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Recent Advancement in Elimination Strategies and Potential

Rejuvenation Targets of Senescence

Sanjay Kumar Kureel,* Brandon Blair, and Michael P. Sheetz

Cellular senescence is a state of exiting the cell cycle, resisting apoptosis, and
changing phenotype. Senescent cells (SCs) can be identified by large,
distorted morphology and irreversible inability to replicate. In early
development, senescence has beneficial roles like tissue patterning and
wound healing, where SCs are cleared by the immune system. However, there
is a steep rise in SC number as organisms age. The issue with SC
accumulation stems from the loss of cellular function, alterations of the
microenvironment, and secretions of pro-inflammatory molecules, consisting
of cytokines, chemokines, matrix metalloproteinases (MMPs), interleukins,
and extracellular matrix (ECM)-associated molecules. This secreted cocktail is
referred to as the senescence-associated secretory phenotype (SASP), a
hallmark of cellular senescence. The SASP promotes inflammation and
displays a bystander effect where paracrine signaling turns proliferating cells
into senescent states. To alleviate age-associated diseases, researchers have
developed novel methods and techniques to selectively eliminate SCs in aged
individuals. Although studies demonstrated that selectively killing SCs
improves age-related disorders, there are drawbacks to SC removal.
Considering favorable aspects of senescence in the body, this paper reviews

neurodegenerative  disorders.[*'Within
the field, there have been 12 cellular char-
acteristics established as the hallmarks
of aging.l’l These features are genomic
instability, telomere attrition, epige-
netic alterations, loss of proteostasis,
deregulated nutrient-sensing, disabled
macro-autophagy, mitochondrial dys-
function, cellular senescence, stem cell
exhaustion, altered intercellular com-
munication, chronic inflammation, and
dysbiosis. Although cellular senescence
is considered one of the hallmarks,!®!
each of these characteristics contributes
to a cell displaying the senescence pheno-
type and may have a role in maintaining
it. As individuals progress in age, they
become increasingly susceptible to var-
ious factors such as radiation exposure,
DNA damage,®! exposure to carcino-
gens, epigenetic modifications,'”l and
telomere shortening."!l These factors

recent advancements in elimination strategies and potential rejuvenation
targets of senescence to bring researchers in the field up to date.

1. Introduction

1.1. Aging

Aging can be defined as the progressive deterioration of phys-
iological and cognitive capabilities, caused by an alteration of
the state of equilibrium, in conjunction with the impairment of
homeostasis.[!l Elderly individuals frequently experience a de-
cline in auditory and visual acuity, as well as a decrease in phys-
ical activity and other physiological impairments when com-
pared to their younger counterparts.?l The acceleration of the
aging process also operates as a green light signal for many dis-
eases, including cancer,’! cardiovascular,*! osteoporosis,®! and

S. K. Kureel, B. Blair, M. P. Sheetz

Department of Biochemistry and Molecular Biology
University of Texas Medical Branch

Galveston, TX 77555, USA

E-mail: sakureel@utmb.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adbi.202300461

DOI: 10.1002/adbi.202300461

Adv. Biology 2023, 2300461

2300461 (1 of 18)

contribute to the development of cellular
characteristics associated with the aging
process. In response to these various
environmental stresses, cells can exit the
cell cycle via the process of differentiation
and undergo either reversible arresting of the cell cycle (quies-
cence) or irreversible arresting of the cell cycle (senescence).!!?]
To prevent these harmful manifestations from spreading and
transferring to future generations, cells may cease dividing and
become senescent.['*14]

1.2. Cellular Senescence

Senescence represents a cellular process characterized by a stable
cessation of the cell cycle, leading to the loss of cell proliferation.
Senescent cells (SCs) also release pro-inflammatory molecules
which involve a variety of molecules such as messenger Ribonu-
cleic acid (mRNA), interleukins, cytokines, chemokines, growth
factors, proteases, and extracellular vesicles (EVs). Collectively,
these molecules are known as the senescence-associated secre-
tory phenotype (SASP). Additionally, SASP molecules impede the
replication of neighboring cells.['>15] These secretions include
mRNA, interleukins, cytokines, growth factors, proteases, extra-
cellular vesicles (EVs), and chemokines, which together are re-
ferred to as the SASP (Figure 1). This phenotype adversely influ-
ences neighboring cells and thus tissue phenotype, which in turn
enhances both epithelial to mesenchymal transition (EMT)!¢]

© 2023 Wiley-VCH GmbH
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Figure 1. Brief overview of senescence. (Left) Factors affecting induction of senescence. (Top Right) Beneficial characteristics of senescence. (Bottom
Right) Deleterious effects of senescence. This figure was prepared with Bio render.

and the aggressiveness of cancer cells.'’] The SASP phenotype
relies on paracrine signaling, which both prevents transforma-
tion into cancer cells,[*®! by inducing senescence, and also en-
courages tumor development."] Although the SASP has some
benefits, such as the regulation of tissue and organ pattern-
ing during early developmental stages,?’! prevention of tumor
metastasis,?!l and aiding in tissue repair,[2223] it is also a main
driver in the acceleration of senescence expansion,?*] cancer pro-
gression, and aging!®! (see Figure 1).
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1.3. Key Features of Senescence

In general, cellular senescence can be distinguished by five main
principles, those being: 1) stable cell cycle arrest, 2) enlarged cel-
lular morphology, 3) increased resistance to apoptosis, 4) acqui-
sition of the SASP, and 5) over-expression of the lysosomal en-
zyme, senescence-associated f-galactosidase (Figure 1).2%] In
addition, many studies have established that senescent cells dis-
play an altered metabolism!?®! compared to proliferating cells.
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This is thought to contribute to their enlarged size.[?! Senes-
cent cells have an increased ratio of AMP:ATP and ADP:ATP,
which leads to higher rates of glycolysis as well as elevated
(AMP-activated protein kinase (AMPK) activity.?’) AMPK is a
master regulator of cellular responses to energetic stresses, and
it activates fatty acid oxidation, inhibition of fatty acid synthe-
sis, increased mitochondrial biogenesis, and stimulation of glu-
cose uptake,*" which are all key features associated with the
senescent phenotype. Furthermore, AMPK directly phosphory-
lates p53,1*2] which is upregulated in senescent cells and re-
sults in the arrest of proliferation. Although senescent cells uti-
lize a glycolytic state, there is also an increase in mitochondrial
respiration,*33* as p53 promotes oxidative phosphorylation and
antagonizes glycolytic activity in senescent cells. Elevated levels
of mitochondrial biogenesis and respiration contribute to the
production of intracellular reactive oxygen species (ROS), lead
to cellular stress, and play an important function in the devel-
opment of the senescent phenotype.[**]

1.4. Markers of Senescence

Recently, many new markers have been reported including,
increased Mamalian target of rapamycin (mTOR) kinase ac-
tivity, mitochondrial dysfunction, decreased autophagy, low
NAD+/NADH ratio, increased lamin A and decreased lamin B,
telomere shortening, upregulation of p53, increased DNA dam-
age response (DDR) activity, yH2X foci, and unfolded protein
response (UPR) inhibition of the E2F protein**%] (Figure 1).
Still, there remains a need to establish a comprehensive blueprint
of senescent cells within human tissue and organs.*®/ While
their presence provokes tumor advancement, their absence es-
calates cancer transformation. Therefore, senescent cells can
be viewed as a double-edged sword. These cells can also form
3D aggregates in the 2D confluent layer.*! So far, the focus
has been on trying to eliminate these stagnant cells from the
microenvironment by the use of intervening drugs known as
senolytics.[*l Furthermore, it is important to understand the
molecular functions of senolytics’ role against senescent cells.[*!]
In a recent study, it has been demonstrated that senescent cells
incite tumor growth; therefore, senolytic-based elimination tac-
tics may prevent tumor progression.*”] The accumulation of
pro-inflammatory molecules in the bloodstream or tissues, re-
ferred to as inflammageing(*! along with a dysfunctional im-
mune system,[**] leads to the inadequate clearance of senescent
cells. Consequently, these cells begin to accumulate in various tis-
sues and organs. The accumulation of certain factors leads to the
development of various age-related pathologies.[**! Senescence is
also a significant factor in the development of lung disease, as
it impairs the repair of airway injury and contributes to various
lung pathologies.[*~*] Therefore, the elimination of SCs shows a
beneficial effect, and their eradication can help to enhance health
and lifespan.[*]

1.5. Senescent Cells: Beneficial and Detrimental Effects
Senescent cells are not necessarily harmful, but their exces-

sive accumulation causes problems. It is important to keep in
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mind that SCs have both beneficial and detrimental traits.")
Senescent cells are beneficial in early development, wound
healing, tumor suppression, and host immunity (see Figure 1).
In early developmental stages, senescent cells are destroyed by
the immune system, and thus, their progressive expansion is
prevented.>!] However, during the later stages of life, there are
dysfunctional clearance processes, such as immunosenescence
and inflammageing, which result in the excessive accumulation
of SCs within tissue environments.

Studies have repeatedly shown that the conglomeration
of senescent cells causes many age-related diseases and
pathologies,®?! including diabetes, metabolic syndrome, os-
teoarthritis, atherosclerosis, and pulmonary fibrosis. In some re-
cent studies, the removal of SCs results in many beneficial ef-
fects on tissues and organs. Pre-clinical trials have shown that the
abolition of senescent cells positively affects a multitude of age-
related pathologies, along with frailty. This includes osteoarthri-
tis, osteoporosis, sarcopenia, fibrotic diseases, neurodegenera-
tion, diabetes type-2, cardiovascular disease, and cancer.’¢l In
severe obesity, adipose senescence is associated with glycemic
conditions, prompting defects in glucose metabolism. The over-
development of SCs in adipose tissue can cause obesity-induced
metabolic complications and contribute to diabetes type-2.1°*]

1.6. Generation of Senescent Cells for Study

There are four working models for generating senescent cells.
There is therapy-induced senescence (TIS), oncogene-induced
senescence (OIS), replication-induced senescence (RIS), and
the isolation of senescent cells from old individuals. Therapy-
induced senescence is performed using chemotherapeutics or a
form of radiation, such as gamma radiation. This technique is
common and is very effective in turning proliferating cells into
the senescent state. Oncogene-induced senescence is done by ac-
tivating the tumor-suppressing mechanism to produce an anti-
proliferation response.>* Replication-induced senescence is as
simple as continually passaging cells until they no longer divide
and enter senescence.l*>! This is thought to occur due to telomere
shortening and reaching the Hayflick limit.*®) Methods for the
generation of senescent cells can be used for senescence study.®”)

2. Strategies for Elimination of Senescent cells

We have mentioned that the accumulation of senescent cells in
tissue and organs leads to an overall decline in function and can
cause the progression of many age-associated diseases. Most clin-
ical research on improving these conditions and deterring age-
related deterioration has been focused on selectively killing these
senescent cells. The elimination strategies include pharmaco-
logical drug intervention, immune cells, nanotechnology-based
methods (Table 1), and activation and deactivation of senescence-
associated pathways (see Figure 2).

2.1. Inhibiting the Anti-Apoptotic Pathway

One strategic approach is targeting the pathway resulting in SC’s
resistance to apoptosis. Some significant members of the BCL

© 2023 Wiley-VCH GmbH

9SUQDIT suowwio)) aanear) afqesrjdde ayy Aq paurdAoS are sao1IE Y {ASN JO SA[NI 10J AIRIQIT AUITUQ AS[IAN UO (SUONIPUOD-PUB-SULIA)/ W0 Ad[ 1M ATeIqI[aur[uo//:sd)y) suonipuoy) pue swd I, ay) 238 *[£270z/21/9z] uo Areiqry auruQ Lofip ‘sesuey JO KNs1oatun £q [9400€20T 19P/Z001 "0 1/10p/wod KaimAreiqiourjuoy/:sdny woly papeojumod ‘0 ‘861010LT



BIOLOGY

www.advanced-bio.com

ADVANCED

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

27010198, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/adbi.202300461 by University Of Kansas, Wiley Online Library on [26/12/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

"0LLH ‘L-44H ‘8€-IM ‘€LE'HIN ALTE6ZIAH MING ‘[a°L-3dY
‘LLy ‘Z4DIN “L618-SH ‘€SEL-MS ‘NOHD DS 43H ‘S4aN ‘DNH ‘DN ‘LSZN ‘SOZN “DIANH ‘LEZ-AN-VAI ‘SDSINE ‘YO 43N ‘B19H ‘064N :saul [12D | xajdwio) udAwedey jo 1281e| ueljiwwew ‘| DYO LW ‘upkwedey jo
1984B] UBl|ILUWEW YO LW ‘g dSBUIY UIRI0Id ‘1YY ‘@IUdDISaUS m_\__u\_o\,_:_ww_ SUOIEJR)|Y UlTBWOIYD YHm siuswdas-yN@/utaloid eiwaynaT 211400]9Kwioid ‘SYVYIS-YNA/TINd ‘Z 95BI0|SUBI] 9pIO3PNN BUlUapY ‘ZLNY ‘401qiyul
139 ‘LOf ! sutaroid uleLOp-[eUILLIB] BJIX] PUB UIBLLOPOWOIG ‘|39 ‘| UI210.d PIlIEIOSSY S ‘| dVA ‘DSEPISOIDE|ED-B1ag-PI]BIDOSSY 92UIDSAUIS ‘|BD-g-YS ‘7 UlteIsopul ‘zs3 [ punodwod Juljjiy oy1dads-aouadsauss ‘| )SS

(o6]'[E 12 BAUORT
[z)1B3 1

[cg]SU42g
pue pojuadwiy
PUE [,¢]'|® 39 JBRY

Hmm,ow_._m 19 N>OV_UNLZI
[z6]18 1@

Bueyz pue [ ¢“[e 12

BINIA [g5)"'[B 39 JSOA

s|jo
L4DIN pue 6-12d-080L LH

L-44H pue sa1koouljeay|

8- IM ‘ELEHIN
ALTE6TITH MNG
‘064INI ‘(g pue asnoy

asnow ‘|-3dy ‘L1¥ ‘L4DN

asnow

pue ‘SzON 1618-SH
‘€SEL-MS ‘L00-NOHD

skep ¢

Yyve

skep ¢ ueyy aio

sy9am g

10J }99M B SaWIll 7
:9sno\ sAep ¢ ;|9

AU 008

AW 0€-§

AT §7-67°9
asop/asnow/jown
¥$°0-52°0

:2SNO N [ 5|92 8
AT 00L
/wrioL ‘(e6L pue
£€£-19V) ‘B4 Bw
sz (ze-1av)

LDYOLW
ur Ajurew ‘KHARDE YO LW JO UoIGIYuU|

auisouse) Aq Suieusis |y o UOIBAIDY
€6d apnpxe 01 SYYISYNA/TNd J0
Kemyied Zuijeudis y0XO4 Yim saiapaiu|

uoissaidxa
ZLNY JO S[2A9] MO| 01 anp sDS 01 dY1dads

LOf
Jonqiyur 139 Aq uoneUIWIR Ul JNsal
01 L zd pue LdVA s1281e1 {(1Xg pue

9ouadsainb o agels
|92 JO UOISIaAUOD Aq 92UIISBUIS SIONPIY
S|[22 dunuI JO JUBWIINIAI AG ‘UIYS
a3 ut sOS 4o sisoikodeyd sajowoid
92U9dsaUIs padnpul-Adelayowayd
pue uoiessuadap
pajejaJ-a3e 2]BIA||E 0} 9DUIDSAUIS
Jo Bunadie; 199[9s pue uoleUIWI|]
9dUadsauss Jo CO_HUB_UC_ u—._O_.._t\S NIES]
J2oued ||| pue soinadesayiowayd
Aq paonpui 3§ jo uoneul|3

suolisa| onpeasdued pue ‘| -adky
$919qeIp ‘SIIIIL1IBOS]SO JO UOIIBIAI||E

upfwedey

auisoute)

(waogosi-1yq@)

apndad
0SJaAUI-0414-0-YOX0O4

(weyp

OM|A]) udjIxoLe}
pa1ad.el-eLIpUOYDON N

LEL

[z5]"|B 32 [ED-UB|PO|OY| ‘SDSIN [B1AOUAS Y 8yy vz ‘N oz (£9z-14av) 7104) suetoud onordode-nue suqiyu) 104 sDS jo BuyeBiey pue uoljeUIWI|T  PUB ‘€97 ‘79T ‘66L-1AV
sisojdode aonpul 0Ua14Nd31 13dUED
log] 18 3@ 1 asnoy Y0 Wr'g 0] UOIDRIBIUI £Gd1-FOXO4 sidnisig  pue 3uide ajeins||e 03 SOS JO UOIBUILIF apndad 753
uoipuny [ediskyd pue uolewwe Ul pie
adAy ||92 jo ssa|piedas pue uoljesauadal dsIp [eiqalaAIR UL
loo] B 32 1D asno\ skep ¢ Wr g0 1eD-¢ yum uondesaiul y3noayy sajeaidy anoidwil 03 S Jo uoleuIWI|g LSS Snipoid
asnow
pue ‘saikoodipeasd
uewny ‘s)IANH uoniqiyul saiyredounau ondo aajssaidoud Aq
[65]'IE 32 BY20Y ‘s43H ‘43N ‘s49N skep ¢ 3 Bwig J101dadau seUD| AUIS0IA] 9AID99S  BLIODNE|S 9]BIAJ|[E 0] SDS JO UONEBUIWIIT qiuneseq
DIWH DI ‘LSZN ERIIERLEIER
‘SOzZN ‘“DIANH ‘BT1eH uddIang) aseajal pue [9801pAH jo paonpul-Adeaylowayd ul pie pue auoq
[gg]'IB 32 BuIX ‘L€Z-9IN-VAN ‘SDSINE Yy 8y M QL puoq 43153 pazkjoipAy sjuauodwiod 4sys 9101534 01 SDS JO UOIBUIWI[S PaZI|ed0T unaIaNY
[,g]']& 39 OUI3[ES (1IN) uonoiejur [eipsedofw
PUE [g¢]'|® 32 HAZ0ZSBIEM asno\ syoam 7 Kep 3 3w og VN 21nde jo A1anodas pue [eaians Suinoidu Xe[20}IABN
asnow pue S1111411e03)S0 JO
[sg]' 1B 32 UO3( sa14d0ipuoyd YO UewNH syam 7 WM 00Z-00LL  SDS ul 91 d jo suoissaidxa y3iy SuinaSie]  UOIJBIAJ||E 10} 9DUIDSAUIS JO LOITRUILIIT JIAODIDUBD
asoydodtonyy (gIN) an|g euepy aqoud
[pg] |B 32 997 43N pue e79H Ys—v AT 05-0L $9583J3) [eD-¢-Y/S Aq patendE 3God DS JO UOIBUILUI[2 puE LOIPRI2Q  [ES-19 aN|q AUBIAYIBIN
les] 1B 3 aqoud paseyur-reau
SuBA pUE [56]"[E 12 asnow NN OL ‘U 0ZL Sunaduey pue 3uipuiq Apogiue sjuaLu|ie paje|as-ade sa|d1sedoueu
nd (151”8 3 NX pue ‘06¥IN| ‘Bldonipy y9 ‘w31 0002-008 9AI12399s elA sisoidode jo uondnpu| JO UOIIBIAS||E 10} SDS JO UOIjBUIIF plo3 |ediyd
FERIEIETEN] |9poN uoneinQg asoQ UOI12B JO 9pOJN suonesiduw so1h|ouas

"SUOIIDE JO SPOW JI3Y} PUE S|[9D JUIISIUIS JO [BAOLUI/UOITBUILIS 3y} 40 SENIP 4O 1SIT *| d|qeL

2300461 (4 of 18) © 2023 Wiley-VCH GmbH

Adv. Biology 2023, 2300461



ADVANCED
SCIENCE NEWS

ADVANCED
BIOLOGY

www.advancedsciencenews.com

Mechanistic Targets of
Senescence

Reactivation of MEK/ERK
pathway

Manipulation of senm‘
specific anti-apoptotic MEK

e & >
transcriptional proceedings '~

.

www.advanced-bio.com

Restoring activity and

function of Na+/K+

proton pumps

Boosting Mitochondrial
Function, and Removing
Damaged Mitochondrion

Effects on proteins
involved in
Mitochondrial fusion/
fission processes

Intervention at Mito-

Zﬁ:?:;i:?n irrafecrigc OC\ J ER contact sites,
3 roteins involved,
uEiquetto senescent Q\\ P gnd Ca2+ Signals
phenotype 3
Lol Blocking BCL
family anti-
apoptotic proteins
Facilitating the fusion
of lysosomes & Targeting cells with
autophagosomes to over abundant SA-B-Gal
induce autophagy expressing Lysosomes
Use of CART
Cells to Inhibition of mTOR to prevent

recognize SA
surface markers

over-activity

Figure 2. Illustration showing the potential mechanistic targets of senescence.

anti-apoptotic protein family are BCL-XL and BCL-WAX. The up-
regulation of these proteins cultivates the persistence of senes-
cent cells. By blocking these proteins, using the ABT molecule,
apoptosis is induced, and therefore, the SCs are terminated.l>®]
Elimination of senescence also aids in the proliferation of hair
follicle stem cells, as seen in the mouse model.*®! The down-
side of this strategy is that certain clinical trials, which have
progressed past phase II, have demonstrated that Navitoclax
(ABT-263)-treated mice develop transient thrombocytopenia and
neutropenia.l>”]

2.2. Prodrugs

Prodrugs are a class of drugs that remain in the inactive form
and are only activated once administered and metabolized by the
body. This class of drug was first developed as a replacement
for encapsulated drugs in an attempt to improve specificity. The
mechanism for this treatment is dependent upon the escalated
number of lysosomes in senescent cells. Senescence-specific
killing compound 1 (SSK1) was designed to kill senescent cells
by the targeting of Senescence associated (SA)-f-galactosidase-
expressing lysosome moiety, which is a lysosomal enzyme spe-
cific to senescence.”) Gemcitabine is another prodrug used to
kill senescent cells, also by reacting with SA-f-gal-expressing
lysosomes. This is a highly specific and effective method used
to target f -gal-positive SCs and has the potential to ameliorate
age-associated disorders and diseases. At lower concentrations,
these prodrugs exhibit greater selectivity in eliminating senes-
cent cells. However, their overall efficacy is diminished, result-
ing in the persistence of a subset of these cells. When used at
high concentrations in a co-culture of senescent and normal cells,
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the effect became less selective and exerted a harmful effect on
healthy cells.[61:62]

2.3. Metabolic Inhibition

It has been shown that altered metabolism exerts an influence
on cells displaying the senescence phenotype. Studies have im-
plicated that glutamine metabolism has an important contribu-
tion in the viability of senescent cells through interaction with
the enzyme, glutaminase-1(GL1-1). Inhibition of GL1-1 activates
the apoptotic pathways in senescent cells. This approach is an-
other means to extinguish senescent cells from aged tissue and
hence improves age-related diseases.[®*] However, the exact link
between metabolism and senescence is still somewhat unclear,
thus requiring further research to fully understand this method.
Furthermore, it was found that supplementation of ammonia can
ablate the senolytic activity of GL1-1 inhibition altogether.[®*]

2.4. Senolytics

Senolytic drugs are simply used to kill senescent cells. One
bromodomain and extra-terminal domain (BET) family protein
degrader (BETd) is used to promote senolytics in SCs. BETd
uses two pathways, with one causing an upregulation of au-
tophagy and the other a reduction of non-homogeneous end
joining (NHE]).[®] Other senolytic drugs, such as dasatinib and
quercetin, have been used for the removal of SCs. This class
of senolytics is often used to help mitigate radiation ulcers.[®]
However, this group is limited by imprecise cell specificity.[®!
Other senolytics like ABT-263,1°] a BCL inhibitor, UBX0101, and
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UBX1967(% have also been used to target senescent cells. The
specificity, selectivity, dosage, duration, and frequency involving
senolytic administration are all very critical considerations. Dasa-
tinib is an Receptor Tyrosine Kinase (RTK) inhibitor, and its non-
specificity affects the surrounding cells. Likewise, BCL-XL in-
hibitors foster the deterioration of blood platelet activity. Last, car-
diac glycosides are another class of senolytics that can be used
to target senescent cells. Although the senolytics mechanism is
not yet fully understood, it has been hypothesized that they may
bind to ion channel pumps and block the flow of K* and Na*
ions. This procedure would cause the depolarization of the mem-
brane, which could potentially activate apoptotic pathways.[%] A
problem with this approach is that the destruction of senescent
cells may promote cancer growth.

2.5. Nanoparticles

Chiral nanoparticles (NP) have also been used to induce apopto-
sis in SCs. D-CuxCoyS, a NP, was used by alternating magnetic
fields and near-infrared photon illumination.l”®! Synergistically,
these two methods induce apoptosis by both the activation of
caspase-3 and by damaging the cytoskeleton.

2.6. BH3 Mimetics

B-cell lymphoma homology expresses a BH3 protein that uses
a specific BH3 domain to inhibit anti-apoptotic proteins, and
thus target senescent cells.’! Drugs like ABT-199 (venetoclax)
and ABT-263 (navitoclax) are BH3 mimetics, meaning that they
mimic the domain of BH3. By doing so, they suppress BCL-2,
BCL-X, and BCL-W in cancer treatment.”?l These drugs can also
be used in targeting the unique metabolism of senescent cells.[”3]

2.7. CAR T-Cell Therapy

Senescent cells can be prepared through various induction meth-
ods, which broadly display a common surface marker pro-
tein known as urokinase-type plasminogen activator receptor
(uPAR). Chimeric antigen receptor (CAR) T cells can be used
to clear senescent cells by selectively attacking the uPAR surface
antigen.[”* These specialized CAR-T cells are developed by intro-
ducing mouse uPAR into the CD38 regions of human T-cells.!”>]
However, to ensure the safety of this therapy, progressive devel-
opment of this approach through clinical application is necessary.

2.8. Immune Cells

Senescent cells are present throughout our bodies in diverse
amounts. These cells are normally removed naturally by immune
cells. For this reason, the disablement of immune function can al-
low for the proliferation of senescent cells which can resultin age-
related pathologies. Natural killer (NK) cells and macrophages
are two types of functional immune cells that destroy SCs. NK
cells have the ability to kill cells that have been damaged by cancer
treatment. In the process of erasing pro-inflammatory senescent
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cells, some may escape from the NKs due to the over-expression
of matrix metalloproteinase-3 (MMP3). The reason MMP3 can-
not simply be inhibited is because its inhibition presents severe
side effects. On the other hand, macrophages are another innate
exterminator of damaged cells. However, NF-kB signaling upreg-
ulates CD47 expression, which acts as an inhibitory receptor on
the surface of senescent cells. Upregulation of CD47 may assist
senescence in escaping macrophage-based killing.!”®) Carnosine
is an anti-aging skin drug used to maintain the elasticity and dry-
ness of skin. Carnosine promotes macrophage phagocytosis and
hence improves the destruction of senescent cells.[””] Carnosine-
mediated clearance is carried out by the activation of the ser-
ine/theonine protein kinase 2 (AKT2) pathway.

2.9. Plasmonic Core—Shell Spiky Nanorods

Plasmonic core—shell spiky nanorods (CSNRs) are modified with
antibodies to target the mitochondria and specific receptors of
senescent cells. Near-infrared irradiation-induced senescent cells
were treated with these nanorods to bolster levels of ROS and
cause deterioration to the cellular skeleton, thereby inducing
apoptosis. This also resulted in the destruction of SCs, without
harming any normal cells.”®] The only problem associated with
this method is that it requires illumination and the process is yet
to be demonstrated in vivo.

2.10. Ubiquitin-Specific Peptidase 7

Inhibition, or depletion, of ubiquitin-specific peptidase 7 (USP7)
selectively causes apoptosis in senescent cells. This feature of
USP7 is attributed to cellular degradation, which increases the
level of p53 and thus induction of apoptotic proteins. Further-
more, p53 activation blocks the interaction of BCL-2 and BAK
proteins!”®! and generates both apoptosis and suppression of the
SASP from senescent cells. Thus, USP7 has become a novel tar-
get for the elimination of senescence; however, there is some con-
troversy as to what exactly the mechanism is. Two pathways have
been hypothesized: one utilizing p53; the other is proposed to
be p53-independent.

2.11. Mitochondria-Targeted Tamoxifen

Mitochondria-targeted tamoxifen (MitoTam) is a mitochondria-
specific anticancer drug that is used to kill cancer cells. It is
also used to dispatch both malignant and senescent cancer cells.
The activity of MitoFam in SCs is regulated by the presence of
low-level adenine nucleotide translocase-2 (ANT2). Restoration
of ANT2 hinders the functional activity of MitoFam in SCs, while
conversely, its downregulation in non-senescent cells advances
their elimination.® Although MitoTam is a highly selective killer
of senescent cells, it does have minor drawbacks. When normal
cells were treated with MitoTam for 2 days, roughly 50% of the
cells ceased proliferation, despite not entering senescence.

2.12. FOXO4

Forkhead Box O4 (FOX04) belongs to a transcription factor fam-
ily that is associated with the process of aging. The expression of
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this gene is increased in cells undergoing senescence; however,
inhibiting this gene results in the activation of programmed cell
death in senescent cells. Downregulation of FOXO4 in normal
growing cells leads to apoptosis instead of senescence. Further-
more, the suppression of this protein in senescent cells leads to
an increase in apoptosis.®’! The interaction between FOX04 and
P53 is significant in the elimination of senescent cells. A D-retro-
inverto peptide (DRI) interferes with the interaction between p53
and FOXO4. Disruption of FOX04-p53 by FOX04-DRI caused
apoptosis. FOXO4-DRI has the potential to be a drug candidate
for eliminating senescent cells. However, the selectivity and effi-
cacy of the assay in humans have not been tested yet.[*]

2.13. Inhibition of MEK/ERK Pathway

The Mitogen-activated kinase/ Extracellular Signal-regulated ki-
nase (MEK/ERK) pathway plays an important role in cancer de-
velopment. The inhibition of the MEK pathway is harmful to mi-
tochondria. When these damaged mitochondria are not degraded
by autophagy, it results in the accumulation of ROS. ROS ag-
gregation activates the apoptotic pathway in senescent cells. Ev-
idently, activation of the MAPK pathway restores mitochondrial
health and viability. The mechanism of senescent cell death by
the inhibition of the MEK/ERK pathway is due to the disrup-
tion of lysosomes, as well as auto-phagolysosomes.”’! Also, the
loss of yes-associated protein (YAP1) induces cellular senescence
and negatively regulates p21. Thus, sequential targeting of the
YAP1 and p21 might be a novel approach to removing senescent
cells.??]

3. Drawbacks of Senescent Cell Elimination

Here, we will discuss why the elimination of SCs may not be a
good choice. The discussion will include the abnormalities that
occur due to their absence, along with the limitations of the
senolytical approach. Senescent cells assist in wound closure, and
their elimination can hamper wound healing dynamics.[??) While
cellular senescence has critical involvement in early embryonic
development, we will not include this area in the review, since
our focus is on the accumulation of senescence associated with
aging. We will explore the complex relationship between cancer
and senescence and address conflicting studies on their interac-
tions. Senescent cells also limit the degree of tissue fibrosis!*®%]
and assist in immune system recruitment.

3.1. Detrimental Effect of SC Removal on Tissue Physiology

In a recent study, it has been reported that the elimina-
tion of senescent cells interferes with the native tissue en-
vironment and confers both liver and perivascular fibrosis.
Moreover, demolished SCs were not replaced by normal cells,
which led to harmful morphological and functional changes
within the tissue.'®Endothelial cells are one such class where
clearance of senescent cells tarnishes the surrounding normal
cells; for instance, the elimination of SCs caused pulmonary
hypertension!’!l in mice. This may be why all types of senes-
cent cells are not eligible for termination. For example, senes-
cent T-cells are not eliminated because they cannot be regener-
ated at advanced ages. Considering the beneficial properties of
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senescent cells, it may be better to keep them rather than delete
them completely. In vivo elimination of SC studies have been per-
formed on mice, but it became evident that senescent cells were
not completely removed. This was presented by the analysis of
treated mice liver and T lymphocytes. The complete or partial
removal of senescent cells can cause fibrosis of tissue and or-
gans, impairment of the blood—tissue barrier, and a reduction in
health span. Over an organisms lifespan, many organs including
the heart may accumulate up to 30-50% of senescent cells.!'%!
Therefore, the removal of SCs would leave an empty space, which
would significantly hinder organ function. It is possible that the
remaining proliferative cells may compensate for their removal.
However, the filling process does not take place in experimen-
tal practices. For instance, the elimination of satellite cells con-
tributes to the myopathy of skeletal muscles.!'®! In addition, the
loss of skin cells is not compensated by the surrounding cells,
rather they leave an empty void only filled by the stretching of
membranes.['% Transplantation of stem cells has not yet been a
feasible approach due to the large number of cell deaths.'%] Alto-
gether, the replacement of 15 senescent cells with normal grow-
ing cells is a bottleneck of trial and error.

3.2. Limitations of Senolytic Drugs

A tissue is made up of a variety of cell types; therefore, there is a
heterogeneous population of different forms of senescent cells.
This heterogeneity present within the tissue limits the efficacy
of senescent cell targeting. The specificity, dose, and duration, as
well as the failure to distinguish between quiescent and senes-
cent cells, are all problems associated with the selective elimina-
tion of senescent cells.>>1%] An approach with high selectivity
may leave some SCs behind, while approaches with low selec-
tivity may harm healthy cells. Even though in vitro studies have
shown that certain drugs are capable of selectively targeting and
killing senescent cells, in vivo studies have shown that harm-
ful side effects can accompany this process. For example, many
senolytics, like navitoclax and dasatinib, diminish the function
of osteoblasts and bring about bone loss, as well as endothelial
dysfunction.['%18] [n addition, the use of senolytics results in
hypertension.l"® Complications such as these are another issue
with the use of senolytics and senescence elimination in the clin-
ical setting.

3.3. Beneficial Effect of Senescence: Wound Healing

The ability of SCs to reorganize the ECM by secreting collagen in
conjunction with their strong signaling system gives them a key
role in aiding wound healing.['%! Senescent cells release a spe-
cific molecule called Platelet-derived growth factor- AA (PDGF-
AA), which is a component of the SASP. PDGF-AA promotes my-
ofibroblast differentiation, which is necessary for the wound clo-
sure process. 1% Studies have revealed that the duration of senes-
cence is a key factor in the instance of transient, or temporary,
senescence. The transient dynamics of senescence is beneficial
in tissue repair because it allows for the recognition of damaged
tissue by the immune system.[1%]
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Figure 3. Potential Strategies for the rejuvenation of senescent cells.

3.4. Paradoxical Relationship between Senescence and Cancer

It has long been thought that cellular senescence is a defen-
sive strategy to act as a tumor suppressor mechanism. This is
because, senescent cells stop their proliferation and secrete the
SASP, which halts the division of other cells via paracrine sig-
naling and recruits the immune system, which attacks the trans-
formed cells."''112] Therefore, expunging senescent cells may
support an increase in cancer progression. One study!''3! showed
this by using a metallopeptidase inhibitor 1, (TIMP1). SCs have
been recognized for their ability to inhibit the advancement of tu-
mors. Nevertheless, the depletion of TIMP1 exacerbates the pro-
cess of cancer metastasis. As a consequence, a significant num-
ber of individuals diagnosed with prostate cancer exhibited re-
sistance to chemotherapeutic agents. The findings presented in
this study demonstrate the dual function of senescence in the
context of both the presence and absence of TIMP1.[''*] When
co-cultured with senescent cells, normal cells displayed increased
DNA and oxidative damage and activation of many senescence-
associated markers showing that paracrine signaling influences
multiple cell types.l''*] This explains how the presence of senes-
cence and the SASP can prevent cells from transforming into
cancer and slow tumor initiation.

Despite this evidence, many other studies have demonstrated
that accumulation of senescence benefits tumor progression
through certain molecules of the SASP. Vascular endothelial
growth factor (VEGF) is one component of the SASP that aids
in tumor vascularization and progression. Senescent fibroblasts
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have also been implicated in favoring tumor development shown
in a study demonstrating that pre-malignant breast epithelial
cells lose their differentiation characteristics, gain invasiveness,
and undergo transformation when co-cultured with senescent
fibroblasts.['!>11¢] These findings make it difficult to pinpoint
how exactly senescence influences cancer and altogether show
that eliminating senescent cells may give rise to a series of
other problems.

4. Potential Strategies for Senescence Rejuvenation

The elimination of senescent cells has quite a few limitations
which can weaken tissue structure and function. In the last 2
years, many studies have been conducted to rejuvenate senes-
cent cells, instead of eliminating them. For example, the surgical
conjoining of old and young mice, a process called parabiosis,
is a method of replacing SCs. In parabiosis, both the young and
old mice share circulatory systems.!''”] Theoretically, the youth-
ful immune system and blood cells from the young mouse can
revamp the senescence-riddled circulatory system of the aged
mouse. This study shows the promise of new strategies that are
being developed as a new outlook of rejuvenating senescent cells
rather than eliminating them. In this section, we will discuss var-
ious approaches used in attempts to rejuvenate senescent cells
(Figure 3). Considering the positive implications of senescent
cells, complete elimination may not be the ideal choice. There-
fore, research of the rejuvenation or reversal of senescence calls
for a more thorough understanding.
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4.1. Extracellular Vesicles (EVs)

EVs are small lipid-bound vesicles secreted by cells into the ex-
tracellular space that influence cell—cell interactions, contribute
to tissue homeostasis, and aid in local tissue development.[118119]
The content, or cargo, of EVs consists of lipids, nucleic acids, and
proteins—specifically, proteins associated with the plasma mem-
brane, cytosol, and those involved in lipid metabolism.[118120]
There are different subtypes of EVs depending upon the circum-
stance of their biogenesis, and their contents can vary.['?!] EVs are
even some of the constituents of the SASP, including both small
EVs and large EVs. Additionally, small EVs isolated from old indi-
viduals have no effect on aging markers. Meanwhile, there is no
evidence of large EVs having any effect on senescence and aging,
regardless of donor age.'??] Small extracellular vesicles that have
been isolated from the fibroblasts of young humans reduced the
amount of the senescence phenotype present in cells from old
donors and in old mice.'?3] Authors show that small EVs can re-
verse ROS activity and inhibit lipid peroxidation.'**] Anti-aging
features of small EVs are thought to be due to the high level of
glutathione-S-transferase activity. Still, many more experiments
are required to establish accurate EV isolation techniques and the
therapeutic role of small EVs on aging.

4.2. Exercise and Blood-Borne Factors

It is well known that physical exercise improves age-related cog-
nitive functions including memory and brain health.[12>12%] Daily
exercise, or environment enrichment, improves learning,!!’]
minimizes senescence physiology,'?®l enhances mem-
ory and immune functions,'”! and repairs neurovascular
dysfunction.[’**! In animal models, blood plasma from exercise-
performed mice was administered to relatively inactive aged
mice. Subsequently, the blood transfusion ameliorated many
age-associated cognitive defects.[3!] Exercise also caused an
increase in the levels of glycosylphosphatidylinositol (GPI)—
specific phospholipase D1 (Gpldl), a liver-derived enzyme, in
circulating blood plasma. In addition, Gpld1 levels were also
found to be high in active adult humans. In parabiosis, blood
from a young mouse is transferred to an old mouse by conjoin-
ing their circulatory systems,['*”) and hence, the blood plasma
was transferred from the immature to the mature mouse.
This technique improved cognitive functions and regenerative
potential within the brain of the aged mouse.[13%134]

4.3. Epigenetic Reprogramming

Epigenetic reprogramming is the process by which an organism’s
genotype interacts with the environment to produce its pheno-
type and provides a framework for explaining individual varia-
tions and the uniqueness of cells, tissues, or organs despite iden-
tical genetic information.[***) Many of these epigenetic alterations
occur via processes of small-interfering RNAs, DNA methylation,
or histone modifications.!'3¢-138] These epigenetic changes could
have a big influence in determining a cell’s state, specifically in
encoding for the senescence phenotype. In a seminal study, the
David Sinclair group demonstrated that adding Sox2, Klf4, and
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Oct4 in ganglion cells of aged mice promoted axon regeneration
and restored vision loss.['**! Thus, epigenetic reprogramming
can mediate vision restoration and is thought to be caused by
DNA methylation. This provides insight into how rejuvenation
can occur by inducing manipulations in cellular epigenetics.

4.4. mTOR Inhibitors

The mammalian target of rapamycin (mTOR), a ser-
ine/threonine kinase, is a cell nutrient sensor and is an
important regulator of metabolism. This enzyme has a vast
number of roles, including regulation of autophagy, mitochon-
drial biogenesis, lipid and nucleotide synthesis, and increasing
protein translation.!'**! One marker of cellular senescence is the
hyperactivation of mTOR, which sustains the cell in an anabolic
(growth) state. This hyperactivity is thought to contribute to
the increase in senescent cell size, as well as in intracellular
crowding caused by the blocking of autophagy. Inhibitors of
mTOR, including rapamycin and resveratrol, have shown the
ability to reverse senescence and aging in vitro.'"*!) Similarly,
metformin activates AMPK, another metabolic controller, and is
shown to have an impact on senescence rejuvenation.

4.5. Hyperbaric Oxygen Therapy

Another recent study, published in 2020, indicated that hyper-
baric oxygen therapy (HBOT) was used to investigate whether
an intermittent supply of pure oxygen at high pressures affects
the aging process. The authors used two key markers, telomere
length and cellular senescence of mono-nuclear cells in periph-
eral blood, to assess the impact of intermittent exposure to HBOT
in aged humans. It became evident that the HBOT significantly
decreased the percentage of senescence in T cells. Interestingly,
the telomere lengths of B-cells, T-cells, and natural killer cells
were all increased significantly.'*?] Many other studies have also
shown that HBOT benefits cognitive functions!*! in adult hu-
mans. In conjunction, hyperoxia affects mitochondrial biogene-
sis, stem cell proliferation and migration, hyperoxia-induced fac-
tor (HIF-), sirtuins, and VEGFs.[1*4]

4.6. Balance of NAD+ and NADH Ratio

The in vitro expansion of human mesenchymal stem cells (hM-
SCs) is shown to lead to replicative senescence and a decline
in the proliferation and differentiation potential. The NAD+ to
NADH ratio regulates senescence in hMSCs. When hMSCs were
treated with a NAD+ precursor, nicotinamide, it increased NAD
levels and maintained the NAD+/NADH ratio, as well as in-
creased sirtuins’ activity. Thus, NAD+ can maintain mitochon-
drial function and rejuvenate late passage senescent cells.['*]

4.7. Modulation in ROS Gene
The compilation of oxidative damages caused by high levels of

ROS is one of the bases of aging among mammals. P66Shc is
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one gene, member of Src homologous-collagen homologue adap-
tor protein that has been shown to incite a high production of
ROS and oxidative damage in triple-negative cancer cells. ROS
production sensitizes Poly (ADP-ribose) polymerase inhibitor
(PARPi), which initiates the apoptotic pathway.!'**] The P66Shc
protein is shown to be colocalized in mitochondria and other
organelles,['¥] which are dysregulated in the senescent state.
Deleterious mutation in the gene P66Shc can produce stress re-
sistance and prolong life & health span. P66Shc is an adaptor
protein and is involved in mitogenic signal transduction from
an activated receptor to RAS. P66Shc is activated by an abun-
dance of ROS, which leads to apoptosis and is thus indicative
of involvement in the apoptotic signal pathway. The deletion of
P66hc!*8) results in an increased resistance to apoptosis and in-
creased dysfunction of p53 and p21 responses, resemblant of
the senescent phenotype. P66Shc is a downstream regulator of
P53, as it distinguishes between the tumor suppressor and ag-
ing activities of p53.1'*] Furthermore, cases of increased levels
of ROS and oxidative damages can be determined genetically via
the stress-induced pathway involving p53 and P66Shc. We must
keep in mind that aging is a multifaceted process encompass-
ing many molecular pathways; therefore, delaying the aging pro-
cess requires a combination of interventions and the targeting of
many different genes.

4.8. Immune Response

Earlier, we discussed that senescent cells have an important func-
tion in directing the body’s immune response. After all, the im-
mune system requires proper indication of damaged or malfunc-
tioning tissue, to exert its effect on the specific target. The accu-
mulation of senescence cells and secretion of the SASP may aid
in recruiting the immune system and initiating a response. This
contributes to the pro-inflammatory effect secretion of the SASP
displays. Once the immune system recognizes the necrotic tissue
by the presence of accumulated senescence, it can remove the
aged cells, repair the tissue, and restore its function. This is the
natural way that the body can clear the senescent cells.['*°] This
is assuming a fully functioning immune system. However, the
problem is when the immune cells themselves start becoming
senescent. Immune cell senescence leads to the gradual decline
of immune capabilities and allows for SCs in tissue to build up.
This is why we see diminished immunity in elderly individuals.
While senolytic elimination approaches may be a plausible con-
cept within many tissue types, it would be a disastrous tactic in
targeting senescent immune cells. The difference is that if senes-
cent cells are eliminated from an organ, many other cells may ac-
commodate their removal. In contrast, the immune system can-
not replenish its cells at advanced stages; therefore, eliminating
senescent immune cells may destroy an individual's overall im-
munity. By considering this, rejuvenation is the desired approach
in targeting immune system senescence and would be beneficial
in boosting the body’s natural method of senescence removal.'>!]

5. Mechanobiology of Rejuvenation

Cells reside in a 3D microenvironment where they interact with
other neighboring cells, components of the ECM, and respond
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to a multitude of biochemical and mechanical stimuli. As we
age, many mechanical changes occur within the cell and tis-
sue microenvironment.['>?] Senescent cells are constantly alter-
ing the ECM by laying down collagen and other fibrous tissue,
which can account for the increase in rigidity as tissue becomes
aged. Many studies have shown that mechanical property, partic-
ularly rigidity, measured by Young’s elastic modulus, regulates
cell proliferation and cell differentiation.['>3! Higher stiffness in
the ECM leads to a multitude of cellular changes. Looking further
into detail, mechanical stimuli that encompass many physical
factors such as compliance of surface rigidity, solid stress, fluidic
stress, stretch/compression, and the geometry of the microstruc-
ture, all influence cell function and state.>*1>°] Mechanical stim-
ulation has been demonstrated in some studies to enhance cellu-
lar function while also reducing markers of cellular senescence,
suggesting that it may have rejuvenated effects on senescent cells
(Table 2). For instance, much research has demonstrated that ap-
plied mechanical stresses can both decrease the expression of
senescence-associated markers and increase the survival and pro-
liferation of senescent cells.

The reports indicate that mechanical forces have a big ef-
fect on cellular functions through specific processes of mechan-
otransduction, that is, the conversion of biomechanical sig-
nals to biochemical signals. Mechanical forces impose regu-
lation of a cell’s metabolic operations by altering the activity
of mTOR complex 1 (mTORC1), autophagy, lysosomal func-
tions, fusion of autophagosomes and lysosomes, cell cycle, apop-
tosis, morphology, migration, viability, proliferation, gene ex-
pression, and immune response. These effects can also be ob-
served in mitochondrial dynamics, cytoskeletal arrangements,
and epigenetic modifications. For example, low shear stress im-
pairs mitochondrial(***l homeostasis and blocks mitophagy in en-
dothelial cells,['”] whereas laminar shear stress blocks inflam-
mation through autophagy in aortic cells.[*>®]

Dysfunction in mitochondria regulation and inhibition of au-
tophagy can allow for intracellular ROS and protein debris to
accumulate, respectively. Furthermore, it has also been demon-
strated that a cell’s nuclear architecture and chromatin arrange-
ments are also modified by exposure to mechanical forces. These
types of cell stresses direct a cell into transforming into the senes-
cent state, explaining how the mechanical properties of the envi-
ronment are highly integral in maintaining a cell’s state. Emerg-
ing evidence is showing how different mechanical stimuli can
affect various aspects of a cell’s physiology and behavior. It is
now known that mitochondria respond to shear stress,!'>! while
cyclic stretching enhances mitochondrial oxidative phosphoryla-
tion (OXPHOS) and biogenesis. 1]

Mechanical stretching alters the cell cycle, mitochondria-
mediated apoptosis, and induces cytoskeletal-mediated
ROS.[15616L162] Cyclic stretching induces oxidative stress in
various cell types.[163164] Mechanical pressure applied by atomic
force microscopy induces mitochondrial fission.['] In addition,
actin-cytoskeletal contractility contributes to mitochondrial
constriction.'%] Even the matrix rigidity and a cell’s overall
shape can influence mitochondria.['” These examples signify
how mitochondria and other cellular organelles respond to
various mechanical forces.[164166.168]

Certain biophysical cues such as rigidity, fluid flow, stretch,
and contraction influence cellular functions, primarily those re-
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Table 2. Key players and pathways involved in the mechano-rejuvenation process.

Drug/pathways Activator Inhibitors References
Integrins Mechanical stress, Insulin growth factors Cytochalasin D Zhen et al.[73]
(IGF-1), and Platelet-derived growth factor
(PGDF)
Rho Mechanical stress RhoGAPS and C3 toxins Sah et al.l"74]
ROCK LPA and thrombin Y27632, Fasudil, and H-1152 Knipe et al.l17%]

Lamins A and B IGF-1 and phosphorylation of lamin A and B

YAP and TAZ Mechanical stress and Hippo signaling

Src Kinases Mechanical stress and growth factors

MAPK Mechanical stress, growth factors, and
cytokines

AMPK Metformin, AICAR, Berberine, and
resveratrol

Sirtuins Resveratrol, SRT1720, SRT2104, NMN, NR,
and NAD+

P38 pathway TNF-alpha and IL-1 beta

ERK pathway EGF and NGF

AKT pathway Insulin, IGF-1, and PDGF

FOXO ROS, IGF, CR, physical exercise, resveratrol,
and curcumin

NF-kB TNF-alpha, LPS, berberine, IL-1, and
pathogens

ATM pathway Chemotherapeutic agents, ionization

radiation, vitamin D, caffeine, and exercise

MicroRNA 21 Resveratrol, curcumin, PPAR gamma agonist
and MiR-146a

Telomerase Meditation, exercise, TAT2 and TA-65, and
activity Astragalus

Lonafarnib HDAC inhibitors such as
valproic acid

Verteporfin
Imatinib and PP2

U0126 and SP600125

Compound C and Dorsomorphin

Nicotinamide, sirtinol, cambinol, EX-527,
and tenovin-6

SB203580 and BIRB796

U0126 and PD184352

LY294002 and wortmannin

RNAi, NSC-207895, AS1842856, DMACL

Curcumin, IKK inhibitors,
corticosteroids, and NSAIDs

KU60019, KU-55933, RNAI, nivolumab,
ipilimumab, and curcumin

Luteolin, EGCG, LNAs, ASOs, SiRNA

Antisense oligonucleotides, imetelstat
GRN163L, bibr1532, and EGCG

Zhavoronkov
et al.[7€]

Islam et al.[77]

Schernthaner
et al.['78]

Yanoshita et al.l'7]

Hardie et al.’"l and

Day et al.l%0]

Gertz et al.[181]

Shah et al.['82]
Slack et al.[183]
Adi et al.['3]

Pardo et al.[8]
Buhrmann et al.l36]
Stagni et al.[187]

Li et al.[188]

Harley et al.[8]

NF-kB, Nuclear factor kappa B; IGF-I, Insulin-like growth factor; LA, Lysophosphatic acid; AICAR, 5-Aminoimidazole-4-carboxamide ribonucleotide; NMN, Nicotinamide
mononucleotide; NR, Nicotinamide riboside; EGF, Epidermal growth factor; NGF, Nerve growth factor; TNF-alpha, Tumor necrosis factor alpha; IL-1 beta, Interleukin-1
beta; IGF, Insulin-like growth factor; CR, Calorific restriction; LPS, Lipopolysaccharide; PPAR-gamma, Peroxisome proliferator-activated receptor gamma; YAP, Yes associated
protein; TAZ, Transcriptional co-activator with PDZ-binding motif; ROCK, Rho associated protein kinase; MAPK, Mitogen activated protein kinase; ATM, Ataxia-telangiectasia

mutated; NAD+, Nicotinamide adenine dinucleotide; HDAC, Histone deacetylases.

lating to migration, replication, morphology, and viability. Nor-
mal growing cells have rigidity-sensing modules which are com-
posed of actin filament, paxillin, talin, myosin, tropomyosin,
and actinin proteins. Senescent cells apply more traction forces,
have more focal adhesion sites, and have more actin stress fil-
aments throughout.'®] In general, a cell’s state can be char-
acterized based on its rigidity-sensing capabilities and growth
potential. Normal growing cells have intact sensing machinery,
where they grow on stiff surfaces, but undergo cell death on
soft surfaces.l'7%! In contrast, while in a transformed state, the
rigidity- sensing machinery is dysfunctional, and they can grow
on soft and stiff surfaces alike.['”!] Recent data show that trans-
formed cells lack rigidity-sensing abilities due to the absence of
tropomyosin 2.1.1721 When Tpm 2.1 is generated in transformed
cells, they begin behaving like normal cells and undergo anoikis
when cultured on soft surfaces. This suggests that cells in a trans-
formed state obtain a faulty apoptotic pathway, which may be
linked to rigidity sensing.
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The extent to which mechanical forces can be employed to re-
juvenate senescent cells should be explored to adequately under-
stand the mechanisms through which they may modify cellular
senescence. Further research is required to determine the opti-
mal conditions for the utilization of mechanical forces in rejuve-
nating senescent cells since their effects on cellular activity can
be subtle and complex.

6. Outlook and Future Implications

It is important to keep in mind that cellular actions are all highly
dynamic and constantly changing. However, this dynamic nature
is required for a cell to adjust its physiology accordingly, to enable
proper response to mechanical cues presented in the environ-
ment. By making these modifications, cells are able to maintain
homeostatic equilibrium and avoid mishaps like mutation and
death. While many of the adjustments in cellular processes
may act transiently, chronic exposure to specific stimuli could

© 2023 Wiley-VCH GmbH
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Outstanding questions in the field of senescence and anti-aging

In- vitro

1. Normal cell size enlarges in response to senescence inducing drugs and replicative senescence. How
are chemical cues converted into the physical form?

. How are the size of senescent cells regulated by nutrients and growth factors?

. What is the threshold size of a cell, in which that cell becomes irreversibly senescent?

. How are the functions of intracellular organelle altered with an enlarged size?

. What regulates the lysosome and autophagosome fusion process?

What is the role of extracellular pH in the induction of senescence?

. What determines the formation and stability of lysosome, phagophores....?

. How are senescent cells different from diseased cells?

© ® N U A W N

. What determines whether cells enter the apoptotic or anti-apoptotic state?
10. What factors affect the migration of a single versus an aggregation of senescent cells?
In-vivo
1. Even if senescent cells are rejuvenated, the degraded microenvironment may not be rectified by the
rejuvenation strategies. For cells that reside in the niche, the deterioration of the niche may be toxic
for remaining cells.
2. Is it possible that the reversal and induction of senescence are competing processes? In an aged
body, senescence might outcompete reversal.
3. If the SASP is already present in the tissue microenvironments, reversal may be unstable or transient.
Therefore, removal of the SASP from organs and the tissue environment is yet to be performed.
4. Organs and tissues are made of several types of cells including immune cells, stem cells, and
differentiated cells, but we do not yet know how rejuvenation will affect the overall variety of
senescent cell types.

5. How long can rejuvenated cells survive in the body. and does the migratory potential affect tissue

integrity?

Figure 4. List of outstanding questions.

enforce more permanent alterations in cellular organization.  the senescent state may act as a buffer to counteract harmful
Field of senescence and ageing is growing rapidly and it is a  manifestations within the cell and its prodigy, which may be
need to answer many unresolved questions (Figure 4). When the =~ why we age.® Cellular senescence can be characterized as a
balance of homeostasis is tilted too far to one side or the other,it  stubborn cell state with both beneficial and detrimental roles in
may result in disease or abnormalities. It is now understood that  tissue and organ function.
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Figure 5. Illustration showing the potential age-reversal approaches.

It has been shown that damaged tissue accumulates senes-
cence to express overall defect and act as a target for the im-
mune system.'" However, the senescence phenotype is very
robust, and the cells become cunning in their ability to avoid
death. SCs have reduced function and big implications for their
surroundings.[>015217L191192] Altering the mechanics of a cell’s
physical environment may help to understand the aging process
and act as a potential strategy to revert the senescent cells to their
proliferative state, thus delaying senescence-associated features.
The limiting step of a mechanical-based intervention strategy is
the development of a new tool to specifically target senescent cells
and tissues directly or indirectly. Physical exercise is becoming
established as a non-invasive strategy used to expose cells to me-
chanical forces. Studies have shown that physical exercise, specif-
ically weight resistance training,'®}! can simulate the action of
senolytics.[3®19] Further, exercise can ameliorate some of the
hallmarks of aging and improve a person’s quality of health and
lifespan.[19>1%] However, a disadvantage of the exercise-based ap-
proach is that ill or impaired individuals may be unable to per-
form the required activities and movements.

In the future, it is probable that mechanical-based techniques
will be more extensively utilized in combination with other avail-
able strategies. A multi-variable approach should be considered
including pharmacological, dietary, and physical activity levels to
rejuvenate senescent cells and slow organismal aging. Deploying
pressure pulses, also a noninvasive procedure, is another me-
chanical cue that can influence many cellular aspects. As men-
tioned, low-frequency ultrasound is a new technique creating nu-
merous new possibilities.['”] This strategy may have therapeutic
potential to rejuvenate aged cells and tissue and further promote
the field of anti-aging research. The advantage of using this strat-
egy is that it is non-invasive and clinically safe. In addition, these
mechanical effects could be specific only to senescent cells and
have no interference with normal biological processes.

Despite several studies on the role of senolytics along with
other anti-aging and longevity approaches, the use of mechani-

Adv. Biology 2023, 2300461
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cal forces as an approach remains underdeveloped. As discussed,
cells sense their microenvironment and remodel many facets
via mechano-signaling and mechanotransduction processes, re-
sulting from present mechanical stimuli.'®202] Early studies
show that substrate mechanics regulate the rejuvenation of in-
duced pluripotent stem cells (iPSCs).[8293294][n the absence of
biochemical cues, fibroblast cells cultured on a patterned surface
transform into PSCs.[%8! Kureel et al.l2%®! show that mesenchy-
mal stem cells cultured on soft polyacrylamide gels delay the on-
set of senescence and regulate cell-cycle dynamics.?) Surface
stiffness also manages the quiescence of MSCs.?"] Gilbert and
Chaudhary groups have shown that substrate stiffness controls
proliferation and maintains differentiation potential in muscle
stem cells.[208209] These limited but promising findings indicate
a strong need for a more in-depth analysis of mechanical forces
as an approach to rejuvenation (see Figure 5).
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