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Tetramethylpyrazine suppresses lipid accumulation in
macrophages via upregulation of the ATP-binding cassette
transporters and downregulation of scavenger receptors
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Abstract. Tetramethylpyrazine (TMP), a biologically active
ingredient first extracted from the Chinese medicinal plant
Ligusticum wallichii Franchat., has athero-protective activity,
yet the particular mechanisms have not been completely
explored. The present study was designed to investigate the
effect of TMP and its possible mechanisms in RAW264.7
macrophages and apolipoprotein E-deficient (ApoE™) mice.
TMP treatment markedly increased the cholesterol efflux and
inhibited oxidized low-density lipoprotein (ox-LDL) uptake,
thus, ameliorating lipid accumulation in macrophages. In
addition, TMP significantly increased the protein and mRNA
expression of ATP-binding cassette transporters Al (ABCA1)
and G1 (ABCG1), while suppressing the protein and mRNA
expression of class A scavenger receptor (SR-A) and the cluster
of differentiation 36 (CD36). Moreover, the effects of TMP
on the upregulation of the expression of ABCA1 and ABCGI,
the downregulation of the expression of CD36 and SR-A, the
increase of cholesterol efflux and the decrease of lipid accumu-
lation as well as the uptake of ox-LDL were mediated by the
inactivation of PI3K/Akt and p38 MAPK. Furthermore, TMP
upregulated the protein stability of ABCA1 without affecting
ABCGTL. Accordingly, TMP regulated the expression of SR-A,
CD36, ABCA1 and ABCG] in aortas of ApoE” mice, which
resembled the findings observed in macrophages. TMP was
also capable of delaying the progression of atherosclerosis
in ApoE™ mice. These findings revealed that TMP down-
regulates scavenger receptors and upregulates ATP-binding
cassette transporters via PI3K/Akt and p38 MAPK signaling,
thus suppressing lipid accumulation in macrophages.
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Introduction

Atherosclerosis, a major underlying factor in stroke and cardio-
vascular disease, crucial causes of mortality and morbidity
worldwide (1), is a chronic arterial disease featuring lipid
deposition and inflammation in the vessel wall (2). Formation
of foam cells is the early event in atherosclerotic pathogenesis.
In this stage, exorbitantly oxidized low-density lipoprotein
(ox-LDL) uptake or damaged cholesterol efflux in macrophages
is the leading cause of foam cell formation (3). Scavenger
receptors (SRs) on macrophage membranes are responsible for
ox-LDL uptake, such as cluster of differentiation 36 (CD36)
and class A scavenger receptor (SR-A) (4). In addition, to lipid
influx, efflux of intracellular lipids occurs mostly via reverse
cholesterol transport (RCT). Several membrane proteins,
such as SR-B type I (SR-BI) and ATP-binding cassette trans-
porter A1 (ABCA1) and ABCG1, have been reported to play a
critical role in the RCT pathway (5).

The cellular cholesterol efflux from tissues is dependent on
extracellular lipid receptors including lipid-poor apoproteins
and high-density lipoprotein (HDL) (6). ABCA1 promotes free
cholesterol efflux from macrophages into apolipoprotein Al
(ApoAl), whereas ABCGI plays a key role in mediating choles-
terol efflux to HDL (7-9). Therefore, formation of foam cells
is mainly regulated by the RCT pathway and SRs. Evidence
has suggested that modulation of SRs or the RCT pathway by
antioxidants prevents lipid accumulation in foam cells and
then retards the progression of atherosclerosis (10,11).

TMP, the predominant active ingredient in Rhizoma
Ligustici wallichii (Chuanxiong), possesses antiproliferative
and apoptosis-inducing activities in diverse cancer cell
types (12-14). However, it has been reported that TMP was
effective in the treatment of a few cardiovascular complications,
including angina pectoris and cerebrovascular and thrombotic
vascular diseases (15-17), as a result of its biological activities
including vasodilation (17) and antiplatelet aggregation (18).
Additionally, TMP exerts anti-atherosclerotic effects via
inhibition of endothelial dysfunction (19), regulation of lipid
levels in the plasma (20), attenuation of oxidative stress (21)
and inflammation (22). However, the effects and molecular
mechanisms involved in TMP-mediated lipid accumulation
in macrophage-derived foam cells have not been well
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documented. In addition, a variety of genetic population
research has highlighted the value of the p38 and PI3K/Akt
signaling pathways in the promotion of human atherosclerotic
lesions (23,24).

However, whether p38 and PI3K/Akt are connected with
the anti-atherogenic effect of TMP on foam cell formation
warranted further investigation. In a recent study, we investi-
gated the impact of TMP on atherosclerosis and the potential
mechanisms in RAW264.7 cells (mouse macrophage cell line)
and apolipoprotein E-deficient (ApoE”") mice. We observed
that TMP markedly inhibited not only the formation of foam
cells in vitro, but also the atherosclerotic plaque area in aortas
from ApoE” mice. The anti-atherosclerotic impact of TMP
may be attributed to the upregulation of ABCA1 and ABCGl1
and the downregulation of CD36 and SR-A by p38 MAPK and
PI3K signaling.

Materials and methods

Reagents. TMP (purity, 98.0%), cycloheximide (CHX),
LY294002, SB203580 were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Goat anti-SR-A antibody (sc-166184,
1:2,000) and protein A/G-Sepharose were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Mouse anti-ABCA1 (ab7360; 1:800) as well as anti-p-AKT
(ab38449; 1:800), anti-p-p38 (ab47363; 1:800), anti-ABCG1
(ab52617; 1:5,000), anti-CD36 (ab133625; 1:5,000), anti-
[B-actin (ab20272; 1:5,000) and anti-SR-BI (ab52629; 1:2,000)
rabbit antibodies were obtained from Abcam (Cambridge,
MA, USA). Goat anti-mouse IgG (bs-0295GS; 1:2,000) and
goat anti-rabbit IgG (bs-0296G; 1:2,000) were obtained from
Bioss Biotechnology (Beijing, China). Dil-labeled ox-LDL
and ox-LDL were purchased from Guangzhou Yiyuan
Biotechnology Co., Ltd. (Guangzhou, China).

Cell culture. RAW264.7 was obtained from the American Type
Culture Collection (ATCC; Manassas, VA, USA), and main-
tained in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA)
with 10% fetal bovine serum in a 37°C incubator with 5% CO,.
TMP was dissolved in dimethyl sulfoxide (DMSO), and further
diluted with complete RPMI-1640 medium (DMSO <0.1%) for
the treatment of in vitro cells. The control group was cultured
in medium containing the same volume of DMSO.

Animals. Twenty mice (10 for each group) used in the present
study were 8-week-old male ApoE” mice (22-24 g/mouse),
from Jackson Laboratory (Bar Harbor, ME, USA), which were
procured from Tengxin Technology Company (Chongqing,
China), and were housed in barrier facilities on a 12-h
light/dark cycle. All experimental mice were permitted food
and water ad libitum. The animal procedures were approved
by the Animal Care and Use Committee of the Chongqing
Medical University (Chongqging, China).

Animal experimental protocols. ApoE” mice were orally
treated for 8 weeks with TMP (150 mg/kg/day) or vehicle
(20 ml/kg/day, 0.5% sodium carboxyl methyl cellulose) by
gastric gavages (n=10, each group), until being fed a high-fat
diet (15.8% fat and 1.25% cholesterol) for an additional
8 weeks. In the present study, we adopted TMP doses in
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accordance with a previous study (25). Mice were euthanized
using CO, following treatment with TMP (total diet-fed period
was 16 weeks), and then the hearts and aortas were collected
for Oil Red O staining and western blotting.

Cell viability assay with MTT. Macrophages were seeded in
96-well plates at a density of 7.5x10* cells/well and the cell
viability via methyl thiazolyl tetrazolium (MTT) assay was
detected. Before removing the culture supernatant, the cells
were treated with or without TMP for 24 h. The following
steps were performed as previously described (26).

Assessment of foam cell formation by Oil Red O staining.
Oil Red O staining was performed as previously described (3).
After being washed 3X with phosphate-buffered saline (PBS),
the cells were fixed in 4% paraformaldehyde for 20 min,
and then stained with 0.5% Oil Red O staining for 10 min to
visualize cellular lipid accumulation. Light microscopy with
a magnification of x200 was used to photograph the stained
cells. After Oil Red O staining, alcohol extraction was used
to detect the density of the lipid content. The absorbance at
500 nm was assessed using a microplate reader.

Cholesterol efflux assay. Cholesterol efflux was assessed
as previously described (27). After pre-incubation with or
without TMP for 24 h, the RAW?264.7 cells were labeled with
6 ug/ml BODIPY-cholesterol in medium containing 0.5% CD
(methyl-B-cyclodextrin) for 1 h at 37°C. Next, the cells were
washed with PBS, then incubated with serum/phenol red-free
medium containing 10 xg/ml ApoA-1 and 10 yg/ml HDL for
2 h at 37°C during the total cholesterol efflux experiments. In
the ABCAI1- or ABCGl-mediated cholesterol efflux experi-
ments, the cells were incubated with serum/phenol red-free
media containing 10 ug/ml ApoA-1 (for ABCALI) or 10 ug/ml
HDL (for ABCGI) for 2 h at 37°C. The collected medium
was centrifuged at 2,000 x g for 10 min to remove the unat-
tached cells. BODIPY-cholesterol fluorescence was detected
with an excitation/emission wavelength of 485/515 nm using a
Wallac 1420 VICTOR 2TM fluorometer (Perkin-Elmer, Inc.,
Waltham, MA, USA). The percentage of fluorescence in the
medium relative to the total fluorescence (cells + medium) was
used to calculate the cholesterol efflux.

Dil-Ox-LDL uptake. The Dil-Ox-LDL uptake assay was
performed as previously described (27). RAW264.7 cells were
treated with or without TMP for 24 h, and then incubated in
RPMI-1640 medium containing 10 gg/ml Dil-Ox-LDL for 4 h
at 37°C. The medium containing Dil-Ox-LDL was collected,
and the cells were washed with probe-free medium. The
fluorescence intensities of the medium and the cell lysates
were detected with an excitation/emission wavelength of
514/550 nm using the Wallac 1420 VICTOR 2TM fluorometer.

Western blotting. Cells or tissues were collected and protein
extracts were prepared as previously described (3). The
proteins were applied to western blotting using primary
antibodies. Then, a chemiluminescence method (Pierce
Biotechnology, Inc., Rockford, IL, USA) and Quantity One
(Bio-Rad, Hercules, CA, USA) software program were used to
visualize and quantify the proteins.
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Figure 1. TMP at non-cytotxic concentrations without cytotoxicity inhibits lipid accumulation and promotes cholesterol efflux in RAW264.7 macrophages.
(A) Macrophages were treated with ox-LDL (50 pg/ml) in the presence or absence of TMP (25 pg/ml) for 24 h. a, control group; b, the ox-LDL-treated group;
¢, the ox-LDL plus TMP group; d, the TMP-treated group. The cells with various treatments were fixed, and then stained with Oil Red O (magnification, x400).
(B) After Oil Red O staining, alcohol extraction was used to detect the density of the lipid content. The absorbance at 500 nm was assessed with a microplate
reader. (C) Macrophages were treated with TMP (0, 12.5, 25 and 50 pg/ml) for 24 h and cell viability was assessed by MTT assay. (D) Macrophages were
treated with TMP (0, 12.5, 25 and 50 pug/ml) for 24 h, and then incubated with 10 yzg/ml Dil-Ox-LDL for 4 h at 37°C. The cell lysate and medium were collected
to assess the absorbance at 540 nm. (E) A cholesterol efflux assay was performed as described in the Materials and methods. The data are representative of
3 independent experiments (mean + SEM); “P<0.05 compared with control group; “P<0.05 compared with ox-LDL-treated group. TMP, tetramethylpyrazine;

ox-LDL, oxidized low-density lipoprotein; MTT, methyl thiazolyl tetrazolium.

Quantitative real-time polymerase chain reaction (RT-gPCR).
RT-qPCR was performed as previously described (26). Total
RNA was isolated using TRIzol reagent (Invitrogen). cDNA
synthesis was performed using MuLV reverse transcriptase
(Applied Biosystems, Foster City, CA, USA). Real-time PCR
was performed using a SYBR-Green PCR Master Mix kit
(Tiangen Biotech Co., Ltd., Beijing, China). Primer sequences
were as follows: ABCAI forward, 5'-ggtttggagatggttata-
caatagttgt-3' and reverse, 5'-cccggaaacgcaagtcc-3'; ABCGl1
forward, 5'-ttcccctggagatgagtgte-3' and reverse, 5'-cagtagge-
cacagggaacat-3'; SR-A forward, 5'-tggtccacctggtgcetce-3' and
reverse, 5'-acctccagggaagcaattt-3'; CD36 forward, 5'-cagttg-
gagacctgcttatcc-3' and reverse, 5'-gcgtcctgggttacattttc-3'; SR-BI
forward, 5'-accctaacccaaaggagcat-3' and reverse, 5'-cacagcaac-
ggcagaactac-3'"; B-actin forward, 5'-ttgtccetgtatgectetgg-3' and
reverse, 5'-gaggtctttacggatgtcaacg-3'. The RT-qPCR reaction
was performed under the following conditions: 3 min at 95°C
for 1 cycle, 10 sec at 95°C, 30 sec at 60°C for 39 cycles, and
95°C for 5 sec.

Statistical analysis. Data are presented as the mean + SEM.
Statistical analysis was carried out using one-way ANOVA
followed by Bonferroni post hoc test or unpaired Student's
t-test. Continuous variables were tested for normal distribu-
tion using the Kolmogorov-Smirnov test. Differences were
considered statistically significant when P<0.05. All calcula-
tions were carried out using SPSS 15.0 version (SPSS, Inc.,
Chicago, IL, USA).

Results

TMP enhances cholesterol efflux and suppresses lipid accu-
mulation of RAW264.7 macrophages. An MTT assay was

used to detect the toxicity of TMP on macrophages. The cell
viability was unchanged with the treatment of TMP (12.5,
25 and 50 pg/ml) for 24 h (Fig. 1C). Accordingly, we chose a
concentration range of 12.5-50 pg/ml for subsequent research.
Lipid accumulation was examined in macrophages with
ox-LDL in the presence or absence of TMP, which is a sign of
foam cell formation. The image results for foam cell formation
are shown in Fig. 1A and B. TMP significantly inhibited lipid
accumulation in macrophages.

Accordingly, TMP treatment caused a significant decrease
in ox-LDL uptake and an increase in cholesterol efflux
compared with the control group (Fig. 1D and E). These
findings revealed that TMP inhibited foam cell formation by
increasing cholesterol efflux and decreasing ox-LDL uptake in
macrophages.

TMP decreases the expression of scavenger receptors and
increases the expression of ABC transporters in RAW264.7
macrophages. We next examined the effects of TMP on the
expression of scavenger receptors and ABC transporters, such
as SR-A, CD36, SR-BI, ABCGI1 and ABCA1, which play inte-
gral roles in intracellular lipid accumulation in RAW?264.7 as
a previous study demonstrated (27). Our findings revealed
that treatment with 12.5-50 yg/ml TMP dose-dependently
increased the mRNA and protein expression of ABCA1
and ABCGI (Fig. 2). Additionally, the protein and mRNA
levels of CD36 and SR-A in macrophages were significantly
inhibited by TMP (Fig. 2). However, both the mRNA and
protein levels of SR-BI were unchanged with treatment of
TMP in macrophages (Fig. 2). Based on the results in Fig. 2,
TMP may inhibit the formation of foam cells by regulating
ABC transporters and scavenger receptors in RAW264.7
macrophages.
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Figure 2. TMP decreases protein and mRNA expression of CD36 and SR-A, but increases protein and mRNA expression of the ABCA1 and ABCGI in
RAW?264.7 macrophages. (A) Macrophages were treated with TMP (0, 12.5, 25 and 50 pg/ml) for 24 h and the protein level of SR-A, CD36, SR-BI, ABCAL,
ABCGTI or p-actin was determined by western blotting. (B-F) The relative protein levels of CD36, SR-A, SR-BI, ABCAI and ABCGI are presented as the
mean + SEM of the optical density from 3 separate experiments. (G-K) After treatment, total RNA was extracted and then subjected to RT-qPCR to detect the
mRNA expression of SR-A, CD36, ABCA1, ABCG1 and SR-BI. The data are representative of 3 independent experiments (mean + SEM); ‘P<0.05 compared
with the control group. TMP, tetramethylpyrazine; CD36, cluster of differentiation 36; SR-A scavenger receptor class A; ABCAI, ATP-binding cassette
transporter Al; ABCGI1, ATP-binding cassette transporter G1; SR-BI, SR-B type I; RT-qPCR, quantitative real-time polymerase chain reaction.

TMP regulates ABCAI, ABCGI, CD36 and SR-A expres-
sion and inhibits foam cell formation via PI3K/Akt- and
p38-dependent pathways. Previous studies demonstrated
that PI3K/Akt plays a crucial role in the uptake of modified
lipoproteins and cholesterol efflux in various cells (28,29).
The present study detected whether PI3K/Akt was involved in
the expression of scavenger receptors and ABC transporters
in TMP-induced inhibition of formation of foam cells. As
shown in Fig. 3, treatment with LY294002, a PI3K/Akt
inhibitor, increased TMP-mediated downregulation of CD36
and SR-A and upregulation of ABCGI protein expression, but

not ABCAL expression. It has been suggested that blockage of
p38 MAPK signaling is involved in TMP-invoked inhibition
of inflammation in endothelial cells (22). To clarify whether
p38 is involved in TMP-regulated expression of ABC trans-
porters and scavenger receptors, we examined the effects of
SB203580 (a bicyclic imidazole compound, a specific inhibitor
of p38 MAPK). We revealed that the inhibition of p38 only
further increased TMP-induced ABCAL protein expression in
RAW264.7 macrophages (Fig. 4).

To further confirm whether TMP results in changes in foam
cell formation-related proteins by affecting transcriptional



ONCOLOGY REPORTS 38: 2267-2276, 2017

2271

ABCALI protein
(fold increase over control)

0.0
™P - + +
LY294002 - - +

-
h

-
=

L
in

SR-A protein
(fold increase over control)

ABCAL | —
ABCG1 . _—
I}—aCti“ _
CD36
p-actin “
SR-A S — —
Gt ———
™P - + +
LY294002 - - +
25 15
= 4 =
£ 20 T £
= § :
@ ° % £ 3 1.0
215 z 5
- e =T
= 2 IR
3210 e 2
2205 ©g
= =
£ 0.0 £ 0.0
™P - + 4 T™P
LY294002 - -+ LY294002

1l

e
=

IE

LY294002 - - +

2

- +

Figure 3. Inhibition of PI3K activation enhances the TMP-mediated protein expression of scavenger receptors and ATP-binding cassette transporters in
RAW?264.7 macrophages. Macrophages were pretreated with the PI3K inhibitor LY294002 for 1 h and then co-incubated with 50 pg/m1 TMP for an additional
24 h. Western blotting was used to assess protein expression. The results are expressed as the mean + SEM of 3 independent experiments; "P<0.05 compared
with the control group; “P<0.05 compared with the TMP-treated group. TMP, tetramethylpyrazine.

levels, the mRNA levels of these proteins were also examined
by real-time PCR in RAW264.7 macrophages. The findings in
Fig. 5 revealed that treatment with the PI3K inhibitor LY294002
significantly enhanced the effects of TMP on the decrease of
CD36 and SR-A gene expression. Meanwhile, the p38 inhibitor
SB203580 treatment caused an increase in TMP-induced
ABCALI gene expression. Moreover, treatment with either
the PI3K inhibitor LY294002 or the p38 inhibitor SB203580
increased TMP-induced ABCG1 gene expression. We further
detected the effect of TMP on PI3K/Akt and p38 phosphory-
lation in RAW264.7 macrophages. The phosphorylation of
PI3K/Akt and p38 was inhibited after 24 h of TMP treat-
ment (Fig. 6A). Pretreatment with the p38 inhibitor SB203580
further increased the effects of TMP on the inhibition of p38
phosphorylation without affecting PI3K/Akt phosphorylation.
In addition, pretreatment with the PI3K inhibitor LY294002
increased TMP-decreased PI3K/Akt phosphorylation, but not
TMP-decreased p38 phosphorylation (Fig. 6B). These results
revealed that TMP can inhibit PI3K/Akt and p38 phosphory-
lation independently in RAW264.7 macrophages. Combined
with the data of Figs. 3-5, these results indicated that the
effects of TMP on the upregulation of ABCAI and ABCGI1
expression and the downregulation of CD36 and SR-A expres-
sion were mediated by the inactivation of PI3K/Akt and p38.
We further investigated the effects of PI3K and p38
inhibition on TMP-mediated ox-LDL uptake, cholesterol
efflux and intracellular lipid accumulation, which are neces-
sary for macrophage-derived foam cell formation. As shown

in Fig. 7A, TMP-decreased ox-LDL uptake in macrophages
was exacerbated by LY294002, which was consistent with the
enhanced effect of LY294002 on TMP-mediated scavenger
receptors. However, SB203580 did not affect TMP-regulated
ox-LDL uptake. ABCA1 promotes free cholesterol efflux
from macrophages to ApoAl and ABCGI is responsible for
cholesterol efflux to HDL (7-9). Therefore, we used separate
experiments to investigate ABCA1- and ABCGl-regulated
cholesterol efflux. The results in Fig. 7C revealed that
TMP-increased ABCAl-regulated cholesterol efflux was
increased by SB203580, which was consistent with the promo-
tive effect of SB203580 on TMP-mediated upregulation of
ABCAI1. TMP-increased ABCGl-mediated cholesterol efflux
was enhanced by LY294002, which was consistent with the
reinforced effect of LY294002 on TMP-mediated ABCGlI
expression (Fig. 7D). Additionally, the TMP-invoked inhibition
of lipid accumulation in RAW264.7 macrophages was signifi-
cantly enhanced by both LY294002 and SB203580 (Fig. 7B).
These results revealed that the TMP-mediated changes in foam
cell formation-related proteins in RAW264.7 macrophages
were involved in the PI3K- and p38-signaling pathways.
Hence, the inactivation of PI3K and p38 is necessary for the
suppressive effects of TMP on macrophage-derived foam cell
formation.

TMP decreases ABCAI protein stability, but does not affect
ABCGI protein stability. The present study demonstrated
that TMP upregulated the protein expression and mRNA
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Figure 6. Inhibition of PI3K and p38 activation enhances the TMP-mediated effects on PI3K/Akt and p38 phosphorylation in RAW264.7 macro-
phages. (A) Macrophages were treated with TMP (0, 12.5, 25 and 50 pg/ml) for 24 h, and then the phosphorylation of PI3K/Akt and p38 were examined.
(B) Macrophages were pretreated with the PI3K inhibitor LY294002 or the p38 inhibitor SB203580 for 1 h and then co-incubated with 50 yg/ml TMP for
an additional 24 h, phosphorylation of PI3K/Akt and p38 are shown. The results are expressed as the mean + SEM of 3 independent experiments; "P<0.05
compared with the control group; “P<0.05 compared with the TMP-treated group. TMP, tetramethylpyrazine.
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Figure 7. Inhibition of PI3K and p38 activation enhances the TMP-mediated effects on ox-LDL uptake, cholesterol efflux and lipid accumulation in RAW264.7
macrophages. Macrophages were pretreated with the PI3K inhibitor LY294002 or the p38 inhibitor SB203580 for 1 h, and then co-incubated with 50 ug/ml
TMP for an additional 24 h. (A) ox-LDL uptake. (B) Lipid-loaded macrophages. (C) ABCAl-mediated cholesterol efflux. (D) ABCGl-mediated cholesterol
efflux are shown. The results are expressed as the mean + SEM of 3 independent experiments; "P<0.05 compared with the control group; “P<0.05 compared
with the TMP-treated or ox-LDL-treated group; “P<0.05 compared with the ox-LDL plus TMP-treated group. TMP, tetramethylpyrazine; ox-LDL, oxidized
low-density lipoprotein; ABCA1, ATP-binding cassette transporter Al; ABCGI1, ATP-binding cassette transporter G1.



2274

ABCAI1

P -actin

DUAN et al: TETRAMETHYLPYRAZINE INHIBITS MACROPHAGE-DERIVED FOAM CELL FORMATION

ABCGI1
P -actin
0 3 6 12 12 6 3 0 (h)
CHX CHX/TMP
1.5 1.2
& —— CHX+TMP = —— CHX+TMP
s E - CHX = £ 11 —-— CHX
- - =
ZEu ff e
™
5 £5 ~
3 £ 09 —
2 2 = 2 = —
= 205 -~ 3 08 ==
S E e 5 =~
8- o = H‘“j
g = = = 0.7
-2 <=
£ 0.0 £ 0.6

(h)

12 (h)

Figure 8. TMP enhances the protein stability of ABCA1. Macrophages were incubated with or without TMP (50 pzg/ml) in the presence of CHX (2 ug/ml) for
the indicated time-points. Cellular lysates were subjected to western blotting to determine the levels of ABCA1, ABCGI or p-actin. The data are representative
of 3 independent experiments (mean + SEM); "P<0.05 compared with the control group. TMP, tetramethylpyrazine; CHX, cycloheximide.

levels of ABCGI1 and ABCAI, however, whether the protein
stabilities of these proteins were affected by TMP remained
to be examined. As shown in Fig. 8, no difference was found
in the ABCGI degradation between TMP-treated and control
groups in the presence of CHX (an inhibitor of de novo protein
synthesis) during a 12-h period, indicating that TMP-increased
ABCGI expression was independent of protein stability.
However, in the presence of CHX, the degradation rate of the
ABCAL protein was time-dependently suppressed by TMP.

TMP retards atherosclerotic lesion formation in ApoE”
mice. We further examined the anti-atherogenic action of
TMP in vivo. Sixteen week-old ApoE™ mice treatment with
TMP (150 mg/kg/day) for 8 weeks markedly retarded lesion
formation in atherosclerosis compared to the vehicle-fed
ApoE” mice (Fig. 9A and B). Meanwhile, TMP decreased
the protein expression of SR-A and CD36, but increased the
protein expression of ABCG1 and ABCAL in aortas (Fig. 9C).
Our findings are in agreement with the results of the in vitro
experiments.

Discussion

Tetramethylpyrazine (TMP) has been recognized as a
protective agent against atherosclerosis (19-22). However,
the effect and underlying mechanism by which TMP regu-
lated lipid accumulation in macrophage-derived foam cells
remained to be investigated. The present study, supplied
novel insights into the molecular mechanisms of the anti-
atherogenic characteristic of TMP in ApoE” mouse aortas
and in the macrophage-derived foam cell formation. TMP
treatment suppressed ox-LDL uptake and induced cholesterol
efflux, which are co-responsible for subsequent inhibition
of lipid accumulation in macrophages. These effects can be
attributed to decreased CD36 and SR-A expression, and to
increased ABCGI1 and ABCAI in macrophages via inactiva-
tion of PI3K- and p38-dependent pathways. Moreover, TMP

increased the expression of ABCALI by increasing the protein
stability of ABCALI. These findings revealed that TMP has a
beneficial effect on sustaining lipid levels during the conver-
sion of macrophages into foam cells in atherosclerosis lesion
formation and this potential mechanism was described.

CD36 and SR-A are the main receptors for ox-LDL
uptake, SR-BI along with ABCG1 and ABCA1 are amenable
to cholesterol efflux. These actions play crucial roles in
the regulation of intracellular lipid levels during foam
cell formation (26). The present study may be the first to
demonstrate that TMP inhibits intracellular lipid accumulation
in macrophage-derived foam cells potentially through the
decrease of ox-LDL uptake and the increase of cholesterol
efflux. Moreover, TMP decreased both the mRNA and
protein expression of CD36 and SR-A. CD36 and SR-A are
two predominant types of scavenger receptors responsible for
ox-LDL uptake in macrophages (26). Research utilizing LDL
receptor knockout-mice (LDLR™) transplanted with SR-A-
deficient fetal liver cells indicated that SR-A in macrophages
is conducive to lesion formation of atherosclerosis. ApoE™"
recipient mice injected with CD36” macrophages and fed
with a high-fat diet revealed that CD36-dependent signaling
cascades are essential for foam cell formation. Extensive studies
also revealed that anti-atherogenic antioxidants can decrease
the expression of SR-A and CD36, which indicate the crucial
role of SR-A and CD36 in atherosclerotic pathogenesis (8).
In the present study, we demonstrated that TMP suppresses
ox-LDL uptake in macrophages via downregulation of the
expression of SR-A and CD36, which could have resulted from
the inhibition of the activity of the PI3K/Akt pathway. Notably,
PI3K/Akt signaling inhibition enhanced the influence of TMP
on SR-A and CD36 expression. These findings demonstrate
that inhibition of PI3K/Akt signaling is necessary for the
function of TMP athero-protection in macrophages. In view of
the action of SR-A and CD36, the effect of TMP attenuation of
SR-A and CD36 may facilitate the decrease of ox-LDL uptake
and subsequent suppression of foam cell formation.
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Figure 9. TMP inhibits atherosclerotic lesion formation in ApoE” mice via an increase in the expression of ABCA1 and ABCG1 and a decrease in the expres-
sion of CD36 and SR-A. (A) Representative H&E stained aortic sections (magnification, x40). (B) Average size of the atherosclerotic plaques in the aortic root.
Data are expressed as the mean = SEM (n=10 for each group). (C) After the treatment of ApoE” mice as described in the Materials and methods section, aortas
were collected and subjected to western blotting to detect the protein expression of ABCA1, ABCG1, SR-BI, SR-A and CD36. One representative blot is shown.
The relative protein levels of CD36, SR-A, SR-BI, ABCA1 and ABCGI are presented as the mean + SEM of the optical density from 3 separate experiments;
“P<0.05 compared with the ApoE” mice. TMP, tetramethylpyrazine; ApoE™, apolipoprotein E-deficient; ABCA1, ATP-binding cassette transporter Al,;
ABCGI, ATP-binding cassette transporter G1; CD36, cluster of differentiation 36; SR-A scavenger receptor class A; SR-BI, SR-B type 1.

Except for its suppressive effect on the expression of
scavenger receptors, TMP increased the expression of ABCA1
and ABCAl-mediated cholesterol efflux via the inactivation
of p38 signaling, and increased the expression of ABCGI1
and ABCGl-mediated cholesterol efflux via the inactivation
of PI3K/Akt signaling. The expression of ABCA1/ABCGI1
was upregulated by the activation of Liver X receptor (LXR)
signaling, thus promoting macrophage RCT (30) and decreasing
atherosclerosis in mouse models (31). In addition, various
antioxidants with anti-atherogenic properties are capable of
upregulating the expression of ABCG1 and ABCA1 (32,33).
In view of the function of ABCGI1 and ABCAL, the increasing
effect of TMP on the expression of ABCGl and ABCA1
observed in the present study may conduce to the inhibition
of ox-LDL uptake and subsequent suppression of foam cell
formation.

More crucially, ABCAL1 protein was stabilized by TMP.
This is in agreement with previous findings that revealed
that stabilization of the ABCALI protein increased cholesterol
efflux and decreased lipid accumulation in foam cells (34).
Conversely, destabilization of the ABCA1 protein induced
cholesterol accumulation in macrophages and foam cell
formation (35). Collectively, our results indicate that the
increase of ABCAI stability by TMP may facilitate the
suppression of the formation of foam cells.

In addition to TMP-invoked ABCAL1 protein stability,
we also found that TMP increased the mRNA expression of

ABCAL. These data revealed the TMP-induced increase of
the protein expression of ABCA1 via post-translational and
transcriptional regulation.

These findings demonstrate that TMP inhibits foam cell
formation but does not restrict the cell culture system. The
in vivo study revealed that atherosclerotic progression in
ApoE” mice was retarded by TMP, which is conformable to
a previous study (20). Indeed, TMP exhibited some beneficial
effects on atherosclerosis such as preventing endothelial
dysfunction (19), regulating lipid levels in the plasma (20),
attenuating oxidative stress (21), and inhibiting inflamma-
tion (22). In the present study, we further found that TMP
decreased the expression of CD36 and SR-A and increased
the expression of ABCA1 and ABCG1 in TMP-treated ApoE™
mice. Therefore, it appears that these therapeutic actions are
pervasive. Accordingly, TMP may play beneficial roles in
different organs through disparate mechanisms.

In brief, the present study revealed that TMP decreased
CD36 and SR-A expression and ox-LDL uptake via the
inactivation of PI3K signaling. Furthermore, TMP increased
the expression of ABCA1 and ABCAl-mediated cholesterol
efflux via the inactivation of p38 signaling, and increased
ABCGI expression and ABCGIl-mediated cholesterol efflux
via the inactivation of PI3K signaling. This TMP-invoked
regulation of the expression of CD36, SR-A, ABCAI and
ABCGTI resulted in the inhibition of foam cell formation
induced by ox-LDL. The present study offered novel insights
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for better understanding the underlying mechanisms involved
in TMP-invoked suppression of foam cell formation in athero-
sclerosis. The only limitation of this study is that we did not
perform an LY294002 or SB203580 control without TMP, and
the effects between TMP and LY294002 or SB203580 were
not compared. Therefore, whether other signaling pathways
are involved in the protection of TMP against macrophage-
derived foam cell formation remains to be investigated.
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