8] and even in human beings [9]. We have recently
reported that acute administration of rApoA-IM induces a rapid
regression of advanced atherosclerotic lesions in a rabbit model of
atherosclerosis [10]. The observed rapid plaque regression was
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associated with molecular changes suggesting a transition from a
vulnerable to a more stable plaque phenotype [10]. The mecha-
nism by which rApoA-IM infusion results in a high efficient choles-
terol removal from the vessel wall and plaque stabilization remains
to be fully elucidated.

The aim of the present work was to improve the knowledge on
the mechanisms of action responsible for the observed acute ben-
efits following the administration of rApoA-IM. For such purpose,
we have assessed the effect of rApoA-IM on the cholesterol
removal, RCT-related receptors, inflammation and oxidative stress
in a rabbit model of atherosclerosis and in a murine foam cell line.

Methods

In vivo study

Study design
Abdominal aortic atherosclerotic plaques were induced in rabbits (n � 16)
by a combination of 9-month 0.2% cholesterol-rich diet plus two aortic
denudations as previously described [11, 12]. At the end of the atheroscle-
rosis induction period, animals were randomized to receive two intravenous
(i.v.) injections, 4 days apart, of recombinant ApoA-IMilano (rApoA-IM)-phos-
pholipids (n � 8) or equal volume of placebo (saline, n � 8) [10]. Four days
after the last dose, animals were killed and the aortas and livers were har-
vested and processed for lipid content measurement, atherosclerotic plaque
oxidative stress, as well as for gene and protein expression of markers
involved in RCT and inflammation. Plasma from animals receiving rApoA-IM
was collected immediately before the first dose and at sacrifice for determi-
nation of systemic cholesterol levels, systemic lipid peroxidation products
and prostaglandin F1-� (PGF1-�) levels. The study protocol was approved
by an institutional animal research committee. All animals received humane
care in compliance with the ‘Guide for the Care and Use of Laboratory
Animals’. All experiments conformed with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health, 1996.

Experimental procedures
The atherosclerosis induction protocol has been described in detail else-
where [11, 13]. Briefly, male New Zealand White rabbits (age 5 months)
were fed with 0.2% cholesterol atherogenic diet (Research Diets, Inc., NJ,
USA) for 9 months. Two aortic balloon endothelial denudations were per-
formed 1 and 12 weeks after atherogenic diet initiation. Before undergoing
any procedure, animals were fully anesthetized by intramuscular injections
of ketamine (30 mg/kg) and xylazine (2.2 mg/kg).

At the end of the 9-month atherosclerotic induction period, animals
were randomized to receive two i.v. infusions (75 mg/kg) of rApoA-IM-
palmitoyl-2-oleoyl phosphatidylcholine (ETC-216, Pfizer. From now on
rApoA-IM) or equal volume of placebo, as previously reported [10]. ETC-
216 was supplied as frozen vials containing approximately 15 mg/ml by
Pfizer Pharmaceuticals.

Four days after the last dose of rApoA-IM or placebo, animals were
killed with an overdose of pentobarbital (Sleepaway®, Fort Dodge. 75
mg/kg). Abdominal aortas and livers were excised with sterile tools,
washed in autoclaved phosphate-buffered saline (PBS), and frozen in liq-
uid nitrogen and stored at –80 �C for further analysis.

Plasma samples were stored frozen at �80�C. The determination of lipid
peroxidation products after placebo or rApoA-IM treatments, as well as
PGF1-� levels before and after rApoA-IM were done as previously
described [14–16].

Aortic and hepatic tissue cholesterol content quantification
Aortic tissue cholesterol was determined always in the proximal half of the
descending aorta harvested using a previously validated assay [17].
Briefly, atherosclerotic wall and hepatic tissues were grounded to a fine
powder with a ceramic pestle in liquid nitrogen. Ten milligrams of powder
were measured and homogenized, and the lipid content was extracted by
treatment with chloroform-Triton X-100 followed by centrifugation. The
lower phase was collected and vacuum dried. The extracted lipids were
dissolved in cholesterol reaction buffer by vortexing extensively for 5 min.
and measured via a cholesterol assay kit (Biovision®) utilizing absorbance
spectrophotometry according to manufacturer.

Western blot analysis
Aortic and hepatic protein levels of markers involved in RCT (ATP binding
cassette A-1 [ABCA-1] and scavenger receptor BI [SR-BI]), as well as of
inducible nitric oxide synthase (iNOS) and caspase-3 were analysed by
Western blot analysis. Aortic and liver segments were excised, removed of
surrounding adherent and connective tissue, and snap-frozen in liquid
nitrogen. Thereafter, the frozen liver and aortas were pulverized, homogenized
in lysis buffer (50 mmol/l Tris-HCl, 1 mmol/l ethylenediaminetetraacetic
acid (EDTA), 1% Triton X-100, 0.1 mg/ml PMSF, 1 �g/ml aprotinin, 10 �g/ml
leupetin, pH 7.4), briefly sonicated, and the protein concentration was
measured with the bicinchoninic acid method (BCA, Pierce Biotechnology;
Rockford, IL, USA) using bovine serum albumin (BSA) as a standard.
Samples (50 �g/lane) were subjected to SDS-PAGE and transferred to
nitrocellulose membranes. Blots were placed in Tris-buffered saline,
0.05% Tween 20 (TBST) supplemented with PBS containing 3% BSA for
2 hrs at room temperature and then incubated with iNOS (R&D system
Inc., Minneapolis, MN, USA), caspase-3 (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA), SR-BI (Novus Biological, Inc., Littleton, CO, USA)
or ABCA-1 (GenScript, Piscataway, NJ, USA) overnight at 4�C.

The blots were washed three times with TBS-Tween, and the 
membranes were incubated with horseradish peroxidase-conjugated 
antibodies for 1 hr at room temperature and washed again as described
previously. Membrane-bound secondary antibodies were detected using
the ECLTM chemiluminescence system (Amersham Bioscience, Pierce
Biotechnology). Changes in expression were measured by densitometry
(ImageJ) and �-actin (Santa Cruz Biotechnology) was used for protein
loading control.

Real-time PCR mRNA analysis
RNA was isolated from 30 mg frozen aortic or hepatic tissue with the
RNeasy-mini kit (QiagenTM) according to the manufacturer’s guidelines.
Concentration of RNA was determined by measuring absorbance at 
260 nm (A260). The A260/A280 ratio of the samples ranged from 1.8 to 2.2.

Real-time PCR assays were carried out using SYBR green PCR
Master Mix (Applied Biosystems Inc., Foster City, CA, USA) on a
GeneAmp 5700 Sequence Detection System (Applied Biosystems)
according to the manufacturer’s protocol. Intron spanning primers
(TibMolBiol) were designed using Primer Express software (Applied
Biosystems) and are presented in Table S1. Results were normalized to
GADPH (housekeeping gene) expression.
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In vitro study

Study design

The in vitro study was designed to better recognize the effect of rApoA-IM
on receptors involved in RCT in cholesterol-loaded macrophages (foam
cells). In order to understand whether the effect of rApoA-IM on these
receptors is shared with other forms of apoA-I or by contrast are uniquely
inherent to the Milano form, two different types of apoA-I were tested
(apoA-Iwild-type [apoA-Iwt] and lipid-free rApoA-IM. Culture media free of
any of these agents was used as control.

Foam cells were generated by adding oxidized LDL (oxLDL) to the
macrophages’ culture media. After 72 hrs of oxLDL exposure, the media
was replaced by oxLDL-free culture media containing apoA-Iwt (pure pro-
tein bought from CalBiochem®), lipid-free rApoA-IM and or regular media
free of any of these agents.

Macrophage’s cholesterol content, as well as protein expression of
receptors implicated in RCT (ABCA-1 and SR-BI) was determined after
each treatment at the different time-points expressed in the results section.
In addition, a protein expression time course of macrophage’s ABCA-1 and
SR-BI was performed throughout the 72 hrs oxLDL exposure.

Cell culture

Murine macrophages (J774A.1 cell line, ATCC, Rockville, MD) were cul-
tured in T25 flasks with RPMI 1640 medium containing 10% foetal calf
serum, 50 �g/ml each of penicillin and streptomycin, and 2 mM glutamine.
Experiments were performed when cells were �90% confluent.

Isolation of LDL and preparation of oxLDL

LDL (density � 1.019–1.063 g/ml) was isolated from human plasma by
sequential ultracentrifugation. For oxidation, LDL was diluted to 0.1 mg
protein/ml with EDTA-free PBS and incubated with CuSO4 (10 �mol/l) for
18 hrs at 37�C. At the end of incubation, 0.1 mmol/l EDTA was added to
prevent further oxidation and the oxLDL was concentrated to 1 mg/ml. This
procedure resulted in extensive LDL oxidation and the resulting prepara-
tions are referred to in the text as oxLDL.

Foam cell formation and exposure to treatments

J774 macrophages were seeded (1 	 106 /ml) in six-well plates and then
incubated with oxLDL (100 �g/ml) for 72 hrs. At the end of incubation,
medium was removed and fresh medium containing lipid-free rApoA-IM
(10 �g/ml) or apoA-Iwt (10 �g/ml), respectively, was added for 24 hrs. Un-
treated J774 cells (not exposed to oxLDL) were used as control.

In addition, a dose–response time-dependent experiment using esca-
lating doses of both forms of apoA-I protein was performed.

Cholesterol content assays

The lipid content (106 cells) was extracted by treatment with chloroform-
Triton X-100 followed by centrifugation. The lower phase was collected and

vacuum dried. The extracted lipids were dissolved in cholesterol reaction
buffer by vortexing extensively for 5 min. and measured via a cholesterol
assay kit (Biovision®) utilizing absorbance spectrophotometry.

Delipidation of ETC-216 was done according to previously reported
protocols [18, 19]. SDS-PAGE and Coomassie staining after ETC-216
delipidation revealed a single band in the apoA-I region (Fig. S1).

Western blot analysis

ABCA-1 and SR-BI protein levels were measured at selected time-points.
Macrophages were washed twice with cold PBS and then scraped and
lysed in Cytobuster (Novogen Inc., New Canaan, CT, USA) according to the
manufacturer’s instructions. Equal amount of total proteins were loaded on
SDS PAGE Mini-gel and then transferred onto nylon-enhanced nitrocellulose
membrane. Membranes were blocked with a solution of PBS containing 3%
BSA for 2 hrs and then incubated with rabbit polyclonal anti-ABCA-1 and -
SR-BI (Novus Biological, Inc.) overnight at 4�C followed by washing (3 	
10 min.) with 0.1%Tween/PBS (PBS-T) buffer. The blot was incubated with
horseradish peroxidase-conjugated goat anti-rabbit IgG for another 1 hr at
room temperature. After washing three times (10 min. each) with PBS-T,
the membrane was incubated for 5 min. in a mixture of equal volumes of
Western blot chemiluminescence reagents 1 and 2. The membrane was
then exposed to film before development.

Statistical analysis

Continuous variables are expressed as mean 
 S.E. of the mean. For sta-
tistical comparisons, Wilcoxon and Mann-Whitney tests were applied
appropriately. All experiments were done three times, and the mean of the
results were taken for statistical comparisons. A value of P � 0.05 (two-
tailed) was considered statistically significant. The authors had full access
to the data and take responsibility for its integrity. All authors have read and
agree to the manuscript as written.

Results

Effect of rApoA-IMilano on circulating cholesterol
levels

There were no significant differences in plasma levels of total cho-
lesterol between animals receiving rApoA-IM or placebo either
before or after treatment. Total cholesterol levels were similar in
both groups before the treatment (1025 
 89 mg/dl versus
1028 
 243 mg/dl in the rApoA-IM and placebo groups, respec-
tively). Four days after the last dose of treatments , total choles-
terol levels were similar in both groups: 1118 
 137 mg/dl in
rApoA-IM versus 954 
 143 mg/dl in placebo group). The effect
of the administration of rApoA-IM on circulating levels of apoA-IM
has been previously reported [10].

Total HDL levels were similar in both groups at the end of ath-
erosclerotic induction: 104 
 7 in rApoa-IM versus 97 
 12 mg/dl
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in placebo, P � NS). At the time of killing, total HDL was 
significantly higher in rApoA-IM animals than in placebo (138 

22 in rApoA-IM versus 89 
 15 in placebo, P � 0.012).

Effect of rApoA-IMilano on the aortic vessel wall

The effects of the administration of rApoA-IM (a 5% of plaque
regression and changes in lesion composition) have been previ-
ously reported [10]. Aortas of rApoA-IM-treated animals had sig-
nificantly lower lipid content than those of placebo animals (Fig. 1,
upper panel). Reduction on both size and lipid content in the ves-
sel wall with unchanged plasma lipid levels strongly suggests an
enhanced net cholesterol removal from aortic lesions. The
enhanced RCT is also supported by the significant (P � 0.001)
increase in ABCA-1 protein levels and up-regulation of SRB1 at the
gene and protein levels in the aortic wall as compared to placebo
(Figs 2 and 3).

The effects of rApoA-IM on iNOS, caspase-3 and lipid peroxida-
tion products, as markers of inflammation, were evaluated. The
group receiving rApoA-IM showed a significant down-regulation of
iNOS and caspase-3 mRNA and protein levels as compared with
the placebo group, Fig. 4. Atherosclerotic plaque oxidative stress
was significantly lower in the rApoA-IM than the placebo group

(9.1 
 1.7 versus 17.2 
 2.3 �M malondialdehyde [MDA],
respectively, P � 0.032).

Effect of rApoA-IMilano on the liver

The effects of rApoA-IM administration on the hepatic accumula-
tion of cholesterol and liver expression of ABCA-1 and SR-BI were
also assessed.

Recombinant-ApoA-IM dramatically reduced the hepatic cho-
lesterol content of the livers versus those receiving placebo, 
Fig. 1, lower panel).

A significant gene and protein SR-BI, and ABCA-1 protein up-
regulation was observed in the livers of rApoA-IM-treated animals
versus the placebo group (Figs 2 and 3).

Effect of rApoA-IMilano on oxidative stress 
and circulating isoprostanes

Circulating lipid peroxidation products at sacrifice were signifi-
cantly lower in rApoA-IM-treated animals (72.7 
 5.9 versus
102.9 
 7.8 �M MDA in rApoA-IM versus placebo, respectively, 
P � 0.016). Circulating levels of PGF1-� were significantly

Fig. 1 Mean 
 S.E.M. tissue cholesterol content in the aortic arterial wall
(top) and liver (bottom panel) from animals receiving rApoA-IMilano

(rApoA-IM) or placebo. The Y-axis represents �g of cholesterol per 10
mg of tissue.

Fig. 2 Protein expression by Western blot of aortic and hepatic receptors
involved in reverse cholesterol transport from animals receiving 
rApoA-IM or placebo. ABCA-1: ATP binding cassette A-1, SR-BI: 
scavenger receptor type B class I.
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reduced from baseline (pre-Rx) by the rApoA-IM treatment (166.7

 36.9 pg/ml versus 102.8 
 27.4, P � 0.02).

Comparative study of Milano and wild-type 
ApoA-I isoforms on macrophage cholesterol 
content

Murine macrophages (J774A.1 cell line) were exposed for 72 hrs
to oxLDL. This process resulted in a significant increase in 
their cholesterol content (3.15 
 0.1 versus 7.9 
 0.2 �g 	 10�6

cells before and 72 hrs after oxLDL exposure, respectively, 
P � 0.001).

Lipid-rich macrophages were treated with wild-type human
apoA-I (apoA-Iwt) or delipidated apoA-IM. Both treatments resulted
in a significant reduction in the cellular cholesterol content versus
pre-treatment (3.4 
 0.2 and 2.8 
 0.0 �g 	 10�6 cells, respec-
tively, P � 0.001). Interestingly, the incubation of macrophages
with apoA-IM resulted in a significantly lower content of intracellu-
lar cholesterol as compared with those treated with apoA-Iwt (P �

0.05) – see Fig. 5. These results strongly suggest an enhanced
cholesterol removal from macrophages by the Milano form as
compared with the wild-type apoA-I.

In order to better delineate whether apoA-IM was more effec-
tive than native apoA-I, in cholesterol removal from macrophages,
four different concentrations of each type of apoA-I (2.5, 5, 10 and
20 �g/ml) were tested. The cholesterol content of macrophages
was determined at 12 and 24 hrs. As can be seen in Fig. S2, all
four concentrations of apoA-IM were significantly more efficient at
12 hrs as compared to apoA-Iwt. Interestingly, at 24 hrs, only the
two highest concentrations of apoA-IM were more efficient than
apoA-Iwt. This results suggest that apoA-IM is not only more effi-
cient, but also faster that apoA-Iwt in the removal of cholesterol
from foam cells. There was no incremental effect of the 20 �g/ml
concentration neither for apoA-IM nor for apoA-Iwt. As can be seen
in Fig. S2, the effect of apoA-IM at all concentrations were not dif-
ferent between 12 and 24 hrs, while the effect of apoA-Iwt was in
all superior at 24 hrs than at 12 hrs.

Effect of oxLDL on macrophages’ABCA-1 
and SR-BI density

ABCA-1 and SR-BI density was assessed at baseline (before), and
24, 48 and 72 hrs after oxLDL exposure. The accumulation of cho-
lesterol by the exposure of the murine macrophages to ox-LDL
resulted in an early up-regulation of ABC1, followed by a signifi-
cant (P � 0.03) down-regulation at 48 and 72 versus pre-oxLDL
exposure values. Following oxLDL exposure, there was a gradual
decrease in SR-BI density. See Fig. S3.

Effect of different forms of apoA-I on
macrophages’ ABCA-1 and SR-BI density

Foam cells were generated by culture of macrophages with 
oxidized LDL. After 72 hrs of exposure to oxLDL, there was a dra-
matic ABCA-1 and SR-BI protein down-regulation, as noted above
(Fig. S3). Treatment with both forms of apoA-I induced a signifi-
cant up-regulation of both key receptors involved in RCT (ABCA-1
and SR-BI). Interestingly, macrophages’ ABCA-1 and SR-BI den-
sity after treatment with the Milano form of apoA-I was signifi-
cantly higher than after treatment with apoA-Iwt. See Fig. 6.

Discussion

We have previously reported the acute benefits associated with the
administration of rApoA-IMilano to an experimental model of
advanced atherosclerosis [10]. We are now describing the poten-
tial mechanisms responsible for the observed beneficial effects.
The main results of the present work are: (1) Two administrations
of rApoA-IM in atherosclerotic rabbits resulted in a significant
reduction of aortic and hepatic cholesterol content without affect-
ing plasma cholesterol levels. (2) These observations were asso-
ciated with a significant up-regulation of several of key players
involved in the RCT (ABCA-1 and SR-BI) both at the vascular and
hepatic level. (3) The administration of rApoA-IM resulted in a 
significant reduction of inflammatory markers and oxidative stress
both at vascular (atherosclerotic lesion) and systemic (circulating)
levels, suggesting a rescue of the global pro-inflammatory state
associated with atherosclerotic disease. (4) Finally, in vitro exper-
iments on oxLDL-loaded macrophages suggested a more potent
cholesterol removal activity of the ApoA-IMilano than the wild-type
form of apoA-I.

Atherosclerosis is a diffuse disease characterized by the depo-
sition/accumulation of cholesterol and inflammatory cells within
the arterial wall. Free cholesterol is considered a highly toxic sub-
stance that contributes to the perpetuation of the inflammatory
process [1]. Removal of cholesterol from the vessel wall may,
therefore, have an impact not only on the size and composition of
the atherosclerotic lesions, but also on its inflammatory status.

Fig. 3 SR-BI gene expression in aorta (vessel wall) and liver wall. Y-axis
in left panel corresponds to amount of RNA 	10�3 (expressed as mean

 S.E.M. of X-fold to housekeeping gene). Y-axis in the right panel cor-
responds to amount of RNA (expressed as mean 
 S.E.M. of X-fold to
housekeeping gene).
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The effects of rApoA-IM on the regression of previously estab-
lished atherosclerotic lesions have been reported by different
groups not only in experimental models but also in human beings
[6–10, 20]. In the present study we are describing a significant
reduction in aortic wall and hepatic cholesterol content and the 
up-regulation of ABCA-1 and SR-BI. These observations strongly
suggest that the described benefits of rApoA-IM on plaque regres-
sion could, at least in part, be mediated via an enhanced RCT.

The present findings extend the previously described vasculo-
protective effects of recombinant apoA-IM administration, provid-
ing insight into the mechanism of action. The effects of rApoA-IM
administration on the removal of cholesterol from the established
lesions is well documented [7, 8, 21]. We are now reporting that
the lesion regression is accompanied by a reduced cholesterol
accumulation in the liver. These observations combined with the
up-regulation of the major players involved in the efflux of choles-
terol, strongly suggest that rApoA-IM enhances the RCT. However,
since we have measured neither the bile acid synthesis nor faecal
excretion of cholesterol, we cannot be completely rule out that a

Fig. 4 Inducible nitric oxide synthase (iNOS)
and caspase-3 gene expression (amount of
RNA 	10�3 [expressed as mean 
 S.E.M. of
X-fold to housekeeping gene]) by real-time
PCR is shown in top panel. Bottom panel
illustrates protein expression of same mark-
ers. Note that rApoA-IM induced a significant
down-regulation of iNOS and of both forms of
caspase-3 (pre-active [37 kD band], and
cleaved [17 kD band]).

Fig. 5 In vitro cholesterol content (mean 
 S.E.M. of �g 	 10�6 cells)
from macrophages (macroph, pre-exposure to ox-LDL), foam cells (after
72 hrs exposure to oxLDL), and after 24 hrs treatment of foam cells with
apoA-I wild-type (A-Iwt), and ApoA-IMilano (A-IM). Bars represent mean
values. n � 4 per time-point/treatment.
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mobilization of cholesterol to different areas from the vessel wall
and the liver, something very unlikely, took place. The gross post-
mortem evaluation of the animals at sacrifice did not show any
extraneous deposition of cholesterol. Another plausible explana-
tion for the observed hepatic cholesterol reduction is that the
decrease in hepatic cholesterol levels reflect the transport of cho-
lesterol to nascent HDL particles via ABCA-1, particularly given the
up-regulation of ABCA-1 in the liver. Previous studies have shown
that hepatic ABCA-1 plays an important role in the formation of
HDL [22].

Prior reports showing a 35% increase in faecal excretion of
cholesterol in hypercholesterolaemic patients after the infusion of
rApo A-I [23] seems to be indirectly corroborated by our observa-
tions showing less cholesterol accumulation in liver and aorta
without affecting the systemic levels.

To understand the mechanism of action responsible of the
enhanced RCT observed, we analysed the effect of rApoA-IM
administration on the major players involved in this process
(ABCA-1 and SR-BI) both in vivo and in vitro conditions. 
The in vitro set of experiments were specifically designed to

Fig. 6 In vitro ABCA-1 and SR-BI protein
expression (by Western blot) in
macrophages (pre-oxLDL exposure), foam
cells (72 hrs after oxLDL exposure), and
after 24 treatment of foam cells with differ-
ent forms of apoA-I (human apoA-I wild-
type (A-Iwt) and delipidated ApoA-IMilano

(A-IM), see text). Data are expressed as
mean 
 S.E.M. of arbitrary densitometric
units. Bottom panel illustrates representative
Western blot images from this set of in vitro
experiments. n � 4 per time-point/treatment.
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understand whether, and eventually how, the Milano form of
apoA-I exerts stronger vasculoprotective properties than the
wild-type form of apoA-I. We have showed that rApoA-IM infu-
sion induces a significant up-regulation of ABCA-1 and SR-BI
levels both in the atherosclerotic plaque and in the liver. The
incubation of oxLDL-loaded-macrophages (foam cells) with
apoA-IM confirmed the significant up-regulation of ABCA-1 and
SR-BI observed in vivo. In addition, the experiments on oxLDL-
loaded macrophages, suggest a more efficient cholesterol
removal activity with the Milano isoform as compared with the
wild-type apoA-I. Whether the up-regulation of SR-BI observed
in oxLDL-loaded-macrophages in our in vitro set of experiments
plays a role in the observed cholesterol removal from the 
aortas in animals is not addressed by the present work. While
previous in vitro experiments have clearly shown that
macrophages SR-BI mediate cholesterol efflux to HDL [24], a
recent study has challenged the involvement of macrophages
SR-BI in RCT in vivo [25].

Whether the Milano form of apoA-I is more effective than the
wild-type in cholesterol removal has been the matter of heated
discussion. Some reports claim that both forms are equally effec-
tive in their cholesterol removal and athero-protective activities
[26, 27], while others have shown that ApoA-IMilano is not only
more effective in cholesterol removal [28, 29], but also exert
increased anti-atherogenic properties in vivo. The latter has been
corroborated by a recent study showing that over-expression of
apoA-IM had a stronger anti-atherogenic effect than over-expres-
sion of wild-type apoA-I on murine atherosclerosis [20]. Our
observations support the concept that the Milano form of apoA-I
is more effective in the removal of cholesterol from
macrophages/foam cells than the wild-type form. Potential 
reasons for the different results might be due to the different
techniques used for macrophage loading (ox-LDL versus acety-
lated LDL by Weibel et al. [26]). Finally, we have observed that
apoA-IM is faster than apoA-Iwt in achieving its maximum effect.
In fact, there no differences in macrophages’ cholesterol content
after 12 or 24 hrs exposure to apoA-IM. This suggests that,
beyond being more efficient in cholesterol removal, the Milano
form of apoA-I seems to be also faster. Whether these observa-
tions are responsible of the incremental beneficial effects of
apoA-IM in vivo is still unknown.

Our results on ABCA-I up-regulation confirm the recently
reported that sera from apoA-IM carriers promotes an ABCA-1-
driven cholesterol efflux from macrophages to a greater extent
than that observed in sera from matched controls [29].
Conversely, to the best of our knowledge, the SR-BI up-regula-
tion observed by us has never been reported after treatment
with apoA-IM. Whether the up-regulation of ABCA-1 and SR-BI
is the main feature responsible of the enhanced RCT and lipid
excretion observed cannot be assured at this point but our
results suggest that it certainly plays an important role in the
beneficial effects resulting from rApoA-IM administration in 
atherosclerosis.

It is well known that local and systemic inflammation is a
major player in the vulnerability of atherosclerotic plaques. We

are showing that apoA-IM administration resulted in a rescue of
the global inflammatory status of the atherosclerotic animals. At
the systemic level, we have shown a reduced oxidative stress
(less lipid peroxidation products) compared with the placebo
animals. In addition, we found that circulating levels of PGF1-�
(a biomarker of inflammation) [30] significantly decreased 
following rApoA-IM treatment. These two different assays com-
bined with our previous observation of a reduced MCP-1 levels
in the lesions of the animals receiving rApo A-IM [10], suggest a
systemic anti-inflammatory effect associated with rApoA-IM
administration.

Furthermore, we have shown that treatment with rApoA-IM
induced a significant vessel wall iNOS and caspase-3 down-
regulation. These molecular changes suggest a profound modula-
tion of the lesions phenotype expanding our previous 
observations in this regard [10]. Inducible NOS has been shown
to be involved in LDL-cholesterol oxidation [31], therefore the
beneficial effects of rApoA-IM administration may not only be
restricted in time to the acute phase, but also it may change the
fate of the atherosclerotic lesion, blocking the vicious cycle of
LDL-cholesterol oxidation and atherosclerosis progression. The
significant reduction in local lipid peroxidation products supports
this hypothesis. Recombinant apoA-IM seems to decrease apopto-
sis in the atherosclerotic lesions, as noted by the significant
reduction in constitutive and cleaved forms of caspase-3. Previous
reports associated apoptotic macrophages as the source for
plaque tissue factor [32]. In this regard, it has been shown that
short-term treatment with apoA-IM reduces the tissue factor con-
tent within the atherosclerotic lesions, and this effect may be
mediated by the significant reduction in caspase-3 expression
observed in the current work.

Taken together our in vivo and in vitro studies, we are report-
ing an enhanced cholesterol removal and an anti-inflammatory
activity associated with the rApoA-IM infusion. Whether the
enhanced removal of cholesterol is responsible for the anti-inflam-
matory effect of the apoA-IM or other pleiotropic or non-lipid
mediated mechanisms are responsible for these observations
remain to be established.

Limitations

The major limitation of the current study is that we have not
tested in vivo the effect of native apoA-I. Although it would have
been interesting, the authors lacked the expertise to assemble
native apoA-I with palmitoyl-2-oleoyl phosphatidylcholine (at the
same ratio as rApoA-IM is assembled with the phospholipids in
ETC-216). For this reason we tested in vitro the effect of the pure
proteins (native and Milano apoA-I) after the delipidation of 
the latter.

In addition, it has been suggested that phospholipidic micelles
may have by itself some impact in cholesterol removal from
macrophages. Although Chiesa et al. showed that phospholipids
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alone had no effect on plaque volume while rApoA-IM-phospholipids
significantly regressed atherosclerotic lesions [33], it cannot com-
pletely be ruled out that the phospholipids contained in ETC-216 may
have an impact, if any, on the beneficial in vivo effects here reported.
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Fig. S1. Coomassie staining gel run in non-reducing conditions
(left). Recombinant apoA-IMilano is a protein dimmer with a molecu-
lar weight of �56 kD. When the gel is run in reducing conditions
(right), delipidated apoA-IMilano appears as a single band in the 28-kD
position. Human wild-type apoA-I migrates to the 28-kD position.

Fig. S2. Mean 
 S.E.M. of in vitro cholesterol content (mean of
�g x10�6 cells) from macrophages (macroph, pre-exposure to
ox-LDL), foam cells (after 72 hrs exposure to oxLDL), and after
12- and 24-hr treatment of foam cells with apoA-I wild-type 
(A-Iwt), and apoA-IMilano (A-IM) at four different concentrations.
N � 4 per time-point/concentration. *P-value �0.05 for the 
comparison between apoA-IM and apoA-Iwt. #P-value �0.05
between 12 and 24 hrs.

Fig. S3. Time course macrophages’ ABCA-1 and SR-BI protein
levels during exposure to oxLDL. Data are expressed as mean 

S.E.M. of arbitrary densitometric units. See text.

Table S1. Primers sequences for quantitative real-time PCR

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/j.1582-
4934.2008.00614.x
(This link will take you to the article abstract).
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