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Objective: The aim of this study was to determine whether ATP-binding cassette transporter A1 (ABCA1)
was up-regulated by growth differentiation factor-15 (GDF-15) via the phosphoinositide 3-kinase (PI3K)/
protein kinase C{ (PKC{)/specificity protein 1 (SP1) pathway in THP-1 macrophages.

Methods and results: We investigated the effects of different concentrations of GDF-15 on ABCA1 expres-

Keywords: sion in THP-1 macrophages. The results showed that GDF-15 dramatically increased cholesterol efflux
G}?Fl‘w | effl and decreased cellular cholesterol levels. In addition, GDF15 increased ABCA1 mRNA and protein levels.
[C\B(éﬁtem eltiux The effects of GDF-15 on ABCA1 protein expression and cellular cholesterol efflux were abolished by

wither inhibition or depletion of PI3K, PKC{ and SP1, respectively, suggesting the potential roles of
PI3K, PKC¢ and SP1 in ABCA1 expression. Taken together, GDF-15 appears to activate PI3K, PKC{ and
SP1 cascade, and then increase ABCA1 expression, thereby promoting cholesterol efflux and reducing
foam cell formation.

Conclusion: Our results suggest that GDF-15 has an overall protective effect on the progression of athero-
sclerosis, likely through inducing ABCA1 expression via the PI3K/PKC{/SP1 signaling pathway and
enhancing cholesterol efflux.

Atherosclerosis

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Atherosclerosis is the basic pathology of coronary heart disease.
The accumulation of lipids in the arterial wall leads to the forma-
tion of foam cells, which are thought to play a key role in the devel-
opment of atherosclerosis. It is known that the reverse cholesterol
transport (RCT) [1] plays an important role in inversing the process
of atherosclerotic lesion formation, and is a primary atheroprotec-
tive property of high-density lipoproteins (HDL) and its major
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protein, apolipoprotein (Apo) A-I. HDL and ApoA-I are shown to
promote efflux of excess cholesterol from macrophages through
the cholesterol transporters, such as ATP-binding cassette trans-
porter A1 (ABCA1), ABCG1 and scavenger receptor class B type |
(SR-BI). A recent report showed that transcription factor specificity
protein 1 (SP1) is a potential regulator in oxysterol-induced ABCA1
expression [2]. It is known that phosphorylation of SP1 increases
its DNA binding and transcription activity, and inhibition of SP1
DNA binding attenuates ABCA1 expression [3]. Several protein
kinases, including DNA-dependent protein kinase, protein kinase
C¢ (PKCY), casein kinase II and cyclin-dependent kinase 2 (Cdk2)
can mediate SP1 phosphorylation [3]. Low-density lipoprotein
(LDL)-induced ABCA1 expression is also related to an increased
phosphorylation of SP1 and PKC{, whereas inhibition of PKC{
activity attenuates LDL-induced SP1 phosphorylation and ABCA1
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expression in macrophages [2]. It has also been reported that both
reelin and apoE3 significantly increased phosphorylated disabled-1
(Dab1), phosphoinositide 3-kinase (PI3K), PKC and SP1, a sequen-
tial activation of PI3K, PKC{ and SP1, and then up-regulate the
expression of ABCA1 [4].

Here more attention has been paid to cytokine growth differen-
tiation factor-15 (GDF-15), a 12-kDa secreted protein, also named
macrophage inhibitory cytokine-1. GDF-15, a distant member of
the transforming growth factor (TGF)-B superfamily, is produced
and secreted in many cells, such as activated macrophages [5],
endothelial cells [6] and vascular smooth muscle cells [7]. GDF-15
serum levels are related to future ischemic events following
acute myocardial events [8]. Recently, GDF-15 has been identified
to participate in cardiovascular pathology in mouse models. The
results indicate that transgenic mice overexpressing GDF-15
are protected from the development of atherosclerosis [9,10],
but further studies will be required to define the underlying
mechanism. It has also been reported that GDF-15 protects
cultured cardiomyocytes via PI3K/Akt-dependent mechanisms
[11]. In the present research, we conducted the experiments to
investigate the relationship between GDF-15 and ABCA1 expres-
sion in THP-1 macrophages. We found that GDF-15 could increase
ABCAT1 expression via the PI3K/PKC;/SP1 pathway. These findings
indicate that GDF-15 might be a potential target to prevent foam
cell formation and progression of atherosclerosis.

2. Materials and methods
2.1. Reagents and antibodies

RPMI medium 1640 was obtained from Solarbio (Beijing, Chi-
na). Fetal bovine serum (FBS) was purchased from Invitrogen
(Carlsbad, CA). Recombinant GDF-15 was from PeproTech Inc.
(Jiangsu, China). Phosphoinositide 3-kinase (PI3K) inhibitor 2-(4-
morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002), PKC{
inhibitor bisindolylmaleimide I hydrochloride (109203X) and anti-
bodies for phosphorylated proteins were obtained from Cell Signal-
ing Technology (Boston, MA). SP1 inhibitor mithramycin A,
cholesterol and phorbol-12-myristate-13-acetate (PMA) were pur-
chased from Sigma-Aldrich (St Louis, MO). Ox-LDL was prepared as
described previously [12]. Mouse monoclonal antibody to ABCA1
was from Abcam (Cambridge, United Kingdom).

2.2. Cell culture and treatment

Human THP-1 cells were cultured as previously described
[13,14]. After 3-4 d, cells were treated with PMA (160 nmol/L)
for 24 h to be differentiated into macrophages. The medium was
then replaced with serum-free medium containing ox-LDL
(50 pg/mL) for 48 h so as to let cells become fully differentiated
macrophages for the subsequent experiments. The cells were then
fixed with 4% paraformaldehyde and, followed by 0.5% Oil red O
dye. The cells were counterstained with hematoxylin and photo-
graphed at x400 magnification.

2.3. Cellular cholesterol efflux determination

Cells were cultured as indicated above, followed by labeling with
0.2 pCi/mL of [*H]cholesterol. After 72 h, cells were washed with PBS
and incubated with RPMI 1640 medium containing 0.1% (wt/vol) bo-
vine serum albumin (BSA) overnight to allow equilibration of
[3H]cholesterol in all cellular pools. The cells were then washed with
PBS and incubated in 2 mL of efflux medium containing RPMI 1640
medium and 0.1% BSA. Medium- and cell-associated [*H]cholesterol
was then measured by liquid scintillation counting. Percent efflux

was calculated by the following equation: [total media counts
/(total cellular counts + total media counts)] x 100%.

2.4. RNA isolation and real-time quantitative polymerase chain
reaction (RT-PCR) analysis

Total RNA from cells was extracted using TRIzol reagent (Invit-
rogen) according to the manufacturer’s instructions. RT-PCR was
performed on a Mx3000 Multiplex quantitative PCR system (Strat-
agene, La Jolla, CA) using SYBR Green detection chemistry. Melt
curve analyses of all real-time PCR products were performed and
shown to produce a single DNA duplex. Quantitative measure-
ments were determined using the AACt method, and the expres-
sion of B-actin was used as the internal control.

2.5. Transfection of PI3-K, PKC{ and SP1 short interfering RNA (siRNA)

Specific siRNAs for human PI3K, PKC{ and SP1 (Santa Cruz
Biotechnology) and non-silencing control siRNA were synthesized
by the Biology Engineering Corporation in Shanghai, China. THP-1
macrophages (2 x 10° cells per well) were transfected with the
siRNA of PI3K, PKC{ and SP1 or control siRNA, respectively, by
using Lipofectamine 2000 (Invitrogen).

2.6. Western blot analysis

Western blot analysis was performed as described before [13].
Proteins (20 pg each) were loaded on 8% SDS-polyacrylamide elec-
trophoresis gel and electrophoresed for 2 h at 100 V in the buffer
containing 25 mM Tris base, 250 mM glycine, and 0.1% SDS. The
protein samples were visualized using a chemiluminescence meth-
od (ECL Plus Western Blotting Detection System; Amersham
Biosciences).

2.7. High performance liquid chromatography (HPLC) assay

HPLC analysis was conducted as previously described [15,16].
Data were analyzed with Total Chrom software from PerkinElmer.

2.8. Statistical analysis

All data are presented as means + S.D. Results were analyzed by
one-way analysis of variance and Student’s t test. Statistical analy-
ses were conducted with SPSS 13.0. P value <0.05 was considered
as significance.

3. Results
3.1. GDF-15 promotes cholesterol efflux in THP-1 macrophages

In this study, we investigated the effect of recombinant GDF-15
on cholesterol efflux in THP-1 macrophages. We found that at a
concentration of 1.5 ng/mL significantly reduced Oil red O dye in
ox-LDL-treated THP-1 macrophages (Fig. 1A and B). Then we as-
sessed the cholesterol efflux activity in the presence or absence
of GDF-15. We observed that GDF-15 enhanced cellular cholesterol
efflux from THP-1 macrophages in a dose- and time- dependent
manner (Fig. 1C and D). GDF-15 started to promote cellular choles-
terol efflux when its concentration reached to 1 ng/mL under a
24 h incubation time point. The enhanced effect of GDF-15 on cho-
lesterol efflux was also observed when the cells were incubated
with 1.5 ng/mL GDF-15 for 12 h. To further confirm these findings,
HPLC was then conducted to determine cellular cholesterol con-
tents. The concentrations of total cellular cholesterol, free choles-
terol and cholesterol ester in GDF-15-treated cells were
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Fig. 1. GDF-15 promotes cholesterol efflux in THP-1 macrophages. (A and B) Effect of GDF-15 on cholesterol efflux in THP-1 cells. THP-1 macrophages incubated with
recombinant GDF-15 (1.5 ng/mL) for 24 h were fixed and stained with Oil red O dye. The magnification of each panel is x400. (C and D) Dose- and time-dependent effects of
GDF-15 on cholesterol efflux in THP-1 macrophages. THP-1 macrophages were incubated with indicated concentrations of GDF-15 for 24 h (C) or 1.5 ng/mL (D) of GDF-15 for
indicated times. Then cholesterol efflux assay was analyzed by liquid scintillation counting assays as described. Values represent the mean + SD from three independent

experiments. Ox-LDL, oxidized low-density lipoprotein. *P < 0.05 vs. control.

significantly lower than that in the control cells, especially when
the cells were incubated with 1.5 ng/mL of GDF-15 for 24 h
(Table 1). These results suggest that GDF-15 is able to activate
the cholesterol efflux system to export excess cholesterol from
macrophages.

3.2. GDF-15 induces ABCA1 protein and mRNA expression

Given the important role of ABCA1 in cholesterol efflux from
macrophages [17], we next investigated whether GDF-15 altered

Table 1

Effects of GDF-15 on cholesterol content in THP-1 macrophages.
Time (h) 0 6 12 24 48
TC (mgf/g) 520+32  519+28 50927  488+30 47524
FC (mg/g) 262+29 176 £26 193 +30° 200+27 199 +40°
CE (mg/g) 349+ 38 343 +37 316 £29° 288 +31 276 £33
CE/TC (%) 0.67 0.66 0.62 0.59 0.58

THP-1 macrophages were divided into 5 groups and cultured in medium at 37 °C
containing 1.5 ng/mL GDF-15 for the indicated times. HPLC was then performed to
determine the levels of cellular total cholesterol (TC), free cholesterol (FC) and
cholesterol ester (CE). The results are expressed as mean +SD from three inde-
pendent experiments, each was performed in triplicate.

" P<0.05 vs. control.

the levels of ABCA1. THP-1 macrophages were treated with various
concentrations of GDF-15 (0-2.0 ng/mL) or with 1.5 ng/mL of GDF-
15 for different time points. Quantitative real-time PCR and Wes-
tern blot were performed to measure ABCA1 mRNA abundance
and protein levels, respectively. As shown in Fig. 2, GDF-15 starting
from a concentration of 1.0 ng/mL increased the levels of ABCA1
protein (Fig. 2A) and mRNA (Fig. 2C) compared with the untreated
cells. ABCA1 protein and mRNA levels were also increased when
the cells were incubated with 1.5 ng/mL of GDF-15 for 12h
(Fig. 2B and D). Taken together, these results suggest that GDF-
15 activate the ABCA1-dependent cholesterol efflux system to
reduce cellular cholesterol levels.

3.3. PI3-K, PKC{ and SP1 are involved in GDF-15-induced up-regulation
of ABCA1 expression

Subsequently, we studied the mechanism account for GDF-15-
induced increase in ABCA1 levels. The cardioprotective effect of
GDF-15 is dependent on PI3K-Akt signaling pathway [11]. Activa-
tion of PI3K can increase the expression of ABCA1 [4]. Thus, we
investigated if PI3K is involved in GDF-15-induced expression of
ABCA1. THP-1 macrophages were treated with LY294002, an inhib-
itor of PI3K [18], or specific PI3K siRNA to inhibit PI3K signaling
pathway. PI3K siRNA reduced PI3K levels (Fig. 3A). PI3K can
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Fig. 2. Effects of GDF-15-induced ABCA1 expression in THP-1 macrophages. Cells were treated with various concentrations of GDF-15 as indicated for 24 h (A and C) or
incubated with 1.5 ng/mL GDF-15 for various time periods (B and D). Effects of GDF-15 on ABCA1 protein expression (A and B). Total proteins were extracted. The protein
levels of ABCA1 or B-actin were measured by Western blot assays. Effects of GDF-15 on ABCA1T mRNA levels (C and D). Total RNA was extracted and RT-PCR was performed as
described. All results are expressed as mean + SD from three independent experiments, each was performed in triplicate. *P < 0.05 vs. control.

mediate PKC{ phosphorylation [19]. We observed that inhibition of
PI3K by LY294002 or PI3K siRNA suppressed GDF-15-induced in-
crease in PKC{ phosphorylation and in the levels of ABCA1 protein
and mRNA expression (Fig. 3B and C). These results suggest the
involvement of PI3K and PKC{ in ABCA1 expression induced by
GDF-15.

To further confirm the regulatory roles of PKC{ in GDF-15-in-
duced ABCA1 expression. THP-1 macrophages were treated with
109203X, a chemical inhibitor of PKC{, and PKC{ siRNA to inhibit
PKCC{ activity. As shown in Fig. 3D, PKC{ siRNA significantly
reduced the level of PKC{ protein. We observed that the enhanced
effect of GDF-15 on ABCA1 protein and mRNA expression was
abolished by 109203X and PKC{ siRNA (Fig. 3E and F). As expected,
inhibition of PKC{ also reduced the phosphorylation of SP1, a
downstream target of PKC{ (Fig. 3E).

Next, we investigated the potential role of SP1 in GDF-15-in-
duced ABCA1 expression. We transfected THP-1 macrophages with
siRNA specific to SP1 to reduce endogenous SP1 expression. SP1
siRNA significantly decreased SP1 levels (Fig. 3G). Meanwhile, we
also treated the cells with mithramycin A, a chemotherapeutic
drug that binds to GC-rich DNA sequences and blocks binding of

transcription factors such as SP1 to GC-specific regions of DNA.
As shown in Fig. 3H, addition of 100 nM mithramycin A or SP1
siRNA treatment abolished GDF-15-induced increase in ABCA1
protein and mRNA levels (Fig. 3H and I). Taken together, these data
indicate that GDF-15 appears to induce a sequential activation of
PI3K and PKC¢, which phosphorylates SP1 and then increases its
binding to the ABCA1 promoter to enhance ABCA1 transcription.

4. Discussion

The development of atherosclerosis is a complex process involv-
ing multiple pathways. Many studies have been carried out to
investigate pro- or anti-atherogenic factors, but it is usually un-
clear whether a certain factor has promoting or inhibitory effects
on atherosclerosis [20,21]. Here is the case with GDF-15, which is
a divergent member of the transforming growth factor-f cytokine
superfamily. Previous community-based studies have shown that
higher levels of GDF-15 are associated with prevalent cardiovascu-
lar disease [22,23]. However, overexpression of GDF-15 in apolipo-
protein E deficient (apoE—/—) mice reduces atherosclerosis, which
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Fig. 3. The roles of PI3-K, PKC{ and SP1 in GDF-15-induced up-regulation of ABCA1 expression in THP-1 macrophages. Cells were treated with siRNA for PI3K, PKCZ or SP1 or
control siRNA for 24 h (A, D, G). PI3-K, PKC{ or SP1 protein levels were subjected to SDS-PAGE and Western blot analysis. (B) Cells were treated with LY294002 (50 pmol/L),
siRNA of PI3K or culture medium alone for 30 min, followed by treatment with 1.5 ng/mL of GDF-15 for the indicated time periods. ABCA1 and PKC{ (p-PKC{) protein levels
were determined by Western blot analysis. (E) Cells were treated with 8 pumol/L of 109203X or siRNA of PKC{ or culture medium alone for 30 min, and then treated with
1.5 ng/mL of GDF-15 for the indicated time periods. ABCA1 or SP1 (p-SP1) protein levels were determined by Western blot analysis. (H) Cells were treated with mithramycin
A (100 nmol/L) or siRNA of Sp1 or culture medium alone for 30 min, and then treated with GDF-15 (1.5 ng/mL) for the indicated time periods. ABCA1 protein levels were
determined by Western blot analysis and quantitative real-time RT-PCR and normalized to B-actin. Total ABCA1 mRNA (C, F, I) levels were determined by RT-PCR and
normalized to p-actin. Values represent the mean + SD from three independent experiments, each was performed in triplicate. *P < 0.05 vs. control, *P < 0.05 vs. GDF-15
group.
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Fig. 4. Model of the mechanism of GDF-15-induced ABCA1 expression and cellular cholesterol efflux. Treatment of THP-1 macrophages with recombinant GDF-15 activates
the PI3-K/PKC{/SP1 signaling cascade, which consequently increases ABCA1 expression and promotes cellular cholesterol efflux. GDF-15, Growth differentiation factor 15;
PI3K, phosphoinositide 3-kinase; PKC(, protein kinase C{; SP1, specificity protein 1; ABCA1, ATP-binding cassette transporter Al.

suggests that the increased serum GDF-15 levels observed in ath-
erosclerotic disease may represent an attempt to reduce disease
progression [9]. However, the mechanisms underlying this protec-
tion have not been identified. Elimination of excess cholesterol
from macrophages in the artery vascular wall reduces foam cell
formation and protects against the progress of atherosclerosis
[24]. ABCA1 mediates the efflux of cellular phospholipids and
cholesterol onto lipid-free ApoA-I to form nascent high density
lipoprotein (HDL) [25,26], a critical step in RCT that transports
cholesterol from peripheral tissues back to the liver for excretion
into bile and eventually the feces [24]. Studies have shown that
enhancing ABCA1 expression leads to increased cellular cholesterol
efflux and reduced lipid accumulation in macrophages, thereby
reducing total cholesterol levels and foam cell formation [27,28].
It suggests that regulating expression of ABCA1 could, at least
partially, inhibit the progression of atherosclerosis. Our findings
clearly indicate that recombinant GDF-15 up-regulates ABCA1
expression, enhances ApoA-I-mediated cholesterol efflux and
reduces cellular lipid accumulation in THP-1 macrophage.

The cellular ABCA1 protein levels are regulated at both
transcriptional and post-translational levels [29,30]. Liver X
receptors (LXRs), cholesterol-sensing nuclear receptors, are key
transcriptional regulators of lipid metabolism. LXR activation in
macrophages is an emerging therapeutic strategy against the
development of atherosclerotic diseases. We have demonstrated
that synthetic LXR agonists attenuate coronary heart disease in
apoE—/— mouse model of atherosclerosis through increasing
ABCA1 protein levels and promoting cholesterol efflux from perito-
neal macrophages [31]. In THP-1 macrophage-derived foam cells,
TGF-B1 up-regulates the expression of ABCA1 through LXR-a sig-
naling pathway [12]. SP1 also regulates ABCA1 transcription. In
apoE—/— mice, enhanced SP1 phosphorylation and the subsequent
binding to the ABCA1 promoter increase ABCA1 promoter activity
and induce ABCAT1 expression [32]. PI3K is a protein kinase that
mediates PKC{ phosphorylation [19]. Our data showed that inhibi-
tion of PI3K with LY294002 reduced GDF-15-induced PKC{ phos-
phorylation and ABCA1 expression. Specifically, treatment of
THP-1 macrophages with GDF-15 activates PI3K, increases PKC{
phosphorylation and induces physical interaction of PKC{ and
SP1. Additionally, transfection of THP-1 macrophages with siRNA
of PI3K, PKC{ and SP1 or treatment of the cells with inhibitors,

respectively, attenuated GDF-15-induced ABCA1 expression. These
findings suggest that the regulatory role of GDF-15 in ABCA1
expression in THP-1 macrophages is at least partially dependent
on PI3K/PKC¢/SP1 signaling pathway (Fig. 4).

In summary, results from this report clearly indicate that re-
combinant GDF-15 can induce ABCA1 expression and cholesterol
efflux, and that sequential activation of PI3K, PKC{ and SP1 is
responsible for GDF-15-induced ABCA1 expression. These data
reveal a novel pathway in regulating ABCA1 expression in macro-
phage and indicate that GDF-15 might be a potential target to
prevent foam cell formation and atherosclerosis progression. How-
ever, there are several limitations in our study. Future studies are
needed to explore which membrane receptor(s) is involved in
GDF-15-mediated signal pathway and whether other proteins such
as SR-BI that also mediates cholesterol efflux are the targets of
GDF-15.
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