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Fisetin ameliorates atherosclerosis by regulating
PCSK9 and LOX-1 in apoE" mice

LI YAN", QINGLING JIA*, HUI CAO, CHUAN CHEN, SANLI XING, YAN HUANG and DINGZHU SHEN

Shanghai Geriatric Institute of Chinese Medicine, Shanghai University of
Traditional Chinese Medicine, Shanghai 200031, PR. China

Received March 31, 2020; Accepted September 22,2020

DOI: 10.3892/etm.2020.9457

Abstract. The purpose of the current study was to investigate
the mechanism by which fisetin improves atherosclerosis (AS)
by regulating lipid metabolism and senescence in apolipopro-
tein E-deficient (apoE™) mice. An AS model was established
by feeding apoE™ mice a high-fat diet. Mice were randomly
divided into the model group (n=18), the fisetin group (n=18)
and the atorvastatin group (n=18). The control group (n=18)
was composed of wild-type C57BL/6 mice of the same age
and genetic background. The fisetin and atorvastatin groups
were respectively treated with aqueous solutions of fisetin
(12.5 mg/kg) and atorvastatin (2 mg/kg) via oral gavage daily
for 12 weeks. The pathological morphology, lipid accumula-
tion, collagen deposition of the aortic sinus were observed,
serum lipids, superoxide dismutase (SOD) and malondialde-
hyde (MDA) levels and alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) activities were measured
in the peripheral blood serum. Additionally, the expressions
of proprotein convertase subtilisin/kexin type 9 (PCSKD9),
lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1), tumor suppressor protein pS3 (p53), cyclin-dependent
kinase inhibitor 1A (p21) and multiple tumor suppressor-1 (p16)
were analyzed in the aorta. The results of the current study
indicated that compared with the control group, a large area
of AS plaque in the aortic sinus that contained a large amount
of red-stained lipids and decreased collagen fiber content
were found in the model group, which exhibited higher total
cholesterol (TC), low-density lipoprotein cholesterol (LDL-C),
very low-density lipoprotein cholesterol (VLDL-C), oxidized
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low-density lipoprotein (ox-LDL) and MDA levels; higher ALT
and AST activities, lower high-density lipoprotein cholesterol
(HDL-C) and SOD levels and increased expression levels of
PCSK9, LOX-1, p53, p21 and pl6. Fisetin is a phytochemical
and bioflavonoid that serves a potential role in chronic diseases
including AS, obesity, diabetes and cancer due to its wide
biological activities, such as regulating lipid metabolism and
anti-aging, anti-oxidation and anti-inflammatory. Atorvastatin
is recognized as a first-line treatment drug for AS; therefore it
was used as a positive control in the current study. Following
fisetin and atorvastatin treatment, both the AS plaque and
the lipid accumulation in the aortic sinus were significantly
reduced, and the expressions of PCSK9, LOX-1 and aging
markers, including p53, p21 and p16 were downregulated.

Introduction

Atherosclerosis (AS) is a multifactorial disease that is closely
associated with aging and involves a number of lipid metabo-
lism disorders (1). Proprotein convertase subtilisin/kexin
type 9 (PCSKDY) is a key regulator of cholesterol metabolism,
can promote the degradation of plasma low-density lipopro-
tein receptor (LDLR) and increase the level of low-density
lipoprotein cholesterol (LDL-C), leading to an increased
risk of AS (2). Lectin-like oxidized low-density lipopro-
tein receptor-1 (LOX-1) is the main receptor of oxidized
low-density lipoprotein (ox-LDL), which interacts with
ox-LDL induced endothelial dysfunction, macrophage-derived
foam cell formation and LOX-1 activation to promote the
formation of atherosclerotic plaques and acute cardiovascular
events (3). It has been previously reported that LOX-1 expres-
sion is enhanced by the overexpression of PCSK9 in human
aortic endothelial cells (ECs), smooth muscle cells (SMCs)
and mouse aorta, whereas the LOX-1 expression is reduced
by silencing PCSK9 (4). Within patients with AS, free radicals
and lipid peroxidation that is produced by lipid oxidation
can cause cell necrosis and apoptosis (5). Tumor suppressor
protein p53 (p53), cyclin-dependent kinase inhibitor 1A (p21),
and multiple tumor suppressor-1 (pl16) are associated with the
cell cycle regulation, apoptosis and senescence, which are also
associated with AS (6). A previous study demonstrated that low
shear stress that is mediated by reactive oxygen species (ROS)
can enhance the expression of PCSK9 in human ECs and
SMCs, whereas silencing ROS can inhibit PCSK9 expression
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and reduce the effect of LOX-1 (7). In addition, PCSK9 serves
an important role in the process of vascular aging, which can
aggravate endothelial dysfunction caused by oxidative stress
and inflammation by stimulating LOX-1 in order to further
accelerate the pathological changes of AS (8).

Fisetin (3,3'4'4,7-tetrahydroxyflavone) is a natural flavo-
noid molecule that can regulate abnormal lipid metabolism,
anti-oxidation and anti-aging activities (9). Fisetin has been
revealed to regulate obesity and cardiovascular disease
by promoting the expression of adiponectin in 3T3-L1
preadipocytes (10). Fisetin can also effectively improve
lipid metabolism, oxidative stress and liver injury in mice
with metabolic syndrome that is induced by a high-fructose
diet (11). In a previous study, fisetin was revealed to reduce the
expression of p16 and p21 in progeroid Erccl”™ mice and aged
wild-type mice, as well as in human adipose tissue senescent
cells (12). Our previous study demonstrated that fisetin can
limit ox-LDL-induced lipid accumulation and senescence in
RAW264.7 macrophage-derived foam cells (13). Based on the
previous study, the current study explored how fisetin may
regulate lipid metabolism via PCSK9 and LOX-1 as well as
improve the aging status of AS in apoE” mice. An AS model
was established in apoE” mice, which was induced by a
high-fat diet. The pathological morphology, lipid accumulation
and collagen deposition of the aortic sinus was subsequently
detected in mice. Additionally, serum levels of total choles-
terol (TC), triglyceride (TG), high-density lipoprotein
cholesterol (HDL-C), LDL-C, very low-density lipoprotein
cholesterol (VLDL-C), ox-LDL, superoxide dismutase (SOD)
and malondialdehyde (MDA), alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) activities were deter-
mined and PCSK9, LOX-1, p53, p21 and p16 expressions in the
aorta were assessed.

Materials and methods

Experimental animals. In the current study, a total of 54
12-week-old specific pathogen-free (SPF) male apoE” mice
[weight,20+5 g; animal license no. SCXK (Jing) 2016-0010] and
18 wild-type male C57BL/6 mice of the same age and genetic
background [animal license no. SCXK (Zhe) 2019-0001] were
purchased from Beijing Vital River Lab Animal Technology
Co., Ltd. The mice were kept in an SPF grade animal facility
at the Shanghai Model Organisms Center, Inc. (Shanghai,
China) at a room temperature of 19-22°C, relative humidity of
50-70% and a 12 h light/dark cycle. All animals had free access
to food and water, and experimental operations strictly followed
the rules and regulations of the Shanghai Model Organisms
Center, Inc. The protocol of the present study was approved by
the Animal Care and Use Committee of the Shanghai Model
Organisms Center, Inc. (IACUC no. 2019-0008).

Modeling and grouping. 54 apoE” 12-week-old mice were fed
a normal diet for 1 week before being randomly divided into
three groups: apoE” mice + high-fat diet (model group; n=183),
apoE” mice + high-fat diet + fisetin (fisetin group; n=18) and
the apoE”" mice + high-fat diet + atorvastatin (atorvastatin
group; n=18). The high-fat diet formula was a normal mouse
diet (0.03% corn, 0.15% secondary meal, 0.03% alfalfa,
0.08% soybean meal, 0.07% Peru fish meal, 0.05% American

chicken meal, 0.04% animal premix 1, 0.02% gluten,
0.005% calcium dihydrogen phosphate, 0.5% rice,
0.005% stone powder, 0.02% salad oil, 0.0045% feed grade
sodium chloride and 0.0015% feed grade magnesium chloride)
with the addition of 21% fat and 0.5% cholesterol. Wild-type
C57BL/6 mice of the same genetic background and age were
used as the controls (control group, n=18) and were fed a
normal mouse diet. Mice in the fisetin and atorvastatin groups
were gavaged with aqueous solutions of fisetin and atorvas-
tatin, respectively. Via conversion with reference to an adult
body weight of 60 kg and the equivalent dose of mice, the final
doses of fisetin and atorvastatin aqueous solutions provided
to mice were 12.5 and 2 mg/kg, respectively. The fisetin was
dissolved in 0.1% DMSO aqueous solution, and the atorvas-
tatin tablets as a positive control drug were directly dissolved
in distilled water. The control and model groups were treated
with the same volume (0.2 ml/mouse/day) of distilled water via
daily oral gavage, and the intervention period of each group
was 12 weeks.

Drugs and reagents. Fisetin (20 mg; cat. no. B20953) was
purchased from Shanghai Yuanye Biotechnology Co., Ltd.
Atorvastatin tablets (20 mg; cat. no. H20051408) were
purchased from Pfizer, Inc. DMSO (cat. no. 472301) was
obtained from Sigma Aldrich; Merck KGaA. The protein ladder
(cat. no. 26616) was obtained from Thermo Fisher Scientific,
Inc. The BCA Protein Assay kit (cat. no. P0010) and SDS-PAGE
Gel Preparation kit (cat. no. POO12A) were purchased from
Beyotime Institute of Biotechnology. Rabbit anti-PCSK9
(cat.no.ab95478), mouse anti-p53 (cat. no. ab26), rabbit anti-p21
(cat. no. ab188224) and rabbit anti-pl6 (cat. no. ab51243) were
purchased from Abcam. Mouse anti-LOX-1 (cat. no. AF1564)
was supplied by R&D Systems, Inc. Rabbit anti-GAPDH
(cat. no. 5174S), goat anti-rabbit IgG horseradish peroxidase
(HRP)-conjugated secondary antibody (cat. no. 7074P2)
and horse anti-mouse IgG HRP-linked secondary anti-
body (cat. no. 7076P2) were purchased from Cell Signaling
Technology, Inc. Mouse TC (cat. no. Ek-M20591), mouse TG
(cat. no. EkK-M20590), mouse HDL-C (cat. no. Ek-M20589),
mouse LDL-C (cat. no. Ek-M20588), mouse VLDL-C
(cat. no. Ek-M21066), mouse ox-LDL (cat. no. Ek-M21214),
SOD (cat. no. Ek-M21269) and MDA (cat. no. Ek-M21268)
ELISA kits were purchased from Ek-Bioscience Biotechnology
Co., Ltd. An ALT Assay kit (cat. no. C009-2-1) and an AST
Assay kit (cat. no. C010-2-1) were purchased from Nanjing
Jiancheng Bioengineering Institute.

Hematoxylin and eosin (H&E), Oil Red O and Masson
staining of the aortic sinus. Mice (36 apoE” mice and
12 C57BL/6 mice) were anesthetized by intraperitoneal injec-
tion of 2% pentobarbital sodium (50 mg/kg) and euthanized
by infusion with 10% formalin. The heart and blood vessels
between the thoracic aorta and abdominal aorta were removed
and preserved in 10% formalin (fixed in 10% formalin at
4°C for one day) for paraffinization or frozen sectioning, in
which paraffin sections (thickness of sections: 5 ym) were
used for H&E staining (hematoxylin staining solution, 5 min;
eosin staining solution, 5 min; both room temperature) and
Masson staining (Masson Stain kit, cat. no. D026-1-3; Nanjing
Jiancheng Bioengineering Institute; nuclear staining solution
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60 sec, slurry staining solution 60 sec, color separation solu-
tion 8 min, counterstain solution 5 min; all room temperature).
Frozen sections (thickness of sections: 10-15 ym) were used for
Oil Red O staining (Oil Red O solution; 10 min; room tempera-
ture), and the pathological morphology, lipid accumulation and
collagen deposition of mice aorta were observed. The H&E
and Masson staining images were observed using an optical
microscope (BX51; Olympus Corporation; magnification, x40,
x100, x200), and the Oil Red O staining images were acquired
using a scanner (Panoramic MIDI; 3DHISTECH). The images
were semi-quantitatively analyzed using Image-Pro Plus
Version 6.0 (Media Cybernetics, Inc.) as follows: Plaque area
ratio = plaque area/total aortic sinus lumen area; red-stained
lipid area ratio=red-stained area/total aortic sinus lumen area;
and collagen fiber content ratio = blue-stained area/total aortic
sinus lumen area.

Detection of lipids, SOD, MDA levels and ALT and AST
activities in the peripheral blood serum of mice. Mice
(18 apoE” mice and 6 C57BL/6 mice) were anesthetized
by intraperitoneal injection of 2% pentobarbital sodium
(50 mg/kg) after being fasted for 12 h. Blood was collected
from the retro-orbital plexus and mice were euthanized via
cervical dislocation. Blood was then incubated at 4°C for 12 h,
and centrifuged at 13,523 x g at 4°C for 30 min to absorb
the serum. The serum levels of TC, TG, HDL-C, LDL-C,
VLDL-C, ox-LDL, SOD and MDA were detected according
to the instructions of the mouse TC, TG, HDL-C, LDL-C,
VLDL-C, ox-LDL, SOD and MDA ELISA kits. The optical
density (OD) value of each sample was measured at a wave-
length of 450 nm. The activities of ALT and AST in the serum
were detected according to the instructions of the ALT and
AST Assay kits. The OD value of the sample was measured
at a wavelength of 510 nm. The standard curve was drawn
according to the manufacturer's instructions of mouse TC, TG,
HDL-C, LDL-C, VLDL-C, ox-LDL, SOD, MDA ELISA kits
and ALT, AST Assay kits, with the corresponding concentra-
tion range or activity obtained based on the standard curve.

Detection of PCSK9, LOX-1, p53, p21 and pl6 protein expres-
sion in the aorta. After sampling blood from the retro-orbital
plexus of mice, the blood vessels between the thoracic and
abdominal aorta were immediately collected. The total protein
of mouse aorta was extracted from aortic tissues with RIPA lysis
buffer (cat. no. PO013B; Beyotime Institute of Biotechnology)
containing PMSF (cat. no. ST506; Beyotime Institute of
Biotechnology), samples were mixed with 5X loading buffer
(cat. no. PO015; Beyotime Institute of Biotechnology) and
quantified using the BCA Protein Assay kit. The proteins were
separated by SDS-PAGE Gel Preparation kit (percentage of
the gel, 12%; 80 V for 30 min followed by 120 V for 90 min),
transferred to a PVDF membrane using the wet transfer
method (270 mA for 90 min), and blocked with 5% skim milk
at room temperature for 2 h. Membranes were then incubated
overnight at 4°C with rabbit anti-PCSK9 (74 kDa; 1:1,000),
mouse anti-LOX-1 (52 kDa; 1:1,000), mouse anti-p53 (53 kDa;
1:1,000), rabbit anti-p21 (21 kDa; 1:1,000), rabbit anti-p16
(16 kDa; 1:1,000) and rabbit anti-GAPDH (37 kDa; 1:3,000).
The membrane was washed three times (10 min each), incubated
with the corresponding HRP-conjugated secondary antibody

(1:3,000) for 1 h at room temperature and then washed three
times additionally (10 min each). Luminescent solution A and
liquid B were mixed 1:1 according to the instructions of the
Tanon™ High-sig ECL Western Blotting Substrate kit (Tanon
Science & Technology Co., Ltd.). The membrane was scanned
using the iBright FL1000 Imaging System (Thermo Fisher
Scientific, Inc). ImageJ 1.48v (National Institutes of Health)
was used to analyze the integrated absorbance (IA) of the
protein band (IA = average light density value*area). The
relative expression level of the target protein was measured
by dividing the IA of the target protein by the IA of GAPDH.

Statistical analysis. Statistical analysis was performed using
SPSS 24.0 (IBM Corp.), and figures were created using
GraphPad Prism 8.0.2 (GraphPad Software, Inc.), Adobe
Ilustrator CC 23.0.2 (Adobe Systems Inc.) and Adobe
Photoshop CC 20.0.6 (Adobe Systems Inc.). Results are
presented as the means =+ standard deviation (mean + SD).
The differences among groups were analyzed using one-way
ANOVA, followed by least-significant difference (LSD) test.
Statistical analyses were two-tailed tests with a=0.05. P<0.05
was considered to indicate a statistically significant differ-
ence.

Results

Lipid levels. Compared with the control group, the levels of
TC, LDL-C, VLDL-C, and ox-LDL increased in the model
group, whereas the level of HDL-C decreased (P<0.01;
Table I), and no statistically significant differences were
observed in TG content. Compared with the model group, the
mice in the fisetin and atorvastatin groups exhibited lower
levels of TC, LDL-C, VLDL-C, and ox-LDL (P<0.01; Table I),
but there were no significant differences in the levels of TG
and HDL-C (P>0.05; Table I). Additionally, there were no
significant differences between the fisetin and atorvastatin
groups (P>0.05; Table I).

SOD and MDA levels. In the model group, SOD levels signifi-
cantly decreased and MDA levels significantly increased
compared with the control group (P<0.001; Table II). However,
compared with the model group, SOD levels increased and
MDA levels decreased in the fisetin and atorvastatin groups
(P<0.01; Table IT). There were no significant differences
between the fisetin and atorvastatin groups (P>0.05; Table II).

ALT and AST activity. The activities of ALT and AST in the
model group were significantly increased compared with the
control group (P<0.001). However, in the fisetin and atorvas-
tatin groups, the activities of ALT and AST were significantly
lower compared to the model group (P<0.001; Table III).
There were no significant differences between the fisetin and
atorvastatin groups (P>0.05; Table III).

Detection of the aortic sinus plaque area. After the mice
were fed with a high-fat diet for 12 weeks, a greater amount
of atherosclerotic plaque formed in the aortic sinus compared
with the control group (P<0.001; Fig. 1A and B). Compared
with the model group, AS plaque significantly decreased in the
fisetin and atorvastatin groups (P<0.001; Fig. 1A and B). There
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Table I. Serum lipid levels in peripheral blood of mice in each group.

Group n  TC (mmol/l) TG (mmol/l) LDL-C (mmol/l) HDL-C (mmol/l) VLDL-C (mmol/l) ox-LDL (x#g/ml)
Control 6 7.36+0.52 5.23+0.31 6.04+0.11 1.62+0.08 0.95+0.06 8.59+1.25
Model 6  8.24+0.33* 5.73+0.70 6.54+0.16* 1.51+0.04° 1.20+0.21° 10.16+0.29*
Fisetin 6 7.50+041° 5.36+0.21 6.19+0.35° 1.56+0.04 0.99+0.06° 8.95+0.50°
Atorvastatin 6 7.38+0.37° 5.31+0.22 6.14£0.11° 1.57+0.04 0.97+£0.05° 8.88+0.33°

Data are presented as mean = SD. *P<0.01 vs. control; "P<0.01 vs. model. TC, total cholesterol; TG, triglyceride; LDL-C, low-density
lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; VLDL-C, very low-density lipoprotein cholesterol; ox-LDL, oxidized

low-density lipoprotein.

Table II. SOD and MDA levels in peripheral blood serum of
mice in each group.

Group n SOD (U/ml) MDA (nmol/ml)
Control 6 268.44+4.19 13.86+0.94
Model 6 245.66+7.03* 17.18+0.58*
Fisetin 6 260.53+6.28" 1501+1.42°
Atorvastatin 6 261.49+8.69° 14.94+0.79°

Data are presented as mean + SD. “P<0.001 vs. control; *P<0.01 vs.
model. SOD, superoxide dismutase; MDA, malondialdehyde.

Table III. ALT and AST activities in peripheral blood serum of
mice in each group.

Group n ALT (U/1) AST (U/1)
Control 6 19.97£2 .93 23.85+4.02
Model 6 72.06+5.38° 58.42+5.76*
Fisetin 6 25.24+5.00° 29.09+4.08°
Atorvastatin 6 24.02+4.37° 25.76+3.43°

Data are presented as the mean + SD. *P<0.001 vs. control; °P<0.001
vs. model. ALT, alanine aminotransferase; AST, aspartate amino-
transferase.

were no significant differences between the fisetin group and
the atorvastatin group (P>0.05; Fig. 1A and B).

Detection of aortic sinus lipid accumulation. Compared
with the control group, an increased amount of red-stained
lipids were indicated in the aortic sinus of the model group
(P<0.001; Fig. 2A and B). However, the mice in the fisetin
group and atorvastatin group exhibited significantly decreased
lipid accumulation compared with the model group (P<0.001;
Fig. 2A and B). There were no significant differences in lipid
accumulation between the fisetin group and atorvastatin group
(P>0.05; Fig. 2A and B).

Detection of aortic sinus collagen content. The atherosclerotic
plaques in the model group were observed to exhibit a thinner

fibrous cap and decreased collagen fiber components compared
with the control group (P<0.001; Fig. 3A and B). Following
fisetin and atorvastatin treatment, collagen fiber content in the
atherosclerotic plaques of the aortic sinus increased compared
with the model group and were distributed evenly (P<0.001;
Fig. 3A and B). There were no significant differences between
collagen fiber content in the fisetin group and the atorvastatin
group (P>0.05; Fig. 3A and B).

Aortic expression of PCSK9, LOX-1, p53, p21 and pl6.
Compared with the control group, the expressions of PCSK9
(P<0.01; Fig. 4A and F), LOX-1 (P<0.001; Fig. 4B and F),
p353 (P<0.05; Fig. 4C and F), p21 (P<0.01; Fig. 4D and F),
and pl6 (P<0.001; Fig. 4E and F) significantly increased in
the model group. Following fisetin and atorvastatin treatment,
the expressions of PCSK9 (P<0.001; Fig. 4A and F), LOX-1
(P<0.01, P<0.001; Fig. 4B and F), p53 (P<0.05; Fig. 4C and F),
p21 (P<0.001; Fig. 4D and F) and p16 (P<0.001; Fig. 4E and F)
significantly decreased compared with the model group. There
were no significant differences between PCSK9, LOX-1, p53,
p21 and pl6 expressions in the fisetin group and the atorvas-
tatin group (P>0.05; Fig. 4A-F).

Discussion

AS is mainly characterized by the accumulation of a large
amount of lipids in the arterial wall, and disorders of lipid
metabolism are a risk factor for AS (14). PCSK?9 is a serine
protease, and its functional mutation has been positively
correlated with plasma LDL-C concentration in patients
with familial hypercholesterolemia (15). A previous report
demonstrated that the overexpression of PCSK9 in C57BL/6
mice that were fed a high-fat diet led to the rapid formation
of hyperlipidemia and aggravated the pathological changes of
AS (16). In contrast, knockout of PCSK9 in Ldlr"~ Apobecl™
mice has been revealed to increase the levels of serum lipids,
including TC, TG and cholesterol ester, free cholesterol and
the production and secretion of apoB (17). Administration of
a PCSK9 inhibitor (human monoclonal antibody RG7652) has
also been indicated to reduce the levels of plasma LDL and
VLDL and increase the level of HDL in patients with coronary
heart disease (18). LOX-1 is essential for the pathogenesis of
AS, including renal dysfunction, endothelial cell apoptosis and
senescence, mediated foam cell formation and regulation of
collagen accumulation in AS plaques (19). Overexpression of
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Figure 1. Effect of fisetin on the aortic plaque area in apoE” mice. (A) Hematoxylin and Eosin staining. Magnification, x40 (first column), x100 (second
column) and x200 (third column). (B) Percentage of aortic plaque area. Data are presented as mean + SD (n=6). One-way ANOVA of variance tests followed
by least significant difference test was performed for comparison of two or more groups. ““P<0.001.
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Figure 2. Effect of fisetin on relative area of apoE” mice aortic plaque lipid accumulation. (A) Oil red O staining. Magnification, x40. Scale bar, 500 gm.
(B) Percentage of red-stained lipid area. Data are presented as mean + SD (n=6). One-way ANOVA of variance tests followed by least significant difference

test was performed for comparison of two or more groups. ““P<0.001.

endothelium-specific LOX-1 in apoE” mice has been indicated
to increase aortic fat stripe formation and macrophage recruit-
ment as well as accelerate the formation and development of
AS plaque (20). After the targeted inhibition of LOX-1 by
miRNA-98, the foam and lipid deposition of peritoneal macro-
phages in apoE”" mice has been demonstrated to decrease (21).
Overexpressed PCSK9 in mouse peritoneal macrophages can
promote the expression of LOX-1 and increase the uptake of
ox-LDL, thus promoting the progression of AS (22). In human
aortic ECs and SMCs exposed to lipopolysaccharide, the
expression of LOX-1 has been revealed to decrease in ECs and
SMCs with silenced PCSK9 as well as in PCSK9” mice (7).
In the current study, the AS model induced by high-fat diet
in apoE” mice was successfully established, which included

increased AS plaque and lipid accumulation in the aortic
sinus as well as decreased collagen content. Compared with
the control group, serum lipid analysis in the peripheral blood
of mice revealed that the levels of TC, LDL-C, VLDL-C and
ox-LDL increased, whereas the level of HDL-C decreased,
and the expressions of PCSK9 and LOX-1 increased in the
aorta of mice.

AS is closely associated with aging and often occurs in
middle-aged and elderly individuals (23). In the pathological
process of AS, peroxides produced by oxidative stress can
cause damage to DNA, protein and other cell components,
and can lead to vascular endothelial dysfunction (24). SOD
and MDA are associated with oxidative damage, which can
reflect the severity of cells attacked by free radicals and the
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Figure 3. Effect of fisetin on the content of collagen fiber in aortic sinus of apoE” mice. (A) Masson staining. Magnification, x40 (first column), x100 (second
column) and x200 (third column). (B) Percentage of collagen content. Data are presented as mean = SD (n=6). One-way ANOVA of variance tests followed by
least significant difference test was performed for comparison of two or more groups. ““P<0.001.
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Figure 4. Effect of fisetin on the expression levels of PCSK9, LOX-1, p53, p21 and p16 in apoE” mice aorta. Expression levels of (A) PCSK9, (B) LOX-1,
(C) p53, (D) p21 and (E) p16. (F) Western blot analysis results for PCSK9, LOX-1, p53, p21 and pl6 expressions in the mouse aorta. Data are presented as
mean = SD (n=3). One-way ANOVA of variance tests followed by least significant difference test was performed for comparison of two or more groups,
“P<0.05, “P<0.01, ""P<0.001. PCSKO9, proprotein convertase subtilisin/kexin type 9; LOX-1, lectin-like oxidized low-density lipoprotein receptor-1; p53, tumor
suppressor protein p53; p21, cyclin-dependent kinase inhibitor 1A; p16, multiple tumor suppressor-1.

ability of scavenging oxygen free radicals (25,26). As an
antioxidant enzyme for scavenging free radicals in the body,
SOD can scavenge free radicals that can destroy the cells of
the body (25). MDA is the end product of lipid peroxides,
and its accumulation can cause nucleic acid destruction and
protein denaturation, thus promoting cell senescence (26).
P53, p21 and pl6 are aging markers that regulate the cell

cycle and apoptosis and participate in the pathway of cell
senescence (6). The oxidative stress-mediated p53/p21
signaling pathway can promote the senescence of human
aortic ECs and activate p16 transcription, thus aggravating AS
lesions (27). In addition to participating in lipid metabolism,
PCSKD9 serves an important role in the process of vascular
aging and is directly associated with the occurrence and
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Figure 5. Schematic summary of how fisetin exerts an anti-AS effect in apoE” mice fed with a high-fat diet. Fisetin treatment ameliorated lipid accumulation in
the atherosclerotic plaque by downregulating PCSK9 and LOX-1, which reduces the uptake of ox-LDL by macrophages, thereby reducing foam cell formation.
Fisetin also improves senescence by downregulating the aging-related proteins p53, p21, and pl6 in aortic tissue. AS, Atherosclerosis; PCSK9, proprotein
convertase subtilisin/kexin type 9; LOX-1, lectin-like oxidized low-density lipoprotein receptor-1; ox-LDL, oxidized low-density lipoprotein; p53, tumor
suppressor protein p53; p21, cyclin-dependent kinase inhibitor 1A; pl6, multiple tumor suppressor-1.

development of AS (8). It has been reported that PCSKO is
closely associated with brain cholesterol level and nerve cell
apoptosis (28). LOX-1 can promote the senescence of mouse
cardiac fibroblasts and increase sensitivity to apoptosis (29).
Furthermore, overexpression of PCSK9 and LOX-1 in human
ECs and SMCs is associated with increased production of
mitochondrial ROS (mtROS), whereas knockout of PCSK9
or LOX-1 is associated with a decrease of mtROS (4). In the
present study, the model group exhibited a decreased level of
serum SOD and an increased level of MDA in the peripheral
blood serum of mice. Additionally, the expressions of p53,
p21, and pl6 were increased in the model group compared
with the control group.

As aforementioned, fisetin is a flavonol compound that
regulates lipid metabolism disorders, and anti-aging and
anti-oxidation activities (30-32). A previous research has
demonstrated that fisetin can inhibit the binding of ox-LDL
to class B scavenger receptor cluster of differentiation 36 on
macrophages and reduce foam cell formation to provide anti-AS
effects (33). Fisetin can also inhibit adipose differentiation by
reducing mTORCI activity, thereby reducing adipocyte forma-
tion and fat accumulation (34). Moreover, fisetin can reduce the
effect of ox-LDL in ECs to improve endothelial dysfunction by
downregulating the Erk-5/Mef2¢/KLF2 signaling pathway (35).
According to a previous report, hypercholesterolemic rats treated
with fisetin exhibited significantly decreased plasma TC and
LDL-C levels (36). In mice with alcoholic liver injury, fisetin
reduced the levels of TG and free fatty acid as well as the number
of lipid droplets (37). Fisetin also significantly decreased the
plasma levels of TC, TG, LDL-C and VLDL-C, and increased
the level of HDL-C in diabetic rats (38). In addition, fisetin serves
an anti-aging role by inhibiting the proliferation of senescent
cells (39). Fisetin has also been revealed to significantly improve
cognitive and motor dysfunction and brain inflammation in

SAMPS aging mice (40), and effectively maintain the redox
homeostasis of erythrocytes in aging rats (41). Fisetin can prolong
the life span of yeast, nematode, drosophila melanogaster and
mice (42). Furthermore, fisetin can be used as a cardioprotective
agent; a dose of 10 mg/kg was previously revealed to significantly
reduce the cardiotoxicity induced by doxorubicin in rats (43).
Fisetin also exhibits protective effects on cerebral nerves, and at
doses of 25 and 74 mg/kg, can be rapidly distributed in cerebral
vessels and brain parenchyma of mice via intragastric or intra-
peritoneal injection (44). Fisetin is the main chemical component
of Lacqueraceae, and its water extract (200 mg/kg) exhibits no
obvious anatomical changes or tissue damage and hepatorenal
function insufficiency in BALB/C mice; however, a high concen-
tration may inhibit bone marrow hematopoiesis long-term (45).
The current study demonstrated that fisetin could significantly
decrease the serum levels of TC, LDL-C, VLDL-C and ox-LDL,
and the detection of ALT and AST activities in the peripheral
blood serum of mice suggested that the fisetin dosage was within
a safe range (Table III).

In summary, the current study concluded that fisetin
exerted an anti-AS effect in apoE” mice fed with a high-fat
diet, which reduced the area of atherosclerotic plaques and
lipid accumulation and increased the collagen fiber content
in the aortic sinus. In addition, fisetin treatment resulted in
decreased levels of TC, LDL-C, VLDL-C, ox-LDL and MDA,
and increased the level of SOD compared with the control
group. Finally, fisetin treatment resulted in the downregula-
tion of PCSK9, LOX-1, p53, p21 and pl6 protein expression
in aortic tissue, compared with the model group. Combined
with the results of previous in vitro experiments, these results
suggested that fisetin may serve an atheroprotective role,
ameliorating abnormal lipid metabolism by regulating the
expression of PCSK9 and LOX-1, and improving senescence
by regulating the expressions of p53, p21 and p16 (Fig. 5).
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