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Abstract

Steroid receptor coactivator 3 (SRC-3) is a member of the p160 SRC family. This factor can interact with
multiple nuclear hormone receptors and transcription factors to regulate the expression of their target genes.
Although many physiological roles of SRC-3 have been revealed, its role in atherosclerosis is not clear. In this
study, we found that SRC-3--ApoE-- mice have reduced atherosclerotic lesions and necrotic areas in their
aortas and aortic roots compared with SRC-3*/*ApoE-- mice after Western diet (WD) feeding for 12 weeks.
RNA-Seq and Western blot analyses of the aorta revealed that SRC-3 was required for maintaining the
expression of ICAM-I, which was required for macrophage recruitment and atherosclerosis development.
siRNA-mediated knockdown of SRC-3 in endothelial cells significantly reduced WD-induced atherosclerotic
plaque formation. Additionally, treatment of ApoE/- mice with SRC-3 inhibitor bufalin prevented
atherosclerotic plaque development. SRC-3 deficiency reduced aortic macrophage recruitment. Accordingly,
ICAM-1 expression was markedly decreased in the aortas of SRC-3--ApoE/- mice and ApoE-- mice with
endothelial SRC-3 knockdown mediated by AAV9-shSRC-3 virus. Mechanistically, SRC-3 coactivated NF-kB
p65 to increase ICAM-1 transcription in endothelial cells. Collectively, these findings demonstrate that inhibiting
SRC-3 ameliorates atherosclerosis development, at least in part through suppressing endothelial activation by
decreasing endothelial ICAM-1 expression via reducing NF-kB signaling.
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Introduction

Atherosclerosis is a chronic inflammatory
disease of the large arterial walls and is one of the and

expression of leukocyte adhesion molecules (VCAM-1
ICAM-1) and chemoattractants (MCP-1),

main causes of death worldwide [1]. The pathology of
atherosclerosis is characterized by the subendothelial
accumulation of inflammation, vascular wall cells,
extracellular matrix, and apolipoprotein B-containing
lipoproteins [2]. The entry and retention of
apolipoprotein B containing lipoproteins into the
intima is a key initiating event in atherosclerosis [3].
The activation of endothelial cells can increase the

promoting the entry of bone marrow-derived
monocytes into the intima, where these cells
differentiate into macrophages [4, 5]. Macrophage
internalizes oxLDL through CD36 and SR-1 to form
foam cell, which leads the formation of atheromas and
plays a critical role in plaque initiation and
development [6, 7]. The typical pathology of
vulnerable plaques includes large areas of necrotic
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cores and thinning of the fibrous cap. Plaque rupture
of the fibrous cap leads to thrombus formation, which
is the primary contributor to cardiovascular events,
such as stroke, myocardial infarction, and sudden
cardiac death [8]. Therefore, understanding the
underlying molecular mechanisms can provide
information for the development of -effective
preventive and therapeutic strategies.

Steroid receptor coactivator 3 (SRC-3) belongs to
the pl60 coactivator family, which interacts with
multiple nuclear receptors and other transcription
factors to enhance their effects on target gene
transcription [9]. Our previous studies showed that
SRC-3 expression in macrophages could protect
against LPS-induced endotoxic shock by regulating
the proinflammatory cytokine balance [10] and
protect against Escherichia  coli-induced septic
peritonitis by enhancing the phagocytosis of bacteria
and reducing macrophage apoptosis [11]. Our recent
study demonstrated that SRC-37/- mice displayed
delayed clearance of Citobacter rodentium and more
severe tissue pathology after oral infection with C.
rodentium due to decreased production of the
chemokines CXCL2 and CXCL5 and decreased
recruitment of neutrophils, indicating that SRC-3
plays a critical protective role in bacteria-induced
colitis [12]. It has been reported that SRC-3 has an
ER-dependent vasoprotective role in vascular trauma
by suppressing vascular cell proliferation [13], and
deletion of SRC-1/3 causes noncompaction
cardiomyopathy in the hearts of newborn and adult
mice by inhibiting cardiomyocyte proliferation and
differentiation [14], suggesting that SRC-3 has a
protective role in cardiovascular; however, the
biological role of SRC-3 in atherosclerosis remains
poorly defined.

In this study, we used SRC-37/-ApoE~/- mice to
assess the role of SRC-3 in atherosclerosis. We found
that SRC-37/-ApoE/- mice exhibited fewer
atherosclerotic lesions and necrotic areas in the aortas
and aortic roots than SRC-3*/*ApoE-/- mice after being
fed a high-fat diet for 12 weeks. Furthermore,
knockdown of SRC-3 in endothelial cells ameliorated
atherosclerosis development. SRC-3 accelerated
atherosclerosis development, at least in part through
increasing  endothelial  adhesion and  the
transmigration of leukocytes by promoting ICAM-1
expression in endothelial cells via enhancing NF-xB
function.

Materials and methods

Mice and Diets

SRC-3-/- mice on a C57BL/6x129Sv background
[15] were bred with the ApoE/- mice on a C57BL/6]

background (a gift from Jiahuai Han, Xiamen
University) to generate SRC-3*/-ApoE~/- mice. Male
SRC-3*/*ApoE~/- and SRC-3/-ApoE~/- mice (8 weeks
old) were fed a WD for 12 weeks. The WD was
produced by Vital River Laboratories (Beijing, China;
fed to SRC-37/-ApoE/- mice and mice that were
injected with AAV-shSRC-3 or AAV-hICAM-1) or
Ready Biotechnolgy (Shenzhen, China; fed to mice
that were injected with AAV-shICAM-1) according to
the protocol from Harlan (TD.88137). Animal
experiments were approved by the Laboratory
Animal Center of Xiamen University, Xiamen, Fujian,
China.

Human samples

Human lower limb aortic tissue specimens were
obtained from 16 patients with arteriosclerosis
obliterans who had undergone surgery at Gannan
Medical University. Written informed consent was
obtained from all individuals, and the study protocol
was approved by the Institute Research Ethics
Committee at the First Hospital of Xiamen University
and Gannan Medical University.

Cell culture and transient transfection

HUVECs (purchased from National Stem Cell
Translational Resource Center, mycoplasma negative,
DFSC-EC-01) were maintained in EGM2 media
(Lonza) supplemented with 10% fetal bovine serum
(Gibco) and the EGM-2 bullet kit at 37 °C and 5% COx.
After reaching 60% confluence, the HUVECs were
transfected with SRC-3 siRNA (Genepharma,
Shanghai) or scrambled siRNA by using
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The cells were cultured
for 48 h or 72 h before further experiments.

En face analysis of atherosclerosis and plaque
histology

For en face analysis of atherosclerotic lesions, the
whole aorta was removed and stained with Oil Red O,
and the lesion areas were quantified with Image-Pro
Plus 6.0 (Image Metrology, Copenhagen, Denmark).
Hearts were fixed in 4% paraformaldehyde and
embedded in paraffin or O.C.T. for histological
analysis. ~ Five-micrometer  sections of the
atrioventricular valve region of the heart were cut and
stained with hematoxylin and eosin (H&E) to analyze
atherosclerosis lesions or Masson reagents to analyze
collagen contents. Atherosclerotic lesions were
analyzed in six consecutive sections from 4-6 different
littermates in each group using Image-Pro Plus 6.0.
The plaque stability score = (a-SMC area + collagen
area) / (macrophage area + lipid area) [16].
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Immunohistochemistry

Five-micrometer consecutive sections of aortic
roots were cut, deparaffinized and rehydrated.
Antigens were retrieved by soaking in citrate buffer
(pH 6.0) with microwave heating for 20 min. The
sections were blocked in 10% goat serum for 30 min
and incubated with the following primary antibodies
overnight: anti-F4/80 (Cell Signaling Technology,
D4C8V, #30325) and anti-a-smooth muscle actin
(Abcam, E184, ab32575). The sections were incubated
with 3% HO; for 10 min at the room temperature to
eliminate endogenous peroxidase activity and then
incubated with Elivision Plus kits (Maixin) at room
temperature. DAB reagent was used to visualize the
stained proteins. The positive areas were analyzed
with Image Pro-Plus 6.0.

RNA-sequencing analysis

Total RNA samples were isolated from the aortas
of SRC-3/-ApoE~/- and SRC-3*/*ApoE~/- mice using
TRIZOL reagent (Invitrogen) and treated with
RNase-free DNase 1. The extracted RNA samples
were sent to GENEWIZ for RNA-sequencing analysis.
Each sample represented a pooled sample of three
representative mice. P<0.05 and fold change>1.5 were
defined as the thresholds for significantly differential
gene expression. Pathway enrichment analysis and
GO analysis were based on the KEGG pathway
database and Gene Ontology Database, respectively.

Endothelial cell-enhanced AAV packaging

The shuttle plasmids were cotransfected into
HEK-293T cells with endothelial cell-enhanced
RGDLRVS-AAV9-cap plasmids (a gift from O. J.
Miiller, Universitat Heidelberg, Germany) and
pHelper [17]. The AAYV viral particles were isolated
and purified according to a previously reported
protocol  [18]. For AAV-mediated ICAM-1
overexpression and SRC-3 and ICAM-1 knockdown, 1
x 1010 viral genomes were injected into male
8-week-old ApoE~/- mice via the tail vein before the
mice were fed a WD.

Oral administration of bufalin in ApoE-- mice

For the preservation model, 8-week-old male
ApoE~/- mice were intraperitoneally injected with 1.0
mg/kg bufalin 6 times per week (once daily) [19] for
13 weeks and were fed a WD. For the regression
model, 8-week-old male ApoE/- mice were fed a WD
for 10 weeks followed by 1.0 mg/kg bufalin
administration 6 times per week (once daily) for
another 13 weeks while being fed a WD. DMSO
containing 0.9% NaCl was used as a vehicle. The mice
were killed and dissected. Oil Red O staining was
used to determine atherosclerotic plaque formation.

Quantitative real-time PCR

Total RNA was extracted from tissues and cells
using TRIzol reagent (Invitrogen). RNA integrity was
assessed by absorbance spectroscopy, and samples
with an OD260/0D280 of approximately 1.9 were
used for experiments. One microgram of total RNA
was reverse transcribed using a ReverTra Ace Qpcr
RT Master Mix kit (TOYOBO). Real-time PCR was
performed using FastStart Universal SYBR Green
Master Mix (Rox) (Roche). The relative mRNA level
was calculated by normalization to GAPDH. The
primer sequences are available upon request.

Measurement of plasma lipids and glucose

Total cholesterol and high-density lipoprotein
levels were measured by kits (Nanjing Jiancheng)
according to the manufacturer’s instructions. Blood
glucose levels were measured by a glucometer
(Roche).

Immunoblot analysis

HUVECs and the whole aorta were lysed in
RAPA buffer (150 mM NaCl, 50 mM Tris, 0.1% SDS, 1
mM EDTA, 1% Triton X-100, 1T mM PMSF and
protease inhibitors). Proteins were quantified with a
BCA assay. Equal amounts of proteins were loaded
onto 8% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis  gels and  transferred  onto
polyvinylidene difluoride membranes (Millipore),
followed by immunoblotting with anti-SRC-3 (Cell
Signaling Technology, 5E11, #2116), anti-human
ICAM-1 (Abcam, EPR4776, abl09361), anti-mouse
ICAM-1 (Abcam, EPR16608, ab179707), anti-p65 (Cell
Signaling Technology, D14E12, #8284), anti-p-p65
(Cell Signaling Technology, Ser536, #3031), anti-
GAPDH (Cell Signaling Technology, D16H11, #5174)
and anti-p-actin (Sigma, AC-15, #A5441). Western
blots were analyzed using a Tonen Image System.

Construction of plasmids and the luciferase
reporter assay

Full-length human ICAM-1 c¢DNA was
amplified by polymerase chain reaction (PCR) from
HUVECs with the following primer sets: forward,
ICAM-1  5-CCGGAATTCATGGCTCCCAGCAGC
CC-3’; reverse, ICAM-1 5-TGCTCTAGATCAGGG
AGGCGTGGCTTGTG-3" and then inserted into the
pCR3.1-HA vector at the EcoRI and Xbal sites to yield
the human ICAM-1 expression plasmid. The human
ICAM-1 promoter 1007-bp fragment was amplified by
PCR using mouse genomic DNA as a template with
the following primer sets: forward, ICAM-1 (-1092)
5-CGGGGTACCCTTAAGAGTACCCAGCCTCG
AC-3’; reverse, ICAM-1 (-88) 5'-CGACGCGTCCCCT
CCGGAACAAATGCT-3'. The fragment was ligated
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into the Kpnl and Mlul sites of the luciferase reporter
vector PGL3-basic to produce the ICAM-1 promoter
reporter plasmid. To generate site mutations in
NF-kB, the transcription factor recognition site was
abrogated by a one-step site-directed and site-
saturation mutagenesis method [20]. The primers for
site-directed mutation were yielded as follows:
mNF-xB, forward, 5-TaagAATTCCGGAGCTGAA
GCGGCCAGCG-3’, reverse, 5 -TCAGCTCCGGA
ATTcttAAGCTAAAGCAAT-3. Lowercase letters
indicate mutated sites. DNA sequencing was used to
verify the nucleotide sequences of these constructs.
Luciferase activity was examined by a Dual Luciferase
Reporter Assay System (Promega, Madison, WI).
Renilla luciferase activity was used to normalize the
transfection efficiency.

Chromatin immunoprecipitation assay

Wild-type HUVECs or transient SRC-3-
knockdown HUVECs were used for chromatin
immunoprecipitation (ChIP) assays, which were
performed according to the method described by
Abcam (Cambrige, MA). The following primers were
used: ICAM-1 promoter NF-xB binding site, forward,
5-GTCATCGCCCTGCCACC-3 and reverse, 5’-ATTT
CCGGACTGACAGGGTG-3'. Anti-SRC-3 antibodies
(C-20, sc-7216) and anti-p65 (D14E12, #8284)
antibodies were purchased from Santa Cruz
Biotechnology and Cell Signaling Technology,
respectively.

Monocyte-endothelial adhesion and
transendothelial migration assays

For the monocyte-endothelial adhesion assay,
confluent HUVECs were transfected with scramble or
SRC-3 siRNA for 48 h and then the scramble or SRC-3
siRNA-transfected HUVECs were stimulated with 10
ng/ml TNF-a or 2 ng/ml IL-13 for 3h or 6 h. After 3h
or 6 h, Calcein (Yeasen)-labeled THP-1 monocytes
were cocultured with the stimulated HUVECs for 30
min followed by two rounds of gentle washing to
remove nonadherent THP-1 cells, and the cells were
fixed and imaged with fluorescence microscopy at 438
nm. At least five random fields were imaged to
quantify adherent THP-1 cells per condition.

For the transendothelial migration assay,
confluent HUVECs were transfected with scramble or
SRC-3 siRNA for 24 h, and then the scramble or SRC-3
siRNA-transfected HUVECs were seeded onto 6.5
mm Transwell filters coated with 0.1% gelatin
(Sigma-Aldrich) for another 24 h. The HUVECs were
stimulated with 10 ng/ml TNF-a or 2 ng/ml IL-1p for
6 h followed by the addition of calcein-labeled THP-1.
After being incubated for 24 h, the transmigrated
THP-1 cells were imaged and quantified.

Statistical analysis

Data were collected from at least two
independent experiments. All data are expressed as
the mean * SEM. Statistical significance was
determined by unpaired two-tailed Student’s t test.
P<0.05 was considered statistically significant.

Results

SRC-3 deficiency prevents the development of
atherosclerosis and enhances the stability of
atherosclerotic plaques

To determine whether SRC-3 is involved in the
development of atherosclerosis, we measured SRC-3
expression in human atherosclerotic plaques. We
collected atherosclerotic plaques and plaque-adjacent
vasculature in the lower limb aorta and assayed
SRC-3 by Western blotting. As shown in Figure 1A,
SRC-3 protein expression in the atherosclerotic
plaques in lower limb aortas was significantly higher
than that in the plaque-adjacent vasculature. To
further determine whether SRC-3 was increased in
mouse models of atherosclerosis, whole aortas were
isolated from 12-week chow-fed and WD-fed male
ApoE-/- mice for Western blotting. The results showed
that SRC-3 protein expression was significantly
increased in the aortas of WD-fed ApoE~/- mice
compared with chow-fed ApoE/- mice (Figure 1B).
These results suggest that SRC-3 may be involved in
atherosclerosis development.

To assess whether SRC-3 deficiency affects the
development of atherosclerosis, SRC-3/-ApoE-/- mice
were generated by crossing SRC-3*/- mice with
ApoE-/- mice. Since a LacZ reporter was inserted into
the 10th amino acid of SRC-3, which is controlled by
the endogenous SRC-3 promoter in SRC-3/-ApoE~/-
mice [15], we performed an X-gal staining assay to
determine the pattern of SRC-3 expression in the
aortic roots of SRC-37/-ApoE/- mice. As shown in
Figure 1C, SRC-3 expression (blue) was observed in
endothelial cells (ECs) and vascular smooth muscle
cells (VSMCs) in the aortic roots of chow-fed
SRC-3/-ApoE-/- mice, and the signals in the aortic
roots of WD-fed SRC-3/-ApoE-/- mice were stronger.
After eight-week-old male SRC-37/-ApoE”/- and
SRC-3*/*ApoE~/- mice were fed a WD for 12 weeks,
the Oil Red O-stained areas in the aortas of
SRC-3/-ApoE-/- mice were reduced by 60% compared
with those in SRC-3*/*ApoE/- mice (6.68% versus
2.43%; Figure 1D). Next, we analyzed the advanced
atherosclerotic lesions in the aortic roots by H&E
staining. Quantitative analysis of representative
images showed that the lesion areas were much
smaller in SRC-37/-ApoE/- mice than in
SRC-3*/*ApoE~/- mice (Figure 1E). We also analyzed
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the necrotic cores of plaques, which are critical
determinants of plaque vulnerability. Quantification
of this index revealed a pronounced decrease in the
total necrotic area in the lesions of SRC-3-/-ApoE~/-
mice (Figure 1F). Since body weight, plasma lipid
levels, and glucose levels are associated with
atherosclerosis development, we measured body
weight, plasma lipid levels, and glucose levels in
SRC-3/-ApoE/- and SRC-3*/*ApoE~/- mice after the
mice were fed a WD for 12 weeks. Decreased plasma
lipid levels and glucose levels were observed in
SRC-3/-ApoE~/- mice after being fed a WD for 12
weeks (Supplementary Figure 1A). Collectively, these
results suggest that SRC-3 deficiency attenuates the
development of atherosclerosis.

To further examine the effect of SRC-3 deficiency
on the stability of atherosclerotic plaques, we
investigated the properties that affect plaque stability,
including a-SMA content, collagen content, fibrous
cap thickness, lipid accumulation, and macrophage
numbers. The a-SMA content of aortic root lesions in
SRC-3/-ApoE-/- mice was decreased compared with
that in SRC-3*/*ApoE-/- mice (Figure 1G). However,
the collagen content of aortic root lesions was
significantly increased in SRC-3/-ApoE/- mice
compared with SRC-3*/*ApoE”/- mice (Figure 1H).
Fibrous caps in the aortic root lesions of
SRC-3/-ApoE/- mice were thicker than those of
SRC-3*/*ApoE~- mice (Figure 1I). Lipid staining with
Oil Red O revealed a robust 36% decrease in lipid
accumulation in the aortic root lesions of
SRC-3/-ApoE-/- mice compared with SRC-3*/*ApoE-/-
mice (Figure 1]). Immunohistological staining of
macrophages (F4/80-positive), which can form foam
cells that are critical for atherogenesis, was
performed, and there was greatly reduced staining of
F4/80-positive cells in the aortic root lesions of
SRC-3-/-ApoE-/- mice compared with SRC-3*/*ApoE-/-
mice (Figure 1K). In summary, aortic plaque stability
was significantly increased in SRC-3~/-ApoE~/- mice
compared with SRC-3*/*ApoE-/- mice (Figure 1L).
These results suggest that SRC-3 reduces the stability
of atherosclerotic plaques in the aortic root.

SRC-3 in endothelial cells promotes the
development of atherosclerosis

Our results demonstrated that SRC-3 was highly
expressed in endothelial cells (Figure 1B). Therefore,
we hypothesized that endothelial SRC-3 may play an
important role in promoting the development of
atherosclerosis. It has been reported that the
transduction efficiency of the RGDLRVS-AAV9-cap
plasmid in endothelial cells is significantly higher
than both wild-type AAV2 and AAV9 in vitro [17],
and the RGDLRVS-AAV9-cap plasmid has been used

for endothelial-specific = gene expression or
knockdown in mouse models [18, 21]. To
downregulate SRC-3 expression in endothelial cells in
vivo, we infected ApoE/- mice with endothelial-
specific RGDKRVS-AAV9-mediated SRC-3 short
hairpin RNA (shSRC-3) and negative control short
hairpin RNA (shCtrl) by tail vein injection before
feeding the mice a WD. The aortas of ApoE”- mice
injected with AAV9-mediated shSRC-3 exhibited
significantly reduced SRC-3 protein expression after
the mice were fed a WD (Figure 2A). There were
comparable plasma cholesterol levels and glucose
levels between the AAV-shSRC-3 group and the
AAV-shCtrl group after WD feeding (Supplementary
Figure 1B). En face analysis of Oil Red O-stained
atherosclerotic lesion area showed an approximate
2-fold decrease in the AAV-shSRC-3 group compared
with the AAV-shCtrl group after WD feeding (Figure
2B). Staining of smooth muscle actin, collagen, lipids,
and the macrophage marker F4/80 in the aortic roots
in the AAV-shSRC-3 group and AAV-shCtrl group
was performed to assess plaque composition.
Consistent with the en face results, enhanced staining
for collagen but reduced staining for lipids and the
macrophage marker F4/80 were observed in
AAV-shSRC-3 aortic roots (Figure 2C-F). These results
demonstrate that SRC-3 in endothelial cells plays an
important role in promoting the development of
atherosclerosis.

SRC-3 increases ICAM-1 expression during
atherosclerosis development

To examine the mechanism of SRC-3-mediated
promotion of atherosclerosis, we performed
messenger RNA (mRNA) sequencing in the aortas of
WD-fed SRC-37/-ApoE~/- and SRC-3*/*ApoE-/- mice.
KEGG enrichment pathway analysis revealed eight
enriched pathways (Figure 3A and E), including the
NF-kappa B signaling pathway, cell adhesion
molecules (CAMs), and ECM-receptor interaction.
Gene Ontology (GO) analysis of enriched biological
processes indicated that SRC-3 was associated with
cell adhesion and the inflammatory response (Figure
3B). Because the aortas of WD-fed SRC-3-/-ApoE-/-
mice had reduced macrophage recruitment (Figure
1K), we focused on the expression of cell adhesion

molecules, CC and CXC chemokines and their
receptors, which are responsible for leukocyte
recruitment (Figure 3C). The RNA-Seq results

revealed decreased expression of CCL3, CD68S,
ICAM-1, and VCAM-1 in the aortas of WD-fed
SRC-3~-ApoE-/- mice (Figure 3C); however, real-time
quantitative PCR showed that only ICAM-1
expression was significantly reduced in the aortas of
WD-fed SRC-3-/-ApoE~/- mice (Figure 3D). ICAM-1 is
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involved in the progression of atherosclerosis in
ApoE-/- mice [22, 23, 24, 25, 26]. Therefore, ICAM-1
was selected for further investigation. Western blot
analysis showed that the protein levels of ICAM-1
were significantly decreased in the aortas of WD-fed
SRC-3/-ApoE-/- mice compared with SRC-3*/*ApoE-/-
mice (Figure 3E), suggesting that SRC-3 upregulates
ICAM-1 expression. Consistently, the protein levels of
SRC-3 were positively correlated with the protein
levels of ICAM-1 in human atherosclerotic lesions
(Figure 3E and F). Taken together, these results
suggest that SRC-3 promotes ICAM-1 expression
during atherosclerosis development.

SRC-3 promotes ICAM-1 expression by
enhancing NF-kB signaling

Since both the mRNA and protein levels of
ICAM-1 were significantly decreased in the aortas of
WD-fed SRC-37/-ApoE/- mice compared with
SRC-3*/*ApoE~/- mice, SRC-3 may regulate ICAM-1
expression at the transcriptional level. To determine
whether SRC-3 can regulate ICAM-1 expression in
endothelial cells, we transfected SRC-3-specific small
interfering RNA (siSRC-3) into human umbilical vein
endothelial cells (HUVECs) to knock down SRC-3 and
examined ICAM-1 expression. As shown in Figure 4A
and B, the protein and mRNA levels of ICAM-1 in
siSRC-3-transfected HUVECs were significantly
reduced compared with scrambled siRNA (siCtrl)-
transfected HUVECs before and after TNFa or IL-1
treatment. Restoration of SRC-3 expression in
SRC-3-knockdown HUVECs could rescue ICAM-1
expression after TNFa or IL-1p treatment
(Supplementary Figure 2A and B). Furthermore, we
examined whether SRC-3 could promote ICAM-1
transcription by transfecting the ICAM-1 promoter-
reporter plasmid into wild-type and SRC-3-
knockdown HUVECs. As shown in Figure 4C, TNFa
or IL-13 treatment markedly induced ICAM-1
promoter activity in scramble HUVECs, whereas
SRC-3 knockdown significantly reduced the induction
of ICAM-1 promoter activity. These results suggest
that SRC-3 promotes ICAM-1 expression at the
transcriptional level.

It has been reported that ICAM-1 expression can
be induced by NF-«xB [27]. Because TNFa or IL-1§
treatment can induce NF-xB activation (Figure 4A)
and SRC-3 can interact with p65 to enhance
p65-mediated NF-xB reporter activation (Figure 4D,
upper panel), we hypothesized that SRC-3 may
enhance NF-xB-mediated ICAM-1 expression. We
tested this hypothesis by transfecting HUVECs with
an ICAM-1 promoter-reporter plasmid with SRC-3,
p65, or both SRC-3 plus p65 expression plasmids.

Transfection of p65 or SRC-3 alone induced a 10-fold
or 1.3-fold increase in ICAM-1 promoter activity
(Figure 4D, lower panel), respectively, whereas
cotransfection of p65 and SRC-3 induced a 13-fold
increase in ICAM-1 promoter activity (Figure 4D,
lower panel). These results suggest that SRC-3 can
enhance NF-xB-mediated ICAM-1 expression. To
further confirm the role of p65 in NF-kB-mediated
activation of the ICAM-1 promoter, we mutated the
NF-xB binding site on the ICAM-1 promoter. As
shown in Figure 4E, cotransfection of p65 and SRC-3
induced the activity of the wild-type ICAM-1
promoter by approximately 15-fold, while mutating
the NF-xB binding site dramatically abolished NF-kB-
mediated ICAM-1 promoter activity, suggesting that
the NF-xB binding site is essential for NF-«B-
mediated activation of the ICAM-1 promoter. We next
determined whether SRC-3 and p65 could be
recruited to the NF-kB binding site on the promoter
after TNFa or IL-1(3 treatment. As shown in Figure 4F,
SRC-3 and p65 bound to the NF-xB binding site on the
ICAM-1 promoter after TNFa or IL-1P treatment,
whereas SRC-3 knockdown in HUVECs markedly
reduced the recruitment of p65 and SRC-3 to the
ICAM-1 promoter, suggesting that SRC-3 and p65 are
recruited to the NF-xB binding site to enhance
NF-xB-mediated activation of the ICAM-1 promoter
after TNFa or IL-1p treatment.

In response to endothelial cell activation, various
leukocytes are recruited, which is a basic event in
vascular inflammation. The processes that participate
in inflammatory cell recruitment include leukocyte-
endothelial adhesion and transmigration. To
determine the role of endothelial SRC-3 in vascular
inflammation, we performed proinflammatory
cytokine-mediated monocyte-endothelial cell
adhesion and transmigration assays. As shown in
Figure 4G, the siSRC-3-transfected HUVEC
monolayer exhibited a marked decrease in the
number of adhered and transmigrated THP-1 cells
compared with the siCtrl-transfected HUVEC
monolayer after TNFa or IL-1p treatment. We next
determined whether the restoration of ICAM-1
expression in SRC-3-knockdown HUVECs could
rescue the number of adhered and transmigrated
THP-1 cells after TNFa or IL-1( treatment. As shown
in Figure 4H and I, ectopic expression of ICAM-1 in
SRC-3-knockdown HUVECs rescued the number of
adhered and transmigrated THP-1 cells after TNFa or
IL-1B treatment. These results suggest that SRC-3
promotes the adhesion and transmigration of THP-1
cells at least in part by increasing ICAM-1 expression.
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Figure 1. SRC-3*+*ApoE-- mice exhibit more severe atherosclerosis. (A) SRC-3 was highly expressed in human atherosclerotic plaques. N represents plaque-adjacent
vasculature in the lower limb aorta. AS represents atherosclerotic plaques in the lower limb aorta. (B) SRC-3 expression was upregulated in the aortas of ApoE-- mice after the
mice were fed a WD for 12 weeks. (C) SRC-3 was expressed in the endothelial cells and vascular smooth muscle cells of chow-fed SRC-3--ApoE-- mice and was further increased
after the mice were fed a WD for 12 weeks. Sections of frozen aortic roots from SRC-3*+ApoE--and SRC-3--ApoE-- mice were subjected to X-gal staining. Arrows indicate
positively stained cells (blue). Scale bar, 100 um. (D) SRC-3 promoted atherosclerotic plaque formation. Representative images of en face Oil Red O-stained aortas from
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Figure 2. SRC-3 in endothelial cells contributes to the development of atherosclerosis. (A) Western blot showing that AAV-mediated SRC-3 shRNA decreased
SRC-3 expression levels in the aortas of ApoE-- mice. (B) SRC-3 knockdown reduced WD-induced atherosclerotic plaque formation in ApoE-- mice. Representative images of
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ICAM-1 expressed in endothelial cells is
required for atherosclerosis development

To verify that ICAM-1 in endothelial cells
promotes atherosclerotic plaque formation in mice,
we infected ApoE/- mice with endothelial-specific
RGDKRVS-AAV9-ICAM-1 or scramble virus by tail
vein injection before feeding the mice a WD. Mice that
were injected with endothelial-specific AAV9-
ICAM-1 virus showed significantly higher ICAM-1

expression (Figure 5A) and markedly increased
plaque formation (Figure 5B) and lesion area (Figure
5C) than mice that were injected with the scramble
control virus. Furthermore, staining for lipids and the
macrophage marker F4/80 in the aortic roots in the
AAV9-scramble control group and AAV9-ICAM-1
expression group was performed to assess plaque
composition. Consistent with the en face results,
increased staining for lipids and the macrophage
marker F4/80 was observed in AAV9-hICAM-1-

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

5986

infected aortic roots (Figure 5C and E). There was no
difference in plasma lipid content levels and plasma
glucose levels between the AAV9-scramble and
AAV9-hICAM-1 groups (Supplementary Figure 3A).
Conversely, we knocked down mouse ICAM-1 by
using an endothelial-specific AAV9-shICAM-1 virus.
Plasma lipid levels and plasma glucose levels were
comparable between the AAV-scramble control and
AAV-shICAM-1 virus-infected groups (Supplemen-
tary Figure 3B). Mice that were injected with the
endothelial-specific AAV9-shICAM-1 virus exhibited
significantly = decreased  atherosclerotic ~ plaque
formation and lesion areas (Supplementary Figure 4A
and B). Consistent with the en face results, reduced
staining for lipids and the macrophage marker F4/80
was observed in AAV9-shICAM-1 virus-infected
aortic roots (Supplementary Figure 4C-E). These
results demonstrate that ICAM-1 in endothelial cells is
required for the development of atherosclerosis.

A

Calcium signaling pathway
Cytokine-cytokine receptor interaction
PI3K-Akt signaling pathway.
Neuroactive ligand-receptor interaction
NF-kappa B signaling pathway
Phospholipase D signaling pathway.
Cell adhesion molecules (CAMs)
ECM-receptor interaction

Pharmacological inhibition of SRC-3 reduces
atherosclerosis

Since SRC-3 deficiency prevents atherosclerosis
development, we assessed the protective effect of
bufalin, a small-molecule inhibitor of SRC-3 that has
been used in tumor therapy [28, 29], in the
development of atherosclerosis. We first performed
proinflammatory  cytokine-mediated = monocyte-
endothelial cell adhesion and transmigration assays to
determine whether bufalin alleviates macrophage
recruitment in vitro. As shown in Figure 6A, the
expression of SRC-3 and ICAM-1 in HUVECs was
significantly reduced by bufalin treatment. Addition-
ally, bufalin treatment significantly decreased the
expression of p-p65 (Figure 6A). Consequently, a
significant reduction in adhered and transmigrated
THP cells was observed in the presence of
bufalin-treated HUVECs in response to TNFa or IL-1p
treatment (Figure 6B).
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We then determined the protective effect of
bufalin on atherosclerosis by using ApoE-/-
prevention model. Bufalin was administered to
ApoE~/- mice (1.0 mg/kg, six times a week) by
intraperitoneal injection for 13 weeks during WD
feeding (Figure 6C). Bufalin-treated mice exhibited
decreased atherosclerotic plaque formation compared
with those treated with vehicle only (Figure 6D).
Furthermore, the protein levels of SRC-3 and ICAM-1
in the aortas from ApoE/- mice treated with bufalin
were also significantly reduced after the mice were
fed a WD for 13 weeks (Figure 6E). Reduced p-p65
was observed in the aortas of mice treated with
bufalin after WD feeding for 13 weeks (Figure 6F).
Bufalin treatment did not significantly affect plasma
lipid or glucose levels (Supplementary Figure 5A).

It is well known that atherosclerosis is an
advanced disease, and so we performed a regression
model by treating ApoE/- mice that were fed WD
alone for 10 weeks with bufalin for 13 weeks during
WD feeding (Figure 6F). Bufalin treatment further
diminished plaque development (Figure 6G). The

levels of SRC-3, ICAM-1, and p-p65 in the aortas of
bufalin-treated mice were also reduced compared
with those of vehicle-treated mice (Figure 6H). Bufalin
treatment significantly increased TC and HDL-C, but
decreased glucose levels (Supplementary Figure 5B).
These results demonstrate that the pharmacological
SRC-3 inhibitor bufalin can ameliorate the
development of atherosclerosis.

Discussion

Lipid-mediated inflammation of the vessel wall
is a key initiating event in atherosclerosis that
activates endothelial cells to recruit macrophages in a
leukocyte adhesion molecule-dependent manner [30].
In this study, we found that global SRC-3 deficiency
or endothelial SRC-3 knockdown on an ApoE-/-
background ameliorated the development of
atherosclerosis, suggesting that SRC-3 could promote
atherosclerosis development. Mechanistically, SRC-3
promoted atherosclerosis development by increasing
ICAM-1 expression at the transcriptional level by
enhancement of NF-xB function in endothelial cells to
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promote macrophage recruitment (Figure 7). SRC-3

depletion or pharmacological inhibition

of SRC-3 by

bufalin ameliorated atherosclerosis development, at

A

v/

least

in part by decreasing endothelial ICAM-1

expression via reduction of NF-kB function (Figure 7).
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(1.0 mg/kg, six times a week) by intraperitoneal injection for |13 weeks concomitant with WD feeding. (B) Dosing regimen (ApoE-- prevention model). (C) Representative images
of en face Oil Red O-stained aortas from ApoE-"- mice treated with vehicle or bufalin (left panel). Quantification of the plaque areas of aortas (right panel). The data represent the
mean *+ SEM. (D) The protein levels of SRC-3 and ICAM-1 in the aortas of ApoE-- mice treated with bufalin were significantly reduced in the ApoE-- prevention model. (E-F)
ApoE-- mice were fed a WD for 10 weeks and then treated with vehicle or bufalin (1.0 mg/kg, six times a week) by intraperitoneal injection for 13 weeks concomitant with WD
feeding. (E) Dosing regimen (ApoE-- regression model). (F) Representative images of en face Oil Red O-stained aortas from ApoE-- mice treated with vehicle or bufalin (left
panel). Quantification of the plaque areas of aortas (right panel). The data represent the mean + SEM. (G) The protein levels of SRC-3 and ICAM-1 in the aortas of ApoE-- mice
treated with bufalin were significantly reduced in the ApoE-- regression model. The data represent the mean * SEM. The results are representative of three independent

experiments. P values were calculated by unpaired two-tailed Student’s t-test. *, P<0.05; **, P<0.01;%**, P<0.001.
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Figure 7. Schematic model of the mechanism by which SRC-3 accelerates atherosclerosis development. SRC-3 promotes atherosclerosis development by increasing ICAM-1
transcription by enhancing the function of NF-kB in endothelial cells to promote macrophage recruitment. SRC-3 depletion or pharmacological inhibition of SRC-3 by bufalin
ameliorates atherosclerosis development through decreasing endothelial ICAM-1 expression and macrophage recruitment via reduction of NF-kB function.

In this study, we showed that the genetic
ablation of SRC-3 prevented the development of
atherosclerosis in ApoE~/- mice, indicating that SRC-3
injures the vasculature during atherosclerosis. A
previous study showed that SRC-3 was required for
estrogen-induced inhibition of neointima formation
during vascular trauma, which may be caused by
suppressing of vascular cell proliferation [13].
Recently, it has been reported that SRC-1/3 deficiency
can cause noncompaction cardiomyopathy-like
abnormalities in the hearts of newborn and adult
mice, which are caused by the inhibition of
cardiomyocyte proliferation and differentiation [14],
suggesting that SRC-3 has a vasoprotective role. These

studies demonstrate that SRC-3 has injures or protects
the vasculature in different cardiovascular diseases
through diverse mechanisms.

Advanced atherosclerotic lesions, which are
essentially a nonresolving inflammatory condition,
can cause the formation of the vulnerable plaques,
increasing the risk of plaque rupture. Vulnerable
plaques are characterized by the formation of necrotic
cores and thinning of the fibrous cap. The necrotic
core is the result of increased macrophage death and
impaired efferocytosis [8]. H&E staining of the aortic
roots showed that the total necrotic areas in the aortic
root lesions of SRC/-ApoE~- mice were smaller than
those in SRC-3*/*ApoE-~/- mice, and fibrous caps in the
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aortic root lesions of SRC-37/-ApoE”/- mice were
thicker than those of SRC-3*/*ApoE-/- mice. In human
atherosclerotic-associated  cardiovascular events,
plaque morphology is a more critical predictor of
plaque rupture than plaque size, and the size of the
necrotic core plays a primary role in plaque
vulnerability [16]. Other features, such as high levels
of inflammatory cytokines and significant
accumulation of lipids also contribute to the
vulnerability of atherosclerotic plaques [31]. In this
study, analysis of atherosclerotic plaques revealed
that SRC-3-/-ApoE~/- mice exhibited notably decreased
infiltration of macrophages, decreases in a-SMA
levels and lipid accumulation and an increase in
collagen content. Advanced necrotic cores and other
deteriorated features of vulnerable plaques are
responsible for the majority of clinical events.

Our results showed that global SRC-3 deficiency
on the ApoE/- background ameliorated the
development of atherosclerosis. Previous studies have
shown that RGDLRVS-AAV9-cap plasmid-based
virus preferentially mediates genes expression in
endothelial cells in vitro and in vivo [17, 18, 21].
Therefore, ApoE/- mice were infected with
endothelial-specific = RGDKRVS-AAV9-shSRC-3 or
control shRNA virus by tail vein injection before
being fed a WD, and a model of atherosclerosis was
constructed. We found that mice on the ApoE”/-
background that were infected with endothelial-
specific AAV9-shSRC-3 also exhibited significant
reductions in atherosclerotic plaques, similar to the
effects of global SRC-3 deficiency on the ApoE-/-

background, suggesting that endothelial SRC-3
contributes  to  atherosclerosis  development.
Additionally, = SRC-3/-ApoE/- mice exhibited

markedly decreased levels of plasma lipids and
glucose compared with SRC-3*/*ApoE~/- mice after
being fed a WD for 12 weeks. However, mice on the
ApoE/- background that were infected with
endothelial-specific AAV9-shSRC-3 virus did not
exhibit significantly altered levels of plasma lipids or
glucose. Therefore, the decrease in plasma lipid and
glucose levels due to global SRC-3 deficiency on the
ApoE-/- background could contribute to the reduction
in atherosclerotic plaque formation in a manner that is
independent of the endothelial cells.

ICAM-1 belongs to the Ig superfamily and is
composed of a transmembrane domain and a short
cytoplasmic domain [32]. This factor is expressed by
endothelial cells, epithelial cells, all leukocyte subsets
[33], platelets [34], and vascular smooth muscle cells
[35]. ICAM-1 can mediate leukocyte rolling and firm
adhesion to the vessel wall and leukocyte
transmigration across the endothelial layer [36],
promoting vascular inflammation. It has been

reported that ICAM-1 deficiency or inhibition protects
against the development of atherosclerosis in ApoE~-
mice [22, 23, 24, 25, 26]. In this study, we found that
ICAM-1 overexpression in the vascular endothelial
cells of mice infected with AAV9-hICAM-1
accelerated atherosclerotic plaque formation after the
mice were fed a WD for 12 weeks, whereas ICAM-1
knockdown in the vascular endothelial cells of mice
infected with AAV9-shICAM-1 virus alleviated
atherosclerotic plaque formation after being fed WD
for 12 weeks. Furthermore, ectopic ICAM-1
expression in SRC-3-knockdown HUVECs increased
the number of adhered and transmigrated THP-1 cells
compared with that in SRC-3-knockdown HUVECs.
These results suggest that endothelial ICAM-1 plays
an import role in promoting the development of
atherosclerosis, at least in part through increasing
leukocyte adhesion and transmigration and is
sufficient to promote atherosclerosis development.
Bufalin is a major bioactive monomer of the
traditional Chinese medicine Chan Su, which is
acquired from the skin and parotid venom glands of
the Chinese toad [37, 38]. It has been reported that
bufalin is a small-molecule inhibitor of SRC-3 that can
directly bind to the receptor interacting domain of the
SRC-3 protein to promote its degradation [28]. In this
study, bufalin treatment of ApoE~/- mice ameliorated
atherosclerotic plaque formation in an ApoE”/-
prevention model and regression model, suggesting
that bufalin plays an important protective role against
atherosclerosis. Furthermore, the protein levels of
SRC-3 and ICAM-1 were reduced in the aortas of
bufalin-treated ApoE~/- mice after the mice were fed a
WD for 13 weeks. We found that bufalin suppressed
the protein expression of p-p65 and p65 in the aortas
of bufalin-treated ApoE~/- mice after the mice were fed
a WD for 13 weeks. Additionally, bufalin-treated
HUVECs exhibited significant reductions in adhered
and transmigrated monocytes in response to TNFa or
IL-13, and bufalin treatment reduced the protein
levels of SRC-3, ICAM-1, and p-p65 in HUVECs,
similar to the effect on bufalin-treated ApoE~/- mice,
suggesting that endothelial cells are targets of bufalin.
These results demonstrate that SRC-3 pathway
inhibited by bufalin was involved in atherosclerosis
development, at least in part through reducing
ICAM-1 expression via reducing NF-xB signaling.
Recent studies have shown that bufalin exerts
anticancer activity on various cancers [29].
Furthermore, Chan Su has been widely used in the
clinical treatment of malignancies in China and
exhibits good therapeutic efficacy [39, 40]. Thus, the
SRC-3 inhibitor bufalin may not only represent a new
drug for the prevention and treatment of
atherosclerosis, but may also be safe for
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SRC-3-targeted cancer therapies at the experimental
and clinical levels.

NF-xB can regulate endothelial ICAM-1
expression at the transcriptional level [41, 42].
Furthermore, endothelial NF-«xB deficiency decreased
the expression of leukocyte adhesion molecules,
attenuated macrophage recruitment to atherosclerotic
plaques and decreased the expression of
proinflammatory cytokines in the aorta [43, 44],
suggesting that endothelial NF-xB is required for
promoting atherosclerotic plaque formation. The
present study showed that NF-xB signaling was
inhibited in aortas of SRC-3/-ApoE~- mice after WD
feeding for 12 weeks or SRC-3-knockdown HUVECs
after TNFa and IL-1B treatment, suggesting that
SRC-3 can activate NF-xB. Additionally, it has been
reported that SRC-3 can serve as a coactivator for p65
to enhance its transcriptional activity [12, 45, 46]. Our
results showed that SRC-3 could be recruited to the
p65 binding site on the ICAM-1 reporter/promoter
and that SRC-3 could cooperate with p65 to enhance
ICAM-1 transcription, suggesting that SRC-3
coactivates NF-xB  to  upregulate = ICAM-1
transcription. Although we found a consistent
transcription factor AP-1 binding site (TGACTCGCA)
at the ICAM-1 promoter, our results showed that
SRC-3 could not cooperate with AP-1 to induce
ICAM-1 promoter activity (Supplementary Figure 6).
Certainly, we could not exclude that SRC-3 could
coactivate other key transcription factors in the
endothelial cells to affect ICAM-1 expression.

Given that macrophage foam cell formation is
critical for the atherosclerosis development, we
investigated the effect of SRC-3 on macrophage foam
cell formation demonstrated by affecting oxLDL
uptake. As shown in Supplementary Figure 7B and C,
oxLDL uptake was significantly reduced in two
SRC-3-knockdown stable RAW264.7 cell lines
compared with control RAW264.7 cell line (shCtrl),
suggesting that SRC-3 knockdown reduces
macrophage foam cell formation. To determine
whether bufalin treatment affects SRC-3 function in
macrophages, we first assessed the effect of bufalin
treatment on SRC-3 expression in macrophages. As
shown in Supplementary Figure 7D, bufalin treatment
didn’t decreased SRC-3 expression in macrophages,
whereas bufalin treatment could significantly reduced
SRC-3 expression in HUVECs. It suggests that the
effect of bufalin on SRC-3 expression may be cell
context-dependent.

In summary, our study shows that endothelial
SRC-3 deficiency or pharmacological inhibition
prevents atherosclerosis development by decreasing
endothelial ICAM-1 expression, resulting in the
inhibition of macrophage recruitment. Thus, SRC-3 is

a potential target for atherosclerosis prevention and
therapy.

Abbreviations

SRC-3: Steroid receptor coactivator 3; WD:
Western diet; AAV: Adeno-associated virus; ICAM-1:
Intercellular cell adhesion molecule-1;, VCAM-1:
Vascualr cell adhesion molecular-1; MCP-1: Monocyte
chemoattractant protein-1; HUVEC: Human umbilical
vein endothelial cell, EC: Endothelial cell, TNFa:
Tumor necrosis factor a; IL-1p: Interleukin 1p; shCtrl:
Negative control short hairpin RNA; shSRC-3:
SRC-3-specific short hairpin RNA; siCtrl: Scrambled
small interfering RNA; siSRC-3: SRC-3-specific small
interfering RNA; H&E: Haematoxylin and eosin.

Supplementary Material

Supplementary figures and table.
https:/ /www.ijbs.com/v18p5978s1.pdf

Acknowledgements

We are grateful to O. J. Miiller, Universitat
Heidelberg, Germany for providing endothelial
cell-enhanced RGDLRVS-AAV9-cap plasmid. This
work was supported by the Natural Science
Foundation of Fujian Province (No. 2020J02062 to
W.L.), National Natural Science Foundation of China
(no. 81901597 to W.C.), Natural Science Foundation of
Fujian Province (No. 2021J05289 to W.C.), the
National Natural Science Foundation of China (No.
82170266 and No. 81870183 to Z.H.), and the Guiding
Science and Technology Planning Projects of Ganzhou
(No. GZ2018ZSF066 to Q.S.).

Author contributions

W.C, CY, WL, and Z.H. designed the study
and wrote the manuscript. W.C. performed most of
the experiments and analyzed data. W.Z., S.L., Q.S.,
KD, ZZ,P.L. and Y.Z. helped with experiments and
data analysis. Q.S. provided human arterioosclerosis
obliterans tissue. J.X. provided SRC-3 knockout
mouse line and edited the manuscript. W.L. obtained
funding for study.

Competing Interests

J. Xu is a shareholder of Coactigon, Inc in
Houston, TX. Other authors declare no conflict of
interest with the contents of this article.

References

1.  Witztum JL, Lichtman AH. The Influence of Innate and Adaptive Immune
Responses on Atherosclerosis. Annual Review of Pathology. 2014; 9:73-102.

2. Tabas]I, Lichtman AH. Monocyte-Macrophages and T Cells in Atherosclerosis.
Immunity. 2017; 47:621-634.

3. Fogelstrand P, Boren J. Retention of atherogenic lipoproteins in the artery wall
and its role in atherogenesis. Nutrition Metabolism and Cardiovascular
Diseases. 2012; 22:1-7.

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

5993

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tacke F, Alvarez D, Kaplan TJ, Jakubzick C, Spanbroek R, Llodra ], et al.
Monocyte subsets differentially employ CCR2, CCR5, and CX3CRI1 to
accumulate within atherosclerotic plaques. Journal of Clinical Investigation.
2007; 117:185-194.

Swirski FK, Robbins CS, Nahrendorf M. Development and Function of
Arterial and Cardiac Macrophages. Trends in Immunology. 2016; 37:32-40.
Randolph GJ. Mechanisms That Regulate Macrophage Burden in
Atherosclerosis. Circulation Research. 2014; 114:1757-1771.

Moore KJ, Tabas I. Macrophages in the Pathogenesis of Atherosclerosis. Cell.
2011; 145:341-355.

Linton MF, Yancey PG, Davies SS, Jerome WG], Linton EF, Vickers KC. The
Role of Lipids and Lipoproteins in Atherosclerosis. South Dartmouth (MA):
MDText.com, Inc.; 2000.

Xu JM, Wu RC, O'malley BW. Normal and cancer-related functions of the p160
steroid receptor co-activator (SRC) family. Nature Reviews Cancer. 2009;
9:615-630.

Yu C, York B, Wang S, Feng Q, Xu J, O'Malley BW. An essential function of the
SRC-3 coactivator in suppression of cytokine mRNA translation and
inflammatory response. Mol Cell. 2007; 25:765-778.

Chen Q, Chen T, Xu 'Y, Zhu J, Jiang Y, Zhao Y, et al. Steroid receptor coactivator
3 is required for clearing bacteria and repressing inflammatory response in
Escherichia coli-induced septic peritonitis. ] Immunol. 2010; 185:5444-5452.
Chen W, Lu X, Chen Y, Li M, Mo P, Tong Z, et al. Steroid Receptor Coactivator
3 Contributes to Host Defense against Enteric Bacteria by Recruiting
Neutrophils via Upregulation of CXCL2 Expression. ] Immunol. 2017;
198:1606-1615.

Yuan YH, Liao L, Tulis DA, Xu JM. Steroid receptor coactivator-3 is required
for inhibition of neointima formation by estrogen. Circulation. 2002;
105:2653-2659.

Chen X, Qin L, Liu Z, Liao L, Martin JF, Xu J. Knockout of SRC-1 and SRC-3 in
Mice Decreases Cardiomyocyte Proliferation and Causes a Noncompaction
Cardiomyopathy Phenotype. Int J Biol Sci. 2015; 11:1056-1072.

Xu JM, Liao L, Ning C, Yoshida-Komiya H, Deng CX, O'Malley BW. The
steroid receptor coactivator SRC-3 (p/CIP/RAC3/AIB1/ACTR/TRAM-1) is
required for normal growth, puberty, female reproductive function, and
mammary gland development. Proceedings of the National Academy of
Sciences of the United States of America. 2000; 97:6379-6384.

Cheng WL, Wang PX, Wang T, Zhang Y, Du C, Li HL, et al. Regulator of
G-protein signalling 5 protects against atherosclerosis in apolipoprotein
E-deficient mice. British Journal of Pharmacology. 2015; 172:5676-5689.

Varadi K, Michelfelder S, Korff T, Hecker M, Trepel M, Katus HA, et al. Novel
random peptide libraries displayed on AAV serotype 9 for selection of
endothelial cell-directed gene transfer vectors. Gene Therapy. 2012; 19:800-809.
Wang L, Luo JY, Li BC, Tian XY, Chen LJ, Huang YH, et al
Integrin-YAP/TAZ-JNK cascade mediates atheroprotective effect of
unidirectional shear flow. Nature. 2016; 540:579-582.

Zhang ZJ, Yang YK, Wu WZ. Bufalin attenuates the stage and metastatic
potential of hepatocellular carcinoma in nude mice. Journal of Translational
Medicine. 2014; 12:57.

Zheng L, Baumann U, Reymond JL. An efficient one-step site-directed and
site-saturation mutagenesis protocol. Nucleic Acids Research. 2004; 32.

Pan LH, Lin Z, Tang X, Tian JX, Zheng Q, Jing ], et al. S-Nitrosylation of
Plastin-3 Exacerbates Thoracic Aortic Dissection Formation via Endothelial
Barrier Dysfunction. Arteriosclerosis Thrombosis and Vascular Biology. 2020;
40:175-188.

Patel SS, Thiagarajan R, Willerson JT, Yeh ET. Inhibition of alpha4 integrin and
ICAM-1 markedly attenuate macrophage homing to atherosclerotic plaques in
ApoE-deficient mice. Circulation. 1998; 97:75-81.

Nageh MF, Sandberg ET, Marotti KR, Lin AH, Melchior EP, Bullard DC, et al.
Deficiency of inflammatory cell adhesion molecules protects against
atherosclerosis in mice. Arteriosclerosis Thrombosis and Vascular Biology.
1997;17:1517-1520.

Collins RG, Velji R, Guevara NV, Hicks MJ, Chan L, Beaudet AL. P-Selectin or
intercellular adhesion molecule (ICAM)-1 deficiency substantially protects
against atherosclerosis in apolipoprotein E-deficient mice. ] Exp Med. 2000;
191:189-194.

Bourdillon MC, Poston RN, Covacho C, Chignier E, Bricca G, McGregor JL.
ICAM-1 deficiency reduces atherosclerotic lesions in double-knockout mice
(ApoE(-/-)/ICAM-1(-/-)) fed a fat or a chow diet. Arterioscler Thromb Vasc
Biol. 2000; 20:2630-2635.

Kitagawa K, Matsumoto M, Sasaki T, Hashimoto H, Kuwabara K, Ohtsuki T,
et al. Involvement of ICAM-1 in the progression of atherosclerosis in APOE-
knockout mice. Atherosclerosis. 2002; 160:305-310.

Ledebur HC, Parks TP. Transcriptional Regulation of the Intercellular-
Adhesion Molecule-1 Gene by Inflammatory Cytokines in Human
Endothelial-Cells - Essential Roles of a Variant Nf-Kappa-B Site and P65
Homodimers. Journal of Biological Chemistry. 1995; 270:933-943.

Wang Y, Lonard DM, Yu Y, Chow DC, Palzkill TG, Wang J, et al. Bufalin Is a
Potent Small-Molecule Inhibitor of the Steroid Receptor Coactivators SRC-3
and SRC-1. Cancer Research. 2014; 74:1506-1517.

Wang J, Xia Y, Zuo Q, Chen T. Molecular mechanisms underlying the
antimetastatic activity of bufalin. Mol Clin Oncol. 2018; 8:631-636.

Swirski FK, Pittet MJ, Kircher MF, Aikawa E, Jaffer FA, Libby P, et al.
Monocyte accumulation in mouse atherogenesis is progressive and

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

proportional to extent of disease. Proceedings of the National Academy of
Sciences of the United States of America. 2006; 103:10340-10345.

Kolodgie FD, Virmani R, Burke AP, Farb A, Weber DK, Kutys R, et al.
Pathologic assessment of the vulnerable human coronary plaque. Heart. 2004;
90:1385-1391.

Bui TM, Wiesolek HL, Sumagin R. ICAM-1: A master regulator of cellular
responses in inflammation, injury resolution, and tumorigenesis. Journal of
Leukocyte Biology. 2020; 108:787-799.

Hubbard AK, Rothlein R. Intercellular adhesion molecule-1 (ICAM-1)
expression and cell signaling cascades. Free Radical Biology and Medicine.
2000; 28:1379-1386.

Limb GA, Webster L, Soomro H, Janikoun S, Shilling J. Platelet expression of
tumour necrosis factor-alpha (TNF-alpha), TNF receptors and intercellular
adhesion molecule-1 (ICAM-1) in patients with proliferative diabetic
retinopathy. Clinical and Experimental Immunology. 1999; 118:213-218.

Braun M, Pietsch P, Schror K, Baumann G, Felix SB. Cellular adhesion
molecules on vascular smooth muscle cells. Cardiovascular Research. 1999;
41:395-401.

Fotis L, Giannakopoulos D, Stamogiannou L, Xatzipsalti M. Intercellular cell
adhesion molecule-1 and vascular cell adhesion molecule-1 in children. Do
they play a role in the progression of atherosclerosis? Hormones-International
Journal of Endocrinology and Metabolism. 2012; 11:140-146.

Qi FH, Li AY, Inagaki Y, Kokudo N, Tamura S, Nakata M, et al. Antitumor
activity of extracts and compounds from the skin of the toad Bufo bufo
gargarizans Cantor. International Immunopharmacology. 2011; 11:342-349.
Cheng CS, Wang JQ, Chen J, Kuo KT, Tang J, Gao HF, et al. New therapeutic
aspects of steroidal cardiac glycosides: the anticancer properties of Huachansu
and its main active constituent Bufalin. Cancer Cell International. 2019; 19.
Meng Z, Yang P, Shen Y, Bei W, Zhang Y, Ge Y, et al. Pilot study of huachansu
in patients with hepatocellular carcinoma, nonsmall-cell lung cancer, or
pancreatic cancer. Cancer. 2009; 115:5309-5318.

Xie MZ, Chen XJ, Qin SM, Bao Y], Bu KP, Lu Y. Clinical study on thalidomide
combined with cinobufagin to treat lung cancer cachexia. Journal of Cancer
Research and Therapeutics. 2018; 14:226-232.

Rahman A, Anwar KN, True AL, Malik AB. Thrombin-induced p65
homodimer binding to downstream NF-kappa B site of the promoter mediates
endothelial ICAM-1 expression and neutrophil adhesion. J Immunol. 1999;
162:5466-5476.

Cui XB, Luan JN, Dong K, Chen S, Wang Y, Watford WT, et al. RGC-32
(Response Gene to Complement 32) Deficiency Protects Endothelial Cells
From Inflammation and Attenuates Atherosclerosis. Arterioscler Thromb Vasc
Biol. 2018; 38:e36-e47.

Hajra L, Evans Al, Chen M, Hyduk 5], Collins T, Cybulsky MI. The NF-kappa
B signal transduction pathway in aortic endothelial cells is primed for
activation in regions predisposed to atherosclerotic lesion formation.
Proceedings of the National Academy of Sciences of the United States of
America. 2000; 97:9052-9057.

Gareus R, Kotsaki E, Xanthoulea S, van der Made I, Gijbels MJ, Kardakaris R,
et al. Endothelial cell-specific NF-kappaB inhibition protects mice from
atherosclerosis. Cell Metab. 2008; 8:372-383.

Werbajh S, Nojek I, Lanz R, Costas MA. RAC-3 is a NF-kappa B coactivator.
FEBS Lett. 2000; 485:195-199.

Wu RC, Qin J, Hashimoto Y, Wong J, Xu J, Tsai SY, et al. Regulation of SRC-3
(pCIP/ACTR/AIB-1/RAC-3/TRAM-1) Coactivator activity by I kappa B
kinase. Mol Cell Biol. 2002; 22:3549-3561.

https://www.ijbs.com



