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Abstract: Objective: To investigate the process by which quercetin suppresses atherosclerosis by
upregulating MST1-mediated autophagy in RAW264.7 macrophages. Methods: An in vitro foam cell
model was established by culturing RAW264.7 macrophages with oxidized low-density lipoprotein
(ox-LDL). The cells were treated with quercetin alone or in combination with the autophagy inhibitor,
3-methyladenine, and autophagy agonist, rapamycin. Cell viability was detected with a CCK-8
kit. Lipid accumulation was detected by oil red O staining, senescence was detected by SA-3-gal
(senescence-associated 3-galactosidase) staining, reactive oxygen species were detected by ROS assay
kit. Autophagosomes and mitochondria were detected by transmission electron microscope (TEM),
and expression of MST1, LC3-II/I, Beclinl, Bcl-2, P21, and P16 were detected by immunofluorescence
and Western blot. Results: Ox-LDL induced RAW264.7 macrophage-derived foam cell formation,
reduced survival, aggravated cell lipid accumulation, and induced a senescence phenotype. This
was accompanied by decreased formation of autophagosome; increased expression of P53, P21,
and P16; and decreased expression of LC3-II/I and Beclinl. After intervention with quercetin, the
cell survival rate was increased, and lipid accumulation and senescence phenotype were reduced.
Furthermore, the expression of LC3-II/I and Beclinl were increased, which was consistent with the
ability of quercetin to promote autophagy. Ox-LDL also increased the expression of MST1, and this
increase was blocked by quercetin, which provided a potential mechanism by which quercetin may
protect foam cells against age-related detrimental effects. Conclusion: Quercetin can inhibit the
formation of foam cells induced by ox-LDL and delay senescence. The mechanism may be related to
the regulation of MST1-mediated autophagy of RAW264.7 cells.
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1. Introduction

Cardiovascular and cerebrovascular diseases are the leading causes of morbidity and mortality
worldwide, and atherosclerosis (AS) is considered to be a driver [1]. Macrophage foam cells are an
important component of AS lesions and play key roles in the development of AS [2]. At the early stages
of AS development, monocytes migrate to the intima to differentiate into macrophages. Macrophage
phagocytosis and metabolism of oxidized low-density lipoprotein (ox-LDL) are increased, and lipids are
transported from the cells to the vessel walls. When ox-LDL intake exceeds the capacity of macrophage
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metabolism, macrophages are transformed into foam cells, which promote the development of AS. Pulse
wave velocity acts as a marker of subclinical atherosclerosis, it increases with the gradual increment
of ox-LDL [3]. AS is more common in middle-aged and elderly people, and aging is an independent
risk factor for AS [4]. Cell senescence can be observed in atherosclerotic plaques of AS patients [5].
Furthermore, intima—media thickness, as a risk factor for AS and a subclinical gold indicator, shows a
high correlation with age [6]. All the above evidence confirms that the occurrence and development of
AS are related to aging and senescence. SA-{3-gal (senescence-associated [3-galactosidase) staining is a
widely used marker of senescence, but its activity is affected by the lysosomal state [7]. Therefore, the
tumor suppressor gene P53, cyclin-dependent kinase inhibitor (P21), and multiple tumor suppressor
1 (P16) have also been used as biomarkers for the detection of cellular senescence [8]. Cellular
senescence exhibits a range of morphological and physiological changes, including mitochondrial
changes, chromatin condensation, etc. [9]. The aging free radical theory emphasizes the role of reactive
oxygen species (ROS)-induced cell damage in aging promotion. The theory suggests that ROS are
overproduced under stress conditions in cells, both natural and artificial, and are harmful to cellular
components. Mitochondria are the main source of ROS and the primary target of ROS damage, and
their status is closely related to the aging phenotype [10].

Autophagy, a catabolic pathway mediated by lysis, maintains the environmental balance
in vivo [11]. Studies have shown that enhanced autophagy can improve age-related phenotypes,
reduce age-related heart and kidney disease, and improve the health status of mice [12]. It can also
protect the body from stress injury and delay the development of AS [13]. Macrophage autophagy plays
an important role in the occurrence and development of AS by promoting the efflux of intracellular
cholesterol. Defective autophagy of macrophages in AS impairs cholesterol metabolism, apoptosis and
inflammatory body activation, and accelerates cell senescence and plaque formation [14,15]. Loss of
the macrophage-specific autophagy gene Atg5 in high-fat diet-fed LDL-R™/~ mice increased oxidative
stress, promoted plaque necrosis, and caused AS-associated thrombotic cardiovascular events [16].
Mammalian Ste20-like kinase 1 (MST1), the core component of the Hippo signaling pathway, participates
in multiple biological activities of cells, including autophagy, apoptosis, and oxidative stress [17].
Furthermore, inhibition of autophagy by MST1 promotes apoptosis of macrophages, thus aggravating
AS[18].

Quercetin (QUE), a natural flavonoid compound with anti-inflammatory, antiaging, and lipid
metabolism regulation, plays an important role in the treatment of AS. Previous research from our
group suggests that QUE can effectively reduce RAW264.7 cell damage induced by ox-LDL, improve
cell viability, reduce intracellular lipid accumulation and senescence, and QUE can prevent the
development of AS in apoE ™~ mice by regulating lipid metabolism [19,20]. QUE has also been shown
to play an important role in the prevention and treatment of AS by upregulating endothelial autophagy
to protect cells from stress injury [21]. Based on these observations, we explored the role of QUE
in antagonizing the expression of key factors in the MST1 signaling pathway in order to provide a
mechanism for the inhibition of autophagy in ox-LDL-induced RAW264.7 foam cells.

2. Results

2.1. Quercetin Increased the Viability of RAW264.7 Cells

Foam cell formation, induced by phagocytizing LDL-C and ox-LDL by macrophages in the early
atherosclerotic plaques, is an important factor in the development of AS [22]. In order to establish a
macrophage-derived foam cell model, we cultured RAW264.7 cells with different concentrations of
ox-LDL. According to our CCK-8 assay results, cell proliferation was decreased by ox-LDL and began
to level at a concentration of 100 pg/mL ox-LDL (Figure 1A). Therefore, we used 100 ug/mL ox-LDL
to induce the formation of foam cells in subsequent experiments. The same concentration of ox-LDL
(100 pg/mL) has been reported in other studies [23]. Next, we assessed the effect of QUE on RAW264.7
cell viability. The cell viability decreased significantly at 200 and 100 umoL/L QUE concentrations, but
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25 and 50 umoL/L QUE caused no statistically significant decrease (Figure 1B). To study the protective
effect of QUE on RAW264.7 cells treated with ox-LDL, we cotreated RAW264.7 cells with either 25 or
50 umoL/L of QUE and 100 pg/mL of ox-LDL. The results demonstrated that 25 umoL/L of QUE can
improve the cell viability (Figure 1C). Therefore, we selected 25 pmoL/L of QUE as an optimal dose for
interference with RAW264.7 cell induction by ox-LDL.

A B
_125 15 .
ot =) [
‘-é 100 Q\_\+\ Lé | E |
Z75 el 210 =
B J ) )
s 22 -, 209
3 5
Q O T T T T T 0_
0 25 50 75100125150175200 Q ~ IR R
ox-LDL(pg/ml) Quercetin(umol/1)
~1.5
C z
2
sk e
é‘l o ! N |
<
=0.5 _
&)
0
ox-LDL(100pg/ml) — + + +
Quercetin(25pmol/l)  — — + -
Quercetin(50umol/1y - - - +

Figure 1. Quercetin increased the viability of RAW264.7 cells treated with oxidized low-density
lipoprotein (ox-LDL). (A) viability of RAW264.7 cells treated with ox-LDL. (B) Viability of RAW264.7
cells treated with quercetin. (C) Viability of RAW264.7 cells treated with quercetin and ox-LDL. Data
are presented as means + SD, * p < 0.05; ** p < 0.01.

2.2. Quercetin Delayed Senescence and Reduced the Accumulation of Lipid in RAW264.7 Cells

Oil red O and SA-[3-gal staining were used to detect the effects of QUE on lipid accumulation and
senescence in RAW264.7 cells. As shown in Figure 2A,B, there was a large amount of red staining lipid
accumulation in the M group (ox-LDL-treated) compared with the Con group (untreated), indicating
that 100 ug/mL ox-LDL successfully induced the foam cell model. Furthermore, the addition of QUE to
ox-LDL-induced foam cells (M + Q group) significantly decreased the lipid accumulation. The results
of the SA-beta-gal staining assay also demonstrated that the number of positive staining cells in the
M + Q group was significantly lower than that in the M group (Figure 2C,D), which confirmed these
findings. We further studied the effect of QUE on the expression of P16 and P21. The results of
immunofluorescence revealed more protein aggregation of P16 and P21 in the M group; however, after
using QUE, the protein aggregation of P16 and P21 decreased (Figure 3A,C).The results of Western
blot showed that the expression of each of these markers of senescence was increased dramatically in
the M group, and that the expression in the M + Q group was significantly lower than that in the M
group (Figure 3D,F). Therefore, the results suggested that QUE can effectively delay the senescence of
ox-LDL-induced RAW264.7 cells and significantly reduce intracellular lipid accumulation.
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Figure 2. Quercetin can delay senescence of RAW264.7 cells and reduce the accumulation of intracellular
lipid. (A) Oil red O staining. (B) Intracellular lipid deposition. (C) SA-B-gal staining. (D) Percentage of
SA-B-gal positive stained cells. Con, control; M, model; Q, quercetin; M + Q, model + quercetin. Data
are presented as means + SD, * p < 0.05; ** p < 0.01.
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Figure 3. Expression of P21 and P16 in macrophage cells detected by immunofluorescence and Western
blot. (A) Immunofluorescence. (B,C) Results of P21 and P16 immunofluorescence. (D,E) Results of
P21 and P16 Western blot. (F) Western blot. Con, control; M, model; Q, quercetin; M + Q, model +
quercetin. Data are presented as means + SD, * p < 0.05; ** p < 0.01; *** p < 0.001.

2.3. Inhibition of Autophagy Promoted the Lipid Accumulation and Senescence of RAW264.7 Cells

Therefore, we used 3-MA (3-methyladenine) to study the role of autophagy deficiency in
ox-LDL-treated RAW264.7 cells. The results demonstrated that inhibition of autophagy aggravated the
lipid accumulation in ox-LDL-treated RAW264.7 cells (Figure 4A,B). Consistently, SA-(3-gal staining
showed more positive staining cells (Figure 4C,D), and the expression of P16 and P21 protein increased
significantly (Figure 5A-F). These results suggested that inhibition of autophagy promoted lipid
accumulation and senescence in RAW264.7 cells.



Int. J. Mol. Sci. 2019, 20, 6093 60f17

A Con M B

(US)

3-MA M+3-MA

Qil Red O (of Control)

S *y Y reied
C D
Con M =
* =
¢ WO v g
[ & ~ g 3
3 @
4 Z
)
T T 'E
&)
3-MA 3-MA+M b
’* Eo1
. o
£ 7
? )
o
: 3 = -
. o ~ 17
ié : = o\
« 474 o, o é\’ ,é\?’ ;Q’
= - i) M,

Figure 4. 3-MA promoted senescence of RAW264.7 cells and aggravated accumulation of intracellular
lipid. (A) Oil red O staining. (B) Intracellular lipid deposition. (C) SA-B-gal staining. (D) Percentage of
SA-p-gal-positive stained cells. Con, control; M, model; 3-MA, 3-methyladenine; M + 3-MA, model +
3-methyladenine. Data are presented as means + SD, * p < 0.05.
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Figure 5. Expression of P21 and P16 in macrophage cells detected by immunofluorescence and Western
blot. (A) Immunofluorescence. (B,C) Results of P21 and P16 immunofluorescence. (D,E) Results of P21
and P16 Western blot. (F) Western blot. Con, control; M, model; 3-MA, 3-methyladenine; M + 3-MA,
model + 3-Methyladenine. Data are presented as means + SD, * p < 0.05; *** p < 0.001.

2.4. Promotion of Autophagy Inhibited the Lipid Accumulation and Senescence of RAW264.7 Cells

In addition, in this study, we used 0.1 um autophagy agonist rapamycin to intervene in
macrophages to study the role of autophagy in the treatment of AS. The results showed that intracellular
lipid accumulation decreased (Figure 6A,B), and SA-[3-gal staining showed senescent cells decreased
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(Figure 6C,D), accompanied by a decrease in P21 and P16 protein expression (Figure 7). These results
suggested that importation of autophagy reduced lipid accumulation and senescence in RAW264.7 cells.
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Figure 6. Rapamycin delayed senescence of RAW264.7 cells and reduced accumulation of intracellular
lipid. (A) Oil red O staining. (B) Intracellular lipid deposition. (C) SA-(3-gal staining. (D) Percentage of
SA-B-gal-positive stained cells. Con, control; M, model; RAP, rapamycin; M + RAP, model + rapamycin.
Data are presented as means + SD, * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 7. Expression of P21 and P16 in macrophage cells detected by immunofluorescence and Western
blot. (A) Immunofluorescence. (B,C) Results of P21 and P16 immunofluorescence. (D,E) Results of P21
and P16 Western blot. (F) Western blot. Con, control; M, model; RAP, rapamycin; M + RAP, model +
rapamycin. Data are presented as means + SD, * p < 0.05; ** p < 0.01; *** p < 0.001.

2.5. Quercetin Delayed Senescence, Which Was Associated with MST1-Mediated Autophagy

Next, to study the mechanism of QUE on AS, we further examined the expression of autophagy.
As shown in Figure 8A, the autophagosomes were greater in the M + Q group than in the M group.
Furthermore, the autophagosomes were lower in the M + 3-MA group but higher in the M + Q
+ 3-MA group. These results suggested that inhibition of autophagy by 3-MA can be reversed
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by QUE. As we all know, AS is a degenerative disease associated with aging, and autophagy can
effectively delay the function of aging in AS. In the previous study, we have confirmed that QUE
can promote autophagy and effectively delay aging and exert an anti-AS effect in apoE ™/~ mice [24].
TEM showed that the mitochondria in the M group were swollen and the mitochondrial ridges were
blurred. The mitochondria morphology was normal in the M + Q group, and the mitochondrial
ridges were clearly visible (Figure 8B). Combined with the detection of ROS, QUE can significantly
reduce the content of ROS (Figure 8C,D), confirming that QUE can effectively delay the senescence
of RAW264.7 cells. We suspected that QUE acted as an anti-AS agent through autophagy and then
delayed senescence. We stained the LC3 and P53, the results showed that the M + Q group had
more double-labeled staining regions than the M group (Figure 9A). Due to the fact that MST1 can
inhibit autophagy and aggravate AS, we speculated whether QUE can play an anti-AS role through the
promotion of autophagy by inhibiting MST1. The results showed that QUE can significantly reduce
the expression of MST1 and Bcl-2, and increase the expression of Beclinl and LC3-1I/I;. These findings
suggested that QUE may play a role in promoting cell autophagy by inhibiting MST1.

A Ccon M M+Q M-+3-MA M+Q+3-MA

Figure 8. Quercetin delayed senescence by upregulating autophagy. (A) Autophagosomes labeled
by arrow. (B) Cellular ultrastructure. (C) ROS. (D) Results of ROS, expressed by the average optical
density value. id, lipid droplet. Con, control; M, model; M + Q; model + quercetin; M + 3-MA, model
+ 3-methyladenine; M + Q + 3-MA, model + quercetin + 3-methyadenine. Data are presented as
means + SD, * p < 0.05; ** p < 0.01.
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Figure 9. Quercetin regulated MST1-mediated autophagy. (A) Immunofluorescence of LC3 and P53,
colocalization of P53 and LC3 labeled by yellow arrow, green arrows represented green fluorescent
P53. (B) Western blot. (C-F) Expression of LC3-1I/I, MST1, Beclinl, and Bcl-2. Con, control; M, model;
M + Q; Model + Quercetin; M + 3-MA, model + 3-Methyladenine; M + Q + 3-MA, model + quercetin +
3-methyadenine. Data are presented as means + SD, * p < 0.05; ** p < 0.01; *** p < 0.001.

3. Discussion

AS, a metabolic disease characterized by lipid deposition in the walls of the great and middle
arteries, is closely related to aging [25]. As a major component of AS lesions, foam cells play an
important role in the development of AS [26]. In this study, we exposed RAW264.7 cells to ox-LDL
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to establish a foam cell model. The cell viability was decreased, and oil red O staining showed an
increase in lipid content, suggesting that the model was successfully established. The expression of
P21 and P16 also increased, accompanied by an increase in SA-f3-gal positive cells. As these markers
are associated with cell senescence [5,26], our results suggested that RAW264.7 macrophage-derived
foam cells were successfully derived and accompanied by cellular senescence.

We further demonstrated that the effects of ox-LDL on cell viability, lipid accumulation, and
cell senescence in RAW264.7 cells can be partially blocked by QUE, which was consistent with our
previous findings [19]. QUE is a flavonoid compound with anti-inflammatory, antioxidation, antiaging,
and other cardiovascular protective effects. Previous studies have reported that QUE can reduce
the expression of inflammatory factors and adhesion molecules in AS by regulating the TLR/NE-«b
signaling pathway and can also upregulate the cholesterol transporter protein ABCA1 in apoE ™/~
mice to promote cholesterol outflow, which effectively intervenes with AS [27,28]. In the foam cell
model induced by ox-LDL, QUE can effectively upregulate the expression of ABCA1 and activator of
transcription PPAR, promote the RCT pathway, reduce the formation of foam cells, and further prevent
AS [29]. Our findings demonstrated that QUE can effectively reduce the accumulation of intracellular
lipid and delay cell senescence, which further confirmed the anti-AS and aging effect of QUE.

Autophagy promotes cellular homeostasis and stress adaptation, and plays an important role in
the occurrence and development of AS. Studies have shown that autophagy inhibitor 3-MA significantly
increases accumulation of lipid in THP-1 cells. Inhibition of autophagy accelerates cell senescence,
promotes AS development, and accelerates the formation of plaque [5,15]. As a widely used autophagy
agonist, RAP can promote autophagy, mainly by inhibiting the mTOR (Mammalian rapamycin target
protein) signaling pathway. Studies have shown that RAP can upregulate autophagy of macrophages,
reduce the accumulation of lipid, and delay senescence, which plays an effective role in anti-AS
activity [30,31]. Our results also confirmed that 3-MA promoted the accumulation of intracellular lipid
and aggravated senescence, while RAP significantly reduced the accumulation of intracellular lipid
and reduced the expression of senescence protein.

Recently, it has been demonstrated that QUE can upregulate autophagy in endothelial cells
through the ERK pathway, thus effectively preventing AS [20]. Autophagy, a subcellular process by
which lysosomes degrade damaged organelles and proteins, plays a key role in the development
of AS. Inducing macrophage autophagy can reduce the aggregation of macrophage in AS plaques,
protect cells from inflammatory factors, and promote the stability of plaque [32]. Autophagy can
also promote intracellular lipid hydrolysis and cholesterol efflux in macrophage-derived foam cells,
thereby effectively inhibiting the progression of AS [33]. Our results demonstrated that the number of
autophagosomes decreased after exposure of RAW264.7 cells to ox-LDL, and that decrease was blocked
by QUE. Furthermore, QUE promoted the expression of LC3-1I/I, reversed the AS-promoting effect of
the autophagy inhibitor 3-MA, and reduced the expression of P21 and P16 proteins. Mitochondria are
closely related to aging and the morphology of mitochondria change with the aging process. Typical
mitochondria have well-stratified mitochondrial mites, while in senescent cells, mitochondrial mites
are unclear and appear as irregular vesicles [34]. ROS are mainly derived from mitochondria, and low
levels of ROS are associated with delayed biosenescence [35]. Our TEM showed that the mitochondria
in the M + Q group was clearly visible compared with the M group, the mitochondrial morphology was
normal, and autophagosomes were produced. The results of ROS testing showed that QUE can reduce
the production of ROS in cells, suggesting that it can effectively delay aging. These findings further
supported the role of QUE-induced autophagy in protecting macrophages against the detrimental
effects associated with AS. Therefore, these findings supported an anti-AS role for QUE by promoting
macrophage autophagy and delaying senescence.

As a potential mechanism for QUE-associated effects on autophagy, we also examined effects
on the expression of MST1, a serine-threonine kinase involved in a variety of biological functions,
including autophagy, apoptosis, and oxidative stress [17]. Our results demonstrated that QUE reduced
the expression of MST1 in ox-LDL-induced RAW264.7 foam cells, which was consistent with the
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possibility that QUE may promote autophagy by inhibiting the expression of MST1. MST1 has been
reported to phosphorylate Beclin1 at threonine 108 in the BH3 domain, which enhances its interaction
with Bcl-2/Bcl-x], inhibits the PI3 kinase activity of the Atg14L-Beclinl-Vps34 complex, and inhibits
autophagy [36]. In a diabetic mouse model, knockout of MST1 significantly upregulated autophagy
and the expression of LC3-II in cardiac microvascular endothelial cells increased [16]. In recent years,
MST1 has been shown to be closely related to cardiovascular and metabolic diseases [37]. Knockout of
MST1 in apoE~/~ mice reduced the plaque area, lipid core, and macrophage accumulation. Conversely,
apoE ™/~ mice overexpressing MST1 showed a large accumulation of lipid core and macrophages.
Additionally, MST1 knockout mice had significantly increased LC3-II expression and autophagosome
numbers in macrophages [38]. Therefore, results from previous studies overwhelmingly support its
role in autophagy and are consistent with our findings.

In summary, our results demonstrate that QUE effectively reduces ox-LDL-induced RAW264.7
foam cell formation, reducing cellular lipid accumulation and delaying cell senescence. This is associated
with increased autophagy, as evidenced by an increased number of autophagosomes in the QUE
group, increased LC3-1II/I, Beclinl protein expression, and downregulation of MST1, Bcl-2, P21, and P16
expression. The above results are consistent with a mechanism for QUE in inhibiting AS by enhancing
autophagy and delaying senescence through the MST1 pathway.

4. Materials and Methods

4.1. Cells and Reagents

RAW264.7 mouse macrophages were obtained from the cell bank of the Chinese Academy of
Sciences. The following reagents were also used: Dulbecco’s modified Eagle’s medium (DMEM)
medium (Gibco, 11965-092, Waltham, MA, USA), fetal bovine serum (FBS, Invitrogen, 10099-141,
Carlsbad, CA, USA), quercetin (Shanghai Yuanye Biotechnology Co., Ltd., B20527, Shanghai, China),
ox-LDL (Shanghai Yuanye Biotechnology Co., Ltd., 524879), 3-methyladenine (Sigma, M9281, St. Louis,
MI, USA),rapamycin (Sigma, V900930), anti-rabbit MST1 (Cell Signaling Technology, 14946, Boston,
MA, USA), anti-rabbit LC3A/B (Cell Signaling Technology, 4108), anti-rabbit Bcl-2(Abcam, ab182858,
Cambridge, UK), anti-rabbit Beclinl (Abcam, ab210498), anti-mouse P53 (Abcam, ab26), anti-rabbit
P21 (Abcam, ab188224), anti-rabbit P16 (Abcam, ab51243), anti-mouse IgG (Cell Signaling Technology),
anti-rabbit IgG (Cell Signaling Technology, 7074 P2), protein ladder (Thermo Fisher, 26616, Waltham,
MA, USA), DAPI Staining Solution (Shanghai Beyotime Biotechnology Co., Ltd., C1006, Shanghai,
China), BCA protein assay kit (Shanghai Beyotime Biotechnology Co., Ltd., P0010), SDS-PAGE Gel
Preparation Kit (Shanghai Beyotime Biotechnology Co., Ltd., P0012A), Oil red O Staining Kit (Shanghai
Yi Sheng Biotechnology Co., Ltd., 40759, Shanghai, China), Reactive Oxygen Species Assay Kit
(Shanghai Beyotime Biotechnology Co., Ltd., S0033), In Situ 3-galactosidase Staining Kit (Shanghai
Beyotime Biotechnology Co., Ltd., RG0039), and Cell Counting Kit-8 (Shanghai Beyotime Biotechnology
Co., Ltd., C0038).

4.2. Cell Culture

RAW264.7 macrophages were cultured in DMEM containing 10% FBS at 37 °C in a 5% CO,
incubator at constant temperature. After growth as a dense monolayer, the cells were routinely passed
to a third generation. After 8 h of starvation in serum-free DMEM, the cells were randomly divided into
different groups: Con (control); M (model); Q (quercetin); 3-MA (3-methyladenine), Rap (rapamycin);
M+ Q; M+ 3-MA; M + Rap; and M + Q + 3-MA.

4.3. Cell Proliferation Assay

When the cells reached 70-80% confluency, they were lifted from the plates by trypsinization and
diluted to 50,000/mL in culture medium. The cells were inoculated in 96-well plate with 100 pL cell
suspension per well. After cell adherence, the corresponding drugs were added for 24 h. Then, 10 pL
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CCK-8 solution was added per well, and the absorbance optical density (OD) at 450 nm wavelength
was measured in an enzyme labeling instrument after 1 h.

4.4. Oil Red O Staining of Cells

RAW264.7 cells were cultured in 24-well sterile culture plates and treated with corresponding
drugs. The cells were gently rinsed twice with PBS solution and fixed with 4% paraformaldehyde
for 30 min. The PBS solution was rinsed for 1 min, oil red O working fluid was applied in an oven
at 60 °C for 15-20 min, and the cells were washed with distilled water 1-2 times, 1-2 min each time.
Subsequently, 60% isopropanol was separated and the red intracellular lipid droplets were observed
under the microscope. The images were collected and the experimental results were analyzed by
Image ] analysis software. The intracellular lipid droplets were expressed by integrated optical density.

4.5. SA-B-gal Staining of Cells

RAW264.7 cells were cultured in 24-well sterile culture plates and treated with corresponding
drugs. Then, the culture medium was discarded and the cells were fixed with 0.5 mL beta-gal staining
stationary solution for 15 min. The cells were incubated with 0.5-1 mL SA-@-gal staining working
fluid. A minimum of 200 cells were observed by optical microscopy, and the percentage of positive
staining cells was calculated.

4.6. Transmission Electron Microscopy (TEM) Observation of Autophagosome and Mitochondria

After discarding the culture medium, 2.5% glutaraldehyde was quickly added to the cultured cells.
The cells were scraped gently and collected into centrifuge tubes. After discarding the glutaraldehyde,
the cells were centrifuged for 5 min at 1000 rpm. A new batch of glutaraldehyde was added, and then
the cells were fixed in 2% OSO4. Graded alcohol was dehydrated, resin was embedded, and ultrathin
sections were stained with uranyl acetate and citric acid. Autophagosomes and cellular mitochondria
were observed by transmission electron microscopy (JEM-1230, Tokyo, Japan).

4.7. Reactive Oxygen Species Assay of Cells

RAW?264.7 cells were cultured in 24-well sterile culture plates and treated with corresponding
drugs. DCFH-DA was diluted 1:1000 with serum-free medium to a final concentration of 10 pmoL/L.
The cell culture medium was removed and an appropriate volume of diluted DCFH-DA was added
and incubated in a 37 °C cell incubator for 20 min. The cells were washed 3 times with serum-free cell
culture medium to fully remove DCFH-DA that had not entered the cells. They were then observed by
fluorescence microscope.

4.8. Immunofluorescence Detection of Protein Expression in Macrophages

RAW264.7 cells were inoculated into 24-well culture plates with aseptic cover slides and treated
with corresponding drugs. After rinsing in PBS, the cells were fixed in 4% paraformaldehyde for
30 min, rinsed 3 times for 5 min with PBS, and 0.1% Triton-X-100 (PBST) statically placed at room
temperature for 15 min. The cells were blocked with 5% BSA for 1 h, after which the blocking solution
was discarded, primary antibody was added, and the cells were incubated overnight at 4 °C. The cells
were then rinsed 3 times for 5 min in PBST and incubated with fluorescent secondary antibody. After
incubation at room temperature for 1 h in the dark, the cells were stained with DAPI for 3 min in
the dark, washed 3 times for 5 min with PBST, and then sealed and observed under a laser scanning
confocal microscope.

4.9. Western Blot Detection of MST1, LC31I/l, Beclin1, Bcl-2, P21, and P16 Expression in Macrophages

RAW?264.7 cells were cultured in 6-well sterile culture plates and treated in groups. The culture
medium was discarded, and RIPA lysis buffer containing PMSF was added. The cells were scraped
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gently and collected into centrifuge tubes. After centrifugation at 12,000 rpm, 4 °C, for 30 min, the
supernatants were collected for protein measurement using the BCA method. Samples were mixed with
5x loading buffer and heated in boiling water for 10 min to denature proteins. Samples were resolved
in SDS-PAGE gels and then transferred to PVDF membranes. The membranes were blocked with 5%
skim milk and then incubated in corresponding antibody solutions (all diluted at 1:1000) overnight.
After washing, the membranes were incubated at room temperature with secondary antibodies for 1 h.
Protein band images were acquired and analyzed as the integrated absorbance (IA = mean OD X area)
using Image-J software, and the relative levels of target proteins were normalized to Gapdh (target
protein IA/Gapdh IA).

4.10. Statistical Analysis

Statistical analysis was conducted using SPS523.0 software, and figures were generated using
Graph Pad Prism 5 Project software and Adobe illustrator CC. Results were presented as means +
standard deviation (SD). Differences between groups were determined by nonpaired tests or one-way
ANOVA. Differences at p < 0.05 were considered significant.

5. Conclusions

In summary, our results demonstrate that QUE effectively reduces ox-LDL-induced RAW264.7
foam cell formation, reducing cellular lipid accumulation and delaying cell senescence. This is associated
with increased autophagy, as evidenced by the increased number of autophagosomes in the quercetin
group; increased LC3; Beclin1 protein expression; and downregulation of MST1, Bcl-2, P21, and P16
expression. The above results are consistent with a mechanism for QUE in inhibiting AS by enhancing
autophagy and delaying senescence through the MST1 pathway.
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AS Atherosclerosis

ABCA1 ATP Binding Cassette Transporter Al
CCK-8 Cell Counting Kit-8

DMEM Dulbecco’s Modified Eagle’s Medium
FBS Fetal Bovine Serum

LDL-C Low Density Lipoprotein Cholesterol
mTOR Mammalian rapamyecin target protein
MST1 Mammalian Ste20-like Kinase 1
ox-LDL Oxidized Low-Density Lipoprotein
PBS Phosphate Buffer Saline

PBST Phosphate Buffer Saline-Twen 20
PMS Phenylmethylsulphonyl Fluoride
QUE Quercetin

ROS Reactive Oxygen Species

RAP Rapamycin

RIPA Radio Immunoprecipitation

SA-B-gal Senescence-Associated [3-galactosidase
TEM Transmission Electron Microscope
TLR Toll-like Receptors

3-MA 3-Methyladenine



Int. ]. Mol. Sci. 2019, 20, 6093 16 of 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Cicero, A.F.G.; Fogacci, F; Giovannini, M.; Grandi, E.; D’Addato, S.; Borghi, C. Interaction between
low-density lipoprotein-cholesterolaemia, serum uric level and incident hypertension: Data from the
Brisighella Heart Study. J. Hypertens. 2019, 37, 728-731. [CrossRef] [PubMed]

Wang, L.; Jiang, Y.; Song, X.; Guo, C.; Zhu, F; Wang, X.; Wang, Q.; Shi, Y.; Wang, J.; Gao, F.; et al. Pdcd4
deficiency enhances macrophage lipoautophagy and attenuates foam cell formation and atherosclerosis in
mice. Cell Death Dis. 2016, 7, €2055. [CrossRef] [PubMed]

Cicero, A.EG.; Kuwabara, M.; Johnson, R.; Bove, M.; Fogacci, F.; Rosticci, M.; Giovannini, M.; D’Addato, S.;
Borghi, C. LDL-oxidation, serum uric acid, kidney function and pulse-wave velocity: Data from the
Brisighella Heart Study cohort. Int. ]. Cardiol. 2018, 261, 204-208. [CrossRef] [PubMed]

Wang, Y.C.; Lee, A.S.; Lu, L.S,; Ke, L.Y,; Chen, W.Y;; Dong, JW.; Lu, J.; Chen, Z.; Chu, C.S.; Chan, H.S; et al.
Human elecyronegative LDL induces mitochondrial dysfunction and premature senescence of vascular cells
in vivo. Aging Cell 2018, 17, €12792. [CrossRef] [PubMed]

Liu, X.; Tang, Y.; Cui, Y.; Zhang, H.; Zhang, D. Autophagy is associated with cell fate in the process of
macrophage-derived foam cells formation and progress. J. Biomed. Sci. 2016, 23, 57. [CrossRef] [PubMed]
Buljan, K.; Soldo, S.B.; Janculjak, D.; Kadojic, D.; Candrlic, M.; Bensic, M.; Buljan, V. Relationship between
age and thickness of carotid arteries in a population without risk factors for atherosclerosis. Coll. Antropol.
2015, 39, 779-784.

Huang, T.; Rivera-Pérez, ].A. Senescence-associated (3-galactosidase activity marks the visceral endoderm of
mouse embryos but is not indicative of senescence. Genesis 2014, 52, 300-308. [CrossRef]

Feng, C.; Liu, H.; Yang, M.; Zhang, Y.; Huang, B.; Zhou, Y. Disc cell senescence in intervertebral disc
degeneration: Causes and molecular pathways. Cell Cycle 2016, 15, 1674-1684. [CrossRef]

Dong, W.; Cheng, S.; Huang, F.; Fan, W.; Chen, Y.; Shi, H.; He, H. Mitochondrial dysfunction in long-term
neuronal cultures mimics changes with aging. Med. Sci. Monit. 2011, 17, BR91-BR96. [CrossRef]

Tai, H.; Wang, Z.; Gong, H.; Han, X.; Zhou, ].; Wang, X.; Wei, X,; Ding, Y.; Huang, N.; Qin, J.; et al. Autophagy
impairment with lysosomal and mitochondrial dysfunction is an important characteristic of oxidative
stress-induced senescence. Autophagy 2017, 13, 99-113. [CrossRef]

Conway, O.; Akpinar, H.A.; Rogov, V.; Kirkin, V. Selective autophagy receptors in neuronal health and
disease. J. Mol. Biol. 2019. [CrossRef] [PubMed]

Fernandez, A.F.; Sebti, S.; Wei, Y.; Zou, Z.; Shi, M.; McMillan, K.L.; He, C.; Ting, T.; Liu, Y.; Chiang, W.C.; et al.
Disruption of the beclin 1-BCL2 autophagy regulatory complex promotes longevity in mice. Nature 2018,
558, 136-140. [CrossRef] [PubMed]

Kitada, M.; Ogura, Y.; Koya, D. The protective role of Sirtl in vascular tissue: Its relationship to vascular
aging and atherosclerosis. Aging 2016, 8, 2290-2307. [CrossRef]

Ouimet, M.; Ediriweera, H.; Afonso, M.S.; Bamkhelawon, B.; Singaravelu, R.; Liao, X.; Bandler, R.C,;
Rahman, K.; Fisher, E.A.; Rayner, K.J.; et al. miR-33 regulates macrophage autophagy in atherosclerosis.
Arterioscler. Thromb. Vasc. Biol. 2017, 37, 1058-1067. [CrossRef] [PubMed]

Grootaert, M.O.; da Costa Martins, P.A.; Bitsch, N.; Pintelon, I.; De Meyer, G.R.; Martinet, W.; Schrijvers, D.W.
Defective autophagy in vascular smooth muscle cells accelerates senescence and promotes neointima
formation and atherogenesis. Autophagy 2015, 11, 2014-2032. [CrossRef] [PubMed]

Liao, X.; Sluimer, J.C.; Wang, Y.; Subramanian, M.; Brown, K,; Pattison, ].S.; Robbins, J.; Martinez, ].; Tabas, L.
Macrophage autophagy plays a protective role in advanced atherosclerosis. Cell Metab. 2012, 15, 545-553.
[CrossRef] [PubMed]

Lin, J.; Zhang, L.; Zhang, M.; Hu, J.; Wang, T.; Duan, Y.; Man, W.; Wu, B.; Feng, ].; Sun, L.; et al. Mst1 inhibits
CMECs autophagy and participates in the development of diabetic coronary microvascular dysfunction.
Sci. Rep. 2016, 6, 34199. [CrossRef]

Wang, T.; Zhang, L.; Hu, ].; Duan, Y.; Zhang, M.; Lin, J.; Man, W.; Pan, X,; Jiang, Z.; Zhang, G.; et al. Mst1
participates in the atherosclerosis progression through macrophage autopgahy inhibition and macrophage
apoptosis enhancement. J. Mol. Cell. Cardiol. 2016, 98, 108-116. [CrossRef]

Li, S.; Cao, H.; Shen, D,; Jia, Q.; Chen, C.; Xing, S.L. Quercetin protects against ox-LDL-induced injury via
regulation of ABCAI, LXR-« and PCSK9 in RAW264.7 macrophages. Mol. Med. Rep. 2018, 18, 799-806.
[CrossRef]


http://dx.doi.org/10.1097/HJH.0000000000001927
http://www.ncbi.nlm.nih.gov/pubmed/30817453
http://dx.doi.org/10.1038/cddis.2015.416
http://www.ncbi.nlm.nih.gov/pubmed/26775706
http://dx.doi.org/10.1016/j.ijcard.2018.03.077
http://www.ncbi.nlm.nih.gov/pubmed/29572081
http://dx.doi.org/10.1111/acel.12792
http://www.ncbi.nlm.nih.gov/pubmed/29923368
http://dx.doi.org/10.1186/s12929-016-0274-z
http://www.ncbi.nlm.nih.gov/pubmed/27473161
http://dx.doi.org/10.1002/dvg.22761
http://dx.doi.org/10.1080/15384101.2016.1152433
http://dx.doi.org/10.12659/MSM.881706
http://dx.doi.org/10.1080/15548627.2016.1247143
http://dx.doi.org/10.1016/j.jmb.2019.10.013
http://www.ncbi.nlm.nih.gov/pubmed/31654670
http://dx.doi.org/10.1038/s41586-018-0162-7
http://www.ncbi.nlm.nih.gov/pubmed/29849149
http://dx.doi.org/10.18632/aging.101068
http://dx.doi.org/10.1161/ATVBAHA.116.308916
http://www.ncbi.nlm.nih.gov/pubmed/28428217
http://dx.doi.org/10.1080/15548627.2015.1096485
http://www.ncbi.nlm.nih.gov/pubmed/26391655
http://dx.doi.org/10.1016/j.cmet.2012.01.022
http://www.ncbi.nlm.nih.gov/pubmed/22445600
http://dx.doi.org/10.1038/srep34199
http://dx.doi.org/10.1016/j.yjmcc.2016.08.002
http://dx.doi.org/10.3892/mmr.2018.9048

Int. ]. Mol. Sci. 2019, 20, 6093 17 of 17

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

Jia, Q.; Cao, H,; Shen, D.; Li, S,; Yan, L.; Chen, C.; Xing, S.; Dou, F. Quercetin protects against atherosclerosis
by regulating the expression of PCSK9, CD36, PPARy, LXRox and ABCAL. Int. ]. Mol. Med. 2019, 44, 893-902.
[CrossRef]

Zhi, K,; Li, M; Bai, J.; Wu, Y,; Zhou, S.; Zhang, X.; Qu, L. Quercitrin treatment protectsend othelial
progenitor cells from oxidative damage via inducing autophagy through extracellular signal-regulated
kinase. Angiogenesis 2016, 19, 311-324. [CrossRef] [PubMed]

Johnston, ].M.; Angyal, A.; Bauer, R.C.; Hanby, S.; Suvarna, S.K.; Baidzajevas, K.; Hegedus, Z.; Dear, T.N.;
Turner, M.; Wilson, H.L.; et al. Myeloid Tribbles 1 induces early atherosclerosis via enhanced foam cell
expansion. Sci. Adv. 2019, 5, eaax9183. [CrossRef] [PubMed]

Bhansali, S.; Khatri, S.; Dhawan, V. Terminalia Arjuna bark extract impedes foam cell formation and promotes
apoptosis in ox-LDL-stimulated macrophages by enhancing UPR-CHOP pathway. Lipids Health Dis. 2019,
18, 195. [CrossRef] [PubMed]

Cao, H.; Jia, Q.; Shen, D.; Yan, L.; Chen, C.; Xing, S. Quercetn has a protective effect on atherosclerosis via
enhancement of autophagy in ApoE—/— mice. Exp. Ther. Med. 2019, 18, 2451-2458. [CrossRef]

Wang, J.C.; Bennett, M. Aging and atherosclerosis: Mechanisms, functional consequences, and potential
therapeutics for cellular senescence. Circ. Res. 2012, 111, 245-259. [CrossRef]

Tabas, I.; Garcia-Cardefia, G.; Owens, G.K. Recent insights into the cellular biology of atherosclerosis. |. Cell
Biol. 2015, 209, 13-22. [CrossRef]

Bhaskar, S.; Sudhakaran, P.R.; Helen, A. Quercetin attenuates atherosclerotic inflammation and adhesion
molecule expression by modulating TLR-NF-kappaB signaling pathway. Cell. Immunol. 2016, 310, 131-140.
[CrossRef]

Cui, Y,; Hou, P; Li, F; Liu, Q; Qin, S.; Zhou, G.; Xu, X; Si, Y.; Guo, S. Quercetin improves macrophage reverse
cholesterol transport in apolipoprotein E-deficient mice fed a high-fat diet. Lipids Health Dis. 2017, 16, 9.
[CrossRef]

Sun, L.; Li, E.; Wang, E; Wang, T.; Qin, Z.; Niu, S.; Qiu, C. Quercetin increases macrophage cholesterol efflux
to inhibit foam cell formation through activating PPARy-ABCA1 pathway. Int. J. Clin. Exp. Pathol. 2015, 8,
10854-10860.

Huang, K.; Li, S.Q.; Wang, WJ.; Liu, L.S,; Jiang, Y.G.; Feng, PN.; Wang, Y.Q.; Wang, S.M. Oral FTY720
administration induces immune tolerance and inhibits early development of atherosclerosis in apolipoprotein
E-deficient mice. Int. ]. Immunopathol. Pharmacol. 2012, 25, 397-406. [CrossRef]

Vion, A.C.; Kheloufi, M.; Hammoutene, A.; Poisson, J.; Lasselin, J.; Devue, C.; Pic, I.; Dupont, N.; Busse, J.;
Stark, K.; etal. Autophagy is required for endothelial cell alignment and atheroprotection under physiological
blood flow. Proc. Natl. Acad. Sci. USA 2017, 144, e8675-e8684. [CrossRef] [PubMed]

Shao, B.Z.; Han, B.Z.; Zeng, Y.X.; Su, D.E; Liu, C. The roles of macrophage autophagy in atherosclerosis.
Acta Pharmacol. Sin. 2016, 37, 150-156. [CrossRef] [PubMed]

Qiao, L.; Zhang, X.; Liu, M.; Liu, X.; Dong, M.; Cheng, J.; Zhang, X.; Zhai, C.; Song, Y.; Lu, H.; et al.
Corrigendum: Ginsenoside Rb1 enhances atherosclerotic plaque stability by improving autophagy and lipid
metabolism in macrophage foam cells. Front. Pharmacol. 2018, 8, 964. [CrossRef] [PubMed]

Daum, B.; Walter, A.; Horst, A.; Osiewacz, H.D.; Kuhlbrandt, W. Age-dependent dissociation of ATP
synthase dimers and loss of inner-membrane cristae in mitochondria. Proc. Natl. Acad. Sci. USA 2013, 110,
15301-15306. [CrossRef]

Davalli, P; Mitic, T.; Caporali, A.; Lauriola, A.; D’Arca, D. ROS, cell senescence, and novel molecular
mechanisms in aging and age-related diseases. Oxid. Med. Cell. Longev. 2016, 2016, 3565127. [CrossRef]
Maejima, Y.; Kyoi, S.; Zhai, P; Liu, T,; Li, H.; Ivessa, A.; Sciarretta, S.; Dei Re, D.P,; Zablocki, D.K.; Hsu, C.P;
et al. MST1 inhibits autophagy by promoting the interaction between Beclinl and Bcl-2. Nat. Med. 2013, 19,
1478-1488. [CrossRef]

Qin, E; Tian, ].; Zhou, D. MST1 and MST2 kinase: Regulations and disease. Cell Biosci. 2013, 3, 31. [CrossRef]
Wei, H.; Wang, C.; Croce, C.M.; Guan, ].L. p62/SQSTM1 synergizes with autophagy for tumor growth in vivo.
Genes Dev. 2014, 28, 1204-1216. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3892/ijmm.2019.4263
http://dx.doi.org/10.1007/s10456-016-9504-y
http://www.ncbi.nlm.nih.gov/pubmed/27017346
http://dx.doi.org/10.1126/sciadv.aax9183
http://www.ncbi.nlm.nih.gov/pubmed/31692955
http://dx.doi.org/10.1186/s12944-019-1119-z
http://www.ncbi.nlm.nih.gov/pubmed/31706299
http://dx.doi.org/10.3892/etm.2019.7851
http://dx.doi.org/10.1161/CIRCRESAHA.111.261388
http://dx.doi.org/10.1083/jcb.201412052
http://dx.doi.org/10.1016/j.cellimm.2016.08.011
http://dx.doi.org/10.1186/s12944-016-0393-2
http://dx.doi.org/10.1177/039463201202500209
http://dx.doi.org/10.1073/pnas.1702223114
http://www.ncbi.nlm.nih.gov/pubmed/28973855
http://dx.doi.org/10.1038/aps.2015.87
http://www.ncbi.nlm.nih.gov/pubmed/26750103
http://dx.doi.org/10.3389/fphar.2017.00964
http://www.ncbi.nlm.nih.gov/pubmed/29377020
http://dx.doi.org/10.1073/pnas.1305462110
http://dx.doi.org/10.1155/2016/3565127
http://dx.doi.org/10.1038/nm.3322
http://dx.doi.org/10.1186/2045-3701-3-31
http://dx.doi.org/10.1101/gad.237354.113
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Quercetin Increased the Viability of RAW264.7 Cells 
	Quercetin Delayed Senescence and Reduced the Accumulation of Lipid in RAW264.7 Cells 
	Inhibition of Autophagy Promoted the Lipid Accumulation and Senescence of RAW264.7 Cells 
	Promotion of Autophagy Inhibited the Lipid Accumulation and Senescence of RAW264.7 Cells 
	Quercetin Delayed Senescence, Which Was Associated with MST1-Mediated Autophagy 

	Discussion 
	Materials and Methods 
	Cells and Reagents 
	Cell Culture 
	Cell Proliferation Assay 
	Oil Red O Staining of Cells 
	SA–gal Staining of Cells 
	Transmission Electron Microscopy (TEM) Observation of Autophagosome and Mitochondria 
	Reactive Oxygen Species Assay of Cells 
	Immunofluorescence Detection of Protein Expression in Macrophages 
	Western Blot Detection of MST1, LC3II/I, Beclin1, Bcl-2, P21, and P16 Expression in Macrophages 
	Statistical Analysis 

	Conclusions 
	References

