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ARTICLE INFO ABSTRACT

Keywords: Accumulation of senescent cells has a causative role in the pathology of age-related disorders including

Aging atherosclerosis (AS) and cardiovascular diseases (CVDs). However, the concept of senescence is now drastically

i:escenlce ) changing, and the new concept of senescence-associated reprogramming/stemness has emerged, suggesting that
erosclerosis

senescence is not merely related to “cell cycle arrest” or halting various cellular functions. It is well known that
disturbed flow (D-flow) accelerates pre-mature aging and plays a significant role in the development of AS. We
will discuss in this review that pre-mature aging induced by D-flow is not comparable to time-dependent aging,
particularly with a focus on the possible involvement of senescence-associated secretory phenotype (SASP) in
senescence-associated reprogramming/stemness, or increasing cell numbers. We will also present our outlook of
nicotinamide adenine dinucleotides (NAD)" deficiency-induced mitochondrial reactive oxygen species (mtROS)
in evoking SASP by activating DNA damage response (DDR). MtROS plays a key role in developing cross-talk
between nuclear-mitochondria, SASP, and ultimately atherosclerosis formation. Although senescence induced
by time and various stress factors is a classical concept, we wish that the readers will see the undergoing
Copernican-like change in this concept, as well as to recognize the significant contrast between pre-mature aging

Oxidative stress
Telomere shortening
Senescent-associated stemness

induced by D-flow and time-dependent aging.

1. Two different types of flow and atherosclerosis

Vasculature or ‘vascularis’ in Latin refers to ducts or vessels. Human
vascular ducts carry an important, life sustaining, non-Newtonian fluid
cargo: blood, that circulates through the entirety of the human body.
Leonardo Da Vinci in the 15th century observed that blood flow prin-
ciples in vascular system are analogous to flow of water against obstacles
in nature. Unlike other ducts, human vasculature is a dynamic structure
and extremely responsive; not only to biomolecules but most impor-
tantly to blood flow patterns and characteristics [1-3]. Vascular dy-
namics are predominantly governed by a thin monolayer of flat cell type,
lining the inner wall of the vessels termed as endothelial cells (ECs)
[4-9]. Rokitansky and Virchow were among the first to recognize the
importance of hemodynamics and role of ECs in vascular health [8,10].

Blood vessels are constantly exposed to hemodynamic forces, pri-
marily to shear stress (t), which is defined as the tangential component
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of the frictional force between layers of fluid caused by flow movement
and the vessel wall. Shear stress is measured in Newtons (N)/mz, Pascal
(Pa) or dyne/cmz. Shear stress also induces a shearing deformation on
the interface of the fluid and vasculature, primarily experienced by the
endothelium.

Blood flow patterns or hemodynamic patterns have significant
physiological outcomes on the vasculature and its maintenance [11-15].
These patterns can be broadly classified into: well-ordered streamlined
laminar flow (L-flow) and an irregular, non-uniform disturbed flow
(D-flow), which include recirculation eddies, retrograde or reflux flow,
reciprocating flow, flow separation and re-attachment [12,16,17].
D-flow regions exhibit high EC turnover, dysfunction and inflammation,
leading to severe vascular pathologies [7,14]. The so called ‘athero--
prone’ regions, which are locations of high susceptibility to AS forma-
tion, are primarily areas with arterial branching and curvatures or bends
where local D-flow develops [18-21]. These lesion prone areas are
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estimated to experience shear stress in the order of 4 dyne/cm2 [12].In
distinction, straight segments of arteries experience uniform linear
L-flow and are usually athero-protective. These protective regions
exhibit activated antioxidant pathways and low EC turnover rates [22].
The mean shear stress levels in the L-flow area of large human arteries is
estimated to be ~15-20 dyne/cm2 [22]. D-flow is also experienced in
aortic valvular leaflets, which leads to valvular EC inflammation, in turn
resulting in lesion development [23,24]. Retrograde flow associated
with dysfunction or obstruction of the venous system causes venous
hypertension, venous EC inflammation and dysfunction, leading to
several venous vascular pathologies [22,25]. Therefore, L-flow is
athero-protective while D-flow can be detrimental to EC functions, and
leads to the development of diseases caused by EC dysfunction. In this
review we would like to present the concept of D-flow induced stress in
ECs and its role in pre-mature senescence and aging.

2. Replicative senescence (cell cycle arrest) vs. pre-mature aging
of endothelial cells

Aging is an independent risk factor for cardiovascular diseases
(CVDs), and to this day we have no control over aging and senescence in
clinical settings [26].

Aging is viewed as a non-modifiable risk factor in vascular pathol-
ogies [27], and is understood as a time dependent deterioration of
physiological integrity and loss of function which ultimately leads to
death. Hayflick and Moorhead in 1961 [28] were the first to describe
‘replicative senescence’, which is the limited proliferative capacity of
human cells (cell cycle arrest), and therefore senescence is the irre-
versible loss and exhaustion of this capacity of cells to divide and grow.
One of the molecular mechanisms of replicative senescence which was
described as ‘telomere hypothesis of senescence’ in nineteen nineties
increased interest in studying senescence [29]. Later it became much
clearer that senescence can be caused by other genetic insults such as
DNA damage, chromosomal aberrations and chromatin condensation
[30-33]. It is now appreciated that senescence induced under these
stressful conditions and other unfavorable stimuli can be telomere
length dependent and independent (but related to telomere attrition as
explained later) and they lead to accelerated aging which was coined as
‘stress-induced premature senescence (SIPS)’ [34] and ‘stress or aber-
rant signaling-induced senescence’ [35]. Therefore, several recent de-
velopments in the field have led to new insights and it is now believed
that aging is a consequence of varied cellular events that converge to
cause senescence. Lopez-Otin et al., in 2013 described nine hallmarks of
aging which encompass all the cellular events that lead to aging and
these hallmarks are now key to understanding senescence process [36].
ECs undergo not only normal senescence that is related to
time-dependent aging, also known as ‘Hayflick’s limit’ [28,37,38] but
also stress stimuli such as oxidative stress or DNA damage which ac-
celerates the senescence phenotype so called pre-mature aging or
pre-mature senescence [39-42].

In Fig. 1, we distinguish replicative senescence and stress related
vascular senescence. One of the major differences is that stress related
senescence induces strong senescence associated secretory phenotype
(SASP) and senescence associated re-programming in vascular ECs, the
mechanisms that lead to stress related senescence will be discussed in
the following sections.

2.1. Disturbed flow mediated EC dysfunction and senescence

ECs in disturbed flow regions such as the curved regions of aorta,
bifurcations and branch points experience low endothelial shear stress,
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Fig. 1. Time-dependent replicative senescence vs. stress-induced pre-
mature aging/senescence. SASP: senescence-associated secretory pheno-
type; ROS: Reactive oxygen species.

eliciting EC inflammation, dysfunction, high turnover, eventually lead-
ing to high lipid uptake, and AS formation [43,44]. The role of DNA
damage response (DDR) pathway in the formation of atherosclerotic
plaques has been previously elucidated. It has been reported that
atherosclerotic plaques contain high double stranded DNA breaks (DBS)
and are found to have higher activation of ATM compared to that of
non-atherosclerotic tissues [45]. Another important factor in the DDR
pathway is p53 which is also important for the EC dysfunction and in
turn atherosclerotic plaque formation. Martinet et al. reported elevated
level of DDR pathway factors like, PARP-1, p53 in the human athero-
sclerotic plaque than the non-atherosclerotic region [46]. Interestingly,
the atherosclerotic disturbed flow also regulates the p53 post trans-
lational modification, cellular localization and EC apoptosis. Heo et al.
reported that, disturbed flow mediated SUMOylation of p53 increased
the binding of p53 with anti-apoptotic Bcl2 which in turn increased EC
apoptosis [47].

Several studies have now reported the role of disturbed flow-
mediated EC damage in development of atherosclerosis [48-51].
Intriguingly, excess mtROS release in response to flow stress has been
documented [52,53]. Ballinger et al. showed the role of mitochondrial
dysfunction and excessive ROS production in development of athero-
sclerosis [54]. They also show the mtDNA damage strongly correlates to
AS pathogenesis and provide strong evidence that mitochondrial
dysfunction plays a key role in chronic and age-related disorders.
Several other animal models and studies have shown the role of EC SASP
and damage responses which we have summarized in Table 1.

Previous studies have indicated the mechanisms of shear stress
sensing and detailed mechanisms of how flow patterns are transduced by
cells. ECs can sense mechanical signals through ion channels, integrin
and focal adhesion complexes, cilia and glycocalyx and cytoskeleton
network [67,68]. It is now well appreciated that hemodynamic stress
activates DDR and SASP responses in ECs which is highly correlated to
AS progression [48,69-72]. In this review, we will discuss the primary
mechanisms that play a crucial role in the process of flow mediated
pre-mature aging: (i) telomere attrition and (ii) excessive reactive oxy-
gen species (ROS) production. We would like to present that these
processes that are distinctive to flow mediated pre-mature aging are not
only independent but are also significantly different from
time-dependent replicative senescence. We will also elaborate the
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Table 1
Animal models of flow mediated EC senescence and AS formation.

Type of DNA DNA damage response Functions Animal models DDR and atherosclerosis in EC Ref

damage response factors

Nucleotide NER-DNA crosslink Involved in the repair of nucleotide Ercc1?~ mice, having The EC from the mutant mice exhibited higher ~ [55]
Excision Repair repair (XLR) excision repair mutation in one allele of  senescence compared to the WT mice. In
(NER) endonuclease ERCC1 the enzyme ERCC1 addition, mutant mice developed age

dependent vascular dysfunction.

Spindle assembly BubR1 Detect the correct microtubule- Hypomorphic BubR1 Increased production of superoxide anions, [56,
checkpoint kinetochore attachment and segregation of ~ mutant (BubR1"/") Mice  aging-associated phenotypes, EC dependent 57]
protein chromatids during mitosis expressing mutant relaxation is lost, accelerated cardio vascular

BubR1 aging

Telomerase and TERC, TERT TERT produces telomeric repeats using the ~ TERC™/~ and TERT Telomerase deficient mice exhibited an [58]
Shelterin template provided by TERC mice increased activity of nicotinamide adenine
complex dinucleotide phosphate oxidase, and high

levels of reactive oxygen species, leading to
increased hypertension and vascular
dysfunction
TERF2IP A member of the shelterin complex of the ~ TERF2IP~/~ mice Conferred protection against d-flow-induced [59]1
mammalian TLs binds to both telomeric EC senescence, apoptosis, and AS plaque
and nontelomeric chromatins and in the formation
protection of TLs

Base Excision Base excision repair Involved in the BER mechanism for the 0GG1~/~ mice in Mice exhibited oxidative stress, DNA strand [60]
Repair of enzyme 80xoG DNA repairing of 8-Oxoguanine (80xoG), which  vascular smooth muscle breaks, pro-inflammatory pathways and
Oxidative DNA glycosylase I (OGG1) is one of the most abundant oxidative DNA cells (VSMC) extensive AS formation
Damage damage

Apurinic/Apyrmidinic Essential for BER pathway, DNA repair APE1/ref-1"/~ mice The transgenic mice manifested reduced [61]
Endonuclease-1 and governs the reductive activation of vascular NO level, dysregulated EC dependent
(APE1)/redox factor-1 many redox-sensitive transcription factors vascular tone and developed systemic hyper

(ref-1) tension and vascular complications

Sensor of DNA Sirtuin 1 (SIRT1) NAD -+ dependent acetylation of proteins ApoE-null mice with SIRT1 over expressing mice showed [62]

damage and involved in the rescue of DNA damage  SIRT1 over expression protection against high fat-induced

induced apoptosis impairment in endothelium-dependent
vasorelaxation had lesser AS formation than
the control ApoE—/— mice

PARP-1 ADP-ribosylating enzyme activated upon Diabetic mice with The inhibition of PARP-1 activity by [63]

ssDNA damage DSB. PARP-1 cleaves NAD ~ PARP1 KO pharmaceutical and in db™/db™ mice,

+ into nicotinamide and adds polymers of ~ db~’db PARP-1~/~ significantly improved vascular function and

ADP-ribose to glutamic acid residues tone. NF-kB is shown to regulate vascular

substrates function through PARP-1

Transducer ATM Transduces the DNA damage signal to the ~ ATM * ApoE /™ mice Developed accelerated AS [64]
proteins of DDR downstream effectors
pathway p53 Regulation of cell cycle and DDR activator ~ High fat diet in LDLR—/ Disturbed Flow sites expressed high levels of [65]

— mice SABG activity and p53 expression and DF
induced senescence is mediated through p53-
p21 pathway
p21 Involved in G1/S checkpoint in the cell p21 ~/~ mice Accelerated AS formation in high fat diet [66]

cycle

induced atherosclerosis in knock out mice
compared to the WT

downstream mechanisms of flow mediated EC senescence and introduce
the concept of, ‘feedback loop of senescence’ which enables sustained EC
activation and priming.

(i) Telomere attrition: Telomere length vs. DNA damage
response (DDR): It is well documented that human ECs have a
marked age-dependent decrease in the mean telomere length
[73]. The average telomere length of arterial ECs has been shown
to be shorter than that of the venous ECs [74], which could be
attributed to the D-flow patterns in arteries leading to high cell
turnover as we will discuss later in this review. When the telo-
mere loop structure was disrupted by overexpressing a dominant
negative telomeric repeat binding factor 2 (TRF2) mutant in ECs,
senescence was induced along with the increased expression of
intercellular adhesion molecule (ICAM-1) and the decreased
endothelial nitric oxide synthase 3 (eNOS) activity and nitric
oxide (NO) production [71].

Interestingly, Hewitt et al. have reported that DNA damage foci in
senescence induced by exogenous DNA-damaging agents are preferen-
tially located at telomeres, although telomeres are long, and telomerase
are active [75]. Hewitt et al. concluded that persistent
telomere-associated damage is a frequent outcome of genotoxic stress
and a component of stress-induced senescence, which is independent of
telomerase activity and telomere length. Taken together, these data
suggest that telomere attrition is resulted not only by telomere short-
ening but also is induced through telomere DNA damage.

(ii) Excessive ROS production: The growing evidence points to the
role of oxidative, nitrative and mitochondrial stress as the major
mediator of EC damage during senescence [76]. ROS and reactive
nitrogen species (RNS) are potent reactive molecules that can
cause deleterious oxidative damage to DNA, proteins and lipids
[77]1. Antioxidant defense mechanisms including superoxide
dismutase and catalase render a vital protective role in ECs. Any
abnormalities in these mechanisms including compromised
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Fig. 2. Shelterin and telomere [82-85] Shelterin is a made up of six membered protein family. Telomeric repeat-binding factor 1 (TRF1), TRF2, RAP1 (also known
as TERF2IP), TERF1-interacting nuclear factor 2 (TIN2), TIN2-interacting protein 1 (TPP1) and protection of telomeres protein 1 (POT1) TRF1 and TRF2 bind to
telomeric DNA duplexes, while POT1 binds to single-stranded DNA in the 3" overhang region. TERF2IP is bound to TRF2 and does not directly interact with DNA.

function of adaptive proteins involved in the oxidative stress
response such as p66Shc lead to EC dysfunction and senescence
[78]. ROS produced by the mitochondrial oxidative phosphory-
lation (OXPHOS) machinery and oxidative injury to mitochon-
drial DNA are principal causes of EC senescence and damage
[79]. Mitochondrial stress with ROS induced mtDNA damage has
been shown to correlate with the development of atherosclerosis
supportive of a relationship between oxidative stress, SASP and
atherosclerosis. Madamanchi et al. described the role of excessive
ROS production in AS formation in specific mouse SOD2 +
model, and identified that SOD activation offers protection in
laminar flow regions [80].

It is becoming clear that the old concept of replicative senescence
cannot fully explain the process of pre-mature aging induced by telo-
mere attrition and excessive ROS production.

2.2. D-flow-induced telomere attrition and DDR responses

Recent studies have brought to light that D-flow cause upregulation
of mtROS and it is implicated in telomeric DNA damage. Takabe et al.
have reported-flow-induced mtROS production via NADPH oxidase and
JNK activation [81].The role mtROS is becoming increasingly evident
and is believed to play a significant role in regulating pre-mature aging
by DNA damage and telomere attrition. Even though, the underlying
mechanisms were not clearly understood earlier, a better understanding
of this effect has emerged in recent years.

Shelterin is made up of a family of six membered proteins (TRF1,
TRF2, TERF2IP, TIN2, TPP1 and POT1) (Fig. 2). The Shelterin protects
and preserves the structure of telomeres and is responsible for forming
the t-loop and modifying the telomere terminus [83]. The mechanism of
Shelterin protection of telomeres is thought to be through prevention of
telomere shortening rather than inducing telomerase activity, since most
adult tissues have very low to no telomerase activity [84]. Depletion of
the shelterin complex leads to telomere shortening inducing cellular
senescence.

TERF2IP is a member of the Shelterin, can bind to telomeric and non-
telomeric regions of the chromatin, and has two distinct functions in the
nucleus and the cytosol [86,87]. In the nucleus, TERF2IP forms a com-
plex with TRF2 [88], and this TERF2IP-TRF2 complex limits the telo-
mere recombination, fragility and shortening [89]. In the cytosol,
TERF2IP is involved in NF-kB signaling and mediates the binding of

NF-xB p65 and IkB kinases [90]. The stability of TERF2IP in the cell
depends on its association with TRF2 while TRF2 is stable even in the
absence of TERF2IP [89,91]. The bound amount of the TERF2IP-TRF2
complex is dependent on cell types, differentiation states, and experi-
mental conditions [86,92]. In addition, deletion of TERF2IP or TRF2
leads to different phenotypical outcomes in cells [86]. The
TERF2IP-TRF2 complex is thought to shuttle between the nucleus and
the cytosol (Figs. 2 and 3) [89].

Recently our group reported the dual role of TERF2IP in ECs
depending on whether it is in the nucleus and the cytosol [59]. Under
normal conditions, the TERF2IP-TRF2 complex is in the shelterin com-
plex associated with telomers conferring a protective role, preventing
telomeres from shortening (Fig. 3). As we explained in the beginning of
this review, we described D-flow as athero-prone flow. We showed that
P90RSK associates with the Myb domain of TERF2IP and that p90RSK
phosphorylates TERF2IP serine 205 (S205) in ECs exposed to d-flow
only [59]. This phosphorylation induces the TERF2IP-TRF2 complex to
move out of the nucleus, leading to activation of pro-inflammatory
NF-kB signaling, causing subsequent telomere shortening and ulti-
mately leading to EC apoptosis [59]. We also observed that depletion of
TERF2IP and inhibition of TERF2IP S205 phosphorylation prevented
TRF2 nuclear export and protected telomere [59]. Therefore, both
senescence (due to the lack of telomeric protection effect) and endo-
thelial pro-inflammatory activation (due to the activation of NF-kB
signaling pathway) are simultaneously elevated(59). In this manner,
D-flow can induce SASP through regulating the Shelterin complex and
the function of its member proteins.

As shown by our group and other studies, telomere end regions are
the “argus-eyes” of the cellular stress responses including genotoxic,
oxidative, replicative and in the context of ECs, telomeres are indeed
responsive to D-flow mediated stress responses (Fig. 4). Telomeric re-
gions act as sensors of stress of various stimuli and propagate the signal
to the cells through various channels (Fig. 4). Although DDR pathways
are central to propagate the stress responses, telomere components are
thought to play a key role in transcriptional regulation through several
pathways, and this has a significant outcome on cell fate decision. As of
date, the role of telomeric control of cellular transcription in the context
of aging is unclear, however, a better understanding of this phenomenon
could lead to several new unidentified mechanisms that are involved in
cellular senescence and aging.
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3. SASP: Pre-mature aging/senescence and inflammation in ECs
and atherosclerosis

Interesting observations in recent years have led to the understand-
ing that senescent ECs do not merely exhibit dysfunctional phenotypes
but that they display an entirely different gene expression pattern and
secrete a panel of cytokines, growth factors, pro-inflammatory media-
tors, interleukins, matrix remodeling proteins and proteases. This latter
condition is now called senescence associated secretory phenotype
(SASP) [95,96]. Aging is a major risk factor for AS, and cellular senes-
cence is associated with EC activation [97]. In particular, SASP is
believed to have a key role in the development of AS [98-100]. Table 2
is the summary of all the features of senescent and pro-inflammatory
ECs. Classically, senescent ECs has been thought to upregulate several
cell surface markers, ICAM1, vascular cell adhesion molecule (VCAM1)
& von Willebrand factor protein (vWF) [101]. In addition, they secrete
potent inflammatory and tissue remodeling factors which include tumor
necrosis factor a (TNFa), interleukin (IL)-6, IL8, plasminogen activator
inhibitor-1 (PAI-1), matrix metallopeptidase 1 (MMP)-1, —3 and —10
[96,102]. Reduction in eNOS activity is well documented which leads to
reduced vascular sensitivity [103,104]. Some of the other markers
include, miR-146a-5p targets interleukin-1 receptor-associated kinase 1
(IRAK1) and miR-126-3p targets sprouty-related EVH1 domain con-
taining protein 1 (SPRED1) [96,105].

We present in Table 2, additional new understandings of senescent
ECs which includes genomic modifications, drastic changes in chro-
matin state, mitochondrial and metabolic alterations of the cell. Roles
for telomere shortening and stability of the Shelterin also shown to
factors governing EC senescence [29,86,106,107]. Aging is correlated
with higher expression of plasma fibrinogen and vWF and diminished
fibrinolytic ability of ECs [108]. It has been shown that anti-fibrinolytic
factor PAI-1 is increased in human ECs obtained from elderly subjects
compared to that obtained from younger subjects [109]. Thus, elevated
steady-state levels of PAI-1 can also serve as a biomarker for EC aging.
Higher expression of PAI-1 goes in hand with the marked upregulation
of IL-1a, a distinct feature of SASP and can inhibit EC proliferation.
Senescent ECs have poor expression of eNOS and lower level of NO
production, which causes decreased overall vasoreactivity of blood
vessels [110]. Senescent ECs also have poor protection from platelet
aggregation and blood coagulation likely leading to increased clot and
thrombus formation which leads to severe vascular complications.
Childs et al. reported that cells, including vascular ECs, with activity of
the pH-sensitive lysosomal enzyme senescence-associated f-galactosi-
dase (SABG) are present in atherosclerotic plaques of low-density lipo-
protein receptor (LDLR) null mice [111]. Removal of senescent cells
(pl6ink4a promoter activity) in these mice lead to reduction in plaque
formation and progression and the plaques formed exhibited features of
stable plaques [111,112]. These observations indicate that senescence is
at the core of AS by accumulating pro-inflammatory senescent cells.
Senolytic drugs, which can precisely remove senescent cells, may help
alleviate age related pathologies [113].

4. New concept of senescence-associated reprogramming or
stemness

Can cellular senescence be viewed as the terminal end of the lifespan
of cells? Senescence was characterized by cell cycle arrest, and therapy-
induced senescence has long been the basis for cancer therapy to inhibit
cancer cell growth [139]. However, very recently, this conventional
view has been challenged [125,140,141]. New paradigms of cellular
senescence present senescence in different shades of grey. Recently,
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Milanovic et al. (2018) showed that senescence induced by chemo-
therapy reprograms a portion of cancer cells to acquire “stemness”,
which allows them to escape senescence-induced cell cycle arrest with
strongly enhanced clonogenic growth potential (Fig. 5). A certain sub-
sets of senescent cells with ‘distinct SASP’ features may affect regener-
ation and development through secretion of molecules that may contain
crucial orders to dictate the outcome of development, regeneration,
wound healing depending on the setting [125].

This idea brings certain subsets of senescent cells with ‘distinct SASP’
features closer to pluripotent and tissue stem cell status. Importantly,
these senescence-escaped cells gain an elevated tumor-initiating ca-
pacity compared with cells that have never undergone senescence
[140]. Furthermore, it has been suggested that SASP is different from
and is regulated independently of senescence-induced cell cycle arrest
[102,142] and cell death [143,144] and is now considered one of the
key mechanisms to develop resistance to cancer therapy [143-145].
Therefore, the concepts of senescence-induced cell cycle arrest and
senescence-associated reprogramming largely overlap, but they describe
different biological phenomena. After cancer therapy, a certain subset of
senescent cells with ‘distinct SASP’ features produce numerous inflam-
matory factors [146], growth factors [147], ROS [113,148,149], and
promote cell growth [96], and inflammation-related [150] signaling,
eventually leading to a more aggressive proliferative phenotype by
reprogramming the cancer treatment-induced senescent cells to escape
from cell cycle blockade [140,143,144], and even apoptosis (“ana-
stasis™) [151,152].

This model can be validated by the idea that senescent cells have a
significant consequence towards surrounding cells since they are viable
and secretory active cells. Although the consequence of communication
is not clearly understood, senescent cells interact with their neighbors
through cell-cell communication, ligand receptor interactions, cyto-
plasmic channels, cell fusion and delivery of senescence associated
molecules thorough exosomes and vesicles [153]. A great deal of
attention is given to SASP factors which have a wide implication from
malignant conversion, tumor progression, immune modulation and
regeneration depending on the context. Although it is believed that
SASP will trigger the host innate immune cells to clear senescent cells,
there have been several reports which points otherwise; SASP averts
clearance of senescent cells. Senescent cells have drastic changes in their
epigenetic and chromatin landscape which bring them to a more pre-
mature state [154]. It is interesting to note that SASP can improve the
efficiency of reprogramming of cells by Yamanaka factors [155].
Senescence phenotype overall with several activated stemness mole-
cules such as p16INK4a, p21CIP1, p53 and H3K9me3 which lead to a
hypothetical link between senescence related reprogramming and can-
cer stemness. Chemotherapy induced senescence and cells in a state of
replicative senescence display plasticity and express latent adult tissue
stem cell signature [140]. Endothelial inflammation is well known, and
it is shown to play an important role in cardio-vascular diseases [156],
but senescence associated reprogramming or stemness of ECs is rela-
tively unknown, raising several questions. (i) do senescent ECs undergo
stemness associated remodeling, and if so to what extent and what are
their roles in disease progression (Fig. 5)? (ii) are EC SASP factors act as
regenerative stimulants for surrounding cells? (iii) Are there tissue
specific roles of EC reprogramming?

5. How is SASP induced?
SASP can be induced via (i) mechanisms that are dependent on DDR

signaling pathways such as DDR-mediated NF-kB signaling [90,157,
158]; (ii) mechanisms that are independent of DDR signaling pathways
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such as the p38MAPK-MK2, GATA4, NOTCH-induced C/EBPb, Wnt, and
JAK/STAT pathways, although the detailed molecular mechanisms have
not been fully understood [143,159]; and (iii) mechanisms that are
dependent on DDR but independent of cell cycle regulation [160]. Ul-
timately, these different pathways dictate functional outcome of SASP,
which are linked to multiple biological processes that are beyond tumor
suppression, such as repairing tissue damage, clearing damaged cells,
associating with age-related pathologies including chronic inflamma-
tion [98-100], cancer progression [140,155], and AS formation,
regarding which will be discussed in the following sections.

5.1. DNA damage-induced senescence and p53 activation

DNA is constantly attacked not only by endogenous genotoxic factors
such as ROS, RNS, products of lipid peroxidation, alkylating factors
[161] but also by exogenous genotoxic factors such as ionizing radiation
(IR), ultra violet UV radiation from sunlight and genotoxic chemicals.
Therefore, DNA is susceptible to continuous insults and damage [161].
To protect cells from these insults to prevent damage and maintain
genomic integrity, there are evolutionarily conserved repair pathways,
termed DDR signaling pathways. DDR is initiated by sensing the damage
of DNA and transducing this signal to activate DNA damage repair
mechanisms. There are multiple DNA repair mechanisms which can be
activated namely, base excision repair (BER), nucleotide excision repair
(NER), mismatch repair, homologous recombination (HR) and
non-homologous end joining (NHEJ), depending on the specific type of
damage or insult [161]. This repair response also arrests the cell cycle to
avoid propagating damaged DNA into daughter cells. After the transient
cell cycle arrest, if DNA damages are properly repaired, cells go back to
the normal proliferation cycle. However, if the damage is severe and
irreparable, cells go into apoptosis, permanent growth arrest or senes-
cence (Fig. 6).

p53 also known as the guardian of the genome, is a well-known
tumor suppressor and transcription factor, is activated under stress
conditions such as DNA damage, telomere shortening and hypoxia
[165-167]. In ECs telomere attrition increases p21 (cyclin dependent
kinase inhibitor) expression and as a consequence p53 is activated
leading to cell cycle arrest and ultimately leading to apoptosis [167,
168]. Apart from that, the increase in SIRT1 activity establishes a
connection between the DNA damage response and energy sensitive
pathway. Gorenne et al. reported that, SIRT1 is an important factor in
DNA damage repair protects both the human as well as rodent vascular
cells when there is accumulated DNA damage [39]. With aging, there is
an accumulation of DNA damage in the cells and it might cause the

reduction of endothelial SIRT1 expression and activity [169]. This
reduction of endothelial SIRT1 expression may lead to genomic insta-
bility with aging [170]. SIRT1 deacetylates p53 resulting in its inacti-
vation. Thus, the age-related reduction of SIRT-1 activity may contribute
to p53 activation and increased cell senescence [171,172].

6. Feedback loop of senescence: nuclear-mitochondrial
crosstalk

Growing evidence suggests that mitochondrial dysfunction plays a
crucial role in the induction of cellular senescence [173]. Mitochondrial

Table 2
Properties of senescent cells.
Senescence Signatures Phenotypes exhibited, and markers Ref
expressed
Morphology Increased cell size [37]
Flattened cell body, irregular cell nuclei [114]
Expanded lysosomal compartment [115]
Heterochromatin foci in the nucleus [115,116]
Cell Cycle and p16 (INK-4a) [117]
apoptosis p21(WAF/Cipl) [117]
p53 [118-121]
Lack of Ki67 proliferation marker [122]
Genomic stability Chromosomal Foci containing DDR [114,123]
proteins
Senescence associated heterochromatin [114]
Chromatin Reorganization [114]
Telomere shortening [36,71]
Disrupted Shelterin and TRF2 [59,71]
Epigenetic marks H3K9me3 [124]
H3K4me3 [125]
H3K27ac [125]
Metabolites Glutamine, Proline, Phenylalanine & [126]
betaine
Thromboxane & Prostacyclin [127,128]
Mitochondrial mtROS and RNS species production [42,
dysfunction 129-132]
NAD™ depletion [40,133]
mtDNA damage [129]
OXPHOS dysregulation [134]
Oxidative and Metabolic Stress [13,123,
135]
Micro RNAs miR-146a-5p, miR126-3p [136]
miR-217, miR-34a, and miR-21 - Sirtuin [105]
targeting
miR-17-92 cluster [105]
miR-222-221 Cluster [137]
miR-181b [138]
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Fig. 5. The new concept of SASP (re-programming) [125,141].

DNA (mtDNA) damage maybe closely interlinked to mtROS production,
most importantly collective mitochondrial function is thought to be
much more critical in inducing mitochondrial ROS (mtROS) production,
which then induces telomere shortening and contributes to cellular
senescence [41]. Interestingly, it has been shown that high mutation and
mtDNA damage does not cause significant upregulation of mtROS,
suggesting a significant menacing role of mtROS [174]. Mitochondrial
function, biogenesis, structure and equilibrium between fission and
fusion states are more critical to mtROS production rather than mtDNA
damage. Therefore, there is poor evidence to point whether mtROS is a
consequence of mtDNA damage, and the role of mtDNA damage in
senescence and aging is not clear. In addition, whether mtROS is a
consequence or inducer of premature aging is yet to be understood.

ROS, whether it is of mitochondrial origin or not, induces genotoxic
stress, causing nuclear DNA (nDNA) damage [175]. This ROS-induced
nDNA damage can initiate mtROS production, forming
nucleus-mitochondria crosstalk. To explain how ROS-induced nDNA
damage can initiate mtROS production, the role of PARP1 activation and
NAD™ depletion have been suggested. (i) PARP1 is a highly conserved
nuclear enzyme that functions as a zinc dependent DNA damage sensor
that can bind both single- and double stranded DNA breaks [176].
Hocsak et al. reported that ROS-induced nDNA damage increases mtROS
production via PARP1 activation and subsequent JNK/p38 activation
[176] (Fig. 7). (i) ROS-induced nDNA damage activates PARPland
SIRT1, which uses nicotinamide adenine dinucleotides (NAD") as a
co-factor and deplete NAD™ in the cell. NAD" depletion plays a critical
role in mitochondria metabolism and decreases mitophagy, leading to
more mtROS production by accumulating damaged mitochondria [177].
Although PARP1 activation and NAD" depletion have been suggested,
the exact molecular mechanism by which NAD"' depletion-mediated
mtROS production is poorly understood.

Recently, Qian et al. reported that H,O, generated by mitochondria

can diffuse to the nucleus and induce telomere, but not genomic DNA
damage and activates DDR [42]. These data suggest that there is a
feedback loop between mitochondria dysfunction and nuclear DDR,
which causes sustained mtROS production, subsequently leading to
premature aging via telomere shortening and attrition (Fig. 7).

6.1. Nicotinamide adenine dinucleotide (NAD™) depletion induced by
DDR promotes mtROS production

Senescence is also detected with aging [36,178], the process that
impairs the endothelium-dependent nitric oxide (NO)-mediated vaso-
dilation, which is also known as EC dysfunction. Impaired NO signaling
can be linked to increased ROS generation because superoxide reacts
with NO to generate peroxynitrite [179]. Co-enzyme (NAD") and NADH
are obligatory cofactors of glycolysis and OXPHOS, and their availability
controls the overall production of ATP. Both acute (such as ischemia)
and chronic (aging) events in the heart and kidneys can cause reduced
levels of cellular NAD" and NADH, leading to defective glycolysis and
OXPHOS and resulting in decreased ATP production and increased
mtROS production [180,181]. With aging, NAD" availability declines in
multiple organs and this aging-associated impairment could be reversed
by supplementation of NAD " precursors [182]. As enzymes required for
NAD" metabolism is abundantly expressed in ECs, ECs are particularly
important target for improving its function by NAD™ precursor supple-
ments. Chronic treatment of aged mice with NAD" boosters improved
aortic EC function [183].

Thus, it is possible that the SASP-mediated EC activation, dysfunc-
tion, and the subsequent development of AS and CVDs could be due to
NAD™ deficiency-induced mtROS in ECs. Indeed, the crucial role of DDR
induced by mtROS-mediated telomere DNA damage, but not genomic
DNA damage, has been suggested [42]. Taken together, these data
suggest the crucial role of telomere DNA damage-mediated DDR in
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regulating mtROS production and the feedback loop between mito-
chondria dysfunction and nuclear (especially telomere) DDR (Fig. 7.),
which causes sustained mtROS production, subsequently leading to
premature aging via telomere attrition.

7. Conclusion

Pre-mature aging is not comparable to time-dependent aging. Espe-
cially, the novel concept of senescence-associated reprogramming or
stemness, and its potential role in flow-induced SASP and subsequent
atherosclerosis formation need more attention. Senescent cells can ac-
quire a distinct phenotype of wide range of characteristics, closely
relating them to cancer stem cell status (senescence-associated reprog-
ramming/stemness), and this requires a better understanding as to the
exact role that senescent cells play in pre-mature aging tissues such as
atherosclerotic plaques. The proposal that senescence is regeneration
went haywire, is still to be explored and requires further studies. There
are several factors which exert and coax the cell to become aged or

senescent. At this point the mechanisms and cellular perpetrators of
senescence and aging remains terra incognita. However, it is becoming
evident that the specific role of different factors of SASP in ECs play a
distinct role in the process of cardiovascular dysfunction. It is important
to recognize that EC dysfunction and inflammation are not linear
mechanisms, but rather a continuous loop between nucleus-cytoplasm-
mitochondria, causing sustained EC priming and inflammation events
which plays a key role in senescence and pre-mature aging. This crucial
role of the nuclear-mitochondrial crosstalk in SASP induction, which is
potentially mediated by mtROS and DDR, needs further investigation.
Although the concept of senescence-mediated atherosclerosis formation
is a classic concept, the paradigm of senescence and pre-mature aging is
dramatically changing.
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