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ABSTRACT 

Aging is a complex biological phenomenon representing the major risk factor for developing age-

related diseases, such as cardiovascular pathologies, neurodegenerative diseases, and cancer. 

Geroscience, the new vision of gerontology, identifies cellular senescence as an interconnected 

biological process that characterises aging and age-related diseases. Therefore, many strategies have 

been employed in the last years to reduce the harmful effects of senescence, such as senolytic drugs 

that selectively kill senescent cells, or senomorphic ones that interfere with the production of the 

senescence-associated secretory phenotype (SASP) factors. Here we show that a pre-treatment with 

Quercetin, a bioactive flavonoid present in many fruits and vegetables, increasing cellular antioxidant 

defence, can reduce Doxorubicin (Doxo)-induced cellular senescence in human normal WI-38 

fibroblasts. Moreover, exerting an excellent senomorphic action, Quercetin reduces the SASP and 

consequently reduces the pro-tumour effects of conditioned medium (CM) from Doxo-induced 

senescent fibroblasts on Osteosarcoma cells. 

Furthermore, we also analyse the effect of Quercetin after the induction of senescence to investigate 

its senolytic activity, and we show that it can reduce the number of Doxo-induced senescent 

fibroblasts without affecting the proliferating ones, even if more investigations about the mechanism 

of action are necessary. Finally, our data show that, also in this condition, the treatment with Quercetin 

can cancel the pro-tumour effects of Doxo-induced senescent fibroblasts CM on U2OS cells.  Overall, 

our findings demonstrate that Quercetin is an excellent senomorphic agent and a potential senolytic 

substance that can protect normal fibroblasts against the off-target induction of senescence by the 

chemotherapy drug Doxorubicin, and it can potentially eliminate the formed senescent cells, reducing 

their pro-tumour and deleterious effects on Osteosarcoma cells.  
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ABSTRACT 

Aging is a complex biological phenomenon representing the major risk factor for developing 

age-related diseases, such as cardiovascular pathologies, neurodegenerative diseases, and 

cancer. Geroscience, the new vision of gerontology, identifies cellular senescence as an 

interconnected biological process that characterises aging and age-related diseases. Therefore, 

many strategies have been employed in the last years to reduce the harmful effects of 

senescence, such as senolytic drugs that selectively kill senescent cells, or senomorphic ones 

that interfere with the production of the senescence-associated secretory phenotype (SASP) 

factors. Here we show that a pre-treatment with Quercetin, a bioactive flavonoid present in 

many fruits and vegetables, increasing cellular antioxidant defence, can reduce Doxorubicin 

(Doxo)-induced cellular senescence in human normal WI-38 fibroblasts. Moreover, exerting an 

excellent senomorphic action, Quercetin reduces the SASP and consequently reduces the pro-

tumour effects of conditioned medium (CM) from Doxo-induced senescent fibroblasts on 

Osteosarcoma cells. 

Furthermore, we also analyse the effect of Quercetin after the induction of senescence to 

investigate its senolytic activity, and we show that it can reduce the number of Doxo-induced 

senescent fibroblasts without affecting the proliferating ones, even if more investigations about 

the mechanism of action are necessary. Finally, our data show that, also in this condition, the 

treatment with Quercetin can cancel the pro-tumour effects of Doxo-induced senescent 

fibroblasts CM on U2OS cells.  Overall, our findings demonstrate that Quercetin is an excellent 

senomorphic agent and a potential senolytic substance that can protect normal fibroblasts 

against the off-target induction of senescence by the chemotherapy drug Doxorubicin, and it 

can potentially eliminate the formed senescent cells, reducing their pro-tumour and deleterious 

effects on Osteosarcoma cells.  
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1 INTRODUCTION 

1.1 Aging  

Aging is a natural and universal feature of most living organisms, and in humans has 

become a medical and social priority due to increased life expectancy and consequent high 

prevalence of elderly subjects in the population. However, it is one of the most complex 

biological phenomena, and it can be defined as the accumulation of unrepaired or damaging 

modifications produced by endogenous and/or exogenous stimuli, occurring in molecules, cells, 

tissues, and organs. In addition, to compensate for the adverse effects of such damages, the 

body promotes a series of adaptive mechanisms, changing its compositions and the 

microenvironment, that become an essential part of the aging process (Ostan et al., 2008). 

Unfortunately, all these modifications concur to increase the risk of developing the age-related 

diseases.  

In the past years, over 300 theories were formulated to explain why aging takes place 

(Medvedev, 1990), and among these, the most prominent are: 

1. The molecular cross-linkage theory (Bjorksten, 1968) attributed changes in aging to the 

presence of crosslinking materials in the body.  

2. The gene regulation theory proposed that gene expression changes during life trigger and 

drive the aging process (Kanungo, 1975). Gene expression studies applied to aging, carried 

out in the following years, identified a signalling pathway characterized by the activation 

of the insulin-like gene 1 (IGF-1), which can regulate lifespan in nematodes, insects, and 

mice. Indeed, Tatar et al. demonstrated that the reducing IGF-1 mediated signal increases 

life expectancy in C. Elegans (Tatar et al., 2003). Moreover, studies conducted on human 

centenarians and their family members showed that “healthy aging” is supported and also 

influenced by a strong genetic component, which regards lifespan-associated loci, as 

insulin/IGF-1 pathway genes, Apoprotein C (APO-C) gene, and pro-and anti-inflammatory 

cytokine genes (Barbieri et al., 2003; Franceschi & Bonafè, 2003; McElwee et al., 2007; 

Testa et al., 2011). 

3. The evolutionary theories tried to explain the remarkable differences observed in aging and 

longevity records among different biological species through the interaction between 

mutation and selection processes (Gavrilov & Gavrilova, 2002). Among these, the three 

most important were: 
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a. The theory of programmed death, proposed by August Weisman, according to which 

a specific death mechanism designed by natural selection would eliminate the old 

members of a population (Weismann, 1882); 

b. The mutation accumulation theory proposed that from the evolutionary perspective 

aging is the inevitable result of the reducing force of natural selection and 

accumulation of late-acting deleterious mutations (Medawar, 1946, 1952);  

c. The antagonistic pleiotropy theory suggested that late-acting deleterious genes 

could be accumulated and favoured by natural selection for their beneficial effects 

early in life (Williams, 1957).  

4. The neuroendocrine theory proposed that changes in neuroendocrine functions affect 

coordination and the body’s response to the external environment. Therefore, aging would 

result in a progressive decrease in the ability to adapt and survive to exogenous stresses 

(physical, chemical, and emotional stimuli) that can lead to the onset of diseases and death 

(McEwen & Lasley, 2002).  

5. The free radical theory postulated that aging is caused by free radical reactions, 

characterized by the transient presence of highly reactive intermediates, known as free 

radicals (Harman, 1956, 1993). These unstable compounds, which can be produced by 

internal metabolism and environment (such as ionizing radiation, γ-, X-, ultraviolet rays, 

and ultrasound), can trigger and promote the damage of DNA molecules, proteins, and 

lipids, altering the structure of the cell. Defence mechanisms that have evolved to cope with 

free radicals' production include enzymes such as heme-containing and glutathione 

peroxidases, superoxide dismutase (SOD), and antioxidants such as carotenes, carnosine, 

and tocopherols. To support this theory, different studies proved that removing antioxidant 

enzymes, as SOD, reduces the health/lifespan of multiple model organisms (Sohal & Orr, 

2012; Van Remmen et al., 2004; Y. Zhang et al., 2009). However, other studies 

demonstrated that over-expression of several antioxidant enzymes was insufficient to 

impact lifespan (Huang et al., 2000; Mele et al., 2006; Pérez et al., 2009; Pomatto & Davies, 

2018).  Over the years, contradictory findings have led to the conclusion that the binary idea 

proposed by Harman that free radicals are only harmful, while antioxidants must always be 

beneficial, is not a universal phenomenon. 

6. The network theory, formulated by Franceschi in 1989, suggested that a network of cellular 

and molecular defence mechanisms, including heat shock proteins, DNA repair 

mechanisms, apoptosis, immune and neuroendocrine systems, indirectly controls the aging 

process (Franceschi, 1989). Underlying these mechanisms, there was the theory of 
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Immunosenescence, a dynamic process that affects both innate and acquired immunity and 

results in a low-grade, chronic inflammation, called inflammaging (Franceschi et al., 2000, 

2006), involved in aetiology and progression of age-related diseases (Furman et al., 2019). 

In the past years, studies on healthy centenarians have demonstrated that the activities of 

lymphocytes, NK cells, and complement system were preserved during aging, suggesting 

that the Immunosenescence process mainly involved acquired immunity (Franceschi et al., 

1995). However, several studies have subsequently shown that fundamental components of 

the innate immune system (IS) change with age and are correlated to increased risk of 

infection and infection mortality (Santoro et al., 2021). All these findings suggest that both 

branches of the IS, innate and adaptive, change during aging but not to the same extent or 

the same consequences. Therefore, it could be conceptualized that age-related immune 

changes may be a mix of adaptation/resilience and maladaptation, closely related to the 

immunobiography (the combination of type, dose, intensity, and temporal sequence of 

antigenic stimuli to which each individual is exposed) (Franceschi et al., 2017; Fulop et al., 

2004). Furthermore, successful aging is determined by a lower predisposition to mount an 

inflammatory response combined with an efficient anti-inflammatory network (Santoro et 

al., 2021). 

7. The cellular senescence theory was formulated in 1961 by Hayflick, which noted that 

human diploid fibroblasts in culture could reach a maximum number of cell divisions 

(“Hayflick’s limit”) before arrest (Hayflick & Moorhead, 1961). It postulated that aging 

phenotypes were caused by an increase in the frequency of senescent cells (Weinert & 

Timiras, 2003). The theory will be discussed in Section 1.3.  

 

More recently, however, these theories have been replaced by the idea that aging is a complex 

multifactorial process encompassing genes, performance repair systems, milieu, and chance 

(Da Costa et al., 2016).  

 

1.2 Age-related diseases  

The increase in human life expectancy and the consequent population aging will increase 

age-related diseases (ARDs), such as cardiovascular disease, diabetes, arthritis, osteoporosis, 

blindness, sarcopenia, neurodegenerative diseases, such as Alzheimer’s disease (AD) and 

Parkinson’s disease (PD), and several other chronic conditions (Franceschi et al., 2018). 

Moreover, many types of cancer are considered ARDs, as their incidence increase with near 
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exponential kinetics at approximately the mid-point of the lifespan (e.g., 50-60 years of age) 

(Siegel et al., 2021).  

Aging is the most important known risk factor for many chronic diseases, and “Geroscience”, 

the new vision of gerontology, aims to understand the relationship between aging and ARDs 

and improve the mechanisms that can prevent, delay, and/or counteract them. Therefore, it is 

likely that the future trend of medicine will try to decrease the prevalence of diseases by slowing 

the aging rate, thus allowing people to stay healthy and active as long as possible (Franceschi 

et al., 2018; Sierra & Kohanski, 2015). One of the major achievements of Geroscience has been 

to identify nine selected and interconnected biological processes that represent the critical 

pillars of aging and ARDs, and which therefore determine the aging phenotype (Kennedy et al., 

2014; López-Otín et al., 2013). Among these, shown in detail in Figure 1, we remind:  

✓ Genomic instability: nuclear DNA, mitochondrial DNA, nuclear architecture 

✓ Telomere attrition 

✓ Epigenetic alterations: histone modifications, DNA methylation, chromatin 

remodelling, transcriptional alterations, reversion of epigenetic changes 

✓ Loss of proteostasis: chaperone-mediated protein folding and stability, proteolytic 

systems  

✓ Deregulated nutrient sensing: the insulin and IGF-1 signalling pathway, other nutrient-

sensing systems (mTOR, AMPK, sirtuins) 

✓ Mitochondrial dysfunction: reactive oxygen species, mitochondrial integrity, and 

biogenesis, mitohormesis 

✓ Cellular senescence 

✓ Stem cell exhaustion 

✓ Altered intercellular communication: inflammation, other types of intercellular 

communication.  
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Figure 1. The Hallmarks of aging. The internal wheel represents the 9 hallmarks of aging, proposed by López-

Otín et al. (López-Otín et al., 2013). The extension of the wheel describes the detailed subcategories of these 

hallmarks. Abbreviations: mtDNA: mitochondrial DNA; ROS: reactive oxygen species (Lemoine, 2021).  

Since many chronic disease and pathological conditions are at least in part determined by some 

of these mechanisms, it seems acceptable to think that the difference between aging and 

diseases may lie in the combination of the rate/speed/intensity of aging processes, and the 

specific genetic and lifestyle/habit predisposition. Accordingly, aging and ARDs have to be 

considered different trajectories of the same process, but with a different rate depending on 

diverse genetic backgrounds and lifestyles (Franceschi et al., 2018). 

Below, the involvement of some of the processes, identified as the nine pillars, in several age-

related pathologies are briefly listed (Figure 2): 

1. Stem cells exhaustion. The functional decline of adult stem cells does not occur only as a 

quantitative reduction in their number but rather as a qualitative change and reduced 

functional capacity. For example, loss of regenerative capacity of satellite cells (the 

muscle's stem cells) is a feature shared with aging and may be involved in developing 

sarcopenia (Franceschi et al., 2018). Also, in chronic obstructive pulmonary disease, the 

reduced regenerative capacity of basal progenitor cells required for airway epithelial 

differentiation participate in the pathology (Ryan et al., 2014). Moreover, due to their two 
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principal properties (self-renewal and differentiation), stem cells represent an ideal target 

for accumulating pre-cancerous damages that can be propagated to self-renewing progeny 

and downstream progenitors. The activity of tumour suppressor proteins that arrest the 

malignant clones copes with mutagenic accumulation. Nevertheless, tumour suppressor 

pathways in tissues with a constant demand for stem cell and progenitor activity may lead 

to stem cell erosion, thus contributing to aging (Rossi et al., 2008).   

2. Accumulation of senescent cells. Different studies showed that senescent cells accumulate 

with age, and this accumulation was related to several ARDs, including atherosclerosis, 

AD, PD, and osteoarthritis (Campisi & Robert, 2014). Moreover, despite cell senescence 

arising as an anti-neoplastic mechanism, the acquisition of the pro-inflammatory secretory 

phenotype (Coppé et al., 2008) can in part contribute to the promotion of the malignant and 

metastatic features of cancer cells (Lecot et al., 2016). The link between senescence and 

cancer will be deeply discussed in Section 1.3.3. 

3. Inflammaging. Aging is associated with a low-grade, sterile chronic inflammation, called 

“inflammaging”, that is crucially involved in the aetiology and progression of ARDs  

(Furman et al., 2019). Indeed, the analysis of epidemiologic data revealed a correlation 

between elevated levels of inflammatory factors, such as interleukin 6 (IL-6), and C-reactive 

protein (CRP), and multiple morbidities of the elderly (Franceschi & Campisi, 2014; Rea et 

al., 2018). Accordingly, also in neurodegenerative diseases inflammation plays an 

important role. For example, neuroinflammation in AD involves resident cells, such as 

microglia, astrocytes, and neurons, but also cells or soluble factors of the peripheral IS that 

can enter into the brain developing inflammation and stimulating neurodegeneration (Perry, 

2004). In the same manner, it has been shown that in PD, a strong detrimental inflammatory 

response can be fueled by neuronal degeneration due to α-synuclein aggregates. 

Interestingly, IL-6 is one of the most important components of inflammaging, and can 

promote the progression toward the malignancy of cancer cells (Hirano, 2021). Nowadays, 

it is widely accepted that inflammation is involved in cancer onset and progression. 

Moreover, since it appears to be a universal feature of human aging, it can be hypothesized 

that the effect of inflammation on a long-lived individual may increase his/her probability 

of developing cancer (Franceschi et al., 2018).  

4. Immunosenescence. During aging the IS undergoes profound transformations, included in 

the concept of Immunosenescence, that affect multiple aspects of immunity, such as 

susceptibility to infections, autoimmunity, response to vaccination, and cancer development 

(Panda et al., 2009; Santoro et al., 2021). Indeed, aging is characterized by thymic 
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involution and reduced T cell diversity, with a decreased number and frequency of naïve 

CD4 + and CD8+ T cells and a reciprocal increase of CD8+ memory T cells. These changes 

in T cells composition during aging compromise their ability to be activated, recognized, 

and to destroy or control cancer growth, helping to create a more permissive environment 

towards cancer evasion of immunosurveillance (Pawelec, 2017). Moreover, emerging 

epidemiological and molecular studies indicate that age-related changes in innate IS cells 

strongly contribute to the pathophysiology of sarcopenia, increasing systemic inflammation 

(Wilson et al., 2017), and in chronic obstructive pulmonary disease development and 

progression (John-Schuster et al., 2016).  

5. Autophagy. Autophagy, derived from the Greek meaning “eating of self”, is an evolutionary 

self-preservation mechanism for recycling intracellular proteins and organelles via 

lysosome-mediated degradation, promoting homeostasis, differentiation, adaptation to 

stress, and survival. Due to its role in removing defective organelles, cellular debris, and 

misfolded protein aggregates, autophagy operates as an anti-aging mechanism. Indeed a 

growing body of evidence suggests that autophagic activity declines with the aging process 

(Aman et al., 2021). Moreover, autophagy has also a central role in removing intracellular 

carcinogenic agents, maintaining genome integrity, and tumorigenesis prevention. Thus, the 

decline in autophagy capacity during aging seems to contribute to the process of tumour 

initiation, although the role of autophagy in tumour progression reveals a great complexity 

(Zinger et al., 2017). The reduction or dysregulation of autophagy plays an important role 

also in maculopathy, osteoarthritis, chronic obstructive pulmonary disease and can 

participate in AD pathogenesis (Franceschi et al., 2018).  

6. Microbiome. The human microbiome is the microbial ecosystem associated with the human 

body. One of the most extensive interfaces between the human host and microbe is the 

human intestinal mucosa. During aging intestinal barrier functions change, accompanied by 

the alteration of microbiome composition. Several studies on different experimental models 

demonstrated the correlation between aging, barrier function, and microbiome (Heintz & 

Mair, 2014; Rera et al., 2012; Zapata & Quagliarello, 2015). Aging-related intrinsic 

functional changes of gastrointestinal tracts include decreased intestinal motility, 

diverticular disease, alterations in salivary function, and poor dentition. In addition, the 

impairment of mucosal integrity can increase commensal bacteria invasiveness, triggering 

the systemic secretion of cytokines, contributing to inflammaging and associated 

pathologies. In some cases, these age-associated changes in inflammatory responses can 

create a pro-tumorigenic environment that overcomes the only local effect in the intestine 
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(Zinger et al., 2017). Interestingly, recent studies showed that also PD is associated with gut 

dysbiosis, showing a significantly reduced faecal concentration of short-chain fatty acids 

that could impact central nervous system alterations (Mulak & Bonaz, 2015; Tremlett et al., 

2017).  

7. MicroRNAs. MicroRNA (miRNAs) are a class of endogenous small non-coding RNA 

molecules that play an essential role in regulating numerous biological processes and 

networks. They act as negative regulators of gene expression, targeting specific mRNAs for 

degradation or preventing their translation into protein. In addition, they can be used in 

intercellular communications among adjacent cells via gap junctions or endocrine 

communication via microvesicles. These features and their relatively low-binding 

specificity, which permits one miRNA to target multiple genes, make miRNAs perfect 

candidates for regulators of critical systemic processes, such as aging, inflammatory 

response, and tumorigenesis (Schroen & Heymans, 2012; Schwarzenbach et al., 2014). In 

this context, three classes of miRNAs were described: the ones that can be associated with 

senescence (SA-miRs), inflammation (inflamma-miRs), and cancer (onco-miRs). Several 

studies have identified miRNAs through these three categories that are involved in the 

regulation of different pathways, as Nuclear factor (NF)-κB, mechanistic target of 

rapamycin (mTOR), TGF-β, Wnt, and Sirtuins signalling, that link aging, senescence, and 

cancer (Olivieri et al., 2013).  
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Figure 2. Mechanisms that link aging to ARDs. The figure shows some cell-autonomous and non-cell-

autonomous mechanisms identified as critical factors that link age-related diseases and aging. Exposure to 

endogenous and exogenous stressors causes multiple cellular and tissue function changes during life. For example, 

the accumulation of senescent cells leads to tissue degeneration and changes the microenvironment through the 

SASP factors. In addition, changes in the immune system with age (immunosenescence) contribute to the 

development of inflammaging. This inflammatory process joints intracellular processes, such as reduction of 

autophagy, changes in chromatin function, microbiome modification, and intestinal barrier dysfunction, to 

ensemble a detrimental milieu favouring ARDs (adapted from Zinger et al., 2017).  

 

All these described processes are involved in several and distinct types of ARDs. Since these 

pathologies are so diverse, it is likely that one or a few of those mechanisms mainly drive most, 

if not all, of them. Cellular senescence is one perfect candidate for such a role. 

 

1.3 Cellular Senescence 

The term senescence derives from the Latin word senex, which means “old” or “elderly”. 

However, senescence was used in biological organisms to describe deteriorative processes that 

follow cell development and maturation (Campisi & D’Adda Di Fagagna, 2007). Senescence 

is now defined as a highly dynamic multi-step process, during which senescent cells that 

undergo an irreversible cell cycle arrest evolve and diversify their properties continuously in a 

context-dependent manner (Kumari & Jat, 2021; van Deursen, 2014). Senescent cells 

experienced structural changes at molecular and cellular levels, which allow them to remain 
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viable, resistant to apoptosis, and metabolically actives (Childs et al., 2014; E. Wang, 1995; 

Zhu et al., 2015). 

The first formal description of cellular senescence was done in 1961 by Hayflick, who showed 

that human fibroblasts in culture undergone irreversible proliferative arrest after a finite number 

of divisions (Hayflick & Moorhead, 1961). This replicative limit was defined as “Hayflick’s 

limit” and identified the so-called replicative senescence that was later attributed to telomere 

shortening (Hayflick, 1965). Subsequent studies have shown that other types of stimuli, such 

as severe or irreparable DNA damage, oxidative stress, mitochondria deterioration, exposition 

to ionizing radiations (IR), activated oncogene, and chemotherapy can trigger in vitro a “stress-

induced premature senescence (SIPS)” (Campisi, 2001; Campisi & D’Adda Di Fagagna, 2007). 

Moreover, it is also accepted that senescence plays a crucial role in vivo. Indeed a large body 

of evidence from animal models had demonstrated the importance of senescence in different 

physiological and pathological processes (Burton & Krizhanovsky, 2014). In physiological 

conditions, senescent cells are involved in embryonic development (Muñoz-Espín & Serrano, 

2014; Storer et al., 2013), tissue remodelling and repair (Yun et al., 2015), wound healing 

(Demaria et al., 2014; Krizhanovsky et al., 2008), and tumour suppression, by preventing 

transformed and damaged cells to propagate their dysfunctional genome to the next generation 

(Faget et al., 2019; Hanahan & Weinberg, 2011; Serrano et al., 1997). Usually, senescent cells 

are removed by the IS, allowing them to perform their physiological functions correctly. 

However, during chronological aging, senescent cells have been found to accumulate 

exponentially in multiple tissues (López-Otín et al., 2013), either because an aged IS fails to 

eliminate them, or the rate of senescent cells formation is increased, having the potential to 

promote pathological conditions and age-related disorders (Baker et al., 2011; Burton & 

Krizhanovsky, 2014). This apparent paradox can be clarified by understanding how aging 

phenotypes evolved. Evolutionary theories explain that most organisms, evolving in a high-risk 

environment, rarely reach old age, and this causes a decline of natural selection for processes 

that promote disabilities in advanced age, including ARDs (Campisi, 2011). The concept of 

“antagonistic pleiotropy” extends this theory and indicates that a biological process selected to 

be beneficial early in life can be deleterious in old organisms (Williams, 1957). This theory can 

explain the two faces of senescence that evolved to promote tissue repair and suppress cancer 

development (selected activities) early in life but showed a “dark side” (unselected activities) 

that is revealed only late in life, when the accumulation of senescent cells could endorse chronic 

inflammation, promoting the creation of a pro-tumorigenic milieu (Campisi, 2011) (Figure 3).  
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Figure 3. Cellular senescence as a double-edged sword during lifespan. During development cells can undergo 

acute senescence, to cope with physiological processes, as tumour suppression and tissues repair (selected traits). 

However, upon IS dysfunction, acute senescent cells may accumulate and contribute to tissues disfunction and 

ARDs development, including cancer (adapted from Childs et al., 2014)  

 

1.3.1 Senescence hallmarks 

Several aspects characterize senescent phenotype, none of which unequivocally identify 

senescent cells independently. Moreover, not all senescent cells and not all types of senescence-

induced stimuli lead to the expression of the same hallmarks (Rodier & Campisi, 2011). 

Therefore, to establish if a cell is entered in a senescent state, it is necessary to use a combination 

of these markers. 

The stable cell cycle and proliferation arrest, due to the engagement of various cyclin-dependent 

kinase inhibitors (CDKi) in senescent cells, is accompanied by other typical features, including 

the activation of a chronic DNA damage response (DDR), induction of anti-apoptotic genes, 

altered metabolic rates, endoplasmic reticulum (ER) stress, and enhanced secretion of pro-

inflammatory and tissue-remodelling factors. As a consequence of these modifications, 

senescent cells also show a structural aberration, including enlarged and flattened morphology, 

the altered composition of the plasma membrane (PM), accumulation of lysosomes and 

mitochondria, and nuclear alterations (Campisi & D’Adda Di Fagagna, 2007; Coppé et al., 

2008; Hernandez-Segura et al., 2018; Muñoz-Espín & Serrano, 2014). The main senescence 

features are described in Figure 4. 
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Figure 4. Hallmarks of cellular senescence. The molecular pathways of senescence result in morphological 

alterations that constitute senescence hallmarks. These include a flattened and enlarged morphology, stable cell 

cycle arrest, driven by p16INK4a/Rb and/or p21CIP1/p53 axis, chromatin alterations and reorganization, including 

SAHF, and γH2AX foci, and remodelling of the nuclear envelope, that comprises the loss of Lamin B1. Moreover, 

other typical features are macromolecular damage (increased ROS levels), metabolic changes (large and 

dysfunctional mitochondria), increased lysosomal compartment, which implies the overexpression of the SA-β-

gal, and the secretion of a vast spectrum of cytokines, chemokines, proteases, and growth factors, referred to as 

“senescence-associated secretory phenotype” (SASP). Abbreviations: DNA-SCARS: DNA segments with 

chromatin alterations reinforcing senescence; MMPs: Matrix metalloproteinases; ROS: Reactive oxygen species; 

SA-β-gal: Senescence-associated β galactosidase; SAHF: Senescence-associated heterochromatin foci (González-

Gualda et al., 2021).     

 

1.3.1.1 Cell cycle arrest 

The cell cycle is a sequence of coordinates events in a cell as it grows and divides. A 

stable cell cycle and proliferation arrest are two essential markers to define senescent cells. 

Contrary to what happens in the phenomenon of quiescence, in which cell cycle is reversibly 

arrested in G0 phase, senescent cell cycle arrest occurs in G1 or G2 phase (Di Leonardo et al., 

1994). The two most crucial tumour suppressor pathways that drive and stabilize this cell cycle 

arrest are p53/p21WAF1/CIP1 and p16INK4a/pRB. These pathways are complex and involve many 

upstream regulators and downstream effectors that are interlinked with extensive crosstalk 
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(Kumari & Jat, 2021). The senescent state is mainly maintained by p53 and pRB, which are key 

transcriptional regulators that induce extensive gene expression changes. p21WAF1/CIP1 and 

p16INK4a are also equally fundamental components of such pathways as they are cyclin-

dependent kinase inhibitors (CDKIs) and act as negative regulators of cell cycle progression. 

In both networks, the final downstream target is pRB, which in its hypophosphorylated state 

binds and blocks E2F (a transcriptional factor that promotes cell cycle progression), preventing 

the transcription of replicative genes (González-Gualda et al., 2021) (Figure 5).  

1. p16INK4A/pRB pathway. p16INK4A/pRB pathway is usually activated in replicative 

senescence, ROS-induced senescence, and oncogene-induced senescence (OIS), and it is 

thought to play an essential role in maintaining the senescent state (Beauséjour et al., 2003; 

Campisi & D’Adda Di Fagagna, 2007; González-Gualda et al., 2021). p16INK4A is a CDKI 

that directly binds to CDK4/6 and blocks the formation of cyclin D-CDK4/6 complexes, 

preventing the phosphorylation of pRB. Typically, pRB is maintained in the inactive 

phosphorylated form by such complexes. The inhibition of CDKI-cyclin complexes leads 

to the activation of pRB through dephosphorylation and consequently to the sequestering 

of E2F, inhibiting transcription of cell cycle progression genes (Kumari & Jat, 2021). 

Interestingly, it seems that p16INK4A/pRB pathway is crucial to generating senescence-

associated heterochromatin foci (SAHFs), maybe due to the ability of pRB to complex with 

histone-modifying enzymes that form repressive chromatin and silence the genes required 

for proliferation, establish a self-maintaining senescence state (Campisi & D’Adda Di 

Fagagna, 2007; Narita et al., 2003; R. Zhang et al., 2005).  

2. P53/p21WAF1/CIP1 pathway. P53/p21WAF1/CIP1 pathway is activated in response to DNA 

damage caused by telomere attrition, oncogenic activation, or oxidative stress, and it is 

thought to be activated early on in the senescence program (Beauséjour et al., 2003; Dulić 

et al., 2000; González-Gualda et al., 2021). At the basal level, p53 is in an inactivated state 

in the cytoplasm linked to MDM2, an E3 ubiquitin ligase, which allows its degradation. The 

stress triggers constitutive DDR signalling ATM (Ataxia Telangiectasia Mutated)/ATR that 

chronically activates p53 by phosphorylation (p-p53), inhibiting the binding with MDM2. 

Furthermore, the phosphorylation of p53 upregulated the transient expression of the CDKI 

p21WAF1/CIP1, which inhibits CDK2-cyclin E, which permits the dephosphorylation of RB, 

leading to the sequester of E2F and the arrest of the cell cycle (Kumari & Jat, 2021). 

Moreover, one exciting study seems to suggest that p53 is upregulated in the initial state of 

senescence, but when cells reach the late stage of senescence, its expression decreases 
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gradually, and the p16INK4A/pRB axis takes over to establish the irreversible senescence 

phenotype (Beauséjour et al., 2003; Lagoumtzi & Chondrogianni, 2021).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

             
 

1.3.1.2 Altered morphology and granularity  

A key feature of in vitro senescence is the large and flat morphology (Hernandez-Segura 

et al., 2018). This event is strictly linked to changes in cytoskeletal structure and composition. 

Indeed, senescent cells present an accumulation of vimentin, which determines the formation 

of large bundles of thick and crossed-bridged filaments, reducing the motility (Hwang et al., 

2009), and upregulation of caveolin-1 (Hernandez-Segura et al., 2018). Interestingly, recent 

findings suggest that this increased size consequently leads to an increased cytoplasm to DNA 

ratio and cytoplasmic dilution, which delays the protein diffusion and binding required for 

translation, thus contributing to cell cycle arrest (Neurohr et al., 2019). Moreover, changes in 

nuclear morphology can be observed in senescent cells, probably driven by the loss of the 

Lamin B1, a structural protein of the nuclear lamina that contributes to the size, shape, and 

stability of the nucleus (Sadaie et al., 2013). The consequent destabilization of the nucleus, 

following Lamin B1 loss, results in other nuclear changes, such as the formation of the SAHF 

Figure 5. Senescence cell cycle arrest. Senescence-inducing stimuli, including DNA damage, telomere attrition, 

oxidative stress, etc, engage either p53/p21 and/or p16/pRB tumour suppressor pathways. P53 is negatively regulated 

by E3 ubiquitin-protein ligase HDM2, which facilitates its degradation, and it is in turn negatively regulated by alternate-

reading-frame protein (ARF). Active p53 instituites the senescence growth arrest inducing the expression of p21, a 

CDKI, that among other activities, suppresses the phosphorylation of pRB, stimulating its activation. Senescence 

triggers can also activate p16, another CDKI, that prevent pRB phosphorylation and inactivation too. pRB binds and 

sequesters E2F, a transcription factor that stimulates the expression of genes required for cell cycle progression, 

suppressing cell proliferation  (Campisi & D’Adda Di Fagagna, 2007).  
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and the appearance of cytoplasmic chromatin fragments (CCFs), enriched by markers 

associated with DNA damage (Ivanov et al., 2013). Granularity also increases in senescent 

cells, probably due to the increased size and number of lysosomes, easily detected by light 

microscopy and flow cytometry-based analysis (González-Gualda et al., 2021).  

 

1.3.1.3 Increased lysosomal content and senescence-associated SA-β-Gal activity 

Another typical feature of senescent cells is the increase in lysosomes' number, size, and 

content (Cho & Hwang, 2012). Sometimes these altered lysosomes accumulate auto-fluorescent 

materials, as lipofuscins, referred to as “residual bodies” (Georgakopoulou et al., 2013), and 

they seem to determine a reduced turnover of damaged organelles, including mitochondria, that 

can lead to an enhanced ROS production, which in turn damages the cell (Hwang et al., 2009). 

However, the most widely used senescence marker is the increased levels of SA-β-Gal activity 

(Dimri et al., 1995). SA-β-Gal is a hydrolase enzyme that catalyses the hydrolysis of β-

galactosidase into monosaccharides. Usually, its activity has been detected at a pH of 4, but 

since it is upregulated during senescence, its residual activity can be measured at a suboptimal 

pH of 6 as a marker of senescence state (Hernandez-Segura et al., 2018; Lee et al., 2006). The 

primary staining to assess the presence of senescent cells consisting in incubating the cells with 

a substrate for SA-β-Gal, 5- bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal), which 

is catalysed into galactose and 5-bromo-4-chloro-3-hydroxyindole-1, which then dimerizes and 

forms the blue coloured precipitate indigo inside cells cytoplasm (González-Gualda et al., 

2021). Therefore, SA-β-Gal activity is used as a surrogate marker for the enhanced lysosomal 

content of senescent cells.  

 

1.3.1.4 Nuclear changes and senescence-associated heterochromatin foci (SAHF) 

The macromolecular alteration also occurs in the nucleus, where heterochromatin 

organization and associated structural proteins change. In non-senescent dividing cells, 

heterochromatin is structurally less dense and located at the nuclear periphery. However, in 

senescence, to silence proliferation-promoting genes, the chromatin rearranges and forms dense 

structures known as SAHF (González-Gualda et al., 2021), whose formation is promoted by 

pRB (Narita et al., 2003). These structures, enriched in heterochromatin-forming proteins, such 

as heterochromatin protein 1 (HP1), histone H3 trimethylated at lysine 9 (H3K9me3), non-

histone chromatin protein (HMGA2), and the histone H2A variant macroH2A, incorporate the 

promoter of E2F, resulting in stable repression of its target genes (Scurr et al., 2017; R. Zhang 
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et al., 2005). Moreover, senescent cells can also exhibit DNA-SCARS, nuclear structures 

containing several proteins associated with DDR, including ATM, ATR, and phosphorylated 

H2A histone family member X (pH2AX) foci, even without the presence of a DNA-damaging 

agent (Pospelova et al., 2009). All these structures can be identified by immunoblotting or 

imaging techniques.  

 

1.3.1.5 Metabolic alterations and pro-survival pathways 

Senescent cells are metabolically active and increase the import of glucose and the 

activity of many glycolytic enzymes (Ogrodnik, 2021). Moreover, they showed a reduction in 

oxidative phosphorylation (OXPHOS) and in NAD+/NADH ratio, lower content of ATP, and a 

higher AMP/ATP ratio (James et al., 2015; Nacarelli et al., 2019). AMP prevents AMP-

activated protein kinase (AMPK) dephosphorylation, causing its activation. AMPK act as a 

sensor of the reduced energetic state and activates catabolic pathways, inhibiting the 

biosynthetic ones (Hernandez-Segura et al., 2018). The increase in glycolysis usually leads to 

augmented lactate production, but this correlation is unclear in senescent cells. Different 

studies, indeed, showed that senescent cells do not show a linear relationship between glucose 

consumption and lactate production (Unterluggauer et al., 2008; Zwerschke et al., 2003). The 

use of glucose, which is neither used for lactate production nor OXPHOS, in senescent cells is 

probably employed for an increase in biomass production (Ogrodnik, 2021). An example of 

this phenomenon can reside in the glycolytic dispensation of carbon for the production of lipid 

precursors (Lunt & Vander Heiden, 2011), that are accumulated in senescent cells (Ogrodnik, 

2021; Ogrodnik et al., 2017).  

It should be noted that senescent cells also present changes in mitochondria number and 

structure. Indeed, mitochondria accumulate in senescence, primarily due to the reduction in 

their degradation (mitophagy) (Korolchuk et al., 2017), as a mechanism to protect senescent 

cells from apoptosis (Correia-Melo & Passos, 2015). Furthermore, these mitochondria also 

present alteration in their structure, grow larger with distinct changes in their crista, and show 

a decreased membrane potential. Thus, the presence of these abundant and dysfunctional 

organelles leads to an intensified ROS production (Victorelli & Passos, 2019), which in some 

cases can also trigger senescence in an autocrine and paracrine manner when released (Nelson 

et al., 2012). An additional hallmark of senescence, related to mitochondria is the resistance to 

apoptosis, resulting from the upregulation of pro-survival pathways (González-Gualda et al., 

2021). Indeed, senescent cells were found to upregulate anti-apoptotic Bcl-2 family members, 

such as Bcl-2, Bcl-xL, Bcl-W, located on mitochondrial membrane and endoplasmic reticulum 



Introduction 

 

17 

 

(Yosef et al., 2016). The increased expression of these proteins prevents the release of 

cytochrome C and thus the assembling of the apoptosome, the complex structure that activates 

caspase signalling pathways leading to intrinsic apoptosis (González-Gualda et al., 2021).  

 

1.3.2 The Senescence-Associated Secretory Phenotype (SASP) 

Although SASP is too unspecific and heterogeneous to be used as an unequivocal 

senescence marker, it is the most intriguing one because it is thought to be the reason why 

senescent cells contribute to tissue homeostasis or dysfunction (González-Gualda et al., 2021). 

Indeed, the SASP comprises several inflammatory cytokines, chemokines, growth factors, 

metalloproteases, and extracellular vesicles (EVs) that are secreted from senescent cells, and 

whose expression vary widely, changes over time, and depends on the duration and/or inducer 

stimuli of senescence as well as the cell type (Hernandez-Segura et al., 2017; Jakhar & Crasta, 

2019). Furthermore, SASP factors include several families of soluble and insoluble factors and 

can be globally divided into 3 major categories (Coppé et al., 2010):  

1. Soluble signalling factors, including  

a. Interleukin, such as IL-6, IL-1, IL-7, IL-13, and IL-15; 

b. Chemokines (CXCL and CCL), as IL-8 (CXCL-8), GROα and GROβ (CXCL-1 and 

-2), MCP-2, -3, -4, -1 (CCL-8, -7, -13, -2), CXCL-12; 

c. Growth factors, as insulin-like growth factor (IGF), different colony-stimulating 

factors (CSFs), EGF, HGF, FGF, VEGF;  

2. Secreted proteases, as MMP family members, including MMP-1, -2, -3, -9 -10, and serine 

proteases and regulators of the plasminogen activation pathway (PAI-1 and -2); 

3. Secreted insoluble proteins/extracellular matrix (ECM) components, as fibronectin.  

Although the events that activate the SASP are still poorly understood, we know that they are 

typically connected to the DDR and induce a transcriptional program required for its generation 

(Birch & Gil, 2020). Among these several events, we can mention the macromolecular damage 

sensor, as RIG-1, a sensor for cytoplasmic RNA, which mediates senescence-associated 

inflammation (Liu et al., 2011), or the inflammasomes (Acosta et al., 2013), that are groups of 

pattern recognition receptors (PRR) capable of recognizing different damage-associated 

molecular patterns (DAMPs) and activating IL-1 inflammatory cascade (Schroder & Tschopp, 

2010). Furthermore, cytosolic DNA is also an important inducer of SASP, and it is mainly 

present in senescent cells, as retrotransposable elements like LINE-1, that was found 

transcriptionally downregulated in late senescent (De Cecco et al., 2019), mitochondrial DNA, 

and CCFs (Ivanov et al., 2013), that originate from the blebbing of the nuclear membrane 
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following the loss of Lamin B1 expression. Moreover, cytosolic DNA activates cGAS/STING 

pathway, considered a key regulator of SASP induction, in which DNA is sensing by the cyclin 

GMP-AMP synthase (cGAS), that produces cyclin GMP-AMP (cGAMP), activating STING, 

the stimulator of interferon genes, leading to inflammatory responses (Glück et al., 2017; Yang 

et al., 2017). Moreover, other pathways such as p38MAPK (Freund et al., 2011), JAK2/STAT3 

(Xu et al., 2015), mTOR (Laberge et al., 2015), phosphoinositide-3-kinase (PI3K) (Zhang et 

al., 2018), HSP90 (Di Martino et al., 2018), GATA4/p62-mediated autophagy (Kang et al., 

2015), macroH2A1 and ATM (Chen et al., 2015), are involved in the development and 

regulation of the SASP, and most of them ultimately converge on the activation of NF-κB and 

CEBPβ (Kumari & Jat, 2021). Figure 6 shows all these different mechanisms involved in SASP 

regulation.  

 

 

Figure 6. The crucial pathways that regulate SASP. The scheme shows different factors contributing to SASP 

induction and production. Transcription factors are yellow, intracellular signalling components are orange, and 

sensors, receptors, and ligands are red. Abbreviations: CCF: chromatin cytoplasmic fragments; DSB: Double-

strand breaks; SASP: Senescence-associated secretory phenotype (Birch & Gil, 2020).  

 

NF-κB and CEBPβ, two transcription factors overexpressed in the chromatin fraction of 

senescent cells, cooperatively control the transcription of crucial SASP proteins, such as IL-1α, 

IL-6, and IL-8, which in turn can positively regulate NF-κB and CEBPβ activity, forming an 
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autocrine feed-forward circle that enhances SASP signalling (Kumari & Jat, 2021; Orjalo et al., 

2009; Rodier et al., 2009; Zhang et al., 2018). Moreover, as is mentioned above, SASP can also 

regulate at epigenetic level, through the decrease of H3K9 demethylation (Takahashi et al., 

2012) or the increased expression of macroH2A1 (Chen et al., 2015), but also at the post-

transcriptional level. mTOR is a key regulator of protein translation in senescent cells (Birch & 

Gil, 2020), and indeed its inhibition by rapamycin can suppress the secretion of senescent 

inflammatory cytokines (Herranz et al., 2015; Laberge et al., 2015). mTOR can regulate SASP 

expression via two mechanisms: (1) promoting the translation of IL-1α, which in turn activates 

NF-κB and CEBPβ (Laberge et al., 2015), and (2) regulating the translation of MAPKAPK2, a 

kinase downstream from p38, which in turn phosphorylates and inhibits the RNA-binding 

protein ZFP36L1 preventing the degradation of mRNA-encoding SASP factors (Herranz et al., 

2015). Moreover, its accumulation with lysosomes at the trans side of the Golgi in TOR 

autophagy spatial coupling compartment (TASCC) involves its activation in the autophagy 

process, which increases the SASP during OIS (Narita et al., 2011).  

Interestingly, a recent study shows that the HMGA-NAMPT-NAD+ signalling axis can 

influence SASP production (Nacarelli et al., 2019). HMGA1 modifies chromatin structures 

during senescence, upregulating the nicotinamide phosphoribosyl-transferase (NAMPT) 

through an enhancer element that promotes SASP in response to an increased NAD+/NADH 

ratio (Nacarelli et al., 2019). Taken together, the data suggested that an increase in the ratio of 

NAD+/NADH is capable of enhancing and reinforcing SASP factors production (Kumari & 

Jat, 2021).  

Collectively, the SASP is the characteristic of senescent cells that confers most of its beneficial 

and detrimental biological effects and therefore is the main instrument through which senescent 

cells regulate normal physiology and pathology (Kumari & Jat, 2021). The main beneficial and 

detrimental effects of the SASP are described in the subsequent sections and are shown in 

Figure 7. 
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Figure 7. The pleiotropic effects of the SASP. The picture summarises the effects exerted by senescent cells (in 

the middle) through the SASP. The effects in green are beneficial, whereas those in red are detrimental 

consequences of the SASP (Birch & Gil, 2020).  

 

1.3.2.1 The beneficial effects of the SASP 

The composition of the SASP is heterogeneous, and its functions are quite diverse and 

depend on the cell type, the senescence-induced stimuli, the genetic context of cells exposed to 

SASP, and the neighbouring environment (Kumari & Jat, 2021). Because the SASP is primarily 

a genomic damage response (Rodier et al., 2009, 2011), one of its beneficial functions may 

reinforce senescence in an autocrine and paracrine manner and contribute to tumour 

suppression, limiting the proliferation of damaged cells, and enhancing the subsequent immune-

clearance of the pre-malignant cells (Acosta et al., 2008; Kuilman et al., 2008; Kumari & Jat, 

2021; Nelson et al., 2012). Factors involved in these actions include the pro-inflammatory 

cytokines IL-6 and IL-8, the protease inhibitor plasminogen activator inhibitor-1 (PAI-1), and 

the pleiotropic protein IGF binding protein-7 (IGBP-7) (Acosta et al., 2008; Kortlever et al., 

2006; Kuilman et al., 2008; Wajapeyee et al., 2008). These secreted proteins act by engaging 

intracellular signalling that activates the tumour suppressor pathways that establish and 

maintain senescence growth arrest (Campisi et al., 2011). The SASP also includes chemokines 

and cytokines that can attract and activate IS cells, like natural killer cells, to target and kill 

senescent cells, thus promoting and facilitating their clearance from tissues (Krizhanovsky et 

al., 2008; Xue et al., 2007). Moreover, they can communicate cellular damage or dysfunction 

to surrounding cells and stimulate repair (Rodier & Campisi, 2011). Indeed, in addition to its 

supporting role in tumour suppression, SASP components play several beneficial roles, such as 

accelerating wound healing by secreting factors such as platelet-derived growth factor (PDGF) 
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and cellular communication network factor 1 (CCN1) (Demaria et al., 2014). Moreover, SASP 

promotes stemness and tissue plasticity to maintain tissue homeostasis (Ritschka et al., 2017), 

contributing to embryonic development (Storer et al., 2013) and fibrotic scar degradation 

(Krizhanovsky et al., 2008).  

 

1.3.2.2 The detrimental effects of the SASP 

The evolutionary theory of antagonistic pleiotropy explains why a tumour suppressive 

mechanism with many physiological and beneficial functions can also have deleterious effects, 

especially late in life (Rodier & Campisi, 2011). Senescent cells accumulate with aging, 

probably due to failed clearance by IS or increased production due to age-dependent 

acceleration of tissue damage (Campisi, 2005). These chronic senescent cells secreting several 

proteins with potent biological activity can alter tissue structure and microenvironment (Rodier 

& Campisi, 2011). Indeed the progressive accumulation of senescent cells can destroy tissue 

homeostasis in different manners, including depleting the organism of stem and progenitors 

cells required for tissue repair and regeneration (Birch & Gil, 2020). For example, the 

senescence of neural progenitors contributes to age-related decline in neurogenesis (Molofsky 

et al., 2006), or that of muscle stem cells can be responsible for their age-related decline of 

regenerative potential (García-Prat et al., 2016). However, these deleterious effects are intrinsic 

to cells, but in many contests, senescent cells exert their effects in a paracrine manner through 

the SASP. Around 40% of SASP factors in human plasma are associated with age (Basisty et 

al., 2020); thus, SASP likely contributes to inflammaging, that along with the increase of 

immune infiltration, drives the loss of resilience and the risk of developing ARDs (Franceschi 

& Campisi, 2014). Consistent with this, some studies showed that the clearance of senescent 

cells could reduce the levels of secreted inflammatory factors known to drive pathologies 

(Baker et al., 2011, 2016). However, in addition to the systemic level, SASP factors can locally 

induce tissue dysfunction (Birch & Gil, 2020). For example, in this framework, haemostatic 

factors, as SERPINs and PAI-1, may link the SASP with Doxorubicin-associated thrombosis 

in mice (Wiley et al., 2019) or TGFβ1 drives the spreading of senescence during hepatocyte 

injury decreasing liver regeneration (Bird et al., 2018). SASP produced by senescent bone cells 

are involved in the induction of osteoporosis, increasing osteoclast progenitor survival and 

impairing bone synthesis, resulting in an imbalance in bone turnover rate in favour of resorption 

(Calcinotto et al., 2019).  

Moreover, in atherosclerosis, senescence of monocytes and macrophages limits plaques growth, 

but their secreted SASP factors can also induce the progression of the disease (He & Sharpless, 
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2017). SASP can also affect neurodegeneration; indeed, pieces of evidence are emerging on the 

involvement of astrocytes senescence in neuroinflammation and neurodegenerative diseases, 

like Parkinson’s and Alzheimer’s diseases (Bhat et al., 2012; Chinta et al., 2018). At last, the 

increased expression of CCL2 and TNF-α, along with the reduced production of anti-

inflammatory adiponectin in senescent adipocytes, leads mice to develop impairments in insulin 

sensitivity and glucose tolerance, linking senescence and the SASP also to type 2 diabetes 

(Minamino et al., 2009) (Figure 8).   

 

 

Figure 8. Senescent cells and SASP effects in age-related diseases. In atherosclerosis, senescent macrophages 

secrete CCL2 and VCAM1 to recruit monocytes and convert them into senescent cells. Senescent endothelial and 

vascular smooth muscle cells secrete MMP12 and MMP13 to promote plaque instability. In osteoarthritis, 

senescent chondrocytes are involved in cartilage degradation likely via MMPs activity, while in osteoporosis, 

SASP from senescent bone cells promotes osteoclast progenitor survival and inhibits osteoblast activity, inducing 

bone resorption. The SASP secreted from senescent astrocytes triggers dopaminergic neuronal cell death and 

decreases neurogenesis in Parkinson’s disease. Senescent adipocytes secrete factors, such as CCL2 and TNFα, 

promoting insulin resistance in type 2 diabetes. Abbreviations: CCL2: C-C motif chemokine ligand 2; MMP: 

metalloprotease; TNFα: Tumour necrosis factor α; VCAM1: Vascular cell adhesion protein 1; VSMC: Vascular 

smooth muscle cells (Calcinotto et al., 2019).  

 

1.3.3 Senescence and cancer 

Nowadays, it is accepted that senescent cells play an essential role in different phases of 

tumorigenesis, such as in tumour initiation, establishment, progression, and escape.  

Oncogene activation in cells can result in proliferative stress and senescence induction, named 

OIS, limiting tumour growth and inhibiting the progression from benign lesions to malignant 

tumours (Calcinotto et al., 2019). Several types of oncogene are shown to induce OIS in primary 
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and tumour cells, including RAS (Courtois-Cox et al., 2008), HER2 (Angelini et al., 2013), 

EGFR (Garbers et al., 2013), BRAF (Wajapeyee et al., 2008), and MYC (Courtois-Cox et al., 

2006). Moreover, also several chemotherapy drugs, such as Docetaxel, Bleomycin, 

Cyclophosphamide, Doxorubicin, Vincristine, Etoposide, and Cisplatin, can induce the so-

called therapy-induced senescence (TIS) in different types of cancer and normal cells (Demaria 

et al., 2017; Ewald et al., 2010; Saleh et al., 2020). Although the induction of cellular senescence 

in neoplastic cells is classically considered a tumour defence barrier, several findings show that 

in certain conditions, these senescent tumour cells can favour tumour progression through the 

SASP, educating and modifying the microenvironment (Calcinotto et al., 2019; Rodier & 

Campisi, 2011). In this framework, the SASP acts as a double-edged sword because it can 

recruit and activate immune cells or induce paracrine senescence in neighbouring cells, acting 

as a barrier against tumour growth, but it can also promote tumour progression, boosting cell 

proliferation and driving tumour vascularization (Calcinotto et al., 2019; Coppé et al., 2006). 

Indeed, although TIS can be initially beneficial in blocking tumour cells proliferation, it also 

impairs the elimination of senescent cells by IS, leading to their accumulation (Marcoux et al., 

2013; Ness et al., 2015). This accumulation of senescent cells adds to what already occurs with 

age and creates a pro-inflammatory microenvironment favourable for cancer development or 

progression (Campisi, 2013; Campisi & D’Adda Di Fagagna, 2007). To confirm the critical 

role of senescence in cancer, an interesting study conducted on a transgenic mouse that enables 

the inducible killing of senescent cells expressing p16INK4a, has shown that eliminating 

senescent cells reduced spontaneous tumour formation (Baker et al., 2016). This finding could 

be due to removing incipient senescent tumour cells that might later seed a tumour or 

eliminating tumour-promoting senescent stromal cells, decreasing the possible stromal support 

for tumour initiation (Faget et al., 2019). However, the most crucial role in this scenario is 

performed by the SASP, which provides the neoplastic cells to acquire invasive and metastatic 

features.  

IL-6, one of the principal SASP factors, produced from different models of senescent cells that 

can support the growth of breast tumours (Di et al., 2014; Zacarias-Fluck et al., 2015), or 

increase the proliferation of several types of cancer cells, including skin carcinoma (Lederle et 

al., 2011), Osteosarcoma (C. Zhang et al., 2019), lung (Song et al., 2011), prostate (Rojas et al., 

2011), and triple-negative breast cancer cells (Hartman et al., 2013). Other SASP factors can 

promote tumour growth, as well as GRO-α, which stimulates proliferation in an oesophageal 

tumour model (B. Wang et al., 2006). MMPs produced by senescent fibroblasts induced early 

tumour growth in a breast xenograft model and hepatocyte growth factor (HGF), which 
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increased the proliferation of MDA-MB-231 breast cancer cells (Liu & Hornsby, 2007). 

Moreover, SASP factors can drive and promote several processes involved in tumour 

progression and metastasis. Accordingly, vascular endothelial growth factor (VEGF) produced 

by senescent fibroblasts can drive angiogenesis (Oubaha et al., 2016), promote endothelial cell 

invasion and increase vascularization (Coppé et al., 2006). Similarly, connective tissue growth 

factor (CTGF) promoted angiogenesis and tumorigenesis in a mouse prostate model (Yang et 

al., 2005). In addition, also SASP molecules produced by senescent colorectal cancer cells can 

trigger EMT in colon and rectal cancer cell lines (Tato-Costa et al., 2016), complementing their 

ability to induce cancer cell migration and invasion (Aifuwa et al., 2015; Farsam et al., 2016). 

Some of the most critical SASP factors that can drive metastatic progression are MMPs 

(Egeblad & Werb, 2002; Malaquin et al., 2013; Qian et al., 2002; Tsai et al., 2005). MMP-1 

and MMP-2 secreted by replicative senescent skin fibroblasts activated PAR-1 on tumorigenic 

keratinocytes, stimulating their invasive activity (Malaquin et al., 2013). Moreover, it is 

interesting to note that MMPs were found to be overexpressed in aged human skin, which 

accumulates senescent fibroblasts (Dimri et al., 1995; Ruhland et al., 2016), compared to young 

skin. Furthermore, these upregulated MMPs were adjacent to PAR-1 positive dysplastic tissue 

(Malaquin et al., 2013), suggesting that these mechanisms are also active in vivo (Faget et al., 

2019). Furthermore, also senescent cell-derived ECM remodelling can influence metastasis. 

For example, the reduced expression of hyaluronan and proteoglycan link protein 1 (HAPLN1) 

in aged fibroblasts leads to a more aligned ECM, promoting metastasis of melanoma cells by 

increasing cell motility (Kaur et al., 2020). However, the metastatic potential can also be 

triggered by senescent tumour cells in neighbouring neoplastic cells, as shown in breast cancer, 

where senescent cancer cells could promote proliferating breast cancer cells to metastasize 

(Angelini et al., 2013). The effects of SASP factors can also extend to  the pre-metastatic niche. 

For example, IL-6 secreted by senescent osteoblasts directly stimulated osteoclastogenesis 

within the pre-metastatic niche and thus facilitates breast tumour cell seeding to the bone (Luo 

et al., 2016), suggesting that senescent cells can create a “fertile” niche that may facilitate 

tumour growth in the bone (Faget et al., 2019). Finally, cells induced to senescence by 

chemotherapy drugs can play a fundamental role in cancer promotion. Interestingly, their 

elimination prevented or delayed cancer relapse and spread to distal tissues, further eliminating 

some of the damaging side-off effects of chemotherapy (Demaria et al., 2017).  

Overall, senescent cells can exert many different functions in the cancer framework that depend 

on cell type, senescence-inducing stress, tissues involved, and recipient cells (Figure 9). 

However, the increasing of senescent cells with age, due to either their uncomplete clearance 
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or their faster generation in aged individuals, can create and sustain inflammaging through 

SASP factors release, creating a fertile ground for seeding cancer cells.   

 

 

 

Figure 9. Functions of SASP factors during tumour initiation and progression. Senescent cells secrete pro-

tumorigenic SASP factors in the microenvironment, regulating tumour growth and progression. Senescence cancer 

cells produce SASP factors that reinforce senescence arrest. Several molecules secreted from senescent fibroblasts, 

and cancer cells can stimulate proliferation, migration, and invasion of tumour cells. Additionally, some SASP 

factors can stimulate angiogenesis in tumour milieu. Molecules secreted from senescent stromal cells, such as 

fibroblasts or endothelial cells, can induce stemness in cancer cells and offer chemoprotection to tumour cells. 

Moreover, in metastatic sites, osteoblasts create a pro-metastatic niche supporting the seeding and growth of 

metastatic cancer cells. Abbreviation: AREG: amphiregulin; CCL: C-C motif chemokine ligand; CTGF: connective 

tissue growth factor; CXCL: C-X-C motif chemokine ligand; HGF: hepatocyte growth factor; MMPs: matrix 

metalloproteinases; OPN: osteopontin; sFRP2: secreted frizzled-related protein 2; TGFβ: transforming growth 

factor β; VEGF: vascular endothelial growth factor (Faget et al., 2019).   

 

1.4 Osteosarcoma 

Osteosarcoma (OS) is a primary malignant bone tumour with mesenchymal 

histogenesis, characterized by the deposition of immature bone or osteoid matrix (Durfee et al., 

2016). Although OS is the most common primary malignant bone cancer, it is a rare disease 

and has an annual incidence of 3-4 patients per million (Smeland et al., 2019). It is characterized 

by a bimodal age distribution (Figure 10), with the first peak at 15-19 years of age (8 

cases/million/year) and the second at 75-79 years (6 cases/million/year), with middle lower 

plateau (1-2 cases/million/year) in persons aged 25-59 years (Czarnecka et al., 2020; Rickel et 

al., 2017; Savage & Mirabello, 2011). Males are more likely to be affected than females, with 
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a male to female ratio of 1.28:1 in 25-59 age group and 1.43:1 in 0-24 group age. (Klein & 

Siegal, 2006; Smeland et al., 2019). However, in the elderly group (60+), the worldwide male 

to female ratio was 1.01:1 (Mirabello et al., 2009b). 

 

 

Figure 10. Osteosarcoma incidence by age. Rate of osteosarcoma according to the age of diagnosis (Nie & Peng, 

2018). 

 

OS can arise in any bone, but it preferentially affects the metaphysis of long bones, such as the 

femur (42%), tibia (19%), humerus (10%) (Sadykova et al., 2020), especially in young patients. 

The occurrence of OS in these sites of remarkably rapid growth during adolescence underlines 

the link between bone growth and OS formation. Indeed, probably due to the high cell turnover 

during puberty, the metaphyseal area becomes more vulnerable to neoplastic lesions (Savage 

& Mirabello, 2011). Furthermore, the tendency of OS to occur in the extremity bones decreases 

with age, and in old patients, other bones were also identified as tumour sites, such as cranial, 

facial, and axial skeleton, which represent about 40% of all OS in over-60 aged individuals 

(Sadykova et al., 2020).  

Because OS may produce various kinds of extracellular matrix and has a different degree of 

differentiation, its histologic pattern varies significantly, from case to case, but also from area 

to area in the same case (Klein & Siegal, 2006). Thus, depending on the tumour’s features and 

predominant stromal differentiation, we can identify six subtypes, i.e., osteoblastic, fibroblastic, 

chondroblastic, small-cell, telangiectatic high-grade surface, and extraskeletal. Moreover, 

following the histological appearance, we can distinguish three more categories: (1) high-grade, 

which includes most of the subtypes; (2) intermediate-grade; (3) low-grade, including periosteal 

and parosteal ones (Czarnecka et al., 2020; Lindsey et al., 2017). The so-called conventional 

OS is a high-grade tumour growing intramedullary, and it is the most frequent type (Rickel et 

al., 2017).  
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Otherwise, clinically OS can be divided into two stages, localized OS, which only affects the 

bone and the tissues in which it developed, and metastatic one, which has spread from the 

original site to other organs (Sadykova et al., 2020). Metastatic disease has a high frequency 

and occurs in over 80% of patients despite chemotherapy and surgical resection of the primary 

tumour, principally localizing to the lung (Osasan et al., 2016), and it is considered the first 

cause of death (Osasan et al., 2016). Furthermore, in older patients, the localization of OS 

primarily to the axial skeleton, the larger tumour size, and the lower socio-economic status seem 

to be associated with a higher likelihood of metastatic disease (Figure 11) (Miller et al., 2013; 

Smrke et al., 2021).  

 

 

Figure 11. Percentage of high-grade osteosarcoma cases with distant metastatic disease at presentation 

according to age at diagnosis. Data are provided by Surveillance, Epidemiology, and End Results (SEER) 

database (Miller et al., 2013).  

 

Before the 1970s, patients with OS were treated with surgery alone, with event-free survival 

(EFS) estimated at 20% (Smrke et al., 2021). Nowadays, the treatment requires a 

multidisciplinary approach that combines the surgery with preoperative and postoperative 

multimodal chemotherapy, effectuated with three or four cytotoxic agents, i.e., Cisplatin, 

Doxorubicin, and high-dose Methotrexate/Ifosfamide (Czarnecka et al., 2020). The 

introduction of this new approach increased the disease-free survival for high-grade OS patients 

from 10-20% to 60%. However, although the 5-year survival rate in patients with localized OS 

reaches 70-75%, the long-term survival for metastatic disease is only 30% (Rickel et al., 2017). 

Tumour metastasis is primarily responsible for the stagnation in developing new therapeutic 

targets for OS. Thus, the scientific community is engaged in the search for new targeted 
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therapeutic strategies that can improve the efficacy of the treatment, especially for metastatic 

disease, and reduce its toxicity.  

In OS, as in other types of cancer, the multiple cell-cell interactions between OS cells and 

tumour stromal cells are important for tumour development and progression. OS tumour niche 

is constituted by OS cells, bone cells, including osteocytes, osteoclasts, and osteoblasts, stromal 

cells, such as fibroblasts and mesenchymal stromal cells (MSCs), endothelial progenitors and 

cells, pericytes, IS cells, including monocytes, macrophages, and lymphocytes, and ECM 

components (Czarnecka et al., 2020). All these components interact to promote tumour growth 

and dormancy, invasion and metastasis, and resistance to therapy (Figure 12).  These effects 

are mediated in part by stromal cells secreted multiple cytokines, growth factors, and 

chemokines, as well as their receptors, which promote, in an autocrine and paracrine manner, 

cell division and differentiation of OS cells, but also of osteoblasts, MSCs, and endothelial cells 

(Corre et al., 2020). One example is represented by OS intratumoral IL-6, IL-8, CXCL12, 

CCL5, and VEGF, which promote tumour growth and angiogenesis, as well as the metastatic 

spread (Kawano et al., 2018; Zheng et al., 2018). In particular, CXCL12/CXCR4 pathway was 

identified as one of the most important actors in promoting OS metastasis, along with 

overexpression of ezrin and MET and induction of Src-family tyrosine kinase (SFK) 

(Czarnecka et al., 2020). Since metastatic disease is the first cause of death for OS patients, 

metastasis development mechanisms are all considered potential therapeutic targets.  

Thus, the objective of the scientific community is nowadays to investigate the components of 

OS niche and the processes that lead to metastasis formation, recurrence, and therapy resistance, 

to improve new therapeutical strategies, or to find new ones that can ameliorate OS prognosis.  
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Figure 12. OS microenvironment. Cancer cells in the primary tumour are surrounded by a complex 

microenvironment that comprises several stromal cell types that cooperate to promote tumour dormancy, growth, 

resistance to therapy, and metastasis. Abbreviations: BM-MSCs: Bone marrow-derived mesenchymal stem cells; 

CAFs: Cancer-associated fibroblasts; CSC: Cancer stem cell; DC: Dendritic cells; MDSCs: Myeloid-derived-

suppressor cells; NK: Natural killer cells; TAM: Tumour-associated macrophages (adapted from Pelagalli et al., 

2016). 

 

1.5 Senotherapeutics 

Nowadays, the scientific community well knows the involvement of cellular senescence 

in aging and several types of ARDs. Genetic models enabling the specific elimination of 

senescent cells demonstrated that their selective ablation could delay age-related phenotypes in 

adipose tissue and muscle (Baker et al., 2011), and even more exciting could increase the 

median lifespan and healthspan, attenuating age-related functional and structural deterioration 

of multiple organs, without any detrimental side effects (Baker et al., 2016). Subsequently, 

several studies with a transgenic mouse model have proven that the genetic ablation of 

senescent cells improved age-related lipodystrophy (M. Xu, Palmer, et al., 2015), hepatic 

steatosis (Ogrodnik et al., 2017), age-related cardiac function, and bone loss (Farr et al., 2017), 

and tau-mediated cerebral pathologies (Bussian et al., 2018). Thus, in recent years, many 

pharmacological interventions targeting cellular senescence, named senotherapeutics, have 

been proposed and are classified as senolytics that selectively kill senescent cells, 

senomorphics, which modulate senescence blocking the SASP, and senoinflammation, referred 

to the IS-mediated clearance of senescent cells (Figure 13) (E. C. Kim & Kim, 2019).   
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Figure 13. Senotheraputics targeting senescent cells. Different factors can induce a senescence state that is 

involved in many biological processes, such as embryonic development, tissue homeostasis, and dysfunction, and 

that can contribute to aging and ARDs. Senotherapeutics comprise senolytics, which selectively kill senescent 

cells, senomorphics which modulate or reverse the senescent phenotypes by interfering with senescence triggers 

or blocking SASP factors production/secretion, and mediators of IS clearance of senescent cells. Abbreviations: 

ER: endoplasmic reticulum; NK: natural killer; ROS: reactive oxygen species; SASP: Senescence-associated 

secretory phenotype; SCs: senescent cells; UV: ultraviolet ray (E. C. Kim & Kim, 2019).   

 

1. Senolytics. Resistance of senescent cells to apoptosis and cell death due to the upregulation 

of Bcl-2 and Bcl-xL suggested the inhibitors of these anti-apoptotic proteins as valuable 

candidates for senolytics. In this framework, several molecules, as ABT-263 (Navitoclax), 

ABT-737, A1221852, and A1155463, were tested in vitro and in vivo for their senolytic 

activity (E. C. Kim & Kim, 2019). ABT-263 binds the inhibitory domain of Bcl-2, Bcl-xL, 

and Bcl-W, eliminating different types of senescent cells (J. Chang et al., 2016) and 

decreasing viability of senescent human umbilical vein epithelial cells (HUVECs) and 

human lung fibroblasts, but not of primary human preadipocytes (Zhu et al., 2016). ABT-

737 was able to selectively kill H-Ras-, etoposide- or replicative-induced senescent 

fibroblasts in vitro and cleared lung epithelial cells in a mouse model, increasing hair follicle 

stem cell proliferation (Yosef et al., 2016). Moreover, A1331852 and A1155463, selective 

Bcl-xL inhibitors, induced apoptosis of irradiation-induced senescent HUVECs, fibroblasts, 

but not preadipocytes (Zhu et al., 2017). Other novel candidates to senolytics are 

compounds involved in autophagy regulation, as inhibitors of HSP90, which were shown 

to induce apoptosis in different types of senescent cells in vitro (Fuhrmann-Stroissnigg et 

al., 2017). Finally, also the co-administration of Dasatinib and Quercetin seems to exert 

prominent senolytic activities, but these will be discussed in Section 1.5.1;  
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2. Senomorphics. Senomorphics are a wide range of agents that can modulate the phenotypes 

of senescent cells, interfering with senoinflammation/inflammaging, senescence-related 

signal pathways, and SASP, without inducing apoptosis in senescent cells (E. C. Kim & 

Kim, 2019). This category includes well known anti-aging compounds, such as telomerase 

activator (P. Liu et al., 2017), calorie restriction mimetics (CRMs) (Roth & Ingram, 2016), 

caloric restriction diets (Wei et al., 2017), sirtuins activator (Hubbard & Sinclair, 2014), 

mTOR inhibitors (Lamming et al., 2013), antioxidants (Si & Liu, 2014), anti-inflammatory 

agents (Soto-Gamez & Demaria, 2017), and autophagy and proteasome activators 

(Chondrogianni et al., 2015; Hansen et al., 2018). Furthermore, novel substances which 

exhibit their senomorphic activity targeting selective markers of cellular senescence, as the 

SASP, are emerging. Indeed, a main strategic plan of potential therapies was targeting the 

pathways related to SASP expression, including p38MAPK, PI3k/Akt, JAK/STAT, and 

transcription factors, as NF-κB and CEBPβ (Lagoumtzi & Chondrogianni, 2021). An 

example is a peptide inhibitor of IKK, the NF-κB activating kinase, that was able to reduce 

cellular senescence in vitro and delay age-related symptoms and pathologies in a progeroid 

mouse (Tilstra et al., 2012), and inhibitors of JACK that could suppress senoinflammation 

alleviated age-related tissue dysfunction (M. Xu, Tchkonia, et al., 2015).  Instead, another 

approach is based on neutralising the activity and function of specific SASP factors, such 

as IL-1α, IL-6, and IL-8, with specific antibodies (von Kobbe, 2019).  

However, among all these molecules, the research is focalized especially on those natural 

substances beneficial for health, such as nutraceutical compounds, which can favour the so-

called “healthy aging”. 

Flavonoids are polyphenol compounds, generally ubiquitous in Plant Kingdom (Simioni et al., 

2018) that have been demonstrated to provide many health benefits and influence exercise 

performance for athletes and older people (Fusco et al., 2007). This group includes flavonols 

(Quercetin), flavones (Luteolin), flavanones (Naringenin), anthocyanidins (Cyanidin), and 

isoflavones (Genistein) (Simioni et al., 2018). In addition, some of these compounds exert an 

anti-inflammatory action (Middleton et al., 2000) and inhibit the chronic low-grade 

inflammation (Csiszar et al., 2012; Ding et al., 2010), downregulating the expression of pro-

inflammatory molecules, as IL-6 and TNF-α, via blocking the inflammatory pathways (Kim et 

al., 2004). Due to these abilities, they are excellent candidates to exert senomorphic action, 

particularly inhibiting the SASP. Indeed, recent findings showed that many naturally occurring 

flavonoids, such as kaempferol, apigenin, and wogonin, can suppress cellular senescence and 

its associated secretory phenotype (Bian et al., 2020; Velarde & Demaria, 2016). 



Introduction 

 

32 

 

1.5.1 Quercetin 

Quercetin (3,3’,4’,5,7-pentahydroxylflavone) is a natural bioactive flavonoid found in 

various cultivated plants and derived foods, such as nuts, grapes, onions, broccoli, apples, and 

black tea (Simioni et al., 2018). This flavonoid is known to exert a valuable antioxidant activity 

(Wu et al., 2017) due to its chemical structure, particularly to the presence and position of the 

hydroxyl (-OH) groups (Figure 14), responsible for the radical scavenging mechanism that 

protects against ROS injury (Santos & Mira, 2004).  

 

 

Figure 14. Chemical structure of Quercetin (Salehi et al., 2020).  

 

Moreover, it is also known for its anticancer (Hashemzaei et al., 2017) and cardioprotective 

activity (Bartekova et al., 2016). Its actions are also known in the framework of senescence. 

Indeed, Quercetin has been shown to extend the cellular lifespan of human primary fibroblasts 

(HFL-1) and to promote a rejuvenated phenotype when they become senescent (Chondrogianni 

et al., 2010), as well as to extend organismal lifespan in C. elegans (Kampkötter et al., 2008). 

Nevertheless, the most investigated action of Quercetin in senescence is its senolytic activity. 

In recent years its combination with Dasatinib (D+Q), a multityrosine kinase inhibitor, has been 

tested in multiple in vitro and in vivo models (Lagoumtzi & Chondrogianni, 2021). D+Q drove 

to senolysis senescent HUVECs, and mouse bone marrow-derived mesenchymal stem cells 

(BM-MSCs), inducing apoptosis mainly through PI3k/Akt and p53/p21/serpine pathways. 

Conversely, their activity was not effective against senescent human preadipocytes (Zhu et al., 

2015). Moreover, D+Q administration was shown to reduce senescent cells burden in aged, 

radiation-exposed and progeroid mice, improving healthspan parameters, as cardiovascular and 

physical function (M. Xu et al., 2018), and improving vasomotor function in aged and 

hypercholesterolemic mice (Roos et al., 2016), lung function in a mouse model of idiopathic 

pulmonary fibrosis (Schafer et al., 2017), and in a mouse model of hepatic steatosis (Ogrodnik 

et al., 2017). Furthermore, in a mouse model of osteoporosis, the co-administration of Dasatinib 

and Quercetin reduced p16 mRNA levels in bones and reduced the number of senescent 
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osteocytes (Farr et al., 2017). Due to the in vitro and in vivo research's success, the combination 

D+Q has already been inserted in clinical trials as a senolityc agent in idiopathic pulmonary 

fibrosis (Justice et al., 2019).  

Interestingly, Quercetin has also been suggested to act as a senomorphic agent since it was 

shown to attenuate intervertebral disc degeneration (IDD) progression through Nrf2-mediated 

suppression of NF-κB (Shao et al., 2021). However, this potential activity of Quercetin has yet 

to be deeply investigated. 

 

 



Aims 

 

34 

 

2 AIMS OF THE STUDY  

Aging is a complex biological phenomenon that represents the major risk factor for the 

development of age-related diseases (ARDs). Among the processes involved in aging and 

ARDs, cellular senescence is one of the most intriguing. Cellular senescence is defined as a 

multi-step process that different stimuli can induce. The senescent cells undergo an irreversible 

cell cycle arrest and develop several modified features, along with a multi-faceted senescence-

associated secretory phenotype (SASP). The demonstrated chronic accumulation of senescent 

cells during aging and their finding in tissues of patients affected by ARDs, suggest that they 

can have a detrimental role. The SASP factors production mainly mediates the “dark side” of 

cellular senescence. Indeed, the secretion of a vast plethora of proteins with potent biological 

activities can fuel both local and systemic inflammation, contributing to the inflammaging and 

the development and progression of some ARDs, such as atherosclerosis, Alzheimer’s disease, 

osteoarthritis and cancer. 

Furthermore, the SASP includes factors promoting cancer cell proliferation, invasion, and 

metastasis. In addition, it was demonstrated that some common chemotherapy drugs, such as 

Doxorubicin, that successfully kill cancer cells could also induce a senescence response in both 

tumour and normal cells and fuel the development of metastatic phenotype in residual living 

tumour cells. Thus, in recent years, one of the main goals of the research to eliminate the 

detrimental effects of senescent cells is to find molecules, especially natural substances 

beneficial for health, that can selectively eliminate senescent cells (senolytic effect) or can block 

the SASP (senomorphics effect).  

The first aim of this project was to verify the ability of Doxorubicin, a chemotherapy drug used 

in the treatment of several types of tumours, including Osteosarcoma, in inducing senescence 

in normal human fibroblasts in vitro. Fibroblasts commonly belong to cancer stroma, and the 

treatment with chemotherapy could transform them into cancer-associated fibroblasts (CAFs) 

that favouring malignant transformation, contributing to therapy failure and metastatic spread. 

The second aim of the study was to test the ability of Quercetin, a natural bioactive flavonoid, 

in preventing Doxo-induced senescence and in reducing SASP factors production, decreasing 

the possible damaging effects of senescent cells.  

Accordingly, the third aim of the study was to verify if Doxo-induced senescent fibroblasts 

could promote cancer cells through the expression of the SASP and if Quercetin pre-treatment 

could mitigate these effects. As cancer model, we chose to study Osteosarcoma, a primary 

malignant bone tumour in which stromal cells perform a fundamental role. Osteosarcoma 



Aims 

 

35 

 

presents a high mortality rate due to metastatic spread and therapy toxicity, also driven by 

Doxorubicin, one of the common chemotherapy drugs used in the treatment. 

Interestingly, Osteosarcoma incidence is characterized by bimodal age distribution, with the 

first peak in puberty, and the second peak in elderly patients, which showed a high tendency to 

present metastatic disease and worse prognosis. Therefore, we hypothesized that senescence 

induced by Doxorubicin as an off-target effect in stromal fibroblasts could act as a pro-

tumorigenic mechanism, especially in elderly patients that already present a high number of 

senescent cells and an inflammaging status. In this context, we aimed to investigate the effects 

of conditioned medium from Doxo-induced senescent fibroblasts on Osteosarcoma cells growth 

and invasiveness. Moreover, we verified if Quercetin pre-treatment, reducing the onset of 

Doxo-induced senescence and the SASP, could limit their deleterious effects.  

Finally, we evaluated if the conditioned medium from Doxo-induced senescent fibroblasts pre-

treated or not pre-treated with Quercetin exerted similar effects (augment of cell growth and 

migration) in normal cells like the fibroblasts.  

Furthermore, in the last section of the project, we have evaluated a post-treatment with 

Quercetin after the induction of senescence by Doxorubicin to analyse the potential senolytic 

action of the flavonoid. Finally, we have evaluated whether the post-treatment with Quercetin 

of Doxo-induced senescent fibroblasts could modify their pro-tumorigenic influence on 

Osteosarcoma cells.  
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3 MATERIALS AND METHODS 

3.1 Reagents 

Doxorubicin (#5927S Cell Signaling Technology) was dissolved in Dimethyl Sulfoxide 

(DMSO, D8418, Sigma-Aldrich, St. Louis, MO, USA) to a concentration of 10 mM and stocked 

at -20°C until use. Quercetin (purity ≥ 95%, Q4951) powder was purchased from Sigma-

Aldrich and was resuspended in DMSO to a concentration of 30 mg/mL (99 mM). 5-Bromo-4-

Chloro-3-Indolyl B-D-*Galactop B4252 was purchased from Sigma-Aldrich.  

3.2 Cell lines and culture conditions  

Human fetal lung fibroblasts WI-38 (AG06814-N, Coriell Institute for Medical Research, 

Camden, New Jersey), and human OS cell line U2OS (pRB +/+, p53+/+) (HTB-93, ATCC, 

Manassas, VA, USA) were grown in complete medium (DMEM HIGH supplemented with 10% 

of heat-inactivated FBS, 100 U/mL Penicillin, 100 µg/mL Streptomycin, 0.25 µg/mL 

Amphotericin B, and  2mM L-Glutammin) at 37°C in 5% CO2 humidified incubator. WI-38 

cells with Population Doubling Level (PDL) <30 were used in this study to avoid replicative 

senescence.  

3.3 Induction of senescence and Quercetin treatments 

Before starting experiments, an adequate number of WI-38 cells (3x104 for well) were plated 

for 24h in complete medium at 37°C, in a 5% CO2 humidified incubator. Subsequently, WI-38 

cells were treated with Doxorubicin 50 nM for 48h to induce senescence, and then cells were 

cultured in fresh complete medium for 3 days. The control was represented by cells incubated 

for 48h in complete medium with 0.0005% of DMSO (used as diluent for Doxo) and then 

maintained in complete fresh medium for the following 3 days. At this time, senescence markers 

were analyzed.  

WI-38 cells were pre-treated in complete medium with Quercetin 40 µM for 24h, then washed 

and exposed to Doxo-induced senescence for 48h and then cultured for 3 days. Control samples 

were represented by WI-38 cells treated with DMSO (C) or Quercetin (Q) for 24h and then 

cultured in fresh complete medium.  

To test the senolytic activity of Quercetin, WI-38 cells were exposed to Doxorubicin for 48h 

and then incubated in fresh complete medium for 72h to induce senescence; finally, cells were 

treated with Quercetin 40 µM for 3 days. Control samples were represented by WI-38 cells 

treated only with DMSO (C) or Quercetin (Q) for 3 days. 



Materials and Methods 

 

37 

 

3.4 Conditioned medium preparation and treatment of U2OS and 

WI-38 cells 

WI-38 cells after the pre-treatment with Quercetin (24h) were incubated for 48h with Doxo, 

then washed and cultured for 3 days with fresh complete medium. The supernatant was 

collected, centrifuged and frozen at -80°C.   

To collect conditioned medium (CM) from Quercetin post-treated cells, WI-38 fibroblasts were 

treated with Doxo for 48h, then washed and cultured 3 days in fresh complete medium to induce 

senescence. Then, cells were treated with Quercetin for 3 days, washed, and incubated for the 

following 3 days in fresh complete medium. At the end, the supernatant was collected, 

centrifuged and frozen at -80°C.   

CM was used to treat U2OS and WI-38 cells.  

3.5 Cell proliferation 

Trypan Blue exclusion assay was used to determine cell growth and vitality. Briefly, WI-38 

cells or U2OS cells were trypsinized and stained with Trypan Blue. Then, live cells and dead 

cells were counted using a Bürker chamber under a light microscope.  

3.6 Senescence-Associated β-Galactosidase Staining 

SA-β-Gal staining was performed as described previously (Dimri et al., 1995). WI-38 were 

plated 8x103 cells/cm2 and assessed for SA-β-Gal activity at various times after the different 

treatments. A minimum of 300 cells for each group was counted. Positive (blue) cells were 

expressed as a percentage of the total cell number. 

3.7 Flow-cytometric analysis of cell-cycle 

Cell cycle analysis was performed at different times with Propidium Iodide staining. Briefly, 

WI-38 cells were trypsinized, counted, and aliquoted in FACS tubes. The cells were washed in 

PBS 1X and then incubated in a hypotonic solution of Propidium Iodide (0.1% w/v Sodium 

citrate tribasic, 0.1% Triton X-100, and 50 µg/mL Propidium Iodide) at 4°C for 30 min. The 

cell cycle was analysed using FACS CANTO II and BD FACSDIVA Software (Becton, 

Dickinson and Company). The data were analysed using FlowJo Software.  

3.8 Western blotting 

The whole-cell lysate was obtained using Laemmli Buffer. Protein concentration was 

determined using BCA Protein assay kit (ThermoFisher Scientific). 50 μg of protein per sample 

were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
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blotted to nitrocellulose membrane (Amersham Protran, GE Healthcare Life Science) by 

electroblotting. After being blocked with Bovine Serum Albumin (BSA) 5%, the membrane 

was incubated with primary antibody against phospho(Ser807/811)-RB (#8516, Cell Signalling 

Technology), Lamin B1 (ab16048, Abcam), p21 (sc-817, Santa Cruz Biotechnology), NF-κB 

p65 (#4764, Cell Signalling Technology), SOD-1 (GTX100659, Genetex), SOD-2 (ADI-SOD-

110, Enzo Life Sciences) and α-tubulin (sc-32293, Santa Cruz Biotechnology), respectively, at 

4°C overnight. Washed membranes were incubated for 1h at room temperature with 

IRDye800CW–conjugated or IRDye680–conjugated secondary antibody (LI-COR 

Biosciences) and antibody-coated bands were visualised by Odyssey Infrared Imaging System 

Densitometry (LI-COR Biosciences). 

3.9 Immunostaining 

WI-38 cells were plated on sterile coverslips placed insight 12-well plates, and the treatments 

were performed as described above. At the end of experiments, cells were fixed in PFA 4% for 

10 min or in iced Methanol 100% at -20°C for 15 min, permeabilised with 0.2% Triton X-100 

for 5 min, quenched with Sodium Borohydride, washed, and blocked for 1 h with 1% BSA 10% 

horse serum at room temperature. Slides were incubated overnight at 4°C with primary 

antibodies in BSA 1% (p21: sc-817, Santa Cruz Biotechnology; Lamin B1: #68591, Cell 

Signalling Technology; Histone Macro H2A.1: ABE215, Merck Millipore; pH2AX:  #9718, 

Cell Signalling Technology). Slides were washed three times and incubated at room 

temperature for 40 min with Alexa Fluor 488, or cy3 labeled fluorescent conjugated antibodies 

(goat anti-rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Thermofisher Scientific). 

Nuclear DNA was stained with ProLong™ Gold Antifade Mountant with DAPI (Thermofisher 

Scientific). Slides were visualised using Leica SP8 Confocal Microscope.  

3.10  ROS assessment by Flow Cytometry Analysis 

ROS production was assessed in WI-38 fibroblasts after 24 and 48h of Doxo-treatment. Briefly, 

cells were trypsinised, washed with PBS1X, and incubated with H2DCF-DA 2.5 μM 

(Invitrogen, Carlsbad, CA, USA) in DMEM high glucose without serum and phenol red for 30 

minutes at 37°C 5% CO2. After labelling, the samples were examined immediately using FACS 

CANTO II flow cytometer, and the data were analysed using FACSDiva software (Becton-

Dickinson, San Jose, CA, USA).  
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3.11  Total Antioxidant Capacity (TAC) Assay 

The oxygen radical absorbance capacity (ORAC) method was performed as previously 

described (Emmi et al., 2019; Sofi et al., 2018) on WI-38 fibroblasts protein lysates extracted 

24h after Quercetin treatment. Briefly, fluorescein solution (6 nM) was prepared in 75 mM 

sodium phosphate buffer (pH 7.4), and Trolox (250 µM) was used as standard. 100 µL of 

fluorescein was pre-incubated with 70 µL of each sample for 30 minutes at 37°C, in each well, 

before rapidly adding AAPH solution (19 mM final concentration). Fluorescence was then 

measured using Synergy H1 microplate reader (BioTek, Winooski, VT), and the results were 

expressed as Trolox Equivalents (µM) and then normalized for protein concentration.  

3.12  Evaluation of cells death/apoptosis 

Apoptosis was evaluated by flow cytometric analysis with PE Annexin V Apoptosis Detection 

Kit I (BD PharmigenTM) following manufacturer’s instruction. Prior to beginning, 10X Annexin 

V Binding Buffer (containing 0.1 M Hepes/NaOH pH 7.4, 1.4 M NaCl, 25 mM CaCl2) was 

diluted to a working 1X solution with distilled water. Then, cells were trypsinized, counted, 

aliquoted in FACS tubes, and washed once with PBS 1X. The cells pellet was resuspended in 

100 µL of 1X Binding Buffer, 5 µL of PE Annexin V and 5 µL of 7-Amino-Actinomycin (7-

AAD) were added. Tubes were incubated for 15 minutes at room temperature in the dark. At 

the end, 400 µL of 1X Binding Buffer was added to each tube. Samples were analysed using 

FACS CANTO II flow cytometer. Cells that resulted positive only for Annexin V staining were 

considered early apoptotic, cells positive for both Annexin V and 7-AAD were considered in 

late apoptosis state, and cells positive only for 7-AAD staining were considered necrotic. The 

cells negative for each staining were considered alive.  

3.13  Wound healing assay  

The wound-healing assay was performed to evaluate U2OS and WI-38 cell migration under the 

effect of CM. U2OS and WI-38 cells were plated on 24 well plates 72h before the treatment. A 

vertical line was scratched on adherent cell monolayer in the center with a sterile 200 μl 

micropipette tip. Then, cells were washed with PBS 1X and incubated with CM. Wound closure 

was monitored at 6, 24, 48 hrs. The scratch closure area was measured using ImageJ software. 

3.14  Invasion assay 

U2OS cells invasiveness was evaluated using Boyden chamber assay. The method is based on 

the passage of the cells across 8 μm pore size polyvinyl pyrrolidone (PVP)-free polycarbonate 

filters (Neuro Probe, Inc., USA) precoated with Matrigel (50 μg/filter), placed between the two 
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wells of the Boyden chamber. CM from Doxo-treated fibroblasts (SM), Quercetin pre-treated 

Doxo-treated fibroblasts (QSM), Quercetin treated fibroblasts (QM), and control cells (CM) 

were placed in the bottom wells of the chamber. U2OS cells resuspended in complete DMEM 

HIGH supplemented with 2% FBS were seeded in the upper chamber (2x104 cells/well) and 

incubated overnight. The filters were removed and fixed in Methanol for 1 h. Non-migrated 

cells attached to the upper surface of the filter were scraped, while migrated cells, adherent on 

the lower filter surface, were stained with Crystal violet 0.01% and counted using a light 

microscope (40x magnification). Each point was performed in triplicate, and mean values of 

migrated cells for each point were calculated and expressed in relation to control.  

3.15  Colony formation assay 

U2OS colony formation under treatment with CM was evaluated as follows: 2x103 cells were 

seeded into a 60 mm cell culture dish in complete medium, and after 72h, the medium was 

removed, and the cells were incubated with the different conditioned media for 7 days. Then, 

cells were washed with PBS 1X and stained with 0.1% Crystal Violet for 10 minutes. After 

washing twice with water, the dishes were left to dry overnight. The next day, a picture of the 

whole plates was taken, and the number and area of colonies were evaluated by ImageJ 

software.  

3.16  RNA extraction and quantitative real-time PCR 

Total RNA extraction was performed 3 days after Doxo treatment with Total RNA Purification 

kit (Norgen Biotek Corp., Thorold, ON, Canada) following the manufacturer's instruction. 

cDNA synthesis was carried out using ImProm-IITM Reverse Transcription System (Promega 

Corporation, Madison, WI, USA), and quantitative real-time PCR (qPCR) was performed using 

GoTaq® qPCR Master Mix (Promega). For primer sequances see Table 1. The qPCR analysis 

was carried out in triplicate using CFX96 Touch Real-Time PCR Detection System (Bio-Rad, 

Gercules, CA, USA). mRNA was quantified with the ΔΔCt method, and mRNA levels were 

normalised to GAPDH as endogenous control.  
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Gene Forward Primer Reverse Primer 

IL-6 5’-AGACAGCCACTCACCTCTTCAG-3’ 5’-TTCTGCCAGTGCCTCTTTGCTG-3’ 

IL-8 5’-GAGAGTGATTGAGAGTGGACCAC-3’ 5’- CACAACCCTCTGCACCCAGTTT-3’ 

GROα 5’- AGCTTGCCTCAATCCTGCATCC-3’ 5’- TCCTTCAGGAACAGCCACCAGT-3’ 

IL-1α 5’- TGTATGTGACTGCCCAAGATGAAG-3’ 5’-AGAGGAGGTTGGTCTCACTACC-3’ 

MMP2 5’- AGCGAGTGGATGCCGCCTTTAA-3’ 5’- CATTCCAGGCATCTGCGATGAG-3’ 

CXCL12 5’- CTCAACACTCCAAACTGTGCCC-3’ 5’- CTCCAGGTACTCCTGAATCCAC-3’ 

TNF-α 5’- CTCTTCTGCCTGCTGCACTTTG-5’ 5’- ATGGGCTACAGGCTTGTCACTC-3’ 

GAPDH 5’- GTCTCCTCTGACTTCAACAGCG-3’ 5’- ACCACCCTGTTGCTGTAGCCAA-3’ 

Table 1. Primer Sequences used for qPCR evaluation of the indicated gene expression.  

3.17  Statistical Analysis 

Statistical analysis was performed with GraphPad Prism 6.0 (GraphPad Software Inc., La Jolla, 

CA, USA). Data were expressed as mean ± SD calculated on at least three independent 

experiments. P values were calculated using the Student's t-test or one-way analysis of variance 

(ANOVA). Statistical significance was defined as p< 0.05.  
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4 RESULTS 

4.1 Section I 

In the first part of this work, we focused on senescence induction in WI-38 human fetal 

lung fibroblasts by the chemotherapy drug Doxorubicin. After several experiments with 

different doses and times of treatment (data not shown), we induced the senescence treating the 

cells with the dose of 50 nM for 48h, followed by incubation in fresh complete medium for 72h, 

to permit the development of senescence. Our results showed that after Doxo treatment, 

fibroblasts undergo proliferative arrest and accumulate in G2/M phase of cell cycle. Moreover, 

they showed the typical senescence features, such as flattened and enlargened morphology, 

increased SA-β-Gal activity and SAHF formation, upregulated expression of p21, and 

decreased phospho-RB and Lamin B1 expression. Thus, the results obtained in this part confirm 

that Doxorubicin can induce cellular senescence in normal human fibroblasts.  
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4.1.1 Doxorubicin treatment-induced senescence in WI-38 fibroblasts 

Doxorubicin-induced senescence was used as a model of therapy-induced senescence 

(TIS). To check the induction of senescence, we analysed some senescence markers at 72h after 

the treatment for 48h with Doxo 50 nM (Figure 15A). Our results showed that WI-38 cells after 

48h of Doxo treatment significantly decreased their growth compared to control (C), and the 

proliferation arrest was maintained even for the following 72h (Figure 15B). Cytofluorimetric 

analysis of cell-cycle showed that Doxo-treated cells exhibited a significantly predominant 

block in G2/M phase at both times (67,4% and 71,5%, respectively), compared to the control 

(21,7% and 16,6%, respectively) (Figure 15C). Concurrently, 72h after Doxo-treatment, we 

observed that cells were enlarged in size, and at least 60% were positive for SA-β-Gal activity, 

compared to control cells (Figure 15D).  

 

Figure 15. Doxorubicin treatment induces premature senescence in Wi-38 fibroblasts. (A) Experimental 

scheme. Cells were exposed to Doxorubicin 50 nM for 48h and then cultured in fresh complete medium for the 

following 72h. (B) Trypan Blue exclusion assay was performed at 48h of Doxo treatment, and at the following 

72h, in Doxo-treated cells (Doxo) and vehicle control cells (C). Data are represented as the mean of at least four 

independent experiments ± standard deviation (SD). P values refers to differences with respect to control C 

(*p<0.05; ** p<0.001). (C) Doxo treatment induces a cell cycle arrest in G2/M phase in most of treated cells. Each 

pie chart section represents the percentage of cells in a specific cell cycle phase. Data are expressed as the mean 

of at least four independent experiments. The differences between G0/G1, S, and G2/M phase of Doxo sample and 
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control resulted significant (p<0.001 for all three phases) at 48h of Doxo treatment, and 72h after Doxo treatment 

(p<0.001, p<0.05, p<0.001, respectively).  (D) Representative images of SA-β-Gal activity (left) were performed 

72h after Doxo treatment. The percentage of SA-β-Gal positive cells (blue ones) with respect to the total number 

of cells/well was evaluated in three independent experiments, and the results are represented as the mean ± SD 

(right). P values refers to difference compared to control C (** p<0.001). Abbreviations: C: control proliferating 

fibroblasts treated with vehicle; Doxo: Doxo-induced senescent fibroblasts. 

 

We have also analysed in Western Blot the expression of the two important pathways closely 

related to cellular senescence, p21-p53, p16-pRB and the expression of Lamin B1, a structural 

component of the nucleus reduced in senescent cells. As shown in Figure 16A, treated cells 

significantly reduced phospho-Rb and Lamin B1 and increased p21 expression compared to 

control cells. Concomitantly, we have analysed by confocal microscopy the presence in Doxo-

treated cells of pH2AX nuclear foci, a marker of DNA double-strand breaks (DSB) frequently 

present in senescent cells, and macroH2A1, an histonic variant component of SAHF. Notably, 

most of the treated cells (71,3%) were positive for both p21 and pH2AX foci, and 75% of cells 

were simultaneously negative for Lamin B1 and positive for macroH2A1 (Figure 16B). The 

control showed a low presence of p21-pH2AX foci positive cells (4,4%) and Lamin B1 

negative-macroH2A1 positive cells (13,2%). These results indicated that after Doxo-treatment, 

the most WI-38 cells were senescent.  
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Figure 16. Doxorubicin treatment induces the expression of senescence markers and senescence-associated 

heterochromatin foci (SAHF). (A) Immunoblot representative image (left) and quantification of the expression 

of phosho-RB, Lamin B1 and p21 in Doxo-treated (Doxo) and vehicle control (C) Wi-38 fibroblasts. Lysates were 

collected 72h after Doxo treatment. Protein band intensity was normalized to α-tubulin and expressed in relation 

to control. Data are expressed as the mean ± SD of triplicate experiments. P values refer to differences compared 

to control (** p<0.001). (B) Confocal microscopy images of indirect immunofluorescence of pH2AX foci (green) 

and p21 (red), and macroH2A1 foci (green) and Lamin B1 (red), in-vehicle control cells (C) and Doxo-induced 

senescent fibroblasts (Doxo). DNA was counterstained with DAPI (blue). Confocal images from three independent 

experiments were analysed to quantify p21-pH2AX positive cells and Lamin B1 negative-macroH2A1 positive 

cells with respect to the total number of cells. P values refers to differences regarding control (*p<0.05). 

Abbreviations: C: control proliferating fibroblasts treated with vehicle; Doxo: Doxo-induced senescent fibroblasts. 
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4.2 Section II 

In the second part of the study, we performed a pre-treatment with Quercetin before the 

induction of senescence by Doxorubicin to evaluate if the substance could prevent Doxo-

induced senescence and damage in WI-38 fibroblasts. The range of the non-toxic doses of 

Quercetin most used in literature in vitro studies was from 10 to 40 µM. After some experiments 

conducted with these different doses (data not shown), we proceeded with the 40 µM one, which 

showed better results. Herein we showed that a pre-treatment of 24h with Quercetin 40 µM can 

reduce the onset of Doxo-induced senescence, as proved by the partially recovered proliferative 

capacity and the reduced G2/M cell cycle block. Moreover, we demonstrated that Quercetin 

pre-treated cells reduced SA-β-Gal activity and SAHF formation, with an increased phospho-

RB and Lamin B1 level and a decreased p21 expression. 

Furthermore, we demonstrated that Quercetin could protect the cells from Doxo-induced 

damage, increasing cellular antioxidant defence and reducing Doxo-associated ROS 

production. Considering these results, we analysed Quercetin action in reducing SASP factors 

production. Our results showed that Quercetin pre-treatment reduced NF-κB level and 

decreased the gene expression of some known SASP factors, which are conversely upregulated 

in Doxo-induced senescent fibroblasts. Overall, these results showed that Quercetin exerts an 

excellent senomorphic action, protecting the cells from Doxo-induced senescence and reducing 

the SASP.  

This section has also investigated the effects of Doxo-induced senescent and Quercetin pre-

treated fibroblasts conditioned medium on OS cell line (U2OS) and WI-38 fibroblasts. Our data 

have proven that conditioned medium of Doxo-induced senescent fibroblasts (SM) increase 

U2OS cells growth, migration, and invasiveness. On the contrary, CM of Quercetin pre-treated 

fibroblasts (QSM) did not induce the same aggressiveness in OS cells. 

Moreover, we showed that SM seems to reduce the proliferation of WI-38 cells and that 

conversely, QSM did not alter their growth. Furthermore, both SM and QSM did not induce 

changes in WI-38 migration, suggesting that the promoting effects were specific to neoplastic 

cells.  
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4.2.1 Quercetin pre-treatment reduces Doxorubicin-induced senescence in 

WI-38 fibroblasts 

To verify the ability of Quercetin to reduce Doxo-induced senescence, WI-38 fibroblasts 

were pre-treated with the flavonoid for 24h, before the induction of senescence with Doxo 

(Figure 17A). Doxo-treated cells underwent a proliferative arrest, and, on the contrary, 

Quercetin pre-treated cells recovered their proliferative capacity partially from day 3, and their 

growth continued for the following 10 days after Doxo treatment (Figure 17B). Indeed, at day 

3, Doxo-treated cells presented an accumulation in G2/M phase of cells cycle (61,5%) along 

with a minimal S phase fraction (8.5%), and reduced G0/G1 phase (30%), while Quercetin pre-

treated cells showed similar values for G0/G1 phase (30.4%), but a reduced G2/M phase 

(50.4%) and a significantly increased S fraction (19.2%) compared to Doxo-treated cells 

(p<0.05). At day 10, Doxo-induced senescent fibroblasts did not resume cell cycle and 

presented similar percentages to day 3 values (35,9% G0/G1, 5.6% S, 58,5% G2/M). 

Conversely, as shown in Figure 17C, the cell cycle of Quercetin pre-treated fibroblasts varied 

with respect to day 3, and at day 10 the cells showed an increased G0/G1 and S phase (45% and 

13% respectively), and a significant reduction in G2/M fraction (41.7%) compared to Doxo-

induced senescent cells (p<0.05).  

 

Figure 17. Quercetin pre-treatment reduces Doxorubicin-induced senescence in Wi-38 fibroblasts. (A) 

Experimental scheme of the preventive effect of Quercetin. Cells were pre-treated with Quercetin 40μM for 24h 

and then exposed to the induction of senescence by Doxorubicin. (B) Trypan Blue exclusion assay was performed 

at different times during the treatments, and a growth curve was done from day 3 onwards. Data are represented 
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as the mean ± SD of at least three independent experiments. The differences in cell proliferation between Doxo-

treated cells (Doxo) and vehicle control (C) or Quercetin treated fibroblasts (Q) resulted significant at all times 

(p<0.001). P values, shown in the figure, refer to differences between Quercetin pre-treated Doxo-treated 

fibroblasts (Q+Doxo) and Doxo-treated cells (Doxo) (*<0.05; ** p<0.001). (C) Cell cycle analysis was performed 

at day 3 and 10 from the end of Doxo treatment. Each pie chart section represents the percentage of cells in a 

specific cell cycle phase. Data are represented as the mean of at least three independent experiments. The 

differences between G0/G1, S, and G2/M phase of Doxo sample and control resulted significant at both times 

(p<0.001, p<0.05, and p<0.001, respectively). Quercetin pre-treated Doxo-treated fibroblasts (Q+Doxo) presented 

a significant increased S phase (p<0.05) at day 3, and a significant decreased G2/M phase (p<0.05) at day 10 with 

respect to Doxo-treated cells (Doxo).  Abbreviations: C: control proliferating fibroblasts treated with vehicle; Q: 

Quercetin treated fibroblast; Doxo: Doxo-induced senescent fibroblasts; Q+Doxo: Quercetin pre-treated Doxo-

induced senescent fibroblasts. 

 

Notably, the analysis of Sa-β-Gal activity showed that at day 3, cells pre-treated with Quercetin 

presented a significantly lower number of positive cells (16.8%) than Doxo-treated cells 

(60.8%). On day 10, although the percentage of positive cells increased in the pre-treated 

sample (36.8%), this was still significantly lower than Doxo-treated cells (91.5%) (Figure 18).  

 

 

Figure 18. Quercetin pre-treatment reduces the number of SA-β-Gal positive cells. Representative images of 

SA-β-Gal activity (upper) performed 3 and 10 days after Doxo treatment. The percentage of SA-β-Gal positive 

cells (blue ones) with respect to the total number of cells/well (down) was evaluated in at least three independent 

experiments, and the results are represented as the mean ± SD (** p<0.001). Abbreviations: C: control proliferating 

fibroblasts treated with vehicle; Q: Quercetin treated fibroblast; Doxo: Doxo-induced senescent fibroblasts; 

Q+Doxo: Quercetin pre-treated Doxo-induced senescent fibroblasts. 
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Next, to verify the effect of the Quercetin on senescent phenotype, we evaluated the changes in 

the expression of senescent molecular markers. Phospho-RB and Lamin B1 expression was 

significantly up-regulated, and p21 significantly decreased in Quercetin pre-treated cells 

compared to Doxo-treated cells (Figure 19).  

 

Figure 19. Quercetin pre-treatment changes the expression of senescence markers. Immunoblot 

representative image (left) and quantification of the expression of phosphor-RB, Lamin B1 and p21 in vehicle 

control (C), Quercetin treated (Q), Doxo-treated (Doxo) and Quercetin pre-treated Doxo-treated (Q+Doxo) Wi-38 

fibroblasts. Lysates were collected 3 days after Doxo treatment. Protein band intensity was normalized to α-tubulin 

and expressed in comparison to control. Data are represented as the mean ± SD of six independent experiments 

(*p<0.05; ** p<0.001). Abbreviations: C: control proliferating fibroblasts treated with vehicle; Q: Quercetin 

treated fibroblast; Doxo: Doxo-induced senescent fibroblasts; Q+Doxo: Quercetin pre-treated Doxo-induced 

senescent fibroblasts. 

 

Moreover, by confocal microscopy, we have analysed the presence of pH2AX and macroH2A1 

foci combined with p21 and Lamin B1 expression, respectively. As shown in Figure 20, p21-

pH2AX foci positive cells and Lamin B1 negative-macroH2A1 foci positive cells were 

significantly reduced in Quercetin-pretreated cells (30.2% and 16%, respectively), compared to 

Doxo-treated cells (79%, and 73%, respectively).  
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Figure 20. Quercetin pre-treatment reduces SAHF. (A) Confocal microscopy images (left) of indirect 

immunofluorescence of pH2AX foci (green) and p21 (red) and the percentage of p21/pH2AX positive cells (right), 

in vehicle control (C), Quercetin treated cells (Q), Doxo-induced senescent fibroblasts (Doxo), and Quercetin pre-

treated Doxo-treated fibroblasts (Q+Doxo). DNA was counterstained with DAPI (blue). Confocal images from 

three independent experiments were analysed to quantify p21-pH2AX positive cells with respect to the total 

number of cells (*p<0.05; ** p<0.001). (B) Confocal microscopy images (left) of indirect immunofluorescence of 

macroH2A1 foci (green) and Lamin B1 (red), and the percentage of Lamin B1 negative/macroH2A1 positive cells 

(right). DNA was counterstained with DAPI (blue). Confocal images from three independent experiments were 

analysed to quantify Lamin B1 negative-macroH2A1 positive cells with respect to the total number of cells 

(*p<0.05; ** p<0.001). Abbreviations: C: control proliferating fibroblasts treated with vehicle; Q: Quercetin 

treated fibroblast; Doxo: Doxo-induced senescent fibroblasts; Q+Doxo: Quercetin pre-treated Doxo-induced 

senescent fibroblasts. 

 

In conclusion, our results showed that Quercetin pre-treated cells partially recovered their 

proliferative capacity, reduced cell cycle arrest in G2/M, decreased Sa-β-Gal activity, and 

showed a reduced formation of pH2AX and macroH2A1 foci, suggesting that Quercetin pre-

treatment could protect the cells from Doxo-induced senescence.  
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4.2.2 Quercetin pre-treatment increases cellular antioxidant defence  

To further investigate the mechanisms underlying the protective effect of Quercetin 

against Doxo-induced senescence, we evaluated the production of ROS after 24 and 48h of 

Doxo-treatment. Cellular ROS levels were significantly increased by 1.3 and 1.7 times, 

respectively, after 24 and 48h of Doxo treatment, compared to control (Figure 21A). 

Furthermore, Quercetin pre-treatment significantly reduced ROS production compared to 

Doxo-treated cells (0.7 at 24h and 0.8 at 48h). Moreover, we measured the Total Antioxidant 

Capacity (TAC) of protein lysates after 24h of Quercetin treatment, and the results showed that 

it was increased in WI-38 cells exposed to Quercetin compared to control (Figure 21B). In 

particular, Quercetin pre-treatment significantly up-regulated SOD-1 and SOD-2 enzymes 

expression (Figure 21C). These results suggested that Quercetin pre-treatment increased 

cellular antioxidant defences, partially protecting cells from Doxo-induced damage and 

senescence.  

 

 

Figure 21. Quercetin pre-treatment increases cellular antioxidant defence. (A) Analysis of ROS production 

by H2DCF-DA assay, after 24 and 48h of Doxo-treatment. Data are represented as the mean of Median Fluorescent 

Intensity relative to control of three independent experiments ± SD (*p<0.05). (B) Total antioxidant capacity of 

protein lysates collected after 24h of Quercetin treatment. Data are expressed relative to control (assumed as value 

1) and as the mean of three independent experiments ± SD. P values refer to differences with respect to control C 

(*p<0.05). (C) Immunoblot representative image (left) and quantification of the expression of SOD-1 and SOD-2 

enzymes in vehicle control (C) and Quercetin treated cells (Q). Data are represented as the mean of three 

independent experiments ± SD. P values refer to differences with respect to control C (*p<0.05). Abbreviations: 

C: control proliferating fibroblasts treated with vehicle; Q: proliferating fibroblasts treated with Quercetin; Doxo: 

Doxo-induced senescent fibroblasts; Q+Doxo: Quercetin pre-treated Doxo-induced senescent fibroblasts. 
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4.2.3 Quercetin pre-treatment reduces NF-κB level and gene expression of 

some SASP factors 

We have analyzed the expression of NF-κB, one of the major transcription factors that 

control the production of SASP molecules, after Doxo treatment. Doxo-treated cells presented 

a slight but significant increase of NF-κB expression compared to control cells, and 

interestingly Quercetin pre-treated cells showed an expression significantly reduced compared 

to Doxo-treated cells (Figure 22A). 

Moreover, gene expression levels of some known SASP factors, named IL-1α, IL-6, IL-8, 

GROα, MMP2, TNFα, and CXCL12, were evaluated 3 days after Doxo treatment. Real-Time 

PCR experiments indicated that IL-6 and IL-8, two of the most prominent SASP products, IL-

1α, MMP2, TNFα, and CXCL12, were significantly up-regulated in Doxo-induced senescent 

fibroblasts (Figure 22B). Although the pre-treatment with Quercetin reduced the increase in 

expression of all 6 genes, only for IL-6, IL-8, CXCL12, IL-1α, the differences were significant 

(p<0.05). Moreover, the expression of GROα was not modified in Doxo-induced senescent 

fibroblasts compared to control but was significantly reduced in both samples treated with 

Quercetin, respect to control, and to Doxo-induced senescent fibroblasts. These results suggest 

that Quercetin could decrease SASP production, maybe through the reduction of NF-κB level, 

revealing itself as an excellent senomorphic agent.  
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Figure 22. NF-κB level and SASP factors gene expression. (A) Immunoblot representative image (left) and 

quantification of the expression of NF-κB in vehicle control (C), Quercetin treated (Q), Doxo-treated (Doxo) and 

Quercetin pre-treated Doxo-treated (Q+Doxo) WI-38 fibroblasts. Lysates were collected after Doxo treatment 

(48h). Protein band intensity was normalized to α-tubulin and expressed in relation to control. Data are represented 

as the mean ± SD of three independent experiments (*p<0.05). (B) Gene expression analysis was performed on 

vehicle control (C), Quercetin-treated cells (Q), Doxo-induced senescent fibroblasts (Doxo), and Quercetin pre-

treated Doxo-treated fibroblasts (Q+Doxo) 3 days after Doxo treatment. GAPDH was used as the housekeeping 

gene, and data were normalized to vehicle control C (assumed as value 1). Data are expressed as the mean ± SD 

of triplicate experiments (*p<0.05; **p<0.001). Abbreviations: C: control proliferating fibroblasts treated with 

vehicle; Q: proliferating fibroblasts treated with Quercetin; Doxo: Doxo-induced senescent fibroblasts; Q+Doxo: 

Quercetin pre-treated Doxo-induced senescent fibroblasts. 

 

4.2.4 Effects of Conditioned Medium from Doxo-induced senescent 

fibroblasts and Quercetin pre-treated Doxo-induced senescent 

fibroblasts on Osteosarcoma cells (U2OS) 

After verifying the increase in gene expression of some SASP factors by Doxo-induced 

senescent fibroblasts and the senomorphic action of Quercetin, we verified whether the 

conditioned medium from Doxo-induced senescent fibroblasts (SM) and Quercetin-pretreated 

Doxo-treated fibroblasts (QSM) could have effects on U2OS proliferation and invasion 
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capacity. SM significantly enhanced U2OS proliferation over time (Figure 23A) and colonies 

number and area (Figure 23B and C) compared to QSM.  

 

 

Figure 23. Effect of Conditioned Medium from Doxo-induced senescent fibroblasts and Quercetin pre-

treated Doxo-induced senescent fibroblasts on U2OS growth. (A) Trypan Blue exclusion assay on U2OS cells 

treated with conditioned medium from Quercetin treated cells (QM), Doxo-induced senescent fibroblasts (SM), 

and Quercetin pre-treated Doxo-treated fibroblasts (QSM). Data are shown as the mean percentage of three 

independent experiments ± SD relative to U2OS treated with vehicle control conditioned medium (CM). P values 

refers to differences respect to control (*p<0.05) and to SM (#p<0.05; ##p<0.001). (B) Representative images 

(down) and calculated number of U2OS cells (upper) colonies formed after 7 days of treatment with conditioned 

media. Data represented the mean of three independent experiments ± SD (*p<0.05). (C) Colonies area 

(representative images below) was calculated with Image J Software, and data are expressed relative to control 

(CM) and represented as the mean of three independent experiment ± SD (*p<0.05; **p<0.001). Abbreviations: 

CM: conditioned medium from control proliferating fibroblasts; QM: conditioned medium from Quercetin treated 

fibroblasts; SM: conditioned medium from Doxo-induced senescent fibroblasts; QSM: conditioned medium from 

Quercetin pre-treated Doxorubicin-treated fibroblasts.  

 

Moreover, the wound healing assay showed that SM induced a significant increase in U2OS 

cells migration (p<0.05), while as expected, QSM reduced this effect (Figure 24A). Similar 

results were obtained evaluating the invasion capacity of U2OS cells (Figure 24B). SM induced 

a 1.6-fold increase of invasive index, while U2OS treated with QSM showed an invasive grade 

like those of controls (p <0.05). Overall, these results demonstrate that SM, but not QSM, could 

increase the proliferation, migration, and invasiveness of U2OS cells. On the other hand, 

Quercetin pre-treatment, reducing the senescent cells, and modulating the expression and 

secretion of SASP factors, reduce SM’s promoting effects.  
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Figure 24. Effect of Conditioned Medium from Doxo-induced senescent fibroblasts and Quercetin pre-

treated Doxo-induced senescent fibroblasts on U2OS cells migration and invasiveness. (A) Representative 

images (upper) and the percentage of scratch wound area (down) of Wound Healing Assay of U2OS cells treated 

with conditioned media. Data are shown as the mean percentage of three independent experiments ± SD of wound 

closure area with respect to initial scratch (*p<0.05; **p<0.001). (B) Boyden chamber invasion test on U2OS 

cells. Conditioned media from control fibroblasts (CM), Quercetin-treated fibroblasts (QM), Doxo-induced 

senescent fibroblasts (SM), and Quercetin pre-treated Doxo-treated fibroblasts (QSM) were placed in the bottom 

well of the chamber. Data are represented as a relative invasive index with respect to control, and the mean of 

three independent experiments ±SD (*p<0.05). Representative images of invasive cells are shown below the graph. 

Abbreviations: CM: conditioned medium from control proliferating fibroblasts; QM: conditioned medium from 

Quercetin treated fibroblasts; SM: conditioned medium from Doxo-induced senescent fibroblasts; QSM: 

conditioned medium from Quercetin-pre-treated Doxo-treated fibroblasts.  

 

4.2.5 Effects of Conditioned Medium from Doxo-induced senescent 

fibroblasts and Quercetin pre-treated Doxo-induced senescent 

fibroblasts on WI-38 fibroblasts 

To verify if the increased aggressiveness induced by SM was specific to cancer cells or it 

was a general effect, we analysed the proliferation and migration of non-tumoral cells as WI-

38 fibroblasts. Interestingly, SM significantly reduced WI-38 cells proliferation, especially at 

72h (p<0.05) and 96h (p<0.001), compared to CM and QSM (Figure 25A). This reduction of 
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the proliferation induced by SM could be due to the induction of paracrine senescence, even if 

our findings did not demonstrate it. Furthermore, the migration analysis did not show significant 

differences between samples (Figure 25B). These results showed that the promoting effects of 

CM from Doxo-induced senescent fibroblasts are specific to OS cells and did not affect normal 

fibroblasts.  

 

 

Figure 25. Effect of Conditioned Medium from Doxo-induced senescent fibroblasts and Quercetin pre-

treated Doxo-treated fibroblasts on WI-38 fibroblasts. (A) Trypan Blue exclusion assay on WI-38 cells treated 

with conditioned medium from Quercetin treated cells (QM), Doxo-induced senescent fibroblasts (SM), and 

Quercetin pre-treated Doxo-treated fibroblasts (QSM). Data are shown as the mean percentage of three 

independent experiments ±SD relative to WI-38 treated with vehicle control conditioned medium (CM). P values 

refers to differences with respect to control (*p<0.05; **p<0.001) and to SM (#p<0.05). (B) Representative images 

(upper) and the percentage of scratch wound area (down) of Wound Healing Assay of WI-38 cells treated with 

conditioned media. Abbreviations: CM: conditioned medium from control proliferating fibroblasts; QM: 

conditioned medium from Quercetin treated fibroblasts; SM: conditioned medium from Doxo-induced senescent 

fibroblasts; QSM: conditioned medium from Quercetin pre-treated Doxo-treated fibroblasts.  
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4.3 Section III 

In the last section of this work, we analysed the senolytic activity of Quercetin against 

Doxo-induced senescent fibroblasts. After the induction of senescence by Doxorubicin, we 

treated the cells with Quercetin 40 µM, for 3 days. Our results showed that the treatment with 

Quercetin reduced the number of Doxo-induced senescent fibroblasts and decreased the 

percentage of cells in G2/M phase. Conversely, normal proliferating fibroblasts’ growth and 

cell ceycle were not affected. Moreover, after Quercetin treatment, there was a reduction in the 

number of SA-β-Gal positive cells, an increase in Lamin B1 and phospho-RB, and a decrease 

in p21 expression. 

Interestingly, our findings showed also a decrease in the number of macroH2A1 positive/Lamin 

B1 negative cells, quite comparable to the reduction of SA-β-Gal positive cells. Considering 

this evidence, we analysed the apoptosis and cell death rate, but contrary to what we expected, 

the results did not show a significant difference in either apoptosis or necrosis between 

senescent cells treated or not with Quercetin. However, further investigations are needed.  

Moreover, we have evaluated the effects of conditioned medium from Doxo-induced senescent 

fibroblasts treated (SQM) and non-treated (SM) with Quercetin on U2OS cells to verify whether 

the Quercetin could modify the promoting effects of senescent cells on U2OS. Our data showed 

that treating Doxo-induced senescent fibroblasts with Quercetin reduced their influence on 

U2OS cells proliferation and migration.  
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4.3.1 Quercetin treatment reduces the number of Doxo-induced senescent 

fibroblasts 

To verify the senolytic activity of Quercetin, after the induction of senescence by 

Doxorubicin (as described in Section I), WI-38 senescent cells were treated with Quercetin 40 

µM for 3 days (Figure 26A). As shown in Figure 26B, the number of Doxo-induced senescent 

fibroblasts treated with Quercetin (Doxo+Q) significantly decreased compared to non-treated 

senescent cells (Doxo) from the first day of treatment (p<0.05) until the third day, when the 

decrease has reached the highest level (p<0.05). Notably, Quercetin treatment did not affect the 

proliferation and the number of non-senescent normal fibroblasts (Q) at any time. In the same 

manner, while proliferating fibroblasts treated with Quercetin did not show an altered cell cycle 

phase distribution compared to control cells, the treatment with Quercetin in senescent 

fibroblasts increased G0/G1 and S phases and decreased the G2/M fraction (41,8%, 13,3 %, 

and 38,4%, respectively), with respect to senescent non-treated cells (30.6%, 5.3%, and 64%, 

respectively; p<0.05), that continued to be consistently arrested in G2/M phase (Figure 26C).    

 

 

Figure 26. Quercetin reduces the number of Doxo-induced senescent Wi-38 fibroblasts. (A) Experimental 

scheme. After the induction of senescence by Doxorubicin, cells were treated with Quercetin 40μM for 3 days. 

(B) Trypan Blue exclusion assay was performed at different times during the treatments. Data are represented as 

the mean ± SD of at least four independent experiments. The differences in cell proliferation between Doxo-treated 

cells (Doxo) and vehicle control (C) or Quercetin treated fibroblasts (Q) resulted significant at all times (p<0.001). 
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P values, shown in the figure, refer to differences between Doxo-induced senescent fibroblasts treated (Doxo+Q) 

and non-treated with Quercetin (Doxo) (*<0.05; ** p<0.001). (C) Cell cycle analysis performed 72h after Doxo 

treatment and 3 days after Quercetin treatment. Each section of pie chart represents the percentage of cells in a 

specific cell cycle phase. Data are represented as the mean of four independent experiments. The differences 

between G0/G1, S, and G2/M phase of Doxo sample and control resulted significant at both times (p<0.001). 

Quercetin treated senescent cells (Doxo+Q) presented a significant increased S phase (p<0.05), and a significant 

decreased G2/M phase (p<0.05) with respect to non-treated senescent cells (Doxo). Abbreviations: C: control 

proliferating fibroblasts treated with vehicle; QM: proliferating fibroblasts treated with Quercetin; Doxo: Doxo-

induced senescent fibroblasts; Doxo+Q: Doxo-induced senescent fibroblasts treated with Quercetin. 

  

The analysis of Sa-β-Gal activity, confirming what we have shown in Section I, indicated that 

72h after Doxo treatment 57% of cells were positive for the staining. Notably, 3 days after 

Quercetin treatment, the number of positively stained cells, the senescent ones, was 

significantly reduced in Quercetin treated senescent fibroblasts (Doxo+Q) compared to 

senescent non-treated cells (Doxo) (40.9% and 72%, respectively; p<0.001) (Figure 27).  

 

 

Figure 27. Quercetin treatment reduces the number of SA-β-Gal positive cells. Representative images of SA-

β-Gal activity (upper) performed 72h after Doxo treatment and 3 days after the subsequent Quercetin treatment. 

The percentage of SA-β-Gal positive cells (blue ones) with respect to the total number of cells/well (down) was 

evaluated in at least four independent experiments, and the results are represented as the mean ± SD (** p<0.001). 

Abbreviations: C: control proliferating fibroblasts treated with vehicle; QM: proliferating fibroblasts treated with 

Quercetin; Doxo: Doxo-induced senescent fibroblasts; Doxo+Q: Doxo-induced senescent fibroblasts treated with 

Quercetin. 
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To confirm these results we have analysed the presence of macroH2A1 foci in combination 

with the absence of Lamin B1 protein. Our preliminary data showed that the number of 

macroH2A1 positive/Lamin B1 negative cells was lower in senescent fibroblasts treated with 

Quercetin than in non-treated senescent cells (40% and 79%, respectively), and resembled the 

number of Sa-β-Gal positive cells (Figure 28).  

 

 

Figure 28. Quercetin treatment reduces SAHF. Confocal microscopy images (left) of indirect 

immunofluorescence of macroH2A1 foci (green) and Lamin B1 (red), and the percentage of Lamin B1 

negative/macroH2A1 positive cells (right). DNA was counterstained with DAPI (blue). Abbreviations: C: control 

proliferating fibroblasts treated with vehicle; QM: proliferating fibroblasts treated with Quercetin; Doxo: Doxo-

induced senescent fibroblasts; Doxo+Q: Doxo-induced senescent fibroblasts treated with Quercetin. 

 

Next, we have evaluated the changes in the expression of senescent molecular markers. 

Accordingly to the showed results, phospho-RB and Lamin B1 expression was significantly 

up-regulated, and p21 significantly decreased in Doxo-induced senescent cells treated with 

Quercetin, compared to senescent non-treated cells (Figure 29).  
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Figure 29. Quercetin treatment changes the expression of senescence markers. Immunoblot representative 

image (left) and quantification of the expression of phospho-RB, Lamin B1 and p21 in vehicle control (C), 

Quercetin treated (Q), Doxo-induced senescent fibroblasts non-treated (Doxo) and treated with Quercetin 

(Doxo+Q). Lysates were collected 3 days after Quercetin treatment. Protein band intensity was normalized to α-

tubulin and expressed in relation to control. Data are represented as the mean ± SD of at least four independent 

experiments (*p<0.05; ** p<0.001). Abbreviations: C: control proliferating fibroblasts treated with vehicle; QM: 

proliferating fibroblasts treated with Quercetin; Doxo: Doxo-induced senescent fibroblasts; Doxo+Q: Doxo-

induced senescent fibroblasts treated with Quercetin. 

 

Taken together, these results demonstrated that Quercetin was able to reduce the number of 

Doxo-induced senescent cells, as supported by the comparable reduced number of SA-β-Gal 

and macroH2A1 positive/Lamin B1 negative cells, along with the increase in phospho-RB and 

Lamin B1 level, and the reduced p21 expression, which suggests a reduction of senescent cells 

that express or not these markers. Notably, no effect was noted on normal proliferating 

fibroblasts, suggesting that Quercetin exert a detrimental action only on senescent cells.   

 

4.3.2 Evaluation of cell death after Quercetin treatment  

The data reported in paragraph 4.3.1 demonstrated that Quercetin can reduce the number 

of Doxo-induced senescent cells. In order to assess whether this reduction was due to an 

increase in cell death of senescent cells, we evaluated by flow cytometry the presence of 

apoptotic and necrotic cells after 3 days of Quercetin treatment, when we have seen the highest 

reduction in senescent cell number. However, our preliminary data showed that even if Doxo-

induced senescent cells treated with Quercetin presented a slight increase in early and late 

apoptosis with respect to non-treated senescent cells, the differences were not significant 

(Figure 30). Nevertheless, this aspect will be deeply investigated with subsequent studies.  
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Figure 30. Determination of early apoptosis, late apoptosis, and necrosis after 3 days of Quercetin treatment 

on Doxo-induced cell senescence. (A) Representative dot plots obtained from flow cytometry analysis using PE 

Annexin V Apoptosis Detection Kit I shown the following populations: necrotic (Q1-upper left), late apoptosis 

(Q2-upper right), early apoptosis (Q3-lower right), and viable cells (Q4-lower left). (B) The percentage of cells in 

any state is expressed as a mean ± SD of two independent experiments. Abbreviations: C: control proliferating 

fibroblasts treated with vehicle; QM: proliferating fibroblasts treated with Quercetin; Doxo: Doxo-induced 

senescent fibroblasts; Doxo+Q: Doxo-induced senescent fibroblasts treated with Quercetin. 

 

4.3.3 Effects of Conditioned Medium from Quercetin treated and non-

treated Doxo-induced senescent fibroblasts on Osteosarcoma cells 

In Section II, we have demonstrated that SM can increase U2OS cell proliferation, 

migration and invasiveness and that Quercetin pre-treatment, reducing cell senescence and the 

SASP, can reduce these effects. In this section, we have also shown that Quercetin treatment 

after the induction of senescence could reduce senescent cells. Thus, in the last part of this work 

we wanted to evaluate whether conditioned medium from Doxo-induced senescent cells post-

treated with Quercetin (SQM) could exert different effects on U2OS cells compared to that of 

Doxo-induced non-treated senescent fibroblast (SM). As we expected, SM significantly 

enhanced U2OS proliferation over time compared to control (CM) (p<0.05 at 72h and 96h) as 

well as colony formation and area (Figure 31). Interestingly, SQM significantly reduced U2OS 

cell proliferation compared to SM (p<0.05 at 72h and 96h) (Figure 31A) and induced a colony 
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formation rate similar in number and area to that induced by CM, and thus significantly reduced 

compared to SM (p<0.05) (Figure 31B and C).   

 

 

Figure 31. Effect of Conditioned Medium from Doxo-induced senescent fibroblasts treated and non-treated 

with Quercetin on U2OS cells growth. (A) Trypan Blue exclusion assay on U2OS cells treated with conditioned 

medium from Quercetin treated cells (QM), Doxo-induced senescent fibroblasts (SM), and Doxo-induced 

senescent fibroblasts treated with Quercetin (SQM). Data are shown as the mean percentage of two independent 

experiments ± SD relative to U2OS treated with vehicle control conditioned medium (CM). P values refers to 

differences respect to control (*p<0.05) and to SM (#p<0.05). (B) Representative images (down) and calculated 

number of U2OS colonies (upper) formed after 7 days of treatment with conditioned media. Data are represented 

as the mean of two independent experiments ± SD (*p<0.05). (C) Colonies area (representative images below) 

was calculated with Image J Software, and data are expressed relative to control (CM) and represented as the mean 

of two independent experiments ± SD (*p<0.05). Abbreviations: CM: conditioned medium from control 

proliferating fibroblasts; QM: conditioned medium from proliferating fibroblasts treated with Quercetin; SM: 

conditioned medium from Doxo-induced senescent fibroblasts; SQM: conditioned medium from Doxo-induced 

senescent fibroblasts treated with Quercetin. 

 

Moreover, we have analysed the effects of conditioned media on U2OS migration. Our data 

showed that, as expected, SM produced a significant increase in U2OS cells migration 

compared to CM (p<0.05). Conversely, SQM did not enhance cell migration, which remained 

significantly lower than that induced by SM (p<0.05) (Figure 32).  
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Figure 32. Effect of Conditioned Medium from Doxo-induced senescent fibroblasts treated and non-treated 

with Quercetin on U2OS cells migration. Representative images (upper) and the percentage of scratch wound 

area (down) of Wound Healing Assay of U2OS cells treated with conditioned media. Data are shown as the mean 

percentage of two independent experiments ± SD of wound closure area compared to initial scratch (*p<0.05). 

Abbreviations: CM: conditioned medium from control proliferating fibroblasts; QM: conditioned medium from 

proliferating fibroblasts treated with Quercetin; SM: conditioned medium from Doxo-induced senescent 

fibroblasts; SQM: conditioned medium from Doxo-induced senescent fibroblasts treated with Quercetin.  

 

Overall, these data suggest that Quercetin, reducing the number of senescent cells after 

senescence induction, can also mitigate the effects on U2OS proliferation and migration.  

However, further investigations are necessary.  
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5 DISCUSSION 

Aging is a complex biological phenomenon characterized by the progressive 

accumulation of unrepaired or damaging modifications occurring in molecules, cells, tissues, 

and organs, which the body tries to counteract by implementing a series of adaptive mechanisms 

that became an essential part of the aging process (Ostan et al., 2008).  Moreover, it represents 

the major risk factor for several pathologies that occur more frequently in people getting older, 

named age-related diseases (ARDs). Geroscience identified cellular senescence as one of the 

nine selected and interconnected biological processes representing the critical pillars of aging 

and ARDs and determining the aging phenotype (Kennedy et al., 2014; López-Otín et al., 2013). 

Senescent cells accumulate in different aged tissues over time and contribute to the 

development and progression of several ARDs, such as cardiovascular diseases, 

neurodegenerative diseases, and cancer (Collado et al., 2007; He & Sharpless, 2017). Different 

studies showed that senescent cell clearance in vivo extends lifespan and healthspan and 

attenuates age-related pathologies (Baker et al., 2011, 2016; Childs et al., 2016; Chinta et al., 

2018). The deleterious biological effects of senescence are driven mainly by the SASP (Coppé 

et al., 2010), which can contribute to inflammaging, creating a microenvironment favourable 

for developing different ARDs, including cancer. In this framework, interestingly, also several 

chemotherapy drugs have been found to induce the so-called therapy-induced senescence (TIS) 

in different types of cancer and normal cells (Demaria et al., 2017; Ewald et al., 2010; Saleh et 

al., 2020). The induction of senescence in cancer cells may be considered a positive outcome 

for the chemotherapy because it arrests tumour growth, resulting in inhibitory or growth-neutral 

tumour effects (Ewald et al., 2008; Xue et al., 2007). Conversely, in some situations, senescent 

cancer cells can promote tumour growth and recurrence, sustaining the disease progression 

(Hou et al., 2019; Saleh et al., 2019), suggesting that TIS can generate a heterogeneous response 

that depends on cell types, tissues, organs, and on the type of stimulus that induce the 

senescence response (Ewald et al., 2010). Recently, different studies have suggested that one 

of the central mechanisms leading to chemotoxicity is the premature and excessive induction 

of TIS in non-malignant cells. Findings demonstrated that genetic or pharmacological TIS 

removal was able to alleviate different therapy-induced toxicity, as fatigue, myelosuppression, 

cardiomyopathy, bone loss and frailty, and interestingly also cancer progression and relapse 

(Baar et al., 2017; Demaria et al., 2017; Murali et al., 2018; Sun et al., 2012; Yao et al., 2020). 

Accordingly, our results showed that the treatment with 50 nM of chemotherapy drug 

Doxorubicin successfully induced cellular senescence in WI-38 normal human foetal lung 
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fibroblasts, as evidenced by the acquisition of large and flattened morphology, the arrest of the 

cell cycle, the downregulation of phosphor-RB and LaminB1, and the increase of p21 

expression, SA-β-Gal activity, and SAHF formation. Our results were consistent with several 

studies that reported the ability of Doxo to induce senescence in different types of cells (Bielak-

Zmijewska et al., 2014; Hou et al., 2019; Kozhukharova et al., 2018; Maejima et al., 2008; 

Piegari et al., 2013), including WI-38 fibroblasts (Liu et al., 2019). Doxorubicin, belonging to 

the anthracycline family, acts by interacting with DNA by intercalation, causing the inhibition 

of topoisomerase II and generating free radical species that induce DNA double-strand breaks 

(DSBs) and cellular damages (Rivankar, 2014). Conversely to what happens in replicative 

senescence, in which cells preferentially accumulate in the G1 phase of cells cycle, our data, 

according to other studies (Bielak-Zmijewska et al., 2014; Chang et al., 2002; Roger et al., 

2021; M.-Y. Yang et al., 2012), showed that Doxo-induced senescent fibroblasts preferentially 

accumulate in G2/M phase. This phenomenon could be explained by considering that cells in 

the S phase, the most targeted by the drug, are damaged and blocked in the subsequent phase, 

the G2/M. Interestingly, the arrest of the cell cycle in this phase was likely reinforced by the 

observed high level of p21, which seems to inhibit the mitotic cyclin B1-CDK1 complex, and 

lead to the reduced phosphorylation of pRB protein with consequently repression of E2F-

dependent G2/M regulators (Cherrier-Savournin et al., 2004; Krenning et al., 2014).  

Due to the proven important role of cellular senescence in aging and ARDs, recent advances 

encouraged a search for “senolytic” drugs, that can selectively eliminate senescent cells, or 

“senomorphic” ones, that can reduce the SASP. The research is focalized especially on those 

natural substances beneficial for health, such as nutraceutical compounds, which can favour the 

so-called “healthy aging”. In this framework, in the second part of our work, we demonstrated 

that a pre-treatment with Quercetin showed a senomorphic activity, partially protecting the cells 

from Doxo-induced senescence and reducing the SASP. Quercetin is a bioflavonoid, widely 

distributed in fruits and vegetables, known for its antioxidant, anti-inflammatory, anti-cancer 

activity (Andres et al., 2018; D’Andrea, 2015), and recently used in combination with the 

tyrosine kinase inhibitor Dasatinib as senolytic compound (Hickson et al., 2019; Justice et al., 

2019; Saccon et al., 2021; M. Xu et al., 2018). Our findings demonstrated that Quercetin pre-

treatment reduced the number of SA-β-Gal positive cells, decreasing cell cycle arrests and 

proliferation block, increasing the expression of phospho-RB, and reducing p21 level. 

Moreover, WI-38 pre-treated fibroblasts showed an increased Lamin B1 expression, together 

with a reduction of pH2AX and macroH2A1 foci. Since the formation of SAHF is associated 

with the stable repression of genes involved in cell cycle progression, and it seems to be strictly 
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related to the hypo phosphorylation of RB (Narita et al., 2003), the increased expression of 

phospho-RB in Quercetin pre-treated cells is likely related to the decreased presence of SAHF 

and consequently to the increased proliferation. Some other works have investigated the role of 

Quercetin as a geroprotective agent that can delay or reduce the onset of replicative senescence 

in human cells. Chondrogianni et al. have shown that Quercetin treatment on human embryonic 

fibroblasts for several days delayed the appearance of replicative senescence, and restored in 

part their proliferation, maybe due to its antioxidant and proteasome activating properties 

(Chondrogianni et al., 2010). Moreover, in an in vitro model of accelerated aging, Quercetin 

reduces replicative senescence onset, restoring heterochromatin architecture and decreasing 

ROS levels (Geng et al., 2019). For the first time, our study demonstrated that a pre-treatment 

with Quercetin was able to reduce Doxo-induced senescence and DNA damage, exerting its 

protective effects enhancing the total cellular antioxidant activity and particularly the 

expression of SOD-1 and SOD-2. 

Moreover, we showed that the pre-treatment with Quercetin decreased Doxo-induced ROS 

production. Consistent with our data, some studies have demonstrated that Quercetin has a high 

total antioxidant capacity and efficiently protects against oxidative stress (Crascì et al., 2018; 

Kim et al., 2011; LaManna et al., 2011). Consistent with our data, many evidences from human 

and animal studies demonstrated that the antioxidant activity of Quercetin is mainly exerted 

through its effects on antioxidant enzymes, including the upregulation of SOD activity (Dong 

et al., 2014), signal transduction pathways, and ROS (Xu et al., 2019).  

Furthermore, we evaluated whether Quercetin could also inhibit the SASP, which is the 

principal responsible for the damaging activities of senescent cells (Coppé et al., 2006; Coppé 

et al., 2008; Dilley et al., 2003; Gonzalez-Meljem et al., 2018; Krtolica et al., 2001; Liu & 

Hornsby, 2007).  

Our data showed that NF-κB protein expression was significantly enhanced in Doxo-treated 

fibroblasts and that Quercetin pre-treatment prevented this increase. These findings are in 

accord with other studies showing that Quercetin exerts an anti-inflammatory action 

suppressing NF-κB expression and its nuclear translocation in different kinds of cells (Chen et 

al., 2020; Cheng et al., 2019; Lee et al., 2018). We have also investigated the expression of 

several SASP-related molecules, including IL-6, IL-8, IL-1α, TNF-α, MMP2, and CXCL12, 

significantly increased in Doxo-induced senescent cells and reduced in Quercetin pre-treated 

fibroblasts. In addition, another factor as GROα was interestingly reduced by the pre-treatment 

with Quercetin, although its expression was not found up-regulated in Doxo-treated cells 

compared to control. This missed increase in GROα expression may be due to the plastic 
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phenotype of the SASP, which can vary among cell types and stimuli, but also presents 

fluctuation over time into the same cells (Campisi, 2013; Hernandez-Segura et al., 2018; Jakhar 

and Crasta, 2019). Interestingly, the production of IL-1α seems to happen in the early stage of 

senescence, when it plays a fundamental role in the development and maintenance of the SASP 

(Acosta et al., 2008; Roger et al., 2021). Thus, the reduced expression of this interleukin in 

Quercetin pre-treated fibroblasts can reinforce SASP suppression by the flavonoid.  

Subsequently, we measured the ability of conditioned medium of Doxo-induced senescent 

fibroblasts (SM) to promote human Osteosarcoma (OS) cells growth and invasiveness and 

modify the proliferation and migration of normal cells. Osteosarcoma (OS) is a primary 

malignant bone tumour with a high mortality rate and a bimodal incidence observed worldwide, 

with the first peak in puberty, and the second peak in old age, mainly in the seventh and eight 

decades of life (Mirabello et al., 2009b). The appearance of OS in the elderly requires 

aggressive treatment with both neoadjuvant and adjuvant chemotherapy, and it is frequently 

associated with a greater incidence of metastasis and worse prognosis (Ek et al., 2006; 

Mirabello et al., 2009a; Savage & Mirabello, 2011). Doxorubicin is one of the mainstay drugs 

in the treatment of OS, and our data confirmed its known role as a senescence inducer genotoxic 

agent. As well as other cancer types, the interaction between OS cells and cells that belong to 

tumour stroma, such as fibroblasts or mesenchymal cells, is vital for tumour development and 

progression (Czarnecka et al., 2020). Consistent with this, our results showed, for the first time, 

that SM was able to significantly increase proliferation and colony formation of U2OS cells 

and that QSM did not modify OS cells growth compared to the control. In accord with our data, 

different studies have shown that co-culture of senescent fibroblasts, induced by various 

stimuli, can promote the growth of pre-neoplastic and malignant cells from several types of 

tumours (Bhatia et al., 2008; Gonzalez-Meljem et al., 2018; Lawrenson et al., 2010; Liu & 

Hornsby, 2007; Luo et al., 2011; Pazolli et al., 2009). Overall, the pro-tumorigenic action of 

SM that we have seen on U2OS cells could probably be due to the SASP, particularly to those 

factors we have investigated. Indeed, both IL-6 and IL-8 were shown to be essential factors in 

the malignant transformation of OS cells due to their ability in increasing proliferation, colony 

formation, migration and invasiveness of U2OS and MG-63 cells (Cortini et al., 2016; Gross et 

al., 2018; Lin et al., 2013; Zhang et al., 2019).  

Furthermore, some studies showed that serum levels of IL-6, IL-8, and TNFα were higher in 

OS patients than controls (Kushlinskii et al., 2014; Xiao et al., 2014; Zhang et al., 2019) and 

that IL-6 increased level was associated with worse TNM stages, and presence of metastasis, 
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while TNFα and IL-8 levels correlated with bigger tumour size and maybe the progression of 

the disease (Xiao et al., 2014).  

The increased mortality and worse prognosis observed in older people affected by cancer could 

be fueled by a chronic, low-level inflammatory state typical in the elderly, named 

“inflammaging”, and could represent one of the links between ageing and cancer. Considering 

these data, the further increase of pro-inflammatory cytokines due to Doxo-induced senescent 

fibroblasts could increase the inflammaging of elderly patients, potentially favouring the 

creation of a pro-tumour microenvironment that could contribute to the worse prognosis 

observed in older. In this perspective, Quercetin, which is already recognized as an anti-

inflammatory agent, reducing IL-6, IL-8 and TNF-α expression and consequently the pro-

tumorigenic activity of Doxo-induced senescent fibroblasts, could potentially be used to 

counteract the detrimental effect of therapy-induced senescence in cancer treatment.  

Furthermore, we have also demonstrated that SM stimulated U2OS migration and invasiveness 

and that QSM, did not induce the same aggressive behaviour. Accordingly, different studies 

showed that senescent cells had been found to contribute also to the acquisition of invasive and 

metastatic properties of several types of cancer cells (Alspach et al., 2013; Coppé et al., 2008; 

Farsam et al., 2016; Hassona et al., 2014; Y. H. Kim et al., 2017). Our results showed that 

Doxo-induced senescent fibroblasts overexpressed CXCL12, a chemokine that functions as a 

chemoattractant, confirming what was seen in other senescent cells types (Choi et al., 2021; 

Jiang et al., 2019; Y. H. Kim et al., 2017). Several studies have shown the importance of 

CXCL12/CXCR4 (C-X-C motif chemokine receptor 4) pathway in OS progression and 

prognosis (Laverdiere et al., 2005; Lu et al., 2015; Neklyudova et al., 2016; Oda et al., 2006; 

Perissinotto et al., 2005; Pollino et al., 2019), and the overexpression of CXCR4 was detected 

in OS patients, with high-grade disease, and also in two different lines of OS cells, 143-B and 

U2OS (Pollino et al., 2019). Thus, the proven upregulation of CXCR4 in U2OS cells (Pollino 

et al., 2019) and the overexpression of its ligand CXCL12 by Doxo-induced senescent 

fibroblasts identifies this axis as one of the best candidates for driving SM effects on U2OS 

cells migration and invasion. Conversely, the reduction by Quercetin pre-treatment of CXCL12 

expression maybe explains the reduced aggressiveness of U2OS cells incubated with QSM. 

Otherwise, another important SASP factor that can promote the invasive activity of several 

cancer cells, including U2OS (Hassona et al., 2014; Liu et al., 2016; Malaquin et al., 2013), is 

MMP2. MMP2 belongs to the family of metalloprotease, and it can be synthesized by different 

cell types, including that belonging to tumour stroma (Egeblad & Werb, 2002) and several 

senescent cell models (Hassona et al., 2014; Malaquin et al., 2013). Accordingly, Doxo-induced 
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senescent fibroblasts upregulated MMP2 expression, which can contribute to the increased 

invasiveness of U2OS, although Quercetin did not significantly reduce its expression compared 

to senescent cells.   

Furthermore, in accord with other studies (Hou et al., 2019; Krtolica et al., 2001), the promoting 

effects of senescent fibroblasts did not affect normal human cells, in which the different CM 

did not alter the migration, while the proliferation was significantly reduced by SM compared 

to control. This reduction in proliferation could be due to the induction of senescence via 

“bystander effect”, as shown in other works (Acosta et al., 2013; da Silva et al., 2019; Nelson 

et al., 2012, 2018), but our preliminary data (not shown) did not demonstrate it.  

These data suggest that the senescent microenvironment can synergize only with neoplastic 

cells favouring their malignant features. Therefore, Quercetin pre-treatment, acting as a 

senomorphic agent, can reduce the effect of Doxo-induced senescent fibroblasts both on OS 

cells, reducing their aggressiveness and maybe blocking the spread of senescence on normal 

fibroblasts. 

In the third section of this work, we evaluated whether Quercetin could also exert a senolytic 

action on Doxo-induced senescent fibroblasts, and it could reduce, through the elimination of 

senescent cells, their pro-tumorigenic effects on U2OS. Our results showed that Quercetin 

treatment of 3 days after Doxo-induction of senescence reduced the number of senescent 

fibroblasts, decreasing the percentage of SA-β-Gal positive cells, along with the expression of 

other senescence markers, without affecting proliferating cells. The senolytic activity of 

Quercetin has been previously studied in different types of cells (Hohmann et al., 2019; Hwang 

et al., 2018; Lewinska et al., 2020; Zhu et al., 2015). Zhu and colleagues tested Quercetin first 

as senolytic substance because it was selected among the drugs that potentially target 

overexpressed gene products that protect senescent cells from apoptosis (Zhu et al., 2015). The 

treatment with Quercetin for 3 days at different doses (from 5 to 50 µM), showed that the 

flavonoid reduced the vitality and caused cell death of irradiated-senescent HUVECs and mouse 

BM-MSCs to a greater extent than proliferating cells (Zhu et al., 2015).  

Conversely, Quercetin treatment was less effective on preadipocytes and did not significantly 

affect primary mouse embryonic fibroblasts (Zhu et al., 2015). In the same work, the authors 

also tested the senolytic action of Dasatinib, a tyrosine kinase inhibitor. They found that 

Dasatinib was preferentially effective on preadipocytes than on senescent HUVECs and did not 

affect either mouse fibroblasts or mouse BM-MSCs, suggesting that the senolytic action may 

also be considered cell-type specific (Zhu et al., 2015). Consistent with the data obtained on 

HUVEC and mouse BM-MSCs, our results showed that Quercetin could specifically reduce the 
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number of Doxo-induced senescent fibroblasts and did not affect the viability of proliferating 

cells, demonstrating to have a senescent-specific effect. However, our preliminary data did not 

evidence a significant enhancement of cell death in senescent fibroblasts treated with Quercetin, 

but further investigations are necessary. 

Conversely, a study on arterial vascular endothelial cells revealed that Quercetin at a 

concentration that reduced senescent cells number also caused significant cell death in 

proliferating cells, evidencing that there was no evidence of senescent cell-specific cell death 

(Hwang et al., 2018). Consistent with these data, also hydrogen peroxide-induced senescent 

human foreskin fibroblasts BJ treated with Quercetin for 24h and then incubated in fresh 

medium for the subsequent seven days, presented increased apoptosis and cell death 

comparable to that of proliferating cells and did not show changes in the number of SA-β-Gal 

positive cells (Lewinska et al., 2020). Instead, a study conducted on normal senescent lung and 

idiopathic pulmonary fibrosis fibroblasts showed that the treatment with Quercetin 50 µM for 

24h did not induce significant changes in apoptosis and viability of senescent cells but 

demonstrated an increase of Fas expression in senescent cells. However, interestingly, 

Quercetin could render senescent fibroblasts susceptible to apoptosis induced by FasL and 

TRAIL (Hohmann et al., 2019). Overall, these findings demonstrate that the role of Quercetin 

alone as senolytic may be quite controversial and had to be considered cell-type specific 

(Demirci et al., 2021). Furthermore, our results showed for the first time a potential action of 

the flavonoid against Doxo-induced senescent fibroblasts, even if the mechanisms through 

Quercetin exert its senolytic effect required more investigations.   

In the last part of this work, we have analysed whether Quercetin post-treatment of Doxo 

senescent fibroblast could have the same outcomes seen in Section II on U2OS cells. Our results 

confirmed that SM increased U2OS cells growth and migration, and interestingly that CM from 

senescent fibroblasts treated with Quercetin (SQM) reduced these effects. Several studies have 

demonstrated that senescent cells clearance can exert an anti-cancer effect. For example, a study 

on a transgenic mouse that enables the inducible killing of senescent cells expressing p16INK4a, 

has shown that eliminating senescent cells reduced spontaneous tumour formation (Baker et al., 

2016). Moreover, senolytic compounds have also been proven to delay tumour recurrence and 

metastasis in mouse cancer models after chemotherapy (Demaria et al., 2017) and ameliorate 

side effects associated with the treatment (Baar et al., 2017).  

Interestingly, Guerrero et al. showed that broad-spectrum senolytics could eliminate senescent 

cancer cells and senescent pre-neoplastic and normal cells, like fibroblasts, induced by anti-

cancer therapy (Guerrero et al., 2019). However, it could be possible that in our model, the post-
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treatment of senescent fibroblasts with Quercetin could have a senolytic effects, reducing 

senescent cells rate, but at the same time it could potentially exert also at this level a 

senomorphic action reducing the SASP. Thus, the reduced growth and migration of U2OS due 

to SQM could be the outcome of combining these two activities of the flavonoid.  
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6 CONCLUSION 

This study was the first to show that Quercetin, a natural bioactive flavonoid, can prevent 

Doxo-induced senescence as a senomorphic agent that reduces the effects of the SASP on OS 

and normal cells. Increasing cellular antioxidant defence, Quercetin was able to protect in part 

normal fibroblasts to the damaging effect of ROS produced by Doxo treatment, decreasing 

SAHF formation, Lamin B1 loss, NF-κB expression, and consequently the levels of some SASP 

molecules (Figure 33A), suppressing the pro-tumour effects of senescent cells. Moreover, our 

work demonstrated that Quercetin can also exert a potential senolytic activity on Doxo-induced 

senescent fibroblasts, reducing their number, along with the percentage of SA-β-Gal positive 

cells, without affecting the viability of proliferating cells. Although the mechanisms by which 

Quercetin carried out its damaging action had to be clarified, our preliminary data demonstrated 

that it could neutralize, also in this condition, the pro-tumour effects of Doxo-induced senescent 

fibroblasts, decreasing U2OS cells growth and migration (Figure 33B).  

Although other studies are necessary to deepen the role of Quercetin as a senomorphic and 

senolytic agent against Doxo-induced senescence, this work may pave the way to investigate 

the use of Quercetin as an adjuvant in the treatment of OS, trying to reduce the damaging effects 

of therapy-induced senescence, especially in elderly patients, in which senescent cells are 

already abundant in several tissues and organs.  
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Figure 33. The senomorphic action and the potential senolityc effect of Quercetin against Doxo-induced 

senescence hypothesized in our work. (A) Quercetin, enhancing cellular antioxidant defence, was able to protect 

the cells from Doxo-induced senescence and damage, reducing SA-β-Gal positive cells number, SAHF formation, 

and cell cycle arrest. Moreover, it exerted its senomorphic action decreasing NF-κB level and consequently the 

expression of some SASP factors, inhibiting the promoting effects of senescent cells on U2OS cells growth and 

invasiveness. (B) The treatment with Quercetin after the induction of senescence by Doxorubicin reduced the 

number of senescent fibroblasts, and the percentage of cells positive for SA-β-Gal staining, decreasing the presence 

of senescence markers in senescent treated cells, without affecting proliferating fibroblasts. Moreover, the post-

treatment with Quercetin was able to abrogate the pro-tumour effects of Doxo-induced senescent fibroblasts 

conditioned medium on U2OS cells. This suggest that Quercetin could have a senolytic effects, reducing senescent 

cells rate, but at the same time it could potentially exert also at this level a senomorphic action reducing the SASP. 

Abbreviations: OS: Osteosarcoma; ROS: Reactive oxygen species; SA-β-Gal: Senescence-associated β-

galactosidase activity; SAHF: Senescence-associated heterochromatin foci; SASP: Senescence-associated 

secretory phenotype; SOD: Superoxide dismutase. 

 

 



References 

 

75 

 

7 References 

Acosta, J. C., Banito, A., Wuestefeld, T., Georgilis, A., Janich, P., Morton, J. P., Athineos, D., 

Kang, T. W., Lasitschka, F., Andrulis, M., Pascual, G., Morris, K. J., Khan, S., Jin, H., 

Dharmalingam, G., Snijders, A. P., Carroll, T., Capper, D., Pritchard, C., Inman, G. J., 

Longerich, T., Sansom, O. J., Benitah, S. A., Zender, L., & Gil, J. (2013). A complex 

secretory program orchestrated by the inflammasome controls paracrine senescence. 

Nature Cell Biology 2013 15:8, 15(8), 978–990. https://doi.org/10.1038/ncb2784 

Acosta, J. C., O’Loghlen, A., Banito, A., Guijarro, M. V., Augert, A., Raguz, S., Fumagalli, 

M., Da Costa, M., Brown, C., Popov, N., Takatsu, Y., Melamed, J., d’Adda di Fagagna, 

F., Bernard, D., Hernando, E., & Gil, J. (2008). Chemokine Signaling via the CXCR2 

Receptor Reinforces Senescence. Cell, 133(6), 1006–1018. 

https://doi.org/10.1016/J.CELL.2008.03.038/ATTACHMENT/EFFC016E-F0D0-4775-

B9AE-9F1E19F7DF02/MMC1.PDF 

Aifuwa, I., Giri, A., Longe, N., Lee, S. H., An, S. S., & Wirtz, D. (2015). Senescent stromal 

cells induce cancer cell migration via inhibition of RhoA/ROCK/myosin-based cell 

contractility. Oncotarget, 6(31), 30516. https://doi.org/10.18632/ONCOTARGET.5854 

Alimbetov, D., Davis, T., Brook, A. J. C., Cox, L. S., Faragher, R. G. A., Nurgozhin, T., 

Zhumadilov, Z., & Kipling, D. (2016). Suppression of the senescence-associated secretory 

phenotype (SASP) in human fibroblasts using small molecule inhibitors of p38 MAP 

kinase and MK2. Biogerontology, 17(2), 305–315. https://doi.org/10.1007/s10522-015-

9610-z 

Alspach, E., Fu, Y., & Stewart, S. A. (2013). Senescence and the pro-tumorigenic stroma. 

Critical Reviews in Oncogenesis, 18(6), 549–558. 

https://doi.org/10.1615/CritRevOncog.2014010630 

Aman, Y., Schmauck-Medina, T., Hansen, M., Morimoto, R. I., Simon, A. K., Bjedov, I., 

Palikaras, K., Simonsen, A., Johansen, T., Tavernarakis, N., Rubinsztein, D. C., Partridge, 

L., Kroemer, G., Labbadia, J., & Fang, E. F. (2021). Autophagy in healthy aging and 

disease. Nature Aging, 1(8), 634–650. https://doi.org/10.1038/s43587-021-00098-4 

Andres, S., Pevny, S., Ziegenhagen, R., Bakhiya, N., Schäfer, B., Hirsch-Ernst, K. I., & 

Lampen, A. (2018). Safety Aspects of the Use of Quercetin as a Dietary Supplement. 

Molecular Nutrition & Food Research, 62(1), 1700447. 



References 

 

76 

 

https://doi.org/10.1002/mnfr.201700447 

Angelini, P. D., Zacarias Fluck, M. F., Pedersen, K., Parra-Palau, J. L., Guiu, M., Morales, C. 

B., Vicario, R., Luque-Garciá, A., Navalpotro, N. P., Giralt, J., Canals, F., Gomis, R. R., 

Tabernero, J., Baselga, J., Villanueva, J., & Arribas, J. (2013). Constitutive HER2 

signaling promotes breast cancer metastasis through cellular senescence. Cancer 

Research, 73(1), 450–458. https://doi.org/10.1158/0008-5472.CAN-12-2301 

Baar, M. P., Brandt, R. M. C., Putavet, D. A., Klein, J. D. D., Derks, K. W. J., Bourgeois, B. R. 

M., Stryeck, S., Rijksen, Y., van Willigenburg, H., Feijtel, D. A., van der Pluijm, I., Essers, 

J., van Cappellen, W. A., van IJcken, W. F., Houtsmuller, A. B., Pothof, J., de Bruin, R. 

W. F., Madl, T., Hoeijmakers, J. H. J., Campisi, J., & de Keizer, P. L. J. (2017). Targeted 

Apoptosis of Senescent Cells Restores Tissue Homeostasis in Response to Chemotoxicity 

and Aging. Cell, 169(1), 132–147. 

https://doi.org/10.1016/J.CELL.2017.02.031/ATTACHMENT/C16B304A-4968-479C-

9E6E-663AB2AADE43/MMC5.MP4 

Baker, D. J., Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. J., Zhong, J., A. Saltness, R., 

Jeganathan, K. B., Verzosa, G. C., Pezeshki, A., Khazaie, K., Miller, J. D., & Van Deursen, 

J. M. (2016). Naturally occurring p16 Ink4a-positive cells shorten healthy lifespan. 

Nature, 530(7589), 184–189. https://doi.org/10.1038/nature16932 

Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van de Sluis, B., 

Kirkland, J. L., & van Deursen, J. M. (2011). Clearance of p16Ink4a-positive senescent 

cells delays ageing-associated disorders. Nature, 479(7372), 232–236. 

https://doi.org/10.1038/nature10600 

Barbieri, M., Bonafè, M., Franceschi, C., & Paolisso, G. (2003). Insulin/IGF-I-signaling 

pathway: An evolutionarily conserved mechanism of longevity from yeast to humans. 

American Journal of Physiology - Endocrinology and Metabolism, 285(5 48-5), 1064–

1071. https://doi.org/10.1152/ajpendo.00296.2003 

Bartekova, M., Radosinska, J., Pancza, D., Barancik, M., & Ravingerova, T. (2016). 

Cardioprotective Effects of Quercetin Against Ischemia-Reperfusion Injury Are Age-

Dependent. Physiol. Res, 65, 101–107. www.biomed.cas.cz/physiolres 

Basisty, N., Kale, A., Jeon, O. H., Kuehnemann, C., Payne, T., Rao, C., Holtz, A., Shah, S., 

Sharma, V., Ferrucci, L., Campisi, J., & Schilling, B. (2020). A proteomic atlas of 



References 

 

77 

 

senescence-associated secretomes for aging biomarker development. PLoS Biology, 18(1), 

e3000599. https://doi.org/10.1371/journal.pbio.3000599 

Bavik, C., Coleman, I., Dean, J. P., Knudsen, B., Plymate, S., & Nelson, P. S. (2006). The gene 

expression program of prostate fibroblast senescence modulates neoplastic epithelial cell 

proliferation through paracrine mechanisms. Cancer Research, 66(2), 794–802. 

https://doi.org/10.1158/0008-5472.CAN-05-1716 

Beauséjour, C. M., Krtolica, A., Galimi, F., Narita, M., Lowe, S. W., Yaswen, P., & Campisi, 

J. (2003). Reversal of human cellular senescence: Roles of the p53 and p16 pathways. 

EMBO Journal, 22(16), 4212–4222. https://doi.org/10.1093/emboj/cdg417 

Bhat, R., Crowe, E. P., Bitto, A., Moh, M., Katsetos, C. D., Garcia, F. U., Johnson, F. B., 

Trojanowski, J. Q., Sell, C., & Torres, C. (2012). Astrocyte Senescence as a Component 

of Alzheimer’s Disease. PLoS ONE, 7(9), e45069. 

https://doi.org/10.1371/journal.pone.0045069 

Bhatia, B., Multani, A. S., Patrawala, L., Chen, X., Calhoun-Davis, T., Zhou, J., Schroeder, L., 

Schneider-Broussard, R., Shen, J., Pathak, S., Chang, S., & Tang, D. G. (2008). Evidence 

that senescent human prostate epithelial cells enhance tumorigenicity: Cell fusion as a 

potential mechanism and inhibition by p16INK4a and hTERT. International Journal of 

Cancer, 122(7), 1483–1495. https://doi.org/10.1002/IJC.23222 

Bian, Y., Wei, J., Zhao, C., & Li, G. (2020). Natural Polyphenols Targeting Senescence: A 

Novel Prevention and Therapy Strategy for Cancer. International Journal of Molecular 

Sciences, 21(2), 513–518. https://doi.org/10.3390/IJMS21020684 

Bielak-Zmijewska, A., Wnuk, M., Przybylska, D., Grabowska, W., Lewinska, A., Alster, O., 

Korwek, Z., Cmoch, A., Myszka, A., Pikula, S., Mosieniak, G., & Sikora, E. (2014). A 

comparison of replicative senescence and doxorubicin-induced premature senescence of 

vascular smooth muscle cells isolated from human aorta. Biogerontology, 15(1), 47–64. 

https://doi.org/10.1007/s10522-013-9477-9 

Birch, J., & Gil, J. (2020). Senescence and the SASP: many therapeutic avenues. Genes & 

Development, 34(23–24), 1565. https://doi.org/10.1101/GAD.343129.120 

Bird, T. G., M ller, M., Boulter, L., Vincent, D. F., Ridgway, R. A., Lopez-Guadamillas, E., 

Lu, W. Y., Jamieson, T., Govaere, O., Campbell, A. D., Ferreira-Gonzalez, S., Cole, A. 

M., Hay, T., Simpson, K. J., Clark, W., Hedley, A., Clarke, M., Gentaz, P., Nixon, C., 



References 

 

78 

 

Bryce, S., Kiourtis, C., Sprangers, J., Nibbs, R. J., Rooijen, N. Van, Bartholin, L., 

McGreal, S. R., Apte, U., Barry, S. T., Iredale, J. P., Clarke, A. R., Serrano, M., Roskams, 

T. A., Sansom, O. J., & Forbes, S. J. (2018). TGFβ inhibition restores a regenerative 

response in acute liver injury by suppressing paracrine senescence. Science Translational 

Medicine, 10(454), 1–30. https://doi.org/10.1126/scitranslmed.aan1230 

Bjorksten, J. (1968). The crosslinkage theory of aging. Journal of the American Geriatrics 

Society, 16(4), 408–427. https://doi.org/10.1111/j.1532-5415.1968.tb02821.x 

Braun, K. F., Ehnert, S., Freude, T., Egaña, J. T., Schenck, T. L., Buchholz, A., Schmitt, A., 

Siebenlist, S., Schyschka, L., Neumaier, M., Stöckle, U., & Nussler, A. K. (2011). 

Quercetin protects primary human osteoblasts exposed to cigarette smoke through 

activation of the antioxidative enzymes HO-1 and SOD-1. TheScientificWorldJournal, 11, 

2348–2357. https://doi.org/10.1100/2011/471426 

Burton, D. G. A., & Krizhanovsky, V. (2014). Physiological and pathological consequences of 

cellular senescence. Cellular and Molecular Life Sciences, 71(22), 4373–4386. 

https://doi.org/10.1007/S00018-014-1691-3/FIGURES/3 

Bussian, T. J., Aziz, A., Meyer, C. F., Swenson, B. L., van Deursen, J. M., & Baker, D. J. 

(2018). Clearance of senescent glial cells prevents tau-dependent pathology and cognitive 

decline. Nature, 562(7728), 578–582. https://doi.org/10.1038/s41586-018-0543-y 

Calcinotto, A., Kohli, J., Zagato, E., Pellegrini, L., Demaria, M., & Alimonti, A. (2019). 

Cellular Senescence: Aging, Cancer, and Injury. Physiol Rev, 99, 1047–1078. 

https://doi.org/10.1152/physrev.00020.2018.-Cellular 

Campisi, J. (2001). Cellular senescence as a tumor-suppressor mechanism. Trends in Cell 

Biology, 11(11), S27-31. https://doi.org/10.1007/BF02711481 

Campisi, J. (2005). Senescent cells, tumor suppression, and organismal aging: Good citizens, 

bad neighbors. Cell, 120(4), 513–522. https://doi.org/10.1016/j.cell.2005.02.003 

Campisi, J. (2011). Cellular senescence: Putting the paradoxes in perspective. In Current 

Opinion in Genetics and Development (Vol. 21, Issue 1, pp. 107–112). NIH Public Access. 

https://doi.org/10.1016/j.gde.2010.10.005 

Campisi, J. (2013). Aging, cellular senescence, and cancer. Annual Review of Physiology, 75, 

685–705. https://doi.org/10.1146/annurev-physiol-030212-183653 



References 

 

79 

 

Campisi, J., Andersen, J. K., Kapahi, P., & Melov, S. (2011). Cellular senescence: A link 

between cancer and age-related degenerative disease? Seminars in Cancer Biology, 21(6), 

354–359. https://doi.org/10.1016/J.SEMCANCER.2011.09.001 

Campisi, J., & D’Adda Di Fagagna, F. (2007). Cellular senescence: When bad things happen 

to good cells. Nature Reviews Molecular Cell Biology, 8(9), 729–740. 

https://doi.org/10.1038/nrm2233 

Campisi, J., & Robert, L. (2014). Cell senescence: role in aging and age-related diseases. 

Interdisciplinary Topics in Gerontology, 39, 45–61. https://doi.org/10.1159/000358899 

Chang, B. D., Swift, M. E., Shen, M., Fang, J., Broude, E. V., & Roninson, I. B. (2002). 

Molecular determinants of terminal growth arrest induced in tumor cells by a 

chemotherapeutic agent. Proceedings of the National Academy of Sciences of the United 

States of America, 99(1), 389. https://doi.org/10.1073/PNAS.012602599 

Chang, J., Wang, Y., Shao, L., Laberge, R. M., Demaria, M., Campisi, J., Janakiraman, K., 

Sharpless, N. E., Ding, S., Feng, W., Luo, Y., Wang, X., Aykin-Burns, N., Krager, K., 

Ponnappan, U., Hauer-Jensen, M., Meng, A., & Zhou, D. (2016). Clearance of senescent 

cells by ABT263 rejuvenates aged hematopoietic stem cells in mice. Nature Medicine, 

22(1), 78. https://doi.org/10.1038/NM.4010 

Chen, B. H., Park, J. H., Ahn, J. H., Cho, J. H., Kim, I. H., Lee, J. C., Won, M. H., Lee, C. H., 

Hwang, I. K., Kim, J. D., Kang, I. J., Cho, J. H., Shin, B. N., Kim, Y. H., Lee, Y. L., & 

Park, S. M. (2017). Pretreated quercetin protects gerbil hippocampal CA1 pyramidal 

neurons from transient cerebral ischemic injury by increasing the expression of antioxidant 

enzymes. Neural Regeneration Research, 12(2), 220. https://doi.org/10.4103/1673-

5374.200805 

Chen, H., Ruiz, P. D., McKimpson, W. M., Novikov, L., Kitsis, R. N., & Gamble, M. J. (2015). 

MacroH2A1 and ATM Play Opposing Roles in Paracrine Senescence and the Senescence-

Associated Secretory Phenotype. Molecular Cell, 59(5), 719–731. 

https://doi.org/10.1016/J.MOLCEL.2015.07.011 

Chen, T., Zhang, X., Zhu, G., Liu, H., Chen, J., Wang, Y., & He, X. (2020). Quercetin inhibits 

TNF-α induced HUVECs apoptosis and inflammation via downregulating NF-kB and AP-

1 signaling pathway in vitro. Medicine, 99(38), e22241. 

https://doi.org/10.1097/MD.0000000000022241 



References 

 

80 

 

Cheng, S. C., Huang, W. C., Pang, J. H. S., Wu, Y. H., & Cheng, C. Y. (2019). Quercetin 

Inhibits the Production of IL-1β-Induced Inflammatory Cytokines and Chemokines in 

ARPE-19 Cells via the MAPK and NF-κB Signaling Pathways. International Journal of 

Molecular Sciences, 20(12), 2957. https://doi.org/10.3390/IJMS20122957 

Childs, B. G., Baker, D. J., Kirkland, J. L., Campisi, J., & van Deursen, J. M. (2014). 

Senescence and apoptosis: dueling or complementary cell fates? EMBO Reports, 15(11), 

1139–1153. https://doi.org/10.15252/embr.201439245 

Childs, B. G., Baker, D. J., Wijshake, T., Conover, C. A., Campisi, J., & Van Deursen, J. M. 

(2016). Senescent intimal foam cells are deleterious at all stages of atherosclerosis. 

Science, 354(6311), 472–477. https://doi.org/10.1126/science.aaf6659 

Chinta, S. J., Woods, G., Demaria, M., Rane, A., Zou, Y., McQuade, A., Rajagopalan, S., 

Limbad, C., Madden, D. T., Campisi, J., & Andersen, J. K. (2018). Cellular Senescence Is 

Induced by the Environmental Neurotoxin Paraquat and Contributes to Neuropathology 

Linked to Parkinson’s Disease. Cell Reports, 22(4), 930–940. 

https://doi.org/10.1016/j.celrep.2017.12.092 

Cho, S., & Hwang, E. S. (2012). Status of mTOR activity may phenotypically differentiate 

senescence and quiescence. Molecules and Cells, 33(6), 597–604. 

https://doi.org/10.1007/s10059-012-0042-1 

Choi, Y. W., Kim, Y. H., Oh, S. Y., Suh, K. W., Kim, Y. S., Lee, G. Y., Yoon, J. E., Park, S. 

S., Lee, Y. K., Park, Y. J., Kim, H. S., Park, S. H., Kim, J. H., & Park, T. J. (2021). 

Senescent Tumor Cells Build a Cytokine Shield in Colorectal Cancer. Advanced Science, 

8(4), 1–20. https://doi.org/10.1002/advs.202002497 

Chondrogianni, N., Kapeta, S., Chinou, I., Vassilatou, K., Papassideri, I., & Gonos, E. S. 

(2010). Anti-ageing and rejuvenating effects of quercetin. Experimental Gerontology, 

45(10), 763–771. https://doi.org/10.1016/j.exger.2010.07.001 

Chondrogianni, N., Voutetakis, K., Kapetanou, M., Delitsikou, V., Papaevgeniou, N., Sakellari, 

M., Lefaki, M., Filippopoulou, K., & Gonos, E. S. (2015). Proteasome activation: An 

innovative promising approach for delaying aging and retarding age-related diseases. 

Ageing Research Reviews, 23(PA), 37–55. https://doi.org/10.1016/J.ARR.2014.12.003 

Cojoc, M., Peitzsch, C., Trautmann, F., Polishchuk, L., Telegeev, G. D., & Dubrovska, A. 

(2013). Emerging targets in cancer management: role of the CXCL12/CXCR4 axis. 



References 

 

81 

 

OncoTargets and Therapy, 6, 1347. https://doi.org/10.2147/OTT.S36109 

Collado, M., Blasco, M. A., & Serrano, M. (2007). Cellular Senescence in Cancer and Aging. 

In Cell (Vol. 130, Issue 2, pp. 223–233). Cell. https://doi.org/10.1016/j.cell.2007.07.003 

Coppé, J.-P., Kauser, K., Campisi, J., & Beauséjour, C. M. (2006). Secretion of vascular 

endothelial growth factor by primary human fibroblasts at senescence. The Journal of 

Biological Chemistry, 281(40), 29568–29574. https://doi.org/10.1074/jbc.M603307200 

Coppé, J. P., Desprez, P.-Y., Krtolica, A., & Campisi, J. (2010). The Senescence-Associated 

Secretory Phenotype: The Dark Side of Tumor Suppression. Annu Rev Pathol., 5, 99–118. 

https://doi.org/10.1146/annurev-pathol-121808-102144 

Coppé, J. P., Patil, C. K., Rodier, F., Sun, Y., Muñoz, D. P., Goldstein, J., Nelson, P. S., 

Desprez, P.-Y., & Campisi, J. (2008). Senescence-associated secretory phenotypes reveal 

cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS 

Biology, 6(12), 2853–2868. https://doi.org/10.1371/journal.pbio.0060301 

Corre, I., Verrecchia, F., Crenn, V., Redini, F., & Trichet, V. (2020). The Osteosarcoma 

Microenvironment: A Complex but Targetable Ecosystem. Cells, 9(4), 976. 

https://doi.org/10.3390/CELLS9040976 

Correia-Melo, C., & Passos, J. F. (2015). Mitochondria: Are they causal players in cellular 

senescence? Biochimica et Biophysica Acta (BBA) - Bioenergetics, 1847(11), 1373–1379. 

https://doi.org/10.1016/J.BBABIO.2015.05.017 

Cortini, M., Massa, A., Avnet, S., Bonuccelli, G., & Baldini, N. (2016). Tumor-Activated 

Mesenchymal Stromal Cells Promote Osteosarcoma Stemness and Migratory Potential via 

IL-6 Secretion. PLoS ONE, 11(11), e0166500. 

https://doi.org/10.1371/JOURNAL.PONE.0166500 

Courtois-Cox, S., Genther Williams, S. M., Reczek, E. E., Johnson, B. W., McGillicuddy, L. 

T., Johannessen, C. M., Hollstein, P. E., MacCollin, M., & Cichowski, K. (2006). A 

negative feedback signaling network underlies oncogene-induced senescence. Cancer 

Cell, 10(6), 459–472. https://doi.org/10.1016/j.ccr.2006.10.003 

Courtois-Cox, S., Jones, S. L., & Cichowski, K. (2008). Many roads lead to oncogene-induced 

senescence. Oncogene, 27(20), 2801–2809. https://doi.org/10.1038/sj.onc.1210950 

Crascì, L., Cardile, V., Longhitano, G., Nanfitò, F., & Panico, A. (2018). Anti-degenerative 



References 

 

82 

 

effect of Apigenin, Luteolin and Quercetin on human keratinocyte and chondrocyte 

cultures: SAR evaluation. Drug Research, 68(3), 132–138. https://doi.org/10.1055/s-

0043-120662 

Csiszar, A., Sosnowska, D., Wang, M., Lakatta, E. G., Sonntag, W. E., & Ungvari, Z. (2012). 

Age-Associated Proinflammatory Secretory Phenotype in Vascular Smooth Muscle Cells 

From the Non-human Primate Macaca mulatta: Reversal by Resveratrol Treatment. The 

Journals of Gerontology: Series A, 67(8), 811–820. 

https://doi.org/10.1093/GERONA/GLR228 

Czarnecka, A. M., Synoradzki, K., Firlej, W., Bartnik, E., Sobczuk, P., Fiedorowicz, M., Grieb, 

P., & Rutkowski, P. (2020). Molecular Biology of Osteosarcoma. Cancers 2020, Vol. 12, 

Page 2130, 12(8), 2130. https://doi.org/10.3390/CANCERS12082130 

D’Alterio, C., Barbieri, A., Portella, L., Palma, G., Polimeno, M., Riccio, A., Ieranó, C., Franco, 

R., Scognamiglio, G., Bryce, J., Luciano, A., Rea, D., Arra, C., & Scala, S. (2012). 

Inhibition of stromal CXCR4 impairs development of lung metastases. Cancer 

Immunology, Immunotherapy, 61(10), 1713. https://doi.org/10.1007/S00262-012-1223-7 

D’Andrea, G. (2015). Quercetin: A flavonol with multifaceted therapeutic applications? 

Fitoterapia, 106, 256–271. https://doi.org/10.1016/j.fitote.2015.09.018 

Da Costa, J. P., Vitorino, R., Silva, G. M., Vogel, C., Duarte, A. C., & Rocha-Santos, T. (2016). 

A synopsis on aging-Theories, mechanisms and future prospects. Ageing Res Rev., 29, 90–

112. https://doi.org/10.1016/j.arr.2016.06.005.A 

da Silva, P. F. L., Ogrodnik, M., Kucheryavenko, O., Glibert, J., Miwa, S., Cameron, K., Ishaq, 

A., Saretzki, G., Nagaraja-Grellscheid, S., Nelson, G., & von Zglinicki, T. (2019). The 

bystander effect contributes to the accumulation of senescent cells in vivo. Aging Cell, 

18(1), e12848. https://doi.org/10.1111/acel.12848 

De Cecco, M., Ito, T., Petrashen, A. P., Elias, A. E., Skvir, N. J., Criscione, S. W., Caligiana, 

A., Brocculi, G., Adney, E. M., Boeke, J. D., Le, O., Beauséjour, C., Ambati, J., Ambati, 

K., Simon, M., Seluanov, A., Gorbunova, V., Slagboom, P. E., Helfand, S. L., Neretti, N., 

& Sedivy, J. M. (2019). L1 drives IFN in senescent cells and promotes age-associated 

inflammation. Nature, 566(7742), 73–78. https://doi.org/10.1038/s41586-018-0784-9 

Demaria, M., O’Leary, M. N., Chang, J., Shao, L., Liu, S., Alimirah, F., Koenig, K., Le, C., 

Mitin, N., Deal, A. M., Alston, S., Academia, E. C., Kilmarx, S., Valdovinos, A., Wang, 



References 

 

83 

 

B., de Bruin, A., Kennedy, B. K., Melov, S., Zhou, D., Sharpless, N. E., Muss, H., & 

Campisi, J. (2017). Cellular Senescence Promotes Adverse Effects of Chemotherapy and 

Cancer Relapse. Cancer Discovery, 7(2), 165–176. https://doi.org/10.1158/2159-

8290.CD-16-0241 

Demaria, M., Ohtani, N., Youssef, S. A., Rodier, F., Toussaint, W., Mitchell, J. R., Laberge, 

R.-M., Vijg, J., Steeg, H. Van, Dollé, M. E. T., Hoeijmakers, J. H. J., De Bruin, A., Hara, 

E., & Campisi, J. (2014). An Essential Role for Senescent Cells in Optimal Wound Healing 

through Secretion of PDGF-AA HHS Public Access. Dev Cell, 31(6), 722–733. 

https://doi.org/10.1016/j.devcel.2014.11.012 

Demirci, D., Dayanc, B., Mazi, F. A., & Senturk, S. (2021). The jekyll and hyde of cellular 

senescence in cancer. Cells, 10(2), 1–24. https://doi.org/10.3390/CELLS10020208 

Di, G. H., Liu, Y., Lu, Y., Liu, J., Wu, C., & Duan, H. F. (2014). IL-6 Secreted from Senescent 

Mesenchymal Stem Cells Promotes Proliferation and Migration of Breast Cancer Cells. 

PLOS ONE, 9(11), e113572. https://doi.org/10.1371/JOURNAL.PONE.0113572 

Di Leonardo, A., Linke, S. P., Clarkin, K., & Wahl, G. M. (1994). DNA damage triggers a 

prolonged p53-dependent G1 arrest and long-term induction of Cip1 in normal human 

fibroblasts. Genes and Development, 8(21), 2540–2551. 

https://doi.org/10.1101/gad.8.21.2540 

Di Martino, S., Amoreo, C. A., Nuvoli, B., Galati, R., Strano, S., Facciolo, F., Alessandrini, G., 

Pass, H. I., Ciliberto, G., Blandino, G., De Maria, R., & Cioce, M. (2018). HSP90 

inhibition alters the chemotherapy-driven rearrangement of the oncogenic secretome. 

Oncogene, 37(10), 1369–1385. https://doi.org/10.1038/s41388-017-0044-8 

Dilley, T. K., Bowden, G. T., & Chen, Q. M. (2003). Novel mechanisms of sublethal oxidant 

toxicity: induction of premature senescence in human fibroblasts confers tumor promoter 

activity. Experimental Cell Research, 290(1), 38–48. https://doi.org/10.1016/S0014-

4827(03)00308-2 

Dimri, G. P., Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C., Medrano, E. E., Linskens, 

M., Rubelj, I., Pereira-Smith, O., & Al., E. (1995). A biomarker that identifies senescent 

human cells in culture and in aging skin in vivo. Proceedings of the National Academy of 

Sciences of the United States of America, 92(20), 9363. 

Ding, L., Jin, D., & Chen, X. (2010). Luteolin enhances insulin sensitivity via activation of 



References 

 

84 

 

PPARγ transcriptional activity in adipocytes. The Journal of Nutritional Biochemistry, 

21(10), 941–947. https://doi.org/10.1016/J.JNUTBIO.2009.07.009 

Dong, Q., Chen, L., Lu, Q., Sharma, S., Li, L., Morimoto, S., & Wang, G. (2014). Quercetin 

attenuates doxorubicin cardiotoxicity by modulating Bmi-1 expression. British Journal of 

Pharmacology, 171(19), 4440–4454. https://doi.org/10.1111/BPH.12795 

Dulić, V., Beney, G.-E., Frebourg, G., Drullinger, L. F., & Stein, G. H. (2000). Uncoupling 

between Phenotypic Senescence and Cell Cycle Arrest in Aging p21-Deficient Fibroblasts. 

Molecular and Cellular Biology, 20(18), 6741. https://doi.org/10.1128/MCB.20.18.6741-

6754.2000 

Durfee, R. A., Mohammed, M., & Luu, H. H. (2016). Review of Osteosarcoma and Current 

Management. Rheumatology and Therapy, 3(2), 221–243. https://doi.org/10.1007/s40744-

016-0046-y 

Egeblad, M., & Werb, Z. (2002). New functions for the matrix metalloproteinases in cancer 

progression. Nature Reviews Cancer 2002 2:3, 2(3), 161–174. 

https://doi.org/10.1038/nrc745 

Ek, E. T. H., Ojaimi, J., Kitagawa, Y., & Choong, P. F. M. (2006). Outcome of patients with 

osteosarcoma over 40 years of age: Is angiogenesis a marker of survival? International 

Seminars in Surgical Oncology, 3, 7. https://doi.org/10.1186/1477-7800-3-7 

Emmi, G., Mannucci, A., Argento, F. R., Silvestri, E., Vaglio, A., Bettiol, A., Fanelli, A., 

Stefani, L., Taddei, N., Prisco, D., Fiorillo, C., & Becatti, M. (2019). Stem-Cell-Derived 

Circulating Progenitors Dysfunction in Behçet’s Syndrome Patients Correlates With 

Oxidative Stress. Frontiers in Immunology, 10, 2877. 

https://doi.org/10.3389/FIMMU.2019.02877 

Ewald, J. A., Desotelle, J. A., Almassi, N., & Jarrard, D. F. (2008). Drug-induced senescence 

bystander proliferation in prostate cancer cells in vitro and in vivo. British Journal of 

Cancer, 98(7), 1244–1249. https://doi.org/10.1038/sj.bjc.6604288 

Ewald, J. A., Desotelle, J. A., Wilding, G., & Jarrard, D. F. (2010). Therapy-induced senescence 

in cancer. Journal of the National Cancer Institute, 102(20), 1536–1546. 

https://doi.org/10.1093/jnci/djq364 

Faget, D. V., Ren, Q., & Stewart, S. A. (2019). Unmasking senescence: context-dependent 

effects of SASP in cancer. In Nature Reviews Cancer (Vol. 19, Issue 8, pp. 439–453). 



References 

 

85 

 

Nature Publishing Group. https://doi.org/10.1038/s41568-019-0156-2 

Fagiolo, U., Cossarizza, A., Scala, E., Fanales‐Belasio, E., Ortolani, C., Cozzi, E., Monti, D., 

Franceschi, C., & Paganelli, R. (1993). Increased cytokine production in mononuclear 

cells of healthy elderly people. European Journal of Immunology, 23(9), 2375–2378. 

https://doi.org/10.1002/eji.1830230950 

Farr, J. N., Xu, M., Weivoda, M. M., Monroe, D. G., Fraser, D. G., Onken, J. L., Negley, B. A., 

Sfeir, J. G., Ogrodnik, M. B., Hachfeld, C. M., LeBrasseur, N. K., Drake, M. T., Pignolo, 

R. J., Pirtskhalava, T., Tchkonia, T., Oursler, M. J., Kirkland, J. L., & Khosla, S. (2017). 

Targeting cellular senescence prevents age-related bone loss in mice. Nature Medicine, 

23(9), 1072. https://doi.org/10.1038/NM.4385 

Farsam, V., Basu, A., Gatzka, M., Treiber, N., Schneider, L. A., Mulaw, M. A., Lucas, T., 

Kochanek, S., Dummer, R., Levesque, M. P., Wlaschek, M., & Scharffetter-Kochanek, K. 

(2016). Senescent fibroblast-derived Chemerin promotes squamous cell carcinoma 

migration. Oncotarget, 7(50), 83554. https://doi.org/10.18632/ONCOTARGET.13446 

Ferrucci, L., & Fabbri, E. (2018). Inflammageing: chronic inflammation in ageing, 

cardiovascular disease, and frailty. Nature Reviews Cardiology, 15(9), 505–522. 

https://doi.org/10.1038/s41569-018-0064-2 

Franceschi, C. (1989). Cell proliferation, cell death and aging. Aging Clinical and Experimental 

Research, 1(1), 3–15. https://doi.org/10.1007/BF03323871 

Franceschi, C., Bonafè, Massimiliano Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., & 

De Benedictis, G. (2006). Inflamm-aging: An Evolutionary Perspective on 

Immunosenescence. Annals of the New York Academy of Sciences, 908(1), 244–254. 

https://doi.org/10.1111/j.1749-6632.2000.tb06651.x 

Franceschi, C., & Bonafè, M. (2003). Centenarians as a model for healthy aging. Biochemical 

Society Transactions, 31(2), 457–461. https://doi.org/10.1042/ 

Franceschi, C., & Campisi, J. (2014). Chronic inflammation (Inflammaging) and its potential 

contribution to age-associated diseases. Journals of Gerontology - Series A Biological 

Sciences and Medical Sciences, 69, S4–S9. https://doi.org/10.1093/gerona/glu057 

Franceschi, C., Capri, M., Monti, D., Giunta, S., Olivieri, F., Sevini, F., Panourgia, M. P., 

Invidia, L., Celani, L., Scurti, M., Cevenini, E., Castellani, G. C., & Salvioli, S. (2007). 

Inflammaging and anti-inflammaging: A systemic perspective on aging and longevity 



References 

 

86 

 

emerged from studies in humans. Mechanisms of Ageing and Development, 128(1), 92–

105. https://doi.org/10.1016/J.MAD.2006.11.016 

Franceschi, C., Garagnani, P., Morsiani, C., Conte, M., Santoro, A., Grignolio, A., Monti, D., 

Capri, M., & Salvioli, S. (2018). The Continuum of Aging and Age-Related Diseases: 

Common Mechanisms but Different Rates. Frontiers in Medicine, 5, 61. 

https://doi.org/10.3389/FMED.2018.00061 

Franceschi, C., Monti, D., Sansoni, P., & Cossarizza, A. (1995). The immunology of 

exceptional individuals: the lesson of centenarians. Immunology Today, 16(1), 12–16. 

https://doi.org/10.1016/0167-5699(95)80064-6 

Franceschi, C., Salvioli, S., Garagnani, P., de Eguileor, M., Monti, D., & Capri, M. (2017). 

Immunobiography and the heterogeneity of immune responses in the elderly: A focus on 

inflammaging and trained immunity. Frontiers in Immunology, 8, 982. 

https://doi.org/10.3389/FIMMU.2017.00982/BIBTEX 

Franceschi, C., Valensin, S., Bonafè, M., Paolisso, G., Yashin, A. I., Monti, D., & De 

Benedictis, G. (2000). The network and the remodeling theories of aging: Historical 

background and new perspectives. Experimental Gerontology, 35(6–7), 879–896. 

https://doi.org/10.1016/S0531-5565(00)00172-8 

Freund, A., Patil, C. K., & Campisi, J. (2011). P38MAPK is a novel DNA damage response-

independent regulator of the senescence-associated secretory phenotype. EMBO Journal, 

30(8), 1536–1548. https://doi.org/10.1038/emboj.2011.69 

Fuhrmann-Stroissnigg, H., Ling, Y. Y., Zhao, J., McGowan, S. J., Zhu, Y., Brooks, R. W., 

Grassi, D., Gregg, S. Q., Stripay, J. L., Dorronsoro, A., Corbo, L., Tang, P., Bukata, C., 

Ring, N., Giacca, M., Li, X., Tchkonia, T., Kirkland, J. L., Niedernhofer, L. J., & Robbins, 

P. D. (2017). Identification of HSP90 inhibitors as a novel class of senolytics. Nature 

Communications 2017 8:1, 8(1), 1–14. https://doi.org/10.1038/s41467-017-00314-z 

Fulop, T., Larbi, A., Douziech, N., Fortin, C., Guérard, K. P., Lesur, O., Khalil, A., & Dupuis, 

G. (2004). Signal transduction and functional changes in neutrophils with aging. Aging 

Cell, 3(4), 217–226. https://doi.org/10.1111/J.1474-9728.2004.00110.X 

Furman, D., Campisi, J., Verdin, E., Carrera-Bastos, P., Targ, S., Franceschi, C., Ferrucci, L., 

Gilroy, D. W., Fasano, A., Miller, G. W., Miller, A. H., Mantovani, A., Weyand, C. M., 

Barzilai, N., Goronzy, J. J., Rando, T. A., Effros, R. B., Lucia, A., Kleinstreuer, N., & 



References 

 

87 

 

Slavich, G. M. (2019). Chronic inflammation in the etiology of disease across the life span. 

Nature Medicine, 25(12), 1822–1832. https://doi.org/10.1038/s41591-019-0675-0 

Fusco, D., Colloca, G., Lo Monaco, M. R., & Cesari, M. (2007). Effects of antioxidant 

supplementation on the aging process. Clinical Interventions in Aging, 2(3), 377. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2685276/ 

Garbers, C., Kuck, F., Aparicio-Siegmund, S., Konzak, K., Kessenbrock, M., Sommerfeld, A., 

Häussinger, D., Lang, P. A., Brenner, D., Mak, T. W., Rose-John, S., Essmann, F., 

Schulze-Osthoff, K., Piekorz, R. P., & Scheller, J. (2013). Cellular senescence or EGFR 

signaling induces Interleukin 6 (IL-6) receptor expression controlled by mammalian target 

of rapamycin (mTOR). Cell Cycle, 12(21), 3421–3432. https://doi.org/10.4161/cc.26431 

García-Prat, L., Martínez-Vicente, M., Perdiguero, E., Ortet, L., Rodríguez-Ubreva, J., Rebollo, 

E., Ruiz-Bonilla, V., Gutarra, S., Ballestar, E., Serrano, A. L., Sandri, M., & Muñoz-

Cánoves, P. (2016). Autophagy maintains stemness by preventing senescence. Nature, 

529(7584), 37–42. https://doi.org/10.1038/nature16187 

Gavrilov, L. A., & Gavrilova, N. S. (2002). Evolutionary Theories of Aging and Longevity. 

The Scientific World Journal, 2, 339–356. https://doi.org/10.1100/TSW.2002.96 

Geng, L., Liu, Z., Zhang, W., Li, W., Wu, Z., Wang, W., Ren, R., Su, Y., Wang, P., Sun, L., 

Ju, Z., Chan, P., Song, M., Qu, J., & Liu, G. H. (2019). Chemical screen identifies a 

geroprotective role of quercetin in premature aging. Protein and Cell, 10(6), 417–435. 

https://doi.org/10.1007/s13238-018-0567-y 

Georgakopoulou, E. A., Tsimaratou, K., Evangelou, K., Fernandez-Marcos, P. J., Zoumpourlis, 

V., Trougakos, I. P., Kletsas, D., Bartek, J., Serrano, M., & Gorgoulis, V. G. (2013). 

Specific lipofuscin staining as a novel biomarker to detect replicative and stress-induced 

senescence. A method applicable in cryo-preserved and archival tissues. Aging, 5(1), 37–

50. https://doi.org/10.18632/aging.100527 

Glück, S., Guey, B., Gulen, M. F., Wolter, K., Kang, T.-W., Schmacke, N. A., Bridgeman, A., 

Rehwinkel, J., Zender, L., & Ablasser, A. (2017). Innate immune sensing of cytosolic 

chromatin fragments through cGAS promotes senescence. Nature Cell Biology, 19(9), 

1061–1070. https://doi.org/10.1038/ncb3586 

González-Gualda, E., Baker, A. G., Fruk, L., & Muñoz-Espín, D. (2021). A guide to assessing 

cellular senescence in vitro and in vivo. The FEBS Journal, 288(1), 56–80. 



References 

 

88 

 

https://doi.org/10.1111/FEBS.15570 

Gonzalez-Meljem, J. M., Apps, J. R., Fraser, H. C., & Martinez-Barbera, J. P. (2018). Paracrine 

roles of cellular senescence in promoting tumourigenesis. British Journal of Cancer, 

118(10), 1283–1288. https://doi.org/10.1038/s41416-018-0066-1 

Gross, A. C., Cam, H., Phelps, D. A., Saraf, A. J., Bid, H. K., Cam, M., London, C. A., Winget, 

S. A., Arnold, M. A., Brandolini, L., Mo, X., Hinckley, J. M., Houghton, P. J., & Roberts, 

R. D. (2018). IL-6 and CXCL8 mediate osteosarcoma-lung interactions critical to 

metastasis. JCI Insight, 3(16), e99791. https://doi.org/10.1172/JCI.INSIGHT.99791 

Guerrero, A., Herranz, N., Sun, B., Wagner, V., Gallage, S., Guiho, R., Wolter, K., Pombo, J., 

Irvine, E. E., Innes, A. J., Birch, J., Glegola, J., Manshaei, S., Heide, D., Dharmalingam, 

G., Harbig, J., Olona, A., Behmoaras, J., Dauch, D., Uren, A. G., Zender, L., Vernia, S., 

Martínez-barbera, J. P., Heikenwalder, M., Withers, D. J., & Gil, J. (2019). Cardiac 

glycosides are broad-spectrum senolytics. Nature Metabolism, 1, 1074–1088. 

https://doi.org/10.1038/s42255-019-0122-z 

Hampel, B., Fortschegger, K., Ressler, S., Chang, M. W., Unterluggauer, H., Breitwieser, A., 

Sommergruber, W., Fitzky, B., Lepperdinger, G., Jansen-Dürr, P., Voglauer, R., & 

Grillari, J. (2006). Increased expression of extracellular proteins as a hallmark of human 

endothelial cell in vitro senescence. Experimental Gerontology, 41(5), 474–481. 

https://doi.org/10.1016/j.exger.2006.03.001 

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of cancer: The next generation. Cell, 

144(5), 646–674. 

https://doi.org/10.1016/J.CELL.2011.02.013/ATTACHMENT/3F528E16-8B3C-4D8D-

8DE5-43E0C98D8475/MMC1.PDF 

Hansen, M., Rubinsztein, D. C., & Walker, D. W. (2018). Autophagy as a promoter of 

longevity: insights from model organisms. Nature Reviews Molecular Cell Biology, 19, 

579–593. https://doi.org/10.1038/s41580-018-0033-y 

Harman, D. (1956). Aging: a theory based on free radical and radiation chemistry. J 

Gerontology, 11, 298–300. 

Harman, D. (1993). Free Radical Involvement in Aging: Pathophysiology and Therapeutic 

Implications. Drugs & Aging, 3(1), 60–80. https://doi.org/10.2165/00002512-199303010-

00006 



References 

 

89 

 

Hartman, Z. C., Poage, G. M., Den Hollander, P., Tsimelzon, A., Hill, J., Panupinthu, N., 

Zhang, Y., Mazumdar, A., Hilsenbeck, S. G., Mills, G. B., & Brown, P. H. (2013). Growth 

of triple-negative breast cancer cells relies upon coordinate autocrine expression of the 

pro-inflammatory cytokines IL-6 and IL-8. Cancer Research, 73(11), 3470–3480. 

https://doi.org/10.1158/0008-5472.CAN-12-4524-T 

Hashemzaei, M., Far, A. D., Yari, A., Heravi, R. E., Tabrizian, K., Taghdisi, S. M., Sadegh, S. 

E., Tsarouhas, K., Kouretas, D., Tzanakakis, G., Nikitovic, D., Anisimov, N. Y., 

Spandidos, D. A., Tsatsakis, A. M., & Rezaee, R. (2017). Anticancer and apoptosis-

inducing effects of quercetin in vitro and in vivo. Oncology Reports, 38(2), 819. 

https://doi.org/10.3892/OR.2017.5766 

Hassona, Y., Cirillo, N., Heesom, K., Parkinson, E. K., & Prime, S. S. (2014). Senescent cancer-

associated fibroblasts secrete active MMP-2 that promotes keratinocyte dis-cohesion and 

invasion. British Journal of Cancer, 111(6), 1230. https://doi.org/10.1038/BJC.2014.438 

Hayflick, L. (1965). The limited in vitro lifetime of human diploid cell strains. Experimental 

Cell Research, 37(3), 614–636. https://doi.org/10.1016/0014-4827(65)90211-9 

Hayflick, L. ., & Moorhead, P. S. (1961). The serial cultivation of human disploid cell strains. 

Experimental Cell Research, 25(3), 585–621. https://doi.org/10.1016/0014-

4827(61)90192-6 

He, S., & Sharpless, N. E. (2017). Senescence in Health and Disease. Cell, 169(6), 1000–1011. 

https://doi.org/10.1016/J.CELL.2017.05.015 

Heintz, C., & Mair, W. (2014). You Are What You Host: Microbiome Modulation of the Aging 

Process. Cell, 156(3), 408–411. https://doi.org/10.1016/J.CELL.2014.01.025 

Hernandez-Segura, A., De Jong, T. V, Melov, S., Guryev, V., Campisi, J., & Demaria, M. 

(2017). Unmasking Transcriptional Heterogeneity in Senescent Cells. Curr Biol, 27(17), 

2652–2660. https://doi.org/10.1016/j.cub.2017.07.033 

Hernandez-Segura, A., Nehme, J., & Demaria, M. (2018). Hallmarks of Cellular Senescence. 

Trends in Cell Biology, 28(6), 436–453. https://doi.org/10.1016/j.tcb.2018.02.001 

Herranz, N., Gallage, S., Mellone, M., Wuestefeld, T., Klotz, S., Hanley, C. J., Raguz, S., 

Acosta, J. C., Innes, A. J., Banito, A., Georgilis, A., Montoya, A., Wolter, K., 

Dharmalingam, G., Faull, P., Carroll, T., Martínez-Barbera, J. P., Cutillas, P., Reisinger, 

F., Heikenwalder, M., Miller, R. A., Withers, D., Zender, L., Thomas, G. J., & Gil, J. 



References 

 

90 

 

(2015). mTOR regulates MAPKAPK2 translation to control the senescence-associated 

secretory phenotype. Nature Cell Biology, 17(9), 1205–1217. 

https://doi.org/10.1038/ncb3225 

Hickson, L. J., Langhi Prata, L. G. P., Bobart, S. A., Evans, T. K., Giorgadze, N., Hashmi, S. 

K., Herrmann, S. M., Jensen, M. D., Jia, Q., Jordan, K. L., Kellogg, T. A., Khosla, S., 

Koerber, D. M., Lagnado, A. B., Lawson, D. K., LeBrasseur, N. K., Lerman, L. O., 

McDonald, K. M., McKenzie, T. J., Passos, J. F., Pignolo, R. J., Pirtskhalava, T., Saadiq, 

I. M., Schaefer, K. K., Textor, S. C., Victorelli, S. G., Volkman, T. L., Xue, A., Wentworth, 

M. A., Wissler Gerdes, E. O., Zhu, Y., Tchkonia, T., & Kirkland, J. L. (2019). Senolytics 

decrease senescent cells in humans: Preliminary report from a clinical trial of Dasatinib 

plus Quercetin in individuals with diabetic kidney disease. EBioMedicine, 47, 446–456. 

https://doi.org/10.1016/J.EBIOM.2019.08.069 

Hirano, T. (2021). IL-6 in inflammation, autoimmunity and cancer. International Immunology, 

33(3), 127. https://doi.org/10.1093/INTIMM/DXAA078 

Hohmann, M. S., Habiel, D. M., Coelho, A. L., Verri, W. A., & Hogaboam, C. M. (2019). 

Quercetin Enhances Ligand-induced Apoptosis in Senescent Idiopathic Pulmonary 

Fibrosis Fibroblasts and Reduces Lung Fibrosis In Vivo. Am J Respir Cell Mol Biol ., 

60(1), 28–40. https://doi.org/10.1165/rcmb.2017-0289OC 

Hou, J.-G., Jeon, B.-M., Yun, Y.-J., Cui, C.-H., & Kim, S.-C. (2019). Ginsenoside Rh2 

Ameliorates Doxorubicin-Induced Senescence Bystander Effect in Breast Carcinoma Cell 

MDA-MB-231 and Normal Epithelial Cell MCF-10A. International Journal of Molecular 

Sciences, 20(5), 1244. https://doi.org/10.3390/ijms20051244 

Huang, T. T., Carlson, E. J., Gillespie, A. M., Shi, Y., & Epstein, C. J. (2000). Ubiquitous 

overexpression of CuZn superoxide dismutase does not extend life span in mice. Journals 

of Gerontology - Series A Biological Sciences and Medical Sciences, 55(1), 5–9. 

https://doi.org/10.1093/gerona/55.1.b5 

Hubbard, B. P., & Sinclair, D. A. (2014). Small molecule SIRT1 activators for the treatment of 

aging and age-related diseases. Trends Pharmacol Sci., 35(3), 146–154. 

https://doi.org/10.1016/j.tips.2013.12.004.Small 

Hwang, E. S., Yoon, G., & Kang, H. T. (2009). A comparative analysis of the cell biology of 

senescence and aging. Cellular and Molecular Life Sciences, 66(15), 2503–2524. 



References 

 

91 

 

https://doi.org/10.1007/s00018-009-0034-2 

Hwang, H. T. V., Tran, D. T., Rebuffatti, M. N., Li, C. S., & Knowlton, A. A. (2018). 

Investigation of quercetin and hyperoside as senolytics in adult human endothelial cells. 

PLoS ONE, 13(1), 1–14. https://doi.org/10.1371/journal.pone.0190374 

Ivanov, A., Pawlikowski, J., Manoharan, I., van Tuyn, J., Nelson, D. M., Rai, T. S., Shah, P. P., 

Hewitt, G., Korolchuk, V. I., Passos, J. F., Wu, H., Berger, S. L., & Adams, P. D. (2013). 

Lysosome-mediated processing of chromatin in senescence. The Journal of Cell Biology, 

202(1), 129–143. https://doi.org/10.1083/jcb.201212110 

Jakhar, R., & Crasta, K. (2019). Exosomes as Emerging Pro-Tumorigenic Mediators of the 

Senescence-Associated Secretory Phenotype. International Journal of Molecular 

Sciences, 20(10), 2547. https://doi.org/10.3390/ijms20102547 

James, E. L., Michalek, R. D., Pitiyage, G. N., De Castro, A. M., Vignola, K. S., Jones, J., 

Mohney, R. P., Karoly, E. D., Prime, S. S., & Parkinson, E. K. (2015). Senescent human 

fibroblasts show increased glycolysis and redox homeostasis with extracellular 

metabolomes that overlap with those of irreparable DNA damage, aging, and disease. 

Journal of Proteome Research, 14(4), 1854–1871. https://doi.org/10.1021/pr501221g 

Jiang, S., Song, C. S., & Chatterjee, B. (2019). Stimulation of prostate cells by the senescence 

phenotype of epithelial and stromal cells: Implication for benign prostate hyperplasia. 

FASEB BioAdvances, 1(6), 353–363. https://doi.org/10.1096/fba.2018-00084 

John-Schuster, G., Günter, S., Hager, K., Conlon, T. M., Eickelberg, O., & Yildirim, A. Ö. 

(2016). Inflammaging increases susceptibility to cigarette smokeinduced COPD. 

Oncotarget, 7(21), 30068–30083. https://doi.org/10.18632/oncotarget.4027 

Justice, J. N., Nambiar, A. M., Tchkonia, T., LeBrasseur, N. K., Pascual, R., Hashmi, S. K., 

Prata, L., Masternak, M. M., Kritchevsky, S. B., Musi, N., & Kirkland, J. L. (2019). 

Senolytics in idiopathic pulmonary fibrosis: Results from a first-in-human, open-label, 

pilot study. EBioMedicine, 40, 554–563. https://doi.org/10.1016/j.ebiom.2018.12.052 

Kampkötter, A., Timpel, C., Zurawski, R. F., Ruhl, S., Chovolou, Y., Proksch, P., & Wätjen, 

W. (2008). Increase of stress resistance and lifespan of Caenorhabditis elegans by 

quercetin. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular 

Biology, 149(2), 314–323. https://doi.org/10.1016/J.CBPB.2007.10.004 

Kang, C., Xu, Q., Timothy, M. D., Mamie, L. Z., Demaria, M., Aron, L., Tao, L., Yankner, B. 



References 

 

92 

 

A., Campisi, J., & Elledge, S. J. (2015). The DNA damage response induces inflammation 

and senescence by inhibiting autophagy of GATA4 Chanhee. Science, 349(6255), 

aaa5612. https://doi.org/10.1126/science.aaa5612.The 

Kanungo, M. S. (1975). A model for ageing. Journal of Theoretical Biology, 53(2), 253–261. 

https://doi.org/10.1016/S0022-5193(75)80002-6 

Kaur, A., Ecker, B. L., Douglass, S. M., Iii, C. H. K., Marie, R., Almeida, F. V, Somasundaram, 

R., Hayden, J., Ban, E., Ahmadzadeh, H., Franco-barraza, J., Shah, N., Mellis, I. A., 

Kossenkov, A., Tang, H., Yin, X., Liu, Q., Xu, X., Fane, M., Brafford, P., Herlyn, M., 

Speicher, D. W., Jennifer, A., Tetzlaff, M. T., Haydu, L. E., Raj, A., & Shenoy, V. (2020). 

Remodeling of the collagen matrix in aging skin promotes melanoma metastasis and 

affects immune cell motility. Cancer Discov., 9(1), 64–81. https://doi.org/10.1158/2159-

8290.CD-18-0193.Remodeling 

Kawano, M., Tanaka, K., Itonaga, I., Iwasaki, T., & Tsumura, H. (2018). Interaction between 

human osteosarcoma and mesenchymal stem cells via an interleukin-8 signaling loop in 

the tumor microenvironment. Cell Communication and Signaling, 16(1), 1–11. 

https://doi.org/10.1186/S12964-018-0225-2/FIGURES/7 

Kennedy, B. K., Berger, S. L., Brunet, A., Campisi, J., Cuervo, A. M., Epel, E. S., Franceschi, 

C., Lithgow, G. J., Morimoto, R. I., Pessin, J. E., Rando, T. A., Richardson, A., Schadt, E. 

E., Wyss-Coray, T., & Sierra, F. (2014). Aging: a common driver of chronic diseases and 

a target for novel interventions. Cell, 159(4), 709–713. 

https://doi.org/10.1016/j.cell.2014.10.039 

Kim, E. C., & Kim, J. R. (2019). Senotherapeutics: Emerging strategy for healthy aging and 

age-related disease. BMB Reports, 52(1), 47–55. 

https://doi.org/10.5483/BMBRep.2019.52.1.293 

Kim, G. N., Kwon, Y. I., & Jang, H. D. (2011). Protective mechanism of quercetin and rutin on 

2,2′-azobis(2-amidinopropane)dihydrochloride or Cu2+-induced oxidative stress in 

HepG2 cells. Toxicology in Vitro, 25(1), 138–144. 

https://doi.org/10.1016/J.TIV.2010.10.005 

Kim, H. P., Son, K. H., Chang, H. W., & Kang, S. S. (2004). Anti-inflammatory Plant 

Flavonoids and Cellular Action Mechanisms. Journal of Pharmacological Sciences, 96(3), 

229–245. https://doi.org/10.1254/JPHS.CRJ04003X 



References 

 

93 

 

Kim, Y. H., Choi, Y. W., Lee, J., Soh, E. Y., Kim, J. H., & Park, T. J. (2017). Senescent tumor 

cells lead the collective invasion in thyroid cancer. Nature Communications, 8, 15208. 

https://doi.org/10.1038/NCOMMS15208 

Klein, M. J., & Siegal, G. P. (2006). Osteosarcoma: anatomic and histologic variants. Am J Clin 

Pathol, 125(4), 555–581. https://doi.org/10.1309/UC6KQHLD9LV2KENN 

Kocahan, S., Dogan, Z., Erdemli, E., & Taskin, E. (2017). Protective effect of quercetin against 

oxidative stress-induced toxicity associated with doxorubicin and cyclophosphamide in rat 

kidney and liver tissue. Iranian Journal of Kidney Diseases, 11(2), 124–131. 

Korolchuk, V. I., Miwa, S., Carroll, B., & von Zglinicki, T. (2017). Mitochondria in Cell 

Senescence: Is Mitophagy the Weakest Link? EBioMedicine, 21, 7–13. 

https://doi.org/10.1016/J.EBIOM.2017.03.020 

Kortlever, R. M., Higgins, P. J., & Bernards, R. (2006). Plasminogen activator inhibitor-1 is a 

critical downstream target of p53 in the induction of replicative senescence. Nature Cell 

Biology, 8(8), 877. https://doi.org/10.1038/NCB1448 

Kozhukharova, I., Zemelko, V., Kovaleva, Z., Alekseenko, L., Lyublinskaya, O., & Nikolsky, 

N. (2018). Therapeutic doses of doxorubicin induce premature senescence of human 

mesenchymal stem cells derived from menstrual blood, bone marrow and adipose tissue. 

International Journal of Hematology, 107(3), 286–296. https://doi.org/10.1007/S12185-

017-2346-6/FIGURES/6 

Krizhanovsky, V., Yon, M., Dickins, R. A., Hearn, S., Simon, J., Miething, C., Yee, H., Zender, 

L., & Lowe, S. W. (2008). Senescence of Activated Stellate Cells Limits Liver Fibrosis. 

Cell, 134(4), 657–667. https://doi.org/10.1016/J.CELL.2008.06.049 

Krtolica, A., Parrinello, S., Lockett, S., Desprez, P. Y., & Campisi, J. (2001). Senescent 

fibroblasts promote epithelial cell growth and tumorigenesis: a link between cancer and 

aging. Proceedings of the National Academy of Sciences of the United States of America, 

98(21), 12072–12077. https://doi.org/10.1073/pnas.211053698 

Kuilman, T., Michaloglou, C., Vredeveld, L. C. W., Douma, S., van Doorn, R., Desmet, C. J., 

Aarden, L. A., Mooi, W. J., & Peeper, D. S. (2008). Oncogene-Induced Senescence 

Relayed by an Interleukin-Dependent Inflammatory Network. Cell, 133(6), 1019–1031. 

https://doi.org/10.1016/J.CELL.2008.03.039/ATTACHMENT/3DB65A45-54EC-4566-

8766-448E00899543/MMC2.XLS 



References 

 

94 

 

Kumari, R., & Jat, P. (2021). Mechanisms of Cellular Senescence: Cell Cycle Arrest and 

Senescence Associated Secretory Phenotype. Frontiers in Cell and Developmental 

Biology, 9, 485. https://doi.org/10.3389/FCELL.2021.645593/BIBTEX 

Kushlinskii, N. E., Timofeev, Y. S., Solov’ev, Y. N., Gerstein, E. S., Lyubimova, N. V., & 

Bulycheva, I. V. (2014). Components of the RANK/RANKL/OPG System, IL-6, IL-8, IL-

16, MMP-2, and Calcitonin in the Sera of Patients with Bone Tumors. Bulletin of 

Experimental Biology and Medicine 2014 157:4, 157(4), 520–523. 

https://doi.org/10.1007/S10517-014-2605-Y 

Laberge, R. M., Sun, Y., Orjalo, A. V., Patil, C. K., Freund, A., Zhou, L., Curran, S. C., Davalos, 

A. R., Wilson-Edell, K. A., Liu, S., Limbad, C., Demaria, M., Li, P., Hubbard, G. B., 

Ikeno, Y., Javors, M., Desprez, P. Y., Benz, C. C., Kapahi, P., Nelson, P. S., & Campisi, 

J. (2015). MTOR regulates the pro-tumorigenic senescence-associated secretory 

phenotype by promoting IL1A translation. Nature Cell Biology, 17(8), 1049. 

https://doi.org/10.1038/NCB3195 

Lagoumtzi, S. M., & Chondrogianni, N. (2021). Senolytics and senomorphics: Natural and 

synthetic therapeutics in the treatment of aging and chronic diseases. Free Radical Biology 

and Medicine, 171, 169–190. https://doi.org/10.1016/j.freeradbiomed.2021.05.003 

LaManna, J., Puchowicz, M., Xu, K., Harrison, D., & Bruley, D. (2011). Antioxidant Properties 

of Quercetin. In Oxygen Transport to Tissue XXXII (Vol. 701, pp. 283–289). 

https://doi.org/10.1007/978-1-4419-7756-4 

Lamming, D. W., Ye, L., Sabatini, D. M., & Baur, J. A. (2013). Rapalogs and mTOR inhibitors 

as anti-aging therapeutics. The Journal of Clinical Investigation, 123(3), 980. 

https://doi.org/10.1172/JCI64099 

Laverdiere, C., Hoang, B. H., Yang, R., Sowers, R., Qin, J., Meyers, P. A., Huvos, A. G., 

Healey, J. H., & Gorlick, R. (2005). Messenger RNA Expression Levels of CXCR4 

Correlate with Metastatic Behavior and Outcome in Patients with Osteosarcoma. Clinical 

Cancer Research, 11(7), 2561–2567. https://doi.org/10.1158/1078-0432.CCR-04-1089 

Lawrenson, K., Grun, B., Benjamin, E., Jacobs, I. J., Dafou, D., & Gayther, S. A. (2010). 

Senescent Fibroblasts Promote Neoplastic Transformation of Partially Transformed 

Ovarian Epithelial Cells in a Three-dimensional Model of Early Stage Ovarian Cancer 1,2. 

Neoplasia, 12, 317–325. https://doi.org/10.1593/neo.91948 



References 

 

95 

 

Lecot, P., Alimirah, F., Desprez, P. Y., Campisi, J., & Wiley, C. (2016). Context-dependent 

effects of cellular senescence in cancer development. British Journal of Cancer, 114(11), 

1180–1184. https://doi.org/10.1038/bjc.2016.115 

Lederle, W., Depner, S., Schnur, S., Obermueller, E., Catone, N., Just, A., Fusenig, N. E., & 

Mueller, M. M. (2011). IL-6 promotes malignant growth of skin SCCs by regulating a 

network of autocrine and paracrine cytokines. International Journal of Cancer, 128(12), 

2803–2814. https://doi.org/10.1002/IJC.25621 

Lee, B. Y., Han, J. A., Im, J. S., Morrone, A., Johung, K., Goodwin, E. C., Kleijer, W. J., 

DiMaio, D., & Hwang, E. S. (2006). Senescence-associated β-galactosidase is lysosomal 

β-galactosidase. Aging Cell, 5(2), 187–195. https://doi.org/10.1111/j.1474-

9726.2006.00199.x 

Lee, H. N., Shin, S. A., Choo, G. S., Kim, H. J., Park, Y. S., Kim, B. S., Kim, S. K., Cho, S. D., 

Nam, J. S., Choi, C. S., Che, J. H., Park, B. K., & Jung, J. Y. (2018). Anti-inflammatory 

effect of quercetin and galangin in LPS-stimulated RAW264.7 macrophages and DNCB-

induced atopic dermatitis animal models. International Journal of Molecular Medicine, 

41(2), 888. https://doi.org/10.3892/IJMM.2017.3296 

Lemoine, M. (2021). The Evolution of the Hallmarks of Aging. Frontiers in Genetics, 12, 

693071. https://doi.org/10.3389/FGENE.2021.693071 

Lewinska, A., Adamczyk-Grochala, J., Bloniarz, D., Olszowka, J., Kulpa-Greszta, M., 

Litwinienko, G., Tomaszewska, A., Wnuk, M., & Pazik, R. (2020). AMPK-mediated 

senolytic and senostatic activity of quercetin surface functionalized Fe3O4 nanoparticles 

during oxidant-induced senescence in human fibroblasts. Redox Biology, 28, 101337. 

https://doi.org/10.1016/j.redox.2019.101337 

Li, C., Zhang, W. J., & Frei, B. (2016). Quercetin inhibits LPS-induced adhesion molecule 

expression and oxidant production in human aortic endothelial cells by p38-mediated Nrf2 

activation and antioxidant enzyme induction. Redox Biology, 9, 104–113. 

https://doi.org/10.1016/J.REDOX.2016.06.006 

Lin, Y. M., Chang, Z. L., Liao, Y. Y., Chou, M. C., & Tang, C. H. (2013). IL-6 promotes 

ICAM-1 expression and cell motility in human osteosarcoma. Cancer Letters, 328(1), 

135–143. https://doi.org/10.1016/J.CANLET.2012.08.029 

Lindsey, B. A., Markel, J. E., & Kleinerman, E. S. (2017). Osteosarcoma Overview. 



References 

 

96 

 

Rheumatology and Therapy, 4(1), 25–43. https://doi.org/10.1007/s40744-016-0050-2 

Liu, C., Zhao, P., Yang, Y., Xu, X., Wang, L., & Li, B. (2016). Ampelopsin suppresses TNF-

α-induced migration and invasion of U2OS osteosarcoma cells. Molecular Medicine 

Reports, 13(6), 4729–4736. https://doi.org/10.3892/MMR.2016.5124 

Liu, D., & Hornsby, P. J. (2007). Senescent human fibroblasts increase the early growth of 

xenograft tumors via matrix metalloproteinase secretion. Cancer Research, 67(7), 3117–

3126. https://doi.org/10.1158/0008-5472.CAN-06-3452 

Liu, F., Wu, S., Ren, H., & Gu, J. (2011). Klotho suppresses RIG-I-mediated senescence-

associated inflammation. Nature Cell Biology 2011 13:3, 13(3), 254–262. 

https://doi.org/10.1038/ncb2167 

Liu, P., Zhao, H., & Luo, Y. (2017). Anti-Aging Implications of Astragalus Membranaceus 

(Huangqi): A Well-Known Chinese Tonic. Aging and Disease, 8(6), 868. 

https://doi.org/10.14336/AD.2017.0816 

Liu, Y., Pan, J., Pan, X., Wu, L., Bian, J., Lin, Z., Xue, M., Su, T., Lai, S., Chen, F., Ge, Q., 

Chen, L., Ye, S., Zhu, Y., Chen, S., & Wang, L. (2019). Klotho-mediated targeting of 

CCL2 suppresses the induction of colorectal cancer progression by stromal cell senescent 

microenvironments. Molecular Oncology, 13(11), 2460–2475. 

https://doi.org/10.1002/1878-0261.12577 

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., & Kroemer, G. (2013). The 

Hallmarks of Aging. Cell, 153(6), 1194. https://doi.org/10.1016/J.CELL.2013.05.039 

Lu, Y., Hu, B., Guan, G. F., Chen, J., Wang, C. qiu, Ma, Q., Wen, Y. H., Qiu, X. C., Zhang, X. 

ping, & Zhou, Y. (2015). SDF-1/CXCR4 promotes F5M2 osteosarcoma cell migration by 

activating the Wnt/β-catenin signaling pathway. Medical Oncology (Northwood, London, 

England), 32(7), 194. https://doi.org/10.1007/S12032-015-0576-0 

Lunt, S. Y., & Vander Heiden, M. G. (2011). Aerobic Glycolysis: Meeting the Metabolic 

Requirements of Cell Proliferation. Http://Dx.Doi.Org/10.1146/Annurev-Cellbio-092910-

154237, 27, 441–464. https://doi.org/10.1146/ANNUREV-CELLBIO-092910-154237 

Luo, X., Fu, Y., Loza, A. J., Murali, B., Leahy, K. M., Ruhland, M. K., Gang, M., Su, X., 

Zamani, A., Shi, Y., Lavine, K. J., Ornitz, D. M., Weilbaecher, K. N., Long, F., Novack, 

D. V., Faccio, R., Longmore, G. D., & Stewart, S. A. (2016). Stromal-initiated changes in 

the bone promote metastatic niche development. Cell Reports, 14(1), 82. 



References 

 

97 

 

https://doi.org/10.1016/J.CELREP.2015.12.016 

Luo, X., Ruhland, M. K., Pazolli, E., Lind, A. C., & Stewart, S. A. (2011). Osteopontin 

Stimulates Preneoplastic Cellular Proliferation Through Activation of the MAPK 

Pathway. Molecular Cancer Research : MCR, 9(8), 1018. https://doi.org/10.1158/1541-

7786.MCR-10-0472 

Maejima, Y., Adachi, S., Ito, H., Hirao, K., & Isobe, M. (2008). Induction of premature 

senescence in cardiomyocytes by doxorubicin as a novel mechanism of myocardial 

damage. Aging Cell, 7(2), 125–136. https://doi.org/10.1111/J.1474-9726.2007.00358.X 

Malaquin, N., Vercamer, C., Bouali, F., Martien, S., Deruy, E., Wernert, N., Chwastyniak, M., 

Pinet, F., Abbadie, C., & Pourtier, A. (2013). Senescent Fibroblasts Enhance Early Skin 

Carcinogenic Events via a Paracrine MMP-PAR-1 Axis. PLoS ONE, 8(5), 63607. 

https://doi.org/10.1371/JOURNAL.PONE.0063607 

Marcoux, S., Le, O. N. L., Langlois-Pelletier, C., Laverdière, C., Hatami, A., Robaey, P., & 

Beauséjour, C. M. (2013). Expression of the senescence marker p16INK4a in skin biopsies 

of acute lymphoblastic leukemia survivors: A pilot study. Radiation Oncology, 8(1), 2–5. 

https://doi.org/10.1186/1748-717X-8-252 

McElwee, J. J., Schuster, E., Blanc, E., Piper, M. D., Thomas, J. H., Patel, D. S., Selman, C., 

Withers, D. J., Thornton, J. M., Partridge, L., & Gems, D. (2007). Evolutionary 

conservation of regulated longevity assurance mechanisms. Genome Biology, 8(7), 1–16. 

https://doi.org/10.1186/GB-2007-8-7-R132/FIGURES/5 

McEwen BS & Lasley EN. (2002). The End of Stress As We Know It. Washington, DC, USA: 

Joseph Henry Press. 

Medawar, P. B. (1946). Old Age and Natural Death. In Modern Q. Routledge. 

https://doi.org/10.4324/9780429299759-2/OLD-AGE-NATURAL-DEATH-

MEDAWAR 

Medawar, P. B. (1952). An Unsolved Problem of Biology. In H.K. Lewis, London. Routledge. 

https://doi.org/10.4324/9780429299759-3/UNSOLVED-PROBLEM-BIOLOGY-

MEDAWAR 

Medvedev, Z. A. (1990). An attempt at a rational classification of theories of ageing. Biological 

Reviews of the Cambridge Philosophical Society, 65(3), 375–398. 

https://doi.org/10.1111/j.1469-185x.1990.tb01428.x 



References 

 

98 

 

Mele, J., Remmen, H. V. A. N., Vijg, J. A. N., & Richardson, A. (2006). Characterization of 

Transgenic Mice That Overexpress Both Copper Zinc Superoxide Dismutase and Catalase. 

ANTIOXIDANTS & REDOX SIGNALING, 8(3–4), 628–638. 

Menicacci, B., Laurenzana, A., Chillà, A., Margheri, F., Peppicelli, S., Tanganelli, E., Fibbi, 

G., Giovannelli, L., Rosso, M. Del, & Mocali, A. (2017). Chronic Resveratrol Treatment 

Inhibits MRC5 Fibroblast SASP-Related Protumoral Effects on Melanoma Cells. J 

Gerontol A Biol Sci Med Sci, 72(9), 1187–1195. https://doi.org/10.1093/gerona/glw336 

Middleton, E. J., Kandaswami, C., & Theoharides, T. (2000). The effects of plant flavonoids 

on mammalian cells: implications for inflammation, heart disease, and cancer. Pharmacol 

Rev., 52(4), 673–751. https://pubmed.ncbi.nlm.nih.gov/11121513/ 

Miller, B. J., Cram, P., Lynch, C. F., & Buckwalter, J. A. (2013). Risk Factors for Metastatic 

Disease at Presentation with Osteosarcoma An Analysis of the SEER Database. J Bone 

Joint Surg Am., 95(13), e89. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3689260/ 

Minamino, T., Orimo, M., Shimizu, I., Kunieda, T., Yokoyama, M., Ito, T., Nojima, A., 

Nabetani, A., Oike, Y., Matsubara, H., Ishikawa, F., & Komuro, I. (2009). A crucial role 

for adipose tissue p53 in the regulation of insulin resistance. Nature Medicine 2009 15:9, 

15(9), 1082–1087. https://doi.org/10.1038/nm.2014 

Mirabello, L., Troisi, R. J., & Savage, S. A. (2009a). Osteosarcoma incidence and survival rates 

from 1973 to 2004: Data from the Surveillance, Epidemiology, and End Results Program. 

Cancer, 115(7), 1531. https://doi.org/10.1002/CNCR.24121 

Mirabello, L., Troisi, R. J., & Savage, S. A. (2009b). International osteosarcoma incidence 

patterns in children and adolescents, middle ages, and elderly persons. International 

Journal of Cancer. Journal International Du Cancer, 125(1), 229. 

https://doi.org/10.1002/IJC.24320 

Molofsky, A. V., Slutsky, S. G., Joseph, N. M., He, S., Pardal, R., Krishnamurthy, J., Sharpless, 

N. E., & Morrison, S. J. (2006). Increasing p16INK4a expression decreases forebrain 

progenitors and neurogenesis during ageing. Nature, 443(7110), 448. 

https://doi.org/10.1038/NATURE05091 

Morrisette-Thomas, V., Cohen, A. A., Fülöp, T., Riesco, É., Legault, V., Li, Q., Milot, E., 

Dusseault-Bélanger, F., & Ferrucci, L. (2014). Inflamm-aging does not simply reflect 

increases in pro-inflammatory markers. Mechanisms of Ageing and Development, 139(1), 



References 

 

99 

 

49–57. https://doi.org/10.1016/j.mad.2014.06.005 

Mulak, A., & Bonaz, B. (2015). Brain-gut-microbiota axis in Parkinson’s disease. World 

Journal of Gastroenterology : WJG, 21(37), 10609–10620. 

https://doi.org/10.3748/WJG.V21.I37.10609 

Muñoz-Espín, D., & Serrano, M. (2014). Cellular senescence: from physiology to pathology. 

Nature Reviews Molecular Cell Biology, 15(7), 482–496. https://doi.org/10.1038/nrm3823 

Murali, B., Ren, Q., Luo, X., Faget, D. V, Wang, C., Marie, R., Gruosso, T., Flanagan, K. C., 

Fu, Y., Leahy, K., Alspach, E., Su, X., Ross, M. H., Burnette, B., Weilbaecher, K. N., 

Park, M., Mbalaviele, G., Monahan, J. B., & Stewart, S. A. (2018). Inhibition of the 

stromal p38MAPK/MK2 pathway limits breast cancer metastases and chemotherapy-

induced bone loss. Cancer Res, 78(19), 5618–5630. https://doi.org/10.1158/0008-

5472.CAN-18-0234.Inhibition 

Nacarelli, T., Lau, L., Fukumoto, T., Zundell, J., Fatkhutdinov, N., Wu, S., Aird, K. M., 

Iwasaki, O., Kossenkov, A. V., Schultz, D., Noma, K. ichi, Baur, J. A., Schug, Z., Tang, 

H. Y., Speicher, D. W., David, G., & Zhang, R. (2019). NAD+ metabolism governs the 

proinflammatory senescence-associated secretome. Nature Cell Biology, 21(3), 397. 

https://doi.org/10.1038/S41556-019-0287-4 

Narita, M., Nũnez, S., Heard, E., Narita, M., Lin, A. W., Hearn, S. A., Spector, D. L., Hannon, 

G. J., & Lowe, S. W. (2003). Rb-mediated heterochromatin formation and silencing of 

E2F target genes during cellular senescence. Cell, 113(6), 703–716. 

https://doi.org/10.1016/S0092-8674(03)00401-X 

Narita, M., Young, A. R. J., Arakawa, S., Samarajiwa, S. A., Nakashima, T., Yoshida, S., Hong, 

S., Berry, L. S., Reichelt, S., Ferreira, M., Tavaré, S., Ken, I., Shimizu, S., & Narita, M. 

(2011). Spatial Coupling of mTOR and Autophagy Augments Secretory Phenotypes. 

Science, 332(6032), 966–970. https://doi.org/10.1126/science.1205407.Spatial 

Neklyudova, O., Arlt, M. J. E., Brennecke, P., Thelen, M., Gvozdenovic, A., Kuzmanov, A., 

Robl, B., Botter, S. M., Born, W., & Fuchs, B. (2016). Altered CXCL12 expression reveals 

a dual role of CXCR4 in osteosarcoma primary tumor growth and metastasis. Journal of 

Cancer Research and Clinical Oncology, 142(8), 1739–1750. 

https://doi.org/10.1007/S00432-016-2185-5 

Nelson, G., Kucheryavenko, O., Wordsworth, J., & von Zglinicki, T. (2018). The senescent 



References 

 

100 

 

bystander effect is caused by ROS-activated NF-κB signalling. Mechanisms of Ageing and 

Development, 170, 30–36. https://doi.org/10.1016/J.MAD.2017.08.005 

Nelson, G., Wordsworth, J., Wang, C., Jurk, D., Lawless, C., Martin-Ruiz, C., & von Zglinicki, 

T. (2012). A senescent cell bystander effect: Senescence-induced senescence. Aging Cell, 

11(2), 345–349. https://doi.org/10.1111/j.1474-9726.2012.00795.x 

Ness, K. K., Armstrong, G. T., Kundu, M., Wilson, C. L., Tchkonia, T., & Kirkland, J. L. 

(2015). Frailty in childhood cancer survivors. Cancer, 121(10), 1540–1547. 

https://doi.org/10.1002/cncr.29211 

Neurohr, G. E., Terry, R. L., Lengefeld, J., Bonney, M., Brittingham, G. P., Moretto, F., 

Miettinen, T. P., Vaites, L. P., Soares, L. M., Paulo, J. A., Harper, J. W., Buratowski, S., 

Manalis, S., van Werven, F. J., Holt, L. J., & Amon, A. (2019). Excessive Cell Growth 

Causes Cytoplasm Dilution And Contributes to Senescence. Cell, 176(5), 1083. 

https://doi.org/10.1016/J.CELL.2019.01.018 

Nie, Z., & Peng, H. (2018). Osteosarcoma in patients below 25 years of age : An observational 

study of incidence , metastasis , treatment and outcomes. Oncol Lett., 16(5), 6502–6514. 

https://doi.org/10.3892/ol.2018.9453 

Oda, Y., Yamamoto, H., Tamiya, S., Matsuda, S., Tanaka, K., Yokoyama, R., Iwamoto, Y., & 

Tsuneyoshi, M. (2006). CXCR4 and VEGF expression in the primary site and the 

metastatic site of human osteosarcoma: analysis within a group of patients, all of whom 

developed lung metastasis. Modern Pathology 2006 19:5, 19(5), 738–745. 

https://doi.org/10.1038/modpathol.3800587 

Ogrodnik, M. (2021). Cellular aging beyond cellular senescence: Markers of senescence prior 

to cell cycle arrest in vitro and in vivo. Aging Cell, 20(4), e13338. 

https://doi.org/10.1111/ACEL.13338 

Ogrodnik, M., Miwa, S., Tchkonia, T., Tiniakos, D., Wilson, C. L., Lahat, A., Day, C. P., Burt, 

A., Palmer, A., Anstee, Q. M., Grellscheid, S. N., Hoeijmakers, J. H. J., Barnhoorn, S., 

Mann, D. A., Bird, T. G., Vermeij, W. P., Kirkland, J. L., Passos, J. F., Von Zglinicki, T., 

& Jurk, D. (2017). Cellular senescence drives age-dependent hepatic steatosis. Nature 

Communications, 8, 15691. https://doi.org/10.1038/NCOMMS15691 

Olivieri, F., Rippo, M. R., Monsurrò, V., Salvioli, S., Capri, M., Procopio, A. D., & Franceschi, 

C. (2013). MicroRNAs linking inflamm-aging, cellular senescence and cancer. Ageing 



References 

 

101 

 

Research Reviews, 12(4), 1056–1068. https://doi.org/10.1016/j.arr.2013.05.001 

Orjalo, A. V., Bhaumik, D., Gengler, B. K., Scott, G. K., & Campisi, J. (2009). Cell surface-

bound IL-1α is an upstream regulator of the senescence-associated IL-6/IL-8 cytokine 

network. Proceedings of the National Academy of Sciences of the United States of 

America, 106(40), 17031–17036. https://doi.org/10.1073/pnas.0905299106 

Osasan, S., Zhang, M., Shen, F., Paul, P. J., Persad, S., & Sergi, C. (2016). Osteogenic sarcoma: 

A 21st century review. Anticancer Research, 36(9), 4391–4398. 

https://doi.org/10.21873/anticanres.10982 

Ostan, R., Bucci, L., Capri, M., Salvioli, S., Scurti, M., Pini, E., Monti, D., & Franceschi, C. 

(2008). Immunosenescence and immunogenetics of human longevity. 

NeuroImmunoModulation, 15(4–6), 224–240. https://doi.org/10.1159/000156466 

Oubaha, M., Miloudi, K., Dejda, A., Guber, V., Mawambo, G., Germain, M. A., Bourdel, G., 

Popovic, N., Rezende, F. A., Kaufman, R. J., Mallette, F. A., & Sapieha, P. (2016). 

Senescence-associated secretory phenotype contributes to pathological angiogenesis in 

retinopathy. Science Translational Medicine, 8(362). 

https://doi.org/10.1126/scitranslmed.aaf9440 

Panda, A., Arjona, A., Sapey, E., Bai, F., Fikrig, E., Montgomery, R. R., Lord, J. M., & Shaw, 

A. C. (2009). Human innate immunosenescence: causes and consequences for immunity 

in old age. Trends in Immunology, 30(7), 325–333. 

Pawelec, G. (2017). Immunosenescence and cancer. Biogerontology 2017 18:4, 18(4), 717–

721. https://doi.org/10.1007/S10522-017-9682-Z 

Pazolli, E., Alspach, E., Milczarek, A., Prior, J., Piwnica-Worms, D., & Stewart, S. A. (2012). 

Chromatin remodeling underlies the senescence-associated secretory phenotype of tumor 

stromal fibroblasts that supports cancer progression. Cancer Res., 72(9), 2251–2261. 

https://doi.org/10.1016/s0960-9822(00)80071-8 

Pazolli, E., Luo, X., Brehm, S., Carbery, K., Chung, J. J., Prior, J. L., Doherty, J., Demehri, S., 

Salavaggione, L., Piwnica-Worms, D., & Stewart, S. A. (2009). Senescent Stromal-

Derived Osteopontin Promotes Preneoplastic Cell Growth. Cancer Research, 69(3), 1230–

1239. https://doi.org/10.1158/0008-5472.CAN-08-2970 

Pelagalli, A., Nardelli, A., Fontanella, R., & Zannetti, A. (2016). Inhibition of AQP1 hampers 

osteosarcoma and hepatocellular carcinoma progression mediated by bone marrow-



References 

 

102 

 

derived mesenchymal stem cells. International Journal of Molecular Sciences, 17(7), 1–

10. https://doi.org/10.3390/ijms17071102 

Pérez, V. I., Van Remmen, H., Bokov, A., Epstein, C. J., Vijg, J., & Richardson, A. (2009). The 

overexpression of major antioxidant enzymes does not extend the lifespan of mice. Aging 

Cell, 8(1), 73–75. https://doi.org/10.1111/J.1474-9726.2008.00449.X 

Perissinotto, E., Cavalloni, G., Leone, F., Fonsato, V., Mitola, S., Grignani, G., Surrenti, N., 

Sangiolo, D., Bussolino, F., Piacibello, W., & Aglietta, M. (2005). Involvement of 

Chemokine Receptor 4/Stromal Cell-Derived Factor 1 System during Osteosarcoma 

Tumor Progression. Clinical Cancer Research, 11(2), 490–497. 

Perry, V. H. (2004). The influence of systemic inflammation on inflammation in the brain: 

implications for chronic neurodegenerative disease. Brain, Behavior, and Immunity, 18(5), 

407–413. https://doi.org/10.1016/J.BBI.2004.01.004 

Piegari, E., De Angelis, A., Cappetta, D., Russo, R., Esposito, G., Costantino, S., Graiani, G., 

Frati, C., Prezioso, L., Berrino, L., Urbanek, K., Quaini, F., & Rossi, F. (2013). 

Doxorubicin induces senescence and impairs function of human cardiac progenitor cells. 

Basic Research in Cardiology, 108(2), 1–18. https://doi.org/10.1007/s00395-013-0334-4 

Pitozzi, V., Mocali, A., Laurenzana, A., Giannoni, E., Cifola, I., Battaglia, C., Chiarugi, P., 

Dolara, P., & Giovannelli, L. (2013). Chronic Resveratrol Treatment Ameliorates Cell 

Adhesion and Mitigates the Inflammatory Phenotype in Senescent Human Fibroblasts. The 

Journals of Gerontology: Series A, 68(4), 371–381. 

https://doi.org/10.1093/GERONA/GLS183 

Pollino, S., Palmerini, E., Dozza, B., Bientinesi, E., Piccinni-Leopardi, M., Lucarelli, E., Righi, 

A., Benassi, M. S., & Pazzaglia, L. (2019). CXCR4 in human osteosarcoma malignant 

progression. The response of osteosarcoma cell lines to the fully human CXCR4 antibody 

MDX1338. Journal of Bone Oncology, 17, 100239. 

https://doi.org/10.1016/j.jbo.2019.100239 

Pomatto, L. C. D., & Davies, K. J. A. (2018). Adaptive homeostasis and the free radical theory 

of ageing. Free Radical Biology and Medicine, 124, 420–430. 

https://doi.org/10.1016/j.freeradbiomed.2018.06.016 

Pospelova, T. V., Demidenko, Z. N., Bukreeva, E. I., Pospelov, V. A., Gudkov, A. V., & 

Blagosklonny, M. V. (2009). Pseudo-DNA damage response in senescent cells. Cell Cycle 



References 

 

103 

 

(Georgetown, Tex.), 8(24), 4112. https://doi.org/10.4161/CC.8.24.10215 

Qian, L. W., Mizumoto, K., Urashima, T., Nagai, E., Maehara, N., Sato, N., Nakajima, M., & 

Tanaka, M. (2002). Radiation-induced increase in invasive potential of human pancreatic 

cancer cells and its blockade by a matrix metalloproteinase inhibitor, CGS27023. Clinical 

Cancer Research, 8(4), 1223–1227. https://pubmed.ncbi.nlm.nih.gov/11948136/ 

Rea, I. M., Gibson, D. S., McGilligan, V., McNerlan, S. E., Denis Alexander, H., & Ross, O. 

A. (2018). Age and age-related diseases: Role of inflammation triggers and cytokines. 

Frontiers in Immunology, 9(APR), 1–28. https://doi.org/10.3389/fimmu.2018.00586 

Rera, M., Clark, R. I., & Walker, D. W. (2012). Intestinal barrier dysfunction links metabolic 

and inflammatory markers of aging to death in Drosophila. Proceedings of the National 

Academy of Sciences of the United States of America, 109(52), 21528–21533. 

https://doi.org/10.1073/PNAS.1215849110/-/DCSUPPLEMENTAL 

Rickel, K., Fang, F., & Tao, J. (2017). Molecular genetics of osteosarcoma. Bone, 102, 69–79. 

https://doi.org/10.1016/j.bone.2016.10.017 

Ritschka, B., Storer, M., Mas, A., Heinzmann, F., Ortells, M. C., Morton, J. P., Sansom, O. J., 

Zender, L., & Keyes, W. M. (2017). The senescence-associated secretory phenotype 

induces cellular plasticity and tissue regeneration. Genes and Development, 31(2), 172–

183. https://doi.org/10.1101/gad.290635.116 

Rivankar, S. (2014). An overview of doxorubicin formulations in cancer therapy. Journal of 

Cancer Research and Therapeutics, 10(4), 853–858. https://doi.org/10.4103/0973-

1482.139267 

Rodier, F., & Campisi, J. (2011). Four faces of cellular senescence. In Journal of Cell Biology 

(Vol. 192, Issue 4, pp. 547–556). The Rockefeller University Press. 

https://doi.org/10.1083/jcb.201009094 

Rodier, F., Coppé, J. P., Patil, C. K., Hoeijmakers, W. A. M., Muñoz, D. P., Raza, S. R., Freund, 

A., Campeau, E., Davalos, A. R., & Campisi, J. (2009). Persistent DNA damage signalling 

triggers senescence-associated inflammatory cytokine secretion. Nature Cell Biology, 

11(8), 973–979. https://doi.org/10.1038/ncb1909 

Rodier, F., Muñoz, D. P., Teachenor, R., Chu, V., Le, O., Bhaumik, D., Coppé, J. P., Campeau, 

E., Beauséjour, C. M., Kim, S. H., Davalos, A. R., & Campisi, J. (2011). DNA-SCARS: 

distinct nuclear structures that sustain damage-induced senescence growth arrest and 



References 

 

104 

 

inflammatory cytokine secretion. Journal of Cell Science, 124(1), 68. 

https://doi.org/10.1242/JCS.071340 

Roger, L., Tomas, F., & Gire, V. (2021). Mechanisms and Regulation of Cellular Senescence. 

Int Journal of Molecular Sciences, 22(23), 13173. https://doi.org/10.3390/ijms222313173 

Rojas, A., Liu, G., Coleman, I., Nelson, P. S., Zhang, M., Dash, R., Fisher, P. B., Plymate, S. 

R., & Wu, J. D. (2011). IL-6 promotes prostate tumorigenesis and progression through 

autocrine cross-activation of IGF-IR. Oncogene, 30(20), 2345. 

https://doi.org/10.1038/ONC.2010.605 

Roos, C. M., Zhang, B., Palmer, A. K., Ogrodnik, M. B., Pirtskhalava, T., Thalji, N. M., Hagler, 

M., Jurk, D., Smith, L. A., Casaclang-Verzosa, G., Zhu, Y., Schafer, M. J., Tchkonia, T., 

Kirkland, J. L., & Miller, J. D. (2016). Chronic senolytic treatment alleviates established 

vasomotor dysfunction in aged or atherosclerotic mice. Aging Cell, 15(5), 973–977. 

https://doi.org/10.1111/ACEL.12458 

Rossi, D. J., Jamieson, C. H. M., & Weissman, I. L. (2008). Stems Cells and the Pathways to 

Aging and Cancer. Cell, 132(4), 681–696. https://doi.org/10.1016/J.CELL.2008.01.036 

Roth, G. S., & Ingram, D. K. (2016). Manipulation of health span and function by dietary caloric 

restriction mimetics. Annals of the New York Academy of Sciences, 1363(1), 5–10. 

https://doi.org/10.1111/NYAS.12834 

Ruhland, M. K., Loza, A. J., Capietto, A. H., Luo, X., Knolhoff, B. L., Flanagan, K. C., Belt, 

B. A., Alspach, E., Leahy, K., Luo, J., Schaffer, A., Edwards, J. R., Longmore, G., Faccio, 

R., Denardo, D. G., & Stewart, S. A. (2016). Stromal senescence establishes an 

immunosuppressive microenvironment that drives tumorigenesis. Nature 

Communications, 7, 11762. https://doi.org/10.1038/NCOMMS11762 

Ryan, D. M., Vincent, T. L., Salit, J., Walters, M. S., Agosto-Perez, F., Shaykhiev, R., 

Strulovici-Barel, Y., Downey, R. J., Buro-Auriemma, L. J., Staudt, M. R., Hackett, N. R., 

Mezey, J. G., & Crystal, R. G. (2014). Smoking Dysregulates the Human Airway Basal 

Cell Transcriptome at COPD Risk Locus 19q13.2. PLoS ONE, 9(2), e88051. 

https://doi.org/10.1371/JOURNAL.PONE.0088051 

Saccon, T. D., Nagpal, R., Yadav, H., Cavalcante, M. B., Nunes, A. D. D. C., Schneider, A., 

Gesing, A., Hughes, B., Yousefzadeh, M., Tchkonia, T., Kirkland, J. L., Niedernhofer, L. 

J., Robbins, P. D., & Masternak, M. M. (2021). Senolytic Combination of Dasatinib and 



References 

 

105 

 

Quercetin Alleviates Intestinal Senescence and Inflammation and Modulates the Gut 

Microbiome in Aged Mice. Journals of Gerontology - Series A Biological Sciences and 

Medical Sciences, 76(11), 1895–1905. https://doi.org/10.1093/gerona/glab002 

Sadaie, M., Salama, R., Carroll, T., Tomimatsu, K., Chandra, T., Young, A. R. J., Narita, M., 

Pérez-Mancera, P. A., Bennett, D. C., Chong, H., Kimura, H., & Narita, M. (2013). 

Redistribution of the Lamin B1 genomic binding profile affects rearrangement of 

heterochromatic domains and SAHF formation during senescence. Genes & Development, 

27(16), 1800–1808. https://doi.org/10.1101/GAD.217281.113 

Sadykova, R. L., Ntekim, I. A., Muyangwa-semenova, M., Rutland, S. C., Jeyapalan, N. J., 

Blatt, N., & Rizvanov, A. A. (2020). Epidemiology and risk factors of osteosarcoma. 

Cancer Investigation, 38(5), 259–269. https://doi.org/10.1080/07357907.2020.1768401 

Saleh, T., Bloukh, S., Carpenter, V. J., Alwohoush, E., Bakeer, J., Darwish, S., Azab, B., & 

Gewirtz, D. A. (2020). Therapy-Induced Senescence: An “Old” Friend Becomes the 

Enemy. Cancers 2020, Vol. 12, Page 822, 12(4), 822. 

https://doi.org/10.3390/CANCERS12040822 

Saleh, T., Tyutyunyk-Massey, L., Murray, G. F., Alotaibi, M. R., Kawale, A. S., Elsayed, Z., 

Henderson, S. C., Yakovlev, V., Elmore, L. W., Toor, A., Harada, H., Reed, J., Landry, J. 

W., & Gewirtz, D. A. (2019). Tumor cell escape from therapy-induced senescence. 

Biochemical Pharmacology, 162(November 2018), 202–212. 

https://doi.org/10.1016/j.bcp.2018.12.013 

Salehi, B., Machin, L., Monzote, L., Sharifi-Rad, J., Ezzat, S. M., Salem, M. A., Merghany, R. 

M., El Mahdy, N. M., Klllç, C. S., Sytar, O., Sharifi-Rad, M., Sharopov, F., Martins, N., 

Martorell, M., & Cho, W. C. (2020). Therapeutic Potential of Quercetin: New Insights and 

Perspectives for Human Health. ACS Omega, 5(20), 11849–11872. 

https://doi.org/10.1021/acsomega.0c01818 

Salminen, A., Kauppinen, A., & Kaarniranta, K. (2012). Emerging role of NF-κB signaling in 

the induction of senescence-associated secretory phenotype (SASP). Cellular Signalling, 

24(4), 835–845. https://doi.org/10.1016/j.cellsig.2011.12.006 

Santoro, A., Bientinesi, E., & Monti, D. (2021). Immunosenescence and inflammaging in the 

aging process: age-related diseases or longevity? Ageing Research Reviews, 71, 101422. 

https://doi.org/10.1016/j.arr.2021.101422 



References 

 

106 

 

Santos, M. R., & Mira, L. (2004). Protection by Flavonoids Against the Peroxynitrite-mediated 

Oxidation of Dihydrorhodamine. Free Radical Research, 38(9), 1011–1018. 

https://doi.org/10.1080/10715760400003384 

Savage, S. A., & Mirabello, L. (2011). Using epidemiology and genomics to understand 

osteosarcoma etiology. Sarcoma, 2011, 548151. https://doi.org/10.1155/2011/548151 

Schafer, M. J., White, T. A., Iijima, K., Haak, A. J., Ligresti, G., Atkinson, E. J., Oberg, A. L., 

Birch, J., Salmonowicz, H., Zhu, Y., Mazula, D. L., Brooks, R. W., Fuhrmann-Stroissnigg, 

H., Pirtskhalava, T., Prakash, Y. S., Tchkonia, T., Robbins, P. D., Aubry, M. C., Passos, 

J. F., Kirkland, J. L., Tschumperlin, D. J., Kita, H., & Lebrasseur, N. K. (2017). Cellular 

senescence mediates fibrotic pulmonary disease. 8, 14532. 

https://doi.org/10.1038/ncomms14532 

Schroder, K., & Tschopp, J. (2010). The Inflammasomes. Cell, 140(6), 821–832. 

https://doi.org/10.1016/J.CELL.2010.01.040/ATTACHMENT/DDC1AD19-7AB1-43F5-

B1AF-F7104761B11C/MMC1.PDF 

Schroen, B., & Heymans, S. (2012). Small but smart—microRNAs in the centre of 

inflammatory processes during cardiovascular diseases, the metabolic syndrome, and 

ageing. Cardiovascular Research, 93(4), 605–613. https://doi.org/10.1093/CVR/CVR268 

Schwarzenbach, H., Nishida, N., Calin, G. A., & Pantel, K. (2014). Clinical relevance of 

circulating cell-free microRNAs in cancer. Nature Reviews Clinical Oncology 2014 11:3, 

11(3), 145–156. https://doi.org/10.1038/nrclinonc.2014.5 

Scurr, L. L., Haferkamp, S., & Rizos, H. (2017). The Role of Sumoylation in Senescence. Adv 

Exp Med Biol, 963, 215–226. https://doi.org/10.1007/978-3-319-50044-7_13 

Serrano, M., Lin, A. W., McCurrach, M. E., Beach, D., & Lowe, S. W. (1997). Oncogenic ras 

Provokes Premature Cell Senescence Associated with Accumulation of p53 and 

p16INK4a. Cell, 88(5), 593–602. https://doi.org/10.1016/S0092-8674(00)81902-9 

Shao, Z., Wang, B., Shi, Y., Xie, C., Huang, C., Chen, B., Zhang, H., Zeng, G., Liang, H., Wu, 

Y., Zhou, Y., Tian, N., Wu, A., Gao, W., Wang, X., & Zhang, X. (2021). Senolytic agent 

Quercetin ameliorates intervertebral disc degeneration via the Nrf2/NF-κB axis. 

Osteoarthritis and Cartilage, 29(3), 413–422. 

https://doi.org/10.1016/J.JOCA.2020.11.006 

Si, H., & Liu, D. (2014). Dietary antiaging phytochemicals and mechanisms associated with 



References 

 

107 

 

prolonged survival. The Journal of Nutritional Biochemistry, 25(6), 581. 

https://doi.org/10.1016/J.JNUTBIO.2014.02.001 

Siegel, R. L., Miller, K. D., Fuchs, H. E., & Jemal, A. (2021). Cancer Statistics, 2021. CA: A 

Cancer Journal for Clinicians, 71(1), 7–33. https://doi.org/10.3322/CAAC.21654 

Sierra, F., & Kohanski, R. (2015). Advances in geroscience. In Advances in Geroscience. 

https://doi.org/10.1007/978-3-319-23246-1 

Simioni, C., Zauli, G., Martelli, A. M., Vitale, M., Sacchetti, G., Gonelli, A., & Neri, L. M. 

(2018). Oxidative stress: role of physical exercise and antioxidant nutraceuticals in 

adulthood and aging. In Oncotarget (Vol. 9, Issue 24). www.oncotarget.com 

Smeland, S., Bielack, S. S., Whelan, J., Bernstein, M., Hogendoorn, P., Krailo, M. D., Gorlick, 

R., Janeway, K. A., Ingleby, F. C., Anninga, J., Antal, I., Arndt, C., Brown, K. L. B., 

Butterfass-bahloul, T., Calaminus, G., Capra, M., Dhooge, C., Eriksson, M., Flanagan, A. 

M., Friedel, G., Gebhardt, M. C., Gelderblom, H., Goldsby, R., Grier, H. E., Grimer, R., 

Hawkins, D. S., Hecker-nolting, S., Sundby, K., Isakoff, M. S., Jovic, G., Ku, T., Kager, 

L., Kalle, T. Von, Kabickova, E., Lang, S., Lau, C. C., Leavey, P. J., Lessnick, S. L., 

Mascarenhas, L., Mayer-steinacker, R., Meyers, P. A., Nagarajan, R., Randall, R. L., 

Reichardt, P., Renard, M., Rechnitzer, C., Schwartz, C. L., Strauss, S., Teot, L., 

Timmermann, B., Sydes, M. R., & Marina, N. (2019). Survival and prognosis with 

osteosarcoma : outcomes in more than 2000 patients in the EURAMOS-1 ( European and 

American Osteosarcoma Study ) cohort. Eur J Cancer., 109, 36–50. 

https://doi.org/10.1016/j.ejca.2018.11.027 

Smrke, A., Anderson, P. M., Gulia, A., Gennatas, S., Huang, P. H., & Jones, R. L. (2021). 

Future Directions in the Treatment of Osteosarcoma. Cells, 10(1), 172. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7829872/ 

Sofi, F., Dinu, M., Pagliai, G., Cesari, F., Gori, A. M., Sereni, A., Becatti, M., Fiorillo, C., 

Marcucci, R., & Casini, A. (2018). Low-Calorie Vegetarian Versus Mediterranean Diets 

for Reducing Body Weight and Improving Cardiovascular Risk Profile: CARDIVEG 

Study (Cardiovascular Prevention With Vegetarian Diet). Circulation, 137(11), 1103–

1113. https://doi.org/10.1161/CIRCULATIONAHA.117.030088 

Sohal, R. S., & Orr, W. C. (2012). The redox stress hypothesis of aging. Free Radical Biology 

and Medicine, 52(3), 539–555. https://doi.org/10.1016/j.freeradbiomed.2011.10.445 



References 

 

108 

 

Song, L., Rawal, B., Nemeth, J. A., & Haura, E. B. (2011). JAK1 Activates STAT3 Activity in 

Non-Small-Cell Lung Cancer cells and IL-6 Neutralizing Antibodies can Suppress JAK1-

STAT3 Signaling. Molecular Cancer Therapeutics, 10(3), 481. 

https://doi.org/10.1158/1535-7163.MCT-10-0502 

Soto-Gamez, A., & Demaria, M. (2017). Therapeutic interventions for aging: the case of 

cellular senescence. Drug Discovery Today, 22(5), 786–795. 

https://doi.org/10.1016/J.DRUDIS.2017.01.004 

Storer, M., Mas, A., Robert-Moreno, A., Pecoraro, M., Ortells, M. C., Di Giacomo, V., Yosef, 

R., Pilpel, N., Krizhanovsky, V., Sharpe, J., & Keyes, W. M. (2013). Senescence Is a 

Developmental Mechanism that Contributes to Embryonic Growth and Patterning. Cell, 

155(5), 1119–1130. https://doi.org/10.1016/J.CELL.2013.10.041 

Strieter, R. M., Burdick, M. D., Mestas, J., Gomperts, B., Keane, M. P., & Belperio, J. A. 

(2006). Cancer CXC chemokine networks and tumour angiogenesis. European Journal of 

Cancer, 42(6), 768–778. https://doi.org/10.1016/j.ejca.2006.01.006 

Sun, Y., Campisi, J., Higano, C., Beer, T. M., Porter, P., Coleman, I., True, L., & Nelson, P. 

(2012). Treatment-induced damage to the tumor microenvironment promotes prostate 

cancer therapy resistance through WNT16B Yu. Nat Med, 18(9), 1359–1368. 

https://doi.org/10.1038/nm.2890.Treatment-induced 

Takahashi, A., Imai, Y., Yamakoshi, K., Kuninaka, S., Ohtani, N., Yoshimoto, S., Hori, S., 

Tachibana, M., Anderton, E., Takeuchi, T., Shinkai, Y., Peters, G., Saya, H., & Hara, E. 

(2012). DNA damage signaling triggers degradation of histone methyltransferases through 

APC/C Cdh1 in senescent cells. Molecular Cell, 45(1), 123–131. 

https://doi.org/10.1016/J.MOLCEL.2011.10.018/ATTACHMENT/53E06AF6-2161-

428A-95DE-1B0DCB56CFED/MMC1.PDF 

Tatar, M., Bartke, A., & Antebi, A. (2003). The endocrine regulation of aging by insulin-like 

signals. Science, 299(5611), 1346–1351. https://doi.org/10.1126/science.1081447 

Tato-Costa, J., Casimiro, S., Pacheco, T., Pires, R., Fernandes, A., Alho, I., Pereira, P., Costa, 

P., Castelo, H. B., Ferreira, J., & Costa, L. (2016). Therapy-induced cellular senescence 

induces epithelial-to-mesenchymal transition and increases invasiveness in rectal cancer. 

Clinical Colorectal Cancer, 15(2), 170-178.e3. https://doi.org/10.1016/j.clcc.2015.09.003 

Testa, R., Olivieri, F., Ceriello, A., & La Sala, L. (2011). Biologia dell’invecchiamento. Rivista 



References 

 

109 

 

Italiana Della Medicina Di Laboratorio, 7(2), 65–72. https://doi.org/10.1007/S13631-

011-0010-3 

Tian, R., Yang, Z., Lu, N., & Peng, Y.-Y. (2019). Quercetin, but not rutin, attenuated hydrogen 

peroxide-induced cell damage via heme oxygenase-1 induction in endothelial cells. 

Archives of Biochemistry and Biophysics, 676, 108157. 

https://doi.org/10.1016/J.ABB.2019.108157 

Tilstra, J. S., Robinson, A. R., Wang, J., Gregg, S. Q., Clauson, C. L., Reay, D. P., Nasto, L. 

A., St Croix, C. M., Usas, A., Vo, N., Huard, J., Clemens, P. R., Stolz, D. B., Guttridge, 

D. C., Watkins, S. C., Garinis, G. A., Wang, Y., Niedernhofer, L. J., & Robbins, P. D. 

(2012). NF-κB inhibition delays DNA damage–induced senescence and aging in mice. The 

Journal of Clinical Investigation, 122(7), 2601. https://doi.org/10.1172/JCI45785 

Tremlett, H., Bauer, K. C., Appel-Cresswell, S., Finlay, B. B., & Waubant, E. (2017). The gut 

microbiome in human neurological disease: A review. Annals of Neurology, 81(3), 369–

382. https://doi.org/10.1002/ANA.24901 

Tsai, K. K. C., Chuang, E. Y. Y., Little, J. B., & Yuan, Z. M. (2005). Cellular mechanisms for 

low-dose ionizing radiation-induced perturbation of the breast tissue microenvironment. 

Cancer Research, 65(15), 6734–6744. https://doi.org/10.1158/0008-5472.CAN-05-0703 

Unterluggauer, H., Mazurek, S., Lener, B., Hütter, E., Eigenbrodt, E., Zwerschke, W., & 

Jansen-Dürr, P. (2008). Premature senescence of human endothelial cells induced by 

inhibition of glutaminase. Biogerontology, 9(4), 247–259. 

https://doi.org/10.1007/S10522-008-9134-X/FIGURES/6 

van Deursen, J. M. (2014). The role of senescent cells in ageing. Nature, 509(7501), 439–446. 

https://doi.org/10.1038/nature13193 

Van Remmen, H., Ikeno, Y., Hamilton, M., Pahlavani, M., Wolf, N., Thorpe, S. R., Alderson, 

N. L., Baynes, J. W., Epstein, C. J., Huang, T. T., Nelson, J., Strong, R., & Richardson, A. 

(2004). Life-long reduction in MnSOD activity results in increased DNA damage and 

higher incidence of cancer but does not accelerate aging. Physiological Genomics, 16, 29–

37. 

https://doi.org/10.1152/PHYSIOLGENOMICS.00122.2003/ASSET/IMAGES/LARGE/

H71740456007.JPEG 

Velarde, M. C., & Demaria, M. (2016). Targeting Senescent Cells: Possible Implications for 



References 

 

110 

 

Delaying Skin Aging: A Mini-Review. Gerontology, 62(5), 513–518. 

https://doi.org/10.1159/000444877 

Victorelli, S., & Passos, J. F. (2019). Reactive oxygen species detection in senescent cells. 

Methods in Molecular Biology, 1896, 21–29. https://doi.org/10.1007/978-1-4939-8931-

7_3 

von Kobbe, C. (2019). Targeting senescent cells: approaches, opportunities, challenges. Aging 

(Albany NY), 11(24), 12844. https://doi.org/10.18632/AGING.102557 

Wajapeyee, N., Serra, R. W., Zhu, X., Mahalingam, M., & Green, M. R. (2008). Oncogenic 

BRAF Induces Senescence and Apoptosis through Pathways Mediated by the Secreted 

Protein IGFBP7. Cell, 132(3), 363. https://doi.org/10.1016/J.CELL.2007.12.032 

Wang, B., Hendricks, D. T., Wamunyokoli, F., & Parker, M. I. (2006). A Growth-Related 

Oncogene/CXC Chemokine Receptor 2 Autocrine Loop Contributes to Cellular 

Proliferation in Esophageal Cancer. Cancer Research, 66(6), 3071–3077. 

https://doi.org/10.1158/0008-5472.CAN-05-2871 

Wang, E. (1995). Senescent Human Fibroblasts Resist Programmed Cell Death, and Failure to 

Suppress bell Is Involved. Cancer Research, 55(11), 2284–2292. 

Wei, M., Brandhorst, S., Shelehchi, M., Mirzaei, H., Cheng, C. W., Budniak, J., Groshen, S., 

Mack, W. J., Guen, E., Di Biase, S., Cohen, P., Morgan, T. E., Dorff, T., Hong, K., 

Michalsen, A., Laviano, A., & Longo, V. D. (2017). Fasting-mimicking diet and 

markers/risk factors for aging, diabetes, cancer, and cardiovascular disease. Science 

Translational Medicine, 9(377), 8700. 

https://doi.org/10.1126/SCITRANSLMED.AAI8700 

Weinert, B. T., & Timiras, P. S. (2003). Invited Review: Theories of aging. Journal of Applied 

Physiology, 95(4), 1706–1716. https://doi.org/10.1152/JAPPLPHYSIOL.00288.2003 

Weismann, A. (1882). Über die Dauer des Lebens. Verlag von Gustav Fisher, Jena, Germany. 

Wiley, C. D., Liu, S., Limbad, C., Zawadzka, A. M., Beck, J., Demaria, M., Artwood, R., 

Alimirah, F., Lopez-Dominguez, J. A., Kuehnemann, C., Danielson, S. R., Basisty, N., 

Kasler, H. G., Oron, T. R., Desprez, P. Y., Mooney, S. D., Gibson, B. W., Schilling, B., 

Campisi, J., & Kapahi, P. (2019). SILAC Analysis Reveals Increased Secretion of 

Hemostasis-Related Factors by Senescent Cells. Cell Reports, 28(13), 3329. 

https://doi.org/10.1016/J.CELREP.2019.08.049 



References 

 

111 

 

Williams, G. C. (1957). Pleiotropy, Natural Selection, and the Evolution of Senescence. 

Evolution, 11(4), 398. https://doi.org/10.2307/2406060 

Wilson, D., Jackson, T., Sapey, E., & Lord, J. M. (2017). Frailty and sarcopenia: The potential 

role of an aged immune system. Ageing Research Reviews, 36, 1–10. 

https://doi.org/10.1016/j.arr.2017.01.006 

Wu, Q., Wang, X., Nepovimova, E., Wang, Y., Yang, H., Li, L., Zhang, X., & Kuca, K. (2017). 

Antioxidant agents against trichothecenes: new hints for oxidative stress treatment. 

Oncotarget, 8(66), 110708. https://doi.org/10.18632/ONCOTARGET.22800 

Xiao, H., Chen, L., Luo, G., Son, H., Prectoni, J. H., & Zheng, W. (2014). Effect of the cytokine 

levels in serum on osteosarcoma. Tumor Biology, 35(2), 1023–1028. 

https://doi.org/10.1007/s13277-013-1136-x 

Xu, D., Hu, M. J., Wang, Y. Q., & Cui, Y. L. (2019). Antioxidant Activities of Quercetin and 

Its Complexes for Medicinal Application. Molecules (Basel, Switzerland), 24(6), 1123. 

https://doi.org/10.3390/MOLECULES24061123 

Xu, M., Palmer, A. K., Ding, H., Weivoda, M. M., Pirtskhalava, T., White, T. A., Sepe, A., 

Johnson, K. O., Stout, M. B., Giorgadze, N., Jensen, M. D., LeBrasseur, N. K., Tchkonia, 

T., & Kirkland, J. L. (2015). Targeting senescent cells enhances adipogenesis and 

metabolic function in old age. ELife, 4, e12997. https://doi.org/10.7554/ELIFE.12997 

Xu, M., Pirtskhalava, T., Farr, J. N., Weigand, B. M., Palmer, A. K., Weivoda, M. M., Inman, 

C. L., Ogrodnik, M. B., Hachfeld, C. M., Fraser, D. G., Onken, J. L., Johnson, K. O., 

Verzosa, G. C., Langhi, L. G. P., Weigl, M., Giorgadze, N., Lebrasseur, N. K., Miller, J. 

D., Jurk, D., Singh, R. J., Allison, D. B., Ejima, K., Hubbard, G. B., Ikeno, Y., Cubro, H., 

Garovic, V. D., Hou, X., Weroha, S. J., Robbins, P. D., Niedernhofer, L. J., Khosla, S., 

Tchkonia, T., & Kirkland, J. L. (2018). Senolytics Improve Physical Function and Increase 

Lifespan in Old Age. Nat Med., 24(8), 1246–1256. https://doi.org/10.1038/s41591-018-

0092-9 

Xu, M., Tchkonia, T., Ding, H., Ogrodnik, M., Lubbers, E. R., Pirtskhalava, T., White, T. A., 

Johnson, K. O., Stout, M. B., Mezera, V., Giorgadze, N., Jensen, M. D., LeBrasseur, N. 

K., & Kirkland, J. L. (2015). JAK inhibition alleviates the cellular senescence-associated 

secretory phenotype and frailty in old age. Proceedings of the National Academy of 

Sciences of the United States of America, 112(46), E6301–E6310. 



References 

 

112 

 

https://doi.org/10.1073/PNAS.1515386112/-/DCSUPPLEMENTAL 

Xue, W., Zender, L., Miething, C., Dickins, R. A., Hernando, E., Cordon-cardo, C., Lowe, S. 

W., Harbor, C. S., & Harbor, C. S. (2007). Senescence and tumour clearance is triggered 

by p53 restoration in murine liver carcinomas. Nature, 445(7128), 656–660. 

https://doi.org/10.1038/nature05529.Senescence 

Yang, F., Tuxhorn, J. A., Ressler, S. J., McAlhany, S. J., Dang, T. D., & Rowley, D. R. (2005). 

Stromal Expression of Connective Tissue Growth Factor Promotes Angiogenesis and 

Prostate Cancer Tumorigenesis. Cancer Research, 65(19), 8887–8895. 

https://doi.org/10.1158/0008-5472.CAN-05-1702 

Yang, H. H., Kyoung, •, Ming, H. •, Zheng, S., Jung, •, Cho, H., Son, J.-K., Young, H., Suk, K. 

•, Baek, H., Hyung, •, Choi, C., So, •, Park, Y., & Kim, J.-R. (2014). Quercetin-3-O-b-D-

glucuronide isolated from Polygonum aviculare inhibits cellular senescence in human 

primary cells. Arch. Pharm. Res, 37, 1219–1233. https://doi.org/10.1007/s12272-014-

0344-2 

Yang, H., Wang, H., Ren, J., Chen, Q., & Chen, Z. J. (2017). cGAS is essential for cellular 

senescence. Proceedings of the National Academy of Sciences of the United States of 

America, 114(23), E4612–E4620. https://doi.org/10.1073/pnas.1705499114 

Yang, M.-Y., Lin, P.-M., Liu, Y.-C., Hsiao, H.-H., Yang, W.-C., Hsu, J.-F., Hsu, C.-M., & Lin, 

S.-F. (2012). Induction of Cellular Senescence by Doxorubicin Is Associated with 

Upregulated miR-375 and Induction of Autophagy in K562 Cells. PLoS ONE, 7(5), 

e37205. https://doi.org/10.1371/journal.pone.0037205 

Yao, Z., Murali, B., Ren, Q., Luo, X., Faget, D. V., Cole, T., Ricci, B., Thotala, D., Monahan, 

J., Van Deursen, J. M., Baker, D., Faccio, R., Schwarz, J. K., & Stewart, S. A. (2020). 

Therapy-induced senescence drives bone loss. Cancer Research, 80(5), 1171. 

https://doi.org/10.1158/0008-5472.CAN-19-2348 

Yosef, R., Pilpel, N., Tokarsky-Amiel, R., Biran, A., Ovadya, Y., Cohen, S., Vadai, E., Dassa, 

L., Shahar, E., Condiotti, R., Ben-Porath, I., & Krizhanovsky, V. (2016). Directed 

elimination of senescent cells by inhibition of BCL-W and BCL-XL. Nature 

Communications, 7, 11190. https://doi.org/10.1038/NCOMMS11190 

Yun, M. H., Davaapil, H., & Brockes, J. P. (2015). Recurrent turnover of senescent cells during 

regeneration of a complex structure. ELife, 4, e05505. 



References 

 

113 

 

https://doi.org/10.7554/ELIFE.05505 

Zacarias-Fluck, M. F., Morancho, B., Vicario, R., Luque Garcia, A., Escorihuela, M., 

Villanueva, J., Rubio, I. T., & Arribas, J. (2015). Effect of Cellular Senescence on the 

Growth of HER2-Positive Breast Cancers. JNCI: Journal of the National Cancer Institute, 

107(5), djv020. https://doi.org/10.1093/JNCI/DJV020 

Zapata, H. J., & Quagliarello, V. J. (2015). The Microbiota and Microbiome in Aging: Potential 

Implications in Health and Age-Related Diseases. Journal of the American Geriatrics 

Society, 63(4), 776–781. https://doi.org/10.1111/JGS.13310 

Zhang, B., Fu, D., Xu, Q., Cong, X., Wu, C., Zhong, X., Ma, Y., Lv, Z., Chen, F., Han, L., 

Qian, M., Chin, Y. E., Lam, E. W. F., Chiao, P., & Sun, Y. (2018). The senescence-

associated secretory phenotype is potentiated by feedforward regulatory mechanisms 

involving Zscan4 and TAK1. Nature Communications, 9, 17–23. 

https://doi.org/10.1038/S41467-018-04010-4 

Zhang, C., Ma, K., & Li, W. Y. (2019). IL-6 promotes cancer stemness and oncogenicity in 

U2OS and MG-63 osteosarcoma cells by upregulating the OPN-STAT3 pathway. Journal 

of Cancer, 10(26), 6511–6525. https://doi.org/10.7150/jca.29931 

Zhang, R., Poustovoitov, M. V, Ye, X., Santos, H. A., Chen, W., Daganzo, S. M., Erzberger, J. 

P., Serebriiskii, I. G., Canutescu, A. A., Dunbrack, R. L., Pehrson, J. R., Berger, J. M., & 

Kaufman, P. D. (2005). Formation of MacroH2A-Containing Senescence-Associated 

Heterochromatin Foci and Senescence Driven by ASF1a and HIRA Specifically, Lowe 

and coworkers showed that in senescent cells, proliferation-promoting genes are 

incorporated into transcriptionally sile. Developmental Cell, 8(1), 19–30. 

https://doi.org/10.1016/j.devcel.2004.10.019 

Zhang, Y., Ikeno, Y., Qi, W., Chaudhuri, A., Li, Y., Bokov, A., Thorpe, S. R., Baynes, J. W., 

Epstein, C., Richardson, A., & Van Remmen, H. (2009). Mice Deficient in Both Mn 

Superoxide Dismutase and Glutathione Peroxidase-1 Have Increased Oxidative Damage 

and a Greater Incidence of Pathology but No Reduction in Longevity. The Journals of 

Gerontology Series A: Biological Sciences and Medical Sciences, 64A(12), 1212. 

https://doi.org/10.1093/GERONA/GLP132 

Zheng, Y., Wang, G., Chen, R., Hua, Y., & Cai, Z. (2018). Mesenchymal stem cells in the 

osteosarcoma microenvironment: Their biological properties, influence on tumor growth, 



References 

 

114 

 

and therapeutic implications. Stem Cell Research and Therapy, 9(1), 1–9. 

https://doi.org/10.1186/S13287-018-0780-X/FIGURES/2 

Zhu, Y., Doornebal, E. J., Pirtskhalava, T., Giorgadze, N., Wentworth, M., Fuhrmann-

Stroissnigg, H., Niedernhofer, L. J., Robbins, P. D., Tchkonia, T., & Kirkland, J. L. (2017). 

New agents that target senescent cells: the flavone, fisetin, and the BCL-XL inhibitors, 

A1331852 and A1155463. Aging (Albany NY), 9(3), 955. 

https://doi.org/10.18632/AGING.101202 

Zhu, Y., Tchkonia, T., Fuhrmann-Stroissnigg, H., Dai, H. M., Ling, Y. Y., Stout, M. B., 

Pirtskhalava, T., Giorgadze, N., Johnson, K. O., Giles, C. B., Wren, J. D., Niedernhofer, 

L. J., Robbins, P. D., & Kirkland, J. L. (2016). Identification of a novel senolytic agent, 

navitoclax, targeting the Bcl-2 family of anti-apoptotic factors. Aging Cell, 15(3), 428–

435. https://doi.org/10.1111/acel.12445 

Zhu, Y., Tchkonia, T., Pirtskhalava, T., Gower, A. C., Ding, H., Giorgadze, N., Palmer, A. K., 

Ikeno, Y., Hubbard, G. B., Lenburg, M., O’Hara, S. P., Larusso, N. F., Miller, J. D., Roos, 

C. M., Verzosa, G. C., Lebrasseur, N. K., Wren, J. D., Farr, J. N., Khosla, S., Stout, M. B., 

Mcgowan, S. J., Fuhrmann-Stroissnigg, H., Gurkar, A. U., Zhao, J., Colangelo, D., 

Dorronsoro, A., Ling, Y. Y., Barghouthy, A. S., Navarro, D. C., Sano, T., Robbins, P. D., 

Niedernhofer, L. J., & Kirkland, J. L. (2015). The Achilles’ heel of senescent cells: From 

transcriptome to senolytic drugs. Aging Cell, 14(4), 644–658. 

https://doi.org/10.1111/acel.12344 

Zinger, A., Cho, W. C., & Ben-Yehuda, A. (2017). Cancer and Aging - the Inflammatory 

Connection. Aging and Disease, 8(5), 611. https://doi.org/10.14336/AD.2016.1230 

Zwerschke, W., Mazurek, S., Stöckl, P., Hütter, E., Eigenbrodt, E., & Jansen-Dürr, P. (2003). 

Metabolic analysis of senescent human fibroblasts reveals a role for AMP in cellular 

senescence. Biochemical Journal, 376(2), 403–411. https://doi.org/10.1042/BJ20030816 

 

 

 

 

 

 

 


