
INTRODUCTION

Atherosclerosis is a systemic chronic disease of elastic

and muscular arteries resulting from disruption of the lipid

and protein metabolism and accompanied by deposition

of cholesterol and some lipoproteins in the blood vessel

intima [1]. Apolipoprotein A�I (ApoA�I) is a key compo�

nent of the human cholesterol reverse transport. As a

major component of the high�density lipoprotein (HDL),

ApoA�I promotes cholesterol release from the tissues and

its transport to the liver for further oxidation and excretion

from the body [2]. Beside participation in the cholesterol

reverse transport, ApoA�I acts a cofactor of lecithin�cho�

lesterol acyltransferase [3], displays antioxidant proper�

ties [4], and suppresses inflammatory response. In partic�

ular, ApoA�I blocks macrophage activation by T lympho�

cytes and inhibits production of tumor necrosis

factor α (TNFα) and interleukin 1β (IL�1β) [5, 6]. ApoA�

I also suppresses another proinflammatory factor – C�

reactive protein [7]. On the other hand, ApoA�I is a nega�

tive marker of acute inflammatory response. Thus, inflam�

mation development is accompanied by significant down�

regulation of the apoA�I gene expression in the liver and

small intestine, while the ApoA�I protein in circulation is

replaced in the HDL by the serum amyloid and then

degraded by serum proteases [5]. It was established that

HDL is the major transporter of cholesterol to the sites of

steroid hormone synthesis in steroidogenic tissues and

organs of mammals (including humans) and that the

process is controlled by ApoA�I protein [8].

In humans, ApoA�I is synthesized predominately in

liver and small intestine [9]. Earlier, we demonstrated the

presence of both ApoA�I mRNA and protein in human

macrophages and monocytes, although the functions of

ApoA�I in these cells remain obscure [10�12]. Endo�

genous ApoA�I displays anti�inflammatory activity in
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macrophages. Suppression of the ApoA�I biosynthesis by

RNA interference promoted synthesis and secretion of

TNFα, upregulated expression of the lipopolysaccha�

ride (LPS) receptor TLR4, and activated the inflammato�

ry response of macrophages to LPS [10]. In contrast to

hepatocytes, where ApoA�I secretion results in production

of blood plasma HDL, ApoA�I secreted by macrophages

remains bound to the outer surface of the macrophage

plasma membrane (macrophage surface ApoA�I). This

binding occurs mostly due to the ApoA�I interaction with

the cassette transporter ABCA1. Moreover, the level of

ABCA1 in the macrophages strongly correlates with the

amount of the cell surface ApoA�I, since inhibition of the

ApoA�I synthesis results in the decreased ABCA1

content [10]. Of particular interest are the data on the

antiatherogenic role of the human apoA�I gene after its

transfer to mouse macrophages with the use of viral vec�

tors. It was demonstrated that delivery of the apoA�I gene

to the macrophages of mice deficient in the apoA�I gene

(apoA�I –/–) reduced formation of fatty streaks on the arte�

rial walls and promoted cholesterol reverse transport from

the macrophages to the liver [13]. Delivery of the apoE�

deficient bone marrow cells that were infected with a

retroviral vector expressing human apoA�I to the apoA�

I –/– mice significantly reduced the atherosclerotic lesion

areas in the aorta [14, 15]. Similar results were obtained by

the delivery of the lentiviral vectors expressing human

apoA�I gene to the mouse macrophages [16]. Therefore,

available data indicate important antiatherogenic role of

the apoA�I expression in the macrophages.

The apoA�I gene has three promoters. The classic

promoter (positions –41 to +1 relative to the transcrip�

tion start) has the TATA box at position –39 [17, 18]. The

alternative proximal and distal promoters have the tran�

scription starts at positions –153 and –353 relative to the

transcription start of the classic apoA�I promoter [19].

Hepatic enhancer (positions –222 to –110) [17] controls

the apoA�I expression in liver and includes sites A (–214

to –192), B (–169 to –146), and C (–134 to –119) [18].

In hepatocytes, sites A and C bind the apoA�I gene

repressors LXRα, LXRβ [20], ARP1 [21], PPARγ [22] as

well as the activators HNF4α [23], RXRα [24],

PPARα [25], while the transcription factors HNF3β
(FOXA2) [26], and FOXO1 [27, 28] bind to the site B.

Unlike the relatively the well�studied regulation of

the apoA�I expression in hepatocytes and enterocytes, lit�

tle is known on its control in macrophages, in which only

the classic apoA�I promoter is active [10]. Earlier, we

demonstrated that TNFα and hypoxia induce the apoA�I

gene transcription and ApoA�I synthesis in the

macrophages [10�12]. Interestingly, regulation of apoA�I

in hepatocytes mirrors its regulation in macrophages.

Thus, PPARα activates apoA�I expression in hepatocytes,

but suppresses it in macrophages, while other nuclear

receptors (LXRα and LXRβ) repress apoA�I transcription

in hepatocytes and activate it in macrophages [11].

An increased concentration of low�density lipopro�

tein (LDL) and LDL�bound cholesterol in the blood plas�

ma is one of the major risk factors in the development of

ischemic heart disease (clinical manifestation of athero�

sclerosis) [29]. After entering the intima of the arteries,

LDL are retained there due to interactions with the nega�

tively charged components of the extracellular matrix

(heparin sulfates) and are oxidized by free radicals and

enzymes (myeloperoxidases and lipoxygenases) generat�

ing oxidized forms (oxLDL) [30]. oxLDL activates

endothelial cells [31], thus promoting migration of mono�

cytes to the intima, where they differentiate into

macrophages and actively capture oxLDL via scavenger

receptors (SR�A, CD36, SR�B1, LOX1, etc.). Uncon�

trolled scavenging of oxLDL by the macrophages results in

accumulation of the lipid droplets [expansion of endoplas�

mic reticulum (ER) containing cholesterol esters] and

macrophage transformation into foam cells, the major

cellular component of atherosclerotic plaques [32, 33].

Besides being captured by the macrophages, oxLDL also

plays signaling role, although the data on the ability of

oxLDL to trigger signaling cascades in monocytes and

macrophages are contradictory. Some researches claim

that oxLDL interacts with the CD36–TLR2–TLR4 [34],

CD36–TLR6–TLR4 [35], and TLR4–DC–SIGN [36]

receptor complexes, which results in initiation of the

inflammatory response and activation of oxLDL uptake

by macrophages. On the other hand, a number of studies

have demonstrated that the proinflammatory activity of

oxLDL preparations is due to their contamination with

the endotoxin, while the endotoxin�free oxLDL, on the

contrary, suppresses synthesis of the proinflammatory

cytokines by the macrophages [37, 38].

Little is known on the apoA�I regulation during the

uptake of oxLDL by macrophages, key process of the

early stages of atherogenesis resulting in formation of

foam cells. Here, we demonstrate intricate dynamics of

the apoA�I expression in human macrophages upon

oxLDL uptake. The first 24 h of incubation of THP�1

macrophages (human monocytic acute leukemia cells)

with oxLDL were characterized by the induction of the

apoA�I expression (at both mRNA and protein levels),

while after 48 h of incubation, the apoA�I expression was

suppressed. Both effects depended on the oxLDL interac�

tion with the TLR4 receptor, but were not directly related

to the oxLDL uptake by the macrophages. Suppression of

the apoA�I expression after incubation with oxLDL for

48 h depended on activation of the ERK1/2 and JNK

(but not p38) signaling cascades and the transcription

factor NF�κB signaling pathway.

MATERIALS AND METHODS

Cell cultures and differentiation of macrophages from
peripheral blood monocytes. Human acute monocytic
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leukemia THP�1 cells were obtained from the Vertebrate

Cell Culture Collection of the Institute of Cytology,

Russian Academy of Sciences. Cells were cultured in a

RPMI�1640 medium (Biolot, Russia) supplemented with

10% fetal calf serum (FCS; HyClone Laboratories, USA)

in 5% CO2 at 37°C. Differentiation of THP�1 monocytes

into macrophages was induced by addition of 50 ng/ml

(81 nM) phorbol 12�myristate 13�acetate (PMA) for

24 h. Next, PMA was washed off, the medium was

replaced with fresh RPMI�1640 supplemented with 10%

FCS, and the cells were differentiated for another 48 h.

Total time of THP�1 cell differentiation was 3 days for the

experiments on 24�h incubation with oxLDL or 4 days for

the incubation with oxLDL for 48 h.

Preserved donor blood no longer suitable for transfu�

sion was purchased from the Blood Transfusion Station

(St. Petersburg, Russia); all donors have signed the

informed consent for the use of their blood. To obtain

primary macrophages, mononuclear cells were isolated

from the blood by Ficoll density gradient centrifugation

as described in [39]. For this, 15 ml of a Ficoll solution

with density of 1.077 (Biolot) was placed in a 50�ml cen�

trifuge tube; 35 ml of blood was layered onto Ficoll, and

the tubes were centrifuged for 30 min at 2000 rpm at 18°C

in a Z400K centrifuge (Hermle Labortechnik, Germany).

Mononuclear cells were collected from the interphase

and washed twice with Hanks’ solution. The pellet was

resuspended in RPMI�1640 supplemented with 10%

FCS, plated into 96�well plates (100,000 cells per well),

and incubated at 37°C in 5% CO2 for 2 h for monocyte

adhesion. The wells were washed with Hanks’ solution to

remove unattached cells (lymphocytes), and fresh RPMI�

1640 medium supplemented with 10% FCS was added to

the wells. The cells were differentiated into macrophages

at 37°C in 5% CO2 for five days (in experiments on the

incubation with oxLDL for 24 h) or six days (in experi�

ments on the incubation with oxLDL for 48 h).

Antibodies and inhibitors. ApoA�I on the cell surface

was detected with mouse monoclonal antibodies against

human ApoA�I (Bio�Rad, USA) and secondary Alexa

647�labeled rabbit F(ab′)2 antibodies against mouse IgG

(Abcam, Great Britain). TLR4 was blocked with goat

polyclonal antibodies against human TLR4 (R&D

Systems, USA). The following inhibitors of MAP kinase�

mediated and NF�κB signaling cascades were used:

U0126 (MEK1/2 inhibitor), SB203580 (p38 kinase

inhibitor), SP600125 (JNK inhibitor), QNZ (NF�κB

inhibitor), and TO901317 (synthetic agonist of LXRα
and LXRβ nuclear receptors) (Biomol, Germany).

Purification, oxidation, and fluorescent labeling of
LDL. LDL was isolated from the human blood plasma

obtained from the preserved donor blood. To prevent cell

contamination with the exogenous human ApoA�I, we

also used LDL purified from the bovine serum (Biolot).

LDL was isolated by sequential preparative ultracentrifu�

gation as described in [40] using a Beckman Coulter

Optima LE80K ultracentrifuge (Beckman Coulter,

USA). For this, NaBr was added to the human plasma or

bovine serum to the density of 1.019, and the solution was

centrifuged for 18 h at 12°C at 40,000 rpm in a 50.3 Ti

rotor. The upper phase containing very low�density

lipoprotein was discarded. Density of the remaining solu�

tion was increased to 1.064 with NaBr, and the samples

were centrifuged under the same conditions for 22 h. The

upper LDL�containing phase was collected and dialyzed

against phosphate buffered saline (PBS, pH 7.6) for 24 h

at 4°C. Protein concentration was determined by the

Lowry method [40]. LDL was oxidized as described by

Jialal and Chait [41] by adding CuSO4 to the final con�

centration of 5 μM and incubation at 37°C for 18 h with

the access of atmospheric oxygen. oxLDL was dialyzed

against PBS twice for 24 h at 4°C. During the second dial�

ysis procedure, 0.5 mM EDTA was added to the solution

to remove residual copper ions. The extent of LDL oxida�

tion was determined by measuring concentration of the

thiobarbituric acid reactive substances (TBARS) [42].

oxLDL samples (100 μl; protein concentration 2�

4 mg/ml) were incubated with c 0.5 ml of 20% acetic acid

(pH 3.5) and 0.5 ml of 0.78% aqueous solution of thio�

barbituric acid at 95°C for 45 min. Next, the samples were

centrifuged at 4000 rpm for 5 min (Eppendorf, USA) and

absorbance of the red pigment in the supernatant was

measured at 532 nm. Calibration curve was constructed

using malondialdehyde bis(dimethyl acetal) as a source of

malonic aldehyde as described by Esterbauer and

Cheeseman [43]. TBARS concentration in the oxLDL

preparations used in the study was 30�45 nmol/mg of pro�

tein and 7�15 nmol/mg of protein for the native LDL.

LDL was fluorescently labeled before oxidation using

tetrafluorophenyl ester of the photostable hydrophilic dye

Alexa 488 (Thermo Fisher Scientific, USA) according to

the manufacturer’s instructions.

To eliminate the effects of possible bacterial contam�

ination in the experiments with oxLDL, polymyxin B

(Sigma, USA) was added to the cell preparations to bind

and inactivate bacterial LPS.

Monitoring of foam cell formation. THP�1 macro�

phages were washed three times with PBS, fixed in 4%

formaldehyde in PBS for 10 min, washed with 60% iso�

propanol, and stained for 10 min with 3% Oil Red O

(Sigma) in 60% isopropanol. After washing with 60% iso�

propanol, the cells were additionally stained with hema�

toxylin for 2 min and washed three times with PBS. The

number of lipid droplets in the cells was determined under

a Zeiss Axiovert 40CFL microscope (Zeiss, Germany).

RNA isolation and RT�qPCR. Total RNA was isolat�

ed from the cultured cells using an RNA STAT�60 kit

(Tel�Test, USA) according to the manufacturer’s instruc�

tions. Residual genomic DNA was removed by treatment

with RNase�free DNase I (Roche Applied Science,

Switzerland) for 30 min at 37°C. The reaction was

stopped by adding EDTA to the final concentration of
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2 mM, and DNase I was inactivated by heating at 70°C

for 15 min. RNA concentration and purity were evaluat�

ed using a Synergy 2 plate reader (BioTek, USA). The

260/280 nm absorbance ratio was over 2, and the

260/230 nm absorbance ratio was over 1.7. Absence of

RNA degradation was confirmed by electrophoresis in

1% agarose gel based on the integrity of ribosomal RNAs.

Reverse transcription (RT) was performed using the same

amount of total RNA (1 μg) for all samples, oligo�dT

primer, 3′�primers specific for the apoA�I, ABCA1, and

GRP78 genes, and reagents from Promega, USA.

Quantitative PCR (qPCR) was performed using the

Taqman or SYBR Green protocols in a CFX�96 cycler

(Bio�Rad). All reagents were from Sintol, Russia. Primers

and fluorescent probes for the apoA�I, ABCA1, and refer�

ence genes cyclophilin A, β�actin, and rplp0 were

described previously in [10, 22, 28, 44]. The following

primers and probes designed with the Primer3 software

(https://primer3.org/) were used for detection of the

GRP78 mRNA: forward primer 5′�GTTCTTGCCG�

TTCAAGGTG�3′; reverse primer 5′�TTTCCCAAA�

TAAGCCTCAGC�3′; and probe 5′�Cy5.5�TGCTCCT�

GAAGAAATTTCTGCCATGG�RTQ2�3′. Expression of

the apoA�I mRNA was estimated relative to expression of

the reference genes in the multiplex PCR. The results

were normalized using geometrical mean for the three

reference genes as described in [45]. The number of

cycles for each gene was determined with a CFX�96

RealTime PCR System (Bio�Rad), so that the fluores�

cence level was ten times higher than the standard devia�

tion of the background fluorescence. Relative expression

of the apoA�I mRNA (% of control) was determined by

the formula:

2(Ct(control) – Ct(experiment))*100.

Western assay. Cells were lysed in RIPA�50 buffer

(50 mM Tris�HCl, 150 mM NaCl, 1% NP�40, 1 mM

EDTA, 0.1% SDS and 0.01% NaN3, 1 mM PMSF, pH

7.4). Proteins were separated by 12% SDS�PAGE, trans�

ferred to nitrocellulose membrane (Amersham, Hybond�

C, 0.45 μm pore size). The membrane was blocked in a

5% dried skim milk solution in PBS with 0.02%.

Tween 20 for 1 h at room temperature, immunoblotted

with mouse monoclonal antibody against human ApoA�I

for 12 h at 4°C, triple�rinsed in PBS with 0.02% Tween 20

and incubated with horseradish peroxidase�conjugated

secondary antibodies for 1 h at room temperature.

Immunoreactive bands were detected using Enhanced

Chemiluminescence system of detection (ECL) by

Chemidoc XRS+ system (Bio�Rad). The quantification

of western blotting results was performed by the densito�

metry with Image J software (https://imagej.

nih.gov/ij/index.html).

Flow cytometry. The cells were fixed in 4% formalde�

hyde for 10 min at 22°C, washed three times with PBS

containing 0.1 M glycine, and incubated for 40 min at

22°C in the blocking buffer [PBS containing 1% BSA, 3%

FCS, nonspecific human IgG (1 μg/ml), and 0.02% (v/v)

Tween 20]. The cells were incubated with mouse mono�

clonal antibodies against human ApoA�I (dilution,

1/250) in PBS containing 1% BSA and 0.02% (v/v)

Tween 20 for 2 h at 22°C, washed three times with PBS,

and incubated with the secondary Alexa 647�labeled rab�

bit F(ab′)2 anti�mouse IgG antibodies (dilution, 1/1000)

in PBS containing 1% BSA and 0.02% (v/v) Tween 20 for

1 h at 22°C. The cells were washed 3 times with PBS, fixed

with 1% formaldehyde in PBS, and used in flow cytome�

try experiments. The cells incubated with the secondary

antibodies but not with the primary anti�ApoA�I antibod�

ies were used as a control of the immune staining speci�

ficity (isotype control). Flow cytometry and cell sorting

were performed using an Epics Altra flow cytometer

(Beckman Coulter) and FCSalyzer software (https://

sourceforge.net/projects/fcsalyzer/).

Statistical analysis. The results are presented as a

mean ± standard error of the mean (SE). Normality of

distribution was verified with the Shapiro–Wilk test.

Significance of differences between the groups was esti�

mated using the unpaired Student’s t�test. Multiple com�

parisons were performed using the Dunnett criterion.

Difference between the groups was considered significant

at p < 0.05. Statistical analysis was performed using

Microsoft Excel program.

RESULTS

Incubation of macrophages with oxLDL stimulated
apoA�I expression after 24 h and suppressed it after 48 and
72 h. The key process in formation of atherosclerotic

plaques is activation of the uptake of modified LDL by

macrophages accompanied by formation of foam cells

[1, 32, 33]. It seemed interesting to investigate dynamics

of the apoA�I expression during the oxLDL uptake by the

THP�1 macrophages and formation of foam cells, which

was monitored by staining the cells with lipophilic Oil

Red O dye and hematoxylin (Fig. 1). Incubation of the

macrophages with oxLDL (50 μg/ml) for 24 and 48 h

resulted in a gradual accumulation of lipid droplets typi�

cal for the foam cells in the cell cytoplasm. At the same

time, no complete filling of the macrophage cytoplasm

with lipid droplets and necrotic cell death characteristic

of the late stages of the foam cell formation were observed

at the used oxLDL concentrations and incubation

times (Fig. 1).

oxLDL is the major source of oxidized forms of cho�

lesterol, which are natural ligands of the LXR nuclear

receptors. Earlier, we demonstrated that activation of LXR

receptors in the monocytes and macrophages is accompa�

nied by activation of the apoA�I expression. Hence, it can

be expected that the uptake of the oxLDL by macrophages
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should upregulate the apoA�I expression due to accumula�

tion of the LXR ligands in the cells. To verify this hypoth�

esis, THP�1 macrophages (Fig. 2a) or primary

macrophages differentiated from the human peripheral

blood monocytes (Fig. 2b), were incubated with oxLDL

(50 μg/ml) for 24, 48, and 96 h. For comparison, control

cells were incubated for the same periods of time with the

synthetic LXR agonist. Analysis of gene expression by RT�

qPCR showed that the 24�h incubation with oxLDL

upregulated expression of the apoA�I gene to the level

comparable to the activation induced by the LXR agonist.

However, already after 48 h of incubation, the synthesis of

the ApoA�I mRNA was suppressed, with even more pro�

nounced suppression observed after 96 h. At the same

time, the stimulating effect of the LXR agonist progres�

sively increased over the entire incubation period.

oxLDL preparations isolated from the human blood

can contain impurities of exogenous ApoA�I. Since the

level of ApoA�I expression in the macrophages is very low,

exogenous ApoA�I can significantly distort the results of

the ApoA�I content estimation upon macrophage incu�

bation with oxLDL. To prevent the possibility of such

contamination, oxLDL preparations isolated from the

bovine serum can be used [10]. On the other hand, it is

impossible to rule out that the action of oxLDL on the

macrophages is species�specific. To verify this suggestion,

we conducted a series of experiments on incubation of

THP�1 macrophages and macrophages differentiated

from the human peripheral blood monocytes with human

and bovine oxLDL (Fig. 2, a and b). No significant dif�

ference between the effects of human and bovine oxLDL

on the ApoA�I mRNA levels were observed at all incuba�

tion times. All following experiments were performed

with bovine oxLDL. Figure 2c shows dependence of the

ApoA�I mRNA level on the oxLDL dose. oxLDL stimu�

lated ApoA�I mRNA expression starting from 15 μg/ml,

but suppressed it at the concentrations of 25 μg/ml and

above; both stimulation and suppression being dose�

dependent. Upregulation of the apoA�I expression by

THP�1 macrophages after 24 h incubation with oxLDL

was accompanied by the increase in the ApoA�I protein

content in the cells (Fig. 2d). Interestingly, content of the

ApoA�I protein after 48 h of incubation was at the level

typical for the control (unstimulated) cells, unlike the

level of ApoA�I mRNA, which was lower than in the con�

trol (Fig. 2d). Previous studies of the ApoA�I functions in

the macrophages have revealed that the amount of the

ApoA�I protein bound to the outer surface of the plasma

membrane is more important than the total cellular con�

tent of ApoA�I [10]. In this regard, it seemed interesting

to estimate the effect of oxLDL on the surface ApoA�I

(Fig. 2e). It was found that incubation of the THP�1

macrophages with oxLDL for 24 h led to the increase in

the surface ApoA�I; however, after 48 h, the content of

the surface ApoA�I decreased below the level typical for

unstimulated cells. These results indicate that even if

oxLDL stimulated the apoA�I expression at the early

stages of foam cell formation (presumably via accumula�

tion of the LXR ligands), this effect was reversed already

on the second day of the experiment.

Suppression of the apoA�I expression upon prolonged
incubation with oxLDL is not related to the ER stress or
lipid accumulation in the cells. Suppression of the apoA�I

expression can occur via the following three mechanisms.

Firstly, formation of foam cells can be associated with the

ER stress development [46, 47] and lead to downregula�

tion of the genes coding for the secretory proteins with

signaling peptides that are translated into the ER lumen.

Development of ER stress in the macrophages incubated

with oxLDL for 48 h was verified from the expression of

the GRP78 gene encoding for one of the ER chaperones,

since expression of this gene is known to be activated

under ER stress. THP�1 macrophages stimulated with

tunicamycin, which blocks protein N�glycosylation in the

ER and induces ER stress, were used as a positive control

(Fig. 3a). However, we observed no ER stress in our

Fig. 1. Formation of foam cells upon incubation of THP�1 macrophages with oxLDL (50 μg/ml) for 24 and 48 h. The cells were stained with

Oil Red O and hematoxylin, and lipid droplets (red staining) were observed under a light microscope. BSA, control cells incubated with bovine

serum albumin (50 μg/ml).
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Fig. 2. Dependence of the apoA�I expression in THP�1 macrophages (a, c�e) and primary macrophages differentiated from human peripher�

al monocytes (b) on the time of incubation with oxLDL (50 μg/ml): a and c�e) THP�1 cells were differentiated in the presence of PMA

(50 ng/ml) for 2 days and then incubated with human plasma oxLDL (oxLDL�h, 50 μg/ml), bovine plasma oxLDL (oxLDL�b, 50 μg/ml), or

LXR agonist TO901317 (5 μM) for the indicated periods of time; b) monocytes isolated from the peripheral blood of healthy donors were dif�

ferentiated for 4 days and then incubated with human plasma oxLDL (oxLDL�h, 50 μg/ml), bovine plasma oxLDL (oxLDL�b, 50 μg/ml), or

LXR agonist TO901317 (5 μM) for the indicated periods of time; c) dependence of the ApoA�I mRNA level on the oxLDL concentration after

incubation for 24 and 48 h. a�c) Total RNA was isolated and expression of the ApoA�I mRNA was determined by RT�qPCR. All data were

normalized to the expression of three reference genes (cyclophilin A, β�actin, and rplp0). The data are shown as mean ± SE (error bars).

Difference between the experimental and control groups was evaluated using the Student’s t�test; # p < 0.05. d) ApoA�I protein levels in THP�

1 macrophages after incubation with oxLDL (50 μg/ml) for 24 and 48 h (according to Western blot analysis and densitometry from three inde�

pendent experiments); y�axis, relative content of ApoA�I protein in arbitrary units, AU (the content of ApoA�I in untreated cells was taken as

one AU). The amount of ApoA�I protein was normalized to the β�actin content. e) Flow cytometry analysis of THP�1 macrophages incubat�

ed with human oxLDL (50 μg/ml) for 24 and 48 h. The diagram shows mean values of the fluorescence intensity ± SE (error bars). Difference

between the experimental and control groups was evaluated with the Student’s t�test; * p < 0.05.
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experiments, as the incubation of macrophages with

oxLDL did not stimulate the GRP78 expression.

Secondly, apoA�I expression could be affected by

accumulation of the oxLDL metabolism products, some

of which can act as ligands of nuclear receptors (PPARα,

PPARγ, LXRα, LXRβ) that are capable of binding to the

5′�regulatory region of the apoA�I gene and modulating

its expression. Although the hypothesis of LXR involve�

ment in the oxLDL�mediated suppression of the ApoA�I

biosynthesis was refuted by the data presented in Fig. 2,

the question on the role of other nuclear receptors in this

process remains open.

Thirdly, according to the published data, oxLDL

interacts with the TLR4 receptor, leading to activation of

the proinflammatory signaling in the cells [48]. Moreover,

oxLDL internalization by the scavenger receptors, such

as CD36 and LOX1, is accompanied by initiation of the

signaling pathways in the macrophages [49, 50]. To verify

Fig. 3. Effect of the oxLDL uptake by the macrophages on the apoA�I expression: a) incubation of THP�1 macrophages with oxLDL does not

induce the ER stress. THP�1 cells were differentiated in the presence of PMA (50 ng/ml) for 2 day and then incubated with oxLDL (50 μg/ml)

for 24 and 48 h or with tunicamycin (1 μg/ml) for 24 h. Control samples contained 50 μg/ml BSA. Total RNA was isolated from the cells and

the level of the GRP78 mRNA was determined by RT�qPCR. c�d) Dependence of the apoA�I and ABCA1 gene expression on the capture of

oxLDL by THP�1 macrophages. THP�1 cells were differentiated in the presence of PMA (50 ng/ml) for 2 days and then incubated with flu�

orescently labeled (Alexa 488) oxLDL (50 μg/ml) for 48 h. b) Flow cytometry analysis and cell sorting of the THP�1 macrophages incubated

with labeled oxLDL. Dotted line with gray filling under the curve, cells incubated with BSA (negative control); solid black line, cells incu�

bated with Alexa 488�oxLDL; oxLDL– and oxLDL+, gates used for the cell sorting (low and high oxLDL content, respectively). Total RNA

was isolated from the cells and used for analysis of the apoA�I (c) and ABCA1 (d) gene expression by RT�qPCR. The results were normalized

to the expression of three reference genes (cyclophilin A, β�actin, and rplp0) and are shown as mean intensity ± SE (error bars) from 3 inde�

pendent experiments. The significance of differences between the untreated cells (control) and cells incubated with oxLDL was evaluated

using the Student’s t�test; * p < 0.05; n.d., no statistically significant differences between the macrophages with the high (oxLDL+) and low

(oxLDL–) content of captured oxLDL.
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the role of the second suggested mechanism in the sup�

pression of ApoA�I synthesis during prolonged incuba�

tion with oxLDL, we performed flow cytometry sorting of

the THP�1 macrophages after 48�h incubation of these

cells with fluorescently labeled oxLDL. Under the used

experimental conditions, only ∼65% macrophages

acquired the foam cell phenotype (Fig. 3b). Total RNA

was isolated from the LDL+ and LDL– macrophages

and used for estimation of the apoA�I mRNA levels vs.

control cells incubated in the absence of oxLDL

(Fig. 3c). The efficiency of sorting was controlled by eval�

uation of the ABCA1 gene expression (Fig. 3d), which is

known to correlate positively with the amount of captured

oxLDL [51]. We found that the content of ABCA1

mRNA in the LDL– cells was the same as in the control

cells. At the same time, expression of the ABCA1 mRNA

in the LDL+ cells was significantly upregulated, which

was in agreement with the earlier published data. These

results confirm validity of the chosen methodological

approach. Under the same experimental conditions, the

content of the ApoA�I mRNA was the same in the LDL+

and LDL– cells and comprised ∼50% of the its level in

the control cells. These results demonstrate that suppres�

sion of the apoA�I expression upon prolonged incubation

with oxLDL was not related to accumulation of the lipid

compounds in the macrophages and support the hypoth�

esis on the role of signaling mechanisms in this process.

The role of TLR4 in the apoA�I expression regulation
in the macrophages incubated with oxLDL. The most

probable candidate for the oxLDL receptor is TLR4,

which is a natural receptor of LPS. Interaction of oxLDL

with TLR4 also causes activation of the proinflammatory

cascades. To verify the possible role of TLR4 in the regu�

lation of the apoA�I expression upon the action of

oxLDL, TLR4 was blocked with the corresponding anti�

bodies (Fig. 4). In the case of 24 h incubation, blocking of

TLR4 resulted in the reversion of the stimulating effect of

oxLDL (Fig. 4a), while in the case of 48 h incubation,

preliminary treatment of the macrophages with the anti�

TLR4 antibodies completely abolished the effect of

oxLDL, but not the effect of the LXR ligand (Fig. 4b).

Therefore, both the stimulatory (24 h incubation) and

inhibitory (48 h incubation) effects of oxLDL on the

ApoA�I mRNA level in the macrophages was determined

by the interaction of oxLDL with TLR4 and activation of

the related signaling pathways.

The role of MAP kinase and NF�κκB signaling cas�
cades in the TLR4�mediated regulation of the apoA�I
expression. It was demonstrated that the TLR4 activation

in macrophages initiates a number of signaling pathways,

such as MAP kinase (p38, ERK1/2, JNK1/2/3) cascades

and cascade resulting in induction of the proinflammato�

ry transcription factor NF�κB [52]. Here, we studied the

role of proinflammatory cascades in the THP�1

macrophages incubated with oxLDL for 48 h to exclude

possible interference with the TLR4�independent signal�

ing pathways. To elucidate the role of MAP kinase and

NF�κB cascades in the suppression of the apoA�I gene

upon macrophage incubation with oxLDL for 48 h, we

used the corresponding inhibitors (Fig. 5). Inhibition of

the NF�κB, JNK, and ERK1/2 pathways resulted in sup�

pression of the apoA�I expression in THP�1 macro�

phages, thus indicating involvement of these signaling

pathways in the regulation of the apoA�I gene. At the

same time, incubation of macrophages with oxLDL in

the presence of the signaling inhibitors did not cause fur�

ther decrease in the ApoA�I mRNA level. Therefore, sup�

pression of the ApoA�I synthesis by oxLDL involves

Fig. 4. Role of TLR4 in the regulation of the apoA�I expression in the macrophages incubated with oxLDL for 24 h (a) and 48 h (b). THP�1

cells were differentiated in the presence of PMA (50 ng/ml) for 2 days and then treated with antibodies against human TLR4 (anti�TLR4 AB;

5 μg/ml) for 15 min. Control samples were treated with human nonspecific IgG (5 μg/ml). Next, the cells were incubated with oxLDL

(50 μg/ml) or LXR agonist TO901317 (5 μM) for 24 or 48 h. Control samples contained BSA (50 μg/ml). Total RNA was isolated from the

cells and used for estimation of the ApoA�I mRNA level by RT�qPCR. The results were normalized to the expression of three reference genes

(cyclophilin A, β�actin, and rplp0) and are shown as mean ± SE (error bars) from 3 independent experiments. The significance of differences

between the untreated cells (control) and cells incubated with oxLDL or TO901317 was evaluated using the Dunnett criterion; # p < 0.05.
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ERK1/2 and JNK (but not p38) cascades and NF�κB sig�

naling pathway (if the effect of oxLDL is independent on

these signaling cascades, the effect of their inhibitors and

oxLDL on the ApoA�I mRNA level would have been

cumulative). Therefore, we can conclude that suppression

of the apoA�I expression upon 48 h incubation with

oxLDL is determined by the TLR4�mediated activation

of the NF�κB, JNK, and ERK1/2 (but not p38).

DISCUSSION

Functions of the endogenous ApoA�I in the

macrophages, details of regulation of the apoA�I gene, and

possible involvement of the endogenous ApoA�I in

atherogenesis still remain poorly understood. The anti�

inflammatory activity of ApoA�I in the macrophages

demonstrated by us earlier and its ability to stabilize the

ABCA1 cassette transporter [10], as well as the data on the

effect of exogenous human apoA�I gene expression in the

mouse macrophages on the development of atherosclerot�

ic lesions [13�16] allow to state with confidence that

ApoA�I has antiatherogenic effect in the macrophages.

Here, we studied for the first time dynamics of the apoA�I

expression in the macrophages in the process of oxLDL

uptake, which leads to formation of the foam cells.

Accumulation of lipids, in particular, cholesterol, in the

macrophages results in activation of the genes coding for

proteins involved in the reverse cholesterol transport,

e.g., cassette transporters ABCA1 and ABCG1. The key

role in this process belongs to the nuclear receptors

PPARγ and LXRs, whose agonists are accumulated in the

cells upon the oxLDL uptake [51]. The ABCA1 and ABCG1

genes are direct targets of the LXR transcription factors

(regulatory regions of ABCA1 and ABCG1 contain LXR�

binding sites), whereas the LXRβ gene is activated by

PPARγ [51]. The regulatory region of human apoA�I gene

also contains binding site for LXRs (site C in the hepatic

enhancer) [20]. Moreover, LXR transcription factors in

hepatocytes interact with the site C and suppress tran�

scription of the apoA�I gene [20, 32]. Earlier, we demon�

strated that LXRs retain its ability to interact with the site

C in the macrophages; however, in these cells, LXRs acti�

vate expression of the apoA�I gene [11]. Therefore, it

might have been expected that the uptake of oxLDL by

macrophages would be accompanied not only by induc�

tion of the ABCA1 and ABCG1 expression, but also by acti�

vation of the apoA�I gene via the same LXR�dependent

mechanism. However, experimental verification of this

hypothesis revealed more complex mechanisms involved

in the modulation of apoA�I gene activity upon the

oxLDL uptake by the macrophages. Although incubation

with oxLDL for 24 h upregulated expression of the apoA�

I gene both at the mRNA and protein levels, this process

was independent on accumulation of the LXR ligands, as

follows from the results shown in Fig. 4a. In particular,

blocking of TLR4 reversed the effect of oxLDL on the

apoA�I activity. In macrophages, LXRs activate the apoA�I

gene (see the effect of LXR agonist LXR TO901317,

Fig. 2, a and b); hence, if the apoA�I activation after 24 h

incubation was caused by accumulation of the LXR lig�

ands, blocking TLR4 would have had no influence on the

action of oxLDL or would have weakened the stimulating

effect of these compounds. In reality, blocking TLR4

reversed the effect of oxLDL on the ApoA�I mRNA level,

i.e., suppressed expression of the apoA�I gene already after

24 h of incubation. These results can be explained by the

bidirectional effect of oxLDL on the apoA�I activity, such

as stimulation of this gene via the TLR4 could be accom�

panied by initiation of other signaling cascades leading to

the apoA�I downregulation. The stimulatory effect of

TLR4 is strong, so the negative apoA�I regulation can be

observed only upon the complete blocking of TLR4.

Signaling pathways involved in this negative regulation

remain unknown and have to be elucidated in future stud�

ies. The published data on the ability of oxLDL to initiate

signaling cascades by interacting with TLR4 are contra�

dictory (see “Introduction” section). Thus, some authors

state that the observed activation of signaling cascades is

caused by the binding of endotoxin, which contaminates

the oxLDL preparations, to the TLR4 [37, 38]. To rule out

this possibility, we added polymyxin B (compound that

binds to and neutralizes endotoxin) to the preparations of

oxLDL used in our experiments. Therefore, the obtained

Fig. 5. Role of TLR4�mediated signaling cascades in suppression

of the apoA�I expression in the macrophages incubated with

oxLDL for 48 h. THP�1 cells were differentiated in the presence

of PMA (50 ng/ml) for 2 days and then treated with the p38

MAPK inhibitor SB203580 (25 μM), JNK1/2/3 inhibitor

SP600125 (10 μM), MEK1/2 inhibitor U0126 (10 μM), or NF�

κB inhibitor QNZ (10 nM) for 1 h. Next, the cells were incubat�

ed with oxLDL (50 μg/ml) or BSA (50 μg/ml, control) for 48 h.

Expression of the apoA�I gene was evaluated by RT�qPCR. The

results were normalized to the expression of three reference genes

(cyclophilin A, β�actin, and rplp0) and are shown as mean ± SE

(error bars) from 3 independent experiments. The significance of

differences between the cells incubated with oxLDL and BSA

(control) was evaluated using the Dunnett criterion; # p < 0.05.
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data indicate that activation of the ApoA�I synthesis in

the macrophages incubated with oxLDL for 24 h was

related to activation of the signaling cascades initiated by

the oxLDL interaction with TLR4.

Investigation of the long�term effects of oxLDL on

the apoA�I activity also produced unexpected results.

Unlike the LXR ligand, stimulating effect of which

increased with time, oxLDL progressively suppressed the

apoA�I expression after 48 h of incubation. One of the

possible explanations for this reversion of the effect could

be the ER stress observed earlier upon the oxLDL uptake

by the macrophages [46, 47]. However, we detected no

ER stress in our experiments. The reasons for these dis�

crepancies could be insufficiently long incubation times

or low oxLDL concentrations used in the experiments.

An indirect evidence in favor of this explanation is low

level of apoptosis (<10%) in the macrophages incubated

with oxLDL, which indicates that the studied cells were

at the early stages of the foam cell formation, when the

ER stress has not yet developed (data not shown).

Suppression of the apoA�I gene upon prolonged

incubation with oxLDL cannot be explained by accumu�

lation of the lipids and their derivatives in the cells. Cell

sorting of the macrophages after incubation with the flu�

orescently labeled oxLDL showed that, unlike the expres�

sion of the ABCA1 gene induced exclusively in the cells

with high amounts of captured oxLDL, expression of the

apoA�I gene was suppressed to the same extent in the

macrophages with a low and high lipid content. These

results unambiguously indicate signaling mechanism of

the oxLDL action. Blocking of the TLR4 receptor con�

firmed this hypothesis, as the inhibitory effect of oxLDL

was abolished in this case. Therefore, suppression of the

apoA�I activity upon prolonged incubation of the

macrophages with oxLDL was associated with the TLR4�

mediated signaling cascades. Interestingly, stimulation of

the same receptor by the same ligand can cause the oppo�

site effect on the target gene depending on the incubation

time, as it has already been described for the effect of

TLR4 activation of the gene expression in macrophages.

Thus, expression of the Ctnnb1, Maff, Zfp36l1, Dnaja4,

MOUSE UPF04, and Slbp genes was activated by the LPS

binding to TLR4 for the first 2�4 h, but then was sup�

pressed for the next 8 h [53]. Inhibitor analysis revealed

important role of the ERK1/2, JNK, and NF�κB cas�

cades in the suppression of the apoA�I gene upon the pro�

longed incubation of the macrophages with oxLDL. It

was shown earlier that these MAP kinase cascades are

involved in activation of the apoA�I gene in human

macrophages by TNFα [11] or hypoxia [12], and that

LXR transcription factors play an important role in this

process. It is unlikely that LXR is involved in the tran�

scription suppression by oxLDL; most probably, this role

belongs to the transcription factors (e.g., FOXO1�3)

interacting with the site B of the apoA�I hepatic

enhancer [27, 28]. It should be noted that the action of

the inhibitors of MAP kinases and NF�κB on the apoA�I

activity in human macrophages likely depends on the

degree of macrophage differentiation. Blocking any of the

three main MAP kinase cascades or the NF�κB tran�

scription factor in the monocytes results in the increase of

the ApoA�I mRNA level [11]. As the cells undergo differ�

entiation, the stimulatory effect of the inhibitors becomes

less pronounced and then reverses to inhibition [11, 12].

Differences in the rate of monocyte differentiation into

macrophages in different experiments, increase in the

ApoA�I mRNA level in the macrophages during differen�

tiation [10], as well as divergence of macrophages into the

ApoA�I�enriched and ApoA�I�poor pools [10, 11] during

differentiation, make it difficult to compare the influence

of inhibitors on the basal levels of ApoA�I mRNA from

different experiments. Nevertheless, this obstacle should

not prevent the use of inhibitor analysis for elucidating

the role of signaling cascades in the action of external

stimuli on the apoA�I activity in human macrophages.

Another potential difficulty in interpretation of the results

of inhibitor analysis may be nonspecific activity of the

inhibitors. For example, it was reported that high concen�

trations of SB203580 (p38 kinase inhibitor) suppress JNK

kinases [54]. Although we did not observe such cross�

inhibition (cell treatment with SB203580 did not produce

the same effect as the specific JNK inhibitor SP600125),

we cannot rule out that the used inhibitors affected other

signaling pathways in the cells. Hence, our data on the

role of MAP kinase cascades in the oxLDL�mediated

suppression of the apoA�I expression in the macrophages

should be viewed as preliminary and have to be verified in

future studies (e.g., by using RNA interference).

Regulatory regions of the human apoA�I gene do not

contain binding sites for NF�κB; nevertheless, this tran�

scription factor is involved in the LPS– and TNFα�

mediated suppression of the apoA�I expression in hepato�

cytes [43, 55], as well as in the induction of the apoA�I

expression by TNFα [11] or hypoxia [12] in macro�

phages. The effect of NF�κB can be explained by its

interaction with the nuclear receptor PPARα, which is a

positive regulator of the apoA�I expression in the liver.

Such interaction results in the mutual inhibition of both

transcription factors (trans�repression) [55]. Interest�

ingly, PPARα also regulates the apoA�I expression in the

macrophages; however, in these cells, PPARα acts as a

transcription repressor [11]. It is possible that the mecha�

nisms of the NF�κB influence on the apoA�I expression

in hepatocytes and macrophages are similar, but this issue

requires further investigation.

In conclusion, we were the first to demonstrate

changes in the expression of the apoA�I gene in human

macrophages at the early stages of foam cell formation.

These changes have a very complex and bidirectional

dynamics. In particular, initial induction of the ApoA�I

synthesis for the first 24 h is followed by the suppression

of the apoA�I expression within 48 h. Both stimulation
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and suppression of the apoA�I expression are related to

the interaction of oxLDL with TLR4 receptor rather than

to the lipid accumulation in macrophages.
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