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Objective: Probucol is a cholesterol-lowering agent whose ability to prevent atherosclerosis is currently under 

study. Herein, we investigate the putative mechanism of probucol by observation of changes in cellular cholesterol 

efflux and lipid droplet morphology in macrophages. 

Results: The inhibitory activity of probucol was assessed in non-foam or foam cell macrophages expressing ABCA1 

generated by treatment with fetal calf serum (FCS) alone or in combination with acetylated LDL, respectively. 

Probucol inhibited cholesterol efflux to apolipoprotein A-I (apoA-I) by 31.5 ± 0.1% in THP-1 non-foam cells and 

by 18.5 ± 0.2% in foam cells. In probucol-treated non-foam THP-1 cells, nascent high density lipoprotein (nHDL) 

particles with a diameter < 7 nm were generated, while in probucol-treated THP-1 foam cells nHDL particles of 

> 7 nm in diameter containing cholesterol were produced. Foam cells also displayed a significant accumulation 

of free cholesterol at the plasma membrane, as measured by percent cholestenone formed. Intracellularly, there 

was a significant decrease in lipid droplet number and an increase in size in probucol-treated THP-1 foam cells 

when compared to non-treated cells. 

Conclusions: We report for the first time that probucol is unable to completely inhibit cholesterol efflux in foam 

cells to the same extent as in non-foam cells. Indeed, functional nHDL is released from foam cells in the presence of 

probucol. This difference in inhibitory effect could potentially be explained by changes in the plasma membrane 

pool as well as intracellular cholesterol storage independently of ABCA1. 
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. Introduction 

The current intensive low-density lipoprotein (LDL)-lowering ther-

py is designed to significantly attenuate the rate of progression of

therosclerotic vascular disease. Treatment typically involves statins

nd proprotein convertase subtilisin/kexin type 9 (PCSK9) antibodies

uch as evolocumab [1] and alirocumab [2] to improve liver clearance

f LDL, as well as ezetimibe to inhibit cholesterol absorption in the in-

estine [3] . Despite these therapies, not all cardiovascular events are

ompletely prevented [4] . Hence, additional effective pharmacological
Abbreviations: HDL, high density lipoprotein; THP-1, Tamm-Horsfall protein 1; LD  
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ntervention to mitigate the observed residual risk of coronary events

ay be necessary in the future. Probucol is a unique diphenolic an-

ilipidemic compound originally designed for the treatment of hyperc-

olesterolemia [5] . This drug is a powerful nonpolar antioxidant which

s believed to stabilize high-risk plaques [ 4 , 6 ]. Additionally, probucol

ppears to inhibit both the activity and degradation of ATP-binding

assette A1 (ABCA1) [ 7 , 8 ]. Strikingly, in vivo oxidation products of

robucol (spiroquinone and diphenoquinone), stabilize ABCA1 by pro-

ecting it from calpain-mediated degradation [7] . Although many pa-

ers have described the effect of probucol, its mechanism of action has
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foam cells were either used for the visualization of intracellular neutral 
ot yet been elucidated in detail [ 5 , 9–11 ]. Several well-accepted mech-

nisms of probucol-mediated lipid lowering are thought to occur via

ncreasing LDL catabolism independent of the LDL receptor, exerting

nti-inflammatory activities, and causing scavenger receptor suppres-

ion [ 4 , 12 ]. Although clinical trials were stopped [13] , probucol is still

eing investigated for its effect on the inhibition of atherosclerosis initi-

tion in vitro and in animal models [14–17] . A paradox has surrounded

he lipid lowering effect of probucol. Probucol both reduces high density

ipoprotein cholesterol (HDL-C) as well as xanthomas and atheromatous

ascular lesions [ 14 , 18 ]. Available evidence suggests that it may alle-

iate atherosclerosis and improve HDL function in vivo [16] . Notably,

he pharmacological inhibition of ABCA1-mediated cholesterol efflux by

robucol seems to be in contrast to its antilipidemic antiatherosclerotic

ctivities [19] . Although the true effect of this drug and the mecha-

isms by which it influences efflux remain unclear [ 4 , 5 , 8 , 20 , 21 ], there

s no doubt that treatment of cells with probucol inhibits cellular choles-

erol efflux [8] . To date, the effect of probucol on cholesterol removal

rom foam cells is not well documented. We hypothesize that in foam

ells probucol only partially inhibits efflux of cholesterol enhancing a

echanism that is independent of ABCA1 activity. In this study, we

im to clarify the mechanism of action of probucol in macrophage foam

ells in mediating cellular cholesterol efflux and to explore regulation of

he cellular cholesterol pool following probucol treatment. We demon-

trate that probucol is unable to completely inhibit cholesterol efflux

n foam cells to the same extent as in non-foam cells. We find that de-

pite probucol treatment, foam cells generated partially lipidated small

ascent HDL (nHDL) particles with a size greater than 7 nm in diame-

er, which were functional in transferring cholesterol to apolipoprotein

 (apoB)-containing lipoproteins. We demonstrate that probucol treat-

ent resulted in less accessible plasma membrane (PM) cholesterol as

easured by their accessibility to oxidation by cholesterol oxidase, but

hat despite treatment with probucol, foam cells retained more acces-

ible PM cholesterol compared to non-foam cells. This decrease in ac-

essible PM cholesterol coincided with a significant reduction in lipid

roplets (LD) number and an increase in their size. Taken together, these

esults demonstrate that cholesterol efflux persists in probucol treated

oam cells versus non-foam by an ABCA1-independent mechanism. 

. Experimental procedures 

.1. Materials 

Tamm-Horsfall protein 1 (THP-1) monocytes were purchased from

merican Type Tissue Collection (ATCC, Camden, NJ). Mouse-derived

eritoneal macrophages J774 cells were purchased from (ATCC TIB-67,

edarlane, Burlington, Ontario, Canada). Baby hamster kidney (BHK)

ells were the generous gift from Drs. Oram and Vaughan (University

f Washington, Seattle, WA). These cells were stably transfected with

n ABCA1 cDNA gene insert that is inducible by treating the cells with

ifepristone [22] . CHO-K1 cells (ATCC) stably transfected with hABCG1

ere a gift from Dr. J Wendy Jessup (Centre for Vascular Research,

chool of Medical Sciences, University of New South Wales, Kensing-

on, Australia) and conducted as described previously [23] . Cell culture

edia and phosphate-buffered saline (PBS) for washing were purchased

rom Wisent (Walkersville, MD); Fetal calf serum (FCS), bovine serum

lbumin (BSA), 22- hydroxycholesterol (22-OH), cis-9-retinoic acid

9cRA), 8-(4-Chlorophenylthio) adenosine 3’, 5’-cyclic monophosphate

cpt-cAMP), glutamine, gentamicin, sodium pyruvate, Cholesterol oxi-

ase (streptomyces enzyme) and probucol were obtained from Sigma-

ldrich (St. Louis, MO, USA). Tissue culture flasks and plates were ob-

ained from Corning (Corning, NY, USA). Purified human apolipopro-

ein A-I (apoA-I) was obtained from Biodesign (Memphis, TN, USA).

ifepristone was from Invitrogen (Canada) and anti-apoA-I polyclonal

ntibody was purchased from Novus Biologicals Co. (USA). Acetylated

DL (AcLDL) were prepared as previously described [12] and verified

y native agarose gel electrophoresis stained with Sudan black. 
2 
.1.1. Cells 

The J774 murine macrophage and THP-1 human monocyte cell lines

ere cultured in Roswell Park Memorial Institute (RPMI) medium 1640

upplemented with 10% FCS. Baby hamster kidney (BHK) cells express-

ng human ABCA1 were grown in Dulbecco’s Modified Eagle’s Medium

DMEM) with 5% FCS. All the culture media were supplemented with

0 μg/ml gentamicin. 

.1.2. Assay of cellular cholesterol efflux 

Cholesterol efflux was determined as previously described [24] with

inor modifications. Briefly, cells were seeded in 24-well plates. BHK

150,000 cells/well) were cultured in DMEM, J774 (150,000 cells/well),

nd THP-1 (0.5 × 10 5 cells/ml) cells were respectively cultured in RPMI

640 supplemented with 10% FCS in a humidified 37°C, 5% CO 2 in-

ubator under experimental treatments. J774 cells were labeled with

.5ml/well of 2 μCi/ml [3H]cholesterol (Perkin Elmer, Milan, Italy) for

8 h and subsequently incubated overnight in medium containing 0.2%

SA with or without 0.3 mM of (cpt-cAMP) for 18–20 h to induce the ex-

ression of ABCA1 [25] . Cells were then treated without or with probu-

ol (10 μM) for 2h. The washed cells were incubated in the presence of

0 𝜇g/ml apoA-I for 24 h and the cholesterol efflux rate is calculated

24] . In the case of BHK cells, medium consisted of DMEM with 0.1%

SA in the presence or absence of 10 nM mifepristone, for 18–20 h [22] .

ells were then treated without or with probucol (10 μM) for 2h. The

ashed cells were incubated in the presence of 10 𝜇g/ml apoA-I for

4 h and the cholesterol efflux rate is calculated [24] . In THP-1 cells

he efflux process was evaluated as previously described [26] . Briefly,

HP-1 monocytes were cultured in RPMI 1640 medium supplemented

ith 10% FCS at 37°C in 5% CO2. To perform the experiments, cells

ere seeded in 24-well plates at the density of 5 × 10 5 cells/well in the

resence of 50 μg/ml phorbol myristate acetate (PMA) for 72 h to allow

ifferentiation into macrophages [26] . In all experiments, cells were la-

eled with 2 μCi [3H]cholesterol for 48 h. THP-1 cells were then exposed

or 16 h to 0.2% BSA with or without 10 μM 9-cis-retinoic acid (9cRA)

lus 5 μg/ml 22-hydroxycholesterol (22-OH) for activation of retinoid X

eceptor (RXR) and liver X receptor (LXR) respectively. 22-OH and 9cRA

ere dissolved in dimethyl sulfoxide (DMSO) at 2 mg/ml and 4 mM re-

pectively and stored at -20 ̊C. Cells were then washed and incubated

or 2 h with or without 10 𝜇M probucol before efflux time. The efflux

4 h or as indicated) was promoted by 25 μg/ml of apoA-I. CHO-K1

ells were initially labeled for 24 hours with 1 μCi/ml [3H]cholesterol

PerkinElmer, Milan, Italy). The cells were then equilibrated for 2h in

he presence of absence of probucol. Efflux was promoted for 6 h to 12.5

g/ml of HDL [27] . Cholesterol efflux capacity values were expressed as

ercentage ratio between the radioactivity released in the medium and

he total radioactivity incorporated by the cells. The difference between

holesterol efflux capacity of transfected cells and the non-transfected

ells allowed to evaluate the contribution of ABCG1 [28] . 

.1.3. THP-1 foam cells 

In a separate experiment, adherent macrophages J774 or THP-1 cells

ere incubated with 50 μg/ml AcLDL and 2 μCi/ml [3H]cholesterol in

erum-free RPMI 1640 medium containing 1% FCS for 48 h. 0.3 mM

AMP in RPMI (0.2% BSA) was used to upregulate ABCA1 for 18-20 h in

774 cells. A condition of non-stimulated J774 foam cells was also used.

774 and THP-1 foam cells were then washed and incubated for 2 h with

r without 10 𝜇M probucol before the efflux period. The medium was

ollected and centrifuged for 10 min at 1.5 xg to pellet cellular debris. An

liquot of the medium was counted to quantitate the effluxed cholesterol

abel. Meanwhile, the cells were incubated overnight with 0.1 N NaOH

t room temperature, whereupon the radioactivity remaining within the

ells was determined by liquid scintillation counting (Packard 1600CA

ri-Carb, Packard, Meriden, CT). Cholesterol efflux was expressed as

 percentage of the radioactivity released to the medium over the total

adioactivity incorporated by cells [8] . Following AcLDL loading, THP-1
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D by fluorescent microscopy or the quantification of changes of the LD

orphology. 

.1.4. In vitro lipid transfer assay 

THP-1 radiolabelled [3H]cholesterol foam cells (1% FCS, 2 μCi/ml,

8 h) were incubated with or without 10 𝜇M probucol for 2 h, before

poA-I (25 μg/ml) exposure, 24 h. Media cell culture containing 3 [H]-

HDL-particles were concentrated with a cutoff filter of (10 kDa) and

ncubated in human normolipidemic plasma (10 𝜇g:100 𝜇g/ml, relative

o plasma apoA-I) at 37 ˚C for 1 h [24] . After incubation, the plasma

poB fraction was precipitated with an equal volume of 13% polyethy-

ene glycol (PEG) 6000. Transfer of total [3H]cholesterol to plasma apoB

as examined by counting radioactivity in (PEG) precipitated plasma

raction (apoB) and supernatant (HDL). 

.1.5. ABCA1 inhibition 

Efflux was promoted from cell lines expressing ABCA1 after the in-

ubation of cells with or without 10 𝜇M probucol [ 8 , 26 ]. Probucol was

repared as follows. A stock solution of probucol dissolved at 10 mM

n ethanol was prepared and stored at -20°C. For experiments, an initial

olution containing 200 μM probucol, 2% ethanol (v/v) and 4% BSA in

CS-free culture medium was prepared and then diluted to final concen-

ration of 10 μM probucol, 0.1% ethanol (v/v) and 0.2% BSA. Control

edium was prepared without probucol. 

.1.6. Analysis of HDL species by 2D-PAGGE 

Two-dimensional-nondenaturing gradient gel electrophoresis (2D-

AGGE) 5% to 35% was performed as previously described [ 24 , 26 ].

riefly, media cell cultures (100 𝜇l) were separated in the first dimen-

ion (according to their charge) by 0.75% agarose gel electrophoresis

100 V, 3 h, 4°C) and in the second dimension (according to their size)

y 5–35% polyacrylamide concave gradient gel electrophoresis (125

, 24 h, 4°C) along with a molecular weight protein standard mixture

GE Healthcare, UK). Electrophoretically separated samples were elec-

ro transferred (30 V, 24 h, 4°C) onto nitrocellulose membranes (Hybond

CL; Amersham). Molecular weight markers were revealed by Ponceau

 sodium salt. ApoA-I containing particles were detected with an anti-

uman-apoA-I antibody. Quantification of lipid content of the particles

ormed in the presence of probucol was performed from 2D-PAGGE. We

se a film detection method for tritium-labelled proteins in 2D-PAGGE

ccording to Bonner et al . with minor modifications [29] . Briefly, di-

ectly after electrophoresis, gels were incubated two times in DMSO

eparately for 20 min, afterward gels were immersed in 4 volumes of

0% scintillation liquid in DMSO for 3h. After 1h wash in water, gels

ere dried under vacuum (Bio-Rad) for 2h. Area of dried gels corre-

ponding to each condition were cut in slices. Slices were dissolved in

cintillation liquid for overnight at 37°C and counted for radioactivity

y beta counter. 

.1.7. Assays of total accessible plasma membrane cholesterol by 

holesterol oxidase 

Cholesterol oxidase treatment was performed as previously de-

cribed [ 8 , 22 ]. Briefly, cells were labeled with 3 𝜇Ci/ml [3H]cholesterol

or 48 h. Washed cells were then incubated with or without 10 𝜇M

robucol. After 2 h of probucol treatment, cells were washed and then

ncubated with RPMI medium containing 10 𝜇g/ml lipid-free apoA-I for

4 h. The enzyme cholesterol oxidase (1 U/ml) in Dulbecco’s PBS (DPBS)

as added, and cells were incubated for 4 h at 37 ˚C. Lipid was ex-

racted with isopropanol, and radioactive cholesterol and cholestenone

ere separated using thin-layer chromatography (mobile phase: 96:15:8

atio of hexane:methanol:ethyl ether). Quantification was accomplished

sing liquid scintillation counting. 

.1.8. Visualization of and quantification of intracellular neutral lipids 

Cells were stained using the neutral LD specific (BODIPY TM

93/503, Thermo Fisher Scientific) as described previously [30] . Cover
3 
lips were incubated with 4 𝜇M BODIPY staining solution for 45 min-

tes at room temperature. Coverslips were washed with fish skin gelatin

FSG) then mounted on microscope slides with MOWIOL (Calbiochem,

an Diego, CA, USA) mounting media. BODIPY fluorescence was visu-

lized using the Olympus IX81 inverted microscope (Olympus Corpo-

ation, Tokyo, Japan) equipped with a 60x oil immersion PlanApo N

.42 objective and a QuantEM:512SC electron-multiplying CCD (EM-

CD) camera operated by the MetaMorph software. BODIPY emission

ignals were detected using FITC filter, and images were saved as 16-bit

IF images. Images were then processed by the free software ImageJ/Fiji

 https://imagej.nih.gov/ij/ ), National Institutes of Health and the Labo-

atory for Optical and Computational Instrumentation (LOCI, University

f Wisconsin, US). 

.1.9. Western blot analysis by SDS PAGE 

Cells were lysed at 4°C in a lysis buffer (20 m M Tris-HCl, pH 7.4,

ontaining 5 m M NaCl, and 5 mM EGTA, pH 7.5 and protease inhibitor

ixture (1 tablet/50 ml, Roche)) after being washed twice with PBS

x. Cell lysates were centrifuged at 1.5 × g for 5 min, and the re-

ulting supernatant was subjected to protein assay (Bio-Rad, Califor-

ia, US). Proteins were resolved by SDS-PAGE (8-28%) and transferred

o a nitrocellulose membrane (Amersham, Darmstadt, Germany). The

BCA1 and ABCG1 proteins were detected by the affinity-purified hu-

an anti-ABCA1 and anti-ABCG1 antibodies (Novus Biological, Ontario,

anada) respectively using an enhanced chemiluminescence (ZmTech

cientifique, QC, Canada) according to the manufacturer’s instructions.

tandard molecular weight (Bio-Rad, California, US) is shown on the left

f the gel. Membranes were stripped and re-probed with rabbit anti-

-actin (abcam, Ontario, Canada) as a loading-control. Band densities

ere evaluated with Alpha Imager HP Imaging Densitometer with the

ulti-Analyst software (Alpha Innotech Corporation, California, USA). 

.1.10. Quantification of lipid droplet number and diameter 

A total of 166 images were acquired for all experimental conditions.

mageJ/Fiji software was used to manually produce regions of interest

ROIs) corresponding to each LD in a given cell using thresholding tools,

llowing for quantification of changes in LD number, diameter, and vol-

me. For assessment of the average number of LD per cell for a given

ondition (N LD ), cells from each condition were randomly selected and

D were counted using the multi-point function in ImageJ/Fiji and saved

s a ROI. In total, 5740 LD from the 166 images were counted. For as-

essment of the average LD diameter per cell (μm) for a given condition

D avg ), cells were measured using the Oval selection tool in ImageJ/Fiji.

.1.11. Statistical analysis 

Results were presented as means and standard deviations (SD) of

riplicate determinations. Efflux efficiency ( K m 

) was calculated using the

ichaelis-Menten equation (Graph-Pad Prism). Student’s t -tests were

sed to examine the difference between continuous variables; a P value

f 0.05 (2-tailed) was considered statistically significant for all studies.

ne-way analysis of variance ANOVA was used when comparing LD

uantification values. Statistical analyses were performed using Graph-

ad Prism software, version 6.0 (GraphPad Software Inc, La Jolla, CA).

. Results 

Many previous researchers have demonstrated the effect of probucol

n ABCA1-mediated cholesterol efflux. We have attempted to dissect

his mechanism by loading macrophages with [3H]cholesterol labeled

CS vs [3H]cholesterol labeled FCS and AcLDL. These conditions are

esigned to generate non-foam cells vs foam cells respectively. By do-

ng this, we have provided radioactive cholesterol to two separates, but

artially overlapping pools of intracellular cholesterol that allow us to

iscern which pool ABCA1 draws upon to promote cholesterol efflux. 

https://imagej.nih.gov/ij/
https://en.wikipedia.org/wiki/National_Institutes_of_Health
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Fig. 1. Probucol inhibits cholesterol efflux differently in NF cells vs F cells. The effect of a fixed probucol dose on apoA-I cholesterol efflux capacity in THP-1 

non-foam ( A ) and foam cells ( B ). THP-1 cells were radiolabeled with [3H]cholesterol (48 h) or [3H]cholesterol, AcLDL (50 μg/ml) and 1% FBS. Cells were incubated 

for 48 h and treated with 10 μM 9cRA and 5 μg/ml 22-OH for 18 h as indicated in “Methods. ” Cholesterol efflux was then initiated by the addition of apoA-I at the 

indicated doses for 4 h. The fractional cholesterol efflux is plotted as a function of acceptor concentration. In all experiments, efflux of [3H]cholesterol is expressed 

as mean ± SD of triplicate measurements and represents three experiments. C . Concentration-dependent effect of probucol on apoA-I-mediated cholesterol efflux in 

THP-1 and J774 non foam cells respectively. Monolayers were radio labeled for 48 h as described in “Methods. ” THP-1 and J774 cells were then equilibrated with 

0.2% BSA and incubated with 10 μM 9cRA and 5 μg/ml 22-OH or cAMP (0.3 mM) for 18 h respectively. Monolayers were then incubated in the presence of increasing 

concentrations of probucol for 2h. After probucol treatment, cells were washed and incubated with RPMI containing 25 μg/ml lipid-free apoA-I for 4 h. Data are from 

a representative experiment with triplicate wells (n = 3). Values are expressed as means + S.D. D . Efflux to apoA-I in the presence of probucol is almost abolished, in 

the BHK expressing ABCA1 cell type. BHK cells were grown as described in “Methods. ” ABCA1-expressing BHK cells were radio labeled with [3H]cholesterol for 48 

h in 1% FCS. To induce expression of ABCA1, BHK cells were incubated with 10 nM mifepristone containing 0.1% BSA for 18–20 h. Cell were treated with probucol 

for 2 h, washed and incubated with apoA-I for 24 h. Insert represents specific cholesterol efflux after subtracting efflux to BSA (0.2%) including diffusion. Results 

shown are representative of three independent experiments. 
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.1. Probucol influences the kinetics of cholesterol transfer to lipid free 

poA-I 

We evaluated the inactivation of cholesterol efflux by probucol in

on-foam vs foam THP-1 macrophages, Fig. 1 A, B respectively. Fig. 1 A

hows the effect of probucol treatment on the cholesterol efflux acti-

ation curve after incubation for 4 h in non-foam cells. The efflux ef-

ciency ( K m 

) was 5.46 ± 0.93% μg/ml for apoA-I alone and 6.31 ± 1.27

g/ml for apoA-I in the presence of probucol. Probucol shifted the ac-

ivation curve of cholesterol efflux to apoA-I. The inhibitory effect of

robucol was associated with a lower V max 5.65 ± 0.28% efflux/4 h than

poA-I alone 8.1 ± 0.33% efflux/4 h. Thus, in non-foam cells, apoA-I pro-

oted the efflux of cholesterol more efficiently (higher K m 

rate) but less

holesterol (lower V max ) in the presence of probucol. The kinetics of

fflux efficiency in foam cells Fig 1 B ( K m 

) was 3.08 ± 0.08% μg/ml for

poA-I and 2.60 ± 0.08 μg/ml for apoA-I in the presence of probucol. Effi-

ient cholesterol efflux removal to apoA-I persisted in foam cells treated

ith probucol. The inhibitory effect of probucol was associated with a

igher V max (4.19 ± 0.42% efflux/4 h) than apoA-I alone (3.24 ± 0.59%

fflux/4 h). Thus, in foam cells, apoA-I promoted the efflux of choles-

erol less efficiently (lower K m 

rate) but more cholesterol (higher V max )

n the presence of probucol. We further examined the effect of probucol
4 
oncentration on apoA-I cholesterol efflux from J774 cells and THP-

 macrophages ( Fig. 1 C ). J774 cells pre-treated with cAMP were ex-

osed to probucol for 2 h. Increasing doses of probucol were able to

ecrease apoA-I efflux more dramatically in J774 cells than in THP-1

acrophages, p = 0.015. We found that 1 𝜇M of probucol inhibited efflux

y 50% in these cells and maximum inhibition was achieved at 5 𝜇M.

owever, in THP-1 macrophages under the same experimental condi-

ions, 1 μM probucol inhibited efflux by 30% and was able to reach max-

mum inhibition at 2 μM. Accordingly, probucol affects apoA-I/ABCA1

fflux kinetics and has a different effect on J774 cells when compared to

HP-1 macrophages. This may relate to the amount of ABCA1 present in

ach cell type. It was previously shown that probucol is effective against

holesterol efflux after 15 minutes and reaches a maximum activity at

 h that remains until 4h in J774 cells [8] . We specifically quantify this

ffect in BHK cells expressing human ABCA1 under mifepristone induc-

ion and observed probucol significantly inhibited apoA-I cholesterol

fflux by 93 ± 0.01% when compared to apoA-I alone, p = 0.018 (black

nd blue bars, Fig. 1 D) . This result indicated that ABCA1 concentration,

ut not apoA-I concentration, is rate limiting for cholesterol efflux. We

btained a similar level of cholesterol efflux inhibition in THP-1 non-

oam macrophages, regardless of apoA-I concentration ( > 25 μg/ml)

 Fig. 1 A ). 
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Fig. 2. Probucol results in less efflux inhibition in foam cells than non-foam cells. (A, B, C and D) Monolayers of J774 cells (A, B) and THP-1 cells (C, D) 

were labeled with 2 𝜇Ci/mL [3H]cholesterol (non-foam, A, C) or [3H]cholesterol and AcLDL (foam, B, D; 50 μg/ml), for 48 h in RPMI medium 1640 with 1% FCS. 

Cells were then incubated for 18 h with 0.2% BSA or not in the presence (solid bars) or absence (hatched bars) of 0.3 mM cpt-cAMP followed by incubation with or 

without 10 𝜇M probucol as described in “Methods. ” After 2 h of probucol treatment, cells were washed and then incubated with RPMI medium 1640 containing 25 

𝜇g/ml lipid-free apoA-I for 4 h. Data are from a representative experiment with triplicate wells (n = 3). Values are expressed as mean ± SD. ∗ P < 0.05 by Student’s 

t -test. 
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.2. Probucol inhibits efflux to a lesser degree in foam cells than in 

on-foam cells 

The observed difference of probucol inhibition across cell lines may

n part account for the effect of probucol on foam cells. Thus, we assessed

he drug’s effect on cholesterol efflux in foam cells. ApoA-I–mediated

holesterol efflux from J774 non-foam cells (treated with cAMP ag-

nists) after treatment with probucol was maximally inhibited by

8.7 ± 0.8% ( Fig. 2 A , black and blue bars). In J774 foam cells and under

imilar loading conditions, probucol inhibited efflux by only 42 ± 0.60%

 Fig. 2 B, black and blue bars). In THP-1 non-foam macrophages, probu-

ol treatment inhibited this efflux by 31.48 ± 0.10% ( Fig. 2 C, black and

lue bars ). However, we report only an 18.51 ± 0.31% inhibition of ef-

ux in THP-1 foam cells ( Fig. 2 D, black and blue bars ). Therefore,

robucol has less effect on foam cells than non-foam cells ( Table 1 ). 

.3. Probucol’s inhibition is independent of ABCA1 expression levels 

To further define the role of ABCA1 in the observed efflux and test

ur hypothesis, we used J774 cells non-treated with cAMP agonist. In

his case, we would expect ABCA1 protein levels to be very low. In J774

on-foam cells, probucol inhibited efflux by 34 ± 0.01% ( Fig. 3 A, black

nd blue bars ) ( Table 2 ) . In J774 foam cells non treated with cAMP

gonists, probucol inhibited efflux by 20.63 ± 0.88% ( Fig. 3 B , black and

lue bars) ( Table 2 ). The putative mechanism of probucol was also ob-

erved in non-induced BHK cells with 33 ± 0.1 % inhibition of total ef-

ux ( Fig. 3 C ) and 70 ± 0.2% in specific efflux ( Fig. 3 C, inset ), defined as

holesterol efflux after subtracting efflux to BSA (0.2%) and diffusion.

hese cell lines do not express detectable ABCA1 ( Fig. 3 D ) [31] . The

ffect of probucol on ABCA1 expression was further examined in J774
5 
ells stimulated with cAMP and in THP-1 macrophages. Probucol treat-

ent did not significantly alter ABCA1 protein levels in non-foam cells

nd foam J774 cells when stimulated with cAMP ( Fig. 4 C ). J774 cells not

reated with probucol were used as a control ( Figs. 4 A, B ), consistent

ith previous studies [ 8 , 32 ]. Probucol treatment did not significantly

ffect ABCA1 protein expression in cholesterol efflux to apoA-I in J774

oam cells ( Fig. 4 B ). This result was consistent with THP-1 macrophages

 Figs. 4 C, D ). Since this data shows that efflux is different but ABCA1

xpression is not, this suggests that cholesterol efflux removal from foam

ells is partially independent of ABCA1 expression. 

We further address ABCG1 activity in the presence of probucol in

oam cells, given that LXR upregulation will also increase ABCG1 ex-

ression in foam cells to a much greater extent than ABCA1 [ 33 ]. Our

ata indicate that increased doses of probucol did not affect ABCG1

holesterol efflux activity to HDL particles in CHO-K1 cells ( Fig. 4 E ).

mportantly, probucol treatment did not significantly affect ABCG1 pro-

ein expression in THP-1 cells ( Fig. 4 F ) as previously reported [34] .

hese results suggest that ABCG1 activity is unaffected by probucol in

ur model. 

.4. The formation of small lipidated HDL particles > 7 nm from foam 

ells in the presence of probucol activate cholesterol transfer to plasma 

poB particles 

The effect of probucol on HDL formation was evaluated in J774 foam

s. non foam cells not expressing ABCA1 by 2D-PAGGE. Our data con-

rmed an aggregate of lipid free apoA-I with molecular size ≥ 4 nm

 Figs. 5 A, B ) respectively. In THP-1 macrophages non foam cells (with

XR and RXR agonists), probucol effect was confirmed by a lack of for-

ation of spherical or 𝛼-migrating HDL ( Figs. 5 C, D ). In non foam THP-
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Table 1 

Macrophage foam cells are less sensitive to probucol-mediated inhibition of cholesterol efflux than non-foam cells. 

Cell type Experimental 

condition 

% efflux ± SD Total cpm count 

(media and cells) 

% efflux inhibition ± 
SD 

p-value 

J774 

Non-foam 

ApoA-I 4.25 ± 0.05 

879035 

68.70 ± 0.82 0.0004 

ApoA-I + Pb 1.33 ± 0.05 

994868 

J774 

Foam 

ApoA-I 5.12 ± 0.07 

488575 

42.00 ± 0.60 0.0002 

ApoA-I + Pb 2.96 ± 0.03 

547263 

THP-1 

Non-foam 

ApoA-I 2.7 ± 0.2 

347488 

31.48 ± 0.10 0.0002 

ApoA-I + Pb 1.85 ± 0.04 

325383 

THP-1 

Foam 

ApoA-I 1.62 ± 0.05 

174866 

18.51 ± 0.31 0.01 

ApoA-I + Pb 1.32 ± 0.01 

174285 

Fig. 3. The effect of probucol on cholesterol efflux in foam cells without ABCA1 expression. Probucol produces a lesser degree of efflux inhibition in non-cAMP 

stimulated J774 foam cells vs non-foam cells. Monolayers were labeled with 2 𝜇Ci/ml [3H]cholesterol (A) or [3H]cholesterol and AcLDL (B, 50 μg/ml), for 48 h in 

RPMI medium 1640 with 1% FCS. Cells were then incubated for 18 h or not with 0.2% BSA in the absence of 0.3 mM cpt-cAMP followed by incubation with 10 𝜇M 

probucol for 2 h. Cells were washed and then incubated with medium containing 25 𝜇g/ml lipid-free apoA-I for 24 h. C . Probucol completely inhibits cholesterol 

efflux in the absence of ABCA1 expression in non-mifepristone induced BHK cells. BHK cells were labelled with [3H]cholesterol 48 h, 1% FCS. Afterwards, cells 

were incubated in DMEM containing 0.2% BSA for 18–20 h. This was followed by an incubation with 10 𝜇M probucol for 2 h. Non-induced BHK cells were washed 

and incubated with medium containing 10 𝜇g/ml lipid-free apoA-I for 24 h. BHK cells incubated alone were used as control. Inset represents specific cholesterol 

efflux inhibited by probucol obtained after subtracted cholesterol efflux from background.D. Non-stimulated J774 and BHK cells do not express ABCA1 transporter 

protein. Cells were grown as described in Materials and methods, cells were lysed at 4°C with 20 mM Tris, 5 mM EDTA, and 5 mM EGTA; pH 7.5 containing 

0.5% n -dodecylmaltoside. Protein concentration was determined by standard assay (Bio-Rad). Cells were separated by SDS-PAGE (4–22.5%) and immunoblotted 

using antibodies against human ABCA1 and the loading control glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The molecular weight (Bio-Rad) is shown on 

the right of the gel. Data are from a representative experiment with triplicate wells (n = 3). Values are expressed as mean ± SD. ∗ P < 0.05 by Student’s t -test. NF; non 

foam, F; foam 

Table 2 

Probucol inhibits cholesterol efflux in J774 macrophages non-expressing ABCA1. 

Cell type Experimental 

condition 

% efflux ± SD % efflux inhibition ± 
SD 

p-value 

J774 -cAMP 

Non-foam 

ApoA-I 1.04 ± 0.06 34 ± 0.01 0.001 

ApoA-I + Pb 0.69 ± 0.01 

J774 -cAMP 

Foam 

ApoA-I 1.89 ± 0.09 20.63 ± 0.88 0.01 

ApoA-I + Pb 1.50 ± 0.05 

6 
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Fig. 4. Probucol does not alter ABCA1 nor ABCG1 protein expression in foam cells and non-foam cells. Cells were treated as described above, and after 

probucol incubation they were washed with PBS and solubilized and separated by (4-22.5%) SDS-PAGE. (A, D) ABCA1 from J774 and THP-1 cells lysis was detected 

by anti-ABCA1 antibody respectively. (B, C, and D) Changes in ABCA1 protein expression were determined by normalizing against the densitometric intensity of 

GAPDH. (E) Human ABCG1-overexpressing CHO-K1 cells were labeled with 1 μCi/ml [3H]cholesterol for 24 h, washed, and then equilibrated for 2 h in the presence 

of absence of different concentration of probucol. Efflux was promoted for 6 h to 12.5 μg/ml of HDL. (F) Probucol treatment did not significantly affect ABCG1 

protein expression in THP-1 foam cells. ABCG1 from THP-1 cells lysis was detected by anti-ABCG1 antibody. Changes in ABCA1 protein expression were determined 

by normalizing against the densitometric intensity of GAPDH. Each sample was run in triplicate. Values are expressed as means ± SD. GAPDH was used as a loading 

control. ∗ P < 0.05 by Student’s t -test. 
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, nHDL had a diameter less than 7 nm ( Fig. 5 C left panel ). THP-1

oam cells generated discrete apoA-I particles with a diameter greater

han 7 nm ( Fig. 5 D left panel). To characterize the lipids in the parti-

les released from foam cells in the presence or absence of probucol we

ssessed lipid composition by determining [3H]cholesterol radioactiv-

ty by 2D gel electrophoresis. We found that probucol decreased lipid

ssociation by 50 ± 3.73%, p = 0.02, in foam cells ( Fig. 5 E ). The de-

rease in lipid association by probucol is 88 ± 0.59%, p = 0.004, in non-

oam cells ( Fig. 5 F ). This means that probucol inhibits the transfer of

3H]cholesterol into nHDL particles less in foam cells. Moreover, the

uestion was raised whether these particles were functional. We as-

ayed the ability of these particles to activate the transfer of radiolabeled

holesterol to plasma lipoproteins (apoB particles) ex vivo , isolated by

EG precipitation. These particles significantly activate the transfer of

holesterol to plasma apoB, p = 0.008 when compared to particles cre-

ted in foam cells in the absence of probucol, p = 0.0005 ( Fig. 6 A ). There-

ore, fully functional nHDL particles are produced in probucol treated

oam cells. 

.5. Probucol significantly reduced total accessible plasma membrane 

holesterol in foam cells when compared to non-foam cells 

We report that probucol causes less inhibition of cholesterol efflux

n foam cells in comparison to non-foam cells. To address this issue,

e sought to determine which cholesterol pool is accessible to probu-

ol activity in cholesterol efflux from foam cells. To discern between

holesterol that can be effluxed through ABCA1 and the cholesterol that

annot, we used a cholesterol oxidase assay to measure total accessible

M cholesterol content. In this assay, cholesterol oxidase interacts with

holesterol within the outer leaflet of the PM (and the cholesterol that

an flop from the inner leaflet to the outer leaflet) and converts it to
7 
holestenone. All cholestenone formed is now designated as the total

ccessible PM cholesterol content. In J774 foam cells in the presence of

robucol, percent cholestenone shifts from 8.00 ± 0.78% in the absence

f apoA-I (control) to 23.24 ± 0.62 in the presence of apoA-I, p = 0.00036

 Table 3 ). This suggests that incubation with apoA-I promotes recruit-

ent of accessible free cholesterol to the PM. When cells treated with

poA-I are subjected to a 2 h incubation with probucol, this significantly

educes this value to 12.82 ± 0.92, p = 0.007 (inhibition of cholestenone

ormation by almost 45%). In J774 non-foam cells, percent cholestenone

as 9.8 ± 1.55 in the presence of apoA-I, and incubation with probucol

educed this value significantly to 6.99 ± 0.31, p = 0.01 ( Fig. 6 B ) an inhi-

ition of 29%. In THP-1 foam cells, percent cholestenone was 4.15 ± 0.09

n non-treated cells (control) and 16.19 ± 1.46 in the presence of apoA-I,

 = 0.034. A 2 h incubation with probucol reduced this value significantly

o 9.06 ± 0.09, p = 0.01, suggesting an inhibition of cholestenone forma-

ion of 44%. Under similar conditions and in THP-1 non foam cells,

ercent cholestenone was 3.6 ± 0.07 in non-treated cells (control) and

.50 ± 1.55 in the presence of apoA-I, p = 0.01. A 2 h incubation with

robucol reduces this value significantly to 5.8 ± 0.59, p = 0.01, result-

ng in an inhibition of cholestenone formation by almost 32% ( Fig. 6 C )

 Table 3 ). Taken together, probucol treatment resulted in less accessi-

le PM cholesterol for all cell types and treatments ( Table 3 ). However,

ost importantly, more accessible PM cholesterol remains in foam cells

ompared to non-foam cells. As reported previously, differences in the

holesterol oxidase sensitive pool could be explained by a diminished

bility of ABCA1 to redistribute membrane cholesterol to cell-surface do-

ains accessible to treatment with the enzyme cholesterol oxidase [22] .

f note, in foam and in non-foam cells, probucol alone did not influence

he total accessible plasma cholesterol level ( Fig. 6 C, CTR + probucol

ars). 
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Fig. 5. Characterization of lipidated apoA-I-containing particles generated from pretreated THP-1 cells with probucol. Monolayers were labeled with 2 

𝜇Ci/ml [3H]cholesterol for 48 h in RPMI medium 1640 with 1% FCS. After 2 h of probucol treatment, cells were washed and then incubated with RPMI medium 

1640 containing 10 𝜇g/ml lipid-free apoA-I for 24 h. Afterwards, the media were collected and prepared as described in “Experimental Procedures. ” Samples were 

separated by 2D-PAGGE and apoA-I was detected by anti-apoA-I antibody as described in “Methods. ” ( A, B) : J774 non-foam and foam cells whole medium. ( C, D) : 

Human THP-1 macrophage non foam and foam cells whole medium. Molecular size markers (diameter in nm) are indicated. The HDL particle diameters are derived 

from the relative mobility values of the centers of the various bands. Molecular weight markers were revealed by Ponceau S. ( E, F ). Nascent HDL (nHDL) particles 

formed from foam cells pretreated with probucol contain more lipids than those from non foam cells. radioactivity applied to gel electrophoresis. Radioactivity 

appearing in gels corresponding to apoA-I and apoA-I + probucol was counted as described in “Methods. ” [3H]cholesterol (E) from foam cells versus (F) non foam 

cells in the presence of apoA-I or apoA-I + probucol was expressed as a percentage of control (100%, in the absence of apoA-I). Results shown are representative of 

three independent experiments. ∗ P < 0.05 by Student’s t -test. 

Table 3 

Macrophage foam cells are more sensitive to probucol-mediated decrease of the total accessible plasma membrane 

pool of cholesterol than non-foam cells. 

Cell type 

Experimental 

condition % cholestenone ± SD 

% cholestenone 

inhibition ± SD p-value 

J774 

Non-foam 

ApoA-I 9.8 ± 1.55 29 ± 0.5 0.01 

ApoA-I + Pb 6.99 ± 0.31 

J774 

Foam 

ApoA-I 23.24 ± 0.62 45 ± 1.41 0.007 

ApoA-I + Pb 12.82 ± 0.92 

THP-1 

Non-foam 

ApoA-I 8.50 ± 1.55 32 ± 0.1 0.01 

ApoA-I + Pb 5.8 ± 0.59 

THP-1 

Foam 

ApoA-I 16.19 ± 1.46 44.03 ± 0.1 0.01 

ApoA-I + Pb 9.06 ± 0.09 
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.6. Probucol alters lipid droplet number and size in foam cells 

We next sought to provide further insight into the intracellular reg-

lation of the cholesterol pool following probucol treatment of foam

ells. Alterations of lipid metabolism are often apparent through changes

f the LD morphology (number and diameter of LD per cell) [30] . Be-

ause macrophage foam cells mainly contain cholesteryl esters (CE) har-

ored within LD [35] , we tested whether probucol interfered with LD

etabolism in these cells. Intracellular LD of THP-1 foam cells treated

ith apoA-I in the presence or absence of probucol are visualized by

uorescent microscopy and shown in Figs. 7 A, B . In comparison to the

poA-I alone condition ( Fig. 7 A), addition of probucol decreases the to-

al number of LD per cell ( Fig. 7 B). Quantitative data shows that probu-

ol treatment caused a significant decrease in the number of foam cell

D ( Fig. 7 C ), p = 0.0001. Interestingly, this reduction was also associ-

ted with a significant increase in LD size, p = 0.04 ( Fig. 7 D ). Therefore,
8 
robucol treatment changes the size and number of LD, such that the

HP-1 foam cells have fewer but larger LD. 

. Discussion 

It remains undisputed that the treatment of macrophages with probu-

ol can influence cellular cholesterol efflux. However, the mechanisms

y which it produces changes in efflux remain paradoxical [ 5 , 20 ]. It

as been proven that probucol binds to and directly inhibits ABCA1

8] ; however, cholesterol efflux is differentially affected by probucol in

oam and in non-foam cells at both the kinetic and physiologic level. 

We distinguish differences in cholesterol efflux kinetics across cell

ines when exposed to probucol. A fixed probucol dose tested against

arious doses of apoA-I was found to lower apoA-I cholesterol efflux

fficiency, as judged by a higher K m 

and lower V max values. The kinet-

cs of cholesterol transfer to apoA-I increases in the presence of probu-



A. Hafiane, A. Pisaturo, A. Ronca et al. BBA Advances 1 (2021) 100003 

Fig. 6. Dynamics of nascent HDL generated from foam cells in the presence of probucol. Radiolabelled [3H]cholesterol loaded nascent HDL (nHDL)-like 

lipoprotein apoA-I derived from THP-1 foam cells pretreated with or without probucol were incubated with normolipidemic human plasma for 6 h at 37°C. After 

incubation, apoB was precipitated with 50/50 vol/vol 20% PEG 6000. Apo B containing particle fractions were dialyzed and [3H]cholesterol transfer was calculated 

between nHDL and apo B fractions as indicated ( A ). Counts were made in triplicates. B . Probucol effect on free cholesterol oxidation by cholesterol oxidase in J774 

mouse macrophages ( C ) and in THP-1 non-foam and foam macrophages. Monolayers were labeled with 3 𝜇Ci/ml [3H]cholesterol for 48 h with 1% FCS or with 3 

𝜇Ci/ml [3H]cholesterol, AcLDL (50 μg/ml) and 1% FCS for 48 h with 1% FCS. Cells were treated with probucol as described above, but the incubation with cAMP 

was done with 10 𝜇M 9cRA and 5 𝜇g/ml 22-OH. Data are from a representative experiment with triplicate wells (n = 3). Values are expressed as mean ± SD. ∗ P < 0.05 

by Student’s t -test. Control cells (CTR) shows the results from non-treated cells, while CTR-probucol (PB) shows the results from cells treated with probucol 10 mM 

for 2h. 

Fig. 7. Probucol effect on lipid droplet distribution in THP-1 foam cells treated with apoA-I ( A ), and a combination of apoA-I and probucol ( B ). THP-1 foam cells 

were prepared as described in “Methods ” and incubated with apoA-I or ApoA-I and probucol. Cells were stained with BODIPY and LD were visualized with an 

Olympus IX81 inverted microscope. Images were then processed in ImageJ/FIJI. C, D . Probucol effect on LD number and size in THP-1 foam cells. FIJI was used to 

manually count the number of LD ( C ) and the size of each LD ( D ) in THP-1 foam cells. Values are displayed as mean ± SD. E . Probucol effect on apparent LD volume 

per cell. Total LD volume was estimated per cell based on mean LD number and diameter as shown in “Methods. ” Values are displayed as mean ± SD. ∗ P < 0.05. 

9 
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Table 4 

Summary of main findings. 

Main finding: a non-ABCA1 pathway of cholesterol efflux in foam cells is 

unmasked by probucol 

• Probucol differentially affects cholesterol efflux in macrophages foam 

cells and non-foam cells 

• Probucol does not change the protein expression level of ABCA1 in 

J774 and THP-1 macrophages 

• Functional nascent HDL is preferentially generated upon AcLDL loading 

(foam cell) in the presence of probucol 

• Pre 𝛽-HDL particles ( > 7 nm) formed in the presence of probucol 

contain cholesterol which were functional in transferring cholesterol to 

apoB-containing lipoproteins 

• Decrease in accessible PM cholesterol 

• A significant reduction in LD number and an increase in their size 
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ol, while the kinetics of increased doses of probucol differs across cell

ines. In J774 cells, 5 𝜇M probucol was able to reach maximum inhi-

ition of cholesterol efflux. However, in THP-1 macrophages a 2 μM

ose of probucol was efficient to reach maximum inhibition. This dif-

erence likely has to do with the different expression level of ABCA1

n these cells. Nevertheless, long-term treatment with probucol (48 h)

ith doses higher than 10 μM (30, 50, and 100 𝜇M) may cause ubiquitin-

ediated protein degradation as observed in human embryonic kidney

ells (HEK293) expressing ABCA1 [36] . This evidence may point to the

mportance of appropriate drug dosage [14] . 

Based on our data from two cell lines (J774 and THP-1

acrophages), we propose that probucol inhibits ABCA1, thereby in-

ibiting the recruitment of free cholesterol to the ABCA1 microdomain

n the PM (as shown in Fig. 6 ), which in turn blocks the shuttling of

holesterol from intracellular sources (such as LD) to the PM, and ulti-

ately leads to the reorganization of LD morphology ( Fig. 7 ). We pre-

ict that probucol inhibits ABCA1 from effluxing the "ABCA1-accessible"

ool. Therefore, the cholesterol that is loaded by AcLDL is not entirely

n an "ABCA1-accessible" pool. We attempted to use the cholesterol oxi-

ase assay as a second method to measure the ABCA1-accessible choles-

erol pool (besides the efflux measurements in non-foam and foam cells).

e concluded that probucol treatment resulted in more accessible PM

holesterol in foam cells than non-foam cells ( Table 3 ). Because treat-

ent of apoA-I in foam cells resulted in a greater recruitment of accessi-

le PM cholesterol than in non-foam cells, probucol elicited a greater in-

ibitory effect on accessible PM cholesterol. This evidence is in line with

he effect of probucol in reducing the total accessible PM cholesterol

ool in J774 foam cells [37] and diminishing cholesterol microdomains

n differentiated wildtype mouse macrophages incubated with AcLDL

20] . 

We further identified the formation of functional lipidated-small

HDL (pre 𝛽-1 like HDL particles) with diameter size ~7-8 nm, in foam

ells in the presence of probucol. In non-foam cells treated with probu-

ol, nHDL particles were ~4 nm and poorly lipidated. Transient ele-

ation of lipidated nHDL particles is thought to be beneficial in re-

oving cholesterol from the artery wall [38] . Several lines of evidence

uggest that pre 𝛽1-HDL concentration associates with the amount of

ETP protein [39] . This evidence, in part, supports our finding that

mall nHDL particles collected from foam cells are active in promot-

ng transfer of unesterified cholesterol content to apoB-containing par-

icles in plasma ex vivo . In support of this concept, plasma HDL reduc-

ion in a probucol-treated hypercholesterolemic patient may acceler-

te cholesterol transport through the HDL system out of cholesterol-

nriched foam cells [ 11 , 40 ]. It is possible that probucol-treated cells
ig. 8. A proposed model for probucol interaction in foam cells. A ) ABCA1 depen

o produce pre 𝛽-HDL. B ) ABCA1 independent cholesterol efflux. Probucol inhibits 

erol pool in PM. This process would modulate: 1) PM ABCA1-accessible and inacc

abeling/recruitment. 2) Generation of small nHDL particles ( > 7 nm) partially lipid

ipoproteins. 4) Intracellularly, this was associated with increased storage of CE, a dec

E; Acyl-coenzyme A:cholesterol acyltransferase 1, ACAT1; Cholesteryl ester hydrola

terol O-acyltransferase (acyl-Coenzyme A: cholesterol acyltransferase) 1, SOAT1; lip

10 
ay generate such lipoprotein particles that are more active in promot-

ng net cholesterol efflux from foam cells [41] . Moreover, this is con-

istent with the observation that probucol attenuates the accumulation

f lipid-laden macrophages in xanthoma lesions of familial hypercholes-

erolemia patients [7] . Inactivation of ABCA1-dependent cholesterol ef-

ux by probucol in mouse primary hepatocytes was shown to be respon-

ible for increasing the fecal excretion of HDL-derived cholesterol in vivo

18] . Although expected to lead to a decrease in HDL-C levels, probucol

ay lead to increased reverse cholesterol transport. This may provide

n explanation for the beneficial effects of probucol on reducing xan-

homas. Moreover, an earlier published report demonstrated an ABCA1-

ndependent mechanism in primary hepatocytes in vitro [42] . However,

he relevance of this pathway in regard to our finding in macrophages

s yet to be determined. We believe that the use of probucol has effec-

ively revealed an ABCA1-independent mechanism of HDL generation

n our model. While the total HDL production is much less, this novel

echanism does produce nHDL with cholesterol lipidation. 

The amount of cholesterol accumulated in LD, as well as ABCA1

ctivity, are potentially rate limiting steps in cholesterol efflux [35] .

owever, it has been shown that probucol inhibits the translocation

f ABCA1 to the PM [ 8 , 43 ]. We thus propose that the rate limiting

tep of the observed efflux in the probucol-treated foam cell condi-

ion could be the hydrolysis of CE from LD independently of ABCA1.

he enhanced efficiency of probucol-mediated inhibition of cholesterol

fflux in non-foam cells when compared to foam cells can not be ex-

lained by the mechanism of action of probucol alone. Indeed, the dif-
dent cholesterol efflux without probucol. 1, 2) ApoA-I interacts with ABCA1 

the ABCA1 activity with apoA-I and decreases the ABCA1-accessible choles- 

essible cholesterol where probucol treatment resulted in less PM cholesterol 

ated, 3) which were functional in transferring cholesterol to apoB-containing 

rease in LD number and increase in size. Free cholesterol, FC; cholesteryl ester, 

se, CEH; Apolipoprotein A-I, ApoA-I; nascent high density lipoprotein, nHDL; 

id droplets, LD. 
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erences in cholesterol loading also likely play a role in the observed

ffect. In this study we propose that loading macrophages with choles-

erol derived from FCS (non-foam) differs from cholesterol from AcLDL

foam). The data would argue that cholesterol that enters macrophages

hrough different lipoproteins and different receptors is handled differ-

ntly by the macrophage. We can then use probucol as a precise tool

o probe intracellular cholesterol trafficking stimulated by apoA-I, cre-

tion of a cholesterol enriched PM ABCA1 microdomain, and ABCA1 me-

iated cholesterol efflux ( Table 4 ). Altogether these observations pro-

ide substantial evidence for a revised model of cholesterol trafficking

n macrophages ( Fig. 8 ). 

. Conclusion 

In conclusion, we are unmasking an ABCA1-independent efflux

echanism by treating macrophages with probucol (to inhibit the

BCA1-dependent efflux) and by loading the cells with different lipopro-

eins such as AcLDL. This is the first report of an ABCA1-independent

echanism of HDL generation in macrophages. While the total HDL (7

o 9 nm in size) production is significantly reduced, this novel mech-

nism produces nHDL with partial cholesterol lipidation. We demon-

trate that probucol influences cholesterol trafficking through intracel-

ular (LD), PM, and extracellular (efflux) means. 
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