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Abstract

The last two centuries have witnessed a remarkable rise in average human life expectancy,

which has doubled in the most advanced countries. Cardiovascular diseases are among the

leading causes of death in older adults. As the proportion of elderly people grows, the number

of those affected by some form of cardiovascular disease is expected to continue increasing;

hence, narrowing the gap between total and healthy lifespan becomes essential. One of the key

hallmarks of ageing is cellular senescence, a stable state of cell cycle arrest. Endothelial cells are

among the first to undergo senescence, and tissues with a high density of endothelial cells exhibit

the highest levels of senescence. It is now widely recognised that the mechanical properties of

the extracellular matrix strongly influence cellular behaviour and that these properties change

with ageing. Arterial stiffness progressively increases with age, contributing to a higher risk

of cardiovascular diseases. While various studies have explored the role of physical stimuli

in senescence, much remains to be uncovered regarding the effect of stiffness on endothelial

senescence.

We aim to address this gap by studying the role of stiffness on endothelial senescence and

exploring the differences in response depending on the senescence inducer. To do so, we worked

with human umbilical vein endothelial cells (HUVECs), growing them to monolayer state and

inducing senescence either through treatment with the chemotherapeutic drug Doxorubicin or

by passaging the cells to mimic therapy-induced senescence and replicative senescence, respec-

tively. To assess senescence induction, we examined various hallmarks, including DNA damage,

β-gal staining, cytokine secretion, cell cycle arrest, and proliferation. To evaluate the effect of

substrate stiffness on the phenotype, we seeded the cells onto collagen-coated polyacrylamide

hydrogels of two different stiffnesses (3 kPa and 30 kPa) as well as glass. Additionally, we

analysed cellular morphology and adhesion, nuclear morphology and lamina properties, YAP

nuclear translocation, and cell-cell adhesion proteins. Finally, we investigated the mechanical

properties of these cells to determine their mechanical fingerprint.

In this study, we first established two effective methods for inducing senescence in

HUVECs in vitro. For therapy-induced senescence using Doxorubicin, we optimised our pro-

tocol by initially testing a wide range of doses. The doses were first narrowed down based on

toxicity and then further refined by assessing senescence hallmarks. For replicative senescence

(RS), we first evaluated population doubling before performing the senescence assays.
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Next, we produced and characterised polyacrylamide hydrogels to examine senescence

markers as a function of substrate stiffness. Overall, we observed a substantial increase in

senescence markers at increasing stiffness. In senescent populations on glass, we detected an

increase in cell cycle arrest markers, β-gal staining, DNA damage, and cytokine secretion. RNA

sequencing further revealed an upregulation of genes associated with cell-adhesion and leukocyte

migration. In Doxorubicin-treated cells, the senescence-associated secretory phenotype (SASP)

was more pronounced compared to RS cells, whereas the opposite was observed for p53 and DNA

damage. Interestingly, on softer substrates, SASP was significantly reduced in Doxorubicin-

treated cells compared to those on stiffer substrates.

To further characterise our model, we investigated how mechanosensing and mechan-

otransductive elements were altered by senescence in endothelial cells. In Doxorubicin-treated

cells, we observed an increased aspect ratio and a larger cellular area compared to the control.

The nuclear area appeared particularly enlarged, alongside increased YAP nuclear transloca-

tion. Regarding the nuclear lamina, lamin A/C invaginations were more pronounced, while

lamin B intensity was reduced. Replicative senescent cells exhibited increased cellular area and

stiffness. They also displayed a greater number of focal adhesions and reduced VE-cadherin

and CD31 intensity. Additionally, they showed increased YAP nuclear translocation, decreased

lamin B intensity, and a higher prevalence of lamin B and lamin A/C invaginations.

In summary, we propose a system for modelling endothelial senescence using two distinct

methods and investigating the impact of substrates’ stiffness on senescence. We successfully

modelled senescence and confirmed the detrimental effect of matrix stiffness on the senescent

phenotype. Furthermore, we demonstrated that senescence not only affects cellular prolifer-

ation but also influences cellular morphology and adhesion, nuclear morphology and lamina

properties, cell-cell interactions, and the mechanical fingerprint of cells. We also showed that

the level of expression in the senescent markers, as well as the mechanobiology-related changes,

depend on the senescence inducer.

We believe this work provides an insightful overview of the impact of substrate stiffness

on endothelial senescence. To the best of our knowledge, it is the first time this type of study

compares two different inducers of senescence. We hope the results obtained will enable further

research on the complex relationship between arterial stiffening and endothelial senescence,

which may eventually help prevent cardiovascular disorders.
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Thesis Structure

• Chapter 1 provides an overview of the main topics discussed in this thesis: senescence,

mechanobiology and their interaction. The aims and objectives are also described.

• Chapter 2 details all the materials and methods used in this work.

• Chapter 3 presents the results of our in vitro endothelial senescence model.

• Chapter 4 examines how the senescent phenotype is influenced by substrate stiffness.

• Chapter 5 investigates the mechanosensing and mechanotransduction elements in en-

dothelial senescent cells across different substrates.

• Chapter 6 summarises the key conclusions of this work and discusses its limitations and

potential future directions.
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Chapter 1

Introduction

The last two centuries have witnessed a remarkable rise in average human life expectancy,

which has doubled in the most advanced countries [1]. This trend is expected to continue,

and at the current rate, the global population of adults over 65 years old will increase from

770.4 million in 2022 to 1.58 billion by 2050—rising from 9.7% to 16.4% of the total population

[2]. However, the disparity between health span and overall lifespan is becoming a significant

concern. Therefore, future research should prioritise reducing the duration and severity of late-

life morbidity [1, 3]. In wealthier countries, cardiovascular diseases (CVDs) remain the leading

cause of mortality among older adults [4]. It is projected that due to the rapid expansion of the

elderly population, from 2010 to 2030, 40.5% of the US population will suffer from some form

of CVD [4]. Specifically, cases of hypertension are expected to rise by 27 million, stroke by 4

million, coronary heart disease (CHD) by 8 million, and heart failure by 3 million, accompanied

by a proportional escalation in healthcare costs [4]. These estimates underscore the urgency of

understanding the link between ageing and CVDs.

1.1 What is cellular senescence?

One of the key hallmarks of the ageing process is the accumulation of senescent cells (SCs)[5].

Senescence is a stable state of cell cycle arrest, first identified in 1961 when Hayflick and Moor-

head demonstrated that fibroblasts’ replicative potential declines over time. This phenomenon

was later defined as cellular senescence. Senescence differs from quiescence, which is another

form of growth arrest: the former occurs after the G1, and possibly the G2, phase of the cell

cycle, whereas the latter takes place following the G0 phase. Moreover, in quiescent cells, pro-
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liferation can be reactivated by specific stimuli, while senescent cells cannot re-enter the cell

cycle [7]. The link between ageing and senescent cells was already hypothesised by Hayflick

and Moorhead in their first work, and in recent years, many in vivo studies have confirmed

this theory. It has been reported that the number of senescent cells increases with age, and the

causative role of senescence in diseases and ageing has been widely demonstrated by associating

the ablation of senescent cells with prolonged lifespan [8–10].

1.1.1 Senescence: one word, multiple origins

Cellular senescence is a response to DNA damage, however, genomic integrity is constantly

threatened by various factors (Figure 1.1). Senescence has therefore been categorised based

on its cause: Replicative Senescence (RS), Stress-Induced Premature Senescence (SIPS), and

Oncogene-Induced Senescence (OIS) [11–13]. RS is the most well-known form of senescence and

occurs due to replication exhaustion. The conventional cellular duplication mechanism cannot

fully replicate chromosome ends, necessitating protective capping structures called telomeres

to safeguard genomic information. Telomeres progressively shorten with each round of DNA

replication, and when they reach a critical length—known as telomere attrition—cells cease

dividing, leading to RS [14, 15]. SIPS, on the other hand, is not triggered by telomere attrition

but rather by a range of cellular stresses, including oxidative stress, mitochondrial dysfunction,

epigenetic alterations, nutrient deprivation, chromatin disruption, inflammation, radiation, and

chemotherapeutic agents [7]. Stresses induced by cancer treatments, such as irradiation and

chemotherapeutic drugs, define a specific subclass known as Therapy-Induced Senescence (TIS)

[16]. Finally, OIS is a tumour-suppressing mechanism activated by oncogenes, such as those in

the Ras or Raf families [11–13, 17]. The oncogenes induce Nicotinamide-adenine-dinucleotide-

phosphate (NADPH) oxidase, which promotes oncogene-induced reactive oxygen species (ROS).

This initially triggers a hyperproliferative phase, followed by DNA damage, leading to the

development of senescence [18].

1.1.2 Cellular senescence mechanisms

Telomere attrition, oncogene activation, oxidative stress, and other factors that threaten DNA

integrity can cause DNA damage, primarily in the form of double-strand breaks (DSBs), thereby

activating the DNA damage response (DDR)—the signalling pathway responsible for inducing

senescence [7, 11, 15]. DNA damage recognition activates the central transducing kinases

Ataxia-telangiectasia mutated (ATM) and ATM and Rad3-related (ATR). This leads to the
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Stress-induced senescence Replicative senescence Oncogene induced senescence
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P53, P21

NADPH

DDR

DDR

Figure 1.1 Senescence mechanisms. Cellular senescence is a response to DNA damage and can
be classified into three categories based on the inducing factor: Stress-Induced Premature Senescence
(SIPS), Replicative Senescence (RS), and Oncogene-Induced Senescence (OIS) [11–13]. The DNA
damage response (DDR) is characterised by phosphorylated histone (γ-H2AX), activation of ATM
and ATR, and downstream effectors CHK1 and CHK2. These signals ultimately promote p53 and p21
activity, leading to cell cycle arrest and the induction of senescence. SIPS is triggered by various cellular
stresses, including chemotherapeutic drugs, which activate the DDR [7]. RS occurs due to telomere
shortening; when telomeres reach a critical length, the DDR cascade is initiated [14, 15]. OIS acts
as a tumour-suppressing mechanism, activated by oncogenes such as those in the Ras or Raf families
[17]. NADPH oxidase promotes oncogene-induced ROS production, triggering hyperproliferation and
subsequently leading to DNA damage [18]. Illustration created with Biorender. Readapted image
from Micco et al..

phosphorylation of ATM substrates in the chromatin surrounding the DNA lesion, including

the histone variant γ-H2AX [19, 20]. ATM and ATR activate the checkpoint kinases CHK1

and CHK2, halting cell cycle progression by activating the tumour suppressor p53, which in

turn stimulates the expression of the cyclin-dependent kinase inhibitor p21 [7, 15]. p21 has

multiple functions: in the nucleus, it inhibits cell cycle progression, whereas in the cytoplasm,

following phosphorylation, it plays an anti-apoptotic role [7]. Although the upregulation of

p21 is essential for inducing senescence, it does not persist in senescent cells [21, 22]. Another

crucial pathway regulating cell cycle arrest is the p16INK4A/pRB tumour suppressor mechanism

[23]. pRB inactivates the E2F complex, which is required for the onset of the S-phase [24]. The

INK4/ARF locus encodes p16, which directly binds to CDK4/6, inhibiting cellular division.

Notably, the inactivation of p16 has been shown to bypass senescence, thereby promoting cancer

development [7].
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1.1.3 Cellular senescence markers

Senescent cells are characterised by a flattened and enlarged morphology, growth arrest, apop-

tosis resistance, metabolic alterations, and chromatin modifications (Figure 1.3) [25]. One of

the most widely used markers for detecting senescence is senescence-associated β-galactosidase

(SA-β-Gal), which reflects the increased lysosomal activity characteristic of senescent cells. Ad-

ditionally, within the nucleus, senescence-associated heterochromatin foci (SAHFs), DNA-SCARS,

or nuclear foci (γ-H2AX) can be identified, indicating DNA lesions and chromatin rearrange-

ment. Senescent cells are also characterised by mitochondrial dysfunction and increased ROS.

Senescent cells also exhibit apoptosis resistance, with increased levels of anti-apoptotic family

members such as Bcl-2 and Bcl-xL [25].

The SASP One of the main features of senescent cells is the acquisition of a distinct pheno-

type known as the Senescence-Associated Secretory Phenotype (SASP), driven by the release of

an inflammatory secretome composed of metalloproteinases (MMP1, MMP3), cytokines (IL-1,

IL-6), and chemokines (CCL2, IL-8). The composition of these factors varies depending on the

cell type, the inducing stimulus, and the duration of senescence [12, 26]. Senescence is a multi-

step process. Following the activation of the p53, p21, or p16 pathways, cells enter an early

stage of senescence. This initial phase is not characterised by SASP acquisition, which develops

days after DDR activation [20]. The transition to full senescence is thought to result from the

downregulation of nuclear lamin B1, followed by chromatin remodelling and the onset of SASP

[12, 14, 27]. Although DDR is essential for initiating inflammatory secretions, its targets—p16

and p21—are sufficient to induce cell cycle arrest but cannot directly regulate SASP [28]. The

stress-inducible MAPK p38 is both necessary and sufficient to drive senescence and SASP [29].

Similarly, ATM, by removing macroH2A1.1 from SASP-associated genes, can indirectly regu-

late SASP expression [30]. Both p38 and ATM influence SASP through the activity of nuclear

factor-kB (NF-kB) [15].

Various markers are used to identify senescent cells; however, currently, there is no

hallmark characterising senescent cells only, necessitating multiple assessments for accurate

detection. Furthermore, it remains unclear whether senescent cells induced by different stimuli

share common characteristics. The discovery of a specific and unique marker for the senescent

phenotype—potentially determined by its inducer—could represent a breakthrough in the field.
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SASP
↑ IL-6, IL-1
 IL-8, MMP

Mitochondrial Dysfunction
↑ ROS
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↑ β-Gal

Proliferation
↓ ki-67
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↑ Bcl-2Cell morphology

↑ Cell area
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Figure 1.2 Cellular senescence hallmarks Senescent cells exhibit several characteristic features,
including DNA damage markers (γ-H2AX), decreased nuclear lamin B, reduced proliferation, increased
ROS activity, altered lysosomal function (β-gal), downregulation of apoptotic pathways (BCL-2), up-
regulation of cell cycle arrest proteins (p53, p21, p16), and an enlarged cellular area. A key hall-
mark of senescent cells is the secretion of inflammatory factors, including cytokines, chemokines, and
metalloproteinases, which collectively define the senescence-associated secretory phenotype (SASP).
Illustration created with Biorender. Readapted image from Gonzalez-Gualda et al..

1.1.4 In vitro senescence modelling

In vitro, senescence can be induced in various ways. Replicative senescence occurs through

continuous passaging of cells, leading to telomere attrition [31]. Stress-induced senescence

can be triggered using various stressors, such as H2O2, TGF-α, TGF-β1, and cigarette smoke

[32, 33]. Therapy-induced senescence can be induced by irradiation or chemotherapeutic drugs

[16]. Typically, after senescence induction, the presence of senescence hallmarks—such as those

mentioned above—is assessed after at least one week [33]. Commonly tested markers for con-

firming senescence induction include β-galactosidase (SA-β-Gal) staining, detection of DNA

damage (γ-H2AX), presence of the SASP, expression of cell cycle arrest markers (p53, p21,

p16), and halted proliferation (EdU staining) [33].

1.1.5 Cellular senescence: a double-edged sword

Because of its definition as a state of cell-cycle arrest, cellular senescence has historically been

considered an anti-cancer mechanism to prevent the proliferation of DNA-damaged cells [14].

However, senescence serves multiple functions, both beneficial and detrimental. It can be

classified as acute if it is transient and well-regulated or chronic if it is prolonged and harmful.

7



CHAPTER 1. INTRODUCTION

Acute senescence Cellular senescence plays a role in controlling embryonic development in

mammals and body growth in amphibians [34, 35]. This process is also involved in wound

healing and contributes to recovery after injury. In liver fibrosis, senescence of hepatic stellate

cells limits extracellular matrix production, thereby controlling excessive scarring and promot-

ing functional organ recovery [36, 37]. Similarly, senescence reduces fibrosis in pancreatic tissue

and aids skin wound healing, facilitating wound closure [38, 39]. It also contributes to tissue

regeneration, such as fin regrowth in zebrafish and limb regeneration in salamanders [15, 40, 41].

Senescence induction in development and injury repair involves a programmed tissue remod-

elling process triggered by specific stressors with a defined target. This type of senescence, also

characterised by a rapid and effective immune response, is known as acute senescence [14, 27].

The beneficial effects of senescence depend significantly on immune system intervention, a pro-

cess known as immuno-clearance. Natural killer cells, dendritic cells, monocytes, macrophages,

neutrophils, B cells, and T cells are recruited by specific SASP factors to eliminate senescent

cells once their remodelling function is complete [15, 29, 42].

Chronic senescence During ageing, due to the increasing accumulation of DNA damage,

chronic senescence develops. In this case, senescence occurs without specific stressors or tar-

geted responses, and senescent cells persist due to an age-related decline in immune system

efficiency or their inability to attract immune cells [27]. These cells continue to secrete in-

flammatory factors, contributing to chronic inflammation, functional decline, and the onset

of age-related diseases [43]. Inflammageing is a state of heightened inflammation caused by

the accumulation of pro-inflammatory factors in aged individuals. This phenomenon has been

linked to numerous age-associated diseases, including cancer, Alzheimer’s disease, fibrosis, car-

diovascular disorders, and osteoarthritis [43, 44]. Genomic studies have demonstrated a con-

nection between inflammageing and chronic senescence, revealing that conditions related to

inflammageing are associated with the INK4/ARF gene locus, which is crucial for inducing

senescence [15, 45].

Senescence, ageing and diseases Although identifying senescent cells is challenging due

to the absence of a unique marker, numerous studies have confirmed their role in ageing.

Research on mice with reduced expression of BubR1, a mitotic checkpoint kinase essential

for cell division, has shown accelerated ageing, increased p16 levels, and the accumulation of

senescent cells [46, 47]. When p16 expression was inhibited, the effects of BubR1 deficiency were

mitigated, highlighting the central role of this pathway in both senescence and ageing [46, 47].
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The accumulation of senescent cells with age contributes to the development of various diseases.

Some conditions, such as osteoarthritis [48], cataracts [49], glaucoma [50], and diabetes-related

pancreatic dysfunction [51], are associated with the loss of cellular proliferation. In contrast,

other diseases, including cardiovascular disorders [52], cancer [53], and diabetes-related adipose

tissue dysfunction [51, 54], as well as pulmonary [55] and liver fibrosis [56], are linked to SASP-

driven inflammation and excessive extracellular matrix remodelling [27].

Due to the dual nature of senescence—both protective against cancer and beneficial for

tissue repair, yet also a driver of ageing and disease—it has been proposed as a key component

of the antagonistic pleiotropy theory. This theory suggests that natural selection favours genes

that promote health in early life, even if they have detrimental effects in old age [15].

1.1.6 Senescent cells-targeting therapies

Various studies have demonstrated that the clearance of senescent cells can mitigate disease

progression and exert anti-ageing effects. Consequently, researchers are increasingly focusing on

developing senotherapeutic strategies to eliminate senescence or counteract its effects. These

therapies are broadly classified into two main categories: senolytics and senomorphics [15].

Senolytic therapies Senolytic therapies aim to eliminate senescent cells. One of the most

common approaches involves blocking the anti-apoptotic pathways that SCs activate to evade

cell death. For instance, the senolytic agents ABT-737 and ABT-263 (Navitoclax) function by

inhibiting the BCL-2 family of apoptosis-regulating proteins [57, 58]. Other compounds, such as

the peptide Proxofim, act by interfering with p53 activation [59]. Additionally, some techniques

employ nanoparticles loaded with cytotoxic agents, which are preferentially delivered to SCs

due to their heightened lysosomal activity [60]. Alternative strategies focus on enhancing the

immune system’s ability to naturally eliminate senescent cells through immuno-surveillance

[61].

Senomorphic therapies Senomorphic therapies, in contrast, aim to suppress the harm-

ful effects of senescent cells, particularly the pro-inflammatory secretome (SASP), while pre-

serving cell viability. Numerous studies are investigating the molecular pathways responsible

for SASP activation and factor secretion. For example, the mammalian target of rapamycin

(mTOR) regulates cellular metabolism, growth, and SASP activity [62, 63]. Inhibition of

mTOR with rapamycin has been shown to prevent senescence, reduce SASP secretion, diminish
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pro-tumorigenic effects, and improve liver function in aged mice [62, 63]. Another frequently

targeted pathway is NF-κB signalling, where inhibition effectively suppresses SASP activity

[15, 60].

Among these two therapeutic approaches, senolytics offer the advantage of eliminating

senescent cells. Unlike senomorphic treatments, which require continuous administration to

suppress SASP activity, senolytics typically involve a single treatment, reducing the risk of SCs

becoming pro-tumorigenic over time. However, senolytic therapies also present limitations, as

their administration—particularly in elderly individuals—can have potentially harmful effects.

Further research into senescent cell behaviour and its mechanistic properties could pave the

way for more targeted and effective therapeutic interventions.

One-two punch techniques Senescence is now being exploited in cancer therapy to halt

tumour cell proliferation [64]. Treatments such as irradiation and chemotherapeutic agents

like Doxorubicin are used at lower doses to activate the DDR cascade and induce senescence.

Subsequently, senescent cells are selectively eliminated using senolytic agents [64]. This emerg-

ing approach, termed the one-two punch technique, has shown promising results. However, in

vivo senescence induction is rarely cell-specific, meaning surrounding tissues are also affected.

This underscores the ongoing challenge of balancing the beneficial and detrimental aspects of

senescence.

1.2 Endothelial senescence: causes and consequences

Among the tissues of the body, those with the highest concentration of endothelial cells exhibit

the greatest accumulation of senescent cells [65]. Endothelial cells are also among the first cell

types to undergo senescence with ageing [66]. Endothelial senescence has been observed in the

kidneys, retina, brain, liver, and aorta [65]. This process is associated with several disorders,

including atherosclerosis, hypertension, heart failure, dementia, diabetes, and renal failure [65,

67]. Given its widespread impact, understanding endothelial senescence and exploring potential

interventions to prevent or slow its progression remain crucial areas of research.

1.2.1 Causes of endothelial senescence

The vascular endothelium is a monolayer of endothelial cells that lines the interior surface of

blood vessels, acting as a crucial interface between the bloodstream and surrounding tissues
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Figure 1.3 Vascular tissue composition The endothelium is the innermost layer of vascular
tissue and forms part of the tunica intima. It rests on a basement membrane primarily composed
of type IV collagen. Beneath the tunica intima lies the tunica media, which is made up of vascular
smooth muscle cells (VSMCs), followed by the tunica adventitia, composed of fibroblasts and fibrous
connective tissue. Image adapted from Bkaily et al..

[68]. It forms part of the tunica intima—the innermost layer of the vascular wall—which also

includes a basement membrane primarily composed of type IV collagen. Beneath the tunica

intima lies the tunica media, consisting mainly of vascular smooth muscle cells, followed by the

tunica adventitia, which is composed of fibroblasts and fibrous connective tissue [69].

Endothelial cells (ECs) play a fundamental role in maintaining vascular homeostasis.

Due to their anatomical location, ECs are continuously exposed to biochemical factors circulat-

ing in the blood, including oxygen, glucose, hormones, cytotoxic drugs, inflammatory cytokines,

and reactive oxygen species (ROS) from immune cells [65]. In addition to these biochemical

influences, endothelial cells are subjected to haemodynamic forces such as blood flow shear

stress and pulsatile stretch, cell-cell contact and cell-substrate forces [65] (Figure 1.4).

ROS accumulation is associated with endothelial senescence Ageing and metabolic

disorders are associated with elevated levels of glucose, insulin, and cholesterol, which can

trigger oxidative stress and increase ROS production. While a certain ROS concentration is

necessary for cellular function, excessive levels are detrimental: they can attenuate nitric oxide

(NO) vasodilator activity, induce DNA damage, activate the p53-p21 pathway, and initiate the

senescence cascade [70, 71].

Vessels’ diameter reduction is associated with endothelial senescence Vessels’ im-

paired dilation is also correlated to endothelial senescence. Ca2+ concentration is a crucial factor

in endothelial dysfunction because it regulates endothelium-mediated vasodilation through con-
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tinuous signalling between ECs and vascular smooth muscle cells (VSMCs). With ageing, this

signalling becomes impaired, leading to endothelial alterations and a reduction in vessel diam-

eter [70, 72]. Blood flow pressure is primarily regulated by the renin-angiotensin-aldosterone

system (RAAS). Among the effectors of this pathway, alterations in vasoconstrictors such as

endothelin-1 and angiotensin II have also been linked to endothelial senescence [70, 73].

Drugs induced endothelial senescence Recent studies have begun to explore whether

drugs long associated with cardiotoxicity, heart failure, and other adverse effects might also

induce senescence as an unintended consequence. For example, a recent study demonstrated

that the proton pump inhibitor Nexium, a widely used drug for gastroesophageal reflux disease

previously linked to heart failure, renal dysfunction, and dementia, accelerates endothelial

senescence induction [74]. Cancer treatments such as ionising radiation and chemotherapeutic

drugs have been shown to be cardiotoxic, leading to endothelial dysfunction and CVDs [75, 76].

Doxorubicin is one of the most effective chemotherapeutic agents; however, its use is limited by

its cardiotoxicity, and significant similarities have been observed between aged and Doxorubicin-

treated hearts [75]. While Doxorubicin is known to induce senescence in cancer cells, it has

also been shown to cause senescence in non-cancerous cells both in vitro and, more recently, in

vivo [77]. Furthermore, following Doxorubicin treatment, the selective elimination of senescent

cancer cells—either via genetic models or senolytic therapies—has been shown to successfully

restore physiological cardiac function [77, 78]

Altered haemodynamic forces induce endothelial senescence The endothelium has a

low replicative capacity; however, increased endothelial cell replication is observed at vessels’

bifurcations and branching points. Due to strong haemodynamic forces, these regions are more

prone to damage, necessitating a higher turnover rate to maintain endothelial integrity [79].

This continuous replication of endothelial cells in areas exposed to oscillatory flow ultimately

leads to replicative senescence.

Cyclic strain reinforces senescence. Due to the pulsatile nature of blood flow, endothelial

cells are continuously subjected to various mechanical forces, including shear stress, pressure,

and cyclic tensile strain [80]. One of the primary effects of strain is endothelial activation:

low strain (5-10%) decreases apoptosis and promotes proliferation, whereas pathological strain

amplitude (15-20%) has opposite effects. Pathological strains can lead to increased ROS concen-

tration, activating NF-kB, which in turn initiates an inflammatory phenotype characterised by
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Figure 1.4 Causes of endothelial senescence. The vascular endothelium serves as a critical
interface between the bloodstream and surrounding tissues [68]. Due to their anatomical location,
endothelial cells (ECs) are continuously exposed to biochemical factors circulating in the blood, in-
cluding oxygen, glucose, hormones, cytotoxic drugs, inflammatory cytokines, and reactive oxygen
species (ROS) from immune cells. These factors can cause inflammation, alter endothelial equilib-
rium, induce DNA damage, and initiate the DNA damage response (DDR) cascade, ultimately leading
to endothelial senescence. In addition to these biochemical influences, the endothelium is subjected
to haemodynamic forces such as blood flow shear stress. When altered—such as in bifurcation ar-
eas—these forces can accelerate cellular turnover and contribute to senescence. Illustration created
with BioRender. Reproduced with permission from Springer Nature from the review by Bloom et al.
(Licence number 5996451416076).

.

VCAM-1 expression, thereby heightening the risk of developing atherosclerotic plaques [68, 81].

Cyclic strain has already been associated with premature senescence in the nucleus pulposus

[82] and the epithelium of the lungs [83], and a recent study demonstrated that cyclic strain

can exacerbate DNA damage in senescent and aged cells [80].

1.2.2 Consequences of endothelial senescence

Endothelial senescence is implicated in various cardiovascular dysfunctions (Figure 1.5).

Endothelium-dependent dilation (EDD) declines with ageing, a process in which ESCs play a

crucial role due to their reduced endothelial nitric oxide synthase (eNOS) activity [84]. Endothe-

lial senescence is also strongly linked to hypertension, a major global health concern associated

with oxidative stress, inflammation, and an imbalance between vasoprotective molecules (such

as NO) and vasoconstrictors (such as angiotensin II and endothelin 1). As these factors are

key characteristics of endothelial senescent cells (ESCs), their involvement in hypertension is

well established. Patients with hypertension often present with reduced telomere length, and

genetically modified mice with shortened telomeres exhibit hypertensive behaviour [85, 86]. Ad-
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ditionally, elevated blood pressure leads to increased levels of endothelin 1 and angiotensin II,

which in turn induce endothelial senescence. This suggests a reinforcing feedback loop between

hypertension and endothelial ageing.

Atherosclerosis, a leading cause of vascular diseases, is characterised by fatty streak

formation in arteries, which can lead to clot development and thrombosis. It is an inflammatory

disease, with its severity depending on plaque composition and size. In healthy endothelium,

tight junctions prevent LDL cholesterol and immune cells from entering the vessel lumen, while

NO production inhibits immune cell adhesion. However, endothelial damage compromises

NO production and barrier function, leading to leaky monolayers (vasa vasorum) that lose

their protective role [87]. Numerous studies demonstrate a link between endothelial senescence

and atherosclerosis. Senescent endothelial cells promote disease progression by increasing the

expression of adhesion molecules (e.g., VCAM-1, ICAM-1), facilitating leukocyte adhesion, and

exacerbating vascular inflammation. These changes accelerate plaque formation and growth.

In LDL receptor-negative mice, the induction of atherosclerotic plaque generation is associated

with increased levels of SA-β-GAL, p16-positive macrophages, and senescent endothelial and

vascular cells, while depletion of these cells reduces plaque formation [8, 15, 88].

Furthermore, ECs from the coronary arteries of patients with ischaemic heart disease

show increased expression of SA-β-GAL and ICAM-1, along with a larger and flatter morphol-

ogy compared to non-lesion areas [3, 89, 90]. ECs also exhibit telomere shortening proportional

to donor age, which correlates with atherosclerosis progression [91, 92]. The mechanical stress

in regions of disturbed blood flow, where atherosclerosis typically develops, has been shown to

induce endothelial senescence via activation of the p53/p21 pathway [93, 94]. The resulting se-

cretion of SASP cytokines, such as TNF-α, IL-6, MCP-1, and PDGFB, further drives vascular

remodelling [95]. The effects of SASP have also been implicated in pulmonary hypertension

[96] and metabolic disorders [97].

Beyond vascular dysfunction, endothelial senescence contributes to heart failure, a con-

dition characterised by impaired cardiac muscle formation, affecting either diastolic function

(heart failure with preserved ejection fraction, HFpEF) or systolic function (heart failure with

reduced ejection fraction, HFrEF). ESC-driven inflammation, reduced NO production, and

heightened oxidative stress contribute to abnormal cardiac tissue remodelling, ultimately lead-

ing to these pathological conditions [65]. Ageing also affects angiogenesis, the process of forming

new blood vessels. Studies have shown that telomerase inhibition reduces angiogenesis in mice
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Figure 1.5 Consequences of endothelial senescence. Endothelial senescence is implicated in
various cardiovascular dysfunctions. Senescence in endothelial cells (blue cells) reduces nitric ox-
ide (NO) production, which impairs endothelium-dependent vasodilation and facilitates immune cell
infiltration. Additionally, endothelial senescence increases the activity of the vasoconstrictors an-
giotensin II (Ang II) and endothelin-1 (ET1), contributing to elevated blood pressure. The decline
in NO levels, combined with heightened Ang II and ET1 levels, further accelerates endothelial cell
senescence. These changes collectively promote the development of atherosclerotic plaques. Further-
more, endothelial senescence impairs angiogenesis, worsening disease progression. The dysfunction of
senescent endothelial cells, along with their impact on vascular function, contributes to various organ
dysfunctions and diseases, such as hypertension, heart failure, pulmonary hypertension, and metabolic
disorders. Illustration created with BioRender. Reproduced with permission from Springer Nature
from the review by Bloom et al. (Licence number 5996451219100)

and that senescence impairs angiogenesis in brain endothelial cells. Conversely, inhibition of

p53 enhances angiogenic capacity [98, 99]. The growing evidence of endothelial senescence’s

impact on cardiovascular disorders highlights the importance of understanding its underlying

mechanisms and developing strategies to mitigate its progression and detrimental effects.

1.3 The mechanisms of mechanobiology

Extensive research over the past two decades has established that physical forces play a cru-

cial role in regulating cellular structures and functions [100–102]. This interdisciplinary field,

which integrates engineering, physics, and biology, is known as mechanobiology. Notably, the

mechanical properties of the extracellular matrix (ECM) have been shown to influence key

cellular processes, including proliferation, differentiation, migration, growth, and spreading

[101–103]. These stimuli are detected, i.e., mechanosensing, by transmembrane proteins and

transmitted to the nucleus, i.e., mechanotransduction, where the signal is interpreted by the

cell [104].
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1.3.1 Mechanosensing

Mechanosensing is the ability of a cell to sense mechanical stimuli from its surrounding en-

vironment, including, but not limited to, rigidity, topography, and shear stresses [105]. Cells

perceive these external forces through a complex system composed of focal adhesions (FAs) and

integrins.

Integrins are transmembrane heterodimers consisting of α and β subunits, with 18 α

and 8 β subunits that assemble into 24 distinct integrin complexes [106]. Integrins feature an

external domain that binds to ECM proteins, a transmembrane domain, and an intracellular

domain that connects to the cytoskeleton. The composition of the ECM varies by tissue and

includes water, proteoglycans, and fibrous proteins such as collagen, fibronectin, and elastin.

Integrin expression is tissue- and cell-specific, with some integrin subunits binding specifically

to certain ECM components. For instance, endothelial cells express, among others, integrins

like α1β1, which binds to collagen, α2β1, which binds to laminin and collagen, and α4β1 and

α5β1, which bind to fibronectin [107].

Focal adhesions are large macromolecular assemblies that serve as the primary link

between the actin cytoskeleton and the ECM via integrin binding. The intracellular portion of

FAs is organised in layered complexes. The bottom layer includes paxillin and FAK, which are

essential for FA formation and signalling. The middle layer consists of talin, one of the first

proteins to bind to integrins, and vinculin, which bridges FA layers. The top layer includes

zyxin and vasodilator-stimulated phosphoprotein (VASP), which connect to actin [108]. FAs

transmit forces perceived through integrins to the actin cytoskeleton. This process activates

Rho, which promotes actin polymerisation, while Myosin-II generates additional tension [109].

Through this mechanism, forces can be transmitted from the ECM to the cell (outside-in), such

as those from confinement, topography, and stiffness. Additionally, Myosin-II-generated forces

can be transmitted from actin to the ECM (inside-out) via adaptor proteins like integrins and

cadherins [110, 111].

The molecular clutch model explains the mechanism of force transmission between the

cell and the ECM. Initially described by Mitchison and Kirschnert in the context of neuronal

growth, the model suggests that when the molecular linkage between the substrate and the cell

is engaged, the cell moves forward. In contrast, when the molecular linkage disengages, actin

undergoes retrograde flow from the cell edge to the centre. This model was further developed

by Elosegui-Artola et al., who incorporated integrins and focal adhesion proteins (such as talin
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Figure 1.6 The molecular Clutch. When the molecular clutch engages, ECM-bound integrins
connect to actin and/or focal adhesions, particularly talin, which unfolds to strengthen actin binding.
Vinculin is then recruited to further stabilise the interaction between talin and F-actin. This enables
myosin-driven contractility and F-actin dynamics to counteract retrograde flow, propelling cell move-
ment forward. Illustration generated with BioRender.

and vinculin) as key components of the molecular linkage. This linkage is now referred to as

the molecular clutch or actin-talin-vinculin-ECM clutch [114]. In the Roca-Cusachs model,

when the molecular clutch is engaged, ECM-associated integrins bind to actin and/or focal

adhesions, particularly talin, which undergoes unfolding to enhance actin binding. Vinculin is

recruited to reinforce the coupling between talin and F-actin. This model emphasises the role

of matrix stiffness in molecular clutch dynamics, revealing a stiffness threshold above which

talin becomes essential for force transmission (Figure 1.6). On compliant substrates, the clutch

loading rate is slower than the integrin-ECM bond lifetime, causing bond breakage before force

is transmitted. On stiffer substrates, however, the clutch loading rate exceeds the integrin-

ECM bond lifetime, resulting in force transmission to talin, vinculin engagement, adhesion

reinforcement, and increased traction. This allows myosin-powered contractility and F-actin

dynamics to overcome retrograde flow and drive cell movement forward [111].
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1.3.2 Mechanotransduction

The perceived external stimuli are transmitted to the nucleus, where they are interpreted by

the cell. Signals from the focal adhesions (FAs) are delivered to the cytoplasm through multiple

mechanisms, including ion channels (e.g., Piezo1), cytoskeletal filaments (e.g., F-actin, micro-

tubules, and intermediate filaments), and signalling pathways like the RhoA/ROCK pathway

[104].

From the cytoskeleton, signals are conveyed to the nuclear envelope (NE) through the

linker of the nucleoskeleton and cytoskeleton (LINC) complex, which consists of Nesprins and

Sun proteins. The NE is surrounded by the nuclear lamina, a fibrous meshwork that is in

contact with chromatin. The nuclear lamina primarily comprises lamin proteins, which are

type V nuclear intermediate filaments. Mammalian cells contain two main types of lamins:

Lamin A (encoded by the LMNA gene) and Lamin B (encoded by the LMNB1 and LMNB2

genes) [115]. Lamin A/C phosphorylation, which is influenced by mechanical stimulation, plays

a crucial role in regulating nuclear mechanical properties. Forces applied to the cell can also

stimulate the formation of a perinuclear actin filament assembly, involving Lamin A/C, emerin,

and the LINC complex, collectively referred to as the perinuclear actin cap [116].

Another pathway for transducing mechanical signals involves cytoplasmic proteins, such

as YAP and the transcriptional coactivator TAZ. These proteins undergo structural modifica-

tions and translocate to the nucleus in response to external mechanical stimuli, such as ECM

stiffness and cell confinement [117].

Endothelial mechanotransduction

Endothelial cells, located in the inner layer of blood vessels, are constantly exposed to various

mechanical cues [68]. The integrity of the monolayer is maintained by adherens junctions, which

are formed by cadherins, catenins, and other proteins such as nectins, claudins, occludins, and

PECAM-1 (or CD31) [118].

Cadherins are a superfamily of transmembrane proteins located on the lateral sides of

the cells, where they are connected to the cytoskeleton via the cadherin–β-catenin–α-catenin

complex. These proteins are cell-type specific, with endothelial cells primarily expressing VE-

cadherin [119]. VE-cadherin interacts with F-actin through the β-catenin–α-catenin complex,

although β-catenin can be replaced by γ-catenin in endothelial cells. Adherens junctions exist
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in two forms: linear adherens junctions (LAJs) and focal adherens junctions (FAJs), depending

on the level of mechanical tension they experience.

When Rac is active, VE-cadherin tension is reduced, promoting F-actin bundle for-

mation at the cellular edges and stabilising the monolayer with continuous LAJs. However,

when permeability agonists, such as thrombin or histamine, challenge monolayer integrity, Rho

activation via ROCK induces FAJs formation. This process involves α-catenin unfolding, re-

cruitment of vinculin, and the incorporation of other focal adhesion (FA) proteins, including

VASP and zyxin. This mechanism protects endothelial integrity and ensures resilience through

acto-myosin-driven cytoskeletal forces [118] (Figure 1.7).

The RhoA/ROCK signaling pathway plays a key role in regulating actomyosin contrac-

tility. When endothelial cells are seeded on a stiffer substrate, they recruit more focal adhesions

(FAs) and adhere more strongly, resulting in increased cellular tension. This elevated tension

activates the RhoA/ROCK pathway, amplifying the force exerted on adherens junctions, which

can ultimately lead to their disruption [120].

Another crucial transmembrane protein for monolayer integrity is PECAM-1, which

plays an essential role in converting shear stress into cellular orientation signals.

1.4 Ageing and mechanobiology

Measuring the mechanical properties of tissues presents significant challenges due to alterations

in ex vivo conditions and variations in measurement techniques. These techniques can be di-

vided into macro-scale methods (e.g., tensile testing, pulse wave velocity, ultrasounds) and

micro-scale techniques (e.g., atomic force microscopy, nanoindentation, and micropipette aspi-

ration). The stiffness of a material is described by its Young’s modulus, which is the ratio of

applied force (stress) to the material’s deformation (strain) (N/m2). The elastic modulus in the

vascular system ranges from 10 kPa [121, 122] to 1.5 MPa [123], with measurements of excised

basement membranes reporting values of 1–4 MPa [124]. It should be noted that in vivo vessel

elasticity may differ from ex vivo results [68]. However, multiple studies have estimated the

Young’s modulus of the human arterial intima and the abdominal aorta to be approximately

35–40 kPa, as determined by atomic force microscopy [125, 126]. This value is used as the

physiological range in this study.

Ageing is associated with a decline in the mechanical properties of the human body.
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Figure 1.7 Adherens Junctions. When Rac is active, VE-cadherin tension decreases, facilitat-
ing F-actin bundle formation at the cell edges and stabilising the monolayer with continuous LAJs.
However, when permeability agonists like thrombin or histamine compromise monolayer integrity, Rho
activation via ROCK triggers FAJs formation. This process involves α-catenin unfolding and vinculin
recruitment. This mechanism safeguards endothelial integrity and enhances resilience through acto-
myosin-driven cytoskeletal forces. Illustration created with BioRender, and adapted from Dorland
and Huveneers.
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Specifically, arteries become stiffer with age and disease, which impairs blood flow and con-

tributes to CVDs [125]. These mechanical changes not only affect the tissue but also have

microscopic effects at the cellular level, influencing ECs’ behaviour. One major cause of arte-

rial stiffening is the alteration in the ECM composition with age. Elastin fibers decay while

collagen concentration increases in the three layers of the vessel wall: the media, adventitia,

and intima. In addition to increased collagen concentration, collagen crosslinking through

non-enzymatic glycation also contributes to vessel stiffening [125].

Arterial stiffening affects monolayer permeability, promotes leukocyte transmigration,

and accelerates the development of cardiovascular diseases [118]. Studies have shown a recipro-

cal relationship between senescent cells and ECM remodelling: on one hand, ECM changes can

influence the onset of cellular senescence; on the other, senescent cells, through the secretion of

matrix metalloproteinases (MMPs) and other SASP inflammatory factors, can alter the ECM,

creating a positive feedback loop [127].

1.4.1 Mechanobiology of senescence

Physical stimuli can influence cellular behaviour, including differentiation, proliferation, and

migration. As ageing is associated with changes in the mechanical properties of the tissues,

there is growing interest in how these changes impact cellular behaviour and especially the

onset and development of cellular senescence.

The relationship between substrate stiffness and senescence has yielded contrasting find-

ings. Several studies indicate that softer materials help maintain cell proliferation and delay

the onset of senescence, whereas stiffer substrates tend to promote senescence markers, such

as SA-β-Gal activity and changes in nuclear structures. For example, mesenchymal stromal

cells (MSCs) cultured on softer matrixes exhibited greater proliferation and reduced signs of

senescence. Polyethylene glycol hydrogels and polyacrylamide gels, optimised for stiffness in

the 30–100 kPa and 3 kPa ranges, respectively, demonstrated minimal senescence under softer

conditions. Conversely, stiffer substrates such as tissue culture plastic (GPa) accelerated the

onset of senescence [128, 129]. These observations were mirrored in studies on nucleus pulpo-

sus cells, where stiffer substrates (23 kPa) upregulated Piezo1 mechanosensing ion channels,

increasing intracellular Ca2+ levels, ROS production, and subsequent senescence and apoptosis

[130].

In contrast, the study by Santinon et al. on oncogene-induced senescence showed that
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YAP/TAZ activity can overcome Ras-induced senescence and that inhibition of YAP/TAZ by

upstream mechanical cues, such as soft materials, could induce senescence. YAP/TAZ signalling

has emerged as a crucial mediator in mechanotransduction, influencing cellular responses to

mechanical cues and contributing to the ageing process. An interesting study by Sladitschek-

Martens et al. demonstrated that YAP/TAZ activity declines with age in stromal tissues such

as skin fibroblasts and vascular smooth muscle cells. YAP inhibition in young tissues induced

ageing traits, highlighting its critical role in cellular ageing. However, studies on endothelial

senescence have shown increased nuclear translocation of YAP, suggesting that the YAP/TAZ

response in senescent cells may be cell-type specific [133, 134].

Chala et al. study on endothelial senescence induced with TNF-α showed increased

traction forces compared to non-senescent cells. Moreover, this work revealed that endothelial

cells do not adapt to shear stress, suggesting that disrupted flow could induce cellular changes

contributing to vascular pathologies [135]. Such changes are thought to be adaptive mecha-

nisms protecting the vasculature from denudation under disturbed blood flow, a phenomenon

commonly observed in regions susceptible to atherosclerosis [68, 94]. Lai et al. examined the

effects of substrate stiffness and shear stress on human aortic endothelial cells using PDMS sub-

strates of 200 kPa and 40 kPa. These results indicated that stiffness, more than shear stress,

promotes senescence markers such as γ-H2AX and β-gal. Another study by Exarchos et al.

demonstrated that anisotropic topographies promote the proliferation of replicative senescent

endothelial cells. Furthermore, studies suggest that endothelial cells in a senescent state exhibit

an increased capacity for immune cell migration, linking endothelial senescence with vascular

disease progression, including atherosclerotic plaque formation [65, 137].

There is still much to uncover regarding the mechanobiology of senescence. In partic-

ular, both senescence and mechanotransduction are cell-type specific phenomena. Moreover,

when studying the mechanobiology of senescence, it is crucial to consider the variability in-

troduced by different senescence inducers. Investigating the relationship between endothelial

senescence and mechanobiology will provide new insights into cellular behaviour during ageing,

inflammation, and vessel stiffening, as well as the development of cardiovascular diseases.
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1.5 Aims and objectives of this thesis

As society ages, it becomes increasingly important to narrow the gap between total and healthy

lifespan. Senescence is a hallmark of ageing and, as discussed in Section 1.1, is strongly cor-

related with cardiovascular diseases such as heart failure, hypertension, and atherosclerosis.

Ageing brings numerous physiological changes, including alterations in tissue mechanical prop-

erties. Physical stimuli play a fundamental role in shaping cellular responses, as highlighted

in Section 1.3. Given that endothelial cells are continuously exposed to a wide range of me-

chanical stimuli, understanding their impact on endothelial function and senescence is of great

importance.

Research on the mechanobiology of senescence is rapidly expanding; however, findings

often appear contradictory. This variability suggests that both the effects of mechanical stimuli

and senescence itself are cell-type and inducer-specific. Therefore, further studies comparing

different senescence inducers in specific cell types are needed.

With this project, we aim to characterise endothelial cells when senescence is induced in

different ways. In particular, we propose to model endothelial senescence in vitro using two dif-

ferent induction methods: the chemotherapeutic drug Doxorubicin and replicative senescence.

We will then investigate the impact of substrate stiffness on the senescent phenotype using

polyacrylamide hydrogels of varying stiffness. To do so, we identify three main objectives:

• Developing an in vitro model of endothelial senescence using different induction methods

to compare resulting phenotypes (see Chapter 3).

• Investigating the impact of substrate stiffness on the senescent phenotype through marker

analysis and gene expression studies (see Chapter 4).

• Examining the effects of senescence on endothelial mechanobiology, focusing on cellular

and nuclear morphology, adhesion, cell-cell interactions, and mechanotransduction pro-

teins (see Chapter 5).

Overall, this project aims to establish an in vitro model of endothelial senescence to

explore how increased stiffness influences the senescent phenotype and how senescence, in turn,

affects endothelial mechanobiology. By comparing two different senescence induction methods,

we hope to gain deeper insights into the mechanobiology of endothelial ageing.
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Chapter 2

Materials and methods

This chapter provides a comprehensive description of the materials and methods used in this

study. First, we describe the cell culture reagents and techniques applied, including detailed

protocols for inducing senescence. Next, we outline the experiments conducted to assess senes-

cence induction, specifically proliferation assays, β-Gal staining, and ELISA. We then provide

a detailed overview of the immunostaining technique, listing the primary and secondary anti-

bodies used, along with the image analysis methods applied. This is followed by a description

of RNA extraction and sequencing, as well as the methods used for atomic force microscopy

(AFM) measurements on live cells. The substrate section then details the reagents and tech-

niques used to prepare and characterise polyacrylamide hydrogels. Lastly, we describe the

statistical analysis methods applied in this study.

2.1 Cell culture

Table 2.1: Cell culture reagents

Cell culture reagents Supplier

Trypsin-EDTA Solution Sigma-Aldrich
Dubecco’s Phosphate Buffer Saline Gibco
Trypan Blue Stain 0.4% Sigma-Aldrich
Type I Bovine Collagen solution Stem-Cell
Bovine Gelatin Sigma-Aldrich

In this study, we used human umbilical vein endothelial cells (HUVECs) provided by

Caltag Medsystem, cultured with endothelial cell growth media (Promocell). Table 2.1 and

Table 2.2 report the reagents used in cell culture, and the supplements added to the media.
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Table 2.2: Cell culture media and supplements

Media supplements Concentration

Fetal Calf Serum 2%
Endothelial Cell Growth Supplement 0.4%
Epidermal Growth Factor 0.1 µg/ml
Basic Fibroblast Growth Factor 1 µg/ml
Heparin 90 µg/ml
Hydrocortisone 1 µg/ml
Penicillin/streptomycin 10%

Cells were split when they reached confluence: after removing the media from the flask, the

cells were washed twice with PBS, and Trypsin was added for 3 minutes at 37◦C. Subsequently,

two volumes of media were added and the cells were harvested and centrifuged for 5 minutes

at 1300 rpm. The supernatant was then discarded and the pellet was resuspended in 1 ml of

media from which 20 µl was subtracted to count cells using an automatic hemocytometer. Cells

were then seeded for new experiments or maintenance in flasks at a ratio of 1:3. Cells were

incubated at 37◦C in a 5% CO2 atmosphere throughout all experiments. Before cell seeding,

the flasks were pretreated with 1.5% bovine gelatine for 1 hour at room temperature, washed

with PBS and new media was then added.

2.1.1 Doxorubicin-Induced Senescence

Senescence was induced using the chemotherapeutic drug Doxorubicin (Abcam, ab120629).

Following the supplier’s instructions, the drug was resuspended in Dmso at a concentration

of 25 mM, and stored at -80◦C. A further dilution of 100 µM was necessary to carry out the

experiments. This aliquot was stored at -20◦C for up to 2 weeks. We selected cells of passage

< 7 for the treatment and the control.

Doxorubicin treatment for senescence assays

The Doxorubicin (Doxo) treatment was initially optimised using five doses: 1000 nM, 500 nM,

250 nM, 125 nM, and 65 nM. These concentrations were used to test cellular proliferation,

and the highest doses of 500 nM and 1000 nM were excluded due to excessive cell death.

Therefore, the next optimisation experiments were performed using three concentrations of

Doxo (250 nM, 125 nM and 65 nM) and the Dmso control. In these optimisation experiments,

the Dmso concentration in the control was matched to the highest Doxo dose used. Cells were

split and seeded at a density of 20 × 103 cells/cm2. After three days of culture with media
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Figure 2.1 Doxorubicin treatment for senescence assays Main steps of Doxorubicin treatment.
Cells were seeded at day -3, media change was performed at day -1, and they were treated with Doxo
for 24 hours at day 0. Control cells were seeded at day 0 and treated at day 3 with Dmso for 24
hours. Media change was performed every other day until day 7, when all the senescence assays were
performed.

changes every other day, the cells were treated with the respective concentrations of Doxo. The

treatment was removed after 24 hours, and the cells were washed with PBS before fresh media

was added. After 30 minutes to 1 hour, another media change was performed to remove any

remaining Doxo. The cells were then kept in culture for one week, with media changes every

other day. For the control group, 10× 103 cells/cm2 were seeded on the day of Doxo treatment

and cultured for seven days. Three days after seeding, the control cells were treated with the

vehicle (Dmso) for 24 hours. At day 7 post-treatment (or after control seeding), senescence

assays were performed, including β-Gal, γ-H2AX staining for DNA damage, p53 staining, and

ELISA for cytokine secretion. The complete protocol is shown in Figure 2.1.
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Figure 2.2 Doxorubicin treatment for mechanobiology studies Cells were seeded at day -4,
and a media change was performed every other day. At day 0, the cells were treated with either Doxo
or Dmso for 24 hours. Cells were then left in culture for other three days before fixing or performing
nanoindentation experimentiments.

Doxorubicin treatment for mechanobiological studies

To study the mechanobiology of the senescent endothelium, we modified the protocol to main-

tain a more intact monolayer, shortening the culture time after Doxo treatment. We seeded

the cells at a density of 40 × 103 cells/cm2, treated them with Doxo or Dmso at day 4, and

fixed or used them for nanoindentation three days after, as shown in Figure 2.2.

2.1.2 Replicative Senescence

Replicative senescence was achieved by serial cellular passaging. Cells were split when they

reached 90-100% confluency and seeded at a ratio of 1:3. Cell number was noted at every

passage and the cumulative population doubling curve was obtained with the following formula

[138]:

CPD = PDL0 +
log

(
Nf

Ni

)
log(2)

(2.1)

where Nf and Ni respectively refer to the final and initial number of cells, while PDL0

corresponds to the initial population doubling. Only HUVECs of passage above 18 were used
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for replicative senescence studies, while passages lower than 7 were selected for the control.

2.1.3 Irradiation-induced senescence

The irradiation experiments were performed while visiting the Centre de Recherche du CHUM

in Montreal (Quebec). For these experiments, tgfp-HUVECs, previously transfected in Prof.

Rodier’s lab, were used. Only cells under passage 7 were used. tgfp-HUVECs were X irradiated

with doses of 2Gy and 4Gy at rates equal to or above 0.75Gy/min using Gammacell3000

irradiator Elan.

Irradiation-induced senescence experimental setting

The experimental setting is illustrated in Figure 2.3. This protocol was followed to perform

experiments on proliferation, EdU incorporation, and DNA damage. HUVECs were seeded at

a density of 5 × 103 cells/well in a 96-well plate (day -2). The day after the seeding (day -1),

cells were treated with Dmso (control), Palbociclib or DNAPKi, and Propidium Iodide (PI)

was added in all the conditions to stain dead cells. On day 0, cells were irradiated with different

doses. Control cells were seeded on day 1 and treated with the drugs on day 2. For all the

conditions, the EdU pulse was performed on day 3, and on day 7, cells were fixed and stained.

The proliferation and Edu images were acquired with the IncuCyte Live-Cell Imaging System

(Essen BioScience Inc., Ann Arbor, MI, IncuCyte zoom, objective 10x). For the proliferation,

frames were captured at 4-h intervals, and the growth curves were constructed using IncuCyte

Zoom software (Essen BioScience Inc., Ann Arbor, MI, USA, V2019B) and normalising the

number of cells at each time point to the initial value (day 0).

Table 2.3: Irradiation experiments materials

Reagents Supplier

Propidium Iodide Sigma-Aldrich
Palbociclib Gibco
DNAPK-inhibitor AZD-7648 Sigma-Aldrich

EdU staining

The EdU staining is a common technique for measuring active DNA synthesis or S-phase

synthesis of the cell cycle. The EdU staining (E10187, Invitrogen) consists of two parts: the

pulse, when the DNA incorporate EdU, and the staining. As reported in Section 2.1.3, the

EdU pulse was performed on day 3 after treatment. For the EdU pulse we used a concentration
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Figure 2.3 Irradiation-induced senescence experimental setting The day after seeding, cells
were seeded and treated with Dmso, Palbocyclin or DNAPKi, and PI was added to all the conditions.
The cells were irradiated (day 0), and control cells were seeded at day 1, and treated at day 3. All
the conditions received Edu pulse at day 3 and were finally fixed at day 7.

of 1: 10.000. After fixing, the cells were washed with TBS (pH 7.5), and then the staining

solution was added at room temperature for 30 min, under constant stirring. The wells were

then washed three times (15 min each time) with 0.5% TritonX-100 in TBS at pH 7.5, one final

wash with TBS (pH7.5) was performed, and then the samples were imaged in the IncuCyte

Live-Cell Imaging System (objective 10x).

Table 2.4: EdU staining reagents

Reagents Concentration

TBS pH 8.5 (2M) 1:10
CuSO4 (1.5M) 1:100
C6H8O6 (0.5M) 1:5
Azide 647 1:10000
EdU (5-ethynyl-2’-deoxyuridine) 1:10000
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2.2 Senescence assays

2.2.1 Proliferation measurement

The proliferation experiments were performed to optimise the Doxorubicin treatment and to

assess cellular growth arrest as a senescence marker for both types of senescence.

For Doxo optimisations, the experiments were first performed on tissue culture (TC)

plastic, in a 48-well plate, and subsequently on glass coverslips in a 24-well plate. For the

experiments on TC plastic, the cells were seeded at a density of 3 × 103 cells/well. Two days

after the seeding, cells were incubated for 15 min with the NucBlue Live Ready Probes (R37605

Thermo), and then imaged using the Zeiss Axio Observer microscope (5x objective). Following

imaging, cells were treated with Doxorubicin or DMSO. The treatment was removed after 24

hours, and the medium was changed every other day. On day 7 post-treatment, cells were again

incubated with NucBlue live probes and imaged. For experiments on glass, the same procedure

was followed, but imaging was performed on day 0, day 1, day 3, and day 7 using the EVOS

M700 microscope. Imaging was carried out with controlled temperature and CO2 conditions

at 10× magnification, with automatic scanning covering 30% of the well.

The same procedure was used to compare proliferation across different substrates, both

in Doxorubicin-treated cells and those undergoing replicative senescence. In these experiments,

104 cells/well were seeded, and images were taken on day 0 and day 7.

For all these experiments, the same image analysis was performed. Fiji [139] was used

to identify and count nuclei, applying the Otsu threshold and the Analyze Particles function to

quantify the number of nuclei. For each well, the average number of nuclei was obtained, and

the ratio between the number of cells at a given time point and at t0 was used as an indicator

of proliferation.

2.2.2 β-Gal

The β-Gal staining was performed as previously reported [140]. The protocol here used was

developed at the Rodier’s Lab (CRCHUM, Montreal). Samples were washed twice with PBS,

and partially fixed with 4% formaldehyde for 4 minutes at room temperature to maintain

the enzymatic activity. After washing the samples with PBS, the β-Gal staining was added

for 8 hours at 37◦C. The samples were then washed with PBS, fixed with formaldehyde for
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Table 2.5: β-Gal assay reagents

Reagent Supplier Product

Citric Acid Sigma 251275
di-Sodium hydrogen phosphate dihydrate Sigma 71643
Sodium Chloride Sigma S9888
Magnesium Chloride Sigma M8266
Potassium Ferricyanide(III) Sigma 702587
Potassium Hexacyanoferrate(II) Sigma P9387
X-Gal Thermo 15520034
NucBlue Fixed Ready Probes Thermo R37606

Table 2.6: Reagents for the β-Gal staining solution

Reagent Volume (for 10 mL)

β-Gal buffer pH 6 2mL
NaCl 1M 1.5 mL
MgCl2 1M 20µL
Potassium Ferricyanide 500µL
Potassium Ferrocyanide 500µL
MilliQ H2O 5mL
X-Gal 500µL

10 min, and the nuclei were stained with the NucBlue ReadyProbes. The samples were then

stored in PBS at 4◦C until imaged. The samples were imaged with the EVOS M700 microscope,

magnification 20x, acquiring both the bright-field and Dapi channel to count the β-gal positively

stained cells and normalise on the total number of cells obtained via the Dapi staining. The

images were analysed using Fiji [139]: the nuclei number was obtained through the Analyse

Particles function, and the β-Gal positive cells were manually counted. Table 2.5 lists the

reagents needed for the assay, and Table 2.6 the recipe used for the β-Gal staining solution.

The β-Gal buffer in Table 2.6, comprises 37% of Citric Acid 100mM and 63% of Sodium

phosphate 200 mM.

2.2.3 ELISA

The Elisa assay was performed to test the presence of human IL-6 (R&D system, DY206-05) and

IL-8 (R&D system, DY208-05) in the secretome of senescent and non-senescent cells. The media

was removed from the well plates on day 7, centrifuged at 1000 g for 5 min, and stored at -80◦C.

To prepare each sample, the media from 3 wells of a 24-well plate was pulled together. The

assay was performed following the supplier’s guidance. First, the 96-well plate was prepared by

coating the wells with the Capture Antibody previously diluted at the working concentration,
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and incubating overnight at room temperature. The wells were washed 3 times with 0.01%

Tween-20 and blocked with the Reagent Diluent for 1 hour at room temperature. The washing

was repeated, and the samples and standards, appropriately diluted, were incubated for 2 hours

at room temperature. After repeating the washing, the detection antibody was added and left

for 2 h at room temperature. After three other washes, 100 µl of Streptavin-HRP was added

to each well and left for 20 min in the dark at room temperature. The wells were washed

once again, the Substrate Solution was added and left for 20 min at room temperature in the

dark. Finally, 50 µl of Stop Solution was added. We immediately measured the optical density

through the Thermo Scientific Multiscan FC set at 450nm. The signal at 570nm was also

acquired for correction, as suggested by the kit provider. The standard curve was generated

and used to obtain the concentration of cytokines (pg/ml). This signal was then normalised

on the number of cells. This data was obtained after imaging (Axio Observer, magnification

5x) the well plates, previously fixed, and stained with Dapi. The images were analysed using

Fiji [139]: the nuclei number was obtained by first applying a threshold, and then using the

Analyse Particles function. The final concentration of cytokines is therefore presented as pg/ml

normalised on the number of cells.

2.3 Immunostaining

Samples were washed twice with PBS and then fixed in 4% Formaldehyde in PBS for 15

minutes at room temperature. After removing the fixative solution, and washing twice with

PBS, they were permeabilised with 0.1% TritonX-100 in PBS for 15 min. After this, cells were

blocked with 1% bovine serum albumin (BSA) in PBS for 1 hour, and incubated with the

primary antibodies diluted in BSA at 37◦C for 45 minutes. The samples were then washed

with PBS, and incubated with the secondary antibody for 45 minutes at 37◦C. After another

wash, they were left for 5 minutes on the shaker and finally mounted using the Dapi antifading

mounting media, and stored at -20◦C until imaged. All the reagents and antibodies used for

immunostaining are reported in Table 2.7.
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Table 2.7: Reagents and antibodies used for immunostaining

Reagent Supplier Product Dilution

Formaldehyde Fisher Scientific 10630813 4% in PBS
TritonX-100 Sigma X100 0.1% in PBS
Bovine serum albumin Sigma A9418-50G 1% in PBS
Vectashield Mounting media Dapi Vector Laboratories A300-081A N/A
anti-γ-H2AX Thermo Fisher A300-081A 1:800
anti-p21 Proteintech 67362-1-Ig 1:100
anti- p53 Proteintech 60283-1-Ig 1:100
anti-Lamin B1 Proteintech 12987-1-AP 1:500
anti-Lamin A/C Santa Cruz SC-7292 1:250
anti-Vinculin Merck V9131-100UL 1:500
anti-Yap Santa Cruz SC-101199 1:200
anti-Tubulin Proteintech 66031-1-Ig 1:100
anti-Vimentin Proteintech 10366-1-AP 1:100
anti-Cd31 Proteintech 11265-1-AP 1:150
anti-Vecadherin Thermo 14-1449-82 1:150
anti-53BP1 Novus Biotech NB100-305 1:2000
anti-γ-H2AX Millipore 05-636 1:2000
Rabbit 647 Alexa Life Technologies A31573 1:800
Mouse 488 Alexa Life Technologies A-11001 1:800
Cy3 rabbit anti-mouse Jackson Immuno 315-165-300 1:200
Alexa Fluor donkey 488 anti-rabbit Thermo Fisher A-21206 1:200
488 Phalloidin Thermo Fisher 6A12379 1:250
CoraLite 594 Phalloidin Proteintech PF00003 1:200
NucBlue Live Ready Probes Thermo R37605 2 drops/ mL

2.4 Image Analysis

The image analysis was performed using Cellpose [141] for cell segmentation and CellProfiler

to get information about intensity, size and other measurements [142].

2.4.1 Image segmentation via Cellpose

Cellpose was used via the following hyper-parameters. Notably, the cell size and the channels

to segment were tuned based on the image.

1 !python -m cellpose --dir {path} --pretrained_model cyto3 --restore_
type deblur_cyto3 --diameter 300 --chan2_restore --chan 3 --chan2 2
--save_png

The cyto3 model is used to segment the cells, the deblur cyto3 model is used to prepare the

image correcting for blurring, the diameter is specified and changed based on the type of image,

as well as the channels: chan specifies the channel to segment, and chan2 specifies if there is
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any channel to use to guide the segmentation. In our case, chan was the channel representing

a protein that could allow the identification of the whole cell, and the chan2 was the Dapi

channel representing the nucleus [141]. Finally, we saved the images as .png files with the

command save png to use as masks for the CellProfiler analysis. An example of the input and

output is reported in Figure 2.4. Importantly, as it is possible to see from the output mask,

all the cells have a different colour because they are segmented and labelled at the same time,

this information is essential for the sequent CellProfiler analysis because the mask is not a

uniform and unique mask, but it is composed by as many masks as number of cell per image.

To visualise the ROIs in Fiji we used the BIOP Plugin > Analyse > Images > ROIs > Label

to ROIs.

Chan Chan2 Cellpose output

Figure 2.4 Example of Cellpose output Example of the output obtained with the code described,
using as input phalloidin as chan, and Dapi as chan2. Scale bar: 100 µm

2.4.2 Image analysis via CellProfiler

Once the masks were obtained, Cell Profiler was used to get measurements on size, intensity,

and shape. We used Cellprofiler [142] to

• study cellular and nuclear morphology (phalloidin and DAPI)

• count the number of foci per nucleus (γ-H2AX)

• compute the nuclear over cytoplasmic distribution of proteins (p53 and YAP)

• segment and measured focal adhesions (Vinculin)

• study the intensity and organisation on nuclear proteins (lamin A/C and lamin B)

• analysed the distribution of cell-cell contact proteins (CD-31 and VE-cadherin)
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The pipelines used are collected in the Github repository https://github.com/camiroma/thesis-

cellprofiler-pipelines/tree/main/CellProfiler thesis pipelines Romagnoli.

2.5 RNA sequencing

2.5.1 RNA extraction

RNA samples were collected from both control and Doxo-treated cells following the protocol

described in Section 2.1.1, or after one week in culture for the replicative senescent cells. Keep-

ing the well plates on ice, cells were washed with PBS and lysed with RLT buffer (Qiagen) for

10 min. The lysates were then stored at -80◦C until RNA extraction, which was performed

using the RNeasy Micro Kit (Qiagen) according to the manufacturer’s instructions. For ex-

traction, one volume of 70% ethanol was added to the lysate before transferring the samples

to the MinElute spin column. A series of wash and spin steps followed, after which DNase was

added and incubated at room temperature for 15 min. Once all steps were completed, 14 µl of

RNase-free water was used to elute the RNA. The final RNA concentration and quality were

assessed using the Nanodrop 2000 (Thermo Scientific).

2.5.2 RNA-seq technique and sample preparation

The RNA sequencing was performed by Genewiz (Azenta). RNA-Seq libraries were prepared

using the Illumina Stranded mRNA (poly A selected). In total, 2 × 150 bp paired-end reads

and an average of 20M total reads were generated for each sample. For each condition, we

sent a sample containing 1 µg of extracted RNA. Because of economic constraints and having

to test 9 different samples, we decided to pool together the biological replicates, and we sent

only one replica per sample. In pooling the replicas together, we extracted the same amount of

RNA from each replica for every sample to average them correctly. Despite not being the best

practice, pooling samples together has been previously and positively evaluated in the literature

[143, 144]. Nevertheless, data is to be interpreted as exploratory and preliminary information.

2.5.3 RNA-seq analysis

The RNA-sequencing was performed by Genewiz, and we obtained the data in different formats,

among which were raw counts and transcript per million (TPM). The raw counts represent the

number of sequencing reads mapped to a gene, while the TPM are normalised, accounting
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for gene length and sequencing depth. We performed two main types of analysis: a graphic

visualisation of the most represented genes and a Gene Ontology (GO) study of the most

differentially expressed genes. For the former, we used the TPM values and filtered them,

selecting the genes with at least one sample having more than 100 TPM. This selection allowed

us to visualise possible genes overrepresented in one sample and under-represented in other

samples. For the Heatmap, we used the function pheatmap [145]. For the GO analysis, we

used the DGElist function from the edgeR package [146] to create a digital gene expression,

which allows for single replica statistical analysis. After normalising, we used the clusterProfiler

package [147] on the org.Hs.eg.db database [148], and finally, we plotted the results using the

ggplot2 package [149]. The codes used on R are presented in Appendix B.

2.6 Atomic Force Microscopy measurements

To assess the mechanical properties of senescent and non-senescent cells, we used the Nanosurf

Atomic Force Microscope. Cells were seeded at a density of 40×103 cells/cm2 on collagen-coated

(100 µg/mL) glass-bottom Petri dishes. Measurements were performed using a PFQNM-LC-

V2 probe (Bruker) with a radius of 70 nm, a length of 52 µm, a resonance frequency of 80

Hz and a spring constant of 0.1 N/m. We performed measurements in static (contact) mode,

where the probe remains in continuous contact with the surface while scanning the sample.

All measurements were performed in media. After aligning the readout laser on the probe, we

calibrated the cantilever to determine the deflection sensitivity and spring constant, which were

then used for data acquisition. Force spectroscopy measurements were taken on the cytoplasm

and nucleus of the same cell. The force-distance mode was used with an advance-to-setpoint

phase followed by a retract phase. The setpoint was adjusted to approximately 200–300 mV

depending on the conditions, with a recorded distance of 2 µm, a speed of 100µ/s, 2000 data

points and a sampling rate of 100 kHz. The same parameters were applied during the retract

phase. Typically, a 10 × 10 µm mapping area was used, with 50 steps per side.

The curves were analysed using the method described by Ciccone et al.. First, the data

were filtered using the Nanoprepare GUI (step 1). The processed files were then analysed using

the NanoAnalysis GUI (step 2), which involved data filtering, contact point identification, and

fitting. The data filtering was performed using a median filter, with a window size of 25 nm. For

the contact point identification, we used the threshold method, setting the starting threshold

to 2.00 nN and the force offset to 50 pN. We used the Hertz model to calculate the Young’s
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Figure 2.5 Example of static mode measurement on a cell using the PFQNM-LC-V2
probe Spectroscopy map of 10 × 10 µm mapping area with 50 steps per side, generated using static
mode with PFQNM-LC-V2 probe.

modulus as follows:

F =
4E

3(1− v2)
h

3
√
R

2 (2.2)

where F is the force, E is the Young’s modulus, ν is the Poisson’s ratio, here estimated as 0.5

(considering the hydrogels incompressible), h is the indentation depth, and R is the spherical

tip’s radius.

2.7 Substrates

In this section, we describe the materials (Table 2.8), and the methods used for the preparation

of polyacrylamide hydrogel (Figure 2.6) and their characterisation.

Table 2.8: Reagents used for coverlips and substrates preparation

Reagent Supplier Product code

NaOH Sigma 567530-250GM
3-(Acryloyloxy)propyltrimethoxysilane Thermo L16400.14

Acrylamide Sigma A4058-100mL
Bisacrylamide Sigma M1533-25mL

Ammonnium Persulfate (APS) Sigma A3678-25g
N,N,N’,N’-Tetramethyl ethylenediamine (TEMED) Sigma 110732

sulfo-SANPAH Sigma 803332
HEPES Sigma H3375-1kg

Collagen Type I Bovine Stemcell 07001-50mL
RainX RainX 80199200
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Hydrophobic glass slide

Collagen coating Sulpho-SANPAH

Hydrogel Silanised coverslip

UV

● Water
● Acrylamide
● Bisacrylamide
● TEMED
● APS

Figure 2.6 Schematic representation of polyacrylamide hydrogels fabrication Acrylamide,
bisacrylamide, water, TEMED and APS are mixed and the mixture was then pipetted onto RainX-
treated glass slides, and silanised coverslips were carefully placed on top of the droplets. After at least
24 hours of swelling, the gels functionalised: first they were covered in a solution of sulpho-sanpah and
exposed to a 365 nm UV lamp, and after a series of washed the gels were then coated with collagen.

2.7.1 Coverslips preparation

For all experiments, 12 mm glass coverslips were used and pretreated with silane to facilitate

polyacrylamide hydrogel adhesion. The coverslips were first immersed in 1 M NaOH for 5

minutes. After three washes with milliQ water, they were left to air-dry for 1 hour. Next, 10 µl

drops of 3-(Acryloyloxy)propyltrimethoxysilane were placed on glass slides, and the coverslips

were positioned on top of these drops with the clean side facing the silane. The coverslips

remained in contact with the silane for 1 hour before being carefully washed on both sides.

They were then submerged in milliQ water, washed three more times, and air-dried for another

hour. At this point, the coverslips were either used immediately or stored at 4◦C for later use.

2.7.2 Polyacrylamide hydrogels preparation

To replicate the mechanical properties perceived by the endothelium from the underlying layers

and to investigate the response of the senescent phenotype to mechanical stimuli, we used

substrates with adjustable elastic properties. Polyacrylamide (pAAm) hydrogels were chosen

due to their high stability and tunability. The hydrogels were prepared following established

protocols [151]. Before mixing the reagents, glass slides of 20 × 50 mm were immersed in RainX

solution for 5 minutes. The hydrogel mixture consisted of varying concentrations of 40% (w/v)

acrylamide stock solution, 2% bisacrylamide stock solution and milliQ water, combined with
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1.5% N,N,N’,N’ -Tetramethylethylenediamine (TEMED) and 10% ammonium persulfate (APS)

[151]. The specific concentrations used in this study are listed in Table 2.9. APS was added

as the final component, after which the solution was vortexed for 5 seconds. The prepared

mixture was then pipetted onto RainX-treated glass slides, and acrylsilane-coated coverslips

were carefully placed on top of the droplets. The hydrogels were left to polymerise at room

temperature for 30 minutes, then submerged in milli-Q water for at least 1 hour to facilitate

detachment. Finally, they were transferred to well plates, covered with water, and stored at

4◦C until further use.

2.7.3 Hydrogels functionalisation

For cell seeding on hydrogels, an extracellular matrix (ECM) protein coating is required to

promote cell attachment. Since polyacrylamide (pAAm) does not naturally absorb proteins, a

pretreatment step is necessary before protein coating [151]. To enable ECM protein binding, the

substrates were functionalised with the heterobifunctional protein cross-linker sulfo-SANPAH,

which covalently attaches ECM proteins to the pAAm surface. The hydrogels were submerged

in a 200 µg/ml solution of sulfo-SANPAH diluted in milliQ water and exposed to a 365 nm UV

lamp for 20 minutes. Immediately after irradiation, the sulfo-SANPAH solution was removed,

and all subsequent steps were performed under sterile conditions. The wells were washed three

times with 50 mM HEPES buffer (pH 8.5). Next, a 100 µg/ml solution of collagen type I in

HEPES was applied to the gels and incubated for 1 hour at room temperature on a rocker.

Finally, the gels were washed with PBS and placed under the UV lamp for 1 hour before

proceeding with cell seeding.

Table 2.9: Paam hydrogels recipes used

Reagent (µL) Soft Medium

40% Aam 50 125
2% BisAam 75 75
mQ H2O 336.7 261.7
TEMED 1.5% 33.3 33.3
APS 10% 5 5
Tot Volume 500 500

2.7.4 Preparation of glass control

In all experiments, glass coverslips coated with collagen were used as a control and as a stiff

substrate. The 12 mm coverslips were first cleaned by sonicating them in ethanol for 30 minutes.
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After washing with PBS, they were coated with a 100 µg/ml solution of collagen type I in PBS

and incubated for 1 hour at room temperature. Finally, the coverslips were washed with PBS

and sterilized under a UV lamp for 1 hour before cell seeding.

2.7.5 Swelling measurements

To measure hydrogel swelling, the gels were weighed after the polymerisation, and then every

day for three days, while leaving them in water at 4◦C. Before each measurement, the gels were

blotted on tissue paper to remove excess water. The values were normalised to the average

weight of three silanised coverslips. The swelling ratio (Q) was calculated as follows:

Q% =
Mass Day X−Mass Day 0

Mass Day 0−Mass Coverslip
× 100 (2.3)

2.7.6 Hydrogels mechanical characterisation: nanoindententation

The mechanical properties of the gels were measured using the Chiaro Nanoindenter (Optics

11). For these measurements, the gels were blotted on tissue paper, glued to a Petri dish, and

immersed in water. The Chiaro calibration was performed directly on the Petri dish.

Young’s modulus

Force-displacement measurements were performed to determine the Young’s modulus of the

gels. A tip with a radius of 27.5 µm and a spring constant of 0.56 N/m was used. Mapping

was conducted over a 60 × 60 µm area, with 20 µm step sizes, at a speed of 2 µm/s over a

vertical range of 10 µm. The curves were analysed using the method described by Ciccone

et al.. First, the data were filtered using the Nanoprepare GUI (step 1). The processed files

were then analysed using the NanoAnalysis GUI (step 2), which involved data filtering, contact

point identification, and fitting via the Hertz model to calculate the Young’s modulus:

F =
4E

3(1− v2)
h

3
√
R

2 (2.4)

where F is the force, E is the Young’s modulus, ν is the Poisson’s ratio, here estimated as 0.5

(considering the hydrogels incompressible), h is the indentation depth, and R is the spherical

tip’s radius.
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Dynamic Measurements

Dynamic Mechanical Analysis (DMA) was performed to determine the substrates’ storage (E’ ),

and the loss moduli (E”). We used a tip of 3 µm in radius, and a spring constant of 0.52N/m.

Measurements were performed over 50 × 50 µmmaps with 10µm steps. Dynamic measurements

involve applying a sinusoidal indentation to the sample and recording the material’s response

delay. This allows us to observe the phase shift between the applied force and the material’s

reaction. In our case, measurements were performed at the indentation depth of 2000 nm, using

a sinusoidal oscillation with an amplitude of 300 nm at four different frequencies: 1 Hz, 2 Hz,

4 Hz, and 10 Hz. The results were analysed using the Chiaro software.

2.8 Statistical Analysis

All data were plotted and analysed using GraphPad version 10.4.1. Unless otherwise stated,

results are presented as mean ± SD. Before performing any comparisons, a D’Agostino & Pear-

son test was conducted to assess normality. For comparisons between two groups, an unpaired

t-test was used; if data were normally distributed, Welch’s correction was applied, whereas

non-normally distributed data were analysed using the Mann-Whitney test. For comparisons

involving three or more groups, one-way or two-way ANOVA was performed, followed by the

Kruskal-Wallis test, or Tukey’s post hoc test, as appropriate. P values: ns > 0.05, * ≤ 0.05,

** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001. For simplicity, we omitted ns from the graphs. The

number of technical and biological replicas are respectively indicated as n, and N. Unless oth-

erwise stated, all the statistical analyses are performed on the average values of the biological

replicas.
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Modelling senescence in vitro

3.1 Introduction

Endothelial senescence occurs in various tissues, including kidneys, retina, brain, aorta, and

liver, and those tissues with a high density of endothelial cells exhibit the highest levels of

senescence [65]. Notably, in vivo studies on mice have shown that endothelial cells are among

the first ones to undergo senescence [66]. This process is linked to several disorders, such as

dementia, hypertension, diabetes, and renal failure [67]. Given its widespread impact, under-

standing endothelial senescence and exploring potential interventions to prevent or slow its

progression remain crucial research areas.

Endothelial senescence has been widely studied in vivo and in vitro. In vitro, typically

models used various types of endothelial cells depending on the scope of the study, such as

human Cardiac Progenitor Cells (hCPCs) [152], Outgrowth Endothelial Cells (OECs) [153],

Pulmonary Artery Endothelial Cells (PAEC) [154], Human Microvascular Endothelial Cells

(HMEC-1) [94], or Human Umbilical Vein Endothelial Cells (HUVECs) [135]. To induce senes-

cence, there are different possible ways, for example, TNA-α [135], hydrogen peroxide [155],

Doxorubicin [156], replicative senescence [133], or ionising radiation [157].

Building on information from the literature, we optimised and developed our endothe-

lial senescence models, which are presented in this chapter. Here, we report the results of

applying different strategies to induce endothelial senescence using HUVECs. There is no clear

and unique way to induce and assess senescence, and over the years, we tested various methods.

Some are included in this study, and others, such as TNF-α and hydrogen peroxide, are omitted
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since they produced abundant cellular loss without inducing all the desired hallmarks. In this

work, we focus on two approaches that successfully generated in vitro endothelial senescence

models: Doxorubicin-induced senescence and replicative senescence. Furthermore, we present

a third method that, despite being unsuccessful in producing a senescence model, provided

valuable insights that may warrant future investigation. First, we describe the results of using

Doxorubicin as a senescence inducer, detailing the process that led to the appropriate drug

dose. We then present data on some of the most important senescence assays: proliferation,

β-Gal staining, DNA damage evaluation, and cytokine secretion [158]. The same structure is

used to report findings on replicative senescence. Finally, we discuss results from the irradia-

tion treatment conducted in collaboration with Prof. Francis Rodier’s Lab at the CRCHUM

(Montreal).

Statistical analysis Throughout this chapter, statistical analysis was performed as described

in Section 2.8. P values: ns > 0.05, * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001. For clarity,

ns was omitted from the graphs. Importantly, in this chapter, we limited each experiment to

two replicates in order to prioritise the breadth of the search for dose selection and optimisation.

However, this may impact statistical significance.

3.2 Induction of senescence with Doxorubicin

The anthracycline antibiotic Doxorubicin (Doxo), a chemotherapeutic drug widely used to treat

different types of tumours, binds to DNA, preventing Topoisomerase IIb from repairing double-

strand breaks. This results in histone removal from chromatin, triggering a DNA damage

response and altering gene expression and the epigenome [78]. It is now widely known that Doxo

has cardiotoxic side effects, and there are overlapping features between aged and Doxorubicin-

treated hearts [75].

In this section, we use Doxo as a senescence inducer. We tested a range of concentra-

tions, from 1000 nM to 65 nM, by administering it to the cells for 24 hours ([156, 159, 160]).

The complete treatment protocol is detailed in Section 2.1.1. Here, we present the results of

the proliferation experiments, which enabled us to narrow down the concentrations to 65 nM,

125 nM, and 250 nM. These selected conditions, along with the control, were subsequently used

for the other senescence assays: β-Gal staining, DNA damage, and cytokines secretion.
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3.2.1 Proliferation

The proliferation experiments followed the procedure described in Section 2.2.1. The treat-

ment with Doxo was optimised by first observing the proliferation of cells at different drug

concentrations. A broad range of Doxo doses (65 nM, 125 nM, 250 nM, 500 nM, 1000 nM)

was first used on tissue culture plastic to start the titration, as shown in Figure 3.1. The

different cellular proliferation is visible from the nuclei images reported, where it is possible to

observe a strong increase in the number of cells at d7 for the control and a gradual decrease

in the number of cells at d7 with greater Doxo concentrations. The graph (Figure 3.1) reports

the ratio computed as the number of cells at d7 over the average number of cells at d0. It is

possible to appreciate three different behaviours: for the control cells, number of cells increases

compared to day 0, reaching almost 3-fold the initial value. For the highest doses of the drug,

i.e., 1000 nM and 500 nM, the number of cells is strongly decreased, indicating that cell loss

occurred during the treatment. A third behaviour is shown for the doses of 65 nM, 125 nM

and 250 nM: the number of cells did not show particular changes compared to d0, indicating

an arrest in proliferation. These doses were, therefore, selected to perform further senescence

assays to establish the correct treatment.

The proliferation measurements were repeated on glass, studying more time points, i.e.,

d1, d3 and d7. As shown in Figure 3.2, all the selected concentrations of 250 nM, 125 nM and

65 nM showed an arrest in proliferation, with a ratio of cell number at d7 over d0 greater than

0.5, with lower values for the highest dose. This experiment confirmed that the chosen doses

guarantee cell proliferation arrest without producing excessive cell death. The only way we

used to account for cell death was the loss of cells throughout the experiment. Indeed, we did

not use propidium iodide staining because since we were changing the media every other day,

we would have removed the dead cells; therefore, considering cell loss was the only possibility.

Further experiments were performed to prove the induction of the senescent phenotype.
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Figure 3.1 Doxorubicin treatment optimisation: proliferation on tissue culture plastic
(a) Bar graph ( mean ± SD ) representing the ratio of the number of cells at d7 over the number of
cells at d0. Statistical Analysis: one-way Anova, Kruskal-Wallis test. N=2, n=3. (b) Representative
images of Hoechst live stained nuclei that were used to count the number of cells at d0 and d7 for the
different Doxo doses. The images were acquired with the Axio Observer Zeiss microscope. Objective
5x. Scale bar: 500µm.
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Figure 3.2 Doxorubicin treatment optimisation: growth curve on glass Doxorubicin titra-
tion on glass was performed observing cellular proliferation at 250 nM, 125 nM and 65 nM. The growth
curve was obtained by normalising the number of cells at the different time points to the average cell
number calculated for d0 (mean ± SD) N=2, n=3.
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3.2.2 β-Gal assay

One of the most diffused methods to identify senescent cells is by β-Gal staining. At day

7 after treatment (Figure 3.3), we observed an increase of positively β-Gal stained cells to

approximately 70% for the three doses of Doxo (250 nM, 125 nM and 65 nM). It is also

interesting to notice that the number of cells in the images in the control is much higher than

the number of cells in the treated samples, confirming the decrease in proliferation.
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Figure 3.3 Doxorubicin treatment optimisation: β-Gal assay The β-Gal assay was performed
at d7 after treatment. (a) Percentage of positively stained cells normalised by the number of cells
(mean ± SD). Statistical analysis: one-way Anova, Kruskal-Wallis test. N=2, n=3. (b) Bright-field
representative images acquired with M700 EVOS Microscope, showing the presence of β-Gal staining
in grey scale. Objective 20x. Scale bar: 100 µm

3.2.3 DNA damage

We investigated DNA damage using γ-H2AX staining. The results are presented both as a

histogram, to visualise data distribution, and as a bar graph representing the mean ± SEM

(Figure 3.4). Our findings confirm an increase in foci per nucleus at day 7 after Doxo treatment.

In the control population, 80% of cells have zero foci, whereas this percentage is notably lower

in treated cells: 40% for 250 nM, 20% for 125 nM, and 15% for 65 nM Doxo, indicating a

dose-dependent effect. Treated cells exhibit a peak at 2 foci per nucleus, reflecting higher DNA

damage compared to the control. Interestingly, the highest doses (250 nM and 125 nM) did not

show differences between each other but resulted in a greater number of foci than the lowest

dose (65 nM). These results confirm the efficiency of the protocol in inducing DNA damage.
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Figure 3.4 Doxorubicin treatment optimisation: DNA damage (a) Histogram and (b) bar
graph (mean ± SEM) representing the number of foci per nucleus. (c) Representative images of
γ-H2AX staining in mangenta, nuclei in blue. Images acquired with Axio Observer Zeiss microscope,
20x. Statistical analysis: one-way Anova, Kruskal-Wallis test. N=2, n=3.

3.2.4 Senescence associated secretory phenotype

Elisa assay was performed to study the secretome. As presented in Section 2.2.3, we tested

for the presence of IL-6 and IL-8 in the secretome of HUVECs at d7 after the treatment. As

shown in Figure 3.5, Doxo induced an increase in the production of both cytokines, with an

interestingly higher intrinsic concentration of IL-8. The increase, directly proportional to the

drug concentration, was evident for all the doses, showing a significant difference with the

control for the highest concentration of 250 nM.
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Figure 3.5 Doxorubicin treatment optimisation: SASP The secretome was collected at d7
after treatment to study the presence of the inflammatory cytokines IL-6 and IL-8 with ELISA assay
(mean ± SEM). Statistical analysis: one-way Anova, Kruskal-Wallis test. N=1, n=3.

3.2.5 Discussion

The results demonstrate that the Doxo treatment, applied at the tested doses, successfully

induces a senescent phenotype in HUVECs.

Proliferation experiment to tune Doxo treatment Following the method described in

Section 2.2.1, we first performed proliferation experiments on tissue culture plastic, testing

different doses of Doxo: 1000 nM, 500 nM, 250 nM, 125 nM, and 65 nM. All concentrations

effectively reduced cellular proliferation. However, treatment with 500 nM and 1000 nM Doxo

resulted in abundant cell loss (Figure 3.1), consistent with the findings of Piegari et al. on

hCPCs. To refine our approach, we conducted a more detailed proliferation test on glass,

introducing additional time points (d1, d3, d7). This confirmed that 250 nM, 125 nM, and 65

nM Doxo were optimal for reducing HUVECs growth while maintaining a stable cell number

throughout the experiment (Figure 3.2). These selected concentrations align with previous

studies of Doxo-induced senescence on HUVECs [156, 159–161].

Doxo-induced senescence markers To confirm the presence of a senescent-like phenotype,

we assessed several well-recognized senescence hallmarks, including β-gal staining, DNA dam-

age, and cytokines secretion [25]. For the senescence marker assays, we followed the protocol

described in Section 2.1.1: HUVECs were treated with Doxo for 24 hours, washed, and main-

tained in culture for 7 days, with media changes every other day. This approach is consistent

with the method tested by Graziani et al., where senescence assays were performed on day 8

after Doxo treatment. As shown in Figure 3.3, β-Gal staining revealed a strong increase in

positively stained cells, reaching 80%, closely matching the findings of Graziani et al., Bent
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et al.. Additionally, DNA damage analysis (Figure 3.4) confirmed an increased number of foci

per nucleus, proportional to drug concentration and consistent with the elevated γ-H2AX lev-

els reported in the literature [156, 160]. Our in vitro model also demonstrated an increase in

inflammatory cytokines IL-6 and IL-8, with levels directly proportional to Doxo concentration,

though significance was observed only for the highest dose of 250 nM (Figure 3.5). However, the

observed trend suggests that additional replicates could enhance statistical significance. This

result aligns with previous studies in which endothelial senescence was induced by Doxo or

alternative treatments[161–163]. Interestingly, Khan et al. and Sarad et al. observed a greater

release of IL-8 compared to IL-6 using TNF-α and hydrogen peroxide, respectively—consistent

with our findings [161–163]. This confirms the higher intrinsic level of IL-8 compared to IL-6

in endothelial cells.

Choice of the dose for the next experiments The tested concentrations (250 nM, 125

nM, and 65 nM) effectively induced key markers of senescence. To minimise cell death while

maintaining monolayer integrity, we selected 65 nM as the lowest effective dose for inducing

the senescent phenotype. This concentration was used for further investigations presented in

the following chapters.

3.3 Replicative Senescence

Replicative Senescence (RS) was first observed by Hayflick and Moorhead, who discovered that

fibroblasts have a limited proliferation potential. Since then, RS has been extensively stud-

ied, revealing the crucial role of telomeres—non-coding repetitive DNA sequences- that protect

chromosome ends. However, with each cell division, telomeres progressively shorten. Once they

become too short to safeguard chromosome integrity, a DNA damage response is triggered, pro-

liferation is halted, and replicative senescence is established [31]. In this section, we present the

results of inducing replicative senescence in HUVECs. We first analysed population doubling,

which helped determine the appropriate passage for our experiments. We then report findings

from key senescence assays, including proliferation, β-Gal staining, DNA damage evaluation,

and cytokine secretion [158].
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3.3.1 Population doubling
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Figure 3.6 Population doubling curve The CPD level was calculated as CPD = PDL0 +

log(
Nf

Ni
) × log(2)−1. The graph reports the CPD as a function of time (days) of culture. Each point

represents a passage, from P5 to passage P28 (mean ± SEM). N=1, n=1 or 3.

To assess HUVECs proliferation arrest, we passaged the cells and monitored both the

number of cells seeded and the number collected at splitting, and following the method described

in Section 2.1.2, we built the Cumulative Population Doubling (CPD) curve. This analysis was

conducted from passages 5 to 28, and the results are presented in Figure 3.6. As shown in

the graph, after passage 18, the curve plateaus, indicating a slowdown in proliferation upon

reaching a CPD of approximately 20. Based on this observation, we selected cells from passage

18 onward for our RS studies.

3.3.2 Proliferation

We assessed cellular proliferation by comparing the number of cells at d7 to d0, following the

method described in Section 2.2.1. As shown in Figure 3.7, the cell number remained unchanged,

with an average d7/d0 ratio of 1, whereas in control cells, the ratio was approximately 2.5-fold

higher.
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Figure 3.7 Replicative senescence: proliferation (a) Growth rate computed as the ratio of the
number of cells at d7 over the number of cells at d0 (mean ± SD). (b) Representative images of the
nuclei with the Hoechst live staining used to count the number of cells at d0 and d7. The images were
acquired with the M700 EVOS Microscope, objective 10x. Statistical analysis: Mann-Whitney test.
N=2, n=3. Scale bar: 250 µm.

3.3.3 β-Gal assay

As β-Gal is recognised as a key senescence marker, we assessed its presence in the RS population,

following the method described in Section 2.2.2. The results, shown in Figure 3.8, indicate an

increase (50%) in β-Gal positively stained cells in RS compared to the control (<10%).
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Figure 3.8 Replicative senescence: β-Gal The β-Gal assay was performed at d7 after treatment.
(a) Percentage of positively stained cells normalised on the number of cells (mean ± SD). Statistical
analysis: Mann-Whitney test. N=2, n=3. (b) Bright-field representative images acquired with M700
EVOS Microscope, showing the presence of β-Gal staining in grey scale. Objective 20x. Scale bar:
100 µm.

3.3.4 DNA damage

To confirm the senescent phenotype in the RS model, we assessed DNA damage using γ-H2AX

staining. As shown in Figure 3.9, 80% of control cells exhibited 0 foci per nucleus, whereas in
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RS cells, this value decreased to 25–30%. Notably, approximately 40% of RS cells displayed at

least 1 focus per nucleus, with 20% showing 2 or 3 foci per nucleus. These results confirm that

DNA damage is present in a high percentage of the RS population.
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Figure 3.9 Replicative senescence: DNA damage (a) Histogram and (b) bar graph represen-
tation of the number of foci per nucleus (mean ± SEM). Statistical analysis: Mann-Whitney test.
N=2, n=3. (c) Representative images of γ-H2AX staining (in magenta), and nuclei (in blue). Images
acquired with Axio Observer Zeiss microscope, objective 20x.

3.3.5 Senescence associated secretory phenotype

To thoroughly characterise the RS model, we analysed the secretome to detect the inflamma-

tory cytokines IL-6 and IL-8, following the protocol described in Section 2.2.3. As shown in

Figure 3.10, RS cells exhibited 1.5- and 2.5-fold increase in the secretion of respectively IL-6

and IL-8 compared to the control.
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Figure 3.10 Replicative senescence: SASP The secretome was collected at d7 after treatment
to study the presence of the inflammatory cytokines IL-6 and IL-8 with ELISA assay (mean ± SD).
Statistical analysis: Mann-Whitney test. N=3, n=3.

3.3.6 Discussion

Study of population doubling and proliferation The results presented in Section 3.3

demonstrate that we successfully modelled endothelial replicative senescence with HUVECs.
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First, using the cumulative population doubling curve, we confirmed that HUVECs reach a

plateau of 20 CPD after passage 18 (Figure 3.6). When studying RS, population doubling is a

common technique to evaluate the cellular proliferation arrest, and it was previously applied to

HUVECs by [138], who reported a CPD of ≈ 30 at passage 18-19. In another study, Exarchos

et al. showed that HUVECs reached a plateau around ≈ 17 CPD after approximately 12 weeks

of culture. We believe our results align with these works: the plateau at ≈ 20 CPD in our

study may be slightly underestimated compared to Ramini et al., since we began our curve

at passage 5, thus excluding earlier PDLs from the cumulative calculation. In comparison to

Exarchos et al., both our results suggest that cells reach a plateau between 10 to 15 weeks of

culture. This comparison supports the validity of our results and gave us confidence in selecting

HUVECs after passage 18 for our RS study. Due to the difficulty in obtaining monolayers with

HUVECs above passage 22, our further experiments were mainly performed using cells from

passages 18 to 22. Next, we explored the proliferation of these cells, following the protocol in

Section 2.2.1. As shown in Figure 3.7, the ratio of cell number at d7 to d0 remained constant,

confirming the absence of proliferation in the RS population.

β-Gal To confirm the presence of senescence, we performed the β-Gal assay, finding that 50%

of the population tested positive for staining (Figure 3.8). The positivity varied between 30%

and 80%, likely due to differences in cell passages. These RS experiments were performed using

cells from P18 onward, with replicates from passages P18, P19, and P20, resulting in some

heterogeneity. As senescence markers tend to increase with passage number, this variation

was unavoidable. The complexity of maintaining a replicative population prevented us from

generating a sufficiently large stock of cells from a single late passage. Our β-Gal results

align with previous findings in HUVECs, where researchers identified both an intermediate and

mature state of RS. Our data suggest that the tested population was likely in a transitional

state between these two stages. This interpretation is supported by the work of Ramini et al.

and Exarchos et al., who reported an intermediate RS population with 30% β-Gal positivity

and a more mature RS population with 80% positivity.

DNA damage Given the association between telomere erosion and DNA damage, we also

tested for DNA damage using γ-H2AX staining. As visualized in Figure 3.9, the number of foci

per nucleus in RS cells was 2-fold higher than in the control. Only 30% of RS cells showed no

foci, while the majority had at least one. These results are consistent with findings by Chala

et al., who reported that RS HUVECs at PDL 17 had 25% of nuclei with no foci, 40% with
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one, and the remaining with more than 3 foci.

SASP To complete the characterisation of the RS model, we analysed the SASP. As shown in

Figure 3.10, we observed a notable increase in IL-6 and IL-8 secretion, with levels rising 1.5-fold

and 2.5-fold, respectively. The IL-6 secretion ratio in RS cells is consistent with previous reports

on HUVECs, and the increase in IL-8 mirrors what has been observed during the expansion of

outgrowth endothelial cells (OECs) [153, 164]. Consistent with what was observed after Doxo

treatment, the secretion of IL-8 was much higher compared to that of IL-6 (Figure 3.5).

Conclusions In conclusion, the cumulative population doubling results allowed us to identify

the correct passage range for performing the senescent marker studies. Subsequent assays

confirmed that the proliferation of the RS population was slowed, and key senescence markers

such as β-Gal staining, DNA damage, and the inflammatory secretome were present. These

findings confirm that we successfully established an endothelial replicative senescent model

using HUVECs.

3.4 Induction of Senescence with irradiation

Senescence serves as an anticancer mechanism, with many therapies, including ionizing radi-

ation treatments, relying on its induction to treat tumours [64]. Lower doses of irradiation

are employed to activate the DNA damage response (DDR) cascade and trigger senescence.

Senolytic agents are then used to selectively eliminate the resulting senescent cells with a tech-

nique defined as one-two -punch [64]. However, irradiation does not exclusively target tumour

cells, and it also impacts surrounding tissues. To better understand the effects of these treat-

ments and their potential side effects, researchers have used X-rays and γ-rays on various cell

types. In our study, we aimed to induce senescence in HUVECs using X-rays at doses of 2 Gy

and 4 Gy, following the protocol described in Section 2.1.3. During treatment, we observed

extensive cell loss, prompting us to investigate the underlying mechanisms. To explore this,

we pretreated the cells with two drugs prior to irradiation: the CDK4/6 inhibitor Palbociclib

and the DNAPK inhibitor AZD-7648 (DNAPKi). Palbociclib was used to block the cell cycle,

helping us determine whether mitotic catastrophe contributed to the observed cell loss. The

DNAPKi served as a positive control to enhance DNA damage. In this section, we present the

results from proliferation, EdU, and DNA damage staining assays performed after irradiation.

For DNA foci identification, we stained for both γ-H2AX and 53bp1. Unfortunately, due to
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significant cell loss, we were unable to conduct a secretome study. Although we were not able

to fully induce senescence because the irradiation led to extensive cell death, we believe the ap-

proach remains interesting and warrants further exploration. Therefore, while we exclude this

method from the next chapter and subsequent studies, we present the results here for future

consideration.

3.4.1 Proliferation

For the proliferation experiment, cells were imaged using the IncuCyte Live-Cell Imaging Sys-

tem. Frames were captured at 4-hour intervals with a 10× objective. As described previously

in Figure 2.3, the cells were treated with DMSO, Palbociclib, or DNAPKi. The results are

presented in Figure 3.11, with two graphs per condition: one showing the growth curve (left)

and the other showing the death curve (right). The growth curve represents the number of cells

at each time point, normalised to the initial number of cells. The death percentage represents

the proportion of dead cells, stained with propidium iodide (PI), relative to the total number

of cells (dead and alive) at each time point. The initial time (t0) corresponds to the day of

irradiation.

In both X-ray irradiated conditions (2 Gy and 4 Gy), the DMSO-treated cells (green)

exhibited growth during the first 72 hours post-irradiation before undergoing drastic cell death.

After both X-ray doses, the population of dead cells reached approximately 70%. The Palbociclib-

treated cells (blue) did not proliferate post-irradiation but began to die after the same 72-hour

period, reaching a dead population of around 50%. The DNAPKi-treated cells showed similar

behaviour, with no signs of growth in the first 72 hours post-treatment and a final dead pop-

ulation of 50%. Interestingly, despite the DMSO condition resulting in a significantly higher

final cell count compared to the Palbociclib and DNAPKi conditions, the percentage of dead

cells in the DMSO-treated group was meaningfully higher.

A different behaviour was observed in the control population that did not receive any

irradiation: the DMSO-treated cells proliferated, achieving a 6-fold increase in cell number,

while Palbociclib and DNAPKi treatments resulted in a 2-fold increase in cell number. In this

control group, only the DNAPKi-treated HUVECs showed an increase in dead cells, which was

significant compared to the DMSO-treated cells but approximately 10 times lower than the

death observed after irradiation.
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Figure 3.11 Irradiation treatment: proliferation Pretreatment: DMSO (green), Palbo (blue),
DNAPKi (purple). Growth and death curve of HUVECs pretreated with DMSO, Palbociclib or
DNAPKi and subjected to (a,b) 2Gy, (c,d) 4Gy X-rays or (e,f) no irradiation. Graphs report mean
± SEM. N=3, 3 wells per condition. Statistical analysis: Tukey’s multi-comparison test represented
only the final time point of each population.
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3.4.2 EdU

The EdU assay was performed as described in section Section 2.1.3 to assess the prolifera-

tive percentage of the total population. As reported in Figure 3.12, after 2 Gy irradiation,

the EdU-positive population corresponded to 30% for the DMSO-treated cells, while it was

approximately 0% for the Palbociclib and DNAPKi-treated cells. A similar distribution was

observed after 4 Gy irradiation, with less than 20% of the DMSO-treated population being

positive for EdU. In contrast, the control cells that did not undergo any irradiation showed

a proliferative population of 60% for the DMSO-treated cells, 0% for the Palbociclib-treated

cells, and 10% for the DNAPKi-treated cells. The DMSO-treated population was significantly

higher than both the Palbociclib and DNAPKi-treated HUVECs in all conditions.
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Figure 3.12 Irradiation treatment: EdU Pretreatment: DMSO (green), Palbo (blue), DNAPKi
(purple). Percentage of EdU positively stained cells after exposure to X-rays of (a) 2Gy, (b) 4Gy, or
(c) no irradiation. Statistical analysis: Kruskal-Wallis test. N=3, n=3.

3.4.3 DNA damage

To assess the presence of DNA damage, we used the anti-53bp1 and anti-γ-H2AX antibodies.

The results are shown in Figure 3.13. The staining was performed on day 1, day 3, and

day 7 after treatment (see Section 2.1.3). Cells were treated with either DMSO, Palbociclib, or

DNAPKi. After 2 Gy and 4 Gy X-ray irradiation, both at day 1 and day 3, the DNAPKi-treated

cells showed a significant increase in the number of foci per nucleus compared to the DMSO

and Palbociclib conditions. Interestingly, by day 7, the differences between the conditions were

no longer observed, most likely due to the death of the DNA-damaged population. For the

non-irradiated samples, the number of foci (53bp1) increased after DNAPKi treatment on day

1, but overall, there was no significant DNA damage increase in any condition.
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Figure 3.13 Irradiation treatment: DNA damage Pretreatment: DMSO (green), Palbo (blue),
DNAPKi (purple). The graphs represent the number of foci per nucleus, analysed staining both for γ-
H2AX and 53BP1 at day 1, day 3 and day 7 after (a,b) 2Gy, (c,d) 4Gy X-rays or (e,f) no irradiation.
The results are reported as mean ± SEM. N=3, n=3. Statistical analysis: Kruskal-Wallis test.
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3.4.4 Discussion

Extensive cell loss after ionising radiation In this section, we present the results obtained

from testing X-ray irradiation at 2 Gy and 4 Gy as an inducer of endothelial senescence in

HUVECs. Unfortunately, we observed massive cell loss within a week after irradiation. In both

irradiated conditions, the percentage of dead cells exceeded 60% for the DMSO-treated cells

(Figure 3.11). These results align with findings from the literature. Dong et al. used 8 Gy of

γ-rays on HUVECs and observed a 40% dead cell percentage five days after irradiation, a result

comparable to ours. Similarly, in a study using pulmonary artery endothelial cells (PAECs),

Panganiban et al. applied X-ray doses ranging from 2 to 50 Gy and observed up to 40% cell

death within the first 48 hours.

Mitotic death hypothesis and use of Palbociclib as a mediator A study on Human

Microvascular Endothelial Cells (HMEC-1) reported that, following X-ray irradiation at 15 Gy,

cells undergo two waves of death: (1) an early ceramide-dependent death, and (2) a delayed

DNA-damage-induced mitotic death [165]. In their work, Bonnaud et al. demonstrated that the

ceramide metabolite Sphingosine-1-phosphate (S1P) inhibits early cell death, while nocodazole,

which inhibits microtubule formation and mitosis, reduces DNA-damage-induced death after 48

hours. In our case, we only observed delayed mitotic death, suggesting that the irradiation did

not induce early ceramide-dependent cell death. To investigate this further, we used Palbociclib,

a CDK4/6 inhibitor that blocks the cell cycle, and DNAPKi, a positive control inhibiting

DNA repair. The EdU results confirmed that Palbociclib successfully halted proliferation,

as expected, and the same effect was observed for the DNAPKi-treated cells, likely due to

extensive DNA damage by day 7 (Figure 3.12). However, despite a slight improvement in

cell death rate with Palbociclib (Figure 3.11), the overall percentage of dead cells remained

high. Moreover, Palbo-treated cells did not exhibit reduced DNA damage (Figure 3.13). We

hypothesise that this approach was ineffective due to (1) the intensity of irradiation and (2) the

extended observation period. In contrast, Bonnaud et al. tested the effect of nocodazole only

48 hours after treatment, while our study extended to one week post-irradiation. Furthermore,

recent studies suggest that targeting mitosis, such as interfering with microtubules, may still

lead to cell death, emphasising the need for alternative strategies [166].

Possible solutions To minimise excessive cell loss, lower radiation doses should be consid-

ered. Indeed, studies using chronic irradiation at 1.4 and 2.4 mGy/hour have shown promising
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Figure 3.14 In vitro modelling of endothelial senescence We successfully induced senescence
using the chemotherapeutic drug Doxorubicin and by passaging the cells. We tested various senes-
cence markers, including cellular proliferation, β-Gal staining, DNA damage assessed through γ-H2AX
staining, and SASP features such as the secretion of IL-6 and IL-8. Both models exhibited a positive
response for these markers.

results, successfully inducing endothelial senescence without excessive cell death [167].

Exclusion of this approach from the rest of the study Due to high cell loss and the

inability to fully characterise the model, we have excluded this approach from the remainder of

this study. However, given the growing evidence of cardiotoxicity following radiotherapy, the

impact of radiation on endothelial cells remains a critical and intriguing area for future research

[76].

3.5 Conclusion

This chapter presented two effective methods for inducing endothelial senescence in HUVECs:

Doxorubicin treatment and replicative senescence (Figure 3.14). We demonstrated the effec-

tiveness of these approaches by assessing key senescence markers, including proliferative arrest,

β-galactosidase positivity, DNA damage, and increased cytokine secretion (IL-6, IL-8) in the

secretome. Additionally, we explored using ionising radiation as a potential method to induce

senescence, however, further optimisation is required to establish a reliable in vitro model.

Overall, we successfully induced senescence through two distinct methods, providing a robust

model that will be exploited in the next chapters.
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Chapter 4

The impact of substrate stiffness on

the endothelial senescent phenotype

4.1 Introduction

It is now widely known that the mechanical properties of the extracellular matrix (ECM)

strongly affect cellular behaviour [102], and that these properties change with time [168]. Ar-

terial stiffness progressively increases with age, contributing to a growing risk of cardiovascular

diseases [169]. Endothelial cells are known for their mechanosensitivity [125], and their re-

sponses to flow dynamics and substrate stiffness have been extensively studied [68]. Disturbed

flow has been linked to the localisation of vascular diseases, such as atherosclerotic plaques

and inflammation [68]. Furthermore, irregular flow patterns have been shown to promote a

senescent-like phenotype through the activation of p53 [94]. Stiffer substrates are associated

with increased endothelial cell permeability and reduced nitric oxide synthase (NOS) produc-

tion [170]. However, the specific impact of substrate stiffness on endothelial senescence remains

unexplored.

Measuring the mechanical properties of tissues presents significant challenges due to

ex vivo alterations and variations in measurement techniques. Nevertheless, multiple studies

have estimated the Young’s modulus of human arterial intima and the abdominal aorta to be

approximately 35–40 kPa, as determined by atomic force microscopy [125, 126].

Among available biomaterials for 2D cell culture, polyacrylamide (PAAm) hydrogels are

widely used due to their tunable mechanical properties and ability to be coated with various
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proteins while maintaining consistent stiffness [151]. In this study, we selected a physiological

stiffness of 30 kPa to represent healthy endothelium, a soft substrate of 3 kPa (one order of

magnitude lower) to identify potential trends, and glass as a stiff substrate to mimic age-related

endothelial stiffening.

We attempted to fabricate 100 kPa PAAm hydrogels as an intermediate stiffness be-

tween 30 kPa and glass, following a previously published protocol [171]. However, our results

closely resembled those observed at 30 kPa, suggesting that the difference was insufficient to

induce distinct cellular responses, similar to findings by Zhou et al.. Additionally, the hydro-

gels proved unstable, frequently detaching from the coverslip. Given the wide range of reported

endothelial stiffness values, we hypothesise that the selected conditions—3 kPa, 30 kPa, and

glass—provide a comprehensive assessment of how stiffness influences senescence, and indeed,

these choices align with previous research [173–175].

In this study, we investigate the behaviour of endothelial senescent cells on substrates

with varying stiffness. This chapter presents our findings on untreated, Doxo-treated (Sec-

tion 2.1.1) and RS cells (Section 2.1.2), across soft (3 kPa), medium (30 kPa), and stiff (glass)

substrates. We first describe the substrates and their mechanical characterisation. We then

examine the impact of substrate stiffness on our senescence models, focusing on phenotypic

changes, such as cell proliferation, β-Gal staining, DNA damage, cell cycle arrest (p53), and

the senescence-associated secretory phenotype (SASP). Finally, we analyse gene expression to

further elucidate the impact of substrate stiffness on endothelial senescence.

Statistical analysis Throughout this chapter, statistical analysis was performed as described

in Section 2.8. P values: ns > 0.05, * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001. For

clarity, ns was omitted from the graphs.

4.2 Mechanical characterisation of the Polyacrylamide

hydrogels

Polyacrylamide (PAAm) hydrogels were fabricated using acrylamide, bisacrylamide, TEMED,

APS, and water, following the protocol outlined in Section 2.7.2. The formulations used were

based on the previously established recipes by Tse and Engler. To ensure consistent cell ad-

hesion across all conditions, both the PAAm hydrogels and glass substrates were coated with

bovine collagen type I, as described in Section 2.7.2. The hydrogels were characterised through
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swelling tests (Section 2.7.5) and mechanical analysis using the Chiaro nanoindenter (Sec-

tion 2.7.6). Below, we present the characterisation results, including swelling experiments,

followed by force-displacement measurements to determine Young’s modulus, and concluding

with dynamic mechanical analysis to assess the viscoelastic behaviour of the gels.

4.2.1 Swelling measurements

Before seeding the cells on the PAAm hydrogels, we characterised them by studying their

swelling and mechanical properties. The swelling measurements were performed as presented

in Section 2.7.5: the gels were weighed immediately after polymerising and every 24 hours for

the next three days, as shown in Figure 4.1. The gels were maintained in water throughout

the whole experiments and blotted before weighing. The swelling percentage was computed as

shown in Equation (2.3). The PAAm hydrogels were fully swollen after 24 hours, reaching a

swelling percentage of 75% and 110% for the medium and soft gel, respectively. Therefore, the

softer substrate absorbed more water than the stiffer one.

4.2.2 Mechanical properties

We tested the mechanical properties of the gels with the Chiaro Nanoindenter, as described

in Section 2.7.6. These measurements were all performed before collagen coating. First, per-

forming force-displacement measurements, we measured the Young’s modulus of the PAAm

hydrogels and observed values of 3.3 ± 0.3 kPa and 29.8 ± 1.7 kPa, respectively for the soft

and medium substrates.

To further investigate the behaviour of these gels, we performed dynamic measurements

analysis (Section 2.7.6), where the probe tapped the substrates at different frequencies (1, 2, 4,

10 Hz), with a defined indentation (2000 nm), and we collected information on the E’, E” and

tan(δ). For both the conditions, the E’ is 10-fold higher than the E”, and therefore tan(δ) is

always below the value of 0.1 (Figure 4.1, c, d, e). Interestingly, E” and tan(δ) tend to increase

with the frequency, and the ratio is higher for the softest gels than for the stiffest one.
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Figure 4.1 Polyacrylamide hydrogels characterisation In blue soft gel (3 kPa), in red the
medium one (30 kPa). (a) Polyacrylamide hydrogels were weighed right after polymerising and every
24 hours for 3 days to measure their swelling, computed as presented in Equation (2.3) (mean ± SD,
3 gels tested per conditions). (b) Young’s modulus measurements obtained via force-displacement
measurements with Chiaro Nanoindenter (mean ± SD, 2 gels tested per condition, statistical analysis
performed on all the measured points). (c, d, e) Dynamic measurements analysis of E’, E” and tan δ
at frequencies of 1, 2, 4, 10 Hz (mean ± SD, 2 gels tested per condition, statistical analysis performed
on all the measured points).
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4.2.3 Discussion

The polyacrylamide (PAAm) hydrogels were fabricated as described in Section 2.7.2. To achieve

the target stiffnesses of 3 kPa and 30 kPa, we followed the compositions previously published

by Tse and Engler. The hydrogels were then characterised through swelling experiments and

mechanical analysis via nanoindentation. Swelling experiments confirmed that both hydrogels

reached full swelling equilibrium within 24 hours, with the softer gel exhibiting a higher swelling

ratio, indicating greater water absorption compared to the stiffer gel. These findings align with

previously reported data [176]. Consequently, all mechanical characterisation and cell seeding

procedures were performed only after 24 hours of hydration in water. Mechanical characteri-

sation was conducted using the Chiaro Nanoindenter, where force-displacement measurements

confirmed the expected stiffness values of 3 kPa and 30 kPa, in agreement with prior literature

[151]. Additionally, dynamic mechanical analysis verified the elastic behaviour of the hydrogels,

showing a consistent tan(δ) < 0.1, with slightly higher values for the softer gel, as previously

observed [176].

Overall, this section provides a comprehensive characterisation of the substrates, estab-

lishing a robust foundation for investigating how mechanical properties influence the endothelial

senescent phenotype.

4.3 The impact of stiffness on the senescent phenotype

To investigate the impact of substrate stiffness on the senescent phenotype, we analysed how key

markers, previously evaluated in Chapter 3, were influenced by different stiffness conditions.

Throughout the whole chapter, three substrates will be included: soft (3 kPa), medium (30

kPa), and stiff (glass). The results are presented in the same order as in the previous chapter;

however, in this section, both senescence models—Doxorubicin-induced and replicative—are

examined simultaneously and directly compared. This approach aligns with one of the primary

objectives of this study: to assess differences between distinct types of senescence. Moreover, in

this chapter, we add an important hallmark of senescence, i.e., the tumour suppressor protein

p53, that has been proven to increase in endothelial senescence [177]. We specifically evaluated

the effect of substrate mechanical properties on cell proliferation, β-gal staining, DNA damage,

cell cycle arrest, and cytokines secretion to gain a comprehensive understanding of how stiffness

modulates the senescent phenotype.
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4.3.1 Proliferation

To assess the impact of substrate stiffness on cellular proliferation, we followed the procedure

detailed in (Section 2.2.1). Cells were stained using Hoechst live staining and imaged on day

0 (treatment day) and day 7. The proliferation rate was calculated as the ratio of the number

of cells on day 7 to the average number of cells on day 0 in the same wells. The results are

presented in (Figure 4.2). Across all substrate stiffnesses, a clear trend of reduced proliferation

was observed in both Doxo-induced and RS cells compared to the control. This difference

was significant for glass compared to the other conditions. Notably, when comparing the

different treatment groups, no significant difference was detected between Doxo-treated and RS

populations, whereas the control (non-senescent) cells exhibited higher proliferation rates on

the stiff substrate compared to the softer ones.
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Figure 4.2 Substrates’ mechanical properties effect on proliferation Green=Control,
Blue=Doxo, Pink=RS. (a) Proliferation ratio is defined as the number of cells at day 7 over the
number of cells at day 0 (mean ± SD). Statistical analysis: two-way Anova, Tukey’s comparison.
N=2, n=3. (b) Cells stained with live-Hoechst. Images acquired with M700 EVOS Microscope, ob-
jective 10x. Scale bar: 250 µm.

4.3.2 β-Gal

To investigate the effect of substrate stiffness on senescence, we quantified the number of β-

Gal positively stained cells. The assay was conducted as described in (Section 2.2.2), and the

percentage of stained cells relative to the total cell count was calculated. Independently of

substrate stiffness, the proportion of β-Gal-positive cells was higher in senescent populations
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Figure 4.3 Substrates’ mechanical properties effect on β-Gal Green=Control, Blue=Doxo,
Pink=RS. (a) Percentage of β-Gal positive cells on total number of cells (mean ± SD). Statistical
analysis: two-way Anova, with Tukey’s comparison. N=3, n=3 for control and Doxo, N=2, n=3 for
RS. (b) Representative brighfield images of β-Gal staining, acquired with M700 EVOS microscope,
objective 20x. Scale bar: 100 µm.

compared to the control (Figure 4.3). Additionally, Doxo-treated cells exhibited a significantly

higher percentage of positively stained cells compared to the control on all the substrates, whilst

RS values were significantly higher than the control ones only on glass. When analysing the

effect of substrate stiffness within each population (Figure 4.3), we observed that cells cultured

on glass displayed a higher number of β-Gal-positive cells compared to those on more compliant

gels in both Doxo-induced and RS senescence models. However, substrate stiffness alone did

not increase β-Gal staining in control cells.

4.3.3 DNA damage

To further investigate the role of mechanics in endothelial senescence, we assessed DNA damage

by quantifying γ-H2AX foci per nucleus. Regardless of substrate stiffness, both senescent

populations tended to have an increased number of γ-H2AX foci per nucleus compared to the

control, with RS cells showing higher foci counts than the Doxo-treated population (Figure 4.4).

4.3.4 Cell cycle arrest

To comprehensively assess the impact of mechanical properties on the senescent phenotype, we

examined p53 nuclear localisation, a key marker of cell cycle arrest that was previously reported
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Figure 4.4 Substrates’ mechanical properties effect on DNA damage Green=Control,
Blue=Doxo, Pink=RS. (a) Number of foci per nucleus (mean ± SEM). Statistical analysis: 2-way
ANOVA, with Tukey’s comparison. N=3, n=3 for control and Doxo, N=2, n=3 for RS. (b) Represen-
tative images: nuclei in blue, γ-H2AX in magenta. Images acquired with Axio Observer microscope,
objective 20x. Scale bar: 100 µm.

to increase in HUVECs after senescence induction [156, 161]. After 7 days of treatment for

Doxo-treated cells, or 7 days in culture for control and RS cells, we fixed and stained the cells

with an anti-p53 antibody and calculated the nuclear-to-cytoplasmic ratio of p53 mean intensity.

Across all conditions, RS cells displayed the highest nuclear p53 levels, significantly exceeding

both Doxo-treated and control populations (Figure 4.5). When comparing Doxo-treated and

control HUVECs, the levels of nuclear p53 were higher than in control cells on medium and stiff

substrates but not on the soft substrate. When analysing substrate-dependent effects within

each population (Figure 4.5), senescent populations exhibited a trend of increased p53 nuclear

localisation with increasing stiffness.

In these experiments, it was more challenging to achieve a tight monolayer with RS

cells compared to controls. As shown in the representative images, RS cells appear more spaced

apart. This is partly due to their larger size and the fact that p53 staining is predominantly

nuclear and notably higher in this condition than the others, making the cell boundaries less

visible. Therefore, these images should not be used to assess the integrity of the endothelium.
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Figure 4.5 Substrates’ mechanical properties effect on p53 nuclear localisation
Green=Control, Blue=Doxo, Pink=RS. (a) Nuclear over cytoplasmic ratio of p53 mean intensity
(mean ± SD). Statistical analysis: two-way Anova, with Tukey’s comparison. N=2, n=3. (b) Repre-
sentative images of p53 staining (yellow). Wide-field images were acquired with a Zeiss Confocal 980
microscope, objective 20x. Scale bar: 100 µm

4.3.5 Senescence Associated Secretory Phenotype

One important aspect of senescence is the inflammatory secretome that characterises the SASP.

To assess this, we analysed the levels of IL-6 and IL-8 in the secretome of HUVECs across

control, Doxo-treated, and RS populations. The media was collected after 7 days of treatment

or 7 days in culture for non-treated populations, and an ELISA assay was performed. The final

concentrations (pg/ml) were then normalised to the number of cells in each well, as described

in Section 2.2.3. For IL-6, the Doxo-treated population exhibited increased secretion levels on

all substrates compared to the control and RS populations (Figure 4.6). These differences were

statistically significant on both the soft and stiff substrates. However, on the medium substrate,

IL-6 secretion in the Doxo population was significantly lower than on the other two stiffnesses.

The RS population showed IL-6 secretion levels similar to those of the control. For IL-8 secretion

(Figure 4.6), in line with the IL-6 results, the Doxo-treated population displayed higher secretion

levels, which were significantly different from both the control and RS populations on the soft

substrate and significantly higher than the control on the stiff substrate. Again, cytokine

production was lower on the medium substrate. The RS population consistently exhibited

higher IL-8 secretion levels than the control population across all substrates.
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Figure 4.6 Substrates’ mechanical properties effect on the SASP Green=Control,
Blue=Doxo, Pink=RS. The secretome was collected at d7 after treatment or after seeding the cells in
case of the control and RS populations (mean ± SEM). (a) IL-6 or (b) IL-8 concentration as assessed
by ELISA assay. Statistical analysis: 2-way Anova, Tukey’s comparisons test. N=3, n=3.

4.3.6 Discussion

In this section, we explored how the mechanical properties of the underlying substrates influence

the endothelial senescent phenotype in two distinct models of senescence: Doxorubicin-induced

and replicative. We assessed key senescence markers, including cell proliferation, β-Gal staining,

DNA damage, cell cycle arrest, and inflammatory cytokine secretion. The results were compared

across three populations - control, Doxo-induced, and RS- cultured on soft, medium, and stiff

substrates.

In both the models, the senescent phenotype is positively affected by increasing

stiffness RS and Doxo-induced senescent HUVECs exhibited similar responses across mul-

tiple markers, including proliferation (Figure 4.2), β-Gal staining (Figure 4.3), DNA damage

(Figure 4.4), and p53 nuclear expression (Figure 4.5). Both senescence models demonstrated

a progressive increase of these senescent markers on stiffer substrates, reaching their highest

levels on glass.

• Proliferation: We observed a consistent reduction in cellular growth across all substrates

for the senescent populations, whereas only the control cells exhibited an increased pro-

liferation rate on the stiffer substrates (Figure 4.2).
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• β-gal: RS cells displayed a lower percentage of β-Gal-positive cells than Doxo-treated

cells, and we hypothesise that this discrepancy may be due to the higher heterogeneity

of the RS population compared to the Doxo-treated one (Figure 4.3).

• DNA damage: the two populations behaved similarly with an increasing number of foci

per nucleus together with substrates stiffening (Figure 4.4).

• p53 nuclear localisation: RS cells showed an interesting strong signal, significantly higher

than the Doxo and control response on all the substrates. The Doxo-treated population

had higher values than the control for the medium and stiff substrates (Figure 4.5).

Our results align with previous studies conducted on different cell lines. Wang et al.

demonstrated that senescence induction in chondrocytes via hydrogen peroxide resulted in

increased β-Gal activity and p16 expression on stiffer substrates (500 kPa) compared to softer

ones (200 kPa and 30 kPa). Similarly, Yao et al. investigated UV-induced senescence in human

dermal fibroblasts and found that cells on softer substrates (21, 46 kPa) proliferated better

and recovered more effectively from irradiation than those on stiffer substrates (750 kPa, tissue

culture plastic). Their findings were further supported by lower levels of β-Gal staining and

cell cycle arrest markers (p53, p21, p16) on compliant substrates. They also observed reduced

ROS and NF-kB activity in cells on softer gels and that NF-kB inhibition on stiffer substrates

decreased ROS concentration, suggesting that soft substrates may protect cells from senescence

by suppressing NF-kB activation [179]. Overall, our findings support the notion that increasing

substrate stiffness enhances the presence of key senescence hallmarks after senescence induction.

However, while potential phenotypic differences may exist, senescent cells universally ceased

proliferation, regardless of substrate stiffness.

Doxo-induced senescence is characterised by a stronger inflammatory phenotype

compared to RS A notable divergence between the Doxo and RS models emerged when

analysing the secretome for the inflammatory cytokines IL-6 and IL-8 (Figure 4.6). Doxo-

treated cells exhibited significantly elevated cytokine secretion, particularly on soft and stiff

substrates, whereas RS cells did not show a substantial increase, indicating a less inflammatory

phenotype when senescence is induced through serial passaging rather than external DNA dam-

age. The SASP characterises all types of senescence, independently on the inducer, however,

telomeres shortening could bring to a more gradual release of inflammatory factors compared

to stress-induced senescence. Interestingly, for both IL-6 and IL-8, cells cultured on medium-
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stiffness substrates—closely resembling the physiological stiffness of blood vessels [125] secreted

the lowest levels of cytokines.

Stiffness induces the development of senescent markers on control cells Throughout

this study, we maintained the control population of passage lower than P7, which we did not

treat to induce senescence. This population was subjected to all the assays of senescence on

the different substrates, as illustrated in this section.

• Proliferation: the control cells showed a higher growth rate on glass compared to more

compliant substrates (Figure 4.2)

• β-gal: no significant differences were observed across the substrates (Figure 4.3).

• DNA damage: the number of foci per nucleus tends to increase on glass (Figure 4.4)

Taken together, these results suggest that increased stiffness promotes the expression

of key senescence marker, such as DNA damage, while also enhancing proliferation. Previous

studies have reported increased senescent markers as the substrates stiffen. Zhao et al. demon-

strated that substrate stiffening induces a senescent-like phenotype in nucleus pulposus cells,

characterised by increased β-gal activity, reduced telomerase function, and a higher proportion

of cells in G0/G1. Similarly, mesenchymal stem cells (MSCs) cultured on softer substrates

exhibited delayed or mitigated senescence [129, 181]. Our findings align with previous work

on endothelial cells: Lai et al. examined the effects of substrate stiffness and shear stress on

human aortic endothelial cells using PDMS substrates of 200 kPa and 40 kPa. Their results

indicated that stiffness, more than shear stress, promotes senescence markers such as γ-H2AX

and β-gal. Consistent with our findings, they also observed increased proliferation alongside

senescent markers. We hypothesise that the higher proliferation rate observed on glass leads

to earlier confluency, triggering contact inhibition. The trend of increasing DNA damage lev-

els may reflect growing cellular stress under these conditions. While key senescence markers

increase on glass in control cells, the sustained proliferation brings us to the hypothesis that

stiffness alone does not directly induce senescence in these cells.

4.4 RNA-sequencing

To further investigate the effect of substrate stiffness on HUVECs, we performed RNA se-

quencing analysis, as detailed in Section 2.5. This included two main approaches. First, we
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visualised the data by filtering genes based on TPM values, selecting those with TPM > 100

for at least one gene. The resulting heatmap (Figure 4.7) represents 1003 genes. The pheatmap

function clustered the data based on gene expression similarities, revealing first two major

groups: control and senescent populations. Three further groups have been then identified:

control, Doxo-induced senescence, and replicative senescence (C, D, R). Within these, further

subclusters emerged: for control and Doxo samples, softer substrates (3 and 30 kPa) grouped

together, while in replicative senescence, stiffer substrates formed a separate subgroup.

To explore differences between these populations, we conducted a Gene Ontology (GO)

analysis (Section 2.5), identifying the most differentially expressed genes. We examined inter-

and intra-population variations, selecting the 10 most representative GO Biological Process

(BP) terms for each comparison. The resulting dot plots display GO terms, dot size (reflecting

gene counts), colour (p-adjusted values), and gene ratio (x-axis). Graph titles indicate popu-

lation type (Control, Doxo-treated, Replicative) and substrate stiffness (3 kPa, 30 kPa, Glass).

Notably, recurring themes emerged: chemotaxis and leukocyte/granulocyte migration (high-

lighted in yellow), cellular growth and division (blue), and cell adhesion/extracellular matrix

organisation (red).

Figure 4.8 compares control and Doxo-treated populations across substrates. On soft

hydrogels, GO terms primarily relate to chemotaxis, taxis, and chemokine-mediated signalling.

On medium substrates, nuclear division processes dominate, while on glass, terms associated

with chemotaxis, leukocyte migration, extracellular reorganisation, and cell-cell adhesion are

prevalent.

Figure 4.9 compares control and replicative senescent populations. Across all sub-

strates, extracellular matrix organisation, cell-substrate adhesion, and cell-cell adhesion terms

are present. On soft hydrogels, cell growth is most significant, whereas stiff substrates show

an increased presence of chemotaxis and taxis-related terms. Interestingly, the comparison on

glass also showed a positive increase in the MAPK pathway.

Figure 4.10 examines differences between replicative and Doxo-induced senescent pop-

ulations. In all conditions, terms related to cellular and substrate adhesion, extracellular or-

ganisation, and chemotaxis/taxis appear consistently. Additionally, nuclear division is among

the least represented terms on soft hydrogels.

Finally, Figure 4.11 presents inter-population comparisons, particularly between PAAm
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CG  C3  C30  DG  D3  D30  R3 R30  RG

Figure 4.7 TPM heatmap Heatmap obtained filtering the TPM data selecting the genes with
TPM > 100 for at least one sample. 1003 genes are represented here. The clusters are indicated at
the top of the graph.

and glass substrates. In the control population, the most prominent GO terms involve leukocyte

migration, extracellular organisation, cell-cell adhesion, and calcium-dependent adhesion. For

Doxo-treated cells, comparisons between 3 kPa and glass substrates highlight nuclear division

as a dominant term, with strong differences in adjusted p-values and high gene representation.

In replicative senescent cells, comparisons between soft substrates and glass reveal GO terms

related to leukocyte migration, granulocyte chemotaxis, extracellular matrix organisation, and

cell-cell adhesion.

4.4.1 Discussion

In this section, we present the results obtained from the RNA-seq analysis. We first generated

a heatmap using the pheatmap function, selecting genes with a TPM > 100 in at least one

sample, identifying 1003 genes (Figure 4.7). Clustering based on TPM values effectively distin-

guished the control and senescent populations, confirming both the validity of our senescence

model—producing a population of cells distinguishable from the control—and the robustness

of our data and analysis. Moreover, deeper classification based on TPM values identified three

clusters corresponding to our three conditions: control, Doxo-treated, and replicative senescent

cells (Figure 4.7). Interestingly, sub-clusters revealed that for the control and Doxo popula-

tions, the soft substrates (3 kPa and 30 kPa) were grouped together, while for the replicative
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C30 vs D30

Figure 4.8 Gene Ontology analysis of the differentially expressed genes between Control
and Doxo-treated cells Dot-plot representing the 10 most represented Gene Ontology (BP) terms.
In the titles of the graphs, each letter corresponds to one population (Control, Doxo-treated) and 3,
30 and G correspond to 3 kPa, 30 kPa and Glass

C30 vs R30

Figure 4.9 Gene Ontology analysis of the differentially expressed genes between Control
and Replicative senescent cells Dot-plot representing the 10 most represented Gene Ontology (BP)
terms. In the titles of the graphs, each letter corresponds to one population (Control, Replicative)
and 3, 30 and G correspond to 3 kPa, 30 kPa and Glass
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R30 vs D30

Figure 4.10 Gene Ontology analysis of the differentially expressed genes between
Replicative and Doxo-treated cells Dot-plot representing the 10 most represented Gene On-
tology (BP) terms. In the titles of the graphs, each letter corresponds to one population (Replicative,
Doxo-treated) and 3, 30 and G correspond to 3 kPa, 30 kPa and Glass

C30 vs CG

Figure 4.11 Gene Ontology analysis of the differentially expressed genes inter-population
Dot-plot representing the 10 most represented Gene Ontology (BP) terms. In the titles of the graphs,
each letter corresponds to one population (Control, Doxo-treated, Replicative) and 3, 30 and G corre-
spond to 3 kPa, 30 kPa and Glass

78



CHAPTER 4. THE IMPACT OF SUBSTRATE STIFFNESS ON THE ENDOTHELIAL
SENESCENT PHENOTYPE

cells, the stiffer substrates (30 kPa and glass) exhibited closer gene expression patterns.

To explore the differentially expressed genes, we performed a Gene Ontology (GO)

study. We compared different populations on the same substrate (e.g., C3 vs. D3) and examined

changes within a single population across different stiffnesses. We observed a strong presence

of three main categories of GO terms: chemotaxis and leukocyte migration (yellow), nuclear

division (blue), and ECM or cellular adhesion-related terms (red).

For the Control vs. Doxo analysis (Figure 4.8), in the 3 kPa and glass conditions, the

differentially expressed genes include terms related to chemotaxis, chemokines, and leukocyte

migration, while these terms are absent on the 30 kPa hydrogel, a more physiologically relevant

stiffness. These findings align with the results of the secretome study (Figure 4.6), where IL-6

and IL-8 secretion was reduced on the 30 kPa hydrogel. The strong presence of chemokine-

related terms is also consistent with the higher abundance of IL-8 compared to IL-6, as identified

in the secretome results (Figure 4.6). IL-8 (CXCL8) is a chemokine involved in endothelial

senescence [137] and plays a key role in chemotaxis and leukocyte attraction [182].

In the Control vs. Replicative Senescence comparison (Figure 4.9), the GO terms

primarily relate to ECM organisation, cell-substrate adhesion, and cell-matrix adhesion, as

well as cell-cell adhesion via plasma membrane adhesion molecules. On glass, chemokine and

leukocyte migration terms were also present. Interestingly, a term relative to positive regulation

of the MAPK cascade was also present. This pathway is correlated to senescence induction

[183]. This aligns with the literature, reporting that ageing blood vessels are characterised by

ECM remodelling, such as increased collagen and decreased elastin, ultimately contributing

to arterial stiffening [184]. When comparing the two senescent populations (Figure 4.10), we

observed similar terms to those in the Control vs. Replicative comparison, as well as the

chemokine- and leukocyte-related terms found in the Control vs. Doxo comparison.

When analysing single populations, the Doxo-treated cells exhibited a distinct be-

haviour compared to the others, with nuclear division terms being the most prevalent. In

contrast, for control and replicative senescent cells, stiffness mainly affected ECM remodelling,

cell-cell adhesion, and leukocyte migration, even in the control cells. The presence of the MAPK

senescence pathway [183] in the glass comparison between control and replicative cells, confirm

the effect of stiffness on senescence induction.

Overall, these findings provide valuable insights. They suggest that substrate stiffness
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and senescence induction impact leukocyte attraction, chemotaxis, and cell adhesion. Notably,

even control cells exhibited these effects when comparing soft hydrogels to glass. These results

align with the work of Huynh et al., who demonstrated that leukocyte migration is strongly

influenced by substrate stiffness in bovine endothelial cells. Furthermore, recent research has

shown that endothelial senescence promotes immune cell migration [137]. Importantly, the

interplay between substrate stiffening, endothelial senescence, and leukocyte migration has

been linked to the development of atherosclerotic plaques [65]. These findings emphasise the

importance of further investigating the effects of substrate stiffening on endothelial senescence

to better understand potential intervention strategies for vascular ageing and disease.

4.5 Conclusions

To the best of our knowledge, this is the first study to investigate the impact of substrate stiff-

ness on endothelial senescence using two distinct senescence models. We summarise our finding

in Figure 4.12. Both senescence models demonstrated a progressive increase of senescent mark-

ers (β-Gal staining, DNA damage, and p53 nuclear expression) on stiffer substrates, reaching

their highest levels on glass. However, the proliferation arrest remained consistent on all the

substrates. Despite the similarities between the two models, we observed some differences.

RS cells exhibited higher p53 expression and DNA damage, while Doxo-treated cells displayed

a higher percentage of β-gal stained cells and a stronger inflammatory response. The RNA-

sequencing results showed that substrate stiffness and senescence induction affect the expression

of genes related to chemokine secretion, leukocyte attraction, cell-cell adhesion, ECM remod-

elling, and cell-substrate adhesion. ECM remodelling, cell adhesion, and leukocyte attraction

are all pathways associated with atherosclerotic plaque formation. In conclusion, we observed

that key senescence-associated markers and vascular alterations become more pronounced as

stiffness increases. Previous studies have shown that endothelial senescence contributes to arte-

rial stiffness through collagen deposition, elastin degradation, and the SASP [184]. Our findings

suggest that stiffness plays an active role in reinforcing senescence, leading us to hypothesise a

positive feedback loop between senescence induction and vascular stiffening.
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Figure 4.12 The impact of substrates stiffness on the endothelial senescent phenotype
In this chapter, we present the results obtained from studying the alterations in senescent markers
across substrates of different stiffnesses. This scheme summarises our findings, where we categorised
the stiffnesses into two main groups: softer substrates (PAAm) and the stiff substrate (glass). Overall,
we observed an increase in senescent markers on glass compared to PAAm hydrogels. In the control
samples, we noted increased proliferation on glass and a higher presence of DNA damage and leuko-
cyte migration genes. In the Doxo and RS samples on glass, we observed an increase in cell cycle
arrest markers such as p53, β-gal staining, DNA damage (γ-H2AX), and cytokine secretion, of which
particularly chemokines like IL-8 and, from RNA sequencing, an upregulation of genes correlated with
leukocyte migration. On both softer and stiffer substrates, and for all the senescent conditions, we ob-
served a reduction in cellular proliferation compared to the control. In Doxo-treated cells, the SASP
was much more pronounced compared to RS cells, whereas the opposite was observed for p53 and
DNA damage. Interestingly, on the softer substrates (especially on the medium one) for Doxo-treated
cells, the SASP was much reduced compared to the stiff substrates.
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Chapter 5

Mechanobiology study of endothelial

senescence

Mechanobiology is the study of how external mechanical stimuli—such as substrate mechanics,

topographies, shear stress, and stretch—affect cell fate. Over the past decades, numerous

studies have demonstrated that the mechanical properties of substrates influence various aspects

of cellular behaviour, including migration, differentiation, and proliferation [102].

As the world population is growing older, there is increasing interest in understand-

ing the biological processes of ageing. Tissue mechanical properties change with time [168],

impacting cellular behaviour. Senescence, a hallmark of ageing, has been a focus of recent

mechanobiology studies. For example, recently, a significant study by Sladitschek-Martens

et al. demonstrated that YAP/TAZ activity declines with age in stromal tissues, such as skin

fibroblasts and vascular smooth muscle cells (vSMCs) of the aorta. They found that inhibiting

YAP in young tissues led to the emergence of ageing traits.

The endothelium is constantly exposed to mechanical forces from the underlying lay-

ers, cell-cell contact and shear stress [68], and the mechanical properties of the cardiovascular

tissues change during ageing [169], therefore, there is growing interest in the impact of ageing

on endothelial cells. For example, one study on endothelial senescence showed that HUVECs

subjected to TNF-α-induced senescence exert stronger traction forces on the substrate com-

pared to non-senescent cells. Additionally, Exarchos et al. investigated replicative senescence

in HUVECs and observed that anisotropic surfaces could reduce the permeability of senescent

monolayers. However, the response of senescent endothelial cells to substrate stiffness remains
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largely unexplored.

In this chapter, we aim to study the impact of substrate stiffness on the endothelial

monolayer mechanosensing. Senescence is induced using two methods: Doxorubicin (Doxo)

treatment, as described in Section 2.1.1, and replicative senescence (RS), as detailed in Sec-

tion 2.1.2.

For the Doxorubicin treatment, cells were seeded and treated after forming a monolayer

(four days). The drug was removed after 24 hours, and the cells were cultured for 48 hours. The

control group underwent the same process but was treated with DMSO instead of Doxo. For

RS, cells were seeded and maintained for one week, with media changes every other day, before

being used for the experiments. For all the imaging, the three cell populations were fixed and

stained seven days post-seeding. The AFM measurements were performed at the same time

points on live cells.

In previous experiments, we induced senescence with Doxo and waited seven days for

full phenotype development. However, to improve monolayer integrity, minimise cell loss, and

accelerate experiments, we opted to fix the cells three days after treatment. To confirm senes-

cence at day 3, we performed a β-gal and γ-H2AX assay, which verified that the cell population

was already senescent. The results are presented in Figure A.1 in Appendix A. For our exper-

iments, we used three different substrates: soft (3 kPa), medium (30 kPa), and stiff (glass).

The soft and medium substrates were polyacrylamide hydrogels, coated with collagen, as the

glass surface (see Section 2.7.2 and Figure 4.1 for more details on gel production and charac-

terisation.)

This chapter will first present the results on cellular morphology and focal adhesions,

followed by an analysis of nuclear area, nuclear lamina properties, and YAP nuclear translo-

cation. We will also examine the effects of senescence and substrate stiffness on VE-Cadherin

and CD31. Finally, we will discuss the mechanical properties of senescent endothelial cells,

as measured by Atomic Force Microscopy (AFM), performed according to Section 2.6. These

measurements were only performed on glass.

Statistical analysis Throughout this chapter, statistical analysis was performed as described

in Section 2.8. P values: ns > 0.05, * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001. For

clarity, ns was omitted from the graphs.
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5.1 Cellular morphology and mechanotrasduction

In this section, we present the results obtained studying the impact of senescence and substrate

stiffness on cellular area and morphology, as well as the study on focal adhesions, focusing on

Vinculin. We analysed the Vinculin-occupied area and the number of focal adhesions per cell.

5.1.1 Cellular morphology

To assess cellular area, we stained the cells with phalloidin and segmented them as described in

Section 2.4. Both Doxo-treated and RS cells exhibited an increased area compared to control

cells, regardless of substrate stiffness (Figure 5.1). On medium and stiff substrates, the RS

cells tend to have an enlarged cellular area compared to the Doxo-treated ones. We plotted

cellular area as a function of substrate stiffness to better visualise the differences. Looking at

each treatment group separately, we observed a consistent increase in cell area as the substrate

stiffened.

We also examined the aspect ratio (AR), i.e., the ratio of the major to minor axis length.

As shown in Figure 5.2, for all the populations, the AR increased with increasing stiffness,

reaching maximum levels on glass. On the stiffest substrate, the Doxo-treated population

showed a significantly higher AR than the other two groups Figure 5.2. When analysing the

relationship between AR and cell area, distinct patterns emerged between control and senescent

populations. In control cells, the AR remained stable between soft and medium substrates, but

on stiff substrates, the cells became more elongated, exhibiting a lower area and higher AR. Both

Doxo-treated and RS cells showed a similar trend from soft to medium substrates, increasing

in both area and AR. However, from medium to stiff substrates, their behaviours diverged

Figure 5.2. Doxo-treated cells underwent elongation with a relatively small increase in area,

whereas RS cells displayed a more balanced increase in both area and AR Figure 5.2.
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Figure 5.1 Cellular area (a) Cellular area (mean± SD), (b) cellular area as a function of substrates
stiffness (mean ± SEM), (c) representative images of phalloidin staining (green). Wide-field images
acquired with Zeiss Confocal 980 microscope, objective 20x. Scale bar: 100 µm. N=3, n=3. Statistical
analysis: two-way Anova, Tukey’s multiple comparison test.
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Figure 5.2 Cellular aspect ratio (a) Cellular aspect ratio (mean ± SD), (b) Cellular aspect ratio
as a function of cellular area (mean ± SEM). N=3, n=3. Statistical analysis: two-way Anova, Tukey’s
multiple comparison test.
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5.1.2 Vinculin morphology and number of focal adhesions per cell

Focal adhesions (FAs) are essential components of the mechanosensing machinery. To inves-

tigate how senescence affects FAs behaviour across different substrate stiffnesses, we stained

cells with an anti-Vinculin antibody and imaged them using a Zeiss 980 Confocal microscope

(63× objective). We specifically examined Vinculin area, aspect ratio, and the number of FAs

per cell. Our results showed an overall slight increase in Vinculin-occupied area as substrate

stiffness increased, especially visible in the FAs size as a function of the substrate stiffness graph

(Figure 5.3). On the softest substrates, both Doxo-treated and RS cells exhibited a larger FAs

area compared to control cells. However, on glass, the difference between control and Doxo-

treated cells decreased, whereas RS cells maintained larger FAs area. We further analysed FAs

aspect ratio (AR) to understand the changes in FAs shape. With increasing substrate stiffness,

Vinculin AR decreased significantly for the RS populations, while no or little difference was

observed for the control and Doxo-treated cells. This suggests that the marginal increase in FAs

area observed for the RS population was mainly associated to an increase in thickness rather

than length. In contrast, control and Doxo samples, which showed no AR differences, likely

experienced a more balanced expansion in both major and minor axis directions. Nonetheless,

in all populations, the Vinculin-occupied area did not undergo significant enlargement under

any condition. Finally, we examined the number of FAs per cell. Our findings suggest that

senescent cells tend to have a slightly higher number of FAs compared to control cells, with

a peak observed on the medium-stiffness substrate. Specifically, RS cells on the medium sub-

strate displayed a significantly higher number of FAs compared to both control cells on the

same stiffness and RS cells on the softest substrate.
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Figure 5.3 Vinculin morphology and number of focal adhesion per cell (a) Vinculin area
(mean ± SD), (b) Vinculin area as a function of substrate stiffness (mean ± SD), (c) Vinculin aspect
ratio computed as major/minor axis length, (d) representative images of Vinculin. Confocal images
acquired with Zeiss Confocal 980 microscope, objective 63x. Scale bar: 20 µm. (e) Number of FAs
per cell. N=3, n=3 for Control and Doxo, N=2, n=3 for RS. Statistical analysis: two-way Anova,
Tukey’s multiple comparison test.
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5.1.3 Discussion

Cellular morphology is one of the most evident changes associated with senescence and can be

observed even in bright-field images. Cell shape reflects actomyosin contractility, cellular adhe-

sion, differentiation, and polarisation, and it is a key marker of cellular senescence [25, 96]. In

this study, we examined how senescence influences cell area and shape across different substrate

stiffnesses. Mechanical cues from the extracellular matrix (ECM) are perceived and transmitted

to the cells through the adhesion machinery, which forms macromolecular assemblies known

as focal adhesions (FAs) [119]. Here, we investigated Vinculin, a key component of the FA

complex, to determine how stiffness and senescence affect Vinculin-occupied area, FA shape,

and the number of FAs per cell.

Senescent cells are enlarged compared to control cells, and their shape and size are

stiffness-dependent In this study, we examined changes in cellular area and aspect ratio.

We observed an increase in cellular area between the 3 kPa and 30 kPa PAAm hydrogels for all

conditions. However, between 30 kPa and glass, cell area trends differed: Doxo-treated and RS

cells continued to grow, whereas control cells showed a slight decrease (Figure 5.1). Across all

substrates, senescent cells exhibited a larger area than non-senescent ones, with RS cells being

the largest, followed by Doxo-treated cells (Figure 5.1).

To better understand cellular morphology, we analysed the AR, calculated as the ratio

of the major to minor cellular axis length. In control cells, AR increased from the soft to stiff

substrate, despite a decrease in cellular area, suggesting that cells became thinner and more

elongated. In senescent populations, AR behaved similarly on soft and medium substrates

(Figure 5.2). However, on glass, the two senescent models showed distinct responses: Doxo-

treated cells became more elongated and thinner while maintaining a similar area, whereas RS

cells increased in both area and AR, indicating elongation without shrinking (Figure 5.2).

It is well established that endothelial cells, like most cell types, tend to spread and

enlarge as substrate stiffness increases [68], and our findings support this knowledge as we

observed increased cellular area when the substrate stiffened. However, we noticed a slight

decrease in cellular area on glass for the control population. Since these cells are studied as

a monolayer, we hypothesise that the cellular area is influenced not only by substrate stiff-

ness but also by monolayer density and cell-cell contact forces. The unexpected decrease, or

better, the unexpected lack of increase, in the control cell area on glass could be attributed
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to a higher cell density, a phenomenon not observed in senescent populations because of their

non-proliferative nature. Previous studies have shown that cells within a monolayer undergo

fewer morphological changes than isolated cells [186], which could explain the relatively small

variations in morphology observed in our study.

Our results are consistent with the literature regarding the increased cell area in senes-

cent populations. Cell enlargement is a well-known characteristic of senescent cells [25] and

has been previously reported in HUVECs following senescence induction with TNF-α [135] or

passaging [133]. While these studies also examined AR, no differences were observed between

control and senescent cells. In contrast, we detected slight variations and an overall elongation

on glass. We demonstrated that senescent cells, like control cells, increase in size as substrate

stiffness increases and that senescence exacerbates this phenomenon.

Stiffness and senescence moderately affect Vinculin-occupied area We investigated

FAs, specifically Vinculin, to understand how the adhesion complex is affected by substrate

stiffness and senescence. Our analysis focused on FAs size, shape, and number. Overall,

the Vinculin-occupied area tends to increase with substrate stiffness (Figure 5.3). The RS

population consistently exhibited bigger FAs compared to the control, although the difference

is quite modest. In contrast, Doxo-treated cells had bigger FAs than the control on soft and

medium substrates but not on glass (Figure 5.3).

To further analyse FAs morphology, we examined Vinculin aspect ratio (AR). Inter-

estingly, as substrates’ stiffness increased, FAs tended to become shorter. Since FAs area also

showed a slight increase with substrates stiffening, these findings suggest that FAs tend to

become thicker rather than longer, particularly in the RS population.

We also evaluated the number of FAs per cell and observed a similar trend across

all conditions: the FAs number increased from the soft to medium substrate, where all the

conditions peaked, and then decreased on the stiffest substrate. RS cells showed a rise in the

FAs number compared to the other populations.

Many studies on endothelial FAs or endothelial senescence have focused on paxillin.

Although our primary FAs experiments were conducted using Vinculin, we performed prelimi-

nary analysis of Paxillin in control and Doxo-treated cells. The results were consistent with our

findings for Vinculin, particularly regarding FAs area and the FAs number per cell (Figure A.2).

Overall, our results demonstrate that, however moderately, Vinculin-occupied area in
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HUVECs increases with substrate stiffness, consistent with previous findings on Paxillin [187],

which reported similar trends when comparing endothelial cell responses to PAAm hydrogels

of 0.5, 25 kPa, and glass. Furthermore, we observed an increase in the FAs number per cell

from 3 kPa to 30 kPa, followed by a decrease from 30 kPa to glass. This aligns with prior

reports on endothelial cells on PAAm hydrogels: Eguiluz et al. found that FAs number per cell

increased between 1 and 40 kPa but decreased from 40 kPa to glass. We hypothesise that as

FAs size increases with stiffness, adhesion strength improves, potentially reducing the necessity

for a higher FAs number. However, since our study was conducted on monolayers, the precise

segmentation of individual cells remains challenging, and the observed decrease in the number

on glass may partially result from segmentation limitations.

Senescent cells exhibited slightly larger and more numerous FAs than controls, though

on glass, Doxo-treated cells displayed FAs characteristics similar to the non-senescent popu-

lation. Overall, our findings are consistent with previous studies. Chala et al. reported that

endothelial cells undergoing TNF-α-induced senescence exhibited increased Paxillin number and

linear density [135]. Using FluidFM and traction force microscopy, they further demonstrated

that senescent cells have stronger adhesions and exert higher traction forces than non-senescent

cells. Additionally, disturbed blood flow has been implicated in endothelial senescence [94], sug-

gesting that endothelial cells may form stronger FAs to protect blood vessels from endothelial

denudation [135].

A recent study on FAs complexes in hydrogen peroxide-induced senescent NIH 3T3

fibroblasts investigated Vinculin, Talin, and Paxillin distribution [188]. The authors observed

increased Vinculin and Paxillin levels in senescent cells, with Vinculin shifting away from the

membrane while the other proteins remained closer to it. The redistribution of FAs was also

reported by Chantachotikul et al., who found an increased Vinculin and Paxillin-occupied area

in replicative senescent fibroblasts, with these proteins shifting from the cell periphery (in

control cells) to a more inner localisation. In our representative images in Figure 5.3, it is

possible to observe a more internal distribution of Vinculin in the RS cells. Further and more

specific studies are needed to confirm these observations.

In summary, our findings show that FAs formation in both control and senescent cells

is moderately influenced by substrate stiffness. However, senescent cells respond differently de-

pending on the senescence inducer: RS cells consistently exhibited slightly increased Vinculin

area, whereas Doxo-treated cells behaved more similarly to the control cells on stiff substrates.
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Senescent cells also displayed FAs redistribution. Further investigation into the broader fo-

cal adhesion complex, including paxillin, could provide deeper insights into the nature and

functional implications of these changes. Moreover, since focal adhesions and cell-cell contacts

appear to be interconnected, both regulated by RhoA/ROCK signalling and cellular tension, it

would be valuable to examine the size and number of focal adhesions per cell over time. This

analysis could help explain the unexpected lack of increased focal adhesion size and number on

glass compared to softer substrates. Assessing both short-term and long-term time points, as

the monolayer progressively tightens, could provide deeper insight into the influence of adherens

junctions on focal adhesions.

5.2 Nuclear morphology, lamina and YAP translocation

In this section, we present the results obtained studying the impact of senescence and substrates

stiffness on the nuclear area, lamin B and lamin A/C intensity and nuclear invaginations, and

YAP nuclear translocation of endothelial cells.

5.2.1 Nuclear morphology

From the same images used to compute cellular area, we also extracted data to analyse the

nuclear area visualised by DAPI staining. As shown in Figure 5.4, Doxo-treated cells displayed

a significantly larger nuclear area than both the control and RS populations on the soft and

medium substrates and also showed higher values on glass. Curiously, the RS population showed

values similar to the control population across all the stiffness, with slightly lower values on

the medium substrate (Figure 5.4). When observing the nuclear area behaviour as a function

of stiffness, the trend is not monotonic, as it seems that control and RS cells are not affected,

whereas Doxo-treated cells undergo a slight decrease of nuclear area on glass (Figure 5.4).

Cellular and nuclear area observed trends We also examined how the nuclear area

changes relative to the cellular area and found a comparable trend in the control and Doxo-

treated populations, despite differences in absolute values(Figure 5.4). In control cells, the

nuclear area increased with the cellular area between the soft and medium substrates and

followed the same trend as the cellular area between the medium and stiff substrates. In Doxo-

treated cells, while the cellular area did not decrease between the medium and stiff substrates,

its growth plateaued, a pattern mirrored by the nuclear area (Figure 5.4). In contrast, the

RS population displayed a distinct response: despite a pronounced increase in cellular area,
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Figure 5.4 Nuclear area (a) Nuclear area (mean ± SD), (b) nuclear area as a function of cellular
area (mean ± SEM), (c) violin plot to show the nuclear area total distribution (from all the nuclei
for the three replicas), (d) representative images of the nuclei stained with dapi (blue). Wide-field
images were acquired with Zeiss Confocal 980 microscope, objective 20x. Scale bar: 100 µm. N=3,
n=3. Statistical analysis: two-way Anova, Tukey’s multiple comparison test.

the nuclear area remained unchanged (Figure 5.4). Doxo-treated cells exhibited a strikingly

enlarged nuclear area compared to both other groups; however, as shown in Figure 5.4, where

all the collected data are shown, it is clear that the nuclear area for the Doxo-population has

a wide distribution.

5.2.2 Lamin B and Lamin A/C: intensity and nuclear invaginations

To further investigate nuclear structure, we analysed lamins B and A/C by assessing their

normalised mean intensity and quantifying internal lamin invaginations [190], as described in

Section 2.4.
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Lamin B

Despite the lack of significance, we observe a trend: control lamin B mean intensity is consis-

tently higher compared to the senescent cells (Figure 5.5). Moreover, on the soft and medium

substrates, the RS cell values appear lower than the Doxo ones. Regarding lamin B invagi-

nations, RS cells exhibited an increased invaginated area compared to the other populations

across all substrates (Figure 5.5). In contrast, no significant difference was observed between

control and Doxo-treated cells. However, across all conditions, invaginations increased on glass

compared to the two hydrogel substrates. Notably, while RS cells maintained a higher lamin

B invagination area than other groups on all substrates, the invaginated area was reduced on

the medium stiffness substrate compared to the soft and stiff conditions.

Lamin A/C

Lamin A/C mean intensity displayed a less consistent trend. In terms of Lamin A/C intensity,

we noticed a slight decrease of intensity for the Doxo-treated population on the soft and medium

substrates compared to the control (Figure 5.6). We did not observe any difference comparing

the control and RS populations (Figure 5.6). Analysis of lamin A/C invaginations revealed that

RS cells exhibited an increase of internal invaginations across all substrates, with a notable

decrease on the medium stiffness substrate (Figure 5.6). Additionally, on stiff substrates,

Doxo-treated cells displayed a marked increase in lamin A/C invaginations, despite showing no

significant changes on soft and medium substrates.

5.2.3 Yap Nuclear translocation

We evaluated YAP nuclear translocation by calculating the ratio of YAP signal intensity in

the nuclear versus cytoplasmic areas. A stiffness-dependent behaviour was observed across all

conditions (Figure 5.7). It is possible to notice that senescent cells tend to have higher nuclear

over cytoplasmic levels of YAP compared to the control on all the substrates, with significant

differences only on glass. It also appears that overall, for all the populations, YAP translocation

increases with substrates stiffening, with a significant increase for Doxo-treated and RS cells

on glass compared to softer substrates (Figure 5.7).
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Figure 5.5 Lamin B intensity and invaginations (a) Lamin B intensity (mean ± SD), (b) lamin
B invaginations, computed as internal lamin B over the nuclear area (mean ± SD), (c) representative
images of lamin B. Wide-field images were acquired with Zeiss Confocal 980 microscope, objective
63x. (d) lamin B invaginations as a function of substrate stiffness. Scale bar: 20 µm. N=2, n=3.
Statistical analysis: two-way Anova, Tukey’s multiple comparison test.
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Figure 5.6 Lamin A/C intensity and invaginations. (a) Lamin A/C intensity (mean ± SD),
(b) lamin A/C invaginations, computed as internal lamin A/C over the nuclear area (mean ± SD),
(c) representative images of lamin A/C. Wide-field images were acquired with Zeiss Confocal 980
microscope, objective 63x. (d) lamin A/C invaginations as a function of substrate stiffness. Scale bar:
20 µm. N=3, n=3. Statistical analysis: two-way Anova, Tukey’s multiple comparison test.
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Figure 5.7 YAP nuclear translocation (a) YAP nuclear translocation(mean ± SD), (b) YAP
nuclear translocation as a function of substrate stiffness, (c) representative images of YAP. Wide-field
images were acquired with Zeiss Confocal 980 microscope, objective 20x. Scale bar: 100 µm. N=3,
n=3. Statistical analysis: two-way Anova, Tukey’s multiple comparison test.
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5.2.4 Discussion

Cellular mechanical stimuli are perceived, transmitted, and interpreted through a well-defined

pathway. As outlined by Lammerding et al., external mechanical signals are first detected

by integrins and then relayed through focal adhesion proteins, filamentous actin, the LINC

complex, and ultimately to the nuclear lamina and nucleus. Additionally, membrane stretches

can activate ion channels, which may lead to YAP/TAZ nuclear translocation via the nuclear

pores. When the nucleus senses these signals, they can influence nuclear proteins, gene expres-

sion, and subsequently cellular behaviour [191]. To explore the impact of senescence across

different stiffnesses on the nucleus properties, we focused on studying its morphology, lamina

characteristics, and YAP nuclear translocation.

Stress-induced senescence increases nuclear area In our study of nuclear morphol-

ogy, we observed an increase in nuclear area for the Doxo-treated cells compared to the other

populations on all the substrates, with significant results for the soft and medium substrates

(Figure 5.4). Interestingly, the distribution of nuclear area in the Doxo-treated population

showed two distinct groups: one with a size similar to that of the control and RS cells (around

200 µm2), and another at roughly twice the size (Figure 5.4). This suggests the presence of

two separate populations.

Although nuclear morphology is not traditionally considered a hallmark of senescence, it

has been recently shown to be an effective deep-learning biomarker for identifying senescent cells

[192]. In their study, Heckenbach et al. induced senescence through irradiation and replicative

exhaustion and found a stronger increase in the nuclear area after stress induction rather than

passaging, which aligns with our observations. Additionally, a recent study by Starich et al.

showed that cells treated with bleomycin exhibited much larger nuclei after 7 days of treatment

compared to controls. They also examined the response of senescent cells to substrate stiffness,

observing a similar trend, with a higher nuclear area on a 25 kPa hydrogel compared to softer

(0.5 kPa) or stiffer (4 GPa) substrates. Overall, our results indicate that the area of the nucleus

can be affected by stress-induced senescence, such as drug treatment. However, in the case of RS

cells, the nuclear area did not increase despite the enlargement of the cellular area, suggesting a

potential uncoupling between cellular and nuclear morphology in this population which would

be interesting to further explore.
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Alterations in nuclear lamina and lamin invaginations in scenescence cells across

different substrate stiffnesses. To further explore the nuclear behaviour, we investigated

both lamin B and lamin A/C. We assessed these nuclear lamina proteins based on two main

factors: protein intensity (evaluated as the edge intensity normalised to DAPI intensity) and

nuclear invaginations (calculated as internal nuclear lamin normalised to nuclear area)

Overall, the lamin B intensity showed a slight decrease in the Doxo-treated and RS cells

compared to the control on all the substrates. Moreover, the RS cells’ values appear lower than

the Doxo-treated population on the soft and medium substrates but equal on glass (Figure 5.5).

Overall, for all the populations, the intensity values seem to decrease slightly on glass compared

to the softer conditions (Figure 5.5). A decrease in lamin B intensity is commonly recognised

as a senescence marker [194]. Therefore, it is interesting to observe a reduction in lamin B

intensity in the senescent populations compared to the control and a moderate decrease when

the cells are seeded on glass compared to the softer gels (Figure 5.5).

For lamin A/C, the intensity showed a less consistent pattern (Figure 5.6). On the

soft substrates, lamin A/C intensity in the Doxo-treated cells was lower than in the control,

similar to lamin B. However, it seemed to increase with increasing substrate stiffness, and the

difference between the Doxo-treated and control samples diminished. The RS samples did not

show a noticeable difference from the control in terms of intensity (Figure 5.6).

We also examined lamin B and lamin A/C invaginations. Lamin B invaginations were

higher in the RS population compared to both the control and Doxo-treated cells (Figure 5.5).

In terms of lamin A/C invaginations, we observed a consistent increase across all substrates for

the RS cells compared to the control, with significant results for the soft and stiff substrates

(Figure 5.6). Additionally, on glass, the Doxo-treated cells showed a significant rise in lamin

A/C wrinkling compared to the softer substrates and the control. In general, we observed

that senescent cells, particularly the RS population, exhibited increased lamin B and lamin

A/C wrinkling, with a noticeable increase on glass. Interestingly, these values decreased and

reached their minimum on the medium substrate (30 kPa).

It is widely known that modifications in nuclear lamina properties are associated with

ageing and diseases [190]. In particular, mutations in nuclear lamina proteins are linked to

laminopathies, with the most well-known being Hutchinson-Gilford progeria syndrome (HGPS),

which is characterised by failure in lamin A processing, causing premature ageing [191]. Al-

though lamin invaginations have also been reported in healthy cells, their presence is often
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associated with diseases such as HGPS, Emery-Dreifuss muscular dystrophy, and cancer [190].

In an interesting study, nuclear morphological changes and lamin A/C alterations were

linked to the perinuclear apical actin cables (actin cap) [195]. The actin cap is a structure of

actin filaments located on the apical side of the nucleus. When the actin cap is present, it

protects the nucleus from lamin A/C modifications. However, if the actin cap is altered and

lamin A/C is also modified, nuclear morphology is affected [195]. In a previous publication

by the same authors [196], they demonstrated that HUVECs present the actin cap on stiff

(500 kPa) substrates, and this structure is reduced on softer ones (0.5 kPa). Moreover, they

showed that the presence of the actin cap depends on the presence of actin-cap-related focal

adhesions, which are more internal and typically larger and shorter than the rest of the focal

adhesions. They concluded that on stiffer substrates, the actin cap, which is present due to

greater stretching through these focal adhesions, helps protect the nucleus. This finding is

particularly intriguing, as RS cells exhibited reduced nuclear morphological changes and larger

focal adhesions. Further research is needed to better understand the role and condition of the

actin cap in these cells.

Interestingly, a recent paper suggests that nuclear wrinkling appears more prominently

on soft substrates (1 kPa) rather than stiffer ones (308 kPa), where the cells are more stretched

[132]. Our results do not entirely align with these findings. Indeed, we observe an increased

nuclear invaginations on glass, for both lamin B and lamin A/C. However, we do observe a gen-

eral decrease in lamin invaginations on the medium substrate (30 kPa). In the aforementioned

studies, the stiff conditions were applied to hydrogels with stiffnesses of 500 kPa and 308 kPa,

which suggests that the high stiffness of glass (GPa) may not align with this model. It has

been shown that ageing affects the actin cap [132]. Therefore, we suggest that exploring the

role of the actin cap in senescent cells may help to explain these differences, as it is plausible

that the actin cap undergoes alterations during senescence. This potential alteration could

be particularly relevant in Doxo-treated cells, where we observe notable changes in nuclear

morphology.

Substrate Stiffness and senescence modulate YAP nuclear translocation Since its

discovery in 2011, the Yes-Associated Protein (YAP), a major component of the Hippo pathway,

has become a widely recognised indicator of cellular perception and transmission of mechanical

stimuli [117]. We measured the ratio of YAP nuclear to cytoplasmic intensity and observed a

general increase in this ratio as substrate stiffness increased across all conditions. Additionally,
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we observed a consistent increase in YAP nuclear translocation in senescent cells compared to

the control. On soft and medium substrates, the RS cells exhibited higher values than the

Doxo-treated cells; however, on glass, both senescent populations showed similar behaviour.

These results demonstrate that for HUVECs, regardless of the senescent state, YAP nuclear

translocation increases with substrate stiffness. Moreover, senescence itself enhances YAP

nuclear translocation, with the difference being most pronounced on glass. Our results show

increased YAP nuclear translocation in endothelial cells as the substrate stiffens, as previously

reported [197].

Our observations are consistent with a previous study that reported increased nuclear

translocation of YAP in HUVECs undergoing replicative senescence [133]. Moreover, Wu et al.

observed elevated YAP expression in the vasculature of aged rats. They demonstrated that

inhibiting YAP reduced senescence markers, while its overexpression induced senescence-like

characteristics.

In a very elegant and interesting study, Sladitschek-Martens et al. showed that YAP/TAZ

activity is reduced during ageing in stromal tissues such as skin fibroblasts and vascular smooth

muscle cells (vSMCs) of the aorta. They found that inhibiting YAP induces ageing traits in

these young tissues. Moreover, they associated the upregulation of the senescence-associated

secretory phenotype (SASP) with the inactivation of YAP/TAZ via a Rho-GTPase inhibitor.

They demonstrated that YAP/TAZ controls the cGAS-STING pathway, which induces senes-

cence. This YAP/TAZ-cGAS signaling pathway is mechanistically related to the actin cap,

giving YAP/TAZ a new role in nuclear envelope protection. Essentially, increased YAP/TAZ

activity can reduce cGAS-STING signaling and improve the transcription of lamin B and ARP2,

important components of the nuclear envelope and actin cap [132].

While these findings are revolutionary, they do not completely align with our results. It

is important to note that the authors focus primarily on stromal tissues and mention that they

did not observe a decrease in YAP/TAZ activity in epithelial cells, neurons, or lymphocytes.

Although they do not discuss endothelial cells specifically, their work on the aorta focuses on

the media layer, which consists primarily of smooth muscle cells (SMCs) [132]. In summary,

we observed a consistent increase in YAP nuclear translocation in senescent cells across all

substrates, which aligns with previous data [133, 134]. This behaviour may be cell-type specific,

and we believe further experiments are needed to better understand the mechanisms involving

the actin cap, nuclear wrinkling, lamin invaginations, and YAP/TAZ nuclear translocation.
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5.3 Cell-cell contact

In this section, we present the results obtained studying the impact of senescence and substrates

stiffness on the cell-cell contact proteins’ expression: VE-Cadherin and CD31. Although the

monolayer might appear partially disrupted in the senescent populations—particularly in RS

cells—this is expected, as their lack of proliferation prevents them from forming uniform mono-

layers. However, the intensity measurement, calculated as the mean edge intensity normalised

by DAPI intensity, excludes areas without cells. As a result, it still provides a valid assessment

of cell–cell contact despite the incomplete monolayer.

5.3.1 VE-Cadherin expression

We stained the fixed cells with VE-Cadherin antibody and analysed the images as presented in

Section 2.4, normalising the cellular edge mean intensity of VE-Cadherin by the DAPI intensity.

The VE-Cadherin intensity in both the Doxo-treated and RS populations was consistently lower

than in the control one across all substrates (Figure 5.8). Moreover, RS values were lower than

those of the Doxo-treated cells on all surfaces. Observing intensity as a function of stiffness,

the effect is moderate. Nevertheless, VE-Cadherin intensity slightly decreased on glass for all

conditions.

As it is possible to see in the representative images, we noticed that in the senescent

populations, bigger cells had a lower edge intensity (Figure 5.8). As a larger area is charac-

teristic of senescent cells, to further explore the connection between senescence and reduced

VE-Cadherin intensity, we plotted our data as cellular area against VE-Cadherin mean edge

intensity, with each dot representing a single cell (Figure 5.9). In the senescent populations, a

higher abundance of larger cells with lower mean edge intensity was observed, with this trend

becoming more pronounced as substrate stiffness increased. This effect was particularly evi-

dent in RS cells, consistent with the previously presented data on cell area and VE-Cadherin

intensity for this population.
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Figure 5.8 VE-Cadherin expression (a) VE-Cadherin edge intensity normalised on dapi inten-
sity (mean ± SD), (b) VE-Cadherin intensity as a function of substrate stiffness (mean ± SD), (c)
representative images of VE-Cadherin (yellow). Wide-field images were acquired with Zeiss Confocal
980 microscope, objective 10x. Scale bar: 20 µm. N=3, n=3 for Control and Doxo, N=2, n=3 for RS
cells. Statistical analysis: two-way Anova, Tukey’s multiple comparison test.

103



CHAPTER 5. MECHANOBIOLOGY STUDY OF ENDOTHELIAL SENESCENCE

Figure 5.9 VE-Cadherin intensity and cell area Visualisation of all the cells imaged showing
VE-Cadherin intensity and correspondent cellular area.
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5.3.2 CD-31 expression.

We analysed CD31 protein intensity using the same approach. The results showed a similar

trend to VE-Cadherin, with a decrease in CD31 mean intensity in the RS population compared

to the control and Doxo-treated cells (Figure 5.10). The Doxo-treated cells exhibited a similar

expression compared to the control (Figure 5.10). Overall, stiffness does not seem to affect

CD31 intensity, apart from a slight increase on the medium substrate for the control population.

We also examined the relationship between cellular area and CD31 mean edge intensity and

observed a similar pattern to VE-Cadherin (Figure 5.11). The senescent populations contained

a higher proportion of cells with lower intensity and larger cell areas, with this effect becoming

more pronounced as substrate stiffness increased.

5.3.3 Discussion

The endothelium is constantly exposed to mechanical forces, innate monolayer forces, shear

stress, and stretch [198]. It can adapt to these mechanical stimuli, however, failure to adapt

could have detrimental consequences on the endothelium permeability [118], which is connected

to many diseases including atherosclerosis, cancer metastasis and edema[199]. Endothelial

monolayer integrity is maintained by VE-Cadherin-based adherens junctions and cell–cell ad-

hesions based on receptors, such as Nectins, Claudins, Occludins, JAMs, and PECAM-1 [118].

Here, we studied how VE-Cadherin and PECAM-1 (CD31) are affected by senescence across

different stiffnesses.

Substrate stiffness and senescence decrease VE-Cadherin expression. We examined

the behaviour of the cell-cell junction proteins VE-Cadherin and CD31 by normalising their edge

intensity to DAPI intensity. VE-Cadherin intensity decreased in senescent cells compared to

control cells, with the most pronounced reduction observed in the RS population (Figure 5.8).

We also observed a slightly reduced VE-Cadherin intensity on glass for all the population.

When analysing the distribution of individual cells in terms of intensity and cellular area, we

found that larger cells tended to have lower edge intensity, a trend particularly evident in

the senescent population and more pronounced as substrate stiffness increased (Figure 5.9).

Our results demonstrate that VE-Cadherin expression is moderately influenced by substrate

stiffening and is significantly affected by senescence, especially in RS cells.

Previous studies have reported that substrate stiffness induces monolayer disruption
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Figure 5.10 CD31 expression (a) CD31 edge intensity normalised on dapi intensity (mean ±
SD), (b) CD31 intensity as a function of substrate stiffness (mean ± SD), (c) representative images
of CD31 (green). Wide-field images were acquired with Zeiss Confocal 980 microscope, objective 10x.
Scale bar: 20 µm. N=3, n=3 for Control and Doxo, N=2, n=3 for RS cells. Statistical analysis:
two-way Anova, Tukey’s multiple comparison test.
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Figure 5.11 CD31 intensity and cell area Visualisation of all the cells imaged a showing CD31
intensity and correspondent cellular area.
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[175, 185], an effect that can be reversed by inhibiting Rho kinase (ROCK) with Y-27632,

which reduces the traction force exerted by endothelial cells. The authors suggested that

stronger attachment to a stiffer substrate leads to weakened cell-cell junctional forces [198].

This was further confirmed by Urbano et al., who demonstrated that in the presence of in-

flammatory factors such as TNF-α, monolayer permeability increases on stiffer substrates via a

ROCK-mediated pathway. This finding suggests that inflammatory cytokines may have a more

detrimental effect on monolayer integrity as tissues stiffen, such as during ageing. Addition-

ally, their study showed that increased inflammation and monolayer disruption correlate with

higher colocalization of Vinculin at cellular junctions. Similarly, another study reported that

force loading of VE-Cadherin led to an increase in both the number and size of focal adhesions

(Paxillin), but only on stiff substrates and glass [174]. Our findings align with previous reports

showing that senescence negatively impacts endothelial monolayer integrity [200], with specific

evidence highlighting the role of VE-Cadherin [133, 201].

Previous observations by Chala et al., who measured cellular adhesion using FluidFM

and TFM, reported increased traction forces in senescent populations. Our FAs results, how-

ever moderate, align with the hypothesis of bigger and more numerous FAs in senescent cells,

and therefore possibly a higher traction force exercised by these cells. Moreover, we showed

a disturbed monolayer integrity after senescence induction. We hypothesise that monolayer

instability in senescent cells results from the excessive traction forces and acto-myosin contrac-

tion they generate. Further experiments would be valuable to determine whether a similar

Rho-mediated mechanism is involved in senescence-induced monolayer disruption.

CD31 expression is regulated by senescence but not substrate stiffness. When

analysing CD31 intensity, we did not observe a strong impact of substrate stiffness, and the

Doxo-treated population exhibited behaviour similar to control cells. However, RS cells showed

a consistent decrease in intensity regardless of substrate stiffness. When plotting cellular area

against intensity, we again observed a trend of larger cells displaying lower intensity, consistent

with our findings for VE-Cadherin. Overall, CD31 appeared less affected by substrate stiffness

than VE-Cadherin but was still influenced by replicative senescence.

PECAM1 (CD31) plays crucial roles in leukocyte migration, shear stress-induced atheroscle-

rotic lesion development, and angiogenesis [202]. It is also a key mediator of the shear stress

response in endothelial cells [203]. However, little is known about its response to substrate stiff-

ness. Since we did not observe significant stiffness-dependent changes in its expression, we can
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conclude that substrate stiffness does not impact its expression. Interestingly, recent research

has linked CD31 function to the ion channel PIEZO1 in force sensing [203]. Lai et al. recently

demonstrated that PIEZO1 plays a critical role in endothelial adaptation to flow and substrate

stiffness. Given this, it would be interesting to explore the impact of laminar or disturbed flow

on PECAM1-PIEZO1 interactions and their role in senescence.

5.4 Mechanical fingerprint senescence

The most widely used approach to measure the mechanical properties of biological samples

at the nanoscale is through atomic force microscopy (AFM) [204]. We performed the AFM

measurements as described in Section 2.6. We measured both the cytoplasmic and nuclear

stiffness (Figure 5.12). For the cytoplasm, we can see that senescent cells tend to a higher

Young’s modulus. The measured control cells’ Young’s modulus is 13.95 ± 2.09 kPa, while the

senescent cells measured 17.37 ± 2.36 kPa and 22.35 ± 9.07 kPa, respectively, for the Doxo-

treated and the RS cells. When we measured the nuclear stiffness, we observed a slightly higher

Young’s modulus for the control compared to the senescent populations. Notably, the trend

observed for the nuclear measurements is opposite to the one observed for the cytoplasm: RS

cells appear to have a stiffer cytoplasm and a softer nucleus compared to control cells, whereas

the Doxo-treated ones show an in-between behaviour. We also plotted the data as the total

number of cells tested to show the complete distribution.

5.4.1 Discussion

Ageing is associated with altered tissue mechanical properties [168], driven by changes in both

the extracellular matrix (ECM) composition and properties, as well as variations in cellular

characteristics [205]. Notably, ageing is linked to changes in cellular mechanical properties, with

various cell types from the cardiovascular, musculoskeletal, skin, and immune systems exhibiting

gradual stiffening [206]. Given this, we aimed to investigate the mechanical fingerprint of

senescent endothelial cells induced by two different senescence triggers.

To assess the mechanical properties of these cells, we employed atomic force microscopy

(AFM) in static mode, as described in Section 2.6, measuring both cytoplasmic and nuclear

mechanical properties. In the cytoplasmic region, we observed a consistent increase in Young’s

modulus in senescent cells compared to controls, with RS cells appearing stiffer than Doxo-

treated ones. Interestingly, although the difference was slight, we noted the opposite trend for
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the nuclear Young’s modulus.

Our findings demonstrate cytoplasmic stiffening in senescent cells, consistent with pre-

vious studies AFM measurements on aged and senescent cells [207]. Previous research has

reported cellular stiffening in progerin-induced senescent cells [208]. Studies on mouse models

of HGPS and human HGPS fibroblasts have highlighted the roles of ROCK and Sun2 in reg-

ulating cytoskeletal stiffness and cellular senescence. Specifically, ROCK and Sun2 expression

correlate positively with increased cellular stiffness and senescence, whereas their inhibition

is linked to reduced stiffness, diminished innate immune responses, and decreased senescence

[208]. Another study confirmed Sun2’s role in promoting nuclear stiffening and an abnormal

lamina network linked to HGPS-associated senescence and [205].

A previous investigation into HUVECs produced intriguing results, showing a decreased

cytoplasmic and nuclear Young’s modulus in replicative senescent cells [209]. By developing

a comprehensive pipeline and model, the study underscored the significance of the nuclear-

to-cytoplasmic stiffness ratio, demonstrating that aged cells exhibit a lower ratio, which is

associated with reduced transmission of shear stresses from the apical side [209]. In our study,

we observed a modest decrease in nuclear stiffness, which is opposite to these findings. However,

the nuclear to cytoplasmic stiffness ratio in our study appears decreased in senescent cells,

consistent with this work.

Further comprehensive studies—including measurements of the mechanical properties

of cells on hydrogels—are essential to deepen our understanding of cellular behaviour. Ad-

ditionally, combining contractility inhibitors with imaging and spectroscopy techniques could

offer valuable insights into the impact of senescence on endothelial cells’ mechanical fingerprint.
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Figure 5.12 Cytoplasmic and nuclear AFM measurements (a) Young’s modulus measure-
ments of the cellular cytoplasm, (b) Young’s modulus measurements of the nucleus. N=3, statistic
analysis: One-way Anova, Kruskal-Wallis test performed on the biological replicates (c, d) cytoplasmic
and nuclear Young’s modulus of all the tested cells. Statistic analysis: One-way Anova, Kruskal-Wallis
test performed on all the data. N=3

5.5 Conclusions

This chapter provides an overview of how senescence influences key components of the mechanosens-

ing and mechanotransduction machinery in endothelial cells across different substrate stiff-

nesses, and our findings are summarised in Figure 5.13. We observed that senescent HUVECs

consistently exhibit an enlarged morphology, a feature that is further enhanced by increasing

substrate stiffness. Additionally, cell shape is affected, with Doxo-treated cells tending to be

more elongated than RS cells. Our analysis of FAs revealed a moderate increase in size, par-

ticularly in RS cells, along with a higher number of FAs in senescent populations compared

to controls. Regarding nuclear morphology, we found that only Doxo-treated cells displayed

nuclear enlargement, while both senescent populations exhibited a decrease in lamin B inten-

sity compared to controls. We also observed an increase in nuclear invaginations in RS cells

for both lamin B and lamin A/C, with this effect being more pronounced at non-physiological

stiffnesses (3 kPa or glass). Examining YAP nuclear translocation, we found that the nucle-

ar/cytoplasmic ratio increased with substrate stiffness and was consistently higher in senescent

cells compared to controls. Additionally, senescent cells exhibited a decreased VE-cadherin and

CD31 intensity and, therefore, greater monolayer disruption than control cells, intensified, in

case of VE-Cadherin, on glass. Finally, we observed that senescent cells had higher overall

cellular stiffness compared to non-senescent cells, while the nuclear Young’s modulus showed

a moderate reduction in senescent cells relative to controls. As discussed in this chapter, we

explored several key players in the signalling pathways that transmit mechanical cues from the
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ECM to the nucleus. However, much remains to be discovered. We believe that further inves-

tigation into the actin cap, and the ROCK signalling pathway could provide valuable insights

into senescent cell behaviour. The mechanical properties of cells are likely influenced by these

mechanisms, too, and they could affect the mechanical properties of the tissue as well. Further

studies on the nuclear lamina, the LINC complex, the role of ROCK signalling, the actin cap,

and its focal adhesions could yield significant insights into endothelial senescence.
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Figure 5.13 Mechanobiology study of endothelial senescence We summarize here the main
findings of this chapter. In doxorubicin-treated cells, we observed an increased aspect ratio and a
larger cell area compared to the control. The nuclear area was particularly enlarged, accompanied
by enhanced YAP nuclear translocation. Regarding the nuclear lamina, lamin A/C invaginations
were more prominent, while lamin B intensity appeared reduced, indicating structural alterations in
the nucleus. Replicative senescent cells similarly showed an increase in both cell area and stiffness.
These cells also exhibited a higher number of focal adhesions, along with reduced VE-cadherin and
CD31 intensities. Additionally, they displayed increased YAP nuclear translocation, decreased lamin
B intensity, and a greater number of invaginations in both lamin B and lamin A/C. Further studies on
the perinuclear actin cap and the role of Rho activation are needed to better understand the impact
of senescence on endothelial cells.
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Chapter 6

Conclusions and future perspectives

6.1 Conclusions

In this work, we present two in vitro models of endothelial senescence, generated by inducing

therapy-induced senescence and replicative senescence. In both cases, we successfully obtained

the expression of senescence markers.

Using these models, we investigated the effect of substrate stiffness on senescent phe-

notypes and observed similar behaviour between the two senescent populations. We found that

DNA damage, β-gal staining, cell cycle arrest, and SASP production increased as the sub-

strate stiffened. In particular, Doxorubicin-treated cells exhibited a strong increase in SASP

production and leukocyte migration-related genes, while replicative senescent cells showed an

abundance of DNA damage and high p53 nuclear expression.

Furthermore, we examined these cells from a mechanobiological perspective. In Doxorubicin-

treated cells, we observed an increased aspect ratio and a larger cellular area compared to the

control. The nuclear area was especially enlarged, accompanied by increased YAP nuclear

translocation. Regarding the nuclear lamina, lamin A/C invaginations were more pronounced,

whereas lamin B intensity was reduced. Replicative senescent cells exhibited a significant in-

crease in cellular area. They also showed a greater number of focal adhesions and reduced

VE-cadherin and CD31 intensity. Finally, they displayed increased YAP nuclear translocation,

lower lamin B intensity, and a higher number of lamin B and lamin A/C invaginations. We

also observed increased cytoplasmic stiffness and slightly decreased nuclear stiffness in senescent

cells.
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Notably, most of these changes were especially pronounced on glass substrates. This

is particularly interesting, as we also observed an increased presence of senescence markers

on glass. These findings suggest that when senescence markers are more prominent, the dif-

ferences observed in mechanotransduction are also amplified. This supports a link between

substrate stiffness, cellular senescence, and mechanotransduction. Moreover, it indicates the

potential existence of a stiffness threshold, beyond which senescence begins to significantly

impact mechanotransductive processes.

In conclusion, we present a system for modelling endothelial senescence using two dis-

tinct approaches and examining the influence of substrate stiffness on the senescent phenotype.

Our findings confirm the successful modelling of senescence and highlight the detrimental ef-

fects of substrate stiffening. Moreover, we demonstrate that senescence affects not only cellular

proliferation but also cellular morphology and adhesion, nuclear morphology and lamina prop-

erties, cell-cell interactions, and the mechanical fingerprint of cells. Additionally, we show that

the expression levels of senescence markers and mechanobiology-related changes vary depending

on the senescence inducer.

6.2 Clinical relevance

We now understand that the mechanical properties of tissues change over time, with blood

vessels becoming stiffer as we age. Our findings show that this stiffening contributes to the

amplification of senescence markers and inflammation. From a clinical perspective, our results

imply that drugs that indirectly reduce vascular stiffening, such as ACE inhibitors or statins,

may help to limit the progression of endothelial senescence and its associated effects, including

chronic inflammation. Alternatively, therapies that inhibit cellular mechanotransduction could

be explored to counteract the influence of increased tissue stiffness on cell behaviour. Fur-

ther research is needed to identify specific pathways that can be safely targeted. In addition,

our work suggests that increased cytoplasmic stiffness may serve as a mechanical signature of

endothelial senescence, offering a potential new marker of vascular ageing to use on patients.

6.3 Limitations and future perspectives

As repeatedly highlighted in this work, endothelial cells in vivo are continuously exposed to

various physical stimuli, including shear stress and pulsatile stretch. In this study, we focused
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on the role of stiffness in senescence, given the strong association between vessel stiffening and

ageing. However, the absence of shear stress—an essential and constant mechanical cue for

endothelial cells—represents a key limitation of our model. Incorporating shear stress through

the use of a flow chamber, with adjustable levels ranging from physiological to pathological,

would significantly enhance the relevance of the system. Furthermore, within this experimental

setup, it would be valuable to investigate key components of the mechanosensing machinery,

such as the Piezo1 ion channel.

In this study, we compare the behaviour of cells on glass to their behaviour on polyacry-

lamide (PAAm) hydrogels, all consistently coated with type I bovine collagen. This approach

has some limitations. First, type I collagen was selected because it is the most commonly used

in studies of endothelial cell senescence; however, type IV collagen is the most abundant in

native endothelium. Therefore, it would be worthwhile to try collagen IV coating and to ex-

plore other proteins such as fibronectin. Second, the collagen coating process differs chemically

between glass and PAAm substrates. While glass is coated directly, PAAm hydrogels require

treatment with sulfo-SANPAH before collagen application; thus, collagen is covalently bound

to the gels. This means that cells could remodel the ECM and consequently the collagen in

the former, whereas in the latter, this does not occur. To evaluate potential differences arising

from this, a collagen distribution analysis could be conducted at different time points to assess

possible differences in collagen remodelling by the cells. Moreover, in light of the secretory

and RNA-seq results, it would be beneficial to explore the secretion of the ECM remodelling

factor to further investigate the role of senescence in remodelling and potentially stiffening the

substrate.

For the hydrogel fabrication, the stiffness range used in this study, from 30 kPa to glass,

is quite broad. Introducing an intermediate stiffness level would help capture potential trends

more accurately and ensure that the effects observed on glass are not solely due to differences

in substrate composition. Additionally, as widely recognised, biological tissues are not purely

elastic; incorporating viscoelastic substrates would allow for a more physiologically relevant

representation of endothelial environments.

For senescence characterisation, it would be beneficial to assess additional markers,

such as p21 and p16, and to perform a more comprehensive analysis of the SASP. This could

be achieved using cytokine arrays or ELISAs to evaluate a broader panel of cytokines.

Concerning the mechanobiology aspect, our findings offer only an initial insight into
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the potential effects of senescence on endothelial cells. Further investigation is necessary. In

particular, experiments involving contractility inhibitors such as ROCK inhibitor (Y27632) or

blebbistatin could provide a deeper understanding of several mechanisms in senescent cells,

including changes in focal adhesion and VE-Cadherin interaction, YAP nuclear translocation,

and cellular mechanical properties.

Additionally, performing traction force microscopy would offer valuable information on

how senescence affects cellular adhesion and force generation.

Given the pronounced and well-documented enlargement of senescent cells, it would

be worthwhile to explore the roles of other cytoskeletal components, such as microtubules

and intermediate filaments. Along this line, further studies examining cellular stiffness on

hydrogels—particularly those combining imaging and biophysical measurements of cytoskeletal

elements, including the actin cap—could yield meaningful insights.

Finally, given previous studies that highlight the role of the actin cap in nuclear pro-

tection, it would be valuable to investigate both the presence and composition of the actin cap

in senescent cells, as well as associated focal adhesions and components of the LINC complex.

These studies could also be conducted in the presence of the ROCK inhibitor to elucidate

additional regulatory mechanisms.
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[5] Carlos López-Ot́ın, Maria A Blasco, Linda Partridge, Manuel Serrano, and Guido Kroe-

mer. The hallmarks of aging. Cell, 153:1194–1217, 2013. doi: 10.1016/j.cell.2013.05.039.

[6] L. Hayflick and P. S. Moorhead. The serial cultivation of human diploid cell strains. Ex-

perimental Cell Research, 25:585–621, 1961. ISSN 00144827. doi: 10.1016/0014-4827(61)

90192-6.

[7] Ruchi Kumari and Parmjit Jat. Mechanisms of cellular senescence: Cell cycle arrest and

senescence associated secretory phenotype. Frontiers in Cell and Developmental Biology,

9:485, 3 2021. ISSN 2296634X. doi: 10.3389/FCELL.2021.645593/BIBTEX.

[8] Bennett G Childs, Martina Gluscevic, Darren J Baker, Remi-Martin Laberge, Dan Mar-

119



quess, Jamie Dananberg, and Jan M van Deursen. Senescent cells: an emerging target

for diseases of ageing. Nat Rev Drug Discov, 16, 2017. doi: 10.1038/nrd.2017.116.

[9] Sara I. Graves and Darren J. Baker. Implicating endothelial cell senescence to dysfunction

in the ageing and diseased brain. Basic & Clinical Pharmacology & Toxicology, 127:102–

110, 8 2020. ISSN 1742-7843. doi: 10.1111/BCPT.13403.

[10] Michihiro Hashimoto, Azusa Asai, Hiroyuki Kawagishi, Ryuta Mikawa, Yuji Iwashita,

Kazuki Kanayama, Kazushi Sugimoto, Tadashi Sato, Mitsuo Maruyama, and Masataka

Sugimoto. Elimination of p19arf-expressing cells enhances pulmonary function in mice.

JCI Insight, 1, 2016. doi: 10.1172/JCI.INSIGHT.87732.

[11] Kaj E.C. Blokland, Simon D. Pouwels, Michael Schuliga, Darryl A. Knight, and

Janette K. Burgess. Regulation of cellular senescence by extracellular matrix during

chronic fibrotic diseases. Clinical Science (London, England : 1979), 134:2681, 10 2020.

ISSN 14708736. doi: 10.1042/CS20190893.
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Vinarský, and Stefania Pagliari. Cellular mechanotransduction: From tension to function.

Frontiers in Physiology, 2018. doi: 10.3389/fphys.2018.00824.

[106] Shailaja Seetharaman and Sandrine Etienne-Manneville. Integrin diversity brings speci-

ficity in mechanotransduction. Biology of the Cell, 110(3):49–64, 2018. doi: https:

//doi.org/10.1111/boc.201700060.

[107] Allison Post, Ellen Wang, and Elizabeth Cosgriff-Hernandez. A review of integrin-

mediated endothelial cell phenotype in the design of cardiovascular devices. Annals of

Biomedical Engineering, 2019. doi: 10.1007/s10439-018-02171-3.

[108] Karin Legerstee and Adriaan B. Houtsmuller. A layered view on focal adhesions. Biology,

10:1189, 11 2021. ISSN 20797737. doi: 10.3390/BIOLOGY10111189.

[109] Donald E. Ingber. Tensegrity-based mechanosensing from macro to micro. Progress

in biophysics and molecular biology, 97:163, 6 2008. ISSN 00796107. doi: 10.1016/J.

PBIOMOLBIO.2008.02.005.
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Appendix A

Additional results
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Figure A.1 Presence of senescence markers at day 3. We performed the DNA damage and
β-Gal assays to prove that the senescent phenotype was already developed after three days since the
Doxorubicin treatment. (a) β-Gal staining (mean ± SD), (b) γ-H2AX staining (mean ± SEM). N=1,
n=3. Statistical analysis: Mann-Whitney test.
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Figure A.2 Paxillin occupied area and number of FAs per cell. (a) Paxillin area (mean ±
SEM), (b) Number of FAs per cell (mean ± SEM). N=1, n=3. Statistical analysis: one-way Anova,
Kruskal-Wallis test.
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Appendix B

Additional materials

B.1 RNA-seq analysis codes

We here report the R codes used to analyse the RNA-sequencing results.

B.1.1 Heatmap

1 ------##Download all the requiered packages##------
2 # Load the data
3 data <- read.csv("D:/RNAseq/analysis_01/hit -counts/TPM_values.csv",

row.names = 1)
4 data <- data[, 1:9]
5 # Filter genes with TPM counts > 100 in at least one condition
6 filtered_data <- data[rowSums(data[, 1:9] > 100) > 0, ]
7 # Generate the heatmap
8 pheatmap(filtered_data ,
9 color = bluered (75),

10 scale = ’row’,
11 clustering_method = ’complete ’,
12 clustering_distance_rows = ’correlation ’,
13 cluster_rows = TRUE ,
14 clustering_distance_cols = ’correlation ’,
15 show_rownames = FALSE ,
16 treeheight_row = 0,
17 show_colnames = TRUE ,
18 cluster_cols = TRUE)
19 cat("Number_of_genes:", nrow(filtered_data), "\n")

B.1.2 Gene Ontology

1 ------##Download all the requiered packages##------
2 # Load count data and initialize DGEList
3 # =============================================
4 counts <- read.csv("D:/RNAseq/analysis_01/hit -counts/raw_counts.csv",

row.names =1)
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5 counts <- counts[, 1:9]
6 dge <- DGEList(counts)
7 dge <- calcNormFactors(dge)
8 cpm_data <- cpm(dge)
9

10 # Simplified function to perform analysis and create only
clusterProfiler plots

11 simplified_analysis <- function(condition_cols , background_cols ,
log2fc_threshold = 1, title) {

12

13 # Calculate mean expression for the condition and background
14 mean_condition <- rowMeans(cpm_data[, condition_cols , drop = FALSE])
15 mean_background <- rowMeans(cpm_data[, background_cols , drop = FALSE

])
16

17 # Calculate log2 fold change
18 log2fc <- log2((mean_condition + 0.1) / (mean_background + 0.1))
19

20 # Get significant genes
21 significant_genes <- names(log2fc[abs(log2fc) > log2fc_threshold ])
22

23 # Print number of significant genes
24 cat("Number␣of␣significant␣genes␣for", title , ":", length(

significant_genes), "\n")
25

26 # Check if there are enough significant genes
27 if (length(significant_genes) < 5) {
28 cat("Too␣few␣significant␣genes␣found␣for", title , ".␣Skipping␣

enrichment␣analysis .\n")
29 return(NULL)
30 }
31

32 # Perform clusterProfiler enrichment analysis
33 tryCatch ({
34 ego <- enrichGO(
35 gene = significant_genes ,
36 universe = rownames(cpm_data),
37 OrgDb = org.Hs.eg.db,
38 keyType = keyType ,
39 ont = "BP",
40 pAdjustMethod = "BH",
41 pvalueCutoff = 0.05
42 )
43

44 # Only create plot if there are results
45 if (!is.null(ego) && nrow(ego@result) > 0) {
46 cat("Creating␣clusterProfiler␣plot␣for", title , "\n")
47 if (nrow(ego@result) > 0) {
48 cat("First␣few␣rows␣of␣ego@result :\n")
49 print(head(ego@result))
50 } else {
51 cat("No␣enriched␣terms␣found␣in␣ego@result\n")
52 }
53

54 # Create the plot
55 p <- dotplot(ego , title = title) +
56 scale_color_viridis_c(option = "plasma") +
57 theme_minimal(base_size = 14) +
58 theme(
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59 axis.text.x = element_text(angle = 45, hjust = 1),
60 plot.title = element_text(hjust = 0.5, size = 16, face = "

bold"),
61 panel.background = element_rect(fill = "white", color = "

white"),
62 plot.background = element_rect(fill = "white", color = "

white")
63 )
64

65 # Define condition indices
66 # =============================================
67 cols_C3 <- which(colnames(cpm_data) == "C3")
68 cols_C35 <- which(colnames(cpm_data) == "C35")
69 ...
70

71 # Run all comparisons
72 # =============================================
73 # C treatment , different substrates
74 cat("\n\nRunning␣C3␣vs␣C30␣comparison\n")
75 all_results$C3_vs_C30 <- simplified_analysis(cols_C3, cols_C30 , title

= "C3␣vs␣C30")
76 ...
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