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Introduction

Growing evidence indicates that most, if not all, chronic diseases and geriatric syndromes
share common pathways with aging and that these mechanisms may be modified. This
Geroscience Hypothesis arose from the observation that aging is the greatest risk factor for
most chronic diseases, such as cardiovascular disease, type Il diabetes, cancer and many
degenerative and neurodegenerative disorders[1]. The main advantage of looking at aging
through the lens of the Geroscience Hypothesis is that, if true, then by targeting these shared
aging mechanisms, it may be possible to prevent, delay and perhaps even reverse multiple
aging-related conditions and phenotypes simultaneously [2-4] Such interventions would
increase the human healthspan (quality, healthy, independent, productive years of life), while
decreasing the burden of long disease-ridden years later in life on both caretakers and
economy|[5, 6]. Several molecular pathways contributing to aging have been identified
collectively called “the Hallmarks of Aging” [7].More recently, these have been grouped
into 4 main categories, or fundamental aging mechanisms: 1) chronic, low-grade sterile
inflammation and fibrosis, 2) Macromolecular/organelle dysfunction, 3) Stem and
progenitor cell dysfunction, and 4) cellular senescence[8, 9]. Several studies show that these
mechanisms are somewhat intertwined: initiating one can activate others and targeting one
usually affects others. Genetically and pharmacologically targeting cellular senescence, in
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particular, has been the focus of much recent research with very promising pre-clinical
results [10-24]. The goal of this review is to describe advances in discovering senolytics,
drugs that eliminate senescent cells (SnCs) to delay or alleviate geriatric diseases and
syndromes, introduce techniques and models used for their discovery, and where we are in
terms of clinical translation.

Cellular Senescence

Like apoptosis and differentiation, cellular senescence is a cellular fate[25]. SnCs are
dysfunctional cells that have permanently exited the cell cycle in response to stress or
molecular damage. They are resistant to apoptosis, accumulating in many organs 1) with
aging, 2) as a result of therapies that cause DNA damage such as chemotherapy or radiation
in cancer patients, and 3) at sites of pathology of chronic diseases such as atherosclerosis,
obesity, Alzheimer’s and idiopathic pulmonary fibrosis (IPF). Their most detrimental aspect
is believed to be their secretome, the senescence-associated secretory phenotype, SASP[25,
26]. The SASP is highly inflammatory, and is composed of many pro-inflammatory
cytokines, chemokines and proteases that can be damaging to organs, ultimately resulting in
dysfunction. The SASP is so noxious that a small percentage of SnCs might cause
substantial tissue damage. This is supported by our studies showing that transplanting just 1
million SnCs (<0.03% of cells throughout the body) intraperitoneally into young, healthy
mice, can cause the onset of aging-like symptoms, increase senescence elsewhere and
decrease lifespan[27, 10]. Additionally, studies done in transgenic animals, where SnCs
(those highly expressing the cyclin-dependent kinase inhibitor p16) were ablated using
genetic approaches showed marked improvements in several aging phenotypes[18, 19, 22,
28]. Additionally, senescence in stem cell niches reduces the regenerative capacity of tissues,
leading to deterioration and pathology[29, 13].

Cumulatively, pre-clinical data suggest that reducing SnC burden or preventing their
accumulation may alleviate or delay the onset of aging-related conditions. Several methods
for accomplishing this are being developed and include senolytics (drugs that specifically
target and induce the death of SnCs), senomorphics (drugs that dampen or inhibit the
SASP), promoting reactivation of proliferation of SnCs (but this may accidentally induce
tumorigenesis) and immunotherapy (boosting the immune system to re-instate its ability to
combat SnCs as in young organisms)[30].

Senolytics

Ideal senolytics for translation to human use would be drugs that can specifically target and
kill harmful SnCs without affecting other cells or harming the individual.[31, 32] The
discovery of such senolytics, however, has been made difficult by several factors: 1) Most of
our knowledge about SnCs comes from /n vitro studies using SnCs induced by irradiation or
treatment with DNA-damaging drugs, and although we showed that these /in vitro-generated
SnCs replicate some of the key altered pathways in naturally occurring SnCs, they may not
reflect precisely what occurs /n vivo[33]; 2) The percentage of SnCs in various tissues /n
vivois relatively small (0.5-20%); 3) There are no sensitive, specific or standard biomarkers
for identifying SnCs, and the most routinely used markers such as senescence-associated
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beta-galactosidase, p16 and p21 are not found in all SnCs and can also be found in non-SnCs
(p16 is expressed in many terminally differentiated cell types); 4) SnCs might be as
heterogeneous as the cell types they arise from, and may therefore require targeting in terms
of matching specific drug combinations with cell type.

Administration of senolytics is envisioned to be intermittent. This proposed “hit-and-run”
nature of senolytic treatment reduces the possibility of undesirable off-target effects involved
in traditional continuous administration of a drug[34]. Damaged cells take 2—6 weeks to
senesce, and a certain threshold of SnCs has to be reached in the body before they can cause
damage. Thus, senolytics, designed to kill a large portion of SnCs in a few doses, only needs
to be repeated when enough SnCs have returned. The rate of re-accumulation of SnCs is
expected to vary among different people, and thus sensitive and reliable biomarkers for SnCs
are desired to measure the SnC load in individuals, allowing for more tailored senolytic
therapy (precision medicine)[35]. With all of these considerations in mind, we will review
most major classes of senolytic drugs developed to date.

Dasatinib and Quercetin

Zhu et al. used a hypothesis-driven approach combined with bioinformatics to identify
Dasatinib and Quercetin as the first senolytic agents[12]. They reasoned that SnCs, reported
to be resistant to apoptosis, have upregulated pro-survival pathways and down-regulated pro-
apoptotic pathways[36]. Comparing proteomic and transcriptomic profiles of senescent and
non-SnCs allowed them to identify several Senescent Cell Anti-Apoptotic Pathways
(SCAPs). Using RNA interference studies to target these pathways, they identified ones that
specifically induced death of SnCs rather than proliferating cells, and realized that different
SCAPs need to be targeted to induce apoptosis in different cell types. Dasatinib, a tyrosine
kinase inhibitor used in cancer therapy, interferes with members of the ephrin survival-
regulating dependence receptors (EFNB) appears to exhibit specificity in terms of killing
senescent preadipocytes. In contrast, quercetin, a flavonoid that inhibits kinases (including
P13K), serpines, and certain BCL-2 family members, demonstrates greater specificity for
killing senescent endothelial cells. Furthermore, combining the two (D+Q) kills more
senescent cell types than either alone by simultaneously targeting multiple SCAPs. The /in
vivo effects of D+Q senolytic therapy have been tested under dozens of conditions in mouse
models including physical dysfunction, osteoporosis, insulin resistance, Alzheimer’s, kidney
dysfunction, vasomotor dysfunction, liver steatosis, pulmonary fibrosis, anxiety and lifespan
reduction and ex vivo on human tissue with promising results [14, 37-41, 11].

D+Q has moved to human trials of incurable diseases where SnCs have been found to play a
causal role such as idiopathic pulmonary fibrosis (IPF), diabetic kidney disease (DKD) and
early stage symptomatic tau* Alzherimer’s disease to determine safety, tolerability and
effectiveness (Figure 1) [42, 43, 34, 44, 37, 45, 46]. Early proof of concept human studies
reported no serious drug effects, reduced SnC burden, reduction in SASP factors and
improved physical function[42, 43, 34]. Follow-up double blinded placebo-controlled trials
will be needed before it becomes possible to study the ability of D+Q to prevent or reverse
age-related conditions and improve healthspan in older adults.
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Fisetin, a flavonoid very similar in structure to Quercetin, was identified in a screen of
flavonoids for more potent senolytics[17, 47]. Fisetin was found to clear SnCs of different
lineages and reduce SASP /n vivo in several mouse aging models, reduce senescence in
human ex vivotissue explants, and increase lifespan and healthspan. It alleviated frailty in
mice even when administered late in life (starting at 20 months, equivalent to approximately
60 human years). Fisetin is attractive for therapy because it is widely available as a
supplement with few apparent side effects and better bioavailability, making it eminently
translatable. Additionally, it has other desirable effects such as being anti-inflammatory,
anti-oxidant, anti-carcinogenic and its targets include P13 kinase 6, some BCL-2 family
members, nuclear factor-kappa B (NF-xB), and mTOR [48-51]. Furthermore, Fisetin was
described to be a caloric restriction mimetic, an intervention shown to increase lifespan in
mammals[52]. Its well-established safety profile and many benefits have made fisetin one of
the quickest senolytics to enter into human clinical trials, with studies currently underway
examining its potential benefits in frailty, osteoarthritis and chronic kidney diseases
(Figurel).

Targeting the BCL-2 family (Navitoclax (ABT-263), UBX1967/1325, ABT737, EF24)

In a bioinformatics screen for the identification of pathways that may be conferring the
resistance of SnCs to apoptosis, Zhu et al. identified upregulation of the BCL-2 pro-survival
pathway as one of the SCAPs[12]. This family includes the anti-apoptotic proteins BCL-2,
BCL-W, BCL-XL, MCL-1 and Al. Soon thereafter, two reports identified Navitoclax (or
ABT-263) as a senolytic[13, 53]. Navitoclax can target several BCL-2 family members
(BCL-2, BCL-W and BCL-X| ), which are upregulated in senescent HUVECs and IMR-90
cells, but not in primary human preadipocytes. Consequently, Navitoclax was found to be
senolytic in HUVECSs and IMR-90s but not preadipocytes, with promising /n vivo results for
rejuvenating stem cells of the hematopoietic and skeletal muscle systems[13]. However,
Navitoclax has undesirable effects, mainly toxicity to platelets and neutrophils, making it
complicated for translation. Because this undesired off-target toxicity may be caused by
specific inhibition of BCL-2, drugs that target other BCL-2 family members, were tested
with the hope of less toxicity. A1331852 and A1155463, which specifically target BCL-X|_
(but not BCL-2) were later found to be senolytic [13, 47, 54, 53]. It is currently unknown
whether these two drugs might have less deleterious side effects.

Several /n vivo mouse studies have since shown the ability of ABT-263 to kill SnCs and
attenuate several diseases or conditions in which SnCs have been shown to accumulate.
ABT263 eliminated senescent astrocytes and improved cognitive function in an accelerated
brain aging model induced by whole brain irradiation, ameliorated hyperglycemia and
improved B-cells in an aging model, high fat diet model and insulin resistance models of
Type Il Diabetes, cleared senescent cardiomyocytes in hearts of aged mice, alleviated
myocardial remodeling, attenuated expression of profibrotic mediators and improved the
maintenance of cardiac function following MI, resulting in decreased post-MI mortality,
attenuated tau phosphorylation and aggregation in a mutant tau protein model of
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neurodegeneration, protected lung tissues from chemically induced pulmonary emphysema
and improved radiation induced pulmonary fibrosis in mice[55, 21, 23, 56, 57].

ABT-737 is another BCL-2 family inhibitor reported to be senolytic (targets BCL-2, BCL-W
and BCL-X|) and to functionally rejuvenate hematopoietic stem cells in naturally aged mice
and mice exposed to sublethal radiation[54].

EF24, a curcumin analog screened for its senolytic actions based on curcumin’s reported
anti-aging effects in C. elegansand D. melanogaster, was shown to be senolytic in many cell
types induced to senesce by different methods[58]. EF24 induced apoptosis of SnCs, and
caused a reduction in Bcl-xI and Mcl-1 proteins but not their mRNA, pointing to a possible
post-transcriptional mechanism. Proteasome degradation of the BCL-2 family appeared to
be the mechanism by which EF24 was senolytic. EF24 combined with ABT-263 had
synergistic effects, possibly allowing the lowering of the dose of ABT-263 to decrease its
side effects (thrombocytopenia), making it useful for clinical translation.

Some BCL-2 family inhibitors (UBX1967 and UBX1325, Unity Biotechnology) are being
prepared for testing in human trials for targeting diseases of the aging eye, such as age-
related macular degeneration and glaucoma (Figurel). However, the evidence of efficacy of
these drugs in animal models is very limited.

Piperlongumine

Piperlongumine is a natural product made by species from the genus Piper (pepper plants or
pepper vines). It was identified as a senolytic in the same screen of a small library of
structurally diverse, rationally selected small molecules that target pathways predicted to be
important for survival of SnCs that identified ABT-263 by Chang et al[13]. Piperlongumine
has low toxicity in mice, kills SnCs by apoptosis, and has significant synergistic senolytic
effect when combined with ABT-263, suggesting a different mechanism of action of
Piperlongumine from ABT-263[59]. However, the exact mechanism is still unknown for
piperlongumine to induce apoptosis in SnCs, and it appears to target several signaling and
survival pathways in SnCs.

Targeting p53 (UBX0101, FOXO4 peptide and USP7 inhibitors)

P53 is a transcriptional factor whose levels must be tightly controlled in cells because it
regulates various cellular processes including apoptosis, senescence, and proliferation[60]. It
can induce apoptosis in a transcription-dependent way (by inducing the expression of pro-
apoptotic genes) or transcription-independent mechanism (translocates to the mitochondria
and interferes in the interaction between anti-apoptotic BCL-family proteins and pro-
apoptotic proteins)[61, 62]. It is also downregulated in many tissues with aging, which may
drive higher cancer incidence and SnC accumulation. P53 is upregulated upon activation of
the DNA damage response in many cell types, but sometimes goes down in cells that
upregulate p16 to maintain their proliferation arrest and senescence, whereas its activity may
stay up in cells that do not upregulate p16. Evidence also exists for a role of p53 in SASP
suppression by a mechanism involving p38MAPK and NF-«xB, and for inducing apoptosis of
SnCs, making the activation of p53 an attractive goal for senotherapy[63-65].
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Baar et al. also hypothesized that anti-apoptotic pathways must be up-regulated in SnCs,
making them resistant to apoptosis and performed RNA sequencing on proliferating and
senescent IMR90 human cells[66, 36]. Their transcriptomics results didn’t fully support that
hypothesis (eg, senescent IMR-90s had higher PUMA and BIM (pro-apoptotic) and lower
BCL-2 (anti-apoptotic) than non-senescent IMR-90s), and so they reasoned that
transcription factors may be interfering with the execution of the apoptotic program and
focused on FOXO4, a transcription factor linked to apoptosis and target of Insulin/IGF
signaling. They found FOXO4 expression to be increased in SnCs and that its inhibition
could lead to apoptosis of SnCs. They showed that FOXO4 inhibits apoptosis by binding
p53 thus inhibiting p53-mediated apoptosis, causing cells to senesce instead of die in
response to DNA damage. They designed a cell permeable peptide to interfere with the
FOX04-p53 interaction and showed that it selectively induced apoptosis in SnCs IMR-90
fibroblasts, by excluding p53 from the nucleus and sending it to the mitochondria, resulting
in transcription-independent apoptosis[67, 68]. Using three in vivo senescence models, they
show the FOXO4 peptide (FOXO4-DRI) could be clinically useful for use against conditions
associated with SnCs (Table 1).

Another means of post-transcriptionally activating p53 is by preventing its interaction with
the murine double minute 2 (MDM2), a ubiquitin ligase[69]. MDM2 and p53 are connected
by a negative-feedback loop, where elevated p53 increases MDM2 expression, which in turn
promotes the ubiquitination and proteasome degradation of p53, reducing its activity[70]. He
et al. show that small molecule inhibitors of the ubiquitin-proteasome system 7 (UPS7),
which deubiquitinates MDMZ2 preventing its degradation by UPS, are senolytic[71]. USP7
inhibitors activate p53 and cause apoptosis in cancer cells by promoting MDM2 auto-
ubiquitination and degradation[72]. This indirect inhibition of MDMZ2 is well tolerated in
mouse studies, compared to direct inhibition of MDM2, making it a more attractive target. In
their studies, they find that USP7 inhibitors upregulated p53 and led to apoptosis only partly
by MDM2 degradation, indicating other p53 transcription-dependent and independent
mechanisms might also contribute. USP inhibitors successfully killed SnCs in a
doxorubicin-treated mouse model of senescence and decreased SASP expression in several
organs.

UBX0101, a senolytic that completed a Phase 1 human trial for safety and tolerability
(Figure 1) to target moderate to severe painful osteoarthritis (OA) of the knee, is stated on
Unity Biotechnology’s website (not by peer-reviewed literature) to be a p53/MDM2
interaction inhibitor. Jeon et al showed a causative role of SnCs in trauma-and aging-induced
OA, and that eliminating SnCs genetically and pharmacologically with UBX0101 can
attenuate OA progression and symptoms[20]. UBX0101 alleviated pain, decreased articular
erosion and increased cartilage regeneration in knees of mice that developed post-traumatic
OA following anterior cruciate ligament transection (ACLT), while decreasing many
senescence markers and SASP molecules in both articular cartilage and synovioum of the
knee joint. It is important to note that MDMZ2 inhibitors are toxic, and may only be useful
therapeutically in local (versus systemic) administration as is being tested for OA in humans.
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HSP-90 inhibitors

Fibrates

Fuhrmann-Stroissnigg et al. took advantage of the accelerated senescence of DNA damage
repair deficient Mouse Embryonic Fibroblasts (MEFs) from Ercc™~ mice (progeroid mouse
model) to establish a screen for senotherapeutics[73, 74]. They observed that, when grown at
atmospheric oxygen (20%), approximately 50% of these cells became senescent as
measured by several senescence markers. They also showed that an SA p-galactosidase
(SABG)-based assay using the substrate C1,FDG, which fluoresces upon cleavage by -
galactosidase, could accurately determine the proportion of senescent to non-senescent Ercc
~/= MEFs. They used both flow cytometry and automated confocal microscopy to quantify
senescent and non-SnCs, and performed screens using the microscopy detection method.
Because their cultures of Ercc™~ MEFs contained both senescent and non-SnCs, they could
determine the effect of different drugs on both cells in the same well, and showed the assay
could differentiate between senomorphics (Rapamycin and NDGA, which reduced the
number of SnCs without affecting the total number of cells) and senolytics (D+Q and
Navitoclax, reduced both the number of SnCs and total cell number, suggesting the SnCs
were being killed). They screened a library of 97 autophagy regulators, and identified 13
compounds as senotherapeutics, which can modulate cellular senescence. After excluding
compounds that were highly toxic, known to affect lysosomal pH (would yield a false
positive in their SABG-based screen), or were senomorphic but not senolytic, they identified
two promising candidates, tanespimycin (17AAG) and geldanamycin, both of which are heat
shock protein (HSP90) inhibitors. Testing 7 HSP90 inhibitors from different classes showed
that all were senolytic, and that they could kill SnCs from different human and mouse cell
types induced to senesce with different methods. Specifically, they appeared to induce
apoptosis of SnCs by disrupting the stabilization of active, phosphorylated AKT (anti-
apoptotic factor upregulated in SnCs with important role in regulating the PI3K/AKT anti-
apoptotic pathway) by HSP90. Finally, to establish the /n vivo senolytic activity of HSP90
inhibitors, they tested the effect of 17-DMAG (improved, more water soluble, clinically
tested geldanamycin derivative) on age-related phenotypes in the Ercc1 ™2 progeroid mouse
model, and found a significant decrease in a composite score of aging symptoms as well as a
reduction in p16 expression in kidneys (but not liver) of drug-treated mice, signifying a
positive effect on healthspan, as previously observed with D+Q (Tablel).

Nogueira-Recalde et al used high throughput screening to identify drugs that can
simultaneously modulate senescence and autophagy, both shown to play a role in aging-
associated articular cartilage degeneration and OA[75]. They used a human chondrocyte-
based cell culture imaging assay, where senescence was induced by IL-6 treatment, causing
an increase in SABG. After screening 1120 compounds, they found that 279 had
senotherapeutic activity. They then tested the effect of these identified senescence
modulators on autophagy, and found that 14/279 also increased autophagic flux. They
focused on fenofibrate (FN), a peroxisome proliferator-activated receptor alpha (PPARa)
agonist and therapeutic target for lipid metabolism dysfunction, because it was previously
shown to be important for chondrocyte homeostasis. In addition to being senolytic in human
chondrocytes (by inducing apoptosis), they found FN to be senolytic in human IMR90 lung
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fibroblasts and Ercc1™/~ MEFs. Furthermore, they showed that genetic ablation of PPARa
induces senescence and SASP, and reduces autophagic flux, confirming its role in
senescence and autophagy. They also showed a decrease in PPARa-positive chondrocytes in
knee cartilage from surgical OA mice, naturally aged mice, and in samples from OA-
patients. Finally, they compared genetically matched subjects from the Osteoarthritis
Initiative (OAI) cohort taking fibrates to ones not taking fibrates and found a significant
difference in self-reported function, fewer knee replacements and a trend towards less pain
in the fibrate-treatment group. Their results suggest fibrates show promise in alleviating OA
symptoms, perhaps through their simultaneous effect on senescence and autophagy in
chondrocytes.

Interestingly, their primary screen also identified Digitoxigenin, a cardiac glycoside (CG), as
a senotherapeutic. Three months later, CGs were reported to be senolytic simultaneously by
2 independent studies[76, 77].

Cardiac glycosides

Guerrero et al. screened the LOPAC 1,280 library of pharmacologically active compounds,
in various senescent cells [76]. They found that Ouabain and other CGs could specifically
induce apoptosis of SnCs in all conditions tested for inducing senescence in IMR-90
fibroblasts. They showed that Ouabain could be used /n vivo as a senolytic using a model of
tumor initiation in the liver and a pituitary tumor model, in which SnCs have been shown to
accumulate. They also tested the suitability of CGs in the elimination of SnCs produced as a
result of treatment with chemotherapy, radiation therapy and targeted anti-cancer drugs and
found that, indeed, they sensitized these therapy-induced SnCs to undergo apoptosis, both in
in vivo models (looking at SnCs accumulating in the lungs of irradiated mice or mice treated
with doxorubicin, Tablel) and in several cancer cell culture models. Finally, they saw
improvements in metabolic blood markers, markers of physical function, decreased p16
expression in liver, heart and kidneys and decreased immune infiltration in the liver of old
Ouabain treated mice relative to controls (Tablel).

Triana-Martinez et al screened the Prestwick chemical library in bleomycin-induced
senescent cells, and identified the CG Proscillaridin A as a senolytic[77]. As Proscillaridin is
not currently being used clinically, they chose to test the CGs Digoxin, which is commonly
used for treatment of heart conditions, and Ouabain. They confirmed the senolytic activity of
these CGs in multiple senescent cell types (tumor and primary cells) via different induction
methods. Screening several additional libraries, they found many more CGs to be senolytic.
They also showed Digoxin acted via apoptosis induction (not ferroptosis or necroptosis) for
inducing SnC death. To test whether Digoxin could be used for Kkilling cancer-therapy-
induced SnCs /n vivo, they used mouse models to show that combining CGs with
senescence-inducing cancer drugs significantly decreased tumor size. Finally, they found
that Digoxin could Kill SnCs in a model of lung fibrosis, and alleviate fibrosis in the lungs
(Table 1). This finding further supports the use of senolytics in IPF patients (Figure 1)[78-
81].
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Data from both studies suggest that the senolytic activity of CGs might come from inhibiting
the Na*/K* ATPase. SnCs were more sensitive to changes in membrane potential caused by
Digoxin, which causes loss in membrane potential and cellular acidification, because their
membranes are slightly depolarized and they are more acidic than proliferating cells at
baseline. CGs appear to tip SnCs past a threshold, inducing apoptosis.

Other Methods for killing SnCs in vivo

In addition to senolytic drugs described above, several other methods are currently being
developed to kill SnCs in vivo. Mufioz-Espin et al described the use of nanoparticles coated
with galacto-oligosaccharides and containing cytotoxic agents to specifically deliver poisons
to senescent cells, many of which have a high lysosomal content and lysosomal p-
galactosidase, allowing the digestion of the coat and release of the encapsulated drug[82].

Guerrero et al also took advantage of the higher p-galactosidase activity of SnCs to test
whether galactose-modified duocarmycin cytotoxic prodrugs would be selectively toxic to
SnCs[83]. They showed successful senolysis in vitroand in /n vivo mouse models
(irradiation model and cancer model).

Another delivery method (Lipid Nanoparticles) taking advantage of a different aspect of the
biology of many SnCs (high expression of p16) is being developed by Oisin
Biotechnologies. Their SENSOlytics® will deliver an apoptotic gene under control of a p16
promoter. This gene will only be expressed in cells with high p16 expression, and they will
undergo cell death.

Although both methodologies have resulted in a marked /n vivo decrease in SnC burden in
animal models, they both suffer from the shortcoming that the aspect of biology they target
(high lysosomal content or high p16 activity) might not be specific to SnCs, and may cause
side effects by targeting non-senescent, terminally differentiated cells that express p16 or
cells with high lysosomal content as part of their biology such as macrophages. On the other
hand, these strategies might have the unique advantage of reducing the potential off-target
toxicity once their precise targets have been optimized. Furthermore, these methods could be
combined with senolytics to achieve additive benefits.

Conclusions

Although senolytics are being tested for treatment of varied chronic diseases of aging and
geriatric syndromes, it may be a while before these compounds can be safely used in healthy
individuals for the purpose of prevention, delaying or reversing normal aging phenotypes.
Nevertheless, the field of senolytic discovery is moving rapidly through more efficient and
specific screens, followed by testing and validation of promising candidates in various
preclinical models, and ultimately rigorous testing in clinical trials. Our understanding of the
basic biology of SnCs /n vivois still limited, but new techniques such as single cell
sequencing are offering new capabilities for better understanding these small populations
and then facilitating next-generation senolytic drugs development. Using senolytics for
treating diseases where SnCs play a well-established role may soon become a reality, with
several clinical trials under way for determining safety and efficacy (Figure 1). In the
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meantime, these senolytics will certainly improve prognosis for cancer patients who suffer
from premature aging likely caused by therapy-induced accumulation of SnCs, providing
more evidence for their power against a fundamental aging mechanism.
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D+Q for Idiopathic Pulmonary Fibrosis
NCT02874989

Fisetin for Frailty
NCT03675724
NCT03430037

D+Q for Premature Aging in
Hematopoietic Stem Cell Transplant
Survivors

NCT02652052 4’\

Fisetin for knee Osteoarthritis \
NCT04210986 4

UBX0101 for knee Osteoarthritis /
NCT03513016

NCT04129944
NCT04229225

oo (P

D+Q for Alzheimer's Disease
NCT04063124

IND submission coming soon:
UBX1967/1325 for aging-and
diabetes-related eye disease

Fisetin for Diabetic Kidney Disease
NCT03325322

D+Q for Chronic Kidney Disease
NCT02848131

D+Q or Fisetin for skeletal health
NCT04313634

Figure 1. Senolytics Clinical Trials in Humans.
Shown are some completed, recruiting, ongoing and planned trials. Before being tested in

healthy adults for delaying or alleviating aging-related diseases and syndromes, senolytics
are being tested for safety and efficacy of removing senescent cells from patients with
serious conditions involving senescent cell accumulation for which there are currently no
other cures. These include idiopathic pulmonary fibrosis (IPF), diabetic/chronic kidney
disease, tau* Alzheimer’s disease, accelerated aging resulting from hematopoietic stem cell
transplantation, frailty and osteoarthritis. Some completed Phase | trials have reported no
serious adverse effects (eg, D+Q, UBX0101) and are moving on to Phase 1l trials. (Image

created using Biorender.)

Curr Mol Biol Rep. Author manuscript; available in PMC 2021 December 01.




Page 17

Al-Naggar et al.

'sisolqiy Bunj japow 03 uixobig
901w passaiddnsounwiwl Yim pauiquiod sbnip
Jo sBun| ojui sisejqoiquy 139ued BuIdNpUI-89UISBUBS
$314901pUOYD 064N Buresagrjoud palaisiuwpe ‘ao1w
J111IY1L031S0 10 1U8IS3US paJalsIuIWIpe passaiddnsounwiwi oyl
1l ansod 9gvs Alleayoeszenu| S]199 Jaoued uewny pajalul uixobig sopIS0oA|D)
J8A1] U1 UOIRI1UI BUNWIWI Pasealdad JBIpIED
AuAoe po.ejos panoidu]
S|ana| asejAwe pue
areydsoyd ‘uiwingpe poojq panoiduwi| 201w
sanssi pajeasi-urdignioxoq (g
9/ [eJaA3S Ul S][39 JUBISAUSS Pasealdad 301w parelped] (T uregqenQ
Jauodal 9Td e yum (erieboud
34X uewny S|apow) |apow
asnow prosaboud g, 1203 uonIgIyul
el Jua1o1yap Jredas abewep YNG OVING-LT 06dSH
Aoiusbouold
1199 wWi)s ajasnwi panoidw|
*(Buimas plojaAw) uonenuaiayip
abeauljunnw ur saouefequl pue Ayjige
Bunrejndodas wusy-buoj ‘Anoiusbouojd
OSH Ul s19338p panoidu] uomqIyul
dsvs (wansAs onsiodoreway Ajiwey z-109
Buronpal ‘ajasnw pue sbun| ‘mo.lsew 10 BuiBe ainyewsaid (e9z-19V)
€T au0q Ul S|]89 JU32Sauas pases|d S|apouw) 321w pajelpedl| Xe[20UABN
UIS Ul 9U8ISBUSS
s paonpui uoreAoe g6d 80IW pajelpell| Le1-19V
sa1£001puoyd
911IY}Ee08)SO
6L pue paby areiqyous sereuqld
84|
ui a1e| AJoA PaLIEIS USUM UBAS ‘801w Jauodas 97d e yum (erisboid
Ul uedsayl] pue uedstjeay pasealou| 34X uewny S|apow) |apow
sjuejdxe senssi) Auew ui pue sebesul| asnouw proJabold g, 10013
/T anssi asodipy JUBJ3YIP JO S|[39 JUBISAUBS Pasealdad jus1alyap Jredas abewep wYNQ unasiq slongiyut
A1IAn2e po.elos panosduw (esboud
S|ana| asejAwe pue 34X uewny S|apow) |apow
areydsoyd ‘utingpe poojq panoidu asnow prosaboud g, 1203 unsasand
1 ‘uo1dUNy JBINISBAOIPIED panoldu] JuaIonyap Jredas abewep NG | B9) asnow a)buls pajeipeus| pue qluieseq
(onin
x3) sajdwes (Adeaayrowsayd Jo
‘Joy uewnH 901\l Ul Bulby [eanieN S|9POIAl 8SNOIA 18420 S|SpOIAl aSNO\ pioJabold -o1pey) [3POIA 3SNOIA SIL a1Ajouas

"palussald SaIpniS AI8A03sIQ SONA|OUSS JuaIalI@ 8yl ul SonAjouas Buiisal AJjnjsseaons 10) pasn S|SPOIN

Author Manuscript

‘Tal1qeL

Author Manuscript

Author Manuscript

Author Manuscript

Curr Mol Biol Rep. Author manuscript; available in PMC 2021 December 01.



Page 18

Al-Naggar et al.

"(ap1s02A|6 deIpJed B ‘UIX0bIg
211A10U8S 83 Y1IM JuswiIeal) Aq pasianal Sem YoIym ‘sisouqy pasned Ajjeayoesiesjul sbunj asnow ui ‘ssuo Buiesayijod jou Ing ‘s|jad Juadsauss Bunue|dsuel) ‘6a) asessip ayenusiie pjnoMm SISA|OUSS JayIaym 1S3}
0] UOIIRNWINIJL [|39 JUISBUSS UM parejaliod sadAiouayd Buibe uewny [apow 03 sAem juaiagip yim dn Buiwod ate sdnoib awos "umoys pajuasaid salpnis ay Ul pagriasap SaIA|OUSS JO S10813 8y JO BW0S
YUM ‘921w Ul sanAjouss Bunise) oy prepuels pjob syl ase (MalAal SIY} Ul PagIasap SaIpnis Ul Pasn Syuow g—6T) 891w pabe AjfeineN "sonAjouss Buiissl 104 pasn oS[e ase paysi|gelss Usaq Sey Uore|nwinae
1189 1Ua2sauas a1aym (prosaboud) saseasip uewny Jo sjppow Buibe paresa)sddy “sadAlousyd Buibe ainjewsaid 0] spes| pue ‘waisAs analodorewsay ayy Buipnjoul ‘suebio pue sanssi] [RI9A3S Ul Peo] |39 JUsISauas
ay1 Jo uonreinbaidn sasned 1eyy abewep NG Ul Synsal ‘(uIdIgnioxop se yans) Bnip onnadesayiowayd e Yim Juswieall Jo (Aels g—9) asop uolelpel [eyia|qns e yum (uorreipe.li Apog [e1ol Ajjensn) uoljelpedi
asnow sapnjaul Yya1ym (S11) 8usdsauss paonpul-Adessyl ‘a1qe} Sy} Ul usas Sy “adeds JO YIe| J0j SBIPNIS |13 0.4/ uJ SBPNJIX3 UIIYM ‘B[qel SIUL Ul UMOUS 8Je sajdwies uewiny pue s|apow asnow oA ur AluQ

Sssauanisuodsal

pue Ausuap inj panoidui|

Anoeded Buiisy|iy [eual paiolsay
uapJng |89

1U89S3UaS aA+9Td padnpay ad1w pabe

(AydonsAporyroyotil ) japow

99 Alleanjeu ojul [4Q-¥OX04 paidalul di awoupuAs prosaboid uewnH 901w pajeaJl-uidignioxoq 19a-7¥OX04
$10198} 4SS pue Tzd ‘9Td paonpal | (suonoalul Jejnoie-enur) uolrennoe gqd
$81A204puUoy? ‘ured paonpas ‘wniAouAs pue abejied 301w u1 A18bins |10V
JIIIYME08)SO | Jejndiie ul SQUS Pasnpal -yQ padnpul Aqg paonpul SNIYLL03ISO
0z anisod 9gvs -Aanfur yum sojw pabe AjjeinieN oljewWine.-1s0d T0TOXAN
(1605d)
01w YINE-9Td slonqiyul
1L paresn-udignioxod LdsSn
(onin
x3) sajdwres (Adeaayroway) Jo
‘Joy uewnH 301\ Ul Bulby [eanieN NEINESINPEDTITe) S|apOIAl asNO pioJabold -o1pey) [3POIA 3SNOIA SIL 211Aj0uss

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2021 December 01.

in

available

Curr Mol Biol Rep. Author manuscript



	Introduction
	Cellular Senescence
	Senolytics
	Dasatinib and Quercetin
	Fisetin
	Targeting the BCL-2 family (Navitoclax (ABT-263), UBX1967/1325, ABT737, EF24)

	Piperlongumine
	Targeting p53 (UBX0101, FOXO4 peptide and USP7 inhibitors)

	HSP-90 inhibitors
	Fibrates
	Cardiac glycosides
	Other Methods for killing SnCs in vivo
	Conclusions
	References
	Figure 1.
	Table 1.

