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Abstract

Caveolae-located scavenger receptor type B class I (SR-BI) and activin receptor-like kinase-1 

(ALK1) are involved in transendothelial transport of apolipoprotein B-carrying lipoproteins 

(apoB-LPs). Transport of apoB-LPs though mouse aortic endothelial cells (MAECs) is associated 

with apoE-carrying high-density lipoprotein (HDL)-like particle formation and apoAI induces 

raft-located proteins to shift to non-raft membranes by upregulation of ATP-binding cassette 

transporter A1 (ABCA1). To investigate apoAI’s effect on transendothelial transport of apoB-LPs, 

MAECs and human coronary artery endothelial cells (HCAECs) were treated with apoB-LPs 

± apoAI. Our data demonstrated that apoAI neither altered SR-BI and ALK1 expression, nor 

affected apoB-LP binding to MAECs. ApoAI inhibited MAEC uptake, transcellular transport, 

and intracellular accumulation of apoB-LPs, and accelerated their resecretion in MAECs. ApoAI 

enhanced transendothelial apoB-LP transport-associated HDL-like particle formation, upregulated 

ABCA1 expression, shifted SR-BI and ALK1 to the non-raft membrane in MAECs, and inhibited 

transcellular transport of apoB-LPs and enhanced associated HDL-like particle formation in 

HCAECs. ABCA1 knockdown attenuated apoAI-induced membrane SR-BI and ALK1 relocation 

and diminished apoAI’s effect on transendothelial apoB-LP transport and HDL-like particle 

formation in MAECs. This suggests that upregulation of ABCA1 expression is a mechanism 

whereby apoAI provokes caveolae-located receptor relocation, inhibits transendothelial apoB-LP 

transport, and promotes associated HDL-like particle formation.
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Introduction

Passage of plasma apolipoprotein (apo) B-carrying lipoproteins (apoB-LPs), including 

triglyceride-rich lipoproteins (TRLs) and low-density lipoproteins (LDLs), to the 

subendothelial intima is an initial step of atherogenesis. It has been established that these 

lipoproteins can pass over the monolayer endothelium via paracellular and transcellular 

pathways [1]. The transcellular transport includes at least four steps: (1) receptor binding; 

(2) endocytosis; (3) intracellular vesicle trafficking; and (4) exocytosis. It has been reported 

that endothelial cell endocytosis and transport of LDLs is mediated by a caveolae-dependent 

pathway. Caveolae are a subset of lipid rafts that contain caveolins and specific receptors 

involved in endocytosis. It also has been reported that knockout of caveolin-1 diminished 

LDL endocytosis in cultured endothelial cells [2], suppressed LDL transport to the 

mouse arterial wall [3], and inhibited atherosclerosis in mouse models [4]. In addition, 

underexpression of caveolae-located receptors scavenger receptor type B class I (SR-BI) [5] 

or activin receptor-like kinase-1 (ALK1) [6] has been shown to inhibit LDL endocytosis 

in cultured endothelial cells. Accordingly, endothelial uptake of LDL is thought to be via 

SR-BI- and/or ALK1-mediated endocytosis that uses caveolar vesicles to bring LDLs into 

cells. In many cell types, such as hepatocytes and macrophages, the caveolar endocytic 

vesicles deliver their contents to sorting endosomes [7] where internalized cargos are 

allotted to either lysosomes for degradation or recycling endosomes for re-secretion. We 

previously reported that the apoB-LP-associated apoB and apoE proteins, which were 

internalized into mouse aortic endothelial cells (MAECs) or had passed through the MAEC 

monolayer, exhibited normal sizes as those in native apoB-LPs [8]. This is consistent with 

a report showing that the LDL particles endocytosed from the apical (AP) side of cultured 

endothelial cells were not delivered to lysosomes but were transported to the basolateral 

(BL) side as holoparticles [5].

Our previous studies demonstrated that TRLs and LDLs share the same pathway for 

transport through mouse aortic endothelial cells (MAECs) [8]. The apoB-LPs that had 

passed through the MAEC monolayer were disintegrated into two types of particles: apoE-

carrying high-density particles and apoB-/apoE-carrying low-density particles [8]. These 

suggest that a portion of apoE and lipids dissociate from apoB-LPs and exit endothelial 

cells as apoE-carrying high-density lipoprotein (HDL)-like particles. Dissociation of apoE 

from endocytosed apoB-LPs is not cell-specific, as it has been seen in other cell types such 

as macrophages and hepatocytes [9, 10]. The re-secreted apoE either is floated with lipids 

or presented in a relatively lipid-poor state [11]. It has been shown that combinational 

treatment of hepatocytes with apoB-LPs and apoAI promotes apoE-carrying HDL-like 

particle secretion [12, 13]. ApoAI is the major protein component of HDL. However, 

lipid-free/lipid poor apoAI has been detected in the plasma and the arterial intimal fluid [14, 

15]. It has been suggested that lipid-free/lipid-poor apoAI is generated, at least partially, by 
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HDL delipidation in the blood compartment, and then transported to the intimal fluid by 

endothelial cells [16]. To our knowledge, the effect of apoAI on apoE-carrying HDL-like 

particle formation in endothelial cells has never been reported.

Another function of apoAI is to upregulate the expression of ATP-binding cassette 

transporter A1 (ABCA1). It has been reported that binding of apoAI to cell surface ABCA1 

triggers several signaling pathways [17-19]. Among these pathways, activation of the cyclic 

adenosine 3,5-monophosphate (AMP)–protein kinase A (PKA) pathway has been shown 

to increase ABCA1 stability [20] and upregulate its expression at the transcription level 

[17]. The best-known activity of ABCA1 is its transport of phospholipids and unesterified 

cholesterol to apoAI, forming nascent HDL particles. Additionally, ABCA1 is able to 

regulate the organization of membrane microdomains by redistribution of raft lipids and 

proteins to the non-raft domains [21, 22]. We recently reported that treatment of MAECs 

with apoAI increased the messenger ribonucleic acid (mRNA) and protein levels of ABCA1, 

and induced relocation of caveolin-1 and cholesterol from the raft to non-raft membrane 

[23]. Knockdown of ABCA1 diminished apoAI-induced redistribution of caveolin-1 and 

cholesterol among membrane microdomains [23].

The current report, for the first time, demonstrates that upregulation of ABCA1 is a 

mechanism by which apoAI induces caveolae-located receptor relocation, inhibits the 

transport of apoB-LPs through the endothelial cell monolayer, and enhances endothelial 

apoB-LP transport-associated HDL-like particle formation.

Materials and Methods

Chemicals and reagents

Human apoAI and apoE3 were purchased from Athens Research and Technology (Athens, 

GA) and Leinco Technologies (St. Louis, MO), respectively. Transwell™ polycarbonate 

membrane cell culture inserts (07200156 and 07200170); Pierce™ Iodination Beads 

(PI28665); Zeba™ Spin Desalting Columns, 7K MWCO (#89891); OptiMEM™ Reduced 

Serum Medium; M-PER™ Mammalian Protein Extraction Reagent; polyvinylidene fluoride 

(PVDF) membranes; and ECL plus chemiluminescence reagent were purchased from 

ThermoFisher Scientific (Waltham, MA). [1,2-3H(N)]-cholesterol (3H-Ch) and 125-Iodine 

(125I) were obtained from American Radiolabeled Chemicals (St. Louis, MO) and 

PerkinElmer, Inc. (Waltham, MA), respectively. Freshly collected human blood was 

obtained from BiolVT (Fredrick, MD). Antibodies against caveolin-1, clathrin heavy 

chain 1 (CLTC), ALK1, ABCA1, apoE, apoB, and β-actin, as well as scrambled small 

interfering RNA (siRNA) and ABCA1 siRNAs (ABCsi), were purchased from Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA). OptiPrep™ Density Gradient Medium was obtained 

from Sigma-Aldrich (St. Louis, MO). Thiobarbituric acid-reacting substances (TBARS) 

assay kit was obtained from ZeptoMetrix Co. (Buffalo, NY). MAECs and the endothelium 

medium with growth factor supplement kit were obtained from Cell Biologics, Inc. 

(Chicago, IL). Human primary coronary artery endothelial cells (HCAECs) and vascular cell 

basal medium were purchased from American Type Culture Collection (ATCC) (Manassas, 

VA). The sixth to ninth passages of cells were used in the current study.
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Isolation of radiolabeled and unlabeled lipoproteins

ApoB-LPs were radiolabeled and isolated as described previously [8]. Briefly, 300 μCi of 
3H-Ch was incubated with 50 ml human plasma containing 50 μM butylated hydroxytoluene 

at 37°C for 18 h. The unassociated 3H-Ch was removed by incubation with equal volume 

of autologous packed erythrocytes at 37°C for 2 h. The erythrocytes were removed by 

centrifugation at 16,000 g x 5 min at 4°C. Radiolabeled and unlabeled apoB-LPs (d < 1.063) 

were isolated by potassium bromide (KBr) density gradient ultracentrifugation. Lipoproteins 

labeled in this manner contain both esterified and unesterified 3H-Ch [24]. For preparation 

of 125I-apoB-LPs, human apoE was labeled with 125I using Pierce™ Iodination Beads, per 

manufacturer’s instructions. Free iodine was removed from the labeled apoE by passage 

through Zeba™ Spin Desalting Columns. The eluent was centrifuged at 16,000 g x 10 min 

at 4°C, and the pellet was discarded. After incubation with human plasma for 3 h at 37°C, 
125I-apoB-LPs were isolated by KBr density gradient ultracentrifugation at d < 1.063 g/ml. 

The oxidized level of lipoproteins was determined using a TBARS assay kit. The unlabeled 

and 25I-labeled apoB-LPs used in this study contained 0.5-0.8 and 0.7-1.0 nmol/of TBARS 

per mg proteins. These are comparable to the oxidative levels of the native apoB-LPs, as 

previously reported [25, 26].

Determination of endothelial cell binding of apoB-LPs

MAECs were seeded in a 12-Well plate in endothelium medium with growth factor 

supplement to confluence, unless otherwise stated. For determination of dose-dependent 

binding of apoB-LPs, the medium was replaced with 1 ml of OptiMEM™ medium. The 

plate was incubated on ice for 30 min, and then 0 μg/ml to 60 μg/ml of 125I-labeled 

apoB-LPs was added into the medium and incubated on ice for 30 min. For determination of 

the effect of apoAI on apoB-LP binding, the medium was replaced with 1 ml of OptiMEM™ 

medium supplemented with 0 μg/ml to 30 μg/ml of apoAI. The plate was incubated 

sequentially at 37°C for 4 h and on ice for 30 min, and then 20 μg/ml of 125I-labeled 

apoB-LPs was added into the medium and incubated on ice for 30 min. The cells were 

washed twice with ice-cold phosphate-buffered saline (PBS) and lysed with 0.5 M NaOH. 

An aliquot (10 μl) of lysate was used for measurement of cell protein concentration, and 

the remaining lysate was used to determine radioactivity using a universal γ-counter (1282 

Compugamma, PerkinElmer Life & Analytic Science, Shelton, CT). The radioactivity bound 

to endothelial cells was normalized as disintegrations per minute (DPM) / mg cell proteins.

Determination of endothelial cell uptake, transcellular transport, accumulation, and 
resecretion of apoB-LPs

MAECs were seeded in 0.4 μm Transwell™ inserts and cultured in 6-Well plates in 

endothelium medium with growth factor supplement to confluence. The AP medium was 

replaced with OptiMEM™ medium supplemented with 20 μg/ml of 125I-labeled apoB-LPs 

± 20 μg/ml of apoAI, while the BL side was replaced with OptiMEM™ medium alone. 

After incubation at 37°C for 24 h, the BL medium was collected, and the MAEC monolayer 

was washed twice with 100 units heparin and then lysed in 0.5 N NaOH. The amount 

of apoB-LPs transported through the MAEC monolayer and accumulated in MAECs was 

determined by radioactivity in the BL medium and cell lysate, respectively. The amount of 
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apoB-LPs taken up by MAECs was the sum of radioactivity associated with and transported 

by the cells and was calculated as: uptake = accumulated + transport. In the experiments 

for determination of 125I-apoE re-secretion, the MAEC monolayer was washed thrice with a 

low ionic strength solution of 0.2x PBS supplemented with 300 mM glycine and 5% bovine 

serum albumin to remove the surface-bound materials. Fresh OptiMEM™ medium was then 

added into both the AP and BL chambers and incubated for another 24 h. The amount of 

apoE secreted by MAECs was determined by the sum of radioactivity in the AP and BL 

media.

Determination of cholesterol and apolipoprotein distributions in lipoproteins

To study the effect of transendothelial transport on the distribution of cholesterol in 

lipoproteins, the AP side of the MAEC monolayer and the HCAEC monolayer were 

incubated with OptiMEM™ medium supplemented with 20 μg/ml of 3H-Ch-labeled apoB-

LPs ± 20 μg/ml of unlabeled apoAI. To study the effect of transendothelial transport on the 

distribution of apolipoproteins in lipoproteins, the AP side of the MAEC monolayer was 

incubated with OptiMEM™ medium supplemented with 20 μg/ml unlabeled apoB-LPs ± 20 

μg/ml of unlabeled apoAI, or 0.2 μg/ml of 125I-apoAI ± 20 μg/ml unlabeled apoB-LPs. In 

all these experiments, the BL side was incubated with OptiMEM™ medium alone. After 

24 h incubation, the BL medium was collected and centrifuged at 16,000 x g for 10 min. 

As controls, 20 μg/ml of 3H-Ch-labeled apoB-LPs or 20 μg/ml unlabeled apoB-LPs was 

incubated with OptiMEM™ medium in the absence of cells at 37°C for 24 h. The BL 

medium supernatants and the cell-untreated lipoproteins, or apoAI medium, were subjected 

to discontinuous NaCl/KBr density gradient ultracentrifugation [8, 27]. In brief, the medium 

samples were adjusted to 1.21 g/ml by addition of KBr. The discontinuous density gradient 

was constructed by sequentially layering the following solutions into a centrifugation tube: 

(1) 2 ml of 1.35 g/ml KBr; (2) 3 ml of 1.21 g/ml KBr (medium samples); (3) 3 ml of 

1.063 g/ml KBr; (4) 2 ml of 1.019 g/ml KBr; and (5) 2 ml of 1.006 g/ml NaCl [27]. The 

constructed gradients were centrifuged at 40,000 x g at 20°C for 24 h using a SW-41 rotor, 

and twenty fractions (0.57 ml/fraction) were collected for radioactivity and immunoblotting 

analyses. We previously demonstrated that the density of the ninth fraction is ~1.063 g/ml. 

Thus, we designated fractions one through nine and fractions ten through twenty as low-

density fractions (LDFs) and high-density fractions (HDFs), respectively [8].

In experiments in which radiolabeled apoB-LPs or apoAI was used, radioactivity in each 

fraction was counted separately for plotting the density distribution curve of cholesterol and 

apoAI. The amount of cholesterol and apoAI distributed in LDFs and HDFs was determined 

by the sum of radioactivity in fractions one through nine and fractions ten through twenty, 

respectively. In experiments in which only unlabeled apoB-LPs and apoAI were used, 

solutions from fractions one through nine and those from fractions ten through twenty were 

pooled separately for Western blot (WB) analysis of apoB and apoE.

Separation of membrane raft and non-raft membranes

The membrane lipid rafts were separated from non-raft membrane using a detergent-free 

method [8, 28]. Briefly, MAECs were washed and scraped into a base buffer (20 mM Tris 

HCl, pH 7.8, 250 mM sucrose) freshly supplemented with 1 mM CaCl2 and 1 mM MgCl2. 
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After pelleting by centrifugation at 1,000 x g for 5 min, cells were resuspended in 1 ml 

of homogenization buffer containing 20 mM Tris HCl, 250 mM sucrose, 1 mM CaCl2, 1 

mM MgCl2, and 10 μl/ml protease inhibitor cocktail and homogenized by passage through 

a 22 g × 3” needle 25 times. The homogenate was centrifuged at 1,000 x g for 10 min. 

The resulting postnuclear supernatant was collected, the pellet was resuspended, and the 

homogenization procedures were repeated one time. The postnuclear supernatants collected 

following the two rounds of homogenations were combined and mixed with an equal volume 

of base buffer containing 50% OptiPrep™, which yielded 25% in OptiPrep™. Four ml of 

the resulting mixture was placed in the bottom of a 12-ml centrifuge tube. A 6-ml gradient 

of 0% to 20% OptiPrep™ in base buffer was poured on top of the mixture. Gradients 

were centrifuged using a SW-41 rotor in a Beckman ultracentrifuge for 90 min at 52,000 

x g. Two fractions were collected from the top to the bottom of the centrifuged gradient 

for WB analysis. The upper and lower fractions contained 6 ml and 4 ml of the gradient, 

respectively. We previously demonstrated that the non-raft mark protein CLTC exclusively 

distributes in 4 ml of the lower fraction [28]. Therefore, we designated the upper and lower 

fractions of this centrifuged gradient as raft and non-raft fractions, respectively.

siRNA knockdown of ABCA1

MAECs were transfected with specific siRNAs against ABCA1 or scrambled control 

siRNAs (Ctrlsi) according to the manufacturer’s instructions. After 6 h, cells were 

replenished with fresh endothelium medium plus growth factor supplement and cultured 

for an additional 24 h. These transfection procedures were repeated one time [29]. The 

knockdown efficiency induced by siRNA was confirmed by detection of ABCA1 proteins 

using WB analysis.

Quantitative real-time reverse transcription (RT)-polymerase chain reaction (PCR) assay

Total RNA was extracted from MAECs using Trizol reagent (ThermoFisher 

Scientific), treated with DNAse I, and subjected to RT using the Applied 

Biosystems™ high-capacity cDNA reverse transcription kit (ThermoFisher Scientific). 

The resulting cDNAs were subjected to quantitative real-time RT-PCR with 

the following primers: ABCA1 forward (4’-GCTACCCACCCTACGAACAA-3), 

reverse (5’-GGAGTTGGATAACGGAAGCA-3’); and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) forward (5’-GAGCCAAAAGGGTCATCATC-3’), reverse (5’-

TAAGCAGTTGGTGGTGCAGG-3’). The expression levels of ABCA1 mRNA were 

normalized to GAPDH mRNA.

Western blot analysis

Proteins in the gradient fractions collected from the NaCl/KBr and the OptiPrep™ density 

gradient ultracentrifugation were precipitated by 75% methanol. For measurement of 

the proteins in the whole cell, MAECs were lysed using M-PER™ Mammalian Protein 

Extraction Reagent. An aliquot of protein extracts was used for measurement of cell 

protein concentration, and the remaining protein preparations were resolved on 10% 

SDS-PAGE gels. Proteins were transferred to a PVDF membrane. After blocking with 

3% fat-free milk, the membranes were incubated with antibodies against apoB, apoE, 

ABCA1, SR-BI, ALK1, CLTC, or β-actin. Immunoreactive bands were visualized using 
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ECL plus chemiluminescence reagent (GE Healthcare–Amersham) and analyzed with a 

GS-700 Imaging Densitometer (Bio-Rad Laboratories, Hercules, CA). The level of the 

studied proteins was expressed as immunoreactive intensity (arbitrary units) / mg endothelial 

cell proteins.

Statistical analysis

Data are reported as the mean ± SEM, and data distribution was examined by the Shapiro-

Wilk normality test. Differences among groups were analyzed by Student’s unpaired t-test 

(for two groups) and one-way analysis of variance (for more than two groups), followed by 

Tukey’s post-hoc test. Statistical significance was considered when P was less than 0.05. 

GraphPad software was used for statistical analysis.

Results

Effect of apoAI on MAEC binding, uptake, transcellular transport, and re-secretion of 
apoB-LPs

To study apoB-LP binding, MAECs were incubated with various concentrations of 125I-

apoB-LPs on ice for 4 h. As seen in Figure 1A, cell-bound radioactivity increased with the 

concentration of 125I-apoB-LPs in the culture medium, plateauing at a concentration of 40 

μg/ml and remaining constant at concentrations up to 60 μg/ml. To determine the effect of 

apoAI on apoB-LP binding, MAECs were treated with various concentrations of apoAI at 

37°C for 4 h and then incubated with 20 μg/ml of 125I-apoB-LPs on ice for 30 min. The data 

in Figure 1B show that pretreatment of MAECs with apoAI did not significantly alter the 

amount of 125I-apoB-LP bound to MAECs.

We previously reported that ~6% to 8% of 125I-labeled TRLs, IDLs, and LDLs were 

transported through the MAEC monolayer during 24 h at 37°C and that the transport of 

these radiolabeled apoB-LPs could be suppressed by their unlabeled counterparts [8]. To 

study the effect of apoAI on MAEC uptake, accumulation, transcellular transport, and re-

secretion of apoB-LPs, we incubated the AP side of the MAEC monolayer with 20 μg/ml of 
125I-apoB-LPs (167,000 DPM) in the absence or presence of 20 μg/ml of apoAI. As Figure 1 

shows, in the absence of apoAI, ~9,700 DPM of radioactivity (~5.8% of 125I-apoB-LPs) was 

transported from the AP chamber to the BL chamber (Fig. 1C); ~3,500 DPM of radioactivity 

(2.1% of apoB-LPs) was accumulated in MAECs (Fig. 1D). The addition of apoAI to the AP 

medium reduced the amount of apoB-LPs accumulated in MAECs and those transported to 

the BL medium (~5,700 DPM and 1,300 DPM of radioactivity presented in the BL medium 

and MAECs, respectively (Figs. 1C-1D). In this study, MAEC uptake of lipoproteins was 

determined by the total 125I-apoB-LPs accumulated in cells and transported to the BL 

medium. As the data in Figure 1E show, apoAI significantly diminished MAEC uptake of 

apoB-LPs: ~13,200 DPM of radioactivity was taken up by MAECs treated with apoB-LPs 

alone, and only ~7,000 DPM of radioactivity was taken up by cells treated with both 

apoB-LPs and apoAI.

To investigate the mechanism underlying the inhibitory effect of apoAI on cellular apoB-LP 

accumulation, we determined the re-secretion of lipoproteins from MAECs. As Figure 1F 
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shows, the re-secreted radioactivity from MAECs treated with both apoB-LPs and apoAI 

was ~44% more compared with those treated with apoB-LPs alone. ApoAI treatment 

significantly increased the re-secretion of apoB-LPs from MAECs.

Effect of apoAI on formation of apoE-carrying HDL-like particles in endothelial cells

The AP-to-BL transendothelial transport of apoB-LPs has been shown to be associated 

with the generation of apoE-carrying HDL-like particles [8]. Herein, we studied the effect 

of apoAI on the density redistribution of apoB-LP-derived cholesterol in the BL medium 

of the MAEC monolayer. As the radioactivity distribution curve in Figure 2A illustrates, 

the 3H-Ch of cell-untreated apoB-LPs distributes primarily in fractions one through nine: 

the LDFs. Incubation of the AP side of the MAEC monolayer with 20 μg/ml (35,000 

DPM) of 3H-Ch-labeled apoB-LPs induces a portion of 3H-Ch transported to the BL 

medium, and the transported 3H-Ch distributes in both LDFs and HDFs (Fig. 2A). As 

the data in Figures 2B-2C show, ~1,700 DPM of radioactivity was transported through the 

vehicle-treated MAEC monolayer in 24 h and ~44% of radioactivity was distributed in the 

HDFs. Treatment of the MAEC monolayer with apoAI inhibits transendothelial transport of 
3H-Ch and enhances its redistribution from the LDFs to HDFs. Specifically, only ~1,100 

DPM of radioactivity was transported through the apoAI-treated MAEC monolayer within 

24 h (Fig. 2B), and ~69% of transported radioactivity presented in the HDFs (Fig. 2C). 

The difference of these measurements between the vehicle- and apoAI-treated cells was 

statistically significant (Figs 2B-2C).

We also investigated the effect of apoAI on transport of apoB-LPs through the HCAEC 

monolayer and its associated apoE-carrying HDL-like particle formation. As seen in Figures 

2B and 2C, ~1,900 DPM and 1,300 DPM of radioactivity were transported through the 

HCAEC monolayer treated with vehicle medium or apoAI in 24 h, respectively (Fig. 2B), 

and ~37% and ~62% of transported radioactivity were found in the HDFs of the BL 

medium of the vehicle-treated or apoAI-treated HCAEC monolayer, respectively (Fig. 2C). 

The transported radioactivity is significantly less, and the HD/total radioactivity ratio is 

significantly greater in the BL medium of the apoAI-treated HCAEC monolayers compared 

to those in the BL medium of the HCAEC monolayers treated with vehicle medium. There 

is no significant difference in the transported radioactivity nor the HD/total radioactivity 

ratio between the HCAEC and the MAEC monolayers.

ApoAI has shown the ability to pass through the endothelial monolayer. ApoAI apically 

endocytosed by endothelial cells could be re-secreted basolaterally [30]. To determine 

the density distribution of the transendothelially transported apoAI, the AP side of the 

MAEC monolayer was incubated with 125I-apoAI in the presence or absence of unlabeled 

apoB-LPs. As the radioactivity distribution curve in Figure 2D illustrates, in the absence of 

apoB-LPs, ~90% of radioactivity in the BL medium distributes in fraction twenty, which has 

a density of 1.25. This suggests that most of the transported 125I-apoAI existed in a lipid-

free form. In contrast, in the experiment where apoB-LPs were present in the AP medium, 

radioactivity in the BL medium exhibits multiple peaks in the HDFs, meaning most of the 
125I-apoAI that had passed through the MAEC monolayer distributes between densities of 
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1.063 and 1.21. This suggests that the apoAI passed through the MAEC monolayer was 

lipidated and exists in the HDL-sized particles.

Effect of apoAI on redistribution of apoE in transendothelially transported lipoproteins

Transport of apoB-LPs through MAECs has been shown to induce a shift of their associated 

apoE to HDL-like particles, but no effect on the density distribution of their associated 

apoB [8]. To determine whether apoAI affects the transendothelial transport of apoB-

LP-associated apoB and apoE and the density distribution of these apolipoproteins, we 

incubated the AP side of the MAEC monolayer with apoB-LPs ± apoAI, and determined 

the protein level and the density distribution of apoB and apoE in the BL medium. The 

data in Figures 3A-3B show that apoAI inhibited the transendothelial transport of apoB-LP-

associated apoB and apoE. Specifically, the protein level of apoB and apoE in the BL 

medium of the apoAI-treated MAEC monolayer was ~36% and ~22% less, respectively, 

compared with those in the BL medium of the vehicle-treated MAEC monolayer (Fig 3B). 

The WB images in Figure 3A illustrate that apoB is detectable only in the LDF, but not 

in the HDF, either in the cell-untreated apoB-LPs or in the BL medium of the MAEC 

monolayer treated with apoB-LPs ± apoAI. This suggests that incubation of apoB-LPs with 

the MAEC monolayer either in the presence or absence of apoAI does not induce apoB 

redistribution among the density fractions. The images in Figure 3A also show that apoE in 

cell-untreated apoB-LPs is barely detectable in the HD fraction, the incubation of apoB-LPs 

with the MAEC monolayer resulted in apoE shift from the LDF to HDF, and the addition 

of apoAI into the AP medium further augmented the redistribution of apoE to the HDF. 

Specifically, the HDF/total apoE ratio was ~48% and ~72% in the BL medium of the MAEC 

monolayer treated with apoB-LPs in the presence of vehicle medium or apoAI, respectively 

(Fig. 3C). The difference between the apoAI-treated and vehicle-treated MAEC monolayers 

was statistically significant.

Effect of apoAI treatment and ABCA1 knockdown on membrane distribution of SR-BI, 
ALK1, and CLTC

The data in Figure 4 show that apoAI upregulated ABCA1 expression in MAECs. 

Specifically, the mRNA and protein levels of ABCA1 were ~36% and ~41% higher, 

respectively, in apoAI-treated MAECs than in those treated with vehicle medium (Fig. 

4A-4C). In contrast, the WB images in Figure 4B show that apoAI did not alter the protein 

level of β-actin in MAECs.

We recently reported that apoAI is able to induce caveolin-1 shift from the raft to non-raft 

membrane via an ABCA1-dependent manner [23]. The present study examined the effect of 

apoAI treatment and ABCA1 knockdown on the expression and membrane distribution of 

the caveolae-associated receptors SR-BI and ALK1, as well as the non-raft protein CLTC in 

MAECs. As shown in Figures 4D and 4E, apoAI treatment upregulated ABCA1 expression 

in MAECs transfected with scrambled Ctrlsi or ABCsi. Transfection of ABCsi diminished 

basal and apoAI-induced ABCA1 expression. Specifically, the ABCA1 protein levels in 

scrambled siRNA-transfected MAECs and ABCsi-transfected cells under apoAI treatment 

conditions were ~40% and ~47% higher, respectively, than those under vehicle treatment 

conditions (Fig. 4E). The ABCA1 protein levels in ABCsi-transfected MAECs under the 
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vehicle and apoAI treatment conditions were ~36% and 28% lower, respectively, compared 

with those in the scrambled siRNA-transfected cells with vehicle and apoAI treatments (Fig. 

4E). The images in Figure 4D illustrate that apoAI treatment and ABCA1 knockdown did 

not affect the expression of SR-BI, ALK1, CLTC or β-actin in MAECs. The protein level of 

SR-BI, ALK1 and CLTC in cells transfected with ABCsi or scrambled siRNAs and treated 

with or without apoAI is comparable (Fig. 4E).

Figure 4F illustrates typical immunoblot images of SR-BI, ALK1, and CLTC in the raft and 

non-raft membrane fractions. The data in Figure 4G show that the percentage of SR-BI in 

the raft membrane fraction was reduced by apoAI treatment. Specifically, ~56% of SR-BI 

is located in the raft membrane of vehicle-treated, scrambled siRNA-transfected MAECs. 

The remaining SR-BI distributes in the non-raft fraction, co-existing with CLTC. In contrast, 

only ~25% of SR-BI is located in the raft membrane of apoAI-treated, scrambled siRNA-

transfected MAECs, which was significantly less compared with that in the vehicle-treated 

cells. Further, siRNA knockdown of ABCA1 augmented the percentage of SR-BI in the raft 

membrane fraction. Approximately 69% and 49% of SR-BI distributes in the raft membrane 

of the ABCsi-transfected cells treated with vehicle medium or apoAI, respectively (Fig. 4G). 

These values are significantly greater than those in the scrambled siRNA-transfected cells 

treated with or without apoAI, respectively.

The membrane microdomain redistribution induced by apoAI treatment and ABCA1 

knockdown also was observed in ALK1. Specifically, ~60% and 35% of ALK1 was found 

in the raft membrane fraction of the scrambled Ctrlsi-transfected MAECs treated with the 

vehicle medium and apoAI, respectively. In contrast, ~77% and 52% of ALK1 was found 

in the raft membrane of the ABCsi-transfected cells under the vehicle and apoAI treatment 

conditions, respectively. The difference of the percentage of raft ALK1 between vehicle 

and apoAI-treated cells, and the difference between Ctrlsi and ABCsi-transfected cells, is 

statistically significant.

The data in Figure 4F also show that apoAI treatment and ABCA1 knockdown did not alter 

membrane CLTC distribution. This protein distributes exclusively in the non-raft fraction, 

whether the cells were transfected with scrambled or ABCA1-specific siRNA, or treated 

with vehicle medium or apoAI.

Effect of ABCA1 knockdown on transendothelial apoB-LP transport and its associated 
HDL-like particle formation

The AP side of the siRNA-transfected MAEC monolayer was treated with 3H-Ch-apoB-

LPs (35,000 DPM) ± apoAI for 24 h. The transendothelially transported apoB-LPs and 

associated HDL-like particle formation were determined by radioactivity in the BL medium. 

The radioactivity density distribution curves in Figures 5A-5B show that the transported 
3H-Ch distributes in both LDFs and HDFs of the BL medium, regardless of whether the 

MAEC monolayer was transfected with scrambled Ctrlsi (Fig. 5A) or ABCsi (Fig. 5B), 

or was treated with or without apoAI. However, the transported amount and the density 

distribution of 3H-Ch in the BL medium vary among the MAEC monolayers subjected 

to particular treatments (Figs. 5C and 5D). Specifically, ~1,900 DPM and 1,300 DPM 

(~5.4% and 3.7%) of radioactivity loaded to the AP chamber were transported through 
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the Ctrlsi-transfected MAEC monolayer under vehicle and apoAI treatment conditions, 

respectively (Fig. 5C). In contrast, ~2,400 DPM and 2,100 DPM (~6.9% and 6%) of 

radioactivity were transported through the ABCsi-transfected MAEC monolayer under 

vehicle and apoAI treatment conditions, respectively (Fig. 5C). ApoAI treatment reduced the 

transport of 3H-Ch-apoB-LPs through the Ctrlsi-transfected MAEC monolayers, but did not 

significantly affect the transport of 3H-Ch-apoB-LPs through the ABCsi-transfected MAEC 

monolayer. Knockdown of ABCA1 significantly elevated the transport of 3H-Ch through the 

monolayers treated ± apoAI.

Figure 5D shows that ~37% of the 3H-Ch that passed through the vehicle-treated, Ctrlsi-

transfected MAEC monolayer distributes in the HDFs of the BL medium. Incubation of 

this MAEC monolayer with apoAI elevated the percentage of 3H-Ch that shifted to the 

HDFs; ~59% of transported 3H-Ch was found in HDFs of the BL medium of the apoAI-

treated, Ctrlsi-transfected MAEC monolayer (Fig. 5D). The data in Fig. 5D also show that 

the HDF/total 3H-Ch ratio in the BL medium of the vehicle-treated, ABCsi-transfected 

MAEC monolayer was ~35%, which is comparable with that of the vehicle-treated, Ctrlsi-

transfected MAEC monolayer. This suggests that knockdown of ABCA1 did not affect 

the density distribution of the transendothelially transported 3H-Ch under vehicle treatment 

conditions. In contrast, knockdown of ABCA1 attenuated the redistribution effect of apoAI 

on transendothelially transported 3H-Ch. Specifically, only ~45% of the 3H-Ch that had 

passed through the apoAI-treated, ABCsi-transfected MAEC monolayer was found in HDFs 

of the BL medium (Fig. 5D). This is significantly less than the HDF/total 3H-Ch ratio 

in the BL medium of the apoAI-treated, Ctrlsi-transfected MAEC monolayer and is not 

significantly greater than the HDF/total 3H-Ch ratio in the BL medium of the vehicle-

treated, ABCsi-transfected MAEC monolayers.

Discussion/Conclusion

Binding of apoB-LPs to the cell membrane is an initial step for endocytosis and 

transcytosis of these lipoproteins. Data from the current report demonstrated that treatment 

of MAECs with apoAI slowed down apoB-LP uptake and transcellular transport but did not 

significantly reduce its binding to endothelial cells. This suggests that mechanisms other 

than inhibiting endothelial cell binding of apoB-LPs contribute to the diminished uptake 

and transendothelial transport of these lipoproteins. It has been reported that apoB-LPs pass 

through endothelial cells via a caveolae-mediated pathway involving SR-BI [5] and ALK1 

[6]. Data from the current report show that apoAI treatment did not change the protein 

level of these caveolae-located receptors in MAECs but reduced their distribution in the 

raft membrane. These observations are consistent with our previous report showing that a 

substantial portion of caveolin-1 and raft cholesterol was allotted from the raft to the non-

raft membrane fractions after MAECs were treated with apoAI [23]. Caveolins are a family 

of integral membrane proteins involved in caveolae formation in the plasma membrane [31]. 

Decrease in caveolins in the raft membrane likely expands the non-raft membrane area and 

reduces the number of caveolae in the plasma membrane, shifting caveolae-located receptors 

to the non-raft microdomain. Formation of ligand-receptor complexes in caveolae has been 

considered an initial step of caveolar endocytosis [31]. Thus, relocation of ALK1 and SR-BI 
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to the non-raft area of the plasma membrane may be a mechanism whereby apoAI inhibits 

endothelial cell uptake and transcytosis of apoB-LPs.

We also reported previously that the percentage of caveolin-1 and cholesterol in the raft 

membrane is related negatively to the level of total ABCA1 in MAECs, and knockdown 

of ABCA1 attenuates apoAI-induced relocation of caveolin-1 and raft cholesterol to the non-

raft domains [23]. Data from the current study demonstrated that knockdown of ABCA1 

also reduces the percentage of SR-BI and ALK1 in the raft membrane of MAECs treated 

with or without apoAI. These findings contribute to the notion that upregulation of ABCA1 

expression is a mechanism for apoAI-induced relocation of raft-located proteins and lipids to 

the non-raft domains [23]. The membrane microdomain reorganization activity of ABCA1 

also has been evidenced in other cell types [22]. However, the way in which ABCA1 

distributes raft proteins and lipids to the non-raft area is poorly understood. One postulation 

attributes this to the lipid transporter activity of ABCA1. Specifically, ABCA1 functions 

as a ferry to convey phospholipids and unesterified cholesterol from the Golgi to the cell 

membrane [32]. The addition of these lipids to the plasma membrane results in a flop of 

lipids from the inner to the outer membrane leaflet, leading to microdomain lipid and protein 

redistribution [33].

Another important finding from the current study is that apoAI facilitates formation of 

apoE-carrying HDL-like particles during the AP-to-BL transport of apoB-LPs through the 

endothelial cell monolayer. Specifically, we observed that a portion of apoE and cholesterol 

of the apoB-LPs that passed through the MAEC monolayer presented in the HDFs of the 

BL medium. Treatment of the MAEC monolayer with apoAI significantly augmented the 

percentage of apoE and cholesterol in the HDFs. Similar to the observation in MAECs, 

transport of apoB-LPs through the HCAEC monolayer also forms apoE-carrying HDL-like 

particles. ApoAI inhibits transendothelial apoB-LP transport and enhances its associated 

HDL-like particle formation in HCAECs. These findings suggest that formation of apoE-

carrying HDL-like particles is a common activity of mouse and human endothelial cells. 

Human apoB-LPs could serve as an efficient reagent to induce apoE-carrying HDL-like 

particle formation, regardless of the endothelial cells from mice or human subjects.

Besides the beneficial activity in endothelial cells, apoAI has been reported to promote 

apoE-carrying HDL-like particle formation in other cell types [13]. The promotive effect 

of apoAI on apoE-carrying HDL-like particle formation has been thought to be related to 

a mechanism involving ABCA1 [13]. Specifically, it has been suggested that interaction 

of apoAI with ABCA1 on the cell surface initiates an endocytosis of the apoAI–ABCA1 

complex. The internalized apoAI travels to the sorting endosomes carrying endocytosed 

apoB-LPs, where apoAI facilitates the dissociation of apoE and lipids from the apoB-LP 

core and promotes apoE-carrying HDL-like particle formation and secretion [13]. The role 

of ABCA1 in endothelial cell uptake and transcytosis of apoAI has been demonstrated 

previously. Knockdown of ABCA1 has been shown to diminish endothelial cell binding, 

endocytosis, and transcytosis of apoAI [30]. The current report demonstrates that apoAI 

upregulates ABCA1 expression in MAECs, and knockdown of ABCA1 significantly reduces 

the percentage of cholesterol in HDFs of the BL medium of the apoAI-treated MAEC 
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monolayer. This provides direct evidence for the involvement of ABCA1 in the promotive 

activity of apoAI on apoE-carrying HDL-like particle formation in endothelial cells.

The current report for the first time demonstrated that apoAI inhibits transendothelial 

apoB-LP transport and promotes its associated apoE-carrying HDL-like particle formation 

via an ABCA1-dependent manner. In addition, we observed that apoAI promotes MAEC 

re-secretion of apoB-LPs and diminishes their accumulation in MAECs. Such information 

contributes to further understanding the mechanisms underlying the antiatherogenic 

activities of apoAI, and provides a theoretic foundation for developing targeted apoAI 

delivery to endothelial cells, especially the endothelial cells in the atherosclerotic area, for 

treatment of atherosclerosis-related cardiovascular diseases.
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Fig. 1. 
The effect of apoAI on MAEC binding, uptake, and transcellular transport of apoB-LPs. 

A: MAECs grown in a 12-Well culture plate were incubated sequentially in OptiMEM™ 

medium on ice for 30 min and indicated doses of 125I-labeled apoB-LPs on ice for 30 min. 

B: MAECs grown in a 12-Well culture plate were pretreated with 0 μg/ml to 30 μg/ml 

of apoAI at 37°C for 4 h and then incubated with 20 μg/ml of 125I-labeled apoB-LPs on 

ice for 30 min. A–B: Lipoproteins bound to the cell were determined by cell-associated 

radioactivity. C-E: The AP side of the MAEC monolayer grown on a Transwell™ membrane 

was treated with 20 μg/ml of 125I-labeled apoB-LPs in the presence of 20 μg/ml apoAI 

(AI) or vehicle medium (veh), and the BL side was treated with medium alone for 24 h. 

Lipoproteins transported through the MAEC monolayer were determined by radioactivity 

in the BL medium. Lipoproteins accumulated in MAECs were determined by radioactivity 

in the cells. Lipoproteins taken up (uptake) by MAECs were determined by the sum of 

radioactivity in the BL medium and radioactivity in cells. F: The MAEC monolayer, treated 

with apoB-LPs ± apoAI as above, was washed with low ionic strength solution and then 

incubated with fresh medium for another 24 h. Lipoproteins secreted from MAECs were 

determined by the sum of radioactivity in the AP and BL media. Values represent the mean 

± SE of five experiments. The difference between vehicle- and apoAI-treated cells was 

analyzed by student’s t-test.
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Fig. 2. 
The effect of apoAI on formation of HDL-like particles in MAECs and HAECs. A–C: 
The AP side of the MAEC or HCAEC monolayer grown on a Transwell™ membrane 

was incubated with 20 μg/ml of 3H-Ch-labeled apoB-LPs in the presence of 20 μg/ml 

of unlabeled apoAI (AI) or vehicle medium (veh). The BL side was incubated with 

medium alone for 24 h. As a control, 0.4 μg/ml of 3H-Ch-labeled apoB-LPs was 

incubated with medium in the absence of cells at 37°C for 24 h. The BL media and 

cell-untreated 3H-Ch-labeled apoB-LPs (uLP) were subjected to discontinuous gradient 

ultracentrifugation. Twenty fractions were collected for determination of radioactivity. Panel 

A shows representative density curves of the radioactivity in the cell-untreated apoB-LPs 

and the BL medium of the MAEC monolayer. The amount of 3H-Ch transported through the 

MAEC and HCAEC monolayer was determined by the sum of radioactivity in all fractions 

of the BL medium (B). The 3H-Ch level in the HDFs of the BL media of the MAEC and 

HCAEC monolayer was expressed as the % of HDF 3H-Ch in the total 3H-Ch (HD / total 
3H-Ch) (C), which was calculated as follows: (radioactivity in fractions ten through twenty / 

radioactivity in fractions one through twenty) x100. Values represent the mean ± SE of 

four experiments. The difference between vehicle- and apoAI-treated cells was analyzed 

by student’s t test. D: The AP side of the MAEC monolayer grown on a Transwell™2 

membrane was incubated with 0.2 μg/ml of 125I-apoAI in the presence of 20 μg/ml of 

unlabeled apoB-LPs or veh. The BL side was incubated with medium alone for 24 h. The 

BL media were subjected to discontinuous gradient ultracentrifugation. Twenty fractions 

were collected for determination of radioactivity.
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Fig. 3. 
The effect of apoAI on transport of apoB-LP-associated apolipoproteins through the MAEC 

monolayer. The AP side of the MAEC monolayer was incubated with 20 μg/ml unlabeled 

apoB-LPs (uLP) in the presence of 20 μg/ml apoAI (AI) or vehicle medium (veh), and 

the BL side was incubated with medium alone for 24 h. The BL medium of the MAEC 

monolayer and 10 μg of cell-untreated apoB-LPs were subjected to discontinuous gradient 

ultracentrifugation. Proteins in the LDF and HDF were subjected to WB analysis of apoB 

and apoE (A). The amount of apoB and apoE transported through the endothelial cell 

monolayer was determined as the sum of the immunoreactive intensity of the BL medium’s 

LDF and HDF (B). The % of apoE in the HDF to the total apoE (HDF /total apoE) in the BL 

media was calculated as follows: [apoE in the HDF / (apoE in the HDF + apoE in the LDF)] 

x100 (C). Values represent the mean ± SE of four experiments. The difference between 

vehicle- and apoAI-treated cells was analyzed by student’s t test.
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Fig. 4. 
The effect of apoAI on ABCA1 expression, and the effect of apoAI treatment and ABCA1 

knockdown on the distribution of SR-BI and ALK1 in membrane microdomains. A–C: 
MAECs grown in 6-Well plates were incubated with vehicle medium (veh) or 20μg/ml of 

apoAI (AI) at 37°C for 4 h. The ABCA1 mRNA level was determined by quantitative 

real-time RT-PCR and expressed relative to GAPDH mRNA (A). The ABCA1 protein level 

was determined by WB analysis, and normalized as immunoreactive intensity units/mg 

endothelial cell proteins. Values represent the mean ± SE of four experiments. Data were 

analyzed by Student’s t-test (B-C). D–G: MAECs grown on a Transwell™ membrane were 

transfected with ABCsi or scrambled Ctrlsi. The AP side of the MAEC monolayer was 

incubated with 20 μg/ml of apoAI or vehicle medium; the BL side was incubated with 

medium alone at 37°C for 16 h. The protein level of ABCA1, SR-BI, ALK1, and CLTC 

was determined by WB analysis, and normalized as immunoreactive intensity units/mg 

endothelial cell proteins (D–E). Treated MAECs were collected and homogenized by 

passage through a syringe needle. The postnuclear extracts were subjected to a 10 ml 
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OptiPrep™ gradient ultracentrifugation. The raft and non-raft fractions of the gradient were 

collected separately and subjected to WB analysis of SR-BI, ALK1, and CLTC (F). The 

percentage of SR-BI (G) and ALK1 (H) in the raft fraction was calculated as follows: (the 

immunoreactive intensity of the raft fraction / the sum of the immunoreactive intensity of 

raft and non-raft fractions) x 100. Values represent the mean ± SE of four experiments. Data 

were analyzed by one-way analysis of variance, followed by Tukey’s post-hoc test. *P < 

0.05 and ** P < 0.01 between the indicated groups.
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Fig. 5. 
The effect of apoAI treatment and ABCA1 knockdown on transendothelial transport of 

apoB-LPs and its associated HDL-like particle formation. A–B: MAECs grown on a 

Transwell™ membrane were transfected with scrambled Ctrlsi (A) or ABCsi (B). The AP 

side of the MAEC monolayer was incubated with 20 μg/ml of 3H-Ch-apoB-LPs in the 

presence of 20 μg/ml of apoAI (AI) or vehicle medium (veh); the BL side was incubated 

with medium alone for 24 h. The BL media were subjected to discontinuous gradient 

ultracentrifugation. Twenty fractions were collected for determination of radioactivity. C: 
The amount of 3H-Ch transported through the MAEC monolayer was determined by the 

sum of radioactivity in all fractions of the BL medium. D: The 3H-Ch level in the HDFs 

of the BL media was expressed as the % of HDF 3H-Ch in the total 3H-Ch (HD / total 
3H-Ch), which was calculated as follows: (the radioactivity in fractions ten through twenty / 

the radioactivity in fractions one through twenty) x100. Values represent the mean ± SE of 

five experiments. Data were analyzed by one-way analysis of variance, followed by Tukey’s 

post-hoc test. *P < 0.05 and ** P < 0.01 between the indicated groups.
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