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Abstract
Mechanisms to increase plasma high-density lipoprotein (HDL) or to promote egress of
cholesterol from cholesterol-loaded cells (e.g., foam cells from atherosclerotic lesions) remain an
important target to regress heart disease. Reconstituted HDL (rHDL) serves as a valuable vehicle
to promote cellular cholesterol efflux in vitro and in vivo. rHDL were prepared with wild type
apolipoprotein (apo) A-I and the rare variant, apoA-I Milano (M), and each apolipoprotein was
reconstituted with phosphatidylcholine (PC) or sphingomyelin (SM). The four distinct rHDL
generated were incubated with CHO cells, J774 macrophages, and BHK cells in cellular
cholesterol efflux assays. In each cell type, apoA-I(M) SM-rHDL promoted the greatest
cholesterol efflux. In BHK cells, the cholesterol efflux capacities of all four distinct rHDL were
greatly enhanced by increased expression of ABCG1. Efflux to PC-containing rHDL was
stimulated by transfection of a nonfunctional ABCA1 mutant (W590S), suggesting that binding to
ABCA1 represents a competing interaction. This interpretation was confirmed by binding
experiments. The data show that cholesterol efflux activity is dependent upon the apoA-I protein
employed, as well as the phospholipid constituent of the rHDL. Future studies designed to
optimize the efflux capacity of therapeutic rHDL may improve the value of this emerging
intervention strategy.
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Introduction
Apolipoprotein (apo) A-I, the predominant apolipoprotein found on high-density lipoprotein
(HDL), plays a central role in reverse cholesterol transport (RCT), the pathway by which
cholesterol is removed from peripheral tissues and returned to the liver for excretion from
the body. Elevated HDL levels are associated with a decreased incidence of atherosclerosis
and promotion of RCT by increasing apoA-I and lowering plasma and whole body
cholesterol levels.

ApoA-I Milano (M) is a rare mutant form of this protein discovered in a population of
heterozygous carriers living in a small town near Milan, Italy. These individuals display
markedly reduced plasma HDL levels, a low prevalence of atherosclerosis, and increased
lifespan compared with noncarriers (Franceschini et al. 1980). ApoA-I(M) differs from wild-
type (WT) apoA-I by a single amino acid substitution (Arg173Cys). The mechanistic link
between apoA-I(M) and athero-protection remains unclear, despite many in vitro and in vivo
experiments examining this protein and its phenotypic effects. Improved cardiovascular
outcomes were consistently seen in animals treated with apoA-I(M) in several arterial injury
models (Chiesa et al. 2002; Li et al. 1999; Soma et al. 1995), including ischemia-reperfusion
(Calabresi et al. 2003; Marchesi et al. 2004) and injury following coronary balloon
angioplasty (Ameli et al. 1994).

In addition, human clinical trials have been conducted to investigate the efficacy of apoA-
I(M)-phospholipid complex therapy. Using a primary efficacy measure of the change in
percent atheroma volume, a placebo-controlled clinical trial found that patients receiving
apoA-I(M)-rHDL had significant regression of coronary atherosclerosis compared with
controls, as measured by intravenous ultrasound (Nissen et al. 2003). In a follow-up trial
measuring regression of arterial atheroma volume and changes in lumen volume, Nicholls et
al. (2006) reported that injection of rHDL containing apoA-I (M) produced significant but
heterogenous regression of coronary atherosclerosis in regions containing high plaque
burden.

Because the efficacy of this therapy is considered to be related to the ability of apoA-I(M) to
efflux cholesterol, determining the optimal composition of apoA-I rHDL is critical to the
potential success of this therapy. In an in vitro model of cholesterol efflux, apoA-I(M)-
containing sera from human apoA-I(M) carriers and apoA-I(M) transgenic mice showed a
similar ability to efflux cholesterol, compared with control sera, despite a nearly 70% lower
apoA-I level in the apoA-I (M) transgenic mice (Franceschini et al. 1999). This led to the
conclusion that apoA-I(M) has a significantly higher cholesterol efflux potential than WT
apoA-I. Despite this, it has been shown that the overall amount of cholesterol efflux is not
appreciably higher in an apoA-I(M) genetic background, because apoA-I(M) plasma HDL
levels are much lower than in WT apoA-I in control mice. These data suggest that
atheroprotection conferred by apoA-I(M) is not attributable to a net higher cellular lipid
mobilization (Alexander et al. 2009b; Weibel et al. 2007), but rather the unique efflux
promotion properties of apoA-I(M) rHDL. In the present study we compared WT apoA-I
rHDL prepared with phosphatidylcholine (PC) and sphingomyelin (SM) against apoA-I(M)
prepared with the same phospholipids. The results show that, in all cell culture models
tested, apoA-I(M) SM rHDL are the most effective at cholesterol efflux.
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Materials and methods
Recombinant apoA-I expression and isolation

WT apoA-I and apoA-I(M) were expressed in Escherichia coli and isolated as described
earlier (Ryan et al. 2003). ApoA-I(M) was generated by site directed mutagenesis using the
Quick-Change XL kit from Stratagene according to the manufacturer's instructions.
Introduction of the desired mutation was verified by dideoxy automated DNA sequencing.

rHDL formation
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (PC) and egg sphingomyelin (SM) were
purchased from Avanti Polar Lipids (Pelham, Ala., USA). The phospholipids (5 mg) were
dissolved in chloroform/methanol (3:1, v/v) and dried under a stream of N2 gas as a thin
film in a glass tube. Following dispersion of the lipid in 50 mmol/L sodium phosphate, pH
7.0, 150 mmol/L NaCl, 2 mg of apoA-I was added, and the sample bath-sonicated at 24 °C
until clear. The solutions containing intact rHDL were then dialyzed for ~16 h in tris
buffered saline (pH 7.4).

Cell culture
CHO and BHK cells were maintained in Dulbecco's modified Eagle's medium (DMEM),
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S).
J774 cells were maintained in RPMI Medium 1640 with 10% FBS and 1% P/S. Acetylated
LDL was prepared as previously described (Kiss et al. 2005).

[3H]cholesterol labeling and cholesterol efflux assays
CHO and BHK cells were labeled with [3H]cholesterol by incubating with the respective
culture media containing [3H] cholesterol (3 µCi/mL) incorporated into 5% FBS for 24 h.
J774 macrophages were cholesterol-loaded and labeled at the same time by incubation with
25 μg/mL acetylated LDL (with [3H]cholesterol, 3 µCi/mL). Cells were washed with media
plus 2 mg/mL BSA to remove unincorporated radioactivity, and cells underwent an
equilibration step by incubating with media containing BSA overnight. After equilibration,
cholesterol efflux studies were conducted by introducing 5 or 10 µg of specified rHDL
complexes to the cells for 4 h. The media were collected after 4 h and the amount of [3H]
cholesterol measured by liquid scintillation spectrometry (PerkinElmer). Cells were then
treated with 0.5 mol/L NaOH overnight, and the amount of cellular [3H]cholesterol
determined. Percent efflux was computed from the percentage [3H]cholesterol in the media
over total [3H]cholesterol (media + cell). BHK cells overexpressing ABCG1, ABCA1, and a
nonfunctional mutant, W590S ABCA1, were generated using mifepristone-inducible
GeneSwitch system as previously described (Vaughan and Oram 2005, 2006). ABCG1
redistributes cell cholesterol to domains removable by HDL but not by lipid-depleted
apolipoproteins (Vaughan and Oram 2006). ABCA1 and ABCG1 act sequentially to remove
cellular cholesterol and generate cholesterol-rich HDL (Vaughan and Oram 2006). BHK
cells were treated with 10 nmol/L mifepristone during the labeling and equilibration steps
for a total of 48 h.

Binding studies
rHDL were radio-iodinated using iodobeads (Pierce Chemical Co., Rockford, Ill., USA)
(Bailey et al. 2010b), and binding assays performed as previously described (Kiss et al.
2011). Specific activities were 159.7 counts per min/ng protein, 143.7, 141.6, and 142.9
counts per min/ng (WT-PC, WT-SM, Milano-PC, Milano-SM, respectively). Briefly, all
media and cells were cooled to 4 °C prior to the experiment. Different concentrations of
rHDL (1–100 μg) were added to BHK cells expressing the different transporters at 4 °C and
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incubated for 30 min. Cells were washed 3 times with PBS-BSA and 2 times with PBS.
Then 0.1 mol/L NaOH was added to cells at room temperature to release bound rHDL.
Radioactivity was determined in a gamma counter (PerkinElmer 1470), and the results were
normalized by specific activity added and total cellular protein.

Analytical procedures
Protein concentrations were determined by the BCA assay (Pierce Chemical Co., Rockford,
Ill., USA) using bovine serum albumin as a standard. Native-PAGE was performed on 4%–
20% acrylamide gradient slab gels electrophoresed at 35 mA constant current. Gels were
stained with Gel Code Blue (Pierce Chemical Co., Rockford, Ill., USA) according to
manufacturer's instructions. BHK cell lysates were prepared and Western blotting of
ABCA1, and ABCG1 was performed (GAPDH was used as a control, all antibodies from
Santa Cruz) according to Bailey et al. (2010a).

Results
ApoA-I ·phospholipid rHDL

ApoA-I has been shown previously to interact with bilayer vesicles of phospholipid to form
discrete, homogeneous rHDL that are organized as a disk-shaped bilayer, wherein two
apoA-I molecules circumscribe the disk perimeter through interaction with phospholipid
fatty acyl chains (Wu et al. 2007, 2009; Martin et al. 2006). In the present study, we
employed two distinct bilayer forming phospholipids as substrates for rHDL formation.
Whereas the phospholipids employed possess identical polar head groups, one is a
glycerophospholipid, while the other is a sphingolipid. ApoA-I rHDL were characterized by
native PAGE analysis (Fig. 1). The dimyristoyl molecular species of PC employed is
advantageous for two reasons: (i) its phase transition temperature is 24 °C, promoting rHDL
formation under standard laboratory conditions and (ii) the rHDL product is of uniform size.
Thus, we compared rHDL generated with different apoA-I without the complication of
multiple phospholipid species.

Efflux studies—For each cell type (Chinese hamster ovary (CHO), J774 mouse
macrophage, baby hamster kidney (BHK)), we utilized four different rHDL complexes that
differ in their apoA-I and phospholipid components: WT apoA-I PC-rHDL (WT-PC rHDL),
WT apoA-I SM-rHDL (WT-SM rHDL), apoA-I(M) PC-rHDL (Milano-PC rHDL), apoA-
I(M) SM-rHDL (Milano-SM rHDL).

CHO cells—CHO cells are a standard cell type commonly used due to their ease of
manipulation and transfection. CHO cells express ABCA1 and ABCG1 to mediate
cholesterol efflux, although at low levels (Gelissen et al. 2006; Sankaranarayanan et al.
2009). rHDL prepared with WT apoA-I and SM were more effective than rHDL prepared
with WT apoA-I and PC (Fig. 2). When apoA-I(M) was studied, SM containing rHDL
showed enhanced efflux compared with PC containing rHDL. These experiments were
performed at rHDL concentrations of 5 μg (Fig. 2, panel A) and 10 μg (Fig. 2, panel B),
which represent the linear range of concentrations that promote efflux (below saturation
levels) to maximize the differences between rHDL complexes. Results were similar for 5 μg
and 10 μg, except that the results for 10 μg had a higher relative specific cholesterol efflux,
and the differences decreased because the amount of efflux approached saturation (maximal
amount of cholesterol that the rHDL can efflux). The results demonstrate that in PC-
containing rHDL, apoA-I(M) is more efficient than WT apoA-I, and that SM is more
efficient than PC in both WT apoA-I and apoA-I(M)-containing rHDL.
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J774 macrophages—J774 macrophages are a murine cell line commonly used for efflux
studies because they express robust levels of ABCA1 and ABCG1 (Khovidhunkit et al.
2003). In addition, because these macrophages express scavenger receptor class A, they can
be readily loaded with cholesterol to mimic foam cells in atherosclerotic lesions. In this cell
type, WT-SM rHDL were more effective than WT-PC rHDL (Fig. 3). Similarly, Milano-SM
rHDL were more efficient than Milano-PC. Interestingly, Milano-PC rHDL and Milano-SM
rHDL were more efficient than WT-PC rHDL and WT-SM rHDL, respectively. As with
CHO cells, these experiments were performed at rHDL concentrations of 5 mg (Fig. 3, panel
A) and 10 μg (Fig. 3, panel B), which represent the linear range of concentrations that
promote efflux (below saturation levels) to maximize the differences between rHDL
complexes. Results were very similar for 5 mg and 10 mg, with no apparent saturation due
to the high efflux capacity of J774 macrophages. The results demonstrate that apoA-I (M) is
more efficient than WT apoA-I, and SM is more efficient than PC, such that in combination,
Milano-SM rHDL promote significantly greater cholesterol efflux than any other
combination rHDL.

BHK cells—To assess the relative contribution of ABCA1 and ABCG1 to the overall
efflux potential of a given rHDL, we employed BHK cells with inducible expression of
ABCA1 and ABCG1 (Supplementary data Figs. 1 and 2).1 From the literature, it is
anticipated that rHDL will preferentially interact with ABCG1 (Yvan-Charvet et al. 2010;
Kennedy et al. 2005). Thus, as a negative control, we included BHK cells that in-ducibly
express a nonfunctional mutant ABCA1 (W590S). In control BHK cells, WT-SM rHDL
were more effective than WT-PC rHDL (Fig. 4; Supplementary data Fig. 3).1 Similarly,
Milano-SM rHDL were more effective than Milano-PC rHDL. Upon expression of ABCA1,
no additional efflux was observed with WT-PC rHDL, suggesting that ABCA1 is not
predominantly involved in efflux to rHDL, as previously shown (Yvan-Charvet et al. 2010;
Kennedy et al. 2005; Wang et al. 2004). Interestingly, expression of the nonfunctional
mutant ABCA1 resulted in enhanced efflux to WT-PC rHDL. We speculate that ABCA1
and ABCG1 compete for binding to rHDL, but that efflux productive binding only occurs
with ABCG1. Because rHDL does not bind nonfunctional ABCA1, a greater amount of
rHDL is available for productive interaction with ABCG1. Consistent with the hypothesis
that rHDL productively interacts with ABCG1, the highest efflux to WT-PC rHDL was
observed upon ABCG1 expression. The Milano-PC rHDL efflux profile mirrored these
results, except at a higher basal level of cholesterol efflux. Results obtained with SM rHDLs
were somewhat different, however. WT-SM rHDL showed enhanced efflux compared with
WT-PC rHDL. Upon expression of ABCA1, a significant relative enhancement of efflux
was observed by WT-SM rHDL (at 5 μg rHDL), unlike results obtained with WT-PC rHDL.
This enhanced efflux was not affected by expression of the nonfunctional ABCA1,
suggesting that WT-SM rHDL interacts poorly with ABCA1. As expected, upon expression
of ABCG1, the highest level of efflux was observed. The results were very similar for
Milano-SM rHDL, except that the basal level of efflux was increased. Thus, apoA-I(M) is
more efficient than WT apoA-I, and SM is more efficient than PC, such that in combination,
Milano-SM rHDL are significantly more effective than any other combination of rHDL (Fig.
4; Supplementary data Fig. 3). Importantly, it appears that the presence of PC in rHDL
confers enhanced binding capability to ABCA1, which in this case is a competing dead end
reaction. Conversely, SM reduced the interaction of rHDL with ABCA1 and further
promoted ABCG1-mediated efflux. The data show that differences in cholesterol efflux
capacity are dependent upon the cell type, the apoA-I protein employed, as well as the lipid
constituent of the rHDL.

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/
o2012-015.
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rHDL binding—The observation that BHK cells expressing nonfunctional ABCA1 display
increased efflux, compared with ABCA1-expressing cells when using PC containing rHDL,
led us to speculate that WT-PC rHDL and Milano-PC rHDL may bind ABCA1, but not
nonfunctional ABCA1, as a competing interaction. To confirm these observations, binding
studies were performed. Radiolabeled rHDL were allowed to interact with BHK cells
expressing different transporters at 4 °C, and then bound radioactivity was measured. Firstly,
rHDL containing apoA-I(M) bound 2–3-fold more avidly to BHK cells than WT apoA-I
rHDL (Fig. 5; Supplementary data Fig. 4). Secondly, for WT-PC rHDL, a demonstrable
increase in binding to ABCA1 and ABCG1-expressing cells was observed, with no increase
in binding to cells expressing the nonfunctional W590S ABCA1, compared with control
BHK cells. This pattern was also observed for Milano-PC rHDL, except a higher level of
binding was observed. These results show the WT-PC rHDL and Milano-PC rHDL bind to
ABCA1-expressing cells, and this result may explain the decreased efflux for PC containing
rHDL in these cells. Thirdly, for WT-SM rHDL, we observed a moderate decrease in
binding to ABCA1-expressing cells, a moderate increase in binding to ABCA1 W590S-
expressing cells, and a sizeable and significant increase in binding to ABCG1-expressing
cells. This pattern was also observed for Milano-SM rHDL, except at a higher level of
binding. These results show that SM-containing rHDL bind more poorly to ABCA1-
expressing cells, and much more strongly to ABCG1-expressing cells. These binding results
correlate well with the efflux results and explain why SM-containing rHDL may be a better
efflux substrate.

Discussion
ApoA-I(M) represents an interesting scientific paradox: the mutation destabilizes apoA-I
leading to lower plasma HDL levels, but is correlated with higher lipid efflux and athero-
protection, a trait usually associated with high levels of HDL. Biophysical studies of apoA-
I(M) protein indicate that it is less stable than WT apoA-I. While mature apoA-I(M) is more
susceptible to guanidine-HCl induced denaturation, the α-helical content is the same as WT
apoA-I (Zhu et al. 2005). When complexed with 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine, apoA-I(M) forms two distinct 12.5 and 7.8 nm diameter particles and
displays significantly higher protease sensitivity than WT apoA-I (Calabresi et al. 2001).
The N-terminus of the protein is largely spared from limited proteolysis, while the C-
terminus is more sensitive than WT apoA-I, displaying six sites in the central and carboxy-
terminal portions of the protein (Calabresi et al. 2001). An additional characterization of
several amino acid substitutions at position 173 showed that three specific mutations
destabilized the lipid-free protein to a greater extent than that observed with WT apoA-I
(R173K > R173S > R173C) (Alexander et al. 2009a). Furthermore, compared with WT
apoA-I, apoA-I(M) has a lower affinity for lipids, while R173S apoA-I displays intermediate
affinity. Mice expressing R173S apoA-I also display an intermediate HDL and cholesterol
lowering phenotype compared with WT apoA-I or apoA-I(M). From these findings, it was
suggested that replacement of Arg173 by Cys contributes to the altered functional properties
of apoA-I(M). Based on an intra α-helical salt bridge observed between Arg173 and Glu169
in the X-ray crystal structure of WT apoA-I, these authors also suggest that disruption of this
salt bridge, by the combined loss of the positively charged arginine and repulsion due to the
cysteine substitution, causes apoA-I(M) to be significantly destabilized, altering its normal
function. It is plausible that apoA-I molecules that are less stable as a monomer or form less
homo-oligomers may have altered properties (Weers et al. 2011). However, in apoA-I(M),
these changes manifest altered self-association properties (Bankston and Carta 2010), LCAT
activation (Calabresi et al. 1997), efflux properties (Favari et al. 2007; Bielicki et al. 1997;
Weibel et al. 2007), stability in plasma (Perez-Mendez et al. 2000), and effects on RCT
(Alexander et al. 2009b). On the other hand, introduction of cysteine at position 173 has
been proposed to induce intermolecular disulfide bond formation with either another apoA-
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I(M) or apoA-II (Wang et al. 2001), which may confer beneficial properties. Despite the
mounting evidence that the Cys173 in apoA-I(M) destabilizes the protein, it remains largely
unclear exactly how much of the apoA-I(M) phenotype is attributable to “reorganized”
interactions or to some other unidentified property. Further studies are required to elucidate
the mechanism by which apoA-I(M) imparts its atheroprotective effects. Regardless of the
mechanism, use of apoA-I(M) rHDL has proven to be a successful strategy to reduce
atherosclerotic burden in both animal models and humans (Ibanez et al. 2008; Nicholls et al.
2006; Nissen et al. 2003; Parolini et al. 2008; Shah et al. 2001; Wang et al. 2006; Zhao and
Brown 2008).

The experiments presented here provide new insight regarding optimization of apoA-I(M)
rHDL for therapeutic use. It is evident that addition of SM in lieu of PC increases the
capacity of rHDL to promote cellular lipid efflux. The use of SM in rHDL has been
previously studied (Marmillot et al. 2007; Rye et al. 1996) and shown to have profound
effects. Rye et al. (1996) demonstrated that the presence of SM on rHDL altered the
conformation of apoA-I on the rHDL surface, inhibited LCAT activity (because SM cannot
be an acyl group donor in the LCAT reaction), but did not affect CETP-mediated transfers,
all deemed as bad for use in promoting cholesterol efflux and reverse cholesterol transport.
Interestingly, we now know that apoA-I(M) also has an altered structural conformation and
impaired LCAT activation ability, so it is conceivable the effect of SM is partially mitigated.
Marmillot et al. (2007) demonstrated that SM-containing rHDL gave rise to enhanced efflux
in a RCT model (Marmillot et al. 2007). To our knowledge, the present study is the first to
combine the use of apoA-I(M) and SM, and we would predict their effects to be additive.

For these experiments, we utilized CHO, J774, and BHK cells. It could be argued that CHO
cells represent a poor model for efflux and are nonphysiological. However, CHO cells
demonstrate efflux properties similar to fibroblasts and are commonly used for efflux and
other measures. J774 macrophages represent an excellent model of macrophages, the most
physiologically relevant cell type. We did in fact find that apoA-I(M) and SM had a
significantly increased effect on cholesterol efflux. To elucidate the role of ABCA1 and
ABCG1 in efflux, we took advantage of an inducible promoter system in BHK cells. Results
with these cells clearly show that most efflux is attributable to ABCG1, and that interaction
with ABCA1 represents a competing interaction that is largely nonproductive with rHDL as
substrate. In the presence of a nonfunctional ABCA1, total cholesterol efflux was enhanced.
Although we did not perform such an experiment, we would expect that co-expression of
nonfunctional ABCA1 and functional ABCG1 would result in the highest measurable
cholesterol efflux. Interestingly, we only observed this competing effect of ABCA1 with
PC-containing rHDL and not SM-containing rHDL, and our binding results confirm these
observations. The results demonstrate that SM-containing rHDL do not bind ABCA1 as well
as PC-containing rHDL.

Use of rHDL as a substrate for efflux is very different than apolipoprotein-induced, efflux-
dependent HDL biogenesis. The net result might be the same (i.e., net mobilization of
cholesterol from peripheral cells promoting the RCT pathway), but the mechanisms are
different. HDL biogenesis involved interaction of lipid-free or poorly lipidated apoA-I to
ABCA1, acquisition of phospholipid, and free cholesterol and formation of a discoidal HDL
particle. In the other case, addition of rHDL obviates the necessity of interacting with
ABCA1, and the rHDL can directly interact with ABCG1 to promote net bulk cholesterol
efflux. However, we observed that rHDL made with PC can interact with ABCA1, and this
represents a competing interaction that results in less overall efflux (Figs. 4 and 5).
However, rHDL with SM does not interact with ABCA1 (compare the efflux and binding
for each rHDL with ABCA1 and the nonfunctional ABCA1 W590S). Moreover, SM and
cholesterol have a high affinity for each other, and this physical property likely contributes
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to the heightened efflux. For these reasons, SM serves as the best acceptor of cholesterol.
Furthermore, we find that cells expressing ABCG1 have the highest rate of efflux to rHDL.
In the literature, the role of ABCG1 has been controversial in relation to ABCA1 and its
effect on cholesterol efflux and atherosclerosis (Tarling et al. 2010; Wiersma et al. 2009;
Burgess et al. 2008; Out et al. 2008; Yvan-Charvet et al. 2007; Wang et al. 2007; Ranalletta
et al. 2006; Out et al. 2006). For example, Mukhamedova et al. (2008) reported experiments
demonstrating optimization of cholesterol efflux to lipid-free apoA-I and HDL and the
relatively ineffectual role of ABCG1 in promoting cholesterol efflux in RAW 264.7
macrophages (Mukhamedova et al. 2008). On the other hand, there may be a SM specific
efflux from ABCG1 and a PC specific efflux from ABCA1 (Kobayashi et al. 2006; Sano et
al. 2007; Matsuo et al. 2011), which could suggest a specific interaction of ABCG1 with
SM. If SM rHDL can selectively target ABCG1 and avoid a competing nonproductive
interaction with ABCA1, it should be possible to enhance cholesterol efflux. To validate this
concept, it will be important to assess the effect of SM rHDL on macrophage cholesterol
storage and atherosclerosis development/regression in an animal or human model.

Conclusion
The effect of SM-containing rHDL in vivo is currently unknown. The in vitro results
presented here, however, suggest that Milano-SM rHDL enhance cholesterol efflux by
~20% compared with Milano-PC rHDL, thereby providing evidence that SM-containing
rHDL represent a significant advantage to in vivo therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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rHDL reconstituted HDL

RCT reverse cholesterol transport

SM sphingomyelin

WT wild-type
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Fig. 1.
Similar sizes of rHDL with apoA-I(WT) and apoA-I(M). rHDL were made with PC with
WT apoA-I (WT-PC; Lane 1) and apoA-I(M) (Milano-PC; Lane 2), or with SM with WT
apoA-I (WT-SM; Lane 3) and apoA-I(M) (Milano-SM; Lane 4). These rHDL were applied
to a NATIVE polyacrylamide gradient gel (4%–20%) for electrophoresis. Native molecular
weight markers are shown.
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Fig. 2.
Optimizing efflux in CHO cells. Efflux assays were performed with the four rHDL (5 μg in
panel A; 10 μg in panel B) in cholesterol loaded CHO cells. Results are expressed as the
amount of [3H]cholesterol found in the medium as a percent of the total radioactivity
(medium + cell radioactivity). Results shown are the average (± SD) of three experiments
performed in quadruplicate. Milano-SM is the most effective rHDL. In comparison with
WT-PC, significance is shown; ** p ≤ 0.01, *** p ≤ 0.001.
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Fig. 3.
Optimizing efflux in J774 cells. Efflux assays were performed with the four rHDL (5 μg
panel A; 10 mg panel B) in cholesterol loaded J774 macrophages. Results are expressed as
the amount of [3H]-cholesterol found in the medium as a percent of the total radioactivity
(medium + cell radioactivity). Results shown are the average (± SD) of three experiments
performed in quadruplicate. Milano is better than WT, SM is better than PC and together
there is an additive effect to make Milano-SM the most effective rHDL. In comparison to
WT-PC, significance is shown; * p ≤0.05, ** p ≤0.01, *** p ≤0.001.
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Fig. 4.
Optimizing efflux in BHK cells. Efflux assays were performed with the four rHDL (5 μg
panel A; 10 μg panel B) in the different cholesterol loaded BHK cells: BHK cells with no
expressed protein (WT); BHK cells expressing ABCA1 (ABCA1); BHK cells expressing a
dominant negative mutant of ABCA1 (ABCA1 W590S); and BHK cells expressing ABCG1
(ABCG1). Results are expressed as the amount of [3H]-cholesterol found in the medium as a
percent of the total radioactivity (medium + cell radioactivity). Results shown are the
average (± SD) of three experiments performed in quadruplicate. Expression of ABCG1
greatly increases the capacity of rHDL to promote net cholesterol efflux. In comparison to
WT BHK cells in each set, significance is shown; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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Fig. 5.
rHDL binding to BHK cells. Binding assays were performed with the four radiolabeled
rHDL (10 μg apoA-I protein) on BHK cells with no expressed protein (WT), BHK cells
expressing ABCA1 (ABCA1), BHK cells expressing a nonfunctional mutant ABCA1
(ABCA1 W590S), and BHK cells expressing ABCG1 (ABCG1). Results are expressed as
the mean cpm/mg cell protein ±SD, normalized to added specific activity. Each
experimental condition was performed in triplicate, and the results presented here are the
average of two experiments. In comparison with WT BHK cells in each set, significance is
shown; *** p ≤ 0.001.
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