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Abstract

Aging is a major risk factor for numerous human pathologies, including cardiovascular, metabolic, 

musculoskeletal, and neurodegenerative conditions and various malignancies. While our 

understanding of aging is far from complete, recent advances suggest that targeting fundamental 

aging processes can delay, prevent, or alleviate age-related disorders. Cellular senescence is 

physiologically beneficial in several contexts, but it has causal roles in multiple chronic diseases. 

New studies have illustrated the promising feasibility and safety to selectively ablate senescent 

cells from tissues, a therapeutic modality that holds potential for treating multiple chronic 

pathologies and extending human healthspan. Here, we review molecular links between cellular 

senescence and age-associated complications and highlight novel therapeutic avenues that may be 

exploited to target senescent cells in future geriatric medicine.

Cellular Senescence: In the Landscape of an Aging World

Aging (see Glossary) is a course of progressive decline in functional integrity and 

physiological homeostasis, gradually culminating in tissue dysfunction, organ failure, and, 

ultimately, organismal death [1]. Advances in healthcare and sanitation have substantially 

increased human life expectancy, but at the cost of unintentionally prolonged frailty and 

morbidity. By 2050, with an expected number of 1.6 billion people 65 years of age or older, 

the frail elderly population will become the major socioeconomic concern worldwide. 
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Insights into key mechanisms that underlie aging are thus critical to control age-related 

pathologies and to ensure quality of life in old age [2,3].

Recent studies in experimental animals, including yeasts, worms, fruit flies, and mice, 

suggest the remarkable malleability of aging processes. Biomedical interventions can extend 

lifespan, ameliorate functional loss, delay progression of age-related diseases, and, in some 

cases, compress late-life morbidity [4]. Although most animals do not live as long as 

humans, fundamental aging mechanisms are conserved across diverse evolutionary tracks, 

providing an opportunity to identify potential targets for maintaining human health in old 

age or treating serious age-related disorders [3,5]. Regulated by both genes and the 

environment, aging is highly complex, as partially reflected by the diversity of its hallmarks, 

including telomere attrition, genomic instability, epigenetic alterations, mitochondrial 
dysfunction, loss of protein homeostasis (proteostasis), stem cell exhaustion, deregulated 

nutrient sensing, immune system decline, and cellular senescence [6,7] (Figure 1).

While some of these age-related hallmarks are generally conserved from yeasts to humans 

(e.g., deregulated nutrient sensing), others appear to be more specific to vertebrates (e.g., 

stem cell exhaustion and cellular senescence) [6,8]. It was proposed that aging hallmarks can 

be divided into three categories: primary, or causes of age-associated damage; counteractive, 

or responses to the damage; and integrative, or consequences of the responses and culprits of 

the aging phenotype [9]. Cellular senescence, a cell fate characterized by permanent growth 

arrest and other phenotypic alterations, including development of a proinflammatory 

secretome, belongs to the counteractive class. Cellular senescence is indispensable for 

normal development, tissue homeostasis, wound healing, damage responses, and tumor 

prevention [10]. However, cellular senescence is also implicated as a major cause of myriad 

age-related diseases. Accumulating evidence has shown that both prosenescence therapies 

and antisenescence treatments can be beneficial. In the case of carcinogenesis and during 

active tissue repair, prosenescence drugs help minimize damage by restraining proliferation 

and fibrosis, respectively. However, caveats are that cancer cells released from 

chemotherapy-induced senescence can re-enter cell cycle with a strongly enhanced tumor 

initiation potential, implying that senescence-associated reprogramming can promote cancer 

plasticity and aggressiveness [11]. Conversely, antisenescence agents are able to eliminate 

accumulated senescent cells, restore tissue function, and facilitate organ rejuvenation [12]. 

Here, we review inherent links between cellular senescence and age-associated pathologies 

and discuss emerging therapeutic avenues that could accelerate development of novel 

interventions that target senescent cell subpopulations in the tissue microenvironment.

The Biological Complexity of Cellular Senescence

First described in 1961 by American cell biologists Hayflick and Moorhead, cellular 

senescence, a term from the Latin word senex which means “old man”, was originally 

observed in normal human diploid fibroblasts that could no longer divide after a finite 

number of divisions in culture, a phenomenon later referred to as the ‘Hayflick limit’ [13]. 

After decades of research, it is clear that cellular senescence indeed represents a state of 

stable cell cycle arrest arising in response to irreparable damage, intracellular or 

extracellular insults and can be considered a hallmark of aging [14]. According to the type of 
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stresses and/or stimuli, cells can develop replicative senescence, oncogene-induced 
senescence (OIS), stress-induced premature senescence (including therapy-induced 
senescence), or programmed senescence.

Variability of Stimuli and Heterogeneity in Phenotype

Cells can enter senescence after exposure to various types of stimuli, including genotoxic 

treatment, epigenetic changes, perturbed proteostasis, mitochondrial dysfunction, oncogene 

activation, inflammation, and/or tissue damage signals. While some of these factors can also 

result from senescence, improved experimental techniques and new animal models have 

expanded our knowledge about causes and consequences of cellular senescence. However, 

universal markers that would allow identification of senescent cells with strong sensitivity 

and specificity remain largely lacking [15]. Despite the link between senescent cells and 

organismal aging, senescence and aging should not be considered synonymous. Cells can 

undergo senescence regardless of organismal age and are subject to induction of senescence 

by various signals, even those not involving telomere attrition. Being essential to halt the 

propagation of damaged cells, promote tissue repair, and limit tumor progression, cellular 

senescence represents an example of evolutionary antagonistic pleiotropy, which has 

biologically evolved with both beneficial and detrimental effects on the health of organisms 

[12]. Senescent cells contribute to normal development and maintains tissue homeostasis, 

but it is also implicated as a major cause of multiple age-related pathologies, even with a 

limited percentage (b1%) in body tissues [16].

Senescent cells often exhibit a persistent DNA damage response (DDR), engagement of 

cyclin-dependent kinase inhibitors (CDKIs), and alterations in metabolic activity. Further, 

senescent cells can develop structural changes, including an enlarged and flattened 

morphology, altered composition of the plasma membrane, accumulation of lysosomes and 

mitochondria, and a remarkable nuclear expansion [17] (Figure 2). However, some of these 

senescence-associated molecular and morphological features can also be found in other cell 

states and/or conditions, such as upregulation of the tumor suppressor p16INK4a, activation 

of DDR, and changes in heterochromatin [18,19]. Transcriptomic signatures of senescent 

cells can be stress- and/or cell type-dependent and the phenotype of senescent cells tends to 

be highly heterogeneous and dynamic, issues that need to be considered for future 

development and selection of therapies against senescent cells [15,20].

Secretory Phenotype

In most cases, one of the major hallmarks of senescent cells is active secretion of numerous 

soluble factors, collectively termed the senescence-associated secretory phenotype (SASP) 
(or senescence-messaging secretome) (Figure 2) [21–23]. Though the SASP was first 

reported in 2008, several pioneer studies already noticed the secretion activity of senescent 

cells [24–26]. While not typically detectable in some cases of cellular senescence, such as 

those induced by merely ectopic expression of p16INK4a or p21CIP1, the SASP can be 

separable from the growth arrest and represents a temporally regulated dynamic program of 

senescence that develops through a rapid DDR-associated phase, an early self-amplification 

phase, and a late ‘mature’ phase, the latter indeed representing the most widely studied 

SASP signature [27]. Extracellular vesicles, a group of active players in intercellular 
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communication, were recently found to be critical components of senescent cell secretome, 

an intriguing topic that awaits extended investigation [28].

The SASP is responsible for many pathophysiological effects of senescent cells and such a 

senescence-associated inflammasome can even reinforce and spread senescence in a 

paracrine or endocrine manner [16,29]. Further, the SASP is able to recruit immature 

immunosuppressive myeloid cells to solid tumors and stimulate tumorigenesis by driving 

angiogenesis and metastasis [30–33]. In solid tumors, the SASP can simultaneously drive 

cancer resistance and establish an immunodeficient niche by upregulating PD-L1 expression 

in cancer cells, thereby activating the immune checkpoint and exacerbating pathologies even 

after therapeutic intervention [34].

The SASP is regulated by a complicated network in senescent cells, including enhancer 

remodeling and activation of transcription factors such as NF-kB, c/EBPβ, and GATA4 

[35,36] and signaling pathways such as those involving cytoplasmic kinases mTOR, 

p38MAPK, and TAK1 [37–40]. Recent studies have further revealed that upstream signals 

inducing activation of the SASP can include cytoplasmic chromatin fragments and 

transposable elements, which engage the cGAS/GAMP-STING axis and trigger a type 1 

interferon response, a process potently supported by downregulation of cytoplasmic DNases 

such as DNase2 and TREX1 [41–45].

Mitochondrial Alterations

Senescent cells display remarkable changes in mitochondrial function, dynamics, and 

morphology. Upon cellular senescence, mitochondria are less functional, with reduced 

membrane potential, increased proton leak, enhanced enzyme release, elevated mass, and 

more tricarboxylic acid (TCA) cycle metabolites [46,47]. Notably, there is an increased 

number of mitochondria in senescent cells, resulting from the accumulation of old and 

dysfunctional mitochondria due to deficient mitophagy (mitochondrial clearance) [48,49]. 

This phenomenon is partially correlated with reduced mitochondrial fission and enhanced 

fusion, a pattern that likely represents a mechanism to protect mitochondria from 

mitophagy-mediated damage and circumvent cell apoptosis [17,50]. Interestingly, senescent 

cells have a transient upregulation of PGC-1α and PGC-1β, two essential regulators of 

mitochondrial biogenesis that are subsequently downregulated [50,51]. Thus, mitochondrial 

biogenesis per se does not seem to play a significant role in the increase of mitochondrial 

content during cellular senescence, while the mitochondrial mass increase caused by 

mitophagy deficiency may represent a distinctive mechanism [50].

Despite their enhanced abundance, mitochondria in senescent cells usually have a 

compromised ability to produce ATP [49,52]. Instead, senescent cells can exhibit a partial 

Warburg shift, tending to generate more reactive oxygen species (ROS), which cause protein 

and lipid damage, induce telomere shortening, and promote DDR activation [53] (Figure 2). 

Targeting specific components or activities of mitochondria such as Complex I assembly, the 

electron transport chain (ETC), mitochondrial fission rates, the process of biogenesis, 

mitochondrial sirtuin molecules, and/or disruption of the TCA cycle can trigger, or 

sometimes prevent, senescence [46,54–57]. Further, modulation of the AMP:ATP or 

ADP:ATP ratio during senescence consolidates cell-cycle arrest by activating AMP-activated 

Song et al. Page 4

Trends Biochem Sci. Author manuscript; available in PMC 2020 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein kinase (AMPK), a cytoplasmic sensor that detects environmental or nutritional stress 

and maintains energy balance [52,58].

Dysfunctional mitochondria accumulate with aging and are potential drivers of age-related 

phenotypes, particularly in postmitotic tissues enriched with muscle cells and neurons 

[59,60]. Although mitophagy in senescent cells appears to suppress the SASP [54], 

inhibition of the ETC can induce cellular senescence with a distinct SASP that lacks several 

key proinflammatory factors such as IL-6 and IL-8 [57]. Cells undergoing mitochondrial 

dysfunction-associated senescence exhibit reduced NAD+/NADH ratios, causing metabolic 
reprogramming responsible for both growth arrest and absence of an IL-1α-potentiated 

SASP via AMPK-mediated p53 activation [57].

Senescent cells can release factors to upregulate CD38, a NADase expressed on the surface 

of endothelial and inflammatory cells and involved in NAD+ consumption, thus allowing 

depletion of NAD+ in tissues during aging [61]. Further, decreased ratios of NAD+/NADH 

can alter the activity of poly-ADP ribose polymerase (PARP) and sirtuins, molecules 

involved in activation of the SASP master regulator NF-kB [52]. However, as occurring in 

other cellular processes, mitochondrial dysfunction does not appear to be a consistent 

biomarker of cellular senescence, nor is it clear whether senescent cells are responsible for 

declining mitochondrial function with aging and/or in age-related disorders [12].

Lysosomal Perturbations

Lysosomal biogenesis is subject to modulation by cellular energetic or degradative activities, 

while lysosomes functionally interact with mitochondria to maintain mitochondrial 

homeostasis [62,63]. Senescent cells have lysosomes that are increased in both number and 

size, with augmented cytoplasmic granularity [64]. Specifically, increased lysosomal number 

may represent an autonomous attempt of senescent cells to balance the gradual accumulation 

of dysfunctional lysosomes via production of new lysosomes. This balance is sustained 

during OIS through the TOR-autophagy spatial-coupling compartment (TASCC), which 

orchestrates cellular synthesis of SASP factors [65]. As autophagy-associated degradation 

also decreases during cellular senescence, increased lysosomal content does not necessarily 

reflect enhanced activity in these cells [63]. The lysosome–mitochondrial axis degrades, 

causing declined mitochondrial turnover and elevated ROS production, while the latter 

induces perturbations in organelles, including lysosomes, leading to a vicious feedback loop 

promoting accumulation of more damage [63].

Senescence-associated β-galactosidase (SA-β-gal) activity is the first reported and most 

commonly used lysosomal activity-related marker to assess cellular senescence [66,67]. 

There is an age-dependent increase of SA-β-gal positivity in dermal fibroblasts and 

epidermal keratinocytes in skin samples of human donors, constituting a line of in situ 
evidence that senescent cells accumulate with age in vivo [66]. Although SA-β-gal induction 

during senescence can be partially attributed to increased expression of the lysosomal β-

galactosidase protein, SA-β-gal is neither required for nor specific to senescence, nor a 

determinant of the senescent phenotype [17,68,69].
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Resistance to Apoptosis

Senescent cells are inherently resistant to apoptosis. Senescent cells tend to be protected 

from death induced by intrinsic or extrinsic proapoptotic signals, a feature allowing them to 

survive for a relatively long time and maintain viability even under stressful conditions 

[70,71]. In response to multiple types of stimuli, cells become senescent and upregulate 

antiapoptotic proteins such as Bcl-2, Bcl-xL, and Bcl-w, at least in some types of senescent 

cells [72,73]. However, once exposed to apoptosis inducers, senescent cells are able to 

sustain Bcl-2 expression, a capacity associated with chronic activation of the transcription 

factor cAMP response element-binding protein (CREB) [74]. Simultaneously, expression of 

the proapoptotic factor Bax is restrained by the repressive histone mark H4K20me3, in line 

with increased activity of Suv420h2 histone methyltransferase, which targets H4K20 [75].

Recent studies revealed the involvement of other prosurvival networks, where key nodes of 

these networks include ephrins, PI3K, p21, and plasminogen activated inhibitor-2 [73]. 

Expression of FOXO4 is enhanced in senescent cells and prevents apoptosis by sequestering 

p53 in the nucleus, while an artificially designed FOXO4 peptide (FOXO4-DRI) can 

selectively and potently target senescent cells for p53-dependent apoptosis [76]. The CDKI 

molecule p21 protects senescent cells against death by dampening JNK and caspase 

signaling upon persistent DNA damage [77]. HSP90 promotes the survival of senescent cells 

via stabilization of p-Akt, while the HSP90 inhibitor 17-DMAG can drive senescent cell 

elimination, extend healthspan and delay the onset of several age-related symptoms. 

Among these antiapoptotic molecules, Bcl-2 family members are the most studied and 

considered as promising targets to manipulate senescent cells, although nonsenescent cell 

types, particularly blood cells, also exhibit upregulation of these antiapoptotic regulators 

[78].

Contribution of Cellular Senescence to Age-Related Pathologies

Organismal aging is a complex process that drives progressive impairment of functionality 

and exhausts regenerative potential of tissues [4]. Senescent cells passively accumulate in 

organs during aging, contributing to tissue dysfunction and pathological conditions [79]. 

Senescence is therefore a defining feature of diverse human age-related disorders, whereas 

its contribution is mediated via several coalescing effects, with the SASP often popping up 

on top of the list (Box 1).

As damage accumulates in tissues and organs, the number of senescent cells and their SASP 

continue to augment. This process can be resolved by physiological processes, particularly 

clearance of senescent cells by the immune system [80,81]. Paradoxically, however, aging 

itself is accompanied by a decline in immune function, termed immunosenescence, a 

degenerative process that limits senescent cell clearance and exacerbates local inflammation. 

Studies applying genetic systems or pharmacological agents to ablate senescent cells have 

successfully demonstrated that in vivo depletion of senescent cells reduces inflammation 

across tissues, even in humans [16,82–85]. Future efforts are expected to explore further the 

likely causal links among the SASP, chronic inflammation, tissue dysfunction, and 

organismal aging.
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Targeting Senescent Cells to Alleviate Age-Related Pathologies

Advanced age remains the major risk factor for most chronic diseases and functional deficits 

in humans. The impetus to develop senolytics began in 2004 with an article by the Sharpless 

group [86]. Specifically, manipulations that increase healthspan and lifespan in mice were 

found to be effective in delaying accumulation of cells with SA-β-gal elevation and 

p16INK4a expression [86].

The healthspan of experimental animals can be enhanced by killing senescent cells with a 

transgenic suicide gene, such as INK-ATTAC, for inducible elimination of p16INK4a-positive 

senescent cells upon drug administration [87]. Achieving the same goal using small 

molecules would have a tremendous impact on the quality of life and the burden of age-

related chronic pathologies. There is growing interest in searching avenues to target 

senescent cells therapeutically [88]. Several promising approaches focusing on either 

clearance of senescent cells or dampening of their proinflammatory activities are taking 

shape. Considerable efforts are invested in the discovery of chemical compounds or 

phytochemicals that selectively induce the death of senescent cell by apoptosis [89] (Box 2).

Bcl-2-Targeting Senolytics

Several intracellular prosurvival pathways (senescent cell antiapoptotic pathways) have been 

identified and can be used for directed targeting to eliminate senescent cells. This includes, 

for example, the Bcl-2 family, p53/p21 pathway, PI3K/AKT axis, receptor tyrosine kinases 

(RTKs), HIF-1α, and HSP90 [72,78,90]. To date, many identified senolytics are against 

members of the Bcl-2 family. Antiapoptotic proteins of the Bcl-2 family are well 

investigated as potentially exploitable drug targets [91] and they play multiple roles in cell 

death modulation via regulation of apoptosis and autophagy [92]. Directly targeting these 

proteins results in programmed death of senescent cells [72,90] (Figure 3A).

ABT-737 is a Bcl-2 Homology 3 (BH3) domain mimetic that blocks the interaction between 

antiapoptotic molecules Bcl-2/Bcl-w/Bcl-XL and BH3 domain-containing proapoptotic 

proteins, thus inducing cell apoptosis [93,94]. ABT-737 efficiently removes senescent cells 

in lungs of irradiated mice and skin epidermis of transgenic mice [72], but it has limited 

bioavailability. Navitoclax (ABT-263), an orally available analog of ABT-737 [95], 

eliminates some types of senescent cells from sublethally irradiated mice and naturally aged 

mice, including senescent muscle/hematopoietic stem cells, but not senescent fat cell 

progenitors [90,96]. Navitoclax can also deplete senescent foam cell macrophages from 

atherosclerotic lesions, hence avoiding disease exacerbation [97]. Further, navitoclax 

eliminates senescent cardiomyocytes and limits profibrotic protein expression in aged mice, 

resulting in improved myocardial remodeling and diastolic function as well as overall 

survival following myocardial infarction [98].

However, certain hematological toxicities, including neutropenia and thrombocytopenia, of 

Bcl-2 family inhibitors were observed [99], raising safety issues that may impede the 

development of these inhibitors into future clinical interventions; more specific agents hold 

the potential to be used as superior candidate senolytics. Intra-articular administration of the 

Bcl-2-targeting agent UBX0101 selectively removes senescent cells in articular cartilage and 

Song et al. Page 7

Trends Biochem Sci. Author manuscript; available in PMC 2020 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



synovium after anterior cruciate ligament transection (ACLT), alleviating post-traumatic 

osteoarthritis, reducing pain while increasing cartilage development in aged mice [83]. The 

cardiac glycoside (CG) ouabain can work as a novel senolytic agent with broad activity, 

while senescent cells are subject to ouabain-induced apoptosis, a process mediated partially 

by induction of the proapoptotic NOXA, a Bcl-2 family member [100]. Simultaneously, 

another study revealed that senescent cells have a slightly depolarized plasma membrane and 

higher concentrations of H+, thus being more susceptible to the action of CGs [101]. With 

several clinical trials ongoing, the efficacy of CGs as promising senolytics in ameliorating 

age-related chronic conditions, including arthritis and pulmonary fibrosis, awaits validation 

[102].

Other Senolytics

Recent studies explored alternative routes to effectively target senescent cells while avoiding 

the cytotoxic side effects of Bcl-2 inhibitors, a strategy substantiated by application of 

chemicals that inhibit other senescence-associated prosurvival pathways (Figure 3A). For 

instance, a combination of a pan-tyrosine kinase inhibitor, dasatinib, and a natural flavonoid 

quercetin, kills senescent cells but not their proliferating or quiescent, differentiated 

counterparts [73]. Combinatorial treatment with these two compounds (D + Q) selectively 

eliminates primary preadipocytes and human umbilical vein endothelial cells that are 

senescent in culture and alleviate senescent cell-related symptoms in several pathological 

conditions, including idiopathic pulmonary fibrosis (IPF), osteoporosis, Alzheimer’s disease 

(AD), and obesity-related metabolic disorders such as insulin resistance and diabetes, as 

well as neuropsychiatric complications [84,103–108]. In the recent clinical trial of 

senolytics, D + Q improved physical function in patients with IPF, a fatal senescence-

associated disorder [85]. Specifically, D + Q lowered senescent cell burden in adipose 

tissues within 11 days, caused significant reduction of skin epidermal p16INK4a+ and 

p21CIP1+ cells, and lowered circulating levels of SASP factors including IL-6, IL-1α, and 

MMP9/12 [85].

Curcumin and o-vanillin clear senescent intervertebral disc cells, minimize the SASP 

associated with inflammation and back pain, and increase matrix synthesis, effects mediated 

through the Nrf2 and NF-κB pathways [109].

In a recent study to test the senolytic activity of ten flavonoids, fisetin appeared to be the 

most potent in reducing the number of senescent cells in murine and human adipose tissues, 

while administration of fisetin to aged mice restored tissue homeostasis, reduced age-related 

pathology, and extended median and maximum lifespan [110]. However, fisetin has limited 

senolytic efficacy for senescent IMR90 cells, human lung fibroblasts, or primary human 

preadipocytes, suggesting its cell type-specific senolytic value [111]. In contrast, 

piperlongumine, a major alkaloid from long peppers and some other medicinal plants, 

preferentially killed senescent human WI38 fibroblasts generated by ionizing radiation, 

replicative exhaustion, or oncogene RAS expression [112]. Oxidation resistance 1 (OXR1), 

an important antioxidant protein regulating the expression of many antioxidant enzymes, is 

upregulated in senescent WI38 cells, while piperlongumine binds OXR1 directly and 

induces its degradation via the ubiquitin-proteasome system to induce cell death [113]. 
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EF24, a curcumin analog, is a senolytic against multiple types of human senescent cells, 

including fibroblasts, endothelial cells, and renal epithelial cells by restraining Bcl-xL and 

Mcl-1 expression in target senescent cells [114]. Berberine (BBR), a natural alkaloid found 

in Coptis chinensis and with a long medical history in both Ayurvedic and traditional 

Chinese medicine, can extend replicative lifespan and improve morphology of human fetal 

lung diploid fibroblast lines, including 2BS and WI38, while oral administration of BBR in 

mice generated significantly improved healthspan, fur density, and behavioral activity [115].

Targeting the SASP

While the adverse effects of senescent cells can be counteracted by senolytics, specific 

control of their detrimental components may represent an alternative strategy. Senescent 

cells manifest a robust, profound, and stable proinflammatory secretory activity with the 

expression spectrum largely conserved between different cell types, cell states, and stress 

types, although there are variations in the SASP signature, a form of heterogeneity driven by 

certain unknown mechanism(s) [20]. The SASP comprises a large array of soluble factors, 

expression of which is regulated by several complicated signaling networks, ultimately 

converging on transcription machineries such as NF-κB and c/EBPβ [36].

As the IL-1α/IL-1R axis can promote the SASP development through signaling upstream of 

NF-κB, application of neutralizing antibodies against this axis is sufficient to control NF-κB 

transcriptional activity and dampen the SASP [85]. Several mTOR inhibitors, including 

rapamycin and its analogs like RAD001, can abrogate the SASP by suppressing protein 

translation of the membrane-bound IL-1α and diminish the protumorigenic capacity of 

senescent cells, an effect demonstrated by preclinical trials [39,40]. Metformin, an LKB1-

AMPK pathway agonist and FDA-approved chemical for type 2 diabetes, prevents NF-κB 

from translocating to nucleus and restricts its transcriptional activity [116]. In mice, 

therapeutic inhibition of the SASP with metformin can reduce destructive retinal 

neovascularization, a condition of pathological angiogenesis in retinopathy [117].

Since Jak2/Stat3 signaling mediates the c/EBPβ transcriptional activity, treatment with a Jak 

inhibitor ruxolitinib (FDA approved) results in higher bone mass and strength, better bone 

microarchitecture, improved cardiovascular function, enhanced insulin sensitivity, and 

reduced frailty compared with vehicle-treated mice, suggesting a novel treatment strategy 

not only for osteoporosis, but also for multiple age-related comorbidities [118]. In senescent 

cells, TAK1 activates p38 and PI3K/Akt/mTOR pathways to support a persistent SASP 

signaling via engagement in a dual-feedforward mechanism, while pharmacologically 

targeting TAK1 minimizes cancer resistance and promotes tumor regression in vivo [40]. 

Thus, multiple lines of evidence support that targeting the SASP itself without radically 

removing senescent cells from the microenvironment can reduce the deleterious effects of 

senescent cells, while preserving them in their original niches to sustain tissue structure and 

physiological integrity (Figure 3B).

Concluding Remarks

Improved health conditions of all ages and a continued increase in human life expectancy 

are central goals of contemporary biomedical research and should be celebrated as 
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achievements of modern civilization. However, our healthspan has not increased as much as 

lifespan [119]. The global extension of 5.0 years in total life expectancy between 2000 and 

2015 has been accompanied by an increase in healthspan expectancy of only 4.6 years [3]. 

People now live much longer than in history, particularly in ages not shaped by natural 

selection; therefore, advanced adult age is the major risk factor for many chronic conditions 

[120]. Thus, minimizing the length and severity of late-life morbidity should be a major aim 

for the near future, which can be referred to as ‘compression of morbidity’ [3]. Genetic, 

epigenetic, environmental, and pharmacological interventions hold the potential for 

extending healthspan, ameliorating age-related pathologies, and, in some cases, compressing 

late-life morbidity, for example as achieved via dietary restriction [121,122].

Cellular senescence is associated with resistance to cell death, intracellular production, and 

extracellular secretion of myriad bioactive molecules, the SASP. Cellular senescence is 

physiologically beneficial during embryonic development, tissue remodeling, and wound 

healing, although in these contexts senescent cells are eventually removed by immune cells 

[123,124]. However, in the course of aging, senescent cells persist and their presence causes 

tissue damage and drives the etiology of various human disorders. A recent study 

investigating premature aging phenotypes in mice with deficiency of excision repair cross 

complementing-group 1 (ERCC1) suggests that these phenotypes and shortened healthspan 

or lifespan are partially caused by stem cell depletion via apoptosis promoted by senescent 

cells [125]. Selective elimination of senescent cells, or disruption of the SASP, can restore 

tissue homeostasis and increase healthspan and lifespan in mice [3,9,83,126,127]. However, 

as the SASP may also play physiologically beneficial roles [124], caution needs to be 

exercised when targeting the SASP. Although continued work is warranted to address several 

open but key issues in related fields (see Outstanding Questions), early results suggest these 

agents may be effective in humans, with clinical trials ongoing for treatment of AD (Phase 

I/II, NCT04063124), IPF (Phase I, NCT02874989), diabetic kidney disease (Phase II, 

NCT02848131), and hematopoietic stem cell transplant survivors at increased risk of 

premature aging (NCT02652052) (each involving a D + Q regimen).

Acknowledgments

The authors apologize to colleagues whose work in aging, cellular senescence, and chronic diseases could not be 
cited due to space limitations. We are grateful to members of the Sun Laboratory for inspiring discussions and 
insightful comments about the manuscript. This work is supported in part by grants from the National Key Research 
and Development Program of China (2016YFC1302400), the National Natural Science Foundation of China 
(NSFC) (81472709, 31671425, 31871380), the Key Lab of Tissue Microenvironment and Tumor of Chinese 
Academy of Sciences, the National 1000 Young Talents Research Program of China, the University and Locality 
Collaborative Development Program of Yantai (2019XDRHXMRC08), and the U.S. Department of Defense (DoD) 
Prostate Cancer Research Program (PCRP) (Idea Development Award PC111703) to Y.S.; CRUK (A12011), Breast 
Cancer Now (2012MayPR070; 2012NovPhD016), the Medical Research Council of the United Kingdom (MR/
N012097/1), the Cancer Research UK Imperial Centre, Imperial ECMC and NIHR Imperial BRC to E.W-F.L.; and 
US National Institutes of Health grants R37-AG013925 and P01 AG062413, the Connor Fund, Robert J. and 
Theresa W. Ryan, and the Noaber Foundation to J.L.K.

Glossary

Aging
a course of progressive decline in physical, and often mental, capacities, often considered as 

adaptation to wear and tear
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Cellular senescence
a cell state characterized by a stable and usually irreversible cell cycle arrest in response to 

different types of stress and/or damage, including cell replicative exhaustion, oxidative 

stress, oncogene activation, and therapeutic agents

Cytoplasmic chromatin fragments
fragments that pinch off from intact nuclei of primary cells during senescence, can activate 

the innate immunity cytosolic DNA-sensing pathway, and lead to short-term or chronic 

inflammation

DNA damage response (DDR)
a cell response to agents that cause single and/or double strand breaks of DNA, with 

activation of a network of intracellular pathways that sense, signal, and repair DNA lesions 

in the nucleus

Healthspan
a period of good health in an individual’s lifetime

Lifespan
the longest period over which the life of any organism or species may extend

Metabolic reprogramming
changes in metabolic pathways that alter the bio-energetic profile and metabolism of the 

cell, including anabolism and catabolism

Mitochondrial dysfunction
a condition in which the regulation of mitochondrial homeostasis, production of 

mitochondrial metabolites, membrane potential, and ROS generation is compromised. 

Mitochondrial dysfunction can decrease the NAD+/NADH ratio and induce a senescent 

phenotype overlapping yet differing from that caused by other senescence inducers

Oncogene-induced senescence (OIS)
a subtype of cellular senescence induced by aberrant activation of a specific oncogene such 

as HRASG12V, which causes cell hyperproliferation followed by subsequent proliferation 

arrest

Programmed senescence
a subtype of senescence playing proregenerative or morphogenetic roles in physiological 

events such as embryogenesis, wound healing, and limb regeneration. It can promote cell 

turnover, tissue remodeling, and, paradoxically, growth

Proteostasis
a failure of protein homeostasis caused by accumulation of misfolded proteins within the 

cell, which eventually compromise cellular function

Replicative senescence
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a subtype of senescence induced by telomeric attrition after multiple cell divisions, with a 

decrease in cell proliferative potential. It may serve as one of the major safeguards to 

maintain cellular integrity necessitated by the extended longevity of humans

Secretome
the set of protein factors secreted by cells into the extracellular space. Once used for 

senescent cells, it is also referred to as the SASP

Senescence-associated β-galactosidase (SA-β-Gal)
enhanced lysosomal enzymatic activity usually observed in senescent cells, a feature that 

allows increased hydrolysis of β-galactoside into monosaccharides. It is frequently used as a 

biomarker for detection of cellular senescence

Senescence-associated secretory phenotype (SASP)
a hallmark feature of senescent cells, characterized by robust production and secretion of 

soluble molecules such as growth factors, cytokines, chemokines, and extracellular matrix 

metalloproteases

Senolytics
a group of chemical compounds or phytochemicals that are applied to selectively eliminate 

senescent cells via induction of programmed cell death

Stress-induced premature senescence
a subtype of senescence that appears after exposure of cells to a chemical or physical 

stimulation that induces oxidative stress, DNA damage, and/or mitochondrial injury

Therapy-induced senescence
a subtype of cellular senescence triggered by therapeutic modalities such as chemotherapy 

and radiotherapy
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Box 1.

Implications of Cellular Senescence in Physiology and Age-Related 
Diseases

Within tissues, senescent cells can play distinctive roles depending on the 

pathophysiological context. As a primary function, replicative senescence prevents the 

expansion of precancerous transformed cells, thus providing a major barrier to 

tumorigenesis. Senescent cells participate in fundamental processes by promoting tissue 

repair and regeneration as a critical step in normal morphogenesis during embryonic 

development and promote tissue remodeling in various organ types [14]. Senescent cells 

are also subject to autonomous elimination in vivo, by recruiting phagocytic immune 

cells and mobilizing their progenitor cells, activities that engage innate immune 

surveillance [80,128]. However, physiological clearance of senescent cells is substantially 

compromised during aging and these cells gradually accumulate, forming a chronic 

proinflammatory niche in the local microenvironment and underpinning diverse 

pathological conditions.

Recent studies proved that cell senescence is implicated in a large number of age-related 

pathologies, including but not limited to cancer, renal dysfunction, diabetes mellitus, 

nonalcoholic fatty liver disease, cardiovascular disorders, fibrosis, osteoarthritis, obesity, 

type 2 sarcopenia, and neurodegenerative disorders [9,14,36,88]. Genetic ablation or 

pharmacological elimination of p16INK4a-positive senescent cells from progeroid and 

aged animal models alleviates tissue dysfunction, averts physical frailty, and increases 

organismal healthspan [16,129]. Further, senescent cell clearance effectively restrains the 

progression of adipose atrophy, atherosclerosis, cancer, cataracts, cardiomyocyte 

hypertrophy, osteoarthritis, renal glomerulosclerosis, sarcopenia, tumorigenesis, tau-

dependent disorder, and cognitive decline [82,83,87,97,130,131]. Despite technical 

challenges and practical difficulty in pharmacologically clearing senescent cells at tissue 

and organ levels, research advances have underpinned the development pipelines of 

senolytics, a collection of pharmacological agents that can selectively and preferentially 

deplete senescent cells under in vivo conditions [132]. Together, cell senescence is 

causative of multiple human age-related disorders, while the emerging arsenal of 

senolytics holds the potential to deliver exciting solutions to optimize therapeutic 

interventions in future clinics.
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Box 2.

Challenges and Opportunities in the Development of Effective Senolytics

To date, a major challenge for senotherapy is to target the right cells at the right time, 

thus avoiding side effects on nonsenescent cells. Although in some animal experiments 

senolytics were applied for a short time, this was sufficient to reduce the burden of 

senescent cells. To avoid potential adverse effects of senolytics (such as navitoclax), 

therapeutic protocols can be designed with intermittent rather than long or lasting 

administration. Clinical trials are initiated to help translate the intervention from bench to 

the bedside, with the aim to prove the efficacy and safety of senolytics in humans. The 

first-in-human pilot study (with D + Q) suggested that senolytics can alleviate physical 

dysfunction in IPF patients, with nonserious events being primarily mild to moderate, 

though there were respiratory symptoms, skin irritation, and gastrointestinal discomfort 

[133]. Together, the data support evaluation of such agents in larger randomized 

controlled trials for senescence-related pathologies.

Targeted elimination of senescent cells appears to be a promising therapeutic approach 

for decreasing tissue damage, promoting repair, and facilitating regeneration. 

Repurposing drugs applied to target fundamental aging processes represents a promising 

strategy for proceeding, since previous clinical experience with these drugs can provide 

valuable information about dosing, safety, tolerability, drug interactions, and side effects, 

accelerating regulatory approvals. Examples include new clinical trials underway with 

such drug candidates as senolytics, as well as mTOR and AMPK inhibitors [123,134]. If 

successful, current trials for treatments of age-related diseases could eventually be 

extended to clinical prevention for at-risk elderly people, once a consensus is reached on 

surrogate endpoints. However, such preventative pharmacological interventions for 

humans could be ideally initiated later in life, with an aim of reducing the risk of 

potential side effects of long-term medications.
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Outstanding Questions

Are there cell type-specific and/or universal triggers and responding pathways that drive 

different secretomes and how do they correlate with distinct age-related disorders?

What types of cells, once senescent and displaying a typical SASP, are the most 

influential in affecting the functional integrity of tissues and organs?

What is the biochemical mechanism that allows senescent cells to affect health conditions 

efficiently, as aging-related impairment in physical function occurs even if senescent cells 

count for less than 1% throughout the body? Is such an effect mediated mainly by the 

SASP, or any specific metabolite of these cells, or both?

Where is the energy supporting biosynthesis of numerous SASP factors mainly from, 

when senescent cells exhibit a significantly reduced ATP production level in 

mitochondria? Is this special energy source or machinery targetable to manipulate the 

activity or fate of senescent cells?

Do senescent cells escape from routine immune surveillance via expression of certain 

molecules that resemble those engaged in immune checkpoint, as in the case of cancer 

patients (e.g., PD-L1/L2, B7-H3/H4, VISTA)? Such mechanisms could synergize with or 

even function completely independently of the immunosuppression mechanisms we have 

already known.

How strong is the impact of current senolytics on the vitality of proliferating or quiescent 

cells in the tissue microenvironment? Is it possible to identify specific cytoplasmic, 

membrane, intracellular, or extracellular markers of senescent cells to guide development 

of the next generation of senolytics with increased selectivity and safety, but with reduced 

off-target effects in vivo?

Can a set of medical criteria be established for assessing the outcome of the first-wave 

senolytics currently in human clinical trials, guiding ongoing studies to screen, or 

designing new senolytics with established pipelines (e.g., animal models and drug 

platforms) and directing their future translation for clinical purposes?
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Highlights

Aging is the largest risk factor for most pathologies, ranging from cancer to 

neurodegenerative disorders.

Senescent cells accumulate in organs during aging, promote tissue dysfunction, and cause 

pathological manifestations, with senescence as a defining feature of myriad aging-

related diseases.

Senescent cells display hallmark features, including the senescence-associated secretory 

phenotype (SASP), a major driver of pathologies, and alterations to the structure and 

function of organelles.

Targeted elimination of senescent cells has emerged as a promising therapeutic solution 

to ameliorate tissue damage and promote repair and regeneration.

In the scope of clinical medicine, advances that identify key biochemical pathways, 

specifically those differentiating senescent cells from their proliferating counterparts, 

would positively affect pathological and aging processes.
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Figure 1. The Hallmarks of Organismal Aging.
Organismal aging (center) is a complex process contributing to progressive decline of organ 

functionality and regenerative potential of tissues. The aging clock is governed by 

interconnected hallmarks of organismal aging. Understanding how the underlying biological 

mechanisms of aging correlate with and impact longitudinal changes in health trajectories 

might offer an opportunity to identify resilience mechanisms, their dynamic changes, and 

their impact on physiological integrity. In geroscience, a research field that is rapidly 

progressing in the current era of precision medicine, novel antiaging agents developed to 

delay organismal aging will significantly rely on their safety and effectiveness at the level of 

cells, basic biological units of an individual (outside the circle).
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Figure 2. Hallmarks of Cellular Senescence.
Distinct alterations in molecular pathways of cellular senescence result in morphological 

changes. Senescent cells are enlarged, flattened, and have an irregular cell shape (not 

shown). Their nuclear integrity is compromised due to the loss of lamin B1 and exclusion of 

the high mobility group protein B1 (HMGB1), accompanied by the emergence of 

cytoplasmic chromatin fragments (CCFs). Senescent cells have increased lysosomal content, 

as manifested by elevated β-galactosidase (SA-β-gal) activity, with an increased number of 

large but dysfunctional mitochondria that produce high levels of reactive oxygen species 

(ROS). There is usually an enhanced level of lipofuscin in the cytoplasm and upregulation of 

p16INK4a/p21CIP1 in the nucleus. Biosynthesis and extracellular secretion of a large number 

of proinflammatory and proapoptotic factors [senescence-associated secretory phenotype 

(SASP)] is robust and constitutes one of the major features of senescent cells. Yellow 

arrows: signal transduction or molecular traffic; purple arrows: DNA fragment 
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transportation; white arrows: up- or downregulation of expression or activities. Red text: 

representative typical hallmarks of senescent cells. Different colors of the outlines of SASP 

factors indicate various types of secreted molecules (e.g., cytokines, chemokines, and growth 

factors). Abbreviations: DDR, DNA damage response; MMP, matrix metalloproteinase; 

PTM, post-translational modification.
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Figure 3. Therapeutic Strategies That Can Be Exploited to Target Senescent Cells.
Aging is the leading risk factor for many chronic diseases, including but not limited to 

cancers, metabolic syndrome, and musculoskeletal, cardiovascular, and neurodegenerative 

disorders. Recent studies suggest that targeting fundamental aging mechanisms may be a 

better solution than targeting each chronic pathology individually in order to increase 

healthspan and delay multimorbidity. Pilot efforts have recently been made to 

therapeutically target cellular senescence, including selectively eliminating senescent cells 

by inducing their passive apoptosis (senolytic treatment) (A), and modulating the 

senescence-associated secretory phenotype (SASP) (SASP suppression, or senostatics) by 

blocking the SASP development or interfering with the function of its key components in the 

tissue microenvironment (B). In each figure, yellow arrows represent stimulating or 

promotive actions, while red arrows are suppressive or counteractive. Agents within yellow 

or orange boxes are exemplifying senolytics (A) and SASP inhibitors (B), respectively. 
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Abbreviations: AMPK, AMP-activated protein kinase; OXR1, oxidation resistance 1; ROS, 

reactive oxygen species.
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