@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

EXPERIMENTAL AND THERAPEUTIC MEDICINE 19: 2266-2272, 2020

Atorvastatin inhibits endoplasmic reticulum stress through
AMPK signaling pathway in atherosclerosis in mice
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Abstract. Effect of atorvastatin inhibition of endoplasmic
reticulum stress and amelioration of atherosclerosis through
AMPK pathway were studied. Eight-week-old male
apolipoprotein E-deficient (ApoE7/) mice were fed with
high-fat diet for 2 weeks and randomly divided into two
groups: Atorvastatin treatment group was given atorvastatin
(5 mg/kg/day) injection for a total of 6 weeks; control group
was given the same dose of PBS through intraperitoneal
injection for a total of 6 weeks. H&E staining was used to
detect plaque size; immunohistochemical staining was used to
detect T cells, macrophages and phospho-protein kinase-like
ER kinase (phospho-PERK) in localized plaques. Proteins
were extracted from mouse thoracic and abdominal aortic
tissues. Western blot analysis was used to detect the protein
expression levels of endoplasmic reticulum stress-related
molecules phospho-eukaryotic initiation factor-2a (p-elF2a),
eukaryotic initiation factor (elF2a), and sliced x-box binding
protein 1 (sXBP-1). Cultured human umbilical vein endothe-
lial cells (HUVECsS), induced endoplasmic reticulum stress
with human oxidized low density lipoprotein (ox-LDL), were
treated with atorvastatin, AMPK agonist 5-amino-4-imid-
azolecarboxamide riboside-I-f-D-ribofuranoside (AICAR)
and AMPK-DN that expressed a dominant-negative mutant
of AMPK. Western blot analysis was used to test the expres-
sion levels of endoplasmic reticulum stress-related molecules
p-elF2a and sXBP-1. The area of aortic plaques in atorvas-
tatin group was obviously decreased, and the infiltrations of
CD3* T cells and macrophages in the localized plaques were
reduced. The endoplasmic reticulum stress-related proteins
sXBP-1 and p-elF2a were significantly reduced. The results of
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immunohistochemistry also showed a significant decrease in
the level of phospho-PERK (p-PERK) in atorvastatin group.
The results in ox-LDL-induced HUVECs showed that atorvas-
tatin inhibited ox-LDL-induced endoplasmic reticulum stress,
and the AMPK agonist AICAR also had the same effect, which
was offset by DN-AMPK treatment. Atorvastatin inhibits ER
stress both in vitro and in vivo and this protective effect is
mediated by AMPK activation.

Introduction

Atherosclerosis (AS) and the resulting coronary heart
disease (CHD) are threatening human health both in developed
and developing countries. In China, with the improvement
of people's living standards and changes in dietary habits,
the incidence rates of AS and its related diseases also show
an increasing trend year by year, which not only seriously
endangers people's health, but also lay as huge economic
burden on the society. Therefore, it is extremely urgent to fully
understand the pathogenesis of AS and CHD. It is well known
that the occurrence of AS is not simply due to dyslipidemia,
but also closely related to chronic inflammatory diseases. The
inflammatory responses occur throughout AS, and is one of
the main causes of AS, exerting effects on the progression of
AS mainly through affecting lipid metabolism and biological
activity of the vascular wall (1).

The complex interaction among arterial vascular cells,
lipoproteins and inflammatory cells is involved in AS. The
key factor in the initiation of AS is the abundance of lipo-
protein in apolipoprotein B under the endothelium, followed
by recruitment and differentiation of inflammatory monocytes
into macrophages (2). Macrophages take in lipoproteins and
turn into lipid-loaded ‘foam cells’, which gradually exacerbate
the inflammatory state along with other immune cells and
intimal smooth muscle cells. The dead and dying macro-
phages, combined with insufficient scavenging ability of dead
cells, lead to development of the so-called lipid-rich necrotic
core, which is a complex process closely related to the rupture
of atherosclerotic plaques, thereby causing acute myocardial
infarction and sudden death (3). The lipid-rich necrotic core
is associated with plaque instability, probably because it is
the aggregation place of matrix metalloproteinase, inflam-
matory mediators and pro-thrombosis molecules. Therefore,
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apoptosis of macrophages may be a key factor for facilitating
the formation of lipid-rich necrotic core and promoting the
transformation of benign pathological changes into unstable
lesion phenotype. In advanced AS, an important cause of
macrophage apoptosis is the cell death caused by chronic
endoplasmic reticulum stress (ERS) pathway (4). The effect of
ERS on cells in AS is poorly understood, but currently there is
evidence that ERS can regulate the survival of smooth muscle
cells and endothelial cells (5,6).

Recent studies have confirmed that adenosine monophos-
phate-activated protein kinase (AMPK) is a potential target
for resisting AS. AMPK is a kind of important protein kinase,
which, in the case of cascade activation, will enhance the
protective effect of cells under stress state. The main target
cells in cardiovascular diseases are cardiovascular endothelial
cells and smooth muscle cells, and they are regulated by AMPK
directly and indirectly. Most of the evidence comes from the
research results on the close association between dysregulation
of AMPK pathway and vascular disease. Therefore, AMPK is
a key target in the prevention and treatment of AS (7). Studies
have demonstrated that the activity of AMPK significantly
increases when many cardiovascular organs have no adequate
blood flow in the early stage under such acute and chronic
stimuli as load increase, but the activation of AMPK will be
inhibited by excessive injury, especially under the action of
reactive oxygen species (ROS) (8). Therefore, activating the
AMPK pathway has become a potential target for drug therapy
of AS.

Atorvastatin is a clinically common selective
3-hydroxy-3- methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitor. In addition to its lipid-regulating effect
in resisting AS, atorvastatin also slows down the occurrence
and development of AS through non-lipid lowering effects,
such as anti-inflammation, anti-oxidation and immunoregu-
lation (9,10). It is known that atorvastatin can promote the
phosphorylation of AMPK (10), while the AMPK pathway
can reduce the adhesion of inflammatory cells to the vascular
endothelium and the proliferation of inflammatory cells
caused by lipid oxidation, thereby stimulating the expression
of related genes in antioxidant defense system in cells and
the production of endothelial nitric oxide synthase (11), and
exerting the corresponding anti-AS effect.

To better determine the anti-AS mechanism of atorvas-
tatin, it is hypothesized that atorvastatin can reduce the ERS in
endothelial cells in apolipoprotein E (ApoE)/ mice, and such
a protective effect of atorvastatin is realized through activating
AMPK.

Materials and methods

Animals and reagents. A total of 20, 8-week-old male Specific
Pathogen Free (SPF) ApoE/ mice, weighing 18-22 g, were
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. High-fat diet (containing 0.25% cholesterol and
21% lard) was from Beijing Keao Xieli Feed Co., Ltd. Rabbit
anti-phospho-PERK antibody, and spliced XBP-1 antibody,
phosphorylated elF2a antibody were from Cell Signaling
Technology, oxidized low-density lipoprotein (ox-LDL) was
from Yiyuan Biotechnologies, and H&E staining kit was from
Beyotime Biotechnology.
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Modeling and grouping. This study was approved by the
Animal Ethics Committee of Fudan University Animal
Center (Qingpu, China). A total of 20 ApoE/ mice were fed
with high-fat diet added with 0.15% cholesterol and 21% lard
for 2 weeks to establish the mouse model of hyperlipidemia.
After successful modeling, the mice were randomly divided
into control group and atorvastatin group. The mice in
atorvastatin group were intraperitoneally injected with ator-
vastatin solution (5 mg/kg) every day, while those in control
group were intraperitoneally injected with the same dose of
phosphate-buffered saline (PBS). They were fed under the
temperature of 21+2°C, relative humidity of 50+15% and
12/12 h light/dark cycle. After 6 weeks, the mice were sacri-
ficed for further data analysis.

Hematoxylin and eosin (H&E) staining. After the mice were
sacrificed, the blood vessels were first perfused with PBS
and then 4% paraformaldehyde fixative. The blood vessels
in the brachial artery and aortic root were separated, fixed in
4% paraformaldehyde fixative for 12 h and embedded in OCT.
Then the specimens were serially sliced into 20 sections at
an interval of 50 ym, washed with distilled water for 5 min,
stained with hematoxylin for 5 min, and washed with water
for 3 min, followed by differentiation with 0.5% hydrochloric
acid alcohol for 20 sec, washing with tap water for 2 min, eosin
staining for 3 min, and washing with tap water for 1 min again
to remove the excess dye. After dehydration with gradient
alcohol, 80% ethanol for 5 sec, 95% ethanol I for 2 min and
95% ethanol II for 2 min, absolute ethanol I for 3 min and
absolute ethanol II for 3 min, and transparent reagent I for
5 min and transparent reagent II for 5 min, the sections were
sealed with neutral balsam, and the transparent reagent around
the tissues was absorbed using absorbent paper. Then a small
drop of balsam was added dropwise at the center of tissues,
and carefully covered with a clean cover glass using tweezers.
Finally, the morphological structure of aortic vessels and
plaques was observed under a microscope.

Immunohistochemistry. The sections were taken from the
refrigerator (-80°C), placed at room temperature for 20 min,
soaked in distilled water for 20 min, washed with PBS,
immersed in 3% H,0, for 10 min, washed with PBS for
5 min, 3 times, sealed with 5% goat serum and incubated at
room temperature for 20 min. After the serum was removed,
the sections were added dropwise with primary antibodies
(1:50) for incubation at 4°C overnight, washed with PBS for
5 min, 3 times, incubated with horseradish peroxidase-labeled
secondary antibodies at 37°C for 40 min, and washed again
with PBS. After color development using diaminobenzi-
dine (DAB) in the dark, the sections were washed with
running water, stained with Harris hematoxylin dye for 2 min,
washed again with running water for 30 sec, and differenti-
ated with 1% hydrochloric acid alcohol for 5-10 sec, followed
by dehydration with ethanol at different concentrations, and
transparentization. Then the sections were added dropwise
with neutral balsam and covered with the cover glass. The
antigen-positive cells were stained dark brown.

Western blotting. The total proteins required for the assay were
extracted from the tissues as follows: Approximately 30 mg of
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tissues were taken, ground with liquid nitrogen using a clean
mortar, and lysed with cell lysis buffer (150 x1/30 mg) for
30 min, followed by centrifugation at 12,000 x g for 5 min at
4°C.The supernatant was taken and stored at -80°C. The protein
concentration in the sample was detected using bicinchoninic
acid (BCA) colorimetry (Pierce; Thermo Fisher Scientific,
Inc.). Protein diluent (25 pl) and 25 pl of standards were added
into each well, 200 pl of developing solution (A:B=50:1) was
also added, and the mixture was incubated in an incubator
at 37°C for 30 min. The optical density value was measured
using a microplate reader, and the concentration and loading
volume of the protein sample were calculated. The samples
were taken out from the refrigerator (-80°C) and placed on
ice. Electrophoresis solution (500 ml) already prepared was
poured into the electrophoresis tank, and the electrophoresis
gel was also placed into the electrophoresis tank. The protein
was loaded and subjected to electrophoresis under constant
pressure of 100 V for 30 min. After the sample ran through
the spacer gel, electrophoresis was performed again under
constant pressure of 120 V for ~1.5 h, after which the gel
plate was taken out. The polyvinylidene fluoride (PVDF)
membranes (Millipore) was first immersed in methanol for
10 sec and in distilled water for 2 min, and then placed into
the transfer buffer. The transfer holder was opened, and the
fiber pad, filter paper, PVDF membranes, electrophoresis gel,
filter paper and fiber pad were placed in order from bottom to
top. Then the transfer holder was placed in the transfer tank
containing transfer buffer for membrane transfer. After the
electrode was connected, the protein was transferred onto the
membrane under constant pressure of 80 V for 2 h, sealed with
5% skim milk for 2 h, and incubated with primary antibodies
overnight. After the membrane was washed, the protein was
incubated again with secondary antibodies for 1 h, and the
color was developed.

Statistical analysis. GraphPad Prism 6.0 software (GraphPad
Software, Inc.) was used for plotting, and Statistical Product
and Service Solutions (SPSS) 22.0 software (IBM, Corp.)
for statistical analysis. Measurement data were expressed as
mean =+ standard deviation (mean + SD). Differences between
two groups were analyzed by using the Student's t-test.
Comparison between multiple groups was done using
One-way ANOVA test followed by Post Hoc Test (Least
Significant Difference). P<0.05 indicates a statistically
significant difference.

Results

Atorvastatin treatment reduces atherosclerotic plaque
formation and increases plaque stability in ApoE | mice.
To detect the effect of atorvastatin on atherosclerotic plaque
formation, the aortic root sections were H&E stained. The
results showed that the area of atherosclerotic plaques in the
thoracic aorta were significantly reduced in atorvastatin group
(P<0.05) (Fig. 1A), indicating that atorvastatin applied in vivo
can reduce the atherosclerotic plaque formation. To explore the
effect of atorvastatin on plaque stability, the aortic root sections
of T cells and macrophages were stained. The results revealed
that the content of macrophages declined, and the CD3* T cell
infiltration was also significantly reduced in atorvastatin group

EXPERIMENTAL AND THERAPEUTIC MEDICINE 19: 2266-2272, 2020

(P<0.05) (Fig. 1B), suggesting that the plaque stability in the
atorvastatin group was significantly higher than that in the
control group.

Atorvastatin alleviates ERS in local vascular walls and
plaques in ApoE"/ mice. The level of ERS in local vascular
walls and plaques was first detected after intraperitoneal
injection of atorvastatin. The thoracic aorta was ground
and smashed to extract the proteins, and the ERS-related
proteins spliced X box-binding protein 1 (sXBP-1) and
phospho-eukaryotic initiation factor-2a (p-elF2a) were
selected as detection markers for ERS and subjected to
western blotting. It was found that the levels of ERS-related
proteins sXBP-1 and p-elF2a were obviously reduced in the
thoracic aorta in atorvastatin group, while the level of total
elF2a had no changes (Fig. 2A), demonstrating that atorvas-
tatin can effectively inhibit activation of the above proteins,
alleviating the occurrence of ERS. To clarify the local condi-
tions of plaques, immunohistochemistry was used to detect
the level of another ERS-related protein phospho-protein
kinase-like ER kinase (p-PERK) in local plaques. The results
showed that the level of p-PERK in local plaques obviously
declined (P<0.05) (Fig. 2B). The above findings indicate that
atorvastatin applied in vivo can relieve ERS in local vascular
walls and plaques.

Atorvastatin attenuates ox-LDL-induced ERS in human
umbilical vein endothelial cells (HUVECS) through acti-
vating AMPK. HUVECs were divided into control (NC)
group, ox-LDL group (treated with ox-LDL at a concentra-
tion of 100 ug/ml for 24 h) and atorvastatin group (treated
with ox-LDL at a concentration of 100 pgg/ml and ator-
vastatin at a concentration of 10 gmol/1 for 24 h), and the
levels of ERS-related molecules p-elF2a and sXBP-1 were
determined using western blotting. It was found that the
levels of p-elF2a and sXBP-1 were increased in ox-LDL
group, while the elevated protein levels declined in atorvas-
tatin group (P<0.05) (Fig. 3A). Furthermore, HUVECs were
divided into ox-LDL group, atorvastatin group and AMPK
agonist 5-aminoimidazole-4-carboxamide-I-f-D-ribofurano
side (AICAR) group (treated with ox-LDL at a concentration
of 100 pg/ml and 1 mM of AICAR for 24 h). The results
manifested that after application of atorvastatin and AMPK
agonist AICAR, the level of AMPK was increased, and the
protein expression levels of ERS-related molecules were also
inhibited in AICAR group, indicating that AMPK agonist
and atorvastatin are able to exert the same inhibitory effect
on ox-LDL-induced ERS in HUVECs (P<0.05) (Fig. 3B). To
explore the role of AMPK in the inhibition of atorvastatin
on ERS, HUVECs were transfected with AMPK-DN (treated
with ox-LDL at a concentration of 100 xg/ml and AICAR
plasmid for 24 h). The results showed that AMPK-DN could
effectively suppress the atorvastatin-induced increase of
AMPK level, and in AMPK-DN group, the inhibitory effect
of atorvastatin on ox-LDL-induced ERS in HUVECs was
evidently weakened, and the decreased protein levels of
ERS-related molecules p-elF2a and sXBP-1 increased again
(P<0.05) (Fig. 4A and B). It is concluded that atorvastatin
inhibits the ox-LDL-induced ERS in HUVECs through
AMPK.
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Figure 1. Atorvastatin treatment reduces atherosclerotic plaque formation and increased plaque stability in ApoE™ mice. (A) Serial sections of the aortic roots
from ApoE™ mice (control) and atorvastatin-treated ApoE”" mice (atorvastatin) were stained with H&E and observed under light microscopy. The size of
atherosclerotic lesions was measured and quantified. "P<0.05 atorvastatin vs. control. Scale bar, 200 mm. (B) Serial sections of the aortic roots from ApoE™
mice (control) and atorvastatin-treated ApoE” mice (atorvastatin) were stained and expression of CD3 and macrophage in plaque were analyzed and quantified
by immunohistochemistry. “P<0.05 atorvastatin vs. control. Scale bar, 100 mm. ApoE™", apolipoprotein E-deficient.

Discussion

ER is an important organelle and calcium ion reservoir
for protein synthesis, folding, modification and transport
in eukaryotic cells, and is also closely related to the lipid
synthesis and the maintenance of redox balance. ER is very
sensitive to a variety of stimuli, such as oxidative stress,
imbalance of calcium homeostasis, cholesterol overload,
glycosylation changes and other changes in physicochemical
environment, which can lead to dysfunction of ER, and cause
ERS mainly characterized by accumulation of unfolded and/or
misfolded proteins and imbalance of calcium homeostasis.
The massive accumulation of unfolded and/or misfolded
proteins in the ER lumen will result in the activation of a
series of intracellular signal transduction pathways, known as
unfolded protein response (UPR). UPR to a certain degree is

beneficial for maintaining the ER function and cell survival,
but excessive or over long-term stress will induce apoptosis
through activating ERS-related signaling pathways (12).
Cardio-cerebrovascular diseases with AS as the pathological
basis seriously harm human health. In recent years, a large
number of basic and clinical studies have confirmed that ERS
plays an important role in the occurrence and development
of AS, and it is expected to become a new therapeutic target
for AS (13). Currently, UPR is the most well-studied ERS
signaling pathway, which is sensed and mediated by 3 kinds
of ER transmembrane proteins, namely double-stranded
RNA-dependent PERK, inositol-requiting enzyme 1 (IRE1)
and activating transcription factor 6 (ATF6).

PERK is type I ER transmembrane protein with
serine/threonine kinase activity. Under ERS, activated PERK
facilitates the phosphorylation of eukaryotic translation
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Figure 2. Atorvastatin alleviates ERS in local vascular walls and plaques in ApoE” mice. (A) Tissue extracts from aortic roots of ApoE” mice (control)
and atorvastatin-treated ApoE” mice (atorvastatin) were analyzed by western blot analysis. sXBP-1, p-eIF2a and elF2a protein levels were examined and
normalized with B-actin. (B) The aortic root sections from ApoE” mice (control) and atorvastatin-treated ApoE” mice (atorvastatin) were stained by rabbit
anti-p-PERK and expression of p-PERK in plaque was analyzed by immunohistochemistry. “P<0.05 atorvastatin vs. control. ApoE™”, apolipoprotein E-deficient;
sXBP-1, sliced x-box binding protein 1; eIF2a, eukaryotic initiation factor; PERK, protein kinase-like ER kinase.

A NC ox-LDL Atorvastatin

SXBP-1 | — — ﬁ

Densitometry
(relative to NC)

ox-LDL Atorvastatin  AICAR

10+ *

(relative to NC)

Protein expression of AMPK
(relative to ox-LDL)

¢ _n & ¢ P

Protein expression of sXBP-1&p-elF2a

F jg"’ &

Figure 3. Atorvastatin attenuates oxidized modified low-density lipoprotein (ox-LDL)-induced ERS in human umbilical vein endothelial cells (HUVECs)
through activating AMPK. (A) Proteins from HUVECs of control (NC) group, ox-LDL-treated (ox-LDL) group and atorvastatin treated plus ox-LDL-treated
(atorvastatin) group were analyzed by western blot analysis. sXBP-1 and p-elF2a protein levels were examined and quantified. “P<0.05 ox-LDL vs. NC;
"P<0.05 atorvastatin vs. ox-LDL. (B) Proteins from HUVECsS of ox-LDL-treated (ox-LDL) group, atorvastatin treated plus ox-LDL-treated (atorvastatin) group
and AICAR treated plus ox-LDL-treated (AICAR) group were analyzed by western blot analysis. AMPK, sXBP-1 and p-elF2a protein levels were examined
and quantified. "P<0.05 compared with ox-LDL group. sXBP-1, sliced x-box binding protein 1; elF2a, eukaryotic initiation factor; PERK, protein kinase-like

ER kinase; ERS, endoplasmic reticulum stress.
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Figure 4. Atorvastatin attenuates oxidized modified low-density lipoprotein (ox-LDL)-induced ERS in human umbilical vein endothelial cells (HUVECs)
through activating AMPK. (A) Proteins from HUVECS of ox-LDL-treated (ox-LDL) group, atorvastatin treated plus ox-LDL-treated (atorvastatin) group and
AMPK-DN treated plus ox-LDL-treated (AMPK-DN) group were analyzed by western blot analysis. AMPK, sXBP-1 and p-elF2a protein levels were examined
and normalized with B-actin. (B) AMPK, sXBP-1 and p-eIF2a protein levels were quantified. “P<0.05 atorvastatin vs. ox-LDL; “P<0.05 AMPK-DN vs. atorv-
astatin. sXBP-1, sliced x-box binding protein 1; eIF2a, eukaryotic initiation factor; PERK, protein kinase-like ER kinase; ERS, endoplasmic reticulum stress.

initiation factor 2a (eIF2a), thereby reducing the overall level
of protein translation and lowering the ER unfolded protein
load (14). IREL1 is type I ER transmembrane protein with dual
activity of serine/threonine kinase and endonuclease. After
dissociation from GRP78, IRE1 forms dimers and leads to
activation of its protein kinase activity and autophosphoryla-
tion, thereby activating its endonuclease activity. Then a 26 bp
intron in XBP1 precursor mRNA is sliced, producing the
active sXBP-1 (XBP1S). XBP1S enters the nucleus to bind
to the promoter of ERS response element (ERSE), inducing
the expression of molecular chaperones and foldase genes,
and up-regulate the ER-associated degradation (ERAD)
pathway-related proteins, thus promoting the correct folding
and maturation of protein and the degradation of misfolded
proteins (15).

Recent studies have shown that the ERS response exists
throughout the occurrence and development of AS, participates
in the activity regulation and apoptosis of vascular endothelial
cells, vascular smooth muscle cells and macrophages, and
plays an important role in AS caused by such risk factors such
as hyperlipidemia, homocysteine and hyperglycemia (16-19).
The activation of AMPK is associated with phosphorylation of
elF2a, and studies have revealed that atorvastatin can activate
AMPK and reduce homocysteine-induced ERS response,
thereby alleviating vascular wall damage and progression of
AS (20).

In conclusion, this study confirmed that atorvastatin can
relieve ERS and reduce atherosclerotic plaque formation
in ApoE”/ mice fed with high-fat diets. Atorvastatin exerts
its inhibitory effect on ERS through AMPK, but its further
signaling mechanism still needs in-depth study.
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