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Senolytics are a class of drugs that selectively clear
senescent cells (SC). The first senolytic drugs Dasa-
tinib, Quercetin, Fisetin and Navitoclax were dis-
covered using a hypothesis-driven approach. SC
accumulate with ageing and at causal sites of
multiple chronic disorders, including diseases
accounting for the bulk of morbidity, mortality and
health expenditures. The most deleterious SC are
resistant to apoptosis and have up-regulation of
anti-apoptotic pathways which defend SC against
their own inflammatory senescence-associated
secretory phenotype (SASP), allowing them to sur-
vive, despite killing neighbouring cells. Senolytics
transiently disable these SCAPs, causing apoptosis
of those SCwith a tissue-destructive SASP. Because
SC take weeks to reaccumulate, senolytics can be
administered intermittently – a ‘hit-and-run’
approach. In preclinical models, senolytics delay,

prevent or alleviate frailty, cancers and cardiovas-
cular, neuropsychiatric, liver, kidney, muscu-
loskeletal, lung, eye, haematological, metabolic
and skin disorders as well as complications of organ
transplantation, radiation and cancer treatment. As
anticipated for agents targeting the fundamental
ageing mechanisms that are ‘root cause’ contribu-
tors to multiple disorders, potential uses of senolyt-
ics are protean, potentially alleviating over 40
conditions in preclinical studies, opening a new
route for treating age-related dysfunction and dis-
eases. Early pilot trials of senolytics suggest they
decrease senescent cells, reduce inflammation and
alleviate frailty in humans. Clinical trials for dia-
betes, idiopathic pulmonary fibrosis, Alzheimer’s
disease, COVID-19, osteoarthritis, osteoporosis,
eye diseases and bone marrow transplant and
childhood cancer survivors are underway or begin-
ning. Until such studies are done, it is too early for
senolytics to be used outside of clinical trials.
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Introduction

Ageing is associated with increasing risk for devel-
oping multiple chronic diseases, the geriatric syn-
dromes, impaired physical resilience and mortality
[1-4]. These risks increase exponentially in the last
25% of the lifespan [5]. Amongst the diseases for
which chronological age is a leading risk factor are
congestive heart failure, myocardial infarction,
dementias, strokes, most cancers, diabetes and
metabolic diseases, renal dysfunction, chronic
lung diseases, osteoporosis, arthritis, blindness
and many others [6-8]. The geriatric syndromes
include frailty, sarcopenia, falls, incontinence and
mild cognitive impairment amongst others.
Decreased resilience can be manifested as delayed
recovery following myocardial infarction, strokes,
injuries or surgery, increased severity of infections

such as influenza and coronaviruses and impaired
development of antibodies after immunization [3].
Combinations of several of these diseases, geriatric
syndromes and resiliency impairments frequently
occur in older people. Indeed, the incidence of
multi-morbidity, with 3 or more conditions being
present simultaneously, increases exponentially
beginning in adulthood [5]. Analogous increases
in disease burden occur with increasing age across
multiple species.

The Geroscience Hypothesis posits that fundamen-
tal ageing mechanisms are ‘root cause’ contribu-
tors to the increasing burden of disorders and
diseases with advancing age that are responsible
for the bulk of morbidity, mortality and health
costs in the developed and developing worlds [9].
These fundamental ageing processes include: (1)
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chronic low grade ‘sterile’ (absence of bacteria,
fungi, etc.) inflammation often accompanied by
fibrosis, 2) macromolecular dysfunction (e.g. DNA
damage, telomere uncapping, protein misfolding
and aggregation, decreased autophagy, increased
advanced glycation end-products [AGEs], lipotoxi-
city and accumulation of bioactive lipids) and
organelle dysfunction (altered nuclear membranes
related to deficient lamin B, mitochondrial dys-
function leading to reduced fatty acid metabolism,
higher glucose utilization, depletion of NAD+ and
increased reactive oxygen species [ROS] genera-
tion, etc.), 3) stem, progenitor and immune cell
dysfunction (including altered proliferative capac-
ity and dysdifferentiation with failure to develop
into functional mature cells, declines in ‘geropro-
tective’ factors [e.g. a-Klotho], contributing to stem
and progenitor cell dysfunction) and 4) cellular
senescence. Our Unitary Theory of Fundamental
Aging Processes hypothesizes that these funda-
mental ageing processes may be interlinked. If this
Unitary Theory is correct, then accelerating or
targeting any one fundamental ageing process
(e.g. cellular senescence) genetically or with drugs

should affect many or perhaps all of the rest.
Indeed, consistent with the Unitary Theory, senes-
cent cells contribute to inflammation, fibrosis, DNA
damage, development of protein aggregates, failed
autophagy, lipotoxicity, mitochondrial dysfunc-
tion, depletion of NAD+, ROS generation and stem,
progenitor and immune cell dysfunction [10-24].

Cellular senescence

Cellular senescence, first reported in 1961 by
Hayflick and Moorehead, is a cell fate that entails
essentially irreversible replicative arrest, sustained
viability with resistance to apoptosis, and fre-
quently, increased metabolic activity [6,8,25-27]
(Fig. 1). Intra and extracellular signals that can
contribute to cells’ entering the senescent cell fate
mainly include signals related to tissue or cellular
damage and/or cancer development. These include
DNA damage, telomeric uncapping or dysfunction,
exposure to extracellular DNA, oncogene activa-
tion, replicative stress or inducers of proliferation
(such as growth hormone/IGF-1), protein aggre-
gates, misfolded proteins, failed protein removal

Fig. 1 Cellular senescence: causes, mechanisms and consequences. A number of factors can combine to cause a cell to
enter the senescent cell fate, as opposed to apoptosis or necrosis, through transcription factor cascades that can involve
p16INK4a, Rb, p53, p21CIP1 or others. Note that not every senescent cell exhibits increased p16INK4a, Rb, p53 or p21CIP1. It
can take up to 6 weeks for a cell to become a fully senescent, nondividing cell. This indicates that senescent cells can be
removed intermittently, rather than having to treat with agents continuously to remove these cells. Some, but not all
senescent cells can develop a SASP. This SASP is a ‘root cause contributor’ to the stem cell, progenitor, tissue and systemic
dysfunction that predispose to multiple disorders, which account for the bulk of morbidity, mortality and health costs.
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through decreased autophagy, presence of AGEs
due to the reaction of reducing sugars with amino
groups in proteins (e.g. Haemoglobin A1c is an
AGE), saturated lipids and other bioactive lipids
(bradykines, certain prostaglandins, etc.), reactive
metabolites (e.g. ROS, hypoxia or hyperoxia),
mechanical stress (e.g. bone-on-bone stress in
osteoarthritis or shear stress such as occurs on
the venous side of AV fistulae for haemodialysis or
around atherosclerotic plaques), inflammatory
cytokines (e.g. TNFa), damage-associated molecu-
lar patterns (DAMPs, e.g. released intracellular
contents signalling breakage of neighbouring cells),
and pathogen-associated molecular patterns
(PAMPs, e.g. bacterial endotoxins). These inducers
active one or more senescence-promoting tran-
scription factor cascades, in some cases involving
p16INK4a-retinoblastoma protein (Rb), in others,
p53 and p21CIP1, both of these pathways, or other
pathways. These transcription factor cascades
enforce replicative arrest and cause altered expres-
sion of hundreds of genes as well as epigenetic
changes in DNA. Cellular senescence takes longer
to become established than other cell fates, such as
replication, differentiation, apoptosis or necrosis.
From initiation to the attainment of a completed
state of cellular senescence takes from 10 days to

6 weeks, at least in cell culture, depending on the
cell type and the inducers driving the cell into the
senescent fate.

Some, but not all senescent cells can acquire a
senescence-associated secretory phenotype (SASP)
[28,29], which we term here as deleterious (D-)
senescent cells (Fig. 2). The SASP can include: 1)
inflammatory, pro-apoptotic, insulin resistance-
inducing cytokines, such as TNFa [30], interleukin-
(IL-) 6, IL-8 and others, 2) chemokines that attract,
activate and anchor immune cells, 3) matrix met-
alloproteinases (MMPs), such as MMP-3, �9 and
�12 that cause tissue destruction, 4) TGFb family
members that can contribute to fibrosis and stem
cell and progenitor dysfunction, 5) activins and
inhibins that also induce stem cell and progenitor
dysfunction and dysdifferentiation [12], 6) factors
such as the serpines (e.g. plasminogen activator
inhibitor [PAI] �1 and �2) that can cause blood
clotting and fibrosis [31,32], 7) growth factors that
can exacerbate tumour spread [33], 8) bioactive
lipids that also contribute to inflammation and
tissue dysfunction (e.g. bradykines, ceramides or
prostaglandins) [34], 9) micro-RNAs (miRNAs) that
contribute to stem and progenitor cell dysfunction,
inflammation and insulin resistance [35] and 10)

Fig. 2 Helper (H) and (D) senescent cells. D-senescent cells have a pro-inflammatory, pro-apoptotic, tissue-damaging
SASP and are susceptible to senolytics. H-senescent cells do not have a SASP and do not up-regulate SCAPS and are not
cleared by senolytics. H- senescent cells appear to promote stem and progenitor cell determination into appropriate lineages
and functions and have a beneficial impact on tissue homoeostasis.
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exosomes that can carry cytotoxic and senescence-
inducing cargos locally and systemically [36].
D-senescent cells can comprise 30 to 70 % of the
senescent cell population. SASP components pro-
duced by D-senescent cells depend on the cell type
that became senescent and the cause of senes-
cence (e.g. mechanical stress, repeated replication,
radiation, chemotherapy, PAMPs, etc.).

The SASP can be modulated by hormones, drugs,
pathogens and other factors. For example, endoge-
nous or pharmacological glucocorticoids [37] can
attenuate release of a subset of SASP factors, as
can rapamycin and metformin [38,39]. Bacterial
toxins such as lipopolysaccharide can exacerbate
the SASP, as can TNFa [40] (unpublished observa-
tions). The SASP can vary over time due to factors
inside or outside of senescent cells. For example,
after a few months, transpositional events can
begin to occur in senescent cells involving LINE-1
or other elements [41,42]. This can lead to rear-
rangement of chromosomes and activation of
cGAS/STING, cellular pathways that recognize
DNA damage and exacerbate production of inflam-
matory SASP factors through interferon-1. Thus,
the SASP varies considerably depending on the
tissue where D-senescent cells are located, the
originating cell type, senescence inducers, hor-
monal milieu, drugs, pathogens and passage of
time.

Other senescent cells, termed here helper- (H-)
senescent cells, do not appear to release inflam-
matory and pro-apoptotic factors substantially and
may be involved in promoting stem and progenitor
cell determination into appropriate lineages and
functions [43,44] (unpublished observations). H-
senescent cells might account for 30 to 70% of
senescent cells. We speculate there could be
mechanisms through which D- and H-senescent
cells can interconvert, but this remains to be fully
explored.

D- and H-senescent cells may both have beneficial
functions, including remodelling of tissues during
development, release of factors by placental senes-
cent cells during childbirth that promote passage
of the infant through the birth canal, removal of
damaged tissue during initial phases of wound
repair, and cancer defence [44-47]. Cellular senes-
cence can protect against cancer: senescence is
induced by oncogenic insults, leading to replicative
arrest of cancerous cells, as well as a pro-apoptotic
SASP that can eliminate surrounding tumour cells.

Additionally, interfering with mechanisms involved
in ability of cells to become senescent by decreas-
ing capacity to express p16INK4a, Rb, p53 or
p21CIP1 promotes cancer development [48,49].
However, clearing already formed senescent cells,
many of which harbour oncogenic mutations or
cause cancer-promoting inflammation due to their
SASP, prevents or delays cancer development [46].
Indeed, senolytic drugs, agents that selectively
eliminate senescent cells [50], delay development
of multiple forms of cancer in old mice as well as
cancer-prone, DNA repair-deficient Ercc1-/D mice
[51,52]. Furthermore, although capacity for cells to
become senescent is a cancer defence mechanism,
already formed, chronically persisting senescent
cells can accelerate cancer growth because of
suppression of immune responses, growth factors
in the SASP, production of proteases that can
interfere with encapsulation of tumours and there-
fore can enhance spread of cancer, and promotion
of mesenchymal transition of cells [10,53]. Thus,
targeting transcription factor cascades that allow
cells to become senescent can exacerbate cancer
development, whilst clearing already formed senes-
cent cells with senolytics can prevent cancer
development, growth and spread.

There are no completely sensitive or specific mark-
ers of senescent cells. Most senescent cells are
larger than nonsenescent cells. They generally
have multiple DNA damage foci identifiable by
immunostaining for c-histone-2AX (cH2AX), but
cancer cells and other cell types, including normal
cells, can also have cH2AX-positive foci [54]. In
senescent cells, frequently 2 or more cH2AX foci
can be located within telomeric DNA (telomere-
associated foci [TAFs]), one of the more sensitive
and specific indicators of senescent cells [55].
Senescent cells can develop peri-centromeric dis-
tended satellite DNA (senescence-associated dis-
tension of satellites [SADS]), which can be detected
with antibodies to CENP-B, another marker for
detecting senescent cells [56]. Senescent cells can
have increased lysosomal b-galactosidase activity
(senescence-associated b-galactosidase [SA-b-gal]),
but so can macrophages and other cell types
[57,58]. Some, but not all senescent cells may have
high expression of p16INK4a, but p16INK4a expres-
sion can be high in activated macrophages and
many other cell types [59]. Like p16INK4a, p21CIP1 is
not fully sensitive or specific for detecting senes-
cent cells [60]. A subset of senescent cells can
express SASP factors or damage signals, such as
cytosolic HMGB1 [61], but again, these indicators
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are not fully sensitive or specific. Because of the
less than perfect specificity and sensitivity of
markers for cellular senescence, generally several
need to be tested. This will especially be the case
for the initial clinical trials of senolytics for differ-
ent diseases that are already underway.

Some senescent cells have enlarged, fused mito-
chondria and changes in mitochondrial function,
including a shift from utilizing fatty acids for
energy generation towards utilizing glucose, much
like the ‘Warburg shift’ in cancer cells [62,63]. This
shift to dependence on glycolysis can be associated
with lipid accumulation, resulting in lipid droplet
accumulation and lipotoxicity, contributing to an
adipocyte-like appearance of senescent mesenchy-
mal cells or ‘MAD cells’ (mesenchymal adipocyte-
like default cells) that are insulin-insensitive [15].
An example is the accumulation of pro-inflamma-
tory, perilipin-expressing, lipid-laden senescent
ependymal MAD cells around the third ventricle
in obesity [24]. These cells contribute to neuro-
inflammation, failed brain microcirculation,
impaired neurogenesis and neuropsychiatric dys-
function in obese, insulin-resistant mice.

Although senescent cells can appear at any point
during life in vertebrates, even in 32 cell stage
human blastocysts [45], senescent cells accumu-
late in multiple tissues during the latter part of the
lifespan. For example, skin senescent cells
increase sharply in otherwise healthy humans at
a point usually between ages 60 and 80 (although
there has been debate about this) [64-68]. The
same is true for human adipose tissue biopsied
from healthy subjects donating a kidney as well as
adipose depots of ageing mice [22,69]. Senescent
cells can accumulate at aetiological sites of multi-
ple diseases throughout the lifespan. For example,
in humans, senescent cells accumulate in adipose
tissue in diabetes and obesity, in the hippocampi
and frontal cortex in Alzheimer’s disease (AD), the
substantia nigra in Parkinson’s disease (PD), bone
and marrow in age-related osteoporosis, lungs in
idiopathic pulmonary fibrosis, liver in cirrhosis,
retinae in macular degeneration, plaques in psori-
asis, kidneys in diabetic kidney disease, endothe-
lium in pre-eclampsia, and the heart and major
arteries in cardiovascular disease, amongst many
other conditions [6,7,13,19,23,70-80].

Consistent with a causal contribution of senescent
cells to chronic diseases, transplanting small num-
bers of autologous or syngeneic senescent cells

near the knee joints of younger mice causes an
osteoarthritis-like state, with radiographic findings
similar to those of human spontaneous
osteoarthritis, as well as knee pain and impaired
mobility, whilst transplanting nonsenescent cells
does not [81]. Transplanting 106 syngeneic adipose
cell progenitors or autologous ear fibroblasts made
senescent by irradiation, doxorubicin exposure or
repeated replication is sufficient to cause frailty
and accelerate death from all causes, not just one
or a few, in middle-aged mice, whilst transplanting
nonsenescent cells does not [51]. Transplanting
106 senescent human cells into immunodeficient
mice also causes frailty. Additionally, transplant-
ing senescent porcine renal scattered tubular-like
cells into the aorta of young mice causes kidney
fibrosis and inflammation in the recipients, whilst
transplanting nonsenescent cells does not [82].

There is a lag between senescent cell accumulation
and development of functional effects. Frailty was
evident a month after transplanting senescent cells
into middle-aged mice and increased mortality
became apparent 3 months later [51]. This study
demonstrated that if only 1/10,000 cells in recip-
ient mice is a transplanted senescent cell, an
accelerated ageing-like state ensues. Transplant-
ing 500 000 senescent cells did not do this, sug-
gesting a senescent cell ‘threshold effect’.
Consistent with this, transplanting 500 000 senes-
cent cells into old mice, as opposed to middle-aged
recipients, did cause frailty. Furthermore, trans-
planting 500 000 senescent cells into middle-aged
but diet-induced obese (DIO) mice caused frailty,
whilst 106 senescent cells had to be transplanted
into age-matched, lean mice for frailty to occur.
Thus, pre-existing senescent cell burden, together
with acute acquisition of yet more senescent cells,
can surpass a threshold and cause clinical effects.

A potential reason for this ‘threshold effect’ is that
D-senescent cells can spread senescence to normal
cells, even at a distance [51]. If senescent cells are
labelled with luciferase, so transplanted senescent
cells can be distinguished from the recipients’ own
cells, and the labelled senescent cells are trans-
planted into the abdominal cavity where they
remain, senescent cells originating from the recip-
ient’s own cells appear throughout the recipient,
including in the limbs. Since senescent cells resist
cell death and are normally removed by the
immune system [10], the threshold effect may be
a result of the rate of spread of senescence
exceeding the capacity of the immune system to
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clear them. This’Threshold Theory of Cellular
Senescence’ may explain the rapid increase in
senescent cell abundance in skin and adipose
tissue of otherwise healthy people at a point after
age 60 [22,64-67], as well as the lag between the
first histological evidence for increased senescent
cell abundance and subsequent development of
symptoms.

Discovery of senolytic drugs

An article by the Sharpless group in 2004 led us to
start searching for interventions that remove
senescent cells [83]. They reported delayed accu-
mulation of p16Ink4a-, SA-b-gal-positive cells in
mice in which healthspan had been extended by
caloric restriction or a mutation that decreases
growth hormone signalling. This indicates there is
an inverse association between senescent cell
burden and healthspan. Beginning in 2005, we
attempted to develop fusion proteins with a senes-
cent cell recognition site and a toxin to kill senes-
cent cells. We then attempted to find chemicals
that would kill senescent but not nonsenescent
cells using high-throughput screens of human
senescent vs. nonsenescent cells. Neither
approach was successful. The high-throughput
screening approach suffered from difficulties in
selecting the right controls. Parallel nondividing,
nonsenescent cells had to be serum-starved or
confluent in order to prevent replication. However,
serum starvation or confluence both cause arte-
factual effects. Alternatively, dividing nonsenes-
cent cells could be used as controls. However,
these dividing control cells have to be compared to
senescent cells that, by definition, cannot divide,
introducing a confounder that interferes with
interpretation of the results.

Thus, rather than random high-throughput drug
library screening or other traditional drug devel-
opment strategies, we turned to a hypothesis-
driven, mechanism-based drug discovery para-
digm to develop the first senolytic drugs. Our
strategy was based on the 1995 observation by E.
Wang that senescent cells resist apoptosis [84].
This apoptosis resistance occurs despite senescent
cell production of pro-apoptotic SASP factors. The
existence of the SASP had been discussed within
the field for a couple of years before it was
published [28,29,85]. Our hypotheses upon which
senolytic drug discovery was based were: 1) Senes-
cent cells can resist apoptotic stimuli, implying
increased pro-survival – anti-apoptotic defences

and 2) In some respects, senescent cells are like
cancer cells that do not divide, including apoptosis
resistance and metabolic shifts. We speculated
that senescent cells might prevent their own
removal through protective Senescent Cell Anti-
Apoptotic Pathway (SCAP) networks [86]. From
proteomic and transcriptomic databases, we found
that SCAP pathways were more highly expressed
by senescent than nonsenescent cells [86]. We
interrogated the SCAP network using RNA inter-
ference and demonstrated that senescent cells with
a pro-apoptotic SASP do indeed depend on this
network to evade self-destruction.

The small interfering RNA’s (siRNA’s) against anti-
apoptotic regulators that were effective in selectively
decreasing senescent cell viability depended on the
senescent cell type. For example, we found that
siRNA’s that decrease BCL-xL or other BCL-2 family
members were effective in selectively causing apop-
tosis of senescent vs. nonsenescent human umbil-
ical vein endothelial primary cells (HUVEC’s) [86],
as was confirmed by others [87]. However, the same
siRNA’s were ineffective in selectively inducing
apoptosis of senescent vs. nonsenescent human
primary adipocyte progenitor cells. Furthermore,
more than one SCAP pathway had to be targeted to
kill some types of senescent cells, indicating that
senescent cell defences against apoptosis are in
some cases redundant.

Next, we used bioinformatics approaches to find
compounds whose mechanisms of action involve
targeting the SCAP network nodes that we had
identified as being critical for protecting senescent
cells from apoptosis. We identified 46 potentially
senolytic compounds. To accelerate translation
into clinical application, the compounds that we
focused on initially were drugs and natural prod-
ucts already in use for other indications in
humans, many as anti-cancer agents. These
included the tyrosine kinase inhibitor, Dasatinib
(D), which has been approved for clinical use in the
United States since 2006, and Quercetin (Q), the
naturally occurring flavonoid that makes apple
peels taste bitter. Unlike other tyrosine kinase
inhibitors such as Imatinib, which are not senoly-
tic, D promotes apoptosis caused by dependence
receptors, such as the ephrins, in part by inhibiting
Src kinase [88,89]. Fisetin (F) is another naturally
occurring flavonoid that is senolytic [52,90]. The
senolytic flavonoids act in part by inhibiting BCL-2
family members such as BCL-xL as well as HIF-1a
and other SCAP network components.
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Based on their known targets, we predicted that D
would target senescent human cultured primary
adipocyte progenitor cells, whilst Q would target
senescent cultured HUVEC’s. These predictions
proved to be correct. The combination of D + Q
caused apoptosis of both senescent human pri-
mary adipocyte progenitor cells and senescent
HUVEC’s, but not nonsenescent adipocyte progen-
itor cells or HUVEC’s. Furthermore, likely because
of redundancy of SCAP pathways, in some cell
types, for example, mouse embryonic fibroblasts,
neither D nor Q are senolytic on their own, whilst
the combination of D + Q is senolytic [86].

The target of true senolytics is senescent cells, not
a single receptor, enzyme or biochemical pathway.
Efforts to discover senolytics by finding agents that
act on multiple SCAP network nodes effectively
increases specificity for senescent cells, reduces
off-target effects on nonsenescent cells compared
with candidates that act on a single molecule, such
as a receptor or an enzyme, and likely flatten side-
effect profiles. Consistent with this prediction,
candidates that do act upon single or limited
targets, for example, Navitoclax (N) [91,92] or
Nutlin3a [93], have substantial off-target apoptotic
effects on nonsenescent cell types, such as plate-
lets and immune cells [94,95], making them poten-
tially ‘panolytic’. Also, nutlins can actually cause
senescence [96] and drugs like N, which act on a
single or few SCAP nodes, eliminate only a
restricted range of senescent cells. For example, N
and other BCL-2 family member inhibitors such as
A1331852 or A1155463, are not senolytic against
human adipocyte progenitors, one of the most
abundant senescent cell types in the elderly as
well as patients with diabetes and obesity [90,91].
Thus, candidates that act on only one or a limited
range of SCAP-related molecules are generally less
specifically senolytic and are more ‘panolytic’,
causing apoptosis or dysfunction of multiple cell
types other than senescent cells, than agents or
combinations of agents that act on multiple nodes
across the SCAP network.

The first senolytics were discovered using bioinfor-
matics approaches to identify agents that tran-
siently disable the SCAP networks that allow D-
senescent cells to survive the hostile microenviron-
ment they create that kills the nonsenescent cells
around them (Table 1). In this respect, the devel-
opment of senolytics has been distinct from the
conventional approaches for developing drugs
usually followed in other fields. Approaches for

developing senolytics has held more in common
with those used to develop antibiotics than the
traditional one target-one drug-one disease
approach. A second generation of senolytic agents
is now being identified using more traditional drug
discovery methods, including random high-
throughput drug library screens, such as one in
which both senescent and nonsenescent cells are
within the same wells, overcoming the control cell
problem [97]. Several other strategies have recently
been used to develop potentially senolytic inter-
ventions. These include the development of
galacto-oligosaccharide-coated nanoparticles with
toxic cargos that are engulfed by senescent cells
and opened by SA-b-gal, vaccines and
immunomodulators [10,98-100]. Perhaps some of
these will make it through preclinical studies and
into clinical trials within the next few years.

D + Q and F have been shown to reduce senescent
cell abundance in vivo whilst not destroying non-
senescent cells [51,52]. After intraperitoneal trans-
plantation of 105 radiation-induced syngeneic
senescent adipocyte progenitors, which could be
detected due to constitutive SFFV promoter-driven
luciferase expression, into middle-aged mice, treat-
ment with oral D + Q for 3 days substantially
decreased luminescence 2 days after the last dose
[51]. No decrease in luminescence was evident after
treating senescent cell-transplanted mice with
vehicle, nor was decreased luminescence found
after treating mice transplanted with nonsenescent
luciferase-expressing cells with either D + Q or
vehicle. Oral treatment with F of progeroid Ercc-/D

mice expressing luciferase driven by a p16Ink4a

promoter element also resulted in decreased lumi-
nescence, whilst treating these mice with vehicle
had no effect. Thus, D + Q and F are senolytic in
mice, each eliminating 30 to 70% of transplanted
or endogenous senescent cells, respectively.

To test if D + Q is senolytic in human tissue,
abdominal subcutaneous adipose tissue fragments
that were freshly isolated during surgery from
patients with diabetes and obesity, who have
extensive adipose tissue senescent cell accumula-
tion [108-112], were immediately placed in organ
culture and exposed to D + Q or vehicle [51].
Within 2 days, abundance of senescent cells
detected by TAFs had decreased by 70%. This
was accompanied by increases in cleaved caspase-
3, confirming that the decrease was caused by
apoptosis. Furthermore, the SASP factors, IL-6, IL-
8, MCP-1, PAI-1 and GM-CSF, decreased
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significantly in conditioned medium from the organ
cultures treated with D + Q compared to vehicle.
Also, F reduced senescent cell number in adipose
tissue organ cultures [52]. Thus, D + Q and F
cause decreased senescent cell abundance by
apoptosis in human tissue within 2 days.

Senolytics alleviate multiple disorders in experimental animals

Senolytic drugs alleviate a number of disorders in
mouse disease models [6-8,108] (Table 2). Inter-
mittent oral administration of D + Q enhances
cardiac and vascular function in 24-month-old
mice (equivalent to roughly 80 years in humans),

with partial reversal of age-related declines in
cardiac ejection fraction, reduction in conduit
vessel calcification and restoration of conduit ves-
sel reactivity to nitroprusside and acetylcholine
[113]. D + Q decreases cardiac senescent cell bur-
den, as manifested by lowering of p16Ink4a, and
partly reverses age-related cardiomyocyte hyper-
trophy and left ventricular fibrosis [13]. Senescent
cells can develop in the venous arm of arterial-
venous (AV) fistulae of the type surgically fashioned
for haemodialysis, potentially contributing to clot-
ting and failure of the AV fistulae [114]. In mice,
D + Q decreases senescent cell abundance in AV
fistulae. Furthermore, D + Q reduces senescent
cell burden and calcification in the aortic media
of high fat-fed ApoE-/- mice, a mouse model of
atherosclerosis [113]. N is also senolytic in the
hearts of old mice [18]. Following 1 month of N,
there was decreased cardiac fibrosis and a 40%
decrease in TAF+ cardiomyocytes (it appears non-
dividing cells such as cardiomyocytes can develop
a senescent-like state). Thus, senolytics alleviate
age- and lipid-related cardiovascular dysfunction
in mice.

Intermittent oral D + Q administration enhances
insulin sensitivity in DIO as well as genetically
obese mice, as manifested by improvements in
glucose and insulin tolerance [111]. D + Q does so
mainly by reducing peripheral insulin resistance.
This is in part due to restoring adipose tissue AKT
responses to insulin and in part to restoration of
the capacity of adipocyte progenitors to differenti-
ate into insulin-responsive adipocytes. Further-
more, intermittent D + Q reduces the adipose
tissue inflammation that is a causal contributor
to the pathogenesis of type 2 diabetes. D + Q does
so in part by reducing homing of monocytes to
adipose tissue: there is decreased trafficking of
luciferase-expressing monocytes injected into the
tail vain into adipose tissue of genetically obese
mice treated with D + Q, but not in mice treated
with vehicle. D + Q does not kill the activated
macrophages that can accumulate in adipose tis-
sue in diabetes [51]. These macrophages have
increased p16 INK4a expression but are not senes-
cent [59]. Consistent with this, senolytic drugs also
do not target atherosclerotic foam cells, which are
essentially activated macrophages, as opposed to
the truly senescent cells that are deeper within
plaques or the media of atherosclerotic blood
vessels that are ablated by D + Q [113]. N, which
is not effective in targeting senescent adipocyte
progenitors [91], does decrease senescent

Table 1. Routes to discovering senolytics

1st generation senolytics: hypothesis-driven, mechanism-

based

Agent References

Dasatinib [87]

Quercetin [87]

Fisetin [52,91]

Luteolin [52]

Curcumin [52]

Curcumin Analog EF24 [102]

Navitoclax (ABT263) [92,93]

A1331852 [91]

A1155463 [91]

Geldanamycin [103]

Tanespimycin [103]

Alvespimycin [103]

Piperlongumine [104]

FOXO4-related peptide [105]

Nutlin3a (although Nutlin3a can also cause

senescence

[94,97]

Cardiac glycosides: Ouabain, Proscillaridin

A, Digoxin, others

[106,107]

2nd Generation senolytic treatments: traditional and

other drug discovery methods

Method References

High-throughput compound library screens [98]

Vaccines [100,108]

Toxin-loaded nanoparticles preferentially

lysed by senescent cells

[99]

Immunomodulators [101]
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pancreatic b cells, enhancing pancreatic function
in DIO mice [115]. Thus, senolytics can alleviate
diabetes by decreasing SASP-expressing adipose
tissue senescent cells, leading to increased periph-
eral insulin sensitivity, reducing chemo-attraction
and activation of pro-inflammatory macrophages
that further contribute to insulin resistance, and/
or enhancing pancreatic insulin production.

Senolytics decrease several complications of dia-
betes in mouse models. Liver fat accumulation and
consequent cirrhosis and liver failure are increas-
ingly common complications of diabetes and obe-
sity [108,109]. D + Q reduces liver senescent cell
accumulation related to hepatic steatosis in genet-
ically obese mice [136]. Additionally, proteinuria
and renal dysfunction are frequent complications
of diabetes. DIO mice develop increased kidney
senescent cell burden manifested by p16Ink4a and
p53 expression and SASP factors in renal tubular
cells along with glomerulomegaly, decreased renal
function and impaired cortical oxygenation com-
pared to lean mice [128]. Proteinuria is reduced in
DIO mice treated with D + Q [110]. DIO mice with
renal dysfunction that were treated with oral Q for
5 days every 2 weeks for 10 weeks had decreased
kidney senescent cells, decreased SASP factors,
decreased renal fibrosis, increased renal cortical
oxygenation and decreased plasma creatinine
levels compared to mice treated with vehicle [128].

Another complication of diabetes/obesity is neu-
ropsychiatric dysfunction, particularly anxiety and
its complications [24]. In genetically obese mice,
senescent adipocyte-like ependymal MAD cells can
accumulate near the third ventricles near the
limbic system, which regulates emotions. D + Q
reduces the burden of these senescent adipocyte-
like periventricular ependymal cells. Administering
D + Q also increases neuronal markers, indicating
improved neurogenesis and reduces neuro-inflam-
mation in obese mice. Importantly, intermittent

Table 2. Conditions with emerging evidence for a causal
contribution of cellular senescence or benefits of senolytics

Condition References

Diabetes/ Obesity [109,110,112,116-118]

Cardiac dysfunction [13,18,114]

Vascular hyporeactivity/

calcification

[114]

AV fistulae [115]

Frailty [21,51,52,87]

Age-related muscle loss

(Sarcopenia)

[119]

Chemotherapy complications [21,51,93,120,121]

Radiation complications [122]

Cancers [51]

Bone marrow transplant

complications

[120]

Organ transplantation

complications

[123,124]

Myeloma/ MGUS [125]

Age-related cognitive

dysfunction

[126]

Alzheimer’s disease [23,127]

Parkinson’s disease [76]

Amyotrophic lateral sclerosis [128]

Ataxia [87]

Obesity-related

neuropsychiatric

dysfunction

[24]

Renal dysfunction [111,129]

Urinary incontinence [87]

Osteoporosis [14,71,130]

Osteoarthritis [131]

Age-related intervertebral disc

disease

[87,132]

Idiopathic pulmonary fibrosis [21,133]

Hyperoxic lung damage [134]

Chronic obstructive

pulmonary disease

[135]

Tobacco [136]

Hepatic steatosis [137]

Cirrhosis [78]

Primary biliary cirrhosis [138]

Progerias [52,87]

Pre-eclampsia [72]

Macular degeneration [75,139]

Table 2 (Continued )

Condition References

Glaucoma [140-142]

Cataracts [143]

Prostatic hypertrophy [144-146]

Psoriasis [81]

Healthspan [51,52,87]

Lifespan [51,52,87]
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D + Q alleviates anxiety in these obese mice, as
manifest by reduced fear in open-field testing.
Thus, senolytics not only restore peripheral insulin
responsiveness in diabetic/obese mice, they alle-
viate complications of diabetes for which no effec-
tive mechanism-based treatments currently exist.

In addition to diabetic/obesity-related neuropsy-
chiatric dysfunction, senolytics alleviate Alzhei-
mer’s-like changes in Tau+ as well as b-amyloid+

(Ab) mouse models of Alzheimer’s disease [23,126].
Accumulation of Tau protein aggregates is a com-
mon pathology across multiple degenerative brain
diseases, including AD, progressive supranuclear
palsy, traumatic brain injury and over twenty
others. Furthermore, Tau-containing neurofibril-
lary tangles correlate with cognitive decline and
brain cell loss. Neurofibrillary tangle-containing
neurons from postmortem human AD brains have
expression profiles that are consistent with cellular
senescence. Also, in both mice and humans,
p16INK4a expression correlates directly with brain
atrophy and neurofibrillary tangles. In 23-month-
old tauNFT-Mapt0/0 mice that overexpress Tau,
D + Q every 2 weeks for 3 months reduced total
neurofibrillary tangle density, neuronal loss,
neuro-inflammation, gliosis, small vessel hypoper-
fusion and ventricular enlargement and increased
cortical volume and neurogenesis, despite the
advanced age of these mice. Administering D + Q
to Ab+ mice was also effective, with selective
removal of senescent cells from the AD-associated
plaque environment, reduced neuro-inflammation,
decreased Ab load and alleviation of deficits in
cognitive function, with improved memory and
executive function [126]. Thus, senolytic drugs
may potentially prove to be effective, mechanism-
based interventions for alleviating AD and other
chronic brain diseases, depending on results of the
clinical trials that are underway.

Senolytics alleviate dysfunction in mouse models of
chronic lung diseases. Idiopathic pulmonary fibro-
sis (IPF) is a progressive, fatal, senescence-driven
lung disease for which there are no highly effective
interventions apart from lung transplantation [21].
It affects older patients, leading to respiratory
failure, pronounced frailty and weight loss. Target-
ing senescent cells with D + Q was effective in
alleviating frailty as shown by improved treadmill
endurance, reducing extent of weight loss, and
enhancing lung compliance in a mouse bleomycin
inhalation-induced pulmonary fibrosis model of
IPF. Another lung condition that might be

alleviated by senolytics is hyperoxia-induced dam-
age to airway structure and function [133]. Sup-
plemental O2 can be a necessary intervention in
premature infants, but appears to contribute to
development of neonatal and paediatric asthma. At
least in cell culture, D + Q shows promise for
alleviating complications of supplemental O2. Foe-
tal airway smooth muscle (ASM) exposed for 7 days
to 40% O2 developed markers of senescence,
including SA-bgal and increased p16INK4a,
p21CIP1, p-p53, cH2A.X and pro-fibrotic and
inflammatory SASP factors. Treating na€ıve ASM
cells with media from hyperoxia-exposed senescent
ASM cells increased collagen, fibronectin and con-
tractility. D + Q selectively reduced the number of
hyperoxia-induced senescent ASM cells. Hence,
senolytic drugs may become interventions for
multiple lung diseases. Indeed, in the first clinical
trial of senolytics, D + Q alleviated physical dys-
function in a preliminary study in patients with IPF
[70] (see below). Additionally, the senolytic, F,
reduces mortality in mice infected with mouse b-
coronavirus and COVID-19 viral antigens exacer-
bate the SASP in human senescent cells (unpub-
lished observations). Based on these discoveries, a
clinical trial of F for older hospitalized COVID-19
patients to prevent progression to cytokine storm
and acute respiratory distress syndrome has been
approved by the US Food and Drug Administration
(FDA) and is about to start.

Age-related, as opposed to hormone-deficiency-
related, osteoporosis appears to be associated with
senescent cell accumulation, particularly senes-
cent-like osteocytes and bone marrow cells
[71,129]. Osteoclasts cause bone resorption. Con-
ditioned medium from senescent cells increases
early monocyte osteoclast progenitors due to
enhanced survival of these cells [14]. The SASP
factors, IL-6, IL-8 and PAI-1, contribute to this
increased survival of osteoclast progenitors. In old
(20 months) mice with osteoporosis, D + Q treat-
ment once monthly for 4 months led to significant
reductions in bone p16Ink4a mRNA and SADS+

senescent osteocytes [14]. In D + Q-treated mice,
trabecular bone histomorphometry demonstrated
reduced osteoclasts vs. in vehicle-treated mice.
D + Q treatment increased femoral cortical thick-
ness and bone strength. This was associated with
reduced endocortical surface osteoclast numbers
and increases in endocortical numbers of osteo-
blasts, the cells that form new bone, mineral
apposition rate and bone formation rate. These
beneficial effects of targeting senescent cells
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resulted in suppression of bone resorption accom-
panied by either maintenance (trabecular) or
increased (cortical) bone formation. Thus, unlike
the coupled decreases in bone resorption and
formation that results from currently available
antiresorptive treatments for osteoporosis, D + Q
causes decreased bone resorption whilst not caus-
ing a coupled decrease in bone formation. These
beneficial effects result from a decrease in devel-
opment of bone-resorbing osteoclasts and an
increase in development of bone-forming osteo-
blasts from their respective stem cells/progenitors.
Furthermore, intermittent D + Q was as effective
as continuous D + Q, consistent with our con-
tention that a ‘hit-and-run’ approach of senolytic
administration is effective and could decrease
adverse effects. A clinical trial of D + Q for age-
related osteoporosis is currently underway (see
below). N also decreases bone senescent cells in old
mice but, unlike D + Q, does not alleviate age-
related osteoporosis because, consistent with its
‘panolytic’ side-effect profile, N is directly cytotoxic
to bone-forming osteoblasts [146].

In addition to age-related osteoporosis [129] and
osteoarthritis [130], senescent cells contribute to
another skeletal disorder, age-related intervertebral
disc disease. Glycosaminoglycan content of the
nucleus pulposus of intervertebral discs declines
with ageing in progeroid mice [86]. D + Q increases
spinal glycosaminoglycan levels in progeroid mice
compared to animals receiving vehicle only. Since
senolytics increase vertebral proteoglycans in pre-
clinical models, they might prove to be an effective
treatment for intervertebral disc disease.

D + Q or F alleviate physical dysfunction across a
range of mouse models in which senescent cells are
linked to frailty: naturally aged mice, progeroid
Ercc-/D mice, senescent cell-transplanted younger
mice and mice with bleomycin-induced pulmonary
fibrosis [21,51,52,86]. In these mouse models,
senolytics prevented frailty or restored physical
function as assessed by daily activity (movement
detected by laser measurement), distance run on a
treadmill, treadmill speed, grip strength, time able
to hang on a suspended wire, and/or ability to
remain on a rotating spindle (RotaRod test). D + Q
as well as F alone both extended remaining lifespan
in old mice by up to 35% [52,86]. Consistent with
the Geroscience Hypothesis, D + Q delayed death
in old mice not due to any single age-related
disease, but from multiple disorders that cause
death in naturally aged, untreated mice [86].

As would be expected from their use as anticancer
drugs, the senolytics D + Q and F delay death from
cancers in mice [51,52]. Over 50% of deaths in
most mouse strains are caused by cancers, and
D + Q and F delay deaths of old mice by up to 35
and 17%, respectively. Furthermore, even though F
might cause aneuploidy in cultured nonsenescent
cells [147], F delays cancers in cancer-prone Erc-
c1-/D mice that have a DNA repair enzyme mutation
[52].

In these preclinical studies, it would be desirable to
prove that a candidate agent alleviates a phenotype
because it is actually a senolytic drug. An approach
for proving senolytic effects is to use a modified set
of Koch’s postulates. If an agent is truly senolytic,
then: 1) Senescent cells should be present in
association with the phenotype, 2) Individuals
without senescent cells should not have the phe-
notype, 3) Inducing accumulation of senescent
cells should cause the phenotype, 4) Clearing these
induced senescent cells should alleviate the phe-
notype, 5) Clearing naturally occurring senescent
cells should alleviate the phenotype, 6) The drug
should induce few or no effects related to the
phenotype in young individuals without senescent
cells, 7) Administering the senolytic candidate
intermittently should be effective and 8) The
senolytic candidate should alleviate multiple age-
related conditions. In the case of D + Q, these
modified Koch’s postulates have been met in mice
for age- and cellular senescence-related physical
dysfunction, insulin resistance, cognitive dysfunc-
tion, osteoporosis, osteoarthritis and cancers in
the published studies cited above and in unpub-
lished studies. Evidence consistent for a true
senolytic effect of F is mounting. To our knowledge,
there is not yet comprehensive evidence for a true
senolytic effect of N or Nutlin3a that meets this
modified set of Koch’s postulates.

Clinical trials

Since clearing senescent cells with senolytic drugs
is a completely new therapeutic paradigm, a novel
strategy for translating senolytics into interven-
tions for humans is needed (Fig. 3). In particular,
ethical risk/benefit concerns have to be addressed:
situations in which senolytic drugs enter the first
clinical trials should ideally be serious and be
those for which currently available treatments are
ineffective (Fig. 3), such as IPF, complications of
advanced diabetes, diastolic heart failure,
advanced osteoporosis, dementias or COVID-19
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infections in hospitalized elderly patients. To accel-
erate progress, our approach has been to start
multiple small, parallel trials for such conditions
instead of conducting trials one after the other in
series. If these trials in serious disorders show
acceptable side-effect profiles, if the agents are well
tolerated, if target engagement (i.e. killing senes-
cent cells) can be demonstrated, and if the candi-
date senolytic drugs are effective in treating serious
diseases, then use of senolytics could go on to be
tested for less serious conditions related to cellular
senescence. Depending on results of such trials,
the step after that would be to test effectiveness of
the candidate senolytic drugs in delaying or pre-
venting clinically manifest disease in subjects in
whom presence of senescent cells can be demon-
strated by blood, imaging, saliva or urine tests or
biopsies. This could be feasible, since we discov-
ered that there is a lag between accumulation of
senescent cells and appearance of clinically

apparent disease: after transplanting senescent
cells into middle-aged mice, it took time for frailty
to develop [51]. As this progression from: 1)
administration of senolytics in clinical trials for
serious diseases, 2) to less serious conditions, 3) to
prevention in at-risk individuals proceeds, clinical
trials will need to become progressively larger,
longer and more expensive.

Strategies for translating agents targeting fundamental ageing
processes into treatments

Ideally, the first clinical trials should be with
agents that have, insofar as possible, an estab-
lished clinical safety profile, with strong preclinical
data available about the drugs and indications to
be tested. Intermittent administration, as opposed
to continuous dosing, could reduce off-target side-
effects. The clinical trials should be carefully
monitored for safety, tolerability, target engage-
ment (removal of senescent cells) and effectiveness.
To speed translation, ideally several of these trials
would be conducted in parallel across several
diseases, rather than conducting one trial after
the other in series. If safe and effective in initial
trials for serious diseases, moving a senolytic drug
towards less serious conditions and, eventually, to
prevention in humans with an increased senescent
cell burden and who are at risk for subsequently
developing cell senescence-associated diseases,
could be a translational strategy. It is currently
too early for practicing physicians to prescribe
senolytic agents outside the context of carefully
monitored clinical trials.

A consideration is whether systemic or local
administration of candidate senolytic drugs is the
best approach for initial clinical trials. For agents
with an unknown or poor safety profile, local
administration for senescence-related conditions
could be an option, but the following points run
counter to this: 1) Senescence spreads from cell to
cell [51], meaning that apparently local accumula-
tions of senescent cells could be the ‘tip of the
iceberg’, with an increased systemic senescent cell
burden being a possible consequence. This could
be the case even if effects of this systemic senes-
cent cell burden are not yet apparent – as dis-
cussed above, there is a lag between senescent cell
accrual and appearance of clinically apparent
symptoms. 2) Also consistent with the concern
that local injection of senolytics would be less
beneficial than systemic administration is the
Geroscience Hypothesis: multiple age- and

Figure 3 Early clinical studies of senolytics: Balancing
benefit and risk. Since senolytic drugs are at the forefront
of a completely new potential therapeutic paradigm –
targeting fundamental ageing processes to delay, prevent
or alleviate age-related phenotypes, multiple diseases,
geriatric syndromes and reductions in physical resilience –
a careful risk-benefit balance must be struck within first-
in-human senolytic drug clinical trials, since potential
short- and long-term side-effects from clearing senescent
cells are not yet fully known.
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senescence-related diseases cluster within individ-
uals, reducing the possible benefits from local
injection. 3) Locally injected drugs generally do
not stay local, particularly if the injection is into,
for example, an osteoarthritic knee joint in which
the synovial cavity is damaged. In the absence of
an intact synovial membrane, local injection into
the damaged knee joint could be effectively sys-
temic, more like an intramuscular injection than a
truly intra-articular injection into a patient with an
intact knee joint. 4) The previous points notwith-
standing, local skin application, particularly of
poorly absorbed senolytics, might be a viable
strategy for treating senescence-related skin dis-
orders, such a melanotic naevi or psoriasis. There-
fore, in general, systemic senolytic administration
in initial clinical trials appears to be a reasonable
approach, especially in the cases of candidates
with an established safety profile, such as D, which
has been approved for clinical prescription in the
United States since 2006, or the natural product,
Q. This would be less true for N or A1331852,
which are not yet approved for general use as
prescription drugs in the United States.

In a preliminary report from an early, open-label
clinical trial of 3 days of D + Q administration
orally in patients with diabetes complicated by
renal dysfunction, evidence for target engagement
was found. Compared to biopsies before D + Q
administration, 11 days after the last dose of D + Q
(which has an 11 hour elimination half-life),
p16INK4a+ and SA-bgal+ senescent cells had
decreased in the diabetic subjects’ adipose tissue
[116,117]. Furthermore, D + Q decreased adipose
tissue inflammation as evident by reduced macro-
phages and immune infiltration-related crown-like
structures. A composite score of blood SASP fac-
tors was also decreased by D + Q in these patients.
Thus, as in mice, D + Q can successfully decease
senescent cell burden in humans.

The first-in-human trial of senolytics was of D + Q
for patients with IPF [70] (N = 14 patients with
stable IPF) in an open-label study of intermittent
D + Q (3 days/week over 3 weeks). Physical func-
tion was evaluated by testing 6-minute walk dis-
tance, 4-metre gait speed and chair-stands time.
These assessments were significantly and clinically
meaningfully improved by D + Q (P < 0.05). Fur-
thermore, correlations were found between change
in function and change in SASP-related pro-in-
flammatory cytokines, matrix-remodelling pro-
teases and micro-RNAs (23/48 markers;

r ≥ 0.50). This pilot study supports the feasibility
of further clinical trials using senolytics. It pro-
vided initial evidence that senolytics can alleviate
physical dysfunction in IPF, supporting evaluation
of D + Q in larger randomized, controlled trials for
senescence-associated diseases.

Several clinical trials of senolytics are currently
underway or planned (Table 3). These include
Phase I or II trials of D + Q for IPF, age-related
osteoporosis, age-related frailty, frailty in bone
marrow transplant survivors with an accelerated
ageing-like syndrome, frailty in childhood cancer
survivors in their late 30’s and 40’s also with an
accelerated ageing-like syndrome, the ongoing trial
in diabetic chronic kidney disease, Alzheimer’s
disease (Tau+, symptomatic [clinical dementia rat-
ing 1]) and trials for improving outcomes after
transplanting organs from old donors. Phase I or II
trials of F are underway or planned for age-related
frailty, age-related osteoporosis, osteoarthritis and
to delay or prevent cytokine storm and acute
respiratory distress syndrome in elderly patients
infected by COVID-19. Trials of injected Nutlin3a
for osteoarthritis and of injected N for retinal
degeneration are underway or planned. Preclinical
studies are already underway and clinical trials are
being planned in Sweden, including preclinical
studies of senolytics for Critical Illness Myopathy
at the Karolinska and a clinical trial for heritable
type II diabetes at the University of Gothenburg.

Multicentre alliances have been established to
conduct clinical trials of senolytics and other
interventions that target fundamental ageing pro-
cesses, including the NIH-funded Translational
Geroscience Network (Mayo Clinic, Harvard, Johns
Hopkins, and Wake Forest Universities, the
Universities of Michigan, Texas [San Antonio],
Minnesota, and Connecticut, and partners at other
institutions) and the Alliance for Healthy Aging
(Mayo Clinic, the Universities of Minnesota, New-
castle, and Copenhagen, and Groningen Univer-
sity).

Conclusions

It should be understood that the target of senolyt-
ics is senescent cells, not a single molecule or
pathway, since targeting networks might yield
more truly senolytic, less panolytic, drugs. Addi-
tionally, consistent with true senolytic activity,
intermittent treatment with D + Q or F appears to
be as effective as continuous administration,
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despite their short elimination half-lives. D + Q
already satisfies a modified set of Koch’s postulates
for certain disorders and mounting evidence indi-
cates that these postulates could also be satisfied
for a number of other conditions in the cases of
D + Q and F. True senolytic effects remain to be
established for N or Nutlin3a. Consistent with the
Unitary Theory, senolytics appear to restore pro-
genitor dysfunction, attenuate tissue inflammation
and alleviate age- and disease-related metabolic
dysfunction across cell types and tissues. Senolyt-
ics appear to delay, prevent or alleviate multiple
age-related conditions and chronic diseases and
enhance healthspan and lifespan in experimental
animals. Therefore, these agents could lead to
interventions for humans that delay, prevent or
treat senescence- and age-related conditions – if
clinical trials continue to demonstrate effectiveness
and low toxicity. However, unless and until such
clinical trials are completed and demonstrate
safety, tolerability, target engagement and

effectiveness, candidate senolytics should not be
prescribed or used by general patient populations.
They should only be administered in the course of
carefully monitored clinical trials.
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