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Abstract: Cholesterol is one of the main constituents of plasma membranes; thus, its supply is
of utmost importance. This review covers the known mechanisms of cholesterol transfer from
circulating lipoprotein particles to the plasma membrane, and vice versa. To achieve homeostasis,
the human body utilizes cellular de novo synthesis and extracellular transport particles for supply
of cholesterol and other lipids via the blood stream. These lipoprotein particles can be classified
according to their density: chylomicrons, very low, low, and high-density lipoprotein (VLDL, LDL,
and HDL, respectively). They deliver and receive their lipid loads, most importantly cholesterol, to
and from cells by several redundant routes. Defects in one of these pathways (e.g., due to mutations
in receptors) usually are not immediately fatal. Several redundant pathways, at least temporarily,
compensate for the loss of one or more of them, but the defects trigger systemic diseases, such as
atherosclerosis later on. Recently, intracellular membrane–membrane contact sites were shown to be
involved in intracellular cholesterol transfer and the plasma membrane itself has been proposed to
act as a binding site for lipoprotein-mediated cargo unloading.
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1. Introduction

Cholesterol is an essential constituent of cellular membranes [1]. It is not uniformly
allocated among cell compartments and membranes [2], leading to a spatial and tem-
poral concentration gradient between membrane partitions [3]. Most cholesterol in the
plasma membrane is sequestered in specific areas enriched with sphingomyelins and
proteins. Cholesterol exchange between the plasma membrane and intracellular com-
partments/membranes is of utmost importance for its distribution and for the buffering
of excess cholesterol [4]. Three differently accessible cholesterol pools in the plasma
membrane, with different transport rates to the endoplasmic reticulum (ER), have been
identified [5–7].

In general, cellular cholesterol levels are controlled via de novo cholesterol synthesis
as well as cholesterol uptake and release [8]. Exogenous cholesterol is mostly taken up
from animal-based food. Furthermore, the majority of de novo cholesterol biosynthesis
occurs in the liver [9], the brain where the blood–brain barrier impedes the exchange with
cholesterol from circulation [10], and at sites of major consumption, such as the adrenals,
which use cholesterol as precursor for steroid hormones [11]. As cholesterol is insoluble
in water, appropriate transport vehicles, called lipoprotein particles, are required for its
distribution via body fluids to facilitate transfer from the liver to the periphery and vice-
versa [12]. The cholesterol exchange between cells and external sources via circulating
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lipoprotein particles is of central importance and cells have acquired a redundant set of
different lipid transfer mechanisms to ensure proper cholesterol delivery. In addition to
well characterized pathways, such as receptor-mediated endocytosis, cholesterol efflux, and
selective cholesteryl ester transfer from lipoprotein particles to cells, receptor-independent
transfer of non-esterified cholesterol between lipoprotein particles and the cell membrane
has been described [13] (see Figure 1). In the following, we combine data that emphasize
that one of these receptor independent transfer mechanisms is the interaction of lipoprotein
particles with lipids of the plasma membrane itself. We show that this mechanism is
functional for all lipoprotein classes, at least in artificial lipid bilayers. We argue that
this route may serve to prime the plasma membrane with cholesterol, especially when
protein-based pathways are impaired by mutations.
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Bruno Antonny’s group reported sterol transfer between ER and the trans-Golgi network 
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Figure 1. Modes of lipoprotein-mediated cargo transfer to/from cells. (a) Aqueous diffusion transfers cholesterol from
lipoprotein particles to membranes in close proximity by passing the aqueous layer between the lipid membranes. (b)
Fusion of lipoprotein particles yields transfer of all components of the lipoprotein particle. (c) Tethering function of receptors
or the glycocalyx mediates aqueous diffusion. (d) Receptor-mediated endocytosis occurs by specific binding of certain
apolipoproteins by their respective receptors and subsequent endocytosis. (e) Cholesterol efflux via ABC cholesterol
transporters removes excess cholesterol from the cell to cholesterol-poor HDL particles.

2. Intracellular Transfer Pathways

Like transport of cholesterol between organs and tissues of an organism, the transfer
of intracellular cholesterol, originating from either de novo synthesis or uptake, is medi-
ated by vesicular transport [14,15]. Additionally, membrane–membrane contact sites have
come into the researcher’s focus [16]. Recently, evidence for direct membrane–membrane
cholesterol transport between the plasma membrane and the ER was presented by Peter
Tontonoz’s group [17]. There, non-vesicular transport of high-density lipoprotein (HDL)-
derived cholesteryl moieties hydrolyzed from cholesteryl esters (CEs) was described to oc-
cur via the Aster (GramD) protein family directly from the plasma membrane to the ER [17].
Furthermore, Aster proteins control the accessible cholesterol pools in the plasma mem-
brane and ER [18], demonstrated by the activity of the sterol regulatory element-binding
protein (SREBP), a protein that senses the ER cholesterol content [19]. Similarly, Bruno
Antonny’s group reported sterol transfer between ER and the trans-Golgi network [20].
Thus, intracellular cholesterol transport can be facilitated by direct membrane–membrane
contact [21], where Aster proteins form bridges between the ER and plasma membrane.
One may envision that the transfer of non-esterified cholesterol from lipoprotein particles,
which contains phospholipid shell-like intracellular membranes, to the plasma membrane
may follow a similar (if not the same) mechanism involving a highly accessible pool of
plasma membrane cholesterol.
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3. Receptor-Mediated Cholesterol Uptake, Efflux, and Transcytosis Pathways

The main delivery pathway for low-density lipoprotein (LDL)-derived cholesterol
(LDL-C) is its uptake via clathrin-coated pits by endocytosis of LDL particles, the dominant
carrier of circulating cholesterol. The majority of LDL receptors are located on the surface
of hepatocytes, although cells of virtually all other tissues express the LDL receptor [22–24].
Usually, they are located in coated pits on the surface of cells, and bind LDL particles
specifically (with high affinity). After endocytosis, the LDL particle is released from its
receptor in a pH and calcium dependent manner within early endosomes [24]. Degradation
of LDL particles, including hydrolysis of its CEs by acid lipase, is proposed to take place
during or after the structural and functional transition of early into late endosomes. The
receptor recycles back to the plasma membrane and is ready to participate in a new
round of LDL particle endocytosis. This holo particle uptake is called “LDL receptor-
mediated endocytosis” [23]. In addition to lipoprotein particles carrying the apolipoprotein
ApoB, proteins of the LDL receptor family bind ApoE containing lipoprotein particles. In
this context, heparan sulfate proteoglycans (HSPGs) enhance the uptake of lipoprotein
particles and mediate their catabolism [25]. In line, HSPGs are involved in the uptake
of remnant lipoprotein particles—a smaller chylomicron particle—by the LDL receptor-
related protein (LRP) [26–29]. HSPGs may act as anchors for tethering remnant particles
and other lipoprotein particles in close proximity to the cell membrane and thereby mediate
cholesterol transfer (see Figure 1). This process may occur mainly in capillaries where the
blood flow is low.

In humans, HDL-derived lipids are removed from the circulation by at least two
pathways: an indirect pathway in which CEs from HDL particles are transferred to LDL
or VLDL particles facilitated by cholesteryl ester transfer protein (CETP) [30], and a direct
one via selective lipid uptake by the liver [31], mediated by the selective cholesteryl ester
uptake pathway via an integral cell membrane protein named scavenger receptor class B
type 1 (SR-B1) [32–34]. This was demonstrated by the transfer of radiolabeled CEs and the
neutral phospholipid 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate
(DiI) [33,35,36]. SR-B1 binds HDL particles and mediates transfer of cargo lipids from
the particle to the ER via the above-mentioned mechanism involving Aster-B [17]. Non-
esterified cholesterol from HDL particles is considered to enter cells after desorption from
the particles by diffusion through the aqueous environment into the cell membrane [37–39]
(see Figure 1).

Other cell membrane proteins, such as the ATP-binding cassette transporter subfamily
A member 1 (ABCA1), act in the opposite direction and are essential for cellular cholesterol
efflux, which is the first step in reverse cholesterol transport (RCT, see Figure 1) [40]. In
addition to ABCA1, SR-B1 facilitates cholesterol efflux to mature HDL particles, most
likely via passive diffusion [32]. At least two lipoprotein particle-binding sites have been
described for SR-B1: a high-affinity site recognizing multiple α-helical sites on ApoA1 [41],
and a second site with a lower affinity recognizing specific lipids at the particle’s sur-
face [42]. RCT operates not exclusively on ApoA1 containing lipoprotein particles—the
main protein constituent of HDL particles—but also on ApoB containing (thus larger)
ones like LDL particles. Overall, RCT is a highly regulated process that relies on specific
interactions between HDL particles and cell membranes. It involves multiple steps and
components, such as cholesterol efflux from lipid-laden macrophages, HDL-modifying en-
zymes, and hepatic HDL receptors [32]. The nature of the subsequent cargo transfer process
is still a matter of discussion: it occurs either at the cell surface [37,43] or after holo HDL
particle endocytosis [44–47]. One hypothesis states that relatively fluid and disordered
membrane domains facilitate trafficking of cholesterol between HDL particles and the
target membrane with a subsequent redistribution to other membrane domains [48]. Con-
sistently, SR-B1 translocates from disordered to ordered membrane domains upon external
stimuli [49,50] and plasma membrane cholesterol levels influence selective CE uptake via
SR-B1 [51,52]. It is conceivable that the second “lower affinity binding site”, described by
Monty Krieger’s group, is the plasma membrane itself. In support of this concept, we have
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shown that the cholesterol transfer rate to cholesterol-starved cells mainly depends on the
cholesterol content of the lipoprotein particle in cell lines overexpressing SR-B1 [53,54]. The
cholesterol transfer rates of LDL and HDL particles to cells were similar after correcting
for their different cholesterol contents [53,54]. If in tissue culture experiments the ratio
between lipoprotein particles and cells is kept constant, the transport direction of the tracer
3H-cholesterol depends only on its location. Thus, the tracer moves always along the
preexisting gradient between lipoprotein particles and the cell [54]. Together, these results
demonstrate that non-esterified cholesterol is transferred along a concentration gradient
independent of the lipoprotein particle’s type. In addition to LDL and HDL particles, SR-B1
also mediates transfer of very low-density lipoprotein (VLDL)-derived lipids, [55], which
underlines the functionality of the second lipid-binding site described by Monty Krieger
(see above and [42]). It has to be noted that holo HDL particle uptake is observed in tissue
culture cells, which are often of cancer origin. In the corresponding tissues, this pathway
is much less expressed (Röhrl, Kovacs, Stangl, unpublished data). As many cancer cells
have activated uptake pathways to meet their increased demand for building blocks [56],
they may also have altered membrane composition, which may result in higher lipoprotein
particle uptake/transcytosis. For example, it has been shown that ovarian tumor cells
scavenge cholesterol from tumor-associated macrophages, resulting in a tumor-promoting
phenotype [57].

Lipoprotein particle receptors have also been implicated in particle transcytosis. The
research group of von Eckardstein extensively characterized lipoprotein particle transcyto-
sis in an endothelial trans-well model [58]. Several receptors are involved in transcytosis of
LDL and HDL particles: SR-B1 mediates HDL as well as LDL particle transcytosis. Further-
more, ATP-binding cassette transporter Subfamily G Member 1 (ABCG1) and endothelial
lipase are involved in HDL transcytosis; LDL transcytosis is influenced by activin like
kinase 1, and caveolin-1 [58]. Inactivation of cell surface receptors as discussed in the next
chapter, even double knock-down of SR-B1 and ABCG1, did not shutdown lipoprotein
particle transcytosis [59]. It is therefore conceivable that still unknown mechanisms mediate
uptake of lipoprotein particles in this context. Additionally, the lipids of the plasma mem-
brane itself may act as a binding site contributing to transcytosis and possibly functioning
as a sort of overflow sink for excess lipoprotein particles.

4. Redundancy of Cholesterol Transfer Pathways

The redundancy of cholesterol transfer pathways in combination with de novo choles-
terol biosynthesis explains the observation that genetic disorders of lipoprotein metabolism
in general do not lead to intrauterine death. Ultimately, over a longer period of time,
all mutations discussed below will lead to atherosclerosis and cardiovascular diseases.
However, their relatively late onset proves the existence of robust and redundant alter-
native pathways of cellular cholesterol supply and distribution. In this context, de novo
cholesterol biosynthesis can compensate for the lack of exogenous supply. Endogenous
cholesterol biosynthesis, however, is not homogenous within the body and thus cholesterol
distribution within the organism and especially RCT are of great importance for cholesterol
homeostasis.

Familial hypercholesterolemia (FH) occurs due to an altered pathway of receptor-
mediated LDL uptake due to mutations of the LDL receptor, the ApoB protein, the low-
density lipoprotein receptor adapter protein 1 (LDLRAP1), or the proprotein convertase
subtilisin/kexin type 9 (PCSK9) gene [60]. Mutations in the ARH gene lead to familial
combined hypercholesterolemia, which also limits receptor-mediated endocytosis by a
different mechanism [61]. Mutations in the SR-B1 [62] gene, but also in ABC cholesterol
transporter gene do not result in premature death or a very severe phenotype—ABCA1 and
ABCG5/8 gene mutations lead to Tangier disease [63] and sitosterolemia [64], respectively.
None of these mutations causes miscarriage, but the high total and LDL-C levels in the
blood stream will lead to an early onset of atherosclerosis.
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Similar results can be observed in several mammalian species: dogs with a mutation
in the CommD1 gene, which inhibits receptor-mediated endocytosis/receptor recycling,
are vital [65]. Rabbits harboring a mutation in the LDL receptor survive to adulthood and
are used as a model for FH [66]. In line, genetic model rodents survive with an inactivation
of the LDL receptor-mediated cholesterol uptake pathway by harboring a mutation in
the LDL-receptor gene or the ApoE gene, which codes for the major apolipoprotein in
mice and other genes associated with the LDL-receptor family, such as VLDLR or ApoE4
receptor without severe atherosclerosis [67]. It should be noted that mice in general have
low LDL-C levels and higher HDL-C levels [67] and atherosclerosis can only be triggered
in knockout animals on a fat- and cholesterol-enriched westernized diet [68]. Double
knockout of VLDLR and ApoE4R genes show a developmental brain defect, as many of the
genes of the LDL receptor family are important for brain development [69]. Only animals
with an inactivation of the LDL receptor-related protein 1 (LRP1) genes do not live to
adulthood. Even triple knockout mice with an inactivation of LDL receptor and VLDL
receptor and an inactivation of LRP in the liver are viable [70]; their hepatic lipid uptake is
secured by HSPGs, SR-B1 and lipoprotein lipase [29]. In line, also ApoA1-, ApoA2-, and
ApoE-deficient mice are viable [71]. Similar to humans, also mice with an inactivation of
other cholesterol transporters like SR-B1 [72], ABCA1 [73], ABCG1 [74], or ABCG5/8 [75]
show no severe phenotype. Animals with double knockout of the SR-B1 and ApoE gene
are viable. However, they exhibit an early onset of occlusive coronary artery disease,
spontaneous myocardial infarctions, and premature death [76]. This evidence highlights
the redundancy of cholesterol supply chains and points to the direction of other (although
not well characterized) uptake routes.

5. The Role of the Plasma Membrane Lipids for Cholesterol Uptake

Membranes are highly dynamic and can change rapidly in composition and, thus,
curvature [77], which alters fusion behavior [78] to meet, among other aspects, transport
requirements [3]. Membrane–membrane interactions, including particle fusion and cargo
transfer [79], are regularly observed and modeled [80]. The lipid composition of membranes
determines its rigidity and charge [81–83]. Accordingly, it is well established that the size
of HDL particles define their lipid loading and unloading processes. Small lipid-poor pre-β
HDL particles accept cholesterol from peripheral cells whereas they mature to larger HDL3
particles, which deliver their lipid load to the liver or steroidogenic cells.

Recently, we have shown direct cholesterol transfer from HDL and LDL particles to
supported lipid bilayers (SLBs). We have studied interaction and cargo transfer of HDL,
LDL, and VLDL particles with SLBs and large/giant unilamellar vesicles (LUVs, GUVs)
employing cryoelectron (see Figure 2) and atomic force microscopy, confocal imaging (see
Figure 3), and fluorescence (cross) correlation spectroscopy (FCCS) [84–86]. We detected
interaction forces resembling those observed during lipid tube formation between lipopro-
tein particles and SLBs. After incubation with fluorescently labeled lipoprotein particles,
we measured the fluorescence signal of labeled cholesterol and lipoprotein-derived pro-
teins in SLBs and GUVs and found that the diffusion of the protein fraction within the
membrane was different from the situation in solutions where cholesterol and protein
move together on the same particle. In particular, the FCCS data showed that after the
interaction of the lipoprotein particles with the target membrane an independent diffusion
of Cholesterol-BodipyFL and lipoprotein particle-associated proteins occurred [84]. This
observation proves that lipoprotein particles can release their cholesterol directly at least to
artificial membranes. Using an environmentally sensitive probe called NR12S, we showed
that cholesterol and saturated lipids derived from lipoprotein particles rigidify the target
membrane [85]. Similar results, such as a lower exchange rate for HDL and LDL particles,
were recently obtained using neutron reflectometry on model membranes in the presence
of cholesterol by Cárdenas’s research group [87,88].
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lipoprotein particles fuse with artificial target membranes upon membrane interaction, 
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the target membrane. We hypothesize that such a receptor-independent process driven 
by a pre-existing concentration gradient is immediate in comparison to any receptor-
driven one—it does not involve complicated receptor coupling and endocytic uptake. Re-
ceptor-independent delivery to the plasma membrane may supply the basal level of cel-
lular cholesterol cargo quickly. Indeed, direct transfer of cholesterol from lipoprotein par-
ticles to the liver’s biliary side has been described previously [91–95]. 
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Figure 3. Confocal images of cholesterol and protein distribution in a GUV incubated with HDL
(unpublished data, E. Sezgin): GUVs prepared from 1-palmitoyl-2-oleoyl- glycero-3-phosphocholine
(POPC) were incubated with 0.05 mg/mL dual fluorescently labeled HDL particles (Cholesterol-
BodipyFL (green), HDL-associated proteins-Atto647N (magenta)). Scale bar: 5 µm.

Thus, alterations of membrane elasticity, as also seen in (patho)physiological states,
might affect HDL-mediated cargo transfer. In fact, a variety of alterations in membrane
composition due to specific diets or in metabolic diseases have been described, e.g., free
fatty acids, such as docosahexaenoic acid (DHA), alter the elastic properties and curvatures
of membranes [89]. Kahn et al. showed that 7-keto cholesterol as well as C24:0 and C26:0
fatty acid—metabolites detected in multiple sclerosis and X-linked adrenoleukodystrophy,
respectively—trigger lateral lipid membrane disorganization of oligodendrocytes [90].

Besides the well-characterized cholesterol uptake pathways mentioned above, the
lipids of the plasma membrane may play an important role in cholesterol transfer to and
from lipoprotein particles. In this context, the plasma membrane may ultimately act as
lipid-mediated non-protein-based binding site for lipoprotein particles promoting binding
and fusion with the plasma membrane. In this process, cholesterol transfer is triggered by
a pre-existing concentration gradient. In summary, the available evidence suggests that
lipoprotein particles fuse with artificial target membranes upon membrane interaction,
transfer their cargo, and, thereby, alter the biophysical properties, such as the stiffness of
the target membrane. We hypothesize that such a receptor-independent process driven by
a pre-existing concentration gradient is immediate in comparison to any receptor-driven
one—it does not involve complicated receptor coupling and endocytic uptake. Receptor-
independent delivery to the plasma membrane may supply the basal level of cellular
cholesterol cargo quickly. Indeed, direct transfer of cholesterol from lipoprotein particles to
the liver’s biliary side has been described previously [91–95].



Membranes 2021, 11, 882 7 of 11

6. Conclusions

In this paper, we reviewed the currently known transfer mechanisms of cholesterol, to
and from the plasma membrane, and summarized our own observations that membrane
lipids may act as a binding site for lipoprotein particles. Our in vitro data using protein-
free artificial membranes show that cholesterol transfer can occur in the absence of any
receptors. Receptors, such as SR-B1 or HSPGs, may capture lipoprotein particles from
the bloodstream, tether them to the plasma membrane, and increase the likelihood of
fusion. In addition, conformational fluctuations of the membrane may bring the particle
closer to the membrane. When the local membrane environment is poor in cholesterol,
fusion and transfer may occur. In case the cholesterol gradient is not sufficient, the particle
may be repelled and dissociates. Based on these findings, we argue that such protein-
independent pathways may also exist in vivo, in parallel to the well-established protein-
mediated cholesterol transport routes mentioned above. Its quantitative contribution is
still unknown. However, the transfer of cholesterol from lipoprotein particles directly to
cellular membranes may represent an important pathway in addition to de novo cholesterol
biosynthesis, to ensure cholesterol homeostasis and cellular integrity—especially in the
context of impaired protein-based pathways.
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