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Abstract: Atherosclerosis is a metabolic and chronic inflammatory disease caused by deposition of lipoproteins in 
arteries. However, the diagnostic drug and the mechanism for this vascular disease are less studied. In the present 
study, atherosclerosis model was developed using apolipoprotein E-deficient mice that was treated with long-term 
high-fat food and chronic stresses. Xiaoyaosan (XYS) and glucocorticoid receptor (GR) antagonist RU 38486 were 
orally administrated to the mice. The change of aortic root vessels was observed by histological analysis. The results 
indicate that high-fat food coupled with chronic stress induced atherosclerosis in mice model, with plaque formation 
in the entire aortas foam cells and macrophage infiltration in aortic tissues. However, XYS granules inhibited the 
development of atherosclerotic lesion, with down-regulation of GC, TC, TG, HDL-C, ox-LDL, LDL-C, IFN-γ, IL-6, IL-1β, 
and TNF-α measured by ELISA method; XYS inhibited the expressions of GR, CD36, HSP27/60/90, and induced 
ABCA1 in atherosclerotic mice, which was measured by qPCR and Western blot, which showed similar effect as 
positive control RU 38486 did. The interaction between HSP90-GR complexes and CD36 was validated in athero-
sclerotic mice. Our results inferred that the HSP/GR complex-mediated CD36 axis was involved in the regulation of 
atherosclerosis development in mice verified by Co-IP assay, EMSA, and Chip-PCR. These findings not only provide 
the potential therapeutic value of Xiaoyaosan for atherosclerotic vulnerable plaque but also brought forth a novel 
strategy for preventing the formation and treatment of atherosclerotic vulnerable plaques through the elucidated 
mechanism of XYS on vulnerable plaque.
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Introduction

Atherosclerosis is a metabolic and chronic 
inflammatory disease in arteries, especially in 
those with relatively larger size [1]. The deposi-
tion of lipoproteins, including the accumulation 
of low-density lipoprotein (LDL) and oxidized 
LDL (ox-LDL) at arterial intima, initiates reactive 
oxidative species (ROS) production, endothelial 
dysfunction, and the subsequent stimulation of 
atherosclerosis [1-4]. Along with the deposition 
of lipoproteins and dysfunction, lipoproteins 
were immoderately flowed into the intimal mac-
rophage of the vascular wall [1, 4]. Foam cells 
and atherosclerotic plaques such as vulnerable 
plaques are formed accordingly [1].

Vulnerable plaque is the primary cause of 
approximately 70% of the acute myocardial 
infarction, thrombotic, and sudden coronary 
deaths, and thus the title ‘Culprit Plaque’ [5]. 
Vulnerable plaque is characterized by high level 
of lipid, low level of collagen, stenosis, low sta-
bility, macrophage density, active inflammation, 
and expansive remodeling [5]. It increases the 
risk of cardiovascular events [5-7]. Therefore, in 
the cardiovascular research, vulnerable plaque 
is considered as a critical factor in diagnosis 
and preventive therapies [8]. 

Previous studies have shown that the inflam- 
matory activation of macrophages could reduce 
the stability of atherosclerotic plaques [9]. 
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Glucocorticoids (GCs) contribute to the meta-
bolic changes [10] and have been widely used 
as one of the most effective anti-inflammatory 
treatments [11]. GCs are endogenously ex- 
pressed in response to inflammation and sub-
sequently works as feedback inhibitor of the 
immune system [12]. The anti-inflammatory, 
proliferative, and migratory properties of GCs 
impelled its usage as potential inhibitors of  
atherosclerosis and restenosis [13]. However, 
there was an increase in cardiovascular risk 
owing to side effects of endothelial dysfunction 
and vasoconstriction [13]. In addition, substan-
tial evidences show the association and inter-
action of heat-shock proteins (HSPs) with GCs 
and glucocorticoid receptor (GR) in bone forma-
tion, human cancer development, and immune 
diseases [14-17]. HSPs, such as HSP90, 60, 
70, and 65, are associated with atherosclero-
sis, inflammatory responses, and atheroscle-
rotic plaque formation [18-20]. It has been 
reported that HSP90 is necessary for the func-
tion of folding, trafficking, and steroid binding 
conformation of L cell GR [17, 21, 22]. 

The Xiaoyaosan (XYS) decoction is a kind of 
Chinese traditional prescription containing 
eight commonly used herbs, which has been 
extensively applied for the treatment of mental 
disorders including depression, for centuries in 
China [23, 24]. XYS decoction promotes the 
reduction in oxidative-stress-induced hippo-
campus neuron apoptosis [25]. It has been 
indicated that XYS decoction regulates chang-
es in neuropeptide Y and leptin receptor in the 
arcuate nucleus of rat, after chronic immobili-
zation stress (CIS), as well as reverses CIS-
induced learning and memory deficit [26]. 
Recent studies revealed that XYS attenuated 
stress-induced anxiety behaviors by down-reg-
ulating the tumor necrosis fact (TNF)-alpha/
JAK2-STAT3 pathway in the rat hippocampus 
[27]. However, the role of XYS on atherosclero-
sis development and its relevant mechanism 
remains elusive. This study aimed to investi-
gate the potential effect of XYS on the regula-
tion of atherosclerosis. 

Materials and methods

Animals and model construction

Animal studies were conducted complying with 
the ARRIVE guidelines, with the approval of 
Local Ethical Committee (Guangzhou University 

of Chinese Medicine). Apolipoprotein E-defici- 
ent (ApoE-/-) mice (n = 60, 6-8 weeks old, 
weight18-26 g. C57BL/6J background, strain 
B6.129P2-Apoetm1/Nju, #T001458) were pur-
chased from Model Animal Research Center, 
Nanjing University, Nanjing, China. Before 
beginning the experiments, all mice were kept 
in rooms under controlled laboratory condi- 
tions (23-25°C, 12:12 h light-dark cycle, 50%-
70% humidity) and fed with approved ordinary 
chow for at least 7 days along with free access 
to water. Fifty mice were randomly picked out 
and transferred to the controlled laboratory 
conditions as mentioned above, with given ad 
libitum access to ordinary chow and water. For 
model construction, 50 mice were intragastri-
cally (ig) injected with 0.2 ml of high-fat emul-
sion (including 10% lard oil, 10% tween-80, 
10% propylene glycol, 5% cholesterol, 1% 
Sodium cholate, 1% propylthiouracil, and 100% 
distilled water) daily and stimulated with chron-
ic stressors (including ice water swimming for 
30 s~60 s, day and night inversion for 24 h, fet-
ter for 3 h, water deprivation for 24 h, and food 
deprivation for 24 h) with a frequency of a five-
day cycle, for 60 days.

Experimental design

Ten mice in the control group were maintained 
under controlled laboratory conditions with the 
given ad libitum access to ordinary chow and 
water. The 50 mice treated with high-fat emul-
sion and stimulation were randomly divided 
into 5 groups (n = 10 in each group) and were 
treated with following strategies. Mice were 
daily administered with RU 38486 (Mifepris- 
tone; Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany; i.g, 25 mg/kg; n = 10), 5.256 g/kg 
(Low, n = 10; ig), 10.053 g/kg (Moderate, n = 
10; ig) and 20.106 g/kg (High, n = 10; ig) and 
granule of Chinese herbal XYS formula, 
(Guangdong YifangPharmaceutical Co., Ltd. 
Foshan, China) for 60 days. Model control mice 
(n = 10) were daily administered with normal 
saline (ig) for 60 days. XYS granule formula 
consisted of 8 Chinese herbal medicines (9 g 
Radix bupleuri, 9 g Angelica sinensis, 9 g Radix 
paeoniae alba, 9 g RhizomaAtractylodis, 9 g 
Poriacocos, 4.5 g Glycyrrhiza root, 4.5 g 
Menthahaplocalyx, and 4.5 g dried ginger rhi-
zome). Granules were immersed into distilled 
water and concentrated to 0.2 ml by boiling 
before administering it to mice. On the 60th day 
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of experimental design, all mice were killed by 
injecting a fatal dose of pentobarbital sodium 
(150 mg/kg, i.p.). 

Enzyme-linked immunosorbent assay (ELISA)

Blood samples of mice were collected and cen-
trifuged, and serum samples were prepared for 
enzyme-linked immunosorbent assay (ELISA). 
The content of serum GC, total cholesterol  
(TC), triacylglycerol (TG), high-density lipopro-
tein cholesterol (HDL-C), low-density lipoprotein 
cholesterol (LDL-C), ox-LDL, interferon (IFN)-γ, 
interleukin (IL)-6, IL-1β, and tumor necrosis fac-
tor (TNF)-α was detected using commercial 
ELISA kit according to manufacturer’s instruc-
tions. ELISA kits for monitoring IFN-γ, IL-6, IL-1β, 
and TNF-α were obtained from Elabscience 
Biotechnology Co. Ltd. (Wuhan, China); GC was 
from Shanghai Enzyme-linked Biotechnology 
Co., Ltd (Shanghai, China); TC, TG, and HDL-C 
were from Nanjing Jiancheng Bioengineering 
Institute (Jiangsu, China); ox-LDL was from 
Xiamen Huijia Bioengineering Institute (Xia- 
men, China); and LDL-C was from Shanghai 
Yuanyan Bioscience Limited Company (Shang- 
hai, China). A Thermo microplate reader (Multi- 
skanMK3; Thermo Fisher Scientific Inc., Ro- 
ckford, IL, USA) was used for the measurement 
of optical density (OD) at 450 nm.

Lesion and histology analysis

After anesthetization, whole aortas (from the 
heart to the iliac artery, n = 4 from each group) 
were perfused with cold PBS, dissected, and 
fixed in 4% paraformaldehyde overnight. For en 
face staining analysis, aorta trees were longitu-
dinally excised and stained with 0.5% Oil Red O 
(Solarbio Science & Technology, Beijing, China) 
for 1 h. The aorta images were captured using 
a Leica stereoscope microscope (S8AP0; Leica, 
Wetzlar, Germany), and the percentage of Oil 
Red O-positive lesion surface areas in relation 
to the total surface area was determined  
using Image J software (https://imagej.nih.gov/
nih-image).

For histology analysis, aortic root vessels were 
cut from isolated aortas (n = 3 from each 
group), fixed in 4% paraformaldehyde overnight, 
and frozen in optimal cutting temperature (OCT) 
compound (Sakura Finetek, Torrance, CA, USA), 
and cut into serial sections (10 µm in thick-
ness) using a Leica cryotome (CM 1510 S, 

Leica). Three transverse sections, with 30 µm 
intervals, were stained with 0.3% Oil Red O 
working solution (Sigma-Aldrich; Merck KGaA) 
for lipid content in plaque area and hematoxylin 
staining solution (Sigma-Aldrich; Merck KGaA) 
for histopathology analysis.

Immunohistochemistry and immunofluores-
cence

To detect the expression of GR, CD36, and ATP-
binding cassete A1 (ABCA1) in aortic root ves-
sels, serial sections (10 µm in thickness) were 
immunohistochemically stained with anti-
mouse antibody GR (1:200; Cell Signaling 
Technology, CST, Danvers, MA, USA), CD36 
(1:300; Abcam, Cambridge, MA, USA), and 
ABCA1 (1:300; Abcam) at 4°C overnight. Cor- 
responding HRP-conjugated secondary anti-
bodies (anti-IgG, 1:10,000) were used. 
Histological scores (4-point scale: 0, 0%; 1, 
0~25%; 2, 25%~75%; 3, > 75%) of tissues 
expressing GR, CD36, and ABCA1 were evalu-
ated using a double-blind scoring method.  
For immunofluorescence analysis, sections 
were examined using primary antibodies  
and Alexa555-conjugated secondary antibody 
(1:1,500; Invitrogen Life Technologies, Car- 
lsbad, CA, USA). DAPI (Invitrogen) was used to 
counter stain the nuclei. Examination was per-
formed using laser-scanning confocal micro-
scope (TCS-SP5, Leica). Fluorescent intensity 
was analyzed using Image J software.

Western blot analysis

Western blot was performed to detect the 
expression of related proteins using standard 
protocols. Cytoplasmic and nuclear proteins 
were extracted from aortic root vessels using a 
nuclear/cytoplasmic protein extraction kit 
(P0028; Beyotime Institute of Biotechnology, 
Guangzhou, China) following the manufactur-
er’s instructions. Protein concentrations were 
determined using a Bradford protein assay kit 
(Thermo Fisher Scientific Inc.). About 10% SDS-
PAGE (Shanghai Sangon Biological Engineering 
Technological Co. Ltd., Shanghai, China) and 
Millipore PVDF membranes (Millipore, Billerica, 
MA, USA) were used for protein separation and 
immunoblotting analysis. Bovineserum albu-
min (BSA, 5% in TBST; Amresco, Solon, OH, 
USA; FA016-50G) was used for membrane 
block. Immunoblotting analysis was performed 
using specific primary antibodies, including 



HSP/GR axis associates with plaque formation

5534	 Am J Transl Res 2019;11(9):5531-5545

anti-GR (1:300; CST), anti-ABCA1 (1:1,000; 
Abcam), anti-CD36 (1:8,000; Abcam), anti-
HSP60 (1:4,000; Abcam), anti-HSP27 (1:2,000; 
CST), anti-HSP90 (1:20,000; CST), anti-GAPDH 
(1:10,000; Shanghai Kangcheng Biotechno- 
logy Co. LTD., Shanghai, China), and HRP-
conjugated secondary antibody (anti-rabbit IgG, 
1:20,000; Boster, Wuhan, China), respectively. 
Enhanced chemiluminescence detection kit 
(Millipore) was used for the visualization of 
membranes with Image-Pro Plus 6.0 soft- 
ware (Media Cybernetics Inc., Bethesda, MD, 
USA). 

Quantitative real-time PCR

The relative mRNA expression level of the 
genes studied was detected using quantitative 
real-time PCR (qRT-PCR). Extraction of total 
RNA was performed using TRIzol reagent 
(TaKaRa, Tokyo, Japan), and separation of cyto-
plasmic and nuclear RNA was conducted using 
PARIS™ Kit (Invitrogen) according to the ma- 
nufacturer’s instruction. The synthesis of the 
first-strand cDNA was implemented using 
Bestar® qPCR RT Kit (DBI Bioscience, 
Shanghai, China). The relative mRNA expres-
sion levels of GR (total, cytoplasmic and nucle-
ar), ABCA1, CD36, HSP60, HSP27, and HSP90 
were determined using a Bestar® Sybr Green 
qPCR master mix (DBI Bioscience) using the 
primers listed in Table 1. An Agilent Stratagene 
Mx3000P RT-PCR machine (Agilent, California, 
CA) was used for the amplification according to 
standard procedures (Initial denaturation at 
94°C for 2 min; followed with 40 cycles of 94°C 
for 20 s, 58°C for 20 s, and 72°C for 20 s). The 
relative expression levels of gene mRNAs were 

computed using the 2-ΔΔCt methods. The β-actin 
gene was used as the internal reference gene.

Co-immunoprecipitation (Co-IP) assay

The interaction between HSP90 and GR pro-
teins was identified using Co-IP assay by a 
Pierce® Co-IP Kit (Thermo Scientific Inc.). HSP- 
90 or GR antibody were incorporated with resin 
in a spin column at 4°C for 2 h. Cytoplasmic 
protein lysates were isolated as mentioned 
above and immunoprecipitated with anti-
HSP90/GR antibody in column at 4°C over-
night, with gentle rotation. The combined pro-
tein samples were eluted and quantified using 
Bradford protein assay kit (Thermo Fisher 
Scientific Inc.), and stored at -80°C. Protein 
interaction was identified using Western blot 
analysis with anti-HSP90/GR antibody. All reac-
tions were performed in triplicate.

Electrophoretic mobility shift assay (EMSA) 

The nuclear protein lysates were obtained and 
quantified using the aforementioned methods. 
EMSA was implemented using a LightShift® 
Chemiluminescent EMSA Kit (Thermo Fisher 
Scientific Inc.) according to the manufacturer’s 
instruction. In brief, prepared probes, including 
biotin-labeled, cold , and mutant probes, were 
diluted (1:100, in ddH2O) and added into reac-
tion mixture containing 5-µg nucleoprotein. 
Before chromogenic reaction electrophoresis 
onto 6.5% polyacrylamide (Genview, Beijing, 
China) and transformation onto PVDF mem-
brane (Millipore) was implemented and scan- 
ned using a Microtek Bio-5000 scanner 
(Microtek Lab, Inc., Santa Fe Springs, CA). 
Analysis was conducted using Image-Pro Plus 
6.0 software (Media Cybernetics Inc., Bethe- 
sda, MD, USA). All reactions were performed in 
triplicates.

Chromatin-immunoprecipitation (ChIP)

ChIP assay coupled with quantitative PCR 
(ChIP-qPCR) was conducted to confirm the 
DNA-binding ability of GR using a Simple ChIP 
Plus Enzymatic Chromatin IP Kit (CST)., Aortic 
tissues were treated with protease inhibitor 
cocktail coupled with gradually decreased 
formaldehyde (37%~1.5%) at room tempera-
ture for 20 min to cross-link chromatin accord-
ing to the manufacturer’s protocol, which was 
then inhibited by glycine solution at room tem-
perature for 5 min. Cross-linked chromatins 

Table 1. The primer or probe sequences used 
in our study
Gene Primers Sequence (5’-3’)
β-actin Forward CATTGCTGACAGGATGCAGA

Reverse CTGCTGGAAGGTGGACAGTGA
GR Forward ACAGTCAAGGTTTCTGCGTCT

Reverse TCCCCATCACTTTTGTTTCG
CD36 Forward ATGGGCTGTGATCGGAACTG

Reverse TTTGCCACGTCATCTGGGTTT
ABCA1 Forward TGTGACCAGAGGGGATGCG

Reverse CAACCTTGCCAACTTCCTTTTC
HSP27 Forward CCCACCCTCTATCACGGCTA

Reverse ATCTGGGGTAAAGTGGCTCAC
HSP60 Forward CACAGTCCTTCGCCAGATGAG
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were broken down into DNA fragments (200 bp 
in length) by digestion with DNA micrococcal 
nuclease at 37°C for 20 min and sonication  
(15 s) for 20 times. ChIP reaction was per-
formed using 5 µg of anti-GR antibody or IgG 
(Negative control) enriched in protein G mag-
netic beads (Invitrogen) at 4°C overnight. The 
immunoprecipitated complexes were then  
eluted using ChIP elution buffer at 65°C for 30 
min, and DNA were de-crosslinked from pro-
teins using proteinase K (CST) at 65°C for 2 h. 
The obtained DNA samples were purified and 
subjected to PCR analysis and 2% agarose gel 
(Biowest, Nuaillé, France). All reactions were 
performed in triplicate.

Statistical analysis

Statistical analysis was performed using 
GraphPad Prism 6.0 (GraphPad Software, San 
Diego, CA, USA). All data were expressed as 
mean ± SD. Unpaired Student’s t-test and two-
way ANOVA was used to analyze different levels 
between two groups and more than three 
groups, respectively. Unpaired Student’s t-test 
was used to analyze lipid accumulation, ath- 
erosclerotic lesion, and aortic roots in aortas; 
two-way ANOVA was used to analyze the con-
tents of GC and parameters related to lipid, the 
expression of GR, CD36, and ABCA1. P < 0.05 
was considered statistically significant.

Results 

XYS granules inhibit development of athero-
sclerotic lesion

The model of atherosclerotic mice maintained 
on high-fat emulsion and chronic stresses for 
60 days developed a significant atherosclerotic 
lesion in aortas. En face staining analysis 
showed the plaque formation in entire aortas 
(Figure 1A), and histology analysis showed the 
obvious accumulation of Oil red O-positive 
staining and foam cells (Figure 1B) and macro-
phage infiltration in aortic tissues (Figure 1C) 
compared to that of ApoE-/- mice from normal 
control group, indicating the formation of ath-
erosclerosis vulnerable plaques in the model 
mice fed with high-fat food coupled with 
induced chronic stress. However, plaque forma-
tion and macrophage infiltration were remark-
ably decreased in mice administered with XYS 
granules and GR inhibitor RU 38486 compared 
with the model mice.

XYS granules control the profiles of serum bio-
chemical indexes

ELISA was performed to analyze the profiles of 
serum biochemical indexes. The contents of 
GC, TC, TG, HDL-C, ox-LDL, and LDL-C in athero-
sclerosis model were significantly increased 
compared to those in control mice (P < 0.05, 
Figure 2A). On contrast, intragastric adminis-
tered XYS granules reduced the contents of all 
serum biochemical indexes in a dose-depen-
dent manner. Atherosclerotic ApoE-/- mice  
treated with high-dose XYS granules (20.106 
g/kg per day) showed the lowest levels of 
serum biochemical indexes, although higher 
than those in positive control and RU 
38486-treated mice (P < 0.05, Figure 2A). 
Similar trends were observed in serum cyto-
kines IFN-γ, IL-6, IL-1β, and TNF-α (Figure 2B). 
These analyses proved that administration of 
XYS granules prevented the development of 
atherosclerosis in mice and provided an anti-
inflammatory effect.

XYS granules suppress GR and CD36 enhanc-
es ABCA1 in atherosclerotic mice

It was observed statistically that the adminis-
tration of XYS granules increased cytoplasmic 
GR and decreased nuclear GR in atheroscle-
rotic mice in a dose-dependent manner, res- 
pectively (P < 0.05, Figure 3A). Moreover, it sig-
nificantly decreased CD36 expression and 
induced ABCA1 level in atherosclerotic ApoE-/- 
mice (P < 0.001). The protein patterns of GR, 
CD36, and ABCA1 were perfectly duplicated 
similar to that of mRNA levels (Figures 3B  
and 4). 

XYS granules prevent HSP27/60/90 in athero-
sclerotic mice

The results revealed the inhibitory effect of  
XYS granules on the expression of HSP27, 60, 
and 90. Increased expression of HSP27, 60 
and 90 mRNA, and protein was observed in 
atherosclerotic ApoE-/- mice compared to the 
control (P < 0.001, Figure 5A and 5B), whereas 
XYS granules (20.106 g/kg per day) and RU 
38486 administration impeded the levels of 
HSP27/60/90. These results imply that XYS 
granules might have attenuated the HSP-
mediated signaling in aortic vessels in athero-
sclerotic mice. 
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XYS granules promote HSP90 interaction with 
GR and CD36

Our CoIP data illustrated the significant interac-
tion between HSP90 and GR in model mice 

(Figure 6A). EMSA and ChIP’s result further 
implicated the binding of GR to CD36 promoter, 
suggesting the interaction between HSP90-GR 
complexes and CD36, especially in the athero-
sclerotic mice (Figure 6B and 6C). 

Figure 1. XYS granules inhibit the formation of atherosclerotic plaque. Atherosclerotic ApoE-/- mice model was in-
duced by high-fat emulsion and chronic stresses for 60 days and treated with low, moderate, high XYS and RU 
38486, respectively. A. The en face analysis using Oil red O staining and plaque area (%) analysis for atherosclerotic 
lesion in aortas in different groups. B. Oil red O staining for lipid accumulation and Oil red O-positive area (%) analy-
sis in aortic roots in different groups (magnification × 200). C. Hematoxylin and eosin (H&E) staining for aortic roots 
in different groups (magnification × 400). Data shown are means ± SD. ** and ***, P < 0.01 and P < 0.001 vs. 
control, respectively. # and ###, P <0.05 and P < 0.001 vs. model, respectively. &, P < 0.05 vs. Model + high XYS.
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Figure 2. Administration of XYS granules prevented the development of atherosclerosis in mice and presented anti-inflammatory effect. A. The contents of GC and 
parameters related to lipid in different groups, including GC, TC, TG, HDL-C, ox-LDL, and LDL-C. B. The contents of serum cytokines in different groups, including IFN-γ, 
IL-6, IL-1β, and TNF-α. All the indexes were detected using ELISA. Data shown are means ± SD. ***, P < 0.001 vs. control. ###P < 0.001 vs. model. &, &&, and &&& 
P < 0.05, P < 0.01, and P < 0.001, vs. model + high XYS, respectively.
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Figure 3. XYS granules suppress GR and CD36 enhances ABCA1 in atherosclerotic mice. A. The mRNA relative expression level analysis of GR, CD36, and ABCA1 
gene in different groups was detected using qRT-PCR. B. The protein expression level of GR, CD36, and ABCA1 protein was determined using Western blot analysis. 
GAPDH act as an internal standard. Data shown are means ± SD. *, ** and ***, P < 0.05, P < 0.01 and P < 0.001 vs. control, respectively. ###P < 0.001 vs. model. 
&, && and &&&, P < 0.05, P < 0.01, and P < 0.001 vs. model + high XYS, respectively.
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Discussion

There are substantial evidence showing the 
association and interaction of HSPs with GR in 
immune diseases, and HSP90 is necessary for 
the GR function [17, 21, 22]. In our study, we 
have demonstrated the correlation of HSP90, 
60, and 27 with GR and GC profiles in high-fat 
food combined with chronic stresses-induced 
atherosclerotic ApoE-/- mice. We have also con-
firmed their association with macrophage 
CD36 and ABCA1. However, the administration 
of traditional Chinese medicine (TCM) XYS for-
mula decoction and GR inhibitor RU 38486 
suppressed these changes and atherosclerotic 
development.

High-fat food-induced metabolic disorders  
promote lipoproteins’ accumulation, oxidative 
stresses, and active inflammation in macro-
phages of the vascular wall and result in the 
formation of atherosclerotic plaques (Figure 7) 
[1, 4]. In the similar scenario, our present study 
found the atherosclerotic histological changes 
in model mice, combined with obviously 
increased cholesterol and lipid parameters 
(including GC, TC, TG, HDL-C, LDL-C, and ox-
LDL) and elevated release of serum inflamma-
tory molecules (including IFN-γ, IL-6, IL-1β, and 
TNF-α). These suggested that high-fat food 
combined with chronic stresses success- 
fully induced atherosclerosis in our present 
study. The anti-inflammatory, -proliferative, and 

Figure 4. The expression of GR, CD36, and ABCA1 protein in aortic root vessels analyzed by immunohistochemistry 
and immunofluorescence, respectively. A. The expression of GR, CD36, and ABCA1 protein in aortic root vessels 
measured by immunohistochemistry in different groups. Histology scores were the sums of nuclear and cytoplasmic 
scores by double blind scoring method. B. The expression of GR, CD36, and ABCA1 protein in aortic root vessels 
measured by immunofluorescence analysis in different groups. The secondary antibody was conjugated with Alexa 
555 (red). Nucleus was stained with DAPI (Blue). Magnification, x 200. Data shown are means ± SD. *, ** and ***, 
P < 0.05, P < 0.01 and P < 0.001 vs. control, respectively. ###P < 0.001 vs. model. &P < 0.05 vs. model + high XYS.
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-migratory properties of GCs prevent athero-
sclerosis, whereas the endothelial dysfunction 
and vaso-constriction increased the risk of car-
diovascular events [13]. XYS alleviates the ath-
erosclerotic damages as well as inflammation 
in mice model, which exerts protective function 
on ILs/TNF-α-GC/GR feedback regarding oxida-
tive stress and inflammation in atherosclerotic 
ApoE-/- mice.

GR is a nuclear transcription factor. GC-induc- 
ed TNF receptor (GITR) family-related protein 
has been identified as a member of the TNF 
receptor superfamily (TNFRSF18). The stimula-
tion of GITR has been reported to induce  
the activation of matrix metalloproteinase-9 
(MMP9) and production of pro-inflammatory 
cytokines in lipid-rich macrophage cells [9]. 

Notably, XYS suppresses TNF-alpha/JAK2-
STAT3 pathway in the hippocampus [27]. In 
addition, Kol et al showed the macrophage 
TNF-α and MMPs expression could be regulat-
ed by HSPs in atheroma [28]. Accumulative evi-
dence unraveled the interaction of HSPs with 
GR [14-17], except for the association of HSPs 
with atherosclerosis, inflammatory responses, 
and atherosclerotic plaque formation [18-20]. 
Consistently, we have demonstrated the inter-
action of HSP90 with GR by CoIP assay, sug-
gesting the vital roles of GR in atherosclerosis 
development by regulating GC content, HSP/
MMP activation, and plaque vulnerability 
(Figure 7). 

Previous report had shown that HSPs acceler-
ated atherosclerosis via down-regulating the 

Figure 5. XYS granules prevent the expression of HSP. A. The mRNA relative expression level of HSP27, HSP60, and 
HSP90 measured by qRT-PCR. B. The protein expression change of HSP27, HSP60, and HSP90 analyzed by Western 
blot. The protein bands were analyzed using Image J software. GAPDH act as an internal standard. Data shown are 
means ± SD. ** and ***, P < 0.01 and P < 0.001 vs. control, respectively. ###P < 0.001 vs. model. &, &&, and 
&&& notes P < 0.05, P < 0.01, and P < 0.001 vs. model + high XYS, respectively.
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expression of ABCA1 [29]. The knockdown of 
ABCA1 promoted atherosclerotic lesion forma-
tion [30, 31]. Another atherosclerosis contribu-
tor is CD36 expression. CD36 is a scavenger 
receptor expressed in macrophages, and a new 
identified cell surface receptor for HSPs [32-
34], and a proteolytically degradable substrate 
of matrix-degrading enzyme MMP9 [35, 36]. 
Ox-LDL-bound CD36 promotes atherosclerosis 
[37, 38]. CD36 and ABCA1 are cholesterol 
transporters that are involved in cholesterol 

efflux in macrophages [31]. In our present 
study, we demonstrated the elevated ox-LDL, 
HSPs and CD36, as well as down-regulated 
ABCA1 in atherosclerotic ApoE-/- mice, suggest-
ing the important roles of the ox-LDL/CD36/
HSP-ABCA1 axis in atherosclerosis. In addition, 
we also detected the binding of nuclear tran-
scription factor GR to CD36 promoter using 
EMSA and ChIP assays. These demonstrated 
the vital roles of HSP/GR complex-mediated 
CD36 axis in atherosclerosis development.

Figure 6. XYS granules promote HSP90 interaction with GR and CD36. The immunoprecipitation and electrophoretic 
mobility shift assays. A. Co-immunoprecipitation (Co-IP) assay for GR and HSP90 proteins. HSP90 or GR antibody 
were incorporated with resin in a spin column at 4°C for 2 h. Cytoplasmic protein lysates were isolated as above 
and immunoprecipitated with anti-HSP90/GR antibody in column at 4°C overnight, with gentle rotation. Protein 
interaction was detected using Western blot analysis as above with anti-HSP90/GR antibody. All reactions were 
performed in triplicate. Upside, HSP90 co immunoprecipitates with GR. Below, GR co immunoprecipitates with 
HSP90. B. The electrophoretic mobility shift (EMSA) assay for the binding of GR to CD36 promoter. Biotin-labeled 
probes, cold probes, and mutant probes were diluted (1:100, in ddH2O) and added into reaction mixture containing 
5-µg nucleoprotein. Electrophoresis onto 6.5% polyacrylamide and transformation onto PVDF membrane was imple-
mented before chromogenic reaction and scanning using a Microtek Bio-5000 scanner. Analysis was conducted 
using Image-Pro Plus 6.0 software. All reactions were performed in triplicates. C. Chromatin-immunoprecipitation 
(ChIP) assay for GR encoding DNA with CD36 promoter. ChIP reaction was performed using 5 µg of anti-GR antibody 
or IgG (Negative control) enriched in protein G magnetic beads (Invitrogen) at 4°C overnight. The immunoprecipi-
tated complexes were then eluted using ChIP elution buffer at 65°C for 30 min and DNA were de-crosslinked from 
proteins using proteinase K (CST) at 65°C for 2 h. The obtained DNA samples were purified and subjected to PCR 
analysis and 2% agarose gel. All reactions were performed in triplicate. Data shown are means ± SD (n = 3). **In-
dicates P < 0.01 vs. control.
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XYS granule formula contains 8 kinds of 
Chinese herbal medicines (9 g Radix bupleuri,  
9 g Angelica sinensis, 9 g Radix paeoniae alba, 
9 g Rhizoma Atractylodis, 9 g Poriacocos, 4.5 g 
Glycyrrhiza root, 4.5 g Menthahaplocalyx, and 
4.5 g dried Ginger rhizome). Recent finding indi-
cated that the compound Saikosaponin D  
(SSD) from Radix Bupleuri interacted with  
beta-catenin via hydrogen bonds and hydro-
phobic interaction and suppressed triple-nega-
tive breast cancer cell growth [39]. It signifi-
cantly improved cell viability and inhibits the 
elevation of TNF-alpha, IL-1beta, and IL-6, which 
was in line with our finding with XYS [40]. 
Angelica sinensis (oliv.) diels water extract con-
tributes to anti-inflammatory effects on raw 
264.7 induced with lipopolysaccharide via 
NO-bursting/calcium-mediated JAK-STAT path-
way and it [41]. Notably, Poriacocos polysac-
charides presented antihepatotoxic benefits  
on acetaminophen-lesioned livers through sup-
pressing cell death, reducing hepatocellular 
inflammatory stress and Hsp90 bioactivity, 
while roots and rhizomes of Glycyrrhizauralensis 
Fisch. (Fabaceae) exerted inhibitory function 
toward the phosphorylation of heat shock pro-
tein 27, which were in agreement with our find-

TCM XYS granules suggest potential clinical 
value on the treatment of atherosclerosis 
through regulating HSP90/60/27, GR, CD36, 
and ABCA1.
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Figure 7. The potential mechanism associated with HPS/GR axis-mediated 
plaque formation. High-fat food-induced metabolic disorders promote lipo-
proteins accumulation, oxidative stresses, and active inflammation in mac-
rophage of the vascular wall and accordingly result in the formation of ath-
erosclerotic plaques by affecting the expression of GC, GR, HSP, CD36, and 
ABCA1. Xiaoyaosan prevents atherosclerotic vulnerable plaque formation 
through regulating the expression of heat shock protein, glucocorticoid re-
ceptor, and CD36 axis. Pathways in the right green box indicate the conver-
sion between cortisol and cortisone, red and black part notes the oxidative 
11β-HSD2 activity (cortisol-cortisone conversion) and reductive 11β-HSD1 
activity (cortisone-cortisol conversion), respectively. Different colors of lines 
and notes do not have specific meanings.

ing regarding the XYS in medi-
ating of HSP and inflammation 
[42, 43]. The therapeutic roles 
of a TCM formula of XYS were 
elucidated on balancing me- 
tabolisms of lipid, energy, and 
inflammatory factors [44, 45]. 
The effective treatments of 
XYS formula had been proved 
in diabetes, depression, anxi-
ety, polycystic ovary, and he- 
patic fibrosis [46-49]. How- 
ever, the exact active ingredi-
ents of XYS on atherosclero-
sis, such as certain kinds of 
polysaccharides, need to be 
further identified, and the 
molecular mechanisms of the 
compounds are to be inves- 
tigated.

Conclusions

In summary, we confirmed the 
long-term high-fat food cou-
pled with chronic stresses (60 
days) induced atherosclerotic 
ApoE-/- mice. Within this model, 
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