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Aging is characterized by gradual deterioration of organ or tissue function and its ability to maintain homeostasis of the different physiological processes. This leads to the development of structural and functional alterations accompanied by an increased risk for diverse pathologies. Cellular senescence is a controlled biological process that could contribute to the development of many age-related diseases and related metabolic dysfunctions. Two major chronic diseases associated with premature accumulation of senescent cells that impose an enormous burden on global health systems are obesity and type 2 diabetes mellitus with its related complications. The purpose of this review is to highlight the links between aging, obesity, and type 2 diabetes mellitus, focusing on the role of cellular senescence in disease development and progression. Additionally, this review will discuss the potential of targeting cellular senescence as a promising therapeutic strategy for managing these interrelated diseases, therefore offering a novel approach to prevention and treatment.
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1 INTRODUCTION
Obesity and type 2 diabetes mellitus (T2DM) represent currently major health threats worldwide owing to their rapidly increasing prevalence and debilitating long-term chronic complications such as cardiovascular disease (CVD), diabetic kidney disease (DKD), metabolic dysfunction-associated steatotic liver disease (MASLD), or diabetic neuropathy (Ogurtsova et al., 2017). Increased prevalence of T2DM is particularly evident in elderly patients, where it can affect as many as 30%–40% of the population compared with about 6%–25% of patients under 65 years of age (Wilkinson et al., 2016). Recent experimental evidence suggests cellular senescence as a potential mechanism involved in the development of insulin resistance (IR) and progression from simple obesity to T2DM.
Cellular senescence is a stress response program leading to a different cell fate defined as a stable cell cycle arrest limiting the uncontrolled proliferation of damaged cells. However, their high metabolic activity and increased production of pro-inflammatory cytokines, chemokines, growth factors, and extracellular matrix-degrading proteases, collectively called senescence-associated secretory phenotype (SASP), contribute to tissue dysfunction and activation of the immune system, which is implicated in the development of chronic inflammation and gradual tissue damage (Di Micco et al., 2021).
Senescent cells play an important role in T2DM pathogenesis via direct impact on pancreatic β-cell function, since reduced pancreatic β-cell mass and subsequent defects in insulin secretion are major factors in the pathogenesis and progression of T2DM (Sone and Kagawa, 2005). Preferential accumulation of senescent cells in visceral adipose tissue (VAT) is then associated with an inappropriate expansion of adipocytes (hypertrophy), IR, and dyslipidemia and represents the nexus of mechanisms involved in aging and age-related metabolic dysfunctions (Palmer et al., 2019). On the other hand, changes induced by long-standing, poorly controlled T2DM are linked to the accumulation of premature senescent cells in various tissues, contributing to the development of chronic irreversible complications (Palmer et al., 2015). Thus, senescence is both a cause and a consequence of obesity and T2DM.
The presence of T2DM and its complications is the major reason for the massive financial burden of the treatment of T2DM. It is estimated that therapy of diabetic complications consumes up to two-thirds of the overall T2DM treatment costs. Despite the availability of novel glucose-lowering drugs, the number of patients with T2DM and related chronic complications keeps increasing at a high rate. Current pharmacological approaches address the pathophysiological defects present in T2DM rather than preventing the processes contributing to its development (Foretz et al., 2014; Foretz and Viollet, 2015). Therapeutic targeting and elimination of senescent cells with suppression of the SASP production by senolytics may therefore be an effective strategy for a novel approach in the treatment of metabolic diseases.
2 CELLULAR SENESCENCE
Aging is characterized by a gradual deterioration of tissue function, which eventually results in organ dysfunction. In 1964, Leonard Hayflick postulated a theory that cells lose their ability to divide, but remain metabolically very active and begin processes leading to the degeneration of the cell culture (Hayflick, 1965). In contrast to the latent proliferation arrest of quiescent or terminally differentiated cells, which play a key role in maintaining homeostasis in tissues, cellular senescence represents a defence mechanism. It forces damaged and potentially cancerous cells to arrest the cell cycle and thus prevents potential transmission of damage into the next cell cycle. Although the short-term presence of senescent cells in the body may be beneficial in various settings, their long-term accumulation appears to have numerous negative effects (Hemann et al., 2001; Cristofalo et al., 2004).
In addition to cell cycle arrest and activation of related pathways, senescent cells undergo many other changes, such as an increase in activity of the β-galactosidase enzyme (senescence-associated β-galactosidase; SA-β-gal) due to the accumulation of lysosomes, which are involved in the proteolytic processing of damaged organelles, misfolded proteins or chromatin fragments that arise from nuclear cleavage during senescence development (Kurz et al., 2000). Development of senescence is also accompanied by significant increases in the production of numerous proinflammatory cytokines, chemokines, growth factors, and proteases, collectively termed as SASP. SASP plays an important role in autocrine/paracrine signalling and maintenance of the senescent phenotype. Because SASP results from a response to damage within a cell, one of its functions is to communicate with the immune system to remove impaired cells by mediating the activation and recruitment of both innate and adaptive immune cells (Kang et al., 2011; Soriani et al., 2009). However, long term SASP production profoundly affects the neighboring cells and contributes to the development of systemic inflammation and age-related diseases (Birch and Gil, 2020; Mosteiro et al., 2016). Studies have shown that not only direct damage, but also prolonged exposure to SASP activates responses that induce growth arrest and secondary senescence. Through paracrine signalling, molecules produced by senescent cells influence cells in close proximity. However, SASP molecules can also reach distant cells via the bloodstream as a part of endocrine signalling (Xu et al., 2018; Tsuji et al., 2022). This mechanism explains how senescent cells increase their numbers and accumulate even in tissues not affected by primary stress (Figure 1). Despite the well-known changes associated with senescence, there is no universal feature that uniquely characterizes senescent cells. This fact complicates the detection of senescent cells in the organism, which often relies on a combination of multiple markers.
[image: Figure 1]FIGURE 1 | Role of autocrine, paracrine and endocrine signalling in development and maintenance of senescence in the organism. This figure illustrates how senescent cells (represented here by adipose tissue) contribute to both local and systemic senescence. Throughout the autocrine/paracrine singaling, senescent cells maintain the senescent phenotype and promote senescence in neighboring cells. Additionally, release of SASP factors into the circulation promotes senescence in distant organs, thereby contributing systemic inflammation and tissue dysfunctions. Created in https://BioRender.com.
Cellular senescence can be triggered by a variety of internal and external factors that lead to extensive genetic and metabolic changes in the cell. As senescence can occur both as a physiological defence mechanism and as a pathological process, it is important to differentiate naturally occurring senescence and prematurely induced senescence. Natural or replicative senescence is primarily caused by progressive shortening of telomeres at each cell division during aging. When telomeres reach a critical length showing signs of DNA damage, cells activate the appropriate signalling pathways in response leading to cell cycle arrest (Bodnar et al., 1998). In contrast, premature senescence occurs independently of telomere shortening. It can be induced by physical mutagens, including ionizing and non-ionizing radiation, changes in tissue pH or temperature, nutritional changes, or hypoxia (Polonis et al., 2020; Meng et al., 2003; Patro et al., 2011; Serrano et al., 1997). However, it can also arise as a result of exposure of cells to chemicals, including therapies used in clinical practice, especially in oncology. In particular, many drugs used in oncology involve substances that damage the DNA of more than just cancer cells, leading to proliferation arrest and senescence. Other contributing factors include the accumulation of DNA damage due to increased oxidative stress from dysfunctional mitochondria, and a decline in DNA repair capacity, which may lead to genomic instability, a hallmark of both replicative and stress-induced senescence (Alsalem et al., 2024; Armstrong et al., 2014) (Figure 2).
[image: Figure 2]FIGURE 2 | Mechanisms and impacts of cellular senescence. This figure illustrates the induction, characteristics and role of cellular senescence. Various stress factors–mitochondrial and telomere dysfunction, reactive oxygen species (ROS), DNA damage, physical stress (e.g., radiation) and chemotherapeutic agents–trigger a senescent phenotype characterized by cell cycle arrest, increased senescence-associated β-galactosidase activity (SA-β-gal), elevated reactive oxygen species (ROS) production, and transcriptional changes. Senescent cells secrete a complex combination of bioactive molecules, collectively known as a senescence-associated secretory phenotype (SASP), which influences the tissue microenvironment. Cellular senescence plays beneficial roles in physiological processes such as tissue repair, regeneration or tumor suppression. The persistent accumulation of senescent cells however promotes deleterious effects, contributing to the development of metabolic diseases, cardiovascular complication, tissue dysfunction and tumor promotion. Created in https://BioRender.com.
2.1 Role of cellular senescence in the organism
Cellular senescence can be divided into two main forms–acute (physiological) and chronic (pathological). Acute senescence is a well-timed and controlled response of the organism to specific stimuli, including the subsequent early-onset elimination of senescent cells by the immune system. On the other hand, chronic senescence is associated particularly with the inability of the immune system to eliminate senescent cells, which leads to their accumulation in tissues and pathological changes in the organism. Acute and chronic senescence thus differ in time they remain in the body rather than in their origin (van Deursen, 2014).
In addition to preventing cancer, short-term presence of senescent cells plays an important role in reducing fibrotic tissue that accumulates during wound healing, in which connective tissue replaces normal parenchymal tissue, leading to tissue remodelling and the formation of permanent scars. Particularly, increased production of metalloproteinases by senescent cells contributes to the degradation of the extracellular matrix and reduced accumulation of connective tissue at the wound (Demaria et al., 2014; Shivshankar et al., 2012). Activation of cellular senescence also plays an important role in megakaryocyte maturation and platelet formation in bone marrow (Besancenot et al., 2010). Furthermore, the presence of senescent cells promotes remodelling and vascularization of the endometrium, which is essential for the successful implantation of the embryo and is also an integral part of the prenatal development of the kidneys and the inner ear (Munoz-Espin et al., 2013) (Figure 2).
However, the prevalence of pathological (chronic) senescence increases with aging and in subjects with weakened or suppressed immune system. During pathological senescence, tissue function is disturbed due to the prolonged presence of senescent cells manifested by reduced tissue regeneration, accumulation of fibrotic cells and loss of tissue elasticity or increased inflammation. The accumulation of senescent cells can contribute to pathologies including chronic respiratory diseases, T2DM, CVD, neurodegenerative diseases and cancer. Although senescence was originally described as an anti-cancer barrier, the production of inflammatory cytokines and chemokines may in turn contribute to the development of cancer. Increased production of SASP not only protects tumors from the immune system but also stimulates the growth and invasiveness of tumor cells and increases angiogenesis in the tumor (Salam et al., 2023). In contrast to its beneficial function in reducing fibrotic tissue during wound healing, prolonged exposure of senescent cells in the tissue may instead promote the development of fibrosis. In respiratory diseases such as idiopathic pulmonary fibrosis or chronic obstructive pulmonary disease, the presence of senescent cells has been associated with increased DNA damage, telomere shortening, inflammation, and oxidative stress, which promote fibrotic tissue in the lung and progressively decrease lung function (Schafer et al., 2017). Similarly, neurons and glial cells may be exposed to increased inflammation, DNA damage and oxidative stress as senescent cells accumulate, contributing to the development of neurodegenerative diseases such as Alzheimer’s or Parkinson’s disease (Figure 2) (Baker and Petersen, 2018).
3 ROLE OF CELLULAR SENESCENCE IN OBESITY, T2DM AND ITS COMPLICATIONS
Overweight and obesity are among the most prominent health problems of the human population. In 2021 the World Health Organization (WHO) estimated that almost two billion individuals over the age of 18 were overweight, and more than 650 million were obese. The number is increasing every year also due to the rising incidence of overweight and obesity among the children population and adolescents. The reason for such a massive spread is mainly the lifestyle which combines increased intake of energy-dense food high in sugar and fat, and reduced physical activity (Obesity, 2000).
Senescent cells may be involved in the pathogenesis of obesity and T2DM as a cause and consequence of metabolic changes. Chronic exposure to elevated glucose levels in patients with T2DM may contribute to the development of cellular senescence in various tissues, which ultimately contributes not only to the progression of the disease itself, but especially to the development of numerous complications including cardiorenal disease, respiratory disease, or diabetic neuropathy and retinopathy (Figure 3).
[image: Figure 3]FIGURE 3 | Systemic obesity- and T2DM-related complications connected with the accumulation of senescent cells. This figure highlights the systemic consequences of obesity and T2DM, with a focus on their link to the accumulation of senescent cells across multiple organs. Senescent cells through their SASP contribute to β-cell dysfunction in the pancreas, microvascular complications, hepatic steatosis and fibrosis in the liver, kidney, or lungs, impaired tissue regeneration, and complications including retinopathy and peripheral neuropathy. These pathologies underscore the systemic nature of senescence-driven dysfunction in obesity and T2DM. Created in https://BioRender.com.
3.1 Obesity, T2DM and senescence
Obesity is defined by the excessive accumulation of adipose tissue in the body. The main contributors to obesity development are high caloric intake, inadequate energy expenditure, and a sedentary lifestyle, which in combination lead to the development of health complications and premature mortality. Obesity can, together with arterial hypertension, dyslipidemia, and IR, enhance the progression of metabolic syndrome and development of T2DM (Sookoian and Pirola, 2011; Zizka et al., 2024).
Adipose tissue plays a critical role in energy metabolism, thermoregulation, hormonal regulation, and metabolism of lipids and carbohydrates. Adipose tissue is also one of the largest endocrine and immune organ, as it is involved in the production and secretion of numerous hormones and cytokines, making it essential to a variety of physiological and pathophysiological processes (Coelho et al., 2013). For this reason, adipose tissue dysfunction significantly contributes to the development of metabolic diseases like obesity and T2DM by creating an inflammatory microenvironment that further accelerates cellular senescence in the body (Tchkonia et al., 2010; Kirkland and Dobson, 1997). In individuals with obesity, increased lipid deposition leads to IR, altered adipokine secretion, increased production of inflammatory molecules, and the development of cellular senescence in adipose tissue (Xu et al., 2015). Preadipocytes, the precursors of mature adipocytes (essential for fat cell turnover), tend to be the most susceptible to the development of cellular senescence. An increased number of senescent preadipocytes may contribute to a decrease in the adipogenic and lipogenic potential of adipose tissue, the development of adipose tissue dystrophy, peripheral IR, lipotoxicity, and as a consequence, the development of T2DM (Guo et al., 2007).
As pro-inflammatory SASP production increases the infiltration of immune cells into adipose tissue, senescence also contributes to both local and systemic inflammation, thus increasing the risk of metabolic complications. Monocyte Chemoattractant Protein-1 (MCP-1), one of the most secreted SASP molecules, plays an important role in the abnormal infiltration of macrophages into adipose tissue and their disproportionate differentiation into pro-inflammatory M1 macrophages (Covarrubias et al., 2020). The accumulation of senescent cells and SASP in adipose tissue also ultimately leads to the accumulation of free fatty acids, which, in turn, exacerbates cellular dysfunction and worsens the progression of T2DM and its complications (Wiley and Campisi, 2021).
The contribution of senescent cells to the development and progression of metabolic diseases differs significantly between adipose depots. VAT exhibits a higher burden of senescent cells compared to subcutaneous adipose tissue (SAT). SASP produced by senescent cells in VAT disrupts local insulin signaling, promotes immune cell infiltration, and induces systemic inflammation, exacerbating metabolic dysfunction. Proximity of VAT to the liver via the portal circulation allows these inflammatory mediators to increase hepatic insulin resistance and impair glucose metabolism (Villaret et al., 2010; Fox et al., 2007). In contrast, SAT tends to accumulate fewer senescent cells and exhibits a milder SASP profile. It is also better vascularized and less inflamed adipose depot. Senescent cell burden has, therefore, a less direct impact on metabolic health (Ibrahim, 2010). Several studies have shown that higher senescent markers in VAT correlate more strongly with poor glycemic control and T2DM risk than those in SAT (Alessio et al., 2020; Lefevre et al., 2021). These findings highlight the importance of adipose tissue depot-specific senescence in obesity-related metabolic diseases.
While VAT and SAT are the most metabolically harmful depots when senescent, other white adipose depots - especially perivascular adipose tissue and bone marrow adipose tissue - also contribute to systemic disease through local inflammation, paracrine signaling, and endocrine disruption. Both depots are emerging targets in age- and obesity-related conditions, including cardiovascular disease, bone loss, and immune dysfunction (Tencerova et al., 2019; Kim et al., 2020).
Unlike white adipose tissue, brown adipose tissue (BAT) plays a protective role in energy balance through thermogenesis, primarily mediated by uncoupling protein 1 (UCP1). However, the buildup of senescent cells impairs this function and contributes to metabolic dysfunction. Senescent cells in BAT exhibit mitochondrial dysfunction and reduced UCP1 expression, which leads to impaired thermogenic capacity and reduced energy expenditure. This energy imbalance can promote weight gain and exacerbate insulin resistance (Feng et al., 2023). Furthermore, senescent brown adipocytes and their precursors develop a hostile local environment that impairs the differentiation and function of new brown adipocytes and drives inflammation-induced “whitening” of BAT, where BAT takes on white fat-like properties and loses its thermogenic function (Pan et al., 2021). Moreover, impaired BAT thermogenesis and inflammation contribute to broader metabolic disturbances, including glucose intolerance, hyperlipidemia, and hepatic insulin resistance. Experimental studies in mice have shown that the elimination of senescent cells in BAT using senolytic therapies can restore thermogenic gene expression, reduce inflammation, and improve insulin sensitivity (de Oliveira Silva et al., 2025).
The metabolic changes and systemic inflammation in individuals with obesity play a critical role in promoting the formation and subsequent accumulation of senescent cells throughout the body. These senescent cells contribute not only to the progressive deterioration of tissue function but also to the onset and exacerbation of various chronic complications of obesity, including T2DM, diabetic neuropathy, DKD or cardiovascular complications. Senescent cells are therefore considered part of the ‘pathogenic loop’ in subjects with obesity and T2DM (Palmer et al., 2015).
3.2 Senescence-associated diabetic kidney disease
Of the long-term complications of obesity and T2DM, DKD imposes the highest-burden both in terms of financial cost and the effects on daily life. DKD is a common and potentially devastating disorder characterized by progressive loss of kidney function and persistent renal fibrosis, leading to the destruction of kidney parenchyma and renal failure. Excessive renal fibrosis progressing to DKD affects approximately 40% of patients with obesity or T2DM, and this percentage increases with the age of the patient (Nordheim and Geir Jenssen, 2021). The pathology of DKD is significantly affected by oxidative stress, which is more prevalent in aging kidneys (Zhou et al., 2019; Gomes et al., 2009). Advanced glycation endproducts (AGEs) and advanced oxidative protein products are formed during senescence and contribute to the faster development of DKD under hyperglycemic conditions. AGEs and advanced oxidative protein products then interact with AGEs receptors, followed by activation of the transforming growth factor β (TGF-β), nuclear factor kappa-light-chain-enhancer of activated B cells (NK-κB), mitogen-activated protein kinase (MAPK), or NADPH oxidase pathways (Gomes et al., 2009; Chen YY. et al., 2019; Liu et al., 2015). This results in the secretion of many cytokines and growth factors, which eventually cause damage to renal tissue and enhance premature kidney aging.
Senescent cells can be detected in various renal tissue compartments with the highest prevalence in the proximal tubular epithelium, glomeruli, or endothelium (Sis et al., 2007; Verzola et al., 2008). Source, intensity, and duration of the stress stimuli determine the location and type of senescent cells. In general, elevated level of senescent cells in renal tissue correlates with the severity of DKD. Similarly, in kidney transplantation, most frequently occurring in patients with obesity and T2DM, the prognosis of graft survival depends on the age of the transplanted organ. It was described that the level of the cellular senescence marker p16INK4a observed in the preimplantation biopsy predicts the functionality of the implanted graft (Sofue et al., 2018).
T2DM additionally contributes to pathological activation of the renin-angiotensin-aldosterone system (RAAS) and subsequently leads to the progression of fibrosis and hypertension, which is further exacerbated by the accumulation of senescent cells. Dysregulation of RAAS and the impairment in renal function may also adversely impact CVD development due to hemodynamic changes and induction of cardiac fibrosis (AlQudah et al., 2020; Gabbin et al., 2022; Rex et al., 2023).
3.3 The role of senescence in the development of cardiovascular diseases
A combination of obesity and T2DM is a major risk factor for the development of CVD. Overexpression of pro-inflammatory cytokines (tumor necrosis factor α (TNF-α), interleukin 1 (IL-1), interleukin 6 (IL-6), leptin, MCP-1, plasminogen activator inhibitor 1(PAI-1), fibrinogen, angiotensin) contributes to the development of IR and T2DM. Subsequent increase in systemic inflammation and lipid accumulation have damaging effects on blood vessels and leads to endothelial dysfunction and accelerated atherosclerosis with subsequent increase in the risk of cardiovascular complications and heart failure, cardiomyopathy, and ischemia (Pradhan et al., 2001). Numerous studies have shown that high amounts of circulating non-esterified fatty acids and pro-inflammatory cytokines contribute to IR by phosphorylation of glucose transporter and subsequently impaired glucose transport in patients with obesity contributing to development/progression of T2DM (Kahn et al., 2006). High levels of blood glucose together with endothelial cells over-stimulated by insulin result in activation of pro-atherogenic pathway and the development of CVD (Chen PY. et al., 2019).
High glucose levels promote a senescent state in endothelial progenitor cells and vascular endothelial cells, both of which play an important role in the protection against endothelial damage and prevention of atherosclerosis (Kuki et al., 2006; Zhong et al., 2010). Similarly, epicardial adipose tissue-derived mesenchymal stem cells were driven towards accelerated senescence based on increased circulating glucose levels (Zhang et al., 2017). This is especially of interest in the light of the data indicating epicardial adipose tissue plays a direct role in the development of coronary atherosclerosis and myocardial dysfunction (Matloch et al., 2018). Moreover, experimental data show that elimination of senescent cardiac progenitor cells abrogated the SASP and increased the number of proliferating cardiomyocytes (Lewis-McDougall et al., 2019), while also being associated with improved cardiac diastolic function in experimental settings (Palmer et al., 2019).
In addition to CVD development, accumulation of fibrotic tissue in the heart represents another cardiac pathology in patients with obesity and T2DM (Wang et al., 2019; Cao et al., 2018). Transient fibrosis in myocardium appears as a repair mechanism that maintains the integrity of myocardial wall. Long-term presence of fibrotic cells however leads to impaired function of cardiomyocytes and overall dysfunction of myocardium. Accumulation of senescent cells in the heart due to the high level of glucose and insulin in blood together with low-grade systemic inflammation and a compromised immune system in patients with obesity and T2DM support cardiac fibrosis and hypertrophy through numerous pathophysiological pathways. This includes an excessive production of extracellular matrix in the heart, where senescent myofibroblasts are the main source of collagen secretion. Especially collagen types IV, VI, and VII were found to be involved in the development of cardiac fibrosis. Similarly, production of cytokines such as insulin growth factor 1 (IGF1), epidermal growth factor (EGF), colony-stimulating factor 2 (CSF2), and TGF-β by cardiac senescent cells strongly enhance fibroblast proliferation and transformation crucial in fibrotic processes. Furthermore, obesity and T2DM are also associated with elevated oxidative stress, which contributes to the myofibrosis development by disrupting balance between ROS and antioxidants in the body. Additionally, the formation and accumulation of AGEs due to obesity and IR may promote collagen deposition and increase myocardial stiffness, ultimately leading to fibrosis development (Gevaert et al., 2017; Abdellatif et al., 2022; Zhu et al., 2013).
3.4 The role of cellular senescence in the development of MASH, MASLD, and liver steatosis
T2DM is a major metabolic disorder that along with obesity significantly contributes to the development and progression of liver steatosis, MASLD, and its inflammatory and fibrotic form, metabolic dysfunction-associated steatohepatitis (MASH). While MASLD affects approximately 25%–30% of the general population, its prevalence rises to 55%–80% in those with T2DM. Among MASLD patients, progression to MASH is present in 37%–45% of subject with T2DM, compared to 10%–20% of subjects without T2DM (Le et al., 2025; Mittal et al., 2024; Younossi et al., 2024). IR promotes hepatic lipid accumulation by enhancing de novo lipogenesis, impairing fatty acid oxidation, and reducing lipid export from the liver. Chronic hyperglycemia and associated metabolic stress also contribute to hepatocellular injury, oxidative stress, and inflammation, creating a pro-steatotic and pro-fibrotic environment. An increasingly recognized contributor to this process is the accumulation of senescent cells within the hepatic environment (Perry et al., 2014; Kiss et al., 2020).
In hepatic steatosis, senescent hepatocytes promote lipid accumulation by disrupting metabolic homeostasis. Specifically, they exhibit increased expression of fatty acid transporters such as CD36, promoting excessive fatty acid uptake, while simultaneously downregulating pathways involved in mitochondrial beta-oxidation and lipid export (Ogrodnik et al., 2017). This metabolic shift leads to intracellular lipid accumulation and the formation of macrovesicular steatosis. Moreover, senescent hepatocytes demonstrate impaired responsiveness to insulin, further exacerbating hepatic IR and enhancing de novo lipogenesis through upregulation of transcription factors such as SREBP-1c. These alterations create a lipid-rich, pro-inflammatory microenvironment that fosters disease progression. As the disease advances from steatosis to steatohepatitis (MASH), the paracrine effects of senescent cells become more apparent. Senescent hepatocytes secrete a pro-inflammatory secretome that includes cytokines such as IL-6, IL-1, TNF-α, and chemokines like MCP-1, which recruit immune cells, particularly Kupffer cells and monocyte-derived macrophages, into the liver parenchyma. The immune cell activation and cytokine release contribute to hepatocellular injury, ballooning, and lobular inflammation hallmark features of MASH (Bonnet et al., 2022; Du et al., 2025).
In addition to hepatocytes, other liver cell populations, including hepatic stellate cells (HSCs) and endothelial cells, may also undergo senescence in MASLD. Senescent HSCs, although initially less fibrogenic due to cell cycle arrest, secrete SASP factors that include pro-fibrotic mediators such as TGF-β, connective tissue growth factor, and matrix metalloproteinases (MMPs). These factors promote extracellular matrix remodeling and stimulate neighboring non-senescent HSCs to adopt a fibrogenic phenotype. Over time, this contributes to progressive deposition of collagen and hepatic fibrosis, a defining feature of advanced MASH. Experimental models provide strong support for the role of cellular senescence in liver disease progression. Mouse models of diet-induced steatosis and fibrosis have shown increased hepatic expression of senescence markers such as p16INK4a and p21CIP1, particularly in hepatocytes and HSCs. Notably, pharmacological or genetical ablation of senescent cells or caloric restriction in these models reduces hepatic lipid accumulation, inflammation, and fibrosis, demonstrating a causal role for senescence in disease pathogenesis (Ogrodnik et al., 2017; Du et al., 2025; Nehme et al., 2023). Given the central role of senescence in amplifying metabolic dysfunction, inflammation, and fibrosis, it represents a novel and attractive target for therapeutic intervention in MASLD and MASH.
3.5 Cellular senescence in pancreatic β-cells
As mentioned above, excessive adipose tissue accumulation in the body accelerates cellular senescence and leads to impairment in insulin secretion, chronic inflammation, and immune system dysfunction. Healthy pancreatic β-cells and sufficient insulin secretion are the key factors in maintaining euglycemia, preventing the development of T2DM. Senescent β-cells are therefore considered to be contributors to the onset of T2DM. The accumulation of senescent pancreatic β-cells may explain functional changes in pancreas during aging including mitochondrial dysfunction of cells, accumulation of AGEs, lower levels of glucose transporter 2 (GLUT2), reduced telomere length, or downregulation of β-cell markers [pancreatic and duodenal homeobox 1 (PDX1), Insulin 1 (Ins1), v-maf musculoaponeurotic fibrosarcoma oncogene family, protein A (MafA) (Aguayo-Mazzucato et al., 2019).
As mitochondria play an important role in maintenance of cellular homeostasis, mitochondrial dysfunction may have a major impact on β-cells and their stimulus-secretion coupling (Cree et al., 2008; Supale et al., 2013). Mitochondrial metabolism of β-cells is closely associated with insulin exocytosis. ATP generated as a product of pyruvate metabolism in mitochondria plays important role in insulin exocytosis via cellular depolarization (ATP-dependent K+ channel, voltage-gated Ca2+ channels, sodium, and chloride channels) (Maechler et al., 2006). At the same time, mitochondria represent the primary source of ROS. Atypical production of ROS in mitochondria may contribute to their dysfunction due to aging (Dai et al., 2014).
In recent studies it has been reported that a specific subpopulation of β-cells expresses p16INK4a, p53BP1, IGF1 receptor, and SA-β-gal known to be increased during T2DM. Senescent β-cells attenuate forkhead box M1 (FOXM1) regulator of cell cycle and proliferation and expression of PDX1, which is responsible for β-cell division and maturation (Krupczak-Hollis et al., 2003; Reers et al., 2009; Ihm et al., 2007). Except cell cycle regulation it has been shown that senescent β-cells downregulate genes involved in glucose metabolism, incretin signaling pathways, and insulin synthesis (Aguayo-Mazzucato et al., 2017). However, senescent β-cells display higher basal insulin secretion similarly to cells in aged subjects pointing increased insulin accumulation in these cells. Similarly as for adipose tissue, accumulation of senescent β-cells correspond to increased production of SASP in pancreas, which contributes to overall systemic inflammation detected in patients with obesity and T2DM. Thus, transcriptional and proteomic changes caused by the senescent state in β-cells are associated with an age-dependent decline in physiological function and cell proliferation which strongly contribute to the development of metabolic disorders and increase the risk of developing pancreatic tumors (Aguayo-Mazzucato et al., 2019).
3.6 Senescence-associated diabetic neuropathy
Diabetic neuropathy is a prevalent and debilitating complication of T2DM, with significant consequences for the quality of life in individuals. This unique neurodegenerative disorder of the peripheral nervous system arises from a multifactorial etiology involving elevated glucose levels, metabolic disturbances, and increased levels of inflammatory factors in individuals with T2DM. These changes not only impair neurogenesis, but also contribute to the accumulation of senescent cells, particularly glial cells, Schwann cells and neurons, within the nervous system. The relationship between diabetic neuropathy and cellular senescence is complex. The accumulation of senescent cells over time can impair tissue regeneration and repairing processes, furthermore preventing the recovery from diabetic neuropathy. Moreover, presence of senescent cells may disrupt the delicacy of cellular microenvironment balance, which negatively affect neighboring cells through the oxidative stress and production of cytokines (including IL-1, IL-6, TNF-α, TGF-β). This results in axonal degeneration, slower impulse conduction, and impaired peripheral tissue repair (Ogrodnik et al., 2019).
One of the main clinical manifestations of diabetic neuropathy is in the pathogenesis of diabetic foot syndrome, a condition characterized by nerve damage and poor blood supply to the limbs, which significantly increases the risk of ulceration and amputation in individuals with T2DM. Promising therapeutic approaches, such as allogeneic transplantation of mesenchymal stem cells (MSCs), have demonstrated improvements in wound healing and reductions in amputation rates. Nonetheless, individuals with T2DM often exhibit reduced numbers of circulating MSCs, alongside impaired proliferative capacity and survival. These limitations are exacerbated by the chronic pro-inflammatory environment in T2DM, which promotes MSCs replicative senescence and impairs their ability to differentiate and expand (Fijany et al., 2019). This accumulation of senescent MSCs not only compromises tissue regeneration mechanisms but also sustains a pro-inflammatory environment that further impairs the healing process in chronic wounds.
3.7 Senescence-associated diabetic retinopathy
As previously mentioned, cellular senescence is involved in multiple complications arising from T2DM, including diabetic retinopathy (DR). DR is characterized by retinal vascular damage resulting in vision impairment and, if not treated, significant vision loss and blindness (Leasher et al., 2016). DR is divided into two main types–non-proliferative and proliferative DR. The pathology of DR is associated with both neurodegenerative and microvascular changes in the retina. The risk of DR development is strongly linked to T2DM, hyperglycaemia, and hypertension. These factors contribute to microvascular damage, as well as retinal neurodegeneration through elevated glucose levels, inflammation, and ROS production, and subsequent accumulation of senescent cells (Song et al., 2019).
Physiologically, endothelial cells function as a selective barrier within a vascular network regulating blood flow, supporting oxygen and nutrients exchanged with the retina. However, chronic hyperglycaemia negatively affects retinal endothelial cells, causing vascular injury and accumulation of senescent cells, which contribute to pathological angiogenesis by SASP production (Liao et al., 2024). In the retina, senescent endothelial cells secrete pro-inflammatory cytokines, growth factors, and proteases, including IL-6, IL-8, IL-1β, intercellular adhesion molecule 1 (ICAM-1), vascular endothelial growth factor (VEGF), and MMPs (Miyamoto et al., 1999; Joussen et al., 2004). These factors induce further cellular senescence and local inflammation, contributing to microvascular dysfunction, abnormal blood neovascularization, and further spread via paracrine signaling (Oubaha et al., 2016).
3.8 Diabetes-related pulmonary fibrosis
Senescence-associated pulmonary fibrosis, characterized by progressive scarring and stiffening of lung tissue, commonly found in patients with advanced type 1 diabetes mellitus and T2DM, represents one of the aspects contributing to the severity of diabetes (Schafer et al., 2017; Barnes, 2017). Increased presence of pulmonary lipofibroblasts located in the alveolar interstitium of patients with diabetes demonstrates the ability to transdifferentiate into myofibroblasts. These premature senescent cells play an integral part of pulmonary fibrosis development [reviewed in Kruglikov and Scherer (2020)]. Except for cytokine storm, the pulmonary lipofibroblasts, an adipocyte-like cells, promote fibrosis by production of SASP, especially collagen and fibronectin, which induce DNA damage and matrix remodeling (Sabin and Anderson, 2011). The functional and structural changes in the lungs are derived at the biochemical level. Oxidative stress could be considered as an initiation factor of various diabetic complications, like diabetes-induced pulmonary fibrosis. Products of oxidative stress (ROS and reactive forms of nitrogen) directly damage lung cells. Oxidative stress activates immune cells and stimulates secretion of numerous pro-inflammatory cytokines, such as TNF-α, IL-1, PAI-1, and pro-fibrotic cytokines, like TGF-β (Bringardner et al., 2008; Sgalla et al., 2018). TNF-α may be a crucial mediator in Western diet-induced IR. It was described that knocking out or blocking TNF-α provides protection against pulmonary fibrosis in mice induced by silica and bleomycin (Ortiz et al., 1998; Ortiz et al., 1999). Similarly to TNF-α, PAI-1 seems to play an important role in the pathological formation of connective tissue. Multiple studies have shown that a lack of PAI-1 protects the lung tissue from excessive accumulation of fibrin (Shioya et al., 2018). Levels of PAI-1 increase under inflammatory conditions, as in metabolic syndrome or obesity. This leads to the formation of fibrin deposits and the development of fibrotic tissue (Nawaz and Siddiqui, 2022). Finally, activation of TGF-β signaling pathway may be the linking mechanism between cellular senescence and diabetes-related pulmonary fibrosis. TGF-β, as a pro-fibrotic cytokine, is an important mediator in pulmonary fibrosis, which induces the overproduction of extracellular collagens. The presence of senescent cells may impair the ability of lung stem/progenitor cells to regenerate, further contributing to the progression of fibrosis (Chen et al., 2020).
4 REDUCTION OF SENESCENCE IN THE MANAGEMENT OF OBESITY, T2DM, AND ITS COMPLICATIONS
Considering the crucial role of cellular senescence in pathological processes linked to obesity and T2DM, focusing on the underlying mechanisms of aging may provide a new therapeutic approach to the treatment of metabolic diseases and prevention of their complications. Senolytics, substances that specifically remove senescent cells from the organism, could therefore represent a transformative shift in the approach to both the prevention and the treatment of obesity, T2DM, and their complications.
4.1 Senolytics
The concept of senolytics was first described in 2004 when several studies demonstrated that both impaired growth hormone signalling and metabolic interventions, such as caloric restriction, reduced the accumulation of senescent cells in rodents (Shimokawa et al., 2003; Ning et al., 2013; Wang et al., 2010) and extended their life span (Aguiar-Oliveira and Bartke, 2019). This led to the hypothesis that targeted removal of senescent cells may alleviate diseases associated with aging, including metabolic diseases and their complications. Nowadays, several senolytic agents are currently being tested in preclinical studies or clinical trials. Most of them target specific proteins or pathways that protect senescent cells from cell death, such as B-cell lymphoma two family (BCL-2) proteins, phosphoinositide 3-kinase (PI3K)/AKT pathway, mammalian/mechanistic target of rapamycin (mTOR), or sirtuin 1 (SIRT1).
One of the most promising senolytic agents is the combination of dasatinib and quercetin (D + Q). Dasatinib, which has been approved for clinical use by the FDA in the United States since 2006, is a tyrosine kinase inhibitor that effectively suppresses cell proliferation and migration, activates apoptosis, and is used in the treatment of cancer such as chronic myeloid leukemia and gastrointestinal stromal tumors. Quercetin is a natural flavonoid, found in many fruits and vegetables, with diverse biological activities. These substances alone have not shown a significant senolytic effect on their own. However, their combination shows a significant effect in the elimination of senescent cells by targeting the PI3K/AKT pathway (Zhu et al., 2015). In preclinical studies, the effect of senescent cell elimination by D + Q on reducing obesity-induced metabolic dysfunction has been demonstrated (Palmer et al., 2019). In this context, the effect of these agents on the reduction of MASLD is being tested. However, the D + Q combination also effectively works on other complications associated with obesity and T2DM, including idiopathic pulmonary fibrosis. A positive effect of D + Q on the reduction of fibrotic tissue and improvement of respiratory function has been demonstrated during phase 1 clinical trial (NCT02874989) (Nambiar et al., 2023). Other studies show a beneficial effect of D + Q on the reduction of kidney damage, where the removal of senescent cells leads to improved function of this organ (Zhu et al., 2024). The effect of D + Q treatment in subjects with chronic kidney damage is currently tested in phase 2 clinical trial (NCT02848131). The effect of D + Q on reducing neurodegenerative disease is being tested in phase 1/2 clinical trial (NCT04063124).
Fisetin is another natural flavonoid compound that has shown similar antioxidant properties as quercetin. The oral or dietary administration of fisetin reduces markers of senescence and SASP in multiple tissues (Yousefzadeh et al., 2018). In preclinical research (Wissler et al., 2021), fisetin has been shown to reduce senescent cells and SASP induced chronic inflammation in aged mice, thereby extending their lifespan (Yousefzadeh et al., 2018). Further studies suggest that fisetin alleviates diabetic nephropathy (Dong et al., 2022), and augments antioxidant activity as well as prevents inflammation in cardiac tissue of animals with induced prediabetes (Althunibat et al., 2019). In this context, a phase 2 clinical trial is underway to assess the effect of senescent cell elimination on improving cardiovascular function (NCT06133634).
Metformin is an approved and widely used glucose-lowering drug for treating T2DM. It inhibits glucose absorption, increases peripheral insulin sensitivity, and reduces glucose synthesis in the liver. In addition to glucose-lowering properties, metformin positively impacts metabolic and cellular processes associated with age-related conditions such as inflammation and cellular senescence (Martin-Montalvo et al., 2013). One of the described mechanisms, how metformin reduces cellular senescence, involves the inhibition of mitochondrial complex I (CI), which is involved in the cellular energy metabolism. This inhibition activates AMP-activated protein kinase (AMPK), which subsequently activates cell death pathways (Owen et al., 2000). Inhibition of CI and subsequent activation of AMPK also increases the production of nicotinamide adenine dinucleotide (NAD+), a cofactor necessary for SIRT1 activity. SIRT1 activation has been shown to improve mitochondrial metabolism/function and to protect against age-related diseases such as CVD, neurodegenerative disorders, and cancer (Owen et al., 2000; Zheng et al., 2020). The Metformin In LongEvity Study (MILES) (Kulkarni et al., 2018) and Targeting Aging with MEtformin (TAME) (NCT02432287) (Barzilai et al., 2016) clinical trials aim to demonstrate that metformin specifically affects human aging while slowing the development of aging-related complications. Other aims of the studies include measuring physical and cognitive function and quality of life of participants. Although metformin shows effects in reducing cellular senescence, it was not originally designed as a senolytic agent and its senolytic effects may be less specific compared to agents designed to primarily target senescent cells. Also, the optimal dose and duration of treatment to achieve senolytic effect are still not established. Determining the right balance between efficacy and safety is essential, as metformin can have gastrointestinal side effects and, in rare cases can cause lactic acidosis and must be discontinued in subjects with impaired renal function (Raicevic and Jankovic, 2023).
Glucagon-like peptide-1 (GLP-1) agonists are a group of drugs commonly used in the treatment of T2DM and obesity. They mimic the action of endogenous GLP-1, a hormone that stimulates insulin secretion, suppresses glucagon secretion, slows gastric emptying, and promotes satiety. Although their primary role is to improve glucose control, emerging evidence suggests that GLP-1 agonists may also have a beneficial effect on cellular aging. Although GLP-1 agonists are not considered senolytic agents, some studies show that GLP-1 treatment helps reduce senescent cells in the organism (Kimura et al., 2009; Miao et al., 2013). The mechanism by which they reduce senescence is not fully understood, however, they role in increased susceptibility of senescent cells to cell death is discussed (Peng et al., 2022).
Dual GLP-1 and glucose-dependent insulinotropic peptide receptor agonist tirzepatide is a novel promising drug for T2DM treatment and body weight loss (Wadden et al., 2023). The beneficial effects of tirzepatide treatment are associated with a significant decrease in the infiltration of pro-inflammatory M1-type macrophages within adipose tissue, inflammation associated with obesity, and improvement in IR (Xia et al., 2024). Although the effect of tirzepatide on cellular senescence remains unconfirmed, it may positively influence the inflammatory environment in the body and help to reduce obesity- and T2DM-associated senescence burden.
Sodium-Glucose Transport Protein 2 (SGLT2) inhibitors, also called gliflozins, are another widely used treatments for T2DM. However, this class of drugs has been shown to have numerous clinical benefits beyond glucose lowering such as decreasing the risk of cardiovascular and renal complications, including reduction of cellular senescence. It was described, that dapagliflozin reduces the incidence of senescent cells in the kidneys of diabetic animals by increasing the amount of ketone bodies in plasma and subsequently reducing oxidative stress, which plays an important role in the regulation of aging (Kim et al., 2021). Empagliflozin reduces senescence of cardiac stromal cells and improves cardiac function in a mouse model of diabetes through an increase in insulin-regulated AKT kinase signalling (Madonna et al., 2020; Maejima, 2019). In addition to the heart and kidney, the positive effect of SGLT2 inhibition on reducing senescence has also been found in the liver and adipose tissue (Trnovska et al., 2021).
Rapamycin, also known as sirolimus, is an mTOR inhibitor with extensive application in human medicine, including its use as an immunosuppressive or cytostatic drug. Rapamycin has been intensively studied recently for its senolytic effects (Wang et al., 2017; Sasaki et al., 2020). Rapamycin selectively activates cell death in senescent cells by inhibiting the mTOR protein, which plays an important role in their survival (Harrison et al., 2009).
Resveratrol is a natural polyphenol compound found in red grapes, berries, peanuts, etc. Due to its anti-inflammatory and antioxidant effects, resveratrol mitigates the detrimental effects of high-calorie diet in mice modulating known longevity-associated pathways, enhancing mitochondrial function and improving metabolic health independently of weight loss (Baur et al., 2006). While the exact mechanism remains unclear, the beneficial effect of resveratrol may involve the AMPK/SIRT1 pathway, which promotes the clearance of impaired/senescent cells (Park et al., 2012). These findings suggest that resveratrol may support metabolic health and delay age-related decline.
Nicotinamide mononucleotide (NMN) is a precursor of NAD+ that plays a key role in various cellular processes, including energy metabolism, DNA repair, and regulation of gene expression. With increasing age, cells tend to decrease NAD+ levels, which is associated with the accumulation of senescent cells and deteriorating health due to tissue dysfunction. Preclinical studies in animal models have shown promising results, suggesting that NMN supplementation may improve mitochondrial function and cellular metabolism, reduce inflammation, mitigate tissue damage, and extend lifespan (Mills et al., 2016; Yoshino et al., 2011). Current clinical trials show that oral administration of NMN is generally safe, and although only a limited number of markers have been studied, the results suggest that NMN has potential as an anti-aging agent (Okabe et al., 2022). However, dosage, duration of administration, and toxicological parameters still need to be resolved before NMN can be used for clinical purposes.
Nicotinamide riboside (NR) has recently become one of the most studied NAD+ precursors due to its numerous potential health benefits. NR has confirmed its efficacy in the treatment of cardiovascular, neurodegenerative, and metabolic disorders in numerous preclinical studies. Although the exact mechanism is unknown, NR has demonstrated a positive effect on longevity by reducing the amount of circulating inflammatory cytokines, thus modulating the aging process (Mehmel et al., 2020).
MitoTam is a potential anti-cancer agent (Rohlenova et al., 2017) with a determined senolytic effect. Treatment with MitoTam effectively reduces oxidative phosphorylation via targeting CI (in nanomolar concentration compared to millimolar concentrations used for metformin) and mitochondrial polarization in senescent cells, which results in dysfunction of ATPase and collapse of mitochondrial integrity and function (Hubackova et al., 2019). Although MitoTam represents mitochondria-targeted tamoxifen, the presence of a specific triphenylphosphonium vector provides the preferential uptake into highly polarized mitochondria detected in cancer and senescent cells, which changes the mechanism of action of this compound. This results, unlike tamoxifen, in preferential regulation of mitochondrial biogenesis and integrity independently of estrogen receptor. Similarly to D + Q combination, the observed glucose-lowering effect of MitoTam is linked to an improvement of T2DM-related hormone profiles and suppressed adipogenesis in adipose tissue, which represents one of the major regulators of metabolic changes in patients with obesity and T2DM. Moreover, MitoTam treatment reduced lipid accumulation in the liver, which correlates with the elimination of senescent cells by ferroptosis (Vacurova et al., 2025). Lower senescent cell burden in various tissues also results in a lower level of circulating inflammatory mediators that enhance metabolic dysfunction. Furthermore, the prolonged effect of MitoTam on weight reduction in comparison with tamoxifen, where only a transient effect followed by over-compensation results in increased fat mass and development of T2DM was described (Vacurova et al., 2022).
4.2 Non-pharmacological reduction of cellular senescence
Since adipose tissue represents the biggest depository of senescent cells, especially in patients with obesity and T2DM, its reduction by physical activity has been shown to reduce the presence of senescent cells not only in this tissue but also throughout the body. In addition, physical activity stimulates the production of antioxidants and activates DNA and mitochondrial repair mechanisms leading to a reduction in oxidative stress and inflammation. Physical activity also promotes adipocyte differentiation, lipid metabolism, and the secretion of anti-inflammatory adipokines, all of which contribute to the prevention of metabolic disorders. In addition, physical activity supports the mechanisms responsible for the removal of senescent cells by immune cells (El Assar et al., 2022). Incorporating regular exercise into a lifestyle is therefore an effective strategy for maintaining adipose tissue health and attenuating the negative effects of aging on metabolic function.
Bariatric surgery (also known as metabolic surgery, reflecting its extremely beneficial metabolic effects in patients with obesity) is currently the most effective approach for obesity and T2DM treatment, leading to significant and long-term weight loss and improvement in the metabolic complications of obesity. Improvements in parameters such as insulin sensitivity, glucose tolerance, lipid profile, and inflammation, contribute to a reduction of cellular stress and mitigate senescent cell accumulation not only in adipose tissue but also throughout the body (Hohensinner et al., 2018).
However, not all subjects can undergo bariatric surgery or are capable of increased physical activity. Therefore, the pharmacological reduction of senescent cells represents a promising new strategy in the prevention and treatment of obesity and T2DM in more compromised patients.
5 CONCLUSION AND FUTURE PERSPECTIVES
The prevalence of obesity and T2DM is steadily increasing worldwide, primarily due to unhealthy lifestyle, an aging population, and a lack of effective measures to reduce risk factors associated with the development and progression of both T2DM and obesity. In addition to its negative impact on the affected individuals, obesity and T2DM lead to a deterioration of population health and impose a rising economic burden on society. The limited efficacy of existing treatments highlights the need to explore new therapeutic options that can address the primary cause of metabolic diseases and prevent their chronic complications. The accumulation of senescent cells in the body plays a key role in the development and progression of obesity, T2DM, and other metabolic complications by contributing to pancreatic β-cell dysfunction, IR, adipose tissue dysfunction, chronic inflammation, and tissue damage due to increased oxidative stress. As cellular senescence is closely linked to the pathogenesis of obesity, T2DM and related complications, targeting senescent cells may be a novel promising strategy of prevention or treatment of these metabolic diseases.
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