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Abstract

Purpose of Review—Obesity has increased worldwide recently and represents a major global 

health challenge. This review focuses on the obesity-associated cellular senescence in various 

organs and the role of these senescent cells (SnCs) in driving complications associated with 

obesity. Also, the ability to target SnCs pharmacologically with drugs termed senotherapeutics as a 

therapy for these complications is discussed.

Recent Findings—Several studies have shown a positive correlation between obesity and 

SnC burden in organs such as adipose tissue, liver, and pancreatic-β-cells. These SnCs produce 

several secretory factors which affect other cells and tissues in a paracrine manner resulting 

in organ dysfunction. The accumulation of SnCs in adipocytes affects their lipid storage and 

impairs adipogenesis. The inflammatory senescence-associated secretory phenotype (SASP) of 

SnCs downregulates the antioxidant capacity and mitochondrial function in tissues. Senescent 

hepatocytes cannot oxidize fatty acids, which leads to lipid deposition and senescence in β-cells 

decrease function. These and other adverse effects of SnCs contribute to insulin resistance and 

type-2 diabetes. The reduction in the SnC burden genetically or pharmacologically improves the 

complications associated with obesity.

Summary—The accumulation of SnCs with age and disease accelerates aging. Obesity is a 

key driver of SnC accumulation, and the complications associated with obesity can be controlled 

by reducing the SnC burden. Thus, senotherapeutic drugs have the potential to be an effective 

therapeutic option.

Introduction

Obesity is characterized by abnormal or excessive fat accumulation in the body. A 

combination of hormonal, genetic, and metabolic determinants drive the obesogenic 

phenotype affecting major components of nutrient intake and energy expenditure [1]. At 

present, one-third of the global population is overweight, of which ten percent are classified 

✉Paul D. Robbins lniedern@umn.edu; probbins@umn.edu, Laura J. Niedernhofer lniedern@umn.edu;. 

Competing Interests L.J.N. and P.D.R. have a financial interest related to this research. The other authors declare they have no 
financial interest.

HHS Public Access
Author manuscript
Curr Diab Rep. Author manuscript; available in PMC 2023 April 24.

Published in final edited form as:
Curr Diab Rep. 2022 November ; 22(11): 537–548. doi:10.1007/s11892-022-01493-w.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as obese [2]. Obesity shortens the life span by 20 years, and it is estimated that at least 2.8 

million people die every year from obesity-associated complications [3]. Like aging, obesity 

increases organ deterioration and accelerates aging-associated pathologies such as type-2 

diabetes (T2D), cardiovascular diseases (CVD), non-alcoholic fatty liver diseases (NAFLD), 

and multiple types of cancers [4–6]. Obesity promotes these complications, at least in part, 

by inducing premature cellular senescence in various tissues [7]. Telomeres shortening, a 

hallmark of cellular senescence, is observed in obese children [8–12] and obese adults [13–

16].

The senescent cell (SnC) burden increases during obesity in tissues such as adipose tissue 

(AT), pancreas, liver, and brain [17]. These SnCs secrete inflammatory factors, proteases, 

growth factors, and more, known as senescence-associated secretory phenotype (SASP), 

that can spread senescence to other cells and multiple organs [17]. Recent studies show 

that targeting cellular senescence, either genetically or pharmacologically, lessens obesity-

related dysfunction. This review focuses on the mechanisms of obesity-induced premature 

senescence in different organs, the role of these SnCs in driving disease, and the therapeutic 

options for targeting SnCs.

Hallmarks of Cellular Senescence

Cellular senescence is an irreversible cell cycle arrest driven in response to different types 

of cellular stress. Senescence can be triggered by DNA damage, telomere attrition, oxidative 

damage, mitotic stress, mitochondrial dysfunction, endoplasmic reticulum (ER) stress, 

and by oncogene activation. Although transient cellular senescence can play a beneficial 

role (e.g., during embryonic development, wound healing, tissue remodeling, and tumor 

suppression following oncogene activation), aberrant accumulation of SnCs accelerates 

aging and plays a causative role in age-related diseases.

DNA damage is one of the major inducers of cellular senescence. DNA double-strand breaks 

(DSBs) activate the DNA-damage response (DDR) pathway, which increases the levels of 

phosphorylated histone H2AX, p53 binding protein 1 (53BP1) in the chromatin as well 

as activation of DDR signaling kinases ATM, ATR, CHK1, and CHK2 which eventually 

activates the p53/p21CIP1 axis [18]. p53 induces the expression of a cyclin-dependent kinase 

inhibitor, p21CIP1, which results in inhibition of cyclin-dependent kinase-2 (CDK2) activity 

and cell-cycle exit [19]. p21CIP1 also functions through cell cycle-independent pathways 

to regulate signal transduction pathways. Persistent activation of the DDR pathway also 

increases the expression of p16INK4a, an inhibitor of CDK4 and CDK6, contributing to 

long-lasting growth arrest [19]. The DDR pathway can be triggered by either intrinsic (e.g., 

oxidative stress, telomere shortening, oncogene activation) or external factors (e.g., UV-, γ- 

irradiation, chemotherapeutics) [20].

Most SnCs develop an inflammatory SASP that can confer adverse effects through paracrine 

and endocrine pathways. The SASP includes cytokines, chemokines, extracellular matrix 

proteases, growth factors, extracellular vesicles, and other signaling molecules [21]. The 

activity of the transcription factors NF-κB, CCAAT/enhancer-binding protein-β (C/EBPβ), 

and GATA4 is increased with senescence, binding to the promoters of SASP genes to 
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upregulate their transcription [22–24]. The JAK-STAT3 pathway [25], mTOR pathway 

[26], bromodomain-containing protein 4 (BRD4) [27], NOTCH1 activity [28], and HMGB 

proteins [29, 30] are also reported to modulate the composition of SASP with HMGB1 being 

secreted by SnCs are part of the SASP. In addition, the pro-survival factors are upregulated 

in SnCs, termed senescent cell anti-apoptotic pathways (SCAPs), leading to SnCs becoming 

apoptotic resistant. However, SnCs also upregulate certain pro-apoptotic genes, making them 

prone to apoptosis following treatment with drugs targeting the SCAPs [31].

Since SnCs chronically express the SASP, they are metabolically active with a high AMP: 

ATP ratio [32]. Reduction in intracellular ATP levels leads to allosteric activation of AMPK, 

which regulates cellular energy metabolism by activating energy-producing pathways and 

inhibiting energy-consuming pathways [33]. Though the increased activity of AMPK has 

been reported in senescent endothelial cells [34], recent studies suggest that activation of 

AMPK can reduce senescence in AT stromal cells [35] and protects against diet-induced 

obesity [36]. This suggests that the role of AMPK and other signaling pathways in SnC may 

vary with the cell type.

Mitochondrial dysfunction-associated senescence (MiDAS) is driven by attenuated electron 

transport chain NADH oxidation leading to increased cytosolic NADH levels. The lowering 

NAD+ /NADH ratio inhibits a key glycolytic enzyme, GAPDH, thereby blunting substrate-

level phosphorylation resulting in lower ATP levels. This subsequently causes AMPK 

activation and cell cycle arrest [37]. SnCs have increased ER stress and unfolded protein 

response (UPR) leading to the export of misfolded proteins, enlargement of ER, and 

reduction in protein synthesis [38]. A contributing factor to the increased demand for 

SASP production is UPR [39]. Another feature of SnCs is increased cell size and altered 

morphology, partially driven by increased mTOR activity. The activation of the mTOR 

pathway during cellular senescence induces hypertrophy in endothelial cells [40]. The 

rearrangement of vimentin filaments also contributes to the altered morphology in SnCs 

[41]. Elevated lysosomal proteins are another characteristic feature of SnCs, particularly 

the lysosomal enzyme senescence-associated β-galactosidase (SA-β-gal) [42, 43]. SnCs also 

display reduced mitochondrial fission and increased fusion [44], which contributes to the 

increased accumulation of old mitochondria and protects the cell from apoptosis [44]. Loss 

of lamin B, a structural protein of nuclear lamina, is another marker of cellular senescence 

[45]. These features of SnCs promote multiple organelle dysfunctions and in turn drive 

aging hallmarks such as chronic inflammation, proteostatic dysfunction, nutrient signaling 

disruption, and stem cell exhaustion.

Obesity-associated Senescence and Organ Disorders

Senescence in Adipose Tissue and Impaired Adipogenesis

Adipose tissue (AT) is a complex and metabolically active endocrine organ. There are 

three distinct types of adipose tissues: brown adipose tissue (BAT), white adipose tissue 

(WAT) [46], and beige adipose tissue [47]. Through a process called thermogenesis, BAT 

converts chemical energy into heat energy and serves an important role in maintaining 

body temperature. WAT stores excess fatty acids (FA) into triglycerides (TG) and acts as 

a major energy reservoir. Beige adipose tissue is inducible and can function to dissipate 
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energy under conditions of excess demand such as thermal challenge. WAT is subdivided 

into visceral adipose tissue (VAT) and subcutaneous adipose tissue (SCAT). VAT is located 

around the internal organs and represents 20% of total fat. SCAT locates under the skin 

and is accountable for storing 80% of total fat [6]. AT is comprised of mature adipocytes, 

preadipocytes, endothelial cells, fibroblasts, and immune cells [48]. Adipocytes are the most 

prevalent cell type in the AT and are responsible for lipogenesis. During an abundant energy 

supply, the lipids are stored in the form of TG [48]. Adipocytes secrete various proteins 

and other molecules that are collectively known as adipokines or adipocytokines [49]. In 

AT, adipokines modulate adipogenesis, immune cell migration, and adipocyte metabolism 

and function. Adipokines are also involved in regulating systemic actions in the brain, 

liver, muscle, vasculature, heart, and pancreas [49]. Beige and brown fat also secrete a 

variety of signaling factors, many of which are small molecule metabolites and participate in 

inter-organ signaling [47].

Obesity alters AT size, function, cellular composition, and distribution. The hypertrophic 

expansion of adipocytes elevates proinflammatory adipokines [50]. Macrophage infiltration 

is a causative factor for insulin resistance and T2D in obese subjects. Macrophages 

infiltrating the AT surround necrotic adipocytes and form crown-like structures. In 

obese conditions, the proinflammatory M1 macrophage subpopulation increases, whereas 

the anti-inflammatory M2 population diminishes. This imbalance between M1 and 

M2 macrophages may promote a pro-inflammatory state. AT inflammation results in 

dysregulated adipocytokine production and reduced AT lipid storing ability, thereby 

inducing ectopic lipid accumulation and insulin resistance in peripheral tissues [51].

An increase in cellular senescence and inflammation of VAT [52–55] and SCAT [55, 56] 

is observed in the obese animal model and humans. Excessive caloric intake in mice leads 

to increased reactive oxygen species (ROS) [57] and ATP production [58], which triggers 

the senescence of AT. Elevated ROS activates p53/p21 pathway and promotes senescent 

phenotype and the SASP, including secretion of TNFα and IL6 [57]. Increased secretion 

of SASP attracts immune cells leading to low-grade inflammation and decreased formation 

of white and beige adipocytes. AT with a high SnC burden shows impaired lipid handling, 

impaired thermogenesis, insulin resistance, and aberrant adipokine production.

Senescent Preadipocytes—Preadipocytes expand via hyperplasia and differentiate to 

mature adipocytes by a process called adipogenesis. This is essential to sequester lipids 

efficiently to avoid lipotoxicity in other tissues, such as the liver, muscle, and heart [59]. 

Adipocyte size is inversely associated with the polyunsaturated FA composition in fat 

depots. In contrast, AT and dietary saturated FA positively correlated with adipocyte size and 

number [60]. A recent study suggests that treating human preadipocytes with saturated FA 

such as palmitic acid results in hypertrophy, increased DNA damage, and p16INK4a positive 

nuclei [61].

Impaired adipogenesis in SCAT is a major contributor to obesity-associated metabolic 

complications [62]. Though the number of adipogenic progenitor cells is not reduced, 

the increased senescent progenitor cell impairs adipogenesis in SCAT of humans with 

hypertrophic obesity [63]. Activation of two critical signaling pathways, the p53/p21CIP1 
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and p16INK4a/pRb tumor suppressor pathways, contributes to cellular senescence in 

adipogenic progenitor stem cells [64]. The activity of key adipogenic transcription factors, 

such as PPARγ2 and C/EBPα, was reduced in senescent preadipocytes derived from human 

abdominal subcutaneous fat pads [64]. Oxidative phosphorylation and glycolysis were 

increased in preadipocytes derived from both SCAT and VAT of HFD-fed mice, along 

with ATP overproduction [58]. Cellular senescence of progenitor cells also contributes to 

impaired adipogenesis, TG storage, and adipokine secretion [64]. Primary human senescent 

fat progenitors secrete high levels of activin-A and directly inhibit adipogenesis in non-

senescent progenitors [65]. In addition, the JAK/STAT pathway plays an important role 

in the SASP [66], with inhibition of the JAK pathway suppressing SASP production and 

improving adipogenesis in old mice [65, 67].

Senescence of Matured Adipocytes—Adipocyte senescence plays a causative role 

developing obesity and insulin resistance in DNA repair enzyme-defective mouse models 

[68]. Obese patients with hyperinsulinemia show an increased p16INK4a and SA-β-gal 

activity in mature adipocytes. These senescent adipocytes are hypertrophic and have 

elevated SASP factors (e.g., IL-6, IL-8, and MCP1) secretion [69]. Upregulation of p53 

in adipose tissue triggers cellular senescence and insulin resistance [57]. Treatment with 

a p53 inhibitor and adipocyte-specific ablation of p53 effectively reduces obesity-induced 

cellular senescence and its associated insulin resistance [68].

Senescence of Endothelial Cells in Adipose Tissue—FA stored in AT needs to 

be transported, and endothelium cells (EC) play an essential role in the lipid handling. In 

addition, interactions between EC and adipocytes are vital to maintaining WAT homeostasis 

[70]. A recent study stated that polyamines produced by EC stimulate adipocyte lipolysis 

and maintain WAT homeostasis [71]. Adipocytes secrete both pro-angiogenic and anti-

angiogenic factors with a balance between pro-angiogenic and anti-angiogenic molecules 

required for normal angiogenesis. However, in obesity, the expansion of AT affects tissue 

vascularization. The hypoxic condition created by the AT expansion induces inadequate 

vessel maintenance/growth and inflammation [70]. Hypoxia-related gene expressions were 

higher in VAT than in SCAT adipocytes isolated from obese subjects. In addition, VAT 

displays higher vascular density and EC abundance, along with a higher number of SA-β-gal 

positive cells. Thus, the chronic pro-angiogenic and pro-inflammatory microenvironment 

may accelerate the VAT-EC premature senescence resulting in endothelial dysfunction 

[72]. PPARγ (peroxisome proliferator-activated receptor-gamma) regulates FA uptake by 

regulating the transcription of FA transporters and certain FA binding proteins (e.g., FATP1, 

CD36, and FABP4). Cellular senescence modulates the activity of PPARγ. The nuclear 

translocation of PPARγ was impaired, and the positive regulation of FA transport by PPARγ 
agonists was abolished in senescent cells, resulting in AT dysfunction and redistribution of 

lipids [73].

Senescence of Immune Cells in Adipose Tissue—Excessive stimulation of AT by 

diet induces inflammation that can take its toll on endogenous immune cells. As discussed 

previously, high caloric diet consumption can lead to obesity and insulin resistance. The 

excessive consumption of nutrients induces a process that initiates an inflammatory response 
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that left unresolved is deleterious to normal tissue function. This process involves the 

production of PPARγ through the stimulation of CD36 both on adipocytes and endogenous 

immune cells [74–76]. The in-situ production of inflammatory cytokines like TNF-α and 

chemokines like MCP-1 leads to increased macrophages (MF) either through the conversion 

of circulating monocytes into MF or the proliferation of endogenous MF [77, 78].

Insulin was shown to induce the activation of mTORC2 through which RICTOR induces 

the production of MCP-1. It has been demonstrated that insulin resistance precedes the 

onset of inflammation. Mouse models of high-fat–diet-induced obesity, adipose targeted 

mTORC2, and RICTOR depleted mice were used to demonstrate that insulin resistance is 

established before the accumulation of MF and onset of inflammation with the accumulation 

of MF is driven through MCP-1 [78]. A reduction of insulin/mTORC2 signaling triggers 

MCP-1 expression, which results in inflammation characterized by the accumulation of pro-

inflammatory MF. Obesity-induced inflammation can switch the functional phenotype from 

an anti-inflammatory (M2) into a pro-inflammatory (M1) phenotype [79]. These polarization 

states represent opposite ends of an activation spectrum, and it is now recognized that 

macrophages in vivo are exposed to multiple factors within the local microenvironment and 

thus have a more diverse phenotype [80, 81]. Obesity-associated inflammation has also been 

shown to affect the function of other immune cells. In a clinical study, patients between 

40 and 55 years of age with a body mass index (BMI) greater than 35 kg/m2 showed 

the presence of B cells characterized by a SASP in adipose tissue biopsies, which were 

compared to bloodborne B cells [82]. These B cells expressed a higher transcriptional level 

of senescent markers p16INK4a, p21CIP1, and p53 as compared to B cells from the blood. 

Similar to T cells, an increase of B cells exhibiting a memory phenotype appears in the 

AT with a simultaneous loss of naïve B cells. Naturally, aged mice show an increase in 

B cells. In addition, impaired maturation of B cells linked to Oct coactivator expression is 

dependent on the NLRP3-induced inflammasome activation while impacting the metabolic 

health of surrounding cells [83, 84]. Despite the phenotype of B cells, the expression 

of B-cell-activating factor (BAFF) was linked with aging-associated insulin resistance in 

10-month-old mice [85]. BAFF KO mice gained less weight and exhibited tolerances to 

insulin and glucose. Thus, there appears that antigen presentation and cytokine and antibody 

production by B cells plays a key role in diabetes [86].

The inflammatory SASP factors TNFα, IFNγ, and IL-1β each have the capacity to 

downregulate numerous genes in adipocytes, most notably pathways linked to mitochondrial 

function and oxidative stress control [87]. Indeed, inflammatory cytokines downregulate 

several key antioxidants such as Gpx4, Gsta4, Prdx3, and Aldh2 that in sum result in 

defective electron transport and mitochondrial dysfunction [88]. Concomitant elevation in 

ROS in turn leads to broad impacts, including attenuated insulin signaling, increased lipid 

oxidation, and ER stress.

Significant changes occur to T cells in response to obesity and aging. A study in which mice 

were placed on a HFD for 14 weeks drove the accumulation of CD44hiCD62Llo T cells 

that co-expressed PD-1 and CD153, a member of the TNF superfamily [89]. These T cells 

accumulate in crown-like structures in VAT. Further analysis demonstrated that a subset of 

these cells develops a senescent signature characterized by staining for SA-β-gal staining 
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and the DNA damage marker a significant amount of osteopontin (OPN). In a cohort of T2D 

patients, there was an expansion of effector T cells expressing the memory marker CD45RA 

(EMRA T cells), similar to that was seen in mice [90]. Similarly, there is an abundance of 

regulatory CD4+ T cells in AT of lean mice but reduced in AT of obese mice [91].

Furthermore, PPARγ expression in Tregs maintains not only the number of these cells but 

also insulin sensitivity in AT [92]. Collectively, AT Tregs appear to play a positive role in 

both maintaining tolerance and insulin sensitivity [93]. Other immune cells have been shown 

to contribute to AT homeostasis by proper surveillance and deletion of SnCs. Mice fed a 

normal caloric diet showed that natural killer (NK) T cells help to maintain a normal level 

of SnCs in AT compared to mice fed an HFD, which accumulated more SnCs at the same 

age and duration of analysis [94]. Targeted activation of NKT cells helps limit the number of 

SnCs. Thus, a properly functioning immune system not only helps limit the accumulation of 

SnCs in situ but also maintains the normal function of peripheral tissues.

Senescence in Liver and Non-Alcoholic Fatty Liver Disease

The liver is a key metabolic organ and an accessory digestive organ that synthesizes and 

secretes many molecules that have endocrine, exocrine (digestive), and clotting functions 

[95]. It comprises hepatocytes, hepatic stellate cells (HSC), Kupffer cells, and liver 

sinusoidal endothelial cells [96]. Obesity increases the SnC accumulation in the liver 

[52, 97, 98]. The increased p16INK4a and p21CIP1 levels in the liver are associated with 

elevated triacylglycerol accumulation in obese rats. The severity of NAFLD is increased 

with SnC accumulation [98]. Induction of hepatocyte senescence in mice with liver-specific 

deletion of the DNA repair protein XPG results in increased fat deposition [97]. Patients 

with NAFLD displayed elevated p21Cip1, shorter hepatocyte telomere length, and a higher 

hepatocyte nuclear area which are indicators of senescence [99]. Mitochondria of senescent 

hepatocytes show the inability to oxidize fatty acid, resulting in increased fat deposition 

[97]. Post-translational modifications, especially acetylation, regulate many enzymes 

in metabolic pathways including, gluconeogenesis, TCA cycle, and β-oxidation. This 

acetylation is partly regulated by sirtuins (SIRT) class III NAD+ -dependent deacetylases 

(HDACs). SIRT3 is a mitochondrial sirtuin that regulates lipid and glucose metabolism in 

the liver [100]. Reduced SIRT3 activity and NAD+ levels contribute to impaired FA and lipid 

accumulation in the liver of obese mice [101].

Senescence in Pancreatic-β-cells and β-cell Dysfunction

The pancreatic-β-cells are endocrine cells that synthesize and secrete insulin depending 

on blood glucose concentration. The function of pancreatic-β-cell plays a critical role in 

determining whether people with obesity develop T2D. Obese individuals show increased 

β-cell mass [102, 103] as well as increased pancreatic fat content [104]. In addition, 

both plasma insulin concentrations and β-cell insulin secretion are increased in basal and 

postprandial conditions in obese populations who do not have T2D [105]. In contrast, T2D 

subjects show a loss of functional β-cell mass [106]. The increase in plasma insulin level 

and insulin secretion rate is often able to overcome the insulin resistance and thus maintains 

the fasting blood glucose and glucose tolerance. A gradual decrease in β-cell function causes 

a progressive decline in glycemic control, resulting in prediabetes and eventually T2D [107]. 
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HFD mice exhibit increased cellular senescence and decreased β-cell proliferation [108]. 

The decrease in Ki-67-positive β-cells and increased SA-β-gal-positive area were detected 

in these mice on HFD. Interestingly, the SA-β-gal positive area negatively correlates with 

insulin levels. Moreover, p38, a mediator of cellular senescence, was found in β-cells of 

HFD animals [108]. Aging and SASP indices were elevated along with SA-β-gal positive 

cell accumulation[109]. Senescent β-cells exhibit downregulation of hallmark identity genes 

and upregulation of non-identify genes including proinflammatory cytokines [110]. These 

inflammatory pathway proteins diminish β-cell-specific transcriptional factors and insulin 

secretion. The long-term accumulation of senescent β-cells induces metabolic dysfunction 

through loss of β-cell mass and function [110], which impairs glucose tolerance and leads to 

insulin resistance.

Insulin Resistance—a Metabolic Consequence of Obesity-induced 

Senescence

The excessive fat accumulation in the body induces many metabolic abnormalities, including 

insulin resistance, NAFLD, β-cell dysfunction, and T2D. Obesity increases the prevalence of 

T2D by influencing both insulin action and β-cell function. Insulin regulates blood glucose 

level by promoting protein and glycogen synthesis in muscle and liver, facilitating lipid 

synthesis and storage in AT and liver, and by inhibiting glycogenolysis, gluconeogenesis, 

and FA oxidation in insulin-responsive tissues. Excessive lipid accumulation in tissues other 

than AT is known as ectopic lipid accumulation, which is the major contributor of insulin 

resistance.

Obesity triggers senescence in pre-adipocytes as well as matured adipocytes resulting 

in dysfunctional adipocytes and impaired adipogenesis [111]. Dysfunctional adipocytes 

generate more inflammatory cytokines and adipokines such as TNF-α, IL-6, leptin, visfatin, 

resistin, angiotensin II, and PAI-1 than healthy adipocytes [112]. Plasma PAI-1 levels were 

higher in the obese insulin-resistant group and were inversely correlated with hepatic and 

skeletal muscle insulin sensitivity [113]. TNF-α and IL-6, abate adipocyte differentiation, 

reduces lipogenesis, and increases lipolysis [114]. This redirects lipids toward peripheral 

tissues, including the pancreas, liver, skeletal muscle, and heart.

The oversupply of free fatty acids (FFAs) and their metabolites like long-chain acyl-CoA 

(LC-CoA), diacylglycerol (DAG), and ceramides are deleterious to the cell [114]. These 

FFA metabolites activate serine/threonine kinases such as protein kinase C (PKC) isoforms, 

c-Jun N-terminal kinase (JNK) pathway, and I-kappa B kinase β (IKKβ)/NF-κB pathway 

[115, 116]. In skeletal muscle, serine-phosphorylated forms of insulin receptor substrate-1 

(IRS1) cannot activate its downstream molecules, subsequently leading to decreased 

translocation of glucose transporter-4 (GLUT4) vesicles to the cell membrane [117]. People 

with obesity and T2D have impaired insulin-stimulated glucose oxidation and glycogen 

synthesis due to defects in insulin receptor and post-receptor insulin signaling [118]. In the 

liver, DAG accumulation activates PKCε, which reduces IRS2 tyrosine phosphorylation. 

This impairs insulin-stimulated glycogen synthase activity and reduces the ability of insulin 

to suppress gluconeogenesis [119, 120]. The increase in FFAs also can have harmful effects 
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on β-cells, for example, prolonged infusion of FFAs decreases glucose-stimulated insulin 

secretion [121]. The combined deleterious effects of increased FFAs and glucose on β-cell 

survival and function is termed as glucolipotoxicity, which induces ER stress, mitochondrial 

dysfunction, and oxidative damage, resulting in β-cell dysfunction and death [122].

Senotherapeutics—a Novel Therapeutic Strategy for Obesity

Senotherapeutics selectively kill SnCs (senolytics) or suppress the SASP (senomorphics), 

to extend healthspan and lifespan. Accumulation of p16high cells is higher in the pancreas 

and p21high cells are higher in VAT [109, 123]. Clearance of p16high cells improves glucose 

metabolism, insulin secretion, and decreased expression of aging, senescence, and SASP 

genes in islets of obese mice [109]. Targeting p21CIP1 highly expressing cells using the 

senolytic cocktail of dasatinib plus quercetin (D + Q) improves glucose tolerance and 

insulin sensitivity in obese mice [123]. This D + Q cocktail also removes p21high cells ex 

vivo in VAT explants from humans with obesity and alleviates insulin resistance following 

xenotransplantation into mice [123].

Removal of SnCs using the senolytic Bcl-2 inhibitor ABT263 reduced hyperglycemia and 

improved β-cell gene expression in aged mice [109]. Freshly isolated human omental 

adipose tissue obtained from obese individuals treated with D + Q had significantly less 

TAF+, p16INK4A, and SA-βgal+ cells as well as reduced proinflammatory cytokines IL6, 

IL8, MCP1, and PAI1. The treatment also improved PPARγ and CEBPα, which are 

essential transcription factors for adipogenesis [124]. Treatment of the D + Q cocktail in AT 

explants prepared from SCAT biopsies, restored the elevated SA-β-gal activity, and reduced 

the release of leptin, PAI1, IGFBP3, CCL2, and IL-6 [56]. Thus, targeting SnCs improves 

adipogenesis, and β-cell function and thereby reduces hyperglycemia.

Conclusion

Cellular senescence is a crucial driver for obesity-associated complications. They create 

an inflammatory microenvironment that could damage tissues and causes dysfunction 

(Fig. 1). SnCs accumulate in both subcutaneous and visceral AT. AT inflammation 

results in abnormal adipokine production and directly inhibits adipogenesis in non-

senescent progenitors. Consequently, lipid deposition occurs in peripheral tissues and 

results in insulin resistance. Recent studies exhibit the beneficial effects of senolytics. 

Targeting SnCs genetically or pharmacologically effectively improves adipogenesis, reduces 

hyperglycemia, and improves glucose tolerance and insulin sensitivity. Thus, treatment 

with a senotherapeutic could be a beneficial approach to restoring obesity-associated 

complications.
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Fig. 1. 
Obesity-associated cellular senescence. Cellular senescence is an irreversible cell cycle 

arrest with senescent cells (SnCs) displaying characteristics such as elevated expression of 

p16INK4a, p21CIP1, p53 proteins, increased lysosomal senescence associated β-galactosidase 

activity (SA-β-gal), altered morphology, decreased lamin B1, elevated ROS levels, and 

senescence-associated secretory phenotype (SASP) production. Obesity is associated with 

accumulation of SnCs in various organs such as liver, adipose tissue (AT), and pancreatic β-

cells and plays a major role in driving obesity-associated complications. SnC accumulation 

in AT impairs their ability to store lipids, elevates pro-inflammatory macrophages, and 

impairs adipogenesis process. Improper lipid storage in AT leads to fat deposition in 

other organs. Senescent liver cells loss the ability to oxidize fatty acids, resulting in 

excessive lipid accumulation. Elevated senescent burden in pancreatic β-cells decreases its 

proliferation capacity and causes metabolic dysfunction. Altogether, these affect the insulin-

signaling pathway and glucose homeostasis. Thus, obesity-associated cellular senescence is 

a major contributor to the development of insulin resistance and impaired glucose tolerance. 
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Targeting the SnCs either genetically or pharmacologically reduces the complications 

associated with obesity. Thus, senotherapeutic drugs may be an effective therapeutic option. 

Abbreviations: FA, fatty acid; ROS, reactive oxygen species; SASP, senescence-associated 

secretory phenotype; SAHF, senescence-associated heterochromatin foci; TAF, telomere-

associated foci. Figure created with Biorender.com
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