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Biochanin A (BCA), a dietary isoflavone extracted from red clover and cabbage, has been shown to antagonize hypertension and
myocardial ischemia/reperfusion injury. However, very little is known about its role in atherogenesis. The aim of this study was to
observe the effects of BCA on atherosclerosis and explore the underlying mechanisms. Our results showed that administration of
BCA promoted reverse cholesterol transport (RCT), improved plasma lipid profile, and decreased serum proinflammatory
cytokine levels and atherosclerotic lesion area in apoE™" mice fed a Western diet. In THP-1 macrophage-derived foam cells,
treatment with BCA upregulated ATP-binding cassette (ABC) transporter A1 (ABCA1) and ABCG1 expression and facilitated
subsequent cholesterol efflux and diminished intracellular cholesterol contents by activating the peroxisome proliferator-activated
receptor y (PPARy)/liver X receptor « (LXR«) and PPARy/heme oxygenase 1 (HO-1) pathways. BCA also activated these two
signaling pathways to inhibit the secretion of proinflammatory cytokines. Taken together, these findings suggest that BCA is
protective against atherosclerosis by inhibiting lipid accumulation and inflammatory response through the PPARy/LXRa and
PPARy/HO-1 pathways. BCA may be an attractive drug for the prevention and treatment of atherosclerotic cardiovascular disease.

1. Introduction

Cardiovascular disease (CVD) remains the leading cause of
mortality and disability worldwide. Atherosclerosis is the
pathological basis of most CVD, such as unstable angina,
myocardial infarction, and stroke [1]. This is a complex path-
ological process characterized by lipid deposition and
chronic inflammation within the arterial wall [2]. During
atherogenesis, circulating monocytes adhere to endothelium,
migrate into the subendothelial space, and then differentiate
into macrophages. After uptake of oxidized low-density lipo-
protein (ox-LDL), macrophages are transformed into foam
cells, a hallmark of early-stage atherosclerotic plaques [3].
On the other hand, ox-LDL can stimulate macrophages to
produce multiple proinflammatory factors, further promot-
ing lipid accumulation and aggravating plaque formation
[4]. Despite statin monotherapy or its combination with

other drugs such as evolocumab has obtained considerable
improvement in clinical outcomes of CVD patients, the
residual risk is still a major challenge [5, 6]. Thus, there is
an urgent need to develop new atheroprotective drugs for
decreasing the risk of CVD.

Reverse cholesterol transport (RCT) is a process whereby
excessive cholesterol in peripheral tissues and cells is trans-
ported by high-density lipoprotein (HDL) to the liver for
excretion into feces. ATP-binding cassette (ABC) transporters
Al (ABCA1) and ABCGI, two membrane proteins, play a
central role in mediating intracellular cholesterol efflux, the
first and rate-limiting step of RCT [7, 8]. Previous studies from
our laboratory and other groups have demonstrated that far-
gesin, polydatin, and N-acetylneuraminic acid promote RCT
and diminish atherosclerotic lesion area in apolipoprotein E-
deficient (apoE”") mice by upregulating ABCA1 and ABCGI
expression [9-11]. Peroxisome proliferator-activated receptor
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y (PPARy) and liver X receptor o (LXR«) belong to nuclear
receptors [12]. Heme oxygenase (HO-1) is a critical enzyme
in the heme catabolism. It has been reported that activation
of LXRa and HO-1 not only increases ABCA1 and ABCGl
expression but also inhibits proinflammatory cytokine secre-
tion [13-15]. Interestingly, PPARy serves as an upstream
effector of LXRa and HO-1 [12, 16, 17]. These findings suggest
that PPARy functions as a crosstalk between lipid metabolism
and inflammation. Activation of PPARYy is a promising strat-
egy for the prevention and treatment of atherosclerosis.

Biochanin A (BCA, Figure 1(a)), also known as 5,7-dihy-
droxy-4'-methoxy-isoflavone, is an isoflavone present in red
clover, cabbage, alfalfa, and many other herbal products [18].
It is suggested that BCA exerts multiple pharmacological
effects, such as antioxidation, anti-inflammation, and anti-
infection [19, 20]. Recent studies showed that BCA is protec-
tive against obesity, hypertension, and myocardial ische-
mia/reperfusion injury [21, 22]. However, it is still unclear
whether BCA is able to inhibit the development of
atherosclerosis.

In this study, we found that BCA reduces atherosclerotic
lesion area in apoE”" mice. Mechanistically, BCA activates
the PPARy/LXRa and PPARyY/HO-1 pathways to upregulate
ABCA1 and ABCG1 expression, leading to increased macro-
phage cholesterol efflux and RCT. On the other hand, BCA
inhibits proinflammatory cytokine secretion by activating
these two pathways.

2. Materials and Methods

2.1. Mice and Diet. Forty male 8-week-old apoE”" mice on a
C57BL/6 background were purchased from Changzhou
Cavens Lab Animal Co., Ltd (Jiangsu, China) and housed
under a 12 h light/dark cycle in an environmentally con-
trolled room (24 +2°C, 60% humidity). Mice were fed a
Western diet containing 21% fat and 0.3% cholesterol and
randomized into two groups (n=20 per group): control
group and BCA group. Mice in BCA group were intragastri-
cally administered with 50 mg/kg BCA (Sigma-Aldrich, St.
Louis, MO, USA) dissolved in 1% dimethyl sulfoxide
(DMSO) twice every week, and control mice were treated
with an equal volume of vehicle. Body weight of each mouse
was recorded once every two weeks. Twelve weeks later, all
mice were sacrificed, and the heart, aorta, and blood were col-
lected. Sodium pentobarbital anesthesia was conducted
throughout all surgeries. Prior to euthanasia, 4% thioglycol-
late broth was intraperitoneally injected into mice, followed
by injection with 5mL of sterile PBS for the collection of
mouse peritoneal macrophages (MPMs). After centrifuga-
tion (300 rpm, 5min, 4°C), the isolated MPMs were counted
and then cultured in RPMI 1640 medium (Gibco, Grand
Island, NE, USA) containing 10% fetal bovine serum (FBS,
Gibco). All experiments were conducted according to proto-
cols approved by the Animal Care and Use Committee at the
Second Affiliated Hospital of Hainan Medical University.

2.2. Measurement of Serum Biochemical Indicators. The
blood samples were obtained from the retro-orbital plexus
and then stored at 4°C for 4h. Followed by centrifugation
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at 3000 rpm for 10 min, the supernatants were collected as
serum samples for further analyses. Serum levels of alanine
aminotransferase (ALT), aspartate transaminase (AST), urea
nitrogen (BUN), and creatinine (Scr) were quantified using
specific kits (Guide Chem, Zhejiang, China).

2.3. Evaluation of En Face Lesion Area. After euthanasia, the
whole aorta was dissected from apoE”" mice. The adventitial
tissues were carefully removed. The aorta was unfolded lon-
gitudinally, stained with Oil Red O, and then photographed.
The percentage of lesion area stained by Oil Red O in the aor-
tic surface was determined by Image-Pro Plus 7.0 software.

2.4. Assessment of Atherosclerotic Lesions in the Aortic Root.
The upper part of the heart and proximal aorta were isolated
after euthanasia. Then, the heart was rinsed with PBS,
embedded in Optimal Cutting Temperature compound
(OCT, Sakura Finetek Japan Co., Ltd, Tokyo, Japan), and
serially sectioned (8 um thick) throughout the three aortic
valves. The sections were subjected to hematoxylin-eosin
(HE), Oil Red O, and Masson staining to evaluate plaque
area, lipid deposition, and collagen content, respectively.
Quantitative analyses were conducted by means of Image-
Pro Plus 7.0 software.

2.5. In Vivo RCT Assay. RCT was detected according to our
previous method [23]. J774 macrophages were cotreated
with acetylated LDL (50 ug/mL, Yiyuan biotechnology,
Guangzhou, China) and [*H]-cholesterol (5 uCi/mL, Perki-
nElmer, MA, USA) for 48h. Following equilibration and
resuspension in ice-cold Dulbecco’s modified Eagle’s
medium (DMEM, Gibco), the labeled cells were injected
into the abdominal cavity of experimental mice (4.5 x 108
cells/mouse, n =5 per group). After 6, 24, and 48h of injec-
tion, plasma samples were collected through saphenous
vein puncture, 10 uL aliquots of which was used to deter-
mine the radioactivity of [*H]-cholesterol using a liquid
scintillation counter. The feces were continuously gathered
from 0 to 48h, freeze-dried, weighed, and soaked in etha-
nol. The radioactivity in 20 uL of aliquots was measured.
At the end of the study, the liver tissues were isolated from
euthanized mice, washed in ice-cold PBS, dried on filter
papers, weighed, and stored at -20°C. Then, 100 mg of fro-
zen hepatic tissue was mixed with isopropanol/hexane (2:3,
VIV) for 48h and then dried overnight for lipid extraction
and radioactivity detection. In vivo RCT efficiency was cal-
culated as the percentage of radioactivity in the plasma,
liver, or feces to total radioactivity injected.

2.6. Measurement of Serum Lipid Levels. Blood samples from
the retro-orbital plexus of experimental mice were collected
into EDTA-coated tubes. Plasma levels of triglycerides
(TG), total cholesterol (TC), HDL cholesterol (HDL-C),
and low-density lipoprotein cholesterol (LDL-C) were
quantified by enzymatic methods utilizing commercial kits
(Nanjing Jiancheng Biotech Inc., Jiangsu, China).

2.7. Evaluation of Hepatic Lipid Levels. The hepatic tissues
were isolated from euthanized mice, washed in PBS, dried
on filter papers, weighed, fixed with 4% formaldehyde at
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FIGURE 1: BCA ameliorates atherosclerosis in apoE ™" mice. Forty male apoE™" mice were administered with BCA (50 mg/kg) or vehicle by oral
gavage and fed a Western diet for 12 weeks (n = 20 per group). (a) Chemical structure of BCA. (b) Comparison of body weight. (c) Detection
of serum levels of ALT, AST, Bun, and Scr. (d) The plaques (yellow arrows) in the aortic arch of apoE”" mice under a stereoscopic microscope.
(e) The atherosclerotic lesion area of the whole aorta was analyzed by Oil Red O staining (n = 10 per group). () Sections of the aortic root were
stained with HE, Oil Red O, or Masson. The percentage of lesion area, lipids, and collagens were quantified (n = 10 per group) using Image-
Pro Plus 7.0 software. Data are expressed as mean + SD. *P < 0.05 vs. control group.



room temperature for 24h, and then homogenized. The
TC and TG levels were measured using commercial kits
(Jiancheng Biotech) according to the manufacturer’s
protocol.

2.8. Cell Culture and Treatment. THP-1 cells were purchased
from American Type Culture Collection (ATCC, USA) and
maintained in RPMI 1640 medium supplemented with 1%
penicillin-streptomycin (Beyotime, Shanghai, China) and
10% FBS. Cells were cultured at 37°C in a humidified atmo-
sphere of 5% CO,. To stimulate the differentiation of mono-
cytes into macrophages, THP-1 cells were treated with
160nM phorbol 12-myristate 13-acetate (PMA, Sigma-
Aldrich, St. Louis, MO, USA) for 24 h. THP-1 macrophages
were then incubated with 50 ug/mL ox-LDL (Yiyuan biotech-
nology) for 48h to transform into foam cells. THP-1
macrophage-derived foam cells were seeded in 24-well plate
and grown to 80% confluence. Subsequently, these cells were
treated with BCA dissolved in 1% DMSO or vehicle. To inter-
fere with the PPARy/LXRa or PPARyY/HO-1 pathway, THP-
1 macrophage-derived foam cells were transfected with
50nM siRNAs against PPARy, LXRa, or HO-1 (Gene-
Pharma, Shanghai, China) for 24h. After transfection, the
cells were treated with BCA for another 24h. A scrambled
siRNA was used as a nontargeting negative control. Western
blot was performed to determine transfection efficiency.

2.9. MTT Assay. The cytotoxicity of BCA on THP-1
macrophage-derived foam cells was evaluated using MTT
assay. Briefly, cells were seeded into 96-well plates at a den-
sity of 5x 10* cells/well. When cells were 80% confluent,
the cells were treated with different doses of BCA (5, 10, 20,
or 40 uM) for 24h or 20 uM BCA for various times (6, 12,
24, or 48h). Then, cells were incubated with 20uL of
4mg/mL MTT solution (Sigma-Aldrich) at 37°C for 4h.
The medium was carefully removed and each well was added
with 150 uL. DMSO, followed by gentle shake. The optical
density (OD) value of each well was measured at 490 nm.

2.10. Cholesterol Efflux Assay. Cholesterol efflux assay was
conducted as described previously [24]. Briefly, THP-1 mac-
rophages and MPMs isolated from apoE ™" mice were treated
with 50 pug/mL of ox-LDL and 5 uCi/mL [*H]-cholesterol for
48h. Then, cells were rinsed with PBS and incubated with
serum-free medium containing 0.1% BSA for 2h for equili-
bration. Then, cells were washed in PBS again and main-
tained in RPMI 1640 medium containing 0.5% BSA and
25ug/mL apoA-I (Sigma-Aldrich) or 50ug/mL HDL
(Sigma-Aldrich) at 37°C overnight. The medium and cells
were collected for radioactivity detection using a liquid scin-
tillation counter. The efflux capacity was quantified as the
ratio of [’H] activity in the medium to total [*H] activity
(medium + cells).

2.11. Evaluation of Intracellular Lipid Droplets by Oil Red O
Staining. THP-1 macrophage-derived foam cells were
washed with PBS and fixed in 4% paraformaldehyde for
5min. After several rinses, they were stained with prepared
Oil Red O working solution (Yiyuan biotechnology) in the
dark at 37 °C for 20 min, and further destained with 60% iso-
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propanol for 10 sec. Finally, the Oil Red O-positive cells (red)
were photographed using a fluorescent microscope (Olym-
pus BX50) at x400 magnification.

2.12. Detection of Intracellular Cholesterol Contents by High-
Performance Liquid Chromatography (HPLC). HPLC assay
was performed as previously described by us [24]. MPMs
and THP-1 macrophage-derived foam cells were broken in
1 mL 0.9% NaCl using an ultrasonic processor (Scientz, Zhe-
jiang, China) under ice bath. Following centrifugation
(12,000 rpm, 5 min), the supernatants were collected and vor-
texed. Cholesterol was extracted using isopropanol/hexane
(2:3, V/V) and dissolved in isopropanol (50 mg/mL). Choles-
terol standard calibration solution ranging from 0 to
50 mg/mL was prepared. The reaction mixture (500 mM
MgCl,, 500 mM TriS-HCl (PH = 7.4), 10 mM dithiothreitol,
and 5% NaCl) was supplemented into 100 uL of the sample
or cholesterol standard calibration solution. 0.4 U cholesterol
oxidase combined with 0.4 U cholesterol esterase was supple-
mented to detect TC content. The FC content was measured
without adding cholesterol esterase. After incubating at 37°C
for 30 min, the reaction was terminated. The supernatant was
then collected and detected by a high-performance liquid
chromatographer (LC10AVP, Shimadzu, Japan). The col-
umn was eluted using isopropanol:heptane:acetonitrile
(35:12:53) at a flow rate of 1 mL/min for 8 min. Absorbance
at 226 nm was monitored. Data analyses were conducted
using TotalChrom software (PerkinElmer).

2.13. Dil-ox-LDL Uptake Assay. THP-1 macrophage-derived
foam cells were treated with BCA or PBS, followed by incuba-
tion with 10 ug/mL Dil-ox-LDL (Yiyuan biotechnology) at
37°C for 4h. After washing with PBS three times, the cells
were viewed and imaged by a fluorescence inverted micro-
scope (Olympus BX50) at x200 magnification.

2.14. RNA Isolation and Quantitative Real-Time PCR (qRT-
PCR). The TRIzol reagent kit (Invitrogen, CA, USA) was
used to extract total RNA from the obtained tissues and cul-
tured cells. The extracted RNA was then purified and quanti-
fied using the Nanodrop 3000 (ThermoFisher, Scotts Valley,
CA, USA). The first-strand complementary DNA was syn-
thesized utilizing a high-capacity cDNA reverse transcription
kit (Takara, Kyoto, Japan). qRT-PCR was conducted using
SYBR® Premix Ex TaqTM II reagent kit (Takara) on an
ABI 7900HT Fast Real-Time PCR System (Applied Biosys-
tems, Foster City, CA, USA) for 40 cycles (95°C for 2 min,
95°C for 10sec, and 60°C for 30 sec). Melting curve analysis
was used to evaluate the specificity of all PCR products. Rel-
ative gene expression was quantitated using the 2744Ct
method. The sequences of mRNA primers were designed
and synthesized by Shanghai Sangon Biotech Co., Ltd
(Shanghai, China). The primers were listed in Supplementary
Table 1. 3-Actin was used as an internal control.

2.15. Western Blot Analysis. The cells and tissues were lysed
with the RIPA buffer (Beyotime) containing 0.1 mmol/L
PMSF (Beyotime) on ice for 15min, and total proteins were
isolated by centrifugation at 12,000 rpm for 10 min at 4°C.
The concentration of protein extracts was measured by a
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FIGURE 2: BCA improves RCT and plasma lipid profile in apoE™" mice. (a-c) J774 macrophages loaded with [*H]-cholesterol and acetylated
LDL were injected into the abdominal cavity of apoE” mice (1 = 5 per group). The radioactivity in the plasma, liver, and feces were measured
by a liquid scintillation counter. (d) Plasma levels of TC, LDL-C, HDL-C, and TG were measured using enzymatic methods (n =10 per
group). Data are expressed as mean + SD. *P < 0.05 vs. control group.

BCA Assay Kit (Beyotime). Then, the protein extracts were
subjected to SDS-PAGE and transferred to a polyvinylidene
difluoride (PVDF) membrane (Merck Millipore, MA,
USA). After blocking with 5% skim milk at 4°C for 4h, the
membranes were immunoblotted with mouse monoclonal
antibody against ABCA1 (ab18180, 1:500, Abcam, Cam-
bridge, MA, USA), rabbit monoclonal antibody against
ABCGI1 (ab52617, 1:1000, Abcam), rabbit monoclonal anti-
body against CD36 (ab133625, 1:500, Abcam), mouse poly-
clonal antibody against SR-A (AF1797, 1:1000, R&D
Systems, MN, USA), rabbit monoclonal antibody against
LXRa (ab176323, 1:500, Abcam), rabbit monoclonal anti-
body against PPARy (ab178860, 1:500, Abcam), and rabbit
monoclonal antibody against HO-1 (#70081, 1:1000, CST,
Danvers, MA, USA) with gentle shaking overnight at 4°C.
After a series of rinses with PBST, the membranes were fur-
ther incubated with HRP-conjugated secondary antibodies
(1:5000, CWbio, Beijing, China). The protein bands were
visualized with BeyoECL Plus kit (Beyotime) and analyzed
using Gel-Pro software 4.0. 3-Actin was used as an internal
control.

2.16. Enzyme-Linked Immunosorbent Assay (ELISA). Serum
samples and cell culture supernatant were collected. Then,
the commercial ELISA kits (R&D Systems) were used to
quantify the levels of tumor necrosis factor-a (TNF-a), inter-
leukin (IL)-1p, and IL-6 according to the manufacturer’s

protocol. The absorbance at 450 nm was detected using the
iMark™ Microplate Reader (Bio-Rad, Hercules, CA, USA).

2.17. Statistical Analysis. All data are expressed as the
mean + standard deviation (S.D.) from at least three inde-
pendent experiments. All statistical analyses among groups
were performed by either one-way ANOVA followed by
Tukey’s multiple comparison test or unpaired Student’s
t-test, using GraphPad Prism 8.0 software (CA, USA). A
value of P <0.05 was considered as statistical significance.

3. Results

3.1. BCA Inhibits Atherosclerotic Plaque Formation in apoE”
Mice. To determine the effects of BCA on atherogenesis,
apoE”" mice fed a Western diet were administered with
BCA or vehicle. A similar weight gain was observed in two
groups over the course of the study (Figure 1(b)). There were
no significant differences in the serum levels of ALT, AST,
Bun, and Scr between two groups, indicating that BCA at
currently used dose has no hepatotoxicity and nephrotoxicity
(Figure 1(c)). Notably, treatment with BCA obviously
decreased the size of atherosclerotic lesions in the aortic arch
(Figure 1(d)) and en face aorta (Figure 1(e)). BCA also
reduced lesion area and lipid deposition in the cross-
sections of the aortic root, as evidenced by the HE and Oil
Red O staining (Figure 1(f)). However, Masson staining
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showed that BCA did not alter collagen content within the
plaques, indicating that it has no effect on plaque stability
(Figure 1(f)). Altogether, these in vivo observations suggest
that BCA can inhibit the development of atherosclerosis.

3.2. BCA Promotes RCT and Improve Plasma Lipid Profile in
apoE™”" Mice. Given that RCT is a major pathway to eliminate
excessive cholesterol from the body and exerts an atheropro-
tective effect [25], we next tested the impact of BCA on RCT.
As expected, administration of BCA markedly increased
[*H]-cholesterol content in the plasma, liver, and feces
(Figures 2(a)-2(c)), revealing a beneficial effect of BCA on
RCT. Accordingly, BCA treatment led to a remarkable
increase in plasma HDL-C levels and a decrease in TC,
LDL-C, and TG levels (Figure 2(d)), suggesting that BCA

can ameliorate hyperlipidemia. Notably, hepatic TC and
TG levels trended higher in BCA group compared with con-
trol group but were not significantly different, indicating that
administration of BCA has no impact on fat content in the
liver and does not lead to fatty liver (Supplementary Fig. 1).

3.3. BCA Accelerates Macrophage Cholesterol Efflux and
Alleviates Intracellular Lipid Accumulation. Cholesterol
efflux, the first and rate-limiting step of RCT, is essential
for the formation and maturation of HDL particles [26].
We speculated that BCA-mediated improvement of plasma
lipid profile is attributed to its ability to stimulate cholesterol
efflux. To this end, we isolated MPMs from apoE ™~ mice and
found that BCA treatment significantly increased cholesterol
efflux from MPMs to apoA-I and HDL (Figure 3(a)) and
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decreased intracellular cholesterol contents (Figure 3(b)). To
further confirm this effect, THP-1 macrophage-derived foam
cells were exposed to BCA as indicated time and concentra-
tions. The MTT results showed that treatment with 20 yuM
BCA for 24h had no effects on cell viability (Figures 3(c)
and 3(d)). Thus, this concentration and time was selected
for the subsequent in vitro experiments. Consistent with the
findings obtained from MPMs, THP-1 macrophage-derived
foam cells treated with BCA displayed a significant increase
in cholesterol efflux to apoA-I and HDL (Figure 3(e)).
Accordingly, BCA treatment caused a dramatic decrease in
intracellular TC, FC, and CE amounts (Figure 3(f)), as well
as a reduction of lipid droplets in THP-1 macrophage-
derived foam cells (Figure 3(g)), indicating an inhibitory
effect of BCA on lipid accumulation. In addition to increased
cholesterol efflux, decreased cholesterol uptake contributes to
prevention of lipid accumulation [26]. Unexpectedly, there
was no difference in the uptake of Dil-ox-LDL by THP-1
macrophage-derived foam cells between the control group
and BCA group (Figure 3(h)). Together, these results suggest

that BCA inhibits lipid accumulation by promoting choles-
terol efflux from macrophages.

3.4. BCA Upregulates ABCAI and ABCGI Expression In Vivo
and In Vitro. It is well known that ABCA1 and ABCG1 medi-
ate the efflux of cholesterol, while CD36 and SR-A are
responsible for cholesterol uptake [27, 28]. To gain insights
into potential mechanisms, QRT-PCR and Western blot were
used to measure the expression of these agents. Our results
demonstrated that administration of BCA significantly
increased the mRNA and protein levels of ABCAl and
ABCGl in mouse aorta (Figure 4(a)) and MPMs
(Figure 4(b)). A similar result was observed in THP-1
macrophage-derived foam cells treated with BCA
(Figure 4(c)). However, the expression of CD36 and SR-A
was unchangeable in response to BCA both in vivo
(Figures 4(a) and 4(b)) and in vitro (Figure 4(c)). Taken
together, these observations suggest that BCA upregulates
ABCA1 and ABCGI expression to promote macrophage
cholesterol efflux and inhibit lipid accumulation.
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3.5. The PPARy/LXRa and PPARy/HO-1 Pathways are
Involved in BCA-Induced Upregulation of ABCAI and
ABCG]1 Expression. The PPARyY/LXRa pathway is known to
play a central role in stimulating ABCA1 and ABCGI tran-
scription [29, 30]. Next, we explored whether this signaling

axis is involved in BCA-induced upregulation of these two
transporters’ expression. The qRT-PCR and Western blot
results showed that treatment with BCA dramatically
increased PPARy and LXRa expression in the aorta
(Figure 5(a)), MPMs (Figure 5(b)), and THP-1
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macrophage-derived foam cells (Figure 5(c)). Subsequently,
THP-1 macrophage-derived foam cells were transfected
with siRNAs against LXRa or PPARy, followed by treat-
ment with or without BCA. As illustrated in Supplemen-
tary Fig. 2, the endogenous expression of LXRa and
PPARy was effectively silenced by LXRa siRNA and
PPARy siRNA, respectively. Importantly, BCA-induced
upregulation of ABCA1 and ABCGI expression was par-
tially reversed by siRNAs against LXRa and PPARy
(Figures 5(d) and 5(e)). Knockdown of PPARy with
siRNA also abrogated the effect of BCA on LXRa expres-
sion (Figure 5(e)). All these findings support the notion
that BCA increases ABCA1 and ABCGI expression, at
least in part, by activating the PPARy/LXRa pathway.

In addition to LXRa, HO-1 is a downstream effector mol-
ecule of PPARy. It has been reported that HO-1 increases the
protein stability of ABCA1l and ABCGI1 by inhibiting
calpain-mediated proteolysis [31, 32]. It is likely that BCA-
induced protective effects on the expression of ABCAI and
ABCGl is also mediated by the PPARy/HO-1 pathway. To
test this possibility, we first detected HO-1 expression using
qRT-PCR and Western blot and found that BCA treatment
dramatically increased the mRNA and protein levels of
HO-1 in mouse aorta (Figure 6(a)), MPMs (Figure 6(b)),
and THP-1 macrophage-derived foam cells (Figure 6(c)).
THP-1 macrophage-derived foam cells were then transfected

with siRNAs against PPARy or HO-1, which was followed by
incubation with or without BCA. PPARy knockdown abol-
ished the effect of BCA on HO-1 expression (Figure 6(d)).
The Western blot results confirmed efficient knockdown of
HO-1 expression by HO-1 siRNA (Supplementary Fig. 2).
Transfection with HO-1 siRNA successfully inhibited BCA-
induced increase in protein expression of ABCAl and
ABCGI1 without affecting their mRNA levels (Figure 6(e)),
suggesting that activation of the PPARy/HO-1 pathway is
also involved in induction of ABCA1 and ABCG1 expression
by BCA.

3.6. BCA Inhibits Inflammatory Response In Vivo and In
Vitro. In addition to lipid metabolism disorder, inflamma-
tory response is closely associated with the occurrence and
development of atherosclerosis [33]. As illustrated in
Figure 7(a), administration of BCA diminished serum TNF-
a, IL-1f3, and IL-6 levels. Accordingly, the mRNA levels of
TNF-a, IL-18, and IL-6 were significantly decreased in the
aorta (Figure 7(b)) and MPMs (Figure 7(c)) isolated from
BCA-treated apoE ™" mice. In addition, the secretion of these
proinflammatory cytokines was inhibited by BCA in THP-1
macrophage-derived foam cells (Figure 7(d)). These results
suggest that blockade of inflammatory response is another
important mechanism underlying the atheroprotective
action of BCA.
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3.7. The PPARy/LXRa and PPARy/HO-1 Pathways are
Required for the Inhibitory Effect of BCA on Inflammatory
Response. Activation of the PPARy/LXRa and PPAR-
p/HO-1 pathways also contributes to prevention of inflam-
matory response in multiple cell types [16, 34]. Given
BCA as a positive regulator of PPARy expression [35,
36], we inferred that the anti-inflammatory effect of BCA
is mediated by these two signaling pathways. To do so,
THP-1 macrophage-derived foam cells were pretreated
with siRNAs against PPARy, LXRa, or HO-1, followed
by incubation with or without BCA. As expected, treat-
ment with BCA alone led to a significant decrease in
TNF-a, IL-1f3, and IL-6 secretion, and this decrease was
prevented by PPARy siRNA, LXRa siRNA, and HO-1
siRNA (Figures 8(a)-8(c)). These results suggest that
BCA activates the PPARy/LXRa and PPARy/HO-1 path-
ways to antagonize inflammation.

4. Discussion

Although statins and other new therapeutic agents for ath-
erosclerosis have been successfully applied, it is needed to
find new drugs to meet the unmet clinic demand for its
high morbidity and mortality [37, 38]. There is increasing
evidence that plant flavonoid isoflavones exert a beneficial
effect in lipid metabolism, inflammation, and atherosclerosis
[39, 40]. BCA, a bioactive isoflavone extracted from many
herbal products, plays a protective role in CVD [41, 42].
However, whether BCA affects atherogenesis remains to be
determined. In the present study, we found that BCA
decreased atherosclerotic lesion size and alleviated lipid
deposition within plaques in apoE ™" mice, suggesting a favor-
able role in the development of atherosclerosis.
Atherosclerosis is regarded as a lipid-driven inflamma-
tory disease [43, 44]. It has been reported that administration
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of BCA increases plasma HDL-C levels and decreases LDL-C
and TC levels in animal models of hyperlipidemia [45]. BCA
also reduces proinflammatory cytokine secretion in human
umbilical vein endothelial cells and primary rat chondrocytes
[46, 47]. Similarly, our data showed that BCA improved
plasma lipid profile, promoted overall RCT efhiciency, and
decreased serum TNF-a, IL-1B, and IL-6 levels in apoE™
mice. Thus, BCA protects against atherosclerosis by improv-
ing lipid metabolism and inhibiting inflammatory response.

Lipid accumulation leads to foam cell formation within
the arterial wall, an early event in the development of athero-
sclerosis [48]. Here, we found that BCA-treated macrophages
exhibited a significant decrease in lipid droplets and intracel-
lular cholesterol amounts, indicating this isoflavone as a
potent suppressor of lipid accumulation. Intracellular choles-
terol level depends on the dynamic balance between choles-
terol internalization and cholesterol efflux. It is now well
accepted that CD36 and SR-A are responsible for cholesterol
uptake by macrophages, while ABCA1 and ABCGI mediate
intracellular cholesterol efflux [49]. Mutations in ABCA1
gene cause Tangier disease, which is characterized by
extremely low plasma HDL-C levels and premature athero-
sclerosis [50]. Double knockout of ABCA1 and ABCGI genes
in apoE”" mice leads to more atherosclerotic lesions than sin-
gle knockout mice [51]. In this study, we observed that BCA
had no effect on Dil-ox-LDL uptake but promoted choles-
terol efflux from MPMs and THP-1 macrophage-derived
foam cells, in agreement with a previous report showing that
BCA has a beneficial effect on cholesterol efflux from RAW
264.7 macrophages [45]. Accordingly, treatment with BCA
upregulated ABCA1 and ABCGI expression without altering
SR-A and CD36 levels. These findings suggest that promot-
ing ABCA1- and ABCGI-dependent cholesterol efflux is an
important mechanism for BCA-induced alleviation of lipid
accumulation.

LXRa is the most important transcriptional factor to
induce ABCA1 and ABCGI expression. PPARy acts as an
upstream molecule of LXRa. Activation of the PPARy/LXR«
signaling pathway has been shown to increase ABCA1 and
ABCG1 expression and thereby mitigate atherosclerosis
[52]. HO-1, a key enzyme involving heme catabolism, is
abundantly expressed in macrophages. Deletion of HO-1
promotes the development of atherosclerosis in apoE”" mice
[53], whereas its overexpression leads to decreased athero-
sclerotic lesions [54]. Unlike LXRa, HO-1 can stabilize
ABCA1 and ABCGI proteins by reducing calpain activity.
It has been reported that administration of kaempferol and
Tanshinone ITA markedly increases the protein levels of
ABCA1 and ABCGI in a HO-1-dependent manner in
THP-1 macrophages [15, 32]. Our results showed that treat-
ment with BCA increased PPARy, LXRa, and HO-1 expres-
sion in the aorta and macrophages. Importantly, BCA-
induced upregulation of ABCA1 and ABCGI expression
was reversed by pretreatment with siRNAs against PPARy,
LXRa, and HO-1 in THP-1 macrophage-derived foam cells.
Thus, BCA increases ABCA1l and ABCGI expression
through two molecular mechanisms. On one hand, BCA acti-
vates the PPARy/LXRa pathway to stimulate transcription of
the two ABC transporter genes. On the other hand, BCA
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inhibits protein degradation through the PPARy/HO-1
pathway.

In addition to lipid metabolism, LXRa and HO-1 are asso-
ciated with inflammatory response. A recent study showed
that LXRa« is expressed at higher levels in healthy people com-
pared with atherosclerosis patients, and its overexpression
polarizes macrophages towards an anti-inflammatory M2
phenotype [55]. Treatment with saikosaponin a (SSa) inhibits
lipopolysaccharide-induced proinflammatory cytokine pro-
duction in primary mouse macrophages by upregulating
LXRa expression [56]. HO-1 deletion in myeloid cells pro-
motes the polarization of proinflammatory M1 macrophages
both in vivo and ex vivo, while transgenic overexpression of
HO-1 favors an M2 anti-inflammatory phenotype [57],
revealing a regulatory role of HO-1 in macrophage inflamma-
tion and atherogenesis. Additionally, activation of PPARy has
been shown to reduce proinflammatory cytokine secretion by
upregulating HO-1 expression in multiple cell types [58, 59].
The present study demonstrated that knockdown of PPARy,
LXRa, and HO-1 with siRNAs abolished the inhibitory effect
of BCA on TNF-q, IL-1f3, and IL-6 secretion from THP-1
macrophage-derived foam cells. Thus, BCA suppresses
inflammatory response by activating the PPARy/LXRa and
PPARy/HO-1 pathways. However, it remains to be deter-
mined whether BCA directly or indirectly regulates PPARy
expression.

In summary, the present study has revealed a beneficial
role of BCA in atherosclerosis. Mechanistically, BCA pro-
motes ABCA1- and ABCGI-dependent cholesterol efflux
and inhibits inflammatory response by activating the
PPARy/LXRa and PPARy/HO-1 pathways. Thus, BCA
could be developed as a promising antiatherogenic drug in
the future.
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Supplementary Materials

Supplementary Figure 1: BCA has no effect on fat contents in
the liver. Hepatic tissues were isolated from apoE ™" mice, and
the levels of TC and TG were detected using commercial kits
(n=10). Data are expressed as mean + SD. Supplementary
Figure 2: evaluation of siRNA transfection efficiency. (a—c)
THP-1 macrophage-derived foam cells were transfected with
50 nM of scrambled siRNA, LXRa siRNA, PPARy siRNA, or
HO-1 siRNA for 24h, followed by Western blot assay for
LXRa, PPARy, and HO-1 expression. Data are expressed as
mean + SD from three independent experiments. *P < 0.05
vs. control group. Supplementary Table 1: the primer
sequences used in qQRT-PCR. (Supplementary Materials)
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