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Tribbles homolog 1 enhances cholesterol efflux from oxidized
low-density lipoprotein-loaded THP-1 macrophages
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Abstract. Macrophage foam cell formation plays a pivotal role
in the pathogenesis of atherosclerosis. The protein Tribbles
homolog 1 (Tribl), a member of the Tribbles protein family,
functions as an adaptor or scaffold protein. Recent studies
have indicated its implication in lipoprotein metabolism. In
the present study, the role of Tribl in macrophage foam cell
formation was investigated. Oil red O staining was used to
analyze intracellular lipid deposition, while the effects of
Tribl overexpression on cholesterol efflux were also exam-
ined. Furthermore, quantitative polymerase chain reaction
and western blot analysis were performed to measure the
expression levels of genes involved in cholesterol efflux. The
results revealed that overexpression of Tribl inhibited lipid
accumulation in oxidized low density lipoprotein-treated
THP-1 macrophages and facilitated macrophage cholesterol
efflux to apolipoprotein A-I. Overexpression of Tribl also
upregulated the expression levels of ATP-binding cassette Al
(ABCAL), ABCGTI, liver X receptor a (LXRa) and peroxi-
some proliferator-activated receptor vy (PPARY). In addition,
silencing of LXRa or PPARY via small interfering RNA trans-
fection significantly reversed the Tribl-induced cholesterol
efflux. In conclusion, Tribl inhibits macrophage foam cell
formation and enhances cholesterol efflux, which is associated
with regulation of the PPARy, LXRa, ABCAI and ABCGI1
expression levels.

Introduction
Atherosclerosis is a chronic inflammatory disease, charac-

terized by progressive accumulation of lipids and cellular
and fibrous elements in the arterial wall (1,2). Macrophages
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are involved in various aspects of atherosclerosis (3.,4).
In particular, macrophage-mediated uptake of modified
low-density lipoprotein (LDL) and subsequent transforma-
tion into foam cells serve a critical role in the development of
atherosclerosis (5). Lipid accumulation in macrophages leads
to the activation of signaling pathways that involve activation
of peroxisome proliferator-activated receptor-y (PPARy) and
liver X receptor a (LXRa), which are transcription factors
controlling the macrophage cholesterol homeostasis (6).
Activated PPARy and LXRa are synergistically implicated in
the transactivation of several genes, such as the ATP-binding
cassette transporter (ABCA1) and ABCGI, the products of
which are involved in regulating the macrophage cholesterol
efflux and triggering reverse cholesterol transport (7), which is
part of a ‘self-protection mechanism’ for macrophages.

The protein Tribbles homolog 1 (Tribl), a member of the
recently identified Tribbles protein family, is considered to func-
tion as an adaptor or scaffold protein (8). Burkhardt e al have
reported that hepatic expression of Tribl regulates the plasma
levels of LDL-cholesterol (LDL-C), very-LDL (VLDL), and
triglyceride (TG) in mice (9). In addition, Satoh et al demon-
strated that mice lacking Tribl expression in hematopoietic
cells developed hypertriglyceridemia and insulin resistance in
response to a high-fat diet (10). These authors also suggested
that Tribl is critical for adipose tissue maintenance and inhibi-
tion of metabolic disorders by regulating the differentiation
of tissue-resident M2-like macrophages (10). The aforemen-
tioned findings indicate that Tribl serves an important role in
lipoprotein metabolism. However, the functions of Tribl in
cholesterol efflux remain largely unknown.

In the present study, the THP-1 cell model was used to
explore the role of Tribl in the formation of macrophage foam
cells during atherosclerosis. The effect of overexpression of
Tribl on lipid accumulation and cholesterol efflux was investi-
gated in macrophages, and associated molecular mechanisms
were also explored.

Materials and methods

Cell culture and differentiation. THP-1 human monocytic
cell line was purchased from the Shanghai Cell Institute of
the Chinese Academy of Sciences (Shanghai, China). THP-1
cells were cultured in RPMI-1640 medium supplemented
with 10% fetal bovine serum, penicillin (100 U/ml) and
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streptomycin (100 pgg/ml) at 37°C in 5% CO,. To differen-
tiate into macrophages, THP-1 monocytes were exposed to
160 nM phorbol-12-myristate-13-acetate (Sigma-Aldrich, St.
Louis, MO, USA) for 72 h. The differentiated macrophages
were washed three times with phosphate-buffered saline
(PBS) and incubated in fresh serum-free medium containing
50 pg/ml oxidized LDL (ox-LDL; Yiyuan Biotechnology Co.,
Ltd., Guangzhou, China) for 48 h.

Cell transfection. In order to investigate the effect of Tribl
overexpression in THP-1 macrophages, the cells were
transfected with pCMV6-Entry-Tribl (Tribl overexpressing
group) or pCMV6-Entry vector (empty vector group) using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) according to the manufacturer's
instructions. The pCMV6-Entry-Tribl and empty vector were
purchased from OriGene Technologies, Inc. (Rockville, MD,
USA). Non-transfected THP-1 macrophages were used as a
control. For small interfering RNA (siRNA)-mediated knock-
down experiments, THP-1 macrophages were co-transfected
with pCMV6-Entry-Tribl and LXRa siRNA or PPARY siRNA
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA).
After 24 h of transfection, cells were incubated with ox-LDL
(50 pug/ml) in serum-free medium for an additional 24 h before
conducting the expression or functional studies.

Morphological examination. Non-transfected or transfected
THP-1 macrophages were cultured in chamber slides in
serum-free medium. After 24-h incubation, cells were
washed three times in PBS and fixed with 5% formalin solu-
tion for 30 min. Next, the cells were stained with oil red O
(Sigma-Aldrich) for 30 min, and counterstained with
hematoxylin for 5 min. Finally, cells were analyzed by light
microscopy (Axio Imager 2; Zeiss, Oberkochen, Germany).
Five selected high-power fields at a magnification of x400
were randomly selected for examination. Semi-quantitative
analysis of oil red O positive staining was conducted by the
ImageJ software (version 1.48, National Institutes of Health,
Bethesda, MD, USA).

Cholesterol efflux. In order to investigate the cholesterol
efflux, non-transfected or transfected THP-1 macrophages
(5x10° cells/well) were seeded into 12-well plates, labeled
with 0.5 xCi/ml [*H]-cholesterol (PerkinElmer, Waltham,
MA, USA) in media containing 0.2% bovine serum albumin
for 24 h and then washed with fresh media. Then, cells were
washed with PBS and incubated in the presence of 10 pg/ml
apolipoprotein A-I (apoA-I; EMD Millipore, Billerica, MA,
USA) for 18 h. Medium and cell-associated [°’H] cholesterol
were examined through liquid scintillation counting. The
percentage of cholesterol efflux was calculated with the
following equation: [Total media radioactivity/(total cellular
radioactivity + total media radioactivity)] x 100%.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was isolated from THP-1
macrophages with TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). Total RNA concentration was measured by
spectrophotometry with a NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific, Inc.). cDNA synthesis was
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performed using the PrimeScript RT reagent Kit according to
the manufacturer's instructions (catalog no. RR037A; Takara,
Shiga, Japan). qPCR analysis was then conducted using a
Light Cycler-FastStart DNA Master SYBR-Green I kit (Roche
Molecular Biochemicals, Manheim, Germany). The sequences
of the primers used in the current study are shown in Table I.
Data were analyzed with the 2"42¢4 relative quantification
method (11). Values are presented as fold change relative to
control cells.

Western blot analysis. After the indicated treatment, cells
were washed with ice-cold PBS and harvested in lysis buffer
[30 mM HEPES, pH 7.6, 30 mM NacCl, 1% Nonidet P-40
(vol/vol), 10% glycerol (vol/vol), 50 mM NaF and 10 mM Na
pyrophosphate] supplemented with 5 mM Na orthovanadate
and protease inhibitors (Roche Diagnostics, Indianapolis,
IN, USA). Cell lysates were collected by centrifugation at
14,000 x g for 5 min at 4°C, and the protein concentration in
total lysates was analyzed by the BCA protein assay kit (Pierce;
Thermo Fisher Scientific, Inc.). Next, 20 ug total protein were
subjected to 10% SDS-PAGE and transferred onto a nitrocellu-
lose membrane (Whatman; Sigma-Aldrich). Membranes were
blocked overnight with 5% non-fat dry milk in Tris-buffered
saline containing 0.1% Tween-20 for 1 h at room temperature.
The membranes were then probed overnight at 4°C with the
following primary antibodies: Anti-TRIB1 (ab137717; 1:200),
anti-ABCA1 (ab18180; 1:200), anti-ABCGI (ab155918; 1:200),
anti-LXRa (ab82774; 1:200), anti-PPARY (ab24509; 1:200)
and anti-p-actin (ab97379; 1:500; all from Abcam, Cambridge,
MA, USA). Subsequently, samples were incubated with horse-
radish peroxidase-conjugated goat anti-mouse IgG (ab97265;
1:2,000 dilution) or goat anti-rabbit IgG (ab97200; 1:2,000
dilution; both from Abcam) for 1 h at room temperature. Final
detection was performed using an ECL chemiluminescence
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and
quantitative results were obtained using Quantity One soft-
ware (version 4.4.0; Bio-Rad Laboratories, Inc.).

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation. Results were analyzed by one-way analysis of
variance, followed by the Tukey's post hoc test, using SPSS
version 11.0 software (SPSS, Inc., Chicago, IL, USA). P-values
of <0.05 were considered to indicate differences that were
statistically significant.

Results

Overexpression of Tribl inhibits lipid accumulation and
enhances cholesterol efflux in ox-LDL-stimulated THP-1
macrophages. Transfection of THP-1 macrophages with
pCMV6-Entry-Tribl resulted in significant overexpres-
sion of Tribl (increased by ~8.6-fold), as determined by
western blot analysis (P<0.05 vs. vector-transfected cells;
Fig. 1A). Subsequently, in order to explore the intracel-
lular lipid deposition in response to Tribl overexpression in
THP-1 macrophages, the intracellular cholesterol levels were
analyzed. Forced expression of Tribl significantly inhibited
lipid accumulation as evidenced by oil red O staining (P<0.05;
Fig. 1B and C). Furthermore, exogenous expression of Tribl
significantly enhanced the apoA-I-mediated cholesterol efflux
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Table I. Primers used in quantitative real-time polymerase chain reaction analysis.

Gene Forward primer Reverse primer

ABCAI 5'-ATCTCATAGTATGGAAGAATGTGAAGCT-3' 5'-CGTACAACTATTGTATAACCATCTCCAAA-3'
ABCGI 5'-AGGTCTCAGCCTTCTAAAGTTCCTC-3' 5'-TCTCTCGAAGTGAATGAAATTTATCG-3'
LXRa 5-TCAGCATCTTCTCTGCAGACCGG-3' 5-TCATTAGCATCCGTGGGAACA-3'

PPARY 5-TGAACAAAGACGGGATG-3' 5-TCAAACTTGGGTTCCATGAT-3'

[-actin 5'-TCATGAAGTGTGACGTTGACATCCGT-3' 5'-CTTAGAAGCATTTGCGGTGCACGATG-3'

ABC, ATP-binding cassette transporter; LXRa, liver X receptor a; PPARY, peroxisome proliferator-activated receptor v.
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Figure 1. Effects of Tribl on intracellular lipid accumulation and cholesterol efflux in THP-1 macrophages. Cells were transfected with pCM V6-Entry-Tribl
(Tribl group) or pCMV6-Entry (Vector group) for 24 h and then incubated with 50 yg/ml ox-LDL in serum-free medium for 24 h. (A) Expression of
Tribl protein, as determined by western blot analysis. (B and C) Lipid accumulation in cells was investigated by oil red O staining (magnification, x100).
(D) Intracellular apolipoprotein A-I-mediated cholesterol efflux. Data are representative of the mean =+ standard deviation of duplicate wells from three
independent experiments. "P<0.05. Tribl, Tribbles homolog 1; ox-LDL, oxidized low-density lipoprotein.

in ox-LDL-stimulated THP-1 cells (P<0.05; Fig. 1D). These
results revealed that Tribl inhibited the intracellular lipid
deposition due to increased apoA-I-mediated cholesterol efflux
in THP-1 macrophages.

Forced expression of Tribl increases the expression of
ABCAI, ABCGI, LXRo and PPARy. RT-qPCR analysis
demonstrated that overexpression of Tribl significantly
increased the ABCA1l, ABCGI1, LXRa and PPARy mRNA
expression levels in ox-LDL-stimulated THP-1 macrophages
(P<0.05; Fig. 2A). Similarly, western blot analysis indicated
that Tribl overexpression led to a significant (1.5-2-fold)
increase in the levels of ABCA1, ABCGI, LXRa, and PPARYy
protein (P<0.05; Fig. 2B).

LXRa or PPARy siRNA transfection attenuates Tribl-induced
cholesterol efflux. Silencing of LXRa by siRNA transfection
significantly decreased Tribl-induced cholesterol efflux in
THP-1 macrophages transfected with pCMV6-Entry-Tribl,
when compared with the cholesterol efflux in THP-1
macrophages-transfected with pCMV6-Entry-Tribl and a
control siRNA (P<0.05; Fig. 3A). Furthermore, knockdown of

PPARY by siRNA transfection also significantly attenuated the
Tribl-induced cholesterol efflux compared with transfection
with a control siRNA (P<0.05; Fig. 3B).

Discussion

Genome-wide association studies identified that the genetic
locus at human chromosome 8q24 has minor alleles associ-
ated with lower levels of plasma TG and LDL-C, as well as
higher levels of high density lipoprotein-cholesterol (12,13).
This locus contains only one annotated gene, namely
Tribl (12,13). Burkhardt et al demonstrated that Tribl is a
regulator of lipoprotein metabolism in mice (9), and that
hepatic-specific overexpression of Tribl reduces the plasma
TG and cholesterol levels by reducing VLDL production (9).
Conversely, Tribl-knockout mice exhibited elevated levels of
plasma TG and cholesterol due to increased VLDL produc-
tion (9). In addition, Satoh et al suggested that Tribl is critical
for adipose tissue maintenance and suppression of metabolic
disorders by controlling the differentiation of tissue-resident
M2-like macrophages (10). These results indicate that Tribl
is implicated in the regulation of lipid metabolism. However,
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Figure 2. Effects of Tribl on the (A) mRNA and (B) protein expression
levels of ABCA1, ABCGI, LXRa and PPARy in THP-1 macrophages, deter-
mined by quantitative polymerase chain reaction and western blot analysis,
respectively. THP-1 macrophages were transfected with pCM V6-Entry-Tribl
or pCMV6-Entry for 24 h and then incubated with 50 pgg/ml ox-LDL in
serum-free medium for a further 24 h. f-actin served as an internal control.
Data are presented as the mean =+ standard deviation of duplicate wells from
three experiments. "P<0.05. Tribl, Tribbles homolog 1; ox-LDL, oxidized
low-density lipoprotein; ABC, ATP-binding cassette transporter; LXRa,
liver X receptor a; PPARY, peroxisome proliferator-activated receptor v.

the underlying mechanism throughout which Tribl regulates
lipid metabolism at the molecular level remains unclear. In
the present study, the effect of Tribl overexpression on lipid
accumulation and intracellular cholesterol efflux was investi-
gated in ox-LDL-stimulated THP-1 macrophages. Transiently
transfected THP-1 macrophages were used to examine the
role of Tribl in cholesterol homeostasis. The present results
indicated that forced expression of Tribl decreased intracel-
lular lipid accumulation and enhanced cholesterol efflux in
ox-LDL-exposed THP-1 macrophages.

PPARY is a nuclear receptor that regulates immunity and
inflammation (14,15). Upon binding with its ligands, PPARYy
activates and promotes cholesterol efflux from macrophages
through the PPARy-LXRa-ABCAL signaling pathway (16).
LXRa is a nuclear receptor transcription factor (17) that
when activated binds to the LXR response element in the
promoter region of the LXR target genes, such as ABCAI1
and ABCGI, in order to regulate the expression of such
genes (18). The current study examined the impact of over-
expression of Tribl on the expression of genes involved in
macrophage cholesterol efflux. After transient transfection
with pCMV6-Entry-Tribl, cellular responses were analyzed.
Forced expression of Tribl was found to induce the expression
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Figure 3. Effects of overexpression of Tribl on apoA-I-mediated cholesterol
efflux in LXRa-silenced or PPARy-silenced and ox-LDL-stimulated THP-1
macrophages. Cells were co-transfected with pCMV6-Entry-Tribl and
(A) LXRa siRNA or (B) PPARy siRNA for 24 h, incubated with ox-LDL
in serum-free medium for a further 24 h and then the intracellular apolipo-
protein A-I-mediated cholesterol efflux was determined. Data are presented
as the mean + standard deviation of duplicate wells from three experiments.
“P<0.05. Tribl, Tribbles homolog 1; ox-LDL, oxidized low-density lipopro-
tein; LXRa, liver X receptor a; PPARY, peroxisome proliferator-activated
receptor .

of ABCAI, ABCGI, LXRa and PPARy at the mRNA and
protein levels. Furthermore, silencing of PPARY or targeting
LXRa by siRNA attenuated the Tribl-induced cholesterol
efflux, indicated that Tribl-mediated cholesterol efflux may
occur through the PPARy-LXRa-ABCA1/ABCGTI signaling
pathway. However, it is unclear how Tribl regulates the
PPARYy-LXRo-ABCA1/ABCGI signaling pathway. It has been
suggested that CD36 activates PPARYy through the extracellular
signal-regulated kinase (ERK)1/2-dependent cyclooxygenase 2
expression in macrophages, thereby promoting cholesterol and
phospholipid efflux from macrophages (19). Similarly, sesamin
has been demonstrated to improve macrophage cholesterol
efflux through the PPARY1-LXRa pathway, which is dependent
on mitogen-activated protein kinase (MAPK) signaling (20).
It appears that MAPK signaling serves an important role in
cholesterol efflux. Overexpression of Tribl enhances ERK
phosphorylation, reducing the apoptosis of leukemic cells upon
interleukin-3 depletion and may be a key mediator between
the RTK-MAPK pathway and the C/EBP transcription factor
in myeloid leukemogenesis (21). In the present study, it was
hypothesized that Tribl-mediated cholesterol efflux may
occur through the MAPK signaling pathway; however, further
experiments are required to test this hypothesis.

Although Tribl overexpression leads to enhanced choles-
terol efflux from ox-LDL-loaded macrophages, it is still
unclear whether Tribl is necessary for cholesterol efflux. The
effects of silencing Tribl on cholesterol efflux should be inves-
tigated further.

In conclusion, the results of the present study indicate that
Tribl inhibits lipid accumulation and enhances cholesterol
efflux in ox-LDL-exposed THP-1 macrophages through the



PPARy-LXRa-ABCA1/ABCGI signaling pathway. These data
provide a rationale for investigating the potential of delivering
Tribl in the prevention of macrophage foam cell formation and
atherosclerosis.
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