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ABSTRACT 

Senescence of adipose precursor cells (APCs) impairs adipogenesis, contributes to the age-related 

subcutaneous adipose tissue (SAT) dysfunction, and increases risk of type 2 diabetes (T2D). First-

degree relatives of T2D individuals (FDRs) feature restricted adipogenesis, reflecting the detrimental 

effects of APC senescence earlier in life and rendering FDRs more vulnerable to T2D. Epigenetics may 

contribute to these abnormalities but the underlying mechanisms remain unclear. In previous 

methylome comparison in APCs from FDRs and individuals with no diabetes familiarity (CTRLs), 

ZMAT3 emerged as one of the top-ranked senescence-related genes featuring hypomethylation in FDRs 

and associated with T2D risk. Here, we investigated whether and how DNA methylation changes at 

ZMAT3 promote early APC senescence. APCs from FDR individuals revealed increases in multiple 

senescence markers compared to CTRLs. Senescence in these cells was accompanied by ZMAT3 

hypomethylation, which caused ZMAT3 upregulation. Demethylation at this gene in CTRL APCs led 

to increased ZMAT3 expression and premature senescence, which were reverted by ZMAT3 siRNA. 

Furthermore, ZMAT3 overexpression in APCs determined senescence and activation of the p53/p21 

pathway, as observed in FDR APCs. Adipogenesis was also inhibited in ZMAT3-overexpressing APCs. 

In FDR APCs, rescue of ZMAT3 methylation through senolytic exposure simultaneously 

downregulated ZMAT3 expression and improved adipogenesis. Interestingly, in human SAT, ageing 

and T2D were associated with significantly increased expression of both ZMAT3 and the P53 

senescence marker. Thus, DNA hypomethylation causes ZMAT3 upregulation in FDR APCs 

accompanied by acquisition of the senescence phenotype and impaired adipogenesis, which may 

contribute to FDRs predisposition for T2D.  
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1. Introduction: molecular basis of ageing in Type 2 Diabetes 

Healthcare and sanitation advancements have significantly increased human life expectancy (Shuling 

et al., 2020). Over the last 200 years, the average age at death has steadily increased by about 2.5 years 

per decade. However, ageing is a well-known risk factor for the development of a variety of chronic 

diseases, also known as Non-Communicable Diseases, such as cardiovascular disease, stroke, cancer, 

osteoarthritis, dementia, and type 2 diabetes (T2D). As a result, the pressure on the world health system 

increases. In fact, chronic diseases impose a high burden on the elderly population in terms of health 

and economics due to the long duration of these diseases, the decrease in the quality of life and the costs 

for treatment (Sierra et al., 2015). Interestingly, ageing and chronic diseases may share common 

pathophysiological pathways which include: i. decline in progenitor cell function; ii. cellular 

senescence; iii. chronic sterile inflammation; and, iv. dysfunctions of the macromolecular and cell 

organelles (e.g., genomic instability, shortening of telomeres, epigenetic changes, loss of the nuclear 

lamina interactions, and mitochondrial dysfunction). Any fundamental ageing process that is triggered 

is likely to have an impact on the others (Tchkonia et al., 2018) and may impact on the tissue specifically 

involved in the development of chronic metabolic diseases, e.g. adipose tissue (AT) in patients with 

obesity and T2D (Sierra et al., 2015; Tchkonia et al., 2018; Lancet., 2012; Stout et al., 2017; Burton et 

al., 2018). As such, ageing and age-related diseases (ARDs) may be consdered as alternative trajectories 

of the same process that occur place at different rates, based on interactions between genetic, epigenetic 

and environmental factors, and lifestyle throughout the lifespan (Franceschi et al., 2018). T2D has 

generated considerable interest among ARDs. T2D phenotypes like impaired glucose intolerance and 

postprandial hyperglycemia are associated with aand are common in the elderly. T2D and obesity, on 

the other hand, may appear in young people, such as First-Degree Relatives of T2 patients, replicating 

the mechanisms of accelerated ageing. In this scenario, I will discuss the causal link between age-related 

AT dysfunctions that contribute to T2D onset, with a focus on the impact of cellular senescence and 

DNA methylation, as well as the therapeutic strategies used to specifically target senescent cells 

(SNCs). 
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1.1 Type 2 Diabetes  

Diabetes mellitus is a major public health problem that has serious consequences for human life and 

health-care costs worldwide (Onyango et al., 2018). According to the International Diabetes Federation 

(IDF), in 2019, diabetes caused 4.2 million deaths and affected 463 million adults aged 20 to 79, a 

number that is expected to rise to 700 million by 2045 (Galicia-Garcia et al.,2020), making it a 

worldwide epidemic (fig.1). According to the World Health Organization (WHO), diabetes mellitus is 

defined as a chronic and metabolic disease identified by elevated blood glucose levels, which over time 

causes damage to the heart, vasculature, eyes, kidneys, and nerves. Over 90% of diabetes mellitus 

patients have type 2 diabetes (T2D), which is characterized by insufficient insulin secretion by 

pancreatic islet cells, tissue insulin resistance (IR), and an insufficient compensatory insulin secretory 

response, all of which lead to hyperglycemia (American Diabetes Association 2022).  

The global rise in obesity, sedentary lifestyles, high calorie diets, and population ageing are the primary 

causes of T2D (Galicia-Garcia et al., 2020). These modifiable risks are coupled with non-modifiable 

risk factors (ethnicity, family history, and genetic predisposition) that provide a strong genetic basis for 

T2D (Chatterjee et al.,2017). However, some familial aggregations and many of the environmental 

exposure effects, connected to T2D, are not due to genetic variation. They could be the result of 

epigenetic processes, namely heritable alterations in gene expression that occur in the absence of 

changes in the original DNA sequence (Drong et al., 2012). As a result, epigenetics identifies a 

biological link between environmental factors and the development of T2D (Ling et al., 2009). Indeed, 

the mother's nutritional intake and lifestyle affect fetal development in the uterus, increasing the fetus's 

risk of developing T2D later in life (Russel et al., 2010). Furthermore, early life exposures such as 

nutrition and other factor produce long-term changes that can contribute to T2D and cardiovascular 

disease (Drong et al., 20212). 

The main pathophysiological processes of T2D development are alterations of the feedback loops 

between insulin action, insulin secretion, and the ability of insulin-sensitive tissues to respond to insulin, 

which result in abnormally high blood glucose levels (Stumvoll et al., 2015). Insulin resistance (IR) 

refers to a decrease in the metabolic response of insulin-responsive cells to insulin or, at a systemic 

level, an impaired/lower response to circulating insulin by blood glucose levels. There are three broad 

categories of IR and insulin-deficient conditions: i. diminished insulin secretion by β-cells; ii. insulin 

antagonists in the plasma, due either to counter-regulatory hormones or non-hormonal bodies that 

impair insulin receptors or signalling; and iii. impaired insulin response in target tissues. There are three 

main extra-pancreatic insulin-sensitive organs that play major roles in the last process: adipose tissue 

(AT), skeletal muscle, and liver (Stumvoll et al., 2015). A defective action of insulin in these tissues 



4 
 

often precedes the development of systemic IR, thus progressively leading T2DM. In this scenario, 

adipose tissue (AT) plays a crucial role. Insulin acts on the AT by stimulating glucose uptake and 

triglyceride synthesis and inducing FFA and glycerol uptake from circulation, while suppressing 

triglyceride hydrolysis (Gastaldelli et al., 2017). An impaired response to insulin stimulation by AT 

leads to inadequate suppression of lipolysis, impaired glucose uptake, enhanced FFA release into 

plasma, adipokine deregulation, and secretion of pro-inflammatory mediators (Goyal et al., 2021). The 

resulting chronic inflammatory state plays an important role in the pathogenesis of systemic IR and 

T2D (Spinelli et al., 2020).  

 

 

FIGURE 1. Diabetes cases worldwide (2017) and increase in diabetes cases by 2045: The International Diabetes 

Federation Atlas (IDF Atlas 2017) figure provides a worrying indication of the future impact of diabetes on the global 

development. 
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1.2 AT and pathophysiological processes in age-related AT dysfunction 

Adipose tissue (AT) is a large and dynamic endocrine, immune, and regenerative organ that plays a 

crucial role in controlling systemic metabolic homeostasis and inflammation. AT is also involved in 

maintaining whole-body insulin sensitivity and energy levels (Palmer et al., 2010). AT has historically 

been classified into two types, white adipose tissue (WAT) and brown adipose tissue (BAT) (Geoffrey 

2018). The white and brown adipocytes comprising these depots exhibit physiological differences, 

which give rise to specialized tissue functions. WAT is critical for energy storage, endocrine 

communication, and insulin sensitivity, and identifies the largest AT volume in most mammals, 

including humans. WAT is the predominant type of fat in the human body. It can be found beneath the 

skin (subcutaneous adipose tissue - SAT), around internal organs (visceral adipose tissue - VAT), and 

in the central cavity of bones (bone marrow fat), as well as cushioning various parts of the body. In 

contrast, BAT is mainly present in mammals postnatally and during hibernation. BAT is located 

primarily in the upper back, above the clavicles, around the vertebrae, and in the mediastinum. The 

primary function of BAT is to generate heat through non-shivering thermogenesis, which is especially 

important in preventing hypothermia in new-borns (Allison et al., 2020).  

AT regulates metabolic homeostasis by producing hormones, cytokines, growth factors, and other 

peptides. These effector molecules, termed adipokines, exert their effects in endocrine, paracrine, and 

autocrine manners (Choe et al., 2016). They participate in a wide range of physiological processes and 

molecular pathways, including glucose and lipid metabolism, cell proliferation signalling, cytokine 

signal transduction, and inflammation. Under physiological conditions, anti-inflammatory cytokines 

maintain insulin sensitivity in AT. On the other hand, the increased secretion of pro-inflammatory 

cytokines (e.g., TNF-α, Interleukin-8 (IL-8), IL-6, IL-1β, and monocyte chemotactic protein-1 (MCP1) 

leads to low-grade chronic inflammation and IR, which are commonly associated with ageing and 

obesity, as well as an increased risk for cardiovascular disease and T2D (Chawla et al., 2011; Huh et 

al., 2014; Smith et al., 2016).  

Throughout early life, by controlling adipocyte progenitor cell (APC) differentiation and fat cell 

turnover, AT can efficiently respond to a wide range of changes in energy supply and regional 

microenvironment. The capacity to cause this compensatory response differs by local fat distribution 

(Stout et al., 2017). Molecular, cellular, physiological, and anatomical differences between SAT and 

VAT highlight the specificity of each fat depot and its characteristic function (Tchkonia et al., 2013). 

Due to the large replicative and adipogenic capacity of APCs and the decreased lipolytic activity and 

lower insulin sensitivity of adipocytes in SAT compared to those in VAT, subcutaneous fat can expand 

by increasing adipocyte cell size (hypertrophy) and number (hyperplasia), while visceral fat typically 

https://www.osmosis.org/learn/Skin_anatomy_and_physiology
https://www.osmosis.org/answers/fruiting-body-of-aspergillus
https://www.osmosis.org/learn/Bones_of_the_upper_limb
https://www.osmosis.org/learn/Introduction_to_the_skeletal_system
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expands by increasing adipocyte cell size (Tchkonia et al., 2005). Once this storage capacity is exceeded 

and the ability to develop new adipocytes is compromised, SAT becomes hypertrophic, inflamed, and 

dysfunctional, and surplus lipids accumulate in other AT depots (i.e., VAT or peri/epicardial fat) and 

in ectopic locations (i.e., liver and skeletal muscle). These events lead to local and systemic 

inflammation and IR, which in turn contribute to the onset of T2D (Longo et al., 2019). SAT adipocyte 

hypertrophy commonly occurs in elderly individuals, obese patients and FDRs, and has been shown to 

represent an independent predictor for IR and T2D risk (Hammarstedt et al., 2018; Goodpaster et al., 

2005; Goodpaster et al., 2003). 

Many studies have described the dynamics of age-related changes in fat mass and regional distribution 

(Kyle et al., 2001; Kyle et al., 2001; Kuk et al., 2009). Redistribution of fat from subcutaneous to intra-

abdominal visceral depots occurs primarily in men and women throughout middle age and is 

independent of changes in total adiposity, body weight, or waist circumference (Palmer   et al., 2016; 

Tchkonia et al., 2010; Kuk et al., 2009. In elderly individuals’ fat is stored outside of these AT depots 

and accumulates in muscle, liver, and other ectopic sites (Palmer et al., 2016; Stout et al., 2014; 

Goodpaster et al., 2005; Goodpaster et al., 2003; Kyle et al., 2001; Kyle et a., 2001; Kuk et al., 2009). 

As a consequence, adipocyte hypertrophy, inflammation, and fibrosis arise in SAT during the early 

stages of ageing before glucose tolerance is impaired and local IR progressively develops. Altogether, 

these metabolic disturbances contribute to the development of T2D and other ADRs (Stout et al., 2017). 

In support of the pathophysiological significance of these age-related AT dysfunction, clinical studies 

in humans, including nonobese individuals, have clearly demonstrated that treatments affecting fat 

mass, such as calorie restriction (CR), exercise, and bariatric surgery, have beneficial effects on energy 

metabolism and metabolic risk factors for T2D, CVD and cancer. This evidence indicates that the 

cascade of molecular and cellular events underlying age-related AT damage starts in SAT and is caused 

by the reduced function of resident APCs, increased inflammation, and accumulation of SNCs (Palmer 

et al., 2016; Tchkonia   et al., 2010; Stout   et al., 2014). Telomere length (TL) erosion is known to 

represent a significant marker of ageing and senescence, both at the cellular and tissue levels (López-

Otín et al., 2013). Interestingly, age-related TL shortening mainly occurs in SAT compared to VAT and 

is due to shorter telomeres in the stromal vascular fraction (SVF) cells which include APCs. This 

evidence supports the concept that ageing of APCs is linked to compromised SAT hyperplastic/healthy 

expansion (Lakowa et al., 2015; Schipper et al., 2008). Several studies indicate that age reduces the 

replicative and adipogenic capacity of SAT APCs (Burton et al., 2018; Fajas et al., 2003; Cinti., 2002; 

Caso., 2013; Sepe et al., 2011). Accordingly, APCs SAT of healthy elderly subjects (age>60) display 

decreased proliferation and differentiation ability compared to APCs isolated from young individuals 

(age 18-30). The age-related declining function of APCs is associated with an increase in plasma levels 
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of the inflammatory marker soluble tumour necrosis factor receptor 2 and increased AT secretion of the 

pro-inflammatory cytokine tumour necrosis factor-α (TNF-α) (Caso., 2013). These findings support the 

notion that, during ageing, the progressive impairment in adipogenesis is related to a pro-inflammatory 

condition of SAT, which, in turn, contributes to limiting insulin sensitivity in the tissue (Fig.2). 

The causes of APC ageing are multifactorial and include genetic features of APCs and epigenetic 

factors. The AT microenvironment can also play a role (Tchkonia et al., 2010). Indeed, growing 

evidence underlines a causal role for AT inflammation in this scenario (Tchkonia et al., 2010; Stout et 

al., 2014; Sepe et al., 2011). High levels of pro-inflammatory cytokines and chemokines are found in 

both the fat tissue and blood of elderly. This condition, known as inflammageing, is a high-risk factor 

for many ARDs, multi-morbidity, and frailty (Ferrucci et al., 2018). AT is a major source of TNF-α, 

Interleukin-8 (IL-8), IL-6, IL-1β and monocyte chemotactic protein-1 (MCP-1) in serum from elderly 

and insulin-resistant individuals (Tchkonia et al., 2010; Stout et al., 2014; Caso et al., 2013; Ferrucci et 

al., 2018). The secretion of these pro-inflammatory factors positively correlates with the size of mature 

adipocytes and is a predictor of T2D in these same subjects (Hammarstedt et al., 2018; Spranger et al., 

2003). The evidence that the age-related IL-6 increase is up to 10-fold higher in SAT than in VAT 

indicates that inflammation associated with age is more severe in subcutaneous than in visceral fat 

Tchkonia et al., 2010). The prevalent cell types responsible for age-related inflammatory changes in 

SAT are APCs and AT macrophages (ATMs) (Sepe et al., 2011; Tchkonia et al., 2007; Skurk et al., 

2007; Martinez et al., 2009). The cross-talk between APCs, adipocytes, and ATMs creates self-

perpetuating processes that maintain a pro-inflammatory milieu in SAT and drive chronic systemic 

inflammation, leading to metabolic dysfunction (Sepe et al., 2011). The underlying mechanisms of age-

related inflammation are still far from being fully understood. Nevertheless, growing evidence from 

animal and human studies suggests a causal role of cellular senescence. Most SNCs feature a 

senescence-associated secretory phenotype (SASP) which is characterized by an increased secretion of 

pro-inflammatory factors. The SASP is a dynamic and complex phenotype composed of a wide range 

of cytokines, chemokines, proteases, and growth factors, which vary with cell type and cell 

microenvironment. Thus, SNCs are a major contributor to the age-related pro-inflammatory AT 

secretion profile (Freund et al., 2010). 

SAT is a crucial site for the accumulation of senescent cells during ageing. Indeed, age-related TL 

shortening occurs primarily in SVF cells isolated from SAT (Freund et al., 2010), also supporting the 

concept that APCs are among the more senescent-susceptible human progenitor cells (Tchkonia et al., 

2010). Senescent APCs operate both in a cell-autonomous manner to enhance evolution toward 

senescence and to restrain adipogenic and lipogenic functions and in a non-cell-autonomous manner by 
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paracrine mechanisms. When secreted, SASP factors suppress adipocyte differentiation in 

neighbouring non-senescent APCs, cause inflammation of adjacent healthy cells and propagate 

senescence, inducing local and systemic detrimental effects even with low numbers of SNCs (Tchkonia 

et al., 2018; Trabucco et al., 2016; Xu et al., 2015; Xu et al., 2015; Nelson et al., 2012; da Silva et al., 

2019). Consistently, transplanting a small number of senescent murine or human APCs (i.e., 0.5-1 

million) into middle-aged mice is sufficient to cause disability within two months, accelerate the onset 

of ARDs, and reduce survival (Xu et al., 2018). Similar findings were drawn from preclinical studies 

in mice (e.g., aged mice, progeroid mice, and diet-induced obese mice), and from human clinical trials 

(e.g., diabetic kidney disease individuals). Indeed, removing just 30 % of SNCs using either genetic or 

pharmacological strategies (i.e., senolytics and SASP inhibitors) was effective in preventing, alleviating 

or reversing age-related AT dysfunction, inflammation, and IR (Xu et al., 2018; Roos et al., 2016; Farr 

et al., 2017; Lewis-McDougall et al., 2019; Schafer et al., 2016; Palmer et al., 2019; Ogrodnik et al., 

2019; Fuhrmann-Stroissnigg et al., 2017; Schafer et al., 2017; Hickson et al., 2020). These findings 

underline the crucial role of senescent APCs in driving ageing phenotypes and strongly support the 

selective targeting of these cells as a novel way of alleviating chronic metabolic disorders and increasing 

the duration of human health. 

 

 

FIGURE 2. Panoramic of pathophysiological processes in age-related AT dysfunction: Accumulating senescent cells 

in the adipose depots leads to change functionality of the adipose organ with age. This is consistent with the possibility that 

senescent fat cells and preadipocytes could be the main sources of the increased fat tissue inflammatory cytokines and 

chemokines liable of impaired adipogenesis in nearby fat cells, potentially contributing to age-related lipodystrophy and fat 

redistribution. Schosserer et al., 2017 
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1.2.1 APC function decline 

APCs are among the most abundant progenitor pools in the body (Tchkonia et al., 2010). They are 

mainly resident in fat depots, although a small pool of circulating APCs exists (Crossno et al., 2006). 

The primary role of APCs is to differentiate into mature, lipid-storing and insulin-responsive 

adipocytes. APC differentiation, also known as adipogenesis, is a tightly regulated process involving 

several transcription factors that work in concert to underpin the acquisition and maintenance of the fat 

cell phenotype (Rosen et al., 2005). Although SAT and VAT adipocytes are likely to differentiate from 

APCs with distinct characteristics, they share similar transcriptional programs (Stout et al., 2014; 

Tchkonia et al., 2002). Peroxisome proliferator-activated receptor gamma (PPARγ) is a critical 

regulator of adipocyte differentiation (Fajas et al., 1999). PPARγ is a ligand-dependent transcription 

factor that induces gene expression by binding to PPARγ responsive elements (PPRE) following 

dimerization with retinoid X receptors (RXR) (Lefterova et al., 2008). PPARγ directly controls the 

expression of genes involved in adipocyte lipid uptake, transport and metabolism, insulin signalling, 

and adipokine production (Lehrke et al., 2005). The CCAAT/enhancer-binding protein (C/EBP) is a 

transcription factor family member which regulate PPARγ expression. PPARγ binds a ligand, 

heterodimerises with retinoid X receptors (RXR) and then induces C/EBPα (Wu et al., 1996; Hamm et 

al., 2001), which in turn further enhances PPARγ expression levels (Clarke et al., 1997). Thus, a positive 

feedback loop that supports and maintains lipid accumulation and terminal differentiation is created by 

PPARγ and C/EBPα (Rosen et al., 2002). Indeed, both PPARγ and C/EBPα have essential roles in 

initiating differentiation programs and controlling the expression of genes needed to acquire and sustain 

adipocyte phenotypes (Madsen et al., 2014, Longo et al., 2016; Pirone et al., 2019).  

APCs also have important immune and proinflammatory functions, which is another aspect of their 

biology. Their secretory phenotype differs from that of differentiated adipocytes and is much more 

similar to that of macrophages (Tchkonia et al., 2006; Kirkland et al., 1994). Indeed, APCs can 

transform into macrophage-like cells and express toll-like receptors (TLRs) (Charrière et al., 2003; 

Cousin et al., 1999). (Chung et al., 2006; Vitseva et al., 2008). TLR activation promotes intracellular 

signaling pathways that cause the release of inflammatory cytokines and chemokines (Poulain-

Godefroy et al., 2010). While APC immunological activity is an important defence mechanism, it also 

predisposes WAT at risk for chronic inflammation throughout ageing and obesity. WAT inflammation 

impairs APC differentiation capacity, decreases adiponectin secretion (Gustafson et al., 2009, Isakson 

et al., 2009), and maintains the inflammatory status (Mu et al., 2018). This phenotype initiates a vicious 

cycle that is critical in age-related SAT dysfunctions (Stout et al.,2014). In comparison to APCs from 

younger donors, APCs from elderly exhibit lower levels of C/EBPα, PPARγ, and their target genes after 
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stimulation of adipocyte differentiation (Karagiannides et al.,2001; Schipper et al., 2008). Importantly, 

C/EBPα overexpression restored the adipogenic ability of APCs isolated from older individuals 

(Karagiannides et al.,2001). Consistently, shorter lifespans, alterations in body weight, fat depots, and 

glucose homeostasis are all progeroid characteristics in C/EBPα mutant mice (Karagiannides et al., 

2001). Lower PPARγ expression also leads to a shorter lifespan and lipodystrophy (Argmann et al., 

2009). Furthermore, anti-adipogenic regulators such as C/EBP liver inhibitory protein (C/EBP-LIP), 

C/EBP homologous protein (CHOP), and CUG triplet repeat-binding protein (CUGBP) are similarly 

altered with age in APCs, adipocytes, and intact AT (Karagiannides et al., 2001, Pirone et al., 2019).  

All of these molecular and cellular abnormalities appear at different rates in SAT and VAT, and SAT 

appears to be mainly affected (Tchkonia et al., 2010). The differences in gene expression profile, 

epigenetic pattern, and exogenous microenvironment between these fat depots are responsible for their 

specific susceptibility to age-related changes (Tchkonia et al., 2007; Keller et al., 2016). 

1.2.2 Chronic sterile inflammation 

Sterile inflammation develops without external causes, and chronic sterile inflammation is a feature of 

ageing and is more pronounced in AT (Ferrucci et al., 2018). In fact, during ageing, the AT secretory 

profile shifts to a more pro-inflammatory signature in response to physical, chemical or metabolic 

stimuli (e.g., genomic, hypoxic, nutrient, oxidative, and endoplasmic reticulum stress) (Palmer et al., 

2016; Tchkonia et al., 2010; Stout et al., 2014; Sepe et al., Ferrucci et al., 2018). 

APCs predominantly secrete more pro-inflammatory cytokines and chemokines, termed adipokines, 

that trigger a cascade of events driving the surrounding cells to an inflammatory state. This, in turn, 

results in impaired adipocyte function, activation of ATMs, and recruitment of T-lymphocytes and 

monocytes from blood (Sepe et al., 2011; Kirkland et al., 2002).  Human studies indicate that expression 

and secretion of TNF-α, IL-6 and MCP-1 are higher in APCs from elderly subjects than in those from 

younger individuals and that ATM content in healthy subjects is positively correlated with age 

(Kirkland et al., 2010; Stout et al., 2014; Caso et al., 2013; Ferrucci et al., 2018; Martinez et al., 2009). 

ATMs can be polarized in two ways: conventionally active (M1) and alternatively activated (M2). M1 

macrophages express pro-inflammatory cytokine genes (TNF-alpha, IL-6, and MCP-1), whereas M2 

macrophages express anti-inflammatory cytokine genes (Fujisaka et al., 2016). While most ATMs in 

young AT are M2 cells, the number of ATMs increased from 5% to 50% of total cells as AT aged (Lu 

et al., 2021). ATMs thus play a role in age-related inflammation, impaired adipogenesis, and IR. Indeed, 

several studies have shown that TNFα impacts on cell size and insulin sensitivity of mature adipocytes, 

as well as impairing adipogenesis. TNFα inhibits adipocyte differentiation via several mechanisms, 
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including suppression of PPARγ and C/EBPα expression and activity, as well as activation of the 

adipogenesis inhibitors CHOP, CUGBP, and C/EBP-LIP. These processes are important in sustaining 

adipogenesis inhibition in APCs during ageing (Pararasa et al., 2015), resulting in local and systemic 

IR (Lu et al., 2021).  

1.2.3 Cellular senescence 

Cellular senescence is a terminal and stable state of growth arrest in which cells are unable to proliferate 

and differentiate despite optimal growth conditions and mitogenic stimuli (Di Micco et al., 2020). SNCs 

have both beneficial and detrimental effects on the organism. On the one hand, senescence has positive 

effects, particularly in the early stages of development. Senescence, on the other hand, is thought to be 

one of the reasons cell tissues age, and an increased burden of SNCs accelerates ageing and the onset 

of ARDs, leading to overall organism ageing (Mylonas and O'Loghlen et al., 2022). Cellular senescence 

has been identified as a response to different stressors which converge on activation of common 

effectors (Childs et al., 2015). According to type of stressors, cellular senescence can be classified into 

replicative senescence, oncogene-induced senescence, stress-induced premature senescence, or 

programmed senescence (Song et al., 2020). Multiple stimuli can induce cellular senescence. These 

include metabolic signals (e.g., high levels of glucose, ceramides, certain fatty acids, hypoxia and 

reactive oxygen species), inflammatory factors, telomeric shortening from repeated cell replication, 

DNA damage response and mitochondrial dysfunction (Hernandez-Segura et al 2018). In addition to 

growth arrest, SNCs exhibit typical structural and molecular changes, including an enlarged and 

flattened morphology, increased cytosolic vacuolization, resistance to apoptosis, changes in the levels 

of heterochromatin and/or euchromatin, and destabilization of nuclear integrity due to the 

downregulation of the Lamin B1 (LMNB1) gene, activation of lysosomal β-galactosidase (senescence-

associated β-galactosidase [SA-β-gal]), upregulation of cell cycle inhibitors such as p53, p21 and p16, 

and SASP acqusition (Rufini et al., 2013) (Fig.3). The scientific community has struggled to identify 

universal and unequivocal markers characterizing the senescence state. The difficulty in identifying 

such markers reflects the complexity of the senescence phenotype and the existence of highly 

heterogeneous senescence programs. Currently, the only possibility resides in combining the 

measurement of multiple hallmarks in the same sample. Indeed, the most reliable approach to SNCs 

identification involves the use of a panel of different markers, including SA-β-gal, loss of LMNB1, 

increased levels of both cell cycle inhibitors (e.g., CDKN1A) and commonly secreted SASPs (Spinelli 

et al., 2020). 

Among multiple mechanisms that trigger the senescence pathways, p53 activation plays a critical role 

(Rufini et al., 2013; Rovillain et al., 2011; Kumari et al., 2021). Recent data suggests that p53 controls 

https://www.frontiersin.org/articles/10.3389/fcell.2021.645593/full#B285
https://www.frontiersin.org/articles/10.3389/fcell.2021.645593/full#B192
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cellular senescence in response to a variety of signals, including short telomeres, DNA damage, and 

overexpression of tumor suppressor genes (Itahana et al., 2001). Importantly, p53 by inducing the 

transcription of its target the p21-encoding CDKN1A gene acts as a molecular link between pathways 

involved in cell senescence, inflammation, and IR in the adipose tissue. Indeed, Minamino et al. 

demonstrated the key role of the p53/p21 pathway in the induction of premature senescence in the AT 

in both of obese and insulin-resistant mice and in that of T2D patients (Minamino et al., 2009;).  

 SAPS acquisition is one of the most important characteristics of SNCs (Song et al., 2020). The SASP 

phenotype is highly heterogeneous and controlled at multiple levels (Faget et al., 2019). It is primarily 

regulated at the transcriptional level by nuclear factor-kB (NF-kB), which mainly\ induces the 

production of pro-inflammatory cytokines and chemokines (Faget et al., 2019). Trascriptional 

regulation of SASP factors is also controlled by Janus kinase (JAK), p38, and other MAP kinases 

upstream (McHugh et al., 2018; Hernandez-Segura et al., 2018). At post-transcriptional level, SASP is 

mainly regulated by a rapamycin (mTOR) signaling network (Hernandez-Segura et al., 2018). SASP 

exerts many activities, each with tissue and context-specific effects. SASP acquisition is important for 

the age-related limited hyperplastic expansion and storage capacity of SAT (Tchkonia et al., 2018; 

Tchkonia et al., 2013). Indeed, among the SASP components released by SAT-resident senescent APCs, 

IL-6, TNF-α, interferon-γ (IFN-γ), and activin A can directly impair adipocyte differentiation and 

insulin sensitivity (Xu et al., 2015). JAK inhibition has recently been proposed as a way to restore 

defective adipogenesis caused by SNCs, preserving fat mass and metabolic function in the elderly. 

Indeed, JAK inhibition suppresses SASP factors, including IL6, TNFα and activin A, in senescent 

APCs, leading to reduced lipotoxicity and increased insulin sensitivity (Xu et al., 2015). Thus, SASP 

inhibitors attenuate deleterious and systemic effects of SASP without killing SNCs. However, removing 

already formed and persistent SNCs might decrease the spread of senescence and reduce tissue 

dysfunction. The clearance of senescent cells is promoted by 'senolytics', small molecules, peptides, 

and antibodies that selectively eliminate SNCs (Khosla et al., 2020).  

Senolytics were discovered as a result of a hypothesis-driven, mechanism-based approach (Robbins et 

al., 2020). This research revealed that SNCs have increased the expression of anti-apoptotic pathways 

(SCAPs), which protect them from their proapoptotic SASP (Zhu et al., 2015b), making them resistant 

to apoptosis (Khosla et al., 2020). Thus, SCAPs have been identified as senolytic targets as a result. 

Indeed, inhibiting the SCAPs with senolytic agents causes apoptosis in SNCs but not in non-senescent 

cells (Kirkland et al., 2017). Senolytics must be administered intermittently because the establishment 

of the senescent phenotype is a slow and dynamic process. This "hit-and-run" therapeutic method is 

based on SCAPs redundancy and has long-term effects (Kirkland et al., 2020). Interestingly, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4758946/#bib63
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intermittent administration of the senolytic combination Dasatinib (a Src/tyrosine kinase inhibitor - D) 

plus Quercetin (a natural flavonoid that binds to BCL-2 and modulates transcription factors, cell cycle 

proteins, pro-and anti-apoptotic proteins, growth factors, and protein kinases - Q) selectively eliminates 

SNCs from mouse and human cell cultures, from ageing mice, from mice with IR and with many other 

chronic metabolic alterations, and from  isolated AT explants from obese and diabetic human 

individulas (Kirkland et al., 2018; Novais et al.,2021). Furthermore, D + Q administration increases 

PPARγ and CEBPα expression, two key transcription factors involved in the regulation of adipogenesis 

and AT insulin responsiveness (Xu et al., 2017). Furthermore, D+Q administration reduces pro-

inflammatory cytokine secretion in AT, as well as the complications that accompany it (Novais and 

colleagues, 2004). Thus, clearing cellular senescence and targeting SASP can improve APC function 

and help to prevent or reverse age-related metabolic diseases like T2D. More research is required, 

however, to develop sensitive and specific assays that track the multiple changes associated with the 

senescence phenotype in order to define highly precise treatment targets. 

 

 

FIGURE 3. Features of senescent cells: Several markers were identified to characterize the senescent state in relation to 

morphology and proteostasis. During the development of senescence, cells show morphological changes by extension of 

their size and protein content or nuclei enlargement. Also, their lysosomes size and number increase resulting in an elevated 

activity of SA-β-Gal, the most widely used marker for senescence. The cells enter a proliferative arrest state, detected by 

cell cycle inhibitor levels such as p53/p21 and tumor suppressor p16INK4a, the latter is correlated with the formation of the 

SAHF. Other factors secreted during senescence are cytokines and chemokines, growth factors, proteases, fibronectin as 

well as ROS and RNS, altogether these are summarized as the SASP. Additionally, proteostasis changes during senescence 

shown by an increase in modified proteins, accumulation of protein aggregates and reduced functionality of the proteasomal 

and autophagy systems. Höhn et al., 2017 
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1.3 Linking AT senescence to chronic metabolic diseases 

1.3.1 Obesity 

Obesity is a major risk factor for IR and T2D. Obese people exhibit IR at a younger age compared to 

lean individuals, predisposing them to develop T2D (Palmer et al., 2016; Ahima., 2009). This early 

onset IR is attributed to AT dysfunction and low-grade chronic inflammation, similar as in ageing 

(Ahima et al., 2009) (Fig.4). The premature accumulation of senescent cells in AT represents a 

determining factor in linking obesity, ageing, AT dysfunction, and inflammation (Xu et al., 2015; 

Palmer et al., 2019; Muñoz-Espín et al., 2014). Indeed, selective removal of these cells from AT in 

obese mice alleviates the obesity-related derangement in fat tissue function and glucose homeostasis 

(Palmer et al., 2019). Accordingly, approaches that are successful in counteracting obesity and ageing, 

such as exercise and nutritional interventions, exert their health effects by targeting cellular senescence 

in AT (Fontana et al., 2007; Most et al., 2017; Lewis-McDougall et al., 2019; Ahima.,2009). As 

epigenetic factors respond adaptively to lifestyle they may be implicated independently of age in the 

acquisition of a senescent phenotype (Lewis-McDougall et al., 2019; Nilsson et al., 2017; Parrillo et 

al., 2019; Ungaro et al., 2012; Raciti et al., 2017; Parrillo et al., 2016; Desiderio et al., 2019). In the 

obesity setting, due to caloric overload, fat tissue is subjected to mechanical, hypoxic, oxidative, and 

ER stress. Once activated, the stress responses initiate a cascade of events in AT leading to senescence 

induction, functional decline, macrophage infiltration, and inflammation, resulting in IR (Muñoz-Espín 

et al., 2014; Ahima., 2009). The harmful effects of excess nutrients and the protective influence of 

exercise in obesity-related AT ageing have been demonstrated by the use of middle-aged mice 

undergoing physical exercise and/or fast-food diet (FFD) feeding. Administration of a FFD 

simultaneously causes adverse effects on body weight and insulin sensitivity and increases the 

expression of senescence markers (i.e., SA-β-gal, p53, p21, and p16) and SASP factors (i.e., IL-6, MCP-

1, and PAI-1) in fat tissue. By preventing senescent cell accumulation and SASP development, physical 

exercise neutralizes the FFD induced detrimental effects on metabolic parameters (Schafer et al., 2016).  

The expression of p53 in AT plays a key role in the development of obesity-related IR (Ahima et al., 

2009; Minamino et al., 2009). P53 acts both as a potent senescence inducer and an adipogenesis 

repressor (Gustafson et al., 2019). Indeed, it needs to be downregulated before APCs can differentiate 

into insulin-responsive adipocytes (Krstic et al., 2018. Furthermore, the activation of p53 in adipocytes 

impairs insulin-stimulated glucose transport, enhances lipolysis, and promotes inflammation (Vergoni 

et al., 2016). Minamino et al. elucidated the role of p53 in linking obesity, AT senescence, and 

metabolic dysfunction (Minamino et al., 2009). Excessive caloric intake induces AT senescence, 

inflammation, and IR in agouti mice, a widely used model adopted to study nutritionally induced 
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epigenetic effects on the obesity phenotype (Parrillo et al., 2019). Interestingly, the adipocyte-specific 

p53 deficiency in the obese agouti mice exposed to a standard chow diet, as well as in obese wild-type 

mice fed a high-sugar/high fat diet, is sufficient to decrease the expression of senescence and 

inflammatory markers in AT and to improve insulin sensitivity (Minamino et al., 2009). Therefore, 

cellular senescence and inflammation, due to high p53 levels in AT, lead to metabolic complications 

associated with obesity (Tchkonia et al., 2010). There is evidence that similar processes in obese 

patients are also activated in AT. Obesity is associated to increased AT expression of senescence 

markers in young/middle-aged subjects, including p53 (Tchkonia et al., 2010; Muñoz-Espín et al., 2014; 

Gustafson et al., 2019). Additionally, Justice et al. recently provided evidence of the effectiveness of a 

5-month resistance training programme with or without CR in lowering these senescence markers in 

thigh AT in overweight/obese women (Justice et al., 2018). Senescent APCs from SAT of obese 

individuals show a loss of replicative and differentiation ability (Tchkonia et al., 2010; Muñoz-Espín 

et al., 2014; Gustafson et al., 2019; Mitterberger et al., 2014; Oñate et al., 2012). Recently, Gustafson et 

al. provided a mechanistic explanation for the above correlation by showing that increased APC 

senescence is responsible for impaired SAT adipogenesis in hypertrophic obesity (Gustafson et al., 

2019). This study has revealed that senescence markers (i.e., SA-β-gal, p53, and p16) and SASP factors 

that antagonize differentiation (i.e., PAI-1 and TGFβ-1) are upregulated in SAT biopsies from patients 

with hypertrophic obesity and T2D and are positively correlated with subcutaneous adipocyte cell size 

(Gustafson et al., 2019) Interestingly, the impaired adipogenic capacity of APCs isolated from the same 

specimens of SAT biopsy is linked to the inability to suppress p53 after induction of differentiation 

(Gustafson et al., 2019) 
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FIGURE 4. Ageing and obesity-related adipose tissue dysfunction: Age and obesity synergistically and independently 

lead to adipose tissue dysfunction, ultimately resulting in a chronic subclinical pro-inflammatory state, insulin resistance 

and Type 2 Diabetes. Analysis of processes causing fat tissue dysfunction in obesity could point to mechanisms contributing 

to metabolic dysfunction with ageing and even the ageing process itself. Stout et al., 2017, Tchkonia et al., 2010. 

 

1.3.2 Type 2 Diabetes 

There is a dynamic relationship between T2D and senescence (Palmer et al., 2015; Strycharz et al., 

2017; Berná et al., 2014; Hannou et al., 2014; Leslie et al., 2014; Strazhesko et al., 2015; Gardner et 

al., 2005; Testa et al., 2011). T2D in itself has been proposed to represent a state of accelerated ageing 

in which senescent cells are part of a pathogenic loop, both as a contributing cause and as a result of 

the metabolic disturbances observed in the prediabetic and diabetic states (Palmer et al., 2015; Strycharz 

et al., 2017). Many GWASs also showed that single-nucleotide polymorphisms (SNPs) in genes 

encoding senescence markers, including p53, p16, and p21, are associated with an increased risk of 

developing T2D and its complications (Berná et al., 2014; Hannou et al., 2014; Leslie et al., 2014). 

Notably, SNPs at p53 transcriptional target genes, such as ZMAT3, are also associated with T2D and 

its related traits (Huynh et al., 2013; Leslie et al., 2014). Focusing on AT, TL shortening is inversely 

correlated with adipocyte cell size in SAT not only in obese subjects with or without T2D but also in 

lean diabetic patients, indicating a strong relationship of cellular senescence to the unhealthy metabolic 

environment related to adipocyte hypertrophy (Monickaraj et al., 2012). This link is also supported by 

data from adipose-p53-transgenic mice expressing high levels of both p53 and p21 in AT (Minamino 

et al., 2009). In these mice, the upregulation of these senescence markers is sufcient to induce an 

infammatory state that drives IR (Minamino et al., 2009). Consistently, individuals with T2D typically 

display an elevated senescent cell burden in AT, as demonstrated by the high expression levels of SA-
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β-gal, p53, p21, and pro-infammatory SASP components (e.g., IL-1α, IL-1β, IL-6, and TNF-α). From 

a mechanistic perspective, cellular senescence and T2D form a vicious circle where both the obese and 

the prediabetic microenvironment become permissive for cellular senescence to develop prematurely. 

Senescence, in turn, exacerbates induction and impairs the clearance of senescent cells, resulting in 

tissue damage and metabolic derangement (Palmer et al., 2015). p53-mediated premature senescence 

can result from chronic IGF-1 exposure, the increased levels of which are due to hyper-insulinaemia 

and the changes in IGF-binding proteins (IGFBPs) (Tran et al., 2014). Among these, IGFBP3 has been 

recognized among the SASP components responsible for spreading senescence to bystander cells (Elzi 

et al., 2012).  Furthermore, p53 mediates different types of stress responses in which ceramides act as 

important mediators. High ceramide levels can result in the senescence of adipose, endothelial, and 

immune cells due to alterations in the metabolism of fatty acids (Trayssac et al., 2018). Altogether these 

events synergistically promote the accumulation of senescent cells and expression of the related SASP 

in AT. This event, in turn, drives the local and systemic inflammation and derangement of metabolic 

homeostasis, contributing to the onset of T2D. 

Several studies on human cells from T2D subjects revealed that senescent cells are also spread within 

aetiological tissues involved in diabetes-related complications (Palmer et al., 2015). In particular, the 

kidneys of patients with type 2 diabetic nephropathy (DN) exhibit an accelerated senescent phenotype 

in selected cell populations, particularly tubular cells and podocytes, accounting for DN progression 

towards renal insufficiency and diabetic kidney disease (DKD) (Verzola et al., 2008). This hypothesis 

seems also confirmed by the latest interim report from a clinical trial in DKD patients evaluating a 

combination of senolytic medications, dasatinib plus quercetin (D+Q) (Hickson et al., 2020). Indeed, 

DKD patients treated with three daily doses of D+Q display a lower senescent cell burden in abdominal 

SAT (i.e., decreases in SA-β-gal, p21, and p16) and lower plasma levels of the main SASP components 

(e.g., IL-1α, IL-2, IL-6, and IL-9) within 11 days (Hickson et al., 2020). Since senolytics appear to be 

more effective in alleviating senescence-associated diabetes complications than the currently available 

glucose-lowering treatments, the opportunity to introduce these drugs into clinical practice may provide 

a new way to treat chronic diseases that are still untreatable (Palmer et al., 2019; Hickson et al., 2020; 

Palmer et al., 2015). Importantly, previous investigations have shown that D+Q exposure eliminated 

senescent cells from aged mice, mice with IR and other chronic diseases, and AT explants from obese 

and/or diabetic patients (Hickson et al., 2020; Kim et al., 2019). In additions, preclinical studies in 

HFD-induced or genetically obese (db/db) mice revealed that D+Q mitigated IR, proteinuria, and 

dysfunction of the renal podocytes by eliminating senescent cells, primarily senescent APCs, from AT 

(Palmer et al., 2019). 
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1.4 Family History of Diabetes: an important risk factor to develop T2D 

A family history of T2D, like ageing and obesity, is a key risk factor for the development of T2D 

(InterAct Consortium et al., 2013; Kirkman et al., 2012). Indeed, FDRs have a risk of developing 

diabetes up to 10-fold higher than subjects with no familiarity with diabetes (Meigs et al.,2000; Forouhi 

et al., 2014; InterAct Consortium et al., 2013). FDRs show early signs of molecular and metabolic 

abnormalities that are linked to an increased T2D risk (Spinelli & Florese., 2022) and reflect hereditary 

and environmental factors shared by families (Cederberg et al., 2015; Scott et al., 2013). In particular, 

they feature significantly increased HOMA-IR values, higher fasting plasma insulin and glucose levels 

and higher glucose levels following 75 g glucose loading. Also, the FDRs have higher triglyceride 

levels (Arner et al., 2011; Parrillo et al., 2020). Also, even when young and non-obese, FDRs feature 

anomalies of SAT similar to those observed during ageing. Indeed, they are characterized by 

inappropriate hypertrophic expansion of adipose cells due to a reduced differentiation capacity of the 

resident APCs, which drives ectopic fat storage, state of chronic low-grade inflammation, and IR 

(Parrillo et al., 2020; Arner et al., 2011; Henninger et al., 2014). A recent investigation reported that, in 

FDRs, the restricted ability of subcutaneous APCs to differentiate in the functional adipocytes is 

associated with inability to suppress the p53 senescence marker after adipocyte differentiation 

(Gustafson et al., 2019), suggesting their SAT alterations could reflect the detrimental effects of the 

accumulation of senescent APCs (Spinelli et al., 2022). Because p53 remains increased also in APCs 

from individuals with hypertrophic obesity (Gustafson et al., 2019), it is possible that FDRs share the 

"obese phenotype" characterized by limited ability to recruit and differentiate new adipocytes, 

inappropriate adipose cell hypertrophy, inflammation, and IR with obese subjects (Arner et al., 2011). 

The molecular mechanisms responsible for increased T2D susceptibility in FDRs remain unclear (Baig 

et al., 2020). Despite extensive efforts to identify risk loci for FDR-associated T2D predisposition, no 

genotype has been identified in the majority of FDRs. However, mounting evidence indicates that 

epigenetics may contribute to render FDRs more vulnerable to T2D (Parrillo et al., 2020; Ling & Ronn., 

2019; Sanabil et al., 2020).  

It is well established that epigenetic modifications, including loss of DNA methylation, are key in 

regulating the senescence phenotype (Atkinson et al., 2007; Cheng et al., 2017). Interestingly, major 

risk factors for T2D (ageing, obesity, T2D familiarity), which are associated with increased APC 

senescence, contribute to IR by affecting the AT methylome in non-diabetic subjects (Davegårdh et al., 

2018; Parrillo et al., 2019). Furthermore, lifestyle interventions (diet, exercise, weight loss) that prevent 

T2D development by inducing DNA methylation changes in the AT, further exert their protective 

effects by preventing APC senescence (Justice et el., 2018; Most et al., 2017). Interestingly, my research 



19 
 

group recently demonstrated that the epigenetic signature of subcutaneous APCs in FDR subjects is 

characterized by a number of DNA hypomethylation events (Parrillo et al., 2020). Thus, the hypothesis 

that DNA methylation level determines occurrence of an early senescence phenotype in APCs of FDR 

individuals and contributes to their predisposition towards T2D, deserves to be investigated.  

1.5 Epigenetics  

The central dogma of biology describes the flow of genetic information from DNA to RNA to proteins 

and occurs through two intermediate steps, namely transcription and translation. However, these highly 

regulated processes can be modified at any point, altering protein expression and thus cellular 

phenotypes. Epigenetics mechanisms are important modifiers that hinder or promote the intermediate 

steps of the central dogma (Clark et al., 2020; Barros et al., 2009). Epigenetics consists of heritable 

modifications that regulate gene expression without altering the DNA sequence as a result of the 

dynamic and complex interaction between environment and genome. For many years, the heritability 

of epigenetic information was thought to be limited to mitotic cellular divisions. However, it is now 

apparent that epigenetic processes are meiotically heritable in organisms (Li et al., 2014). The relative 

plasticity of epigenetic modifications provides a framework for investigating the relationship between 

environmental and behavioral influences, human health, and disease development. The identification 

of epigenetic profiles linked to human chronic diseases has the potential to identify therapeutic targets 

that can be modulated through epigenetic mechanisms. (Crouch et al., 2022).  

Epigenetic modifications changes include DNA methylation, histone posttranslational modifications 

(PTMs), and noncoding RNAs (ncRNAs) (Fig.5). Although each of these mechanisms is functionally 

relevant, geroscience research has best characterized the role of DNA methylation dynamics during 

ageing and their involvement in cellular senescence. The majority of DNA methylation occurs on 

cytosines that precede a guanine nucleotide (CpG) and acts as an essential transcription regulator. CpG 

methylation consists in the covalent transfer of a methyl group to the 5-carbon position of a CpG 

dinucleotide to form 5-methylcytosine (5mC) (More et al., 2013). Although the role of CpG methylation 

in the regulation of gene expression has been extensively investigated, the exact mechanism by which 

CpG methylation represses or activates gene expression has not been fully elucidated (Clark et al., 

2020). Some experimental evidence indicates that methyl groups in the promoter region may influence 

protein binding to DNA, promoting modification of chromatin organization. In this way, the ability of 

transcription factors and other transcriptional machinery to access DNA is negatively modulated, 

leading to a reduction in gene expression (Clark et al., 2020; Bommarito et al., 2019). Another 

mechanism by which DNA methylation negatively regulates gene expression is the recruitment of 

methyl-CpG-binding proteins. The recruitment of methyl-CpG-binding proteins represents a physical 
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barrier to positive regulators of gene expression (Clark et al., 2020). These “competitor proteins” have 

been identified in complexes containing histone deacetylases, responsible for histone deacetylation of 

methylated sites (Boyes and Bird, 1991; Curradi et al., 2002). This phenomenon silences gene 

expression by creating a closed chromatin. Interestingly, CpG methylation and histone deacetylation in 

synergies may conspire to silence gene expression state (Boyes and Bird, 1991). PTMs drive the 

reorganization or remodelling of chromatin structure (Clark et al., 2020). Histone proteins are highly 

alkaline and positively charged. According to their structure and function, they are classified into five 

families: histones H1, H2A, H2B, H3 and H4. In the eukaryotic genome, the positively charged histone 

protein associated with negatively charged DNA forming the nucleosome, which represents a 

fundamental unit of chromatin. Except for H1, all histones are involved in the nucleosome core's 

construction. The enzymes carrying histonic modifications are acetyltransferases, deacetylases and 

methyltransferases, collectively termed histone-modifying proteins (Zhang et al., 2021). Altogether, 

these modifications allow the remodelling of DNA-histones interactions, which are responsible for 

chromatin reorganization (Peterson et al., 2004). These events affect the accessibility of nucleosomal 

DNA to complex transcriptional machinery, thereby influencing gene expression. For example, histone 

acetylation has been linked to positive transcriptional regulation: adding an acetyl group to positively 

charged lysine residues on histone tails attenuates histone and DNA interaction. The overall chromatin 

structure is relaxed, allowing transcriptional factor binding. This event results in increased gene 

expression. ncRNAs have a role in the post-transcriptional regulation of gene expression (Morceau et 

al., 2013; Mattick & Makunin., 2007). Regulatory ncRNAs include long ncRNAs (lncRNAs) and small 

ncRNAs, including the best characterized micro RNAs (miRNA), piwi-interacting RNA (piRNAs) and 

small interfering RNA (siRNAs) (Nigita et al., 2019; Fiannaca., 2017). The lncRNAs are at least 200 

nucleotides long and act through several mechanisms, including transcription degradation, translation 

interference, and chromatin remodelling (Nigita et al., 2019; Clark et al., 2020). Alternatively, small 

ncRNAs (21-25 nucleotides) guide the process of mRNA degradation after incorporation into an RNA-

induced silencing complex (Yang et al., 2016; Lekka &Hall., 2018).  

1.5.1 DNA methylation 

DNA methylation is now well recognized as a key epigenetic regulatory mechanism that involves direct 

chemical modification of DNA and influences gene activity cooperating with other regulators (Jin et 

al., 2011). DNA methylation is catalyzed by a family of DNA methyltransferases (DNMTs) that transfer 

a methyl group from S-adenyl methionine to the fifth carbon of a cytosine residue to form 5mC (Clark 

et al., 2020). The CpG methylation is governed by three critical mechanisms, which include: de novo 

establishment of methylation patterns (e.g., the establishment of methylation patterns in new cells early 
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in development), maintenance of methylation patterns, and active removal of methyl groups 

(demethylation) (Moore et al., 2013). DNMT3A and DNMT3B catalyse de novo methylation (Clark et 

al., 2020). Whether DNMT3A is expressed relatively ubiquitously, DNMT3B is poorly expressed by 

the majority of differentiated tissues, except for the thyroid, testes, and bone marrow (Moore et al., 

2013). The maintenance of methylation patterns is governed by DNMT1. After DNA replication, 

DNMT1 is responsible for maintaining DNA methylation pattern in the newly replicated DNA strand, 

in order to maintains the original pattern of DNA methylation in a cell lineage (Long et al., 2017). The 

active demethylation of CpGs occurs through oxidation of 5mC to 5-hydroxymethylcysteine (5-hmC), 

both in dividing and non-dividing cells. TET enzyme family regulates this mechanism (Shi et al., 2017). 

DNMTs expression is greatly reduced after the end of the differentiative process, indicating that the 

DNA methylation pattern in the postmitotic state is stable. When exposed to environmental stimuli, 

several cell types, even when differentiated, display changes in DNMT expression (Feng et al., 2005).In 

the human genome, the total number of CpG is estimated to be around 28 million, and 60-80% of them 

are generally methylated (Wreczyckaad et al., 2017). Less of 10% of CpG characterizes CG-rich 

regions, knowns as CpG islands. Most of the gene promoters, about 70%, contain CpG islands. 

Interestingly CpG islands are mainly unmethylated (Long et al., 2017; Moore et al., 2013; Deaton & 

Beard., 2011), and they contain fewer nucleosomes than other strands of DNA (Ramirez-Carrozzi et al, 

2009; Choi, 2010). This evidence suggests that CpG islands enhance the accessibility of DNA and 

promote transcription factor binding. Indeed, both hypo-methylated patterns and a reduced number of 

nucleosomes result in a stable rise in gene expression (Moore et al., 2013). On the other hand, if CpG 

sites located in promoters or enhancers are hypermethylated, these regions become heterochromatic 

and are not bound by transcription activators. This leads to transcriptional silencing (Jang et al., 2017; 

Anastasiadi et al., 2018). DNA methylation works with histone modifications and miRNA to regulate 

transcription. DNMTs cooperate with histone-modifying enzymes involved in order to induce a 

repressive and/or enhanced state of gene expression. Moreover, DNA methylation can affect 

methylation pattern of miRNA CpG islands, modulating miRNA expression (Lujambio et al., 2009). 
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Figure 5. Epigenetic Mechanisms: Epigenetics, which encompasses alterations in gene expression caused by mechanisms 

other than DNA sequence changes, also plays a significant role in phenotypic diversity and differential sensitivity to 

environmental stimuli. Chromatin plays a significant role in genome regulation by dictating whether genes are active in a 

given cell or tissue type and is subject to extensive post-translational modifications that define this activity. As the field of 

epigenetics has advanced, it has become increasingly clear that epigenetic mechanisms provide a completely new ensemble 

of therapeutic targets for treating metabolic disorders. American Hematology Society 

 

 

1.5.2 DNA methylation during ageing and senescence 

DNA methylation is a crucial process behind the trajectories of alternative ageing, driving healthy 

ageing and longevity on one side and unhealthy ageing and chronic metabolic diseases on the other. 

Indeed, age-related dysregulation of DNA methylation is a common aetiological factor for ARDs 

ranging from T2D to neurodegenerative diseases (Hadad et al., 2020). Moreover, many effective 

lifespan-extending interventions act through DNA methylation (Pal et al., 2016). Thus, the opportunity 

to “reverse” ageing is an intriguing implication of epigenetic ageing regulation (Ghosh et al., 2019). 

There is a global hypomethylation of CpG over the genome during ageing that is responsible for i. loss 

of heterochromatin and gene de-repression in this region; ii. nuclear architecture changes; and, iii. 

increased genomic instability. Interestingly, the hypomethylation-induced loss of silencing at 

heterochromatic loci appears during ageing in all mammals, and its acceleration and rescue can, 

respectively, reduce and extend the lifespan (Pal et al., 2016). The age-associated genome-wide pattern 

in DNA methylation can be due to a progressive reduction in levels of DNMTs and/or their critical 

substrates [e.g., S-adenosilmetionina (SAM)] (Berná et al., 2014; Strazheskoet al., 2015). Paired 

methylome and transcriptome analyses in ageing cells and tissues from both mice and humans have 
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revealed an inverse correlation between gene expression and DNA methylation (Hadad et al., 2019; 

Rönn et al., 2015). These differences between young and old mammals show that they are in the range 

of 5-25 % at susceptible genes (Issa., 2014). Notably, these genes are enriched in pathways dysregulated 

during ageing such as senescence, inflammation, and the insulin-signalling pathway (Hadad et al., 

2020). DNA methylation has been recognized as a critical mechanism promoting senescence at the 

molecular and cellular levels (Sidler et al., 2017; Nacarelli et al., 2016; Cheng et al., 2017; So et al., 

2011; Balakrishnan et al., 2018). The DNA methylome of SNCs shows extensive hypomethylation and 

formation of facultative heterochromatin domains compared to proliferating normal cells. There is 

extensive evidence of the importance of DNA hypomethylation as a senescence inducer. First, this 

occurs in pre-senescent cells, but not in immortalized cells where the overall methylation level is 

relatively stable, indicating that DNA methylation dynamics are related to a limited proliferative 

lifetime (Nacarelli et al., 2016; Balakrishnan et al., 2018). Thus, DNA hypomethylation may function 

as a mitotic clock, similar to TL shortening (Issa., 2014). Second, the use of DNMT inhibitors (e.g., 5-

azacytidine) or specific small-interfering RNAs to target DNA methylation is sufficient to induce 

senescence in primary human cells (So et al., 2011). Notably, senescence-related hypomethylation 

occurs predominantly in genes with reduced expression in proliferating cells but elevated expression in 

SNCs (Balakrishnan et al., 2018). These include genes that encode p53 targets p21 and p16, as well as 

the two main SASP pro-inflammatory components IL-6 and IL-8 (Faget et al., 2019; So et al., 2011). 

Many studies have shown that the pattern of DNA methylation in human tissues can be used as a 

chronological age estimator, a biomarker for healthy and unhealthy ageing, and a risk factor for ARDs 

(Field et al., 2018). AT has been extensively studied in this context supporting the notion that age-

related changes to the methylome may underlie the AT dysfunction observed in the elderly population 

(Rönn et al., 2015). In particular, different groups have developed so-called DNA methylation clocks 

(DNAm-age clocks) based on age-associated DNA methylation changes that are relatively common 

across individuals and in some cases, across tissues (Horvath et al., 2013; Hannum et al., 2013; 

Bocklandt et al., 2011; Huang et al., 2015; Zbieć-Piekarska et al., 2015). Each clock utilizes DNA 

methylation information at specific CpGs (ranging between 3 and 353 CpGs) to calculate the time 

elapsed after birth (i.e., chronological age). Interestingly, several DNAm-age clocks investigated in vivo 

successfully predict in vitro chronological age. Their analysis shows that both systems display global 

hypomethylation throughout the human lifespan suggesting preservation of an epigenetic ageing 

signature between human tissues and primary human cells (Sturm et al., 2019). Notably, specific 

DNAm-age clocks also distinguish senescence from replicative states of cellular lifespan and are 

sensitive to environmental stimuli (Field et al., 2018; Sturm et al., 2019; Horvath et al., 2014). 

Accelerated rates of epigenetic ageing, both in vivo and in vitro, are correlated with metabolic stressors 
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related to obesity and a shorter lifespan. Insulin, glucose, triglycerides, and total cholesterol serum 

concentrations are positively correlated with DNAm-age acceleration. Consistently, ex vivo 

experiments have shown that human fibroblasts cultured under chronic hyperglycaemic conditions 

show an increase in the baseline DNAm-age of approximately three years (Sturm et al., 2019). The 

effects of environmental stimuli on epigenetic ageing rates offer insight into how and why subjects with 

the same chronological age can experience dissimilar DNAm-age. The difference between DNAm-age 

and true chronological age reflects biological age (Δage), which is considered an indicator of human 

ageing rate and health outcomes (Field et al., 2018; Jones et al., 2015; Gentilini et al., 2013). Individuals 

can be classified as i. biologically old if their DNAm-age is higher than their chronological age; ii. 

biologically young if the reverse is true; or, iii. biologically concordant. Several lines of evidence 

support the notion of an accelerated DNAm-age reflects an advanced biological age. Obesity, BMI, 

chronic systemic inflammation, T2D, NAFLD and decreased physical fitness accelerate DNAm-age. 

Instead, interventions that promote longevity, such as CR and rapamycin, decelerate DNAm-age (Field 

et al., 2018, Horvath et al., 2014; Stevenson et al., 2018; Bacos et al., 2016) (Fig.6). Therefore, 

understanding DNAm-age molecular biology is essential in deciding how best using DNAm-age as a 

biomarker in biomedical research and in clinical medicine. 

 

 

 

Figure 6. Schematic chart of a DNA methylation clock throughout the human lifetime. The difference 

between DNA methylation age and chronological age (i.e., the time elapsed since birth) reflects biological age 

and may be an indicator of ageing rate and health outcomes. ARDs, age-related diseases; T2D, type 2 diabetes. 

Spinelli et al., 2020 
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1.6 ZMAT3 as candidate epi-gene for senescence in APCs  

The Zinc Finger Matrin-Type 3 (ZMAT3), also known as WIG1 or PAG608, gene encodes a zinc-finger 

RNA-binding protein, highly conserved from fish to human, which is involved in post-transcriptional 

regulation of gene expression by affecting mRNA stability and translation (Hellborg et al., 2001; 

Bersani et al., 2016). ZMAT3 has been originally identified as a P53 positive regulator that enhances 

P53 mRNA levels via a positive feedback loop. ZMAT3 binds to AU-rich locations in the 3'UTR of 

P53 mRNA and protects it from deadenylation, resulting in P53 mRNA stabilization and increased P53 

protein expression, as well as an expanded P53 network. P53, on the other hand, acts as a transcriptional 

activator of ZMAT3 (Bersani et al., 2014; Vilborg et al., 2009). A recent study also uncovered a novel 

function for ZMAT3 in RNA homeostasis by modulating alternative splicing, resulting in multifaceted 

effects on several cellular processes. ZMAT3 regulates hundreds of transcripts through alternative 

splicing, including the transcripts encoding the P53 negative regulators MDM2 and MDM4 (Bieging‐

Rolett et al., 2021). The ZMAT3 positive feedback to P53 may account for some ZMAT3 tumor 

suppressor activity. Indeed, ZMAT3 belongs to the p53-dependent growth-inhibiting and tumor 

suppressor pathways (Hellborg et al., 2001; Janic et al., 2018). Accordingly, ZMAT3 has been 

identified as a tumour suppressor in lung and liver cancers, as well as human carcinomas (Bieging-

Rolett et al., 2020).  

In humans, ZMAT3 is expressed in all tissues, with the highest expression in brain, smooth muscle, 

cardiac myocytes, and adipocytes (Vilborg et al., 2011). ZMAT3 upregulation has been reported in both 

human SNC and aged tissues (Chaturvedi et al., 2015; Lee et al., 2014; Marthandan et al., 2016; Yang 

et al., 2016). In a recent analysis of 17,382 whole transcriptome profiles in 54 tissue types from 979 

human donors aged 20 to 79 and included in the GTEx database (V.8), ZMAT3 emerged as one of the 

top ten age-related and differentially expressed genes. According to this data, ZMAT3 mRNA levels are 

positively correlated with age in several human tissues (e.g., artery, heart, nerve, liver, thyroid, lung), 

including the SAT (Chaturvedi et al., 2015; Marthandan et al., 2016; Yang et al., 2016; Avelar et al., 

2020; Dong et al., 2021). Furthermore, ZMAT3 hypomethylation has been found in the cerebellum of 

subjects with Down Syndrome, which has been described as a human condition of accelerated ageing 

(Gensous et al., 2019; Mendioroz et al., 2016). ZMAT3 was found to be increased in human fibroblasts, 

during both stress-induced premature senescence and replicative senescence (Lee et al., 2014). ZMAT3 

gene was also upregulated in human blood cells following exposure to ionizing radiation (Lacombe et 

al., 2018), as well as and in endothelial cells after nickel irradiation (Beck et al., 2014). Both these 

environmental stressors are responsible for p53-dependent induction of senescence in human cells 

(Wang et al., 2016; Luczak et al., 2017). Altogether these findings suggest that ZMAT3 upregulation 
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is linked to cellular senescence. Other pathways, such as oxidative stress response, inflammation 

mediated by chemokines and cytokines, Insulin/IGF-protein kinase B, support the involvement of 

ZMAT3 in the P53 network for regulating cell growth and senescence (Vilborg et al., 2011). However, 

whether and how ZMAT3 induces senescence deserves to be investigated. 

 

2. EXPERIMENTAL PROCEDURES 

2.1 Study participants 

Twenty-four individuals were selected from the EUGENE2 consortium (Laakso et al., 2008). These 

subjects were healthy and non-obese with (n=12; FDRs) or without (n=12; CTRLs) one first-degree 

relative with T2D. Male/female in the study group was 1; mean age was 40.6 years (SEM:1.6 years); 

mean BMI was 24.9 Kg/m2 (SEM:0.4 Kg/m2). Detailed clinical characteristics of these individuals have 

been previously reported in (Laakso et al., 2008) and are synoptically presented in Tab.1. Subjects who 

were FDRs exhibited a significantly reduced insulin sensitivity and larger subcutaneous adipocytes 

when compared to CTRL subjects. No significant differences were shown between two groups 

regarding age, sex, BMI, and body fat percent. All of the enrolled subjects signed their informed consent 

and were subjected to abdominal subcutaneous adipose tissue (SAT) sampling from the paraumbilical 

region. The study protocol was approved by the Ethical Committee of the University of Gothenburg 

(ethical approval numbers S655-03 and T492-17) according to the Declaration of Helsinki. 

2.2 Isolation and culture of APCs 

After harvesting, adipose precursor cells (APCs) were isolated from SAT specimens as previously 

reported in (Gustafson et al., 2019). Minced adipose tissue was aseptically processed by incubation 

with collagenase (Roche Diagnostics) at 37 ºC for 45 min. The digest was filtered through nylon mesh 

with a pore size of 250 μm and collected in enzyme quenching media. The layer with floating adipocytes 

was removed and used for adipocyte size measurement as described in (Arner et al., 2011). The 

remaining media containing the APC fraction was centrifuged for 15 min at 1500 g at 20 ºC. The 

isolated APCs were washed twice, and the erythrocytes were lysed with 155 mmol/l NH4Cl for 5 min 

before seeding APCs. After 3 days, the inflammatory cells (CD14+/CD45+) and endothelial cells 

(CD31+) were removed from the APC fraction by immune magnetic separation (Miltenyi) as described 

in (Arner et al., 2011). The APCs were then cultured with DMEM/F-12 medium (ThermoFisher 

Scientific) supplemented with 10% fetal bovine serum (FBS, ThermoFisher Scientific), 2 mmol/l 
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glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (ThermoFisher Scientific). APCs were 

finally expanded in culture for three passages to prepare for experimentations.  

2.3 Adipogenic differentiation of APCs 

APCs were grown and allowed to differentiate into mature adipocytes as described in (Gustafson et al., 

2019). APCs were induced to differentiate after 3 days of confluence (differentiation day 0) with a 

cocktail consisting of 850 nmol/l insulin, 10 μmol/l dexamethasone (Sigma-Aldrich), 0.5 mmol/l 

isobutylmethylxanthine (MP Biomedicals), 10 μmol/l rosiglitazone (Cayman Chemical) in DMEM/F12 

supplemented with 3 % FBS, 2 mmol/l glutamine, and antibiotics. After 3 days, the medium was 

replaced to adipocyte medium consisting of 850 nmol/l insulin, 1 μmol/l dexamethasone, 1 μmol/l 

rosiglitazone in DMEM/F12 supplemented with 10 % FBS, 2 mmol/l glutamine, and antibiotics. The 

adipocyte medium was changed every 3 days throughout the differentiation period until day 15 

(differentiation day 15). To examine lipid accumulation, differentiated APCs were fixed with 4 % 

formaldehyde for 5 min at room temperature and stained with Oil Red O (Sigma-Aldrich) as previously 

reported in (Mirra et al., 2021). 

2.4 Flow cytometry analysis 

Flow cytometry was performed with a BD LSRFortessa Flow Cytometer (BD). For each experiment, 

10,000 cells per APC sample were counted. Flow cytometric forward scatter (FSC-A) and side scatter 

(SSC-A) density plots were applied to analyze APC size and structure, respectively, as described 

(Ratushnyy et al., 2020). Senescence-associated beta-galactosidase (SA-β-gal) activity was assessed as 

indicated in (Debacq-Chainiaux et al., 2009). APCs (3 x 104 cells) were seeded in a 6-well plate. Cells 

at 70–80% confluence were treated with bafilomycin A1 (Sigma-Aldrich) for 1 hour to induce 

lysosomal alkalynization. This step was followed by 2 hours incubation with 5-

dodecanoylaminofluorescein di-β-D-galactopyranoside (C12FDG, ThermoFisher Scientific). Once 

inside the cells, the C12FDG substrate is cleaved by SA-β-gal producing a green fluorescent product.  

SA-β-gal positive APCs were quantified by flow cytometry. Cell cycle analysis was performed as 

reported in (Raciti et al., 2018). APCs (3 x 104 cells) were seeded in a 6-well plate and left until they 

had reached 70–80% confluency. Then, the cells were harvested, fixed in cold ethanol 70%, washed 

twice with cold PBS, and incubated in PBS containing 20 μg/mL PI and 1 mg/mL RNase A for 30 min 

at room temperature in the dark. DNA content of the PI-stained APCs were analyzed by flow cytometry. 

The histogram of cell cycle distribution was generated from 10,000 events per APC sample. 
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2.5 Primer sequences 

Sequences of all the used primers are shown in Tab.2 

2.6 Bisulphite sequencing 

Bisulphite treatment of genomic DNA (gDNA) extracted from APCs by the AllPrep DNA/RNA Mini 

Kit (Qiagen) was carried out using the EZ DNA Methylation Kit (Zymo Research). Converted gDNA 

was amplified by PCR using specific primers for the ZMAT3 DMR (hg38_dna range=chr3:179032279-

179033001). Bisulphite sequencing was performed as previously reported in (Desiderio et al., 2019; 

Raciti et al., 2017).  PCR products were cloned into the pGEM T-Easy vector (Promega) and 10 clones 

for sample were sequenced with an AB 3500 genetic analyzer (ThermoFisher Scientific). We first 

calculated the percentage of DNA methylation levels at all the 42 CpGs within the ZMAT3 DMR in 

each clone and then averaged the DNA methylation level for 10 clones of the same sample. DNA 

methylation % = [methylated CpGs/ (methylated CpGs + unmethylated CpGs)] *100. Bioinformatics 

analysis was carried out using EMBOSS CpGplot (available from 

www.ebi.ac.uk/Tools/seqstats/emboss_ cpgplot/; accessed November 2015). 

2.7 RNA isolation and qPCR 

Total RNA was extracted from APCs using the AllPrep DNA/RNA Mini Kit (Qiagen). Reverse 

transcription of 1 μg of total RNA was performed using SuperScript III (ThermoFisher Scientific), 

following the manufacturer's instructions. qPCR reactions were run with SYBR Green PCR Master Mix 

(Bio-Rad) as previously described in (Longo et al., 2016; Nigro et al., 2019). Human RPL13A or 28S 

were used as reference genes as mentioned in the corresponding figure legend. qPCR conditions were 

as follows: 95 °C for 30 s, 40 × (95 °C for 5 s and 60 °C for 30 s). All reactions were run in triplicate 

on a QuantStudio 7 Flex Real-Time PCR System (ThermoFisher Scientific). 

2.8 Western Blot  

Protein extracts were prepared in ice-cold RIPA buffer as previously described in (Pirone et al., 2019). 

Protein concentration was assessed using the protein assay based on Bradford’s method (Bio-Rad). 

Total cell extracts in equal amounts were separated by SDS-PAGE and blotted on nitrocellulose 

membrane (Millipore) as reported in (Ungaro et al., 2012). Upon incubation with primary antibodies 

against ZMAT3 (ab191536, Abcam), P53 (sc-126, Santa Cruz), or Vinculin (sc-73614, Santa Cruz), 

and secondary antibodies (Bio-Rad), immunoreactive bands were detected by an enhanced 



29 
 

chemiluminescence kit (Bio-Rad) and quantified by the ImageJ software. Protein abundance was 

calculated after Vinculin normalization. 

2.9 Construction and functional analysis of luciferase reporter vectors  

The intronic ZMAT3 DMR (hg38_dna range=chr3:179032279-179033001) was amplified by PCR and 

cloned into the CpG-free promoter firefly luciferase reporter vector (InvivoGen) in both forward and 

reverse orientations (Bakshi et al., 2018). Luciferase assay was performed as described in (Desiderio et 

al., 2019). Constructs were amplified in E. coli GT115 cells (InvivoGen). In vitro methylation was 

carried out using the M.SssI CpG methyltransferase (New England Biolabs) and S-adenosylmethionine 

(SAM; New England Biolabs), following manufacturer’s instructions. Un-methylated constructs were 

treated as the methylated construct, including application of SAM, but in the absence of M.SssI (mock-

treated). In vitro methylation was confirmed by resistance to HhaI or HpaII (New England Biolabs) 

digestion. Transfection with an equimolar amount of the mock-treated empty vector was used to control 

for background firefly luciferase activity. Firefly luciferase activity of each transfection was normalized 

against renilla luciferase activity (Promega).  

The wild-type CDKN1A promoter region (hg38_dna range=chr6: 36676412-36676502) containing the 

P53 response element (RE) from -2281 to -2261 bp upstream the TSS (el-Deiry et al., 1993; Laptenko 

et al., 2011) was amplified by PCR and cloned into the CpG-free promoter firefly luciferase reporter 

vector (InvivoGen). Complementary oligonucleotides corresponding the above-mentioned CDKN1A 

promoter region were synthesised by Sigma-Aldrich to incorporate the desired point mutations of the 

invariant G/C basepairs within the P53 RE to prevent P53 from binding to this nucleotide sequence 

(Kaeser & Iggo, 2004). These oligonucleotides were annealed in vitro and then cloned into the CpG-

free promoter firefly luciferase reporter vector (InvivoGen). The wild-type or mutagenized CDKN1A 

reporter construct was transfected in APCs from CTRL subjects in the presence of the pCMV6-ZMAT3 

or pCMV6-TP53 expression vector, or an equimolar amount of the pCMV6 empty vector. Co-

transfection of the wild-type CDKN1A reporter construct with the pCMV6 empty vector was used to 

control for the basal CDKN1A promoter activity. Firefly luciferase activity of each transfection was 

normalized against renilla luciferase activity (Promega).  

All final constructs were validated by sequencing. Transfections were carried out by Lipofectamine 

3000 reagent (ThermoFisher Scientific) in serum-free Opti-MEM media (ThermoFisher Scientific), 

following manufacturer's instructions. Luciferase activities were measured by a dual‐luciferase reporter 

system and a GloMax Luminometer (Promega). All luciferase assays were performed at least three 

times. 
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2.10 Construction and transfection of ZMAT3 expression vector  

The ZMAT3 expression vector was engineered using the pCMV6-Entry mammalian expression plasmid 

(Origene). The complete ORF of ZMAT3 (RefSeq NM_022470.4) was amplified from full-length 

cDNA by PCR. The ZMAT3 ORF was cloned into the pCMV6 plasmid digested with NheI and XhoI 

(New England BioLabs) to generate the recombinant vector pCMV6-ZMAT3. The final construct was 

verified by sequencing. APCs from CTRL donors were transfected with the pCMV6-ZMAT3 expression 

vector or an equimolar amount of the pCMV6 empty vector using Lipofectamine 3000 reagent 

(ThermoFisher Scientific) in serum-free Opti-MEM media (ThermoFisher Scientific), following 

manufacturer's instructions. Senescence markers were evaluated 3 days after transfection. 

2.10.1 Construction and transfection of TP53 expression vector  

The TP53 expression vector was engineered using the pCMV6-Entry mammalian expression plasmid 

(Origene). The complete ORF of TP53 (RefSeq NM_000546) was amplified from full-length cDNA 

by PCR. The TP3 ORF was cloned into the pCMV6 plasmid digested with NheI and XhoI (New 

England BioLabs) to generate the recombinant vector pCMV6-TP53. The final construct was verified 

by sequencing. APCs from CTRL donors were transfected with the pCMV6-TP53 expression vector or 

an equimolar amount of the pCMV6 empty vector using Lipofectamine 3000 reagent in serum-free 

Opti-MEM media and following manufacturer's instructions. 

2.11 Multiplex SASP protein analysis 

Conditioned media (CM) were prepared by pre-washing APC cultures with PBS, then exposing them 

to serum-free DMEM/F-12 medium (ThermoFisher Scientific) for 24 hours. CM were centrifuged at 

14,000 g to remove debris and stored at -80 °C for subsequent analysis. Bioplex Multiplex human 

cytokine and chemokine assays (Bio-Rad) were used to quantify SASP factors in CM as specified by 

the supplier.  

2.12 Chromatin immunoprecipitation (ChIP)  

ChIP experiments were performed by True MicroChIP kit (Diagenode), following manufacturer's 

instructions. APCs from CTRL donors transfected with the pCMV6-ZMAT3 expression vector or an 

equimolar amount of the pCMV6 empty vector, as well as APCs from FDR and CTRL subjects, were 

cross-linked with 1 % formaldehyde for 10 min at room temperature and then quenched with 125 

mmol/l glycine for 5 min. The samples were sonicated for chromatin shearing using a Bioruptor 

(Diagenode). After centrifugation, the supernatants were diluted according to the manufacturer’s 

instructions. The samples of sheared chromatin were divided into Input, P53-IP, and IgG control 
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aliquots. At the latter two aliquots were added 2 µg of anti-P53 monoclonal antibody (sc-126, Santa 

Cruz) or mouse IgG (sc-2025, Santa Cruz) as a negative control (IgG control), respectively, and 

incubated for 16 hours at 4 °C with rotation. Protein G-coated magnetic beads (ThermoFisher 

Scientific) were added to each sample, which was then incubated for 2 hours at 4 °C. The 

immunoprecipitated DNA was eluted from coated magnetic beads and subsequently purified with 

QIAquick PCR Purification Kit (Qiagen). The DNA samples (Input, P53-IP, and IgG control) were 

subjected to qPCR amplification using primers flanking the region of interest within the CDKN1A 

promoter. 

2.13 Senescence induction 

To induce senescence, APCs obtained from CTRL donors were exposed to hydrogen peroxide (H2O2; 

Sigma-Aldrich) or 5-azacytidine (5-AZA; Sigma-Aldrich). H2O2 was dissolved in culture medium at a 

concentration of 200 µM and APCs were treated as described in (Wang et al., 2013) 5‐AZA was 

dissolved in culture medium at a concentration of 10 µM and APCs were treated for 72 hours.  

2.14 RNA interfering 

siRNA targeting ZMAT3 (siRNAZMAT3) and scrambled siRNA as negative control (siRNAC) were 

purchased from ThermoFisher Scientific. APCs from CTRL donors were transfected with 25 pmol of 

siRNAZMAT3 or siRNAC using Lipofectamine 3000 reagent (ThermoFisher Scientific) in serum-free 

Opti-MEM media (ThermoFisher Scientific), following manufacturer's instructions. After 24 hours 

from the transfection, the cells were treated for 72 hours with or without 10 µM 5-AZA in the absence 

or presence of either siRNAZMAT3 or siRNAC. 

2.15 PFTα treatment 

PFTα was purchased from Santa Cruz (sc-45050). PFTα was dissolved in DMSO to generate stock 

solution (50 mM). Then, it was diluted in DMEM/F12 medium to a final concentration of 50 nM. APCs 

from CTRL donors were transfected with the pCMV6-ZMAT3 vector in the presence or absence of 50 

nM PFTα for 72 hours. 

 

 

 

 



32 
 

2.16 Senolytic treatment 

Dasatinib (D) and Quercetin (Q) were purchased from Sigma-Aldrich. D and Q were dissolved in 

DMSO to generate stock solutions (100 mM and 10 mM, respectively). Then, D plus Q was diluted in 

DMEM/F12 medium to get the indicated final concentration. APCs from FDR donors were exposed to 

0.5 μM D plus 20 μM Q or vehicle only (DMSO) for 3 days as reported in (Zhu et al., 2015).  

2.17 SAT bioptical samples 

Discovery cohort - Human abdominal SAT samples were obtained in the fasting state by needle biopsy 

from n=29 subjects aged 26 to 67. This group included both T2D individuals (n=10) and subjects who 

featured normal glucose tolerance (n=19). Their clinical characteristics have been previously reported 

(Gustafson et al., 2019). Prior to sample collection, all subjects provided informed consent in full 

compliance with and strict adherence to the guidelines approved by the Ethical Committee of the 

University of Gothenburg in agreement with the Declaration of Helsinki. Whole tissue was used for 

adipose cell isolation (Gustafson et al., 2019). The isolated adipose cells were directly processed for 

RNA extraction. Gene expression was analysed with the Quant Studio6 sequence detection system 

(ThermoFisher Scientific). mRNA results were first normalized to 28S and then normalized to 

expression levels in one individual (=1). Values are presented as relative expression units (REU).  

Replication cohort - Human SAT samples were obtained from women (n=20; age 18–61 years; BMI 

22.0–43.3) undergoing surgical mammary reduction. Sample size was calculated by using the G*Power 

3.1.9.2 software (Heinrich-Heine-Universität Düsseldorf, Germany). A sample size of 20 participants, 

n=10 for group, achieved 95% power to detect a difference of 0.3692 between the null hypothesis that 

both group means are equal to 0.2299 and the alternative hypothesis that the mean of group 2 is different 

and equal to 0.5491, considering a two-sample t test (two tails), a significance level (α) of 0.01, an 

estimated group standard deviations of 0.0908 and 0.1843, and an allocation ratio N2/N1 = 1. For 

calculations, values of the ZMAT3 mRNA (mean ± SD) in high- and low-expressor subjects from our 

discovery cohort were applied. All of the women were otherwise healthy, with no metabolic or 

endocrine diseases. Their characteristics have been previously described (D’Esposito et al., 2012). 

Before the surgical procedure, each study participant provided informed consent. This procedure was 

approved by the ethical committee of the University of Naples. The mammary adipose tissue specimens 

were directly processed for RNA extraction and gene expression analysis. Among them, twelve samples 

were available for protein extraction and expression analysis.  
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2.18 Statistical analysis 

Data are presented according to proposed guidelines for basic science data visualization (Weissgerber 

et al., 2017). Biological replicates were collected from different samples, each isolated from different 

human specimens. The number of independent biological replicates (n) used in each experiment was 

indicated in the figure. Statistical analysis was performed with GraphPad Prism 6.0 software (GraphPad 

Software Inc) and R statistical platform. Normal distribution of continuous variables was tested using 

the Shapiro-Wilk test. Normally distributed data were compared between groups by unpaired Student's 

t-test (two-tailed). Within-group comparisons between matched samples were performed using paired 

two-tailed Student t-test or one-way repeated measures ANOVA followed by Tukey's multi-comparison 

test, as appropriate. Not normally distributed data were compared between groups by Mann Whitney 

test (two-tailed). The correlation between quantitative variables was tested using Spearman's rank 

correlation test. The association between age or TP53 mRNA levels and ZMAT3 expression in both 

subcutaneous adipose cells and SAT was tested by multiple regression analysis adjusting for BMI. BMI 

was fixed as covariate to account for the potential confounding effect of the association between this 

variable and cellular senescence and mRNA expression in human SAT. p-value ≤0.05 was considered 

statistically significant 
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     Table 1. Clinical characteristics of FDR and CTRL subjects 

 

Gender (female/male) is expressed as number. Other data are shown as median [first quartile-Q1; third quartile-

Q3]. Statistical differences between the two groups were tested using Mann Whitney test (continuous variables) 

or Fisher's exact test (categorical variable). p value vs CTRLs.  

           FDRs, first-degree relatives of T2D subjects; CTRLs, subjects with no diabetes familiarity; BMI, body mass 

index;   f-insulin, fasting insulin; fb-glucose, fasting blood glucose; OGTT, oral glucose tolerance test; p-

glucose, plasma glucose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Phenotypes FDR subjects CTRL subjects p value 

N (female/male) 12 (6/6) 12 (6/6) >0.9999 

Age, years 45.0 [35.0; 49.7] 38.0 [35.0; 46.0] 0.1386 

BMI, Kg/m2 25.0 [23.9; 26.6] 24.9 [22.8; 26.7] 0.5800 

Fat percent, % 27.7 [19.8; 31.4] 23.2 [20.1; 31.2] 0.5516 

Waist to Hip Ratio (WHR) 0.92 [0.87; 0.96] 0.82 [0.74; 0.86] 0.0021 

Subcutaneous adipocyte size, µm 101.0 [99.6; 104.6] 90.4 [87.0; 92.0] <0.0001 

f-insulin, pmol/L 53.4 [49.3; 66.2] 31.9 [23.6; 44.4] 0.0091 

fb-glucose, mmol/L 4.7 [4.5; 5.2] 4.3 [4.1; 4.6] 0.0070 

OGTT p-glucose 2 h, mmol/L 6.5 [3.4; 8.1] 4.6 [4.0; 6.1] 0.0346 
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Table 2. List of primers used in this study 

 

Technique 

 

Gene/Region Oligonucleotide sequences (5’ ® 3’) 

 

 

 

 

 

 

 

 

 

 

qPCR 

RPL13A 

 

F: CTTTCCGCTCGGCTGTTTTC  

R: GCCTTACGTCTGCGGATCTT 

CDKN1A 

 

F: GCAGACCAGCATGACAGATTTC 

 R: ATGTAGAGCGGGCCTTTGAG 

LMNB1 

 

F: GCCCAGATCAAGCTTCGAGA 

 R: GCTTCCAACTGGGCAATCTG 

ZMAT3 

 

F: TATCGAAGGGAGGGGAGCAA 

 R: TTAAAGGAGCCCATCTGCGG 

TP53 

 

F: CGCTTCGAGATGTTCCGAGA  

R: CTTCAGGTGGCTGGAGTGAG 

28S 

 

F: CCCAGTGCTCTGAATGTCAA 

 R: AGTGGGAATCTCGTTCATCC 

IL6 

 

F: CAATGAGGAGACTTGCCTGGT  

R: AGCTGCGCAGAATGAGATGA 

MCP1 

 

F: CCCAAAGAAGCTGTGATCTTCA 

 R: TCTGGGGAAAGCTAGGGGAA 

PPARG2 

 

F: TCAGTGAATTACAGCAAACCC 

R: AGTGTATCAGTGAAGGAATCGCT 

Bisulfite 

sequencing ZMAT3 DMR 

 

F: GGATTGTAGATAGAGTTT 

R: TATTAAATACACCTCCCAAATA 

 

 

 

 

 

 

Cloning 

ZMAT3 DMR 

forward 

 

F: CGCCCTAGGCAGACAGAGTCTCGCTCACT 

 R: CGCGGATCCATGAGCTGTTGGGTACACCT 

ZMAT3 DMR 

reverse 

 

F: CGCGGATCCCAGACAGAGTCTCGCTCACT 

 R: CGCCCTAGGATGAGCTGTTGGGTACACCT 

wild-type 

CDKN1A 

promoter 

F: CGCCCTAGGAGCAGGCTGTGGCTCTGATT 

R: CGCGGATCCCAAAATAGCCACCAGCCTCTTCT 

 

mutated 

CDKN1A 

promoter 

F: CGCCCTAGGAGCAGGCTGTGGCTCTGATTGGC 

TTTCTGGCCGTCAGGAAGATCTCCCAAGATTTTGAGCTC 

TGGCATAGAAGAGGCTGGTGGCTATTTTGGGATCCCGC 

R:GCGGGATCCCAAAATAGCCACCAGCCTCTTCTATG 

CCAGAGCTCAAAATCTTGGGAGATCTTCCTGACGGCC 

AGAAAGCCAATCAGAGCCACAGCCTGCTCCTAGGGCG 

 

ZMAT3 ORF 

 

F: CTAGCTAGCATGATCCTCTTGCAACACGCCG  

R: CCGCTCGAGTACATATCCCAGATTCTCCATCTC 

TP53 ORF 

 

F: CTAGCTAGCATGGAGGAGCCGCAGTC 

R: CCGCTCGAGTCAGTCTGAGTCAGGCCCTT 

ChIP  

CDKN1A 

promoter 

 

F: AGCAGGCTGTGGCTCTGATT 

R: CAAAATAGCCACCAGCCTCTTCT 
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3. RESULTS 

3.1 Senescence phenotyping in APCs from FDRs of T2D subjects 

To test the hypothesis that the early senescence of APCs occurs in individuals at high risk for 

developing T2D, we have first compared senescence markers in APCs from FDRs of T2D patients 

and subjects with no familiarity for diabetes (CTRLs). We examined a panel of senescence markers 

in these cells because none of them has absolute specificity (Wiley et al., 2017). A threefold increase 

in the percentage of senescence-associated beta-galactosidase (SA-β-gal)-positive APCs was 

observed in the FDRs compared to the CTRLs (Fig.7a). Based on flow cytometric forward scatter 

and side scatter evaluation, this difference was accompanied, respectively, by enlarged size and 

increased cytoplasmic granularity in the FDR APCs (Fig.8), along with upregulation of the p21-

encoding CDKN1A gene (Fig.7b) and a consistent increase in the percentage of cells arrested in the 

G1 phase of cell cycle (Fig.9a). Accordingly, FDR APCs showed a significant slower growth rate 

compared to controls (Fig.9b) The Lamin B1 (LMNB1) mRNA levels were also reduced in the FDR 

APCs (Fig.7c). Subsequently, to see if APCs from FDR subjects released SASP factors, we compared 

conditioned media (CM) obtained from FDR and CTRL cells cultured for 24 hours. As shown in 

Tab.3, several key SASP factors were present at higher levels in the media conditioned by FDR 

compared to CTRL APCs. These include interleukin 6 (IL6), monocyte chemotactic protein 1 

(MCP1), regulated on activation normal T-cell- expressed and T-cell- secreted (RANTES), 

interleukin 8 (IL8), and macrophage inflammatory protein 1 beta (MIP1b). Thus, APCs from subjects 

who are FDRs exhibit increased signs of senescence when compared to individuals with no familiarity 

for diabetes. Because these cells develop a distinct SASP, their presence is likely to have an effect on 

the surrounding AT. 
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FIGURE 7. Senescence markers in APCs from FDRs and CTRLs. (a) Flow cytometric detection of the SA-β-gal-

positive cells in APCs from FDR (n = 8) and CTRL (n = 10) subjects available from our study cohort. Values are presented 

as percentage (%). The mRNA levels of CDKN1A (b) and LMNB1 (c) were measured by qPCR and normalized to 

RPL13A expression in APCs from FDR (n = 12) and CTRL (n = 12) subjects. Values are presented as absolute units 

(AU). (a-c) Data are shown as boxplots (min-max) with all individual values. Significance was determined by Mann–

Whitney test (a, c) or unpaired Student's t-test (b). *p < 0.05, **p < 0.01, ***p < 0.001 vs CTRLs 
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FIGURE 8. Flow cytometry analysis of forward scattering (FSC-A) and side scattering (SSC-A) in APCs from 

FDR and CTRL subjects. Flow Cytometric detection of FSC-A (a) and SSC-A (b) to illustrate size and cytoplasm 

vacuolization, respectively, of APCs from FDR (n=8) and control (CTRL; n=10) subjects available from our study cohort. 

(a, b). All values are expressed as arbitrary units (AU x 10³). Data are shown as boxplots (mini-max) with all individual 

values. Significance was determined by unpaired Student’s t-test.  ⃰ p˂0.05 vs CTRLs 
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FIGURE 9. Cell Cycle and population doubling rate analyses in APCs from FDR and CTRL subjects. (a) Flow 

Cytometric detection of cell cycle distribution of APCs from FDR (n=8) and control (CTRL=10) subjects available from 

our study cohort. 1 x 10⁴ cells were quantified per each sample. Data are shown as boxplots (mini-max) with all individual 

values and represent the percentage of APCs in G1, S, and G2/M phases. Significance was determined by Mann Whitney 

test.   ⃰ p˂0.05,   ⃰ ⃰  ⃰ p˂0.001 vs CTRLs. (b). The indicated cells were plated at an initial density of 3x 10⁴ and allowed to 

grow to 70%-80% confluence for the time indicated before counting. Cells were replated at the same density at each point 

on the curve. Each culture was maintained for 4 passages. Population doubling level (PDL) and doubling times were 

calculated at the end of each passage. PDL= (logN -log N0)] + X, where N represents the cell yield at the point, N0 

represents the cell number used as inoculum to begin that subculture, and X=the doubling level of the inoculum used to 

initiate the subculture being quantitated. Data shown are the mean ± SEM of biologically independent APC samples from 

FDR (n=8) and CTRL (N=10) subjects available from our study cohort. Significance was determined by Mann Whitney 

test.    p˂0.01,  ⃰   ⃰ ⃰ p˂0.001 vs culture period in CTRLs; #p˂0.05,  ## p˂0.01 vs PDL in CTRLs. 
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 Table 3. SASP factor protein levels in the media conditioned by FDR and CTRL APCs.  

 

SASP factor protein levels in the media conditioned by FDR (n=8) and CTRL (n=10) APCs were measured by multiplex 

assay and normalized by cell number. Detectable APC-released SASP factors are reported. Results are shown as median 

[first quartile-Q1; third quartile-Q3] and compared between groups using Mann Whitney test. p value vs CTRL APCs. 

FDRs, first-degree relatives of T2D subjects; CTRLs, subjects with no diabetes familiarity; APCs, adipose precursor cells; 

IL, interleukin; MCP1, monocyte chemotactic protein 1; RANTES, regulated on activation normal T-cell-expressed and 

-secreted; MIP1b, macrophage inflammatory protein 1 beta; FGF, fibroblast growth factor; G-CSF, granulocyte-colony 

stimulating factor; IFNɣ, interferon gamma; VEGF, vascular endothelial cell growth factor; TNFα, tumour necrosis factor 

alpha. 

 

 

 

 

 

Variables FDR APCs CTRL APCs p value 

IL6 (pg/ml/105 cells) 1099.0 [809.1; 1171.0] 193.0 [60.2; 633.0]  0.0021 

MCP1 (pg/ml/105 cells) 118.0 [82.2; 245.0] 42.0 [12.4; 117.1]  0.0430 

RANTES (pg/ml/105 cells) 6.4 [2.6; 7.7] 1.6 [0.3; 3.0] 0.0165 

IL8 (pg/ml/105 cells) 112.0 [49.3; 340.6] 30.0 [15.7; 60.7] 0.0260 

MIP1b (pg/ml/105 cells) 1.0 [1.8;3.8] 0.9 [0.3; 1.9] 0.0322 

EOTAXIN (pg/ml/105 cells) 0.5 [0.3; 2.3] 0.4 [0.1; 1.0] 0.2735 

FGF (pg/ml/105 cells) 5.9 [4.6; 7.3] 3.9 [1.8; 6.2] 0.1522 

G-CSF (pg/ml/105 cells) 24.5 [15.8; 36.1] 7.4 [4.3; 90.5] 0.3042 

IFNɣ (pg/ml/105 cells) 5.7 [3.4; 6.1] 3.9 [0.9; 7.7] 0.2370 

VEGF (pg/ml/105 cells) 80.3 [29.5; 135.3] 55.4 [30.7; 140.9] 0.6170 

TNFα (pg/ml/105 cells) 1.7 [0.7; 2.7] 0.7 [0.1; 2.6] 0.2646 

IL15 (pg/ml/105 cells) 68.5 [43.7; 94.7] 37.0 [23.5; 72.1]  0.1220 
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3.2 The role of ZMAT3 in premature senescence of FDR APCs 

We focused on the RNA-binding protein ZMAT3 to gain new insight into the potential mechanisms 

responsible for the senescence phenotype displayed by APCs from FDR subjects because its role in 

senescence, ageing, and age-related diseases is well-established (Dong et al., 2018; Kim et al., 2017). 

In addition, our previous MeDIP-Seq study in APCs from these same FDR subjects (Parrillo et al., 

2020) have identified a CpG island in the intronic chr3:179032279-179033001 region at the ZMAT3 

gene showing significant hypomethylation compared to CTRL individuals, providing a potential basis 

for altered ZMAT3 gene transcription in FDRs. To address this issue, bisulphite sequencing was used 

to confirm that the DNA methylation level at this ZMAT3 region is significantly lower in FDR 

compared to CTRL APCs (Fig.10a). Consistently, as shown in Fig.10b,c, FDR subjects had increased 

ZMAT3 expression at both the mRNA and protein levels. The SA-β-gal senescence marker strongly 

correlated with ZMAT3 DNA methylation, mRNA and protein levels in both FDR and CTRL subjects 

(Fig.10d-f). Overall, these findings raised the possibility that epigenetic dysregulation of ZMAT3 is 

involved in the early APC senescence observed in subjects who are FDRs of T2D patients.  

3.3 Functional analysis of the ZMAT3 intronic region 

To confirm the regulatory role of CpG island in the intronic chr3:179032279-179033001 ZMAT3 

region, we have cloned the region in both the forward and reverse orientations in a luciferase reporter 

vector. The constructs were either methylated in vitro or mock-treated (un-methylated) before being 

transfected into HEK-293 cells. Subsequent analysis revealed that the un-methylated construct 

containing the ZMAT3 intronic differentially methylated region (DMR) had higher luciferase activity 

in both forward and reverse orientations compared to the mock-treated empty vector (Fig.10g,h). 

Importantly, when in vitro methylated, both of these constructs showed reduced transcriptional 

activity (Fig.10g,h), indicating that the intronic DMR functions as a DNA methylation-sensitive 

region regulating ZMAT3 transcription. To further test if, in the APCs, methylation-induced changes 

in ZMAT3 transcription associate with premature senescence in APCs, we have exposed the cells 

from CTRL subjects to 5-azacytidine (5-AZA). This hypomethylating agent has been previously 

shown to induce senescence in both human primary cells and cancer cell lines (So et al., 2011). After 

treatment with 10 μM 5-AZA for 72 hours, more than 10% of APCs became positive for SA-β-gal 

(Fig.11a). 5-AZA had a similar effect on these cells as the senescence inducer hydrogen peroxide, 

which was used as a positive control for stress-induced premature senescence (Chen et al., 2007). 

Interestingly, the appearance of senescence in 5-AZA-treated APCs was accompanied by decreased 

DNA methylation at the ZMAT3 intronic DMR (Fig.11b) and upregulation of ZMAT3 expression 
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(Fig.11c,d), implying a causal link between epigenetic dysregulation of ZMAT3 and early APC 

senescence. To demonstrate that 5-AZA-induced senescence is caused, at least in part, by 

upregulation of ZMAT3, we knocked down its expression in CTRL APCs, followed by 5-AZA 

treatment. As shown in Fig.12, following 5-AZA exposure, a higher percentage of senescent cells 

was detected. This effect was significantly reduced by siRNA-mediated ZMAT3 knockdown, 

supporting the hypothesis that decreased ZMAT3 methylation increases its expression and causes 

premature senescence in APCs. 
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FIGURE 10. DNA methylation and expression of ZMAT3 in APCs from FDRs and CTRLs. (a) Changes in average 

DNA methylation levels at 42 CpGs within the ZMAT3 DMR were detected by bisulfite sequencing (BS) in APCs from 

FDR (n=8) and CTRL (n=10) subjects available from our study cohort. (b) The ZMAT3 mRNA levels were measured by 

qPCR and normalized to RPL13A expression in APCs from FDR (n=12) and CTRL (n=12) subjects. Data are presented 

as absolute units (AU). (c) The ZMAT3 protein levels were assessed by Western blot in APCs from FDR (n=8) and CTRL 

(n=10) subjects available from our study cohort. Vinculin served as a loading control. The upper figure shows 

representative blots; the lower figure shows result quantitation. (a-c) Data are shown as boxplots (min-max) with all 
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individual values. Significance was determined by unpaired Student’s t-test (a) or Mann Whitney test (b,c). **p<0.01, 

***p<0.001 vs CTRLs. (d-f) Correlation between the percentage of SA-β-gal-positive cells and ZMAT3 DNA methylation 

or mRNA or protein levels in the same APC samples from FDRs and CTRLs. Spearman’s correlation coefficient r, p-

value and number of samples (n) are indicated in the graph. Dark gray circles represent CTRLs, light gray circles represent 

FDRs. (g,h) The ZMAT3 DMR was cloned into a luciferase reporter vector devoid of CpGs in both forward (ZMAT3 

DMR forward) and reverse (ZMAT3 DMR reverse) orientations. These constructs were either methylated or mock-treated 

(un-methylated). The results were normalized using a co-transfected renilla luciferase control vector and are presented as 

fold change relative to the mock-treated empty vector (pCpGfree). Data are shown as mean ± SEM of three independent 

experiments. Significance was determined by one-way repeated measures ANOVA followed by Tukey’s multi-

comparison test. **p<0.01 vs pCpGfree; ###p<0.001 vs un-methylated ZMAT3 DMR forward (g) or un-methylated ZMAT3 

DMR reverse (h) 
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FIGURE 11. Effect of 5-AZA on both senescence induction and ZMAT3 epigenetic regulation in CTRLs APCs. 

APCs from CTRL subjects (n=5) were treated with or without 10 µM 5-AZA for 72 h. Treatment with 200 µM hydrogen 

peroxide (H2O2) was used as positive control for stress-induced premature senescence. (a) Flow cytometric detection of 

the SA-β-gal-positive cells in APCs treated with or without 5-AZA or H2O2. Values are presented as percentage (%). (b) 

Changes in average DNA methylation levels at 42 CpGs within the ZMAT3 DMR were detected by BS in APCs treated 

with 5-AZA or H2O2 compared to un-treated APCs (CTRLs). (c) The fold change of mRNA expression of ZMAT3 was 

measured by qPCR. Expression was normalized first to RPL13A and the to expression in un-treated APCs (CTRLs). (d) 

The fold change of protein expression of ZMAT3 was assessed by Western Blot in APCs treated with 5-AZA or H2O2 

compared to un-treated APCs (CTRLs). Vinculin served as a loading control. The upper figure shows representative blots; 

the lower figure presents result quantitation. (a-d) Data are shown as mean ± SEM of five biologically independent APC 

samples randomly selected in the CTRL group. Data represent individual level data. Significance was determined by one-

way repeated measures ANOVA followed by Tukey’s multi-comparison test. *p˂0.05, ***p˂0.001 vs un-treated APCs 

(CTRLs); ##p˂0.01 vs H2O2-treated APCs. 
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FIGURE 12. Effect of siRNA-mediated silencing of ZMAT3 on 5-AZA induced senescence in CTRL APCs. APCs 

from CTRL subjects (n=5) were treated for 72h with or without 10µM 5-AZA in the absence or in presence of 25 pmol 

of siRNA targeting ZMAT3 (siRNA ZMAT3) or scrambled siRNA (siRNAC ). (a) The fold change of mRNA expression of 

ZMAT3 was measured by Qpcr. Expression was normalized first to RPL13A and the to expression in un-treated APCs 

(CTRLs). (b) The fold change of protein expression of ZMAT3 was assessed by Western Blot in APCs treated with 5-

AZA compared to un-treated APCs (CTRLs). Vinculin served as a loading control. The upper figure shows representative 

blot; the lower figure presents result quantitation. (c) Flow cytometric detection of SA-β-gal-positive cells. Values are 

presented as percentage (%). (a-c) Data are shown as mean ± SEM of five biologically independent APC samples 

randomly selected in the CTRL group. Dots represent individual level data. Significance was determined by one-way 

repeated measures ANOVA followed by Tukey’s multi-comparison test. *p˂0.05, **p˂0.01, ***p˂0.001 vs un-treated 

APCs (CTRLs); ##p˂0.01, ###p˂0.001 vs 5-AZA-treated APCs; $P˂0.05, $$p˂0.01, $$$p˂0.001 vs 5-AZA+siRNA C-treated 

APCs. 
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3.4 Senescence induction by ZMAT3 overexpression in human APCs 

To directly demonstrate whether ZMAT3 enhanced expression causes senescence in human 

preadipocytes, we transfected the pCMV6-ZMAT3 construct in APCs from donors with no diabetes 

familiarity. This procedure resulted in a 2-fold increase in ZMAT3 protein levels after 72 hours 

(Fig.13a). This increase was comparable to that seen in APCs from FDR subjects and was large 

enough to cause cell senescence, as evidenced by a threefold increase in the percentage of SA-β-gal 

positive APCs (Fig.13b). In cells transfected with the pCMV6-ZMAT3 construct, mRNA levels of 

CDKN1A were consistently increased while those of LMNB1 were significantly reduced (Fig.13c). 

The levels of the major SASP components IL6 (mRNA and protein), MCP1 (mRNA and protein), 

and MIP1b (protein) were also significantly enhanced in these cells (Tab.4; Fig.14), identifying a 

SASP pattern in ZMAT3 overexpressing APCs similar to that observed in APCs from FDR subjects.     

Next, we wanted to figure out how ZMAT3 causes senescence in APCs. ZMAT3 has been shown to 

inhibit TP53 mRNA deadenylation, resulting in TP53 mRNA stabilization and, as a result, increased 

P53 protein expression (Vilborg et al., 2009). Interestingly, 5-AZA-induced ZMAT3 upregulation 

was accompanied by an increase in P53 expression, which was reversed by siRNA-mediated ZMAT3 

silencing (Fig.15). Furthermore, overexpression of ZMAT3 in APCs from CTRL donors increased 

P53 mRNA and protein levels (Fig.13a,c), supporting the hypothesis that ZMAT3 mediated APC 

senescence via P53. Interestingly, a significant upregulation of P53 was detected also in FDR APCs 

compared to CTRL APCs (Fig.13d; Fig.16). The protein levels of ZMAT3 significantly correlated 

with the P53 mRNA and protein levels in the same APC samples from FDR and CTRL subjects 

(Fig.17a,b), supporting upregulation of P53 by ZMAT3 also in FDR individuals. The evidence that 

the mRNA levels of the p21-encoding CDKN1A gene, a pro-senescence mediator of p53, increased 

in both ZMAT3 overexpressing APCs and FDR APCs, led us to investigate the possibility that ZMAT3 

acts through the p53/p21 pathway. To explore this further hypothesis, we examined whether 

upregulation of ZMAT3 causes activation of a validated P53 response element (RE) in the upstream 

regulatory region of the CDKN1A promoter (el-Deiry et al., 1993; Laptenko et al., 2011). To this end, 

we cloned the CDKN1A promoter region (-2297 to -2207 bp upstream the TSS) containing the P53 

RE (-2281 to -2261 bp upstream the TSS) in a reporter gene plasmid to perform luciferase assays. 

Furthermore, the CDKN1A reporter construct was mutagenized at the invariant G/C basepairs within 

the P53 RE, to prevent P53 from binding to this nucleotide sequence (Fig.18a). The wild-type or 

mutagenized CDKN1A reporter construct was transfected in APCs from CTRL donors, and promoter 

activity was assessed in the absence or presence of the pCMV6-TP53 expression vector (Fig.18b). 

P53 overexpression significantly increased the luciferase activity of the wild-type CDKN1A reporter 
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construct but did not affect that of the mutagenized CDKN1A reporter construct (Fig.18c), confirming 

that P53-dependent transactivation of the CDKN1A promoter was effectively prevented by point 

mutations in the P53 RE. Subsequently, the wild-type or the mutated CDKN1A reporter construct was 

co-transfected in CTRL APCs with the pCMV6-ZMAT3 expression vector. P53 upregulation 

following ZMAT3 overexpression (Fig.12d) resulted in increased luciferase activity of the wild-type 

CDKN1A reporter construct, while this effect was completely lost when the P53 RE in the CDKN1A 

reporter construct was mutagenized (Fig.18e), indicating that ZMAT3 promotes the transcriptional 

activation of CDKN1A by P53. To strengthen this finding, we analysed the P53 occupancy at the 

same CDKN1A promoter region in ZMAT3 overexpressing APCs. Chromatin immunoprecipitation 

(ChIP) experiments revealed that ZMAT3 overexpression increased the binding of P53 at the 

CDKN1A promoter (Fig.13e), confirming that ZMAT3 regulates p21 expression at the transcriptional 

level by increasing the capability of P53 to bind its RE within the CDKN1A promoter. Consistently, 

we also found a 2-fold increase in P53 abundance at the CDKN1A promoter in the FDR compared to 

the CTRL APCs (Fig.13f). Interestingly, the P53 binding at the CDKN1A promoter positively 

correlated with the CDKN1A mRNA levels in the same APC samples from FDR and CTRL subjects 

(Fig.19), supporting that transcription of CDKN1A in FDR APCs was enhanced by P53. To verify 

that activation of the p53/p21 pathway is necessary for the induction of senescence by ZMAT3, we 

blocked the transcriptional activity of P53 using the specific inhibitor pifithrin alpha (PFTα) (Sohn et 

al., 2009). To this end, we transfected the pCMV6-ZMAT3 construct in APCs from subjects with no 

diabetes familiarity in the presence or the absence of 50 nM PFTα. As shown in Fig.20, the levels of 

CDKN1A mRNA and the percentage of SA-β-gal positive cells were significantly lower in the 

presence of PFTα, indicating that the p53/p21 pathway plays a major role in the ZMAT3-induced 

senescence in APCs. Overall, these results indicated that ZMAT3 causes APC senescence through the 

p53/p21 pathway. 
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Figure 13. Mechanism of senescence in ZMAT3 overexpressing APCs. (a-c,e) Five biologically independent APC 

samples randomly selected in the CTRL group were transfected with the pCMV6-ZMAT3 expression vector (ZMAT3) or 

the empty vector (EV). (a) The fold change of ZMAT3 and P53 proteins was assessed by Western blot in ZMAT3- vs 

EV-transfected APCs. Vinculin served as a loading control. The upper figure shows representative blots; the lower figure 

shows result quantitation. (b) Flow cytometric detection of the SA-β-gal-positive cells in ZMAT3- or EV-transfected 

APCs. Values are presented as percentage (%). (c) mRNA levels of CDKN1A, LMNB1 and TP53 were measured by qPCR 

and are presented as fold change in figure. mRNA expression was normalized first to 28S and then to expression in EV-

transfected APCs. (d) The P53 protein levels were assessed by Western blot in APCs from FDR (n=8) and CTRL (n=10) 

subjects available from our study cohort. Vinculin served as a loading control. The upper figure shows representative 

blots; the lower figure shows result quantitation. (e,f) ChIP analysis for P53 binding at the CDKN1A promoter region 

containing the validated P53 RE in ZMAT3- or EV-transfected APCs and APCs from FDR (n=5) and CTRL (n=5) 

subjects randomly selected in each study group. Results are expressed as per cent enrichment relative to input DNA. (a,c) 

Data are shown as mean ± SEM. Dots represent individual level data. (b,e) Data are shown as scatterplot with lines joining 

paired points. (a-c,e) Significance was determined by paired Student’s t-test. *p<0.05, **p<0.01 vs EV. (d,f) Data are 

shown as boxplots (min-max) with all individual values. Significance was determined by unpaired Student’s t-test. 

*p<0.05 vs CTRLs 
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Table 4. SASP factor levels in the media conditioned by ZMAT3 overexpressing APCs 

 

SASP factor protein levels in the media conditioned by APCs from CTRL donors (n=5) transfected with the pCMV6-

ZMAT3 expression vector (ZMAT3) or an equimolar amount of the pCMV6 empty vector (EV) were measured by a 

custom multiplex assay and normalized by cell number. All data shown are the mean ± SEM of five biologically 

independent APC samples randomly selected in the CTRL group. Significance was determined by paired Student’s t-

test. *p<0.05 vs EV. IL, interleukin; MCP1, monocyte chemotactic protein 1; RANTES, regulated on activation normal 

T-cell-expressed and -secreted; MIP1b, macrophage inflammatory protein 1 beta 

 

 

 

 

 

 

 

 

Variables ZMAT3 EV 

IL6 (pg/ml/105 cells) 
1509.0 ± 476.1* 150.2 ± 147.9 

MCP1 (pg/ml/105 cells) 
186.6 ± 47.0* 82.9 ± 31.8 

RANTES (pg/ml/105 cells) 441.6 ± 170.5 124.1 ± 42.8 

IL8 (pg/ml/105 cells) 
1452.0 ± 646.3 80.5 ± 33.6 

MIP1b (pg/ml/105 cells) 
12.1 ± 2.3* 4.2 ± 1.4 
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Figure 14. mRNA expression of SASP components in ZMAT3 overexpressing APCs. APCs from CTRL donors (n=5) 

were transfected with the pCMV6-ZMAT3 expression vector (ZMAT3) or the pCMV6 empty vector (EV). After 72 hours, 

APCs were analyzed for expression of SASP factors. mRNA levels of IL6 and MCP1 were measured by qPCR and 

presented as fold change in figure. mRNA expression was normalized first to 28S and then to expression in EV-transfected 

APCs. Data are shown as mean ± SEM of five biologically independent APC samples randomly selected in the CTRL 

group. Dots represent individual level data. Significance was determined by paired Student’s t-test. *p˂0.05, **p˂0.01 

vs EV 
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Figure 15. Effect of siRNA-mediated silencing of ZMAT3 on 5-AZA induced upregulation of the TP53 gene in 

CTRL APCs. APCs from CTRL donors (n=5) were treated for 72 hours with or without 10 µM 5-AZA in the absence 

or in presence of 25 pmol of siRNA targeting ZMAT3 (siRNA ZMAT3) or scrambled siRNA (siRNA C). (a) The fold change 

of mRNA expression of TP53 was measured by qPCR. Expression was normalized first to RPL13A and the to expression 

in un-treated APCs (CTRLs). (b) The fold change of protein expression of P53 was assessed by Western Blot in APCs 

treated with 5-AZA compared to un-treated APCs (CTRLs). Vinculin served as a loading control. The upper figure shows 

representative blot; the lower figure presents result quantitation. (a,b) Data are shown as mean ± SEM of five biologically 

independent APC samples randomly selected in the CTRL group.  Dots represent individual level data. Significance was 

determined by one-way repeated measures ANOVA followed by Tukey’s multi-comparison test. *p˂0.05, **p˂0.01 vs 

un-treated APCs (CTRLs); #p˂0.05, ##p˂0.01 vs 5-AZA-treated APCs; $P˂0.05 vs 5-AZA+ siRNA C- treated APCs 



53 
 

 

Figure 16. mRNA expression of TP53 gene in APCs from FDR and CTRL subjects. The TP53 mRNA levels were 

measured by qPCR and normalized to RPL13 expression in APCs from FDR (n=12) and CTRL (n=12) subjects. Values 

are shown as absolute units (AU). Data are shown as boxplots (min-max) with all individual values. Significance was 

determined by unpaired Student’s t-test. P-value vs CTRLs 
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Figure 17. Correlation analyses in APCs from FDR and CTRL subjects. Correlation between the ZMAT3 protein 

levels and TP53 mRNA levels (a) or P53 protein levels (b) in the same APC samples from FDR (n=8) and CTRL (n=10) 

subjects. (a,b) Spearman’s correlation coefficient r, p-value and number of samples (n) are indicated in the graph. Dark 

gray circles represent CTRLs while light gray circles represent FDRs 
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Figure 18. ZMAT3 induces P53-mediated transactivation of the CDKN1A promoter. (a) Schematic diagram showing 

the structure of CDKN1A reporter construct. The CDKN1A promoter region (from -2297 to -2207 bp upstream the TSS) 

containing a validated P53 response element (RE) was cloned into luciferase reporter vector (pGpG-free promoter vector). 

Residues matching the P53 response RE are in capital, with the invariant C/G basepairs in bold. Residues mutagenized to 

abolish P53 binding to its RE are in lowercase bold. (b-e) The wild-type CDKN1A promoter (CDKN1A promoter wild-

type) or its mutant (CDKN1A promoter MUT) construct was co-transfected with the pCMV6 empty vector (EV) in APCs 

from CTRL donors (n=4). (b and d) The expression of P53 was measured by Western Blot. P53 protein fold changes 

were assessed in comparison with APCs co-transfected with the cdkn1a promoter WT and EV. Vinculin served as a 

loading control. The upper figures show representative blots; the lower figure presents result quantitation. (c and e) 

Luciferase activity of CDKN1A promoter (WT or MUT) was measured and normalized using a co-transfected renilla 

Luciferase control vector. Results are presented as fold change relative to APCs co-transfected with the CDKN1A 

promoter WT and EV. (b-e) Data are show as mean ± SEM of four biologically independent APC samples randomly 

selected in the CTRL group. Dots represent individual level data. Significance was determined by one-way repeated 

measures ANOVA followed by Tukey’s multi-comparison test. *p˂0.05 vs CDKN1A promoter WT + EV; #p˂0.05 vs 

CDKN1A promoter MUT+ EV; $$p˂0.01 vs CDKN1A promoter WT+ZMAT3 
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Figure 19. Correlation analyses in APCs from FDR and CTRL subjects.  Correlation between the occupancy of P53 

at the CDKN1A promoter and CDKN1A mRNA levels in the same APC samples from FDR (n=5) and CTRL (n=5) 

subjects. Spearman’s correlation r, p-value and number of samples (n) are indicated in the graph. Dark grey circles 

represent CTRLs while light gray circles represent FDR. 

 

Figure 20. Effect of pifithrin alpha (PTFα) a specific inhibitor of P53, on the ZMAT3-induced APC senescence. 

Five biologically independent APC samples randomly selected in the CTRL group were transfected with pCMV6-ZMT3 

expression vector (ZMAT3) in the presence or absence of 50 nM PTFα for 72h. (a) The fold change of the CDKN1A 

mRNA was measured by qPCR. mRNA expression was normalized first to 28S and then to expression in APCs transfected 

with ZMAT3 alone. (b) Flow Cytometric detection of the SA-β-gal-positive cells in APCs transfected with ZMAT3 alone 

or ZMAT3 plus PTFα. Values are presented as percentage (%). (a) Data are shown as scatterplot with lines joining paired 

points. (b) Data are shown as mean ± SEM. Dots represent individual level data. (a,b) Significance was determined by 

paired Student’s t-test. **p˂0.01, ***p˂0.001 vs APCs transfected with ZMAT3 alone. 
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3.5 Adipocyte differentiation of ZMAT3 overexpressing APCs 

Increased APC senescence contributes to the reduced subcutaneous adipogenesis observed in 

hypertrophic obesity (Gustafson et al., 2019). Non-obese FDR individuals also feature SAT 

hypertrophy due to impaired differentiation of resident APCs (Arner et al., 2011). Thus, we examined 

the relationship between APC senescence and adipocyte hypertrophy - as an in vivo marker of 

adipogenic impairment (Henninger et al., 2014) - in the FDR and CTRL subjects of our study cohort. 

Interestingly, we found that increased percentage of SA-β-gal positive APCs showed a strongly 

positive correlation with increased subcutaneous adipocyte size (Fig.21), indicating that senescence 

may be involved in the inability of APCs to undergo differentiation in the FDR subjects as well. 

Based on this finding, we investigated whether the ZMAT3-induced senescence impairs adipogenesis 

in APCs. Thus, ZMAT3 overexpressing APCs were subjected to adipogenic differentiation. As shown 

in Fig.22a,b, after differentiation, these cells accumulated significantly less lipids than EV-transfected 

APCs, demonstrating that the overexpression of ZMAT3 in APCs causes senescence and is 

accompanied by inhibition of adipogenesis.  We also examined the ZMAT3 expression in both FDR 

and CTRL APCs in relation to the ability of these progenitor cells to differentiate. As presented in 

Fig.22c,d the ZMAT3 protein was increased in poorly differentiated FDR APCs while remaining 

unchanged in normally differentiated CTRL APCs. Thus, the expression of ZMAT3 needs to be 

tightly controlled in APCs to preserve their ability to undergo normal adipocyte differentiation. 

Together, these findings imply that increased ZMAT3 expression in APCs contributes to reduced 

subcutaneous adipogenesis in FDR subjects by a senescence-dependent mechanism. 
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Figure 21. Correlation between the percentage of SA-β-gal positive APCs and subcutaneous adipocyte size in the same 

FDR (n=8) and CTRL (n=10) subjects. Spearman’s correlation coefficient r, p-values and number of samples (n) are 

indicated in graph. Dark gray circles represent CTRLs while light gray circles represent FDRs 
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Figure 22. ZMAT3 upregulation in s is linked to impaired adipogenesis. (a,b) APCs from CTRL donors (n=5) were 

transfected with the pCMV6-ZMAT3 expression vector (ZMAT3) or the empty vector (EV) and differentiated for 15 days. 

(a) ZMAT3 overexpression was confirmed by Western blot in ZMAT3- vs EV-transfected APCs at differentiation day 15. 

The upper figure shows representative blots; the lower figure shows result quantitation. (b) Oil Red O staining was used 

to assess the degree of differentiation. Representative microphotographs showing lipid accumulation of ZMAT3- (right) 

and EV-transfected (left) APCs at differentiation day 15. Upper panel at 10x magnification; bottom panel at 20x 

magnification. Scale bar 50 μm. Bar graph shows photometric quantification of Oil Red O staining measured at 490 nm. 

Results are normalized to the absorbance in EV-transfected APCs. (a,b) Data are shown as mean ± SEM of five 

biologically independent APC samples randomly selected in the CTRL group. Significance was determined by paired 

Student’s t-test. **p<0.01 vs EV. (c,d) APCs from FDR (n=5) and CTRL (n=5) subjects randomly selected in each study 

group were differentiated for 15 days. (c) The fold change of ZMAT3 protein was measured by Western blot in 

differentiated APCs (diff. day 15) vs APCs before adipogenic induction (diff. day 0) in each group. The upper figure 

shows representative blots; the lower figure shows result quantitation. Data are shown as mean ± SEM. Significance was 

determined by paired Student’s t-test. *p<0.05 vs APCs at diff. day 0. (d) Oil Red O staining of differentiated APCs from. 

Representative microphotographs showing lipid accumulation of APCs from FDRs (right) and CTRLs (left) at diff. day 

15. Upper panel at 10x magnification; bottom panel at 20x magnification. Scale bar 50 μm. Bar graph shows photometric 
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quantification of Oil red O staining measured at 490 nm. Data are shown as mean ± SEM. Significance was determined 

by unpaired Student’s t-test. ***p<0.001 vs CTRLs 

3.6 Effects of senolytics treatment on ZMAT3 DNA methylation profile and adipocyte 

differentiation in FDR APCs 

To support the involvement of ZMAT3 epigenetic dysregulation in senescence induction and the 

consequent adipogenic impairment in APCs of FDR subjects, we assessed the effects of senolytic 

combination Dasatinib plus Quercetin (D+Q) on these progenitor cells. D+Q treatment was adopted 

as this combination has been previously reported to be effective in clearing senescent APCs from 

mouse and human cell cultures, from old as well as insulin-resistant mice, AT from obese diabetics 

and individuals with diabetic kidney disease nevertheless preserving viability of cycling‐competent 

cells (Kirkland & Tchkonia, 2020; Zhu et al., 2015). As shown in Fig. 24a, treatment of APCs from 

FDR subjects with D+Q for 3 days reduced the percentage SA-β-gal positive cells by 60%. This 

reduction was paralleled by downregulation of both the P53 senescence marker and its target 

CDKN1A gene (Fig.23a,b). We further observed that the SASP factors IL6, MCP1, RANTES, IL8 

and MIP1b were lower in the media conditioned by FDR APCs treated with D+Q as compared to the 

media conditioned by vehicle-treated FDR APCs (Tab.5). Importantly, the removal of senescent cells 

after D+Q treatment restored higher DNA methylation levels at the ZMAT3 intronic DMR in FDR 

APCs (Fig. 24b), while ZMAT3 expression declined both at mRNA and protein levels in FDR APCs 

upon D+Q treatment (Fig.24c,d). Thus, in these subjects, hypomethylation of the ZMAT3 intronic 

DMR seemed to represent an epigenetic signature of senescent APCs, and senolytic removal of the 

senescent APCs abrogated this aberrant signature.  Finally, we evaluated whether FDR individuals 

benefit from senotherapy. To this end, we evaluated the ability of FDR APCs to undergo adipocyte 

differentiation after D+Q treatment. Gene expression of the key adipogenic factor peroxisome 

proliferator-activated receptor gamma 2 (PPARG2) was increased in the D+Q-treated FDR APCs 

versus vehicle-treated FDR APCs (Fig.23c). Since PPARG2 is necessary for adipogenesis (Rosen et 

al., 2000), these data indicated that senolytics improve adipogenic potential of FDRs APCs. To 

corroborate this evidence, D+Q- and vehicle-treated FDR APCs were then subjected to adipocyte 

differentiation. As shown in Fig.24e,f, D+Q treatment was capable to improve adipocyte 

differentiation of FDR APCs. Overall, these data confirmed the direct contribution of senescent APCs 

to restricted adipogenesis in FDRs and proved that functional impairment of FDR APCs can be 

reverted by senolytics. 
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Figure 23. Effects of senolytic combination D+Q on senescence markers and adipogenic potential of FDR APCs.  

APCs from FDR subjects (n=5) were treated with the combination of 0.5 µM Dasatinib and 20 µM Quercitin (D+Q) or 

vehicle only (Veh)for 72h (a) The fold change of protein expression of P53 was assessed by Western Blot in FDR APCs 

treated with D+Q compared to vehicle-treated FDR APCs. Vinculin served as a loading control. The upper figure shows 

representative blots which are constructed from the same gel shown in 18d; the lower figure is the quantitation of results. 

The fold change of mRNA expression of CDKN1A (b) and PPARG2 (c) was measured by qPCR. Expression was 

normalized first to RPL13 and the to expression in vehicle-treated FDR APCs. (a-c) Data shown are the mean ± SEM of 

five biologically independent APC samples randomly selected in the FDR group. Dots represent individual level data. 

Significance was determined by paired Student’s t-test. *p˂0.05, *** p˂0.001 vs Veh 
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Table 5. SASP factor protein levels in the media conditioned by FDR APCs treated with Dasatinib plus 

Quercetin or vehicle only. 

 

SASP factor protein levels in the media conditioned by FDR APCs (n=5) treated with the combination of 0.5 μM 

Dasatinib and 20 μM Quercetin (D+Q) or vehicle only (Veh) for 72 h were measured by a custom multiplex assay and 

normalized by cell number. All data shown are the mean ± SEM of five biologically independent APC samples randomly 

selected in the FDR group. Significance was determined by paired Student’s t-test. **p<0.01 vs Veh.  IL, interleukin; 

MCP1, monocyte chemotactic protein 1; RANTES, regulated on activation normal T-cell expressed and -secreted; 

MIP1b, macrophage inflammatory protein 1 beta. 

 

Variables D+Q Veh 

IL6 (pg/ml/105 cells) 
93.6 ±20.6 ** 1383.0 ± 215.0 

MCP1 (pg/ml/105 cells) 
12.2 ± 4.1** 190.1 ± 28.3 

RANTES (pg/ml/105 cells) 2.9 ± 0.3** 6.9 ± 1.4 

IL8 (pg/ml/105 cells) 
53.1 ± 14.0** 179.7 ± 20.3 

MIP1b (pg/ml/105 cells) 
0.4 ± 0.2p=0.06 2.4 ± 0.3 
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Figure 24. Effects of senolytics on ZMAT3 DNA methylation and adipocyte differentiation in FDRs APCs. Five 

biologically independent APC samples randomly selected in the FDRs group were treated with D+Q or vehicle (Veh) for 

72 h. (a) Flow cytometric detection of the SA-β-gal-positive cells in FDR APCs treated with D+Q or Veh. Values are 

presented as percentage (%). (b) Changes in average DNA methylation levels at 42 CpGs within the ZMAT3 DMR were 

detected by BS in D+Q-treated FDR APCs compared to Veh-treated FDR APCs. (c) The fold change of the ZMAT3 

mRNA was assessed by qPCR. Expression was normalized first to RPL13A and then to expression in Veh-treated FDR 

APCs. (d) The fold change of the ZMAT3 protein was measured by Western blot in D+Q- vs Veh-treated FDR APCs. 

Vinculin served as a loading control. The upper figure shows representative blots; the lower figure shows result 

quantitation. (e,f) After either D+Q or Veh treatment, the FDR APCs were differentiated for 15 days. Oil Red O staining 

was used to assess the degree of differentiation. (e) Representative microphotographs showing lipid accumulation of FDR 

APCs treated with D+Q (right) or Veh (left) at diff. day 15. Upper panel at 10x magnification; bottom panel at 20x 

magnification. Scale bar 50 μm. (f) Bar graph shows photometric quantification of Oil Red O staining measured at 490 

nm. Results are normalized to the absorbance in Veh-treated FDR APCs. (a,b). Data are shown as scatterplot with lines 
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joining paired points. (c,d,f) Data are shown as mean ± SEM. Dots represent individual level data. (a-d,f) Significance 

was determined by paired Student’s t-test. **p<0.01, ***p<0.001 vs Veh 

3.7 Age-, senescence- and T2D-associated ZMAT3 expression in SAT 

Increased senescent cell burden in SAT contributes to the development of T2D in elderly (Spinelli at 

al., 2020). Thus, we have investigated whether, in vivo, the upregulation of ZMAT3 transcription, 

previously identified as a major age-related gene in most tissues including SAT (Dong et al., 2021), 

associates with human ageing and T2D. To this end, we measured mRNA levels of ZMAT3 in 

subcutaneous adipose cells from individuals aged 26 to 67. The clinical characteristics of these 

subjects have been previously reported (Gustafson et al., 2019). The subjects were then stratified 

according to ZMAT3 expression levels and two subgroups expressing ZMAT3 levels above (n=14) or 

below (n=15) ZMAT3 median values were identified. As shown in Tab.6, the higher ZMAT3 

expressors also featured higher TP53 mRNA levels, were significantly older, had significantly greater 

T2D prevalence and showed higher BMI. Importantly, multiple regression analysis further revealed 

that age was significantly associated with ZMAT3 gene expression in this group, similar to TP53 

expression (Fig.25a,b). To validate the association between ZMAT3 expression and age, we sought to 

replicate the age-related upregulation of ZMAT3 in the SAT from an independent cohort of healthy 

women with similar age range as those in the previously analysed cohort (D'Esposito et al., 2012). 

Accordingly, these subjects were divided, based on ZMAT3 mRNA levels, in two groups, low (n=10) 

and high (n=10) expressors, defined, respectively, by expression levels below or above the median 

value. As previously shown, the higher ZMAT3 expressors were significantly older and had higher 

TP53 mRNA levels (Table 7). Nevertheless, age was positively associated with ZMAT3 mRNA in 

this group, as was TP53 expression (Fig.25c,d). In addition, we examined the ZMAT3 protein in all 

of the available SAT samples in the replication cohort and compared the high versus low ZMAT3 

expressors. Once again, this comparison revealed that protein analysis of ZMAT3 largely reproduced 

the transcriptional data (Fig.26a). Furthermore, a positive correlation between ZMAT3 mRNA and 

protein measurements across the same SAT samples was observed (Fig.26b). Overall, these findings 

indicate that, in human SAT, an increase in ZMAT3 transcription is a feature of the elderly and T2D 

subjects. Thus, the age-related ZMAT3 upregulation may have functional consequences in SAT 

through senescence induction, thereby impacting T2D risk.  
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Table 6. Characteristics of subjects in the discovery cohort stratified according to ZMAT3 mRNA 

expression in subcutaneous adipose cells. 

 

 

Clinical study participants were stratified according to ZMAT3 mRNA expression in subcutaneous adipose cells into two 

categories, low (Lexp) and high (Hexp) expression, defined by values below or above the median, respectively. Study 

participants are expressed as number (N). Data are shown as median [first quartile-Q1; third quartile-Q3]. Statistical 

differences between the two groups were tested using Mann Whitney test (continuous variables) or Fisher's exact test 

(categorical variable). p value vs Lexp participants. REU, relative expression units; BMI, body mass index; T2D, Type 2 

Diabetes 

  

Phenotypes High ZMAT3                                               

mRNA expression 

Low ZMAT3 

mRNA expression 

p value 

N 14 15 
 

ZMAT3 mRNA levels (REU) 0.52 [0.39; 0.64] 0.21 [0.18; 0.31] <0.0001 

TP53 mRNA levels (REU) 0.53 [0.38; 0.91] 0.26 [0.19; 0.35] <0.0001 

Age, years 59.0 [32.8; 62.5] 45.0 [32.0; 47.0] 0.0150 

T2D: N (%) 10 (71%) 0 (0%) <0.0001 

BMI, Kg/m2 33.2 [30.5;35.0] 26.6 [23.1; 29.2] <0.0001 
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Figure 25. Age and senescence association with ZMAT3 expression in SAT. (a,b) ZMAT3 and TP53 mRNA levels 

were measured by qPCR in subcutaneous adipose cells from 29 individuals aged 26 to 67. Values are presented as relative 

expression units (REU). (a) Scatter plot shows the association between the age of study participants and ZMAT3 mRNA 

levels (regression coefficient=0.0080, adjusted for BMI). (b) Scatter plot depicts the association between ZMAT3 and 

TP53 mRNA levels in subcutaneous adipose cells (regression coefficient=1.1004, adjusted for BMI). (c,d) ZMAT3 and 

TP53 mRNA levels were measured by qPCR in SAT from 20 women aged 18 to 61. Values are presented as absolute 

units (AU). (c) Scatter plot shows the association between the age of study participants and ZMAT3 mRNA levels 

(regression coefficient=0.0186, adjusted for BMI). (d) Scatter plot depicts the association between ZMAT3 and TP53 

mRNA levels in SAT (regression coefficient=0.3558, adjusted for BMI). (a-d) The association analyses were adjusted 

for BMI by using multiple linear regression models. R2 and p values for the whole models are shown in the graphs. Dashed 

lines indicate the 95% confidence intervals for the regression line 
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Figure 26. Protein analysis of ZMAT3 in the SAT samples from the replication cohort. (a) The ZMAT3 protein 

levels were assessed by Western Blot in the SAT from High (n=6) and Low (n=6) ZMAT3 mRNA expressors available 

from our study cohort. Vinculin served as a loading control. The upper figure shows representative blots; the lower figure 

shows result quantitation. Data are shown as boxplots (min-max) with all individual values. Significance was determined 

by unpaired Student’s t-test. * p˂0.05 vs Low expressors. (b) Correlation between the ZMAT3 mRNA and protein levels 

in the same SAT samples from High (n=6) and Low (n=6) expressors. Spearman’s correlation coefficient r, p -value and 

number of samples (n) are indicated in the graph. Dark gray circles represent Low expressors, light gray circles represent 

High expressors 
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Table 7. Characteristics of subjects in the replication cohort stratified according to ZMAT3 mRNA 

expression in subcutaneous adipose tissue. 

 

Clinical study participants were stratified according to ZMAT3 mRNA expression in subcutaneous adipose tissue into 

two categories, low (Lexp) and high (Hexp) expression, defined by values below or above the median, respectively. Study 

participants are expressed as number (N). Data are shown as median [first quartile-Q1; third quartile-Q3]. Statistical 

differences between the two groups were tested using Mann Whitney test. p value vs Lexp participants. AU, absolute 

units; BMI, body mass index 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Phenotypes High ZMAT3                                            

mRNA expression 

Low ZMAT3 

mRNA expression 

p value 

N 10 10 
 

ZMAT3 mRNA levels (AU) 0.32 [0.27; 0.65] 0.20 [0.15; 0.22] <0.0001 

TP53 mRNA levels (AU) 0.53 [0.45; 0.69] 0.35 [0.31; 0.38] <0.0001 

Age, years 53.0 [48.5; 58.5] 33.0 [21.0; 42.0] <0.0001 

BMI, Kg/m2 29.6 [25.0;33.7] 27.6 [24.6; 30.8] 0.4030 
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4. DISCUSSION 

The ability to activate SAT hyperplasia mechanisms in response to obesity and ageing is critical for 

metabolic health because the development of T2D in obesity and/or the elderly can be prevented in 

part if SAT expansion is driven by recruitment of new adipocytes rather than hypertrophy of pre-

existing cells (Gao et al., 2020; Smith & Kahn, 2016). As a result, it has been proposed that APC 

senescence contributes to the increased risk of T2D in both elderly and obese subjects by impairing 

de novo adipogenesis (Wissler et al., 2020). Despite this evidence, the molecular mechanisms 

underlying APC senescence and their implications for T2D risk are unknown. The FDR individuals 

investigated in this study showed both decreased adipogenesis and adipocyte hypertrophy in SAT 

(Smith & Kahn, 2016). Even though these subjects were young and non-obese, we hypothesized that 

their SAT abnormalities were caused by APC senescence. Furthermore, we have recently shown that 

the methylome of SAT-derived APCs from these same FDRs is characterized by extensive 

hypomethylation (Parrillo et al., 2020), as has been shown in other SNC (Cruickshanks et al., 2013). 

Thus, we investigated whether the DNA hypomethylation associated with T2D familiarity causes 

early senescence in the APCs of FDR subjects, contributing to their high risk of developing T2D.  

SNCs are characterized by irreversible growth arrest and undergo structural and molecular changes. 

Indeed, they appear larger than normal cells, have more granules in their cytoplasm, and appear to 

have vanishing cell borders under light microscopy. Their lysosomal compartment is typically 

expanded, indicating increased activity of lysosomal β-galactosidase (senescence-associated β-

galactosidase [SA-β-gal]), and nuclear integrity is  compromised due to the downregulation of 

the Lamin B1 (LMNB1) gene (Spinelli et al., 2020; Song et al., 2020; Hernandez‐Segura et al., 2017; 

Wiley et al., 2017). All of these changes are accompanied by the activation of the tumor suppressor 

protein 53 (p53), which increases the expression of the CDK inhibitors p21 and p16 (Rufini et al., 

2013). Although SNCs can no longer divide or proliferate, they can still produce and secrete a variety 

of factors that collectively define the state known as SASP. These secreted molecules include 

cytokines, chemokines, growth factors, matrix remodelling factors, non-coding RNA, exosomes, and 

other mediators linked to chronic inflammation and tissue damage (Spinelli et al., 2020). We show 

that the burden of SNCs, as measured by analyzing all of these marks, is significantly higher in APCs 

from FDR subjects. These cells have increased cytoplasmic granularity and enlarged size, as well as 

upregulation of the p21-encoding CDKN1A gene, a consistent increase in the percentage of cells 

arrested in the G1 phase of the cell cycle, and decreased mRNA levels of LMNB1. Furthermore, FDR 

APCs have increased secretion of the proinflammatory SASP factors IL6, MCP1, RANTES, IL8, and 

MIP1b, which are characteristic of senescence-associated low-grade inflammation (Freund et al., 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0026
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0075
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2010, Gourgulis et al., 2019; Khosla et al., 2020). Following senolytic clearance of SNCs, secretion 

of these molecules in the conditioned media of FDR APCs was significantly reduced, demonstrating 

that these senescent APCs have acquired a proinflammatory SASP. Importantly, the above mentioned 

SASP factors have been shown to cause defective adipogenesis, inflammation, aberrant 

adipocytokine production and IR in both elderly and obese individuals (Liu et al., 2020; Tchkonia et 

al., 2020). Thus, senescent APCs may represent a source of multiple factors that contribute to SAT 

dysfunction and metabolic abnormalities associated with T2D familiarity in FDR subjects. 

Linkage analysis, candidate gene approaches, genome-wide association studies, and sequencing have 

all identified common, low-frequency, and rare T2D variants. However, the common variants 

discovered explain only a small portion of T2D inheritability, introducing the concept of "missing 

heritability," which can be gene-environment interactions and epigenetics (Alì., 2013; Stanĉàkovà & 

Laasko, 2016). Based on this evidence, we hypothesized that the SAT anomalies associated with 

FDRs are due to environmental factors that are widely shared within family groups and are 

epigenetically regulated. Epigenetic modifications, and in particular the loss of DNA methylation, 

play an important role in regulating the senescence phenotype (Atkinson et al., 2007; Cheng et al., 

2017). Interestingly, the major risk factors for T2D (ageing, obesity, T2D familiarity), which are 

associated with increased APC senescence, contribute to IR in non-diabetic subjects by affecting the 

DNA methylation profile of AT (Davegårdh et al., 2018; Parrillo et al., 2019). Additionally, lifestyle 

modifications (diet, exercise, and weight loss) that prevent the onset of T2D by inducing DNA 

methylation changes in the AT also exert their protective effects by reducing APC senescence (Justice 

et al., 2018; Most et al., 2017). Therefore, in this work, it has been of interest to establish how DNA 

methylation contributes to T2D risk by promoting premature senescence in APCs. Our previous 

methylome analysis of the APCs from FDR subjects revealed that the majority of genomic regions 

differentially methylated in these individuals were less methylated and many overlapped with ageing- 

and senescence-related genes (Parrillo et al., 2020; Gorgoulis et al., 2019). These genes 

include ZMAT3, which belongs to the p53‐dependent growth‐inhibiting and tumor suppressor 

pathways (Hellborg et al., 2001; Janic et al., 2018). The ZMAT3 gene encodes a zinc‐finger RNA‐

binding protein, highly conserved from fish to human, which is involved in post‐transcriptional 

regulation of gene expression by affecting mRNA stability and translation (Hellborg et al., 2001). A 

recent study also revealed an intriguing role for ZMAT3 in modulating alternative splicing, which 

has multiple effects on various cellular processes (Bieging‐Rolett et al., 2020). ZMAT3 expression 

has been found to be higher in both human SNCs and aged tissues (Chaturvedi et al., 2015; Lee et al., 

2014; Marthandan et al., 2016; Yang et al., 2016, Avelar et al., 2020). In particular, ZMAT3 was 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0030
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0006
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identified as one of the top ten age-related and differentially expressed genes in a recent analysis of 

17,382 whole transcriptome profiles in 54 tissue types from 979 human donors aged 20 to 79 and 

included in the Genotype-Tissue Expression (GTEx) database (V.8). Importantly, ZMAT3 showed a 

significant positive association with age in multiple tissues, including SAT (Dong et al., 2021). In 

addition, ZMAT3 hypomethylation has been found in the cerebellum of subjects with Down 

Syndrome, which has been described as a human condition of accelerated ageing (Gensous et 

al., 2019;Mendioroz et al., 2016). However, our study is the first to investigate whether and how 

changes in the DNA methylation profile of ZMAT3 cause premature senescence in APCs of FDR 

individuals.  

In this study, we found that decreased methylation at the ZMAT3 DMR is associated with increased 

ZMAT3 expression in APCs from FDRs. In addition, we demonstrated that hypomethylation at this 

gene region directly increased ZMAT3 transcriptional activity in vitro, which may also occur in vivo. 

Indeed, the ZMAT3 DMR overlaps with the intronic chr3:179032651-179039599 region of the 

ZMAT3 gene annotated as regulatory feature based on the Ensembl regulatory build (Zerbinio et al., 

2015). Although there is a significant difference in ZMAT3 DNA methylation between FDR and 

CTRL subjects, the percentage changes are small, with only an 8% difference in mean DNA 

methylation between groups. This result, however, is consistent with previous findings that 

environmental factors linked to metabolic diseases such as T2D alter DNA methylation at specific 

genes in a subtle manner (Kirchner et al., 2016). We found that DNA methylation levels at the 

ZMAT3 DMR were negatively correlated with the appearance of the senescence phenotype in the 

APCs, whereas ZMAT3 mRNA and protein levels were positively correlated, supporting the 

hypothesis that methylation changes causing ZMAT3 upregulation contribute to the premature APC 

senescence seen in FDRs. In addition to this, we provided evidence that premature senescence caused 

by APC exposure to the demethylating agent 5-AZA was accompanied by decreased DNA 

methylation at the ZMAT3 DMR and increased expression of the gene. Importantly, the pro-

senescence effect of 5-AZA treatment was prevented by ZMAT3 silencing, confirming that 

hypomethylation-induced senescence is, at least in part, mediated by ZMAT3 upregulation. 

Consistently, senolytic removal of senescent cells in the FDR APCs resulted in a significant 

reestablishment of higher DNA methylation levels at the FDR-associated DMR of the ZMAT3 gene 

same intronic region, accompanied by a decrease in ZMAT3 expression. Collectively, these findings 

indicate that ZMAT3 epigenetic dysregulation could be a reliable marker of senescent APCs. This 

conclusion is further strengthened by the evidence that ZMAT3‐overexpressing APCs mimic the 

senescence phenotype observed in FDR APCs based upon SA‐β‐gal 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0021
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0046
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0035
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expression, CDKN1A upregulation, loss of LMNB1, and SASP acquisition. The SASP profile 

acquired by the ZMAT3 overexpressing APCs does not fully replicate that seen in FDR APCs. 

Nonetheless, increased RANTES and IL8 secretion was detected in media conditioned by APCs 

where senescence was induced by ZMAT3 overexpression, indicating that other factors, in addition 

to ZMAT3, likely contribute to determining inflammatory SASP in FDR APCs. 

After confirming the efficacy of ZMAT3 overexpression and analyzing its effects on the acquisition 

of the senescence phenotype, we looked into the molecular mechanism by which ZMAT3 could cause 

senescence in APCs. ZMAT3 is an ARE-binding protein regulating a wide range of transcripts which 

are implicated in several biological processes, including cell cycle, immune system function and 

metabolic responses (Bersani et al., 2014, 2016; Vilborg et al., 2011). In particular, it is also a positive 

regulator of p53, which is critical for senescence induction. Indeed, ZMAT3 maintains high levels of 

P53 by blocking deadenylation of its mRNA (Vilborg et al., 2009). In addition, Bieging‐Rolett et al. 

have recently demonstrated that ZMAT3 promotes full P53 activity by triggering mRNA decay of its 

MDM4 and MDM2 inhibitors (Bieging‐Rolett et al., 2020). These reports have highlighted the 

growth‐suppressive role of ZMAT3 in human cells, particularly when P53 function is intact, 

suggesting that ZMAT3 is most active when its signalling occurs through the P53‐dependent 

pathways (Bieging‐Rolett et al., 2020). In line with this evidence, we found that FDR APCs and 

ZMAT3 overexpressing APCs had significant P53 upregulation at both the mRNA and protein levels. 

Furthermore, we discovered that 5-AZA-induced ZMAT3 upregulation was associated with an 

increase in P53 expression and could be reversed by siRNA-mediated silencing of ZMAT3.  Based 

on this evidence, we propose that hypomethylation-dependent ZMAT3 upregulation promotes APC 

senescence by increasing P53 activity. A positive correlation between ZMAT3 and P53 expression 

levels in FDR APCs supports this.  

The CDKN1A gene is a well-known transcriptional target of P53. This gene encodes for the P21 

protein, which acts as primary mediator of cell cycle arrest in by binding to and inhibiting the kinase 

activity of the cyclin-dependent kinases Cdk2 and Cdk1 (Meng et al., 2002). We demonstrated that 

CDKN1A gene expression was increased in both FDR APCs and ZMAT3 overexpressing APCs, 

confirming the pro-senescence role of ZMAT3 by increasing P53 activity. This evidence is further 

supported by data demonstrating that ZMAT3 directly regulates P21 expression at the transcriptional 

level by enhancing the ability of P53 to bind the CDKN1A promoter in vitro, which may also occur 

in vivo. Accordingly, we found a reduced CDKN1A expression in ZMAT3 overexpressing APCs after 

treatment with PFT-α, a small molecule that has been widely used as a specific inhibitor of P53 

transcription activity (Zhu et al., 2020), confirming that ZMAT3 promotes CDKN1A expression in a 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0006
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920444/#acel13557-bib-0006
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P53-dependent manner. Overall, the findings indicate that ZMAT3 induces premature senescence in 

APCs of FDRs by activating the p53/p21 pathway. Our findings are consistent with the study by 

Minamino et al., which demonstrated the critical role of the p53/p21 pathway in the induction of 

premature senescence in the AT in both obese and insulin-resistant mice, as well as T2D patients. 

These researchers demonstrated that adipocyte-specific p53 ablation reduced AT senescence and 

inflammation while improving IR in diabetic mice. In contrast, p53 overexpression resulted in AT 

senescence and inflammation that reduced insulin sensitivity (Minamino et al., 2009). Thus, the 

activation of the p53/p21 pathway by ZMAT3 links premature APC senescence to the accelerated 

development of IR in FDR subjects. These findings prompted us to investigate whether ZMAT3 

upregulation occurs in vivo and whether it is associated with chronological ageing and T2D. As a 

result, we investigated ZMAT3 expression in SAT from elderly and T2D individuals. Interestingly, 

we discovered that ZMAT3 mRNA levels increase with age and that this upregulation is strongly 

associated with increased expression of the P53 senescence marker in these subjects. 

Inappropriate expansion of adipose cell in the SAT due to impaired adipogenesis of APCs is a feature 

of non-obese FDR individuals (Gustafson et al., 2019). APC senescence is a major negative regulator 

of adipogenesis (Spinelli et al., 2020). Thus, we investigated the role of ZMAT3 also in this process 

and discovered that ZMAT3 overexpression in APCs causes senescence as well as impaired 

adipogenesis. As previously demonstrated for its target P53, we also observed an increase in ZMAT3 

expression in poorly differentiated APCs of FDR subjects, which may contribute to the establishment 

of this phenotype. Indeed, it is well established that P53 is a negative regulator of the adipogenic 

process, and its expression must be suppressed before APCs can differentiate into insulin-responsive 

adipocytes (Lee et al., 2020; Krstic et al., 2018). Thus, in FDR APCs, hypomethylation-induced 

upregulation of ZMAT3 may keep P53 upregulated, induce senescence, and increase T2D risk by 

restraining adipogenesis. 

In light of this evidence, APC senescence represent a promising target for alleviating the SAT 

dysfunction and metabolic abnormalities observed in FDR subjects. In support to this, we have 

provided the first evidence that FDRs might benefit from senolytic therapy. The combination of D+Q 

has recently emerged as an attractive therapeutic strategy by allowing selective clearance of senescent 

APCs both in vitro and in vivo (Robbins et al., 2020). Indeed, intermittent oral administration of D+Q 

improves insulin sensitivity in obese mice by restoring the ability of APCs to differentiate into insulin-

responsive adipocytes and by reducing AT hypertrophy and inflammation (Palmer et al., 2019). 

Furthermore, in patients with T2D complicated by renal dysfunction a 3-day oral administration of 

D+Q is effective in reducing SNC burden and macrophage infiltration in abdominal SAT and in 

https://onlinelibrary.wiley.com/doi/10.1111/acel.13557?af=R#acel13557-bib-0052
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reducing plasma levels of the main SASP mediators (Hickson et al., 2020). In this study, we found 

that after three days of D+Q treatment, the expression of senescence markers and SASP factors 

decreased in FDR APCs. We also discovered that after D+Q treatment, cultured APCs from FDRs 

have improved adipogenic capacity. Based on the evidence that the positive effect of D+Q on 

adipogenesis persisted after these agents were removed from the culture medium, we can conclude 

that senescent APCs are directly involved in the adipogenic impairment observed in FDRs.  

Finally, our findings identify premature APC senescence as a key player in the SAT dysfunction 

occurring in healthy individuals who are FDRs of T2D patients and reveal a previously unknown role 

of ZMAT3 hypomethylation in determining these events. Furthermore, we show that senolytic-

induced clearance of SNC improves adipogenesis of APCs and might contribute to decreasing 

diabetes risk in these FDRs (Fig.27). 

 

 

 

Figure 27. Schematic representation of the increased risk of type 2 diabetes in FDR subjects: DNA 

hypomethylation-induced ZMAT3 overexpression in FDR APCs caused premature senescence and 

impaired adipogenesis by activating p53/p21 pathway, resulting in higher FDRs predisposition for 

T2D 
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