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Abstract 

As we age or become overweight, certain cells in our bodies stop dividing and enter a state called 
“senescence.” Although these senescent cells no longer grow, they remain active and release a mix of 
inflammatory signals (known as SASP) that can harm nearby tissues. In fat, liver, and other organs, 
this ongoing inflammation makes it harder for cells to use insulin properly, leading to conditions like 
type 2 diabetes and fatty liver disease. Researchers are exploring drugs that either remove these 
senescent cells or block their harmful signals, as well as lifestyle changes like exercise and healthy 
eating, to reduce inflammation and restore normal metabolism. By targeting the root causes of this 
“toxic” cell behavior, we hope to prevent or treat many age‐related metabolic problems. The 
accumulation of senescent cells in metabolic tissues—including adipose tissue, liver, pancreas, and 
skeletal muscle—along with the senescence‐associated secretory phenotype (SASP) has emerged as 
a significant factor in developing chronic inflammation and metabolic dysfunction. Senescent cells, 
which have stopped dividing but remain metabolically active, secrete a complex mix of pro‐
inflammatory cytokines, chemokines, proteases, and growth factors. This secretory profile disrupts 
tissue homeostasis and creates a persistent inflammatory environment, impairing metabolic 
processes. Consequently, this leads to conditions such as insulin resistance, type 2 diabetes, and 
obesity‐related complications. This review delves into the molecular mechanisms that initiate cellular 
senescence within metabolic tissues and examines how the ensuing SASP fosters an inflammatory 
microenvironment, linking senescence to disorders such as insulin resistance, non‐alcoholic fatty 
liver disease, and type 2 diabetes. Additionally, we explore the interplay between environmental 
stressors, metabolic stress, and the onset of cellular aging, emphasizing how these factors collectively 
exacerbate the deleterious impact of SASP. Emerging therapeutic strategies are critically evaluated, 
including senolytics, which selectively target and eliminate senescent cells, and SASP modulators to 
dampen the harmful secretory milieu. These interventions hold promise for restoring metabolic 
balance and preventing the progression of age‐associated metabolic diseases. By synthesizing current 
research and highlighting potential clinical applications, this review provides a comprehensive 
framework for understanding the toxic legacy of cellular senescence and SASP in the metabolic arena, 
and it underscores the importance of targeting these pathways to mitigate chronic inflammation and 
metabolic dysfunction. 

Keywords: cellular senescence; SASP; metabolic dysfunction; insulin resistance; MASLD; type 2 
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1. Introduction 

1.1. Mechanisms of Cellular Senescence 

Cellular senescence is a permanent cell‐cycle arrest program activated by diverse stressors, 
including telomere shortening, DNA damage, oxidative stress, and oncogenic signaling. It was first 
described by Hayflick as the replicative limit of human fibroblasts. Beyond replicative exhaustion, 
senescence can also be induced prematurely by reactive oxygen species (ROS), radiation‐induced 
double‐strand breaks, or aberrant oncogene activation. Senescent cells cease proliferation but remain 
metabolically active, adopting a flattened, enlarged morphology and upregulating markers such as 
p53/p21Cip1 and p16INK4a, forming persistent DNA damage foci (γ‐H2AX) [1], losing nuclear lamin B1, 
and showing elevated senescence‐associated β‐galactosidase activity (SA‐β‐gal) [2]. This enforced 
growth arrest serves as an essential tumor‐suppressive mechanism, preventing potentially pre‐
malignant cells from dividing. 

1.2. The Senescence-Associated Secretory Phenotype (SASP) 

Senescent cells undergo profound transcriptional and epigenetic changes that culminate in the 
senescence‐associated secretory phenotype (SASP): a bioactive secretome rich in pro‐inflammatory 
cytokines (e.g., IL‐6, IL‐8), chemokines (e.g., MCP‐1), growth factors, and matrix‐remodeling 
proteases (e.g., MMPs). These SASP factors reinforce senescence in an autocrine loop, recruit immune 
cells, and can paradoxically promote tumorigenesis in neighboring cells. Senescent cells also 
upregulate anti‐apoptotic pathways (notably BCL‐2 family proteins) to evade immune clearance, 
prolonging their tissue residency and amplifying deleterious paracrine effects [3]. 

While transient SASP can aid wound healing and tissue remodeling, persistent SASP is a driver 
of chronic inflammation and age‐related pathology – a phenomenon often termed “inflammaging.” 
Table 1 (below) summarizes the major SASP components and their functional roles. 

Table 1. Major Components of the Senescence‐Associated Secretory Phenotype (SASP) and Their Effects. 

SASP 
Component 

Examples Key Effects on Tissue Environment 

Inflammatory 
cytokines 

IL‐6, IL‐1β, TNF‐α Promote chronic inflammation; interfere with insulin 
signaling (e.g., IL‐6 can induce insulin resistance); can 
reinforce senescence in an autocrine manner. [8,9] and 
cytokine secretion 

Chemokines IL‐8 (CXCL8), CCL2 
(MCP‐1), CXCL1 

Recruit immune cells (neutrophils, 
monocytes/macrophages) to senescent cell sites, leading to 
immune infiltration and potentially clearing senescent cells 
or causing bystander damage. [10] 

Growth factors TGF‐β1, VEGF, IGF‐
binding proteins 

Induce fibrosis and tissue remodeling (TGF‐β drives 
myofibroblast activation and matrix deposition); stimulate 
angiogenesis; reinforce senescent growth arrest and alter 
differentiation of neighboring cells. [14] 

Proteases & 
ECM Modifiers 

MMP‐1, MMP‐3, 
MMP‐9, uPA 

Degrade extracellular matrix components, leading to tissue 
structure changes and facilitating inflammatory cell 
migration, can cause loss of tissue integrity and function. 
[10] 

 
Other factors 

MicroRNAs (in 
exosomes), 
Ceramides, Oxylipins 

Modify gene expression and metabolism in recipient cells 
(e.g., senescence‐associated miRNAs can suppress target 
genes in neighbors); lipid mediators can act as local 
hormones, amplifying inflammatory or senescence 
signaling. [13] 
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Abbreviations: APCs – Adipose progenitor cells; LSECs – Liver sinusoidal endothelial cells; TAFs – Telomere‐
associated DNA damage foci; FAPs – Fibroadipogenic progenitors; LMNB1↓ – Downregulation of lamin B1; 
SASP – Senescence‐associated secretory phenotype; MMP – Matrix metalloproteinase; PAI‐1 – Plasminogen 
activator inhibitor‐1. 

1.3. Senescence in Metabolic Tissues 

Metabolic organs – particularly adipose tissue, liver, pancreas, and skeletal muscle – are 
uniquely vulnerable to chronic nutrient and oxidative stress. As organisms age or as obesity and 
insulin resistance develop, these tissues accumulate senescent cells, leading to a sustained SASP that 
disrupts tissue homeostasis. In adipose tissue, for example, hypertrophic adipocytes secrete elevated 
SASP factors that impair insulin signaling and recruit pro‐inflammatory immune cells [4]. In the liver, 
senescent hepatocytes and stellate cells accelerate fibrosis and disrupt glucose/lipid metabolism, 
potentiating metabolic‐associated steatotic liver disease (MASLD) and progression to metabolic‐
associated steatohepatitis (MASH) [5,6]. In pancreatic islets, SASP impairs β‐cell function and fosters 
local inflammation, exacerbating hyperglycemia. Collectively, an increased burden of senescent cells 
correlates with systemic inflammation, insulin resistance, and metabolic decline in both aged and 
obese individuals [7]. In the remainder of this review, we (i) detail the molecular composition of 
SASP, (ii) examine how the senescence–SASP axis impacts each metabolic tissue, and (iii) evaluate 
emerging senolytic and senomorphic therapies to restore metabolic health. 

2. Molecular Composition and Functional Impact of the SASP 

The SASP is not merely a byproduct of senescence but a key driver of tissue dysfunction. SASP 
consists of a complex array of cytokines, chemokines, growth factors, and proteases that actively 
reshape the surrounding microenvironment. These factors influence neighboring cells, promote 
immune cell infiltration, disrupt extracellular matrix integrity, and perpetuate local inflammation. 
The SASP comprises multiple pro‐inflammatory and tissue‐modulating factors: 

• Cytokines: Classic mediators include interleukins such as IL‐6 and IL‐1β [8] and TNF‐α, which 
drive both local and systemic inflammation [9] and cytokine secretion. 

• Chemokines: Molecules like IL‐8 (CXCL8) and CCL2 (MCP‐1) recruit neutrophils, monocytes, 
and other immune cells into affected tissues [10]. 

• Growth Factors: Senescent cells secrete TGF‐β1 and VEGF, among others, to activate fibroblasts 
and immune cells – promoting fibrosis, angiogenesis, and even a tumor‐permissive 
microenvironment. These factors also reinforce senescence in an autocrine loop [11]. 

• Matrix-Remodeling Proteases: Enzymes such as MMP‐1, MMP‐3, and MMP‐9 degrade 
extracellular matrix components, facilitating tissue remodeling and immune cell infiltration  
[10]. 

• Extracellular Vesicles & Non-Protein Mediators: In addition to soluble proteins, senescent cells 
release microRNAs and lipid‐loaded vesicles that transmit “senescence signals” to neighboring 
or distant cells [12]. Recent studies also identify lipid mediators—such as oxylipins derived from 
polyunsaturated fatty acids—as part of the SASP, linking senescence directly to metabolic 
regulation [13]. 

• Lipid Mediators/Lipidomics: Senescent cells with elevated oxylipins, converted from free 
cytosolic polyunsaturated fatty acids [60]. Furthermore, ceramides are a critical component of 
the lipid‐based SASP. Elevated ceramide concentration increases senescence markers while 
reducing markers of proliferation, displaying a shift towards senescent states [13]. 

2.1. Physiological SASP 

A transient SASP can aid acute processes—wound healing, embryogenesis, and tissue repair. In 
these settings, SASP includes anti‐fibrotic cytokines (e.g., IL‐10) and pro‐regenerative factors that 
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recruit macrophages to clear debris and limit scar formation. Once the biological need is met, immune 
cells clear senescent cells, and SASP resolves [14]. 

2.2. Pathological SASP 

By contrast, chronic exposure to SASP – commonly seen in aging or prolonged metabolic stress 
– drives “inflammaging”: a persistent, low‐grade inflammatory state. Key features include: 

• Sustained pro-inflammatory cytokines (e.g., IL‐6, IL‐1β, TNF‐α) that impair stem cells and 
redirect immune function. 

• Continuous matrix remodeling (MMPs, uPA) leading to tissue architecture disruption and 
fibrosis. 

• Paracrine senescence, where SASP factors induce neighboring healthy cells to adopt a senescent 
phenotype, creating a feed‐forward amplification loop [15]. Chronic SASP underlies age‐related 
organ dysfunction, particularly in metabolic tissues, by promoting fibrosis, insulin resistance, 
and global tissue decline. 

Table 1 summarizes key SASP components and their effects on metabolism and tissue 
homeostasis. 

3. Senescence and Metabolic Dysfunction in Adipose Tissue 

3.1. Mechanisms Driving Senescence in Adipose Tissue 

Adipose tissue, especially under conditions of aging or obesity, is highly susceptible to 
accumulating senescent cells. Multiple, overlapping factors contribute to this phenomenon (Figure 
1): 

• Replication-Driven Telomere Shortening (Replicative Senescence). With advancing age or 
repeated cell divisions, adipose progenitor cells undergo telomere attrition. Critically shortened 
telomeres trigger a DNA damage response (DDR) that enforces cell‐cycle arrest (p53/p21Cip1 and 
p16INK4a pathways) and commits these cells to a senescent fate [16–18]. In cardio‐metabolic 
disorders like type 2 diabetes, chronic oxidative stress accelerates telomere loss, causing 
premature replicative senescence in both preadipocytes and mature adipocytes [19]. Once 
replicative senescence is established, affected cells secrete pro‐inflammatory cytokines (e.g., IL‐
6), further promoting local tissue dysfunction. 

• Chronic Oxidative and Inflammatory Stress (Stress-Induced Premature Senescence). Excess 
caloric intake and nutrient overload heighten mitochondrial ROS production in adipocytes, 
triggering the DDR independent of telomere length [20–22]. In obese adipose depots, elevated 
levels of TNF‐α, IL‐6, and other inflammatory mediators create a hostile microenvironment. 
Preadipocytes and adipocytes exposed to hyperinsulinemia, common in insulin‐resistant states, 
can also enter senescence: prolonged insulin stimulation by itself has been shown to drive 
human adipocytes into a senescent phenotype [23]. Thus, inflammatory cytokines and ROS work 
in concert to induce premature cellular aging in fat tissue. 

• Obesity-Related Mechanical and Paracrine Signals. As adipocytes hypertrophy, they outgrow 
their vascular supply and become hypoxic. Hypoxia induces HIF‐1α signaling and further ROS 
generation, reinforcing the senescence program. Additionally, enlarged adipocytes and resident 
macrophages secrete SASP factors (e.g., CCL2/MCP‐1) that recruit more immune cells, 
amplifying local inflammation – an environment often called “metaflammation” [20]. This 
paracrine loop accelerates senescence in neighboring adipocytes and stromal cells. 
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Figure 1. Drivers of Cellular Senescence in Metabolic Diseases: Obesity, DNA damage, telomere attrition, 
inflammaging, and hyperinsulinemia all contribute to senescence through distinct molecular pathways. Obesity 
induces senescence through hypertrophic expansion, increasing ROS production, and causing exogenous stress. 
DNA damage results in the activation of the DNA Damage Response, resulting in persistent DNA damage foci 
of γ‐H2AX. Constant proliferation is a constituent of telomere attrition, thus activating the p53/p21Cip1 pathway. 
Cytokines/chemokine accretion places exogenous stress upon cells, steering their shift towards a state of 
senescence. Hyperinsulinemia amplifies oxidative stress and telomere attrition, thus promoting senescence in a 
p53/p21Cip1 manner. Senescence acts as a central hub with a multifactorial influence and multifaceted effects 
upon metabolic tissue. 

Once adipocytes commit to senescence, they release a robust SASP that exacerbates tissue 
dysfunction: 

a. Chronic SASP Promotes Immune Cell Infiltration. Senescent adipocytes secrete chemokines 
like MCP‐1 and IL‐8, attracting macrophages and T cells into fat depots. Those infiltrating 
immune cells, in turn, produce additional pro‐inflammatory cytokines (TNF‐α, IL‐1β), 
maintaining a persistent low‐grade inflammatory state. 

b. Disruption of Adipocyte Function. SASP factors (IL‐6, TGF‐β) downregulate adipogenic 
transcription factors (e.g., PPARγ) and insulin‐signaling proteins (AKT phosphorylation), 
impairing glucose uptake and lipid storage. Consequently, fewer new adipocytes form, and 
concomitantly, senescent preadipocytes lose the ability to differentiate, resulting in a fat tissue 
filled with fewer, larger adipocytes that are insulin‐resistant and prone to lipolysis. Elevated free 
fatty acids spill into circulation, leading to ectopic lipid accumulation in the liver and muscle, 
and aggravating systemic insulin resistance [4]. 

c. Feed-Forward ROS–SASP Cycle. Heightened ROS in adipose cells drives stress‐induced 
premature senescence. Those senescent cells, via their SASP, secrete additional cytokines and 
chemokines that recruit inflammatory cells, which produce yet more ROS. This vicious cycle 
creates a “metabolic‐senescence” loop in which metabolic dysfunction both causes and results 
from increased senescence and SASP activity [24,25]. 
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3.2. Consequences of Adipose Senescence on Insulin Resistance 

Senescent adipocytes exhibit decreased insulin receptor signaling and lower expression of 
adipogenic genes (PPARγ, GLUT4), leading to impaired AKT phosphorylation upon insulin 
challenge [26]. As a result, glucose uptake is reduced and free fatty acids are released into circulation, 
exacerbating systemic insulin resistance. Moreover, SASP factors (e.g., IL‐6, IL‐1β) recruit M1 
macrophages and promote local inflammation (“metaflammation”), further impairing adipose 
function and perpetuating a vicious cycle of metabolic dysfunction [27]. 

3.3. Senolytic Interventions in Obesity Models 

Eliminating senescent cells in obese mice improves metabolic phenotypes. Baker et al. [28] 
engineered obese mice to express a p16Ink4a‐driven “suicide” transgene in adipose tissue; activation 
of this transgene reduced senescent‐cell burden by ~80%, decreased VAT inflammation, improved 
insulin sensitivity (15 % lower HOMA‐IR), and normalized glucose tolerance. Similarly, Wang et al. 
[29] treated high‐fat‐diet mice with Dasatinib + Quercetin (D + Q) for four weeks, which decreased 
SA‐β‐gal+ cells by 60 % in WAT, reduced adipose macrophage infiltration by 40 %, and improved 
glucose tolerance by 30 %. A preliminary human study (NCT02848131) using D + Q in diabetic kidney 
disease patients reported a 50 % reduction in p16INK4+ adipose cells post‐treatment [30]. Ex vivo 
analysis of obese patient adipose explants treated with D + Q showed a 35 % drop in SASP factors 
(IL‐6, MCP‐1), indicating translational promise. 

Clinically, a high senescent‐cell burden in adipose tissue correlates with insulin resistance, 
glucose intolerance, and dyslipidemia in both animal models and human patients. By disrupting 
adipogenesis, perpetuating inflammation, and enhancing lipotoxicity, senescent adipose cells play a 
central role in driving obesity‐associated metabolic disease. 

4. Senescence and Metabolic Dysfunction in the Liver 

4.1. Senescent Hepatocytes and SASP 

The liver, a central hub for glucose and lipid homeostasis, accumulates senescent hepatocytes 
under metabolic stress (e.g., lipid overload, oxidative damage, and telomere attrition). In 
NAFLD/NASH patients, biopsies show elevated SA‐β‐gal staining, increased p21Cip1 and p16Ink4a 
expression, and high SASP gene levels—all correlating with fibrosis stage and insulin resistance [5,6]. 
Senescent hepatocytes secrete inflammatory cytokines (IL‐1β, IL‐6), chemokines, and profibrotic 
factors (TGF‐β), which activate hepatic stellate cells (HSCs) and recruit immune cells, driving chronic 
inflammation and fibrogenesis [31,32]. Consequently, SASP from hepatocytes orchestrates the 
transition from simple steatosis to steatohepatitis. 

4.2. Senescence in Non-Parenchymal Liver Cells 

Beyond hepatocytes, other liver cells also undergo senescence under metabolic or age‐related 
stress. 

• Cholangiocytes: Bile duct epithelial cells exhibit p16 upregulation in cholangiopathies (e.g., 
primary biliary cholangitis), contributing to ductal inflammation [33]. 

• Liver Sinusoidal Endothelial Cells (LSECs): Aged LSECs display a senescent phenotype 
(p16INK4a, inflammatory markers), which compromises the sinusoidal barrier and promotes 
fibrosis [34,35]. However, wholesale clearance of senescent LSECs may impair filtration, 
highlighting a need for cell‐specific targeting. 

• Hepatic Stellate Cells (HSCs): In early fibrosis, acute HSC senescence can limit scarring by 
secreting MMPs that degrade collagen [36]. In chronic disease, however, persistently activated 
HSCs adopt a senescence‐associated, profibrotic SASP, exacerbating matrix deposition and 
cirrhosis. 
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4.3. Vicious Cycle: Insulin Resistance ↔ Hepatocyte Senescence 

A bidirectional relationship links hepatocyte senescence and insulin resistance. In 
hyperinsulinemic states (e.g., T2D), excess insulin signaling increases oxidative stress and DNA 
damage in hepatocytes, triggering senescence [23]. Senescent hepatocytes, in turn, develop 
mitochondrial dysfunction – impaired β‐oxidation and lipid handling – which worsens steatosis and 
systemic insulin resistance [37]. Recent clinical data show that p16Ink4a+ hepatocyte burden strongly 
correlates with liver fat content, NASH severity, and whole‐body insulin resistance [6]. Thus, 
hepatocyte senescence is both a cause and a consequence of metabolic liver disease. 

5. SASP and Chronic Inflammation Across Metabolic Tissues 

Although transient SASP can support wound healing and limit acute damage, a persistent SASP 
from long‐lived senescent cells becomes pathogenic. When senescent cells evade immune clearance, 
they continuously secrete a complex mixture of bioactive factors – collectively termed the Senescence‐
Associated Secretory Phenotype (SASP), which disrupts tissue homeostasis and fuels systemic 
inflammation [38]. 

• Components of Chronic SASP. The SASP encompasses pro‐inflammatory cytokines (IL‐1β, IL‐
6, TNF‐α), chemokines (MCP‐1, IL‐8), growth factors (TGF‐β, VEGF), matrix‐remodeling 
proteases (MMP‐1, MMP‐3, MMP‐9), and non‐protein mediators such as microRNAs and lipid‐
derived oxylipins [13,39,40]. While these factors initially recruit immune cells to clear damaged 
or senescent cells, their unchecked accumulation drives “inflammaging” – a state of chronic, 
low‐grade inflammation that underlies many age‐related and metabolic disorders [41]. 

• Paracrine Induction of Neighboring Cells. Persistent SASP does more than attract macrophages 
or T cells; it actively induces senescence in nearby healthy cells (“paracrine senescence”), 
creating a self‐propagating wave of cellular aging and inflammation [15]. This feed‐forward 
cycle magnifies tissue dysfunction far beyond the original senescent population. 

Below are tissue‐specific examples illustrating how SASP drives metabolic decline: 

1. Pancreatic β-Cells and Islet Dysfunction. In the context of metabolic stress (hyperglycemia, 
lipotoxicity), β‐cells become prone to senescence. SASP factors like IL‐6 and IL‐1β impair insulin 
secretion and recruit inflammatory cells into the islets of Langerhans. Moreover, paracrine SASP 
signaling induces senescence in neighboring β‐cells and resident macrophages, causing a 
progressive loss of functional β‐cell mass. As a result, hyperglycemia worsens and the transition 
from insulin resistance to overt type 2 diabetes accelerates [42]. 

2. Adipose Tissue and Insulin Resistance. Hypertrophic expansion of adipocytes under obesity 
leads to local hypoxia, oxidative stress, and inflammation—key triggers for adipocyte 
senescence. Senescent adipocytes release elevated levels of SASP factors (IL‐6, MCP‐1), which 
further recruit macrophages and perpetuate inflammation. This chronic SASP environment 
disrupts insulin signaling in both senescent and nearby non‐senescent adipocytes, driving 
systemic insulin resistance (see Section 5) [43]. 

3. Liver and Fibrosis. In NAFLD and NASH, lipid overload and ROS induce hepatocyte and 
stellate cell senescence. Senescent hepatocytes secrete inflammatory cytokines (IL‐1β, IL‐6) and 
profibrotic factors (TGF‐β) that activate hepatic stellate cells, promoting extracellular matrix 
deposition and fibrosis. Meanwhile, senescent stellate cells produce MMPs that remodel the 
matrix – yet their chronic SASP skews the balance toward scar formation. This sustained 
inflammatory and fibrotic SASP milieu exacerbates hepatic dysfunction and accelerates 
progression from steatosis to cirrhosis (see Section 6) [44]. 

Across all metabolic tissues, a persistent SASP fosters a vicious cycle of inflammation, tissue 
remodeling, and metabolic derangement—ultimately manifesting as insulin resistance, type 2 
diabetes, NAFLD/NASH, and other related syndromes. By understanding these chronic SASP 
pathways, we can better target therapies to interrupt the harmful feedback loops that perpetuate 
metabolic disease. 
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6. Therapeutic Interventions 

Given extensive evidence that senescent cells and SASP drive metabolic dysfunction, 
“senotherapy” – strategies to eliminate or neutralize senescent cells—offers a promising avenue to 
restore tissue homeostasis. 

6.1. Senolytics: Targeted Elimination of Senescent Cells 

Senolytic agents selectively induce apoptosis in senescent cells by disrupting their upregulated 
pro‐survival pathways (e.g., BCL‐2, PI3K/Akt). 

• Dasatinib + Quercetin (D + Q): Dasatinib (a tyrosine kinase inhibitor) plus quercetin (a 
flavonoid) downregulates anti‐apoptotic molecules in senescent cells [28,45]. In obese mice, four 
weeks of D + Q decreased SA‐β‐gal+ adipose cells by ~60 %, reduced inflammation (TNF‐α, IL‐
6) by ~40 %, and improved glucose tolerance by 30 % [29]. In a Phase 1 trial (NCT02848131) of 
diabetic kidney disease patients, a single course of D + Q reduced kidney and adipose senescent 
markers (p16INK4a, p21CIP1) by 50 % post‐treatment [30]. 

• BCL-2 Family Inhibitors (ABT-263, ABT-199): Senescent cells often upregulate BCL‐2/BCL‐XL 
to evade apoptosis [46]. ABT‐263 (Navitoclax) effectively cleared senescent β‐cells in MIN6 cell 
lines and restored glucose tolerance in high‐fat diet mice (HOMA‐IR ↓ 25 %) [47]. ABT‐199 
(Venetoclax) eliminated senescent β‐cells in NOD mice and prevented the onset of type 1 
diabetes in 100 % of treated animals vs 20 % in controls [48]. 

• SA-β-gal Prodrugs (SSK1, Nav-Gal): These prodrugs exploit SA‐β‐gal activity, enriched in 
senescent cells, to release cytotoxins selectively. SSK1 showed 10‐fold higher potency than ABT‐
263 in eliminating cultured senescent fibroblasts and reduced inflammatory cytokines by 60 % 
in aged mice [49]. Nav‐Gal (Navitoclax‐galactose conjugate) cleared senescent lung and liver 
cells with minimal platelet toxicity, reducing fibrosis scores by 45 % in murine models when 
combined with cisplatin [50]. Their role in metabolic tissues remains to be validated. 

6.2. Senomorphics: Modulating the SASP 

Senomorphic compounds attenuate SASP production and inflammation without necessarily 
killing senescent cells. 

• JAK Inhibitors (Ruxolitinib, Tofacitinib): By blocking JAK/STAT signaling, these agents 
reduce IL‐6 and CCL2 secretion. In obese rodents, ruxolitinib decreased circulating IL‐6 by 50 % 
and improved insulin sensitivity (HOMA‐IR ↓ 35 %) [51]. 

• Rapamycin (mTOR Inhibition): Rapamycin suppresses NF‐κB‐mediated SASP transcription. In 
aged mice, rapamycin reduced SASP factors (IL‐1β, IL‐6) by 45%, extended healthspan, and 
improved metabolic profiles [18]. 

• Metformin (AMPK Activation): Though not a classical senomorphic, metformin indirectly 
reduces SASP by improving mitochondrial function and lowering hyperglycemia. In human 
adipose stromal cells, metformin decreased p16INK4a expression by 30 % and reduced SASP 
secretion (IL‐6, IL‐1β) by 40 % [52]. Combined with rapamycin, metformin prevented diet‐
induced adipose senescence in mice (SA‐β‐gal+ cells ↓ 60 %) [53]. 

6.3. Immune-Mediated Clearance of Senescent Cells 

Enhancing the body’s innate immune surveillance offers another route to senescence clearance: 

• Senolytic CAR T Cells: CAR T cells engineered to recognize urokinase‐type plasminogen 
activator receptor (uPAR) on senescent cells eliminated > 80 % of targeted cells in fibrotic lung 
and liver models, reducing tissue fibrosis by 50 % and restoring metabolic function [54]. 
Identification of additional senescence‐specific surface markers (e.g., DPP4, CD44) remains 
critical to minimize off‐target toxicity. 
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6.4. Lifestyle and Preventive Measures 

Non‐pharmacological interventions can complement senolytic/senomorphic therapies: 

• Exercise: Aerobic and resistance training in obese humans reduced muscle SA‐β‐gal+ cells by 30 
% and improved insulin sensitivity (HOMA‐IR ↓ 20 %) [55]. 

• Caloric Restriction & Intermittent Fasting: These regimens activate autophagy and mitophagy 
pathways that clear damaged organelles and may prevent cells from entering senescence. In 
aged rodents, 30 % caloric restriction lowered p16INK4a+ cells in liver and adipose by 40 % and 
improved glucose tolerance by 35 % [56]. 

Combining lifestyle changes with targeted senolytic or senomorphic therapies may yield 
synergistic benefits for preventing or reversing metabolic disorders of aging. 

7. Future Directions 

Although senotherapy shows promise, several critical gaps remain: 

7.1. Define Tissue-Specific SASP Signatures 

• Single-cell Omics: Utilize single‐cell RNA‐seq and spatial transcriptomics to catalogue 
senescent subpopulations across adipose, liver, islets, and muscle—identifying unique SASP 
profiles (protein, lipid, miRNA) and surface markers for targeted interventions. 

• Biomarker Validation: Systematically validate novel senescence markers (e.g., DPP4, CD44, 
uPAR) in human biopsies to distinguish pathologic SASP from physiologic (transient) SASP. 

7.2. Develop High-Specificity Senotherapeutics 

• Prodrug Optimization: Advance SA‐β‐gal prodrugs (SSK1, Nav‐Gal) to phase I trials in patients 
with early‐stage NAFLD/NASH, focusing on pharmacokinetics, dose escalation, and metabolic 
endpoints (HOMA‐IR, ALT/AST). 

7.3. Evaluate Long-Term Safety & Efficacy 

• Longitudinal Preclinical Studies: Examine repeated dosing of senolytics/senomorphics in aged 
and obesity models over 12 months to assess chronic toxicity, organ function (renal, hepatic), 
and systemic immunity. 

• Human Trials: Conduct randomized, placebo‐controlled trials of D + Q (or next‐gen senolytics) 
in patient cohorts with diabetic nephropathy, early NASH, or prediabetes—monitoring clinical 
endpoints (HbA1c, fibrosis scores, insulin sensitivity) and senescence biomarkers (circulating 
SASP factors, p16INK4a+ cell counts). 

7.4. Integrate Lifestyle & Pharmacology 

• Combine caloric restriction mimetics (e.g., rapalogs) with senolytics in animal models to test for 
synergistic effects on tissue rejuvenation and metabolic health—informing future clinical 
protocols. 

7.5. Uncover Mechanisms of Senescence Reversal 

• Investigate whether “senescence reversion” is possible (e.g., transient blockade of p53/p21 
pathways plus autophagy induction) to restore cell function instead of clearance. 

• Test whether partial SASP inhibition (e.g., JAK inhibitors) can tip the balance from a pathogenic 
to a regenerative secretome, promoting tissue repair without immunosuppression. 

By pursuing these strategic avenues—marker discovery, precise senotherapeutic design, 
rigorous long‐term testing, and multi‐modal trials—we can translate the foundational understanding 
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of senescence and SASP into effective therapies that erase the “toxic legacy” of aging and metabolic 
disease. 

8. Summary of Key Findings 

8.1. Mechanistic Insights 

• Senescent Cells Accumulate in Metabolic Tissues: Aging, obesity, and hyperinsulinemia 
induce DNA damage, telomere attrition, and ROS production in adipose, liver, pancreatic β‐
cells, and muscle. 

• SASP Drives Chronic Inflammation (“Inflammaging”): Senescent cells secrete pro‐
inflammatory cytokines (IL‐1β, IL‐6, TNF‐α), chemokines (MCP‐1), matrix remodelers (MMPs), 
and lipid mediators (oxylipins), disrupting tissue homeostasis. 

• Feedback Loops Fuel Disease: In adipose, hypertrophy and SASP impair insulin signaling. In 
liver, SASP from hepatocytes and stellate cells promotes fibrosis and worsens NAFLD/NASH. 
Pancreatic SASP accelerates β‐cell loss and hyperglycemia. 

• Mitochondrial Dysfunction as a Shared Node: Across tissues, senescent cells accumulate 
dysfunctional mitochondria, generate excess ROS, and fail to meet energetic demands, leading 
to cell‐cycle arrest and metabolic rewiring. 

8.2. Therapeutic Outlook 

• Senolytics Show Preclinical Efficacy: Drugs like D + Q, ABT‐263/199, and SA‐β‐gal prodrugs 
(SSK1, Nav‐Gal) selectively clear senescent cells, reduce SASP burden (IL‐6, IL‐1β), and improve 
glucose tolerance (↑ 30 %) in mouse models. 

• Senomorphics Attenuate SASP: Agents such as ruxolitinib, rapamycin, and metformin blunt 
SASP production, lower inflammation (SASP factors ↓ 45 – 60 %), and enhance insulin 
sensitivity. 

• Immune Strategies and Lifestyle Measures Complement Pharmacology: Vaccines against 
senescence antigens and senolytic CAR T cells show proof‐of‐concept in murine fibrosis models; 
exercise and caloric restriction reduce senescent‐cell markers (p16INK4a+, SA‐β‐gal+) by 30 – 40 %. 

9. Conclusion 

Cellular senescence and its secretory phenotype (SASP) have emerged as central drivers of 
chronic inflammation and metabolic dysfunction across multiple tissues. In adipose tissue, a 
combination of telomere attrition, oxidative stress, and pro‐inflammatory signals pushes 
preadipocytes and mature adipocytes into premature senescence. These senescent adipocytes secrete 
a complex SASP—rich in cytokines, chemokines, and matrix‐remodeling enzymes—that perpetuates 
local “metaflammation,” impairs insulin signaling, and promotes systemic lipotoxicity. In the liver, 
hepatocyte and stellate‐cell senescence similarly contribute to the progression of NAFLD to NASH 
and cirrhosis, as SASP factors drive fibrosis, immune cell infiltration, and metabolic reprogramming. 
In the pancreas and skeletal muscle, senescence undermines β‐cell function and glucose uptake, 
respectively, further exacerbating insulin resistance and hyperglycemia. Collectively, this “toxic 
legacy” of senescence and chronic SASP underscores a feed‐forward cycle: metabolic stress induces 
senescence, and persistent SASP amplifies tissue dysfunction and accelerates disease progression. 

Despite the protective role that acute, transient senescence can play in wound healing and tumor 
suppression, the accumulation of senescent cells in aged or obese individuals creates a pathogenic 
SASP milieu—often termed “inflammaging”—that underlies obesity, type 2 diabetes, 
NAFLD/NASH, and related cardiometabolic disorders. Recent studies in animal models have 
demonstrated that targeted removal of senescent cells (using senolytics such as Dasatinib + Quercetin 
or BCL‐2 inhibitors) or attenuation of SASP signaling (via JAK inhibitors, rapamycin, or metformin) 
can substantially improve metabolic parameters, reduce fibrosis, and restore insulin sensitivity. 
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These findings highlight the translational potential of senotherapy to reverse or delay the onset of 
metabolic disease. 

Looking forward, several priority areas remain. First, a deeper characterization of tissue‐ and 
context‐specific SASP signatures—using single‐cell and spatial transcriptomic approaches—will be 
vital to identify unique biomarkers and surface markers for selective targeting. Second, development 
of next‐generation senolytics (e.g., HKDC1‐mitochondrial interaction inhibitors in MASH/HCC) and 
highly specific prodrugs (SSK1, Nav‐Gal) will require rigorous preclinical validation to ensure 
minimal off‐target toxicity. Third, integrating pharmacological senotherapy with lifestyle 
interventions (such as exercise or caloric restriction mimetics) may yield synergistic benefits. Finally, 
carefully designed clinical trials—assessing safety, long‐term efficacy, and metabolic outcomes—will 
be needed to translate these preclinical successes into human therapies. By disrupting the vicious 
cycle of senescence–SASP–inflammation, we can begin to mitigate the “toxic legacy” of cellular aging 
and restore metabolic health in patients worldwide. 

Box 1. Key Definitions and Concepts. 

Cellular Senescence 
A state of permanent cell‐cycle arrest triggered by stressors such as telomere shortening, DNA 
damage, oxidative stress, or oncogene activation. Senescent cells remain metabolically active, 
adopt an enlarged morphology, and upregulate markers like p16INK4a and p21Cip1. 
Replicative Senescence 
Senescence is induced by critically short telomeres following repeated cell divisions or chronic 
environmental stress. Telomere attrition activates a DNA damage response (DDR), enforcing 
growth arrest. 
Stress-Induced Premature Senescence 
Senescence that occurs independent of telomere length, typically in response to excessive reactive 
oxygen species (ROS), chronic inflammation, or metabolic overload. Characterized by rapid 
activation of DDR pathways in otherwise non‐dividing cells. 
Senescence-Associated Secretory Phenotype (SASP) 
A complex secretome produced by senescent cells, containing pro‐inflammatory cytokines (e.g., 
IL‐6, IL‐1β, TNF‐α), chemokines (e.g., MCP‐1, IL‐8), growth factors (e.g., TGF‐β, VEGF), matrix‐
remodeling proteases (e.g., MMP‐1, MMP‐9), and non‐protein mediators (microRNAs, oxylipins). 
SASP factors drive local inflammation, paracrine senescence, and tissue remodeling. 
Inflammaging 
Chronic, low‐grade inflammation that develops with age or prolonged metabolic stress, largely 
driven by persistent SASP. Contributes to age‐related and metabolic diseases (e.g., obesity, insulin 
resistance, NAFLD). 
Metaflammation 
Chronic inflammatory state within metabolic tissues (especially adipose) triggered by 
overnutrition, hypertrophic adipocytes, and SASP secretion. Metaflammation impairs insulin 
signaling and promotes systemic metabolic dysfunction. 
Senolytics 
Agents that selectively induce apoptosis in senescent cells by targeting their upregulated pro‐
survival pathways (e.g., BCL‐2 family proteins). Examples: Dasatinib + Quercetin (D + Q), ABT‐263 
(Navitoclax), ABT‐199 (Venetoclax). 
Senomorphics 
Compounds that suppress or modulate SASP production without necessarily killing senescent 
cells. By dampening pro‐inflammatory signaling (e.g., JAK/STAT or mTOR pathways), they reduce 
chronic inflammation. Examples: Ruxolitinib (JAK inhibitor), Rapamycin (mTOR inhibitor), 
Metformin (AMPK activator). 
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Paracrine Senescence 
The process by which SASP factors from one senescent cell induce senescence in neighboring 
healthy cells, propagating a wave of cellular aging and inflammation. 
Teleomeric Attrition Rate 
A measure of telomere shortening over time, accelerated in cardio‐metabolic disorders due to 
chronic oxidative stress, serving as an indicator of replicative senescence onset. 

Table 2. Tissue‐Specific Senescence Markers in Key Metabolic Organs. 

Tissue Senescent Cell Types Common Senescence 
Markers 

SASP Components Functional Consequences 

Adipose 
Tissue 

Adipocytes, Preadipocytes, 
APCs 

p16INK4a, p21CIP1, SA‐β‐gal, 
γ‐H2AX, LMNB1↓ 

IL‐6, IL‐1β, TNF‐α, MCP‐
1, MMPs, PAI‐1 

Impaired adipogenesis, 
insulin resistance, 
inflammation, fibrosis. [57,58] 

Liver Hepatocytes, Kupffer cells, 
LSECs 

p16INK4a, p21CIP1, SA‐β‐gal, 
γ‐H2AX, TAFs, LMNB1↓ 

TGF‐β1, IL‐6, IL‐1β, 
MCP‐1, MMP‐2/9, VEGF 

Steatosis, insulin resistance, 
fibrosis, inflammation [31,59] 

Pancreatic 
Islets 

β‐cells p16INK4a, p21CIP1, SA‐β‐gal, 
p53 

IL‐6, IL‐8, CXCL1, 
IGFBPs, SASP miRNAs 

β‐cell dysfunction, reduced 
proliferation, impaired insulin 
secretion [60,61] 

Skeletal 
Muscle 

Fibroadipogenic progenitors 
(FAPs), Satellite cells 

p16INK4a, p21CIP1, γ‐H2AX, 
SA‐β‐gal, SASP miRs 

IL‐6, TNF‐α, MMP‐3/9, 
PAI‐1, TGF‐β 

Muscle regeneration failure, 
sarcopenia, inflammation 
[62,63] 

 
Figure 2. Role of Senescent Cells in Adipose Tissue–Driven Metabolic Dysfunction. This figure illustrates the 
contribution of cellular senescence in adipose tissue to systemic metabolic dysfunction. Adipose tissue–resident 
cells, including adipocytes and adipose progenitor cells, undergo stress‐induced senescence in response to 
obesity, oxidative stress, and chronic hyperinsulinemia. These senescent cells adopt a senescence‐associated 
secretory phenotype (SASP), releasing pro‐inflammatory cytokines (e.g., IL‐6, TNF‐α) and profibrotic mediators 
(e.g., TGF‐β, MMPs). These SASP factors alter the local adipose tissue microenvironment, promoting adipocyte 
hypertrophy, extracellular matrix remodeling, and macrophage infiltration. Consequent downstream effects 
include adipose tissue fibrosis, insulin resistance, and chronic inflammation, all of which impair adipose tissue 
expandability and metabolic function. The dysfunctional adipose tissue is no longer able to effectively store 
lipids or regulate glucose uptake, leading to ectopic lipid deposition and systemic metabolic dysfunction. The 
diagram highlights the feed‐forward loop whereby SASP not only perpetuates adipose senescence but also 
drives whole‐body insulin resistance and metabolic disease progression. 
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