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Cholesterol efflux from lipid-loaded cells is a key athero-protective event that counteracts cholesterol uptake. The imbalance between
cholesterol efflux and uptake determines the prevention or development of atherosclerosis. Many proteins and factors participate in
the cholesterol efflux event. However, there are currently no systematic models of reverse cholesterol transport (RCT) that include
most RCT-related factors and events. On the basis of recent research findings from other and our laboratories, we propose a novel
model of one center and four systems with coupling transportation and networking regulation. This model represents a common way
of cholesterol efflux; however, the systems in the model consist of different proteins/factors in different cells. In this review, we evalu-
ate the novel model in vascular smooth muscle cells (VSMCs) and macrophages, which are the most important original cells of foam
cells. This novel model consists of 1) a caveolae transport center, 2) an intracellular trafficking system of the caveolin-1 complex, 3)
a transmembrane transport system of the ABC-A1 complex, 4) a transmembrane transport system of the SR-B1 complex, and 5) an
extracelluar trafficking system of HDL/Apo-Al. In brief, the caveolin-1 system transports cholesterol from intracellular compartments
to caveolae. Subsequently, both ABC-A1 and SR-B1 complex systems transfer cholesterol from caveolae to extracellular HDL/Apo-Al.
The four systems are linked by a regulatory network. This model provides a simple and concise way to understand the dynamic pro-
cess of atherosclerosis.
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Introduction

Over the past few decades, our understanding of the patho-
logic mechanisms of atherosclerosis has progressed signifi-
cantly. Multiple proteins and factors are involved in the pro-
cess of atherosclerosis. Many recent reviews have summarized
[l The blood plasma
cholesterol level plays an important role in atherosclerosis.
Regulation of the blood plasma cholesterol level involves
cholesterol uptake, biosynthesis, transportation, metabolism,
and secretion*”. This review focuses on recent advances in
our understanding of reverse cholesterol transport (RCT). The
general concept of RCT is to transport cholesterol from periph-
eral tissues and cells to the liver, transform it into bile acids,

the landmark events of atherosclerosis
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and finally eliminate it from the body. RCT may prevent the
formation and development of atherosclerosis by decreasing
cholesterol levels in the plasma and accumulation in the wall
of the arteries. The narrower concept of RCT involves cho-
lesterol efflux from cells. In this review, we focus on the nar-
rower RCT from macrophages and vascular smooth muscle
cells (VSMCs). Monotype-derived macrophages and VSMCs
migrate to the subendothelial space and form foam cells via
the uptake of lipoproteins, especially low density lipoproteins
(LDLs). During the long-term period in which macrophages
and VSMCs form foam cells, cholesterol is transformed to cho-
lesterol esters. It is thought that macrophages and VSMCs are
designated as lipid-loaded cells if the ratio of cholesterol esters
in the total cholesterol is less than 50% in these cells; they are
denoted as foam cells if the ratio is more than 50%. Foam cells
have very weak or no RCT capability, whereas lipid-loaded
cells have a strong (at the earlier stage) or a little (at the mid
and later stages) RCT capability. Cholesterol efflux from lipid-
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loaded cells is a key athero-protective event against choles-
terol uptake, and the imbalance between cholesterol efflux and
uptake determines the prevention or development of athero-
sclerosis. Therefore, cholesterol efflux is an important event in
preventing the transformation of lipid-loaded cells into foam
cells.

In fact, many proteins and factors are involved in choles-
terol efflux, as shown in Table 1, such as the caveolin fam-
ily (caveolin-1, -2, -3), the ATP binding cassette transporter
(ABC), apolipoprotein (Apo-Al), scavenger receptor class
B1 (SR-B1), cholesterol synthetase and metabolic enzymes
(eg, LCAT, CETP, ACAT, LPL), the immunophilin fam-
ily, nuclear receptors and factors (PPARs, LXR, RXR, FXR),
protein kinases (PKC, PKA), and sterol regulatory element-
binding proteins (SREBPs). These molecules are directly or
indirectly involved in RCT. Currently, there is no systematic
model of RCT that evaluates the main pathways of cholesterol
efflux. By summarizing recent international studies and our
research, we propose a novel RCT model of “four systems
and one center with coupling transportation and networking
regulation”. As shown in Figure 1, the model consists of 1) an
intracellular trafficking system of the caveolin-1 complex, 2) a
transmembrane transport system of the ABC-A1 complex, 3) a
transmembrane transport system of the SR-B1 complex, 4) an
extracelluar trafficking system of HDL/Apo-Al, and 5) a cave-
olae transport center. In brief, the caveolin-1 complex system
transports cholesterols from intracellular compartments into
caveolae; both ABCA1 and SR-B1 complex systems then trans-
fer the cholesterols from caveolae to extracellular HDL/Apo-
A1, which then transfers cholesterol to the liver. The whole
process is known as coupling transportation. A network regu-
lates the four systems and the entire transportation process.
This model represents a common rule of cholesterol efflux;
however, the systems in the model consist of different pro-
teins/factors in different cells. In this review, we evaluate this
novel model in VSMCs and macrophages, which are the most
important original cells of foam cells. This model facilitates
our understanding of the mechanism responsible for reverse
cholesterol transmembrane transportation.

Model of reverse cholesterol transportation

One transportation center-caveolae

Caveolae, which are 50-100 nm plasma membrane invagina-
tions, are rich in cholesterol and phosphosphingolipids. These
flask-shaped lipid-raft structures have many proposed func-
tions in cell signaling, endocytosis, and cholesterol homeosta-
sis. The formation and maintenance of caveolae is primarily
due to caveolin, which is a main protein marker of caveolae.
This protein contains a cytoplasmic C-terminus and a cyto-
plasmic N-terminus that are linked by a hydrophobic hairpin
inserted in the membrane. Caveolins lead to local changes
in the morphology of the membrane. Caveolae usually appear
in nonclassical invagination structures in many cell types, such
as grape-like clusters in skeletal muscle cells, H rosettes in adi-
pocytes, and tube-like cavities in endothelial cells. Caveolae in
macrophages exhibit different structure types according to the
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expression level of caveolin-1.
Caveolae, as cholesterol storage pools, mediate transmem-
brane cholesterol transportation and the endocytosis and

transcytosis of lipoprotein® *!

. Recently, we found that cave-
olae and caveolin-1 mediate the endocytosis and transcytosis
of oxidized low-density lipoprotein (ox-LDL) in endothelial

cells™

. Caveolae in the plasma membrane may invaginate
and form caveolar vesicles that contain cholesterol or lipopro-
tein. Concomitantly, the caveolar vesicles may fuse with the
plasma membrane and form caveolae, which mediate choles-
terol efflux, as shown in Figure 1. Excluding vesicle-mediated
cholesterol transportation, many receptors in caveolae, such
as low density lipoprotein (LDL) receptors, SR-B1, CD36,
and ABC-A1, mediate cholesterol efflux. Fielding et al™ '
reported that caveolin-1 protein and mRNA were upregu-
lated, and the amount of caveolae increased several-fold when
fibroblasts or monocytes/macrophages were cultured together
with LDL, which resulted in an approximately 15% increase
in intracellular free cholesterol. Subsequent incubation of
these cells with plasma HDL selectively unloaded free cho-
lesterol from caveolae into the medium. Pretreatment of cells
with caveolin-1 siRNA significantly reduced caveolae and
decreased cholesterol efflux. It was reported that cholesterol
efflux decreased approximately 80% after vanadate, a specific
inhibitor of Ca**-ATPase localized almost exclusively within
caveolae, had destroyed caveolae in VSMCs and endothelial

cells™.

Additionally, we found that SR-B1 transgenic mice
fed a high-lipid diet had fewer caveolae in the vein endomem-
brane network than wild type mice but higher incidence rates

of atherosclerosis™.

Additionally, extracellular trafficking
systems that reach the plasma membrane, bind to SR-B1 and
ABC-A1 in caveolae, and remove cholesterol stored in cave-
olae. If cholesterol is not stored in caveolae, extracellular traf-
ficking systems can not transport cholesterol from cells despite
reaching the plasma membrane. Therefore, caveolae are com-

munication centers of cholesterol transmembrane exchange.

Four trafficking systems

Intracellular trafficking system of the caveolin-1 complex
Caveolin-1, the most important member of the caveolin fam-
ily and a multi-functional 21-24 kDa signaling protein, is
enriched in caveolae, endoplasmic reticulum and Golgi bod-
ies and shuttles back and forth between the cytoplasm and
the cell membrane via the intracellular trafficking of caveolar
vesicles. Its function is highly correlated with its tyrosine
phosphorylation level. Two proline residues at the two ends
of a hydrophobic region of 33 amino acids cause the N-termi-
nal and C-terminal sequences to form a hairpin structure. The
hydrophobic region alone is not strong enough to cause firm
caveolin-1 binding to the cell membrane; Schelgel™ reported
that the N-terminal membrane attachment domain (N-MAD,
residues 82-101) and the C-terminus (C-MAD, residues 135-
150) of caveolin-1 are sufficient to anchor caveolins to the cell
membrane. The highly conserved N-MAD forms the caveo-
lin scaffolding domain (CSD), which can combine with and
inactivate some intracellular signaling molecules, such as Src
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FC, free cholesterol; TG, triglyceride; CE, cholesteryl ester; PL, phospholipid; SR-B1, scavenger receptor class B1; ABC-A1, ATP-binding
cassette transporter Al; LCAT, lecithin:cholesterol acyltransferase; CETP, cholesteryl ester transfer protein; HL, hepatic lipase; HDL,
high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very-low-density lipoprotein; CM, chylomicron; IDL, intermediate density lipo-
protein; LDLR, LDL receptor; apo A1, apolipoprotein Al; ER, endoplasmic reticulum; Golgi, Golgi body. The region with brick red-marked

PLs in cell membrane is caveolae.

Figure 1. Working model of cellular reverse cholesterol transport. A novel RCT model of “four systems and one center with coupling transportation and

networking regulation”.

The model consists of 1) an intracellular trafficking system of the caveolin-1 complex, 2) a transmembrane transport system

of the ABC-A1 complex, 3) a transmembrane transport system of the SR-B1 complex, 4) an extracelluar trafficking system of HDL/Apo-A1, and 5) a

caveolae transport center.

In brief, the caveolin-1 complex system transports cholesterols from intracellular compartments into caveolae; both the

ABCA1 and the SR-B1 complex systems then transfer the cholesterol from caveolae to HDL/Apo-A1, which finally transfers cholesterol to the liver. The
whole process is known as coupling transportation. A network regulates the four systems and the entire transportation process.

tyrosine kinase, G protein a subunit, PKC-a, PKA, and H-Has,
to negatively regulate signal transduction®. CSD is essential
for the interaction between caveolin-1 and lipids, but it is not
clear how the competitive binding of proteins and phospholip-
ids to the same domain in caveolin-1 is regulated.
Caveolin-1-deficient L1210] cells are unable to rapidly
transfer intracellular synthetic cholesterol out of cells, but this
function is recovered following the delivery of caveolin-117.

The intracellular cholesterol ester decreases 50% and the accu-
mulation of cholesterol within the cell membrane increases
in HepG2 cells transfected with a caveolin-1 expression plas-
mid"™. Our research revealed that in VSMCs treated with 50
mg/L ox-LDL, caveolin-1 expression and accumulation in the
cell membrane increased at an early stage of the ox-LDL treat-
ment and then decreased with prolonged treatment times,
especially when foam cells formed. At the same time, after
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Table 1. Proteins/Factors involved in regulating RCT model.

Protein Name Abbr Isoforms Function/regulation target Reference
Main proteins
Caveolins Cav Cav-1, Cav-2, Cav-3 Transporter of intracellular cholesterol 7
ATP-binding cassette transporter ~ ABC ABCA1, ABCG1, ABCG5, Transmembrane transporter of cholesterol 26, 111-114]
ABCGS8
Scavenger receptor SR SR-A1, SR-A2, SR-B1, Transmembrane transporter of cholesterol; LDL/HDL receptor 5% 115-117]
CD36, LOX-1
Apolipoprotein Apo Apo-Al, Apo-All Apo-AlV, Apo-Al is a main transporter of cholesterol in HDL 137, 118-120]
Apo-B, Apo-Cl, ClI, Clll, CIV, Apo-E in HDL accepts cholesterol from macrophases, and
Apo-E makes LCAT activation
Apo-C regulates the activations of LCAT, CETP and LPL
Regulation system
Nuclear factors
Sterol regulatory element binding SREBP SREBP-1a, SREBP-1c, Regulate the expressions of Cav-1, LDL-R, ABCA1, SB-B1, 43 4% 9%
protein SREBP-2 HMG-CoA reductase, fatty acid synthase 121-123]
Liver X receptor LXR LXRa, LXRB Regulate the expressions of ABCA1, ABCG1, ABCG4, ABCG5, [1*4 124~
ABCGS, SR-B1, SREBP 1281
Peroxisome proliferator-activated PPAR PPARa, PPARB, PPARS, Regulate the expressions of Cav-1, ABCA1, ABCG1, SR-B1, %% %3 %%
receptor PPAR v1, PPAR y2, PPAR y3  apoE, apoAl, apoA2 95, 121]
Lipid transportation protein
Sterol carrier protein ScP SCP-2, SCP-x Transfer steroids and probably also phospholipids and ganglio- 1*2% %29
sides between cellular membranes
Phospholipid transfer protein PLTP Phospholipid exchange between lipoproteins, contribute to 2033
transform from CM, VLDL, LDL to HDL, from HDL3 to HDL2,
pre-B-HDL
Cholesteryl ester transfer protein ~ CETP Lipid exchange between HDL and other lipoprotein, plasma 3% 3%
membrane
Niemann-Pick disease type C NPC NPC-1, NPC-2 Lipid, especially free cholesterol flows through endosome,
lysosome, Golgi complex, ER, plasma membrane
Cholesterol synthesis enzyme
Acyl-CoA:Cholesterol acyltrans- ACAT ACAT1 Catalyze free cholesterol and long chain acyl-CoA to form 37
ferase ACAT2 cholesterol ester
Lecithin:Cholesterol acyltrans- LCAT Mature HDL and Esterize cholesterol (138]
ferase
Lipase Lipopotein lipase Hydrolyze endogeous TG and transfers cholesterol, phos- 39
Endothelial lipase pholipid and apolipoprotein among lipoproteins
Hepatic lipase
Cholesterol-metabolizing CYP CYP27A1 Oxidate cholesterol and maintain cholesterol homeostasis (140, 241]
cytochrome P450 CYP7AL1
CYP46A1
Other regulation factors
Cyclophilin Cyp Cyp A, Cyp B, Cyp D, Cyp 40  Cyclophilins catalyze the isomerization of peptide bonds %8¢
from trans form to cis form at proline residues and facilitates
protein folding
Adipophilin ADRP ADRP is involved in the movement of cholesterol inside of 42
cytosol
Lipid Phospholipid, Sterol, Oxy- Lipid regulates intracellular lipid homeostasis and the move- 48 92143
sterol, Retinoid, Cholesterol  ment of cholesterol between cellular membranes 1441
Cyclic adenosine monophosphate ~ cAMP cAMP activates APK to activate lipase catalyzing triglyceride **°
into free fatty acid and glycerol
Steroidogenic acute regulatory StAR StAR transforms cholesterol in mitochondria to steroid 2461
protein
Annexin-2 ANX2 ANX2 mediates cholesterol transportation (€1
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treatment with the same amount of ox-LDL, the intracellular
lipid droplets decreased significantly in VSMCs transfected
with the caveolin-1 expression plasmid compared with cells
transfected without plasmid™. Recently, we found that
static pressure significantly decreased caveolin-1 expression
in VMSCs cultured in vitro, in pressure- and time-dependent
manners'”, and that cholesterol accumulation significantly
increased in VSMCs [forthcoming datal].

Caveolin-1 transports cholesterol out of cells via two mod-
els: a vesicle model and a complex model. Caveolin-1 in the
endoplasmic reticulum membrane promotes the formation of
caveolar vesicles that contain lipids by budding and then cov-
ers the vesicle surfaces together with adipophilin®. Po et al"*"}
found that the presence of caveolin-1 with structural mutations
on the membranes of intracellular caveolar vesicles triggered
the transportation of cholesterol from the cell membrane to
endosomes with a decrease in cholesterol synthesis and efflux
and an increase in intracellular cholesterol. Therefore, caveo-
lar vesicle-coupled caveolins are very important in regulating
the metabolic balance of cholesterol and lipid transportation.
Smart’s laboratory™ found that caveolin, cyclophilin A, cyclo-
philin 40 and HSP56 comprise the cholesterol transport com-
plex involved in cholesterol efflux. This complex shuttles back
and forth and happens disaggregation-reaggregation between
the cytoplasm and cell membranes; and caveolin-1 and cyclo-
philin A play primary roles in the complex formation of intra-
cellular cholesterol transportation. In brief, these studies sug-
gest that caveolins are the key proteins mediating intracellular
cholesterol transportation to cell membranes. Compared to
free diffusion, the trafficking system of the caveolin-1 complex
may mediate cholesterol efflux with higher efficiency, stronger
directionality, and especially more accurate regulation. The
caveolin-1-SR-B1 and caveolin-1-ABCA1 coupling transport
model is easily regulated by many intracellular and extracel-
lular factors.

Transmembrane transport system of the SR-B1 complex

HDL receptors and their binding proteins include scavenger
receptor class B type I (SR-B1), HDL binding protein (HBP),
and CD36. SR-B1 is a HDL specific receptor composed of 509
amino acid residues. SR-B1, a horse hoof-like transmembrane
glycoprotein, consists of 5 domains: a large extracellular, cir-
cular domain composed of 403 amino acid residues with 9
N-terminal-linked glycosylation sites and rich in cysteines,
two cytoplasmic domains (amino-terminal domain and
carboxy-terminal domain), and two transmembrane domains
(N-terminal domain of 28 amino acid residues and C-terminal
domain of 25 residues)™.

HDL presents or accepts cholesterol while anchored to
plasma membranes via its receptor, SR-B1. The density gradi-
ent of cholesterol between HDL and the cell surface determine
whether HDL affords or accepts cholesterol; however, the
detailed mechanism remains unclear. Further studies have
shown that the extracellular domain (ECD) of SR-B1 not only
binds to ligands but also forms a hydrophobic channel for the
trafficking of cholesterol esters (CE). It has been reported that

caveolae present in cell membranes are the initial receiving
sites of SR-B1l-mediated CE intake, and 80% of CE accumulates
in caveolae®. After discriminating HDL, SR-B1 forms a dimer
via a leucine zipper region to construct a hydrophobic chan-
nel™®!,

to caveolins through the hydrophobic channel along choles-

CE is transported from HDL to caveolae, and it travels

terol concentration gradients. Caveolae then invaginate into
cells and form vesicles containing SR-B1, caveolin and CE™",
After CE is transported to other intracellular cholesterol pools,
caveolin and SR-B1 return to the cell membrane for the next
transportation process. When the monolayer membrane of
globelike HDL and the outer layer of the cell membrane fuse,
free cholesterol is exchanged between HDL and cells.

SR-B1 mediates not only CE selective uptake (mainly in
hepatocytes) but also cholesterol efflux (mainly in perithelial
cells). Therefore, SR-B1 knockout aggravates atherosclerotic
pathological changes in apo-E-deficient mice. However, when
the bone marrow of SR-B1*/*
E-deficient mice, the atherosclerotic plaque area decreases,

mice is transplanted into apo-

which suggests that SR-B1 may inhibit atherosclerotic patho-
logical changes by promoting cholesterol efflux””.

The RCT capability of SR-B1 depends on the phospholipid
content of its ligands. When phospholipase A2 is used to
exhaust phosphatidylcholine (PC) in extracellular HDL, intrac-
ellular cholesterol efflux declines. Apo-A1l with poor lipid can
bind to SR-B1 but does not induce cholesterol efflux®!. More-
over, SR-Bl-regulated cholesterol efflux is very sensitive to
kinds of phospholipids. Both PC- and phosphosphingolipid-
enriched HDL promote cholesterol efflux, but the former pos-
sesses a stronger capacity to induce intracellular cholesterol
efflux®). These data suggest that SR-B1 may facilitate choles-
terol uncoupling from the cell membrane and diffusion into
maturing HDL.

Transmembrane transport system of the ABC-A1 complex

The ABC gene encodes an intracellular cholesterol-efflux regu-
latory protein (CERP) and mediates the transmembrane trans-
port of many substances, such as amino acids, proteins, cho-
lesterol, and phospholipids. Currently, the ABC superfamily
consists of six families: A, B, C, D, E, and F, with 48 members.
ABC-A1l and ABC-G1 are responsible for cholesterol efflux;
ABC-G5 and ABC-GS8 are responsible for cholesterol secretion
from bile duct endothelial cells to the biliary tract. Among the
entire superfamily, ABC-A1 plays the most important role in
lipid metabolism. Researches on Tangier disease and familial
HDL-deficient syndrome revealed the important role of ABC-
A1l in regulating the concentration of HDLP" !,

ABC-A1 is an integrated membrane protein that contains
two highly conserved cytoplasmic ATP-binding cassettes
(including two pairs of walkers) and two transmembrane
domains with 6 transmembrane helices in each domain.
Each domain constitutes the wall of the intramembrane flu-
idity channel that connects the extracellular space and the
cytoplasm. ABC-A1 transports intracellular free unesteri-
fied cholesterol and phospholipids to extracellular Apo-Al
through the channels using the energy provided by ATP. This
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process represents one way to form nascent HDL and is thus
called the “gate keeper” that regulates cholesterol efflux in
perithelial cells™. ABC-A1 cross-links to Apo-Al via two
large extracellular rings. Fitzgerald et al® used four different
mutant constructs to modify the structure of the extracellular
rings. Consequently, ABC-A1 lost the capability to form cross-
links with apo-Al, which resulted in a decrease in cholesterol
efflux™). The direct interaction between ABC-A1 and Apo-Al
is a necessary and decisive step in ABC-Al-mediated choles-
terol efflux to HDL, and only intact activity of the triphosade-
nine kinase of ABC-A1 ensures that Apo-Al binds to the cell
surface to promote cholesterol efflux. Moreover, ABC-Al is
unstable because it can be easily digested by calpain, unsatu-
rated fatty acid, and intracellular cholesterol at toxic levels
after the phosphorylation of intracellular PEST (sequence rich
in proline, glutamic acid, serine, and threonine). In contrast,
PKA- and PKC-induced dephosphorylation of PEST and phos-
phorylation at Ser-1024 and Ser-2054 increase ABC-A1 stability
and cholesterol efflux. ABC-Al-mediated RCT also depends
on the presence of lipids and correlates directly with phospho-
lipids within the cellular membrane and cholesterol-enriched
domains such as caveolae®™.

The ABC-Al-mediated RCT pathway can be described in
detail using two working models. One is called the “molecular
efflux” model, which is also known as the “two-step transport
model”. The first step in this model is the transport of phos-
pholipids from cholesterol-enriched caveolae to apolipopro-
teins to form an intermediate complex; the second step is the
transport of cholesterol from caveolae to the complex so as to
form a nascent HDL". Another model is the so-called “mem-
brane fusion” model, or the “one-step transport” model. ABC-
A1 drives the diffusion of cholesterol and phospholipids into
lipoproteins to form a complex of phospholipids, cholesterol
and lipoproteins, which moves on cellular membranes to take
cholesterol™. The first working model shows that the activ-
ity of the ABC-A1 phospholipid transferase promotes phos-
pholipid efflux prior to cholesterol transportation during the
process of ABC-Al-mediated cholesterol efflux. However, the
second model aids in explaining why the deficiency of mem-
brane phospholipid does not happen during cholesterol efflux
from macrophages. Both models have their advantages.

Cholesterol accumulation decreases in macrophages located
in atherosclerotic plaques in ABC-Al transgenic animals with
high HDL concentrations. In Apo-E knockout mice trans-
fected with the ABC-A1 gene, atherosclerotic plaque areas
are significantly decreased. Moreover, we also discovered
that oleic acid might decrease ABC-A1 expression. Further-
more, 22-R-hydroxycholesterol stimulates ABC-A1l expres-
sion and cholesterol efflux in THP-1-derived foam cells®.
These experimental data suggest that ABC-A1 may mediate
cholesterol exchanges between the cellular membrane and
HDL. Recently, we found that eicosapentaenoic acid nega-
tively affects both ABC-A1 activity and ABC-Al-dependent
cholesterol efflux by decreasing ABC-A1 protein levels and by
reducing cAMP/PKA-mediated ABC-Al serine phosphoryla-
tion in THP-1 macrophage-derived foam cells™. Addition-
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ally, we also found that IFN-y potentially decreases ABC-
A1 expression and cholesterol efflux in THP-1 macrophage-

derived foam cells?

. NO-1886, a novel compound that func-
tions as an effective lipoprotein lipase (LPL) activator, inhibits
atherosclerosis in high-fat/high-sucrose/high-cholesterol-fed
Chinese Bama minipigs by increasing the mRNA and protein
levels of ABC-A1 in the liver, retroperitoneal adipose tissue
and aorta®!.

ABC-A1 promotes not only RCT but also intracellular cho-
lesterol transport to the plasma membrane. Neufeld et al*!
found that transfection of enhanced green fluorescent proteins
(EGFP)-labeled ABC-A1 adenovirus vector into fibroblasts
from Tangier patients could recover the ability to transport
cholesterol from endosomes to plasma membranes and ABC-
Al-mediated cholesterol efflux. After normal fibroblasts trans-
fected with the ABC-A1 adenovirus vector were incubated
with fluorescence-labeled Apo-Al, both ABC-A1 and Apo-Al
in endosomes and cholesterol efflux increased, illustrating that
ABC-A1 may promote endocytic Apo-Al release in the form
of de novo HDL production. ABC-A1 also affects the construc-
tion of the plasma membranes and increases the content of
phospholipids and cholesterol in the outer layer of the plasma
membrane!*'l.

ABC-A1 mediates the efflux of cellular cholesterol to lipid-
poor apolipoproteins but not to HDL particles that constitute
the bulk of the plasma HDL. However, ABC-G1 and ABC-G4
mediate isotopic and net mass efflux of cellular cholesterol to
HDL. In transfected 293 cells, ABC-G1 and ABC-G4 stimulate
cholesterol efflux to both smaller (HDL-3) and larger (HDL-2)
subclasses of HDL but not to lipid-poor apo-Al. Treatment
of macrophages with a liver X receptor activator causes the
upregulation of ABC-G1 and increases cholesterol efflux to
HDL. ABC-GI is highly expressed in macrophages and likely
mediates cholesterol efflux from macrophage-derived foam
cells to the major HDL fractions*?. In contrast to ABC-A1,
which specifically couples cholesterol efflux to the acceptor
Apo-A1* ™ the efflux activity of ABC-G1 is relatively non-
specific because it can promote efflux not only to HDL but also
to LDL and cyclodextrin*’. ABC-G1 may traffic to the plasma
membrane, and the majority of ABC-G1 has been shown to
U541 Whether ABC-G1
is mainly mobilized to the cell surface to support cholesterol

be intracellular in different cell types

efflux®! or regulates intracellular cholesterol distribution
remains unclear.

Extracellular HDL trafficking system
The key step in RCT is the transport of cholesterol from cells
to lipoproteins, of which apolipoproteins are an important
component. Different lipoproteins have dissimilar types
and amounts of apolipoproteins, such as apo-A, apo-B, apo-
C, and apo-E. Apo-Al is the main transporter in HDL and is
an important cholesterol receptor that may couple SR-B1 and
ABC-A1 to complete the transmembrane transport of choles-
terol.

Apo-Al contains 243 amino acids comprising two amphipro-
tic a-helices (209-219 and 220-241) that are separated by a pro-
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line residue””. The two helices have a high affinity for lipids

and can be recognized by SR-B1 and ABC-Al. The amphipro-
tic helices form a hydrophobic tunnel after binding to SR-B1,
which promotes the diffusion of HDL-CE from cells and acti-
vates the DG/PKC signaling pathway to promote cholesterol

effluxt,

After binding to apo-Al, the stability and function
of ABC-A1 are increased. When cells are not stimulated or
are not loaded with a high content of lipids, apo-Al activates
phosphatidylcholine phospholipase C (PC-PLC) to hydrolyze
phospholipids and produce diacylglycerol®”. Diacylglycerol
activates PKC to phosphorylate ABC-A1, thus increasing the
stability of ABC-A1 and cholesterol efflux. However, when
too much cholesterol enters cells, ABC-A1l forms a complex
with the G protein a subunit (Gas), which activates adenylate
cyclase to produce more cAMP. This process results in the
activation of PKA, which phosphorylates ABC-A1 to inhibit
ABC-A1 degradation and to promote phospholipid and cho-
lesterol efflux®. Recently, we found that the addition of
NO-1886 (0.1 g/kg body weight/day) to the diet of high-fat/
high-sucrose/high-cholesterol-fed Chinese Bama minipigs
for 5 months significantly reduced atherosclerotic lesions and
significantly increased plasma HDL-c and apolipoprotein Al

levels™,

Regulatory network of the RCT model

Nuclear factors

There are many nuclear factors, such as sterol regulatory ele-
ment binding proteins (SREBPs), retinoid X receptors (RXR),
liver X receptors (LXRs) and peroxisome proliferator-activated
receptors (PPARs), involved in regulating the expression of
many RCT-related genes.

SREBPs

SREBPs, a basic-helix-loop-helix leucine zipper class of
transcription factors, bind to the sterol regulatory ele-
ment TCACNCCACPY. As shown in Figure 2, inactivated
SREBPs consist of a regulatory subunit and a DNA binding
subunit and are located in endoplasmic reticulum membranes.
The regulatory subunit is hypersensitive to the concentration
of intracellular free cholesterol. When the intracellular sterol
level is low, SREBPs are cleaved to a regulatory subunit and a
water soluble N-terminal domain (the DNA binding subunit)
that is translocated to the nucleus to upregulate the expres-
sion of sterol biosynthesis-related genes that possess the sterol
regulatory element (SRE) in their promoters®. Sterols in turn
inhibit the cleavage of SREBPs and sterol synthesis via a nega-
tive feedback loop. SREBPs upregulate the expression levels
of SR-B1, LDL receptor (LDLR), cholesterol synthesis enzyme,
and HMG-CoA reductase; concomitantly, they downregulate
the expression levels of ABC-A1, ABC-G1, ABC-G4, ABC-
G5, ABC-G8, and SR-B1. Moreover, SREBPs are regulated by
LXR and PPAR-y**. We found that curcumin inhibited ox-
LDL-induced cholesterol accumulation in cultured VSMCs by
increasing caveolin-1 expression via inhibition of the nuclear
translocation of SREBP-1"".. Furthermore, Daxx mediates
oxidized low-density lipoprotein-induced cholesterol accu-

mulation in macrophages and hepatocytes by downregulating
SREBP-1 and upregulating caveolin-151,

RXR and LXR

Many nuclear factors are involved in regulating the extrover-
sive transport of cholesterol, including retinoid X receptor
(RXR), liver X receptor (LXR), and peroxisome proliferator-
activated receptor (PPAR). As shown in Figure 2, LXR and
RXR form a hetero-dimer, which promotes the expression of
many RCT-related genes (such as ABC-A1, SR-B1, SREBP)
after the dimer binds to the direct repeat response element
(DR-4)P**l. The main activators of LXR and RXR are oxida-
tive sterols, whereas RXR is mainly activated by retinoids.
Recently, we found that IFN-y may first downregulate the
expression of LXRa through the JAK/STAT1 signaling path-
way and then decrease the expression of ABC-A1 in THP-1
macrophage-derived foam cells™. TGF-B1 upregulates the
expression of ABC-Al, ABC-G1 and SR-BI via the LXRa sig-
naling pathway in THP-1 macrophage-derived foam cells®’.
Additionally, NO-1886 increases the expression of ABC-A1 by
upregulating LXRa in the livers of Chinese Bama minipigs®™.

PPAR

PPAR family comprises three homeotypic isomerides, PPAR-y,
PPAR-6, and PPAR-a, which are involved in cholesterol efflux.
The natural ligands of PPAR include fatty acids and fatty acid
derivatives such as linoleic acid, a-linolenic acid, arachidonic
acid, docosahexenoic acid, eicosapentaenoic acid, oleic acid,
and elaidic acid.

As shown in Figure 2, PPAR and RXR form a hetero-dimer,
which promotes the expression of caveolin-1, SR-B1, ABCA1,
ABC-G1, CD36, apo-E, and LXR®". In detail, PPAR-a may
directly upregulate the expression of apo-Al and apo-All and
downregulate the expression of apo-CIII, an inhibitor of lipo-
protein lipase (LPL), which increases the level of HDL and
decreases the level of triglycerides®. PPAR-a may also upreg-
ulate ABCA1 expression to promote RCT via two pathways!®’.
In one pathway, PPAR-a promotes the expression of LXR-a to
upregulate ABCA1 expression. In the other pathway, PPAR-a
activates the cytochrome P450 system to increase the synthesis
of oxycholesterol, which is an endogenous ligand of LXR-q,
and activate LXR-a. Additionally, PPAR-a promotes RCT by
upregulating SR-B1*.

PPAR-y plays an important role in promoting lipocyte dif-
ferentiation and adipose tissue formation. PPAR-y upregu-
lates the expression of intracellular fatty acid transportation-,
synthesis- and esterification-related genes. PPAR-y may
promote lipid uptake by upregulating CD36 expression and
regulate insulin sensitivity by upregulating adiponectin'®,
However, PPAR-y does not promote the formation of foam
cells. Activated PPAR-y inhibits the formation of macrophage-
derived foam cells and decreases the accumulation of trig-
lycerides in macrophages treated with triglyceride-rich lipo-
proteins by downregulating SR-A and apo-B48 “. PPAR-y
enhances cholesterol efflux and attenuates atherosclerosis by

inducing caveolin-1 expression in apo-E-deficient mice””).
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Figure 2. Nuclear factors regulate reverse cholesterol transport. The main nuclear factors that regulate RCT include SREBPs, RXR, LXR, and PPARy.
Inactivated SREBPs consist of a regulatory subunit and a DNA binding subunit and are located in endoplasmic reticulum membranes. When the
intracellular sterol level is low, SREBPs are cleaved to release a soluble N-terminal domain, also known as a DNA binding subunit, which translocates
into the nucleus to upregulate the expression of sterol biosynthesis-related genes that have a sterol regulatory element (SRE) in their promoters.
SREBPs also regulate caveolin-1, cholesterol synthesis enzyme, LDL receptor and HMG-CoA reductase. Moreover, SREBPs are regulated by LXR and
PPAR-y. The transcriptional activity of LXR is switched on to activate the exression of many RCT-related genes (such as ABC-A1) following the binding of
the LXR and RXR hetero-dimer to the direct repeat response element (DR-4). The main activators of LXR are oxidative sterols and PPAR-y, whereas RXR
is mainly activated by retinoids. PPAR-y regulates caveolin-1, SR-B1, ABC-A1, CD36, apo-E, and LXR.

Retinoic acid (RA) activates PPAR-5 and the RA receptor”.
Fatty acid-binding protein 5 (FABP5) transports RA from
the cytosol into the nucleus to activate PPAR-8, and cellular
retinoic acid-binding protein II (CRABPII) transports RA to
the nucleus to activate RAR. The ratio of the FABP5/CRABPIIL
concentrations determines which receptor is activated. Acti-
vated PPAR-6 induces the expression of genes that affect lipid
and glucose homeostasis, including the following: ADRP, a
protein associated with lipid droplets; UCP1 and 3, uncou-
pling proteins; ALDHY, an enzyme that catalyzes carnitine
formation (carnitine participates in fatty acid oxidation); and
ANGPTL4, a factor necessary for lipid and glucose metabo-
lism". Currently, evidence is emerging that the PPARbeta/
delta isotype is a potential pharmacological target for the treat-
ment of disorders associated with metabolic syndrome””!.
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Lipid transport proteins

Lipid transport proteins include sterol carrier protein-2
(SCP-2), Niemann-Pick protein C (NPC), cholesteryl ester
transfer protein (CETP) and phospholipid transfer protein.
Most of these proteins are indirectly involved in the four
transfer systems.

SCP-2

Sterol carrier proteins (also known as nonspecific lipid transfer
proteins) comprise a family of proteins that transfer steroids
and likely also phospholipids and gangliosides between cel-
lular membranes. SCP-2 binds cholesterol with high affinity
(K4 near 4 nmol/L), binds plasma membrane caveolin-1, and
enhances rapid (detectable in <1 min) directional cholesterol
transfer from the plasma membrane to intracellular sites”.
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The human SCP2 is a basic protein that is believed to partici-
pate in the intracellular transport of cholesterol and various
other lipids. SCP-2 stimulates the uptake of fatty acid and cho-
lesterol and causes significant activation of acetyl coenzyme
A: cholesterol acyltransferase (ACAT)®. The overexpression
of SCP-2 may finally inhibit HDL-mediated cholesterol efflux.
SCP-2 plays a significant role in HDL-mediated cholesterol
efflux by regulating the sizes of the rapid vs slow cholesterol
Sl75.76]

efflux pool

NPC

NPC comprises two isomers, NPC1 and NPC2, which monitor
the levels of intracellular cholesterol and regulate the trans-
port of cholesterol from late endosomes/lysosomes to other
compartment or cell membranes. This process maintains
intracellular cholesterol homeostasis through alterations in the
transport patterns of vesicles or direct participation in choles-
terol transmembrane transportation. NPC1 may promote cho-
lesterol efflux by regulating ABCA1. We found that NO-1886
upregulates NPC1 expression through the LXRa signaling
pathway in THP-1 macrophage-derived foam cells”’.

CETP

CETP plays an important role in RCT by regulating the extra-
cellular transport system. CETP promotes the exchange of
cholesterol esters (CE) and triglycerides” among lipoproteins.
Examples of this are the transportation of CE from HDL to
VLDL, chylomicra (CM) or their cruel granules, and eventu-
ally to LDL, as well as the transportation of TG from VLDL
or CM to HDL. CETP transports CE to TG-rich lipoprotein,
followed by CE efflux to granules and to LDL. Liver receptors
complete the process of CE uptake!.

PLTP

PLTP, which is one of at least two lipid transfer proteins found
in human plasma, primarily regulates the extracellular trans-
fer system of HDL. PLTP interacts with Apo-Al and Apo-
Apo-A2L Tt transfers phospholipids from triglyceride-rich
lipoproteins to HDL. In addition to regulating the size of HDL
particles, this protein may be involved in cholesterol metabo-
lism. At least two transcript variants encoding different iso-
forms have been discovered for this gene.

Cholesterol synthesis enzymes

Cholesterol synthesis enzymes include cytochrome P450, fam-
ily 27, subfamily A, polypeptide 1 (CYP27A1), lipoprotein
lipase (LPL), lecithin:cholesterol acyltransferase (LCAT) and
acyl-CoA:cholesterol acyltransferase (ACAT). They are mainly
responsible for cholesterol synthesis and metabolism.

CYP27A1

Mitochondrial sterol 27-hydroxylase (CYP27A1), a cytochrome
P450 oxidase, is expressed in the liver, peripheral tissues, and
macrophages and catalyzes oxidative cleavage of the sterol
side chain in the bile acid biosynthetic pathway in the liver
and 27-hydroxylation of cholesterol in most tissues®™. The

27-hydroxycholesterol (27-HOC) activates LXRa and induces
the cholesterol efflux transporters ABC-Al and ABC-G1 in
macrophages, and therefore CYP27A1 may increase intracel-
lular 27-HOC levels, and induce ABC-A1 and ABC-G1 expres-

82 Partial or

sion, and finally stimulate cholesterol efflux
complete deficiency of CYP27A1 leads to abnormal cholesterol
and cholestanol (reduced form of cholesterol) accumulation
in multiple cells and tissues and is often manifested by pre-
mature atherosclerosis™!. Conversely, CYP27A1 introduction
into cells stimulates cholesterol efflux, and therefore, it may

facilitate protection against atherosclerosis!™.

LPL

LPL, an enzyme that decomposes endogenous TG in the blood
circulation (especially TG in the CM and VLDL), transfers
cholesterol, phospholipids and apolipoproteins between lipo-
proteins. Free fatty acids, which are one of the decomposition
products of TG, provide energy for tissues or are re-esterified
to form TG, which is stored in adipose tissues. Catalyzed by
LPL, VLDL is transformed to LDL, and CM is utilized to pro-
duce de novo HDL following the loss of CM surface lipids®® *,
We found that NO-1886, which is an effective activator of
lipoprotein lipase, could increase the activity of LPL in rats fed
a diet rich in cholesterol, leading to a decrease in plasma TG
and an increase in HDL-c and thus inhibiting the pathologi-
cal changes associated with atherosclerosis in the coronary
artery!™ #1,

LCAT

LCAT catalyzes the transesterification of phospholipid acyl
chains to unesterified cholesterol (UC) to synthesize CE. Acti-
vation of LCAT by Apo-Al on nascent (discoidal) HDL is
essential for the formation of mature (spheroidal) HDL during
the antiatherogenic process of reverse cholesterol transport®.
LCAT converts a disk-like and a small globular de novo HDL
(HDL3) to mature globular HDL (HDL2), and therefore, the
concentration of free cholesterol in HDL decreases. In addi-
tion, a concentration gradient of cholesterol from the cell
membrane to the plasma lipoprotein forms, which results in
reverse cholesterol transportation.

ACAT

ACAT is an intracellular protein located in the endoplas-
mic reticulum that forms cholesterol esters from cholesterol.
ACAT, which is also known as sterol O-acyltransferase
(SOAT), belongs to the class of enzymes known as acyltrans-
ferases that transfer fatty acyl groups between molecules.
ACAT, which is an important enzyme in bile acid biosynthesis,
catalyzes the intracellular esterification of cholesterol. ACAT-
mediated esterification of cholesterol limits its solubility in cell
membrane lipids and thus promotes the accumulation of cho-
lesterol esters in fat droplets within the cytoplasm. This pro-
cess is important because it prevents the toxic accumulation
of free cholesterol in various cell membrane fractions™. Most
of the cholesterol absorbed during intestinal transport under-
goes ACAT-mediated esterification prior to incorporation
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into chylomicrons. ACAT also plays an important role in the
formation of foam cells and atherosclerosis by participating
in the accumulation of cholesterol esters in macrophages and

vascular tissue™’. The rate-controlling enzyme in cholesterol
catabolism, hepatic cholesterol 7-hydroxylase, is believed to be

regulated in part by ACAT.

Other regulatory proteins

Immunophilin family

Cyclophilins are proteins that bind to cyclosporine, an immu-
nosuppressant that is often used to suppress rejection after
internal organ transplantation. These proteins possess pepti-
dyl prolyl isomerase activity, which catalyzes the isomerism
of peptide bonds from trans to cis form at proline residues and
facilitates protein folding. Cyclophilins, including cyclophilin
A, cyclophilin B, cyclophilin D, and cyclophilin 40, are respon-
sible for cell growth, proliferation, migration and intracellular
ion homeostasis, and they regulate stress-related genes and
chaperone activity™*
involved in intracellular cholesterol transportation. Cyclo-

. Cyclophilin A and cyclophilin 40 are

philin A, an 18 kDa protein, contains one domain that binds
to caveolins and another domain that binds to heat shock pro-

teins®.

Cyclophilin A, a peptidel prolyl cis-trans isomerase
(PPIase) that catalyzes the cis-trans isomerization of prolines
and participates in protein folding, is an important inhibitor

of calcineurin®.

Activated calcineurin suppresses the expres-
sion and activity of PPAR-y, a regulator of the expression
of SR-B1, ABC-A1 and CD36. Cyclosporin A, an inhibitor
of cyclophilin A, suppresses apo-Al/HDL-induced RCT®",
Therefore, cyclophilin A participates not only in the formation
of the caveolin-1-cholesterol transport complex but also in the
regulation of SR-B1- and ABC-Al-mediated cholesterol trans-

membrane transportation.

Adipophilin

Adipophilin, or adipose differentiation-related pro-
tein (ADRP)", is the most important membrane protein that
coats lipid droplets in foam cells. Incubation of macrophages
with very low-density lipoprotein (VLDL) dramatically
increases cellular triglyceride content to similar extents in
control and adipophilin-overexpressing cells. The lipid drop-
let content of macrophages is increased by overexpression of
adipophilin and/or VLDL loading. In contrast, the inhibition
of adipophilin expression using siRNA prevents lipid droplet
formation and significantly reduces intracellular triglyceride
content. Adipophilin elevates cellular lipid levels via inhibi-
tion of B-oxidation and stimulation of long-chain fatty acid
incorporation into triglycerides. Adipophilin expression in
THP-1 macrophages alters the cellular content of different
lipids and increases the size of lipid droplets, consistent with
the role of adipophilin in human foam cell formation®, Tt
has been recently reported that adipophilin blocks lipid efflux
and increases lipid accumulation in THP-1 macrophages inde-
pendently of the expression of lipid efflux-related genes"".
Adipophilin expression is regulated by the PPAR-y/RXR

dimer™®Y.
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Phospholipids
Margarita et al"™ found that cholesterol efflux from cells
increased when the cells were treated with neutral lipido-
somes containing a phospholipid bilayer as well as apolipo-
protein, although the lipidosomes did not bind to SR-B1 and
ABC-AL in the cell membrane. This cholesterol efflux to lipo-
protein was blocked by an anti-phospholipid antibody that
prevents the fusion of lipidosomes with cells, suggesting that
phospholipids play an important role in cholesterol efflux.
cAMP, PKC and PKA are also involved in regulating the
extroversive transport of cholesterol mediated by the ABC-Al
signaling pathway!"" '™, We have found that eicosapen-
taenoic acid reduces ABC-A1 serine phosphorylation through
the cAMP/PKA signaling pathway!”.

Discussion

By summarizing the latest international studies together with
our findings, we propose the novel working model of “four
systems and one center with coupling transportation and net-
working regulation”, which consists of the intracellular traf-
ficking system of the caveolin-1 complex, the transmembrane
transport system of the ABC-A1 complex, the transmembrane
transport system of the SR-B1 complex, the extracellular traf-
ficking system of HDL/Apo-Al and the caveolar transport
center. Thus, this model clarifies the most important proteins
and their interrelations in RCT. This model represents a com-
mon rule for almost all cells; however, the systems contained
in this model comprise different proteins/factors in different
cells. For example, CD36 plays the role of SR-B1, and ABC-G1
plays the role of ABC-Al in some cells. In this review, we
focus on VSMCs and macrophages, which are the most impor-
tant original cells of foam cells.

The intracellular trafficking system of the caveolin-1 com-
plex generally consists of caveolin-1, cyclophilin A, cyclophilin
40, HSP56 and other unknown proteins, and it participates
in cholesterol trafficking from the cytosol to cell membranes.
Caveolin-1 expression is upregulated by PPAR but down-
regulated by SREBPs!®> ™ %] Recently, it has been shown
that annexin A2 (ANX-A2), which is part of family of calcium-
and phospholipid-binding proteins, may also be involved in
the formation of the caveolin-1 complex during the process
of cholesterol efflux"””. The caveolin-1 complex transfers
cholesterol to transmembrane transport systems of the SR-B1
and ABC-A1 complexes. First, caveolin-1 and cyclophilin A
bind to SR-B1 or ABC-A1""! and present cholesterol to the two
transmembrane transport systems. Finally, they go back to the
intracellular transport complex. The receptors of the SR-B1
and ABC-A1 systems are lipid-rich apolipoproteins such as
HDL. The SR-B1 system functions bidirectionally via uptake
of cholesterol ester and efflux of free cholesterol. The direc-
tion of transportation is determined by the transmembrane
concentration gradient of cholesterol. SR-B1 is regulated by
PPAR/RXR, LXR/RXR, and SREBPs" *. However, ABC-A1l
mainly transfers cholesterol uni-directionally outside of cells
using the energy provided by ATP. ABC-Al is upregulated
by PPAR/RXR, LXR/RXR, cAMP, and HDL and downregu-
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lated by SREBPs® %1%l In general, there is a one-way and
a two-way transmembrane transport system in almost all cells,
but the components of the systems differ in different cells.
The extracellular trafficking system of HDL, which consists of
HDL, LCAT, CETP, and LPL, mainly accepts cholesterol trans-
ported by the transmembrane transport systems. The choles-
terol is finally transported to the liver via the HDL system.

Caveolae present in the cell membrane function as storage
and transport centers of cholesterol. Caveolin-1, ABC-Al, and
SR-B1 in the three transport systems mentioned above are rich
in caveolae. The transmembrane transportation of cholesterol
mediated by caveolin-1, ABC-Al, SR-B1, and HDL takes place
in caveolae, which are the most important centers of choles-
terol transportation. In brief, the coupled trafficking of choles-
terol happens among the four transport systems in caveolae.
The intracellular transport system of the caveolin-1 complex
transports cholesterol from the cytosol to cell membranes and
stores the cholesterol in caveolae. Then the transmembrane
transport systems of SR-B1 and ABC-A1 transport the choles-
terol to HDL, and finally to the liver for metabolism. In addi-
tion, we propose that cholesterol exchange may happen within
the cell membrane between the SR-B1 and ABC-A1l complex,
especially when cholesterol in one transmembrane transport
system is more than that in another transmembrane transport
system, as shown in Figure 1.

Both the caveolin-1/SR-B1/HDL and the caveolin-1/
ABC-A1/HDL pathways co-regulate the transmembrane
transportation of cholesterol. Many factors regulate these
two pathways, such as the HDL size, the cholesterol con-
tent of the HDL and the blood serum concentration of total
cholesterol. When the content of cholesterol in the plasma
membrane exceeds 20%, SR-B1l-dependent cholesterol efflux
is blocked; when the ABC-A1 level decreases by 80%, ABC-
Al-dependent cholesterol efflux is blocked’!. Yancey et al™!
reported that when endothelial lipase was overexpressed in
apo-Al transgenic mice, the phospholipid/apo-A1l ratio, total
cholesterol and HDL in the serum decreased by 60%, 89%, and
91%, respectively. In addition, ABC-Al-mediated cholesterol
efflux increased by 63%, and SR-Bl-induced cholesterol efflux
decreased by 90%. In contrast, when phosphatidylserine
phospholipase was overexpressed, the reverse results were
observed. Apo-Al is involved not only in the transmembrane
transportation of cholesterol but also in the transport of intrac-
ellular and extracellular cholesterol. After binding to the HDL
receptor, the complex consisting of Apo-A1l and phospholipids
triggers the transfer of free cholesterol from the intracellular
cholesterol pool to the cell membrane!”.

The regulation network controlling the four transport sys-
tems is very complex. Many proteins are involved in regulat-
ing the four transport systems of cholesterol efflux, includ-
ing nuclear factors, lipid transportation proteins, cholesterol
synthesis enzymes, the immunophilin family, adipophilin,
phospholipids, etc. Different proteins participate in regulating
cholesterol efflux in different cells.

This model of reverse cholesterol transportation illustrates
almost all of the cholesterol efflux pathways and facilitates our

understanding of the mechanism responsible for cholesterol
efflux from lipid-loaded cells. This model could promote the
development of targets to prevent and treat atherosclerosis.
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