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ABSTRACT

Atherosclerosis, characterized by lipid-rich plaques in the arterial wall, is an age-related disorder and a leading cause of
mortality worldwide. However, the specific mechanisms remain complex. Recently, emerging evidence has demon-
strated that senescence of various types of cells, such as endothelial cells (ECs), vascular smooth muscle cells (VSMCis),
macrophages, endothelial progenitor cells (EPCs), and adipose-derived mesenchymal stem cells (AMSCis) contributes
to atherosclerosis. Cellular senescence and atherosclerosis share various causative stimuli, in which dyslipidemia has
attracted much attention. Dyslipidemia, mainly referred to elevated plasma levels of atherogenic lipids or lipoproteins,
or functional impairment of anti-atherogenic lipids or lipoproteins, plays a pivotal role both in cellular senescence and
atherosclerosis. In this review, we summarize the current evidence for dyslipidemia-induced cellular senescence during

atherosclerosis, with a focus on low-density lipoprotein (LDL) and its modifications, hydrolysate of triglyceride-rich

lipo-

proteins (TRLs), and high-density lipoprotein (HDL), respectively. Furthermore, we describe the underlying mechanisms
linking dyslipidemia-induced cellular senescence and atherosclerosis. Finally, we discuss the senescence-related therapeu-
tic strategies for atherosclerosis, with special attention given to the anti-atherosclerotic effects of promising geroprotectors

as well as anti-senescence effects of current lipid-lowering drugs.
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I. INTRODUCTION

Atherosclerosis is a chronic immune-inflammatory, progres-
sive and age-related disorder, characterized by lipid-rich pla-
ques in the arterial wall (Libby et al., 2009; Savji et al., 2013).
Despite the continuous therapeutic advances in cardiology,
atherosclerosis remains the leading cause of mortality world-
wide (GBD 2013 Mortality and Causes of Death
Collaborators, 2015). Excessive deposition of pro-
atherogenic lipids and lipoproteins in the arterial intima leads
to the structural destruction and functional impairment of
endothelial cells (ECs), which results in the recruitment and
migration of monocytes across the endothelial barrier
(Steinberg et al., 1989). The migrated monocytes then differ-
entiate into macrophages in order to clear the accumulated
lipids and lipoproteins, but transform into foam cells when
overloaded, which aggravates the formation and develop-
ment of atherosclerotic plaques and triggers an inflammation
response by pro-inflammatory  factors
(Yu et al., 2013). Meanwhile, vascular smooth muscle cells
(VSMUCs) in the arterial media also migrate into the arterial
intima, surrounding the inflammatory factors and lipids
(Lugano et al., 2013). These highly proliferative VSMCs then
form a fibrous cap to stabilize the atherosclerotic plaques on
the one hand, while secreting various matrix metalloprotei-
nases (MMPs) that promote plaque rupture on the other
hand (Allahverdian et al., 2018). VSMCs can transform into
a foam-cell-like phenotype in some advanced atherosclerotic
plaques, which further aggravates the progression and insta-
bility of atherosclerotic plaques (Vengrenyuk et al., 2015). In
addition, endothelial progenitor cells (EPCs), a main source
of new ECis, play a vital role in vascular repair and athero-
sclerosis (Zampetaki, Kirton & Xu, 2008). Reduced number
and impaired function of EPCs are important biomarkers
and predictors for atherosclerosis  (Schmidt-Lucke
et al., 2005; Keymel et al., 2008). Moreover, perivascular

releasing

adipose tissue (PVAT), a supporting component surrounding
the blood vessels, regulates vascular function and atheroscle-
rosis (Qi et al., 2018; Quesada et al., 2018). Paracrine secre-
tion of wvarious bioactive factors by adipose-derived
mesenchymal stem cells (AMSCs) may be crucial during this
process (Gu et al., 2019). Hence, dysfunction of all these types
of cells plays a pivotal role in atherosclerosis.

Aging is an independent risk factor for the increased morbid-
ity and mortality of atherosclerosis (North & Sinclair, 2012). At
the cellular level, aging is caused by the accumulation of senes-
cent cells. Cellular senescence is manifested by irreversible cell
cycle arrest and distinctive phenotype alterations, including a
flattened and enlarged morphology, increased activity of
senescence-associated p-galactosidase (SA--gal) and upregu-
lated senescence-related proteins, such as p53, p21 and pl6
(Lopez-Otin et al., 2013). Importantly, one of the main charac-
teristics of senescent cells is the production of senescence-
associated secretory phenotype (SASP) factors, including
pro-inflammatory cytokines, MMPs, and other factors
(Gardner et al., 2015; Childs e al., 2016). Cellular senescence
is likely a result of telomere shortening-dependent replicative
senescence (Silva et al., 2017) and/or stress-induced premature
senescence (SIPS) (Wang ¢ al., 2018b) in response to a variety
of endogenous and exogenous stimuli, such as DNA damage
(Ungvari et al., 2013), oncogene signals (Quijano et al., 2012),
mitochondrial dysfunction (Tyrrell ¢ al., 2020) and some cardio-
vascular risk factors (Voghel et al., 2007). Intriguingly, cellular
senescence sharing multiple causative stimuli with atherosclero-
sis, such as hyperlipidemia (Wang ¢ al., 2018b), hypertension
(Voghel et al., 2007), diabetes (Li et al, 2018b) and obesity
(Burton & Faragher, 2018; Khoukaz ¢t al., 2020), is an impor-
tant driver for atherosclerosis. Emerging evidence indicates
the existence of various types of senescent cells in atherosclerotic
arteries, including ECs (Vasile e al, 2001; Minamino
et al., 2002; Silva et al., 2017), VSMCs (Gorenne et al., 2006;
Matthews et al., 2006; Wang e al., 2015), and macrophages
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(Childs et al., 2016). Importantly, senescence of other types of
cells such as EPCs (Rauscher e al, 2003; Vemparala
et al., 2013) and AMSCs (Parvizi et al., 2021) also contribute to
atherosclerosis. These senescent cells all take part in the patho-
physiological process of atherosclerosis (Fig. 1).

Among the various stimuli that cause cellular senescence dur-
ing atherosclerosis, dyslipidemia seems to be the most common
(Wang ¢t al., 2018b). Dyslipidemia is characterized by a subset of
lipid metabolism disorders involving abnormally elevated
plasma levels or functional impairment of lipids or lipoproteins.
There is much evidence that low-density lipoprotein (LDL) and
its modifications exert pro-atherogenic effects through inducing
senescence of vascular cells (Wang e al., 2018a,b; Ahmad &
Leake, 2019), while elimination of these senescent cells stabilizes
the fibrous cap (Childs ¢ al., 2016). In addition, remnant-like
lipoproteins (RLPs) (Pu & Liu, 2007; Liu e al., 2009a; Yang
et al., 2011) and fatty acids (FAs) (Li e al., 2018a; Wang
et al., 2020; Grootaert ¢t al., 2021) that are hydrolysed products
from triglyceride-rich lipoproteins (TRLs) accelerate cellular
senescence in atherosclerosis. In addition, high-density lipopro-
tein (HDL), usually regarded as an anti-senescence lipoprotein,
can result in cellular senescence when at high concentrations or
dysfunctional (Huang et al., 2012; Park ¢t al., 2016). These obser-
vations suggest that dyslipidemia may be a key contributory fac-
tor linking cellular senescence and atherosclerosis.

In this review, we first summarize existing evidence on the
senescence of various types of cells induced by dyslipidemia
in atherosclerosis, with a focus on LDL and its modifications,
hydrolysate of TRLs, and HDL. We then discuss the mecha-
nisms connecting dyslipidemia-induced cellular senescence
and atherosclerosis. Finally, we discuss potential therapeutic
strategies for atherosclerosis by targeting dyslipidemia-
induced cellular senescence and highlight the future chal-
lenges and improvements that are still required.

II. EVIDENCE AND MECHANISMS OF
DYSLIPIDEMIA-INDUCED EC SENESCENCE
IN ATHEROSCLEROSIS

Table 1 provides an overview of the factors involved in
dyslipidemia-induced EC senescence.

(1) EC senescence in atherosclerosis

ECs are essential to maintain the structural integrity and
homeostasis of blood vessels (Li, Sun & Carmeliet, 2019).
The main biological functions of ECs in angiogenesis, coag-
ulation, vasoconstriction and vasodilation have been fully
elucidated (Gimbrone Jr. & Garcia-Cardena, 2016). Patho-
genic factors, such as advanced age, mechanical forces,
excessive inflammation, or other disorders of the internal
environment, can lead to EC dysfunction, eventually result-
ing in atherosclerosis (Donato e al, 2015; Bhayadia
et al., 2016; Gimbrone Jr. & Garcia-Cardena, 2016). A grow-
ing body of evidence indicates that senescent ECs are
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frequently found in atherosclerosis (Vasile et al., 2001; Mina-
mino ¢t al., 2002; Silva et al., 2017). The replicative senes-
cence of ECs has been extensively investigated (Foreman &
Tang, 2003; Cardus e al., 2013; Silva et al., 2017). It was
reported that ECs at arterial bifurcation sites were more
prone to show a senescence phenotype with shorter telomeres
and increased inflammatory factors (Warboys et al., 2014).
An earlier study from rats demonstrated that the prolifera-
tion potential of ECs declined with advanced age; the daily
rate of EC replication declined from 13% at birth to 0.1—
0.3% at an age of 5-6 months (Schwartz & Benditt, 1977).
A decreased EC replication rate with advanced age may
partly explain why elderly people are more prone to suffer
from atherosclerotic diseases (Schwartz & Benditt, 1977).
SIPS of ECs can be induced by most of the cardiovascular
risk factors mentioned above (Voghel et al., 2007; Burton &
Faragher, 2018; Wang et al., 2018b). A number of SASP fac-
tors are increased in senescent ECs, promoting the activation
of monocytes and their infiltration into the subendothelial
region (Stojanovic et al., 2020). In addition, senescent ECs
compromise the endothelium integrity and permeability,
facilitating the accumulation of oxidized LDL, which further
contributes to atherosclerosis (Huynh et al., 2011; Peiffer,
Sherwin & Weinberg, 2013; Steffensen et al., 2015; Boren
et al., 2020). These findings support a close relationship
between EC senescence and atherosclerosis.

(2) LDL-induced EC senescence

LDL tends to be oxidized and then promotes EC dysfunction
as well as the formation, progression, and destabilization of
atherosclerotic plaques (Akhmedov ¢ al., 2014, 2017). Two
scavenger receptors, lectin-like oxidized low-density lipopro-
tein receptor-1 (LOX-1) and cluster of differentiation
36 (CD36, also known as fatty acid translocase), mediate
the entry and internalization of oxidized LDL in ECs
(Akhmedov e al., 2014; Cho & Choi, 2019). Among the
two receptors, LOX-1 is the major receptor in ECs and is
highly expressed in atherosclerotic lesions, while CD36 seems
to be mainly expressed in microvascular rather than macro-
vascular ECs (D1 Pietro, Formoso & Pandolfi, 2016). Increas-
ing evidence showed that oxidized LDL promoted EC
senescence, which resulted in atherosclerosis both i wiwo
and wm witro (Shi et al, 2007; Liu e al, 2015; Jiang
et al., 2020). A number of studies found that oxidized LDL
increased the production of intracellular reactive oxygen spe-
cies (ROS) and induced mitochondrial dysfunction, which in
turn promoted EC senescence (Liu e al, 2015; Yao
et al., 2017; Zhang et al., 2017, 2018; Bian et al., 2020). The
increased ROS in ECs induced by oxidized LDL were
mainly dependent on NADPH oxidases (Liang et al., 2018),
nuclear factor erythroid 2-related factor 2 (Nrf2) (Huang
et al., 2013), and myeloperoxidase (Liu et al, 2015). The
downstream activation of the f-catenin/p33 signalling path-
way was also involved in this process (Liu et al., 2015). These
findings demonstrated that oxidative stress is a crucial mech-
anism for oxidized LDL-induced EC senescence.
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Fig. 1. Contributions of dyslipidemia-induced senescence to atherosclerosis. Dyslipidemia promotes the development and
progression of atherosclerosis through multiple mechanisms, one of which might be related to cellular senescence. The main
categories of pro-atherogenic lipids and lipoproteins include modified low-density lipoprotein (LDL), triglyceride-rich lipoproteins
(TRLs) and its hydrolysate, and dysfunctional high-density lipoprotein (HDL). They can lead to the senescence of various types of
cells that participate in atherosclerosis, including endothelial cells (ECs), endothelial progenitor cells (EPCs), vascular smooth
muscle cells (VSMCs), macrophages, and adipose-derived mesenchymal stem cells (AMSCis). These senescent cells display a
decreased replication rate, increased inflammation and reactive oxygen species (ROS), which contribute to the development and
progression of atherosclerosis. The senescent ECs impair the endothelium integrity and permeability, which facilitates the
retention of oxidized LDL and eventually results in atherosclerosis. Senescent endothelial progenitor cells (EPCs) also present
functional impairment of differentiation, migration and angiogenesis, leading to the dysfunction of vascularization and
acceleration of atherosclerosis. In addition, the senescent VSMCs show poor proliferation capacity and calcific phenotypes, which
means impaired function in forming the atherosclerotic fibrous cap and thus promotes plaque vulnerability. Moreover, senescent
macrophages with increased lipid accumulation accelerate the formation of the atherosclerotic core. The senescent AMSCs in
perivascular adipose tissue (PVAT) contribute to the pathogenesis of atherosclerosis through paracrine secretion of various
inflammatory factors. Together, these senescent cells induced by dyslipidemia accelerate the occurrence and progression of
atherosclerosis. FA, fatty acid; SA-f-gal, senescence-associated p-galactosidase.
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Table 1. Factors involved in dyslipidemia-induced endothelial cell (EC) senescence

Factors Functions

Mechanisms

Oxidized LDL Increased SA-B-gal activity

Increased mitochondrial dysfunction

Impaired proliferation; increased ROS and inflammation

Increased ROS; impaired cell viability

Increased SA-B-gal activity; upregulated p21 and p16

Decreased proliferation; upregulated p21
Electronegative LDL
Native LDL Impaired proliferation; increased ROS
Palmitate
Palmitate and HG

Impaired proliferation; increased ROS

Increased ROS; upregulated p21 and p16
LA Impaired proliferation
Mediterranean diet

EPA/DHA Decreased ROS, inflammation and thrombosis
Decreased DNA damage and ROS
HDL containing Increased lysosomal enlargement, impaired anti-

glycated apoA-1

Increased DNA damage and nuclear YH2AX deposition

Increased ROS; mitochondrial dysfunction

Decreased ROS, apoptosis and telomere shortening

senescence and insulin-secretion activities

GSK-3B/catenin/p53 (Liu et al., 2015)

AMPK/p53/p21 (Zhang et al., 2017, 2018)

NF-xB, PI3K/AKT/eNOS (Bian e al., 2020)

mTOR (Yao et al., 2017; Jiang et al., 2020)

SIRT1/LKB1/AMPK (Zhang et al., 2019)

SIRT1/Beclin-1 (Shi et al., 2020)

ROS/ATM/CHK2/p53 (Wang et al., 2018b)

p53 and p16 (Oh et al., 2017; Yoon, Chay &
Yang, 2019)

PKR/JNK/SIRT1 (Y. Li et al., 2018a)

AKT (Liao et al., 2017)

AMPK-mediated autophagy (Wang e al., 2020)

JNK-mediated autophagy (Lee ¢t al., 2015)

Epigenetic alterations (Marin et al., 2012; Yubero-
Serrano et al., 2020)

Angiotensin improvement (Yamagata, Suzuki &
Tagami, 2016; Qureshi ¢ al., 2020)

Nrf2 (Sakai et al., 2017)

Structural modification (Park et al., 2016)

AKT, protein kinase B; AMPK, adenosine monolglosphate-activated protein_kinase; apoA-1, apolipoprotein A-1; ATM, ataxia-

telangiectasia mutated; CHK2, checkpoint kinase 2; D

A, docosahexaenoic acid; eNOS, endothelial nitric oxide synthase; EPA, eicosapen-

taenoic acid; GSK-3p, glycogen synthase kinase 3 beta; yH2AX, phosphorylated histone protein H2AX; HDL, high-density lipoprotein;

high glucose; JNK, c-Jun N-terminal kinase; LA, linoleic acid;
target of rapamycin; NF-kB, nuclear factor kap

3-kinase; PKR(

regulator 1.

Importantly, there is close cross-talk between increased
oxidative stress and activated inflammation (Csiszar
et al., 2008). The increased production and wide range of
inflammatory factors not only represent a phenotype of
senescent cells, but also play a key role in promoting EC
senescence and dysfunction (Donato et al., 2009; Hasegawa
et al., 2012). The adhesion factors and pro-inflammatory
molecules intercellular cell adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-1), interleukin
6 (IL-6), and IL-8 are significantly upregulated in oxidized
LDL-induced senescent ECs and subsequently recruit a large
number of circulating monocytes to the atherosclerotic
lesions, which contribute to atherosclerosis (Bian
et al., 2020; Jiang et al., 2020).

Additionally, excessive intracellular oxidative stress also trig-
gers the autophagy pathway. Autophagy, a subcellular process
for lysosome-mediated degradation of cytoplasmic materials,
1s essential for maintaining cellular homeostasis and vascular
function (De Meyer et al., 2015). It is clear that the activation
of autophagy initially plays a protective role in EC function
through removal of oxidative stimuli and the promotion of cell
survival (Torisu et al., 2016). Recent studies reported that activa-
tion of autophagy by anti-senescence agents protected ECs from
oxidized LDIL-induced senescence (Zhang et al., 2019; Shi
et al., 2020). However, the failure of autophagy often results in
cellular senescence. Therefore, oxidized LDL not only can be
internalized more easily by macrophages, but also can recruit
circulating monocytes to the subendothelium by inducing EC

DL, low-density lipoproteins; LKB1, liver kinase Bl; mTOR, mammalian
pa-B; Nrf2, nuclear factor erythroid 2-related factor 2; PI3K,
, protein kinase R; ROS, reactive oxygen species; SA-B-gal, senescence-associated p-galactosidase; SIRT1, silent information

hosphatidylinositol

senescence and releasing adhesion molecules, promoting the
occurrence and development of atherosclerosis.

Recently, it has been found that non-coding RNAs
(ncRNAs), mainly microRNAs (miRINAs; miRs) and long
non-coding RNAs (IncRINAs), promote vascular cell senescence
(Ni et al., 2020). The upregulated expression of miR-21-5p and
miR-203a-3p was detected not only in the plasma of hyperlipi-
demic rats but also in oxidized LDIL-treated ECs, which accel-
erated EC senescence through downregulation of dynamin-
related protein 1 (Drpl) and the activation of downstream
adenosine monophosphate-activated protein kinase (AMPK)/
p33/p21 signalling pathway (Zhang et al., 2017). On the con-
trary, inhibiting miR-21-5p/miR-203a-3p significantly restored
the mitochondrial dysfunction and EC senescence (Zhang
et al., 2018). This indicates that some miRINAs take part in mod-
ulating oxidized LDIL-induced EC senescence. In addition,
IncRNA non-coding RNA activated by DNA damage
(NORAD)-knockdown promoted oxidized LDIL-induced EC
senescence, accompanied by aggravated inflammation and sub-
sequent atherosclerosis (Bian et al., 2020). Since increased atten-
tion is now being given to ncRNAs, further studies are likely to
elucidate their specific role in oxidized LDL-induced EC senes-
cence in atherosclerosis.

Electronegative LDL is a naturally occurring modified
form of LDL with a higher content of triglyceride and FAs
than non-electronegative LDL and is thought to be as athero-
genic as oxidized LDL (De Castellarnau e al., 2000). It has
been demonstrated that electronegative LDL promotes

Biological Reviews 97 (2022) 1844-1867 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical

Society.



Cellular senescence in atherosclerosis

inflammation (De Castellarnau e al., 2000), apoptosis
(Lu et al., 2008) and cytotoxicity (Tai et al., 2006) in ECs, con-
tributing to EC dysfunction and atherosclerosis. These patho-
logical processes also may lead to cellular senescence in ECs.
It was reported that a high-fat diet led to elevated serum levels
of electronegative LDL, accompanied by accelerated senes-
cence in the aortic endothelium (Wang et al,, 2018b). In

1849

addition, m witro experiments confirmed that EC senescence
was promoted after incubation with electronegative LDL.
The underlying mechanism might be related to increased
ROS production and DNA damage, which promoted the
deposition of nuclear phosphorylated histone protein H2AX
(YH2AX) and the downregulation of human telomerase
reverse transcriptase (WTERT). These alterations resulted in
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Carbamylated LDL

Mechanisms
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. . . MST1- mediated
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Fig. 2. Cellular senescence of various types of cells induced by low-density lipoprotein (LDL). LDL is a strong pro-atherogenic
lipoprotein, especially in its modified forms oxidized LDL, electronegative LDL and carbamylated LDL. They can lead to the
senescence of endothelial cells (ECs), endothelial progenitor cells (EPCs), vascular smooth muscle cells (VSMCs) and macrophages
via activation of multiple signalling pathways related to oxidative stress, inflammation and autophagy. The phenotypic profiles of
these senescent cells are functionally impaired, resulting in atherosclerosis. AKT, protein kinase B; AMPK, adenosine
monophosphate-activated protein kinase; ATG13, autophagy-related protein 13; CAG, glycosaminoglycan; CKIP-1, casein kinase
2-interacting protein-1; CX3CRI1, C-X3-C motif chemokine receptor 1; eNOS, endothelial nitric oxide synthase; ERK,
extracellular regulated protein kinase; FKIN, Fractalkine; GSK-3f, glycogen synthase kinase 3 beta; YH2AX, phosphorylated
histone protein H2AX; hTERT, human telomerase reverse transcriptase; LKBI, liver kinase Bl; MAPK, mitogen-activated
protein kinase; MEK 1, mitogen-activated protein kinase 1; MST1, mammalian ste20-like kinase 1; mTOR, mammalian target of
rapamycin; NBSI1, Nijmegen Breakage Syndrome-1; NF-kB, nuclear factor kappa-B; NOX, NADPH oxidase; PI3K,
phosphatidylinositol 3-kinase; REGy, 11S regulatory particles, 28 kDa proteasome activator, proteasome activator subunit 3;
ROS, reactive oxygen species; SA-B-gal, senescence-associated P-galactosidase; SIRT1, silent information regulator 1; TGF-p,
transforming growth factor ; TLR4, toll-like receptor 4; ULK1, Unc-51 like autophagy activating kinase 1.
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EC senescence through the ROS/ataxia-telangiectasia
mutated (ATM)/checkpoint kinase 2 (CHKZ2)/p53 pathway
(Wang et al., 2018b) (Fig. 2).

Unlike oxidized LDL and electronegative LDL, few stud-
ies have investigated the role of native LDL, an LDL particle
without any modifications, on EC senescence (Oh et al., 2017,
Yoon ¢t al., 2019). Paradoxically, it was found that native
LDL, rather than oxidized LDL, promoted EC senescence
(Oh et al., 2017). The role of native LDL in promoting EC
senescence may be related to its direct internalization by
ECs. Further exploration of the underlying mechanisms indi-
cated that excessive generation of ROS and the activation of
the p53 and pl6 signalling pathways may be involved
(Oh et al., 2017; Yoon et al., 2019). However, these @ vitro
studies are not directly applicable to human pathophysiology
due to differences in redox status m vivo.

(3) EC senescence induced by TRLs and FAs

It has been known that hypertriglyceridemia, which is caused by
elevated levels of circulating TRLs, including chylomicron
(CM), very-low density lipoprotein (VLDL) and their remnants,
aggravates atherosclerosis and is related to cardiovascular dis-
eases (Zhang et al., 2008; Arsenault e al., 2009). In the circula-
tion, triglycerides in CM and VLDL are hydrolysed by
lipoprotein lipase (LPL) and release FAs (Xiang ¢t al., 2020b).
Unlike the well-characterized receptors of TRLs in macro-
phages, there are fewer studies in ECs. It has been demon-
strated that a VLDL receptor is responsible for the uptake of
VLDL, while LOX-1 performs this function for RLPs in ECs
(Pacheco et al., 2001; Shin et al., 2004). LDL receptor related
protein-1 (LRP1) and sortilin-related receptor may be involved
in the receptor-mediated uptake of TRLs (Ting et al., 2007).
Current evidence demonstrates that TRLs promote the initia-
tion and progression of pathogenic atherosclerosis partly
through aggravating EC dysfunction (Shin ¢t al., 2004; Norata
et al., 2006), VSMC proliferation (Lipskaia ¢t al., 2003; Bermu-
dez et al., 2008) and macrophage foam cell formation (Botham
et al., 2007; Takahashi, 2017). Although there is no direct evi-
dence clarifying the role of TRLs on EC senescence, a large
number of studies have demonstrated that they increase ROS
production (Shin et al., 2004; Wang ¢ al., 2008), inflammation
(Norata et al., 2006; Rajamani e al, 2019) and apoptosis
(Kawasaki et al., 2000; Shin et al., 2004) in ECs, supporting a
pro-senescence role of TRLs on ECs indirectly.

It is noteworthy that diverse FAs containing TRLs have dis-
tinct effects on EC function. For example, TRLs isolated from
the blood following a high saturated fatty acids (SFAs) content
meal promoted inflammation and ROS production in ECs,
while a meal containing high monounsaturated fatty acids
(MUFAs) and polyunsaturated fatty acids (PUFAs), especially
n-3 PUFA eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), exerted the opposite effects (Mishra,
Chaudhary & Sethi, 2004; Wan e al., 2010; Latham Birt
et al., 2016). However, n-6 PUFA linoleic acid (LA), a major
product of TRLs, could be oxidized into various oxidized frac-
tions that promoted EC inflammation (Wang et al., 2009).
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Palmitate, the most abundant SFA in humans, has been
reported remarkably to promote EC senescence through
activation of protein kinase R (PKR) and the downstream
c-Jun N-terminal kinase (JNK), which resulted in decreased
activity of silent information regulator 1 (SIRT1)
(Li et al., 2018a). Consistently, Liao et al. (2017) reported that
EC senescence was induced by palmitate combined with high
glucose, leading to increased ROS production, mitochon-
drial dysfunction and apoptosis, which was associated with
activation of the protein kinase B (AKT) pathway. The
AMPK signalling pathway is also involved in palmitate and
high glucose-induced EC senescence (Wang et al., 2020).
There is relatively limited evidence about the effects of n-6
PUFA LA on EC senescence, although LA does induce EC
senescence through inhibition of autophagy uia the JNK
pathway (Lee et al., 2015). These studies suggest that SFAs
and n-6 PUFA may exert a pro-senescence effect on ECs.

A randomized controlled trial from CORDIOPREV
reported that a Mediterranean diet enriched in MUFAs
restored EC dysfunction in patients with coronary artery dis-
ease (CAD), accompanied by decreased ROS production,
cellular senescence and apoptosis in ECs (Yubero-Serrano
et al., 2020). The decreased ROS production accompanying
a Mediterranean diet protected against telomere shortening
in ECs, which prevented cellular senescence and apoptosis
(Marin e al., 2012). There is increasing evidence for an
anti-senescence role of EPA and DHA on ECs. A study from
rats demonstrated that ingestion of EPA and DHA
attenuated the pro-senescence, pro-inflammatory and pro-
thrombotic effects of microvesicles from cultured rat spleen-
derived leukocytes on ECs (Qureshi et al., 2020). Another
i vitro study supported these results, showing that either
EPA or DHA attenuated hydrogen peroxide (HoOo)-
induced DNA damage, ROS production and cellular
senescence in ECs through enhancing the Nrf2-mediated
antioxidant response (Sakai ¢t al., 2017). However, the anti-
senescence effects of EPA and DHA on ECs were not
observed after blocking VOAM-1 expression, suggesting that
the anti-senescence role of EPA and DHA may be ascribed to
anti-inflammatory effects (Belcastro et al., 2021). In addition,
DHA prevented tumour necrosis factor alpha (TNF-
o)-induced EC dysfunction and senescence, supported by a
decrease in SA-B-gal-positive cells and expression of some
genes related to pro-thrombotic and pro-inflammatory
effects (Yamagata ¢t al., 2016). Therefore, it is reasonable to
speculate that the beneficial effects of a Mediterranean diet
or n-3 PUFA-enriched diet on atherosclerosis may be partly
due to their anti-senescence properties on ECs (Fig. 3).

(4) HDL and apolipoprotein A-1 (apoA-1)-induced
EC senescence

Although compelling evidence has demonstrated inverse
associations between HDL cholesterol level and cardiovascu-
lar outcomes, therapeutic interventions that increase HDL
cholesterol level such as cholesteryl ester transfer protein
(CETP) inhibitors, have not been shown to reduce the risk
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Fig. 3. Cellular senescence of various types of cells induced by triglyceride-rich lipoproteins (TRLs). TRLs and their hydrolysed
products remnant-like lipoproteins (RLPs) and fatty acids (FAs), influence various types of cellular senescence in atherosclerosis.
RLPs, palmitate and linoleic acid (LLA) promote senescence of these cells, while eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) exert anti-senescence properties in atherosclerosis. AKT, protein kinase B; AMPK, adenosine monophosphate-
activated protein kinase; BMP-2, bone morphogenetic protein 2; ECs, endothelial cells; EPCs, endothelial progenitor cells;
ERK1/2, extracellular regulated protein kinase 1/2; hTERT, human telomerase reverse transcriptase; JNK, c-Jun N-terminal
kinase; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor kappa-B; NOX, NADPH oxidase; PGC-1a, peroxisome
proliferator-activated receptor coactivatorl-a; PKC, protein kinase C; PKR, protein kinase R; ROS, reactive oxygen species; SA-
f-gal, senescence-associated p-galactosidase; SIRT1, silent information regulator 1; TGF-f, transforming growth factor p; TLR4,
toll-like receptor 4; VSMGs, vascular smooth muscle cells; Wnt, wingless.

of cardiovascular events (Barter et al., 2007; Lincoff ¢t al., 2017).
These observations led to the hypothesis that the atheroprotec-
tive role of HDL may be dependent on its function rather than
on its cholesterol content (Rosenson et al., 2016). It has been
demonstrated that impaired HDL function such as low choles-
terol efflux capacity, low levels of apoA-1 and sphingosine-
1-phosphate in HDL, and the presence of pro-inflammatory
and pro-oxidant particles in HDL, were associated with a
higher risk of acute coronary syndrome (Soria-Florido
et al., 2020). Additionally, probucol has been shown to reduce
the development of atherosclerosis in rabbits by improving
HDL function, although it reduces HDL cholesterol level
(Zhong et al., 2011). This evidence suggests that improving or
maintaining the function of HDL may be more protective
against atherosclerosis than elevating HDL cholesterol level.
The beneficial effects of HDL on ameliorating endothelial
dysfunction through its anti-oxidation, anti-inflammation and
anti-apoptosis properties have been demonstrated (Rosenson
et al., 2016). However, dysfunctional HDL caused by some car-
diovascular risk factors, such as diabetes (Morgantini et al., 2011)
and cigarette smoking (He, Zhao & Peng, 2013), or by post-
translation modifications of apoA-1 including oxidation,

nitration and glycation (Ferretti ¢t al., 2006; Park e al., 2010),
can impair or abolish its protective role on atherosclerosis, or
even result in completely opposite effects. Advanced glycation
end products are a key feature in diabetic patients with prema-
ture atherosclerosis (de la Cruz-Ares et al., 2020), and are associ-
ated with increased mortality of CAD (Kilhovd et al., 2005).
Intriguingly, it was found that HDL had an anti-senescence
effect on ECs, while reconstituted HDL containing the glycated
apoA-1 had the opposite effect (Park et al., 2016). Considering
the close relationship of oxidation, inflammation and apoptosis
with EC senescence as discussed above, it is plausible to conjec-
ture that HDL may have an anti-senescence role on ECs, while
dysfunctional HDL may have the opposite role.

III. EVIDENCE AND MECHANISMS OF
DYSLIPIDEMIA-INDUCED EPC SENESCENCE
IN ATHEROSCLEROSIS

Table 2 provides an overview of the factors involved in
dyslipidemia-induced EPC senescence.
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Table 2. Factors involved in dyslipidemia-induced endothelial progenitor cell (EPC) senescence

Factors Functions Mechanisms
Oxidized LDL Decreased tube formation and adhesion Downregulated E-selectin and integrin (Di Santo
et al., 2008)
Impaired telomerase activity and proliferation PISK/AKT/ERK (Ming ¢t al., 2016)
Impaired telomerase activity; increased ROS AKT/hTERT (Lai & Liu, 2015)
Carbamylated Increased genomic damage and impaired proliferation Downregulated YH2AX (Carracedo et al., 2011)
LDL
Electronegative Impaired telomerase activity and differentiation AKT (Tang et al., 2008)
LDL
RLPs Decreased proliferation, adhesion, migration and telomerase  Inhibited AKT and hTERT (Liu et al., 2009a; Yang
activity etal., 2011)
HG and FAs Impaired angiogenesis PGC-1a/ SIRT1/p53/p21 (Song et al., 2017a)
Low HDL Increased tube formation and anti-senescence Activated PISK/AKT/eNOS (Huang et al., 2012)
High HDL Decreased tube formation and pro-senescence Inhibited PI3K/AKT/eNOS (Huang et al., 2012)

AKT, protein kinase B; eNOS, endothelial nitric oxide synthase; ERK, extracellular regulated 1{)rotcin kinase; FAs, fatty acid; YH2AX, phos-

]Ehorylaled histone protein H2AX; HDL, high-density lipoprotein; HG, high glucose; hTE
oprotein; PGC-1la, peroxisome proliferator-activated receptor coactivatorl-a; PISK, phosphatidylinositol 3-kinase;
ipoprotein; ROS, reactive oxygen species; SIRT1, silent information regulator 1.

DL, low-density li
RLPs, rcmnant-hkell:)'

(1) EPC senescence in atherosclerosis

EPCs are mononuclear cells derived from bone marrow and
other tissues, and express some cell surface markers including
CD34, vascular endothelial growth factor receptor-2
(VEGF-2, also named KDR) and CD133 (Fadini et al., 2008;
Liu et al., 2009b). They are crucial for maintaining the dynamic
equilibrium between EC loss and regeneration, playing a piv-
otal role in vascular repair (Zampetaki et al., 2008). Endothe-
lium damage triggers the migration of EPCs to the injury sites
where they differentiate into mature ECs and help to repair
the vasculature. EPCs play a prominent role in atherosclerotic
diseases; a reduced number and dysfunction of EPCs can be
biomarkers and predictors for atherosclerosis (Schmidt-Lucke
et al., 2005; Keymel et al., 2008). It has been demonstrated that
patients with CAD have alower number and activity of circulat-
ing CD34"KDR™ EPCs, which manifests as an impaired
migratory response and vascularization. Furthermore, the num-
ber and migratory ability of EPCs in CAD patients was
inversely correlated with cardiovascular risk factors, such as
hypertension, diabetes and LDL-cholesterol level (Vasa
et al., 2001). EPC senescence is accelerated in atherosclerosis
(Vemparala ¢t al., 2013) and can be induced by various athero-
sclerotic risk factors, such as hyperlipidemia (Imanishi
et al., 2004; Tang et al., 2008; Liu et al., 2009a; Carracedo
et al., 2011), hyperglycemia (Kuki e al., 2006) and advanced
age (Thum et al., 2007). We have previously summarized the
evidence for EPC senescence caused by various atherosclerotic
risk factors, which was co-modulated by p16 and telomerase
(Yang, Liu & Zheng, 2008).

(2) LDL-induced EPC senescence

It is well recognized that oxidized LDL impairs EPC func-
tion, with the evidence indicating decreased capacity for tube
formation, proliferation, migration, adhesion and nitric

T, human telomerase reverse transcriptase;

oxide (NO) generation (Ma et al., 2006; Wu et al., 2009; Ji
et al., 2015; Qian et al., 2019; Shih e al., 2019). LOX-1,
instead of the scavenger receptor class B type 1 (SR-B1) or
scavenger receptor class A (SR-A), was the main scavenger
receptor responsible for the uptake of oxidized LDL (Shih
et al., 2019). During this process, EPC dysfunction was
related to increased inflammation and apoptosis together
with impaired endothelial nitric oxide synthase (eNOS)
expression, NO production and autophagy (Ma et al., 2006;
Wu et al., 2009; Zhi et al., 2016; Qian et al., 2019). Recently,
growing evidence has demonstrated that oxidized LDL
accelerates EPC senescence, which contributes to EPC dys-
function (Imanishi e al, 2004; Lai & Liu, 2015; Lu
et al., 2015; Ming et al., 2016). Di Santo et al. (2008) reported
that oxidized LDL diminished the angiogenic potential of
EPCs, which was associated with reduced levels of E-selectin
and integrin avp5. As mentioned above, telomerase played
an important role in EPC senescence. In oxidized LDL-
induced EPC senescence, telomerase activity was found to
be impaired, which may be associated with ROS-dependent
inhibition of AKT/hTERT phosphorylation (Lai &
Liu, 2015; Lu et al., 2015). In addition, phosphatidylinositol
3-kinase (PI3K)/AKT, a key signalling pathway that regu-
lates cellular senescence, was involved in oxidized LDL-
induced EPC senescence (Lai & Liu, 2015; Ming et al., 2016).

There has been limited evidence about the role of electro-
negative LDL on EPCs. Among patients with cigarette smok-
ing, EPCs are reduced in number and functional activities,
which may partly explain why cigarette smoking clearly
increased the risk of atherosclerosis (Michaud e al., 2006).
However, the specific mechanisms by which smoking affects
EPC function remain unclear. Recently, Tang et al. (2008)
found that the content of electronegative LDL was higher
in cigarette smokers than in non-smoking subjects and signif-
icantly promoted EPC senescence and apoptosis, leading to
impaired differentiation capacity and telomerase activity.
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This may shed light on the pro-atherosclerotic mechanisms
of cigarette smoking by focusing on the effects of specific
modifications of LDL, such as electronegative LDL, on
EPC senescence.

It has been demonstrated that carbamylated LDL level
was increased in patients with chronic kidney disease
(CKD), which accelerated atherosclerosis in CKD patients
(Ok et al., 2005). Interestingly, Carracedo et al. (2011)
reported that carbamylated LDL triggered genomic damage,
increased oxidative stress and decreased the proliferation and
angiogenesis capacities of EPCs, resulting in EPC senes-
cence. The underlying mechanism may be related to the
downregulation of YH2AX. Moreover, the injury to EPCs
induced by carbamylated LDL was comparable to that of
oxidized LDL, indicating that carbamylated LDL-induced
EPC senescence is likely to contribute to the increased mor-
tality of atherosclerosis seen in CKD patients. The results
suggest that specific modifications of LDL, such as carbamy-
lation, can accelerate EPC senescence and contribute to ath-
erosclerosis (Fig. 2).

(3) EPC senescence induced by TRLs and FAs

As mentioned above, RLPs are hydrolysed from TRLs and
are thought to be as atherogenic as LDL (Fujioka &
Ishikawa, 2009). An elevated plasma level of RLP cholesterol
is closely related to CAD and is an independent predictor for
CAD risk especially in postprandial state (Imke ez al., 2005;
Xiang et al., 2020b), but the underlying mechanisms remain
elusive. We have previously identified that RLPs increased
the number of SA-B-gal positive EPCs, accompanied by a
decreased capacity for proliferation, adhesion and migration,
indicating that RLPs accelerated EPC senescence (Liu
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et al., 2009a). Further exploration revealed that RLPs
resulted in increased ROS production, leading to inhibition
of AKT and h"TERT phosphorylation, thus suppressing telo-
merase activity and accelerating EPC senescence (Yang
et al., 2011). These studies suggest that RLPs play a pivotal
role linking EPC senescence and atherosclerosis.

Very few studies have focused on the role of FAs on EPC
senescence. Song e al. (2017a) demonstrated that exposure
of EPCs to a diabetes-mimicking stimulus that contained
high glucose and FAs promoted cellular senescence and com-
promised angiogenesis ability in EPCs. Meanwhile, the
expression of peroxisome proliferator-activated receptor
coactivatorl-a (PGC-la) was upregulated, with the activa-
tion of the downstream SIRT1/p53/p21 pathway. Deletion
of PGC-la attenuated the pro-senescence phenotype in
EPCs, indicating that PGC-1a was a negative regulator of
EPC senescence in diabetes. However, EPA and DHA were
found to alleviate the tube formation and cell migration of
EPCs under high-glucose conditions, indicating a protective
role of EPA and DHA on EPC senescence (Chiu
et al., 2014, 2017). Future research should investigate the
effects of different species of FAs on EPC senescence (Fig. 3).

(4) HDL-induced EPC senescence

It 1s known that HDL reinforces endothelial repair ability
through increasing the number and functional activities of
EPCs with elevated NO production and angiogenesis
through the PISK/AKT pathway (Tso et al., 2006; Noor
etal.,2007; Sumi et al., 2007). Hence, we previously proposed
that HDL could prevent or slow down EPC senescence by
increasing NO production and enhancing PISK/AKT-
mediated telomerase activity (Pu & Liu, 2008). Intriguingly,

Table 3. Factors involved in dyslipidemia-induced vascular smooth muscle cell (VSMC) senescence

Factors Functions Mechanisms
Oxidized LDL Increased SA-B-gal activity and ROS p53/p21 and p16 (Zhu et al., 2019)
DNA damage SIRT1/NBS1 (Gorenne ¢t al., 2013)
Impaired proliferation; increased p16 and p21 mTOR/ULKI1/ATG13 (Luo et al., 2017)
Pro-calcification CAG/TGF- (Yan et al., 2011)
TLR4/NF-xB (Song et al., 2017b)
p38 MAPK (Liao et al., 2013)
PISK/AKT and ERK1/2 (Tang et al., 2015)
FKN/CX3CRI1 (Yang ¢t al., 2020)
Lp () Pro-calcification Increased ALP activity (Sun et al., 2002)
Palmitate Increased inflammation; telomerase damage p38 MAPK, JNK and ERK1/2 (Grootaert ¢t al., 2021)
Palmitate Pro-calcification ROS-dependent ERK1/2 (Brodeur et al., 2013)
TGF-p, BMP-2, PKC, NF-xB (Son ¢t al., 2020)
EPA Anti-calcification NOX (Nakamura et al., 2017)

Wnt (Saito et al., 2017)

AKT, protein kinase B; ALP, alkaline (E)hospllgaiase; ?{TGI& autoph
motif chemokine receptor 1;

glycosaminoglycan; CX3CR1, C-X3-
kinase 1/2; lé [g N, Fractalkine; JNK, c-Jun N-terminal kinase;
rotein kinase; mTOR

, mammalian target of rapamycin; NBS1, Nijmegen Brea
ADPH oxidase; PI3SK, phosphatidylinositol 3-kinase; PKC, protein kinase C;

aﬁ%-relqted protein 13; BMP-2, bone morphogenetic protein 2; CAG,

A, eicosapentaenoic acid; ERK1/2, extracellular regulated protein

L, low-density liioprotein; Lp(a), lipﬁ%rotein(a) ; MAPK, mitogen-activated
1; NF-

age Syndrome- kB, nuclear factor ka{)pa-B; NOX,
kOS, reactive oxygen species; SA-p-gal, senescence-

associated ﬁ-§alactosidase; SIRTTI, silent information regulator 1; TGF-B, transforming growth factor f; TLR4, toll-like receptor 4;
c-

ULKI1, Unc-51 like autophagy activating kinase 1; Wnt, wingless.
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a novel role of HDL on EPC function was reported showing
that HDL reversed oxidized LDL-induced EPC viability loss
and cytotoxicity in a dose-dependent manner (Huang
et al., 2012; Shih et al., 2019). However, when EPCs were
incubated with HDL under oxidized LDL-free conditions,
the results seemed paradoxical. On the one hand, low con-
centrations of HDL (5-50 pg/ml) enhanced tube formation
in EPCs through the activation of the PISK/AKT/eNOS
pathway. On the other hand, HDL at high concentrations
(400-800 pg/ml) accelerated EPC  senescence with
decreased tube formation wvia activating the Rho-associated
kinase (ROCK) pathway but inhibiting the PISK/AKT/
eNOS pathway (Huang e al., 2012). The loss of a protective
role of HDL at high concentrations may partly explain why
elevation of HDL has failed to produce clinical benefits.

IV. EVIDENCE AND MECHANISMS OF
DYSLIPIDEMIA-INDUCED VSMC SENESCENCE
IN ATHEROSCLEROSIS

Table 3 provides an overview of the factors involved in
dyslipidemia-induced VSMC senescence.

(1) VSMC senescence in atherosclerosis

VSMC s, residing in the vasculature media, are critical for
maintaining vascular homeostasis through regulating vessel
contraction and relaxation, and producing the extracellular
matrix (ECM) (Basatemur ¢ al., 2019). In healthy arteries, a
phenotype of contractile VSMCs is often present, with
expression of a variety of contractile proteins [including
a-smooth muscle actin (@-SMA), smooth muscle 22 «
(SM22a), and smooth muscle myosin heavy chain
(SMMHC)] and secretion of ECM components including
collagen, elastin and proteoglycan. When confronted with
vascular injury, VSMUCs convert to a high-proliferation syn-
thetic phenotype with decreased oa-SMA and SM22a, but
increased ECM, osteopontin (OPN) and inflammatory cyto-
kines, facilitating their migration to the subendothelium
(Basatemur ¢ al., 2019). VSMC proliferation is beneficial to
a certain extent in atherosclerosis through the formation of
the fibrous cap that stabilizes plaques. However, in some
advanced atherosclerotic plaques, senescent VSMCis are pre-
sent with poor proliferation, which promotes the pathogene-
sis of atherosclerosis and plaque vulnerability (Bennett
et al., 1998). Bennett et al. (1998) were the first to describe that
VSMCs from human atherosclerotic plaques undergo pre-
mature senescence. Subsequently, accumulating evidence
indicated the presence of senescent VSMCs in atheroscle-
rotic lesions, contributing to the progression of atherosclero-
sis and plaque destabilization (Minamino ¢ al., 2003; Wang
etal., 2015). It is widely accepted that senescent VSMCs pos-
sess an impaired capacity for plaque repair and fibrous cap
stabilization, resulting in plaque instability. Further studies
on the mechanisms involved revealed that senescent VSMCs
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promote plaque destabilization through the secretion of
SASP mediators, exacerbating vascular inflammation and
upregulating MMPs, which promote the degradation of elas-
tic fibres and reduce fibrous cap thickness (Gardner
et al., 2015; Grootaert et al., 2021). Thus, VSMC senescence
plays a crucial role in atherosclerosis.

Recently, it has become clear that VSMCs are able to
adopt a spectrum of phenotypes including calcific, macro-
phagic and adipogenic phenotypes during atherosclerosis.
Overwhelming evidence demonstrated that senescent
VSMCs acquire an ‘osteoblast-like’ phenotype, manifested
by increased expression of several osteoblastic markers
including runt-related transcription factor 2 (RUNX-2),
alkaline phosphatase (ALP), OPN, osteoprotegerin (OPG),
and bone morphogenetic protein 2 (BMP-2) (Nakano-
Kurimoto ¢t al., 2009; Burton, Matsubara & Ikeda, 2010;
Liu et al., 2013). The osteoblastic secretory phenotype of
VSMCs shows increased susceptibility to plaque calcifica-
tion, thus contributing to plaque vulnerability (Hofmann
Bowman et al., 2011; Cai e al., 2016).

(2) Oxidized LDL-induced VSMC senescence and

calcification

It has been shown that excessive intake of oxidized LDL by
VSCMs via LOX-1, CD36 and toll-like receptors (TLRs) is
closely linked to atherosclerosis (Kataoka et al., 2001; Kiyan
et al., 2014). Since a number of studies have confirmed the
role of VSMC senescence in atherosclerosis, the relationship
between LDL or oxidized LDL and VSMCs has attracted
much attention. Hutchinson-Gilford progeria syndrome, a
genetic disease usually accompanied by abnormal accumula-
tion of progerin protein, accelerates atherogenesis
(Hamczyk, del Gampo & Andres, 2018a). Increased LDL
retention and accelerated atherosclerosis were reported in a
progerin-induced atherosclerosis murine model with either
ubiquitous or VSMOC-specific progerin overexpression, sug-
gesting a close relationship between atherosclerosis and
LDL-induced VSMC senescence (Hamczyk et al., 2018b). A
study using atherosclerosis-prone apolipoprotein E (apoL)-
knockout mice indicated that a high-cholesterol diet signifi-
cantly induced the progression and vulnerability of athero-
sclerotic plaques (Zhu et al, 2019). Further wm witro
experiments found that oxidized LDL promoted VSMC
senescence, accompanied by increased mitochondrial ROS
production and activation of downstream p53/p21 and
pl6 pathways. Clearance of ROS markedly reversed oxi-
dized LDL-induced VSMU senescence, suggesting that oxi-
dative stress may play an important role in this process
(Zhu et al., 2019). It also has been reported that DNA damage
was increased in VSMUG:s derived from atherosclerotic vessels
and in oxidized LDL-incubated VSMCs, leading to the
decreased expression of the anti-senescence protein SIRT1
and a downstream repair protein Nijmegen breakage
syndrome-1 (NBS1), which resulted in reduced fibrous cap
thickness and plaque vulnerability (Gorenne ¢t al., 2013).
Inhibition of SIRTI in genetic apoE-knockout mice
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aggravated oxidized LDL-induced DNA damage and senes-
cence in VSMCs (Gorenne ¢ al., 2013). These studies sup-
port a crucial role of VSMC senescence in atherosclerosis,
in which oxidative stress and DNA damage may be involved.

Recently, an interesting crosstalk between VSMC autophagy
and senescence in atherosclerosis has been delineated
(Grootaert ¢t al., 2018). When VSMCs were challenged by toxic
stressors, autophagy-related pathways were activated as an
adaptive response to help VSMCs overcome these deleterious
msults and remove impaired cells (Martinet ez al., 2008). None-
theless, defective autophagy m VSMCs results both in
decreased cell proliferation rate and also increased cell death,
contributing  to  atherosclerosis  progression  (Osonoi
et al., 2018). It has been shown that moderate activation of
autophagy suppressed VSMC senescence, while defective
autophagy accelerated their senescence (Salabei & Hill, 2013).
Ding et al. (2013) reported that exposure of VSMCs to modest
concentrations of oxidized LDL enhanced autophagy, whereas
exposure to high concentrations impaired autophagy. How-
ever, activation of autophagy by rapamycin markedly inhibited
oxidized LDL-induced VSMC senescence through downregu-
lation of mammalian target of rapamycin (mMTOR) and upregu-
lation of downstream Unc-51-like autophagy activating kinase
1 (ULK1) and autophagy-related protein 13 (ATG13) (Luo
et al., 2017). Accordingly, successful autophagy is crucial in pro-
tecting against oxidized LDL-induced VSMC senescence in
atherosclerosis.

Growing evidence indicates that oxidized LDL promotes
VSMC calcification. Yan et al. (2011) reported that oxidized
LDL increased ALP activity and accelerated mineralization
in VSMCs through promoting decorin glycosaminoglycan
(CAG) chain biosynthesis and triggering the transforming
growth factor f (T'GF-f) signalling pathway. Song ¢t al. (2017-
b) showed that the TLR4/nuclear factor kappa-B (NF-kB)
signalling pathway played a critical role in oxidized LDL-
induced VSMC calcification. In addition, signalling path-
ways of p38 mitogen-activated protein kinase (MAPK)
(Liao et al., 2013), PI3BK/AKT (Tang et al., 2015), extracellu-
lar regulated protein kinase 1/2 (ERKI1/2) (Tang
et al., 2015), and Fractalkine (FKIN)/C-X3-C motif chemo-
kine receptor 1 (CX3CR1) (Yang et al., 2020) were activated
in oxidized LDL-induced VSMC calcification, while autop-
hagy was inhibited (Liao et al., 2018). Most interestingly,
incubation of VSMCs with lipoprotein(a) [Lp(a)], which con-
sists of apolipoprotein(a) and a LDL-like particle, showed
increased ALP activity and calcium accumulation (Sun
et al., 2002). All these studies suggest that VSMC calcifica-
tion, as a phenotype of VSMUC senescence, can be induced
by oxidized LDL or Lp(a), and hence promote atherosclero-
sis (Fig. 2).

(3) VSMC senescence induced by TRLs and FAs

Unlike the well-investigated roles of TRLs on ECs, there is
little known about the effects of TRLs on VSMCis. It has been
demonstrated that CM remnants, rather than CM itself] sig-
nificantly increase monocyte chemotactic protein (MCP-1)
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expression in VSMCs in a p38 MAPK-dependent manner,
suggesting a pro-atherogenic role of CM remnants through
pro-inflammatory effects (Domoto et al., 2003). Another
study revealed that in addition to increasing the expression
of pro-inflammatory cytokines, CM remnants also induced
the expression of early growth response factor-1 through
the ERK/MAPK kinase pathway, which contributed to the
atherosclerotic process (Takahashi ¢t al., 2005). Nevertheless,
a few studies have implicated TRLs and RLPs in the promo-
tion of VSMC proliferation (Kawakami ez al., 2003; Bermu-
dez et al., 2008), which may be associated with protein
kinase C (PKC)-dependent activation of epidermal growth
factor receptor (Kawakami et al., 2003). Unfortunately, there
is no direct evidence about the role of TRLs on VSMC senes-
cence. On the one hand, TRLs promote inflammation in
VSMCs, which seems to accelerate cellular senescence. On
the other hand, TRLs promote VSMC proliferation, leading
to the opposite phenotype of senescence. Hence, it remains
unclear how TRLs influence VSMC senescence and further
investigations are needed.

There 1s limited evidence regarding the role of FAs on
VSMC senescence. It has been reported that VSMC senes-
cence was accelerated in human atherosclerotic plaques or
by palmitate incubation, accompanied by a decrease in the
anti-senescence protein SIRT6 (Grootaert et al., 2021).
The p38 and JNK pathways were activated in this process,
while ERK1/2 was inhibited (Grootaert et al., 2021). Over-
expression of SIRT6 in VSMCs alleviated cellular senes-
cence and inflammation both @ w0 and i witro, and
inhibited the development of atherosclerosis wm wivo
(Grootaert et al., 2021). A few studies have focused on the
role of palmitate on VSMC calcification (Brodeur
et al., 2013; Son et al., 2020). Brodeur ¢t al. (2013) demon-
strated that palmitate promoted VSMOC calcification
through increased ROS production and subsequently led
to the phosphorylation of ERK1/2. The TGF-p, BMP-2,
PKC, and NF-B signalling pathways were also involved in
palmitate-induced VSMC calcification (Son et al., 2020).
However, VSMC calcification induced by palmitate could
be prevented by EPA, which was associated with inhibition
of NF-xB and long-chain acyl-CoA synthetase 3 (ACSL3)
(Kageyama et al., 2013). Moreover, EPA decreased NADPH
oxidase (NOX) expression and inhibited the wingless (Wnt)
signalling pathway in a genetic vascular calcification mouse
model, which resulted in the alleviation of VSMC and
vascular calcification (Nakamura e al, 2017; Saito
et al., 2017). Adipose triglyceride lipase (ATGL) is a major
lipase that initiates triglyceride mobilization in both adipo-
cytes and non-adipocyte cells (Smirnova et al., 2006). It has
been reported that VSMCs from ATGL-deficient mice
showed elevated triglyceride content and aggravated cellu-
lar senescence (Lin et al., 2013). However, it was uncertain
whether increased triglyceride or its hydrolysates caused
the senescence phenotype of VSMCs from ATGL-mice.
Based on these studies, it appears that saturated FAs acceler-
ate VSMC senescence while n-3 PUFA, especially EPA
exert the opposite effects (Fig. 3).

Biological Reviews 97 (2022) 1844-1867 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical

Society.



1856

V. EVIDENCE AND MECHANISMS OF
DYSLIPIDEMIA-INDUCED MACROPHAGE
SENESCENCE IN ATHEROSCLEROSIS

Table 4 provides an overview of the factors involved in
dyslipidemia-induced macrophage senescence.

(1) Potential relationship between macrophage-
induced inflammation and cellular senescence

It is accepted that dyslipidemia and chronic inflammation
caused by the immune response are the two major mechanisms
involved in atherosclerosis (Weber & Noels, 2011). The interac-
tion between lipids and immune cells is a main cause of chronic
inflammation in the arterial wall during atherogenesis. The
retention of oxidized LDL in the vascular mfima triggers the
secretion of monocyte recruitment factors by ECs, which drives
the infiltration and activation of immune cells. The activated
monocytes mediate the internalization of oxidized LDL via sev-
eral scavenger receptors such as LOX-1, SR-A, SR-B1, CD36
and TLRs (D1 Pietro et al., 2016; Akhmedov et al., 2021) and
release a variety of inflammatory cytokines, leading to the for-
mation of macrophage-like foam cells (Bekkering ¢ al., 2014).
Recently, anti-inflammation strategies have shown significant
cardiovascular benefits in the Canakinumab Anti-inflammation
Thrombosis Outcomes Study (CANTOS) (Ridker ¢t al., 2017).
However, a similar attempt by the Cardiovascular Inflamma-
tion Reduction Trial (CIRT) reported negative results, but

Table 4. Factors involved in dyslipidemia-induced
macrophage senescence

Factors Functions Mechanisms
Oxidized  Reduced cell viability, MST1- mediated
LDL increased lipid autophagy (Cao
accumulation and etal., 2019)
upregulated p53 and p21  CKIP-1/REGy (Jia
et al., 2019; Li
etal., 2018)
Increased ROS Caveolin-1/NOX2
Increased ROS (Wang et al., 2018a)
Increased ROS and cell Lysosomal dysfunction
death (Ahmad &
Increased ROS and Leake, 2019)
apoptosis MEK1/ERK/NOX4
(Lee et al., 2010)
Inhibited autophagy
(Liu et al., 2016)
Increased inflammation ERK/MAPK/TLR4
(Youk et al., 2021)
Palmitate  Increased inflammation ERK/MAPK/TLR4

(Youk et al., 2021)

CKIP-1, casein kinase 2-interacting protein-1; ERK, extracellular
regulated protein kinase; LDL, low-density lipoprotein; MAPK,
mitogen-activated protein kinase; MEK]1, mitogen-activated pro-
tein gi(in.alse 1; Mé)Tl, mammalian ste20-like kinase 1; NOX,
NADPH oxidase; REGy, 118 regulatory particles, 28 kDa protea-
some activator, proteasome activator subunit 3; ROS, reactive oxy-
gen species; TLE4, toll-like receptor 4.
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encouraged further exploration of the mechanistic diversity of
inflammatory pathways in atherosclerosis (Ridker et al., 2019).
These trials provided promising therapeutic anti-inflammation
targets for the treatment of atherosclerosis, yet clarification of
the detailed mechanisms remains limited. Hence, strategies tar-
geting upstream effectors of inflammation may be a potential
solution. It has been proposed that cellular senescence is a crit-
ical upstream source of inflammatory factors and a strong path-
ogenetic cause for atherosclerosis (Stojanovic et al, 2020).
Although inflammatory factors can be derived from various
types of cells in atherosclerosis, immune cells are the most
significant.

(2) Oxidized LDL-induced macrophage senescence

Acrecent study identified that senescent macrophages are pre-
sent in atherosclerotic lesions and play a critical role at all
stages of atherosclerosis (Childs ¢f al., 2016). Additionally, a
number of studies have demonstrated that oxidized LDL
induces macrophage senescence, manifested by increased
activity of SA-B-gal, impaired cell survival, enhanced lipid
accumulation, aggravated inflammation, and upregulated
expression of senescence-related proteins such as p33, p21
and pl6 (Li et al., 2018; Wang et al, 2018a; Ahmad &
Leake, 2019; Jia et al., 2019). It has been reported that exces-
sive LDL internalized by macrophages could be oxidized in
lysosomes, leading to an altered lysosomal pH, which in turn
induces macrophage senescence as well as increased ROS
production and secretion of inflammatory cytokines. Inhibi-
tion of LDL oxidation in lysosomes significantly restored cel-
lular senescence in macrophages (Ahmad & Leake, 2019).
Wang et al. (2018a) reported that incubation of macrophages
with oxidized LDL increased caveolin-1 expression and the
latter upregulated the level of the NADPH oxidase NOX2,
which promoted cellular senescence. Lee ez al. (2010) found
that the enhanced production of intracellular ROS induced
by oxidized LDL promoted cell death in macrophages,
which contributed to the formation of necrotic cores and
the progression of atherosclerotic plaques. Another NADPH
oxidase, NOX4, was confirmed to be the key source of ROS
(Lee et al., 2010). These results suggest that oxidative stress
plays a vital role in oxidized LDL-induced macrophage
senescence.

Autophagy and apoptosis were also found to be involved
in oxidized LDL-induced macrophage senescence (Muller
et al., 2001; Liu et al, 2016; Cao et al, 2019; Zhou
et al., 2020). Oxidized LDL obviously induced apoptosis in
macrophages, as evidenced by an increased number of termi-
nal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labelling (TUNEL)-positive macrophages and upregu-
lated expression of the apoptosis-related proteins B-cell
lymphoma-2 (Bcl-2) associated X protein (Bax), Bcl-2 homol-
ogous antagonist/killer (Bak), caspase-9 and caspase-3. At
the same time, autophagy was significantly inhibited, as man-
ifested by decreased autophagosome formation and downre-
gulated expression of the autophagy markers Beclinl and
light chain 3 (LC3) (Zhang et al., 2016a). These results were
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further supported by Cao e al. (2019), who reported that
impaired autophagy induced by oxidized LDL resulted in
macrophage senescence. They also found that quercetin
reduced foam cell formation and delayed cellular senescence
partly through mammalian ste20-like kinase 1 (MST1)-
mediated autophagy activation. Similarly, Liu ¢ al. (2016)
demonstrated that suppressed autophagy induced by oxi-
dized LDL increased lipid accumulation and ROS produc-
tion in macrophages, which aggravated mitochondrial
dysfunction and apoptosis. These results imply that autop-
hagy and apoptosis play an important role in macrophage
senescence induced by oxidized LDL (Fig. 2).

(3) Macrophage senescence induced by TRLs
and FAs

It has been suggested that TRL uptake by monocytes leads to
lipid accumulation, which in turn augments foam cell forma-
tion and inflammation. In addition to the extensively studied
scavenger receptors SR-A; SR-B1 and CD36, other types of
receptors such as the apolipoprotein B48 receptor, VLDL
receptor, LDL receptor and LRP1 also mediate the internal-
ization of TRLs in macrophages (Botham & Wheeler-
Jones, 2013). Although there is no direct evidence regarding
the role of TRLs on macrophage senescence, numerous stud-
ies have revealed pro-inflammatory and pro-oxidant effects
on macrophages (Stollenwerk et al., 2005a,b; Persson,
Nilsson & Lindholm, 2006). Hence, it is likely that TRLs
may promote macrophage senescence. Only a few studies
have investigated the role of specific types of FAs carried in
TRLs on macrophages (Youk et al., 2021), as summarized
by Botham & Wheeler-Jones (2013) in a recent review.
Briefly, TRLs enriched in n-3 PUFA suppressed the secretion
of inflammatory cytokines by macrophages to a greater
extent than those from a control diet or a diet containing
more SFAs (De Pascale et al., 2009; Jinno et al., 2011). There
is no evidence regarding the effects of these specific FAs on
macrophage senescence, which deserves further explora-
tion (Fig. 3).

VI. EVIDENCE AND MECHANISMS OF
DYSLIPIDEMIA-INDUCED CELLULAR
SENESCENCE OF ADIPOSE TISSUE IN
ATHEROSCLEROSIS

(1) Senescent adipose tissue in non-elderly obese
individuals

Adipose tissue represents the largest energy reservoir in the
body, and is classified as subcutaneous white adipose tissue
(SWAT) or visceral white adipose tissue (VWAT) according to
anatomical site. In addition to its main function of storing
energy, there is growing recognition that WAT is a major endo-
crine organ that produces a variety of bioactive factors essential
for the maintenance of systemic metabolic homeostasis (Liu
et al., 2020). PVAT is a type of VWAT that surrounds the blood
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vessels. Recently, PVAT has been regarded as an active constit-
uent of the blood vessel walls involved in regulating vascular
homeostasis through the endocrine and paracrine effects of a
wide range of bioactive factors (Chatterjee e al., 2009; Qi
et al., 2018). Dramatic changes in WAT occur with advanced
age, manifested by a decline in sSWAT quantity and redistribu-
tion of WAT from sWAT to the visceral depots. These changes
lead to impaired fat-storage capacity in sSWA'T and increased
release of free FAs into circulation, which then overflow into vis-
ceral fat and organs, contributing to increased susceptibility to
metabolic disorders (Goodpaster e al, 2003; Tchkonia
et al., 2010).

However, increasing evidence has demonstrated that
senescent cells not only accumulate in WAT of elderly indi-
viduals, but also in that of young obese mice and humans
(Minamino et al., 2009; Roldan et al, 2011; Gustafson,
Nerstedt & Smith, 2019). Obesity is a major contributing fac-
tor for cellular senescence in WAT, which links metabolic
disorders and the aging process (Minamino et al., 2009;
Burton & Faragher, 2018; Gustafson et al., 2019). Excess
caloric intake is often accompanied by obesity, which results
in adipose tissue dysfunction and senescence, and leads to an
increased risk of metabolic disorders (Minamino et al., 2009).
AMSCs are multipotent preadipocytes residing in the WAT,
which can proliferate and differentiate into mature adipo-
cytes to maintain the normal functions of WAT. The accu-
mulation of senescent AMSCs in sSWAT is a leading cause
of the senescence and dysfunction of fat tissue, while clear-
ance of these senescent AMSCs not only protects against
age-associated disorders but also increases the healthy life-
span (Baker et al., 2011; Palmer et al, 2019). Senescent
AMSCs and WAT display impaired capacities in lipid
metabolism, insulin resistance and aberrant secretion of adi-
pocytokines (Liu et al., 2020). It can also interfere with the
normal function of distal tissues through SASP, participating
in atherogenesis (Pan et al., 2019; Schutz et al., 2019; Parvizi
et al., 2021).

(2) Effects of preadipocyte senescence on vascular
cells

The amounts and functions of sWAT deteriorate with
advanced age, related to the reduced proliferation and differ-
entiation capacities of preadipocytes (Li et al, 2021). A
decline in adipogenesis in sSWAT in obese humans has also
been associated with senescent preadipocytes (Gustafson
etal., 2019). It is recognized that preadipocytes in sSWAT pos-
sess a higher replication potential than those in vVWAT, and
are thus more vulnerable to cellular senescence (Van Harme-
len, Rohrig & Hauner, 2004; Tchkonia et al., 2005). A recent
study using single-cell RNA sequencing found that the adi-
pose precursor population was drastically decreased in aging
mice (Nguyen et al., 2021). Importantly, they detected a sub-
population of aging-dependent cells that emerged and accu-
mulated in SWAT with impaired differentiation capacity and
enhanced expression of pro-inflammatory factors, which
they named ‘aging-dependent regulatory cells (ARCs).
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These findings confirm the crucial role of preadipocyte senes-
cence on WAT dysfunction.

Another recent study demonstrated that senescent AMSCs
in WAT influenced the function and phenotypes of the main
types of vascular cells (Parvizi et al., 2021). In this study, a cul-
ture medium collected from senescent AMSCs in sSWAT was
used to incubate ECs, VSMCs, macrophages and AMSCs.
The results showed an inflammatory phenotype, declined
cell viability, impaired proliferation and migration, and dete-
riorated metabolic function in these cells. These maladaptive
changes support the hypothesis that senescent AMSCs may
contribute to the development of vascular diseases such as
atherosclerosis through paracrine effects on the cellular com-
ponents in blood vessels.

(3) TRL-induced AMSC senescence

As mentioned above, obesity is a crucial factor for WAT and
AMSC senescence (Minamino e al, 2009; Burton &
Faragher, 2018; Gustafson e al, 2019). Notably, diet-
induced obesity is often accompanied by postprandial
hypertriglyceridemia, leading to an increased number of
circulating TRLs (Tian et al, 2019). We have previously
demonstrated that postprandial TRL in subjects with a
high-calorie diet induced AMSC senescence with increased
inflammation and intercellular ROS (Xiang e al., 2020a).
During this process, SIRT1 was found to be significantly
decreased, which resulted in reduced deacetylation of p53
and subsequent increased expression of acetylated p53 and
downstream p21. In addition, SASP factors such as IL-1la,
IL-6 and MCP-1 were upregulated in TRL-incubated
AMSCs. These inflammatory cytokines released by AMSCs
are known to be involved in the development and progres-
sion of atherosclerosis (Wassmann et al, 2004; Chava
et al., 2009; Abe ¢t al., 2010; Ohman et al., 2010; Ghanbari
et al., 2021). Hence, we propose that AMSC senescence
induced by TRLs may contribute to atherogenesis through
increased SASP components.

VII. SENESCENCE-RELATED THERAPEUTIC
STRATEGIES FOR ATHEROSCLEROSIS

(1) Anti-atherosclerotic effects of promising
geroprotectors

A key initial finding on slowing aging was the observation
that caloric restriction (CR) in rodents had beneficial effects
on the lifespan (see McCay et al., 1975). Since then, accumu-
lating evidence has suggested that CR not only increases the
lifespan but also protects against age-associated disorders in
several species (Mattison et al., 2017; Pifferi et al., 2018).
There have been increasing efforts to understand the under-
lying mechanisms by which CR affects the aging process
(Campist et al., 2019). Since CR is related to the reduction
of nutrients, some promising pharmaceutical strategies for
delaying aging have focused on lowering the activity of the
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nutrition-sensing network. A recent detailed review summa-
rized a list of promising agents that are closest to clinical test-
ing (Partridge, Fuentealba & Kennedy, 2020). Here, we
highlight the anti-atherosclerotic effects of some of these
potential geroprotectors to shed a light on therapeutic strate-
gies for atherosclerosis.

Senolytics selectively target and kill senescent cells by
inducing apoptosis through regulating multiple apoptosis sig-
nalling pathways (Martel ¢t al., 2020). Clearance of senescent
cells by senolytics has showed great potential for delaying
aging and aging-related disorders in animal models
Xuetal.,2018). Quercetin, a plant flavonoid which is mainly
effective against senescent ECs through inhibition of the
Bcl-2 family, has been demonstrated to attenuate atheroscle-
rotic lesions zza modulating oxidized LDL-induced EC senes-
cence (Jiang et al, 2020). It also showed anti-senescence
effects on oxidized LDL-incubated macrophages and
VSMCs (Li et al., 2018; Cao et al., 2019; Kim et al., 2020).
However, quercetin is less effective on senescent preadipo-
cytes. Hence, a combination of quercetin plus dasatinib, a
senolytic which selectively remove senescent preadipocytes
through inhibiting multiple tyrosine kinases, has become a
promising strategy (Xu e al., 2018; Palmer et al., 2019). Inter-
mittent administration of quercetin plus dasatinib has been
shown to alleviate vasomotor dysfunction in aged and ath-
erosclerotic mice (Roos et al., 2016). In addition to these
two senolytics, fisetin has also been shown to have atheropro-
tective effects, manifested by reduced atherosclerotic plaque
and lipid accumulation (Yan e al, 2021). The ant-
atherosclerotic role of fisetin may be related to the ameliora-
tion of oxidized LDL-induced EC death, inflammation and
dysfunction (Patel ¢t al., 2019). It has also been demonstrated
that fisetin protected macrophages from oxidized LDL-
induced senescence and lipid accumulation (Jia et al., 2019).
However, although senolytics have shown promising results,
there remain some issues, such as disturbance of non-
senescent cells, uncertainty as to the best time of use, and
potential damage caused by the unremoved products of
killed senescent cells (Partridge et al., 2020). Future targeting
of senolytics to specific types of senescent cells may help to
overcome these issues.

NAD™ is a critical redox coenzyme and supplementation of
NAD™ has been shown to prolong lifespan and mitigate age-
related physiological decline in animals (Mills et al., 2016; Zhang
el al., 2016b). Since NAD* cannot be taken up directly by cells,
current strategies involve administration of its precursors,
among which nicotinamide riboside (NR) and nicotinamide
mononucleotide (NMN) have been investigated (Yoshino,
Baur & Imai, 2018). NMN supplementation dramatically
increased NAD™ level, accompanied by improvement of age-
related arterial dysfunction and attenuation of oxidative stress
in mice (de Picciotto et al., 2016). Further research revealed that
the protective role of NMN on vascular function was related to
anti-aging changes in the expression profile of miRNAs (Kiss
et al., 2019). Although NR can increase NAD™ levels and was
well tolerated in humans, no geroprotective effects have been
identified in humans so far.
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Sirtuins are NAD*-dependent deacylases and are impli-
cated in a wide range of physiological processes, one of which
is a protective role in age-related diseases, thus increasing the
healthspan and lifespan (Kane & Sinclair, 2018). There are
seven mammalian sirtuins, with SIRT1 (Gorenne
et al., 2013) and SIRT6 (Grootaert et al., 2021) investigated
with regard to protection against atherosclerosis. Expression
of SIRT1 and SIRT6 is decreased in atherosclerotic plaques,
while overexpression of SIRT1 or SIRT6 significantly atten-
uated oxidized LDL- or palmitate-induced VSMC senes-
cence and inhibited atherosclerosis (Gorenne et al.,, 2013;
Grootaert e al., 2021). In addition, SIRT'1 and SIRT6 also
alleviated senescence in ECs (Zu et al, 2010; Cardus
etal., 2013) and EPCs (Ming et al., 2016), suggesting a protec-
tive role in modulating atherosclerosis. Based on such evi-
dence, sirtuin-activating compounds (STACs), such as
resveratrol, SRT1720 and SRT2104 have been investigated
in some clinical trials (Dai e al., 2018). Although contradic-
tory results have been reported (Bonkowski &
Sinclair, 2016), these advances suggest a potential clinical
application for STACs and human clinical trials are cur-
rently in progress (Kane & Sinclair, 2018).

Metformin is an oral biguanide drug widely prescribed as a
first-line therapy for type 2 diabetes (Marshall, 2017). It has
been well established that metformin regulates a variety of met-
abolic processes including, but not limited to, lipid-lowering and
cardiovascular benefits (Kooy et al., 2009). It also plays a role in
mitigating aging processes and increased lifespan in Caenorhabdi-
s elegans (Onken & Driscoll, 2010). Consequently, it is not sur-
prising that metformin showed pleiotropic effects on
ameliorating  atherosclerosis  and senescence
(Forouzandeh et al., 2014). Mechanistically, the anti-senescence
role of metformin on ECs (Arunachalam ¢t al., 2014; Zhang
et al., 2015; Karnewar et al., 2018) has been widely studied. Fur-
ther investigations of the effects of this drug on the senescence of
other types of cells are urgently required.

mTOR inhibitors, especially rapamycin, have been dem-
onstrated to extend not only lifespan but also healthspan in
animal models (Partridge ¢ al., 2020). However, their roles
in atherosclerosis are complex. On the one hand, some
research supports an anti-atherosclerosis role, related to inhi-
bition of the inflammation response (At ¢t al., 2014), activa-
tion of autophagy (Wang e al., 2013) and promotion of
cholesterol efflux (Ma et al., 2007). On the other hand, dysli-
pidemia including increased total cholesterol, LDL choles-
terol and triglyceride, often occurred when utilizing mTOR
inhibitors; this is a main risk factor of atherosclerosis
(Kasiske et al., 2008; Kurdi, Martinet & De Meyer, 2018).
Nevertheless, mMTOR inhibitors ameliorated dyslipidemia-
induced senescence of ECs (Zhou et al., 2016) and VSMCs
(Luo et al., 2017), which was protective in atherosclerosis.
Taken together, these results suggest that mTOR inhibitors
have unique anti-atherosclerotic roles through multiple
mechanisms. Although there is a high incidence of the side
effect of dyslipidemia, the anti-atherosclerotic role of mMTOR
inhibitors may be associated with an anti-senescence effect,
which seems to be independent of changes in lipids.

vascular
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(2) Anti-senescence effects of current lipid-lowering
drugs

Currently available lipid-lowering drugs, especially statins
(Gong et al., 2014), represent the main medications for the
primary and secondary prevention of CAD due to their role
in cholesterol reduction (Istvan & Deisenhofer, 2001; Can-
non et al., 2004). However, results from some clinical trials
demonstrated that the benefits of statins were higher than
expected, and were independent of lipid-lowering effects
(Sever et al., 2003; Glynn et al.,, 2009; Oesterle, Laufs &
Liao, 2017). These lipid-lowering-independent pleotropic
effects included, among others, anti-inflammation, anti-oxi-
dation, anti-platelet-activation and improvement of EC
function (Oesterle et al., 2017). It has been demonstrated
that statins inhibited senescence of ECs (Gong et al., 2014;
Zhang et al., 2018), VSMCs (Mahmoudi et al., 2008;
Nakano-Kurimoto et al, 2009) and EPCs (Assmus
et al., 2003). The underlying mechanisms were involved in
the reduction of intracellular ROS (Gong et al., 2014), inhi-
bition of the inflammatory response (Dichtl ¢f al., 2003), res-
toration of mitochondrial dysfunction (Zhang et al., 2018),
increased SIRT1 and eNOS expression (Ota et al., 2010),
attenuation of DNA damage and telomere shortening
(Mahmoudi ¢t al., 2008), and regulation of cell cycle pro-
teins (Assmus ef al., 2003). This evidence implies that the
protective role of statins on atherosclerosis may partly relate
to inhibition of cellular senescence.

VIII. CONCLUSIONS

(1) Accumulating evidence suggests that dyslipidemia,
especially elevated LDL and its modified products, ele-
vated TRL and its hydrolysate, and dysfunctional HDL is
involved in the occurrence and development of atheroscle-
rosis. The contributory effects of cellular senescence to
atherosclerosis has received much interest due to common
causative stimuli and consequences.

(2) Dyslipidemia-induced EC senescence impairs the
endothelium barrier and facilitates lipid deposition, resulting
in EC dysfunction and atherosclerosis. The potential mecha-
nisms are involved not only in oxidative stress, but also in
inflammation, autophagy and some novel ncRNAs via sev-
eral classical signalling pathways. Nevertheless, n-3 PUFA
and functional HDL may provide new insights into athero-
sclerosis due to their anti-senescence effects on ECs.

(3) EPC senescence induced by various types of lipopro-
teins and FAs contributes to the pathogenic mechanisms of
atherosclerosis. Since a relatively small number of studies
have focused on specific FAs and HDL other than oxidized
LDL, further in-depth research is needed to clarify the
underlying molecular mechanisms.

(4) Dyslipidemia-induced VSMC senescence or calcifica-
tion leads to VSMC dysfunction and fibrous cap thinning,
which contributes to atherosclerotic plaque vulnerability.
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The effects of different types of FAs on VSMC senescence
need to be explored in future studies.

(5) Macrophage senescence induced by oxidized LDL also
has an important role in atherosclerosis. In addition to the
key link between dyslipidemia and inflammation that plays
a vital role in macrophage senescence, oxidative stress,
autophagy and apoptosis are also involved in this process.
Further studies investigating the role of TRLs and the main
types of FAs carried in TRLs on macrophage senescence
are required.

(6) Senescent AMSCs and WAT display impaired capaci-
ties in lipid metabolism, insulin resistance and aberrant secre-
tion of adipocytokines, which can interfere with the normal
function of distal tissues through SASP and participate in
atherogenesis. TRLs derived from a high-calorie diet could
induce AMSC senescence with increased inflammation and

intercellular ROS.
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