1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cell Endocrinol. Author manuscript; available in PMC 2018 November 05.

-, HHS Public Access
«

Published in final edited form as:
Mol Cell Endocrinol. 2017 November 05; 455: 93-102. doi:10.1016/j.mce.2016.08.047.

Cellular senescence: Implications for metabolic disease

Marissa J. Schafer2P, Jordan D. Millera¢d, and Nathan K. LeBrasseuraP”
a8 Robert and Arlene Kogod Center on Aging, Mayo Clinic, Rochester, MN, 55905, USA

b Department of Physical Medicine and Rehabilitation, Mayo Clinic, Rochester, MN, 55905, USA
¢ Department of Surgery, Mayo Clinic, Rochester, MN, 55905, USA

d Department of Physiology and Biomedical Engineering, Mayo Clinic, Rochester, MN, 55905,
USA

Abstract

The growing burden of obesity- and aging-related diseases has hastened the search for governing
biological processes. Cellular senescence is a stress-induced state of stable growth arrest strongly
associated with aging that is aberrantly activated by obesity. The transition of a cell to a senescent
state is demarcated by an array of phenotypic markers, and leveraging their context-dependent
presentation is essential for determining the influence of senescent cells on tissue pathogenesis.
Biomarkers of senescent cells have been identified in tissues that contribute to metabolic disease,
including fat, liver, skeletal muscle, pancreata, and cardiovascular tissue, suggesting that
pharmacological and behavioral interventions that alter their abundance and/or behavior may be a
novel therapeutic strategy. However, contradictory findings with regard to a protective versus
deleterious role of senescent cells in certain contexts emphasize the need for additional studies to
uncover the complex interplay that defines multi-organ disease processes associated with obesity
and aging.
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1. Central challenge: aging- and obesity-related chronic disease

Both the aged and obese populations are steadily growing. By 2030, more than 20% of the
population will be age 65 or older (West et al., 2014) and 40% of the population will be
obese (Finkelstein et al., 2012) (Fig. 1). Aging and obesity are major risk factors for chronic
conditions that make up the leading causes of death, including diabetes, cardiovascular
disease, hepatic steatosis, and cancer (Must et al., 1999), and therefore, underlie enormous
public health and socioeconomic consequences. Although effective solutions to these
challenges have been elusive, the causes are more well-defined. The multitude of complex
environmental and behavioral factors driving the obesity epidemic boil down to a

" Corresponding author. Department of Physical Medicine and Rehabilitation, Mayo Clinic, 200 First Street SW, Rochester, MN,
55905, USA. lebrasseur.nathan@mayo.edu (N.K. LeBrasseur).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schafer et al. Page 2

fundamental issue: energy imbalance (Swinburn et al., 2011). Regular consumption of high
calorie diets and physical inactivity result in excess energy storage and disruption of whole-
body metabolism and health. In contrast to obesity, aging is inevitable. However, healthspan
extension—delaying the onset of age-related disease, disability, and frailty until late in the
lifespan—is heavily influenced by modifiable factors, many of which are common to
obesity. Public health campaigns to promote healthy lifestyle choices are critically
important, as is the geroscience initiative to define the central biological processes that
underlie the multitude of age-related chronic conditions, which may be targeted to improve
multiple health parameters. From considerable work, cellular senescence has emerged as a
central mechanism of age-related disease that may be prematurely activated by mediators of
obesity (Tchkonia et al., 2013a).

2. Cellular senescence: aging mechanism activated by nutrient excess

Cellular senescence is an evolutionarily conserved state of stable replicative arrest that
occurs in response to diverse forms of cellular stress and damage. Damage accumulation
stimulates the activity of cyclin dependent kinase inhibitors p16/NK4a and/or p53-p21. These
senescence effectors antagonize cyclin dependent kinases to prevent inactivation of
retinoblastoma (Rb) protein, ultimately blocking cell cycle progression (Alcorta et al., 1996;
Beausejour et al., 2003). Proliferation arrest is accompanied by molecular reprogramming
and production of a unique secretome, comprised of cytokines, chemokines, extracellular
matrix remodeling factors, and growth factors, termed the senescence-associated secretory
phenotype (SASP) (Kuilman and Peeper, 2009). Through secretion of chemokines and
cytokines, the SASP is believed to be the means by which senescent cells request clearance
by the immune system (Freund et al., 2010). In aging tissues, however, apoptosis-resistant
senescent cells persist and accumulate. It is unknown whether impaired immune-mediated
removal results from insufficient signals produced by the senescent cells or
immunosencence, likely, a combination of the two. Regardless, senescent cells
autonomously prevent neoplastic transformation while promoting aging phenotypes, through
both SASP signaling and reduced regenerative capacity arising from depletion of the mitotic
pool (Campisi, 2005).

Nutrient excess may promote early and aberrant senescent cell accretion by accelerating
intrinsic, age-related causes of senescence, including telomere erosion, oxidative and
genomic damage, and proteome instability. Somatic cell telomere length is established in
early life and declines at relatively equivalent rates across tissues types (Daniali et al., 2013).
Tissue expansion in obesity may escalate replicative demands, ultimately leading to telomere
attrition (Zannolli et al., 2008; Moreno-Navarrete et al., 2010). Mitochondrial dysfunction,
including reduced mitochondrial mass, number (Ritov et al., 2005), and enzymatic oxidative
capacity (Mogensen et al., 2007), is a common feature of obesity-related pathology,
particularly insulin resistance. Increased metabolic loading is associated with mitochondrial
respiration uncoupling, attenuated electron transport chain function, and increased
production of reactive oxidative species (ROS). Indeed, increased markers of ROS damage
have been identified in adipose tissue (Talior et al., 2003; Furukawa et al., 2004),
cardiovascular tissue (Lee et al., 2012; Katunga et al., 2015), and liver (Pessayre, 2007;
Matsuzawa-Nagata et al., 2008) of obese humans and mice. In addition, DNA damage
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robustly activates senescence, and increased frequency of genomic damage makers have
been identified in obese individuals with type 2 diabetes (Al-Aubaidy and Jelinek, 2011).
Similarly, compromised proteasome and endoplasmic reticulum function contributes to
obesity-related metabolic deficiency (Otoda et al., 2013; Ozcan et al., 2004). While
exacerbating inherent governors of cellular aging, energy excess in obesity may also drive
and maintain senescence by disrupting other metabolic processes, including glucose
utilization (Dorr et al., 2013) and nucleotide production (Aird et al., 2013).

2.1. Biomarkers of cellular senescence

Biological features of senescent cells are readily manipulated and leveraged as detection
biomarkers in preclinical and human studies (Fig. 2). Protein and transcript assessment of
senescence effectors, including p16'NK4a p53, and p21, is a first-line profiling strategy.
Evidence suggests that p53-21 signaling initiates senescence, while p16'NK4a signaling is
required for maintenance of senescence (Alcorta et al., 1996; Beausejour et al., 2003). The
notion that p16'NK4a js a primary gatekeeper of a permanent senescent state that increases
throughout aging led to the generation of several transgenic reporter and cell-deletion mouse
models (p16INK-ATTAC (Baker et al., 2011), p16-LUC (Burd et al., 2013), p16-3MR
(Demaria et al., 2014)). Results derived from these mice have supported the conclusion that
p16!NK4a_positive cells markedly accumulate in numerous tissues with chronological age
(Krishnamurthy et al., 2004; Liu et al., 2009a) and in accelerated aging models (Gregg et al.,
2012; Baker et al., 2004). Suicide transgene mediated deletion of p16/NK4a-expressing cells
improves multiple aging phenotypes in progeroid mice (Baker et al., 2011) and extends life-
span in wild-type mice (Baker et al., 2016), further implicating the central role of this
senescence factor in tissue aging.

In addition to cyclin dependent kinase inhibitor activation and abundance, senescent cells are
characterized by various phenotypic markers, which differentially present based on
induction mechanism (e.g. DNA damage, oncogene activation, chemotherapeutic agent) and
state (e.g. senescence initiation versus maintenance). Expression and secretion of the SASP
(Sharpless and Sherr, 2015; Acosta et al., 2008; Kuilman et al., 2008) and mitochondrial
dysfunction (Passos et al., 2010; Henson et al., 2014; Correia-Melo et al., 2016) are
consequences of senescence, plausible causes of paracrine senescence, and deterministic of
senescent state stabilization. Monitoring of temporal changes in the secretome,
mitochondrial dynamics, and ROS, therefore, divulge sequential mechanistic events.
Senescence-associated B-galactosidase (SA-B-gal) positivity reflects lysosomal pwhich
potently induces senescence-galactosidase activity at pH 6 (Dimri et al., 1995), likely
indicative of altered proteolytic function, and is widely used to detect senescent cells.
Replicative limits are reached by telomere erosion in the absence of compensatory
telomerase activity, which potently induces senescence (Allsopp and Harley, 1995; Bodnar
et al., 1998). Accrual of yH2AX and 53BP1 foci demarcates DNA damage response
activation (Zou et al., 2004; d'Adda di Fagagna et al., 2003). Telomeric DNA appears to
preferentially harbor damage, likely due to shelterin complex-mediated inhibition of repair.
Thus, colocalization of yH2AX or 53BP1 with telomeric repeats, also known as telomere
associated foci (TAF), is an increasingly utilized senescence indicator (Hewitt et al., 2012).
Reduced Ki67 staining or bromodeoxyuridine (BrdU) incorporation can be leveraged to
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confirm a lack of proliferation in response to stimulation (Berkenkamp et al., 2014).
Accretion of senescence associated heterochromatin foci (SAHF), detectable by 4'-6-
Diamidino-2-phenylindole (DAPI) staining and enriched in lysine 9 trimethylated histone
H3 (H3K9Me3), among other histone modifications, reflects chromatin remodeling that
represses proliferative transcriptional events (Adams, 2007). Senescent cells often undergo
morphological changes, including flattening, enlarging, or elongating (Bayreuther et al.,
1988). Nuclear morphology changes are associated with a loss of lamin B1 signal, indicative
of nuclear lamina alterations in senescent cells (Freund et al., 2012).

Differential combinations of these markers have been useful for identifying senescent cells
in discrete tissues and in differing disease and aging contexts. However, the relative impact
of senescent cell abundance on a given tissue and whole-body homeostasis is perceived to be
highly variable and remains to be elucidated. For example, the impact of 10% versus 20%
senescent B-cells on pancreatic function or 10% senescent B-cells versus 10% senescent
adipocytes on whole-body homeostasis is not yet known. The secretory phenotype also
varies in distinct tissue and disease contexts. Nevertheless, senescent cells and the SASP
have been implicated in aging- and obesity-related health deterioration in multiple metabolic
tissues, including adipose tissue, liver, skeletal muscle, pancreata, the microbiome, and the
cardiovascular system (Fig. 3).

2.2. Adipose tissue

Adipose tissue is the largest energy storage depot and a powerful endocrine organ. Coaction
of these roles influences whole-body homeostasis through regulation of energy balance,
satiety, insulin sensitivity, angiogenesis, blood pressure, and immune function (Galic et al.,
2010). In obesity, adipocyte hypertrophy leading to tissue expansion is accompanied by a
proinflammatory profile mediated by production of cytokines and chemokines and
infiltration of macrophages. This phenomenon is particularly apparent in visceral, relative to
subcutaneous, adipose tissue (Tchkonia et al., 2013b). Visceral adipose tissue accumulation
is strongly linked to chronic disease risk (Fox et al., 2007), with waisthip ratio (a surrogate
measure of visceral adiposity) proposed as a better predictor of obesity-related mortality
than other common clinical measures, including blood pressure, cholesterol levels, or body
mass index (Welborn et al., 2003). The potent inflammatory nature of visceral adipose tissue
may be governed, in part, by cellular senescence (Tchkonia et al., 2010).

A seminal study by Minamino et al. demonstrated a mechanistic relationship between diet-
induced metabolic disease and adipose senescence. Using mice that overexpress agouti
peptide to drive excessive calorie intake and glucose and insulin intolerance, they showed
that diet-induced obesity resulted in increased SA-B-gal and expression of p53 and p21 in
adipose tissue, concordant with increased inflammatory and oxidative stress markers. p53
upregulation and deficiency exacerbated and diminished these outcomes, respectively
(Minamino et al., 2009). Similarly, we recently identified significant upregulation of p16,
p53, p21, and p16-GFP reporter transcript in visceral adipose tissue of middle-aged mice fed
a high calorie diet for 4 months. Senescence effector activation was associated with
increased SA-B-gal activity, with 12% of adipose cells staining positively, presentation of the
SASP, and systemic metabolic disease. Exercise initiated at the same time as the high calorie
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diet or after accumulation of senescent burden ameliorated these effects (Schafer et al.,
2016). In the absence of obesity, age-related adipose tissue atrophy is prevented by
transgenic clearance of senescent cells (Xu et al., 2015a). Correspondingly, pharmacological
inhibition of JAK signaling, an established mediator of the SASP, reduces adipose
expression of proinflammatory SASP components (e.g. IL6, CXCL1, MIP-1pConsistent
with mouse studies), which are believed to be important contributors to aging-related
chronic sterile inflammation. The reduced pro-inflammatory molecular phenotype of
adipose tissue is associated with improvements in physical function in 24 month old wild-
type mice (Xu et al., 2015b). The culmination of these findings suggest that senescence and
the SASP play a mechanistic role in age- and obesity-related adipose deterioration, including
inflammatory and metabolic deficiencies, which may be prevented or rescued by exercise.

Consistent with mouse studies, p53, SA-p-gal, yH2AX, and inflammatory SASP factors are
significantly increased in adipose extracts of individuals with type 2 diabetes (Minamino et
al., 2009). Visceral adipose from obese individuals also contains higher levels of SASP
components, including IGFBP3, IL6, and MCP-1 (Villaret et al., 2010; Pou et al., 2007).
Preadipocytes, progenitors that comprise 15-50% of adipose tissue, have been implicated as
a primary cell type prone to senescence (Xu et al., 2015b; Stout et al., 2014); however,
adipocytes may also comprise a significant portion of the senescent-positive cellular pool in
adipose (Minamino et al., 2009). Through quantification of yH2AX-positive and Ki67-
negative cells with validation by SA-B-gal staining, a recent study identified more than 10%
of preadipocytes isolated from older adults as senescent, while less than 4% of preadipocytes
isolated from young adults were senescent (Xu et al., 2015b). Emerging evidence, therefore,
suggests that visceral adipose may be uniquely susceptible to acquiring a senescent
phenotype, which is mechanistically linked to systemic metabolic and functional decline in
response to nutrient excess and chronological aging.

Ectopic accumulation of fat in peripheral organs is a key feature of metabolic disease.
Hepatic steatosis, also known as nonalcoholic fatty liver disease, is highly prevalent in
overweight older adults (Bertolotti et al., 2014), and several lines of evidence suggests that
cellular senescence may exert causal influence. Hepatocytes in nonalcoholic fatty livers
display elevated levels of yH2AX and p21, as well as shorter telomeres, and p21 levels
correlate with type 2 diabetes and fibrosis stage (Aravinthan et al., 2013). Similarly, in
cirrhotic livers, telomere length and senescent burden, determined by SA-B-gal staining,
correlate with fibrosis severity (Wiemann et al., 2002). Cholangiocytes within liver
specimens of individuals with primary sclerosing cholangitis, an idiopathic fibro-
inflammatory disease, express p16'NK4a yH2AX, and SASP components (IL-6, IL-8,
CCL2, and PAI-1) (Tabibian et al., 2014).

Results from biomarker-based human studies are supported by findings derived from animal
models. High-fat feeding in obesity-prone rats increases hepatic expression of p16!NK4a and
p21 and decreases retinoblastoma protein phosphorylation, concomitant with elevation of
triacylglycerol levels (Zhang et al., 2012). p53 expression increases in the liver of obese
mice (Minamino et al., 2009). Likewise, high calorie consumption in mice increases hepatic
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p21 expression, liver weight, triglycerides, ceramides, and ectopic fat accumulation, and
exercise ameliorates these outcomes (Schafer et al., 2016). Hepatic senescence may also
drive malignancy through a high fat diet and microbiota-driven mechanism (Yoshimoto et
al., 2013), a phenomena described in a subsequent section. The damaging effects of high-fat
diet on liver health appear to be transmissible to offspring and involve senescence. The livers
of 12-week-old pups of dams fed a high-fat diet show increased p16/NK4a and inflammatory
marker expression, reduced Rb protein phosphorylation, and attenuated activation of
antioxidant defense genes (Zhang et al., 2011). Moreover, longer-lived, diet restricted mice
exhibit fewer senescent hepatocytes than ad libitum-fed counterparts (Jurk et al., 2014).

Hepatic studies have also supported the hypothesis that senescence may be paracrinely
propagated (Tabibian et al., 2014; Acosta et al., 2013; Nelson et al., 2012). Although results
point to a negative role for senescence in liver disease, senescence may also restrict liver
fibrosis, thereby providing essential benefit. In a toxin-induced liver damage model, mice
deficient in p53 or p16'NK4a display larger fibrotic areas than wild-type counterparts
(Krizhanovsky et al., 2008). Similarly, IL22, which is produced by hepatic stellate cells
following liver damage to resolve fibrosis, induces hepatic stellate cell senescence (Kong et
al., 2012). Cumulatively, results in humans and rodents suggest the effects of senescence on
liver health are context specific, and additional studies are required to determine the
conditions in which hepatic senescent cells may serve as viable therapeutic targets.

muscle

Skeletal muscle is a key metabolic organ. It is the primary site of insulin-mediated glucose
disposal, the largest glycogen reservoir, and a major determinant of energy expenditure
(Tzankoff and Norris, 1978). A decrease in skeletal muscle quantity is an early hallmark of
aging, and alterations in skeletal muscle quality are consequences of both aging and obesity.
Indeed, skeletal muscle mass progressively declines from the fourth decade of life and,
concurrently, accumulates lipids within, and adipocytes between, skeletal muscle cells
(Delmonico et al., 2009). Similar to liver, skeletal muscle is a prominent site of ectopic lipid
accumulation in obese individuals (Goodpaster et al., 2000). Aging- and obesity-associated
changes in skeletal muscle mass and composition contribute to systemic metabolic decline
(Goodpaster and Wolf, 2004; LeBrasseur et al., 2011; White and Lebrasseur, 2014).

The biological mechanisms that underlie aging-associated muscle loss are not well defined,
but are undoubtedly multifactorial. Similarly, the contribution of senescent skeletal muscle
cells to sarcopenia is not yet clear. In part, this may reflect the predominantly post-mitotic
state of skeletal muscle relative to other metabolic organs. Jeyapalan and colleagues failed to
observe differences in 53BP1 foci in skeletal muscle nuclei between young and very old
baboons (Jeyapalan et al., 2007). In contrast, the prevalence of this senescence biomarker in
mitotic dermal fibroblasts increased from 3% in young animals to over 30% in old animals.
An analysis of satellite cells, the mitotically competent adult muscle stem cells that reside
beneath the basal lamina of mature muscle fibers, revealed that proliferative capacity and
telomere length decreases during the first two decades of human life, but are then extremely
stable throughout adulthood and into very late life (Decary et al., 1997). Even so, recent
work has demonstrated that, at least in very old mice (28- to 32-months), satellite cells are
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prone to senesce through autophagy failure, which compromises skeletal muscle
regeneration (Sousa-Victor et al., 2014; Garcia-Prat et al., 2016). Specifically, the
investigators observed that the transition from quiescence to pre-senescence in satellite cells
results from derepression of p16!/NK4a, |n response to injury, aged satellite cells failed to
activate, enter the cell cycle, and proliferate, and instead became senescent. They further
showed that genetic silencing of p16/NK4a by shRNA prevented senescence-associated gene
expression and growth arrest, and restored regenerative capacity. The anti-rejuvenative
effects of senescence have been further supported by Cosgrove et al., who demonstrated that
p38 inhibition, a damage-activated MAPK signaling factor upstream of p53, in aged,
hydrogel-cultured muscle satellite cells improves transplant engraftment efficiency and
muscle function in aged mice (Cosgrove et al., 2014). Furthermore, clearance of senescent
muscle cells in progeroid mice increases muscle fiber diameter and improves exercise
capacity on a treadmill test (Baker et al., 2011). Thus, senescence of skeletal muscle cells
per se does not appear to significantly contribute to the age-related loss of skeletal muscle
mass, but may be a determinant of compromised late-life regenerative capacity.

While the accumulation of adipocytes in the skeletal muscle of older adults and obese
individuals is widely recognized, until recently, the source of these cells was not understood.
Muscle-derived satellite cells (Asakura et al., 2001), side population cells (rare,
heterogeneous multipotent stem cells) (Uezumi et al., 2006), and mesenchymal stem cells
(MSCs) (da Silva Meirelles et al., 2006) have all been shown to have adipogenic
differentiation potential /n vitro. However, Uezumi and colleagues nicely demonstrated that
a specific subset of MSCs (CD31-CD45 PDGFRa*) isolated from skeletal muscle uniquely
express master regulators of adipogenesis (C/EBPa and PPAR-y), but not myogenic markers,
and can robustly differentiate into lipid-containing adipocytes /n vitroand in vivo (Uezumi
et al., 2010). The propensity for these cells to become senescent in response to aging- and
obesity-associated stresses is unknown but is an intriguing area for future investigation. As
discussed above, preadipocytes, which share a similar cell-surface molecular phenotype to
MSCs found in muscle (CD31"CD45-CD29*CD34*Sca-1") (Uezumi et al., 2010), are
highly prone to senescence and have a robust SASP that contributes to metabolic
dysregulation and potentially sarcopenia. Skeletal muscle cells exhibit impaired insulin
signaling and GLUT4 translocation when co-cultured with adipocytes (Dietze et al., 2002)
and exhibit insulin resistance when exposed to the conditioned medium of adipocytes (Sell
et al., 2008). MCP-1 has been identified as a potential causal factor (Sell et al., 2006).
Whether targeted removal of senescence-prone fat cells from skeletal muscle or suppression
of their SASP provides a means to improve the metabolic state of skeletal muscle in the
context of aging or obesity remains to be determined.

2.5. Pancreas

Diabetes is characterized by insufficient production and secretion of insulin. Insulin-
producing B-cell replication in pancreatic islets declines throughout normal aging in both
mice (Teta et al., 2005) and humans (Meier et al., 2008). In obesity, p-cell populations
initially expand to cope with increased systemic glucose and peripheral insulin resistance.
However, islet mass ultimately decreases, due to p-cell apoptosis, leading to insufficient
insulin production (Butler et al., 2003; Gepts, 1965; Gepts and De Mey, 1978). Insulitis,
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infiltration of immune cells within islets, is another common feature in type 2 diabetes, and
is associated with increased levels of cytokines and chemokines (Boni-Schnetzler et al.,
2008), an effect that may be exacerbated by free fatty acid exposure (Boni-Schnetzler et al.,
2009). The origin of the proinflammatory islet milieu is unknown; SASP signaling is a
potential source.

Considerable evidence suggests that p16'NK42.induced senescence limits compensatory B-
cell proliferation in response to metabolic loading, directly contributing to type 2 diabetes
pathogenesis. In islets, p16'NK4a expression, which is regulated by a Bmi-1 polycomb
complex, increases with age. High-fat diet consumption in young mice with low p16/NK4a
and high Bmi-1 expression drives B-cell proliferation, and contrastingly, islet expansion is
limited in older mice with higher pancreatic p16/NK4a expression (Tschen et al., 2009).
Ablation of Bmi-1 increases p16'NK42 Jevels, prevents B-cell proliferation and islet
expansion, and drives hypoinsulinemia and glucose intolerance with preserved insulin
sensitivity (Dhawan et al., 2009). Overexpression of p16'NK4a decreases islet proliferation,
and p16'NK4a deficiency enhances islet proliferation following toxin-induced -cell death
(Krishnamurthy et al., 2006). Similarly, cyclin-dependent kinase 4 (Cdk4) activity, which is
requisite for B-cell proliferation, is inhibited by p16/NK42 (Krishnamurthy et al., 2006;
Tsutsui et al., 1999). Mice lacking Cdk4 activity develop insulin-deficient diabetes, and
contrastingly, mice expressing a modified Cdk4 that cannot be inhibited by p16/NK4a display
pancreatic hyperplasia (Rane et al., 1999). The islets of 12-month-old mice with high-fat
diet-induced glucose intolerance display SA-p-gal positivity and significantly lower Ki67
staining than younger or control-fed counterparts (Sone and Kagawa, 2005). In contrast, a
novel role for p16'NK42 in age-related B-cell maturation was recently reported by Helman
and colleagues, who demonstrated that p16'NK42 induction improves glucose stimulated
insulin secretion (Helman et al., 2016).

Several genome-wide association studies have linked the CDKN2A locus, which encodes
p16!NK4a to type 2 diabetes (Wei et al., 2015; van Hoek et al., 2008; Zeggini et al., 2007;
Scott et al., 2007). However, a study examining associations between diabetes-associated
polymorphisms and B-cell function and insulin sensitivity in healthy adults failed to identify
a relationship between CDKN2A and metabolic impairments (Pascoe et al., 2007).
Therefore, it is currently unclear whether CDKN2A mutations confer type 2 diabetes
susceptibility through diminished peripheral glucose handling and insulin sensitivity or islet
endocrine dysfunction that manifests after pathology initiation, potentially in response to
sustained nutrient excess. The culmination of previous explorations highlight a critical role
for aging- and obesity-regulated senescence in pancreatic health and type 2 diabetes risk.

2.6. Cardiovascular

Cardiovascular disease is strongly linked to obesity and aging and remains the leading cause
of death in developed countries. Many risk factors for development of cardiovascular disease
are well defined and have robust pharmacotherapeutic strategies for mitigation (e.g.,
hypercholesterolemia, hypertension, chronic inflammation), yet morbidity and mortality due
to cardiovascular diseases continues to climb. While the local and systemic pro-
inflammatory milieu promoted by cellular senescence represents an intuitive contributor to
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accelerated development of cardiovascular disease, conflicting clinical and experimental
findings have left the field in a highly contentious state.

Early studies in humans reported polymorphisms in senescence-associated CODKNZA-
encoding locus (Chr9p21) to be strongly associated with development of atherosclerotic
disease (Helgadottir et al., 2007; McPherson et al., 2007). Specifically, one of the most
common SNP variants was associated with reduced expression of INK4/ARF variants such
as p15/NK4b p16INK4a ARF, and ANRIL in peripheral blood T-cells—a finding, at least at
first glance, is inconsistent with a causal role for senescence in cardiovascular disease (Liu et
al., 2009b). In aged or diseased cardiovascular tissues, however, numerous studies have
reported increases in markers of senescent cells, including p16!NK42 (Krishnamurthy et al.,
2004; Roos et al., 2013), SA-Bgal (Vasile et al., 2001; Minamino et al., 2003), and TAF
(Roos et al., 2016).

Genetic inactivation of senescence effectors accelerates the development and complexity of
atherosclerotic plaques (Merched and Chan, 2004; Guevara et al., 1999) and increases
fibrosis following transverse aortic constriction (Meyer et al., 2016). These findings mirror
conclusions derived from studies of senescence effector inactivation in liver, which support
restrictive function in fibrotic pathogenesis (Krizhanovsky et al., 2008). While at face value
these results argue against reducing or preventing formation of senescent cells as a strategy
to treat cardiovascular disease, interpretation is confounded by the fact that genetic
inactivation approaches also affect regulation of cell cycle checkpoints and, in general, result
in dramatically augmented cellular proliferation in affected tissues (as most of these strains
are known to have far more aggressive cancer phenotypes).

An alternate and more clinically relevant strategy for understanding the role of senescent
cells in cardiovascular pathogenesis is to use genetic or pharmacological strategies to kill
senescent cells. We recently reported that suicide-gene mediated clearance of p16!NK4a.
positive cells in chronologically aged p16INK-ATTAC mice improves endothelial function,
attenuates age-associated cardiomyocyte hypertrophy, and prevents cardiac dysfunction
induced by chronic p-agonist administration. We also demonstrated that a single dose of a
“senolytic” drug cocktail (described further in a subsequent section) improves vascular
endothelial and cardiac function in chronologically aged mice (Zhu et al., 2015). Chronic
reductions in TAF" senescent cells are associated with attenuated endothelial dysfunction in
aged mice, improved vascular smooth muscle sensitivity to nitric oxide donors in
hypercholesterolemic mice, and reduced vascular calcification in hypercholesterolemic mice
(Roos et al., 2016). Critically, our group also found that the beneficial cardiovascular effects
of chronic exercise training are closely associated with reductions in visceral adipose tissue
senescence, suggesting that reducing senescent cell burden at non-cardiovascular sites may
have significant benefits through systemic or paracrine factors (Schafer et al., 2016).
Collectively, conflicting reports highlight the need for additional studies to understand the
mechanistic contribution of senescent cells in individual pathogenic contexts; however, our
recent findings demonstrate that targeting senescent cells is a viable strategy to improve age-
and obesity-related cardiovascular phenotypes.
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2.7. Microbiota

Scientific understanding of dynamic host-microbiota interplay is still in its infancy. Recent
studies, however, have highlighted the powerful impact of diet on shaping the microbiota,
with early results suggesting that dietary choices may induce senescence through
microbiota-driven mechanisms. A compelling report by Yoshimoto et al. showed that obesity
induced by diet or genetic manipulation perturbed the murine gut microbiome, effectually
increasing production of deoxycholic acid (DCA). Hepatic stellate cell senescence was
induced by elevated DCA exposure and promoted liver tumorigenesis through the SASP
(‘YYoshimoto et al., 2013). A Drosophila study demonstrated that inhibition of the JAK/STAT
SASP-regulation pathway in midgut cells, which mediate microbiota composition, extended
lifespan and improved parameters of functional decline, including metaplasia and
commensal dysbiosis (Li et al., 2016); whether a comparable host-commensal relationship is
conserved in other model organisms or humans remains to be seen. Indeed, future work is
expected to provide mechanistic insights on the interplay between host and microbiota aging
and the influence of metabolic excess.

2.8. Therapeutic opportunities

The involvement of senescence in a multitude of chronic conditions has prompted major
drug development efforts. In an initial study on senolytics, drugs that selectively kill
senescent cells, Zhu et al. interrogated gene expression profiles to identify pro-survival and
anti-apoptotic pathways specifically activated in senescent cells that may be targeted for
their removal. Components of ephrin survival-regulating dependence receptor pathway,
phosphatidylinositol-4,5-bisphosphate 3-kinase delta catalytic subunit (PI3KCD), p21,
plasminogen-activated inhibitor-2 (PAI-2), and BCL-xL were validated as viable targets
through RNA interference. Based on reported utility in targeting these factors, candidate
senolytics were selected and tested for their ability to kill senescent cells /n7 vitro. Dasatinib
(D) and quercetin (Q), a tyrosine kinase inhibitor and flavonol, respectively, delivered in
combination effectively killed senescent preadipocytes and HUVEC cells. Administration of
DQ to aged, radiation-exposed, or Ercc1/2 progeroid mice reduced senescent cell burden
and improved healthspan parameters (Zhu et al., 2015), and as previously described, DQ-
mediated senescent cell clearance improved vascular phenotypes in aged and hyper-
cholesterolemic mice (Roos et al., 2016). Subsequent studies have identified navitoclax, a
Bcl-2 family inhibitor, as a senolytic in vitro (Leverson et al., 2015; Zhu et al., 2016).

SASP blockade is another strategy for attenuating the negative effects of senescent cells.
mTOR inhibition extends lifespan in model organisms through regulation of several
metabolic processes (Johnson et al., 2013), but SASP suppression appears be one of the
means by which mTOR inhibition exerts anti-aging benefits. Specifically, rapamycin
attenuates SASP transcription, transcript stability, and translation, ultimately leading to
secretome depletion (Laberge et al., 2015; Herranz et al., 2015). NF-xB is a master regulator
of SASP expression (Chien et al., 2011), and rapamycin-mediated suppression of IL1A
translation diminishes NF-xB transcriptional activity (Laberge et al., 2015). Moreover, in
vitrorapamycin treatment allows cells to maintain a degree of proliferative potential
following senescence induction (Demidenko et al., 2009). Given the established secretome
role in senescence maintenance, SASP suppression is a likely mechanism underlying
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rapamycin-induced escape from irreversible arrest. As previously discussed,
pharmacological inhibition of the SASP-regulatory JAK pathway also confers healthspan
benefits, which appear to be mediated by attenuation of adipose senescence and
inflammation (Xu et al., 2015b).

Behavior modification is also expected to have potent effects on senescent burden,
particularly in the context of nutrient excess. Voluntary running wheel exercise prevents and
mitigates visceral adipose senescence and SASP resulting from high calorie feeding (Schafer
et al., 2016) and, similarly, reduces aortic senescence markers (Werner et al., 2009). Calorie
restriction (CR), which extends health- and life-span, decreases p16-and SA-B-gal-positive
senescent cell burden in the kidney of aged rats, coincident with altered glomerular volume
and fibrosis (Ning et al., 2013). Reduced senescence factors have also been demonstrated in
the intestine and liver of mice maintained on a CR diet (Wang et al., 2010). Future studies
aimed at understanding the timing, dosing, cell-type specificity, and systemic effects
(beneficial and deleterious) of senolytic, SASP-inhibition, and behavioral interventions will
be instrumental for moving targeted approached towards therapeutic viability. However,
intriguing early reports demonstrate amelioration of senescence and the SASP as a
promising strategy for aging- and obesity-associated conditions.

3. Conclusions and future studies

An increasing body of evidence supports the premise that cellular senescence is induced in
multiple tissues by nutrient excess. This transition is important for preventing malignant
events in response to oxidative and genomic stress, telomere erosion, and proteome
instability brought on by metabolic loading. However, the consequence is premature
accumulation of senescent cells. Senescent cells limit regeneration of metabolic tissues and
through the SASP, modify tissue architecture and cause sterile inflammation. Paracrine
SASP signaling causes senescent transmission to neighboring cells, and influences
metabolic homeostasis in distal tissues.

Currently, the essential stimuli and kinetics defining the genesis of senescent cells and their
contribution to tissue- and disease-specific changes are unclear and warrant further
investigation. In obesity and aging studies, it is common to focus on one organ or pathology
type. However, this approach limits information that may be gleaned about the temporal
order of senescence induction. We recently profiled senescence markers in multiple tissues
known to be metabolically sensitive, including adipose, liver, heart, skeletal muscle, and
pancreas, in middle-aged mice maintained on a high fat and sugar diet. Visceral adipose
displayed the strongest senescent signature, and to a lesser degree subcutaneous adipose and
liver also exhibited increased senescence factors (Schafer et al., 2016). Thus, it appears that
visceral adipose may be an early tissue driven to senesce by nutrient excess. Similarly,
ectopic fat deposition in skeletal muscle and liver is a feature of obesity-related metabolic
disease, and may reflect reprograming of resident cells to adipogenic differentiation states
(Schafer et al., 2016; Goodpaster et al., 2000; Uezumi et al., 2010). It is currently unknown
whether these cells, like preadipocytes, possess increased senescence propensity. Given the
mechanistic role of adipose tissue inflammation in obesity-related metabolic disease, we
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speculate that targeting senescent adipose cells is a viable option for attenuating the whole-
organism inflammatory milieu in obesity.

While investigations in adipose tissue point to a clear negative role for cellular senescence in
obesity-related metabolic disease, the picture is more complex for liver, skeletal muscle,
pancreas, and cardiovascular tissue. Cellular senescence biomarkers are readily identifiable
in the livers of individuals with nonalcoholic fatty liver disease and cirrhosis (Aravinthan et
al., 2013; Wiemann et al., 2002), and in the livers of high-fat fed mice, a senescent
phenotype is accompanied by ectopic accumulation of fat, triglycerides, and ceramides
(Schafer et al., 2016). Similarly, obesity-mediated microbiota perturbation leads to
production of metabolites that promote liver cancer through a SASP-dependent mechanism
(Yoshimoto et al., 2013). In contrast, genetic ablation of p53 or p16/NK4a fynction
exacerbates liver fibrosis (Krizhanovsky et al., 2008). Comparable phenomena have been
observed in cardiac tissue, wherein, accumulation of senescence markers is associated with
vascular endothelial and cardiac impairments, and clearance of senescent cells improves
cardiovascular dysfunction (Roos et al., 2016). Antithetically, defective senescence effector
function intensifies cardiovascular disease (Merched and Chan, 2004; Guevara et al., 1999;
Meyer et al., 2016). Since p16'NK4a p53 and p21 exert well-known pleiotropic functions,
which convey both anti-proliferative and pro-aging effects, context is essential for
interpreting results. Indeed, considerable results suggest that targeting senescent cells
through suicide-gene or pharmacological approaches in adulthood or following disease
initiation may attenuate pathology, while systemic or life-long inactivation of senescence
effectors is expected to bestow negative outcomes. A newer area of interest is senescence of
post-mitotic cells; whether this is a critical feature of obesity- or aging-associated changes in
cardiac or skeletal muscle remains to be examined. In the pancreas, p16'NK4a-mediated
senescence limits p-cell expansion and is believed to underlie insufficient insulin production
in obesity-related type 2 diabetes (Tschen et al., 2009; Dhawan et al., 2009). New results,
however, suggest that increases in pancreatic p16'NK42 expression are associated with
enhanced glucose stimulated insulin secretion and improved glucose tolerance in mice with
genetically-induced diabetes (Helman et al., 2016). Thus, contradictory findings in
metabolically active tissues emphasize the importance of additional mechanistic studies to
understand the genesis of senescent phenotypes and their effects on organ heath and
function. This work will be essential for determining contexts appropriate for targeted
therapies, including senolytics, SASP-inhibitors, and behavioral strategies.
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Fig. 1.

Pr%jected rising trends in obesity and aging. Historical (solid blue line) and forecasted
(dotted blue line) percentage of the U.S. population that is 65 years or older (West et al.,
2014; United States Census Bureau, 2014), compared to historical (solid red line) and
predicted (dotted red line) percentage of the population that is obese (Finkelstein et al.,
2012; Ogden et al., 2010).
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Telomere attrition

Fig. 2.
Biomarkers of senescence. Senescent cells display features unique to non-senescent

counterparts, and identification of multiple markers is important for confirming a senescent
identity. Cell cycle is arrested (identifiable by a loss of proliferative markers) through the
activity of cyclin dependent kinase inhibitors, including p16'NK4a and/or p53/p21. This may
be induced by several forms of cellular dysfunction, such as mitochondria-generated ROS,
telomere attrition, and DNA damage, which may be unresolvable within telomeres (TAF).
Transition to a senescent state may be accompanied by changes in morphology and nuclear
dynamics, such as the formation of senescence-associated hetero-chromatin foci (SAHF)
and reductions in the nuclear lamina marker lamin B1. Senescent cells develop a unique
secretome, the senescence-associated secretory phenotype (SASP), which is compositionally
context dependent and imparts potent paracrine effects.
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Fig. 3.

Se%escent tissues in obesity-related disease. Senescent phenotypes have been identified in
metabolically active tissues, including visceral adipose, pancreas, liver, cardiovascular
tissue, and skeletal muscle. Obesity-related changes in the microbiota also induce
senesecence in the liver.
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