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Summary 

The healthspan of mice is enhanced by killing senescent cells using a transgenic suicide gene. 

Achieving the same using small molecules would have a tremendous impact on quality of life 

and burden of age-related chronic diseases. Here, we describe the rationale for identification 

and validation of a new class of drugs termed senolytics, which selectively kill senescent cells. 

By transcript analysis, we discovered increased expression of pro-survival networks in 

senescent cells, consistent with their established resistance to apoptosis. Using siRNA to 

silence expression of key nodes of this network, including ephrins (EFNB1 or 3), PI3Kδ, p21, 

BCL-xL, or plasminogen activated inhibitor-2, killed senescent cells, but not proliferating or 

quiescent, differentiated cells. Drugs targeting these factors selectively killed senescent cells. 

Dasatinib eliminated senescent human fat cell progenitors, while quercetin was more effective 

against senescent human endothelial cells and mouse BM-MSCs. The combination of dasatinib 

and quercetin was effective in eliminating senescent MEFs. In vivo, this combination reduced 

senescent cell burden in chronologically aged, radiation-exposed, and progeroid Ercc1-/Δ mice. 

In old mice, cardiac function and carotid vascular reactivity were improved 5 days after a single 

dose. Following irradiation of one limb in mice, a single dose led to improved exercise capacity 

for at least 7 months following drug treatment. Periodic drug administration extended healthspan 

in Ercc1-/∆ mice, delaying age-related symptoms and pathology, osteoporosis and loss of 
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intervertebral disc proteoglycans. These results demonstrate the feasibility of selectively 

ablating senescent cells and the efficacy of senolytics for alleviating symptoms of frailty and 

extending healthspan. 

 

Introduction 

Aging is the leading risk factor for the chronic diseases that account for the bulk of 

morbidity, mortality, and health costs (Goldman et al. 2013). A fundamental aging mechanism 

that likely contributes to chronic diseases and age-related dysfunction is cellular senescence 

(Kirkland 2013b; Kirkland 2013a; Tchkonia et al. 2013; Kirkland & Tchkonia 2014). Senescence 

refers to the essentially irreversible growth arrest that occurs when cells are subjected to 

potentially oncogenic insults (Tchkonia et al. 2013). Even though senescent cell abundance in 

aging or diseased tissues is low, achieving a maximum of 15 percent of nucleated cells in very 

old primates, senescent cells can secrete pro-inflammatory cytokines, chemokines, and 

extracellular matrix proteases, which together constitute the senescence-associated secretory 

phenotype or SASP (Herbig et al. 2006; Coppé et al. 2008; Kuilman et al. 2008). The SASP 

possibly contributes to the association between senescent cell accumulation and local and 

systemic dysfunction and disease. Consistent with a role for cellular senescence in causing 

age-related dysfunction, clearing senescent cells by activating a drug-inducible “suicide” gene 

enhances healthspan and delays multiple age-related phenotypes in genetically-modified 

progeroid mice (Baker et al. 2011). Interestingly, despite only clearing 30 percent of senescent 

cells, improvement in age-related phenotypes is profound. Thus, interventions that reduce the 

burden of senescent cells could ameliorate age-related disabilities and chronic diseases as a 

group (Tchkonia et al. 2013; Kirkland & Tchkonia 2014). 

 Despite their harsh internal and external microenvironments, senescent cells are viable. 

They survive even though they have active DNA damage responses, heightened metabolic flux, 

and increased local levels of SASP inflammatory cytokines and other factors that are able to 
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induce apoptosis. Indeed, senescent cells are better able to withstand stresses such as serum 

deprivation than non-senescent cells (Wang 1995; Fridman & Lowe 2003). In vivo, senescent 

cells appear to be removed by the immune system (Xue et al. 2007), rather than apoptosis or 

necrosis. Therefore, we hypothesized that: 1) anti-apoptotic, pro-survival mechanisms could be 

up-regulated in senescent cells and 2) interfering with these protective mechanisms might 

achieve selective elimination of senescent cells. Based on these hypotheses, here we identified 

several clinically used drugs that induce apoptosis preferentially of senescent cells in vitro and 

in vivo, leading to improved cardiovascular function and exercise endurance, reduced 

osteoporosis and frailty, and extended healthspan in several murine systems. 

 

 

Results 

The senescent transcriptome and anti-apoptotic pathways 

 We first tested our hypotheses by comparing gene expression in senescent vs. non-

senescent cells using transcript array analysis (Fig. 1A-C). We focused on fat cell progenitors, 

or preadipocytes, since they are arguably one of the most abundant types of senescent cells in 

humans (Tchkonia et al. 2010). Cultures were split and senescence induced in half of the cells 

using 10 Gy of ionizing radiation. Twenty-five days later, gene expression was measured using 

Affymetrix arrays and differential expression patterns identified by principal component analysis 

(see Supplemental Methods for details). Overall patterns of gene expression differed 

substantially between senescent and non-senescent preadipocytes isolated from the same 

subjects (Fig. 1A). Analyses of gene categories indeed revealed up-regulation of negative 

regulators of apoptosis (Fig. 1B) and anti-apoptotic gene sets (Fig. 1C) in senescent compared 

to non-senescent cells (see also Supplemental Fig. 8). 
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Senolytic siRNAs 

We next employed RNA interference to identify potential “senolytic” targets. We used the 

following rationale for the selection of senescence-associated genes to target with siRNAs. 1) 

Senescent cells rely on anti-apoptotic, pro-survival defenses to a greater extent than non-

senescent cells. 2) Senescent cells have much in common with cancer cells, such as active 

DNA damage responses (Ghosal & Chen 2013), except senescent cells do not divide. Thus pro-

survival pathways that when inhibited are known to drive cancer cell apoptosis might be good 

targets, as long as the pathway is not linked to cell proliferation. 3) Similarly to cancer cells, 

senescent cells are metabolically active, with increased glycolysis (Dorr et al. 2013). Thus 

senescent cells may be more dependent on pathways that protect against metabolically-induced 

apoptosis than are non-senescent cells. 4) Dependence receptors promote apoptosis unless 

they are prevented from doing so by the presence of their ligands (Goldschneider & Mehlen 

2010). Thus senescent cells may rely more on dependence receptor ligands than non-

senescent cells, as is the case in cancer cells (Goldschneider & Mehlen 2010; Xi et al. 2012). 

Therefore, we targeted anti-apoptotic pathway elements by RNA interference, including the 

dependence receptor ligands and metabolic pro-survival transcripts identified in oncology. 

Importantly, targets identified by this rationale have the potential to yield senolytics that also will 

have anti-tumor effects. 

Of the 39 transcripts selected for knock-down by siRNA transfection, at least 17 may 

have affected the viability of senescent cells more than non-senescent cells (Supplemental 

Table 1). Of these, six triggered senescent cell death, but had little effect on proliferating, non-

senescent cells in two human cell types, preadipocytes (Fig. 1D&F) and endothelial cells (Fig. 

1E&G). Interestingly, the senolytic transcripts included components of ephrin survival-regulating 

dependence receptor mechanisms (Goldschneider & Mehlen 2010), ephrin ligand (EFN) B1, 

and EFNB3, as well as cyclin-dependent kinase inhibitor 1A (p21), plasminogen activated 

inhibitor-2 (PAI-2), the phosphatidylinositol-4,5-bisphosphate 3-kinase delta catalytic subunit 
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(PI3KCD), a PI3K family member involved in regulating multiple cellular functions, including 

survival (Datta et al. 1999; Osaki et al. 2004), and BCL-xL, which regulates mitochondrial-

dependent apoptosis and is the target of certain anti-cancer drugs (Minn et al. 1999; Leech et 

al. 2000). 

Interfering with expression of EFNB1 or 3, PI3KCD, p21, BCL-xL, or PAI-2 indeed 

significantly reduced the viability (ATPLite intensity; Fig. 1D) and survival(crystal violet; Fig. 1F 

and Supplemental Fig. 6) of senescent but not proliferating human abdominal subcutaneous 

preadipocytes. Reducing EFNB2 or 4 or PI3K isoforms other than PI3KCD had less or no effect 

(Supplemental Fig. 2C; Supplemental Table 1). siRNA transfection efficiencies and extent of 

mRNA knock-down were similar in senescent and proliferating preadipocytes (Supplemental 

Fig. 1). Results were confirmed using second, distinct siRNAs or by Western immunoanalysis 

(Supplemental Figs. 2A,B,&F). While proliferating human umbilical vein cells (HUVECs) tended 

to be generally susceptible to siRNAs under the conditions used, senescent HUVECs were 

more susceptible to EFNB1 and BCL-xL siRNAs than non-senescent cells (Fig. 1E&G). EFNB1 

or 3, PI3KCD, p21, BCL-xL and PAI-2 siRNAs also interfered with viability of preadipocytes 

made senescent by serial subculturing compared to non-senescent cells (Supplemental Fig. 2D) 

and did not interfere with viability of quiescent, differentiated preadipocytes (Supplemental Fig. 

2E). Results were confirmed using crystal violet to measure cell survival (Fig. 1G; Supplemental 

Fig. 6). 

Based on potential associations among the genes targeted by senolytic siRNAs, we 

tested if the gene products could be components of a common pro-survival signaling network 

(Fig. 1H). Network analysis of these proteins using the STRING database suggested interaction 

of the anti-apoptotic proteins that we identified in siRNA assays. 
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Candidate senolytic drugs in vitro 

We next tested if drugs that target gene products that protect senescent cells from 

apoptosis are senolytic in vitro. Of 46 agents tested, dasatinib (D) and quercetin (Q) showed 

particular promise in clearing senescent cells. D is a multi-tyrosine kinase inhibitor used for 

treating cancers (Montero et al. 2011) that interferes with EFNB-mediated repression of 

apoptosis (Chang et al. 2008; Xi et al. 2012). D preferentially reduced viability and caused cell 

death in senescent human preadipocytes, but was much less effective on senescent HUVECs 

(Fig. 2A). Note that by day 3, proliferating preadipocytes increased by 2-5 fold in number vs. day 

0 in the presence of D. The viability of non-dividing senescent preadipocytes from the same 

subjects decreased by 30-40% in the presence of 50 nM or higher D, indicating selective 

reduction in the viability of senescent cells. Q, a natural flavonol, inhibits PI3K, other kinases 

and serpines (Olave et al. 2010; Bruning 2013). In contrast to D, at low concentrations Q 

reduced the viability and caused cell death of senescent HUVECs to a greater extent than 

proliferating cells, but was less effective on preadipocytes (Figs. 2B). Note that at 10 µM Q, non-

senescent HUVECs achieved a 2-3 fold increase in cell number between days 0 and 3, while 

parallel cultures of senescent cells were reduced by 50%, indicating selective killing of 

senescent cells. The combination of D+Q afforded selective killing of both senescent 

preadipocytes and endothelial cells (Fig. 2C-F). By day 3, the viability of non-dividing senescent 

preadipocytes exposed to D+Q was reduced by ~70% compared to day 0, while non-senescent, 

proliferating cells had increased by 2-4 fold. By day 3, the viability of senescent HUVECs 

treated with 10 µM Q and 100 nM D was reduced by ~50% compared to day 0. Parallel cultures 

of non-senescent, proliferating HUVECs increased in number by 1.5 fold over the same time. 

This suggests that the combination of D+Q might selectively target a broader range of 

senescent cell types than either agent alone. In both senescent and non-senescent cultured 

preadipocytes, D and Q reduced expression of the anti-apoptotic regulator PAI-2 (Figs. 2G&H). 
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Dasatinib and quercetin reduce senescent cells in vivo 

 In anticipation of testing D+Q in a preclinical model, the drugs were tested for the 

efficacy in reducing the viability of senescent murine cells. The combination of D+Q led to a 

significant reduction in the viability of senescent, C12FDG positive, primary mouse embryonic 

fibroblasts (MEFs) compared to either drug alone (Fig. 3A). Likewise, Q alone or D+Q caused a 

significant reduction in the viability of senescent bone marrow-derived murine mesenchymal 

stem cells (Fig. 3B). These data and those in Fig. 2 demonstrate that both D and Q are able to 

selectively kill senescent cells in two species albeit with distinct cell type specificity. We tested if 

D+Q administered by oral gavage was senolytic in vivo. We initially tested D+Q in old mice (>24 

months-old), since senescent cell burden increases in fat tissue with aging and both 

preadipocytes and endothelial cells contribute to senescent cell burden with aging in fat 

(Tchkonia et al. 2010). A single dose of D+Q (D: 5 mg/kg body weight and Q: 50 mg/kg by oral 

gavage here and in the following studies), a drug ratio that was most effective in senescent 

MEFs (data not shown), reduced SA-βgal+ cells (Fig. 3C) and p16 mRNA (Fig. 3D) in fat from 

old mice within 5 days. D+Q also reduced p16-positive cells in liver from old mice (Fig. 3E-F). 

As with AP20187, the drug that activates selective killing of cells expressing p16 in transgenic 

INK-ATTAC mice (Baker et al. 2011), not all senescent cells were removed by D+Q. Following 

irradiation of one leg of wild type mice, a single treatment with D+Q reduced p16 expression in 

muscle (Fig. 3G) and SA-βGal+ cells in fat (Fig. 3H&I) at the site of localized ionizing radiation 

exposure in these mice. 

 

Effects of senolytic agents on cardiovascular function in old mice 

 Cellular senescence is associated with cardiovascular dysfunction in humans (Tchkonia 

et al. 2013; Kirkland & Tchkonia 2014), a major cause of morbidity and mortality in the elderly. 

While only mild cardiac dysfunction has been reported in old mice (Dai et al. 2009; Roos et al. 

2013), substantial impairment in vascular reactivity is observed in aged mice (Roos et al. 2013). 
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We tested if treating 24 month-old mice with D+Q would improve cardiac ejection fraction (the 

fraction of heart volume pumped during each heart contraction) and vascular responses to 

acetylcholine, nitroprusside, or U46619 (endothelium-dependent relaxation, smooth muscle 

vascular reactivity to nitric oxide, and smooth muscle contractile function, respectively (Roos et 

al. 2013)). To allow time for senescent cells to apoptose  and exclude potential “off-target” 

effects of the drugs on non-senescent cell types, which require continued presence of the drugs, 

for example through direct vasoactive/antioxidant effects or through changing NAD+ (Chen & 

Pace-Asciak 1996; Ajay et al. 2006), we gave a single dose of the drugs and waited 5 days 

before assaying cardiac function. D and Q are cleared within 48 hours of the last dose (Luo et 

al. 2006; Piantelli et al. 2006). 

 Despite the fact that mice are relatively resistant to development of age-related systolic 

dysfunction, treatment of 24 month old mice with a single dose of D+Q significantly improved 

left ventricular ejection fraction (Fig 4A) and fractional shortening (Supplemental Table 3), 

effects that were mediated by reductions in end systolic cardiac dimensions (Fig. 4C) but not 

cardiac preload (Fig. 4B) alteration in cardiac mass (Supplemental Table 3). Consistent with 

previous reports from our group and others (Roos et al. 2013; Gioscia-Ryan et al. 2014), carotid 

arteries from aged mice displayed markedly impaired vascular relaxation in response to 

endothelium-dependent and -independent vasodilators compared to young mice. While D+Q 

elicited somewhat variable but statistically significant improvements in vascular endothelial 

function (Fig. 4D), a complex amalgam of nitric oxide, endothelium-derived hyperpolarizing 

factors, and other vasoactive substances (Feletou & Vanhoutte 2006), D+Q yielded 

physiologically important and consistent improvements in vascular smooth muscle sensitivity to 

nitroprusside (Fig. 4E). Interestingly, senescent cell clearance did not alter smooth muscle 

contractile function (Fig. 4F). Collectively, these data suggest that senescent cells are likely to 

exert deleterious effects on cardiovascular function with chronological aging, and that acute 

clearance of senescent cells may be a novel therapeutic approach to improve cardiovascular 
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function and reduce morbidity and mortality from cardiovascular disease in the elderly. 

 

Effects on treadmill exercise capacity in mice after single leg radiation exposure 

 To test further the hypothesis that D+Q function through elimination of senescent cells, 

we tested the effect of a single treatment in a mouse leg irradiation leg model. One leg of 4 

month old male mice was radiated at 10 Gy with the rest of the body shielded. Controls were 

sham-radiated. By 12 weeks, hair on the radiated leg turned grey (Fig. 5A) and animals 

exhibited reduced treadmill exercise capacity (Fig. 5B). Five days after a single dose of D+Q, 

exercise time, distance, and total work performed to exhaustion on the treadmill tended to be 

higher in the mice treated with D+Q than vehicle (Fig. 5C). Senescent markers were reduced in 

muscle and inguinal fat 5 days after treatment (Figs. 3G-I). At 7 months after the single 

treatment, exercise capacity was significantly better in the mice that had been irradiated and 

received the single dose of D+Q than vehicle-treated controls (Fig. 5D). D+Q treated animals 

had endurance essentially identical to that of sham-radiated controls. The single dose of D+Q 

had no effect on endurance 7 months later in sham-radiated controls vs. vehicle. Thus, a single 

D+Q dose 7 months previously led to sustained improvement in function, consistent with the 

ability of D+Q to clear damaged senescent cells acutely, resulting in enhanced later-life physical 

endurance. 

 

Extension of healthspan by periodic treatment of progeroid Ercc1-/∆ mice with senolytics 

To demonstrate that treatment with D+Q can extend healthspan, we used the Ercc1-/∆ 

mouse model of accelerated aging. These mice, which model human XFE progeria, have 

features resembling accelerated aging with a lifespan of 6 months (Dolle et al. 2011) and 

spontaneously develop progressive age-related chronic degenerative diseases (Gregg et al. 

2011). MEFs deficient in ERCC1 or bone marrow-derived MSCs from Ercc1-/∆ mice have 

increased senescence and are more susceptible to elimination by D+Q (Fig. 3A&B). Ercc1-/∆ 
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mice were treated with 5 mg/kg D plus 50 mg/kg Q weekly by oral gavage or vehicle only (10% 

PEG400 in water) beginning at 4-6 weeks of age. Symptoms associated with aging were 

measured biweekly by an investigator blinded as to the treatment groups. Animals were 

euthanized after 10-12 weeks of treatment and molecular and histopathological endpoints 

measured. D+Q resulted in reduced expression of senescence markers in several tissues 

(Supplemental Fig. 9). This correlated with a significant reduction in a composite score of age-

related symptoms (Fig. 6A&B), including kyphosis, dystonia, tremors, loss of grip strength, coat 

condition, ataxia, urinary incontinence, impaired gait, hind limb paralysis, and poor body 

condition (Supplemental Fig. 10). This reduction in symptoms indicates an extension of 

healthspan due to both the delay in onset of symptoms and attenuation of their severity (Fig. 

6B). In particular, the mice showed reduced dystonia and delayed onset of ataxia and gait 

disorders (Fig. 6C and Supplemental Fig. 10). In addition, quantitative computed tomography 

(pQCT) of lumbar spine demonstrated improved bone parameters in 16 week-old Ercc1-/∆ mice 

treated with D+Q compared to animals treated with vehicle only (Fig. 6D). Similarly, the level of 

proteoglycans in the nucleus pulposus of the intervertebral disc, a marker of age-related disc 

degeneration, was significantly increased in mice treated with D+Q, suggesting that treatment 

with D+Q can slow age-related dysfunction even of a relatively avascular tissue (Fig. 6E). 

Finally, sections of liver, kidney, and the femoral bone space were stained with H&E and scored 

for age-related pathology by two pathologists blinded to the treatment groups. Composite 

pathology scores for sibling groups revealed reduced pathology in most animals treated with 

D+Q compared to siblings treated with vehicle only (Fig. 6F). Remarkably, the sibling groups 

identified as having the most dramatic differences in pathology are identical to those identified 

as having the greatest difference in aging score (Fig. 6B and Supplemental Fig. 11), 

demonstrating a close correlation between pre- and post-mortem endpoints. Taken together, 

these data demonstrate that periodic treatment with senolytics is sufficient to reduce the burden 

of senescence markers, reduce frailty, and extend healthspan significantly. 
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Discussion 

We previously demonstrated that the healthspan of transgenic mice can be enhanced by 

selectively killing senescent cells using a transgenic suicide gene (Baker et al. 2011). The 

identification of approaches to remove damaged, senescent cells would have a tremendous 

impact on quality of life and burden of age-related chronic diseases. To identify agents able to 

kill senescent cells, we hypothesized that senescent cells, like cancer cells, are dependent on 

anti-apoptotic pathways to ensure their survival following stress and damage. Based on this 

hypothesis, here we have demonstrated that senescent cells indeed are susceptible to selective 

clearance by targeting pro-survival mechanisms using siRNAs and drugs, even at doses 

insufficient to kill normal proliferating or differentiated quiescent cells. This observation opens up 

new approaches to develop clinically relevant small molecules or biologics that selectively 

eliminate senescent cells from non-genetically modified individuals, acting as senolytic agents. 

The prototype senolytic agents identified here, dasatanib and quercetin, have the ability to 

alleviate multiple aging phenotypes, as would be predicted if they truly act by eliminating 

senescent cells (Kirkland 2013a; Kirkland & Tchkonia 2014). 

 Interfering with expression of the ephrin dependence receptor ligands, EFNB1 or 

EFNB3, induced selective loss of senescent cells. Ephrin receptors are the largest family of 

receptor tyrosine kinases (Boyd et al. 2014). Together with ephrin ligands, these receptors 

coordinate tissue and organ patterning, cell positioning, and cell survival during development 

and tissue turnover in a cell type-specific manner (Xi et al. 2012). Ephrin B ligands, which span 

cell membranes, can act as both ligands and receptors, making contact with ephrin receptors on 

adjacent cells. EFNB ligands can participate in dependence networks that constrain both the 

cells they are located on and adjacent cells from undergoing apoptosis (Furne et al. 2009). 

Ephrin signaling has been linked to cellular senescence: EFNB3 overexpression can induce 

p21, PAI-1, the SASP, and SA-βGal activity during wound healing (Hafner et al. 2005). 

Interfering with expression of EFNB3 in cancer cells can induce apoptosis and disrupt pro-
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survival networks (Stahl et al. 2013). Similar to cancer cells, here we demonstrated that 

silencing EFNB ligands induces apoptosis selectively in senescent as compared to non-

senescent cells. 

 Silencing EFNB3 expression down-regulates AKT in cancer cells (Stahl et al. 2013). 

AKT is involved in regulating FOXO1 and mTOR, among other key pro-survival and metabolic 

homeostasis mechanisms (Chandarlapaty 2012). PI3K is upstream of AKT and the PI3KCD 

(catalytic subunit δ) is specifically implicated in the resistance of cancer cells to apoptosis. 

PI3KCD inhibition leads to selective apoptosis of cancer (Cui et al. 2012; Xing & Hogge 2013). 

Consistent with these observations, we demonstrated that siRNA knockdown of the PI3KCD 

isoform, but not other PI3K isoforms, was senolytic in preadipocytes (Supplemental Table 1). 

 p21 and PAI-1, both regulated by p53, have been implicated in protection of cancer and 

other cells from apoptosis (Gartel & Radhakrishnan 2005; Kortlever et al. 2006; Schneider et al. 

2008; Vousden & Prives 2009). We found that p21 siRNA is senolytic (Fig. 1D+F) and PAI-1 

siRNA and the PAI-1 inhibitor, tiplaxtinin, also may have some senolytic activity (Supplemental 

Fig 3). We found that siRNA against another serine protease inhibitor (serpine), PAI-2, is 

senolytic (Fig. 1D+F). Like PAI-1, PAI-2 can protect against apoptosis (Tonnetti et al. 2008; 

Delhase et al. 2012). EFNB1 and 3 expression appears linked to that of BCL-xL, PI3KCD, p21, 

PAI-1, and, indirectly, PAI-2, in published reports and by bioinformatics analysis (Fig. 

1H)(Hafner et al. 2005), suggesting these transcripts may be networked, an hypothesis that 

merits further study. Consistent with this hypothesis are our findings that D alone reduced the 

level of p21 protein, and furthermore D plus Q reduced p21, PAI-2, and BCL-xL (Fig. 2G&H). 

 D and Q are both approved for use in humans and appear to be relatively safe. 

Interestingly, imatinib, which is very closely related to D, was not senolytic, at least in 

preadipocytes (Supplemental Fig. 4). D and Q are promiscuous, like many drugs that affect 

signaling pathway kinases either directly or indirectly. Despite this, they appear to have more 

senolytic activity against some types of senescent cells than others and overall they appear to 
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work better in combination than individually. Thus one strategy to follow in developing future 

senolytic agents will be to use promiscuous agents or combinations of drugs to target anti-

apoptotic networks. Alternatively, additional senolytic agents could be developed by de-

convoluting the mechanisms through which D, Q or other senolytics exert their effects. 

Importantly, since we found that senescent cells originating from different types of cells vary in 

susceptibility to RNA interference and pharmacological interventions, it may be feasible to 

design drug strategies focused on specific indications by clearing senescent cells arising from 

particular cell types or in specific organs. 

Whether candidate senolytics actually alleviate phenotypes though removing senescent 

cells or through possible off-target effects on non-senescent cells is an important and difficult 

issue to resolve. We first considered comparing effects of senolytics to those of removing 

senescent cells from INK-ATTAC mice. However, we felt that while this may indicate an 

association between phenotypic effects of removing senescent cells by candidate senolytic 

drugs and those of removal by activating a “suicide gene” in senescent cells, this approach 

would not establish cause and effect. Even if candidate senolytic agents had effects resembling 

those due to genetic clearance of senescent cells, and even if effects of the drugs were not 

additive to effects of genetic clearance, off target effects would still not be ruled out. For 

example, clearing senescent cells genetically could influence a critical effector protein also 

directly targeted by the drug, especially if studies involve continuous administration of drugs. 

 We also considered ruling out off-target effects by expressing constitutively active 

targets of the candidate senolytic drugs in senescent cells of genetically modified mice and 

determining if effects of the drugs are blocked in these animals. However, the targets of the 

senolytic agents we found have important functions in cell regulation, and constitutively 

expressing them would be anticipated to have many effects that could confound the experiment. 

Instead, to start to rule out off-target effects, we examined if removing senescent cells 

has sustained effects for many weeks after the drug is no longer present. Apart from agents that 
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permanently alter cellular or tissue composition, such as antimicrobials, anti-cancer agents, 

extracellular matrix modifiers, or teratogens ‒ there are few drugs known to exert a sustained 

effect long after the drugs are no longer present. Indeed, our results demonstrated that a single 

treatment of D+Q had phenotypic effects persisting far after the drug is no longer present. For 

example, the treadmill endurance in mice in which one leg had been radiated 3 months before a 

single dose of senolytics remained improved to the level of that in sham-radiated controls for 7 

months after treatment with vehicle or D+Q. In addition, the senolytic treatment did not affect 

endurance in the sham-radiated controls. This long lasting effect is more consistent with a 

change in cellular or tissue composition, in this case a decrease in senescent cell burden, than 

an off-target effect on a metabolite, pathway, or physiological parameter that requires continued 

dosing with a drug. 

An important observation is that senolytics appear to alleviate multiple types of 

dysfunction. The senolytic agents used here enhanced cardiac and vascular function in aging 

mice, reduced dysfunction caused by localized radiation, and alleviated skeletal and 

neurological phenotypes in progeroid mice. Remarkably, in some cases, these drugs did so with 

only a single course of treatment. In previous work, we and our collaborators found that genetic 

clearance of senescent cells slowed development of lordokyphosis, cataracts, and lipodystrophy 

in progeroid mice (Baker et al. 2011). Thus, the accumulation of senescent cells in association 

with a number of diseases, disabilities, and chronological aging may actually contribute to the 

causation and pathophysiology of these problems or their symptoms. Together with chronic, 

“sterile” inflammation, macromolecular dysfunction, and stem and progenitor cell dysfunction, 

cellular senescence may contribute to both aging phenotypes and increased susceptibility to a 

range of chronic diseases. 

 An advantage of alleviation of symptoms by a single or few doses of senolytics is that 

they might be given during periods of generally good health, for example before elective surgery 

or other circumstances where senescent cell generation could be beneficial. This may help both 
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to reduce side effects and still allow senescent cells to be generated when needed, for example 

during wound healing (Demaria, et al. 2014). This possibility merits further study in animal 

models. Additionally, since senescent cells do not divide, drug resistance would be expected to 

be less likely than is the case with antibiotics or cancer treatment, in which cells proliferate and 

so can acquire resistance (Tchkonia et al. 2013; Kirkland & Tchkonia 2014). 

 We view this work as a first step towards developing senolytic treatments that can be 

administered safely in the clinic. Several issues remain to be addressed, including some that 

must be examined well before the agents described here or any other potentially senolytic 

agents are considered for use in humans. For example, we found differences in responses to 

RNA interference and senolytic agents among cell types. Effects of age, type of disability or 

disease, whether senescent cells are continually generated (e.g., in diabetes or high fat diet vs. 

effects of a single dose of radiation), extent of DNA damage responses that accompany 

senescence, sex, drug metabolism, immune function, and other inter-individual differences on 

responses to senolytic agents need to be studied. 

 Detailed testing is needed of many other potential targets and senolytic agents and their 

combinations. Other dependence receptor networks, which promote apoptosis unless they are 

constrained from doing so by presence of ligands, might be particularly informative to study, 

especially to develop cell type-, tissue-, and disease-specific senolytic agents. These receptors 

include the insulin, IGF-1, androgen and nerve growth factor receptors, among others (Delloye-

Bourgeois et al. 2009; Goldschneider & Mehlen 2010). It is possible that more existing drugs 

that act against the targets identified by our RNA interference experiments may be senolytic. In 

addition to ephrins, other dependence receptor ligands, PI3K, AKT, and serpines, we anticipate 

that drugs that target p21, probably p53 and MDM2 (because they regulate p21 and serpines), 

BCL-xL, and related genes will also have senolytic effects. This is especially so since existing 

drugs that act through these targets cause apoptosis in cancer cells and are in use or in trials 

for treating cancers, including dasatinib, quercetin, and tiplaxtinin (Gomes-Giacoia et al. 2013; 
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Truffaux et al. 2014; Lee et al. 2015).  

 Effects of senolytic drugs on healthspan remain to be tested in chronologically aged 

mice, as do effects on lifespan. Senolytic regimens need to be tested in non-human primates. 

Effects of senolytics should be examined in animal models of other conditions or diseases to 

which cellular senescence may contribute to pathogenesis, including diabetes, 

neurodegenerative disorders, osteoarthritis, chronic pulmonary disease, renal diseases, and 

others (Tchkonia et al. 2013; Kirkland & Tchkonia 2014). 

Like all drugs, D and Q have side effects, including hematologic dysfunction, fluid 

retention, skin rash, and QT prolongation (Breccia et al. 2014). An advantage of single doses or 

periodic short treatments is that many of these side effects would likely be less common than 

during continuous administration for long periods, but this needs to be studied. Side effects of D 

differ from Q, implying: 1) their side effects are not solely due to senolytic activity and 2) side 

effects of any new senolytics may also differ and be better than D or Q. There are a number of 

theoretical side effects of eliminating senescent cells, including impaired wound healing or 

fibrosis during liver regeneration (Krizhanovsky et al. 2008; Demaria et al. 2014). Another 

potential issue is cell lysis syndrome if there is sudden killing of large numbers of senescent 

cells. Under most conditions, this would seem to be unlikely, since only a small percentage of 

cells are senescent (Herbig et al. 2006). Nevertheless, this possibility needs to be tested. 

 Senescent cells have been identified at sites of pathology in multiple diseases and 

disabilities or may have systemic effects that predispose to others (Tchkonia et al. 2013; 

Kirkland & Tchkonia 2014). Our findings here give preliminary support for the speculation that 

these agents may one day find use for treating cardiovascular diseases, frailty, loss of 

resilience, including delayed recovery or dysfunction after chemotherapy or radiation, 

neurodegenerative disorders, osteoporosis, osteoarthritis, other bone and joint disorders, and 

adverse phenotypes related to chronological aging. Theoretically, other conditions that further 

study might indicate that senolytics could prove to alleviate include diabetes and metabolic 
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disorders, visual impairment, chronic lung disease, liver disease, renal and genitourinary 

dysfunction, skin disorders, and cancers (Kirkland 2013a; Kirkland & Tchkonia 2014; Tabibian et 

al. 2014). If senolytic agents can indeed be brought into clinical application, they could be 

transformative. With intermittent short treatments, it may eventually become feasible to delay, 

prevent, alleviate, or even reverse multiple chronic diseases and disabilities as a group, instead 

of one at a time. 

 

Experimental Procedures 

 

Preadipocyte isolation and culture 

Detailed descriptions of our preadipocyte, HUVEC, MEF, and MSC culture methods are 

in Supplemental Data and publications (Tchkonia et al. 2007; Wang et al. 2012). The protocol 

was approved by the Mayo Clinic Foundation Institutional Review Board for Human Research. 

 

Induction of cellular senescence 

Preadipocytes or HUVECs were radiated at 10 Gy to induce senescence or were sham-

radiated. Preadipocytes were senescent by 20 days after radiation and HUVECs after 14 days, 

exhibiting SA-βGal positivity and SASP factor expression by ELISA (IL-6, MCP-1). Where 

indicated, senescence was induced by serially subculturing cells. 

 

Microarray analysis 

Microarray analyses were performed using the R environment for statistical computing 

(http://www.R-project.org). Array data are deposited in the GEO database, accession number 

GSE66236. Gene Set Enrichment Analysis (version 2.0.13)(Subramanian et al. 2005) was used 

to identify biological terms, pathways, and processes that were coordinately up- or down-

regulated with senescence. The Entrez Gene identifiers of genes interrogated by the array were 
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ranked according to the t statistic. The ranked list was then used to perform a pre-ranked GSEA 

analysis using the Entrez Gene versions of gene sets obtained from the Molecular Signatures 

Database (Subramanian et al. 2007). Leading edges of pro- and anti-apoptotic genes from the 

GSEA were performed using a list of genes ranked by the Student t statistic. 

 

Senescence-Associated β-Galactosidase activity 

Cellular SA-βGal activity was assayed using 8-10 images taken of random fields from 

each sample by fluorescence microscopy. 

 

RNA methods 

Primers are described in Supplemental Table 2. Cells were transduced with siRNA using 

RNAiMAX and harvested 48 hours after transduction. RT-PCR methods are in our publications 

(Cartwright et al. 2010). TATA-binding protein (TBP) was used as internal control. 

 

Network analysis 

Data on protein-protein interactions (PPIs) were downloaded from version 9.1 of the 

STRING database (Pubmed ID 23203871) and limited to those with a declared "mode" of 

interaction, which consisted of 80% physical interactions, such as activation (18%), reaction 

(13%), catalysis (10%), or binding (39%), and 20% functional interactions, such as post-

translational modification (4%) and co-expression (16%). The data were then imported into 

Cytoscape (PMID 21149340) for visualization. Proteins with only one interaction were excluded 

to lessen visual clutter. 

 

Mouse studies 

 Mice were male C57Bl/6 from Jackson Labs unless indicated otherwise. Aging mice 

were from the National Institute on Aging. Ercc-/Δ mice were bred at Scripps (Ahmad et al. 
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2008). All studies were approved by the Institutional Animal Care and Use Committees at Mayo 

Clinic or Scripps. 

 

Single leg radiation 

 Four month old male C57/Bl6 mice were anesthetized and one leg radiated with 10 Gy. 

The rest of the body was shielded. Sham radiated mice were anesthetized and placed in the 

chamber, but the cesium source was not introduced. By 12 weeks, p16 expression is 

substantially increased under these conditions (Le et al. 2010).  

 

Vasomotor function 

 Rings from carotid arteries were used for vasomotor function studies (Roos et al. 2013). 

Excess adventitial tissue and perivascular fat were removed, and sections of 3 mm in length 

were mounted on stainless-steel hooks. The vessels were maintained in an organ bath 

chamber. Responses to acetylcholine (endothelium-dependent relaxation), nitroprusside 

(endothelium-independent relaxation), and U46619 (constriction) were evaluated. 

 

Echocardiography 

 High-resolution ultrasound imaging was used to evaluate cardiac function. Short- and 

long-axis views of the left ventricle were obtained to evaluate ventricular dimensions, systolic 

function, and mass (Roos et al. 2013). 

 

Treadmill endurance 

 As a measure of physical function, exercise capacity was determined on a motorized 

treadmill (LeBrasseur et al. 2009). Running time was recorded, and running distance (a function 

of time and speed of the treadmill) and work were calculated. 
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Figure Legends 

 

Fig. 1 Senescent cells can be selectively targeted by suppressing pro-survival mechanisms. A: 

Principal components analysis of detected features in senescent (green squares) vs. non-

senescent (red squares) human abdominal subcutaneous preadipocytes indicating major 

differences between senescent and non-senescent preadipocytes in overall gene expression. 

Senescence had been induced by exposure to 10 Gy radiation (vs. sham radiation) 25 days 

before RNA isolation. Each square represents one subject (cell donor). B and C: Anti-apoptotic, 

pro-survival pathways are up-regulated in senescent vs. non-senescent cells. Heat maps of the 

leading edges of gene sets related to anti-apoptotic function, “negative regulation of apoptosis” 

(B) and “anti-apoptosis” (C), in senescent vs. non-senescent preadipocytes are shown (red = 

higher; blue = lower). Each column represents one subject. Samples are ordered from left to 

right first by proliferative state (N=8). The rows represent expression of a single gene and are 

ordered from top to bottom by the absolute value of the Student t statistic computed between 

the senescent and proliferating cells (i.e., from greatest to least significance, see also 

Supplemental Fig. 8). D-E: Targeting survival pathways by siRNA reduces viability (ATPLite) of 

radiation-induced senescent human abdominal subcutaneous primary preadipocytes (D) and 

HUVECs (E) to a greater extent than non-senescent sham-radiated proliferating cells. siRNA 

transduced on day 0 against ephrin ligand B1 (EFNB1), EFNB3, phosphatidylinositol-4,5-

bisphosphate 3-kinase delta catalytic subunit (PI3KCD), cyclin-dependent kinase inhibitor 1A 

(p21), and plasminogen activated inhibitor-2 (PAI-2) messages induced significant decreases in 

ATPLite-reactive senescent (solid bars) vs. proliferating (open bars) cells by day 4 (100, 

denoted by the red line, is control, scrambled siRNA). N=6; *P<0.05; T tests. F-G: Decreased 

survival (crystal violet) intensity in response to siRNAs in senescent vs. non-senescent 

preadipocytes (F) and HUVECs (G). N=5; *P<0.05; T tests. H: Network analysis to test links 

among EFNB-1, EFNB-3, PI3KCD, p21 (CDKN1A), PAI-1 (SERPINE1), PAI-2 (SERPINB2), 
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BCL-xL, and MCL-1. 

 

Fig. 2 Dasatinib and quercetin target senescent cells. A: D is more effective in selectively 

reducing viability (ATPLite) of senescent preadipocytes than HUVECs. Preadipocytes and 

HUVECs were exposed to different concentrations of D for 3 days. The red line denotes plating 

densities on day 0 of non-dividing senescent (set to 100%) as well as proliferating non-

senescent cells (also set to 100%). Preadipocyte data are means±SEM of 4 experiments in 

each of 4 different subjects. HUVEC data are means±SEM of 5 replicates at each 

concentration. B: Q is more effective in selectively reducing viability (ATPLite) of senescent 

HUVECs than preadipocytes. Proliferating and senescent preadipocytes and HUVECs were 

exposed to different concentrations of Q for 3 days. Preadipocyte data are means±SEM of 4 

experiments in each of 4 different subjects. HUVEC data are means±SEM of 5 replicates at 

each concentration. C: Combining D and Q selectively reduced viability of both senescent 

preadipocytes and senescent HUVECs. Proliferating and senescent preadipocytes and 

HUVECs were exposed to a fixed concentration of Q and different concentrations of D for 3 

days. Optimal Q concentrations for inducing senescent preadipocyte and HUVEC cell death 

were 20 and 10 µM, respectively. Preadipocyte data are means±SEM of 4 experiments in each 

of 4 different subjects. HUVEC data are means±SEM of 5 replicates at each concentration. D: D 

and Q do not affect viability of quiescent fat cells. Proliferating non-senescent preadipocytes 

(proliferating), non-proliferating, non-senescent differentiated fat cells prepared from 

preadipocytes that had been exposed to differentiation medium (differentiated), and non-

proliferating preadipocytes that had been exposed to 10 Gy radiation 25 days before to induce 

senescence (senescent) were treated with D+Q for 48 hours. N=6 preadipocyte cultures 

isolated from different subjects. *P<0.05; ANOVA. 100% indicates ATPLite intensity at day 0 for 

each cell type and bars, ATPLite after 72 hours. The drugs resulted in lower ATPLite in 

proliferating cells than in vehicle-treated cells after 72 hours, but ATPLite intensity did not fall 
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below that at day 0. This is consistent with inhibition of proliferation, and not necessarily cell 

death. Fat cell ATPLite was not substantially affected by the drugs, consistent with lack of an 

effect of even high doses on non-proliferating, differentiated cells. ATPLite was lower in 

senescent cells exposed to the drugs for 72 hours than at plating on day 0. Since senescent 

cells do not proliferate, this indicates that the drugs decrease senescent cell viability. E&F: D 

and Q cause more apoptosis of senescent than non-senescent primary human preadipocytes 

(terminal deoxynucleotidyl transferase dUTP nick end labeling [TUNEL] assay). E: D (200 nM) 

plus Q (20 µM) resulted in 65% apoptotic cells (TUNEL assay) after 12 hours in senescent but 

not proliferating, non-senescent preadipocyte cultures. Cells were from 3 subjects; 4 replicates; 

**P<0.0001; ANOVA. F: Primary human preadipocytes were stained with DAPI to show nuclei 

or analyzed by TUNEL to show apoptotic cells. Senescence was induced by 10 Gy radiation 20 

days previously. Proliferating, non-senescent cells were exposed to D+Q for 24 hrs and 

senescent cells from the same subjects were exposed to vehicle or D+Q. D+Q induced 

apoptosis in senescent, but not non-senescent cells (compare the green in the upper to lower 

right panels). The bars indicate 50µ. G: Effect of vehicle, D, Q, or D+Q on non-senescent 

preadipocyte and HUVEC p21, BCL-xL, and PAI-2 by Western immunoanalysis. H: Effect of 

vehicle, D, Q, or D+Q on preadipocyte on PAI-2 mRNA by PCR. N=3; *P<0.05; ANOVA. 

 

Fig. 3 Dasatinib and quercetin reduce senescent cell abundance in mice. A: Effect of D (250 

nM), Q (50 µM), or D+Q on levels of senescent Ercc1-deficient murine embryonic fibroblasts. 

Cells were exposed to drugs for 24 hours prior to analysis of SA-βGal+ cells using C12FDG. The 

data shown are means±SEM of 3 replicates, ***P< 0.005; T-test. B: Effect of D (500 nM), Q 

(100µM), and D+Q on senescent BM-MSC from progeroid Ercc1-/∆ mice. The senescent MSCs 

were exposed to the drugs for 48 hrs prior to analysis of SA-βGal activity. The data shown are 

means±SEM of 3 replicates. **P<0.001; ANOVA. C-D. The senescence markers, SA-βGal and 

p16, are reduced in inguinal fat of 24 month-old mice treated with a single dose of senolytics 
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(D+Q) compared to vehicle only (V). Cellular SA-βGal activity assays and p16 expression by 

RT-PCR were done 5 days after treatment. N=14; means±SEM. **P<0.002 for SA-βGal, 

*P<0.01 for p16 (T tests). E-F: D+Q treated mice have fewer liver p16+ cells than vehicle-treated 

mice. E: Representative images of p16 mRNA FISH. Cholangiocytes are located between the 

white dotted lines that indicate the luminal and outer borders of bile canaliculi. F: Semi-

quantitative analysis of fluorescence intensity demonstrates decreased cholangiocyte p16 in 

drug treated animals compared to vehicle. N=8 animals/ group. *P<0.05; Mann Whitney U test. 

G-I: Senolytic agents decrease p16 expression in quadriceps muscles (G) and cellular SA-βGal 

in inguinal fat (H-I) of radiation-exposed mice. Mice with one leg exposed to 10 Gy radiation 3 

months previously developed grey hair (Fig. 5A) and senescent cell accumulation in the 

radiated leg. Mice were treated once with D+Q (solid bars) or vehicle (open bars). After 5 days, 

cellular SA-βGal activity and p16 mRNA were assayed in the radiated leg. N=8; means±SEM, 

p16: **P<0.005; SA β-Gal: *P<0.02; T tests. 

 

Fig. 4 Effects of senolytic agents on cardiac (A-C) and vasomotor (D-F) function. D+Q 

significantly improved left ventricular ejection fraction of 24 month-old mice (A). Improved 

systolic function did not occur due to increases in cardiac preload (B), but were instead a result 

of a reduction in end-systolic dimensions (C; Supplemental Table 3). D+Q resulted in modest 

improvement in endothelium-dependent relaxation elicited by acetylcholine (D), but profoundly 

improved vascular smooth muscle cell relaxation to nitroprusside (E). Contractile responses to 

U46619 (F) were not significantly altered by D+Q. In panels D-E, relaxation is expressed as the 

percentage of the pre-constricted baseline value. Thus for Panels D-F, lower values indicate 

improved vasomotor function. N=8 male mice/ group. * P<0.05; A-C: T tests; D-F: ANOVA. 

 

Fig. 5 Senolytic administration alleviates radiation-induced impairment in treadmill exercise 

endurance. A-B: One leg of 4 month old mice was radiated at 10 Gy. Three months later, hair 
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on the radiated leg had turned grey (A) and treadmill exercise capacity (B) was lower in radiated 

(N=13) than sham-radiated mice (N=14). **P<0.002; T-test. C: Five days after a single dose of 

D+Q, treadmill endurance was better than in vehicle treated controls. D+Q had no effect in 

sham-radiated controls. 7 sham-radiated vehicle, 7 sham-radiated D+Q, 6 radiated vehicle, 9 

radiated D+Q mice. Bars represent means±SEM; *P<0.05; **P<0.001; ANOVA; Tukey-Kramer 

Test. D: 7 months after the single dose of D+Q, treadmill endurance was again assayed. All 

groups ran on the treadmill on 4 occasions, each 1 week apart. Bars represent means±SEM of 

the average performance of each group on each of the 4 occasions when they ran (N=4). 

Endurance is shown as a function of the overall performance of all 4 groups on each occasion 

when mice ran (mean Joules per group/total Joules per all groups that day). * Different from the 

other groups; P<0.05; ANOVA; Duncan’s test. 

 

Fig. 6 Periodic treatment with D+Q extends the healthspan of progeroid Ercc1-/Δ mice. Animals 

were treated with D+Q or vehicle weekly. Symptoms associated with aging were measured 

biweekly. Animals were euthanized after 10-12 weeks. N=7-8 mice per group. A: Histogram of 

the aging score, which reflects the average percent of the maximal symptom score (onset and 

severity) for each treatment group and is a reflection of healthspan (Tilstra et al. 2012). *P<0.05 

and **P<0.01 Student’s t test. B: Representative graph of the age at onset of all symptoms 

measured in a sex matched sibling pair of Ercc1-/Δ mice. Each color represents a different 

symptom. The height of the bar indicates the severity of the symptom at a particular age. The 

composite height of the bar is an indication of the animals’ overall health (lower bar better 

health). Mice treated with D+Q had delay in onset of symptoms (e.g., ataxia, orange) and 

attenuated expression of symptoms (e.g., dystonia, light blue). Additional pairwise analyses are 

found in Supplemental Fig. 11. C: Representative images of Ercc1-/Δ mice from the D+Q 

treatment group or vehicle only. Splayed feet are an indication of dystonia and ataxia. Animals 
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treated with D+Q had improved motor coordination. Additional images illustrating the animals’ 

gait and body condition are in Supplemental Fig. 10. D: Quantitative computed tomography 

(QCT)-derived bone parameters at the lumbar spine of 16-week-old Ercc1-/∆ mice treated with 

either vehicle (N=7) or drug (N=8). BMC = bone mineral content; vBMD = volumetric bone 

mineral density. *P < 0.05; **P < 0.01; ***P < 0.001. E: Glycosaminoglycan (GAG) content of the 

nucleus pulposa of the intervertebral disc. GAG content of the NP declines with mammalian 

aging, leading to lower back pain and reduced height. D+Q significantly improves GAG levels in 

Ercc1-/Δ mice compared to animals receiving vehicle only. *P<0.05, Student’s t test. F: 

Histopathology in Ercc1-/Δ mice treated with D+Q. Liver, kidney, and femoral bone marrow 

hematoxylin and eosin stained sections were scored for severity of age-related pathology typical 

of the Ercc1-/Δ mice. Age-related pathology was scored from 0-4. Sample images of the 

pathology are provided in Supplemental Fig. 13. Plotted is the percent of total pathology scored 

(maximal score of 12: 3 tissues x range of severity 0-4) for individual animals from all sibling 

groups. Each cluster of bars is a sibling group. White bars represent animals treated with 

vehicle. Black bars represent siblings that were treated with D+Q. The √ denotes the sibling 

groups in which the greatest differences in pre-mortem aging phenotypes were noted, 

demonstrating a strong correlation between the pre- and post-mortem analysis of frailty. 

 

References 

 

Ahmad A, Robinson AR, Duensing A, van Drunen E, Beverloo HB, Weisberg DB, Hasty P, 
Hoeijmakers JH,  Niedernhofer LJ (2008). ERCC1-XPF endonuclease facilitates DNA 
double-strand break repair. Mol. Cell. Biol. 28, 5082-5092. 

Ajay M, Achike FI, Mustafa AM,  Mustafa MR (2006). Direct effects of quercetin on impaired 
reactivity of spontaneously hypertensive rat aortae: comparative study with ascorbic 
acid. Clin Exp Pharmacol Physiol. 33, 345-350. 

Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG, van de Sluis B, Kirkland JL,  van 
Deursen JM (2011). Clearance of p16Ink4a-positive senescent cells delays ageing-
associated disorders. Nature. 479, 232-236. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Boyd AW, Bartlett PF,  Lackmann M (2014). Therapeutic targeting of EPH receptors and their 
ligands. Nature reviews. Drug discovery. 13, 39-62. 

Breccia M, Molica M,  Alimena G (2014). How tyrosine kinase inhibitors impair metabolism and 
endocrine system function: a systematic updated review. Leuk Res. 38, 1392-1398. 

Bruning A (2013). Inhibition of mTOR signaling by quercetin in cancer treatment and prevention. 
Anticancer Agents Med Chem. 13, 1025-1031. 

Cartwright M, Tchkonia T, Lenburg M, Pirtskhalava T, Cartwright A, Lopez MMA, Frampton G,  
Kirkland JL (2010). Aging, fat depot origin, and fat cell progenitor expression profiles: 
Setting the stage for altered fat tissue function. J. Gerontol. 65, 242-251. 

Chandarlapaty S (2012). Negative feedback and adaptive resistance to the targeted therapy of 
cancer. Cancer Discov. 2, 311-319. 

Chang Q, Jorgensen C, Pawson T,  Hedley DW (2008). Effects of dasatinib on EphA2 receptor 
tyrosine kinase activity and downstream signalling in pancreatic cancer. British journal of 
cancer. 99, 1074-1082. 

Chen CK,  Pace-Asciak CR (1996). Vasorelaxing activity of resveratrol and quercetin in isolated 
rat aorta. Gen Pharmacol. 27, 363-366. 

Coppé JP, Patil C, Rodier F, Sun Y, Muñoz DP, Goldstein J, Nelson PS, Desprez PY,  Campisi 
J (2008). Senescence-associated secretory phenotypes reveal cell-nonautonomous 
functions of oncogenic RAS and the p53 tumor suppressor. PLoS Biology. 6, 2853-2868. 

Cui F, Li X, Zhu X, Huang L, Huang Y, Mao C, Yan Q, Zhu J, Zhao W,  Shi H (2012). MiR-125b 
inhibits tumor growth and promotes apoptosis of cervical cancer cells by targeting 
phosphoinositide 3-kinase catalytic subunit delta. Cell Physiol Biochem. 30, 1310-1318. 

Dai DF, Santana LF, Vermulst M, Tomazela DM, Emond MJ, MacCoss MJ, Gollahon K, Martin 
GM, Loeb LA, Ladiges WC,  Rabinovitch PS (2009). Overexpression of catalase 
targeted to mitochondria attenuates murine cardiac aging. Circulation. 119, 2789-2797. 

Datta SR, Brunet A,  Greenberg ME (1999). Cellular survival: a play in three Akts. Genes & 
development. 13, 2905-2927. 

Delhase M, Kim SY, Lee H, Naiki-Ito A, Chen Y, Ahn ER, Murata K, Kim SJ, Lautsch N, 
Kobayashi KS, Shirai T, Karin M,  Nakanishi M (2012). TANK-binding kinase 1 (TBK1) 
controls cell survival through PAI-2/serpinB2 and transglutaminase 2. Proceedings of the 
National Academy of Sciences of the United States of America. 109, E177-186. 

Delloye-Bourgeois C, Brambilla E, Coissieux MM, Guenebeaud C, Pedeux R, Firlej V, Cabon F, 
Brambilla C, Mehlen P,  Bernet A (2009). Interference with netrin-1 and tumor cell death 
in non-small cell lung cancer. J. Natl. Cancer Inst. 101, 237-247. 

Demaria M, Ohtani N, Youssef SA, Rodier F, Toussaint W, Mitchell JR, Laberge RM, Vijg J, Van 
Steeg H, Dolle ME, Hoeijmakers JH, de Bruin A, Hara E,  Campisi J (2014). An Essential 
Role for Senescent Cells in Optimal Wound Healing through Secretion of PDGF-AA. 
Dev. Cell. 31, 722-733. 

Dolle ME, Kuiper RV, Roodbergen M, Robinson J, de Vlugt S, Wijnhoven SW, Beems RB, de la 
Fonteyne L, de With P, van der Pluijm I, Niedernhofer LJ, Hasty P, Vijg J, Hoeijmakers 
JH,  van Steeg H (2011). Broad segmental progeroid changes in short-lived Ercc1(-
/Delta7) mice. Pathobiol Aging Age Relat Dis. 1. 

Dorr JR, Yu Y, Milanovic M, Beuster G, Zasada C, Dabritz JH, Lisec J, Lenze D, Gerhardt A, 
Schleicher K, Kratzat S, Purfurst B, Walenta S, Mueller-Klieser W, Graler M, Hummel M, 
Keller U, Buck AK, Dorken B, Willmitzer L, Reimann M, Kempa S, Lee S,  Schmitt CA 
(2013). Synthetic lethal metabolic targeting of cellular senescence in cancer therapy. 
Nature. 501, 421-425. 

Feletou M,  Vanhoutte PM (2006). Endothelial dysfunction: a multifaceted disorder (The 
Wiggers Award Lecture). American journal of physiology. Heart and circulatory 
physiology. 291, H985-1002. 

Fridman JS,  Lowe SW (2003). Control of apoptosis by p53. Oncogene. 22, 9030-9040. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Furne C, Ricard J, Cabrera JR, Pays L, Bethea JR, Mehlen P,  Liebl DJ (2009). EphrinB3 is an 
anti-apoptotic ligand that inhibits the dependence receptor functions of EphA4 receptors 
during adult neurogenesis. Biochim. Biophys. Acta. 1793, 231-238. 

Gartel AL,  Radhakrishnan SK (2005). Lost in transcription: p21 repression, mechanisms, and 
consequences. Cancer Res. 65, 3980-3985. 

Ghosal G,  Chen J (2013). DNA damage tolerance: a double-edged sword guarding the 
genome. Transl Cancer Res. 2, 107-129. 

Gioscia-Ryan RA, LaRocca TJ, Sindler AL, Zigler MC, Murphy MP,  Seals DR (2014). 
Mitochondria-targeted antioxidant (MitoQ) ameliorates age-related arterial endothelial 
dysfunction in mice. J Physiol. 592, 2549-2561. 

Goldman DP, Cutler D, Rowe JW, Michaud PC, Sullivan J, Peneva D,  Olshansky SJ (2013). 
Substantial health and economic returns from delayed aging may warrant a new focus 
for medical research. Health Aff (Millwood). 32, 1698-1705. 

Goldschneider D,  Mehlen P (2010). Dependence receptors: a new paradigm in cell signaling 
and cancer therapy. Oncogene. 29, 1865-1882. 

Gomes-Giacoia E, Miyake M, Goodison S,  Rosser CJ (2013). Targeting plasminogen activator 
inhibitor-1 inhibits angiogenesis and tumor growth in a human cancer xenograft model. 
Mol Cancer Ther. 12, 2697-2708. 

Gregg SQ, Robinson AR,  Niedernhofer LJ (2011). Physiological consequences of defects in 
ERCC1-XPF DNA repair endonuclease. DNA Repair (Amst). 10, 781-791. 

Hafner C, Meyer S, Hagen I, Becker B, Roesch A, Landthaler M,  Vogt T (2005). Ephrin-B 
reverse signaling induces expression of wound healing associated genes in IEC-6 
intestinal epithelial cells. World J Gastroenterol. 11, 4511-4518. 

Herbig U, Ferreira M, Condel L, Carey D,  Sedivy JM (2006). Cellular senescence in aging 
primates. Science. 311, 1257. 

Kirkland JL (2013a). Inflammation and cellular senescence: potential contribution to chronic 
diseases and disabilities with aging. Public Policy and Aging Report. 23, 12-15. 

Kirkland JL (2013b). Translating advances from the basic biology of aging into clinical 
application. Exp Gerontol. 48, 1-5. 

Kirkland JL,  Tchkonia T (2014). Clinical strategies and animal models for developing senolytic 
agents. Exp. Gerontol. 

Kortlever RM, Higgins PJ,  Bernards R (2006). Plasminogen activator inhibitor-1 is a critical 
downstream target of p53 in the induction of replicative senescence. Nat. Cell Biol. 8, 
877-884. 

Krizhanovsky V, Yon M, Dickins RA, Hearn S, Simon J, Miething C, Yee H, Zender L,  Lowe SW 
(2008). Senescence of activated stellate cells limits liver fibrosis. Cell. 134, 657-667. 

Kuilman T, Michaloglou C, Vredeveld LC, Douma S, van Doorn R, Desmet CJ, Aarden LA, Mooi 
WJ,  Peeper DS (2008). Oncogene-induced senescence relayed by an interleukin-
dependent inflammatory network. Cell. 133, 958-961. 

Le ON, Rodier F, Fontaine F, Coppe JP, Campisi J, DeGregori J, Laverdiere C, Kokta V, 
Haddad E,  Beausejour CM (2010). Ionizing radiation-induced long-term expression of 
senescence markers in mice is independent of p53 and immune status. Aging Cell. 9, 
398-409. 

LeBrasseur NK, Schelhorn TM, Bernardo BL, Cosgrove PG, Loria PM,  Brown TA (2009). 
Myostatin inhibition enhances the effects of exercise on performance and metabolic 
outcomes in aged mice. J Gerontol A Biol Sci Med Sci. 64, 940-948. 

Lee RH, Cho JH, Jeon YJ, Bang W, Cho JJ, Choi NJ, Seo KS, Shim JH,  Chae JI (2015). 
Quercetin Induces Antiproliferative Activity Against Human Hepatocellular Carcinoma 
(HepG2) Cells by Suppressing Specificity Protein 1 (Sp1). Drug Dev Res. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Leech SH, Olie RA, Gautschi O, Simoes-Wust AP, Tschopp S, Haner R, Hall J, Stahel RA,  
Zangemeister-Wittke U (2000). Induction of apoptosis in lung-cancer cells following bcl-
xL anti-sense treatment. Int J Cancer. 86, 570-576. 

Luo FR, Yang Z, Camuso A, Smykla R, McGlinchey K, Fager K, Flefleh C, Castaneda S, Inigo I, 
Kan D, Wen ML, Kramer R, Blackwood-Chirchir A,  Lee FY (2006). Dasatinib (BMS-
354825) pharmacokinetics and pharmacodynamic biomarkers in animal models predict 
optimal clinical exposure. Clin Cancer Res. 12, 7180-7186. 

Minn AJ, Kettlun CS, Liang H, Kelekar A, Vander Heiden MG, Chang BS, Fesik SW, Fill M,  
Thompson CB (1999). Bcl-xL regulates apoptosis by heterodimerization-dependent and 
-independent mechanisms. The EMBO journal. 18, 632-643. 

Montero JC, Seoane S, Ocana A,  Pandiella A (2011). Inhibition of SRC family kinases and 
receptor tyrosine kinases by dasatinib: possible combinations in solid tumors. Clin 
Cancer Res. 17, 5546-5552. 

Olave NC, Grenett MH, Cadeiras M, Grenett HE,  Higgins PJ (2010). Upstream stimulatory 
factor-2 mediates quercetin-induced suppression of PAI-1 gene expression in human 
endothelial cells. J. Cell. Biochem. 111, 720-726. 

Osaki M, Oshimura M,  Ito H (2004). PI3K-Akt pathway: its functions and alterations in human 
cancer. Apoptosis. 9, 667-676. 

Piantelli M, Rossi C, Iezzi M, La Sorda R, Iacobelli S, Alberti S,  Natali PG (2006). Flavonoids 
inhibit melanoma lung metastasis by impairing tumor cells endothelium interactions. J. 
Cell. Physiol. 207, 23-29. 

Roos CM, Hagler M, Zhang B, Oehler EA, Arghami A,  Miller JD (2013). Transcriptional and 
phenotypic changes in aorta and aortic valve with aging and MnSOD deficiency in mice. 
American journal of physiology. Heart and circulatory physiology. 305, H1428-1439. 

Schneider DJ, Chen Y,  Sobel BE (2008). The effect of plasminogen activator inhibitor type 1 on 
apoptosis. Thromb. Haemost. 100, 1037-1040. 

Stahl S, Kaminskyy VO, Efazat G, Hyrslova Vaculova A, Rodriguez-Nieto S, Moshfegh A, 
Lewensohn R, Viktorsson K,  Zhivotovsky B (2013). Inhibition of Ephrin B3-mediated 
survival signaling contributes to increased cell death response of non-small cell lung 
carcinoma cells after combined treatment with ionizing radiation and PKC 412. Cell 
Death Dis. 4, e454. 

Subramanian A, Kuehn H, Gould J, Tamayo P,  Mesirov JP (2007). GSEA-P: a desktop 
application for Gene Set Enrichment Analysis. Bioinformatics. 23, 3251-3253. 

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, 
Pomeroy SL, Golub TR, Lander ES,  Mesirov JP (2005). Gene set enrichment analysis: 
a knowledge-based approach for interpreting genome-wide expression profiles. 
Proceedings of the National Academy of Sciences of the United States of America. 102, 
15545-15550. 

Tabibian JH, O'Hara SP, Splinter PL, Trussoni CE,  LaRusso NF (2014). Cholangiocyte 
senescence by way of N-ras activation is a characteristic of primary sclerosing 
cholangitis. Hepatology. 59, 2263-2275. 

Tchkonia T, Lenburg M, Thomou T, Giorgadze N, Frampton G, Pirtskhalava T, Cartwright A, 
Cartwright M, Flanagan J, Karagiannides I, Gerry N, Forse RA, Tchoukalova Y, Jensen 
MD, Pothoulakis C,  Kirkland JL (2007). Identification of depot-specific human fat cell 
progenitors through distinct expression profiles and developmental gene patterns. Am. J. 
Physiol. 292, E298-E307. 

Tchkonia T, Morbeck DE, von Zglinicki T, van Deursen J, Lustgarten J, Scrable H, Khosla S, 
Jensen MD,  Kirkland JL (2010). Fat tissue, aging, and cellular senescence. Aging Cell. 
9, 667-684. 

Tchkonia T, Zhu Y, van Deursen J, Campisi J,  Kirkland JL (2013). Cellular senescence and the 
senescent secretory phenotype: therapeutic opportunities. J Clin Invest. 123, 966-972. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Tilstra JS, Robinson AR, Wang J, Gregg SQ, Clauson CL, Reay DP, Nasto LA, St Croix CM, 
Usas A, Vo N, Huard J, Clemens PR, Stolz DB, Guttridge DC, Watkins SC, Garinis GA, 
Wang Y, Niedernhofer LJ,  Robbins PD (2012). NF-kappaB inhibition delays DNA 
damage-induced senescence and aging in mice. The Journal of clinical investigation. 
122, 2601-2612. 

Tonnetti L, Netzel-Arnett S, Darnell GA, Hayes T, Buzza MS, Anglin IE, Suhrbier A,  Antalis TM 
(2008). SerpinB2 protection of retinoblastoma protein from calpain enhances tumor cell 
survival. Cancer Res. 68, 5648-5657. 

Truffaux N, Philippe C, Paulsson J, Andreiuolo F, Guerrini-Rousseau L, Cornilleau G, Le Dret L, 
Richon C, Lacroix L, Puget S, Geoerger B, Vassal G, Ostman A,  Grill J (2014). 
Preclinical evaluation of dasatinib alone and in combination with cabozantinib for the 
treatment of diffuse intrinsic pontine glioma. Neuro Oncol. 

Vousden KH,  Prives C (2009). Blinded by the Light: The Growing Complexity of p53. Cell. 137, 
413-431. 

Wang E (1995). Senescent human fibroblasts resist programmed cell death, and failure to 
suppress bcl2 is involved. Cancer Res. 55, 2284-2292. 

Wang S, Xu M, Li F, Wang X, Bower KA, Frank JA, Lu Y, Chen G, Zhang Z, Ke Z, Shi X,  Luo J 
(2012). Ethanol promotes mammary tumor growth and angiogenesis: the involvement of 
chemoattractant factor MCP-1. Breast Cancer Res Treat. 133, 1037-1048. 

Xi HQ, Wu XS, Wei B,  Chen L (2012). Eph receptors and ephrins as targets for cancer therapy. 
Journal of cellular and molecular medicine. 16, 2894-2909. 

Xing Y,  Hogge DE (2013). Combined inhibition of the phosphoinosityl-3-kinase (PI3Kinase) 
P110delta subunit and mitogen-extracellular activated protein kinase (MEKinase) shows 
synergistic cytotoxicity against human acute myeloid leukemia progenitors. Leuk Res. 
37, 697-704. 

Xue W, Zender L, Miething C, Dickins RA, Hernando E, Krizhanovsky V, Cordon-Cardo C,  
Lowe SW (2007). Senescence and tumour clearance is triggered by p53 restoration in 
murine liver carcinomas. Nature. 445, 656-660. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 


