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Skeletal muscle regeneration requires coordination between muscle stem cells and 

local-niche cells. In this thesis, we identify senescent cells as novel integral 

components of the regenerative process. Using a new sorting protocol and single-

cell techniques, we isolated in vivo senescent cells from damaged muscles and 

identified three main senescent populations arising from major niche components. 

A deeper transcriptomic approach of the three major populations isolated from 

young and geriatric animals at two stages of muscle regeneration unveiled high 

transcriptomic heterogeneity in the senescent cells and their SASP, with conserved 

cell identity traits. Senescent cells are generated in response to high oxidative 

stress and DNA damage during the early regeneration stages. Further pathway 

analysis identified two universal senescence hallmarks (inflammation and fibrosis) 

across cell types, regeneration time and ageing. Senescent cells create an “aged-

like” inflamed niche, which mirrors inflammation associated with ageing 

(inflammageing) through their SASP even in young mice. Interactome analysis 

unveiled unproductive functional interactions between senescent cells and muscle 

stem cells, blunting muscle stem cell expansion and regeneration. Reduction of 

senescent cells by pharmacological and genetic approaches accelerates muscle 

regeneration in young and geriatric mice and ameliorates the disease progression 

in dystrophic mice. Conversely, transplantation of senescent cells delays 

regeneration. Targeting the SASP of senescent cells through CD36 neutralization 

was sufficient to induce accelerated muscle recovery, uncovering CD36 potential 

as senomorphic in vivo. Our results provide a novel technique for isolating in vivo-

generated senescent cells, defining a senescence blueprint for muscle and 

uncovering the role of senescent cells in distinct muscle contexts. As senescent 

cells also accumulate in human muscles, our findings open a potential avenue 

towards improving muscle repair throughout life. 

 

Keywords: senescence, ageing, muscle stem cells, muscle regeneration, SASP, 

CD36, inflammageing. 
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La regeneración del músculo esquelético requiere la precisa coordinación entre las 
células madre musculares y las células del nicho local. En esta tesis, hemos 
identificado a las células senescentes como nuevos componentes integrales del 
proceso regenerativo. Usando un nuevo protocolo de clasificación y técnicas de 
secuenciación de células individuales, hemos aislado células senescentes de 
músculos regenerantes in vivo y hemos identificado tres poblaciones senescentes 
derivadas de los principales componentes celulares del nicho. Tras realizar un 
análisis transcriptómico profundo de estas tres poblaciones, aisladas de animales 
jóvenes y geriátricos en dos etapas de la regeneración muscular, hemos 
determinado que existe una alta heterogeneidad entre los tres tipos de células 
senescentes y su SASP (fenotipo secretorio de las células senescentes), 
conservando cada una de ellas los rasgos de identidad celular. Hemos demostrado 
que las células senescentes se generan durante las primeras etapas de la 
regeneración muscular en respuesta a la elevación del estrés oxidativo y del daño 
al ADN. El análisis de las rutas diferencialmente expresadas, identificó dos 
características universales de la senescencia comunes a los tres tipos celulares, a 
los dos tiempos de regeneración y a las dos edades: la inflamación y la fibrosis. 
Las células senescentes, a través de su SASP, generan a su alrededor un nicho 
inflamado, parecido a la inflamación asociada al envejecimiento (“inflammageing”), 
incluso en ratones jóvenes. Análisis transcriptómico de las interacciones celulares, 
reveló la existencia de rutas de señalización improductivas entre las células 
senescentes y las células madre musculares, que tienen como consecuencia una 
frenada en su expansión y en la regeneración muscular. Reducción del número de 
células senescentes mediante técnicas farmacológicas o genéticas induce la 
aceleración de la regeneración muscular tanto en ratones jóvenes como en 
geriátricos, y mejora la progresión de la enfermedad en ratones distróficos. Por 
contra, trasplante de células senescentes retrasa la regeneración. La reducción del 
SASP mediante neutralización del receptor CD36 induce también la aceleración de 
la recuperación muscular. Nuestros resultados han proporcionado una nueva 
técnica para aislar células senescentes in vivo, han permitido definir las células 
senescentes del músculo y su papel en distintos contextos musculares en ratones. 
Dado que hemos observado que las células senescentes también se acumulan en 
los músculos de seres humanos, nuestros hallazgos abren la puerta a posibles 
estrategias terapéuticas para mejorar la reparación muscular a lo largo de la vida. 
 
Palabras clave: senescencia, envejecimiento, regeneración muscular, células 
madre musculares, CD36, fenotipo secretorio asociado a la senescencia.  
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1. SKELETAL MUSCLE AND ITS REGENERATION 
1.1 Function and repair capacity 

Skeletal muscle is one of the largest organ systems in the human body, comprising 

around 40% of the total mass1,2. Skeletal muscle significantly contributes to many 

functions of the body. The main roles of the tissue are to maintain posture and 

provide power and locomotive capacity to the individual, by converting chemical 

energy into mechanical energy2. Thus, skeletal muscle fitness impacts the social 

activity and functional independence of the individuals, highly influencing their 

quality of life. From a metabolic point of view, skeletal muscle serves as a storage 

of amino acids and carbohydrates, participates in the body thermoregulation, and 

contributes to the regulation of glucose levels in the blood2,3. Skeletal muscle is a 

highly adaptable tissue capable of undergoing hypertrophy upon resistance 

training or atrophy in case of lack of usage, ageing, or disease3,4. Importantly, 

reduced muscle mass has been linked to an impaired ability of the body to respond 

to stress and chronic disease2,5. Therefore, either restoring the integrity of muscle 

tissue after injury or protecting it from the ageing-related decline has been of great 

interest.  
 
In normal physiological conditions, skeletal muscle is a stable tissue, with a very 

low turnover6. Homeostatic skeletal muscle presents a highly organized structure, 

mainly composed of bundles of longitudinally aligned multinucleated cells named 

myofibers (Figure 1)7,8.  

Figure 1. Structure of skeletal muscle. 
Each myofiber is enveloped by endomysium (also called basement membrane or basal 
lamina). A thick layer of extracellular matrix (ECM), named perimysium, envelops several 
myofibers to form a fascicle. Finally, the outer layer of connective tissue, termed 
epimysium, envelops several fascicles and connects the muscle tissue and tendons. 
Adapted from: www.dr-ramon.com.  
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Myofibers are composed of myofibrils that contain actin and myosin filaments, 

which are responsible for muscle contraction. Bundles of myofibers form fascicles, 

and bundles of fascicles form the muscle, with each layer successively wrapped 

into layers of extracellular matrix (ECM), which gives support to the myofibers and 

envelops them with nerves and blood vessels within the muscle structure. Due to 

their considerable length, myofibers have numerous myonuclei that fulfil the high 

demand for protein synthesis. Importantly, myonuclei are postmitotic cells, 

meaning that they are not able to divide to produce new myonuclei9. Myofibers are 

generated by the fusion of myogenic precursor cells, named myoblasts, during 

embryonic and foetal muscle formation10. Although myofibers are the major 

component of the skeletal muscle, up to 15 distinct muscle-resident populations 

have been described by single-cell RNA-seq approaches in mice and human 

biopsies11–16, including satellite cells (SCs), fibro-adipogenic progenitors (FAPs), 

endothelial cells (ECs), tenocytes, B and T cells, glial cells, and macrophages 

(Figure 2). 

 
Figure 2. Muscle-resident populations identified by scRNA-seq approaches. 
Distinct populations residing in homeostatic skeletal muscle tissue. SMMCs, smooth 
muscle-mesenchymal cells; FAP, fibro-adipogenic progenitors. Adapted from: Sousa-
Victor et al., 202217.  
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Precise coordination between all these components is essential for the correct 

muscle function, with any external or internal perturbations resulting in its loss18. 

Luckily, skeletal muscle possesses a remarkable ability to regenerate following an 

insult, with only a few weeks needed for the muscle to restore its initial structure9.  

 

1.2 Cells that participate in muscle regeneration 

After an injury, a series of events must occur in a timely-regulated manner to 

achieve successful regeneration of the muscle tissue19. Currently, the most 

commonly used injury models to study muscle regeneration include myotoxic 

agents (such as cardiotoxin [CTX] and notexin [NTX]), chemicals like barium 

chloride and physical procedures, including freeze injury. Five main phases of 

muscle regeneration can be distinguished after a sterile acute injury: degeneration-

necrosis, inflammation, regeneration, tissue remodelling/maturation and re-

innervation/functional recovery (Figure 3)20.  

 
Figure 3. Stages of skeletal muscle regeneration. 
Five interrelated and time-dependent stages of regeneration occur in response to injury, 
named degeneration, inflammation, regeneration, maturation and functional recovery. 
Injury triggers necrosis of myofibers and sterile inflammation, with infiltration of immune 
cells in the site of the lesion. Inflammation activates muscle stem cells, which together with 
other stem cells and precursors regenerate the tissue. The maturation stage is 
accompanied by matrix rearrangement and angiogenesis. The last step of muscle 
restoration is characterized by reconstitution of neuromuscular connections needed for 
correct muscle function. Representative images of haematoxylin and eosin (H&E) staining 
in mouse muscle sections at indicated time points are shown. Adapted from: Arnold et el., 
200721. 
 

The stages of muscle regeneration depend on the correct functioning and precise 

coordination of different muscle resident cells. For the scope of my thesis, I will 

focus on the major populations involved in the regenerative process, SCs, FAPs 

and myeloid cells (MCs), in the following section. 
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Satellite cells.  

SCs reside between the basal lamina and sarcolemma of the myofibers and can be 

identified by the expression of the paired-box transcription factors Pax3 and Pax7, 

cluster of differentiation protein 34 (CD34), cell surface attachment receptor a7-

integrin and neural cell-adhesion molecule (NCAM), among others22,23. Although 

small local damage to the myofiber can be restored by the myonuclei itself24, 

muscle stem cells are absolutely required for correct muscle restoration upon any 

injury resulting in necrosis and de novo myofiber formation25. SCs are normally in 

a quiescent state in resting muscle but have the ability to activate, proliferate, 

differentiate and fuse to form new myofibers in response to an injury, a process 

called myogenesis (Figure 4)6,26. This process is tightly regulated by the expression 

of the muscle-specific basic helix-loop-helix (bHLH) transcription factor family 

(muscle regulatory factors, or MRFs), comprising myogenic differentiation antigen 

(MyoD), myogenic factor 5 (Myf5), Myogenin and MRF427–29. In response to stress, 

quiescent SCs experience a rapid cell cycle re-entry, indicating a highly modulated 

and primed for activation state30,31. Activation of SCs occurs with upregulation of 

MyoD and subsequent generation of myoblasts, expressing low Pax7 and high 

MyoD levels.  

 
Figure 4. Schematic overview of SCs-driven myogenesis. 
Quiescent SCs activate and proliferate upon injury. Symmetric division leads to myoblasts 
generation, while asymmetric division produces one committed (myoblast) and one self-
renewing daughter. Thereafter, myoblasts differentiate into myocytes and fuse to form 
myotubes and myofibers. Adapted from Segalés et al., 201632. 
 

Importantly, SCs proliferation has a dual role: generating committed cells to form 

new myofibers, and replenishing the stem cell pool6,33,34. When SCs perform 

symmetrical division, identical progeny with stem cell properties is produced. 

Otherwise, with an asymmetrical division of SCs, a single SC produce a daughter 

cell with self-renewing properties (with Pax7High/MyoDLow expression) and a 

committed cell (with Pax7Low/MyoDHigh expression). When this balance is impaired, 
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the pool of SCs is exhausted, leading to impaired muscle homeostasis and an 

inability to correctly regenerate the muscle tissue upon future injuries34–36. 

Following the SC expansion peak at 5-7 days post-injury (DPI), myoblasts 

differentiate into myocytes, which are characterized by late markers of the 

myogenic program, such as Myogenin and MRF4. The differentiated cell can either 

fuse to an existing myofiber or alternatively fuse to each other to generate de novo 

myofiber, which transiently expresses embryonal myosin heavy chain (eMHC) 

protein37. Interestingly, other cell populations with myogenic capacities have been 

described in skeletal muscle, including myoendothelial cells, PW1+ interstitial cells, 

CD133+ cells, Twist2+ progenitor cells38–41. However, these cells are not sufficient 

to rescue muscle regeneration following SCs depletion and their exact role in 

myogenesis is yet to be determined. Thus, SCs ablation studies show that SCs 

have an irreplaceable role in adult myogenesis42–45. Nonetheless, other cell types 

are also needed for the correct muscle restoration, since their deletion is sufficient 

to induce a substantial delay in regeneration or even no regeneration at all. 

 

Myeloid cells 

The degeneration/necrosis phase is characterized by necrosis of myofibers, 

uncontrolled ionic flux, compromised plasmalemma and unfunctional organelles, 

after which a release of damage-associated molecular patterns (DAMPs) causes 

an inflammatory response and recruitment of the MCs to the site of lesion46. The 

first sensor of innate immunity is the complement system, which acts immediately 

after injury, allowing the immune response toward damaged tissue47,48. One of the 

earliest immune responses toward injury is degranulation of resident mast cells, 

with the release of pro-inflammatory cytokines, such as tumour necrosis factor 

alpha (TNFa), interferon gamma (IFN-g) and interleukin 1 beta (IL-1b), which 

recruits peripheral neutrophils to the injured area47,49,50. Infiltrating neutrophils 

subsequently release enzymes and oxidative factors to facilitate the clearance of 

debris. Being a large source of reactive oxygen species (ROS), neutrophils 

contribute to the myofibers' degradation, temporarily worsening the muscle 

damage in some occasions50,51. However, more importantly, neutrophils further 

promote the inflammatory response by secreting IL-1, IL-6, IL-8 and soluble 

interleukin-6 receptor alpha (sIL6R), which induces monocyte and macrophage 

infiltration52–54. Macrophages initiate the second inflammatory response during 

muscle regeneration, becoming the predominant inflammatory cell type at 2 DPI20. 
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Macrophages are identified by CD11b, F4/80, CD45, lymphocyte antigen 6C (Ly6C) 

and CD206, among other markers, and are a heterogeneous population, although 

their origin and distinctions are still controversial21,54,55. Both resident and blood 

monocyte-derived macrophages can be found at the site of the lesion. The latter 

can be classified based on the Ly6C and chemokine receptors C-C motif 

chemokine receptor 2 (CCR2) and C-X3-C motif chemokine receptor 1 (CX3CR1) 

expression. It has been proposed that Ly6CHigh monocytes are recruited due to their 

high CCR2 levels to the damaged site, where they differentiate into the pro-

inflammatory macrophages56. These types of macrophages remove muscle debris, 

secrete large amounts of pro-inflammatory cytokines, recruit T cells to the lesion, 

and promote muscle stem cells’ proliferation (Figure 5). Importantly, depletion of 

pro-inflammatory macrophages results in impaired myoblasts’ proliferation, 

persistent necrotic tissue and severe fibrosis57–59.  

 
Figure 5. Paracrine signalling between SCs and cells of the regenerative niche. 
Muscle regeneration is a dynamic and highly coordinated process. Distinct muscle-residing 
populations participate in the regulation of the myogenic process by paracrine secretion of 
cytokines and growth factors. Adapted from Wosczyna and Rando, 201860. 
 

Ly6CLow monocytes, which have low CCR2 levels, then initiate the third wave of 

inflammation and differentiate into pro-regenerative, anti-inflammatory 

macrophages61. Functionally, these macrophages stimulate the differentiation of 
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muscle stem cells, by secreting IL-4, insulin-like growth factor 1 (IGF-1) and ECM 

proteins21,53. Ly6CHigh and Ly6CLow macrophages are not mutually exclusive, 

coexisting at the same time in the regenerating muscle and with the pro-

inflammatory to pro-regenerative switch occurring gradually in time62. Of note, 

compromised pro-inflammatory to pro-regenerative switch results in reduced 

myogenin levels and impaired fibers’ growth63,64.  Thus, both types of macrophages 

regulate different stages of myogenesis in a timely precise manner. 

 

Fibro-adipogenic progenitors 

Although new myofiber generation relies on SCs, other interstitial cells are required 

for correct muscle formation. Such is the case of FAPs, which are mesenchymal 

stem cells able to undergo adipogenesis, fibrogenesis, chondrogenesis, and 

osteogenesis under specific conditions65–69. FAPs can be identified by the 

expression of platelet-derived growth factor receptor alpha (PDGFRa), stem cell 

antigen 1 (Sca-1) and transcription factor 4 (TCF4) specific markers66,70,71. FAPs 

rapidly increase upon injury, reaching their maximal numbers at 3-4 DPI72,73. 

Thereafter, the number of FAPs gradually returns to basal levels by a strong 

apoptotic response73. Conditional ablation experiments showed that FAP-depleted 

skeletal muscle presented prolonged necrosis and did not regenerate as efficiently 

as the normal skeletal muscle upon acute injury. However, these deficiencies can 

be rescued by FAP transplantation, confirming the pivotal role of FAPs on muscle 

regeneration74. FAPs majorly contribute to the deposition of extracellular proteins 

needed for transitional ECM during muscle regeneration, participate in the necrotic 

debris clearance and influence other cell populations in regenerating muscle75. The 

crosstalk of FAPs with other cell populations, including immune cells, SCs, 

Schwann cells, and ECs, is highly complex75. FAPs promote inflammation at the 

early stages of regeneration by secreting high levels of chemokines and recruiting 

monocytes and neutrophils into the injured site12,13,74,76. Of note, FAPs participate in 

the regulation of the pro-inflammatory to pro-regenerative switch of macrophages, 

by secreting IL-10, a master effector cytokine that triggers the change in 

phenotype of macrophages77,78. It has also been suggested that regulatory T-cells 

(Tregs), which accumulate at later stages of regenerations (4-7 DPI), are 

modulated by FAPs through their IL-33 production79,80. However, FAPs are also 

influenced by the immune cells during muscle regeneration. For example, 

eosinophils, which peak at 24 hours post-injury, are the main producers of IL-4 
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during muscle regeneration, which is needed for correct FAP functioning. Mice 

lacking eosinophils, IL-4 or interleukin 4 receptor (IL-4R) present lower FAP 

proliferation, impaired phagocytosis capacity and overall delayed muscle 

regeneration81. On the other hand, monocytes/macrophages regulate apoptosis 

and cell fate decisions of FAPs during muscle regeneration. For example, TNFa and 

transforming growth factor beta (TGFb), which are highly secreted by pro- and 

anti-inflammatory macrophages, respectively, have been proposed to be effectors 

of FAP apoptosis and survival during skeletal muscle regeneration73,82. IL-1a/b, 

produced by pro-inflammatory macrophages, inhibits adipogenic differentiation of 

FAPs, while IL-4 polarized anti-inflammatory macrophages promote adipocytes’ 

formation83,84. Thus, cellular communication between immune cells and FAPs is 

necessary to avoid excessive accumulation of FAPs and fibrotic deposition, to 

promote the return to homeostasis.  

Myogenesis is closely coordinated with ECM remodelling during muscle 

regeneration. Indeed, FAPs peak in number prior to the myogenic cells, suggesting 

that FAPs might have an upstream role in myogenesis regulation65,75. Mice with 

different strategies of FAP-depletion (in the PDGFRa/CreER-DTX model and mice 

treated with nilotinib, PDGFR inhibitor that leads to FAP apoptosis) present 

impaired expansion of myoblasts at 3 days post-injury and smaller fiber size at late 

stages of myogenesis74,76,85. Co-culture experiments showed that FAPs promote 

differentiation of myogenic cells and their subsequent fusion into myotubes65,66,86. 

Importantly, FAPs abundantly secrete paracrine factors during muscle 

regeneration. Cytokines, growth factors and factors, such as IL-6, follistatin, 

WNT1-inducible-signalling pathway protein 1 (WISP1) and IGF-1, were shown to 

induce the progression of different stages of myogenesis, indicating an important 

role of FAPs during muscle regeneration (reviewed in Molina et al., 202175). 

Interestingly, myogenic cells also regulate FAP expansion and presence in 

regenerating muscle tissue, as shown in mice with conditional SCs ablation 

(Pax7/CreERT2-DTX mouse model)45. Overall, these data indicate that cellular and 

molecular interactions between FAPs and other populations, including SCs and 

immune cells, are complex and essential for successful muscle regeneration. 

 

1.3 Muscle regeneration in ageing 

Ageing is associated with the accumulation of damage at a molecular, cellular and 

tissue level, affecting all tissues in the organism, including skeletal muscle. 
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Common hallmarks of ageing include genomic instability, telomere attrition, 

epigenetic changes, cellular senescence, loss of proteostasis, mitochondrial 

dysfunction, stem cell exhaustion, deregulated nutrient sensing and altered 

intercellular communication87. With ageing, skeletal muscle experiences loss of 

mass and function, termed sarcopenia, associated with fall-related injuries, frailty, 

and mortality in the elderly88. Simultaneously, the pool of SCs suffers a numerical 

loss with age, dropping to approximately 50% of its capacity89–91. Moreover, the 

outstanding ability of the skeletal muscle to regenerate upon an injury also 

gradually declines with ageing. Numerous studies have been performed to unveil 

the reason behind it, mainly focusing on the SCs’ function. It is now known that 

SCs experience some intrinsic and extrinsic changes with ageing (reviewed in 

Sousa-Victor et al., 202217). Among the intrinsic ones, impaired autophagy (and 

mitophagy), accumulation of dysfunctional mitochondria, excessive ROS 

production, and deficient mechanisms to maintain genome integrity have been 

identified92–94. Consistent with this, SCs exhibit a lower capacity to activate and 

proliferate upon injury89,95,96 and a higher susceptibility to apoptosis97. Moreover, 

aged SCs shift towards fibroblastic and adipogenic fates especially in diseased 

aged contexts, partly explaining increased fibrotic deposition in aged muscle98–100. 

Another phenomenon observed in aged SCs is their predisposition to enter a 

senescent state upon a stimulus. Cellular senescence is an irreversible cell cycle 

arrest that impedes the proliferation of SCs needed for muscle regeneration and 

as a consequence leads to delayed muscle regeneration91,94. In addition, age-

associated extrinsic changes occur in the SCs niche, participating in the 

regenerative decline. For instance, the levels of fibroblast growth factor 2 (FGF2) 

increase with ageing, leading to spontaneous quiescence exit and impaired self-

renewal of SCs, which progressively exhaust the stem cell pool101. Other examples 

include increased TGFb and TNFa signalling, nuclear factor kappa-light-chain-

enhancer of activated B cells (NFkB) overactivation and unbalanced Wnt/Notch 

signalling, which limit SCs self-renewal and proliferation during regeneration17,98,102–

105. Importantly, other niche components undergo changes with ageing as well. 

Ageing is associated with reduced levels of WISP1 produced by FAPs106. Notably, 

proteomic studies unveiled FAPs as the major affected source of niche proteins 

during ageing107. One example is defective production of IL-33 by FAPs with 

ageing, which impairs Treg recruitment and regenerative efficiency and 

contributes to inflammageing80. Moreover, aged FAPs express lower levels of 
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growth differentiation factor 10 (GDF10), important for the maintenance of 

myofiber mass76. On the other hand, the aged immune system and exacerbated 

pro-inflammatory signalling through CCR2 contribute to the age-associated 

regenerative decline, negatively influencing myogenesis108–110. Of note, aged mice 

experience a delayed immune response with compromised pro-inflammatory to 

pro-regenerative switch of macrophages during muscle regeneration109,111. Thus, 

impaired muscle regeneration is a result of multiple dysregulated processes and 

players with ageing.  

 

1.4 Pathological muscle regeneration and Duchenne muscular dystrophy 

Duchenne muscular dystrophy (DMD) is a fatal, X-linked muscle degenerative 

disorder. Currently, DMD remains incurable, with a life expectancy between 20 and 

40 years with optimal care112.  DMD is caused by mutations in the dystrophin gene 

(Dmd), which lead to a lack of functional dystrophin protein. Loss of dystrophin 

leads to a high susceptibility to damage upon muscle contraction, resulting in 

functional loss and progressive wasting. During the first stage of disease, 

degenerated muscle is replaced by a regenerative process; however, in later 

stages, dead myofibers are replaced by fatty and fibrotic tissue. Because of the 

continuous degenerative–regenerative cycles in DMD, SCs proliferate in an 

attempt to restore the architecture of muscle tissue; however, they eventually lose 

their regenerative potential113,114. The absence of dystrophin leads to a 

compromised asymmetrical division of SCs, causing exhaustion of the SC pool115. 

In addition, SCs shift towards fibrogenic fate in muscle tissue of mdx mice, a most 

widely used model of DMD, losing their normal function99,100. Accumulation of the 

fibrotic tissue is a well-established feature of DMD. FAPs are the main source of 

the ECM synthesis, although muscular, endothelial and hematopoietic cells 

undergo fibrogenic conversion in the DMD context as well65,66,99,100. Several 

pharmacological strategies targeting FAPs ameliorated muscle fibrosis in the mdx 

mice73,116. Another important feature of DMD is a chronic inflammatory response 

due to constant regeneration/degeneration cycles. Macrophages and lymphocytes 

are the main immune populations infiltrating the skeletal muscle of mdx mice; 

however, eosinophils and neutrophils have also been detected117. Although immune 

cells are needed for muscle regeneration, persistent inflammatory response 

induces negative outcomes on the disease progression. In fact, pro-inflammatory 

macrophages contribute to the generation of ROS through inducible nitric oxide 
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synthetase (iNOS), elevating the levels of oxidative stress and triggering muscle 

fiber damage through nitric oxide-dependent cytotoxicity54. Importantly, 

dystrophic muscle is more vulnerable to oxidative damage, due to lower levels of 

glutathione, one of the most abundant and important antioxidants of the muscle 

tissue118,119. On the other hand, pro-regenerative macrophages, also present in the 

skeletal muscle of mdx mice, secrete IL-10 and TFGb, contributing to fibrosis 

accumulation120. It is known that a precise pro-inflammatory to pro-regenerative 

switch is necessary for a fate decision of FAPs (proliferation and apoptosis); 

however, this balance is altered in the chronically regenerating muscle of the mdx 

mice. Thus, impaired regulation through TNFa and TGFb signalling leads to FAP 

persistence and fibrosis development. Overall, chronic inflammation acts as a 

driver of fibrosis, with several cell populations involved in the process. 
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2. CELLULAR SENESCENCE 
2.1 Hallmarks of senescent cells 

Cellular senescence is defined as an irreversible cell cycle arrest, induced by 

cyclin-dependent kinase inhibitors, such as p16INK4a and p21CIP1 121,122. Cellular 

senescence was first described by Hayflick and Moorehead in 1961, who observed 

the replicative decline of human diploid fibroblasts after a finite number of serial 

passages123. Senescent state can be induced by many different triggers, such as 

DNA damage, oxidative stress, and oncogene activation among others124,125. 

Senescent cells are highly heterogeneous and there is no unique and exclusive 

marker for their identification126–128. One commonly used senescence marker is 

Senescence Associated b-galactosidase (SA-b-gal) activity, which shows b-

galactosidase activity at a suboptimal lysosomal pH (Figure 6)129.  

 

Figure 6. The hallmarks of cellular senescence. 
Cellular senescence can be induced by different stimuli, including oncogene activation, 
DNA damage, telomere shortening, mitotoxicity and oxidative and endoplasmic reticulum 
(ER) stress. Senescent cells upregulate cell cycle inhibitors, p16INK4a, p21CIP1, p53, p15INK4b, 
p19ARF and p27KIP1, inducing permanent cell cycle arrest. Bcl-2 and PI3K/AKT pathways get 
activated, conferring senescent cell resistance to apoptosis. Urokinase-type plasminogen 
activator receptor (uPAR) is broadly expressed on the surface of the senescent cells. 
Senescent cells also undergo changes in size and metabolic changes, like lysosomal and 
mitochondrial expansion with consequent high ROS and lysosomal SA-b-gal activity. 
Increasing oxidative stress leads to the generation of protein aggregates and insoluble 
lipofuscin granules. Senescent cells secrete a range of proactive molecules, which act in 
an autocrine and paracrine manner. The chromatin undergoes significant changes, with the 
formation of senescence-associated heterochromatin foci (SAHF) and downregulation of 
nuclear lamin B1, which leads to leakage of chromatin fragments into the cytosol. Cytosolic 
chromatin fragments (CCF) are recognized by the cGAS-STING pathway, triggering NFkB 
activation and expression of the SASP genes. Adapted from De-Carvalho et al., 2021130. 
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Although several studies reported that SA-b-gal activity can be detected in non-

senescent cells, it is still the most used marker of senescence in the field131,132. 

Additional markers of senescence include DNA damage markers, such as tumour 

suppressor p53-binding protein 1 (53BP1) and gamma H2A histone family member 

X (gH2AX), nuclear lamin B1 (Lmnb1) loss, senescence-associated 

heterochromatic foci (SAHF), enlarged cell size, increased lysosomes and 

granularity accumulation of lipofuscin and high ROS production, among others133–

136. Importantly, senescent cells are apoptosis-resistant and can upregulate 

members of the anti-apoptotic B-cell lymphoma 2 (Bcl-2) family of proteins, 

including Bcl-2, Bcl-xL, and Bcl-w137.  

 

2.2 The senescence-associated secretory phenotype 

An important aspect of senescent cells is their aberrant metabolism and enhanced 

secretion of proactive factors, defined as senescence-associated secretory 

phenotype (SASP) 138–140. The SASP is critical for many cell-autonomous and non-

cell-autonomous biological activities of senescent cells140. For instance, secretion 

of IL-6, IL-8 and their receptors act in an autocrine manner, reinforcing a cell cycle 

arrest141,142. Moreover, SASP can have significant effects on neighbouring cells and 

even convert them into new senescent cells (so-called secondary senescence or 

the bystander effect)140. The composition of SASP varies between cell types, 

triggers of senescence and kinetics127,143,144. Although the SASP is still not well 

characterized, it is generally composed of cytokines, growth factors, ECM 

components and ECM-remodelling proteins. A core SASP factors comprise mainly 

pro-inflammatory cytokines, such as IL-6, IL-8 and chemokine C-C motif ligand 2 

(CCL2), TGFb and the chemokine C-X-C motif ligand family (CXCL). Among the 

ECM-modifying enzymes, matrix metalloproteinases (MMPs), serine/cysteine 

proteinase inhibitors (SERPINs) and tissue inhibitors of metalloproteinases (TIMPs) 

are mainly present (Table 1)145. A recent proteomic study characterized the SASP 

effectors in vitro and identified several candidate biomarkers of senescent cells 

that overlap with ageing in human plasma, including growth differentiation factor 

15 (GDF15), MMP-1 and SERPINs143. Different ways of SASP signalling have been 

proposed: SASP can be released as soluble factors and via extracellular vesicles 

(EVs), or transmitted through juxtacrine signalling, cytoplasmic bridges and cell-

to-cell fusion146.  
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Table 1. Distinct SASP components. 
 

Class Component 

Interleukins IL-6, IL-7, IL-1, IL-1b, IL-13, IL-15 
Chemokines IL-8, CXCL1, CXCL2, CXCL3, CCL8, CCL13, CCL3, 

CCL20, CCL11, CCL26, CCL25, CXCL5, CCL1, CXCL11 
Other inflammatory molecules TGFb, GM-CSE, G-CSE, IFNg, MIF, CXCL13 
Growth factors and regulators Amphiregulin, epiregulin, heregulin, EGF, bFGF, HGF, 

VEGF, IGFBP-2, -3, -6, -7, GDF15 
Proteases and regulators MMP-1, -3, -10, -12, -13, -14, TIMP-1, TIMP-2, uPA, 

tPA, PAI-1, -2, cathepsin B 
Receptors; ligands ICAM-1, -3, uPAR, EGF-R 

Non-protein molecules PGE2, nitric oxide, ROS 
Insoluble factors Fibronectin, collagens, laminin 

 
bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; G-CSE, granulocyte 
colony-stimulating factor; GM-CSE, granulocyte macrophage colony-stimulating factor; 
MIF, macrophage migration inhibitory factor PAI-1, plasminogen activator inhibitor 1; PGE2, 
prostaglandin E2; tPA, tissue plasminogen activator; uPA, urokinase-type plasminogen 
activator. Data from Gorgoulis et al., 2019135 and Coppé et al., 2010147. 
 

SASP expression is likely induced in response to persistent DNA damage, by DNA 

damage response (DDR) proteins ataxia telangiectasia mutated (ATM), checkpoint 

kinase 2 (CHK2) and Nijmegen breakage syndrome 1 (NBS1). Interestingly, p53 

plays the opposite effect to SASP induction, since p53 inhibition further enhances 

the SASP and pro-inflammatory environment138. Several transcription factors and 

epigenetic regulators are implicated in the regulation of the SASP. Among them, 

NFkB and transcription factor CCAAT/enhancer-binding protein beta (C/EBPb) are 

master regulators of most SASP factors141,142,148–151. Inhibition of NFkB signalling via 

depletion of p65 or v-rel avian reticuloendotheliosis viral oncogene homolog A 

(RelA), an essential subunit of NFkB, results in reduced expression of the SASP 

molecules148,149. In addition, other inducers of the SASP program include GATA 

binding protein 4 (GATA4) transcription factor, the mitogen-activated protein 

kinase p38 (p38MAPK), cyclic GMP–AMP synthase (cGAS)–stimulator of 

interferon genes (STING) pathway, long-interspersed element 1 (LINE-1) 

retrotransposon activity, Janus kinase 2/signal transducer and activator of 

transcription 3 (JAK2-STAT3) signalling and mammalian target of rapamycin 

(mTOR) pathway152–161. Interestingly, the composition of the SASP is temporarily 

dynamic, with neurogenic locus notch homolog protein 1 (NOTCH1) regulating it. 

NOTCH1 levels are increased in early senescence, activating TGFb and its 
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effectors. Meanwhile, late senescence is characterized by lower NOTCH1 levels 

and proinflammatory cytokines IL-1, IL-6 and IL-8144. 

Epigenetic regulation of the SASP has also been described. The epigenetic reader 

bromodomain-containing protein 4 (BRD4) is recruited to the superenhancers 

close to the SASP genes, binding acetylated histone H3 Lys27 (H3K27) and 

executing the oncogene senescence program162. Re-localization of the high 

mobility group box 2 (HMGB2) to the SASP genes induces their expression163. In 

the opposite fashion, histone variant MacroH2A1 is removed from the SASP genes 

in senescent cells, allowing their transcription164. Another study suggests that 

transcription-associated histone methyltransferase mixed-lineage leukaemia 1 

(MLL1) is essential for the SASP transcription of DDR-induced SASP genes, as its 

depletion abrogates it165. In addition, increased nuclear pore density during 

oncogene-induced senescence regulates the SAHF formation and maintenance, 

affecting the SASP expression166.  

Because the SASP is highly heterogeneous, cellular senescence plays distinct roles 

in a number of processes in a paracrine manner (Figure 7). Importantly, SASP 

signalling is highly context-dependent, and understanding it in-depth still requires 

exhaustive studies. 

 
Figure 7. Layers of the complexity of the SASP. 
Cellular senescence is highly heterogeneous, with context-dependent phenotypic 
diversity. Distinct stressors can induce different types of senescence programs, which 
further depend on the cell population, the state of the tissue and other contexts. 
Consequently, the resulting SASP spectrum and its role are extremely variable. Adapted 
from Gasek et al., 2021167. 
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It is also worth mentioning that only in vitro-generated senescent cells have been 

used for transcriptome analysis, due to the inexistence of a reliable marker and 

consequent inability to isolate senescent cells from complex tissues. Thus, the real 

complexity of in vivo-occurring senescent cells is yet to be determined. 

 

2.3 Function of senescent cells 

The involvement of senescent cells has been described in many biological 

contexts, with beneficial or deleterious consequences. Several mouse models 

emerged to study the role of senescent cells, being p16-3MR and INK-ATTAC 

models the most used ones. The p16-3MR mouse model contains distinct 

functional domains under the senescence-sensitive promoter p16INK4a, which are 

synthetic Renilla luciferase, monomeric red-fluorescent protein (mRFP) and 

truncated herpes simplex virus 1 thymidine kinase (HSV-TK). This model allows the 

identification of p16INK4a-expressing cells by luminescence and mRFP fluorescence, 

while treatment with ganciclovir (GCV) induces their specific elimination through 

HSV-TK activity168. On the other hand, INK-ATTAC is a model that expresses a 

death cassette and green fluorescent protein (GFP) under the control of a minimal 

INK4a/ARF promoter fragment. In this model, p16INK4a-positive cells can be 

visualized by GFP fluorescence and selectively killed upon treatment with synthetic 

molecule AP20187 and consequent caspase-dependent apoptosis169. In addition to 

genetic approaches, a broad range of molecules with senescence-targeting 

properties, named senolytics, have been described (Figure 8). These molecules 

primarily target anti-apoptotic, pro-survival pathways upregulated in the 

senescent cells, causing senescent cells to enter apoptosis167. A combination of 

dasatinib (D) and quercetin (Q), which target ephrin dependence receptor 

signalling, phosphatidylinositol 3-kinase (PI3K)– protein kinase B (AKT) pathway 

and Bcl-2 members, has been used to target distinct senescent populations in mice 

and even in clinical studies conducted in patients with diabetic kidney disease and 

idiopathic pulmonary fibrosis170–172. Navitoclax (or ABT263) is another widely used 

senolytic that affects Bcl-2/Bcl-xL signalling in senescent cells173–175. Other drugs 

with senolytic potential include a flavonoid fisetin, a heat shock protein 90 (HSP90) 

inhibitor 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG), 

and cardiac glycosides176–178. Another approach to target the influence of senescent 

cells is to neutralize their SASP. Senomorphics are compounds that suppress the 

SASP without inducing apoptosis of the senescent cells. Senomorphics include 
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inhibitors of NFkB, free radical scavengers and JAK pathway inhibitors179,180. For 

example, rapamycin and metformin work as senomorphics, leading to a decreased 

SASP expression in distinct contexts181–183. It is worth mentioning that none of the 

senolytic compounds efficiently targets all senescent populations known. Thus, the 

efficiency of each senolytic should be evaluated, and its effect confirmed by 

different strategies. 

 

 
Figure 8. Senolytic and senomorphic therapies. 
Distinct senolytics target senescent cell anti-apoptotic pathways, activated in senescent 
cells to prevent apoptosis entrance. The most common anti-apoptotic signalling is Bcl-2 
family, HSP90, p53 and PI3K/AKT/mTOR pathways. Another strategy involves 
nanoparticles packed with galactose-modified duocarmycin (GMD) through lysosome 
processing. Senomorphics, such as metformin and rapamycin, blunt the SASP production 
by targeting NFkB and C/EBPb transcription factors. OXR1: oxidation-resistant 1. Adapted 
from Demirci et al., 2021184. 
 

It is generally believed that cellular senescence is beneficial when it occurs 

transiently (Figure 9). For example, a distinct form of cellular senescence 

participates in growth control and patterning during embryonic development in 

mammals and amphibians185–187. In addition, senescent cells promote tissue 

regeneration in several tissues. In zebrafish, targeting senescent cells prevents fin 

regeneration following amputation, and in salamanders, senescent cells play an 

important role in whole limb regeneration188,189. In liver fibrosis, senescence limits 
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the proliferation of ECM-producing hepatic stellate cells and promotes infiltration 

of natural killer (NK) cells to restore liver homeostasis190,191. Similarly, senescent 

cells limit fibrosis in the pancreas192. During wound healing, senescent fibroblasts 

and ECs promote wound closure by secreting platelet-derived growth factor AA 

(PDGF-AA) and cellular communication network factor (CCN1)168,193. Beneficial 

effects of cellular senescence are also observed in reprogramming. While cellular 

senescence acts as a barrier in a cell-autonomous manner, its SASP promotes 

reprogramming and cellular plasticity in the neighbouring cells194–198.  

 
Figure 9. The beneficial role of cellular senescence. 
Senescent cells promote wound healing by PDGF-AA secretion, contribute to fibrotic 
resolution in various tissues by MMPs secretion and promote reprogramming in their niche. 
Moreover, senescent cells ensure limb patterning during embryogenesis.  Adapted from 
Calcinotto et al, 2019199. 
 

However, other studies suggest that transient senescence is not always beneficial. 

For example, the reduction of senescent cells accelerates bone fracture healing200. 

Targeting senescent cells in acute kidney injury prevents fibrosis accumulation and 

transition to chronic kidney disease201. In the liver, downregulation of p21CIP1 or 

inhibition of TGFb receptor 1 (TGFbR1) reduces the number of senescent cells after 

injury, increases hepatocellular proliferation, and improves regeneration202. Of 

note, senescent cells can aggravate biliary injuries through the same mechanisms. 

In this context, inhibition of TGFb-signalling can also interrupt the deleterious 

effects of senescent cells and restore liver function203. 

In contrast, chronic exposure to senescent cells has been mostly associated with 

negative outcomes. Cellular senescence is considered a hallmark of ageing, as a 
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higher number of senescent cells is observed in different tissues over time204. The 

expression of key cell cycle arrest and senescence regulators p15INK4b, p16INK4a, and 

p19ARF (encoded by the INK4/ARF gene locus) is considered to be an ageing-related 

biomarker205. Moreover, genome-wide association studies (GWAS) have shown 

that the INK4/ARF locus is one of the highest disease susceptibility–associated 

hotspots, correlating with age-related diseases such as cancer, type 2 diabetes, 

atherosclerosis, and glaucoma, and that it is significantly related to physical 

dysfunction in elderly206,207. Further, key proinflammatory SASP factors (such as IL-

6, chemokine CCL4, and TNFa) contribute to age-related inflammation 

("inflammageing") and correlate with frailty and multimorbidity in advanced 

age143,208,209. Systemic elimination of senescent cells with genetic and 

pharmacological strategies in BubR1 mice, which have a shortened lifespan and 

age-related phenotypes, and naturally-aged mice increases lifespan and prevents 

kidney dysfunction, cardiomyocyte hypertrophy, lipodystrophy and cataracts 

among other beneficial effects169,170,210–212. Moreover, cellular senescence has been 

detected in a variety of chronic pathologies (Figure 10).  

 
Figure 10. The detrimental role of cellular senescence. 
Senescent cells’ contribution has been described in the following age-associated 
pathologies. Figure created with BioRender. 
 

Targeting senescent cells with senolytics, senomorphics and genetic strategies 

ameliorates the disease progression in idiopathic pulmonary fibrosis, 

atherosclerosis, chronic kidney disease, neurodegenerative diseases (including 

Alzheimer's and Parkinson’s diseases), diabetes mellitus, intervertebral disc 

degeneration, osteoporosis, osteoarthritis and others (reviewed in Borghesan et 

al., 2020213). Although the vast majority of studies indicate beneficial effects of 
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systemic elimination of senescent cells in aged tissues and chronic pathologies, 

some suggest otherwise214,215. For instance, the elimination of p16INK4a-expressing 

cells disrupts blood–tissue barriers and leads to liver fibrosis, due to the elimination 

of vascular endothelial cells in liver sinusoids, highlighting the nuanced, tissue-

dependent roles of senescent cells215. Thus, there is not only variation in the 

molecular and transcriptomic phenotypes as well as the SASPs among the cell 

populations, triggers and contexts, but also in the role of senescent cells 

themselves. Therefore, the contributions of senescent cells should be studied in 

an in-depth way for each context.  

 

2.4 Role of senescence in muscle regeneration, ageing and disease 

Markers of senescence accumulate in many tissues with age, including skeletal 

muscle. Various markers of senescence have been detected in skeletal muscle of 

aged rats, including increased mRNA expression of Cdkn2a (p16INK4a) and Cdkn1a 

(p21CIP1), coinciding with atrophic fibers216. Inactivation of p16INK4a or inducible 

elimination of p16INK4a-expressing cells increases lifespan and delays the onset of 

sarcopenia (among other ageing-related features) in BubR1 mice, and in INK-

ATTAC BubR1 transgenic mouse169,212. Treating normally-aged mice with the 

senolytic compound navitoclax rejuvenates hematopoietic and muscle stem 

cells175. Similarly, treatment with nicotinamide riboside (NR), a precursor of the 

oxidized form of cellular nicotinamide adenine dinucleotide (NAD+), rejuvenates 

SCs by improving mitochondrial function and preventing cellular senescence217. 

Conversely, transplantation of a small number of senescent cells is sufficient to 

induce physical dysfunction in young mice and to further exacerbate it in old ones, 

while treatment with the senolytic drugs Q+D abrogates the negative effects of 

senescent cell transplantation and ameliorates physical dysfunction in naturally-

aged (24-month-old) mice170. Thus, these studies suggest a role of cellular 

senescence in promoting ageing and sarcopenia. 

Several studies attribute the defective regenerative process observed in ageing to 

geroconversion, defined as the rapid entry from quiescence into senescence of 

SCs218–220. Physiologically-aged geriatric mice exhibit SCs with increased SA-b-gal 

activity, high expression of Cdkn2a, Cdkn2b and Igfbp5, and increased p38a/p38b 

signalling, resulting in a delayed regenerative process upon injury and reduced 

ability to repopulate, even when transplanted into the young mice91,221. Impaired 

mitophagy, loss of proteostasis and excessive ROS production have been 
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identified as the cause of senescence entry in the aged SCs94. Additionally, 

excessive upregulation of TGFb leads to imbalanced pSmad3 and Notch signalling 

and overexpression of CDK inhibitors, p15INK4b, p16 INK4a, p21CIP1 and p27KIP1 in aged 

SCs102. Importantly, other cell types undergo senescence in aged skeletal muscle 

apart from SCs. For example, FAPs express high levels of p15INK4b, p16 INK4a, p21CIP1 

and other markers of senescence in BubR1 progeroid mice, suggesting their 

involvement in defective muscle regeneration in these mice222. In addition, a recent 

study on immunosenescence (e.g., age-induced progressive immune system 

dysfunction) unveiled impaired muscle regeneration in a mouse model with cellular 

senescence induced exclusively in the hematopoietic populations223,224. 

Interestingly, silencing of p16INK4a in BubR1 mice partially restores the regenerative 

decline observed, suggesting that senescent cells possibly impair muscle 

regeneration at advanced age212. In a similar fashion, a recent study has shown the 

beneficial effect of senolytic treatment in naturally-aged mice prior to an injury225. 

Although these studies suggest that the accumulation of senescent cells 

contributes to impaired muscle regeneration in aged animals, a clear role of 

senescent cells on muscle regeneration has not been shown. For instance, the 

beneficial effect of reduction of senescent cells might be due to a systemically 

rejuvenated organism and not senescent cells per se. A deeper understanding of 

the mechanistic regulation of cellular senescence on muscle regeneration is 

needed. 

In addition to ageing, senescent cells have also been observed in pathological 

muscle regeneration, such as DMD. Several studies showed the emergence of 

senescent cells in the mdx mice and human biopsies226–228. Senescence of SCs has 

been reported by several studies performed in different mouse models of DMD and 

myotonic dystrophy type I, correlating with impaired proliferation rate and 

myogenic program217,227,229,230. In addition, FAPs, endothelial cells and macrophages 

also present signs of cellular senescence in the rat model of DMD and D2-mdx 

mice, suggesting that different cell populations undergo senescence in skeletal 

muscle tissue228,231. A recent study with senolytic and genetic interventions has 

shown improvement of muscular function, regeneration and reduced fibrotic and 

adipose tissues in skeletal muscle of dystrophic rats and prevented dystrophy-

associated loss of weight and muscle strength228. On the other hand, some studies 

suggest a positive role of functional senescent FAPs, induced by exposure to 

human placental extract or exercise, in the context of chronic inflammatory 
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myopathy232,233. Further studies are needed to establish the role of senescent cells 

and their nature in chronic muscle disease. 

Interestingly, senescent cells have also been detected in the regenerative muscle 

tissue of young animals225,227. Some studies suggest a positive role of injury-

induced FAP senescence on myogenesis233. On the other hand, senescent cells 

promote cellular plasticity in vivo through IL-6 secretion in skeletal muscle of a 

reprogrammable mouse model with inducible expression of Yamanaka factors198. 

Thus, the role of cellular senescence is versatile and context-dependent, with 

many questions still remaining about the contributions of senescent cells to muscle 

regeneration and disease. 

 

2.5 Role of CD36 in cellular senescence 

CD36 is a multi-ligand scavenger receptor, which binds various lipoproteins, lipids, 

collagen, thrombospondin and other ligands. CD36 is expressed in a variety of 

tissues and cell populations, including adipose tissue, skeletal and cardiac muscle, 

small intestine and mammary glands, as well as in monocytes/macrophages, 

platelets and neurons234. CD36 participates in the regulation of energy balance, 

vascular and adipose homeostasis and generates a strong pro-inflammatory 

response upon interaction with amyloid-beta (Ab) or oxidized low-density 

lipoprotein (oxLDL)234,235. Upon Ab or oxLDL binding, CD36 activates MAPK and 

NFkB signalling, promoting the expression of pro-inflammatory cytokines and 

chemokines in immune populations236. Recent studies have shown lipid 

composition to undergo active changes in replicative senescence, as a potential 

mechanism to prevent lipotoxicity upon increasing oxidative stress in the 

senescent cells. Apart from compositional changes in various lipid species, 

senescent cells upregulate CD36, which in turn promotes CD36-mediated fatty 

acid uptake237,238. Further research has shown a regulatory link between CD36 

upregulation and cellular senescence establishment. Ectopic expression of CD36 

is sufficient to induce a pro-inflammatory program and ultimately senescence entry 

in proliferating cells in vitro239,240. Moreover, CD36 is strictly required for the SASP 

production through NFkB activation in distinct senescent states and cell types. 

Thus, CD36 acts as a modulator of the SASP program in senescent cells in vitro240. 

A study in vivo shows that total KO of CD36 results in impaired SCs function and 

delayed muscle regeneration; however, a more specific approach targeting CD36 

in the senescent cells is lacking241. Thus, it remains to be confirmed whether CD36: 
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i) has a role in senescent cells generated in vivo, ii) has potential as a senomorphic, 

and iii) affects muscle regeneration. 
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1. Defining kinetics of cellular senescence during muscle regeneration 
Senescent cells have been previously detected in regenerating muscle. However, 

the kinetics behind this process are still unknown. The first aim of my thesis is to 

describe at which time point senescent cells appear and for how long they persist 

in regenerating tissue. I will also investigate the contribution of ageing to the 

burden and persistence of senescent cells during muscle regeneration. 

 

2. Characterization of senescent cells in regenerating muscle 
Senescent cells have been characterized in vitro, which usually underestimates the 

complexity of what occurs in vivo. In my thesis, I will try to establish a protocol for 

the efficient isolation of senescent cells from complex tissue. I then aim to describe 

the transcriptomic heterogeneity of senescent populations in regenerating muscle 

tissue. For a deeper characterization of senescence in vivo, I will also look for the 

differences and commonalities of senescent cells from a kinetic and age-related 

point of view. Moreover, I will try to unravel the transcriptomic regulation of gene 

expression and identify the master transcription factor (TF) regulators of 

senescence-associated functions and their SASP. Based on the transcriptomic 

data, I will also aim to identify the trigger of senescence entry in regenerating tissue 

and underline the contribution of ageing to this process and the phenotype of 

senescent cells. 

 

3. Role of senescent cells in skeletal muscle under different contexts 
The role of senescent cells has been described in many conditions and tissues. It 

is widely accepted that the transient presence of senescent cells is beneficial, 

while chronic exposure to senescent cells leads to detrimental consequences. 

Although some research has been done on skeletal muscle, it has not yet been 

demonstrated how senescent cells influence muscle regeneration and disease. In 

my thesis, I aim to evaluate the role of senescent cells from different perspectives: 

in young, very old, and dystrophic mice (mdx mice). Also, I will propose a 

mechanism by which senescent cells influence the skeletal muscle during muscle 

regeneration. Finally, I will describe the role of CD36 in SASP production and how 

it regulates muscle regeneration.  
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1. KINETICS OF CELLULAR SENESCENCE IN REGENERATING MUSCLE 

TISSUE 
Senescent cells participate in skeletal muscle regeneration227. However, the 

complete kinetics of the process have not been shown, leaving several open 

questions, such as when they reach their maximum levels and how long they persist 

during the course of muscle regeneration. Thus, we first decided to characterise 

the time course of senescent cells in regenerating muscles of young mice. We 

performed an intramuscular injection of CTX to induce muscle regeneration in p16-

3MR mice followed by a luciferase assay to track p16INK4a-expressing cells in vivo. 

Maximum luminescence originating from p16-expressing cells was observed 

between 3 and 7 DPI, reaching basal levels at 21 DPI (Figure 11).  

 
 
Figure 11. Presence of p16INK4a-expressing cells in skeletal muscle of young mice upon 
injury.  
Representative images and quantification of in vivo Renilla luminescence activity in muscles 
of p16-3MR mice at the indicated DPI with CTX (p/s: photons per second; n=3-18 muscles 
from 3-12 mice). Results are displayed as mean ± s.e.m.; P-values were calculated by 
Tukey’s test; significance is reported as *p<0.05 and ****p<0.0001. 
 
To corroborate these data, we parallelly performed SA-b-gal staining in 

regenerating frozen tissue of young animals. Similar to the luciferase assay, SA-b-

gal+ cells start to appear at 3 DPI, peaking between 3 and 7 days and gradually 

decreasing until 21 DPI (Figure 12A). Thus, we concluded that senescent cells 

appear transiently, reaching their maximum levels between 3 and 7 DPI, in the 

regenerating muscle tissue of young animals.  

Muscle regeneration is compromised with ageing, partly due to the  entrance of SC 

into senescence91,94. We next questioned whether the kinetics of senescent cells 

were different during muscle regeneration of very old mice. To address this, we 
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induced muscle regeneration in geriatric mice (>28 months old) and analysed 

different markers of senescence.  



47 

 

Figure 12. Presence of senescent cells in regenerating muscle of young and geriatric 
mice.  
A) Representative images and quantification of SA-b-gal+ cells in regenerating tibialis 
anterior (TA) muscles from young (3-6 months) and geriatric (>28 months) mice at the 
indicated DPI (n=3-9 mice). B) Quantification of Renilla luciferase activity in regenerating 
muscle from young and geriatric animals at the indicated DPI. The luciferase activities are 
expressed relative to the activity of basal young muscle (n=5-8 TA muscles from 4-7 mice). 
C) RT-qPCR of p16INK4a, p19ARF, and mRFP in young and geriatric muscle tissue from p16-
3MR mice at the indicated DPI (n=3-8 TA mice). D) Representative images and 
quantification of cells with telomeric DDR (DDR: DNA damage response) in regenerating TA 
muscles from young and geriatric mice at 3 DPI (n=7-8 mice). Scale bars: 50 µm in A, 10 
µm in D (low magnification), and 5 µm in D (high magnification). Results are displayed as 
mean ± s.e.m.; P-values were calculated by Sidak’s test in A and B, a two-tailed unpaired 
t-test in C and Mann-Whitney test in D; significance is reported as *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001. 
 

The level of SA-b-gal+ cells was significantly higher in samples of geriatric mice at 

all time points (Figure 12A). In contrast to young mice, considerable levels of 

senescent cells were detected even at 21 DPI in samples from geriatric mice, 

correlating with their less efficient recovery process. Analysis of luminescence 

activity and RT-qPCR of senescent markers p16INK4a, p19ARF, and mRFP in p16-3MR 

mice were in line with previous results, confirming higher levels of senescent cells 

in regenerating muscle at an advanced age (Figure 12B,C). Moreover, cells with 

telomeric DNA damage, another well-accepted marker of cellular senescence, 

were more abundant in regenerating muscle tissue from geriatric mice versus the 

young ones (Figure 12D). Altogether, these results indicate that the burden of 

senescent cells is higher and more prolonged in geriatric mice, suggesting that 

senescent cells might be involved in the regenerative decline observed with 

ageing.  
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2. TRANSCRIPTOMIC CHARACTERIZATION OF ISOLATED SENESCENT 

CELLS FROM DAMAGED MUSCLE TISSUE 
 

2.1 Establishment of an isolation protocol for senescent cells 

Our next goal was to efficiently isolate senescent cells from a complex tissue in 

vivo. An SA-b-gal-based approach was first proposed for isolating senescent cells; 

however, it was not clear whether this could be used in vivo. A fluorogenic 

substrate 5-dodecanoylaminofluorescein di-b-d-galactopyranoside (C12FDG), 

which marks cells with SA-b-gal activity, provided a valuable tool for senescent 

cell isolation by FACS242. However, the use of bafilomycin A1, or of other inhibitors 

of lysosomal acidification, was needed for the described protocol, but this protocol 

resulted in high cell death rates when coupled with tissue digestion protocol. To 

overcome this technical limitation, we obtained a less toxic method with a reagent 

that mimics the C12FDG mechanism of action, named SPiDER-b-gal243. To test this 

approach, we first induced cellular senescence in myoblasts with etoposide in vitro 

and then evaluated SA-b-gal activity by three strategies: canonical SA-b-gal 

staining by light microscopy, C12FDG, and SPiDER-b-gal staining by flow cytometry 

(Figure 13). All three assays showed higher SA-b-gal activity in etoposide-treated 

cells, thus validating SPiDER-b-gal reagent for detecting senescent cells in vitro 

(Figure 13).  
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Figure 13. Validation of SPiDER-b-gal in etoposide-treated myoblasts in vitro.  
A) Schematic representation of senescence induction with etoposide. B) Representative 
images and quantification of SA-b-gal staining in MPCs cultured in the presence of 
etoposide (1 µM) or dimethyl sulfoxide (DMSO) for 4 days (n=4 mice). C) Cells were stained 
with SPiDER-b-gal and C12FDG in parallel and analysed by flow cytometry to assess their 
entry into senescence. An unstained control was used for SPiDER-b-gal and C12FDG 
threshold definition. Histogram representation of SPiDER-b-gal and C12FDG intensity are 
shown. Scale bar: 10 µm. Results are displayed as mean ± s.e.m.; P-value was calculated 
by the Mann-Whitney test; significance is reported as *p<0.05. 
 

To translate this strategy to muscle tissue and to isolate senescent cells from 

regenerating muscle, we collected regenerating muscle tissue at 3 DPI and stained 

it with SPiDER-b-gal following the first round of digestion and analysed it using a 

FACS Aria II cell sorter. We identified three populations based on SPiDER-b-gal 

staining: SPiDERLow, SPiDERMedium, and SPiDERHigh (Figure 14), which we sorted and 

analysed for distinct senescence markers. 
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Figure 14. Validation of SPiDER-b-gal in sorted cells from regenerating muscle tissue.  

A) Histogram representation of SPiDER-b-gal staining and gating strategy employed for 
isolation of SPiDERLow, SPiDERMedium, and SPiDERHigh populations from injured skeletal 
muscle at 3 DPI. B) Representative images and quantification of SA-b-gal staining (n=4 
mice), cell area (n=169-220 cells), and lamin B1 expression (n=33-36 cells) in freshly 
sorted SPiDERLow, SPiDERMedium, and SPiDERHigh from regenerating muscles at 3 DPI. 
Representative images and quantification of C) Ki67 positivity (n=4 mice) and D) gH2Ax 
intensity (n=4 mice) in SPiDER+ and SPiDER– cells in regenerating TA at 4 DPI. Nuclei were 
stained with 4,6-diaminido-2-phenylindole (DAPI). Arrows indicate SPiDER+ cells. Scale 
bars: 10 µm in C, and D (low magnification) and 5 µm in B and D (high magnification). 
Results are displayed as mean ± s.e.m.; P-values were calculated by a two-tailed unpaired 
t-test in B (middle and right panel) and Mann-Whitney test in B (left panel) C and D; 
significance is reported as *p<0.05 and ****p<0.0001. 
 

Both SPiDERMedium and SPiDERHigh presented enrichment in SA-b-gal+ cells and 

enlarged cell area; however, only the SPiDERHigh population showed downregulation 

of lamin B1 intensity (Figure 14B). These results suggest that a more restrictive 

gating strategy leads to a more efficient isolation of senescent cells. To further 

confirm that SPiDER-b-gal is sufficient to mark senescent cells, we performed 

simultaneous staining of SPiDER-b-gal with proliferation marker Ki67 or DNA 

damage marker gH2Ax in regenerating muscle tissue. Notably, SPiDER-b-gal+ cells 

(herein, "SPiDER+ cells") presented higher levels of gH2Ax expression compared to 

SPiDER– cells and very low Ki67 levels, suggesting higher DNA damage and 

absence of proliferation in SPiDER+ cells (Figure 14C,D). Thus, we concluded that 

SPiDER-b-gal preferentially marks senescent cells, corroborated by several 

markers of cellular senescence. 

 

2.2 Transcriptomic atlas of senescent cells in regenerating muscle 

Once we established an efficient sorting protocol for senescent cell isolation, we 

asked which cell populations undergo cellular senescence in a muscle regeneration 

context. For this purpose, we isolated SPiDER+ and SPiDER– cells from regenerating 

muscle and performed single-cell RNA-sequencing (scRNA-seq). We considered 

some technical limitations and established needed controls before the sequencing. 

First, we already learned that a more restrictive gating strategy was needed to 

efficiently sort senescent cells. For that, we used two negative controls to define 

SPiDER-b-gal threshold, a negatively stained sample (fluorescence minus one, 

FMO) and a non-injured sample (basal muscle) stained with SPiDER-b-gal (Figure 

15). The latter proved highly useful for the background SPiDER-b-gal signal 
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definition, since we already defined that senescent cells are undetected in resting 

muscle conditions. Second, due to the high variability of cell populations during 

muscle regeneration and their autofluorescence, we determined that at least one 

broad population marker was needed for the correct establishment of SPiDER+ 

gating. Thus, we separated all cell populations that participate during muscle 

regeneration into hematopoietic and non-hematopoietic, based on high and low 

autofluorescence, respectively, by labelling with the CD45 surface marker (Figure 

15). In addition, this strategy allowed the enrichment of less abundant cellular 

fractions, enabling us to detect senescent cells even in minor populations.  

 
Figure 15. Gating strategy employed for isolation of SPiDER+ cells from regenerating 
muscle tissue of young mice at 3 DPI.  
Cells were divided into two major populations with anti-CD45 antibodies to overcome 
differences in auto-fluorescence of hematopoietic and non-hematopoietic populations. 
Fluorescence Minus One (FMO) and samples from non-injured muscle tissue were used to 
set the threshold for SPiDER+ staining within each cell population.  
 

We then isolated SPiDER+ and SPiDER– populations from regenerating muscle 

tissue at 3 DPI and sequenced them with a single-cell approach. The clustering 

analysis showed that the non-senescent SPiDER– populations reproduced 

recently-published single-cell studies in injured muscle11–13. Interestingly, most 

SPiDER+ cells were distributed within 3 major clusters: SCs, FAPs, and MCs (Figure 

16A). This suggested that the majority of senescent cells emerged from three major 

niche-cell constituents after injury. In addition, we also found less abundant 

SPiDER+ populations, including antigen-presenting cells, ECs, B/T/NK cells, and 

neutrophils (Figure 16A). Differential expression (DE) analysis revealed a core 

signature of 16 upregulated and 33 downregulated genes in the major senescent 
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cell populations (Figure 16B), the former included some widely known inflammatory 

and matrix-remodelling/fibrotic SASP factors (e.g., Ccl2, Ccl8, Igfbp4, and Timp2).  

Figure 16. Single-cell atlas of senescent cells from regenerating muscle of young 
animals.  
A) (left) Complete 21449 cell transcriptomic atlas assembled from SPiDER+ and SPiDER– 
samples at 3 DPI from young mice. Data are presented as a uniform manifold approximation 
and projection (UMAP) to visualize variation in single-cell transcriptomes. Unsupervised 
clustering resolved at least 8 distinct types of cells (colour-coded in legend). (right) 
SPiDER+ cells were mainly ascribed to the indicated cell populations. B) Venn diagram 
showing the overlap between DE genes in SCs, FAPs, and MCs at 3 DPI from scRNA-seq 
data (Sen vs NSen were compared, false discovery rate (FDR)<0.05). 
 

We next corroborated the scRNA-seq findings by immunostainings of surface-

specific and senescence markers in regenerating muscle tissue. Senescent cells 

were either identified by p16INK4a or gH2Ax, while Pax7, PDGFRa, or F4/80 served 

for SC, FAP and MC visualization respectively (Figure 17A,B). Of note, and similar 

to mouse muscle, SA-b-gal- and p16INK4a-positive cells were present in biopsies of 

damaged adult human muscle but not of intact human muscle (Figure 17C). 

Moreover, damaged areas of human muscle also contained SCs (NCAM/CD56+), 

FAPs (PDGFRα+), and MCs (CD68+) that were positive for the DNA-damage 
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response marker 53BP1 (Figure 17D). Thus, senescent SCs, FAPs, and MCs are 

specifically induced in damaged muscles of both humans and mice. Together, 

these results provided 1) the first single-cell cartography of senescent cells in vivo 

to date, and 2) the identity of new senescent niche constituents after tissue injury. 
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Figure 17. Major niche components undergo cellular senescence in damaged muscles 
of humans and mice.  
A) Representative images and quantification of p16INK4a+ cells (n=4 mice) and B) gH2Ax+ 
cells (n=3-5 mice) in regenerating muscles from young mice at 4 DPI. Each cell type was 
labelled with the indicated antibodies and nuclei with DAPI. Arrows indicate p16INK4a+ cells. 
B) Quantification of gH2Ax+ cells (n=3-5 mice) in regenerating muscles from young mice at 
4 DPI. C) Representative images and cell quantification of SA-b-gal and p16INK4a+ 
immunohistochemistry staining of uninjured and damaged human muscle samples (n=5 
samples/group, age=81±7.5 years old). The arrow shows a double-positive cell. D) 
Representative images and quantification of 53BP1+ cells in regenerating human muscle. 
Each cell type was labelled with indicated antibodies, and nuclei with DAPI (n=4 
samples/group, age=81±7.5 years old). Scale bars: 50 µm in C (low magnification) 10 µm 
in A and D (low magnification) and 5 µm in C (high magnification) and D (high 
magnification). Results are displayed as mean ± s.e.m.; P-values were calculated by the 
Mann-Whitney test; significance is reported as **p<0.01. 
 

2.3 A novel method for separating distinct types of senescent cells in vivo 

We also aimed to obtain an in-depth characterization of senescent cells in 

regenerating muscle, including ageing and kinetics perspective. Although single-

cell techniques provide valuable information on cellular heterogeneity, they also 

present limitations in sequencing depth and complicated downstream analysis. It 

might be challenging to define a pattern of gene expression in such complex data, 

especially when different variables are combined (e.g. age, time point, three 

populations). Further, single-cell technology is expensive and therefore not 

practical for studies with a vast number of conditions. Thus, we decided to use 

low-input RNA-seq technology to generate deep transcriptomic data of the three 

main populations of senescent cells, given their scarce numbers in regenerating 

muscle. 

For that, we generated a complex sorting panel for simultaneous isolation of 

senescent and non-senescent SCs, FAPs, and MCs. Briefly, cells were selected 

using forward (FSC) and side (SSC) scatter detectors, and live cells were chosen 

by DAPI– staining. From live cell population, MCs were identified as CD45+ and 

F4/80+. SCs were gated from CD45– F4/80– population as a7-integrin+ meanwhile, 

FAPs were identified by Sca1+ staining from a7-integrin– CD31– cell population. 

Finally, we stained with SPiDER-b-gal to isolate SPiDER+ and SPiDER– cells within 

each population of interest (Figure 18).  
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Figure 18. Gating strategy used to simultaneously isolate SCs, FAPs, and MCs from 
wild-type (WT) mice. 
Representative histogram plots from cytofluorimetric analysis employed to assess SPiDER 
levels in the cell populations are shown. FMO controls and non-injured samples were used 
to determine the threshold for SPiDER within each cell population. 
 

We next confirmed the nature of sorted cells by immunostaining of cell-type-

specific markers, by using Pax7 for SCs, TCF4 for FAPs, and CD11b for MCs (Figure 

19A). Additionally, we double-checked the correct isolation of the three cell 

populations in posterior gene expression analysis (Figure 19B). Indeed, all sorted 

SCs populations (Basal, NSen, and Sen) expressed Pax7 and Itga7 (gene codifying 

for a7-integrin), while FAPs expressed Pdgfra and Ly6a (codifying for PDGFRa and 

Sca-1), and MCs presented Itgam and Adgre1 (CD11b and F4/80) (Figure 19B).  
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Figure 19. Validation of simultaneous isolation protocol for SCs, FAPs, and MCs from 
WT mice. 
A) Representative pictures of Pax7, TCF4, and CD11b expression in sorted SCs, FAPs, and 
MCs respectively. B) Heatmap of gene expression levels of the indicated genes in basal, 
NSen, and Sen SCs, FAPs, and MCs. Scale bar: 1 µm. 
 

Subsequently, we checked markers of senescence in the SPiDER+ fractions of SCs, 

FAPs, and MCs. The sorted SPiDER+ fractions presented lower proliferation rates 

in SCs and FAPs and higher levels of SA-b-gal activity, increased cell area, 

decreased lamin B1 expression, absence of apoptotic programmed death (terminal 

deoxynucleotidyl transferase biotin-dUTP nick end labelling [TUNEL] assay), and 

higher expression of p16INK4a in all three populations, providing a thorough 

validation of our sorting strategy (Figure 20A-F). Thus, we established a protocol 

for simultaneous isolation of different senescent populations from regenerating 

muscle tissue, combining antibodies of cell surface markers and SPiDER-b-gal 

staining. 



57 

 

 



58 

 

Figure 20. Validation of senescent SCs, FAPs, and MCs simultaneous isolation with 
SPiDER-b-gal-based protocol from WT mice. 
Analysis of freshly sorted SPiDER+ and SPiDER– SCs, FAPs, and MCs from regenerating 
muscles at 3 DPI. A) Representative images and quantification of SA-b-gal staining (n=3 
mice). B) Representative images and quantification of lamin B1 expression (n=15-35 cells; 
arbitrary units: a.u.). C) Quantification of cell area (n=55-106 cells). D) Freshly isolated 
SPiDER+ and SPiDER– SCs and FAPs were obtained at 7 DPI, cultured for 3 days, and BrdU 
incorporation quantified (n=4-8 mice). E) Quantification of TUNEL assay in freshly sorted 
SPiDER+ and SPiDER– SCs, FAPs, and MCs. Cells treated with DNase were used as a positive 
control (n=32-101 cells). F) RT-qPCR of p16INK4a in freshly sorted SPiDER+ and SPiDER– SCs, 
FAPs, and MCs from regenerating muscles at 3 DPI (n=4 mice). Scale bars: 10 µm in B and 
5 µm in A. Results are displayed as mean ± s.e.m.; P-values were calculated by Sidak’s test 
in A, D, and E, two-tailed t-test in B and C, and Mann-Whitney test in F; significance is 
reported as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
 

2.4 Senescent cells retain their homeostatic identity while gaining lineage-

inappropriate traits in old age 

Cellular senescence has been described as a highly heterogeneous state, with 

distinct transcriptomic profiles of senescent cells depending on the trigger, cellular 

type, and kinetics127. Nevertheless, previous studies on senescent cells have been 

exclusively performed in vitro, and it is unknown whether the same trends occur in 

vivo. Thus, we opted to describe how senescent cells resemble or differ among 

different cell populations, ages, and time points. For that, we isolated senescent 

(Sen) and non-senescent (NSen) SCs, FAPs, and MCs from resting (with only NSen 

populations) or regenerating muscle at 3 and 7 DPI from young and geriatric mice, 

using our newly established approach based on SPiDER-b-gal. Altogether, we 

generated a blueprint comprised of 36 different conditions to define the behaviour 

of senescent cells in regenerating muscle. Principal component analysis (PCA) 

showed that the different conditions primarily clustered according to their cell 

type, rather than their state, age, or time point; however, some populations of 

senescent cells (e.g. Y-SCSen7d and G-SCSen3d) did not follow this trend (Figure 21A). 

When the clustering was performed within a particular cell type, we could observe 

clear segregation according to the cell state, with a strong influence of senescence 

(Figure 21B). 
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Figure 21. Senescent cells majorly cluster according to their cell identity.  

A) Principal component analysis (PCA) of the full transcriptome of senescent (Sen), non-
senescent (NSen), SCs, FAPs, and MCs isolated from resting (basal) and regenerating 
muscles of young and geriatric mice at 3 and 7 DPI. B) PCA of SCs (Sen, NSen, or basal), 
FAPs, and MCs from basal and regenerating muscles at 3 DPI of young or geriatric mice. 
 

Differential expression analyses between Sen and NSen subpopulations at 3 DPI in 

young mice revealed 4958 differentially expressed (DE) genes in Sen MCs, 2251 in 

Sen SCs, and 1805 in Sen FAPs (Figure 22A), indicating high transcriptional 

heterogeneity of senescent cells even within the same niche.  
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Figure 22. Senescent cells maintain the expression of cell-type-specific genes. 
A) Table with DE genes in Sen vs NSen SCs, FAPs, and MCs from young and geriatric mice 
at 3 and 7 DPI (FDR <0.05). B) Heatmap of genes that were differentially expressed (DE) 
uniquely by one population of interest and the corresponding canonical pathways 
enrichment (CP) analysis (g:Profiler webserver). The heatmap shows base 2 logarithm fold 
change (log2FC) for Sen versus (vs) their NSen counterparts isolated from regenerating 
muscles of young mice at 3 DPI. 
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Basic cell processes, such as transcription, RNA metabolism, and translation, were 

downregulated in all three Sen subpopulations (Figure 22B). Nevertheless, many 

DE genes and associated enriched pathways were specific to each Sen cell type 

and revealed the cell of origin: muscle contraction and integrin/cell-surface 

interactions in Sen SCs, actin cytoskeleton and elastic fiber regulation in Sen FAPs, 

and innate immune functions and high lysosomal content in MCs (Figure 22B). This 

cell-of-origin memory accounted in part for the heterogeneity of senescent cells 

within the regenerative niche. With ageing, however, all geriatric Sen cells seemed 

to gain additional cell plasticity traits and had exacerbated pro-inflammatory traits 

(Figure 23). Thus, in addition to having a higher number of senescent cells with 

age (Figure 12), aged Sen cells also have exacerbated inflammatory features, which 

altogether may contribute to the regenerative failure of muscle tissue in extreme 

old age (Figure 23).  

 
Figure 23. Senescent cells gain expression of lineage-inappropriate genes with ageing. 
Clusters of gene sets (GSEA) differentially enriched at 3 DPI in geriatric Sen populations, 
but not in young Sen populations. Gene sets were considered common with FDR<0.25 for 
all three geriatric Sen populations with the exclusion of gene sets common for at least two 
young Sen populations. Node size is proportional to the number of genes identified in each 
gene set. Grey edges indicate gene overlap. 
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2.5 Tissue injury drives senescence by inducing severe oxidative stress and 

DNA damage in a subset of niche cells 

To understand how senescence is induced in the regenerative niche, we searched 

for pathways enriched in Sen cells early after muscle injury (e.g, at 3 DPI). 

Interestingly, Sen cells were enriched in pathways implicated in cellular stress, 

such as oxidative and metabolic stress (including ROS and OXPHOS production 

and lipid transport and metabolism), with concomitant downregulation of pathways 

implicated in DNA damage repair responses and mitochondrial functions as 

compared to NSen cells (Figure 24).  
 

 
Figure 24. Senescent cells differentially express pathways implicated in stress and DNA 
damage response. 
Dot plot of common up- and downregulated GO processes (GSEA, FDR<0.25) related to 
indicated functions in Sen vs NSen SCs, FAPs, and MCs from young and geriatric mice at 3 
DPI. 
We thus hypothesized that the high levels of DNA damage and high oxidative stress 

caused by injury are not efficiently repaired in a fraction of niche cells, triggering 

the cells to enter senescence rather than continue with their normal proliferative 

fate. Supporting this idea, all Sen cell types (SCs, FAPs, and MCs) had more DNA 



63 

 

damaged foci than NSen or basal cells (as shown by gH2Ax immunostaining) 

(Figure 25A).  

 
Figure 25. Tissue injury triggers niche cells to undergo senescence by inducing 
intolerable levels of oxidative stress and DNA damage.  
A) Representative images of gH2Ax and quantification of gH2Ax (n=20-91 cells) and B) 
CellRox levels (n=20-104 cells) in freshly sorted SCs, FAPs, and MCs populations from 
Basal and regenerating muscles at 3 DPI. C) ROSHigh and ROSLow SCs and FAPs were isolated 
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from regenerating muscle at 1 DPI and cultured in vitro for 3 days. Quantification of SA-b-
gal+ cells in each population compared to basal cells (n=4-5 mice). D) Young p16-3MR mice 
were injured with CTX and treated with N-acetylcysteine (NAC) in drinking water during 
regeneration. (Left) Renilla luciferase activity in TA muscles at 4 DPI (n=6-8 TA from 4-6 
mice), (Right) quantification of SA-b-gal+ cells (n=5-6 TA from 4 mice). E) As in C, cells 
were sorted from regenerating muscles at 1 DPI and cultured for 3 days with or without 
NAC in vitro (n=3 mice). Scale bar: 10 µm. Results are displayed as mean ± s.e.m.; P-values 
were calculated by two-tailed t-test in A and B, Tukey’s test in C and E, and Mann-Whitney 
test in D; significance is reported as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
 

Further, Sen SCs, FAPs, and MCs at 3 DPI had more intense CellRox (ROS) staining 

than their NSen (or basal) counterparts (Figure 25B), which may be related to 

mitochondrial dysfunction in Sen cells (Figure 24). These results further validate 

the SPiDER-based FACS detection of distinct senescent cell types in vivo. To 

assess the causality of high ROS levels in driving injury-induced senescence, we 

sorted ROSHigh and ROSLow SCs and FAPs at 1 DPI (before the appearance of 

senescent cells at 3 DPI). Freshly sorted ROSHigh cells, but not ROSLow cells, became 

senescent in culture (shown by SA-b-gal staining) (Figure 25C). Conversely, 

inhibiting ROS with the antioxidant drug N-acetylcysteine (NAC) led to reduced 

senescence burden during muscle regeneration, as shown by luciferase activity in 

vivo and SA-b-gal staining in tissue (Figure 25D). Similar results were obtained in 

vitro, with NAC blocking senescence entry of ROSHigh SCs and FAPs (Figure 25E).  

 

2.6 Ageing primes niche cells for exacerbated injury-induced senescence 

Senescent cells are more abundant in regenerating muscles of geriatric mice, and 

geriatric senescent cells displayed an increased pro-inflammatory profile. Thus, 

we hypothesised that ageing primes niche cells for increased senescence entry 

with a stronger phenotype. We first analysed the effect of ageing on SCs, FAPs, 

and MCs in resting conditions. Differential expression and pathway enrichment 

analysis revealed upregulation of immune-inflammatory response, DNA damage 

and cell-cycle arrest, lipid metabolism, matrix remodelling, insulin signalling, and 

downregulation of mitochondrial maintenance and function traits (Figure 26A). 

Accordingly, geriatric basal cells contained more DNA damage foci in telomeric 

regions than young Basal cells, as shown by telomere immunostaining of gH2Ax 

(Figure 26B). This coincided with previously reported increased ROS levels in 

geriatric cells, suggesting that the intrinsic accumulation of damage primes aged 

cells for senescence entry upon injury94. We also confirmed increased matrix 

deposition (Figure 26C) and expression of cell cycle inhibitors and inflammatory 
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factors in resting geriatric muscles (Figure 26D), which is consistent with the 

concept of basal inflammageing244.  

 
Figure 26. Ageing primes niche cells for exacerbated injury-induced senescence.  
A) Heatmap of gene sets enriched in DE genes from Geriatric vs Young SCs, FAPs, and 
MCs (g:Profiler web server, FDR<0.05) isolated from non-injured muscle tissue. B) 
Quantification of cells with telomeric DDR and C) Sirius Red in TA muscles from young and 
geriatric mice (n=3-5 mice). D) RT-qPCR of indicated genes in TA muscles from young and 
geriatric mice (n=5-8 mice). Results are displayed as mean ± s.e.m.; P-values were 
calculated by Mann-Whitney test in B and C, and two-tailed t-test in D; significance is 
reported as *p<0.05 and **p<0.01. 
 

Together, our results show that injury and ageing induce the accumulation of high 

levels of oxidative stress and DNA damage in subsets of cells within the muscle 

regenerative niche, driving senescence entry. Ageing by itself also leads to the 

accumulation of intracellular stressors and activation of inflammatory-response 
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pathways, thus priming aged niche cells for senescence, which in turn results in a 

deeper senescent state upon injury. 

 

2.7 Two major shared hallmarks define senescent cells across cell types, stages 

of regeneration, and lifespan 

The definition of cellular senescence has been changing over time, due to the high 

heterogeneity of senescent cells. Currently, one of the major questions regarding 

the core senescence signature, which would specifically recognize senescent 

cells, remains unanswered. We next aimed to identify a common gene expression 

signature that would unequivocally define senescent cells despite their nature, 

time, and age. For that, we analysed DE genes between Sen and NSen populations 

across all the conditions. Although we did not detect any gene that would be 

significantly up- or downregulated among all 12 comparisons, we identified 47 

largely conserved genes, including pro-inflammatory cytokines (e.g., Ccl2, Ccl7, 

Ccl8), matrix components, and remodelling enzymes (e.g., Col1a2, Col3a1, Timp2) 

and IGF regulators (e.g., Igfbp4, Igfbp6, Igfbp7), previously linked to senescence. 

On the other hand, the cell cycle progression gene Cenpa was downregulated, in 

agreement with previous observations in senescent cells245,246. Notably, expression 

of the pro-inflammatory/pro-fibrotic genes Ccl2, Ccl7, Igf1, Igfbp4, and Timp2 was 

also detected in the scRNA-seq mapping (Figure 16B). To confirm these findings, 

we validated key genes of each category by RT-qPCR in the three cell populations 

at young and geriatric ages (Figure 27A).  

We hypothesized that, despite limited coincidence at the gene-expression level, 

senescent cells retain common traits at a functional level. To address this, we 

performed a simultaneous comparison of Sen cells with their NSen and Basal 

counterparts to exclude the changes related to the cell growth arrest (i.e. 

quiescence) state per se. Pathway enrichment analysis showed upregulation of two 

major global functions: inflammation and matrix remodelling/fibrosis (Figure 27B). 

Minor shared conserved traits were related to stress responses and IGF regulation 

(Figure 27B). Conversely, the basic cellular machinery (including gene expression 

to protein translation, cell cycle, and DNA repair) was strongly downregulated 

across all conditions (Figure 27B). In conclusion, our data indicate that in vivo 

senescent cells have a common profile of cellular pathways, rather than having 

closely aligned changes in the expression of a fixed set of genes.  
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Figure 27. Two major shared hallmarks define senescent cells across cell types, stages 
of regeneration, and lifespan.  
A) mRNA quantification by RT-qPCR of indicated genes in SPiDER+ and SPIDER– SCs, FAPs, 
and MCs isolated from regenerating muscles of young and geriatric mice at 3 DPI (n=4-7 
mice). B) Dot plot representing common clusters of gene sets (GSEA) from Sen vs NSen 
and Sen vs Basal SCs, FAPs, and MCs from young and geriatric mice at 3 and 7 DPI. Gene 
sets were considered common with FDR<0.25 in at least 8/12 comparisons for Sen vs NSen 
and Sen vs Basal. P-values were calculated by two-tailed t-test in A; significance is 
reported as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
 

To elucidate how the senescence program is regulated in senescent cells, we 

performed transcriptional factor (TF) enrichment analysis and pathway enrichment 

analysis of TF targets, which allowed us to map common TFs to the main pathway 

hallmarks enriched in Sen cells in all conditions. The analysis revealed enrichment 

occupancy of known transcriptional regulators of inflammation and the SASP, 

NFkB179, C/EBPβ142, and STAT1/3247, as well as the regulators of matrix remodelling 

and fibrosis, Smad3/4 (and inhibition of Smad7)248 (Figure 28).  
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Figure 28. Transcription factor occupancy reflects the activation of major inflammatory 
and fibrotic senescence hallmarks. 
Chord diagram showing TFs regulating the DE genes in Sen vs NSen and their respective 
categories. Chord width is proportional to the -log10 of the average minimum FDR for CP 
and GO:BP enrichment (gprofiler2) within a given functional category. The green-to-orange 
scale indicates the average predicted TF activity. 
 

In conclusion, we established a protocol for senescent cell isolation and 

characterized the nature of senescent cells in a single-cell fashion. Following this, 

we generated deep transcriptomic data of the major populations constituting the 

senescent population (SCs, FAPs, and MCs) for the investigation of kinetic and 

ageing components in these cells. We identified DNA damage and excessive ROS 

as a trigger of cellular senescence in regenerating muscle. Also, we underlined the 

role of ageing on exacerbated senescence entry and its phenotype. Not only did 

we observe the transcriptional heterogeneity in the senescent populations, as 

established by previous research, but we also proposed their definition by the 

conserved functional core, primarily constituted by pro-inflammatory and pro-

fibrotic traits. Finally, we described how TFs regulate gene expression and 

functions in senescent populations based on the generated transcriptomic data. 
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3. ROLE OF SENESCENT CELLS IN MUSCLE REGENERATION 
 

3.1 Role of senescent cells in muscle regeneration at young and geriatric age 

The role of senescent cells has been described in a variety of conditions, such as 

development, cancer, wound healing, and ageing among others. Although several 

studies suggested both, beneficial and deleterious roles of senescent cells in acute 

muscle regeneration, they did not provide clear evidence on the contribution of the 

senescent cell during muscle regeneration and the mechanism behind it. Hence, 

the role of senescent cells is yet unclear and needs further insights. To study the 

role of newly emerging senescent cells during muscle regeneration, we first 

ablated senescent cells in young and geriatric p16-3MR mice by daily 

administration of GCV. GCV reduced the presence of senescent cells in injured 

muscles, indexed by lower luciferase activity in vivo, and reduced SA-b-gal+ cells 

on muscle sections (Figure 29A,B).  
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Figure 29. Reduction of senescent cells leads to accelerated muscle regeneration in 
young and geriatric animals. 
Young and geriatric p16-3MR mice were subjected to CTX injury, treated with vehicle or 
GCV during the course of regeneration, and analysed at 7 DPI. A) Representative images 
and quantification of SA-b-gal+ cells, cross-sectional area (CSA), and frequency 
distribution of eMHC+ fibers in regenerating TA muscles from vehicle- and GCV-treated 
geriatric mice (n=5-6 TA from 3 mice). B) Quantification of in vivo Renilla luminescence 
activity (n=6-10 muscles from 3-5 mice), SA-b-gal+ cells, CSA, and frequency distribution 
analysis of eMHC+ fibers (n=6-8 TA muscles from 4 mice) in cryosections from young p16-
3MR mice. C) Force-frequency curves of extensor digitorum longus (EDL) muscles of 
vehicle- and GCV-treated young and geriatric p16-3MR mice at 10 DPI (n=5-11 EDL from 
4-7 mice). Scale bar: 50 µm. Results are displayed as mean ± s.e.m.; P-values were 
calculated by Mann-Whitney test in A and B, and two-way ANOVA in C; significance is 
reported as *p<0.05, **p<0.01, and ****p<0.0001. 
 

In geriatric p16-3MR mice, GCV not only rescued the defective tissue regeneration 

but also enhanced muscle force generation (Figure 29A,C). Unexpectedly, these 

beneficial effects were also evident in GCV-treated young mice (Figure 29B,C). 

Moreover, advanced fiber regeneration was accompanied by reduced fibrosis and 

inflammation in both young and geriatric mice, as monitored by reduced expression 

of pro-inflammatory cytokines IL-6, Ccl-2, IL-18, and INFg, (Figure 30).  

 
Figure 30. Targeting senescent cells leads to reduced inflammation and fibrosis in 
young and geriatric p16-3MR animals. 
Young and geriatric p16-3MR mice were subjected to CTX injury, treated with vehicle or 
GCV during the course of regeneration, and analysed at 7 DPI. A) Representative images 
and quantification of Sirius Red staining in regenerating TA muscles from vehicle- and GCV-
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treated geriatric (n=5-6 TA from 3 mice) and young (n=6-8 TA muscles from 4 mice) mice. 
B) RT-qPCR of IL-6, IL-1b, TNFa, IL-12, Ccl2, IL-18, and INFg, in muscle tissue from young 
(n=4-6 TA muscles from 3-4 mice) and geriatric (n=4-6 TA muscles from 3-4 mice) p16-
3MR mice. Scale bar: 50 µm. Results are displayed as mean ± s.e.m.; P-values were 
calculated by Mann-Whitney test in A two-tailed t-test in B; significance is reported as 
*p<0.05 and ***p<0.001. 
 

We then tested an alternative that has potential use in humans, using daily 

treatment with the senolytic compounds quercetin and dasatinib (Q+D). Senolytics 

reduced SA-b-gal+ cell numbers, accelerated regeneration, increased force, and 

reduced matrix deposition, in both young and geriatric WT mice (Figure 31). Thus, 

the reduction of senescent cells decreased the inflammatory and fibrotic load in 

the regenerative niche, accelerated regeneration in young mice, and rejuvenated 

muscles of extremely old mice that are usually refractory to any improvement.  

 

 
 



72 

 

Figure 31. Targeting senescent cells with senolytics leads to accelerated muscle 
regeneration in young and geriatric WT animals. 
Young and geriatric WT mice were subjected to CTX injury, treated with vehicle or Q+D 
during the course of regeneration, and analysed at 7 DPI. A) Representative images and 
quantification of SA-b-gal+ cells, Sirius Red staining, CSA, and frequency distribution 
analysis of eMHC+ fibers in cryosections from young mice (n=6-10 muscles from 3-5 mice). 
B) Force-frequency curves of EDL muscles of vehicle- and Q+D-treated young and geriatric 
mice at 10 DPI (n=5-8 EDL from 3-5 mice). C) Quantification of SA-b-gal+ cells, Sirius Red 
staining, CSA, and frequency distribution analysis of eMHC+ fibers in cryosections from 
geriatric mice (n=5 mice). Scale bar: 50 µm. Results are displayed as mean ± s.e.m.; P-
values were calculated by Mann-Whitney test in A and C, and two-way ANOVA in B; 
significance is reported as *p<0.05, **p<0.01, and ***p<0.001. 
 

Consistently, transplantation of Dil-labelled sorted SPiDER+ or SPiDER– cells into 

pre-injured muscles of young mice revealed that only senescent cells delayed the 

regeneration of host muscles (Figure 32), mimicking the defective regeneration in 

geriatric muscles. Thus, senescent cells were detrimental to muscle regeneration 

in both young and aged mice, challenging the prevalent view that senescent cells 

are beneficial when transiently present after acute injury, particularly in young 

tissues (revised in Rhinn et al., 2019249 and Prieto et al., 2020250). 

 
Figure 32. Engraftment of senescent cells delays muscle regeneration in young mice. 
An equal amount of SPiDER+ or SPiDER– cells isolated from young regenerating muscles at 
3 DPI were stained with Dil and transplanted into pre-injured TA muscles of young recipient 
mice for 4 days (n=4 mice). The strategy scheme, representative images, and 
quantification of eMHC+ fibers are shown. Scale bar: 50 µm. Results are displayed as mean 
± s.e.m.; P-values were calculated by the Mann-Whitney test; significance is reported as 
**p<0.01. 
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3.2 Role of senescent cells in chronic muscle disease 

It has been suggested that the contribution of senescent cells can be majorly 

defined depending on the persistence of senescent cells in the process. Thus, 

transient senescence has been majorly classified as beneficial, for example in 

wound healing, and prolonged, chronic presence of senescent cells has been 

believed to lead to detrimental outcomes. As we described in the previous section, 

it is not the case for muscle regeneration, as even the transient presence of 

senescent cells resulted in delayed muscle regeneration. Thus, we next addressed 

how senescent cells impact muscle structure and function in a chronic context. For 

that, we brought p16-3MR mice to the mdx dystrophic background, characterized 

by chronic muscle degeneration/regeneration cycles. Monitoring of luciferase 

activity and additional senescence markers showed a higher number of senescent 

cells in the muscles of mdx/p16-3MR mice than in age-matched, non-dystrophic 

p16-3MR mice (Figure 33A,B). Mdx mice also presented higher numbers of SA-b-

gal+ cells in muscle sections (Figure 33C). In addition, we identified the presence 

of senescent SCs, FAPs, and MCs in the dystrophic mice by FACS analysis with 

SPiDER-b-gal (Figure 33D).  
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Figure 33. Senescent cells persist in the muscle tissue of mdx mice throughout life. 
A) In vivo quantification of Renilla luminescence activity in basal muscles of p16-3MR and 
mdx/p16-3MR mice at the indicated age (n=5-8 muscles from 3 mice). B) mRNA 
quantification of the indicated genes by RT-qPCR in TA muscles from young WT and 
mdx/p16-3MR mice of 5 months of age (n=4-6 mice). C) Representative images of SA-b-
gal and eMHC staining and quantification of SA-b-gal+ cells in uninjured TA muscles from 
WT and mdx mice at indicated age (n=3-9 mice per group). D) FACS analysis of SPiDER+ 
fraction within the SCs, FAPs, and MCs populations in WT and mdx mice (n=4-5 mice). 
Scale bar: 50 µm. Results are displayed as mean ± s.e.m.; P-values were calculated by 
Mann Whitney test in A, C, and D, and two-tailed t-test in B; significance is reported as 
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
 

Longer-term treatment (twice weekly for 2 months) of mdx/p16-3MR mice with 

GCV reduced the senescent cell burden and alleviated the regenerative impairment 

of dystrophic muscles, as shown by larger fibers, reduced fibrosis, and enhanced 

muscle force (Figure 34A,B). We further corroborated these results in mdx mice 

treated with senolytics Q+D in a similar fashion. We confirmed the reduction of 

senescent cells by total SA-b-gal activity quantification in frozen tissue and 

particularly in the SCs, FAPs, and MCs populations by FACS (Figure 34C,D). 

Targeting senescent cells with Q+D notably improved muscle force and structure, 

monitored by strength assay, fiber size measurement, and fibrotic deposition 

(Figure 34E,F). Importantly, a recent study showed that the reduction of senescent 

cells with ABT263, another broadly used senolytic, ameliorated disease 

progression in DMD rats228. Thus, our results, together with other research, 

demonstrated that senescent cells have a negative impact on chronic muscle 

disease, suggesting a novel potential therapeutic target for DMD treatment. 

We concluded that senescent cells play a detrimental role in muscle regeneration, 

irrespectively of any condition that we investigated. The irruption of senescent 

cells in the regenerative muscle niche, either transiently (in acute injury) or 

persistently (in chronic injury), is always deleterious for regeneration, irrespective 

of age. 
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Figure 34. Senescent cells persist in the muscle tissue of mdx animals throughout life. 
A) Young mdx/p16-3MR mice received GCV twice a week for 2 months and were collected 
at 5 months of age. Representative images of SA-b-gal, H&E, and Sirius Red staining in TA 
muscles of vehicle- and GCV-treated mice. SA-b-gal+ cells Sirius Red staining, CSA, and 
frequency distribution of regenerating fibers (n=4-6 mice). B) Force measurements in EDL 
muscles of vehicle- and GCV-treated mdx/p16-3MR mice after 2 months of treatment are 
represented (n=5-9 EDL from 3-6). C) Young mdx mice received Q+D twice a week for 2 
months and muscle samples were collected at 5 months of age. Quantification of SA-b-gal+ 
cells in muscle cryosections is shown (n=5 mice). D) FACS analysis of senescent fraction 
in SCs, FAPs, and MCs by SPiDER-b-gal staining (n=4-5 mice). E) Quantification of CSA 
and frequency distribution of regenerating fibers and Sirius Red staining in muscle 
cryosections of vehicle- and Q+D-treated mdx animals (n=5 mice). F) Force measurements 
in EDL muscles of vehicle- and Q+D-treated mdx mice after 2 months of treatment are 
represented (n=7-8 EDL muscles from 5-6 mice). Scale bar: 50 µm. Results are displayed 
as mean ± s.e.m.; P-values were calculated by Mann Whitney test in A, C, D, and E, and 
two-way ANOVA in B and F; significance is reported as *p<0.05, **p<0.01, and ***p<0.001. 
 

3.3 Senescent cells impact their microenvironment by secreting their SASP 

One of the most important features of senescent cells is their high metabolic profile 

and secretion of proactive molecules. We next hypothesized that the detrimental 

role of senescent cells observed in the previous sections might be attributed to the 

SASP of these cells. To understand how senescent cells impair regeneration, we 

studied their SASP in vivo, in regenerating muscles, and during ageing. We first 

studied the transcriptomics of the genes related to the SASP. For that, we selected 

DE genes with extracellular or secreted protein products and compared them 

between injury-induced Sen versus NSen cells. Depending on cell type and 

conditions, the number of SASP components ranged from 78 to 365, highlighting 

the diversity in SASP production (Figure 35A), in line with the gene expression 

heterogeneity of senescent cells. Pathway enrichment identified two major 

functions: 1) inflammation, including complement and coagulation, innate immune 

system, lipoprotein remodelling, and cytokines and TNFa/NFkB signalling (e.g., 

Ccl2, Ccl7, Ccl8, Isg15); and 2) fibrosis, including matrix organization and collagen 

metabolism, matrix metalloproteinases and TGFb signalling (e.g., Col3a1, Col6a2, 

Timp2). Other features, such as IGF regulation by IGFBPs (e.g., Igfbp4, Igfbp6, 

Igfbp7, Igf1), were also present (Figure 35B).  
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Figure 35. Transcriptomic characterization of SASP in the senescent cells in vivo. 
A) Table of upregulated SASP genes in SCs, FAPs, and MCs from young and geriatric mice 
at 3 and 7 DPI (FDR <0.05). B) Clusters of gene sets enriched in SASP-related genes from 
Sen SCs, FAPs, and MCs from young mice at 3 DPI (g:Profiler web server, FDR <0.05). Node 
size is proportional to the number of genes identified in each gene set. Grey edges indicate 
gene overlap. SASP genes were identified using different published databases (see 
methods). Differentially upregulated genes (FDR<0.05) were considered as “SASP genes” 
when overexpressed in Sen populations vs their NSen counterparts. 
 

Moreover, functional profiling of the transcriptional regulation of SASP confirmed 

the association of NFκB, STAT1/3, and Smad3/4 with the identified groups of 

inflammatory and matrix-related SASP genes (Figure 36), reinforcing the 

transcriptional control of the inflammatory and fibrotic SASP. Overall, these results 

indicated that major SASP features correspond tightly with the previously identified 

universal hallmarks of senescent cells in vivo (Figure 27B).  
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Figure 36. Transcription factor occupancy of SASP-related genes in senescent cells 
from regenerating muscle. 
Chord diagram showing TFs regulating the SASP genes and their respective categories in 
Sen vs NSen. Chord width is proportional to the -log10 of the average p-value for GO:MF 
cluster enrichment. 
 

The SASP profile strongly reminded us of those in inflammageing. Therefore, we 

compared the transcriptomes of ageing tissues from various species with those of 

the distinct Sen cells in injured young muscles and found an increase in 

inflammatory pathways, including interferon, complement, and cytokine signalling, 

or TNFa via NFkB signalling (Figure 37A), consistent with multiple previously 

published transcriptional datasets of ageing in human, rodent, and killifish251–253. 

Supporting these data, a secreted-protein array-based assay confirmed the 

secretion of inflammatory (and matrix-remodelling) proteins in freshly sorted Sen 

cells from young and geriatric muscles (e.g., CCL2, IGFBP6, CD40, IL13, CXCL1, 

IL1A, CXCL11, MMP2, among others) (Figure 37B). Furthermore, at the whole tissue 

level, we found that many of these secreted SASP proteins were commonly 

upregulated in injured muscles of young mice and in non-injured muscles of 

geriatric mice (as compared to non-injured young muscles) (Figure 37C), indicating 

a shared upregulated inflammatory secretome after young-tissue injury and ageing 

conditions.  
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Figure 37. Transcription factor occupancy of SASP-related genes in senescent cells 
from regenerating muscle. 
A) Dot plot comparing functional enrichments of MSigDB 5.1 hallmarks obtained by using 
the minimum hypergeometric test for differential RNA expression in different tissues from 
aged mice, rats, humans, killifish253 and muscle senescent populations from young mice at 
3 DPI. B) Cytokine array of freshly sorted SPiDER+ or SPiDER– cells from regenerating 
muscle at 3 DPI from young (top) or geriatric (middle) mice. Cells were cultured for 24 
hours in serum-deprived media, then the conditioned media were collected, and the levels 
of the indicated protein were assessed. Graphs represent the top 10 proteins whose levels 
were increased in the comparison. Venn diagram indicating the overlap between secreted 
proteins in young and geriatric cells is shown. C) Venn diagram showing the overlap 
between secreted proteins during ageing, injury-induced regeneration, and secreted 
proteins by isolated young SPiDER+ cells in B. Common secreted proteins are indicated. 
 

Thus, we concluded that the SASP of Sen cells transiently present in injured young 

muscles mimics an aged-like inflammageing244,251–253. In contrast, in geriatric 

muscle, the exacerbated inflammation observed during regeneration is a result of 

combining senescent secretome with existing inflammageing prior to the injury. 

 

3.4 Senescent cells block muscle stem cell expansion through the SASP 

paracrine actions 

Once we characterized the SASP of senescent cells in vivo, we next aimed to 

describe how exactly the SASP affects muscle regeneration. We performed a 

ligand-receptor (L-R) analysis in collaboration with specialists in computational 

biology254. With this analysis, we predicted L-R interactions between senescent 

populations and non-senescent SCs (which are in charge of the formation of the 

new fibers) and the downstream response induced in the receptor cells. The 

ligands of the senescent cells (the SASP) underlined mostly pro-inflammatory and 

pro-fibrotic interactions among senescent cells and muscle stem cells (Figure 

38A). Signalling pathway impact analysis (SPIA) of TFs acting downstream of these 

interactions revealed common downstream responses induced by SASP ligands on 

non-senescent SCs (Figure 38B). The downstream responses resulting from the 

SASP signalling included activation of pathways such as “cellular senescence”, 

“apoptosis”, and inflammatory responses, including “TNFa and TGFb signalling”, 

in the receptor non-senescent SCs. On the other hand, SPIA predicted inhibition of 

pathways such as “cell cycle” and proliferative pathways (such as the “MAPK and 

AKT signalling cascades”) in the muscle stem cells by the SASP signalling. Thus, 

we hypothesized that the SASP produced by senescent cells during muscle 
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regeneration negatively impacts muscle stem cell expansion, by either promoting 

proliferative arrest or paracrine senescence (through a bystander effect).  

 
Figure 38. Ligand-receptor analysis between senescent and non-senescent SCs. 
A) Cytoscape network showing ligand-receptor (L-R) interactions between Sen populations 
and NSen SCs from geriatric mice at 3 DPI predicted by a modified version of FunRes. B) 
Major activated and inhibited KEGG pathways predicted by SPIA in NSen SCs downstream 
the predicted interactions showed in A. Ratio of interactions represents the proportion of 
L-R that induce the pathway of interest. 
 

To test these predictions, we transplanted sorted SPiDER+ and SPiDER– fractions 

containing SCs, FAPs, and MCs, labelled with the lipophilic vital dye Dil, into pre-

injured muscles of recipient mice. In contrast to Dil-labelled SPiDER– cells, Dil-

labelled SPiDER+ cells increased the number of senescent cells in the host tissue, 

induced recruitment of inflammatory cells to the damaged area, increased fibrosis, 
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and delayed the regeneration of host muscles (Figure 39A), simulating the 

exacerbated regeneration defect of geriatric muscles. Moreover, paracrine 

senescence induction was confirmed by transplantation of ex vivo-induced 

senescent (or non-senescent) cells into pre-injured muscles of p16-3MR reporter 

mice, evidenced by enhanced luciferase activity in muscles transplanted with 

senescent cells (Figure 39B), which may explain the delayed regeneration of host 

muscles.  

 
Figure 39. Senescent cells restrain muscle stem cells expansion through the SASP 
secretion. 
A) SPiDER+ or SPiDER– cells isolated from young regenerating muscle at 3 DPI were stained 
with Dil and transplanted into pre-injured TA muscle of the recipient young mice for 4 days 
(n=4 mice). Quantification of SA-β-gal+ cells, CD11b+ cells, and Sirius Red staining are 
shown. B) Senescent and non-senescent C2C12 cells were stained with Dil and 
transplanted into pre-injured TA muscle of the recipient young p16-3MR mice for 5 days. 
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Representative images and quantification of in vivo Renilla luminescence activity in muscles 
of p16-3MR mice (n=4-5 mice). C) SPiDER+ or SPiDER– cells isolated from young 
regenerating muscle at 3 DPI were stained with Dil and transplanted into resting TA muscle 
of the recipient young mice for 4 days. Quantification of gH2Ax expression in resident Pax7+ 
cells is shown (n=100-110 cells). D) p16-3MR mice were injured with CTX and daily treated 
with vehicle or GCV from the day of injury to 4 DPI (n=5-6 TA from 3-4 mice). (Left) 
Representative images of EdU or Pax7 staining and quantification of EdU incorporation in 
SCs and the total number of SCs in the regenerating area. (Right) quantification of BrdU 
incorporation in SCs in vitro. At 3 DPI, in mice treated as before, SCs were FACS-sorted 
and cultured for 3 days (n=4 mice). E) SPiDER– SCs were isolated at 3 DPI from 
regenerating muscles of young/geriatric mice, then cultured for 3 days in transwells with 
total SPiDER+, SPiDER– cells, or medium. After 3 days of culture, SCs proliferation was 
assessed by BrdU incorporation. Representative images and quantification of BrdU+ cells 
(n=3 replicates). Scale bars: 20 µm in D and 10 µm in E. Results are displayed as mean ± 
s.e.m.; P-values were calculated by Mann Whitney test in A, B, C, and D, and Sidak’s test 
in E; significance is reported as *p<0.05, **p<0.01, and ***p<0.001. 
 

Strikingly, transplantation of sorted Sen (SPiDER+) and NSen (SPiDER–) from donor 

mice into non-injured muscles of recipient mice sufficed to induce DNA damage in 

the endogenous SCs (Figure 39C). Conversely, the reduction of senescent cells in 

GCV-treated p16-3MR mice increased the number of proliferating and total SCs 

within the regenerative muscle niche (Figure 39D), in agreement with the 

accelerated muscle regeneration. Consistent with these in vivo results, SCs sorted 

from GCV-treated p16-3MR mice had a higher proliferation capacity ex vivo than 

SCs from vehicle-treated mice (Figure 39D). We also performed a transwell assay, 

which physically separates seeded populations but allows the interchange of 

secreted molecules. We observed a reduced proliferation rate of NSen SCs when 

seeded in the presence of Sen secretome (Figure 39E). Together, these findings 

demonstrate that senescent cells restrain muscle regeneration through paracrine 

pro-inflammatory and pro-fibrotic SASP functions that blunt SCs proliferation. 

To examine the relative contribution to muscle regeneration of the senescent cells 

that either reside within the tissue or that are blood-derived, we first used a model 

of whole-muscle grafting, in which the extensor digitorum longus (EDL) muscle 

from one mouse is grafted onto the tibialis anterior (TA) muscle of a recipient 

mouse91. In this model, the transplanted EDL muscle undergoes de novo 

myogenesis at the expense of its own SCs, while recruited bone marrow-derived 

cells come from the host. EDL-grafting combined with GCV-mediated senescent 

cell depletion revealed that p16-3MR-EDL grafts in WT host mice, or WT-EDL 

grafts in p16-3MR hosts, had larger regenerating myofibers than WT-EDL grafts in 

WT mice (Figure 40A). These results confirmed that EDL-resident senescent SCs 
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and FAPs, as well as blood-derived inflammatory senescent cells, blocked muscle 

regeneration. Similar detrimental effects on muscle regeneration were seen upon 

transplantation of equal numbers of Sen (SPiDER+) SCs, FAPs, or MCs, either 

separately or combined, independently of the Sen cell type (Figure 40B). These 

results strongly suggest that conserved secretory inflammatory and fibrotic 

hallmarks across the three Sen cell types account for their similar negative effects 

on tissue regeneration. Consistent with this idea, improved muscle regeneration 

after senescent cell depletion was always accompanied by reduced inflammation 

and fibrosis in both young and aged muscles, whereas the reduced muscle 

regeneration rate caused by the paracrine action of transplanted Sen cells was 

associated with increased muscle inflammation and fibrosis. These findings further 

challenge the prevalent view that the SASP of senescent cells is beneficial when 

acting transiently after injury. 

 
Figure 40. Distinct senescent populations play a similar role during muscle 
regeneration. 
A) EDL from either WT or p16-3MR donor mice were transplanted into WT or p16-3MR 
recipient mice or vice versa. Recipient mice were treated with GCV and regeneration was 
assessed 7 days later. Representative images, and quantification of fiber size and SA-b-
gal+ cells (n=6-8 mice). B) SPiDER+ or SPiDER– SCs, FAPs, or MCs isolated from young 
regenerating muscle at 3 DPI were stained with Dil and transplanted into pre-injured TA 
muscle of the recipient young mice for 4 days (n=4-5 mice). Quantification of CSA of 
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eMHC+ fibers is shown. Scale bar: 20 µm. Results are displayed as mean ± s.e.m.; P-values 
were calculated by Mann Whitney test; significance is reported as *p<0.05, **p<0.01, and 
***p<0.001. 
 

3.4 Role of the CD36 in the regulation of the SASP and muscle regeneration. 

To further explore the beneficial effects of senescent cell targeting, we aimed to 

specifically neutralize the SASP. Given the observed heterogeneity of SASPs in 

vivo, we searched for a broad SASP-targeting approach rather than targeting a 

particular molecule. Lipid transport, which is tightly associated with inflammatory 

responses255,256, was consistently included in the inflammatory hallmark of Sen 

cells (Figure 27B) and of the SASP (Figure 35B) in all conditions. Notably, we found 

that Sen cells had more lipid droplets than NSen cells (Figure 41A). Analysis of lipid 

metabolism genes identified upregulation in all Sen cells of numerous lipid-

transport genes, including Fabp3, Apoe, Star, Pltp, Lpl, Cd68, and Cd36 (Figure 

41B).  

 
Figure 41. Senescent populations display lipid accumulation and related genes in vivo. 
A) SPiDER+ and SPiDER– populations from regenerating muscle at 3 DPI were stained with 
Oil Red O and haematoxylin. Representative images and quantification of lipid droplets are 
shown (n=45-94 cells). B) Heatmap showing lipid-transport related genes that were DE in 
at least 3/12 comparisons between Sen and their NSen counterparts. The colour indicates 
log2FC of gene expression. Scale bar: 10 µm. Results are displayed as mean ± s.e.m.; P-
values were calculated by a two-tailed unpaired t-test; significance is reported as *p<0.05 
and ****p<0.0001. 
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As lipid uptake and CD36 are related to SASP in vitro239,240, CD36 might also be 

related to the SASP produced by senescent cells in vivo. By applying a modified 

version of the predictive computational method FunRes254 to our RNA-seq 

expression data sets of Sen and NSen cells, we obtained a CD36 signalling network 

that predicted downstream activation of NFkB and other inflammation/stress-

related pathways (including MAPK signalling and interferon responsive factors 

(IRF)), as well as enhanced induction of several downstream SASP components, 

such as Il6, Tgfb1, Mmp3, Igfbp5, Ccl2, Cxcl10, among others (Supplementary 

Figure 1). Based on these transcriptomic-coupled computation premises and given 

that Cd36 was consistently upregulated in all the Sen cell conditions, we 

hypothesized that CD36 might regulate the in vivo senescence secretory program, 

impairing regeneration. 

All three Sen cell types had higher CD36 protein expression in injured muscles 

(Figure 42A). Cd36 expression was also induced in cells rendered senescent in 

response to etoposide treatment in vitro (Figure 42B), confirming that distinct 

senescence triggers induce Cd36 expression in vivo and in vitro.  
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Figure 42. Senescent populations display lipid accumulation and related genes in vivo. 
A) Representative images and quantification of CD36 levels in freshly sorted SPiDER+ and 
SPiDER– populations from regenerating muscles at 3 DPI (n= 46-62 cells). B) C2C12 cells 
were treated with etoposide to induce cellular senescence and harvested at the indicated 
time points. Graphs show relative mRNA expression levels of Cd36 and SASP-related genes 
normalized to untreated C2C12 cells at different times after etoposide treatment (n=3 
replicates). Scale bar: 10 µm. Results are displayed as mean ± s.e.m.; P-values were 
calculated by a two-tailed unpaired t-test in A and two-way ANOVA in B; significance is 
reported as *p<0.05, **p<0.01 and ****p<0.0001. 
 

We next analysed muscles from young or old mice that had been treated for 4 days 

(starting at 3 DPI) with an anti-CD36 neutralizing antibody (at two distinct doses), 

or a control IgA antibody. CD36 blockade did not trigger a reduction in senescent 

cell number -unlike senolytic treatment- (Figure 43A,B) but did induce a reduction 

in several SASP components, revealed by an analysis of proteins secreted by Sen 

cells (Figure 43C).  

 
Figure 43. CD36 blockade leads to reduced SASP secretion in senescent cells in vivo. 
Mice were injured with CTX and treated with control anti-IgA or anti-CD36 antibody from 3 
to 7 DPI once per day. Quantification of SA-b-gal+ cells in the damaged area of TA muscles 
from A) young (n=6-8 muscles from 3-7 mice) and B) aged mice (20-month-old) (n=8 TA 
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from 4 mice). C) Freshly sorted SPiDER+ cells from IgA- or anti-CD36 antibody-treated old 
mice at 7 DPI were cultured for 24 hours in serum-deprived media, conditioned media was 
collected, and protein levels were assessed by cytokine array. Quantification showing the 
proteins which levels were reduced by 30% in the presence of anti-CD36 antibody. D) Venn 
diagram showing the overlap between SASP-related upregulated genes in senescent 
populations isolated from geriatric mice at 7 DPI and genes codifying for protein reduced 
by anti-CD36 antibody treatment in C. Results are displayed as mean ± s.e.m. 
 
Remarkably, many of the CD36-regulated secreted proteins coincided with 

upregulated SASP genes in Sen SCs, FAPs, and MCs, such as those encoding 

chemokines, cytokines, and complement factors, including Ccl2, Il10, Mmp3, Hgf, 

and Postn (Figure 43D). Together, these results indicated that CD36 blockade acts 

as a senomorphic rather than a senolytic, principally affecting the inflammatory 

SASPs. Of interest, several Sen cell-secreted inflammatory SASPs (e.g., Ccl2, Ccl4, 

Cxcl10, among others) that induced downstream signalling in NSen SCs in the L-R 

interactive network analysis were predicted to negatively impact SC functions and 

muscle regeneration, and some of them appeared as CD36-regulated SASP 

components (Supplementary Figure 1). More importantly, CD36 blockade not only 

improved muscle regeneration in both young and old mice (Figure 44A,B) but also 

reduced inflammation (Figure 44C) and fibrosis (Figure 44A,B). Furthermore, 

regenerating muscles from anti-CD36 antibody-treated old mice showed 

increased force (Figure 44D). Improved muscle regeneration after CD36 

neutralization was comparable to the improvement observed after senescent cell 

elimination (either pharmacological or genetic) in mice. These results reinforced 

the predicted CD36 network and L-R interactions analysis and indicate that CD36 

inactivation unleashes repressive inflammatory downstream effects in SCs within 

the regenerative niche. We next silenced Cd36 in freshly sorted Sen cells using 

specific siRNA (si-Cd36); scrambled siRNA (si-Scramble) was used as a control. 

Upon transplantation to injured muscle, si-Scramble-Sen cells delayed its 

regeneration, whereas engraftment of Cd36-silenced Sen cells had no negative 

effects (Figure 44E). Consistent with this result, the SASPs produced by freshly 

sorted Sen cells reduced SC proliferation in ex vivo transwell assays (Figure 44F), 

but this effect was not observed when Cd36 was silenced in senescent cells before 

co-culturing with SCs (Figure 44F). Overall, these results demonstrate that CD36 

is crucial for the paracrine effects of Sen cells on muscle regeneration by regulating 

the production of the SASP (principally via pro-inflammatory factors) in vivo. These 

SASPs create an inflamed “aged-like” niche that blunts the SC proliferation and 

regeneration. 
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Figure 44. CD36 blockade improves muscle regeneration in young and old mice. 
Mice were injured with CTX and treated with control anti-IgA or anti-CD36 antibody from 3 
to 7 DPI once per day. A) Representative images, quantification of CSA, and frequency 
distribution analysis of eMHC+ fiber size and Sirius Red staining of regenerating TA muscles 
are shown (n=7-8 TA from 4 mice). B) TA muscles of young mice were subjected to CTX 
injury and animals were treated with control IgA or anti-CD36 antibody from 3 to 7 DPI once 
per day. Quantification of mean CSA and frequency distribution analysis of eMHC+ fibers 
and Sirius Red staining in muscle cryosections are shown (n=6-11 muscles from 3-7 mice). 
C) As in B, mRNA expression levels of the indicated genes by RT-qPCR (n=6-8 muscles 
from 3-4 mice).  D) EDL muscles of old mice were injured with CTX, and mice were treated 
with anti-IgA or anti-CD36 antibodies from 3 to 10 DPI (n=5 EDL from 3 mice). Force-
frequency curves are shown. E) SPiDER+ or SPiDER– cells isolated from young regenerating 
muscles at 3 DPI were transfected with si-Scramble or si-Cd36, stained with Dil, and 
transplanted into pre-injured TA muscle of the recipient young mice. Samples were 
collected 4 days after transplantation. Representative images and quantification of CSA of 
eMHC+ fibers in damaged areas (n=4-6 mice). F) SCs were isolated at 3 DPI from 
regenerating muscles of young mice, then cultured for 3 days in transwells with senescent 
or non-senescent C2C12 cells, previously treated with si-Cd36 or si-Scramble, or without 
adding cells. After 3 days of culture, SCs proliferation was assessed by BrdU incorporation. 
quantification of BrdU+ cells is shown (n=3 mice). Scale bars: 50 µm. Results are displayed 
as mean ± s.e.m.; P-values were calculated by Mann Whitney test in A, B, C, and E, two-
way ANOVA in D, and Fisher’s LSD in F; significance is reported as *p<0.05, **p<0.01, 
***p<0.001, and ****p<0.0001. 
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Cellular senescence is transiently present during muscle regeneration 

Cellular senescence is a multifaceted process involved in a variety of physiological 

and pathological contexts. Although cellular senescence has been detected in 

skeletal muscle during ageing, regeneration, and disease, its purpose has not been 

fully investigated in these processes. Our first aim was centred on the description 

of cellular senescence from a kinetic point of view. Based on the SA-b-gal staining, 

we established that senescent cells appear at 3 DPI, peak around 3-7 DPI, and 

decrease until reaching almost basal levels at 21 DPI. These data indicate that 

cellular senescence is a transient phenomenon, which mostly coincides with the 

second/third pro-inflammatory wave and expansive/differentiating phases of 

niche-residing cells in the muscle regeneration process. Interestingly, we observed 

that the generation of senescent cells was higher in regenerating tissue of geriatric 

animals, coinciding with its delayed regenerative capacity. Thus, exacerbated 

levels of senescent cells might also partially explain the regenerative delay in 

geriatric mice, as previously suggested91,94. Moreover, senescent cells persisted 

longer in aged muscles and still presented considerable levels even at 21 DPI. 

These results made us realize that certain “chronification” of cellular senescence 

occurs at an advanced age, perturbing the normal regeneration course. Whether 

this occurs due to a higher predisposition of aged cells to enter senescence upon 

injury (similar to the geroconversion observed in SCs94) or to a lower capacity of 

the aged immune system in clearing senescent cells during muscle regeneration 

remains to be answered. Indeed, we and others have shown that muscle-residing 

cells accumulate DNA damage, dysfunctional mitochondria, increased ROS levels, 

misfolded proteins, and other abnormalities, with age (reviewed in Sousa-Victor et 

al., 202217). All of these are potential causes of senescence entry, present in aged 

muscle prior to an injury. On the other hand, it is known that dysregulated immune 

response, and particularly a compromised pro-inflammatory to pro-fibrotic switch 

in macrophages, leads to delayed muscle regeneration in aged mice109,111. Similarly, 

mdx mice display an impaired pro-inflammatory to pro-fibrotic switch of 

macrophages257, as well as an accumulation of senescent cells. Of note, 

senescence of the immune system (or immunosenescence) also occurs with age, 

greatly affecting immune cell functions and fuelling pro-inflammatory response 

(inflammageing) and cellular senescence in peripheral tissues223,258. Thus, the 

senescent immune system can also contribute to the exacerbated and prolonged 

presence of senescent cells in aged muscle tissue. Nevertheless, 
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immunosenescence, age-related accumulation of senescent cells, inflammageing 

and other components are tightly connected to each other, making it complicated 

to dissect their precise role in muscle regeneration and other contexts (Figure 45). 

Future studies are needed to unravel the exact contribution of these components 

to the generation of senescent cells in old tissues. 

 
Figure 45. Feedback loop of senescent cell accumulation. 
Senescent cells can be generated in response to stress and accumulation of cellular 
damage due to the ageing process. If the senescent cell is not efficiently eliminated (due 
to an aged immune system), its SASP can potentiate secondary senescence induction, 
accumulation of senescent cells and chronic inflammation. Adapted from Gasek et al., 
2021167. 
 

A novel strategy allows the isolation of senescent cells from complex tissue 

Our next step towards understanding cellular senescence in muscle regeneration 

relied on the isolation and characterization of senescent cells. For that to occur, 

we first had to generate a protocol for senescent cells isolation from a complex 

tissue, a major challenge in the field of senescence. Senescent cells have been 

exclusively studied in vitro due to the inability to separate them from other non-

senescent cells. Why is it so difficult to isolate senescent cells from other 

populations? A major reason is because the senescent state lacks a universal 

marker that would unequivocally identify it. Even the mouse models based on 

p16INK4a and p21CIP1 expression are limited, as not all p16INK4a- and p21CIP1-expressing 

cells are senescent and vice versa. Although none of the known markers of cellular 

senescence is exclusive, it is widely accepted that a combination of several 

markers is useful for senescent cells’ identification. While our strategy relied on a 
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single marker of senescence, SPiDER-b-gal (or SA-b-gal activity), other markers 

validated it afterwards. For instance, subsequent analysis of sorted populations 

demonstrated enrichment in many other parameters: DNA damage, high ROS, 

reduced lamin B1 and proliferation levels, lack of apoptosis, increased cell size, and 

p16INK4a expression. Noticeably, these parameters were checked in distinct 

populations, suggesting that this protocol can be applied to different cell types and 

tissues. Of course, it is worth mentioning that this method does not provide a 100% 

pure senescent population. Nevertheless, it represents a big step towards the 

characterization of senescent cells in vivo, much needed in the field. 

 

Three major cell populations undergo senescence in skeletal muscle upon injury 

A scRNA-seq approach, together with the SPiDER-b-gal-based sorting, allowed 

the identification of the three major cell types undergoing senescence in 

regenerating muscle. By far, three cell populations: SCs, FAPs, and MCs, which 

constituted a major part of SPiDER+ cells. We confirmed these findings by tissue 

immunostaining with p16INK4a and gH2Ax labelling and established the levels of 

these populations in this order: SCs<FAPs<MCs. Although we also identified other 

cell types (B/T/NK cells, endothelial cells, antigen-processing cells, and 

neutrophils) in the SPiDER+ fraction, their levels were scarce, not allowing their full 

characterization. Further study of minor senescent populations remains to be 

performed by adding sequencing power in future investigations. Another thing to 

bear in mind is that we chose to look for the early senescent populations at 3 DPI, 

which is only a snapshot of the complex regeneration process. Distinct muscle-

residing populations are kinetically organized, with some populations appearing in 

early or very advanced regeneration steps. Thus, we cannot discard that senescent 

tenocytes, Schwann cells, smooth muscle cells, and other cell types do not occur 

in the regenerating muscle. Assessing the heterogeneity of senescent cells at 

different stages of regeneration should be performed by future studies.  

 

Senescent cells maintain their lineage-specific signatures and gain new features 

with ageing 

A deeper characterization of the major senescent populations showed that 

senescent cells still conserve their linage-related traits. Thus, senescent cells 

resemble their origins more than a common description of senescence, as 

suggested by the PCA clustering and gene expression. This tendency was already 
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observed in the previous in vitro studies, showing that senescent melanocytes, 

fibroblasts, and keratinocytes were rather clustering according to their lineage and 

not their senescent state127. Interestingly, senescent cells acquired new traits with 

ageing, with pathways associated with cellular plasticity and development. 

Whether these data indicate loss of identity or a new role of senescent cells with 

ageing, remains to be answered by future functional assays. Some studies suggest 

a controversial role of cellular senescence in cellular reprogramming. While cellular 

senescence impedes the reprogramming of the cell, the SASP promotes the 

reprogramming of neighbour cells in a paracrine fashion194,195,197,259. Interestingly, 

aged tissues are more efficiently reprogrammed, in line with the accumulation of 

senescent cells and our findings195. Thus, it might be interesting to investigate 

whether the reprogramming efficiency can be further boosted by the senescent 

cells generated in older tissues. In addition, geriatric senescent cells exhibited a 

new set of pathways related to inflammation, suggesting that aged senescent cells 

might express an exacerbated pro-inflammatory phenotype, further hampering 

muscle regeneration. 

 

Senescent cells are generated in response to high levels of injury-induced 

oxidative stress 

Another aim of our research was to understand the mechanisms of senescence 

entry in distinct populations in the regenerative muscle context. We observed a 

variety of damage-associated pathways enriched in the senescent populations, 

with some of them related to DNA damage signalling and oxidative stress. Indeed, 

high levels of ROS production occur during the earliest stages of muscle 

regeneration, promoting muscle residing cells activation, recruitment of immune 

cells and clearance of debris among others260. However, high levels of ROS 

produced by neutrophils can worsen the state of the muscle, damaging previously 

intact myofibers19,50,51,260,261. Moreover, several studies reported the beneficial 

effects of antioxidant treatments in muscle regeneration and DMD262–266. Thus, we 

presumed that the levels of oxidative stress might be the determining factor for 

some cells to undergo cellular senescence instead of other fates. Our data showed 

that DNA damage and ROS levels were increased in all cells in regenerating muscle 

as compared to the resting state. These levels were even higher in the senescent 

cells than in the non-senescent ones. Moreover, we showed that ROSHigh 

populations, isolated prior to the appearance of senescent cells, were more prone 
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to enter cellular senescence in the following days. Noticeably, reducing ROS levels 

with an antioxidant NAC abrogated this tendency. In addition, DNA damage and 

oxidative stress are increased with ageing, suggesting that this priming might be 

the cause of the higher senescence burden observed in the regenerating muscle 

of old animals. Thus, we conclude that although regeneration-induced oxidative 

stress is needed for several functions, it can also lead to some collateral damage, 

such as the generation of senescent cells. This effect is further exaggerated with 

ageing, due to the accumulation of damage in resting conditions. 

 

Senescent cells maintain two highly conserved hallmarks: inflammation and 

fibrosis 

An additional major aim of our study was to identify a core signature of cellular 

senescence in vivo. Searching for the “holy grail” of cellular senescence has been 

one of the major goals in the field. We observed that 47 genes behaved in the same 

fashion in most senescent populations, some of which had been previously linked 

to cellular senescence by other studies. Such is the case for the canonical SASP 

genes Ccl2, Ccl8, and Igfbp4, identified by both, single-cell and low-input RNA-

seq approaches. On the other hand, downregulation of the Cenpa gene was shown 

to induce cellular senescence in vitro, also correlating with our findings245,246. In 

addition, most of the genes identified as commonly regulated in our analysis are 

included in the SeneQuest database, a platform developed by the International Cell 

Senescence Association (ICSA) that integrates all transcriptomic data of previous 

in vitro works135. Of note, we did not observe the most illustrious markers of 

senescence p16INK4a nor p21CIP1 genes in our list, in line with previous statements127. 

Thus, our data majorly reproduced previous findings performed in vitro. It is 

important to note that, even though our list of genes suits most senescent 

populations, it does not work for 100% of them. This observation is not surprising, 

given the highly heterogeneous state of cellular senescence, even in vitro127. Thus, 

we relied on a pathway enrichment analysis in an attempt to find a common 

description for senescent cells in vivo. We identified that two hallmarks—

inflammation and matrix remodelling—are conserved in all senescent populations, 

ages, and time points. Two major hallmarks were also echoed in the SASP 

description. Similar to the global pathway analysis, the SASP majorly exhibited pro-

inflammatory and pro-fibrotic functions. Of note, a recent multiomics study of 

senescent cells in vitro showed progressive accumulation of pathways related to 
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inflammation, lipid metabolism, cellular stress and downregulation of pathways 

related to cell cycle and DNA repair, highly correlating with our findings238. Further 

transcriptomic profiling analysis in senescent cells in vivo revealed evidence for an 

association between the TFs NFkB, Smad, IRF1/3, and C/EBPb, and for the induction 

of inflammatory cytokines, matrix proteins, and interferon-response genes. These 

TFs have been reported to be master regulators of the SASP program (reviewed in 

Kumari et al., 2021267), further supporting our data. Thus, we conclude that the 

cellular senescence phenomenon is too heterogeneous to share expression at a 

gene level. Rather than a list of conserved genes, we identified a pattern of 

expression at a pathway level, with common traits related to matrix remodelling 

and inflammation.  

 

Senescent cells restrain muscle regeneration throughout life 

The prevailing view in the field is that senescent cells have a beneficial role in 

transient processes, such as embryo development, wound healing, and tissue 

regeneration. As we previously mentioned, cellular senescence occurs transiently 

during muscle regeneration as well. Although some research has been done on 

senescent cells from regenerating muscle, the exact contribution of senescent 

cells to the process has never been shown. In fact, senescence-targeting 

approaches have been performed before regeneration induction, but never during 

muscle regeneration, where the burden of senescent cells reaches its maximal 

levels212,225. These observations show that systemic elimination of senescent cells 

that accumulate with ageing both rejuvenates and restores the regenerative 

capacity, but fail to unravel the direct contribution of senescent cells to muscle 

regeneration. In our study, we employed different strategies to conclude that 

targeting senescent cells accelerates muscle regeneration. Both senolytics and 

GCV treatments in p16-3MR mice were effective for targeting senescent cells in 

regenerating muscle, leading to increased fiber size of newly formed fibers. We 

also observed increased muscle force, an important parameter for muscle function, 

in mice treated with either senolytics or GCV. Surprisingly for us, targeting 

senescent cells was advantageous not only in old mice but even in young ones, 

challenging the prevailing view in the field. Further, transplanting senescent cells 

into young regenerating muscle delayed the normal course of regeneration, 

mimicking age-associated decline and further supporting our previous 

observations. 
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Distinct senescent populations equally restrain muscle regeneration 

We also questioned whether a particular subtype of senescent cells was 

responsible for the detrimental effect on muscle regeneration. Indeed, distinct 

senescent populations are targeted by senolytics or GCV treatments. Thus, we first 

played with niche-residing and infiltrating populations by combinations of whole 

muscle graft experiments. We observed that muscle regeneration was improved in 

all combinations involving partial or total p16INK4a-expressing cell removal. Similarly, 

transplantation experiments showed that all three major senescent cell types—

SCs, FAPs, and MCs—induced delayed muscle regeneration in young animals. 

These results excluded the possibility of one particular cell population being 

responsible for the observed detrimental effect on muscle regeneration, indicating 

that a common trait of different senescent populations restrains muscle 

regeneration. 

 

Senescent cells play a detrimental role in muscle regeneration irrespective of their 

chronic/transient presence 

Another aim of the study relied on the juxtaposition of the acute and chronic 

presence of senescent cells in muscle tissue. For that, we chose mdx animals with 

chronic regenerative/degenerative cycles occurring in their muscles. Indeed, 

senescent cells could be detected for months by different approaches, coexisting 

with continuous damage in the dystrophic animals. We targeted senescent cells 

with months-long treatments with senolytics in mdx animals and observed 

ameliorated disease progression. Similarly, treatment with GCV induced reduced 

fibrosis and increased fiber size and force in mdx mice crossed with the p16-3MR 

model. Comparable data were reported by other studies, showing the detrimental 

role of senescent cells in DMD rats, where senescent cells were targeted with 

ABT263 senolytic and genetic interventions228. Thus, we concluded that senescent 

cells play a detrimental role in both acute and chronic scenarios, suggesting that 

muscle tissue does not follow the transient/persistent rule established in the field. 

 

The SASP hinders the proliferative capacity of neighbouring SCs 

Cellular senescence is characterized by high metabolic activity and secretion of 

proactive molecules. Hence, we focused on the SASP to unveil the mechanism 

behind the regulation of muscle regeneration by senescent cells. Strikingly, the 

SASP of young senescent cells strongly resembled the state of inflammageing, 
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suggesting that senescent cells create an “aged-like” niche even in young 

animals251–253. Transcriptomic and proteomic characterization of the SASP 

demonstrated the pro-inflammatory and pro-fibrotic nature of the secreted 

molecules, such as CCL2, IL-1a, and MMP2 among others. Importantly, a recent 

study has shown a negative impact of excessive pro-inflammatory CCR2-CCL2 

signalling on muscle regeneration110. Further L-R analysis based on the SASP of 

senescent cells unveiled pro-inflammatory and pro-fibrotic signalling towards non-

senescent cells, as indicated by TNFa and TGFb pathways. In agreement with these 

data, targeting senescent cells with senolytics or GCV led to a decreased fibrotic 

load and reduced expression of pro-inflammatory cytokines in regenerating 

muscle. Moreover, transplantation of senescent cells induced higher infiltration of 

CD11b+ cells and increased fibrotic area in the regenerating niche. Thus, we 

established that senescent cells delay muscle regeneration in both young and 

geriatric animals by promoting inflammation and fibrosis. 

Another interesting aspect of the SASP signalling is its ability to induce secondary 

senescence in a paracrine fashion, termed the senescence bystander effect140. 

Curiously, we detected the “cellular senescence” response among the activated 

signalling obtained by L-R analysis and SPIA prediction, so we further explored it. 

Transplantation of senescent cells into pre-injured muscle resulted in a higher 

number of SA-b-gal+ cells in the engrafted niche. Moreover, transplantation of in 

vitro induced senescent C2C12 cells into the pre-injured muscles of p16-3MR 

receptor animals led to higher luciferase signal, suggesting higher abundancy of 

p16INK4a-expressing cells. We also tested the ability of senescent cells to influence 

the non-injured muscle niche. Interestingly, we observed higher DNA damage 

levels in SCs that were in close proximity to the engrafted senescent populations. 

Thus, one of the mechanisms of action of senescent cells might be the induction 

of secondary senescence in the niche cells, such as SCs. 

Muscle regeneration is a complex process involving many different cell populations 

that must play their role in a timely, organized matter. SCs play the most prominent 

role in this process, as the generation of the new fibers relies on them. To rapidly 

and efficiently restore the muscle following insult, SCs must activate and 

proliferate to generate enough progeny for subsequent differentiation and fusion 

into fibers. Inhibited proliferation was induced in the receptor SCs, as indicated by 

L-R analysis coming from the different SASP molecules, suggesting that the SASP 

may interfere with the SCs proliferation. Indeed, SCs proliferation was higher both 
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in vivo and in vitro upon senescent cells’ targeting with GCV. Also, the transwell 

experiment showed a decreased proliferative rate of receptor SCs in presence of 

senescent cells and their SASP. This approach was particularly enlightening since 

senescent cells were physically separated from the receptor SCs, allowing the 

selective permeability of secreted molecules and small vesicles (the SASP). In 

summary, these data show that senescent cells restrain SCs proliferation by the 

SASP signalling during muscle regeneration. 

 

CD36 regulates the SASP production of in vivo-generated senescent cells 

We and others127,143 showed that both senescent cells and their SASPs are highly 

heterogeneous. Inhibiting each of the SASP molecules to further validate our 

mechanism was unfeasible within the framework of this thesis. Thus, we opted to 

interfere with SASP production rather than targeting it. A modified version of the 

computational method FunRes identified the Cd36 gene upstream NFkB, MAPK, 

and IRF signalling and SASP-related genes, such as Il6, Tgfb1, Mmp3, Ccl2, and 

Igfbp5. Importantly, lipid transport and particularly Cd36 presented stable 

upregulation in all senescent populations and conditions. The levels of CD36 were 

also higher at a protein level in the senescent populations compared to the non-

senescent ones. Of note, a recently published multiomics study identified Cd36 as 

one of the genes with increased transcription in senescent cells238. In vitro studies 

of CD36 suggest its involvement in SASP production239,240. Here, we tested the 

CD36 potential as a senomorphic in vivo, by systemic treatment with an antibody. 

Although we did not observed a reduction in the number of senescent cells, 

treatment with an anti-CD36 antibody reduced SASP secretion in senescent cells. 

Interestingly, anti-CD36 antibody treatment affected several SASP components 

that were previously identified by RNA-seq and FunRes network, including Ccl2, 

Mmp3, Il10, and Hgf, confirming the potential senomorphic role of CD36 in vivo. 

Most importantly, the mice treated with an anti-CD36 antibody presented signs of 

accelerated muscle regeneration at young and old age. Strikingly, treatment with 

the anti-CD36 antibody-induced increased fiber size and force and reduced 

inflammation and fibrotic deposition in regenerating muscle, mimicking the 

beneficial effects observed with senolytics and GCV strategy. Of note, silencing 

Cd36 in senescent cells only was sufficient to neutralize the detrimental role of 

cellular senescence on muscle regeneration: siCd36-treated senescent cells did 

not delay regeneration in engrafted receptor muscles. However, previous research 
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indicated an important role of CD36 in muscle regeneration, as total ablation of 

CD36 induced delayed muscle regeneration in the CD36 KO mice241. These 

apparent differences may arise from different strategies employed. While a total 

CD36 KO may have a strong effect on whole-body metabolism and skeletal muscle, 

even in homeostasis, we opted for a short-term treatment of a few days with an 

anti-CD36 antibody, which most likely had a milder whole-body effect. Moreover, 

treatment with siCd36, prior to the engraftment of the senescent fraction, 

unequivocally showed CD36 importance in cellular senescence, further confirming 

our hypothesis. Hence, these data further establish that the detrimental influence 

of senescent cells is propagated through their SASP and proved the regulatory 

potential of the SASP by the CD36 receptor (Figure 46).  

 

 
Figure 46. Proposed mechanism. 
A) In response to injury, senescent cells are generated from niche-residing cells. The SASP, 
composed of pro-inflammatory and pro-fibrotic factors, restrains SCs proliferation and 
muscle regeneration. B) CD36 receptor regulates the SASP production in senescent cells. 
When CD36 is inactivated, the SASP levels are drastically reduced, unleashing the 
repressive effect on SCs proliferation and promoting muscle regeneration. Figure created 
with BioRender. 
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CONCLUSIONS 
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1) Senescent cells appear transiently during muscle regeneration of young and 

geriatric animals. The burden of senescent cells is higher and more 

prolonged in aged mice as compared to young ones. 

 

2) SPiDER-b-gal strategy allows efficient separation of senescent cells from 

complex tissues, correlating with well-established markers of senescence. 

 

3) Senescent cells arise from the major niche-residing populations (namely, 

SCs, FAPs and MCs) in the context of muscle regeneration. 

 

4) In vivo-generated senescent cells have highly heterogeneous profiles and 

maintain lineage-specific signatures. Senescent population gain additional 

traits with ageing, related to cell plasticity and inflammation. 

 

5) Senescent cells are generated in response to high oxidative stress and DNA 

damage upon injury. 

 

6) Senescent cells maintain two common hallmarks related to inflammation 

and matrix remodelling/fibrosis, rather than a set of conserved genes. 

 

7) The SASP of senescent cells is highly pro-inflammatory and pro-fibrotic and 

is regulated by NFkB, Smad, C/EBPb, as well as by other master regulator 

TFs. 

 

8) Senescent cells play a detrimental role in muscle regeneration in young and 

geriatric mice, through pro-inflammatory and pro-fibrotic signalling. 

 

9)  Targeting senescent cells can ameliorate DMD progression. Thus, cellular 

senescence negatively impacts acute and chronic muscle regeneration. 

 

10) Senescent cells restrain proliferation of muscle stem cells through their 

SASP signalling. 

 

11) CD36 regulates the SASP production in senescent cells, and its inactivation 

leads to reduced SASP signalling and accelerated muscle regeneration. 
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MATERIALS AND METHODS 
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Animal models 
C57Bl/6 (WT), p16-3MR (kindly donated by J. Campisi)168, dystrophic mdx (DBA/2 

background)268 and p16-3MR/mdx (dystrophic DBA/2-mdx mice crossed with p16-

3MR mice) were bred and aged at the animal facility of the Barcelona Biomedical 

Research Park (PRBB), housed in standard cages under 12-hour light-dark cycles 

and fed ad libitum with a standard chow diet. The Catalan Government approved 

the work protocols, following applicable legislation. Both male and female mice 

were used in each experiment unless stated otherwise. Live colonies were 

maintained and genotyped as per Jackson Laboratories' guidelines and protocols. 

Mice were housed together, health was monitored daily for sickness symptoms 

(not age-related weight loss, etc), and euthanized immediately at the clinical 

endpoint when recommended by veterinary and biological services staff members. 

No statistical methods were used to predetermine the sample size.  

 

Genotyping of mice 
For PCR genotyping the following primers were used: 

p16-3MR-1: 5′-AACGCAAACGCATGATCACTG-3′ and p16-3MR-2: 5′-

TCAGGGATGATGCATCTAGC-3′. Positive animals show a band at 202 bp. 

 

Human biopsies 
Human muscle biopsies from the vastus lateralis muscle of patients undergoing 

surgery were obtained via the Tissue Banks for Research from Vall d’Hebron and 

Sant Joan de Deu Hospitals (Barcelona) and Arnau de Vilanova/Hospital Clinic 

Hospitals (Valencia), and especially via the EU/FP7 Myoage Consortium. A portion 

of the muscle tissue was directly frozen in melting isopentane and stored at -80 °C 

until analysed. The age of the individuals was 81±7.5 years old. Damaged areas 

were identified by morphological criteria, based on the presence of infiltrating 

mononuclear cells. Data are from female patients aged 69, 82, 80, 89, and 85 

years/old. The average age was 81±7.5 years.  

 

In vivo treatments 
Quercetin (USP, #1592409; 50 mg/kg) and dasatinib (LC Laboratories, #D-3307; 

5 mg/kg) were administered orally (gavage). Control mice were administered with 

an equal volume of vehicle (10 % ethanol, 30 % polyethilenglicol, and 60 % phosal). 

Ganciclovir (GCV, Sigma-Aldrich, #G2536-100MG; 25 mg/kg) was injected 

intraperitoneally (i.p.). Anti-CD36 antibody (Cayman Chemical, #10009893; 10 µg 
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or 20 µg in young and 20 µg in old mice) diluted in phosphate buffered saline (PBS) 

was administered via i.p., control mice received an equal dose of IgA control 

antibody (Southern Biotech/Bionova, #0106-14). Treatments with GCV, senolytics, 

and CD36 were administered daily for 4-7 consecutive days as indicated in the 

figure legends. N-acetylcysteine (NAC, Sigma-Aldrich, #A9165; 0.01 g/ml) was 

added into drinking water (exchanged every three days) one week before muscle 

injury and was prolonged until sacrifice. For long-term treatments, 3 months old 

mdx and p16-3MR/mdx mice were administered with quercetin plus dasatinib 

(Q+D) or GCV respectively twice a week for 2 months. 

 

Muscle regeneration 
Mice were anaesthetized with ketamine-xylazine (80 and 10 mg/kg respectively; 

i.p.) or isoflurane. Regeneration of skeletal muscle was induced by intramuscular 

injection of cardiotoxin (CTX, Latoxan, #L8102; 10 µM) as previously described269. 

At the indicated times post-injury, mice were euthanized, and muscles were 

dissected, frozen in liquid-nitrogen-cooled isopentane, and stored at -80°C until 

analysis. 

 

Heterografting 
Heterografting was performed as previously described270. EDL muscle was 

removed from the anatomical bed of either p16-3MR or WT and was transplanted 

onto the surface of the TA muscle of the p16-3MR or WT recipient mouse or vice 

versa. Muscle grafts were collected on day 7 after transplantation. 

 

Muscle force measurement 
Ex vivo force measurements of EDL muscles were assessed as previously 

described271. Briefly, mice were sacrificed, and muscles were immediately excised 

and placed into a dish containing oxygenated Krebs-Henseleit solution. Muscles 

were mounted vertically in a temperature-controlled chamber and immersed in a 

continuously oxygenated Krebs-Ringer bicarbonate buffer solution, with 10 mM 

glucose. One end of the muscle was linked to a fixed clamp, while the other end 

was connected to the lever arm of a force transducer (300B, Aurora Scientific) 

using a nylon thread. The optimum muscle length (Lo) was determined from 

micromanipulations of muscle length to produce the maximum isometric twitch 

force. The maximum isometric-specific tetanic force was determined from the 

plateau of the curve of the relationship between specific isometric force with a 
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stimulation frequency ranging from 1 to 300 Hz. Force was normalized per muscle 

area, determined by dividing the muscle mass by the product of length and muscle 

density of (1.06 mg/mm3), to calculate the specific force (mN/mm2). 

 

p16-3MR Renilla luciferase reporter assay 
In vivo Renilla luciferase activity was measured in TA, quadriceps (QA), and 

gastrocnemius (GC) muscles from p16-3MR mice. Anaesthetized mice were 

injected intramuscularly with coelenterazine H (PerkinElmer, #760506) and 

immediately subjected to measure with the IVIS Lumina III (PerkinElmer). In vitro, 

Renilla luciferase activity was measured from the cryopreserved diaphragm and TA 

muscles using the Dual-Luciferase Reporter Assay Kit (Promega Corporation, 

#E1910). Signal was measured with the luminometer Centro LB 960 (Berthold 

Technologies GmbH & Co. KG) and values were normalized to total protein 

extracted measured by Bradford method (Protein Assay, Bio-Rad, #500-0006) and 

damaged area measured after H&E staining. 

 

Cell isolation by flow cytometry 
Muscles were mechanically disaggregated and incubated in Dulbecco's Modified 

Eagle's medium (DMEM) containing liberase (Roche, #177246) and dispase (Gibco, 

#17105-041) at 37°C with agitation for 1-2 hours. When required, SPiDER-b-gal 

reagent (Dojindo, #SG02; 1 µM) was added during the second hour. The 

supernatant was then filtered and cells were incubated in lysis buffer (BD Pharm 

Lyse, #555899) for 10 min on ice and resuspended in PBS with 2.5% foetal bovine 

serum (FBS). MCs were isolated as CD45+ and F4/80+, SCs as a7-integrin+, CD45–

, F4/80– and CD31– and FAPs as Sca-1+, CD45–, F4/80–, a7-integrin– and CD31–. 

SPiDER-b-gal was employed to isolate SPiDER+ from SPiDER– of each cell type (see 

Figure 18 for gating strategy). Cells were sorted using a FACS Aria II (BD).  
 
Table 2. List of antibodies employed for FACS. 
 

Antibody Dilution Brand Reference number 
BV711-conjugated anti-CD45 1/200 BD #563709 
APC-Cy7-conjugated anti- F4/80 1/200 Biolegend #123118 
PE-conjugated anti-a7-integrin 1/200 Ablab #AB10STMW215 
APC-conjugated anti-CD31 1/200 eBioscience #17-0311-82 
PE-Cy7-conjugated anti-Sca-1 1/200 Biolegend #108114 
PE-Cy7-conjugated anti-CD45 1/200 Biolegend #103114 
PE-Cy7-conjugated anti-CD31 1/200 Biolegend #102418 
APC-conjugated anti-Sca-1 1/200 Biolegend #108111 
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To isolate ROSHigh and ROSLow populations, the digested muscle was stained with 

CellRox Green reagent (Invitrogen, #C10444; 5 µM) according to manufacturer’s 

protocol and a mix of antibodies to separate SCs (a7-integrin+, CD45– and CD31–) 

and FAPs (Sca-1+, CD45–, a7-integrin– and CD31–) (Figure 47). CellRoxHigh and 

CellRoxLow cells were sorted using a FACS Aria II (BD). Isolated cells were used for 

cell cultures and proliferation assays. 

 

Figure 47. Gating strategy employed for ROSHigh and ROSLow isolation of SCs and FAPs. 

 

Isolated cells were used either for RNA extraction, cell cultures, engraftments, 

proliferation assays or plated on glass slides (Thermo Scientific, #177402) for 

immunostaining and SA-b-gal analysis. 
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Senescent cells transplantation 
Cells transplants were performed as previously described91. FACS-isolated 

SPiDER+ and SPiDER– cells were collected, resuspended in 20% FBS DMEM 

medium, labelled with Vybrant Dil Cell Labelling solution (Invitrogen, #V22889) 

according to manufacturer instructions, and injected into TA muscles of uninjured 

or previously injured with the freeze crush method two days before recipient 

mice272. The cell-type proportions of MCs, SCs, and FAPs were controlled in the 

transplanted SPiDER+ and SPiDER– populations. Each TA muscle was engrafted 

with 10.000 cells, except when each senescent cell type was transplanted 

separately, where 5.000 cells were engrafted. Engrafted muscles were collected 

and processed for muscle histology 4 days after cell transplantation.  

 

RNA interference 
Freshly sorted cells or C2C12 cells were transfected with siRNA targeting Cd36 

(On-Target plus SmartPool, Dharmacon, #L-062017-00-0005; 5 nM) or unrelated 

sequence as control (On-Target plus non-targeting siRNA Pool, Dharmacon, #D-

001810-10-05; 5 nM) using the DharmaFect protocol (Dharmacon, #T-2003-02). 

Target sequences for Cd36 siRNA were:  

5′-CCACAUAUCUACCAAAAUU-3′, 5′-GAAAGGAUAACAUAAGCAA -3′,  

5’-AUACAGAGUUCGUUAUCUA-3’, 5’-GGAUUGGAGUGGUGAUGUU-3’.  

Freshly sorted cells were incubated with siRNAs for three hours, washed and 

engrafted. 

 

Cytokine array 
Cytokine antibody arrays (R&D Systems, #ARY028; Abcam, #ab193659) were 

used according to the manufacturer’s protocol. For cells, freshly sorted cells were 

cultured for 24h in serum-free DMEM. Cell culture supernatants were collected, 

centrifuged, and incubated with the membranes precoated with captured 

antibodies. For tissue interstitial fluid, skeletal muscles of mice were dissected and 

slowly injected with a PBS solution with a Complete Mini EDTA-free protease 

inhibitor cocktail (Roche, #11836170001). The PBS exudate was then recovered 

centrifuged and incubated with the membranes precoated with captured 

antibodies. Then membranes were incubated with detection antibodies, 

streptavidin-HRP, and Chemi Reagent Mix. The immunoblot images were captured 

and visualized using the Chemidoc MP Imaging System (Bio-Rad, Hercules, USA) 
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and the intensity of each spot in the captured images was analysed using the 

publicly available ImageJ software. 

 

Proliferation assays 
To assess proliferation in vivo, muscles were injured by local CTX injection, and 

mice were administered with ethynyl-labelled deoxyuridine (EdU, Invitrogen, 

#A10044; 25.5 mg/kg; i.p.) two hours before the sacrifice at 4 DPI. Muscles were 

collected and processed for immunofluorescence staining in tissue slides or cell 

isolation by FACS. EdU-labelled cells were detected using the Click-iT EdU Imaging 

Kit (Invitrogen, #C10086). EdU-positive cells were quantified as the percentage of 

the total number of cells analysed. In vitro proliferation was quantified on freshly 

sorted SCs, seeded in 20% FBS Ham’s F10 medium supplemented with bFGF 

(Peprotech, #100-18B-250UG; 2.5 ng/ml) in collagen-coated plates. After 3 days 

of culture, SCs were pulse-labelled with bromodeoxyuridine (BrdU, Sigma-Aldrich, 

#B9285-1G; 1.5 µg/ml) for 1 h. BrdU-labelled cells were detected by 

immunostaining using rat anti-BrdU antibody (Abcam, #AB6326; 1:500) and a 

specific secondary biotinylated donkey anti-rat antibody (Jackson 

Inmunoresearch, #712-066-150; 1:250). Antibody binding was visualized using 

Vectastain Elite ABC reagent (Vector Laboratories, #PK-6100) and 3,3’-

Diaminobenzidine (DAB). BrdU-positive cells were quantified as the percentage of 

the total number of cells analysed. 

 

Transwell assay 
SCs were freshly isolated from regenerating muscle tissue at 3 DPI and plated on 

24-well plates (Falcon, #353047) in 20% FBS DMEM supplemented with b-FGF. 

Subsequently, medium or freshly sorted SPiDER+ and SPiDER– cell populations (Fig. 

5i) or etoposide-induced senescent C2C12 cells were seeded on 0.4 µm pore size 

cell culture insert (Falcon, #353495) using the same medium. After 3 days of 

culture, a proliferation assay was performed on SCs with BrdU labelling as 

described above.  

 

In vitro treatments 
ROSHigh and ROSLow SCs and FAPs were freshly isolated from regenerating muscle 

at 24 hours post-injury, seeded, and cultured in presence of NAC (10 mM) or 

vehicle for 3 days. After the treatment, cells were fixed and further processed for 

staining. C2C12 cells maintained in 10% FBS DMEM, were treated with etoposide 
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(Sigma-Aldrich, #E1383, 1 µM) for 5 days to induce senescence and collected for 

RNA extraction and RT-qPCR. Cells were stained with b-galactosidase staining kit 

(as described below) to confirm their senescent state. 

 

Cell staining 
SA-b-galactosidase (SA-b-gal) activity was detected in freshly sorted cells and cell 

cultures using the senescence b-galactosidase staining kit (Cell signalling, #9860), 

according to the manufacturer’s instructions. Lipid droplets were stained with Oil 

Red O (Sigma-Aldrich, #O0625) according to manufacturer instructions. ROS 

levels were measured by immunofluorescence using CellRox Green reagent 

(Invitrogen, #C10444; 5 µM) according to instructions. TUNEL assay was 

performed with In Situ Cell Death Detection Kit, Fluorescein (Roche, 

#11684795910), cells treated with DNase were employed as a positive control of 

the staining according to the manufacturer’s description. ImageJ software was 

used to perform image analysis.  

 

Muscle histology, immunofluorescence, and immunoFISH 
Muscles were embedded in OCT solution (TissueTek, #4583), frozen in isopentane 

cooled with liquid nitrogen, and stored at -80 °C until analysis. 10 µm muscle 

cryosections were collected and stained for SA-b-gal, H&E, Sirius Red or used for 

immunofluorescence (Table 3).  

• Haematoxylin & Eosin (H&E, Sigma-Aldrich, #HHS80 and #45235). Briefly, 

slides were immersed in haematoxylin solution and then washed with tap water. 

Following, the slides were rapidly submerged in acid ethanol 2 times, and then 

in eosin. The slides were dehydrated with ethanol, put in xylol and mounted. 

• Sirius Red (Sigma-Aldrich #365548). Briefly, sections were covered with Bouin 

solution o/n. Next, the sections were washed with tap water for 5 minutes, and 

then incubated with a picric acid solution (90mL of saturated picric acid + 10mL 

of 1% direct red80 diluted in water). After that, the slides were washed rapidly 

in 2% acetic acid and dehydrated with ethanol. Finally, they were cleared with 

xylol and mounted.  

• eMHC staining. Briefly, sections were treated with 3% of H2O2 for 30 minutes 

to inactivate endogenous peroxidase. Then, they were washed with PBS and 

blocked with MOM blocking solution (Vector #MKB-2213) for 1 hour at RT. Next, 

the slides were incubated with an anti-eMHC antibody at 4ºC o/n. After that, 
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slides were washed with PBS and covered with a biotinylated secondary 

antibody for 30 minutes at RT. Then, slides were embedded in a solution of 

avidin-biotin complex (Vector, #PK-6100) for 30 minutes at RT, and incubated 

with DAB solution until optimal reaction. Finally, slides were dehydrated with 

increasing concentrations of ethanol and mounted in DPX. 

• SA-b-gal staining. The slides were fixed with 4% paraformaldehyde (PFA) and 

0.2% glutaraldehyde, washed with PBS and incubated with PBS (pH=6.0) for 1 

hour at RT. Following, the sections were incubated with an X-gal-containing 

solution at pH=6.0 for 2 days at 37ºC. After that, the sections were washed with 

PBS, re-fixed with 1% PFA for 30 minutes. Finally, the sections were washed 

and mounted with glycerol. 

 

CSA on H&E and eMHC stained sections, percentage of muscle area positive for 

Sirius Red staining, and number of SA-b-gal+ were quantified using Image J 

software. Double immunofluorescence was performed by the sequential addition 

of each primary and secondary antibody using positive and negative controls. The 

sections were air-dried, fixed, washed on PBS, and incubated with primary 

antibodies (Table 3) according to the standard protocol after blocking with a high-

protein-containing solution in PBS for 1 h at room temperature. Subsequently, the 

slides were washed with PBS and incubated with the appropriate secondary 

antibodies and labelling dyes. Telomere immunoFISH was performed after gH2Ax 

immunofluorescence staining with Telomeric PNA probe (Panagene, #F1002-5) as 

described273. 
 
Table 3. Antibodies used in this study. 
 

Antibody Brand Reference Dilution 
nGFP Invitrogen #A6455 1:400 
eMHC DSHB #F1.652 Ready to use 
p16INK4a Invitrogen #MA5-17142 1:100 
TCF4 Cell Signalling #2569S 1:80 
CD11b eBioscience #14-0112-85 1:100 
Lamin B1 Abcam #ab16048-100 1:100 
CD36 Invitrogen #MA5-14112 1:100 
gH2Ax Cell Signalling #2577S 1:50 
Pax7 Abcam #ab34360 1:20 
Ki67 Abcam #ab15580 1:100 

 

 
 



121 

 

Digital image acquisition 
Digital images were acquired using: an upright DMR6000B microscope (Leica) with 

a DFC550 camera for immunohistochemical colour pictures; a Thunder imager 3D 

live-cell microscope (Leica Microsystems) with AFC (hardware autofocus control) 

and a Leica DFC9000 GTC sCMOS camera, using HC PL FLUOTAR ×10/0.32 PH1 

∞/0.17/ON257C and HC PL FLUOTAR ×20/0.4 CORR PH1 ∞/0-2/ON25/C 

objectives; a Zeiss Cell Observer HS with a ×20 and x40 air objective and Zeiss 

AxioCam MrX camera; and a Leica SP5 confocal laser-scanning microscope with 

HCX PL Fluotar ×40/0.75 and ×63/0.75 objectives; the different fluorophores 

(three or four) were excited using the 405, 488, 568 and 633 nm excitation-lines. 

The acquisition was performed using the Leica Application v3.0 or LAS X v1.0 

software (Leica) or Zeiss LSM software Zen 2 Blue. 

 

RNA isolation and RT-qPCR 
Total RNA was isolated from snap-frozen muscles or cells using miRNAeasy Mini 

Kit (Qiagen, #1038703) and analysed by RT-qPCR. For qPCR experiments, DNase 

digestion of 10 mg of RNA was performed using 2U DNase (Qiagen, #1010395). 

Complementary DNA (cDNA) was synthesized from total RNA using the 

SuperScript™ III Reverse Transcriptase (Invitrogen, #18080-044). For gene 

expression analysis in freshly sorted SCs, FAPs and MCs, RNA extraction was 

performed with PicoPure kit (Thermo Scientific, #KIT0204) and cDNA was pre-

amplified using the SsoAdvanced PreAmp Supermix (Biorad, #172-5160) following 

the manufacturer’s instructions. Real-time PCR reactions were performed on a 

LightCycler 480 System using Light Cycler 480 SYBR Green I Master reaction mix 

(Roche Diagnostic Corporation, #12767000) and specific primers (Table 4). 

Thermocycling conditions were as follows: an initial step of 10 min at 95 °C, then 

50 cycles of 15 s denaturation at 94 °C, 10 s annealing at 60 °C, and 15 s extension 

at 72 °C. Reactions were run in triplicate, and automatically detected threshold 

cycle values were compared between samples. Transcript of the Rpl7 

housekeeping gene was used as endogenous control, with each unknown sample 

normalized to Rpl7 content.  
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Table 4. Primers used in this study. 
 

Gene Forward Reverse 
p16INK4a 5’-CATCTGGAGCAGCATGGAGTC-3’ 5’-ATCATCATCACCTGAATCGGGG-3’  
mRFP 5’-GACCTCGGCGTCGTAGTG-3’  5’-AAGGGCGAGATCAAGATGAG-3’ 
p19ARF 5’-TGAGGCTAGAGAGGATCTTGAGA-3’ 5’-GCAGAAGAGCTGCTACGTGAA-3’ 
P21CIP1 5’-CCAGGCCAAGATGGTGTCTT-3’  5’-TGAGAAAGGATCAGCCATTGC-3’ 
Il-6 5’-GGTGACAACCACGGCCTTCCC-3’ 5’-AAGCCTCCGACTTGTGAAGTGGT- 3’ 
Il-1b 5’-CCAAAATACCTGTGGCCTTGG-3’ 5’-GCTTGTGCTCTGCTTGTGAG-3’ 
PAI-1 5’-CCGATGGGCTCGAGTATGA-3’ 5’-TTGTCTGATGAGTTCAGCATCCA-3’ 
TNFa 5’-CGCTCTTCTGTCTACTGAACTT-3’ 5’-GATGAGAGGGAGGCCATT-3’ 
IFNg 5’-AGCGGCTGACTGAACTCAGATTGTAG- 

3’ 
5’-GTCACAGTTTTCAGCTGTATAGGG- 
3’ 

Il-12 5’-TCCAGCGCAAGAAAGAAAA-3’ 5’-AATAGCGATCCTGAGCTTGC-3’ 
Ccl12 5’-CCCACTCACCTGCTGCTACT-3’ 5’-TCTGGACCCATTCCTTCTTG-3’ 
Il-18 5’-CTGGCTGTGACCCTCTCTGT-3’ 5’-ATCTTCCTTTTGGCAAGCAA-3’ 
Ccl2 5’- CACTCACCTGCTGCTACTCA-3’ 5’-GAGCTTGGTGACAAAAACTACAGC-

3’ 
Ccl8 5’-ACGCTAGCCTTCACTCCAAA-3’ 5’-GTGACTGGAGCCTTATCTGG-3’ 
Cxcl10 5’-TGCCCACGTGTTGAGATCAT-3’ 5’-AAGGAGCCCTTTTAGACCTTTT-3’ 
Apoe 5’-CTCCCAAGTCACACAAGAACTG-3’ 5’-CCAGCTCCTTTTTGTAAGCCTTT-3’ 
Igfbp4 5’-TGAGAGCGAACATCCCAACAA-3’ 5’-TGTCCCCACGATCTTCATCTT-3’ 
Igfbp7 5’-TGCGAGCAAGGGTCTCTGAT-3’ 5’-GTTGGGATCCCGATGACCTC-3’ 
Col3a1 5’-TGACTGTCCCACGTAAGCAC-3’ 5’-GAGGGCCATAGCTGAACTGA-3’ 
Col6a3 5’-CCAACAGCATGGAGTCATGG-3’ 5’-GCATTGAAGTTGGATGGCCC-3’ 
Timp2 5’-TGCAATGCAGACGTAGTGAT-3’ 5’-ATAGATGTCATTCCCGGAAT-3’ 
Rpl7 5 ’-GAAGCTCATCTATGAGAAGGC-3’ 5 ’-AAGACGAAGGAGCTGCAGAAC-3’ 

 

RNA-seq sample and library preparation 
Sequencing libraries were prepared directly from the lysed cells, without a previous 

RNA extraction step. RNA reverse transcription and cDNA amplification were held 

using the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing from Clontech 

Takara. The Illumina "Nextera XT" kit is used for the preparation of the libraries 

from the amplified cDNA. Libraries were sequenced by the Illumina HiSeq 2500 

sequencer (51 bp read length, single-end, ~20M reads). 

 

Bulk RNA-seq Data Pre-processing 
Sequencing reads were pre-processed employing the nf-core/rnaseq 1.2 pipeline. 

Read quality was assessed by FastQC 0.11.8. Trim Galore 0.5.0 was used to trim 

sequencing reads, eliminating Illumina adaptor remains, and discard reads that 

were shorter than 20 bp. The resulting reads were mapped onto the mouse genome 

(GRCm38, release 81) using HiSAT2 2.1.0 and quantified using featureCounts 

1.6.2. Reads per kilobase per million mapped reads (RPKM) and transcripts per 

million (TPM) gene expression values were calculated from the trimmed mean of 
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M-values (TMM)-normalized counts per million (CPM) values using Bioconductor 

package edgeR 3.30.0 and R 4.0.0. Differential gene expression analysis and PCA 

were performed using Bioconductor package DESeq2 1.28.1. Variance-stabilizing 

transformation of count data was applied to visualize the sample-to-sample 

distances in PCA. Genes were considered as differentially expressed if showed an 

adjusted p-value < 0.05. 

 

Single-cell RNA-sequencing and analysis 
scRNA-sequencing was performed using the Chromium Single Cell 3ʹ GEM, Library 

& Gel Bead Kit v3, 16 rxns (10X genomics, #PN-1000075), following the 

manufacturer’s instruction and targeting a recovery of 5,000 cells/dataset. Each 

dataset was obtained with a sample size of 2 mice replicates. Libraries were 

constructed as instructed in the manufacturer’s protocol and sequenced using the 

MGI DNBSEQ-Tx sequencer platform. The average read depth across the samples 

was 15551/cell. Sequencing reads were processed with STARsolo 2.7.3a using the 

mouse reference genome mm10 (GENCODE vM23). 

From the filtered barcode and count matrices downstream analysis was carried out 

with R version 4.0.3 (12-10-2020). Quality control, filtering, data clustering and 

visualization, and the differential expression analysis was carried out using Seurat 

version 4.0.3 and DoubletFinder version 2.0 R packages [Hao, 2021 

#220;McGinnis, 2019 #221]. Datasets were processed following Seurat standard 

integration protocol as per tutorial instructions. Genes expressed in less than 3 

cells and cells with fewer than 500 features, less than 2000 transcripts and more 

than 20% reads mapping to mitochondrial genes as well as cells identified as 

doublets by DoubletFinder were removed. PCA was performed for dimensionality 

reduction and the first 30 components were used for UMAP embedding and 

clustering. 

 

Functional profiling of cell subpopulations 
Functional enrichment analysis of the subsets of differentially expressed genes 

was performed using g:Profiler web server with g:SCS significance threshold, “Only 

annotated” statistical domain scope and canonical pathway KEGG, Reactome, and 

Wiki Pathways sets. For each gene subset, the top five significant gene sets were 

selected for representation. 
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Gene Set Enrichment Analysis (GSEA) 
RPKM matrix after removal of low count genes (edgeR 3.30.0) served as an input 

for GSEA 4.0.3 software. We used the signal-to-noise metric to rank the genes, 

1000 permutations with the gene set permutation type, and weighted enrichment 

statistics. Gene set sizes were chosen as 15-500 for MSigDB 7.0 Gene Ontology 

biological processes (GO:BP) and 10-1000 for MSigDB 7.0 canonical pathways 

(BioCarta, KEGG, PID, Reactome, and WikiPathways). Gene sets passing false 

discovery rate (FDR) < 0.25 threshold were subjected to further analysis. Network 

representation and clustering of GSEA results were performed using 

EnrichmentMap 3.2.1 and AutoAnnotate 1.3.2 for Cytoscape 3.7.2 with the Jaccard 

coefficient set to 0.25. 
 
Functional profiling of SASP 
We checked whether upregulated genes (DESeq2 adjusted p-value < 0.05 and 

log2FoldChange > 0) from each Sen_vs_NSen comparison can be expressed in a 

form of secreted proteins by combining the evidence from multiple data sources: 

Gene Ontology cellular component (GO:CC), Uniprot, VerSeDa, Human Protein 

Atlas and experimental data reporting SASP143,274. The genes, which occur to be 

extracellular (GO:CC) and/or secreted (other sources) with evidence from at least 

1 source were included in the final list of SASP genes (1912 in total). Functional 

enrichment analysis was performed using g:Profiler web server with g:SCS 

significance threshold, “Only annotated” statistical domain scope, and canonical 

pathway sets from KEGG, Reactome, and Wiki Pathways. Gene sets passing 

FDR<0.05 threshold were subjected to further analysis. Network representation 

and clustering of g:Profiler results were performed using EnrichmentMap 3.2.1 and 

AutoAnnotate 1.3.2 for Cytoscape 3.7.2 with the Jaccard coefficient set to 0.25. 

 

Comparative enrichment analysis of senescent cells and previously published 
ageing datasets 
We used the minimum hypergeometric test implemented in R package mHG 1.1 for 

the comparative enrichment analysis of senescent cells and previously published 

ageing datasets: mouse253, rat (GSE53960), African turquoise killifish (GSE69122), 

and human (GTEx v6p). Data processing and analysis were performed as described 

before253 with the following modifications: (1) to assess the differential expression 

for rat, killifish, and human datasets the DESeq2 1.28.1 package version was used 

(instead of DESeq2 1.6.3), (2) both genders were analysed for human dataset, (3) 
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conversion to human orthologs was performed before the enrichment with MSigDB 

5.1 hallmarks for all datasets except the Brunet’s mouse tissues, for which we took 

previously published enrichment results253. 

 

Transcription factor analysis and activity prediction 
For the analysis of transcription regulation we combined the results of several 

methods: (1) motif enrichment analysis of differentially expressed genes with 

TRANSFAC_and_JASPAR_PWMs and ENCODE_and_ChEA_Consensus_TFs_from 

_ChIP-X libraries using R package EnrichR 2.1; (2) Upstream Regulator Analysis of 

differentially expressed genes using the commercial QIAGEN’s Ingenuity Pathway 

Analysis (IPA, QIAGEN Aarhus, Denmark) software; (3) analysis of transcription 

regulators differential expression using DESeq2 1.28.1.  

 

Functional profiling of transcription factor target gene regulation 

For each transcription factor, we merged the target genes from EnrichR and IPA 

results split them into upregulated and downregulated, and subjected them to 

functional enrichment analysis of canonical pathways (KEGG, Reactome) and 

GO:BP using R package gprofiler2 0.1.9 with the following parameters: correction 

method “FDR”, “custom_annotated” domain score consisting of target genes for 

all studied transcription factors. Electronic GO annotations were excluded. Gene 

sets passing FDR < 0.05 threshold were subjected for further analysis. For GO:BP 

we selected the ones having term size > 15 and < 500 genes. 

For functional profiling, we took the clusters of gene sets created using 

AutoAnnotate Cytoscape App based on GSEA results. We retained all the terms 

present in these clusters and extended the lists with terms from gprofiler2 

enrichment results, adding them by semantic and functional similarity. As result we 

had a library of terms grouped by clusters, which allowed us to match them with 

gprofiler2 results and, thus, to map transcription factors to main functional clusters 

from GSEA/Cytoscape analysis. 

 

Functional profiling of transcriptional regulation of SASP 
For each transcription factor upregulated target genes from EnrichR and IPA 

results were merged and intersected with the list of SASP genes. For SASP genes 

we extracted Gene Ontology molecular function (GO:MF) terms, clustered them 

into 12 categories (“Adhesion molecule”, “Chemokine”, “Complement component”, 

“Cytokine”, “Enzyme”, “Enzyme regulator”, “Extracellular matrix constituent”, 
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“Growth factor”, “Hormone”, “Ligand”, “Proteinase” and “Receptor”) and 

estimated the enrichment of GO:MF clusters with a hypergeometric test using R 

function “phyper”. Correction for multiple comparisons was performed using the 

Benjamini-Hochberg procedure. 

 

Analysis of lipid metabolism gene set 
For the analysis of lipid metabolism, we constructed a gene set using data from 

multiple sources: KEGG pathway maps (“Fatty acid degradation”, “Cholesterol 

metabolism”, “Regulation of lipolysis in adipocytes”), WikiPathways (“Fatty acid 

oxidation”, “Fatty Acid Beta Oxidation”, “Mitochondrial LC-Fatty Acid Beta-

Oxidation”, “Fatty Acid Omega Oxidation”, “Fatty Acid Biosynthesis”, 

“Triacylglyceride Synthesis”, “Sphingolipid Metabolism (general overview)”, 

“Sphingolipid Metabolism (integrated pathway)”, “Cholesterol metabolism 

(includes both Bloch and Kandutsch-Russell pathways)”, “Cholesterol 

Biosynthesis”), literature research275–277. We further estimated the expression of 

these genes by filtering DESeq2 results (adjusted p-value < 0.05 in at least 3 out 

of 12 comparisons) and extracted log2FoldChange values to plot the difference in 

expression between senescent and non-senescent cells. 

 

Reconstruction of ligand-receptor mediated cell-cell communication networks 
and downstream analysis 
For reconstructing cell-cell communication networks, we modified a previously 

published single-cell-based method, FunRes, to account for bulk gene expression 

profiles254. For the functional profiling, we selected ligand-receptor interactions 

between three senescent cell populations (SCs, FAPs, and MCs) and the non-

senescent SC population in geriatric mice at 3 DPI. We used Bioconductor package 

SPIA 2.40.0 with a reduced set of non-disease KEGG pathways maps to evaluate 

the activity of pathways downstream ligand-receptor interactions. For each 

interaction differentially expressed target TFs in non-senescent SC were split into 

upregulated and downregulated in comparison with senescent SCs. As a reference 

set of genes, we took a list of target TFs from all the interactions studied. SPIA 

analysis was performed with 2000 permutations, pPERT and pNDE were combined 

with Fisher’s product method. Pathways were considered as significantly enriched 

if passing a pGFdr < 0.05 threshold. For each pathway, we calculated the ratio of 

ligand-receptor interactions that activate or inhibit the pathway to the total number 
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of interactions analysed. For results representation, we selected 8 activated and 8 

inhibited pathways with the highest ratio of interactions. 
 
Statistical analysis 
The sample size of each experimental group is described in the corresponding 

figure caption, and all the experiments were conducted with at least three 

biological replicates unless otherwise indicated. GraphPad Prism software was 

used for all statistical analyses except for sequencing-data analysis. Quantitative 

data displayed as histograms are expressed as mean ± standard error of the mean 

(represented as error bars). Results from each group were averaged and used to 

calculate descriptive statistics. Mann–Whitney test (independent samples, two-

tailed) was used for comparisons between groups unless otherwise indicated. 

Statistical significance was set at a P-value <0.05. 
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Supplementary Figure 1. 

Subnetwork of significant Cd36 upstream and downstream signalling interactions pulled 
out from FunRes global signalling interaction network for Sen SCs population at 3 DPI. 
Green nodes are related to NFκB cascade, orange ones to MAPK signalling and violet to 
Interferon regulatory factors (IRFs).  
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