
microscopy.

RESULTS: HDL uptake occurred via  clathrin-coated 
pits, tubular endosomes and multivesicular bodies in 
human umbilical vein endothelial cells. During uptake 
and resecretion, HDL-derived cholesterol was ex-
changed at a faster rate than cholesteryl oleate, resem-
bling the HDL particle pathway seen in hepatic cells. In 
addition, lysosomes were not involved in this process 
and thus HDL degradation was not detectable. In vivo , 
we found HDL mainly localized in mouse hepatic endo-
thelial cells. HDL was not detected in parenchymal liver 
cells, indicating that lipid transfer from HDL to hepato-
cytes occurs primarily via  scavenger receptor, class B, 
type Ⅰ mediated selective uptake without concomitant 
HDL endocytosis.

CONCLUSION: HDL endocytosis occurs via  clathrin-
coated pits, tubular endosomes and multivesicular bod-
ies in human endothelial cells. Mouse endothelial cells 
showed a similar HDL uptake pattern in vivo  indicating 
that the endothelium is one major site of HDL endocy-
tosis and transcytosis.

© 2013 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: The cardio-protective effect of high-density 
lipoprotein (HDL) is related to its ability to transfer lip-
ids from the periphery, such as atherosclerotic plaques, 
back to the liver for excretion. Therefore, HDL has to 
cross the endothelial barrier. In the present work we 
analyzed the steps and way stations of HDL uptake 
and resecretion using novel fluorescent cholesterol sur-
rogates in human endothelial cells as a model for the 
endothelial barrier. HDL uptake occurred via  clathrin-
coated pits, tubular endosomes and multivesicular bod-
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Abstract
aIM: To describe the way stations of high-density lipo-
protein (HDL) uptake and its lipid exchange in endothe-
lial cells in vitro  and in vivo .

METHODS: A combination of fluorescence microscopy 
using novel fluorescent cholesterol surrogates and 
electron microscopy was used to analyze HDL endocy-
tosis in great detail in primary human endothelial cells. 
Further, HDL uptake was quantified using radio-labeled 
HDL particles. To validate the in vitro  findings mice 
were injected with fluorescently labeled HDL and parti-
cle uptake in the liver was analyzed using fluorescence 
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ies in human umbilical vein endothelial cells. Finally we 
compared key findings to the in vivo  situation.
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INTRODUCTION
Plasma concentrations of  high-density lipoprotein (HDL) 
cholesterol exhibit an inverse association with the inci-
dence of  cardiovascular diseases. The cardio-protective 
effect of  HDL is related to its ability to transfer lipids 
from the periphery back to the liver for excretion into the 
bile. This cholesterol clearance is called reverse choles-
terol transport[1]. To achieve the removal of  excess cho-
lesterol deposited in the arterial intima, HDL must first 
cross the endothelial barrier to get into close proximity to 
macrophage foam cells found in atherosclerotic plaques. 
The mechanisms and way stations in this uptake and re-
secretion process of  HDL seem to be redundant as sev-
eral receptors mediate HDL uptake. Thus its details and 
the interplay of  these receptors in the transport of  HDL 
and its derived lipids across cells are not fully understood 
(for review see[2]).

Endocytosis and resecretion of  HDL was first de-
scribed by Bierman et al[3] and Stein et al[4] in rat aortic 
smooth muscle cells (for review see[5]). Bierman et al[3] 
suggested regurgitation of  non-catabolized apolipopro-
teins by reverse endocytosis of  HDL. Schmitz et al[6] 
described the interaction of  HDL with cholesteryl ester-
laden macrophages; subsequent to receptor-mediated 
binding, HDL internalization and transport into endo-
somes were demonstrated. These macrophages did not 
degrade HDL but rather resecreted internalized HDL 
particles on a path similar to the transferrin receptor[6]. 
Retroendocytosis of  HDL particles was also demon-
strated in a rat liver cell line[7]. During internalization, 
HDL is remodeled to larger apoE-containing HDL2-like 
particles[8]. Endocytosis and resecretion is not limited to 
HDL as it occurs for almost all lipoprotein classes: up-
take and resecretion was described also for low density 
lipoprotein (LDL) or very LDL (VLDL)[3,9-13]. Addition-
ally, apolipoprotein E (apoE) recycling has been reported 
to occur in hepatocytes and macrophages, where a part 
of  the apoE associated with HDL escapes degrada-
tion[14-16] (for review see[17]).

In general, transport of  molecules across barriers is 
determined by the water solubility, the size and charge 
of  the corresponding molecule. Lipoproteins as well as 
apolipoprotein A-Ⅰ(apoA-Ⅰ) have been shown to be 
endocytosed/transcytosed in polarized hepatocytes and 
epithelial cells including endothelial cells[2,7,18-30]. Besides 
transendothelial transport, proteins can overcome the 

endothelial barrier by paracellular transport. The latter 
involves the modulation of  interendothelial junctions in 
order to transport molecules larger than 6 nm (for re-
view see[2]).

Scavenger receptor, class B, type Ⅰ (SR-BI) has been 
shown to be involved in HDL particle uptake in polar-
ized hepatocytes[22]. Ablation of  SR-BI is associated with 
deregulation of  cholesterol homeostasis in the arterial 
wall, thereby increasing the susceptibility to atheroscle-
rosis[31]. Besides SR-BI, ATP binding cassette transporter 
A1 (ABCA1), ATP binding cassette transporter G1 
(ABCG1), caveolin-1 and ecto-F1-ATPase are considered 
to be involved in HDL/apoA-I uptake or transcyto-
sis[2,23,24,32-37]. Recently, transport of  HDL back to the liver 
was demonstrated to occur via lymphatic vessels, with 
SR-BI being the main receptor mediating transcytosis of  
HDL across the lymphatic endothelium[38,39].

In this project we analyzed HDL uptake in endothelial 
cells. Therefore, we used light and electron microscopical 
methods enabling the visualization of  HDL particles via 
crosslinking and their derived lipids using novel fluores-
cent cholesterol surrogates. Overall the process of  HDL 
transfer must encompass: (1) binding of  HDL to the api-
cal side of  the endothelial cells to receptors/proteins and 
its concomitant uptake; (2) transport of  HDL particles 
and their cholesterol/cholesteryl esters to the basolateral 
side of  the endothelial cells; and (3) excretion of  HDL at 
the basolateral side of  the endothelial cells. We demon-
strate that HDL uptake via clathrin-coated pits leads to 
a rapid exchange of  the cholesterol backbone visualized 
via a novel cholesterol surrogate. Furthermore, HDL was 
transported to multivesicular bodies without concomitant 
degradation, indicative of  HDL resecretion.

MATERIALS AND METHODS
Cell culture
Human umbilical vein endothelial cells (HUVECs) and 
human coronary artery endothelial cells (HCAECs) (Pro-
moCell, Germany) were cultured in flasks coated with 
0.5% gelatin in Endothelial Cell Growth Medium (Pro-
moCell) containing endothelial cell growth supplement, 
epidermal growth factor, basic fibroblast growth factor, 
heparin and hydrocortisone, supplemented with 5% fetal 
calf  serum (PromoCell). Passages from 4 to 10 were used 
for the experiments. Prior to experiments, the medium 
was changed to serum-free Endothelial Cell Growth Me-
dium containing the endothelial cell growth supplement 
mix (PromoCell).

Animal treatment
Animal experiments were conducted at the Swiss Federal 
Institute of  Technology Zürich. All protocols for ani-
mal use and experiments were reviewed and approved 
by the Veterinary Office of  Zurich (Switzerland). Male 
C57BL/6 mice (8 wk; 18-20 g) were obtained from the 
Jackson Laboratory (Bar Harbor, United States). Ani-
mals were kept on chow under standard conditions. For 

132WJBC|www.wjgnet.com November 26, 2013|Volume 4|Issue 4|



experiments, 200 μg of  HDL-Alexa-568 (resembling 
1/10 of  total murine HDL) were injected into the tail vein. 
Mice had ad libitum access to water and were restrained 
from food afterwards. Mice were anesthetized by intraperi-
tonal injection of  Ketamin (40 mg/kg BW; Vetoquinol, 
Ittigen, Switzerland) and Rompun (2 mg/kg BW; Bayer 
HealthCare, Germany) after 1 h. Transcardial perfusion was 
performed with a 30 g needle at a rate of  3.2 mL/min with 
saline (1 min) and 4% formaldehyde/0.5% glutaraldeyde 
in PBS (14 min). Organs were collected and postfixed in 
4% formaldehyde in PBS overnight.

Lipoprotein isolation and labeling with fluorescent dyes
HDL was prepared from plasma of  healthy volunteers 
by sequential ultracentrifugation (d = 1.21 g/mL)[40]. 
The apolipoprotein part of  HDL was covalently labeled 
with an Alexa Fluor 568 dye (Molecular Probes, United 
States) according to the manufacturer’s instructions. Ad-
ditional loading of  HDL with Bodipy-cholesteryl oleate 
(BP-CE) or Bodipy-cholesterol (BP-C) was done as de-
scribed previously[41]. HUVECs and HCAECs were in-
cubated with 50 μg/mL labeled HDL for up to 60 min. 
Cells were subsequently fixed in 4% para-formaldehyde 
at 4 ℃ for 30 min, washed twice with PBS, mounted 
with Fluoprep (Biomerieux, France) and imaged using a 
confocal microscope (LSM 5 Exciter, Zeiss, Germany). 
Alternatively, cells were incubated with labeled HDL for 
60 min and subsequently lyzed using 1% cholate. Fluo-
rescence intensities of  Alexa 568 and the Bodipy label 
were measured using a fluorometer (Zenyth 3100, An-
thos, Germany).

[3H-CE-, 125I-]-HDL labeling and uptake experiments
HDL was labeled with sodium [125] iodine (Hartmann 
Analytics, Germany) alone or additionally with [3H]-cho-
lesteryl-oleate (Perkin Elmer, United States) as described 
previously[42]. For uptake experiments HUVECs were 
seeded in 12-well plates. To calculate unspecific binding, 
a 40-fold excess of  unlabeled HDL was added to every 
fourth well. [3H-CE-, 125I]-HDL or [125I]-HDL was added 
to each well at a final concentration of  10 μg/mL. After 
up to 6 h, cell supernatants were collected for degrada-
tion measurements, which were performed as previously 
described[43]. Cells were washed twice with cold PBS + 
BSA (2 mg/mL) and twice with cold PBS. Cells were 
then lysed with 0.1 mol/L NaOH. [125I-] radioactivity in 
the lysates was counted using a gamma-counter (CO-
BRAII Auto-gamma; Perkin Elmer). [3H]-radioactivity 
was counted using 15 mL Ready-Safe (Beckman Coulter; 
United States) and a beta-counter (Tri-Carb 2800TR; Per-
kin Elmer). Measurements were normalized to protein 
content, determined by the Bradford protein assay (Bio-
rad, Germany). 

Immunofluorescence microscopy on HUVECs
After incubation with HDL-Alexa 568 for 1 h, HUVECs 
were fixed in 4% para-formaldehyde at 4 ℃ for 30 min. 
For immunofluorescence staining, cells were permeabi-

lized with ice-cold methanol for 20 s and blocked with 
2.5% BSA in PBS for 30 min. Afterwards, samples were 
incubated with the primary antibody to LIMP Ⅱ (No-
vus Biologicals, United States) diluted 1:200 in 1% BSA 
in PBS (buffer A) containing 1% horse serum for 1 h. 
Samples were then rinsed 3 times with buffer A contain-
ing 0.1% TWEEN-20. Next, cells were incubated with 
the secondary Alexa 488 conjugated antibody (Molecular 
Probes) diluted 1:250 in buffer A containing 1% horse 
serum. Finally cells were rinsed 3 times with buffer 
A containing 0.2% TWEEN-20, once with PBS and 
mounted with Fluoprep (Biomerieux). Cells were imaged 
using a fluorescence microscope (Axiovert 135, Zeiss). 

Immunofluorescence microscopy on liver sections
Immunofluorescence was performed on free-floating 
50 μm vibratome sections, because paraffin embed-
ding quenched the Alexa signal. Sections were blocked 
with 4% BSA in PBS + 0.05% Tween-20 for 2 h and 
incubated with the following primary antibodies in 
PBS + 1% BSA + 0.05% Tween-20 over-night: anti-
CD34 (Abcam ab8536; 1/100), anti-CD14 (Sigma 
HPA001887; 1/200) and anti-desmin (Sigma D1033; 
1/50). After 5 washing steps with PBS, sections were 
incubated with secondary antibodies coupled to Al-
exa-488 (in PBS + 1% BSA + 0.05% Tween-20) for 2 h. 
After another 5 washing steps with PBS, samples were 
counterstained with TO-PRO-3 (Invitrogen), mounted 
and analyzed using a LSM 510 laser scanning confocal 
microscope (Zeiss, Germany).

Electron microscopy
Horseradish peroxidase (HRP) labeled HDL was pre-
pared using the peroxidase labeling kit (Roche, Swit-
zerland) according to the manufacturer’s instructions. 
HUVECs were incubated with 25 μg/mL HDL-HRP 
for 30 min. Cells were fixed in 0.1 mol/L cacodylate 
buffer (pH 7.4) containing 2.5% glutaraldehyde at 4 ℃ 
for 45 min. Cells were then washed twice with cacodylate 
buffer and twice with 0.05 mol/L Tris-HCl buffer (pH 
7.6). HDL-HRP was visualized using the classical DAB-
oxidation reaction[44]. Cells were postfixed in OsO4-
ferrocyanide (15 min) and in 1% OsO4-veronalacetate (2 h). 
Samples were further processed for electron microscopy; 
after dehydration in a gradient of  aqueous ethanol (70% 
overnight at 4 ℃; 80%, 96% and 100% for 10 min at 
room temperature each). Afterwards they were embed-
ded in Epon (Serva, Germany), 80-100 nm sections were 
cut with an UltraCut-UCT ultramicrotome (Leica Inc., 
Austria). Samples were transferred to copper grids, post-
stained with uranyl acetate and lead citrate and examined 
with a Zeiss EM900 transmission electron microscope 
equipped with a wide-angle Dual speed CCD camera (Al-
bert Tröndle Dünzelbach, Germany).

Statistical analysis
Results were expressend as mean ± SD. Data were ana-
lyzed using a two-tailed Student’s t-test.
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RESULTS
Uptake of HDL and its derived lipids in human 
endothelial cells
HDL uptake and transcytosis occur in endothelial cells[23] 
but the uptake path of  HDL and the exchange behav-
ior of  its derived lipids during this process is elusive. To 
visualize this lipid transfer we directly labeled the apoli-
poprotein part of  HDL covalently with Alexa 568 and 
the lipid part with a novel cholesterol surrogate. As HDL 
transports cholesterol in both its free and esterified form, 
we utilized Bodipy-cholesterol (BP-C) as well as Bodipy-
cholesteryl oleate (BP-CE) as cholesterol surrogate mark-
ers. Size and shape of  the reconstituted HDL particles 
containing either BP-C or BP-CE was assessed previous-
ly[41]. They were shown to be discoidal particles with a size 
comparable to native HDL. Both double-labeled HDL 
particles were applied to human umbilical vein endothelial 
cells (HUVECs) and human coronary artery endothelial 
cells (HCAECs) for the indicated time (Figure 1). HDL 
particle uptake occurred already after 5 min of  incubation 

(not shown) and further proceeded and increased over a 3 h 
incubation period in HUVECs. HDL-Alexa 568 exhibited 
a vesicular transport pattern with some enrichment in the 
perinuclear area. Next, we determined the fate of  both the 
apolipoprotein part and the lipid part of  the HDL particle 
during endocytosis. Within 15 min both HDL-Alexa 568 
and BP-C were clearly detected intracellularly in both HU-
VECs and HCAECs (Figure 1 upper panels). At this time 
point both labels still co-localized. With increasing time (up 
to 60 min) this co-localization decreased and BP-C accu-
mulated mainly in the perinuclear area, indicating that cho-
lesterol underwent transfer from the HDL particle to the 
cell. When BP-CE was employed as a marker for esteri-
fied cholesterol, the uptake of  both the lipid and protein 
part occurred in parallel (Figure 1 lower panels), indicating 
that most of  the esterified cholesterol during the 30 min 
uptake period is still contained within the HDL particle. 
After 60 min some of  the BP-CE has been transferred to 
the perinuclear area. These data indicate that the transfer/
exchange of  free cholesterol between the HDL particle 
and the cells occurs faster than the transfer of  esterified 
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Figure 1  Detailed analysis of high density lipoprotein uptake and high density lipoprotein -derived lipid transfer in human umbilical vein endothelial cells 
and human coronary artery endothelial cells. A: HUVECs; B: HCAECs. HUVECs and HCAECs were incubated for the indicated time with HDL-Alexa 586, which 
was additionally labeled with either Bodipy-cholesterol (BP-C; upper panel) or Bodipy-cholesteryl oleate (BP-CE; lower panel). Samples were fixed and imaged using 
confocal microscopy. Note that brightness and contrast were increased at the 15 min time point of the BP-CE panel for better visibility (lower panel). HUVECs: Human 
umbilical vein endothelial cells; HCAECs: Human coronary artery endothelial cells; HDL: High density lipoprotein.
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cholesterol. 
To analyze the way stations of  HDL endocytosis we 

labeled the HDL particle covalently in the protein moi-
ety with HRP, which can be visualized by transmission 
electron microscopy. HRP-HDL was clearly detected at 
the cell surface in clathrin-coated vesicles in HUVECs 
after 30 min of  incubation. Furthermore, HDL was 
endocytosed and seen in tubular endosomes and mul-
tivesicular bodies (Figure 2). This HDL uptake pattern 
is similar to the one described earlier by our group in 
hepatic cells[41].

HDL particles exchange lipids during the transfer 
process
To quantify HDL uptake in HUVECs the protein part 
of  the HDL particle was radioactively labeled with 
iodine and the lipid moiety was loaded with [3H]-cho-
lesteryl oleate. HUVECs were incubated for 1 h with 
the double-labeled HDL particles and specific HDL 
cell association was analyzed. Unspecific [3H-CE-, 125I-]-
HDL cell association was measured in the presence of  
a 40-fold excess of  unlabeled HDL, which competed 

for labeled HDL cell association. Within this hour HDL 
cell association was 128 ± 51 ng HDL/mg cell protein (n 
= 2). A time course study of  HDL cell association (0-6 
h) showed the expected saturation curve (Figure 3A). 
HDL degradation was below the detection limit (not 
shown). Furthermore, Alexa-HDL did not co-localize 
with the lysosomal marker LIMPII in HUVECs (Figure 
3B) indicating again that the uptake route of  HDL does 
not involve lysosomes. Next, [3H]-cholesteryl oleate 
transfer was quantified. During a time period of  1 h an 
equivalent of  3787 ± 918 ng HDL/mg cell protein for 
[3H]-cholesteryl oleate, showing that lipid transfer was 
detected (n = 3). To follow cholesterol and cholesteryl 
oleate delivery to HUVECs in detail, we again used the 
fluorescent cholesterol surrogates. After HDL uptake 
for 1 h the ratio of  the apolipoprotein label Alexa 568 
to BP-C changed (Figure 3C); after labeling HDL par-
ticles had an Alexa 568/BP-C ratio of  2.6, and after 1 
h this ratio inverted to 0.9 in the cell lysate, indicating 
transfer of  BP-C from the HDL particle to the cells. A 
similar behavior was observed for BP-CE. The initial 
ratio of  Alexa 568/BP-CE was 7.1, and this ratio was 
altered even to a higher extent to 1.2, again providing 
evidence for remodeling of  the HDL particles during 
the endocytosis process. We found no uptake of  HDL-
Alexa 568 at 4 ℃, indicating that holo-HDL particle 
uptake was inhibited. BP-C uptake from the double 
labeled particles was largely decreased at 4 ℃ and BP-
CE uptake was completely blocked, indicating that lipid 
transfer from HDL was also temperature dependent 
(data not shown).

HDL uptake in mouse endothelium
To confirm the in vitro data, we administered HDL-Alexa 
568 via tail vein injection into C57BL/6 mice. Mice were 
sacrificed after 1 h, and liver sections were processed for 
immunohistochemistry. We used CD34 as marker for 
endothelial cells. Figure 4 shows co-localization of  Alexa 
568, the marker for the HDL particle, and CD34. Both 
CD34 and HDL-Alexa 568 showed intense staining in 
cells lining the sinusoid vessels. In addition, liver sections 
were also stained with CD14 and desmin, which are 
markers for Kupffer and stellate cells, respectively (Figure 
4). Almost no co-localization of  HDL Alexa 568 with 
CD14 or desmin was found, indicating that these cells 
did not bind and take up HDL to a significant amount 
within 1 h. The intensity of  HDL staining did not differ 
between periportal and pericentral regions. HDL stain-
ing was predominantly found in sinusoidal endothelial 
cells and not in the endothelial cells of  larger vessels (i.e., 
central vein and portal vein). Taken together, these data 
demonstrate that the Alexa-labeled HDL particles can 
be used to follow HDL uptake in vivo and that transfer 
routes and possibly lipid exchange can be monitored in 
the in vivo setting. 

DISCUSSION
Transendothelial transport of  proteins occurs via para- or 

135WJBC|www.wjgnet.com November 26, 2013|Volume 4|Issue 4|

M

M

M

*

A B

C D

E F

Figure 2  Ultrastructural analysis of high density lipoprotein uptake in hu-
man umbilical vein endothelial cells. Cells incubated with HRP-labeled HDL 
for 30 min (A-D) or untreated controls (E, F) were processed for electron mi-
croscopy. HRP-positive clathrin-coated vesicles were seen near the cell surface 
(arrow in B), in tubular endosomes (asterisk in D), and densely packed MVBs 
were found in the perinuclear area (arrow heads in A and C). No specific stain-
ing was seen in control samples (E, F). HRP: Horseradish peroxidase; HDL: 
High density lipoprotein; M: Mitochondria.

500 nm 500 nm

500 nm 500 nm

Fruhwürth S et al . HDL endocytosis in endothelial cells



trans-cellular pathways, with transport of  HDL being de-
scribed to proceed via transcytosis[23,37-39]. For this, HDL 
must be endocytosed in the first step, and then the par-
ticle is transported intracellularly from the apical to the 

basolateral side of  the cell, and finally the particle itself  
is excreted. In the present work we performed a detailed 
morphological analysis of  HDL endocytosis and the 
transfer of  its lipids using novel cholesterol surrogates in 
endothelial cells. HDL uptake occurred via clathrin-coat-
ed pits, leading to a rapid exchange of  cholesterol cargo 
(Figures 1 and 3). Intracellularly, HDL was transported 
via endosomes to multivesicular bodies (Figure 2) to 
await its resecretion. This endocytosis path was similar to 
earlier observations in hepatic cell lines[41]. In vivo mouse 
endothelial cells in the liver exhibited a comparable HDL 
uptake pattern. 

Here we report that HDL was detected at the cell 
surface in clathrin-coated invaginations using DAB 
staining and electron microscopy (Figure 2), indicative 
clathrin-mediated endocytosis. Indeed, using HepG2 
cells, we saw a similar binding and uptake behavior of  
HDL, with the involvement of  endosomal vesicles and 
multivesicular bodies in the uptake process[41]. This 
uptake path is similar to that reported here for endo-
thelial cells. In addition, in both cases lysosomes were 
not involved in this process and thus HDL degradation 
was not detected. HDL catabolism is limited to certain 
tissues such as the kidney (for review see[45]). Hepatic 
HDL catabolism is disturbed in cases of  imbalanced 
metabolism like obesity, with leptin being one regulator, 
as in ob/ob mice HDL degradation in the liver is de-
creased[46]. We did not find an involvement of  caveolae 
in this uptake process; however, SR-BI, which seems to 
participate in endothelial HDL uptake at least in part, 
was reported to co-precipitate with caveolin[47]. As the 
caveolar density differs considerably between different 
cell types, the involvement of  caveolae in HDL endocy-
tosis might be cell type specific. For instance, we found 
strong HDL staining in caveolae in CHO cells using 
HDL-HRP staining (data not shown). Taken together, 
the data indicate that HDL and its cargo are taken up by 
endothelial cells via a vesicular path involving clathrin-
coated vesicles and multivesicular bodies, with HDL 
catabolism being low.

In general, HDL metabolism has to be very versatile 
in order to adapt to the different environments such as 
peripheral tissues or the central cholesterol distributor, 
the liver. Thus HDL/lipid transport is complex, with 
the existing cholesterol gradient being one driving force 
at least for free cholesterol exchange. In addition, selec-
tive cholesteryl ester uptake from HDL particles occurs 
mainly in liver and adrenal, with HDL degradation be-
ing low in these tissues[48]. During HDL endocytosis, the 
lipid moiety of  the HDL particle is altered massively. 
Using the novel fluorescent cholesterol surrogates 
Bodipy-cholesterol and Bodipy-cholesteryl oleate (Fig-
ure 1) or double-radiolabeled HDL particles cholesterol 
and cholesteryl ester, which were contained within the 
HDL particle before endocytosis, were localized intra-
cellularly after uptake. These data are in agreement with 
our previous work on HepG2 cells[41]. Some studies 
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have reported different transport routes for HDL and its 
associated free sterol in polarized hepatocytes[20,22,30], with 
the endoplasmic recycling compartment and multivesicu-
lar bodies being the main transfer sites of  HDL cargo.

Until now, HDL uptake was visualized in in vitro 
systems, but in the present work we extended these 
studies to mice. Alexa-labeled HDL was delivered to 
mice by tail-vein injection and after 1 h the label was 
detected in endothelial cells of  the liver. Out et al[49] 
reported that SR-BI was not involved in the transfer 
of  HDL-derived lipids to endothelial cells of  mouse 
liver, as SR-BI ablation did not lead to an alteration in 
this uptake. This suggests an involvement of  clathrin-
coated pits rather than caveolae in the uptake process. 
In mice, we observed strong staining of  HDL-Alexa 
568 in endothelial cells but not in Kupffer or stellate 
cells (Figure 4). As there are still some discrepancies 
between in vitro and in vivo data, more work is needed 
to assess HDL endocytosis in animal models. A recent 

study showed that HDL transcytosis occurs with the 
involvement of  lymphatic vessels in the removal of  
cholesterol from peripheral tissues on its way back to 
the liver for disposal[39].

In summary, we visualized HDL uptake and its lipid 
exchange in endothelial cells in vitro and in vivo. The endo-
thelium is one major site of  HDL endocytosis and tran-
scytosis, while other liver cell types seem to play a minor 
role in HDL endocytosis.
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Figure 4  High density lipoprotein uptake in non-parenchymal liver cells. Fluorescently labeled high density lipoprotein (HDL)-Alexa 568 was intravenously 
injected into C57BL/6 mice. After 60 min, tissues were fixed by transcardial perfusion. Liver sections were stained for cellular markers by immunofluorescence and 
analyzed by confocal microscopy. HDL is localized in endothelial cells [A and B (inset)] and to a limited amount in Kupffer cells (C), whereas stellate cells show no 
detectable HDL staining (D).
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liver for excretion into the bile. This so-called reverse cholesterol transport is 
one mechanism thought to contribute to the anti-atherosclerotic effects of HDL. 
To remove cholesterol from macrophages residing in the arterial intima and thus 
preventing atherosclerotic plaque progression, HDL has to cross the endothelial 
barrier. However, the route by which HDL crosses the endothelial barrier and 
many details concerning its travel back to the liver via lymphatic vessels are still 
enigmatic.
Research frontiers
In order to excert its main anti-atherosclerotic function, HDL has to cross the 
vascular endothelium to reach atherosclerotic lesions. This transport can either 
involve transcytosis of the particles with endocytosis in a first step or paracel-
lular transport of HDL. The authors show that HDL endocytosis occurs via 
clathrin-coated pits, tubular endosomes and multivesicular bodies in primary 
human endothelial cells. In the present study, the authors provide evidence for 
the important role of HDL endocytosis in endothelial cells also in vivo.
Innovations and breakthroughs
In this project, the authors characterized HDL endocytosis in endothelial cells 
in vitro and in vivo in great detail. Therefore, the authors used light and electron 
microscopical methods enabling the visualization of HDL particles and their 
derived lipids using novel fluorescent cholesterol surrogates. Moreover the au-
thors injected fluorescently labeled HDL into mice and analyzed HDL uptake in 
hepatocytes in vivo. Taken together the authors found that endothelial cells play 
an important role in HDL endocytosis in vitro and in vivo.
Applications
The role of endothelial HDL endocytosis and transcytosis during atherogenesis 
and in atherosclerotic lesions is not clear. Our study indicates that the endothe-
lium is a major site of HDL endocytosis and therefore there is need for future 
studies.
Terminology
Atherosclerosis is a thickening of the arteries, a stepwise process which 
starts with the accumulation of excess lipids in the arterial wall. The so called 
atherosclerotic plaque can subsequently rupture and block arteries leading for 
example to stroke. Atherogenesis is the development of atherosclerosis and 
influenced by many factors, such as lipid and lipoprotein levels.
Peer review
This is a convincing study elucidating the distribution of cholesterol and choles-
teryl esters during HDL uptake. The combination of new fluorescent marker 
techniques, classical combined radio-labeling approaches, electron microscopy 
and fluorescence microscopy is a strength of this carefully designed study.
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