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Abstract: Liver X receptor alpha (LXRa) plays important roles in lipid metabolism and inflammation. Therefore, it
is essential for protection against atherosclerosis (AS). In AS plaques, the key cells involved in lipid metabolism
and inflammation are macrophages. However, the mechanism by which LXRa regulates macrophage involvement
in AS formation remains unclear. In this study, we first confirmed the effects of an LXRa agonist (T0901317) and
antagonist (GSK2033) on foam cell formation and inflammation in vivo and in vitro. Indeed, T0901317 reduced the
number of macrophages in AS plaques and decreased the number of migrated macrophages, as assessed using an
in vitro transwell assay. Next, we investigated the relationship between the reduction in macrophages in AS plaques
and cytokine levels or foam cell formation. The results show that T0901317 reduced the number of high cholesterol-
induced M1 macrophages by converting them into M2 macrophages in vivo and in vitro. Due to this phenotypic
transition of macrophages, the inflammatory response was alleviated, and lipid metabolism was enhanced in AS
plaques. This effect was achieved by promoting the expression of reverse transporters (ATP-binding cassette trans-
porter member 1 and ATP-binding cassette subfamily G member 1) and inhibiting the phosphorylation of nuclear
factor-kB-mediated phosphorylation.
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Introduction of lipids. LXRa is mainly distributed in the liver,

intestine, and adipose tissue, and the lack of
Cholesterol metabolism, including biosynthe- LXRa leads to the accumulation of cholesterol
sis, catabolism, and reverse cholesterol trans- in the liver [4]. The biological functions of LXRa
port (RCT), is closely related to a large number include the following: (1) regulation of choles-
of diseases, such as atherosclerosis (AS). At terol transport; (2) regulation of lipid absorption

the same time, an excessive inflammatory res-
ponse also increases the risk of AS. RCT plays
a key role in the formation of AS plaques and
the necrotic core. In turn, cytokines and chemo-
kines can damage endothelial cells and smooth
muscle cells, thus leading to the increased
recruitment of macrophages that promote AS
formation. In addition to participating in RCT,
macrophages play a role in the regulation of
inflammation, which further contributes to the

and transformation; (3) regulation of lipid syn-
thesis; (4) modulation of inflammatory factor
expression; (5) regulation of carbohydrate me-
tabolism; and (6) autocatalytic function. The
related functions of LXRa play an important
role in regulating the occurrence of AS. Curr-
ently, the clinical treatment for AS is to directly
induce the utilization of cholesterol by liver cells
and to reduce the content of low-density lipo-

formation of AS [1, 2]. protein (LDL) cholesterol. However, these drugs

have many side effects. Recent studies have
LXRa belongs to a subgroup of nuclear recep- investigated the use of LXRx agonists to in-
tors and is considered to play an important role crease high-density lipoprotein (HDL) choles-
in the regulation of lipid metabolism [3]. Target terol levels and to lower plasma cholesterol lev-
genes of LXRa have been shown to regulate the els [5, 6]. However, these studies have mainly

assimilation, transportation, and biosynthesis focused on role of LXRa in regulating blood lip-
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ids and liver cholesterol metabolism, and the
role of LXRa in regulating macrophages in AS
plaques remains poorly understood.

The ATP-binding cassette (ABC) protein family is
directly related to cholesterol transport, as it
can transport cholesterol from the cytosol to
extracellular receptors. For example, ABC trans-
porter member 1 (ABCA1) can transfer cytosol-
ic cholesterol to apoprotein to form HDL choles-
terol. ABCA1 is widely distributed in the tissue
and is mainly expressed on the surface of mac-
rophages and monocytes. Animal experiments
have shown that mice fed LXRa agonists for 12
hours have significantly increased lipoprotein
lipase expression levels in hepatocytes and
macrophages [7, 8]. The target genes of LXRa
are involved in various processes, such as
absorption, transport, transformation, and lipid
synthesis. Furthermore, LXRa can bind to the
promoter region of tumor necrosis factor alpha
(TNFx) and promote the expression of TNFa in
macrophages [9, 10].

Based on the function of LXRa in regulating
lipid metabolism and the inflammatory res-
ponse, we decided to target macrophages in AS
plaques and focused on whether LXRa affects
the development of AS by regulating macro-
phage function. Overall, our results demon-
strate that the LXRa agonist reduced the area
of AS plaques and delayed the development of
AS by inducing the conversion of M1 macro-
phages into M2 macrophages. This effect was
achieved by promoting the expression of
reverse transporters (ABCA1 and ABCG1) and
inhibiting the phosphorylation of NF-kB. There-
fore, our study aimed to investigate the role of
macrophages in the development of AS and to
assess the role of liver X receptor alpha (LXRx)
in the regulation of RCT and inflammatory res-
ponse at the macrophage level.

Materials and methods
Apoe”- mice and LXRa agonists/antagonists

Eighty adult male Apoe” C57BL/6 mice (8
months old, 20-25 g) were used for the follow-
ing experiments: western blot analysis and
enzyme-linked immunosorbent assay (ELISA; n
= 20), immunohistochemistry (n = 40), and
transmission electron microscope studies (n =
20). C57BL/6 mice were obtained from the
model animal research center of Nanjing Uni-
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versity. Experimental animals were divided into
four groups: Apoe”- mice on a normal diet (con-
trol group), Apoe”- mice on a high-fat diet (model
group), TO901317-treated (Sigma, CA, USA)
Apoe” mice on a high-fat diet (Sigma, CA, USA)
(TO901317 group), and GSK2033-treated (Sig-
ma, CA, USA) Apoe”” mice on a high-fat diet (GS-
K2033 group). Drugs were administered via
gavage through a stomach tube. The total treat-
ment time was 3 months for each group, for the
drug groups, mice simultaneously were given
the drug while on the high-fat diet. Each drug
was prepared as previously described [11].
Briefly, T0901317 was dissolved in dimethyl
sulfoxide (DMSO), and the solution was diluted
to a final concentration of 0.03% in double dis-
tilled water. T0901317 was administered at a
dosage of 15 mg/kg mouse/day. GSK2033
was formulated in the same manner as TO-
901317 and was administered at a dosage of
10 mg/kg mouse/day [12]. All Apoe” mice were
kept in the SPF grade animal facility at the ani-
mal center of the Shanghai University of Tra-
ditional Chinese Medicine. The room tempera-
ture was maintained at 24°C with a relative
humidity of 50-60%, and a light/dark cycle of
12 hours/12 hours was utilized. All drug gavag-
es and tissue extractions were approved by the
Animal Care Committee of the Use of Laboratory
Animals at Shanghai University of Traditional
Chinese Medicine.

RAW264.7 cell culture

RAW264.7 cells (Cell Bank, Shanghai Institute
for Biological Science, Shanghai, China) were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific, MA, USA) su-
pplemented with 10% heat-inactivated fetal
bovine serum (FBS; Thermo Fisher Scientific,
MA, USA) at 37°C in a humidified atmosphere
of 95% air and 5% CO,,. Cells were passaged
according to the number of cells required for
different experiments. On the second day after
passage, the cells were incubated with 100 ug/
ml ox-LDL (Yuanye Biotechnology, Shanghai,
China) with or without 10 yuM T0901317 or 10
MM GSK2033 to establish lipid oxidation and
AS therapy models in vitro. Cell experiments
were divided into four groups: (1) RAW264.7
cells incubated with 0.03% DMSO (control); (2)
RAW264.7 cells incubated with 100 yg/ml ox-
LDL (model treatment group); (3) RAW264.7
cells incubated with 100 pg/ml ox-LDL for 4
hours, followed by 10 yM T0901317 for 24

Am J Transl Res 2019;11(6):3825-3840



LXRa and macrophage conversion in atherosclerosis

hours (T0901317 treatment group); and (4)
RAW264.7 cells incubated with 100 pg/ml ox-
LDL for 4 hours, followed by 10 uM GSK2033
for 24 hours (GSK2033 treatment group). For
Oil Red O assays, RAW264.7 cells were cul-
tured in 24-well plates and fixed with 4% para-
formaldehyde (Servicebio, Wuhan, China) for
15 minutes, after which they were washed with
0.01 M phosphate-buffered solution (PBS) (pH
7.4) for three times prior to Oil Red O staining.

Hematoxylin and eosin (H&E) staining

Apoe”- mice were anesthetized by intraperito-
neal injections of sodium pentobarbital (80
mg/kg) and perfused with 20 ml of 0.9% saline,
followed by 50 ml of 4% paraformaldehyde.
After perfusion, the heart and aorta (aortic
arch, thoracic aorta, abdominal aorta) were
carefully removed, blocked, and post-fixed for
an additional 12 hours in the same fixation
solution at 4°C. The sample was then trans-
ferred to 20% sucrose in 0.01 M PBS, followed
by 30% sucrose in 0.01 M PBS at 4°C until it
stayed at the bottom of the container. The heart
tissue was embedded in paraffin, and 5-um
sections of the left ventricular aortic outflow
tract were obtained transversely using a paraf-
fin slicer (Leica SYD-S2020, Bannockburn, IL).
H&E staining was performed according to the
manufacturer’s protocol (Servicebio, Wuhan,
China). Briefly, after dewaxing paraffin sections
with xylene and hydrating with gradient etha-
nol, tissue sections were incubated in sodium
citrate antigen retrieval solution for 15 minutes
at 100°C. Afterwards, they were stained with
hematoxylin for 10 minutes and then stained
with eosin for 1 minute at room temperature.
The sections were then dehydrated, cleared,
cover slipped, and examined using a light mi-
croscope (CX43 Biological Microscope, Olym-
pus, Japan). Image-Pro Plus 6.0 software (Me-
diacybernetics, MD, USA) was used to measure
the plaque area and left ventricular outflow
tract area, and the ratio of plaque area to left
ventricular outflow tract area was calculated.
Ratios were compared among groups.

Oil red O staining

Heart tissues were embedded in tissue freez-
ing medium (Tissue-Tek, Elkart, IN), and 15-um
frozen sections of the left ventricular aortic out-
flow tract were obtained using a cryostat (Leica
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CM1900, Bannockburn, IL) and thaw-mounted
on gelatin-coated slides. Oil Red O staining was
performed according to the manufacturer’s
protocol (Abcam, Cambridge, UK). Briefly, slides
were placed in propylene glycol for 2 minutes
and then incubated in Oil Red O solution for 6
minutes. Afterwards, the section was incubat-
ed in 85% propylene glycol (diluted in distilled
water) for 1 minute and rinsed with distilled
water twice. Sections were then incubated in
hematoxylin for 1-2 minutes, after which they
were dehydrated, cleared, cover slipped, and
examined using a light microscope (CX43 Bio-
logical Microscope, Olympus, Japan). Image Pro
Plus 6.0 software (Mediacybernetics, MD, USA)
was used to measure the Oil Red O-positive
plaque area and left ventricular outflow tract
area, and the ratio of positive plaque area to
left ventricular outflow tract area was calculat-
ed. Ratios were compared among groups.

Transmission electron microscope analysis

Transmission electron microscope analysis
was performed as previously described. Se-
lected aorta tissues (mainly at the aortic arch)
and RAW264.7 cells were processed, section-
ed, and stained using standard techniques [13,
14]. After 24 hours in the primary fixative (2.5%
glutaraldehyde/0.1 M PBS, pH 7.3, 4°C), the
aorta was cut along the long axis. The AS
plague was located and divided transversely
into smaller pieces (1-2 mm?3). RAW264.7 cells
(5 x 10°) were collected with 0.5% trypsin-EDTA
(Thermo Fisher Scientific, MA, USA) and washed
with 0.5 ml of 0.1 M PBS in an Eppendorf tube
by centrifuge (500 x g, 5 minutes). Samples
(tissues and cells) were both post-fixed in 2%
osmium tetroxide for 2 hours, rinsed in water,
stained with 1% uranyl acetate for 60 minutes,
washed in distilled water, and dehydrated in
graded concentrations of ethanol. Subsequ-
ently, the tissues or cells were embedded in
EPON (TAAB 812 embedding resin, VWR-Bie
and Berntsen A/S, Herlev, Denmark) and po-
lymerized for 24 hours at 60°C. Sections (1 um)
were cut and stained with 0.5% toluidine blue.
Ultrathin sectioning was performed using a dia-
mond knife attached to an ultramicrotome.
Sections (70-nm thick) were collected on cop-
per grids coated with 2% parlodion and then
stained with Reynold’s lead citrate. Imaging
was conducted with a JEM-1011 Transmission
Electron Microscope (JEOL, Tokyo, Japan).
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Immunofluorescence labeling

We performed immunofluorescence single-la-
beling and immunofluorescence double-label-
ing (IDL) to identify the number of CD68-
(Abcam, Cambridge, UK) positive macrophages,
CD86-(Abcam, Cambridge, UK) and inducible
nitric oxide synthase (iNOS)-(Abcam, Cambri-
dge, UK) positive M1 macrophages, and CD-
206-(Abcam, Cambridge, UK) and Arginase 1
(Argl)-(Abcam, Cambridge, UK) positive M2
macrophages, and the expression of LXRa (Ab-
cam, Cambridge, UK), ABCA1 (Thermo Fisher
Scientific, MA, USA), and ABCG1 (Thermo Fisher
Scientific, MA, USA) in macrophages, phosphor-
ylated (Phospho)-NF-kB (p-p65) (Cell Signaling
Technology, MA, USA) into the nucleus of mac-
rophages respectively. All tissue sections were
frozen, and the left ventricular outflow tract was
sliced. Briefly, after incubation with a blocking
buffer (10% normal goat serum, 0.3% Triton x
100 in 0.01 M PBS) for 1 hour at room temper-
ature, the sections were incubated with the pri-
mary antibodies against CD68 (1:200), CD86
(1:100), iINOS (1:100), CD206 (1:50), Argl
(1:150), LXRa (1:100), ABCA1 (1:50), or ABCGL
(1:50), or p-p65 (1:50) overnight at 4°C. On the
following day, the sections were incubated with
goat anti-rabbit IgG (H+L) cross-adsorbed sec-
ondary antibody (Alexa Fluor 546) and/or rabbit
anti-mouse IgG (H+L) cross-adsorbed second-
ary antibody (Alexa Fluor 488) (Thermo Fisher
Scientific, MA, USA). Sections were washed,
mounted, and examined using a light micro-
scope (CX43 Biological Microscope, Olympus,
Japan). Phospho-p65 fluorescence was obser-
ved under laser scanning confocal microscope
(LSM 710 System, ZEISS, Germany). Nuclei we-
re labeled with DAPI. Image Pro Plus 6.0 soft-
ware (Mediacybernetics, MD, USA) was used to
analyze the fluorescence intensity of p-p65
immune positive area in nucleus of RAW264.7
cells, and 10 fields were selected from each of
the fluorescence stained slices.

ELISA

Total protein was extracted from the aorta,
including the thoracic aorta and abdominal
aorta, or cultured RAW264.7 cells using RIPA
lysis buffer (Beyotime, Shanghai, China) with
cocktail tablets (Roche, Germany). Protein sup-
ernatants from aorta tissues and cultured
RAW264.7 cells were collected to measure the
concentrations of vascular cell adhesion mole-
cule 1 (Vcaml), monocyte chemoattractant
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protein 1 (Mcpl), macrophage inflammatory
protein 1 alpha (Mipla), TNFq, interleukin-1
beta (IL-1B), and IL-6. All ELISA kits were pur-
chased from Abcam (Cambridge, UK), and the
above cytokines were detected in accordance
with the manufacturer’s protocol. Briefly, 50 pl
of the diluted standard or samples were added
to each well, and then 50 pl of the diluted
Detector antibody were added to each well
after washing the plate three times. Lastly, 50
pl of diluted horseradish peroxidase (HRP)-
streptavidin solution and 100 ul of TMB sub-
strate were added to each well for detection,
and the plate was measured at 450 nm. Protein
supernatants were diluted in different propor-
tions (1:1, 1:5, 1:10), and the concentrations of
the above cytokines in the aorta and cells were
calculated based on protein standards.

Western blot analysis

Western blot analysis was performed as previ-
ously described [15]. Total protein was extract-
ed from the aorta, including the thoracic aorta
and abdominal aorta, or cultured RAW264.7
cells using RIPA lysis buffer (Beyotime, Sha-
nghai, China) with cocktail tablets (Roche,
Germany). Equal amounts of protein were sub-
jected to SDS-PAGE and electro-transferred to
0.22 pm aperture nitrocellulose filter mem-
branes (Millipore, MA, USA). The membranes
were blocked with 5% skimmed milk powder in
Tris-HCI buffered saline (pH 7.5) for 30 minutes
at room temperature and incubated with pri-
mary antibodies against LXRa (Abcam, Cam-
bridge, UK), ABCA1 (Thermo Fisher Scientific,
MA, USA), ABCG1 (Thermo Fisher Scientific,
MA, USA), nuclear factor-kappaB (p65), phos-
phorylated p65 (Cell Signaling Technology, MA,
USA), or glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; Genscript, Nanjin, China); the
dilution of all primary antibodies was 1:1000.
Afterwards, the membranes were incubated
with secondary HRP-conjugated goat anti-rab-
bit/mouse immunoglobulin (Ig) G antibodies
(1:3,000; Genscript) for 1 hour at 37°C. Signals
were detected by the electro-chemilumines-
cence (ECL) substrate (Thermo Fisher Scientific,
MA, USA) and quantified using Image-Pro Plus
6.0 software (Media Cybernetics, MD, USA).

Cholesterol/cholesteryl ester quantitation as-
say

The total cholesterol and cholesteryl ester lev-
els in RAW264.7 cells were quantified using the
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Cholesterol/Cholesteryl Ester Quantitation As-
say kit (Abcam, Cambridge, UK). Briefly, after
harvesting the amount of cells (> 1 x 10°) nec-
essary for each assay and washing with cold
PBS, lipids were extracted by resuspending the
sample in 200 pl of chloroform:isopropanol:
NP-40 solution (7:11:0.1) in a microhomogeniz-
er. Then, the extraction was centrifuged for
5-10 minutes at 15,000 x g, and the liquid,
organic phase was transferred to a new tube.
Chloroform and trace organic solvent were
removed by air drying at 50°C and vacuuming
for 30 minutes, respectively. After dissolving
the dried lipids by sonicating or vortexing with
200 ul of assay buffer, reaction wells and reac-
tion mix were set up according to the manufac-
turer’s protocol. The output was then measured
on a microplate reader (Molecular Devices, CA,
USA) at 570 nm.

Cell-counting kit 8 (CCK-8) assay for cell vi-
ability

The viability of RAW264.7 cells was evaluated
with the CCK-8 kit (Beyotime Biotechnology,
China). Cells (5 x 103%/well) were individually
cultured in 96-well plates for 12 hours. After
adding 100 pg/ml ox-LDL with or without 10
MM TO901317 or 10 uM GSK2033 into the cul-
ture medium, cells were respectively incubated
with 20 pl CCK-8 for 1 hour at 37°C, according
to the manufacturer’s instructions. Cell viability
rate was analyzed using a microplate reader to
determine the absorbance at 450 nm (Mole-
cular Devices, CA, USA). The assay was repeat-
ed three times and averaged for comparisons
between groups.

Chemotactic migration assay

The chemotactic migration of RAW264.7 cells
(Chinese Academy of Sciences Cell Bank, Sh-
anghai, China) was measured using a transwell
chamber with 6.5-mm polycarbonate mem-
brane (8-um pore size) (Corning, NY, USA).
Normal RAW264.7 cells with fresh medium
containing 100 ug/mlox-LDL, 10 uM T0901317,
and/or 10 yM GSK2033 were plated on the
upper chamber. DMEM containing 10% FBS
was added into the lower chamber. The cells
were loaded at 5 x 10* cells/well to the upper
chambers and allowed to migrate for 16 hours
at 37°C. Then, the cells were fixed with 4%
paraformaldehyde for 15 minutes, washed with
PBS for three times, and stained with crystal
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violet for 1 hour at 37°C. Non-migrating cells on
the upper surface of the membrane were re-
moved using a cotton swab. Cells that had
migrated to the lower surface of the membrane
were counted under a microscope. The average
of 10 fields was calculated in each group, and
numbers were compared among groups.

Statistical analysis

Statistical analyses were performed using SP-
SS 17.0 software (SPSS Inc., Chicago, USA).
Data are presented as the mean * standard
deviation of three independent experiments.
One-way analysis of variance tests, followed by
Tukey'’s post-hoc test, were performed for com-
parisons of two or more groups, and a p-value
less than 0.05 was considered statistically
significant.

Results

LXRa agonist inhibits AS plague formation by
preventing the formation of foam cells

To determine the role and mechanism of LXRx
in AS plaque formation, 8-month-old male
Apoe”” mice were treated with a high-fat diet in
the presence and absence of an LXRa agonist
(TO901317) or antagonist (GSK2033). TO90-
1317 treatment decreased the plaque area at
the left ventricular outflow tract of Apoe” mice
(Figure 1A). We hypothesized that TO901317
promotes cholesterol transport in macroph-
ages in AS plaques. Indeed, there were fewer
Oil Red O-stained foam cells in the AS plaque in
TO901317-treated mice (Figure 1B). Subsequ-
ently, results from transmission electron mi-
croscopy confirmed that TO901317 inhibited
foam cell formation in AS plaques in vivo (Figure
1C). To determine whether the high expression
of LXRa in macrophages was the only cause of
AS plaque reduction, we first examined the
number of CD68-positive macrophages in AS
plaques. The number of CD68-positive macro-
phages in AS plagues was significantly lower in
the T0901317-treated group, as compared to
the other groups (Figure 2A). Therefore, we
examined the expression of macrophage-asso-
ciated adhesion and chemokines in the aortas
of Apoe”" mice. Vcaml1 and Mcpl levels de-
creased with the stimulation of T0901317
(Figure 2B), indicating that a high level of LXRx
can inhibit macrophage migration in the AS
plaque. Next, we examined the expression of
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Figure 1. LXRa agonist T0901317 inhibits AS plaques and foam cell formation. Eight-month old male Apoe”- mice
were treated with a high-fat diet in the presence and absence of an LXRa agonist (TO901317) or antagonist
(GSK2033) for 3 months. HE staining showed that TO901317 significantly decrease the plaque area at the left
ventricular outflow tract of Apoe” mice contrast to normal chow diet (ApoE”) or high fat diet (Model) (A), Oil red
0 staining showed that there were fewer Oil Red O-stained foam cells in the AS plaque in T0901317-treated mice
(B), lastly, transmission electron microscopy technology was used to confirm that fewer foam cells were found in
T0901317 treated Apoe”” high fat diet mice than in other groups (C). #P < 0.05 vs. model. Scale bar, 20 ypm or 5 um.

cytokines in the aorta to detect inflammation in
the AS plaques and found that T0O901317 de-
creased levels of pro-inflammatory cytokines
(Mipla, TNFa, IL-1B, and IL-6) in the aorta
(Figure 2C). This confirmed that the high expres-
sion of LXRa not only decreased the number of
foam cells, but also inhibited the migration of
macrophages and the inflammation in the AS
plaque. These combined effects promoted the
reduction in AS plaque area.
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LXRa agonist decreases the number of foam
cell by promoting the expression of reverse
transporters and macrophage conversion in
AS plaques

Next, we would detect causes of foam cell
reduction in AS plaques in T0901317-treated
mice. First of all, we confirmed whether TO-
901317 increased the expression of LXRa in
macrophages. IDL was used to detect the
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Figure 2. LXRa agonist inhibits macrophages infiltration and inflammation. In order to determine whether LXRa
agonist indeed reduces the number of macrophages in AS plaque, we first examined the number of CD68-positive
macrophages in AS plaques. CD68 immunofluorescence staining displays the decreased CD68 positive macro-
phages in AS plaque of T0901317 treated Apoe”” high fat diet mice, statistics analysis shows that there is a sig-
nificant difference between the T0901317 group and the model group (A). Then we examined the expression of
macrophage-associated adhesion and chemokines in the aortas of Apoe”" mice, to confirm LXRa agonist reduces
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the number of macrophages in AS plaque with indeed. Elisa results showed that Vcam1 and Mcp1 level were both
decreased with the stimulation of T0901317 (B), and the pro-inflammatory cytokines Mip1a, TNFx, IL-13 and IL-6
were all decreased in the aorta of T0901317 treated Apoe”” high fat diet mice (C). #P < 0.05 vs. model, ##P < 0.01
vs. model. Scale bar, 10 um.

ApoE-/- Model T0901317 GSK2033

Figure 3. LXRa agonist promotes the expression of LXRa, ABCA1 and ABCG1 in macrophages in AS plaque. In order
to find out the cause of the reduction of foam cells and AS plaque area, we firstly confirm TO901317 can promote
the expression of LXRa, then the RCT protein (ABCA1 and ABCG1), IDL was used to detect the expression of LXRa in
CD68 positive macrophages, the yellow area of LXRa and CD68 double positive staining is indicated by the arrows,
as shown, T0901317 stimulated more LXRa expression in macrophages (A), and the IDL assay also indicate that
T0901317 promote more ABCA1 (B) and ABCG1 (C) expression in macrophages. Scale bar, 10 ym.

expression of LXRa in macrophages. Figure 3A
shows that T0901317 increases LXRx expres-
sion in the plaque, compared to those in Ap-
oe” mice on normal and high-fat diets. In con-
trast, the LXRa antagonist decreased LXR«
expression in the plaque. Consequently, we ex-
amine whether T0901317 promote the expres-
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sion level of ABCA1 and ABCG1, which mainly
participate in RCT in macrophages by reducing
the amount of cholesterol in the cell mem-
brane. Treatment with T0901317 increased
ABCA1 and ABCG1 expression in macrophages
simultaneously, and GSK2033 treatment par-
tially inhibited ABCA1 expression (Figure 3B)
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Figure 4. LXRa agonist converts M1 macrophages to M2 macrophages by inhibiting NF-kB phosphorylation. In order
to detect whether the reduction of macrophages is a major factor in the reduction of inflammatory response, we
also examine macrophage subtype in AS plaque. CD68, CD86, iNOS, CD206 and Argl antibody was used to exam-
ine the M1 or M2 type macrophage. IDL shows that M1 type macrophage marker CD86 and iNOS were both highly
expressed in Apoe” mice with high fat diet (model group), M2 type macrophage marker CD206 and Argl were both
highly expressed in TO901317 treated Apoe” high fat diet mice (T0901317 group) (A). Next, we examine the level of
NF-kB phosphorylation to confirm whether T0901317 promotes the conversion of M1 to M2 macrophages by regu-
lating NF-kB phosphorylation. We found that the level of phosphorylated NF-kB of Apoe”” mice on a high-fat diet is
higher than that of normal diet mice, T0901317 could inhibit the phosphorylation of NF-kB in Apoe”- mice with high
fat diet. The reason of reduced phosphorylation of NF-kB is T0901317 inhibits the phosphorylation of IkBa firstly, it
leads to excessive IkBa binding to NF-kB in order to inhibit phosphorylation of NF-kB (B). *P < 0.05 vs. control, **P
< 0.01 vs. control, ##P < 0.01 vs. model. Scale bar, 10 um.

and completely inhibited ABCG1 expression
(Figure 3C). This may explain why the foam cells
were decreased and the plaque area was
smaller in the TO901317 group.

Whether the reduction of macrophages is a
major factor in the reduction of inflammatory
response remains unclear. Therefore, we exam-
ined M1 and M2 macrophages in AS plaques.
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CD86 and iNOS, which are markers of M1 mac-
rophages, were highly expressed in Apoe” mice
on a high-fat diet but were both expressed at
low amounts in TO901317-treated Apoe” mice.
CD206 and Arg1, which are markers of M2 ma-
crophages, were highly expressed in T0901317-
treated Apoe”" mice but were expressed at low
levels in Apoe” mice on a high-fat diet (Figure
4A). These results indicate that T0901317
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reduces the number of M1 macrophages in-
volved in the inflammatory response and pro-
motes the number of protective M2 macro-
phages. This may play a role in its effects on
inhibiting inflammation and plaque formation.
What is the molecular mechanism regulating
phenotypic conversion of macrophages? We
examined phosphorylation of the transcription
factor NF-kB, which is involved in the inhibition
of inflammatory factor secretion and macro-
phage phenotype switching, we found that the
level of phosphorylated NF-kB of Apoe” mice
on a high-fat diet is higher than that of normal
diet mice, T0O901317 could inhibit the phos-
phorylation of NF-kB in Apoe”" mice with high
fat diet. The reason of reduced phosphorylation
of NF-kB is T0901317 inhibits the phosphoryla-
tion of IKBa firstly, it leads to excessive kB
binding to NF-kB in order to inhibit phosphoryla-
tion of NF-kB, low phosphorylated NF-«kB level
can inhibit inflammatory factor secretion, as
well as promote M1 macrophage convert to M2
macrophage (Figure 4B).

LXRa agonist inhibits foam cell formation and
inflammation in vitro

Subsequently, we used the macrophage cell
line, RAW264.7, to confirm the role of LXRa on
cholesterol metabolism, cell migration, and in-
flammation. The expression of LXRa was in-
creased and decreased by T0901317 and
GSK2033, respectively (Figure 5A). T0901317
completely inhibited the formation of foam cells
(cholesteryl ester/cholesterol < 50%), and GS-
K2033 greatly promoted the formation of foam
cells (cholesteryl ester/cholesterol > 50%) (Fi-
gure 5B). At the same time, TO901317 partly
rescued RAW264.7 cell viability, which was
damaged by ox-LDL (Figure 5C). These experi-
mental results suggest that T0901317 has a
protective effect on cell function. We also used
the Oil Red O assay to examine the number of
foam cells in the presence of ox-LDL. T0901317
significantly decreased the number of Oil Red
O-positive cells (Figure 5D), and the expression
levels of ABCA1 and ABCG1 were bothincreased
(Figure 5E). Transmission electron microscopy
studies confirmed that T0901317 decreased
the number of lipid droplets in RAW264.7 cells
(Figure 5F). Overall, these results show that
LXRa inhibited intracellular lipid deposition and
prevented the formation of foam cells by pro-
moting the expression of ABCA1 and ABCG1.
Thus, in the Apoe”- AS mouse model, foam cell
reduction may play a role in the reduction of AS
plaque area.
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Next, we used in vitro cell migration experi-
ments to confirm that LXRa regulates macro-
phage migration. T0O901317 treatment inhibit-
ed RAW264.7 migration (Figure 6A) by sup-
pressing the expression of macrophage-associ-
ated adhesion molecules (Vcaml1 and Mcpl).
Furthermore, T0901317 inhibited the release
of inflammatory factors (Mipla, TNFx, IL-13,
and IL-6) without reducing the number of mac-
rophages (Figure 6B).

Similarly, we examined the effect of T0901317
on ox-LDL-stimulated RAW264.7 cells. Ox-LDL-
stimulated RAW264.7 cells highly expressed
CD86 and iNOS, indicating that these M1 mac-
rophages actively participated in the inflamma-
tory response. Addition of T0901317 inhibited
the expression of both CD86 and iNOS and pro-
moted the expression of CD206 and Argl. This
suggests that T0901317 inhibits the inflamma-
tory response by reducing the number of M1
macrophages while promoting lipid metabolism
by increasing the number of M2 macrophages
(Figure 7A). To determine how T0901317 can
convert M1 macrophages into M2 macro-
phages, we focused on the phosphorylation of
NF-kB (p65), which is a pro-inflammatory mole-
cule that is associated with macrophage phe-
notype conversion. Indeed, T0O901317 inhibit-
ed the phosphorylation of p65 (Figure 7B). To
further confirm the effect of NF-kB phosphory-
lation on macrophage phenotype conversion,
we tested the nuclear translocation of p-p65
with or without T0O901317, we found that a
large amount of p-p65 translocated into the
nucleus with the stimulation of ox-LDL (model)
in contrast to the control group, however,
TO901317 inhibits most nuclear translocation
of p-p65 in contrast to the model group (Figure
7C). These findings indicate that the LXRa ago-
nist inhibits the inflammatory response and
promotes lipid metabolism by regulating mac-
rophage phenotypes. Furthermore, the LXR«
agonist increased the number of M2 macro-
phages by inhibiting the phosphorylation of
NF-kB. Lastly, the agonist promoted the expres-
sion of RCT proteins, ABCA1 and ABCG1, in M2
macrophages, thereby inhibiting the formation
of AS plaques.

Discussion

Cardiovascular disease is the most common
cause of morbidity and mortality worldwide,
and studies have shown that LXR« plays a car-
dio-protective role in maintaining cholesterol
homeostasis [16]. LXRa also has many other
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Figure 5. LXRa agonist inhibits foam cells formation in vitro. We used the macrophage cell line, RAW264.7, to confirm the role of LXRa in foam cells formation, we
found that TO901317 promotes the expression of LXR«x in cultured RAW264.7 cells (A). We use cholesteryl ester/cholesterol assay kit to confirm the foam cells
formation, the data shows that T0901317 totally inhibited the foam cells formation (Cholesteryl Ester/Cholesterol < 50%) (B). Then, CCK8 assay was used to de-
tect the cell viability treated with ox-LDL (model), in the presence of T0901317 and GSK2033, cells was treated with phosphate buffer as control group, the result
shows that TO901317 partly rescued RAW264.7 cells viability which damaged by ox-LDL (C). We used oil red O staining to observe the morphology of foam cells and
counted the number of foam cells, we found thatT0901317 significantly decreased the oil red O positive cells (D), this effect of T0901317 is achieved by promot-
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ing the expression of ABCA1 and ABCG1 (E). Transmission electron microscopy technology was used to confirm the
number of the foam cells in cultured RAW264.7 cells treated with ox-LDL, data shows that fewer foam cells found in
T0O901317 treated mice than in other groups (F). *P < 0.05 vs. control, **P < 0.01 vs. control. #P < 0.05 vs. model,

##P < 0.01 vs. model. Scale bar, 50 ym or 2 uym.
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Figure 6. LXRa agonist inhibits macrophages migration and inflammation in vitro. We used in vitro cell migra-
tion experiments to confirm that LXRa regulates macrophage migration. Chemotactic migration assay shows that
T0901317 reduce the number of migrated cells and inhibit RAW264.7 migration (A). The results of Elisa assay show
that macrophage-associated adhesion molecules (Vcam1, Mcp1) and cytokines (Mipla, TNFa, IL-1B, and IL-6) are
all decreased in cultured RAW264.7 cells treated with TO901317 (B). **P < 0.01 vs. control. #P < 0.05 vs. model,

##P < 0.01 vs. model. Scale bar, 50 uym.

functions, including suppressing inflammation
[17], decreasing oxidation and apoptosis [18],
and suppressing insulin resistance [19] and
hypertrophy [20]. Cholesterol metabolism is
severely impaired in Lxr-knockout mice [21],
which exhibit increased aortic foam cell accu-
mulation after 18 months on a normal chow
diet [22]. In contrast, LXR agonists have been
shown to reduce plasma cholesterol levels and
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raise plasma HDL levels in mice [23]. LXRa acts
as a systemic cholesterol sensor, and its activa-
tion helps to prevent AS. Based on the function
of LXRa in regulating lipid metabolism and the
inflammatory response, we targeted macro-
phages in AS plaques and focused on exploring
whether LXRa affects the development of AS by
regulating macrophage function. In addition to
lipid accumulation and plaque development in
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Figure 7. M1 macrophages and M2 macrophages conversion and phosphorylation of NF-kB were detected in cul-
tured RAW264.7 cells. We also examined the effect and mechanism of T0901317 on macrophage conversion in
RAW264.7 cells. We found that TO901317 inhibits the expression of CD86 and iNOS, while promotes the expres-
sion of CD206 and Arg1, it indicates that TO901317 can convert M1 macrophages to M2 macrophages (A). Indeed,
T0901317 inhibits the phosphorylation of NF-kB (p65) (B) and inhibits p-p65 from translocating into the nucleus
(C) is the main cause of macrophage conversion. **P < 0.01 vs. control. ##P < 0.01 vs. model. Scale bar, 20 ym

or 25 ym.

the vasculature, chronic inflammation of the
vasculature is a major cause of AS progression
[24].

The anti-inflammatory effect of LXRs is mainly
achieved by inhibiting the NF-kB signaling path-
way [25]. Studies have found that T0901317
reduces lipopolysaccharide-stimulated inflam-
matory factor expression in macrophages lack-
ing ABCA1 and ABCGL1 in vitro; these cytokines
include IL-1B, IL-6, Mcp-1, and Mip-1a. More-
over, LXR activation decreases AS and macro-
phage infiltration in Ldlr”- mice that received
transplanted ABCA17- ABCG1/- bone marrow
[17]. Our study also found that treatment wi-
th T0901317 reduced macrophage infiltration
and decreased the expression of Vcam1, Mcp1,
Mipla, TNFa, IL-1B3, and IL-6 in mouse aortas
and cultured RAW264.7 cells. These findings
suggest that LXRa agonists mediate inflamma-
tory trans-repression without directly targeting
cholesterol efflux. However, whether there is a
correlation between LXRa-regulated inflamma-
tory trans-repression and cholesterol efflux
remains unknown.

Macrophages are a homogeneous cell popula-
tion presenting a continuum phenotypic spec-
trum, with the classically M1 macrophage phe-
notypes and alternatively M2 macrophage phe-
notypes. M1 macrophages are characterized by
high production of nitric oxide and reactive oxy-
gen intermediates and participate in promot-
ing inflammation. M2 macrophages are mainly
functional in tissue remodeling, angiogenesis,
and tumor progression; they are also involved
in immuno-regulation and allergic reactions
[26]. Macrophages infiltrating AS plaques in
20-week-old Apoe” mice fed a chow diet show
the alternative Argl-positive M2 phenotype.
During disease progression, a switch from the
M2 to M1 phenotype is observed [27]. In hu-
mans, the macrophage subtypes are found in
different locations in the plaque [28, 29]: M1
macrophages are mainly found in rupture-pr-
one zones, whereas M2 macrophages are more
commonly found in stable plaques. There are
no dominant phenotypes in the fibrous cap.

3838

Argl expression in macrophages has been
shown to be inversely correlated with AS pro-
gression and is markedly decreased in foam
cells in the AS plaque. Moreover, Argl expres-
sion is enhanced in CD68* cells in a murine aor-
tic arch transplant model. In cultured macro-
phages, ligand-activated LXRa markedly en-
hances basal and IL-4-induced Arg1l mRNA and
protein expression, as well as promoter activity,
and this LXRa-enhanced Argl expression cor-
relates with a reduction in nitric oxide levels
[30]. In human macrophages, LXRx is expre-
ssed at relatively low levels in IL-4 polarized M2
macrophages, which show a decreased capac-
ity to handle and efflux excess cholesterol [31].
These results suggested that LXRa could stabi-
lize AS plaques by increasing the number of M2
macrophages, delaying AS progression. There-
fore, we examined the distribution of M1 mac-
rophages and M2 macrophages in the left ven-
tricular outflow tract of 20-week-old Apoe”
mice fed a high-fat diet with or without TO-
901317 treatment. In Apoe” mice fed a high-
fat diet, a large amount of M1 macrophages
were located at the plaque. T0901317 treat-
ment converted most of the M1 macrophages
to M2 macrophages. Similar results were ob-
served in cultured macrophages in vitro, alth-
ough T0901317 only reduced the expression
levels of CD86 and iNOS and could not com-
pletely convert M1 macrophages into M2 mac-
rophages. Due to the specificity and sensitivity
of the primary CD86 and iNOS antibodies, we
did not observe the same phenomenon in IDL
experiments in vivo.

Overall, the findings in the current study show
that treatment of Apoe” mice with an LXR«
agonist ameliorated the formation of high-fat
diet-driven AS plaques. This was attributed to
the ability of T0901317 to convert M1 macro-
phages into M2 macrophages and to reverse
the excess cholesterol efflux of foam cells and
inflammation in AS plaques. Our results also
suggest that it might be important to regulate
the macrophage phenotype in the early stage
of AS, such that the occurrence and develop-
ment of AS can be delayed.
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