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Abstract

Mediating reverse cholesterol transport (RCT)
is the most classic function of HDL. HDL and
HDL-C participate in the entire process of
RCT, including cholesterol removal from
cells, cholesterol transport in circulation, and
cholesterol excretion. As cholesterol is a com-
ponent of lipid rafts and lipid droplets in cells,
HDL and RCT can influence cell activity.
HDL has also been shown to be related to the
metabolism of some other biological lipids,
such as S1P and ox-PL. Here we will introduce
in detail the molecular mechanism of HDL
participation in RCT and its significance.
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4.1 HDL Mediates Reverse
Cholesterol Transport

Mediating RCT is the most classic function of
HDL. Early in the 1960s, Dobbins et al. [1]
proved the presence of cholesterol acyltransferase
in HDL, and then the pathway of RCT was
identified. Now RCT is defined as the process
by which cholesterol moves out of cells in periph-
eral tissues, enters the circulation, and is excreted
in the feces [2]. HDL is both the acceptor of
cholesterol from cells and the carrier of choles-
terol in circulation, and, therefore, plays an
important role in RCT (Fig. 4.1).

4.1.1 HDL Participates in Cholesterol
Removal from Cells

Cellular cholesterol homeostasis is essential for
normal cell function. As it was said, HDL acts as
the specific cholesterol acceptor that transports
excess cholesterol stores within peripheral tissues
to the plasma [2]. ABCA1 and ABCG1 are criti-
cal receptors for the initial step of RCT, which
mediate cholesterol efflux out of cells. Combined
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ABCA1 and ABCG1 deficiency in macrophages
resulted in impaired cholesterol efflux to HDL
and decreased apoE secretion in vitro. This defi-
ciency also increased secretion of inflammatory
cytokines and chemokines. Mouse models
showed the same trend [3, 4]. ABCA1 preferen-
tially synthesizes small HDL particles, specifi-
cally apoA-I to form nascent HDL [5], at the
same time ABCG1 stimulates net cholesterol
efflux to larger HDL but not to lipid-poor apoA-
I [2, 6]. The classical hypothesis is that free cho-
lesterol generated by lipid lipolysis reaches the
ABCA1 and ABCG1 by vesicular or
non-vehicular trafficking pathways and then
becomes effluxed [7]. In fact, ATP-binding cas-
sette transporters themselves can be motile.
ABCA1-mediated cholesterol efflux to apo A-I
was found to take place in endosomes
[8]. ABCA1 can also shuttle between the plasma
membrane and late endosomes, and between the
endolysosomal compartments and plasma

membrane [9]. ABCG1 relocalizes from the
Golgi and ER to the plasma membrane following
LXR activation to stimulate efflux to HDL
[2, 10].

Another cholesterol trafficking pathway is
mediated by a conserved family of lipid-bind-
ing/transfer proteins, which is constituted by
oxysterol-binding proteins (OSBPs) and its
related protein homologs, OSBP-related proteins
(ORPs). ORPs are ubiquitously expressed in
eukaryotes, and their ligand-binding domain
accommodates cholesterol and oxysterols
[11]. Thus, ORPs facilitate non-vesicular transfer
of cholesterol between lipid bilayers and coordi-
nate lipid signals with a variety of cellular
regimes. Recent study found ORP6 may contrib-
ute to HDL homeostasis and regulate cholesterol
efflux, although the mechanism is not clear
[12]. Other proteins related to lipid trafficking
could also influence cholesterol efflux to HDL,

Fig. 4.1 Key steps of reverse cholesterol transport
(RCT). The first step of RCT is the removal of cholesterol
from macrophages or vascular smooth muscle cells. In this
step, free cholesterol efflux to acceptors such as HDL. This
is the rate-limiting step of RCT. In macrophages, ABCA1/
ABCG1 (ATP-binding cassette proteins A1/G1) is
required to pump out cholesterol, but the efflux
mechanisms in vascular smooth muscle cells are not well
understood. In the next step, the cholesterol on HDL is
transported to the liver. SR-B1 (scavenger receptor class B
type 1) is responsible for binding HDL and selective

cholesterol intake. Another part of cholesteryl ester is
transferred to VLDL or LDL by CETP (cholesterol ester
transfer protein) and PLTP (phospholipid transfer protein)
and cleared by LDLR. Finally, cholesterol is excreted into
the feces. Biliary cholesterol excretion mediates about
25% of total fecal neutral sterol loss, while transintestinal
cholesterol efflux (TICE) mediates about 33% under nor-
mal circumstances. LCAT lecithin-cholesterol
acyltransferase, OSBP oxysterol-binding protein. Adapted
from Ouimet, M. et al. [2]
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such as steroidogenic acute regulatory protein
(StAR) and Niemann-Pick type C (NPC) [13].

4.1.2 HDL-C Mediates Cholesterol
Transport in Circulation

After cholesterol transferred to HDL particles, the
next step is the esterification to form cholesteryl
ester (CE), which depends on lecithin-cholesterol
acyltransferase (LCAT). Overexpression of
LCAT in mice raises HDL-C levels, though
results in unaffected atherosclerosis [14]. Simi-
larly, LCAT knockout mice showed extremely
low levels of HDL-C, but the influence on athero-
sclerosis remained unclear [15, 16]. Studies have
found that the capacity of cholesterol transport is
also related to the functional status of HDL itself
[17, 18]. Although LCAT has long been believed
to be critical for promoting RCT by maintaining a
free cholesterol gradient between cells in the
periphery and plasma HDL, some current data
are inconsistent with it [19]. The clearance of
HDL-C is much faster than its esterification.
Within the halftimes of HDL-C, only about 2%
of free cholesterol is esterified, which means that
over 95% of HDL-FC is cleared without esterifi-
cation, and LCAT may play only a minor role in
RCT [20, 21]. Consistently, LCAT knockout
mice showed little damage in macrophage RCT
[22]. Interestingly, overexpression of LCAT
reduced macrophage RCT by reducing the level
of lipid poor apoA-1 and the cholesterol efflux via
ABCA1, although the HDL-C level was
increased in this model [22].

It is generally believed that high plasma
HDL-C concentration represents a better rate of
cholesterol metabolism and is therefore
associated with a reduced incidence of cardiovas-
cular events [23]. Studies such as the Helsinki
Heart Study and the Veterans Administration
HDL Intervention Trial (VA-HIT) also support
this view, which showed that increased plasma
HDL-C levels in patients receiving gemfibrozil
versus placebo are associated with fewer coronary
heart disease events [24, 25]. However, these
studies cannot completely rule out the effects of
other risk factors, like insulin resistance and

plasma triglyceride levels, and other studies
showed different results. Especially, high plasma
HDL-C level and no CVD incidence reduction
were found in patients with cholesteryl ester
transfer protein (CETP) deficiency. CETP
inhibitors, which profoundly increase plasma
HDL-C levels, can’t reduce CVD events either
[26]. In genetic studies, the Copenhagen City
Heart Study showed patients with genetically ele-
vated plasma levels of HDL-C did not have a
reduced atherosclerotic cardiovascular disease
(ASCVD) risk [27]. According to a Mendelian
randomization study, an HDL-C-raising endothe-
lial lipase variant was not associated with reduced
myocardial infarction [28]. In fact, new views
hold that HDL’s functional changes are more
important than its quantitative changes, and the
abnormal high HDL-C level is caused by HDL
dysfunction. Moreover, some epidemiological
studies in humans showed the correlation
between plasma HDL-C levels and ASCVD haz-
ard ratio is U-shaped, with the extremes of high
and low HDL-C concentrations being associated
with more all-cause and ASCVD mortality [29–
31], suggests that HDL may derive its
dysfunctionality from both high free cholesterol
content and high plasma HDL concentration.

Recently, a lot of evidences support that the
most important site from which HDLs act to
promote cholesterol efflux from cells is in the
extracellular matrix of tissues, rather than in
plasma [32]. Since one of the major roles of the
lymphatic system is to drain macromolecules
from the interstitial space back to the circulation,
it is generally believed that the return of
lipoproteins from the interstitium to plasma may
occur mainly via the lymphatic system and less
via the venous capillaries [33]. Analysis of animal
and human lymph fluid composition showed that
lymph fluid was rich in cholesterol and HDL
[34]. The major apolipoprotein of HDL is
apoA1, and approximately half of all apoA1 in
the body is extravascular and found within inter-
stitial fluid of peripheral organs [35]. Total cho-
lesterol level in lymph HDL was about 30%
higher than plasma, indicating that periphery cho-
lesterol clearance has relevance to lymph and
extravascular compartment [34]. Whereas plasma
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mainly contains α-HDL particles that are the pre-
dominant carriers of CE to hepatocytes, intersti-
tial fluid provides a metabolic environment that
drives the conversion of α-HDL to pre-β-HDL,
the main acceptor of free cholesterol from periph-
eral tissues [2, 36]. And this conversion may due
to the high specific activity of phospholipid trans-
fer protein (PLTP) in lymph, along with the
absence of cholesterol esterification [15]. Further-
more, studies have found mice with impaired
lymphatic drainage showed impaired RCT, and
lymphatic endothelial cells could express func-
tional HDL transporters such as SR-BI, which
directly demonstrated that lymphatic drainage is
required for RCT and HDL function [37].

4.1.3 CE in HDL Can Be Transferred
into Cells

In humans, CE in HDL can be transferred to
triglyceride-rich lipoproteins by cholesteryl ester
transfer protein (CETP) for elimination via
hepatic clearance in the liver through the LDLR,
or selectively taken up via scavenger receptor
class B type 1 (SR-B1) acting as a hepatic recep-
tor for CE on HDL [2]. Notably, this process in
mice differs from that in humans.

CETP is a 74-kDa hydrophobic plasma glyco-
protein that has an established role in mediation
of neutral lipid transport among lipoproteins
[38]. The main effect of CETP activity is a trans-
fer of CEs from HDLs to apo B containing
lipoproteins in exchange for triglycerides. People
with loss-of-function mutations in both CETP
alleles have extremely high levels of HDL-C,
indicating the importance of this pathway in
humans [20]. Indeed, studies in humans have
indicated that the majority of CEs are transferred
to the liver by apo B containing lipoproteins and
not HDL, which was shown by injection of HDL
labeled with a CE tracer [20]. As said before,
CETP is a therapeutic target for inhibition to
raise plasma levels of HDL-C. Mice
overexpressing CETP experience a substantial
reduction in HDL-C levels, as well as increased
macrophage RCT rate, consistent with the con-
cept that CETP promotes the delivery of HDL-C

to the liver [39]. Besides, the function of CETP is
also influenced by LDL receptors and the clear-
ance of apoB-lipoproteins [19].

SR-BI is a high affinity receptor for HDL, and
it also binds LDL, VLDL, and phospholipids
[40]. Studies by Pagler et al. have shown that
SR-BI can transfer cholesterol from lipoproteins
to cells through whole particle uptake/endocyto-
sis [41]. However, SR-BI can also uptake
cholesteryl esters without parallelly uptaking the
entire lipoprotein particles, which is the mainly
known function of SR-BI [42]. In this selective
uptake process, HDL-C firstly binds to the loop
domain of SR-BI, and then cholesterol esters
transfer to the plasma membrane, finally HDL
releases back to the circulation [43, 44]. Large
population-based studies revealed that heterozy-
gous carriers of the P376L variant of SR-BI have
significantly high levels of plasma HDL-C
[45]. SR-BI expressed in both hepatocytes and
liver endothelial cells may mediate the uptake of
HDL-C into the liver [46–48]. In fact, the highest
relative expression level of SR-BI was found in
steroid hormones producing cells despite the
major focus on SR-BI in the liver, as cholesterol
is a substrate for steroid hormone synthesis
[49]. Interestingly, along with its classical func-
tion of cholesterol transcellular transport, SR-BI
initiates signaling in some cell types [50]. For
example, the binding of HDL to SR-BI will acti-
vate endothelial NO synthase (eNOS) in endothe-
lial cells [51].

Although immune cells like most cells can
utilize intricate feedback mechanisms of choles-
terol uptake and synthesis, they also express
numerous unregulated scavenger receptors
[52, 53]. Macrophage foam cells have been a
sign of early atherosclerosis in humans and ani-
mal models. These cells contain numerous
droplets of CE, which could be marked by lipid
stain such as Oil red O [54]. The imbalance in the
rate of cholesterol uptake and efflux results in CE
accumulation in immune cells [52].

How cholesterol internalized from HDL is
made available to the cell for storage or modifica-
tion is poorly understood. Aster proteins are
ER-resident proteins that bind cholesterol and
facilitate its removal from the plasma membrane,

52 Q. Zhang et al.



providing a new mechanism to mobilize
HDL-derived cholesterol. Mice lacking aster-B
are deficient in adrenal cholesterol ester storage
and steroidogenesis because of an inability to
transport cholesterol from SR-BI to the ER [55].

4.1.4 Cholesterol Is Excreted Through
the Liver and Intestines

Although cholesterol itself can be secreted into
the bile for excretion from the body, synthesis and
excretion of bile acids comprise the major choles-
terol catabolism pathway in mammals
[2, 56]. Studies in healthy normolipidemic
humans in vivo show that unesterified cholesterol
in HDL can be rapidly and directly taken up by
the liver and targeted to bile [20]. Biliary choles-
terol excretion is driven by the two half ABC
transporters, Abcg5 and Abcg8, which form an
active heterodimer [57]. Mice lacking either
Abcg8 or Abcg5 have an 80% reduced biliary
cholesterol output, indicating that Abcg5/8 is
essential for the largest part of biliary cholesterol
excretion [58, 59]. And many other factors have
been found taking part in regulating the classic
biliary pathway of RCT. For example, ATP8B1, a
phosphatidylserine flippase in the canalicular
membrane, is demonstrated to inhibit biliary cho-
lesterol excretion, which is independent of
Abcg5/8 activity [60].

However, there is now evidence that
HDL-driven movement of cholesterol back to
the liver can’t fully correlate with how much
cholesterol is lost in bile or the feces [61, 62]. Sim-
ilarly, mice genetically lacking apoA-I or ABCA1
have normal biliary and fecal cholesterol loss
[63, 64], indicating that there exist cholesterol
excretion pathways not through bile. RCT can
also proceed through a non-biliary pathway
known as transintestinal cholesterol excretion
(TICE), which involves the direct secretion of
plasma lipoprotein-derived cholesterol by the
small intestine [65]. Current evidence suggests
that the non-biliary branch of RCT can be

initiated by either re-uptake of biliary cholesterol
via the canalicular sterol transporter Niemann-
Pick C1-like 1 (NPC1L1) [66, 67], or by blocking
cholesterol acyl-CoA:cholesterol acyltransferase
2 (ACAT2)-driven cholesterol esterification
[68]. Both conditions are expected to cause the
accumulation of free cholesterol in the liver, but
these excess free cholesterol will be repackaged
into new apoB-containing lipoproteins. These
lipoproteins are then secreted from the liver into
the circulation and are recognized by the proximal
small intestine through lipoprotein receptors such
as LDLR [69]. Since TICE can still occur in
LDLR�/�mice, there may be other mechanisms
contribute to it, but SR-BI is not included in them
considering the current results [68, 69]. The trans-
port route of cholesterol within the intestinal
enterocyte is not well understood in TICE. How-
ever, as apoB-containing lipoproteins are the
main particles participating in TICE, endosomal
or lysosomal compartments are probably to be
involved [65]. After efflux from TICE associated
lipoproteins, this cholesterol can be transported
by ATP binding cassette transporters ABCG5/
ABCG8 and ABCB1a/b [69–71].

When evaluating the relative contribution of
non-biliary routes to RCT, it is important to clear
whether in normal physiology conditions or not.
Under normal physiological conditions, the bili-
ary pathway mainly contributes to the RCT
efflux, while the non-biliary route typically
makes up less than 30% of the total cholesterol
found in the feces [72, 73]. However, the choles-
terol efflux ability of non-biliary route is highly
dynamic and can be stimulated by some patho-
physiologic conditions and drugs. In transgenic
mouse models that lacked the ability to normally
secrete cholesterol into bile, or in the case of
surgical removal of the common bile duct, fecal
cholesterol loss remained the same or increased in
some cases [58, 65, 74]. These studies suggest
that the non-biliary TICE could be a reserve to
response to the decrease of fecal cholesterol loss
level under the pathophysiologic condition of
biliary cholesterol insufficiency (Fig. 4.2).
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4.2 Metabolism of Cholesterol Is
Essential to Cell and Life

Cholesterol plays a role in many essential bio-
chemical processes. Cholesterol is a special kind
of plasma lipids for it is a precursor of steroido-
genic steroids, which could regulate metabolism.
And cholesterol in the form of LDL-C and
HDL-C has been proven to be associated with
ASCVD [23].

4.2.1 Lipid Droplets in Cells

Lipid droplets are intracellular organelles
specialized for the storage of neutral lipids.
Extensive evidences show that FC accumulation
within cells is toxic, pro-inflammatory, and
pro-atherogenic [75, 76]. It is shown that choles-
terol load in macrophages leads to cholesterol
crystal and the formation of NLRP3
inflammasome, which then produce
pro-inflammatory mediators such as IL-1β
[77]. The conversion of excess FC to CE by
ACAT is thought to represent a protective

mechanism against the toxic effects of excess
FC in cells [78]. CE droplets are usually found
in fat store tissues, but in fact the formation of
droplets can be induced in any cell type when
cholesterol is overloaded [79]. However, CE
accumulation could also cause cell damage. For
instance, the accumulation of CE in the central
nervous system is related to neurodegeneration
and the accumulation of β-amyloid peptide in
Alzheimer’s disease [80]. Although ACAT inhi-
bition indirectly enhances the movement of the
nascent amyloid precursor protein molecules into
the early secretory pathway [52, 81], the amyloid
plaque load in mouse model is decreased and the
cognitive function is improved [82].

Moreover, some evidences suggest that CE
rich lipid droplets are dynamic rather than passive
inert structures and can be pro-inflammatory. In
leukocytes these lipid bodies consist of a neutral
lipid core, which is surrounded by a phospholipid
monolayer [83]. These lipid droplets are found to
be metabolically active since the CE in droplets
undergoes a continual cycle of hydrolysis and
re-esterification to release FC for membrane
lipid raft maintenance and efflux [84]. There are

Fig. 4.2 Model for
integrated biliary and
non-biliary reverse
cholesterol transport.
Adapted from Temel, R. E.
& Brown et al. [65]
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also proteins found in lipid droplets of not only
adipocytes but also all cells, such as the ancient
ubiquitous proteins which play roles in the degra-
dation of HMGCoA reductase [85]. Recent stud-
ies suggest that lipid bodies can be formed in
response to inflammation and inflammatory cell
activation. Leukocyte lipid droplet formation has
been observed following infectious by
Hepatitis C, Trypanasoma cruzi, and exposure
to various bacterial products, though whether
blocking the formation of lipid body in
leukocytes can change the progression of disease
remains to be shown [52, 86, 87].

4.2.2 Membrane Cholesterol
and Lipid Raft Microdomains

FC, together with glycerophospholipid (GPL) and
sphingomyelin form a highly ordered 5–500 nm
diameter structure, called lipid rafts in the plasma
membrane [88]. These rafts are detergent-
resistant membrane complexes that can organize
and separate many different protein components.
The FC content of these structures is usually 3–5
times that of the surrounding membrane. These
FC can help stabilize the raft through their hydro-
phobic combination with other components
[89]. A number of critical enzymes and signaling
systems are active when concentrated within
these microstructures, modulating cell activation
and function, such as eNOS, SR-B1, Ras, CD36,
Rho, MAP kinase, G-protein coupled receptors,
and Ca2+ regulatory proteins [52]. In addition,
although lipid rafts are typically studied at the cell
membrane, similar structure can also be found in
organelles containing membrane components,
such as the Golgi, mitochondria, lysosomes, and
lipid droplets [52, 90, 91].

The cholesterol required for the formation and
maintenance of lipid rafts can come from exoge-
nous sources, such as lipoproteins or from cell
synthesis, through the mevalonate pathway in the
ER and then transport to the plasma membrane
[76, 92]. Another source of cholesterol are intra-
cellular lipid droplets [93]. Extrinsic signals
which promote CE hydrolysis can lead to the
cholesterol efflux from lipid droplet. FC can also

be moved to the substrate pool to be exported
through ABCA1. ABCA1 is the uniquely sensi-
tive master controller of membrane cholesterol
that regulates lipid raft composition [52], which
is under the control of the liver X receptor (LXR)
[94]. Further studies showed that cholesterol
efflux and lipid raft cholesterol maintenance
were the same process, and the lipid composition
of nascent HDL was similar to that typically
found in microdomains from cell membranes
[95, 96].

The addition of β-cyclodextrin can consume
membrane cholesterol, while squalene
replenishes it. By this way, the importance of
cholesterol and lipid raft to cell activation and
polarization has been extensively studied in
many different conditions [97, 98]. Especially in
the bone marrow, lipid rafts have been proven to
regulate the retention and quiescence of
hematopoietic stem cell in bone marrow niches
and further participate in regulating their mobili-
zation and homing [52, 99, 100]. Therefore, the
regulation of the formation, composition, and
decomposition of lipid rafts in cells is of great
significance and can be applied in the field of
cardiovascular disease.

4.3 HDL and Other Bioactive Lipids

For many years, phosphatidylcholine and
sphingomyelin, along with small amounts of
phosphoglycerol, phosphatidylserine, phosphati-
dylethanolamine, and phosphatidylinositol, have
been considered the main components of the
HDL surface. Later, several other classes of
glycosphingolipids were found, such as
galactosylceramide, glucosylceramide,
lactoseceramide, sulfatides, globulins, and
gangliosides. Subsequently, phospholipid
lysoderivatives were identified and soluble phos-
pholipase A2 was found in HDL [101]. Sphingo-
sine 1 phosphate (S1P), as a kind of
lysosphingolipid, was found to be mostly carried
by HDL and also positively correlated with
HDL-C, apoA-I and apoA-II levels [102].
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4.3.1 HDL and S1P

Moreover, HDL-related S1P is now considered to
be the main determinant of S1P concentration in
plasma. The source of S1P in circulation
remained uncertain. Sphingosine kinase is the
main enzyme that phosphorylates sphingosine to
produce S1P. It is expressed in platelets and vari-
ous peripheral blood cells, including red blood
cells, neutrophils, and monocytes [103]. Platelets
could store a large amount of S1P and release
them under the stimulation of thrombin or cal-
cium, but other studies have shown that S1P
derived from red blood cells accounts for the
largest proportion in the blood
[104, 105]. Although erythrocytes cannot pro-
duce sphingosine and display relatively low
levels of sphingosine kinase activity, they effi-
ciently convert exogenous sphingosine to S1P
[106]. Lack of S1P-degrading enzymes leads to
the accumulation of S1P in erythrocytes. S1P may
transport from erythrocytes to HDL through
ATP-binding cassette transporters. Although the
association with HDL seems to explain the ath-
erosclerotic protective effect of S1P, it is not clear
whether this effect also depends on the morphol-
ogy of HDL and the ratio of apoA-I and apoA-II.
A recent report indicated that S1P was enriched in
small and dense HDL3 particles which contained
apoA-I [107]. The main plasma apolipoprotein
that S1P physically binds is apolipoprotein M
(apoM), most of which are contained in HDL
[108]. Only the apoM-containing fraction of
human HDL carries S1P, and apoM-deficient
mouse HDL contains almost no S1P, indicating
that the presence of apoM determines HDL-S1P
[109]. However, there is no correlation between
apoM and S1P in human plasma or HDL [110],
which suggests that there may be other molecules
besides apoM involved in the relationship
between S1P and HDL [111]. Interestingly,
there is recent evidence that S1P may perform
different biological functions, depending on
whether it functions in an HDL-related form or
an albumin-related form. In cultured endothelial
cells, it was found that HDL-S1P helped more in
reducing S1P internalization though had the

similar half-life, which means HDL-S1P was
more effective than albumin-S1P in maintaining
endothelial function [112]. The function of
HDL-S1P was shown to have changed in human
cardiovascular, kidney, and metabolic diseases. A
number of studies have linked plasma and
HDL-S1P to the incidence of coronary artery
disease [113–115].

4.3.2 HDL and Ox-PL

Phospholipids contain polyunsaturated fatty acids
that are easily peroxidized. Ox-PL is involved in
cell signaling and is associated with a variety of
inflammatory processes, as well as atherosclero-
sis. Plasma levels of ox-PC have been found to be
associated with increased risk of cardiovascular
disease. Oxidized-PL in plasma is mainly
associated with apoB100-containing lipoproteins,
including the low-density lipoprotein variant Lp
(a). The role played by HDL in oxidative-PC
metabolism is unknown, but given the anti-
inflammatory potential of HDL, it is expected to
be beneficial [116]. Based on this, Gharavi et al.
[117] have reported that HDL inhibited the
proinflammatory pathway induced by ox-PL sig-
naling in human endothelial cells, possibly by
reducing superoxide production. This suggests
an additional mechanism for the anti-
atherosclerotic function of HDL.

4.4 Conclusions

HDL is of great significance to lipid metabolism,
especially cholesterol metabolism. Mediating
RCT is the most classic function of HDL. RCT
includes the efflux, transport, and excrete of cho-
lesterol. ABCA1 and ABCG1 mediate the efflux
of cholesterol from cells to HDL, especially in
vascular smooth muscle cells and macrophages.
After cholesterol transfer to HDL particles, the
next step is the esterification of cholesterol to
form cholesterol ester, which depends on LCAT.
The combined HDL-C is transported through
lymph and circulation. CE in the HDL core can
be transferred to triglyceride-rich lipoproteins by
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CETP or be selectively taken up via SR-B1 to
enter the cells again. Synthesis and excretion of
bile acids comprise the major cholesterol catabo-
lism pathway in mammals. This process is mainly
carried out through the liver, but transintestinal
cholesterol excretion is equally important, espe-
cially under certain pathological conditions. As
cholesterol is a component of lipid rafts and lipid
droplets in cells, HDL and RCT can influence cell
activity. Problems in RCT are closely related to
immune cells and atherosclerosis. HDL has also
been shown to be related to the metabolism of
some other biological lipids, such as S1P and
ox-PL. Although some clinical experiments of
using HDL-C concentration as a direct target
failed, the importance of HDL in lipid metabo-
lism and its potential clinical value are significant.

References

1. Glomset JA, Janssen ET, Kennedy R, Dobbins J
(1966) Role of plasma lecithin:cholesterol
acyltransferase in the metabolism of high density
lipoproteins. J Lipid Res 7:638–648

2. Ouimet M, Barrett TJ, Fisher EA (2019) HDL and
reverse cholesterol transport. Circ Res 124:1505–
1518. https://doi.org/10.1161/circresaha.119.312617

3. Westerterp M et al (2013) Deficiency of ATP-binding
cassette transporters A1 and G1 in macrophages
increases inflammation and accelerates atherosclero-
sis in mice. Circ Res 112:1456–1465. https://doi.org/
10.1161/circresaha.113.301086

4. Yvan-Charvet L et al (2007) Combined deficiency of
ABCA1 and ABCG1 promotes foam cell accumula-
tion and accelerates atherosclerosis in mice. J Clin
Invest 117:3900–3908. https://doi.org/10.1172/
jci33372

5. Assmann G, Gotto AM Jr (2004) HDL cholesterol
and protective factors in atherosclerosis. Circulation
109:III8–II14. https://doi.org/10.1161/01.Cir.
0000131512.50667.46

6. Wang N, Lan D, Chen W, Matsuura F, Tall AR
(2004) ATP-binding cassette transporters G1 and
G4 mediate cellular cholesterol efflux to high-density
lipoproteins. Proc Natl Acad Sci U S A 101:9774–
9779. https://doi.org/10.1073/pnas.0403506101

7. Holtta-Vuori M, Ikonen E (2006) Endosomal choles-
terol traffic: vesicular and non-vesicular mechanisms
meet. Biochem Soc Trans 34:392–394. https://doi.
org/10.1042/bst0340392

8. Neufeld EB et al (2004) The ABCA1 transporter
modulates late endocytic trafficking: insights from
the correction of the genetic defect in Tangier disease.

J Biol Chem 279:15571–15578. https://doi.org/10.
1074/jbc.M314160200

9. Chen W, Wang N, Tall AR (2005) A PEST deletion
mutant of ABCA1 shows impaired internalization
and defective cholesterol efflux from late endosomes.
J Biol Chem 280:29277–29281. https://doi.org/10.
1074/jbc.M505566200

10. Wang N, Ranalletta M, Matsuura F, Peng F, Tall AR
(2006) LXR-induced redistribution of ABCG1 to
plasma membrane in macrophages enhances choles-
terol mass efflux to HDL. Arterioscler Thromb Vasc
Biol 26:1310–1316. https://doi.org/10.1161/01.Atv.
0000218998.75963.02

11. Kentala H, Weber-Boyvat M, Olkkonen VM (2016)
OSBP-related protein family: mediators of lipid
transport and signaling at membrane contact sites.
Int Rev Cell Mol Biol 321:299–340. https://doi.org/
10.1016/bs.ircmb.2015.09.006

12. Ouimet M et al (2016) miRNA targeting of oxysterol-
binding protein-like 6 regulates cholesterol traffick-
ing and efflux. Arterioscler Thromb Vasc Biol 36:
942–951. https://doi.org/10.1161/atvbaha.116.
307282

13. Mesmin B, Maxfield FR (2009) Intracellular sterol
dynamics. Biochim Biophys Acta 1791:636–645.
https://doi.org/10.1016/j.bbalip.2009.03.002

14. Mehlum A, Gjernes E, Solberg LA, Hagve TA, Prydz
H (2000) Overexpression of human lecithin:choles-
terol acyltransferase in mice offers no protection
against diet-induced atherosclerosis. APMIS 108:
336–342. https://doi.org/10.1034/j.1600-0463.2000.
d01-65.x

15. Lambert G et al (2001) Analysis of glomerulo-
sclerosis and atherosclerosis in lecithin cholesterol
acyltransferase-deficient mice. J Biol Chem 276:
15090–15098. ht tps: / /doi .org/10.1074/jbc.
M008466200

16. Furbee JW Jr, Sawyer JK, Parks JS (2002) Lecithin:
cholesterol acyltransferase deficiency increases ath-
erosclerosis in the low density lipoprotein receptor
and apolipoprotein E knockout mice. J Biol Chem
277:3511–3519. https://doi.org/10.1074/jbc.
M109883200

17. Rohatgi A et al (2014) HDL cholesterol efflux capac-
ity and incident cardiovascular events. N Engl J Med
371 :2383–2393 . h t tps : / /do i .o rg /10 .1056 /
NEJMoa1409065

18. Khera AV et al (2011) Cholesterol efflux capacity,
high-density lipoprotein function, and atherosclero-
sis. N Engl J Med 364:127–135. https://doi.org/10.
1056/NEJMoa1001689

19. Rader DJ, Alexander ET, Weibel GL, Billheimer J,
Rothblat GH (2009) The role of reverse cholesterol
transport in animals and humans and relationship to
atherosclerosis. J Lipid Res 50(Suppl):S189–S194.
https://doi.org/10.1194/jlr.R800088-JLR200

20. Schwartz CC, VandenBroek JM, Cooper PS (2004)
Lipoprotein cholesteryl ester production, transfer,

4 HDL and Lipid Metabolism 57

https://doi.org/10.1161/circresaha.119.312617
https://doi.org/10.1161/circresaha.113.301086
https://doi.org/10.1161/circresaha.113.301086
https://doi.org/10.1172/jci33372
https://doi.org/10.1172/jci33372
https://doi.org/10.1161/01.Cir.0000131512.50667.46
https://doi.org/10.1161/01.Cir.0000131512.50667.46
https://doi.org/10.1073/pnas.0403506101
https://doi.org/10.1042/bst0340392
https://doi.org/10.1042/bst0340392
https://doi.org/10.1074/jbc.M314160200
https://doi.org/10.1074/jbc.M314160200
https://doi.org/10.1074/jbc.M505566200
https://doi.org/10.1074/jbc.M505566200
https://doi.org/10.1161/01.Atv.0000218998.75963.02
https://doi.org/10.1161/01.Atv.0000218998.75963.02
https://doi.org/10.1016/bs.ircmb.2015.09.006
https://doi.org/10.1016/bs.ircmb.2015.09.006
https://doi.org/10.1161/atvbaha.116.307282
https://doi.org/10.1161/atvbaha.116.307282
https://doi.org/10.1016/j.bbalip.2009.03.002
https://doi.org/10.1034/j.1600-0463.2000.d01-65.x
https://doi.org/10.1034/j.1600-0463.2000.d01-65.x
https://doi.org/10.1074/jbc.M008466200
https://doi.org/10.1074/jbc.M008466200
https://doi.org/10.1074/jbc.M109883200
https://doi.org/10.1074/jbc.M109883200
https://doi.org/10.1056/NEJMoa1409065
https://doi.org/10.1056/NEJMoa1409065
https://doi.org/10.1056/NEJMoa1001689
https://doi.org/10.1056/NEJMoa1001689
https://doi.org/10.1194/jlr.R800088-JLR200


and output in vivo in humans. J Lipid Res 45:1594–
1607. https://doi.org/10.1194/jlr.M300511-JLR200

21. Xu B, Gillard BK, Gotto AM Jr, Rosales C, Pownall
HJ (2017) ABCA1-derived nascent high-density
lipoprotein-apolipoprotein AI and lipids metaboli-
cally segregate. Arterioscler Thromb Vasc Biol 37:
2260–2270. https://doi.org/10.1161/atvbaha.117.
310290

22. Tanigawa H et al (2009) Lecithin: cholesterol
acyltransferase expression has minimal effects on
macrophage reverse cholesterol transport in vivo.
Circulation 120:160–169. https://doi.org/10.1161/
circulationaha.108.825109

23. Pownall HJ, Gotto AM Jr (2019) Cholesterol: can’t
live with it, can’t live without it. Methodist Debakey
Cardiovasc J 15:9–15. https://doi.org/10.14797/
mdcj-15-1-9

24. Frick MH et al (1987) Helsinki heart study: primary-
prevention trial with gemfibrozil in middle-aged men
with dyslipidemia. Safety of treatment, changes in
risk factors, and incidence of coronary heart disease.
N Engl J Med 317:1237–1245. https://doi.org/10.
1056/nejm198711123172001

25. Robins SJ et al (2001) Relation of gemfibrozil treat-
ment and lipid levels with major coronary events:
VA-HIT: a randomized controlled trial. JAMA 285:
1585–1591. https://doi.org/10.1001/jama.285.12.
1585

26. Zhong S et al (1996) Increased coronary heart disease
in Japanese-American men with mutation in the
cholesteryl ester transfer protein gene despite
increased HDL levels. J Clin Invest 97:2917–2923.
https://doi.org/10.1172/jci118751

27. Haase CL, Tybjaerg-Hansen A, Grande P, Frikke-
Schmidt R (2010) Genetically elevated apolipopro-
tein A-I, high-density lipoprotein cholesterol levels,
and risk of ischemic heart disease. J Clin Endocrinol
Metab 95:E500–E510. https://doi.org/10.1210/jc.
2010-0450

28. Voight BF et al (2012) Plasma HDL cholesterol and
risk of myocardial infarction: a mendelian
randomisation study. Lancet 380:572–580. https://
doi.org/10.1016/s0140-6736(12)60312-2

29. Ko DT et al (2016) High-density lipoprotein choles-
terol and cause-specific mortality in individuals with-
out previous cardiovascular conditions: the
CANHEART study. J Am Coll Cardiol 68:2073–
2083. https://doi.org/10.1016/j.jacc.2016.08.038

30. Bowe B et al (2016) High density lipoprotein choles-
terol and the risk of all-cause mortality among U.-
S. Veterans. Clin J Am Soc Nephrol 11:1784–1793.
https://doi.org/10.2215/cjn.00730116

31. Madsen CM, Varbo A, Nordestgaard BG (2017)
Extreme high high-density lipoprotein cholesterol is
paradoxically associated with high mortality in men
and women: two prospective cohort studies. Eur
Heart J 38:2478–2486. https://doi.org/10.1093/
eurheartj/ehx163

32. Randolph GJ, Miller NE (2014) Lymphatic transport
of high-density lipoproteins and chylomicrons. J Clin
Invest 124:929–935. https://doi.org/10.1172/
jci71610

33. Cooke CJ, Nanjee MN, Stepanova IP, Olszewski
WL, Miller NE (2004) Variations in lipid and apoli-
poprotein concentrations in human leg lymph: effects
of posture and physical exercise. Atherosclerosis
173:39–45. https://doi.org/10.1016/j.atherosclerosis.
2003.07.004

34. Nanjee MN et al (2001) Composition and ultrastruc-
ture of size subclasses of normal human peripheral
lymph lipoproteins: quantification of cholesterol
uptake by HDL in tissue fluids. J Lipid Res 42:639–
648

35. Miller NE et al (2013) Lipoprotein remodeling
generates lipid-poor apolipoprotein A-I particles in
human interstitial fluid. Am J Physiol Endocrinol
Metab 304:E321–E328. https://doi.org/10.1152/
ajpendo.00324.2012

36. Nanjee MN, Cooke CJ, Olszewski WL, Miller NE
(2000) Concentrations of electrophoretic and size
subclasses of apolipoprotein A-I-containing particles
in human peripheral lymph. Arterioscler Thromb
Vasc Biol 20:2148–2155. https://doi.org/10.1161/
01.atv.20.9.2148

37. Lim HY et al (2013) Lymphatic vessels are essential
for the removal of cholesterol from peripheral tissues
by SR-BI-mediated transport of HDL. Cell Metab 17:
671–684. https://doi.org/10.1016/j.cmet.2013.04.002

38. de Grooth GJ et al (2004) A review of CETP and its
relation to atherosclerosis. J Lipid Res 45:1967–
1974. https://doi.org/10.1194/jlr.R400007-JLR200

39. Tanigawa H et al (2007) Expression of cholesteryl
ester transfer protein in mice promotes macrophage
reverse cholesterol transport. Circulation 116:1267–
1273. https://doi.org/10.1161/circulationaha.107.
704254

40. Krieger M (2001) Scavenger receptor class B type I is
a multiligand HDL receptor that influences diverse
physiologic systems. J Clin Invest 108:793–797.
https://doi.org/10.1172/jci14011

41. Pagler TA et al (2006) SR-BI-mediated high density
lipoprotein (HDL) endocytosis leads to HDL
resecretion facilitating cholesterol efflux. J Biol
Chem 281:11193–11204. https://doi.org/10.1074/
jbc.M510261200

42. Hoekstra M (2017) SR-BI as target in atherosclerosis
and cardiovascular disease - a comprehensive
appraisal of the cellular functions of SR-BI in physi-
ology and disease. Atherosclerosis 258:153–161.
https://doi.org/10.1016/j.atherosclerosis.2017.01.034

43. Rigotti A, Miettinen HE, Krieger M (2003) The role
of the high-density lipoprotein receptor SR-BI in the
lipid metabolism of endocrine and other tissues.
Endocr Rev 24:357–387. https://doi.org/10.1210/er.
2001-0037

44. Gu X et al (1998) The efficient cellular uptake of high
density lipoprotein lipids via scavenger receptor class

58 Q. Zhang et al.

https://doi.org/10.1194/jlr.M300511-JLR200
https://doi.org/10.1161/atvbaha.117.310290
https://doi.org/10.1161/atvbaha.117.310290
https://doi.org/10.1161/circulationaha.108.825109
https://doi.org/10.1161/circulationaha.108.825109
https://doi.org/10.14797/mdcj-15-1-9
https://doi.org/10.14797/mdcj-15-1-9
https://doi.org/10.1056/nejm198711123172001
https://doi.org/10.1056/nejm198711123172001
https://doi.org/10.1001/jama.285.12.1585
https://doi.org/10.1001/jama.285.12.1585
https://doi.org/10.1172/jci118751
https://doi.org/10.1210/jc.2010-0450
https://doi.org/10.1210/jc.2010-0450
https://doi.org/10.1016/s0140-6736(12)60312-2
https://doi.org/10.1016/s0140-6736(12)60312-2
https://doi.org/10.1016/j.jacc.2016.08.038
https://doi.org/10.2215/cjn.00730116
https://doi.org/10.1093/eurheartj/ehx163
https://doi.org/10.1093/eurheartj/ehx163
https://doi.org/10.1172/jci71610
https://doi.org/10.1172/jci71610
https://doi.org/10.1016/j.atherosclerosis.2003.07.004
https://doi.org/10.1016/j.atherosclerosis.2003.07.004
https://doi.org/10.1152/ajpendo.00324.2012
https://doi.org/10.1152/ajpendo.00324.2012
https://doi.org/10.1161/01.atv.20.9.2148
https://doi.org/10.1161/01.atv.20.9.2148
https://doi.org/10.1016/j.cmet.2013.04.002
https://doi.org/10.1194/jlr.R400007-JLR200
https://doi.org/10.1161/circulationaha.107.704254
https://doi.org/10.1161/circulationaha.107.704254
https://doi.org/10.1172/jci14011
https://doi.org/10.1074/jbc.M510261200
https://doi.org/10.1074/jbc.M510261200
https://doi.org/10.1016/j.atherosclerosis.2017.01.034
https://doi.org/10.1210/er.2001-0037
https://doi.org/10.1210/er.2001-0037


B type I requires not only receptor-mediated surface
binding but also receptor-specific lipid transfer
mediated by its extracellular domain. J Biol Chem
273:26338–26348. https://doi.org/10.1074/jbc.273.
41.26338

45. Zanoni P et al (2016) Rare variant in scavenger
receptor BI raises HDL cholesterol and increases
risk of coronary heart disease. Science 351:1166–
1171. https://doi.org/10.1126/science.aad3517

46. Van Eck M, Pennings M, Hoekstra M, Out R, Van
Berkel TJ (2005) Scavenger receptor BI and
ATP-binding cassette transporter A1 in reverse cho-
lesterol transport and atherosclerosis. Curr Opin
Lipidol 16:307–315. https://doi.org/10.1097/01.mol.
0000169351.28019.04

47. Ganesan LP et al (2016) Scavenger receptor B1, the
HDL receptor, is expressed abundantly in liver sinu-
soidal endothelial cells. Sci Rep 6:20646. https://doi.
org/10.1038/srep20646

48. Brundert M et al (2005) Scavenger receptor class B
type I mediates the selective uptake of high-density
lipoprotein-associated cholesteryl ester by the liver in
mice. Arterioscler Thromb Vasc Biol 25:143–148.
https://doi.org/10.1161/01.ATV.0000149381.
16166.c6

49. Landschulz KT, Pathak RK, Rigotti A, Krieger M,
Hobbs HH (1996) Regulation of scavenger receptor,
class B, type I, a high density lipoprotein receptor, in
liver and steroidogenic tissues of the rat. J Clin Invest
98:984–995. https://doi.org/10.1172/jci118883

50. Saddar S et al (2013) Scavenger receptor class B type
I is a plasma membrane cholesterol sensor. Circ Res
112:140–151. https://doi.org/10.1161/circresaha.
112.280081

51. Yuhanna IS et al (2001) High-density lipoprotein
binding to scavenger receptor-BI activates endothe-
lial nitric oxide synthase. Nat Med 7:853–857.
https://doi.org/10.1038/89986

52. Sorci-Thomas MG, Thomas MJ (2016)
Microdomains, inflammation, and atherosclerosis.
Circ Res 118:679–691. https://doi.org/10.1161/
circresaha.115.306246

53. Canton J, Neculai D, Grinstein S (2013) Scavenger
receptors in homeostasis and immunity. Nat Rev
Immunol 13:621–634. https://doi.org/10.1038/
nri3515

54. Mallat Z (2014) Macrophages. Arterioscler Thromb
Vasc Biol 34:2509–2519. https://doi.org/10.1161/
atvbaha.114.304794

55. Sandhu J et al (2018) Aster proteins facilitate
nonvesicular plasma membrane to ER cholesterol
transport in mammalian cells. Cell 175:514–529.
e520. https://doi.org/10.1016/j.cell.2018.08.033

56. Russell DW (2003) The enzymes, regulation, and
genetics of bile acid synthesis. Annu Rev Biochem
72:137–174. https://doi.org/10.1146/annurev.
biochem.72.121801.161712

57. Graf GA et al (2002) Coexpression of ATP-binding
cassette proteins ABCG5 and ABCG8 permits their

transport to the apical surface. J Clin Invest 110:659–
669. https://doi.org/10.1172/jci16000

58. Yu L et al (2002) Disruption of Abcg5 and Abcg8 in
mice reveals their crucial role in biliary cholesterol
secretion. Proc Natl Acad Sci U S A 99:16237–
16242. https://doi.org/10.1073/pnas.252582399

59. Klett EL et al (2004) A mouse model of
sitosterolemia: absence of Abcg8/sterolin-2 results
in failure to secrete biliary cholesterol. BMC Med 2:
5. https://doi.org/10.1186/1741-7015-2-5

60. Groen A et al (2008) Abcg5/8 independent biliary
cholesterol excretion in Atp8b1-deficient mice. Gas-
troenterology 134:2091–2100. https://doi.org/10.
1053/j.gastro.2008.02.097

61. Osono Y, Woollett LA, Marotti KR, Melchior GW,
Dietschy JM (1996) Centripetal cholesterol flux from
extrahepatic organs to the liver is independent of the
concentration of high density lipoprotein-cholesterol
in plasma. Proc Natl Acad Sci U S A 93:4114–4119.
https://doi.org/10.1073/pnas.93.9.4114

62. Jolley CD, Woollett LA, Turley SD, Dietschy JM
(1998) Centripetal cholesterol flux to the liver is
dictated by events in the peripheral organs and not
by the plasma high density lipoprotein or apolipopro-
tein A-I concentration. J Lipid Res 39:2143–2149

63. Groen AK et al (2001) Hepatobiliary cholesterol
transport is not impaired in Abca1-null mice lacking
HDL. J Clin Invest 108:843–850. https://doi.org/10.
1172/jci12473

64. Xie C, Turley SD, Dietschy JM (2009) ABCA1 plays
no role in the centripetal movement of cholesterol
from peripheral tissues to the liver and intestine in
the mouse. J Lipid Res 50:1316–1329. https://doi.
org/10.1194/jlr.M900024-JLR200

65. Temel RE, Brown JM (2015) A new model of reverse
cholesterol transport: enTICEing strategies to stimu-
late intestinal cholesterol excretion. Trends
Pharmacol Sci 36:440–451. https://doi.org/10.1016/
j.tips.2015.04.002

66. Temel RE et al (2010) Biliary sterol secretion is not
required for macrophage reverse cholesterol trans-
port. Cell Metab 12:96–102. https://doi.org/10.1016/
j.cmet.2010.05.011

67. Temel RE et al (2007) Hepatic Niemann-pick C1-like
1 regulates biliary cholesterol concentration and is a
target of ezetimibe. J Clin Invest 117:1968–1978.
https://doi.org/10.1172/jci30060

68. Brown JM et al (2008) Targeted depletion of hepatic
ACAT2-driven cholesterol esterification reveals a
non-biliary route for fecal neutral sterol loss. J Biol
Chem 283:10522–10534. https://doi.org/10.1074/
jbc.M707659200

69. Le May C et al (2013) Transintestinal cholesterol
excretion is an active metabolic process modulated
by PCSK9 and statin involving ABCB1. Arterioscler
Thromb Vasc Biol 33:1484–1493. https://doi.org/10.
1161/atvbaha.112.300263

70. Jakulj L et al (2010) Ezetimibe stimulates faecal
neutral sterol excretion depending on abcg8 function

4 HDL and Lipid Metabolism 59

https://doi.org/10.1074/jbc.273.41.26338
https://doi.org/10.1074/jbc.273.41.26338
https://doi.org/10.1126/science.aad3517
https://doi.org/10.1097/01.mol.0000169351.28019.04
https://doi.org/10.1097/01.mol.0000169351.28019.04
https://doi.org/10.1038/srep20646
https://doi.org/10.1038/srep20646
https://doi.org/10.1161/01.ATV.0000149381.16166.c6
https://doi.org/10.1161/01.ATV.0000149381.16166.c6
https://doi.org/10.1172/jci118883
https://doi.org/10.1161/circresaha.112.280081
https://doi.org/10.1161/circresaha.112.280081
https://doi.org/10.1038/89986
https://doi.org/10.1161/circresaha.115.306246
https://doi.org/10.1161/circresaha.115.306246
https://doi.org/10.1038/nri3515
https://doi.org/10.1038/nri3515
https://doi.org/10.1161/atvbaha.114.304794
https://doi.org/10.1161/atvbaha.114.304794
https://doi.org/10.1016/j.cell.2018.08.033
https://doi.org/10.1146/annurev.biochem.72.121801.161712
https://doi.org/10.1146/annurev.biochem.72.121801.161712
https://doi.org/10.1172/jci16000
https://doi.org/10.1073/pnas.252582399
https://doi.org/10.1186/1741-7015-2-5
https://doi.org/10.1053/j.gastro.2008.02.097
https://doi.org/10.1053/j.gastro.2008.02.097
https://doi.org/10.1073/pnas.93.9.4114
https://doi.org/10.1172/jci12473
https://doi.org/10.1172/jci12473
https://doi.org/10.1194/jlr.M900024-JLR200
https://doi.org/10.1194/jlr.M900024-JLR200
https://doi.org/10.1016/j.tips.2015.04.002
https://doi.org/10.1016/j.tips.2015.04.002
https://doi.org/10.1016/j.cmet.2010.05.011
https://doi.org/10.1016/j.cmet.2010.05.011
https://doi.org/10.1172/jci30060
https://doi.org/10.1074/jbc.M707659200
https://doi.org/10.1074/jbc.M707659200
https://doi.org/10.1161/atvbaha.112.300263
https://doi.org/10.1161/atvbaha.112.300263


in mice. FEBS Lett 584:3625–3628. https://doi.org/
10.1016/j.febslet.2010.07.035

71. Wang J et al (2015) Relative roles of ABCG5/
ABCG8 in liver and intestine. J Lipid Res 56:319–
330. https://doi.org/10.1194/jlr.M054544

72. Kruit JK et al (2005) Increased fecal neutral sterol
loss upon liver X receptor activation is independent
of biliary sterol secretion in mice. Gastroenterology
128:147–156. https://doi.org/10.1053/j.gastro.2004.
10.006

73. Jakulj L, Besseling J, Stroes ES, Groen AK (2013)
Intestinal cholesterol secretion: future clinical
implications. Neth J Med 71:459–465

74. Bandsma RH et al (1998) Contribution of newly
synthesized cholesterol to rat plasma and bile deter-
mined by mass isotopomer distribution analysis: bile-
salt flux promotes secretion of newly synthesized
cholesterol into bile. Biochem J 329(Pt 3):699–703.
https://doi.org/10.1042/bj3290699

75. Moore KJ, Freeman MW (2006) Scavenger receptors
in atherosclerosis: beyond lipid uptake. Arterioscler
Thromb Vasc Biol 26:1702–1711. https://doi.org/10.
1161/01.Atv.0000229218.97976.43

76. Dubland JA, Francis GA (2015) Lysosomal acid
lipase: at the crossroads of normal and atherogenic
cholesterol metabolism. Front Cell Dev Biol 3:3.
https://doi.org/10.3389/fcell.2015.00003

77. Duewell P et al (2010) NLRP3 inflammasomes are
required for atherogenesis and activated by choles-
terol crystals. Nature 464:1357–1361. https://doi.org/
10.1038/nature08938

78. Tabas I (2002) Consequences of cellular cholesterol
accumulation: basic concepts and physiological
implications. J Clin Invest 110:905–911. https://doi.
org/10.1172/jci16452

79. Xu L et al (2015) Foamy monocytes form early and
contribute to nascent atherosclerosis in mice with
hypercholesterolemia. Arterioscler Thromb Vasc
Biol 35:1787–1797. https://doi.org/10.1161/atvbaha.
115.305609

80. Anchisi L, Dessì S, Pani A, Mandas A (2012) Cho-
lesterol homeostasis: a key to prevent or slow down
neurodegeneration. Front Physiol 3:486. https://doi.
org/10.3389/fphys.2012.00486

81. Huttunen HJ, Kovacs DM (2008) ACAT as a drug
target for Alzheimer’s disease. Neurodegener Dis 5:
212–214. https://doi.org/10.1159/000113705

82. Shibuya Y, Chang CC, Huang LH, Bryleva EY,
Chang TY (2014) Inhibiting ACAT1/SOAT1 in
microglia stimulates autophagy-mediated lysosomal
proteolysis and increases Aβ1-42 clearance. J
Neurosci 34:14484–14501. https://doi.org/10.1523/
jneurosci.2567-14.2014

83. Paul A, Chang BH, Li L, Yechoor VK, Chan L
(2008) Deficiency of adipose differentiation-related
protein impairs foam cell formation and protects
against atherosclerosis. Circ Res 102:1492–1501.
https://doi.org/10.1161/circresaha.107.168070

84. Ouimet M, Marcel YL (2012) Regulation of lipid
droplet cholesterol efflux from macrophage foam
cells. Arterioscler Thromb Vasc Biol 32:575–581.
https://doi.org/10.1161/atvbaha.111.240705

85. Jo Y, Hartman IZ, DeBose-Boyd RA (2013) Ancient
ubiquitous protein-1 mediates sterol-induced
ubiquitination of 3-hydroxy-3-methylglutaryl CoA
reductase in lipid droplet-associated endoplasmic
reticulum membranes. Mol Biol Cell 24:169–183.
https://doi.org/10.1091/mbc.E12-07-0564

86. Bozza PT, Magalhães KG, Weller PF (2009) Leuko-
cyte lipid bodies - biogenesis and functions in inflam-
mation. Biochim Biophys Acta 1791:540–551.
https://doi.org/10.1016/j.bbalip.2009.01.005

87. Melo RC et al (2011) Lipid bodies in inflammatory
cells: structure, function, and current imaging
techniques. J Histochem Cytochem 59:540–556.
https://doi.org/10.1369/0022155411404073

88. Orsini F et al (2012) Atomic force microscopy imag-
ing of lipid rafts of human breast cancer cells.
Biochim Biophys Acta 1818:2943–2949. https://doi.
org/10.1016/j.bbamem.2012.07.024

89. Pike LJ (2006) Rafts defined: a report on the keystone
symposium on lipid rafts and cell function. J Lipid
Res 47:1597–1598. https://doi.org/10.1194/jlr.
E600002-JLR200

90. Le Lay S et al (2006) Cholesterol-induced caveolin
targeting to lipid droplets in adipocytes: a role for
caveolar endocytosis. Traffic 7:549–561. https://doi.
org/10.1111/j.1600-0854.2006.00406.x

91. Parton RG, Simons K (2007) The multiple faces of
caveolae. Nat Rev Mol Cell Biol 8:185–194. https://
doi.org/10.1038/nrm2122

92. Jelinek D et al (2009) Physiological and coordinate
downregulation of the NPC1 and NPC2 genes are
associated with the sequestration of LDL-derived
cholesterol within endocytic compartments. J Cell
Biochem 108:1102–1116. https://doi.org/10.1002/
jcb.22339

93. Ghosh S (2012) Early steps in reverse cholesterol
transport: cholesteryl ester hydrolase and other
hydrolases. Curr Opin Endocrinol Diabetes Obes
19:136–141. https: / /doi.org/10.1097/MED.
0b013e3283507836

94. Ito A et al (2015) LXRs link metabolism to inflam-
mation through Abca1-dependent regulation of mem-
brane composition and TLR signaling. elife 4:
e08009. https://doi.org/10.7554/eLife.08009

95. Sorci-Thomas MG, Thomas MJ (2012) High density
lipoprotein biogenesis, cholesterol efflux, and
immune cell function. Arterioscler Thromb Vasc
Biol 32:2561–2565. https://doi.org/10.1161/atvbaha.
112.300135

96. Sorci-Thomas MG et al (2012) Nascent high density
lipoproteins formed by ABCA1 resemble lipid rafts
and are structurally organized by three apoA-I
monomers. J Lipid Res 53:1890–1909. https://doi.
org/10.1194/jlr.M026674

60 Q. Zhang et al.

https://doi.org/10.1016/j.febslet.2010.07.035
https://doi.org/10.1016/j.febslet.2010.07.035
https://doi.org/10.1194/jlr.M054544
https://doi.org/10.1053/j.gastro.2004.10.006
https://doi.org/10.1053/j.gastro.2004.10.006
https://doi.org/10.1042/bj3290699
https://doi.org/10.1161/01.Atv.0000229218.97976.43
https://doi.org/10.1161/01.Atv.0000229218.97976.43
https://doi.org/10.3389/fcell.2015.00003
https://doi.org/10.1038/nature08938
https://doi.org/10.1038/nature08938
https://doi.org/10.1172/jci16452
https://doi.org/10.1172/jci16452
https://doi.org/10.1161/atvbaha.115.305609
https://doi.org/10.1161/atvbaha.115.305609
https://doi.org/10.3389/fphys.2012.00486
https://doi.org/10.3389/fphys.2012.00486
https://doi.org/10.1159/000113705
https://doi.org/10.1523/jneurosci.2567-14.2014
https://doi.org/10.1523/jneurosci.2567-14.2014
https://doi.org/10.1161/circresaha.107.168070
https://doi.org/10.1161/atvbaha.111.240705
https://doi.org/10.1091/mbc.E12-07-0564
https://doi.org/10.1016/j.bbalip.2009.01.005
https://doi.org/10.1369/0022155411404073
https://doi.org/10.1016/j.bbamem.2012.07.024
https://doi.org/10.1016/j.bbamem.2012.07.024
https://doi.org/10.1194/jlr.E600002-JLR200
https://doi.org/10.1194/jlr.E600002-JLR200
https://doi.org/10.1111/j.1600-0854.2006.00406.x
https://doi.org/10.1111/j.1600-0854.2006.00406.x
https://doi.org/10.1038/nrm2122
https://doi.org/10.1038/nrm2122
https://doi.org/10.1002/jcb.22339
https://doi.org/10.1002/jcb.22339
https://doi.org/10.1097/MED.0b013e3283507836
https://doi.org/10.1097/MED.0b013e3283507836
https://doi.org/10.7554/eLife.08009
https://doi.org/10.1161/atvbaha.112.300135
https://doi.org/10.1161/atvbaha.112.300135
https://doi.org/10.1194/jlr.M026674
https://doi.org/10.1194/jlr.M026674


97. Russell MR, Nickerson DP, Odorizzi G (2006)
Molecular mechanisms of late endosome morphol-
ogy, identity and sorting. Curr Opin Cell Biol 18:
422–428. https://doi.org/10.1016/j.ceb.2006.06.002

98. Shirao S et al (2015) A novel trigger for cholesterol-
dependent smooth muscle contraction mediated by
the sphingosylphosphorylcholine-rho-kinase path-
way in the rat basilar artery: a mechanistic role for
lipid rafts. J Cereb Blood Flow Metab 35:835–842.
https://doi.org/10.1038/jcbfm.2014.260

99. Ratajczak MZ (2015) A novel view of the adult bone
marrow stem cell hierarchy and stem cell trafficking.
Leukemia 29:776–782. https://doi.org/10.1038/leu.
2014.346

100. Ratajczak MZ, Adamiak M (2015) Membrane lipid
rafts, master regulators of hematopoietic stem cell
retention in bone marrow and their trafficking. Leu-
kemia 29:1452–1457. https://doi.org/10.1038/leu.
2015.66

101. Kimura T et al (2003) High-density lipoprotein
stimulates endothelial cell migration and survival
through sphingosine 1-phosphate and its receptors.
Arterioscler Thromb Vasc Biol 23:1283–1288.
https://doi.org/10.1161/01.Atv.0000079011.
67194.5a

102. Zhang B et al (2005) Correlation of high density
lipoprotein (HDL)-associated sphingosine
1-phosphate with serum levels of HDL-cholesterol
and apolipoproteins. Atherosclerosis 178:199–205.
https://doi.org/10.1016/j.atherosclerosis.2004.08.024

103. Yang L, Yatomi Y, Miura Y, Satoh K, Ozaki Y
(1999) Metabolism and functional effects of
sphingolipids in blood cells. Br J Haematol 107:
282–293. https://doi.org/10.1046/j.1365-2141.1999.
01697.x

104. Yatomi Y, Ozaki Y, Ohmori T, Igarashi Y (2001)
Sphingosine 1-phosphate: synthesis and release.
Prostaglandins Other Lipid Mediat 64:107–122.
https://doi.org/10.1016/s0090-6980(01)00103-4

105. Pappu R et al (2007) Promotion of lymphocyte egress
into blood and lymph by distinct sources of sphingo-
sine-1-phosphate. Science 316:295–298. https://doi.
org/10.1126/science.1139221

106. Ito K et al (2007) Lack of sphingosine 1-phosphate-
degrading enzymes in erythrocytes. Biochem
Biophys Res Commun 357:212–217. https://doi.org/
10.1016/j.bbrc.2007.03.123

107. Argraves KM, Argraves WS (2007) HDL serves as a
S1P signaling platform mediating a multitude of car-
diovascular effects. J Lipid Res 48:2325–2333.
https://doi.org/10.1194/jlr.R700011-JLR200

108. Arkensteijn BW, Berbée JF, Rensen PC, Nielsen LB,
Christoffersen C (2013) The apolipoprotein m-sphin-
gosine-1-phosphate axis: biological relevance in lipo-
protein metabolism, lipid disorders and
atherosclerosis. Int J Mol Sci 14:4419–4431. https://
doi.org/10.3390/ijms14034419

109. Christoffersen C et al (2011) Endothelium-protective
sphingosine-1-phosphate provided by
HDL-associated apolipoprotein M. Proc Natl Acad
Sci U S A 108:9613–9618. https://doi.org/10.1073/
pnas.1103187108

110. Karuna R et al (2011) Plasma levels of sphingosine-
1-phosphate and apolipoprotein M in patients with
monogenic disorders of HDL metabolism. Athero-
sclerosis 219:855–863. https://doi.org/10.1016/j.ath
erosclerosis.2011.08.049

111. Levkau B (2015) HDL-S1P: cardiovascular
functions, disease-associated alterations, and thera-
peutic applications. Front Pharmacol 6:243. https://
doi.org/10.3389/fphar.2015.00243

112. Wilkerson BA, Grass GD, Wing SB, Argraves WS,
Argraves KM (2012) Sphingosine 1-phosphate (S1P)
carrier-dependent regulation of endothelial barrier:
high density lipoprotein (HDL)-S1P prolongs endo-
thelial barrier enhancement as compared with
albumin-S1P via effects on levels, trafficking, and
signaling of S1P1. J Biol Chem 287:44645–44653.
https://doi.org/10.1074/jbc.M112.423426

113. Argraves KM et al (2011) S1P, dihydro-S1P and
C24:1-ceramide levels in the HDL-containing frac-
tion of serum inversely correlate with occurrence of
ischemic heart disease. Lipids Health Dis 10:70.
https://doi.org/10.1186/1476-511x-10-70

114. Sattler K et al (2014) HDL-bound sphingosine
1-phosphate (S1P) predicts the severity of coronary
artery atherosclerosis. Cell Physiol Biochem 34:172–
184. https://doi.org/10.1159/000362993

115. Jing XD et al (2015) The relationship between the
high-density lipoprotein (HDL)-associated sphingo-
sine-1-phosphate (S1P) and coronary in-stent reste-
nosis. Clin Chim Acta 446:248–252. https://doi.org/
10.1016/j.cca.2015.04.038

116. Deigner HP, Hermetter A (2008) Oxidized
phospholipids: emerging lipid mediators in patho-
physiology. Curr Opin Lipidol 19:289–294. https://
doi.org/10.1097/MOL.0b013e3282fe1d0e

117. Gharavi NM et al (2007) High-density lipoprotein
modulates oxidized phospholipid signaling in
human endothelial cells from proinflammatory to
anti-inflammatory. Arterioscler Thromb Vasc Biol
27:1346–1353. https://doi.org/10.1161/atvbaha.107.
141283

4 HDL and Lipid Metabolism 61

https://doi.org/10.1016/j.ceb.2006.06.002
https://doi.org/10.1038/jcbfm.2014.260
https://doi.org/10.1038/leu.2014.346
https://doi.org/10.1038/leu.2014.346
https://doi.org/10.1038/leu.2015.66
https://doi.org/10.1038/leu.2015.66
https://doi.org/10.1161/01.Atv.0000079011.67194.5a
https://doi.org/10.1161/01.Atv.0000079011.67194.5a
https://doi.org/10.1016/j.atherosclerosis.2004.08.024
https://doi.org/10.1046/j.1365-2141.1999.01697.x
https://doi.org/10.1046/j.1365-2141.1999.01697.x
https://doi.org/10.1016/s0090-6980(01)00103-4
https://doi.org/10.1126/science.1139221
https://doi.org/10.1126/science.1139221
https://doi.org/10.1016/j.bbrc.2007.03.123
https://doi.org/10.1016/j.bbrc.2007.03.123
https://doi.org/10.1194/jlr.R700011-JLR200
https://doi.org/10.3390/ijms14034419
https://doi.org/10.3390/ijms14034419
https://doi.org/10.1073/pnas.1103187108
https://doi.org/10.1073/pnas.1103187108
https://doi.org/10.1016/j.atherosclerosis.2011.08.049
https://doi.org/10.1016/j.atherosclerosis.2011.08.049
https://doi.org/10.3389/fphar.2015.00243
https://doi.org/10.3389/fphar.2015.00243
https://doi.org/10.1074/jbc.M112.423426
https://doi.org/10.1186/1476-511x-10-70
https://doi.org/10.1159/000362993
https://doi.org/10.1016/j.cca.2015.04.038
https://doi.org/10.1016/j.cca.2015.04.038
https://doi.org/10.1097/MOL.0b013e3282fe1d0e
https://doi.org/10.1097/MOL.0b013e3282fe1d0e
https://doi.org/10.1161/atvbaha.107.141283
https://doi.org/10.1161/atvbaha.107.141283

	4: HDL and Lipid Metabolism
	4.1 HDL Mediates Reverse Cholesterol Transport
	4.1.1 HDL Participates in Cholesterol Removal from Cells
	4.1.2 HDL-C Mediates Cholesterol Transport in Circulation
	4.1.3 CE in HDL Can Be Transferred into Cells
	4.1.4 Cholesterol Is Excreted Through the Liver and Intestines

	4.2 Metabolism of Cholesterol Is Essential to Cell and Life
	4.2.1 Lipid Droplets in Cells
	4.2.2 Membrane Cholesterol and Lipid Raft Microdomains

	4.3 HDL and Other Bioactive Lipids
	4.3.1 HDL and S1P
	4.3.2 HDL and Ox-PL

	4.4 Conclusions
	References


