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Preface

The population continues to age at an increasing rate in virtually every country
worldwide. According to data from the 2019 Revision of World Population
Prospects (United Nations), by 2050 one in six people will be over age 65, with
peaks of one in four people in Europe and Northern America. Remarkably, the
number of individuals aged 80 years or over is projected to triple, from 143 million
in 2019 to 426 million in 2050. This situation is expected to increase dramatically
the incidence of multiple age-related pathologies, and to have an enormous impact
on public health.

Cellular senescence, a response to damage and stress characterized by a stable cell
cycle arrest and a complex secretory phenotype (SASP), was conceived, from the
initial experiments of Leonard Hayflick and Paul Moorhead (1961), as an underlying
cause of ageing. However, until recently, a formal in vivo demonstration of cellular
senescence as a hallmark of ageing has remained elusive. Only in the last 10 years,
the development of genetically-engineered mouse models allowed to conclude that
the selective elimination of senescent cells attenuates a number of age-related dys-
functions and promotes healthspan and lifespan. This notion boosted the develop-
ment of senotherapies—therapies aimed at interfering with senescent cells. Among
those, the most investigated senotherapies are based on compounds that can either
selectively kill senescent cells, also called senolytics, or inhibit the SASP, also called
senostatic or senomorphics. Preclinical validation of various senolytics confirmed
that the eradication of senescent cells delays, and in some cases reverts, a number of
age-related disorders. These pathologies include, among others, cardiovascular
diseases, neurological disorders, type 2 diabetes, inflammatory diseases, fibrosis,
geriatric syndromes, musculoskeletal impairments, and cancer.

Cellular senescence is a very heterogeneous process that depends on a number of
variables including the trigger or type of stress, the particular cell type and the tissue
of origin. For this reason, a universal marker able to identify senescent cells
unequivocally and to serve as a target for interventions seems to be lacking. As a
consequence, one main strategy to identify drugs with senolytic activity has been the
use of large-scale screening methods based on siRNA and small compounds libraries
in the context of cytotoxicity readouts. This is the case of the combination of the
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tyrosine kinase inhibitor, dasatinib and the flavonoid, quercetin, which promotes
senolysis in particular cell types. Also, as senescent cells upregulate pro-survival
pathways to become resistant to cell death inducers, it has been shown that inhibitors
of the Bcl-2 family of antiapoptotic proteins (e.g. ABT-263 and ABT-737) are potent
and more specific senolytics. Similarly, other strategies include the use of molecules
interfering with the interaction between p53 and FOXO4 (FOXO4-DRI peptides) or
between p53 and MDM2 (UBX0101), facilitating p53-mediated apoptosis. The
identification of vulnerabilities in senescent cells has been occasionally based on
some markers and features of senescent cells, such as increased lysosomal
senescence-associated b-galactosidase (SAb-gal) activity, and this includes chap-
erone HSP90 inhibitors (e.g. 17-AAG and 17-DMAG) and drug delivery systems
(e.g. nanocarriers coated with galacto-oligosaccharides, GalNPs). Finally, screening
of compound libraries has allowed the identification of natural compounds with
senolytic activity, including the flavonoid, fisetin, piperlongumine and more
recently, cardiac glycosides.

Unfortunately, this arsenal of senolytics is not exempt from side effects and
toxicities, which limits their clinical potential. For example, it is well known that
ABT-263 (navitoclax) causes neutropenia and thrombocytopenia. Therefore,
despite the successful preclinical validation of a number of formulations with
senolytic activity in different animal disease models, drug-associated toxicities have
compromised validation in early phase clinical trials. The development of more
selective second-generation senolytics requires a more accurate understanding
of the molecular properties of senescent cells and the identification of senescence
biomarkers. Despite these aforementioned limitations, some senolytic agents have
already advanced to trials testing. This includes UBX0101 for the treatment of
osteoarthritis (now in phase II), the cocktail dasatinib and quercetin for the man-
agement of idiopathic pulmonary fibrosis and chronic kidney disease, and ABT-263
in combination with senescence-inducing chemotherapies for the treatment of
advanced solid tumors.

The SASP is considered to be the main senescence-associated component
responsible for tissue degeneration and inflammation, and a major driver of
age-related disorders, particularly when senescent cells accumulate and persist in
organs. Therefore, in addition to senolytics, an innovative and exciting therapeutic
strategy is the development of compounds capable of manipulating the detrimental
effects of the senescent cells via the inhibition of SASP components. Among these
senomorphic or senostatic compounds, inhibitors of NFjB (e.g. metformin,
resveratrol, simvastatin), JAK/STAT (e.g. ruxolitinib) and mTOR (e.g. rapamycin)
have been successfully tested at the preclinical level. This strategy is however still
in its infancy, and may also exert ‘on-target’ side effects such as attenuation of
tumor immune surveillance and retardation of tissue repair and remodeling: pro-
cesses where short-term senescence and SASP seem to play beneficial functions.

Finally, it is worth mentioning that there is an emerging interest within the
scientific community to develop tools to detect and monitor senescent cells in vivo.
This would allow clinicians to monitor longitudinally the burden of senescent cells
in multiple age-related disorders and also, the assessment in cancer patients in
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response to radiotherapy and chemotherapy. To date, a collection of senoprobes has
been developed, mainly consisting of fluorescent SAb-gal-dependent probes and
also in diagnostic nanoparticles. However, the translation of senoprobes to the
clinic may require the adaptation of more conventional bioimaging systems in
humans, like Magnetic Resonance Imaging (MRI) and Positron Emission
Tomography (PET), by developing contrast agents and radionuclides, respectively.
The field of senoprobes is very much at its beginning but it is expected to expe-
rience an extraordinary expansion in the next few years provided that more
selective biomarkers of cellular senescence are identified.

Preclinical studies have convincingly concluded that the eradication of senescent
cells can alleviate multiple age-related pathologies in animal models. Despite these
exciting results, many challenges still remain: (i) better insights in the intrinsic
mechanisms of cellular senescence and the identification of more specific
senescence-associated biomarkers, (ii) the development of more selective senolytics
and senoprobes, and (iii) a deeper understanding on the required doses, biodistri-
bution and timeline of elimination of potential senotherapeutics. Despite these
limitations, some first-generation senolytics are already in clinical trials and the
scientific community awaits the translation of successful preclinical studies to
promising, confirmed and proven principles. We are now entering an exciting era in
which we are uniquely positioned to translate anti-senescence therapies to medical
applications, a strategy that may have an important impact on multiple human
age-related disorders and, ultimately, the promotion of healthy ageing.

Cambridge, UK Daniel Muñoz-Espin
Groningen, The Netherlands Marco Demaria
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of Senotherapies



Chapter 1
Senolytic Drug Development

Yonghan He, Guangrong Zheng, and Daohong Zhou

Abstract Cellular senescence is a hallmark of aging because senescent cells (SnCs)
accumulate with age and play a causative role in many age-related diseases. Selec-
tively eliminating SnCs has been emerging as a new strategy for treating age-related
diseases and extending healthspan. Small molecules that targeting different SnC anti-
apoptotic pathways (SCAPs) to selectively kill SnCs are termed senolytics. Up to
date, several classes of senolytic agents, including naturally occurring compounds
and their derivatives, and targeted therapeutics, have been identified. Here we discuss
the biological significances of cellular senescence in aging, and summarize some of
the known naturally occurring and targeted senolytic agents and their targets. As
most of the known naturally occurring compounds or targeted senolytics have limi-
tations to be developed as therapeutics for human applications, development of more
specific and potent senolytic agents that can reduce the on-target and/or off-target
toxicity of senolytics, is urgently needed to improve healthy aging in humans.

Keywords Cellular senescence · Senolytics · Senescence-associated secretory
phenotype · Aging · Age-related diseases

1.1 Cellular Senescence

Cells become permanently growth arrested after extensive replication or as a result
of exposure to stress, which prevents propagation of genetically unstable and dam-
aged cells, and promotes their removal by the immune system (Childs et al. 2015).
Therefore, cellular senescence normally functions as a vital tumor suppressivemech-
anism and also plays an important role in tissue damage repair. However, if the
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increase in senescent cell (SnC) production persists beyond the immune clearance
capacity or the immune system is compromised and cannot efficiently remove SnCs,
SnCs can accumulate. Under such circumstances, SnCs can play a causative role in
aging and age-related diseases by inducing chronic oxidative stress and inflammation
via increasing the production of reactive oxygen species (ROS) and secretion of a
plethora of inflammatorymediators (e.g., cytokines and chemokines), growth factors,
and extracellular proteases—termed the senescence-associated secretory phenotype
(SASP) (Campisi 2013). Therefore, it has been suggested that inhibiting the induction
of senescence might be detrimental, but promoting SnC clearance is beneficial. This
suggestion is supported by the findings: (1) SnCs accumulate with aging, particularly
at the sites of age-related pathologies (Childs et al. 2015); (2) SnCs can contribute
to ‘inflammaging’ and other age-related pathologies in part via expression of SASP
(Tchkonia et al. 2013); and (3) clearance of SnCs using a transgenic approach delays
the onset of several age-related diseases and disorders including cancer in naturally
agedmice and prolongs their lifespan (Baker et al. 2016). These findings demonstrate
that SnCs are novel therapeutic targets of aging and age-related diseases.

1.2 SnCs are Emerging Therapeutic Targets

Although SnCs have been associated with various biological and pathological pro-
cesses with aging, the causal relationship between SnCs and age-related diseases
and disorders remained unclear until the year of 2011 (Baker et al. 2011). Baker
et al. designed a transgenic strategy for the clearance of SnCs in progeroid mice
and demonstrated that SnC removal can significantly delay the onset of several age-
related pathologies and prolong the healthspan. The study provides solid evidence
supporting that SnCs are causally implicated in generating age-related phenotypes
(Baker et al. 2011). Using the same genetic approach, they revealed that clearance of
SnCs not only delayed the onset of tumorigenesis and attenuated age-related dete-
rioration of several organs, but also significantly extended the lifespan of normal
mice (Baker et al. 2016). Since then, an increasing body of evidence has accumu-
lated to demonstrate that SnCs play a causative role in a variety of diseases using
mouse models, including atherosclerosis (Childs et al. 2016), osteoarthritis (Jeon
et al. 2017), Parkinson’s disease (Chinta et al. 2018), Alzheimer’s disease (Zhang
et al. 2019), diabetes (Palmer et al. 2015; Aguayo-Mazzucato et al. 2019), can-
cer (Takasugi et al. 2017; Demaria et al. 2017), pulmonary fibrosis (Schafer et al.
2017; He et al. 2019) and many other diseases (Childs et al. 2015; Tchkonia et al.
2013; Kirkland and Tchkonia 2017; Childs et al. 2017; Niedernhofer and Robbins
2018). Therefore, SnCs have been emerged as therapeutic targets for many of these
age-related diseases.
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1.3 Senolytics

SnCs can endure sustained DNA damage, oxidative stress, proteotoxicity and other
stressors because they are protected from induction of apoptosis by various SnC
anti-apoptotic pathways (SCAPs) (Kirkland and Tchkonia 2017; Childs et al. 2017;
Niedernhofer and Robbins 2018). However, these SCAPs can also function as the
Achilles’ heel of SnCs. Molecularly targeted inhibition of SCAPs with a small
molecule can selectively kill SnCs. These small molecules are termed senolytics,
whereas those that can suppress SASP, named senomorphics. Both senolytics and
senomorphics have the potential to prevent and treat age-related diseases and to
extend healthspan (Kirkland and Tchkonia 2017; Childs et al. 2017; Niedernhofer
and Robbins 2018). However, compared to senomorphics, senolytics may provide
greater promise and better benefits as anti-aging therapeutics because permanent
elimination of SnCs by senolytics requires less drug exposure, produces less drug
toxicity, and leads to a more durable effect than suppression of SASP by senomor-
phics. Therefore, development of senolytics has become a more attractive strategy to
combat aging and age-related diseases. This hypothesis has yet to be tested in future
studies.

To date, several classes of senolytic agents have been identified (Fig. 1.1),
including (1) naturally occurring compounds and their derivatives such as quercetin
(Xu et al. 2018; Zhu et al. 2015; Hickson et al. 2019), fisetin (Yousefzadeh et al.
2018; Zhu et al. 2017), piperlongumine and analogs (Wang et al. 2016; Zhang et al.
2018; Liu et al. 2018), curcumin analogs (Li et al. 2019) and cardiac glycosides
(Guerrero et al. 2019; Triana-Martínez et al. 2019); and (2) targeted therapeutics such

Fig. 1.1 Known senolytics that target different senescent cell (SnC) anti-apoptotic pathways
(SCAPs)
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as dasatinib (Xu et al. 2018; Zhu et al. 2015; Hickson et al. 2019), a non-specific
tyrosine kinase inhibitor; inhibitors of the anti-apoptotic Bcl-2 family proteins
(Zhu et al. 2015; Zhu et al. 2017; Chang et al. 2016; Yosef et al. 2016); HSP90
inhibitor and histone deacetylase (Fuhrmann-Stroissnigg et al. 2017); UBX0101
(Jeon et al. 2017), an inhibitor of the MDM2/p53 protein interaction; and a modified
FOXO4-p53 interfering peptide (IP) (Baar et al. 2017). The following is a brief
description of each of these known senolytics.

1.3.1 Senolytic Natural Compounds

Many natural products have anti-aging effects and are used as traditional medicines
and nutritional supplements to prevent or treat various age-related diseases, such as
resveratrol (Knutson and Leeuwenburgh 2008), berberine (Xu et al. 2017), rutin (Li
et al. 2016; Yang et al. 2012), catechin (Assuncao and Andrade 2015; Bernatoniene
and Kopustinskiene 2018), proanthocyanidin (Liu et al. 2018), ginkgo biloba extract
(EGb 761) (Sastre et al. 1998), ursolic acid (He et al. 2014; He et al. 2013) and other
phytomolecules (Mukherjee et al. 2011). Most of them are antioxidants and exert
their anti-aging functionsmainly by reducing oxidative damage. However, only a few
of them have been identified as senolytics, including quercetin (Xu et al. 2018; Zhu
et al. 2015; Hickson et al. 2019), fisetin (Yousefzadeh et al. 2018; Zhu et al. 2017),
piperlongumine and analogs (Wang et al. 2016; Zhang et al. 2018; Liu et al. 2018), the
curcumin analog EF24 (Li et al. 2019) and goldenrod extracts (Lämmermann et al.
2018), someofwhichhavebeenvalidatedby a recent studydonebyYousefzadeh et al.
(2018). They tested a panel of flavonoids, including resveratrol, curcumin, luteolin,
fisetin, rutin, epigallocatechin gallate, apigenin, pirfenidone, myricetin, catechin and
quercetin. Of which, fisetin showed the best senolytic activity, luteolin and curcumin
showedweak activity, while the others had almost no senolytic activity (Yousefzadeh
et al. 2018). In addition, two recent studies demonstrate that cardiac glycosides (CGs)
such as ouabain and digoxin function as broad-spectrum senolytics (Guerrero et al.
2019; Triana-Martínez et al. 2019).

1.3.1.1 Quercetin

Quercetin is a dietary flavonoid that can be found in a variety of vegetables and fruits
as well as in tea and red wine (Formica and Regelson 1995). Quercetin shows broad
biological activities, such as anti-obesity, antioxidant, anti-viral, anti-carcinogenic,
anti-bacterial and anti-inflammatory (Anand David et al. 2016). Indeed, quercetin
is widely used as a nutritional supplement and as a phytochemical remedy for vari-
ous diseases, such as cardiovascular dysfunction, diabetes/obesity, inflammation and
mood disorders. The strong antioxidant activity of quercetin enables it to quench free
radicals from forming resonance-stabilized phenoxyl radicals. Nevertheless, the low
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bioavailability, chemical instability and poor water solubility greatly hinder its appli-
cations (Wang et al. 2016). Thus, various strategies have been developed to improve
its stability, efficacy and bioavailability.

Levels of oxidative stress increase with age. Considering that quercetin is a potent
antioxidant, it has been hypothesized that quercetin may delay aging via reducing
oxidative damage. Administration of quercetin can reverse cognitive deficits in aged
mice (Singh et al. 2003) and promote longevity in Saccharomyces cerevisiae (Belinha
et al. 2007), which was attributed to its antioxidant activity. It was not identified as
a senolytic until 2015 when Dr. Kirkland’s group first discovered that quercetin is
a senolytic agent (Zhu et al. 2015). However, its senolytic activity was moderate
and cell type specific as it can only kill senescent human endothelial cells but not
senescent preadipocytes. Interestingly, when it was combined with dasatinib, they
became more effective than either agent alone in killing not only senescent human
endothelial cells but also preadipocytes and SnCs from many other tissue origins
(Zhu et al. 2015). For example, it was shown that naturally aged, radiation-exposed,
and progeroid Ercc1−/Δ mice exhibited a significant reduction in SnC burden after
the treatment with the combination of quercetin and dasatinib. More importantly,
this combination treatment improved the functions of multiple organs and delayed
many age-related pathologies in these mice, particularly extending the healthspan
in Ercc1−/Δ mice. Since then, the combination of quercetin and dasatinib have been
widely used to treat a variety of age-related diseases in mouse models (Zhang et al.
2019; Schafer et al. 2017; Roos et al. 2016; Ogrodnik et al. 2017; Nath et al. 2018;
Musi et al. 2018; Ogrodnik et al. 2019), including atherosclerosis (Roos et al. 2016),
pulmonary fibrosis (Schafer et al. 2017), hepatic steatosis (Ogrodnik et al. 2017),
chronic kidney disease (Nath et al. 2018), Alzheimer’s disease (Zhang et al. 2019;
Musi et al. 2018), and obesity (Ogrodnik et al. 2019). Moreover, two clinical studies
have been conducted to evaluate the safety of the combination of quercetin and
dasatinib in patients with idiopathic pulmonary fibrosis (Justice et al. 2019) and
diabetic kidney disease (Hickson et al. 2019). The results from these clinical studies
show that quercetin and dasatinib treatment was well tolerated and could reduce SnC
burden in these patients. However, quercetin is a polypharmacologic agent and its
mechanisms of action have not been well defined nor have their molecular targets
been identified and characterized. It remains unclear whether its therapeutic effects
are mediated by its senolytic activity, particularly considering that it is not a potent
senolytic agent and can only kill SnCs derived from a limited number of tissue origins
alone or in combination with dasatinib in vitro (Yousefzadeh et al. 2018; Hwang et al.
2018; Grezella et al. 2018).

1.3.1.2 Fisetin

Fisetin is widely studied flavonoid extracted from various fruits and vegetables such
as apples, persimmons, grapes, cucumbers, strawberries and onions (Arai et al. 2000).
It is commonly used as a nutritional supplement and has a highly favorable safety pro-
file. In Japan, the average dietary intake of naturally occurringfisetin is approximately
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0.4 mg/day (Arai et al. 2000; Kimira et al. 1998), apparently without any adverse
effects. Fisetin has numerous beneficial biological effects, including anti-oxidant,
anti-tumor, anti-angiogenic, anti-inflammatory, anti-hyperlipidemic and neuropro-
tective effects (Pal et al. 2016; Khan et al. 2013; Sundarraj et al. 2018). Like many
other flavonoids, fisetin acts as an antioxidant that can scavenge free radicals to confer
marked antioxidant activity and significant biological effects. Its anti-oxidative activ-
ity has been confirmed by both cyclic voltammetry assays and quantum-chemical-
based calculations (Marković et al. 2009). Accumulating data suggest fisetin as a
potent anti-tumor agent that can inhibit cancer cell proliferation and induce can-
cer cell apoptosis in a variety of cancer cell lines (Lall et al. 2016). Interestingly, the
effects are limited to cancer cells, as normal cells are less sensitive to fisetin treatment
(Lall et al. 2016), showing good selectivity against normal and cancer cells.

In 2017, fisetin was first found to selectively cause cell death in SnCs but not in
proliferating human umbilical vein endothelial cells (HUVECs) (Zhu et al. 2017).
However, it had no senolytic activity on senescent IMR-90 cells or primary human
preadipocytes (Zhu et al. 2017), indicating that its senolytic activity is cell-specific.
The senolytic activity of fisetin was validated by another study in which a series of
flavonoid polyphenols were tested for senolytic activity using SnCs (Yousefzadeh
et al. 2018). Among the flavonoids tested, fisetin was the most potent one to induce
SnC death. More importantly, treatment of progeroid Ercc1−/Δ and naturally aged
mice with fisetin reduced SnC burden in multiple tissues, which resulted in a signifi-
cant improvement in tissue homeostasis, reduced age-related pathology and moder-
ately extended median and maximum lifespan of naturally aged mice (Yousefzadeh
et al. 2018). Again, it has yet to be determined whether the therapeutic effects are
mediated by its senolytic activity as fisetin is also a polypharmacologic agent that has
been shown to extend the replicative lifespan of S. cerevisiae (Howitz et al. 2003) and
the lifespan of D. melanogaster (Wood et al. 2004) in part via activation of sirtuins.

1.3.1.3 Piperlongumine

Piperlongumine is a biologically active extract from Piper species. It is the major
alkaloid from long pepper and other important medicinal plants (Bezerra et al.
2013). Piperlongumine has wide pharmacological activities, such as anti-tumor,
anti-angiogenic, anti-platelet aggregation, anti-metastatic, anti-nociceptive, anti-
depressant, anti-atherosclerotic, anti-diabetic, and anti-bacterial (Bezerra et al. 2013).
The anti-cancer activities of piperlongumine have been widely studied. It can kill
various cancer types, including leukemia and solid tumors, such as skin, colon,
breast, lung, central nervous system (CNS), nasopharyngeal, pancreatic, osseous,
renal, bladder and prostate cancers (Bezerra et al. 2013; Piska et al. 2018). Inter-
estingly, piperlongumine shows selective cytotoxicity over cancer cells and only
displays weak cytotoxicity to normal cells (Bezerra et al. 2013). For example, it can
suppress leukemia cell growth and reduce tumor cell viability by inducing apop-
tosis, but only has weak cytotoxicity to normal lymphocytes (Bezerra et al. 2007).
Mechanistic studies reveal that piperlongumine functions as an antitumor agent via
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regulating multiple signal transduction pathways, including the mitochondrial apop-
tosis pathway, receptor tyrosine kinase (Raf-1) and extracellular signal-regulated
kinases (ERK1/2) (Bezerra et al. 2013). Additionally, piperlongumine can suppress
tumor progression and migration in vivo. The anticancer effect of piperlongumine
has been proposed through its inhibition of oxidative stress response enzymes such
as GSTp1 and CRB1, resulting in selective induction of ROS production in cancer
cells but not in normal cells (Bezerra et al. 2013).

By screening a library of small molecules that target pathways predicted to be
important for SnCs survival,Wang et al. identified piperlongumine as a novel lead for
the development of senolytic agents (Wang et al. 2016). Piperlongumine selectively
kills senescent human WI-38 fibroblasts induced by ionizing radiation, replicative
exhaustion, or ectopic expression of the oncogene Ras. It induces SnCs apoptosis via
activing the caspase cascades as pretreatment with the pan-caspase inhibitor Q-VD-
OPh (QVD) can significantly block the apoptosis. Piperlongumine was reported to
kill cancer cells by inducing the production of ROS. However, it cannot induce ROS
production in SnCs (Wang et al. 2016). Interestingly, piperlongumine synergistically
killed SnCs in combination with ABT263, a Bcl-2/Bcl-xL inhibitor. Initial structural
modifications to piperlongumine identified a series of analogswith improved potency
and/or selectivity in inducing SnC death (Liu et al. 2018). However, the mechanisms
by which piperlongumine kills SnCs are largely unknown. Dr. Zhou’s lab identified
a series of potential molecular targets of piperlongumine using a piperlongumine-
based chemical probe to pull-down piperlongumine-binding proteins from live cells.
One of them is oxidation resistance 1 (OXR1), an important antioxidant protein that
regulates the expression of a variety of antioxidant enzymes. They found that OXR1
was upregulated in senescentWI-38 fibroblasts. Piperlongumine can bound to OXR1
directly and induce its degradation through the ubiquitin-proteasome system in an
SnC-specific manner (Zhang et al. 2018). These findings provide new insights into
the mechanism by which SnCs are highly resistant to oxidative stress and suggest
that OXR1 is a novel senolytic target of piperlongumine that can be further exploited
for the development of new senolytic agents. However, whether piperlongumine and
its analogs can function as a senolytic agent in vivo has yet to be determined.

1.3.1.4 EF24

Curcumin is a hydrophobic polyphenol derived from the rhizome of the herb
Curcuma longa, and is a well-defined natural compound with a variety biological
activities, such as anti-cancer, anti-oxidation, anti-inflammation, and anti-microbial
(Aggarwal and Harikumar 2009; Anand et al. 2008; Gupta et al. 2013; Hatcher et al.
2008; Maheshwari et al. 2006). Curcumin was found to have therapeutic potential
and benefits in delaying aging and has been used to prevent and treat certain
age-associated diseases (Grill et al. 2018; Takano et al. 2018; Yang et al. 2017). It
has been shown to extend lifespan and healthspan inDrosophila melanogaster (fruit
fly) (Chandrashekara et al. 2014) and Caenorhabditis elegans (Liao et al. 2011).
However, its low potency and poor bioavailability limit its clinical applications
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(Shoba et al. 1998). A series of curcumin analogs have thus been developed in order
to improve its bioavailability and therapeutic efficacy, such as EF24 (Adams et al.
2005; He et al. 2018), HO-3867 (Selvendiran et al. 2009), 2-HBA (Dinkova-Kostova
et al. 2007) and dimethoxycurcumin (DIMC) (Tamvakopoulos et al. 2007), which
were demonstrated to be more active than curcumin in reducing age-dependent
deterioration, such as cancer and inflammation.

Curcumin was reported to have weak senolytic activity in a recent study (Youse-
fzadeh et al. 2018). However, Li et al. identified EF24 as a more potent senolytic
agent than other curcumin analogs tested including HO-3867, 2-HBA and DIMC
(Li et al. 2019). They revealed that EF24 reduced cell viability not only in ion-
izing radiation induced SnCs, but also in SnCs induced by extensive replication or
ectopic transfection of theRas oncogene.Moreover, EF24 displayed broad-spectrum
senolytic activity against different types of SnCs, including human IMR-90 fibrob-
lasts, HUVECs and human renal epithelial cells (Li et al. 2019). EF24 was reported
to induce apoptosis in various tumor cells in part by inducing ROS production and
endoplasmic reticulum stress. However, EF24 did not induce ROS production in
SnCs, indicating that its senolytic activity is ROS-independent. Instead, they found
that EF24 could reduce the expression of Bcl-xL and Mcl-1 in SnCs but not in nor-
mal cells, probably via proteasomal degradation. The findings provide new insights
into the mechanisms by which curcumin analogs function as anti-aging agents, and
suggest the potential of EF24 to be a novel senolytic agent for the treatment of
age-related diseases.

1.3.1.5 Cardiac Glycosides (CGs)

Two groups recently discovered that CGs including ouabain and digoxin are potent
and broad-spectrum senolytics (Guerrero et al. 2019; Triana-Martínez et al. 2019).
These CGs could kill a variety of SnCs from different species and tissues origins
and induced by different stressors in vitro. They selectively killed SnCs primarily by
inhibiting theNa+/K+ ATPaseon the plasmamembrane,which caused the disturbance
of intracellular concentrations of Na+, K+ and H+ more profoundly in SnCs than non-
SnCs, and subsequently led to the loss of membrane potential and acidification of
the cells. In addition, SnCs are more susceptible to this disturbance than non-SnCs
because SnCs exhibit partial depolarization of their plasma membrane and have a
higher concentration of H+ than non-SnCs under basal conditions.

CGs also exhibit strong senolytic activity in vivo. For example, it was shown
that administration of ouabain or digoxin to mice effectively eliminated oncogene-
induced pre-neoplastic SnCs in the liver and pituitary, SnCs induced by radiation in
the lungs, and SnCs accumulated in different tissues with aging. The elimination of
SnCs in these mice led to decrease in the expression of SASP, suppression of tis-
sue fibrosis and improvement of various physiological functions. Furthermore, CGs
were highly cytotoxic to senescent cancer cells induced by various chemotherapeutic
agents, resulting in a significant improvement in tumor response to chemotherapy in
a lung cancer xenograft mouse model and a patient-derived breast cancer xenograft
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mouse model. These findings suggest that CGs have the potential to be used as
effective treatments for a variety of age-related diseases including cancer.

1.3.2 Targeted Senolytics

Almost all targeted senolytics identified to date are repurposed anticancer agents
that target SCAPs. These senolytics are in general more potent than naturally occur-
ring senolytic compounds with the exception of CGs. However, these repurposed
senolytics usually possess various on-target and/or off-target toxicities, which may
preclude their clinical use as anti-aging agents as older people aremore susceptible to
adverse drug effects than younger individuals and less tolerant of cancer drug toxicity.
Therefore, strategies to reduce on-target and/or off-target toxicity of known targeted
senolytics are needed to generate safer targeted senolytics for clinical translation.

1.3.2.1 Dasatinib—A Pan Tyrosine Kinase Inhibitor

Dasatinib was one of the first senolytics discovered by Zhu et al. (2015). Dasatinib
is a pan tyrosine kinase inhibitor that is known to promote tumor cell apoptosis via
inhibiting a variety of cell survival pathways, including the down-stream pathway of
ephrins or ephrin-B (EFNB) family members that are upregulated in SnCs. Dasatinib
preferentially reduced the viability in senescent human preadipocytes, but was much
less cytotoxic to senescentHUVECs.However,when itwas combinedwith quercetin,
they were more potent than either agent alone in killing different types of SnCs.
Therefore, the combination of dasatinib and quercetin have been widely used to
clear SnCs in various mouse models to treat different age-related diseases and tested
in two clinical trials as we discussed earlier in Sect.1.3.1.1. However, the mechanism
of action of dasatinib and the specific tyrosine kinase targeted by dasatinib tomediate
its senolytic activity have yet to be determined. Identification of the specific senolytic
target of dasatinib can lead to the development of more specific and potent senolytic
agents that can reduce the off-target toxicity of dasatinib.

1.3.2.2 Inhibitors of the Bcl-2 Family Antiapoptotic Proteins

Resistance to apoptosis is a hallmark of SnCs (Wang 1995; Childs et al. 2014; Sasaki
et al. 2001; Hampel et al. 2005; Soto-Gamez et al. 2019). Various SnCs may use
different SCAPs to resist apoptosis. The Bcl-2 family proteins, consisting of both
antiapoptotic and proapoptotic proteins, play important roles in the regulation of
apoptosis (Youle and Strasser 2008). These proteins share sequence homologywithin
conserved regions known as Bcl-2 homology (BH) domains. The Bcl-2 antiapoptotic
proteins are multi-BH-domain proteins including Bcl-2, Bcl-xL, Mcl-1, Bcl-w and
Bfl1. They can inhibit apoptosis by binding to the multi-BH-domain and BH3-only
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proapoptotic proteins. Among the Bcl-2 antiapoptotic proteins, Bcl-xL has been
primarily implicated in SnC resistance to apoptosis because inhibition of Bcl-xLwith
a Bcl-xL specific inhibitor (such as A-1331852) or a Bcl-2 and Bcl-xL dual inhibitor
(such as ABT263 or ABT737) can potently and selectively induce apoptosis in a
variety of SnCs (Zhu et al. 2017; Chang et al. 2016; Yosef et al. 2016; Zhu et al.
2016), whereas inhibition of Bcl-2 and Mcl-1 alone with their specific inhibitors has
no or weak effect on SnC survival (Chang et al. 2016; Yosef et al. 2016). However,
inhibition of Bcl-2 and Bcl-w may contribute to the cytotoxic effect of the Bcl-xL
inhibitors ABT263 and ABT737 on SnCs.

Themechanism bywhich Bcl-xL inhibition selectively induces apoptosis in SnCs
may be attributable to the persistent stress endured by SnCs, which can upregulate
the expression of some of the proapoptotic proteins such as Bcl-2 antagonist/killer
(BAK) (Chang et al. 2016). To counteract the effect of these proapoptotic proteins
for survival, SnCs also express a higher level of antiapoptotic proteins such as Bcl-
xL (Chang et al. 2016; Yosef et al. 2016). Therefore, inhibition of Bcl-xL with an
inhibitor can release Bcl-2-interacting mediator of cell death (BIM) and other BH3
proteins, which in turn activates BAK and/or Bcl-2-associated X protein (BAX).
The activation of BAX and/or BAK at the mitochondrial membrane induces their
oligomerization and formation of the macropores that causes mitochondrial outer
membrane permeabilization (MOMP).MOMP results in the release of cytochromeC
frommitochondria to the cytoplasm, which binds to the apoptotic protease-activating
factor 1 (APAF1) to form the apoptosome. The apoptosome then induces a cascade
activation of the initiator caspase (caspase 9) and executioner caspases (caspases 3,
6 and 7) to dismantle the cells (Czabotar et al. 2014).

Because ABT263 is one of the most advanced Bcl-2 and Bcl-xL dual inhibitor
drug candidate, it has been extensively evaluated as a senolytic agent. Dr. Zhou’s
and other labs have found that ABT263 can potently kill a variety of SnCs in cell
culture with a few exceptions (such as senescent chondrocytes and synovial fibrob-
lasts in the osteoarthritic joint), whereas it has minimal effect on their non-senescent
counterparts (Zhu et al. 2015; Chang et al. 2016; Yosef et al. 2016). These findings
suggest that ABT263 is a potent and broad-spectrum senolytic agent. This suggestion
is supported by the finding that treatment of mice with ABT263 can effectively clear
SnCs in various murine tissues. More importantly, clearance of SnCs with ABT263
can rejuvenate aged hematopoietic stem cells (HSCs) and the senescent hematopoi-
etic system in aged mice (Chang et al. 2016) and ameliorate several pathological
conditions associated with aging such as atherosclerosis, dementia and pulmonary
fibrosis (Childs et al. 2016; Pan et al. 2017; Bussian et al. 2018). However, the on-
target toxicity of thrombocytopenia induced by Bcl-xL inhibition prevents the use
of ABT263 and other Bcl-xL specific inhibitors in clinic even for cancer patients,
because platelets also depend on Bcl-xL for survival (Ashkenazi et al. 2017; Gandhi
et al. 2011; Leverson et al. 2015; Souers et al. 2013). Therefore, strategies that can
be used to overcome this on-target toxicity will be needed in order to generate a safer
and more effective Bcl-xL targeting senolytic agent for clinical translation. Alter-
natively, a combination therapy with lower doses of different senolytic agents may
provide a synergy to more effectively clear SnCs while reducing their on-target and
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off-target toxicity as seen with the combination of quercetin and dasatinib (Zhu et al.
2015) and ABT263 plus piperlongumine (Wang et al. 2016).

1.3.2.3 HSP90 Inhibitors

HSP90 is a molecular chaperone ubiquitously expressed in cells and tissues. It plays
an important role in the regulation of protein stability. It is upregulated inmany differ-
ent types of cancers and required for the stability and function of numerous oncogenic
signaling proteins as well as certain anti-apoptotic factors (Solárová et al. 2015).
Therefore, several HSP90 inhibitors have been developed as potential anticancer
agents. It has been well established that SnCs are under proteotoxic stress (Pluquet
et al. 2015) and thus potentially are more dependent on HSP90 for survival than non-
SnCs. Indeed, Fuhrmann-Stroissnigg et al. recently reported that HSP90 inhibitors
such as 17-DMAG are senolytics (Fuhrmann-Stroissnigg et al. 2017). These HSP90
inhibitors can selectively kill a variety of SnCs from mouse and human. Mechanic
study reveals that inhibition of HSP90 with an inhibitor disrupts the interaction of
HSP90with the phosphorylatedAKT, leading to the destabilization of the active form
of AKT that is important for the induction of cellular senescence and SnC survival.
More importantly, it was shown that periodic treatment of Ercc1−/Δ progeroid mice
with 17-DMAG reduced the tissue burden of SnCs and delayed the onset of several
age-related phenotypes and pathologies. However, to translate 17-DMAG into clinic
for the treatment of age-related diseases, we need to generate analogs of 17-DMAG
to improve its pharmacokinetic and pharmacodynamic properties and reduce its side
effects (Mellatyar et al. 2018).

1.3.2.4 FOXO4-p53 Interfering Peptide (IP) and MDM2 Inhibitors

p53 is a well-known tumor suppressor that acts as a double-edged sword in regulation
of cellular senescence and aging (Wu and Prives 2018; Johmura andNakanishi 2016).
Increases in the levels and activity of p53 occur when cells enter a pre-senescent stage
upon activation of theDNAdamage response (DDR) pathway, which plays an impor-
tant role in the initiation of cellular senescence. In addition, direct activation of p53
by MDM2 inhibition with nutlin-3a can also induce senescence in mouse fibroblasts
without induction of DNA damage and activation of the DDR pathway (Efeyan et al.
2007). However, in many types of cells, p53 levels reduce to a level that is below
the basal levels of p53 in non-SnCs when they become senescent (Kim et al. 2015).
The reduction of p53 in SnCs may protect them from apoptosis because p53 is one
of the most important apoptosis determinants and can induce apoptosis through both
transcription-dependent and -independent mechanisms (Fridman and Lowe 2003).
In addition, the reduction of p53 activity was found in various tissues in aged mice
(Feng et al. 2007), which may contribute to the accumulation of SnCs and higher
prevalence of cancer due to reduced apoptosis during aging. Therefore, restoration
of p53 activity has the potential to eliminate SnCs via induction of SnC apoptosis.
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This hypothesis was supported by the finding that increases in p53 transcriptional
activity via disruption of the interaction between FOXO4 and p53 using a FOXO4
peptide selectively induced apoptosis in SnCs in cell culture and effectively cleared
SnCs in mice (Baar et al. 2017). In their study, they found that FOXO4 was ele-
vated to maintain cell viability in SnCs. Subsequently, they designed a peptide called
FOXO4-DRI which can disrupt PML/DNA-SCARS, release active p53 in SnCs, and
selectively and potently target SnCs for p53-dependent apoptosis. In vivo, FOXO4-
DRI counteracted chemotherapy-induced senescence and loss of liver function, as
well as loss of renal function in fast-aging mice.

However, there are still some challenges to use peptides as a therapeutics in clinic.
Alternatively, p53 can be activated by inhibition of the interaction between MDM2
and p53 to selectively kill SnCs. This is because the levels and activities of p53 are
primarily regulated at the level of post-transcription via the MDM2-mediated ubiq-
uitination and proteasome degradation (Kruse and Gu 2009), and inhibition of the
interaction between MDM2 and p53 with an inhibitor can increase p53 stability and
activity (Moll and Petrenko 2003). Indeed, it was reported recently that UBX0101, an
inhibitor of MDM2, could selectively kill SnCs in vitro and effectively clear them in
mice with post-traumatic osteoarthritis after local therapy. However, systemic treat-
ment withMDM2 inhibitors can be risky because it causes substantial hematopoietic
suppression and gastrointestinal toxicity (Tisato et al. 2017). It has yet to be deter-
mined whether these adverse effects are on-target toxicities or off-target side effects.
Therefore, MDM2 inhibitors may be only suitable for clearing SnCs to treat age-
related diseases such as osteoarthritis via local administration. It will be important
to find an alternative strategy to activate p53 without causing significant normal tis-
sue toxicity. This would be more desirable for the development of a better senolytic
agent that can be safely used in elderly individuals who are more susceptible to drug
adverse effects than young people.

1.4 Conclusions

While natural senolyticsmay have the advantages of low toxicity, they are usually less
potent than targeted senolytics and thus have to be combined with other senolytic
agents to be effective in clearing SnCs (Zhu et al. 2015), except CGs (Guerrero
et al. 2019; Triana-Martínez et al. 2019). The mechanisms of action of most natural
senolytics have not been well defined nor have their molecular targets been identi-
fied and characterized, making it very difficult to rationally modify the compounds
to improve their senolytic activity. In contrast, almost all the targeted senolytics dis-
covered are repurposed anticancer agents except the FOXO4-p53-IP (Kirkland and
Tchkonia 2017; Childs et al. 2017; Niedernhofer and Robbins 2018). These repur-
posed senolytics usually possess various on-target and/or off-target toxicities, which
could preclude their clinical use as anti-aging agents because older people are more


