
Investigating the role of cardiomyocyte 

senescence in delayed-onset 

doxorubicin cardiotoxicity 

 

Laura K. Booth 

 

Thesis submitted in accordance with the requirement for 

the degree of 

Doctor of Philosophy 

 

 

Translational and Clinical Research Institute 

Faculty of Medical Sciences 

 

 

 

September 2024





i 
 

Abstract 

Although cancer survival rates are continually improving, the delayed onset of 

cardiotoxicity as a result of chemotherapeutic treatment, particularly the anthracycline 

class of drug, places an increasing burden on healthcare systems: yesterday’s cancer 

survivors are fast becoming today’s heart failure patients. Cellular senescence (a cell 

fate defined by irreversible cell cycle exit, phenotypic alterations including 

mitochondrial dysfunction, and the expression of the pro-inflammatory senescence-

associated secretory phenotype) has gained significant attention as a contributor to 

this pathology. Studies have shown that pharmacological elimination of senescence 

prevents maladaptive remodelling and myocardial dysfunction in preclinical models of 

anthracycline-induced (specifically doxorubicin-induced) cardiotoxicity, but the 

interplay of senescence and cardiotoxicity remains poorly characterised at a cellular 

and molecular level. In this thesis, using clinically representative in vitro models of 

cardiac cells, it was demonstrated that classical senescence is initiated in these cells 

following exposure to doxorubicin, and these phenotypic hallmarks persist following 

removal of the drug. Furthermore, these cells exhibit far-reaching changes in their 

transcriptome. The cardiomyocytes also produce a classical senescence-associated 

secretome, which in isolation modulates the cardiac fibroblast phenotype and cellular 

response. Overall, these studies establish an in vitro model of doxorubicin-induced 

cardiomyocyte senescence, the secretome of which can influence other cardiac cell 

lineages – this may contribute to more global maladaptive myocardial remodelling (e.g. 

fibrosis) and long-term cardiotoxicity. Building on this work, targeting aspects of the 

senescent cardiomyocyte phenotype may prove a therapeutic strategy to prevent or 

treat anthracycline-induced cardiac dysfunction in the future. 
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Chapter 1. Introduction 

1.1 Cancer survivorship and the emergence of anthracycline-induced 

cardiotoxicity 

1.1.1 The long-term wellbeing of cancer survivors is a growing concern – chronic 

morbidities are associated with anticancer treatments 

Cancer is a group of diseases which continues to place a heavy burden on healthcare 

systems around the world. In line with the ageing and growing population of Britain,1 it 

is now estimated that the lifetime risk of cancer for British people born after 1960 is 

greater than 50%, notably larger than the same estimate for those born in the year 

1930 (15% increase for men, 10.8% increase for women).2 Happily, a striking decrease 

in the projected overall cancer mortality age-standardised rate has also been 

predicted, with a fall of 15.3% predicted between the years 2014 and 2035. Due to 

ever-improving cancer care and decreased cancer mortality, the cancer survivor 

population will therefore likely see a sizeable increase in the next decades, bringing 

with it a new set of challenges for clinicians and healthcare systems more broadly. 

Therefore, it is increasingly important that, alongside aiming to cure the malignancy 

itself, the medical community better understands how to promote good quality of life 

(better survivorship)3 for cancer survivors – i.e. considering “healthspan” alongside 

lifespan. 

Cancer survivors have a specific set of needs, which are often different from non-

survivors. Alongside additional financial, informational and psychological needs, 

cancer survivors may present with physical healthcare needs, which may be due to 

their disease history (e.g. risk of cancer recurrence) or their treatment history.4 This 

was demonstrated by Mandelblatt and colleagues’ study of  older breast cancer 

patients (> 60 years old), which found that chemotherapy treatment history was 

associated with poorer neuropsychological capability (attention, processing speed, 

and executive function), and hormonal therapy was associated with poorer learning 

and memory performance, in the same cohort.5  

The pioneering Childhood Cancer Survivor Study (CCSS) clearly showed how adult 

survivors of childhood cancer display increased incidence of many chronic health 

conditions compared to sibling-matched controls.6  Recent data suggest that in adult 

survivors of childhood cancer, frailty prevalence increased from 6.2% to 13.6% at 5 

years following study entry, with risk factors for increased frailty including chest 
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radiation > 20 Gy and lack of strength training.7 Strikingly, the strongest risk factor for 

death during follow-up in this study was prior frailty, emphasising that mitigating frailty 

in the survivorship period could impact mortality. Similarly, survivors of childhood 

medulloblastoma (the most common malignant paediatric brain tumour), have a high 

prevalence of adverse outcomes manifesting as IQ point loss,8 impaired global 

intellectual functioning and other morbidities,9 which is thought to be at least in part 

due to treatment with high-dose craniospinal irradiation.  

Alongside the aforementioned morbidities, cardiovascular disease (CVD) is particularly 

common in cancer survivors. For instance, patients in the CCSS cohort were 8.2 times 

more likely to die from cardiac-related events relative to the United States population,10 

and survivors from a large (n = 4,122) French-British cohort were 5.0-fold more likely 

to die as a result of cardiovascular diseases than the general population in the longer-

term (average follow-up = 27 years).11 The same phenomenon is observed in patients 

who received anticancer treatment as adults: cardiovascular disease is an emerging 

concern in breast cancer survivors,12 where exposure to common breast cancer 

therapies is associated with ischemic heart disease and heart failure (HF) and/or 

cardiomyopathy.13,14 In lymphoma survivors, one large multi-centre cohort study 

recently showed that CVD was, strikingly, the leading cause of mortality, ahead of 

classic Hodgkin’s lymphoma, at 5- and 10-year survival follow-ups.15 In some 

populations, mortality from cardiovascular disease now presents a greater risk than 

mortality from cancer recurrence. The field of “cardio-oncology” has emerged in recent 

years to address this phenomenon, promoting closer relationships between 

cardiologists and oncologists in a patient’s care team and cross-disciplinary research. 

In 2022, the European Society for Medical Oncology (ESMO) identified five main 

components of survivorship care, with the first being the “physical long-term and late 

effects of cancer and cancer treatment and chronic medical conditions”. ESMO stated 

that despite progress made over the years, a need remains for high-quality care, 

education and research in the field of cancer survivorship,16 which will surely increase 

in importance with the growing cancer survivor population.  

1.1.2 Effective chemotherapies like anthracyclines have contributed to the rising 

cancer survival rate but are cardiotoxic 

Improvements in cancer survival can be attributed to many factors, one being the 

availability of various effective chemotherapy treatments. The anthracycline class of 
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drugs encompasses some of the most well-established and widely used anticancer 

chemotherapies in use today. These drugs started life as prospective novel antibiotics, 

being initially isolated from Streptomyces bacteria in the 1950s.17 In the early 1960s, 

the antineoplastic anthracycline daunorubicin was independently discovered in the 

laboratories of both Farmitalia (coined “daunomycin”)18 and Rhône-Poulenc (coined 

“rubidomycin”).19 In vitro, daunomycin was shown to have striking cytotoxic effects in 

both normal and neoplastic cells and hence, attention shifted from the antibiotic 

properties to the broad-spectrum anti-cancer potential of anthracycline drugs.20 

Anthracyclines have a typical structure which contains a tetracyclic system, in which 

three of the four rings are planar (Figure 1.1),21 and they disrupt the cell cycle to target 

cancer cells through several mechanisms. Anthracyclines can interact with cellular 

DNA through intercalation, alkylation and cross-linking, and furthermore can prevent 

DNA unwinding by disrupting helicase activity; all of which disrupt the cell cycle. They 

also inhibit the enzyme topoisomerase IIα (TopIIα), which is overexpressed in fast-

replicating cells,22 leading to DNA damage and apoptosis. Another long-posited 

mechanism of action involves anthracyclines contributing to the generation of 

intracellular free radicals and reactive oxygen species (ROS), which induces cellular 

stress and consequent apoptosis. These mechanisms can be adjusted by modifying 

the variable groups of the generic anthracycline structure, for instance. Such 

modifications give rise to four common anthracyclines in use today (Table 1.1) 

 

 

Figure 1.1 Generic chemical structure of an anthracycline. Planar components 
of the structure are shown in red. Variable chemical groups are denoted Rˣ. 
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In the modern era, the anthracycline family are hailed as one of the most important 

discoveries in oncology therapeutics, with doxorubicin (DOX) notably being named on 

the World Health Organisation’s model list of essential medicines for its use in treating 

multiple cancers,23 such as acute lymphoblastic leukaemia, acute myeloblastic 

leukaemia, Hodgkin and non-Hodgkin lymphoma, alongside metastatic forms of breast 

cancer, Wilms’ tumour, neuroblastoma, soft tissue & bone sarcomas, ovarian 

carcinoma, thyroid carcinoma, gastric carcinoma, and bronchogenic carcinoma, and in 

certain settings, primary breast cancer, ovarian cancer, AIDS-Related Kaposi's 

Sarcoma and multiple myeloma.24,25 Like many other cancer chemotherapies, 

anthracyclines exert unwanted acute side effects upon patients, including immune 

suppression, nausea, vomiting, and fatigue.26 These side effects are weighed up 

against the drugs’ anticancer effects in  risk-benefit analysis, and overall, side effects 

are usually clinically manageable. But with ever more emphasis being placed on 

cancer survivorship rather than plain cancer survival, the long-term, off-target effects 

of chemotherapies including anthracyclines are being more keenly felt by patients than 

ever, and this is raising new questions in drug safety and toxicology spheres. Perhaps 

the most notorious of these is anthracycline-induced cardiotoxicity (AIC), which has 

been recognised as an adverse effect of anthracyclines since the late 1960s.27 

 

Anthracycline R1 R2 R3 R4 

Doxorubicin OMe OH OH H 

Epirubicin OMe OH H OH 

Daunorubicin OMe H OH H 

Idarubicin H H OH H 

 

1.1.3 The history of anthracycline cardiotoxicity – first documented acute cases 

to long-term survivors today 

Daunomycin was the first anthracycline to be discovered, and its cardiotoxicity quickly 

became evident in Phase I clinical trials, but this did not preclude its further use in the 

clinic due to its favourable risk-to-benefit ratio in patients with advanced cancer, and 

the drive in the field to discover effective antineoplastic drugs.28 Extensive clinical trials 

investigating AIC took place in the 1970s and the cardiotoxicity of daunomycin’s 

Table 1.1 Variable chemical groups in four major anthracycline drugs 
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derivative DOX has now become well-characterised, and often predominates other 

anthracyclines in the literature today. In 1973, LeFrak and colleagues showed that out 

of 399 DOX-treated cancer patients (who had no previous history of cardiac 

complaints), 11 developed sudden onset severe congestive HF (CHF). This proved 

fatal for eight out of the 11 patients, who died within three weeks of cardiac symptoms 

being recorded.29 Concurrently, a phase II trial was conducted by O’Bryan and 

colleagues, in which 472 cancer patients were treated with DOX and observed. In this 

instance, 43 patients displayed acute electrocardiographic changes soon after DOX 

therapy: three of these patients died suddenly and a further two developed irreversible 

CHF.30 

These historic studies of acute AIC paved the way for the first established line of 

defence against the pathology: reducing the lifetime cumulative dose of anthracycline 

a patient receives. This simple but effective control measure is still used today and 

here, the clinician must carefully balance the anti-cancer effects of the therapy and its 

cardiotoxicity. Various cardiac risk factors must be evaluated when establishing a 

maximum safe dosage of anthracycline therapy for an individual, but in the case of 

DOX, a lifetime cumulative dose of < 550 mg per m2 of body surface area (mg/m2) was 

historically generally used as an upper limit to minimise cardiac phenomena.31 Today 

however, the National Institute for Healthcare Excellence (NICE) guidelines 

recommend the limit of 450 mg/m2, based on more recent studies.32,33  

In addition to this acute cardiotoxicity, cancer survivors can also present a late-onset, 

chronic cardiotoxic following anthracycline therapy, in which symptomatic cardiac 

abnormalities (e.g. cardiomyopathy resulting in diminished cardiovascular 

performance) do not manifest for months or years after treatment conclusion. This is 

now considered the most insidious and poorly understood form of AIC. It is now thought 

that there are “no safe doses” of anthracyclines when considering lifetime effects, 

particularly in childhood cancer survivors,34 where late toxic effects become especially 

noticeable. Steven E. Lipshultz is a prominent researcher in this field, and one of his 

seminal publications showed how chronic, progressive cardiac abnormalities were 

strikingly common in survivors of childhood acute lymphoblastic leukaemia many years 

after therapy conclusion.35 A large (n = 4122) study in 2010 emphasised these findings 

by showing that in the long term (average follow-up time = 27 years), survivors of 

anthracycline-treated childhood cancer had a 4.4-fold higher risk of death from 

cardiovascular disease than the general population.11 
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1.2 Anthracycline-induced cardiotoxicity in the clinic 

1.2.1 Evolving classifications of cardiotoxicity – anthracycline-induced 

cardiotoxicity 

Within AIC, three categorisations of disease presentation have historically been used, 

well-described by Giantris et al. in their 1998 report.36 Firstly, acute AIC: “a reversible 

depression of myocardial function after the initial infusion of anthracycline, [where] 

discontinuation of the anthracycline usually results in significant improvement”. 

Secondly, early-onset chronic AIC, which “presents within 1 year after the completion 

of anthracycline treatment, has known risk factors and will persist or progress even 

after the discontinuation of anthracycline therapy”. And lastly, late-onset chronic: 

“cardiomyopathy that manifests itself after a latency period of 1 or more years following 

completion of anthracycline therapy… there is a period during which no left ventricular 

dysfunction or arrhythmia is detected, cardiac function appears normal, and the patient 

is asymptomatic. After this latent period, there is often progressive and rarely fatal 

deterioration in cardiac function”. However, marrying these manifestations with 

molecular mechanisms of disease (particularly distinguishing the latter two) is 

conceptually challenging, and more recently it has been proposed that these 

manifestations may be based solely on diagnosis timing & methodology, rather than 

true onset of cardiotoxicity at a biochemical level: it might indeed be the case that AIC 

is one continuous, progressive disease simply captured at different times by different 

diagnostic tools (e.g. serum biomarkers vs echocardiographic abnormalities vs HF 

symptom presentation).37 Cardinale and colleagues demonstrated that 98% of the 

time, cardiotoxicity occurred less than one year following completion of anthracycline 

chemotherapy. The authors monitored patients closely for cardiotoxicity, and promptly 

began treatment with HF medication upon detection, resulting in full or partial 

improvement in left ventricular systolic function in 82% of cases. They therefore 

concluded that AIC is not irreversible and is likely one continuous phenomenon, 

challenging the historic acute/early-onset/late-onset chronic framework used to 

categorise clinical presentations of disease. 

1.2.2 Risk factors and incidence of anthracycline-induced cardiotoxicity 

Risk factors for development of CVD later in life after anthracycline treatment include 

classical cardiovascular risk factors, for instance modifiable factors like hypertension 

and dyslipidaemia, which might be measured then evaluated together by a clinician 
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using an algorithm such as the Framingham Risk Score.38 The prevalence of such 

modifiable risk factors was shown to be similar in adults exposed to cardiotoxic cancer 

therapies in their childhood compared to the general population but interestingly, 

cancer survivors were nearly twice as likely to be undertreated for these conditions, 

which could potentiate the late effects of cardiotoxic chemotherapies.39 Furthermore, 

patients with pre-existing CVD conditions/a family history of CVD,40 patients who have 

received concomitant or sequential thoracic irradiation,41 and patients who are very 

young or very old are at higher risk of developing AIC.42 Interestingly, female sex is 

significantly associated with a greater incidence and severity of cardiovascular events 

later in life after receiving anthracycline therapy for a childhood cancer, though 

precisely why this is remains unclear.43 Lastly, as was alluded to previously, AIC risk is 

highly dose-dependent, with higher lifetime cumulative doses correlating strongly with 

cardiotoxicity risk across patient cohorts – this has been noted historically and was 

starkly demonstrated by Swain and colleagues in their 2003 retrospective analysis of 

three clinical trials investigating CHF after DOX exposure (Figure 1.2). 

Taking into account all these risk factors and the diversity of indications treated with 

anthracyclines, it is difficult to accurately estimate the overall incidence of AIC in the 

clinic, and the field acknowledges this uncertainty as a challenge.44 One robust study 

of breast cancer and lymphoma patients recently found that the incidence of CHF to 

be 7.4% over a 15-year period, in anthracycline-exposed patients compared to 

community controls.45 This study is considered particularly reliable as the authors 

robustly defined CHF (using the modified Framingham criteria) and performed manual 

record reviews to confirm CHF diagnosis.44 
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1.2.3 Anatomical classification of anthracycline-induced cardiotoxicity 

Considering the anatomical classifications of AIC, several detectable 

cardiomyopathies have been reported.36 Firstly, dilated cardiomyopathy, in which the 

left ventricle (LV) chamber becomes enlarged, leading to incomplete ejection of blood 

from the chamber – this is the most typical anatomical presentation of AIC in patients 

who received anthracycline therapy as adults. Secondly, hypertrophic cardiomyopathy, 

in which the LV walls themselves become thickened, encroaching on the chamber 

volume and impairing contraction. Thirdly, restrictive cardiomyopathy, in which the LV 

wall becomes rigid but not thickened, impairing contraction through loss of elasticity – 

this has been observed more specifically in patients who received anthracycline 

therapy as children and survived to adulthood.46 Another novel clinical presentation of 

AIC in paediatric populations was coined by Lipshultz and colleagues in 2014; “Grinch 

syndrome”. Here, it was noted that patients treated with anthracyclines for acute 

lymphoblastic leukaemia in childhood developed hearts which were too small for their 

body size.47 These disparate anatomical presentations of AIC dependent on patient 

age at point of treatment indicate that anthracyclines may affect myocardial growth 

(which studies suggest is primarily driven by hypertrophy rather than hyperplasia in the 

Figure 1.2 Cumulative percentage of patients having experienced congestive 
heart failure (CHF) increases with higher cumulative DOX dose. Adapted from 
Swain et al. 2003. Data are expressed as cumulative percentage +/- standard error. 
n = 630 patients, 32 CHF events. 
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cardiomyocyte (CM) population, which is the opposite of what is thought to occur in 

cardiac endothelial and fibroblast populations).48 

1.2.4 Histopathology of anthracycline-induced cardiotoxicity 

Despite the long history of AIC research, there is still relatively little information 

regarding the histopathology of this chronic disease in its late stages. Historical reports 

note myofibrillar loss, sarcoplasmic reticulum swelling and “myocyte damage” in 

endomyocardial biopsies from anthracycline-treated patients.49,50 In a more recent 

study using a small cohort of hearts (n = 10) from AIC patients (at autopsy or explanted 

from cardiac transplant), necrosis and myelocytolysis was not observed, but fibrosis 

was noted in many forms: Interstitial (10/10), multifocal (6/10), diffuse (3/10), and focal 

(1/10). Replacement fibrosis was seen in multifocal (2/10) and focal (4/10) formats.51 

At a macro level, it is not thought that concentric remodelling of the myocardium is 

associated with anthracycline exposure (as assessed by prospective 

echocardiography),52 but at a the microenvironmental and cellular level, remodelling 

processes such as CM hypertrophy, increased collagen deposition and extracellular 

matrix (ECM) modulation have been demonstrated in preclinical models of AIC.53-55 

1.2.5 Assessing cardiovascular health: applications for anthracycline-induced 

cardiotoxicity 

Cardiac health can be measured in several ways, including serum biomarkers, imaging 

techniques, patient questionnaires and exercise tests. To make a diagnosis of cardiac 

abnormalities, e.g. HF in AIC, a careful combination of approaches provides a 

comprehensive assessment. 

B-Type Natriuretic Peptide (BNP) and the troponin family of proteins constitute the 

main circulating biomarkers used to assess cardiac health in the clinic. Mature BNP 

protein is produced in a stepwise manner: firstly, the NPPB gene encodes for the 

preproBNP protein, which is secreted by CMs and other cardiac-resident cells into 

circulation.56 In the presence of stress, preproBNP is cleaved via the serine protease 

corin into NT-proBNP (inactive fragment) and BNP (active hormone).57 Both NT-

proBNP and BNP can be detected in plasma, and are considered useful (often gold-

standard) markers of acute myocardial infarction (MI) and end-stage HF in the 

clinic,58,59 which are also robust prognostic indicators of morbidity and mortality.60,61  

Troponins are elements of the calcium-binding troponin complex, which regulates 

muscle contraction through structural changes of the actin-tropomyosin filaments and 
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activation of myosin ATPase activity.62 Three main forms of troponin are expressed by 

CMs: troponin C (cTnC), troponin I (cTnI), and troponin T (cTnT). cTnI and cTnT are 

released by necrotic CMs and used as a circulating clinical biomarker of myocardial 

injury, including AIC. Troponin assays have traditionally been considered as primarily 

reflective of acute myocardial necrosis, but many studies now suggest that this marker 

is upregulated in chronic disease also, which was recently reviewed.63 Interestingly, 

the 2024 PROACT clinical trial found that breast cancer patients with a history of high-

dose anthracycline treatment showed different incidences of myocardial injury 

dependent on which troponin assay was used as a biomarker of myocardial injury at 1 

month post-treatment. When cTnT criteria were used, 89% of patients were deemed 

to have myocardial injury, whereas when cTnI criteria were used, only 51% of patients 

were deemed to have myocardial injury,64 raising questions about how to choose an 

assay in the clinic and what each assay’s clinically relevant thresholds might be. 

Cardiac function can also be assessed by imaging techniques, for instance to evaluate 

how much blood the left ventricle pumps out with each contraction, termed the left 

ventricular ejection fraction (LVEF). HF can present with preserved or reduced ejection 

fraction (HFpEF or HFrEF, respectively). This is commonly measured using 

echocardiography, where reduced ejection fraction is usually defined as < 40%, and 

preserved ejection fraction ≥ 50%, with a “grey area” between these thresholds termed 

“mid-range”.65 AIC is typically diagnosed in a HFrEF paradigm (systolic dysfunction) 

but some studies have suggested that AIC onset could be predicted by diastolic 

dysfunction (manifesting as HFpEF, perhaps before progressing to HFrEF), and that 

there may be value in incorporating non-strain parameters as predictors also.66-68 A 

powerful imaging method for diagnosis of cardiac dysfunction in AIC is cardiac 

magnetic resonance imaging (MRI), a comprehensive technique with novel 

prospective applications.69 However, its widespread use is hindered by higher costs 

and invasiveness (intravenous injection of gadolinium dye is required).70 Lastly, 

traditional questionnaires like the Minnesota Living with Heart Failure Questionnaire 

(MLHFQ) are commonly used to assess patient quality of life and the patient’s 

perception of the impact of medical interventions:71 though it is nearly 35 years old, the 

MLHFQ remains a robust instrument to assess patient quality of life.72 These 

questionnaires are not fully capable of capturing cardiopulmonary functionality 

however, so exercise tolerance tests are useful in defining a patient’s maximum 

exercise capacity, which is characteristically diminished in HF.73 
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Each screening method carries with it a set of strengths and drawbacks, and a multi-

pronged approach should be used to assess cardiac health after anthracycline 

exposure: several comprehensive reviews and guidelines relevant to paediatric and 

adult patient populations have been published covering these topics, which emphasise 

the need for harmonisation of monitoring/screening approaches both domestically and 

globally.74-76 The cost-effectiveness and ethics of the routine cardiac screening of 

anthracycline-treated patients is actively debated by clinicians in the field, especially in 

healthcare systems in which the patient is liable to pay for their treatment at point of 

care. Better understanding molecular mechanisms of which may give rise to 

anatomical abnormalities is a priority in AIC research, given that early detection and 

intervention can significantly improve cardiac outcomes and lessen the restriction of 

these efficacious oncology therapies. 

Whilst traditional cardiovascular risk factors and cumulative anthracycline dose 

predominate as risk factors for AIC development, it can remain challenging to predict 

which patients will develop AIC even after controlling for these factors. Better prediction 

and earlier diagnosis of AIC allows for more fruitful clinical interventions. Circulating 

biomarkers BNP and cTnT have been suggested as predictive clinical biomarkers of 

AIC, in addition to their established diagnostic use, but the evidence base for this is 

mixed.77,78 Several molecular mechanisms have been suggested to underpin AIC 

(which will be discussed later in this thesis) and circulating markers from these 

mechanisms have consequently been proposed as predictive biomarkers of disease, 

but none have yet translated to the clinic successfully. 

1.2.6 Anthracycline-induced cardiotoxicity has limited targeted treatments 

available 

AIC can in some cases be prevented by co-administering the metal-chelating drug 

dexrazoxane alongside anthracycline therapy. In the 1970s, researchers facilitated by 

Imperial Cancer Research Fund developed a class of bisdioxopiperazine-based 

compounds for use in an oncology setting based on their metal-chelating properties.79 

Being intolerably toxic, the compounds were not successful as antineoplastic agents, 

but Eugene H. Herman and colleagues discovered that one compound in particular, 

ICRF-187, was in fact protective against AIC, showing cardioprotective effects in DOX- 

and daunorubicin-treated dogs, rabbits, and pigs.80-82 This compound would later be 

named dexrazoxane, which is now stands alone as the only recognised, preventative, 

cardioprotective agent against DOX or epirubicin cardiotoxicity.83 
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The Food and Drug Administration first approved the use of dexrazoxane for patients 

with metastatic breast cancer who had received a DOX cumulative dose of > 300 

mg/m2 and who would continue to receive DOX in their chemotherapy regimen.83 The 

European Medicines Authority also now allows for the use of dexrazoxane in cancer 

patients under 18 years of age who would receive > 300 mg/m2 of anthracycline 

therapy.84 Though this drug is a go-to for many cardio-oncologists, particularly in the 

paediatric sphere, there is some debate remaining concerning its safety, efficacy and 

molecular function.  

One impactful study from 2007 found that paediatric Hodgkin lymphoma patients pre-

treated with dexrazoxane before anthracycline exposure showed a higher incidence of 

developing secondary malignancies than patients treated with anthracyclines alone.85 

This study understandably received a great deal of attention in the field and remains 

well-cited: the authors speculated that the only cardioprotective drug available in AIC 

dampened the antineoplastic effects of anthracyclines. However, this was a very small 

study: out of 278 patients in both arms of the study, just 10 patients developed 

secondary malignancies. Using this subgroup, it was calculated that the standardized 

incidence rate for all second malignant neoplasms was significantly increased at 41.86 

with dexrazoxane versus 10.08 without dexrazoxane.85 Subsequent studies (mostly in 

studies focused on adult survivors of childhood cancer) have failed to reproduce this 

phenomenon, and the concept that dexrazoxane treatment increases the risk of 

secondary neoplasms has largely been disproven.86 More recent studies point to the 

long-term cardioprotective effects of dexrazoxane, in long-term follow-up.87,88 

Interestingly however, dexrazoxane has been shown to exert more cardioprotective 

benefit in young female patients compared to young male patients, and the reason for 

this is unknown.86 Furthermore, debate still continues on the molecular mechanisms 

behind dexrazoxane’s cardioprotective effects,89 which will be discussed later in this 

thesis. 

1.2.7 The utility of standard-of-care heart failure interventions in treating 

anthracycline-induced cardiotoxicity 

Once AIC-associated HF has been diagnosed, standard-of-care treatments which 

generically aim to manage HF are employed, typically including angiotensin-converting 

enzyme inhibitors (ACEi), angiotensin receptor blockers (ARBs) and beta-adrenergic 

blockers (beta-blockers). However, the evidence base for the benefit of these 

medications in AIC specifically, is mixed.  
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The renin-angiotensin-aldosterone system (RAAS) is a key regulator of the 

cardiovascular, renal and vascular systems, and thus is an important pharmacological 

target in blood pressure management and CVD more broadly.90 The angiotensin (Ang) 

hormones and their receptors form a key part of this system. Ang I is cleaved from the 

circulating prohormone angiotensinogen (produced by the liver) by the enzyme renin. 

Angiotensin-converting enzyme then cleaves Ang II from Ang I, and Ang II enters into 

circulation. Two major subtypes of angiotensin receptor are AT1R and AT2R, which 

allow the RAAS system to modulate humoral and haemodynamic effects. Therefore, 

several components of this system are targeted in the treatment of CVD. Both ACEi 

and ARB therapies (which aim to attenuate the conversion of Ang II to Ang I, and 

dampen the signalling of circulating Ang II via competitively inhibiting the AT1R, 

respectively) can beneficially alter haemodynamics in patients with CVD,91-93 which 

has greatly impacted the management of HF. Beta-blockers are slightly different from 

ACEi and ARB therapies in that they aim to modulate the effects of the RAAS on the 

sympathetic nervous system. This system becomes persistently activated in HFrEF, 

leading to chronic activation of myocardial β-receptors, which regulate heart rate and 

contractility (via the agonistic action of e.g. adrenaline and noradrenaline hormones). 

Pharmacologically blocking chronic β-receptor activation can upregulate myocardial β-

receptor number and restore their function, thus improving the contractile reserve of 

the heart, re-balancing the RAAS, improving coronary flow and overall improving the 

structure and function of the left ventricle.94  

In the specific context of AIC-HF, however, the benefit of ACEi, ARB and beta-blocker 

prescription is more contentious. In adult survivors of childhood cancer treated with 

DOX who were experiencing LV dysfunction, the ACEi enalapril transiently induced 

improvement in LV structure and function but long-term, the LV wall continued to thin 

and deteriorate.95 The short-term benefits of enalapril were therefore attributed to the 

lowering of diastolic blood pressure. This was mirrored in an adult cohort in the recent 

PROACT trial, focusing on breast cancer and lymphoma patients who had been treated 

with high-dose anthracycline, which showed that treating with enalapril alongside 

chemotherapy regimen did not prevent cardiotoxicity.64 The PRADA trial showed that 

treatment with the ARB candesartan and beta-blocker metoprolol during anthracycline 

therapy for breast cancer did not prevent LVEF decline at two years follow-up. They 

did however find that candesartan modestly improved LV end-diastolic volume (the 

amount of blood remaining in the LV prior to contraction) and attenuated a decline in 
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global longitudinal strain (an echocardiographic measurement of LV shortening from 

base to apex). Overall, results suggested that most patients with early breast cancer 

would not benefit from a broadly administered cardioprotective approach such as 

this.96 A meta-analysis of 17 trials testing the benefit of prophylactic beta-blocker 

administration for AIC prevention concluded that beta-blockers could prevent dilation 

of the LV, development of diastolic dysfunction and LVEF reduction but even so, these 

effects did not attenuate cardiotoxicity incidence, prevention of hospitalisation for HF, 

or cardiac death.97 Lastly, the Cardiac CARE trial recently demonstrated a combination 

therapy of ACEi candesartan and beta-blocker carvedilol had no demonstrable 

cardioprotective impact on patients with high-risk cTnI concentrations undergoing 

anthracycline-based chemotherapy, at 6 months-post treatment.98 Similar declines 

were observed in LVEF between treatment groups, and additionally, the usefulness of 

monitoring cTnI for AIC development was called into question, given that similar 

declines in LVEF occurred regardless of changes in cardiac troponin concentration 

during chemotherapy. 

In summary, the only AIC-specific treatment used in the clinic today remains 

dexrazoxane, which has demonstrable cardioprotective effects – however, these 

effects have a larger evidence base in paediatric populations, and as will be discussed 

later in this thesis, the molecular mechanisms of this drug are still actively debated. 

Standard-of-care HF interventions such as ACEis, ARBs and beta-blockers are used 

in patients but their clinical benefit, as investigated in several recent clinical trials, is 

questionable. In late-stage AIC-HF refractory to these therapies, the only remaining 

intervention is transplant. Though outcomes are reportedly equally as positive for AIC 

patients compared to non-AIC patients requiring heart transplant (e.g. similar rates of 

organ rejection, transplant-associated malignancy, graft survival), the co-morbidities 

which anthracycline-treated patients may live with (e.g. active neoplasms, ongoing 

therapy, frailty) may hinder or exclude their access to transplant.99 Alongside this, AIC 

patients typically wait longer for a transplant heart than other patients,100 against a 

background of an  insufficient donor pool to serve those requiring heart transplant 

(Figure 1.3).101 Better therapies and interventions are therefore needed for AIC 

patients, who represent a growing population with specific healthcare needs, and 

understanding the molecular mechanisms of AIC is key to this objective. 
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Figure 1.3 The number of people waiting for a heart transplant in the UK and 
the number of heart transplants carried out in the UK between 2014 and 2023. 
Data from NHS Blood and Transplant 2023 report. 
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1.3 Reported molecular mechanisms of anthracycline cardiotoxicity 

Although the cardiotoxicity of anthracyclines has been noted in the clinic for over 50 

years, the molecular mechanisms underpinning this cardiotoxicity are still not well 

understood, though a number have been proposed. 

1.3.1 Oxidative stress and topoisomerase poisoning as mechanisms of 

anthracycline-induced cardiotoxicity 

Cellular oxidative stress has received longstanding attention in the evaluation of both 

the anti-cancer and cardiotoxic effects of anthracyclines. Anthracyclines contain a 

quinone moiety which can undergo reductive activation via several intracellular 

oxidoreductive enzymes. In the process of conversion from quinone to semiquinone 

moiety, free radicals are generated, which interact with intracellular oxygen to yield 

ROS (Figure 1.4), causing stress to the cell.  

On the other hand, being sufficiently chemically complex, anthracyclines have a wide 

range of possible metabolic cascades. In the intracellular CM context, further metabolic 

pathways excluding quinone moieties are possible and may contribute to more chronic 

forms of AIC, one example being the reductive deglycosidation of DOX. These 

alternative metabolic pathways may actually be more pathophysiologically relevant, 

since they are more commonly seen at physiological O2 partial pressures and are 

feasible at 10-20 times lower DOX concentrations.102-104 Minotti and colleagues have 

proposed that as cardiotoxicity moves from acute to chronic phases, anthracycline 

redox cycling becomes less relevant.105 

Iron has been named as a key mediator of anthracycline-induced oxidative stress, but 

mechanistic studies have historically been mixed. Seminal biochemical studies by 

Myers et al., amongst others, highlighted the crucial role iron plays as a mediator in 

anthracycline redox cycling reactions.106,107 It is believed that anthracyclines stimulate 

the accumulation of iron and, in particular, low molecular weight iron (the “labile iron 

pool”) within CMs.108 Some studies have pointed to this cellular accumulation of iron 

being a driver of AIC, and more recent investigations have revealed that iron 

preferentially accumulates in the CM mitochondria.109 It has also been shown that 

cardiac cell lysate mitochondrial DNA (mtDNA) alterations are caused by ROS 

generated by DOX treatment, and that these alterations feed back into further mtDNA 

damage and respiratory chain defects.110 This was later posited to deplete the 

bioenergetic capacity of the organelles,111 effectively impairing them in the long term. 
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On the other hand, the fact that iron-chelating dexrazoxane is clinically cardioprotective 

in AIC, but its sister compound desferasirox (also an iron chelator) does not provide 

CMs with protection from DOX-induced toxicity in vitro,112 threw into question the 

cardioprotective mechanism of action of dexrazoxane and consequently the role of 

intracellular iron accumulation in AIC. The TopIIα-poisoning property of anthracyclines 

canonically targets fast-replicating cell types: this underpins their potency as 

antineoplastic agents. However, CMs show very little TopIIα expression.113 Instead, 

they predominantly express the TopIIβ isoform, which studies have shown can be 

poisoned by DOX, and may contribute to cardiotoxicity.114 In 2007, Lyu et al. showed 

that in CMs, dexrazoxane interacts with TopIIβ, rather than acting solely as an iron 

chelator: dexrazoxane thusly prevents TopIIβ poisoning by anthracyclines and 

attenuates DNA damage and cellular stress.89 Building upon this, Martin and 

colleagues subsequently showed that the TopIIβ-inactive iron chelator ICRF-161 was 

not protective against the cardiotoxic effect of DOX in an in vivo model of chronic 

anthracycline-induced cardiomyopathy.115  

These findings highlight the complexity of the intracellular signalling cascades at play, 

which historically may have been oversimplified. Indeed, the variation in dexrazoxane’s 

cardioprotective effects between young female and male patients, and how these 

change with age,116 is a stark indicator that the molecular mechanisms of 

cardioprotective therapies are not as simple as they first appear. 

Figure 1.4 Schematic of the reductive activation of the quinone moiety in DOX, 
a classical anthracycline. A) The structure of DOX, with the mechanistically 
relevant quinone moiety highlighted in yellow. B) NAD(P)H-dependent one-electron 
reduction of the quinone moiety as proposed by Minotti et al. (2005).  An unstable 
semiquinone forms as a result, which readily regenerates its parent species by 
reducing oxygen to eventually yield reactive oxygen species like H2O2. 
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Finally, it must be noted that ROS generation in cardiac cells has commonly been 

observed in studies using a supratherapeutic dose of anthracycline. Though historical 

studies have shown that DOX concentrates significantly in the mitochondria and nuclei 

of the myelogenous leukaemia cell line K562,117 this may not be necessarily true of 

CMs and other cardiac cell types.118 Much of the historic research in this area has 

focused on CMs only, giving a restricted view of the molecular processes of the heart 

more globally, which comprises several cell types, all important for proper function. 

Finally, in a more general sense, oxidative species such as H2O2 are implicated in 

myriad regular cellular processes and are essential for proper cell signalling, 

physiologically speaking. Therefore, in this context it can be difficult to fully unpick 

whether oxidative species release is a primary response to acute damage, or a 

secondary response further down a signalling cascade. Indeed, generation of ROS 

within CMs could viably represent both a cause and effect of acute cellular damage 

from anthracycline exposure. In summary, though mechanisms involving ROS 

generation and intracellular iron accumulation have garnered a good deal of attention 

in cardiotoxicity research overall, other mechanisms may also be at play in chronic 

AIC.119 

1.3.2 Mitochondrial dysfunction in the pathophysiology of anthracycline-

induced cardiotoxicity 

Due to their constant mechanical workload, CMs are extremely energetically 

demanding. Their mitochondria are therefore especially crucial to their function, which 

rely on a delicate balance of bioenergetics, mitophagy, mitochondrial biogenesis and 

fission/fusion. Independent of the mechanisms above involving ROS generation, 

anthracycline-induced mitochondrial dysfunction may have detrimental effects. For 

instance, the TopIIβ-mediated cytotoxicity of DOX has repeatedly been linked to 

mitochondrial disturbances including attenuated mitochondrial regulation and 

biogenesis.109,114 

Cardiolipin has emerged as a potential target in chronic AIC: cardiolipin is a 

phospholipid housed in the inner membrane of mitochondria and is crucial to stabilising 

enzymes and their complexes to facilitate effective energy metabolism.120 In many 

tissues, cardiolipin has been implicated in pathologies such as ischemia, ageing and 

HF.121  Reduced concentration of cardiolipin, or variation in its composition, is found 

within Barth syndrome (BTHS), an X-linked recessive disease: these cardiolipin 

alterations stem from a mutation within the tafazzin gene, which is key to the 
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biogenesis of cardiolipin.122 The symptoms of BTHS are heterogeneous, but a key 

hallmark of the disease is cardiomyopathy. These findings prompt the question of how 

much influence the cardiac lipidome holds on heart disease in a more general sense, 

and this has recently been explored in the context of late-onset AIC. 

In 2015, Moulin and colleagues found that in a chronic in vivo model of DOX-induced 

cardiotoxicity, DOX had a sex-specific impact on the cardiac phospholipidome, 

especially on cardiolipin.123 This supports Lipshultz et al.’s earlier findings that an 

independent risk factor for cardiac abnormalities after treatment with DOX for 

childhood cancer was female sex.43 Loss of cardiolipin and cytochrome c was recently 

linked to depressed mitochondrial respiration in a chronic DOX-induced cardiotoxicity 

in vivo mouse model, making the heart vulnerable to accelerated ageing and inhibiting 

its ability to respond to stress.124 Additionally, Xu et al. found that cardiolipin was 

degraded too quickly in lymphoblasts taken from patients with BTHS, and that 

resveratrol protected cardiolipin’s degradation into other fatty acid compounds.125 The 

group found that resveratrol stabilised existing cardiolipin, rather than stimulating 

cardiolipin biogenesis, and furthermore their data suggested this stabilisation occurred 

through the sequestration of cardiolipin into large protein complexes. Resveratrol is an 

established cardioprotective agent, but its therapeutic benefit was first attributed to its 

influence in ROS/iron accumulation-type mechanisms,126 whereas in Xu et al’s study, 

its beneficial effects were attributed to its ability to promote the stabilisation of 

supercomplexes of phospholipids and proteins. 

1.3.3 Anthracyclines can diminish the already limited regenerative capacity of 

the heart 

The regenerative capacity of the heart and its cellular source is much debated. 

Historically, the dogma has long been that CMs in the human heart are essentially post-

mitotic.127,128 In the early 2000s, studies reported that the adult myocardium did in fact 

possess some regenerative capacity,129,130 but unfortunately the reliability of the data 

in these papers and the wider scientific conduct of selected authors has since been 

questioned.131 However, in 2009, an impactful study by Bergmann and colleagues 

demonstrated that CMs could indeed be regenerated postnatally – albeit much more 

modestly than was suggested in the aforementioned studies. They  elegantly showed 

this by assessing the integration of carbon-14 into DNA to measure CM age, and 

although the reported CM turnover was low (< 50% of CMs being exchanged within a 

human lifetime), this represented compelling evidence that human CMs are not 
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completely post-mitotic.132 This sparked a flurry of affirming studies, and discussion in 

the field.133-135 

Within this new paradigm, many questions remain concerning why CMs are still 

relatively limited in their regenerative potential, and what cellular source of this limited 

regeneration may be. A recent review suggested that the polyploidic nature of CMs 

may be an obstacle in their continuing the cell cycle and highlighted this as a 

particularly perplexing part of their physiology.136 Senyo and colleagues showed in 

2014 that turnover of CMs in the absence of injury is underpinned by low-level (0.76% 

per year) CM proliferation rather than cardiac progenitor involvement.137 Several 

nuances such as those explored by Senyo et al. have not yet been fully elucidated. In 

summary, stimulating any innate proliferative capacity of the CM would represent an 

exciting opportunity for treating the many CVDs where CMs are lost to apoptosis, which 

preclinical models indicate does occur in the acute stages of AIC.138,139 

The concept of a cardiac stem cell (CSC) or cardiac progenitor cell (CPC) came to 

prominence in the early 2000s. Several stem cell populations, precursor populations, 

and markers thereof have been proposed, such as endogenous c-kitPOS, Sca-1+, and 

Side Population cells.140-143 Some studies have suggested CSCs or CPCs may be 

drivers of cardiomyogenesis. Separate to CM proliferation, these populations represent 

alternative sources of new, postnatal cardiac cells, which could renew, replace or 

expand CM populations. CSCs and CPCs could be a key pathophysiological target for 

anthracyclines: indeed, DOX has been shown to deplete CPCs, and permanently 

impair their function.144 The histone deacetylase SIRT1 has been reported as a 

protective agent for stem cell populations, including CPCs. By treating with resveratrol, 

a SIRT1 activator, De Angelis et al. showed that cardiac function could be partly 

repaired in an in vivo DOX-induced cardiotoxicity context.145 If anthracyclines do 

damage these populations underpinning cardiac cell generation, various cardiac cell 

populations may diminish over time, giving rise to a myocardium that may be 

vulnerable to even mild stresses. 

In summary, anthracyclines have been reported to effect many changes in the cells of 

the myocardium (Figure 1.5). Their toxicity to non-myocyte cell populations is 

acknowledged but not generally as widely studied. Due to the multiple cytotoxic 

mechanisms that anthracyclines can enact (which makes them such effective 

antineoplastic drugs), the molecular mechanisms that could underpin cardiotoxicity are 

myriad, and studies in the literature are disparate. Another mechanism which has 
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garnered considerable interest in the mechanisms of AIC is the induction of cellular 

senescence in the myocardium, a cellular fate which draws together many of the above 

mechanisms into a single comprehensive phenotype. 

 

 

  

Figure 1.5 Summary of selected molecular mechanisms of anthracycline-
induced cardiotoxicity highlighted in the literature. Anthracyclines have been 
shown to promote ROS generation and disrupt the intracellular concentration of 
iron, which can mediate these processes. They also are known to deplete the 
regenerative reserves of the myocardium. Anthracycline exposure is associated 
with remodelling of the extracellular matrix (ECM) via matrix metalloproteinases 
(MMPs) and onset of myocardial fibrosis. Anthracyclines are known to be toxic to 
non-myocyte populations, including cardiac fibroblasts. Mitochondrial disturbances 
can be caused by anthracycline exposure, including via direct damage to 
mitochondrial DNA (mtDNA) and interactions with the electron transport chain 
(ETC). Made using Biorender.com. 
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1.4 Anthracyclines and cardiac senescence 

1.4.1 Senescence – initial definition, canonical markers, and novel approaches 

for identification 

In 1961, Hayflick and Moorhead observed that primary human fibroblasts were only 

capable of a finite number of population doublings in culture, termed the Hayflick limit, 

before succumbing to replicative exhaustion.146 They termed this cell fate 

“senescence” (derived from the Latin word “sen”, meaning old, aged, or old man), 

which was characterised by irreversible exit from the cell cycle. Since then, senescent 

cells have traditionally been identified by several additional characteristics. Firstly, 

senescent cells express upregulated cyclin dependent kinase inhibitor 1A (CDKN1A), 

which encodes for the p16Ink4a (p16) protein,147 and upregulated cyclin dependent 

kinase inhibitor 2A (CDKN2A), which encodes for the p21 protein.148 p16 and p21 are 

key nodes in the p16INK4A/pRB and p53/p21WAF1/CIP1 tumour suppressor pathways, 

respectively. Secondly, as demonstrated by Judith Campisi and colleagues, senescent 

cells also express elevated levels of beta-galactosidase activity (termed senescence-

associated beta-galactosidase, SA-β-Gal).149 Thirdly, senescent cells also exude a 

cocktail of pro-inflammatory cytokines, termed the senescence-associated secretory 

phenotype (SASP), which has a broad range of paracrine and autocrine functions. The 

composition of the SASP is variable, but typically contains factors such as IL-6, IL-8, 

CXCL1, CCL2, CCL5, and matrix metalloproteinases.150,151 Hence, p16/p21 activation, 

SA-β-Gal and SASP expression have traditionally represented the “gold-standard” 

identifiers of senescent cells. 

More recently, senescent cells have also been shown to upregulate pro-survival 

pathways, including Bcl-2 family members, thus protecting themselves from a hostile 

microenvironment which may otherwise promote apoptosis.152,153 Additionally, the 

senescent cell phenotype is now acknowledged to be heterogeneous, with studies 

showing variation in phenotype according to senescence-inducing stimulus, cell type, 

disease state and tissue residence. Several recent studies have therefore aimed to 

harmonise the criteria for senescent cell identification across the research 

community.154 Some common characteristics are generally observed as “hallmarks of 

senescence”, including: activated DNA damage response, activation of CDK inhibitors 

and cell cycle arrest, a secretory phenotype (SASP), apoptosis resistance, altered 

metabolism, and endoplasmic reticulum stress.155 A transcriptomic signature has also 

been established aiming to identify senescent cells across both human and murine 
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species, and across different cell types, coined the SenMayo gene panel,156 with other 

investigations proposing various individual markers which reportedly identify 

senescent cells more reliably than the classical p16 and p21 markers.157 

1.4.2 The function of senescence in physiology and age-related pathologies 

Regarding the function of senescence, it is now known that as a cellular fate, 

senescence embodies antagonistic pleiotropism – that is, at some stages of life it is 

beneficial towards an organism, whereas at others it is detrimental (Figure 1.6).158 In 

development, programmed, transient senescence plays a crucial role in tissue 

patterning to determine correct morphogenesis.159 In early life, senescence is a built-

in defence against tumourigenesis, which can activate cell cycle arrest upon detection 

of oncogene activation.160 Indeed, the evasion of senescence is crucial for tumour 

progression. Senescence also is important for proper wound healing: its induction 

limits fibrosis during wound healing by temporarily inducing cell cycle arrest in 

myofibroblasts.161  

However, in other contexts, senescence can promote pathology. The persistent 

accumulation of senescent cells can be induced as a result of replication-associated 

telomere shortening, which is associated with age – this has been reported as a causal 

mechanism in many age-related pathologies across a variety of organ systems.162-164 

For instance, in the context of osteoporosis, murine p16Ink4a transcript expression 

was significantly higher in chronologically aged mice (6 months old vs 24 months old) 

in B cells, T cells, myeloid cells, osteoblast progenitors, osteoblasts, and osteocytes, 

the senescent phenotype of which is thought to contribute to increased 

osteoclastogenesis.165,166 
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1.4.3 Eliminating senescence using transgenic and pharmacological 

approaches 

Given the established causal role of senescent cells in age-related disease, 

interventions to eliminate senescent cells have been developed, either to explore 

mechanisms of disease using proof-of-principle studies, or with the goal of alleviating 

disease associated with senescence. p16Ink4a-positive cells can be eliminated in 

transgenic mouse models using an otherwise benign drug, in models such the INK-

ATTAC line.167 Using this line, seminal studies by Baker and colleagues showed how 

systemic clearance of p16Ink4a-positive cells delayed the onset of age-associated 

pathologies in the adipose tissue, skeletal muscle and eye of old mice, implicating 

senescence as a causal player in pathology.167 The p16-3MR line was more recently 

developed, which also allows for tracking of p16-positive cells via non-invasive whole-

body luminescent imaging.162 In addition, various drugs have been developed which 

target the upregulated pro-survival pathways of senescent cells – pharmacologically 

inhibiting these pathways causes selective apoptosis in senescent cells.152 The small 

molecules navitoclax and venetoclax, which target the Bcl-2 family of pro-survival 

Figure 1.6 Senescence displays antagonistic pleiotropism. Transient 
senescence is beneficial, particularly in early life where it is essential for tissue 
patterning in early development, oncogene activation-induced tumour suppression 
and efficient wound healing. Later in life, senescent cells are not cleared effectively, 
so accumulate and persistently promote chronic inflammation, exhaust stem cell 
populations and promote age-related pathology. Adopted from Paramos et al. 2021. 
Made using Biorender.com. 
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proteins (e.g. BCL-2, BCL-XL, BCL-W and others), have been taken into the clinic for 

oncology applications and show good safety profiles.168,169 

1.4.4 Senescence can occur in non-mitotic populations, and be induced by 

stressors independently of ageing 

It was historically thought that senescence, traditionally defined by irreversible exit from 

the cell cycle, could not conceptually occur in post-mitotic cell types. However, it has 

since been shown that senescence indeed occurs in, and associates with diseases of, 

post-mitotic cell populations like neurons, rather than solely mitotic cell types. For 

instance, in postmortem human brain tissue with age-associated tauopathy (common 

to several neurodegenerative diseases), CDKN2A transcript was upregulated 

compared to age-matched healthy adult controls, and furthermore, CDKN2A transcript 

showed a positive correlation with neurofibrillary tangle deposition (the accumulation 

of which is the closest correlate with cognitive decline and cell loss).170 Furthermore, it 

is now known that senescence can also be induced by a variety of stressors, not just 

progressive shortening of telomeres with age, such as oxidative and genotoxic stress, 

nutrient deprivation, mitochondrial dysfunction, inflammation, irradiation, or 

chemotherapeutic agents.171 The accumulation of senescent cells can therefore be 

thought of as both a driver and product of “biological age”, which may also accumulate 

with “chronological age”.172  

Hence, the complex senescent phenotype has come under investigation in many cell 

types (irrespective of their participation in the cell cycle), and in many pathologies 

(irrespective of their association with ageing), which led to its investigation in the 

context of post-mitotic CMs and a variety of cardiovascular pathologies. Subsequently, 

it was found that senescence can indeed be induced in post-mitotic, mature CMs, 

which occurs in a telomere-independent manner.173 

1.4.5 Senescent cells, including cardiomyocytes, contribute to cardiovascular 

remodelling and pathology 

Associations have now been made between cellular senescence and cardiovascular 

disease more broadly. Indicating that senescent cells contribute to impaired 

cardiovascular function, in 24-month old (aged) mice, LVEF and fractional shortening 

were shown to improve upon administration of the combination senolytic therapy of 

dasatinib & quecertin (D&Q).152 Suggesting that senescent cells might promote 

maladaptive myocardial remodelling, the use of navitoclax to eliminate senescent cells 



26 
 

in mice post-MI was shown to attenuate CM hypertrophy and myocardial profibrotic 

TGFβ2 expression, and these results were bolstered by similar findings in an 

ischaemia-reperfusion injury (IRI) setting, where navitoclax treatment was associated 

with reduced infarct scar size, increased angiogenesis, and reduced SASP 

expression.174,175 The CM SASP is thought to be quite particular, comprising factors 

such as GDF15, Endothelin-3 and TGFβ2: these factors in isolation were able to induce 

α-smooth muscle actin production in fibroblasts in vitro (a marker of myofibroblast 

activation), indicating the CM SASP was functional and may promote fibrosis in a 

paracrine manner.173  

In patients > 70 years of age, over half of CPCs have been shown to be senescent, 

and unable to fulfil their regenerative, reparative role in an infarcted heart. Furthermore, 

the SASP of these CPCs was able to induce senescence in non-senescent CPC 

populations in vitro, but addition of D&Q abrogated these effects.176 Clinically, there is 

extensive evidence of the association between vessel wall senescence accumulation 

and atherosclerosis: histological analysis of post-mortem tissues has identified that 

atherosclerotic vessels contain more senescent endothelial and vascular smooth 

muscle cells than aged-matched healthy arteries.177 Moreover, expression of p16 in 

diseased human coronary arteries positively correlates with plaque instability.178 In 

summary, these studies support the notion that senescent myocardial cells, including 

CMs, contribute to remodelling and the promotion of disease in several cardiovascular 

pathologies. 

1.4.6 Myocardial senescence occurs in anthracycline-induced cardiotoxicity 

Directly implicating senescence in AIC, seminal studies in 2017 showed how the 

adverse effects of anthracycline therapy, including cardiovascular phenomena, may be 

linked to the induction of systemic senescence.179 Demaria and colleagues 

demonstrated that DOX promoted a global induction of the senescent cellular 

phenotype in mice, which persisted and contributed to local and systemic inflammation. 

Senescence transcript markers p16INK4a and p21 were induced in a variety of cardiac 

cells upon DOX treatment, though interestingly, not CMs. DOX treatment was 

associated with a decline in several functional cardiac parameters (which only became 

significantly detectable 4 weeks after DOX treatment) but elimination of p16Ink4a-

positive cells almost completely prevented these declines, as well as reducing several 

other chemotherapy-related morbidities. The ability of DOX to induce senescence 

markers in the myocardium in vivo has since been validated by other groups, also 
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using sublethal, clinically relevant doses.180 Furthermore, systemic, pharmacological 

elimination of senescent cells using navitoclax has been shown by yet other groups to 

improve cardiac function in preclinical models of AIC.181 Importantly, the delayed onset 

nature of cardiotoxicity in Demaria et al.’s study mirrored the clinical manifestation of 

AIC faithfully, and the persistence of senescent cells in the myocardium tallies well with 

the chronic nature of this toxicity. The same group have since shown that senescence-

related markers were significantly upregulated in the left ventricles of seven patients 

who suffered severe AIC (DOX-induced), demonstrating the translation of this 

mechanism to humans.182 

1.4.7 How might senescent cardiac cells contribute to anthracycline-induced 

cardiotoxicity? Lessons from the senescent cellular phenotype in other 

cardiovascular pathologies 

The complex senescent cellular phenotype may contribute to AIC pathology in many 

ways, which are not yet well-understood, but may be similar to the molecular 

mechanisms in other CVDs where senescence plays a causal, detrimental role. 

Firstly, senescence can be induced by DNA damage, genotoxic and oxidative stress, 

and mitochondrial dysfunction - all of which can be effected by DOX at a cellular level. 

For instance, suggesting that increased oxidative stress and mitochondrial dysfunction 

are indeed key inducers of senescence in CVD including AIC, are studies 

demonstrating that mitochondrially-targeted overexpression of catalase increases 

longevity and reduces age-related cardiac pathologies,183 and heart-specific 

overexpression of catalase increases resistance to DOX-induced cardiotoxicity.184 

Though functional studies are lacking, senescent CMs show several changes in their 

mitochondria which may impact bioenergetics and cellular performance. Senescent 

CMs isolated from aged mice show decreased nuclear expression of mitochondrial 

transcripts,173 and both the mitochondrial inner membrane structure and mitochondrial 

fusion dynamics display alterations in senescent CMs (induced by DOX).185 

Furthermore, in the hearts of mice post-IRI (where myocardial senescence was 

observed), proteomic and gene ontology (GO) analyses of heart tissue showed that 

mitochondrial function and cellular respiration GO terms were significantly de-enriched, 

and rescued by systemic navitoclax treatment which successfully cleared senescent 

cells.175 Mitochondrial disturbances are an acknowledged hallmark of ageing 

generally,186 and indeed mitochondria are thought to be required for how cellular 
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senescence promotes ageing phenotypes.187 These changes may contribute to the 

mitochondrial disturbances detailed earlier (see 1.3.2), but further studies are required 

to establish a direct link between anthracycline exposure, mitochondrial dysfunction, 

and the contribution of this dysfunction to pathology in AIC. 

From other CVD contexts still, it can be concluded that senescent cardiac cells also 

display characteristics that may promote myocardial remodelling (see 1.4.5). For 

instance, in the context of MI, the p53-mediated induction of senescence in cardiac 

fibroblasts was associated with attenuated deposition of reparative collagen, which is 

required for maintaining the integrity of myocardial tissue acutely post-MI, suggesting 

that senescent cells can modulate wound healing responses in acute CVD.188 In the 

senescent myocardium post-IRI, inflammation-associated processes such as 

“secretion by cell”, “immune response” and “response to cytokine” were seen to be 

upregulated using proteomic and GO analyses.175 In the same study, after systemic 

clearance of senescent cells, proteins involved in biological processes related to 

“supramolecular fibre organisation” and “cytoskeleton organisation” were 

downregulated, suggesting attenuated propensity for myocardial remodelling. These 

molecular processes may contribute to the previously introduced fibrotic 

histopathology which is noted in late-stage AIC patients, and eventual organ-level 

changes which result in cardiomyopathy. 

Lastly, senescent CMs have been shown to be hypertrophic and express a functional 

SASP, including pro-inflammatory and pro-fibrotic factors such as IL6, IL8 and 

TGFβ.173,174 The ongoing production of SASP would allow CMs induced to senescence 

by short-term anthracycline exposure to persistently effect change in the myocardium 

long after the anthracycline has been excreted, which marries well with the delayed-

onset nature of toxicity. Overall, several aspects of the senescent CM and cardiac 

environment align with the pathologies noted in AIC, and senescence presents an 

attractive lens through which to explore molecular mechanisms of chronic toxicity 

(Figure 1.7). 
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1.4.8 Anthracyclines impact non-cardiomyocyte populations in the heart – 

considerations for senescence induction 

CMs have historically received the lion’s share of attention in cardiotoxicity research 

but it has long been known that a large percentage of the cardiac environment is made 

up of non-CM cell types. In their seminal 1980 study, Asish C. Nag et al. performed a 

fine analysis of murine hearts to show five different non-muscle cell types and their 

distributions through the heart.189 More recently, using analyses of large-scale single-

cell and single-nucleus transcriptomes, Litviňuková et al. showed that the heart can be 

divided into six anatomical regions containing 11 different cell types: fibroblasts, 

pericytes, mesothelial, endothelial, smooth muscle, adipocytes, neuronal, myeloid, 

lymphoid and CMs (atrial and ventricular). Also, heterogeneity was seen even within 

cell types according to their atrial or ventricular locations.190 The effects of 

anthracyclines upon these cells, their paracrine functions and cell-cell interactions is 

less well understood. 

For instance, cardiac fibroblasts (CFs) are crucial to the formation and maintenance of 

extracellular matrix (ECM) in the cardiac microenvironment and are necessary for the 

proper contractility and function of CMs.191 They are the most numerous cardiac-

resident cell lineage,48 and they release paracrine factors that are key to maintaining 

Figure 1.7 Representation of how aspects of the senescent phenotype align with 
observed aspects of anthracycline induced cardiotoxicity (AIC). Increased oxidative 
stress and mitochondrial dysfunction have been noted in both settings, alongside 
attenuated regenerative capacity, increased fibrosis & remodelling. 
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the overall homeostasis of the cardiac microenvironment and coordinating cellular 

responses to external cues, be they pathological or physiological. In this sense, CFs 

can be seen to represent a physical and molecular link between various cell types in 

the myocardium. This was highlighted as early as 1998, when Gray et al. showed that 

Ang II stimulated CM hypertrophy through CF TGFβ and endothelin-1 signalling.192  

Upon toxic drug insults, the fibroblast-mediated composition of ECM can change 

significantly through disrupted degradation/formation of matrix, which can induce 

cardiac dysfunction.193 Recent studies have shown that pressure overload cardiac 

hypertrophy can activate an abnormal fibroblast phenotype, which degrades normal 

matrix and is resistant to apoptosis.194 Incidentally, these characteristics bear a striking 

resemblance to the well-documented cancer-associated fibroblast phenotype, which 

has myriad functions.195 In a similar vein, an earlier study showed that after rats were 

chronically exposed to DOX, CFs proliferated and ECM-remodelling matrix 

metalloproteinases (MMPs) were detected in circulation.196 In this study, DOX also 

caused heterogeneous subcellular alterations of CMs, as well as structural 

disorganization of the cardiac extracellular environment. 

CFs are but one example of a non-CM cell type involved in modifying and maintaining 

the structure of the cardiac environment. Others include endothelial cells, smooth 

muscle cells and mesenchymal stromal cells. Though key players in the cardiac milieu, 

these cell types have not been as rigorously studied as CMs in the context of AIC, and 

different molecular mechanisms of toxicity may play out in these cell types. For 

example, a recent study showed that mitophagy in CFs was prevented by the induction 

of p53 by DOX,197 and overall, the authors concluded that DOX elicited a pathological 

phenotype in CFs that was distinct from other cell types. 

Although, there have been no known clear demonstrations that anthracyclines induce 

CFs to senescence in vivo, DOX induces primary CFs to senescence in vitro,198 and 

indeed DOX is routinely used to induce fibroblasts from other organ systems to 

senescence.199 Further suggesting senescence contributes to cardiac fibrosis and 

remodelling, CFs lacking expression of p53 (a key controller of senescence) which 

were exposed to DOX demonstrated reduced cell cycle arrest, increased proliferation, 

displayed reduced migration, and attenuated expression of genes associated with 

dilated cardiomyopathy.197 Fibrotic lesions are found in the hearts of patients treated 

with anthracyclines, and studies have demonstrated that rats chronically exposed to 
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DOX develop cardiac fibrosis because of increased collagen production and fibroblast 

survival.51,200 

In vitro, DOX induces endothelial cells to a senescent-like phenotype which includes 

dysregulation of vascular tone, increased endothelium permeability, arterial stiffness, 

impairment of angiogenesis and vascular repair, and a reduction in mitochondrial 

biogenesis.201,202 Endothelial cell senescence has been implicated in the development 

of CVDs including coronary artery disease, aortic aneurysm, and stenosis during 

ageing,203-205 and therefore, it likely contributes to cardiac dysfunction following cancer 

therapy in this way, as reviewed previously.206  

In summary, DOX can induce senescence in several relevant cardiac cell lineages 

including CMs, CFs, and endothelial cells. The senescent phenotype of each of these 

lineages is likely to be distinct but may contribute to mechanisms of disease in CVD 

and in AIC, in addition to the more widely studied CM cell type (Figure 1.8). 
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1.4.9 The potential benefit of eliminating/modulating senescent cardiac cells in 

anthracycline-induced cardiotoxicity 

If eliminating senescent cells in models of CVD is associated with improved outcomes, 

applying the same approach in AIC is an exciting prospect. However, it should be noted 

that the few in vivo studies exploring this have so far used whole-body elimination of 

senescent cells via systemic senolytic treatment, or by systemically eliminating p16-

expressing cells (in the p16-3MR mouse). Therefore, the precise contribution of 

various senescent cardiac cell types to AIC pathology remains poorly understood. 

Furthermore, eliminating the senescent proportion of CMs in the myocardium is likely 

Figure 1.8 An overview of how senescence might occur and promote disease 
in anthracycline-induced cardiotoxicity (AIC). Anthracyclines induce systemic 
senescence and drive morbidities typically associated with a geriatric phenotype 
through several interdependent mechanisms, chief among them cumulative and 
persistent DNA damage, partly through the canonical inhibition of topoisomerase II 
enzymes. In the heart, senescence is induced in several cell populations which 
collectively contribute to age-related cardiovascular diseases (CVDs), including 
dilated cardiomyopathy and fibrosis (maladaptive myocardial remodelling), both 
directly and via expression of the senescence-associated secretory phenotype 
(SASP). Eliminating senescent cells via senolytic treatment or modulating the 
senescent phenotype (primarily the SASP) has shown promise in the context of 
senescence and other forms of CVDs but remains to be fully explored in AIC. 
Deeper understanding of how the senescent phenotype might contribute to 
pathology of AIC specifically, is necessary. Made using Biorender.com 
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an irreversible process due to the post-mitotic nature of this lineage, which may have 

detrimental effects on the structural integrity of the cardiac tissue long-term.  

Another class of drugs termed senomorphics aim to modulate the senescent 

phenotype (particularly dampening the expression of the pro-inflammatory SASP) or 

prevent its onset altogether without inducing apoptosis (like senolytics), but this form 

of intervention is less well-established in AIC. Studies of the senomorphics 5-

aminoimidazole-4-carboxamide ribonucleotide (AICAR) and resveratrol in monolayer 

cultures of DOX-treated induced pluripotent stem cell CMs (iPSC-CMs) showed 

promise: senescence onset was prevented and iPSC-CMs displayed improved viability 

and mitochondrial function.182 When the senomorphic treatment was applied to a more 

sophisticated, DOX-treated 3D engineered heart tissue model, senescence was 

prevented but functional parameters (e.g. contractility) were not improved compared 

to tissues treated with DOX alone.182 Therefore, targeting cellular senescence in broad 

strokes may not be effective in AIC. Rather, it may be more beneficial to gain a thorough 

understanding of which finer details of the senescent phenotype are likely to 

persistently promote cardiovascular pathology in AIC, and specifically target these 

molecular processes. 

1.5 Conclusions 

In summary, chronic AIC is an emerging health concern for the ever-expanding 

population of cancer survivors. Despite its long history, this toxicity is poorly understood 

and unpicking the molecular mechanisms at play is a research priority for developing 

additional specific and effective interventions. Recent findings of relevant working 

groups and reviews in the literature highlight the importance considering of cell-cell 

crosstalk and pathological mechanisms outside of cell death, which many historical 

studies have focused on.207,208 

Anthracyclines have been demonstrated to induce senescence in cardiac cell 

populations, but their precise contribution towards cardiotoxicity is still poorly 

understood. Systemic elimination of senescent cells improves outcomes in animal 

models of AIC, but further mechanistic studies are required to establish the safety of 

this approach long-term and its relevance to human disease. A thorough understanding 

of the senescent CM phenotype induced by DOX is required to establish robust 

foundations for any interventions, such as senolytics or senomorphics, or indeed other 
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more selective therapies which target defined, disease-promoting molecular 

mechanisms of the phenotype. 

1.6 Hypothesis 

Based on the conclusions above, the hypothesis underpinning this project was that 

CMs are induced to senescence following a clinically relevant dose of DOX, and that 

these senescent cells consequently contribute to persistent AIC pathology. 

1.7 Aims 

The aims of this project are as follows: 

1. Investigate the cytotoxicity of DOX upon cardiac and cancer cell types, and 

select a relevant exposure of DOX for mechanistic studies of cardiotoxicity 

going forwards 

2. Establish and optimise an in vitro cell line model that can capture phenotypic 

changes in CMs following a relevant exposure of DOX, and test whether 

senescence is induced 

3. Characterise the phenotype of CMs induced to senescence by DOX, to evaluate 

its potential contribution to chronic maladaptive remodelling in AIC 

4. Translate findings from optimised cell line models into a gold-standard iPSC-

CM model, to explore whether findings are consistent across models and build 

confidence in cell line studies 
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Chapter 2. Materials and Methods 

2.1 Cell culture techniques 

2.1.1 General maintenance 

Across this project, five different cell types were used. Firstly, the AC10 and AC16 

human CM cell lines (AC10 cell line kindly donated by Dr Barbara Savoldo from Texas 

Children’s Hospital, Texas, USA, AC16 cell line purchased from Merck SCC109). 

These lines were originally developed by Mercy Davidson and colleagues by fusing 

primary CMs from adult human ventricular myocardium with simian virus 40 (SV40)-

transformed, mitochondrial DNA-depleted human fibroblasts, then selecting, 

subcloning and screening the resulting clones for CM-specific markers.209 The 

outcome was immortalised, proliferative cells which demonstrably express CM-specific 

markers (e.g. α-actinin, troponin I) and should contain CM-derived mitochondrial DNA, 

but which lack organised sarcomeres and contractile capability, instead displaying a 

endothelial/fibroblast-like morphology in culture.209 Also used in this project were 

primary human cardiac fibroblasts (HCF, Promocell C-12375), MCF-7 breast cancer 

cell line (kindly provided by the Institute of Cancer Therapeutics, University of Bradford) 

and commercially purchased induced pluripotent stem cell-derived CMs (iPSC-CM, 

FujiFilm Diosynth 01434 #R1059). Cells were maintained in a humidified atmosphere 

at 37 °C, 5% CO2, and cultured in a Biosafety Level Class II biological safety cabinet. 

AC10 and AC16 CMs were cultured in DMEM F-12 (Gibco 11320-033) with 10% FBS 

(Gibco 10500-064) and 1% penicillin/streptomycin antibiotics (P/S, Gibco 15140-122). 

The only deviation from this was during conditioned media collection (see 4.2.5), 

whereby AC16 CMs were cultured for 48 hours in 1% P/S phenol red-free DMEM/F-12 

(Gibco 21041-025) without FBS, to avoid phenol red interfering with any downstream 

spectrophotometric applications and facilitate the detection of potentially low-

abundance secreted cytokines. Primary HCF cultures were established in Fibroblast 

Growth Medium 3 (Promocell C-23025), and once established were cultured in 

DMEM/F-12 with 10% FBS and 1% P/S. MCF-7 cells were cultured in RPMI-1640 

culture medium (Sigma R8758), with 10% FBS and 1% P/S. iPSC-CM cultures were 

thawed and plated using Plating Medium (FujiFilm Diosynth R1151) and at Day 1 post-

plating were maintained using Maintenance Medium (Fujifilm Diosynth R1151). iPSC-

CMs were thawed and maintained according to specialist manufacturer’s protocols 

(see 5.2.1). 
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According to the needs of the assay, cells were cultured in culture vessels of various 

sizes, including 175 cm2, 75 cm2, and 25 cm2 flasks (Corning 431080, VWR 10062-

860, VWR 734-2311, respectively), 96-, 48-, 24- and 6-well plates (Corning 3598, 

Greiner Bio-One 677180, Greiner Bio-One 662160, Corning 3516, respectively) and 8- 

and 4-well chambered slides (ibidi 80806, Thermo Scientific 154526PK, respectively). 

2.1.2 Passaging cell cultures 

The volumes listed here are representative of a 75 cm2 cell culture flask, which were 

adjusted proportionally for various vessel sizes. AC10, AC16, MCF-7 and HCF cultures 

were passaged when cultures reached 80% confluence, as follows. In a sterile 

environment, culture media was gently aspirated. 10 mL of phosphate buffered saline 

(PBS, Gibco 10010-015) was added to generously cover the cell monolayer and wash 

away any traces of culture media, and then gently aspirated. 3 mL of 

trypsin/ethylenediaminetetraacetic acid (EDTA) (T/E, Sigma-Aldrich T3924) was added 

to cover the cell monolayer, and was incubated with the cells for approximately 4 

minutes at 37 °C. Cells were gently agitated and checked under a light microscope to 

verify detachment. 7 mL of culture media (appropriate to the cell line, containing 10% 

FBS) was added to the T/E cell suspension, to quench the action of T/E. Cells were 

mixed into a homogenous suspension by pipetting up and down, then split into 1:10 

ratio for onward culture – 1/10 of the cell suspension (1 mL) would be continued in 

culture and 9/10 (9 mL) of the cell suspension would be cryopreserved or discarded, 

as required. To establish a new 75 cm2 flask of cells, 1 mL of cell suspension was 

added to 9 mL of appropriate culture media in a fresh 75 cm2 culture flask. The flask 

was laid down inside the tissue culture hood for a short time to allow cells to settle onto 

the growth surface, before placing the flask into a humidified atmosphere at 37 °C, 5% 

CO2. 

2.1.3 Cryopreservation of cells 

To maintain long-term stocks of cells, cultures were cryopreserved and stored at -196 

°C in secure liquid nitrogen dewars. In a sterile environment cell suspension was gently 

mixed with dimethyl sulfoxide (DMSO, Sigma-Aldrich D8418-100ML) in a 9:1 ratio. The 

cell suspension:DMSO mixture was placed into cryovials (Starlab E3110-6122), which 

were immediately placed into a Mr. Frosty™ Freezing Container (Nalgene, Thermo 

Scientific 5100-0001) filled with propan-2ol (Fisher Bioreagents 17170576) and stored 
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at -80 °C, to achieve a cooling rate of approximately 1 °C per minute. After 1-3 days, 

the cryovials were placed at into liquid nitrogen until required. 

2.1.4 Quantifying cells in culture 

When it was necessary to seed specific numbers of cells per cm2 of culture surface, 

the number of cells in a given suspension was counted manually using a 

haemocytometer. Post-trypsinisation, the resultant cell suspension was centrifuged at 

400 x g for 5 minutes to obtain a pellet. The supernatant was aspirated, and the pellet 

resuspended: 1 mL of culture media would first be added to the pellet and a 1 mL 

micropipette used to resuspend, to ensure a homogenous distribution of cells and 

minimise clumping. Then, additional culture media would be added as appropriate to 

achieve a practical concentration of cells: an 80% confluent 75 cm2 flask would typically 

be resuspended in approximately 10 mL of culture media in total. Then, 100 µL of well-

mixed cell suspension was placed into a 1.5 mL Eppendorf tube and outside the safety 

cabinet, 10 µL of this sample was placed into the chamber of a clean cover-slipped 

haemocytometer (Hawksley, Scientific Laboratory Supplies HAE2118D2) via capillary 

action. Using a light microscope at 10X objective, cells were counted in each of the 

five grids present on the haemocytometer. Cells were only counted if they showed a 

viable appearance – bright and rounded in shape. The mean number of cells was 

calculated from the five counts (Figure 2.1) and using standard approaches (whereby 

the volume of the haemocytometer is known), the concentration of cells per mL of 

solution was deduced (by multiplying mean number of cells by 104). Total number of 

cells was calculated using the known total volume of suspension, and therefore 

seeding densities could be prepared appropriately. 
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2.1.5 Trypan blue exclusion to assess viability of cells 

When it was necessary to assess viability of cell cultures, a trypan blue exclusion was 

used. For instance, this technique was used each time a vial of iPSC-CMs was thawed 

from liquid nitrogen storage (see 5.2.1). The protocol in 2.1.4 was followed up until 100 

µL of well-mixed cell suspension was placed into a 1.5 mL Eppendorf tube. At this point, 

the 100 µL was combined with 0.4% Trypan Blue solution (Gibco 15250-061) and 

mixed gently. Then, 10 µL of this trypan blue/cell suspension mixture was placed into 

the chamber of a clean cover-slipped haemocytometer via capillary action as before. 

Non-viable cells whose membrane is compromised will take up the trypan blue dye 

and can be visualised under the microscope. By counting the number of cells which 

are trypan blue +ve/non-viable (e.g. 5), and the total number of cells (e.g. 21), the 

percentage of viability can be calculated (e.g. 76%). By applying the mean average 

percentage viability from all five squares to the total cell number, the number of viable 

cells can be deduced (Figure 2.2). 

Figure 2.1 Schematic of haemocytometer used for cell counting. Depiction of 
a Neubauer-style haemocytometer gridded area. Cells are counted in each of the 
five areas highlighted in blue, and a mean average calculated. This number is 
multiplied by 104 to calculate the number of cells present per mL of cell suspension, 
according to the known dimensions of the counting chamber. 
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2.1.6 10-day dose-recovery doxorubicin exposure regimen 

In the optimised, chronic anthracycline-induced cardiotoxicity (AIC) in vitro model used 

throughout this thesis, cells were exposed to doxorubicin (DOX) or DMSO vehicle 

control for 3 hours before being allowed to recover in full culture media. Briefly, 

doxorubicin hydrochloride (Sigma D1515) was dissolved in DMSO to achieve a 100 

µM stock solution and stored in aliquots at -20 °C until needed. Culture media was 

aspirated from cells gently and replaced with appropriate media containing DOX at a 

concentration of 500 nM (100 µM DOX stock solution diluted 1/20,000 using culture 

medium to achieve low levels of DMSO, 0.005% by volume), or 0.005% DMSO by 

volume alone. Cells were maintained in these DOX- or DMSO-containing media for 3 

hours in a humidified atmosphere at 37 °C, 5% CO2. Then, media was gently aspirated, 

cells were washed with appropriate buffer (Dulbecco’s PBS for iPSC-CMs, Gibco 

14040-133, PBS for all other cell types), and appropriate treatment-free culture 

medium replaced. Cells were then cultured for 10 days or until near confluence was 

reached, whichever came first, at which point the exposure regimen ended (Figure 

2.3). 

Figure 2.2 Schematic demonstrating the methodology for deducing number 
of viable cells. A) In each grid of the haemocytometer (highlighted in blue), the 
number of trypan blue-positive (non-viable) cells are counted, and the total number 
of cells (both trypan blue-positive and negative, non-viable and viable) are counted. 
B) Trypan blue and total cell counts from A) can be expressed as a proportion which 
reflects the percentage viability of cells. A mean average can be taken of the five 
calculated percentages, to deduce the number of viable cells in initial suspension. 
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Figure 2.3 Schematic of the dosing regimen used to induce CMs to 
senescence with DOX. Comprises of a 3-hour exposure to 500 nM DOX or 
equivalent concentration by volume of DMSO vehicle control, followed by removal 
of the treatment and a recovery period. Made using Biorender.com 
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2.2 Molecular techniques 

2.2.1 MTS viability assay 

To evaluate viability, CellTiter 96® AQueous One Solution Cell Proliferation Assay 

(Promega) was used in an MTS assay, a variant of the original MTT assay. The 

colorimetric MTT assay is perhaps the most widely used method for establishing a 

substance’s IC50 value in vitro.210 The assay was developed by Mosmann and 

colleagues in 1983, and it remains a powerful molecular biology tool in studies today,211 

partly since  colorimetric assays in a microplate format boast low procedural/technical 

error and good ease of use. MTS is a novel tetrazolium salt ([3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt), reduced 

by viable, metabolically active cells into a pigmented formazan product, which is 

soluble in cell culture medium (Figure 2.4). The assay relies on measuring the amount 

of pigmented tetrazolium salt generated by active cells in a bioreductive reaction, and 

so is a widely accepted proxy for number of viable cells in culture. The absorbance of 

formazan at 490 nm is proportional to the number of viable cells in culture, and so can 

be used to measure cell viability in toxicity studies. 

MTS solution was prepared and combined with 1-methoxy phenazine methosulfate 

(PMS; Sigma) solution according to manufacturer’s instructions. Immediately before 

beginning MTS assay, medium was gently aspirated from all wells and replaced with 

100 µL of fresh medium. 20μL of MTS/PMS solution was then added to each well. 

The plate was incubated at 37°C/5% CO2 for 4 hours before reading absorbance at 

490 nm using Thermo Scientific Multiskan Go plate reader. 

 

 

Figure 2.4 Chemical structures of MTS tetrazolium and its pigmented 
formazan salt product, which is soluble in culture medium. Colorimetric 
quantification of soluble formazan product is used as a readout for viable cell 
number in culture. 
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2.2.2 Pelleting cells for RNA isolation 

In order to isolate RNA from AC16 CMs and HCFs, cells from culture were first pelleted. 

Cells were trypsinised and centrifuged to obtain a pellet, as previously described. Upon 

obtaining a cell pellet, the culture media supernatant was gently aspirated and 

discarded. The pellet was then washed using a 1 mL micropipette in ice-cold sterile 

PBS, to help remove traces of FBS-containing culture medium, given that composition 

FBS is notoriously uncharacterised and may interfere with high-sensitivity downstream 

analyses.212,213 The PBS cell suspension was centrifuged at 4 °C for 5 minutes at 400 

x g, before aspirating PBS supernatant and storing the cell pellet immediately at -80 

°C until needed. 

An adapted protocol was used to isolate RNA from iPSC-CMs for qPCR and RNA-Seq 

applications, which are detailed in 5.2.7 - 5.2.10 and 5.2.12 - 5.2.13. 

2.2.3 Total RNA isolation 

Depending on cell number, RNA was isolated from cell pellets using either an RNeasy 

Mini kit (Qiagen 74134) or an RNeasy Micro kit (Qiagen 74034). For both kits, 350 µL 

Buffer RLT Plus was added to the cell pellet and vortexed for 30 seconds. The 

homogenised lysate was then transferred to a gDNA Eliminator spin column within a 2 

mL collection tube and centrifuged for 30 seconds at 9,000 x g. The column was then 

discarded. 350 µL of 70 % ethanol (Nuclease-free water, Qiagen 1039498 + ethanol 

absolute, VWR 20821.321) was added to the flow-through, and the mixture was 

combined well by pipetting gently several times. The total mixture was transferred to 

an RNeasy Mini (Mini prep) or RNeasy MinElute (Micro prep) spin column within a 2 

mL collection tube and centrifuged for 15 seconds at 9,000 x g. The flow-through was 

discarded. 700 µL of Buffer RW1 was then added to the RNeasy Mini spin column, and 

centrifuged for 15 seconds at 9,000 x g. 500 µL of Buffer RPE was then added to the 

RNeasy spin column and centrifuged at 9,000 x g for 15 seconds, and the flow-through 

was discarded. From this point onwards the protocols diverged. For the Mini 

prep: this Buffer RPE step was repeated but centrifuged for 2 minutes. The RNeasy 

spin column was then placed into a collection tube and 30 µL of RNase-free water was 

gently added directly to the spin column membrane. The column was centrifuged at 

9,000 x g for 1 minute to elute RNA. For the Micro prep: 500 µL of 80% ethanol was 

added to the spin column and centrifuged for 2 minutes at 9,000 x g to wash the spin 

column membrane. The RNeasy MinElute spin column was placed into a new 
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collection tube with the spin column lid open and centrifuged at full speed (13,000 x g) 

for 5 minutes to dry the membrane. Finally, the RNeasy spin column was placed into a 

collection tube and 14 µL of RNase-free water was gently added directly to the spin 

column membrane. The column was centrifuged at full speed for 1 minute to elute 

RNA. 

2.2.4 Quantifying RNA and quality assurance 

Extracted RNA was quantified using a NanoDrop ND-8000 8-sample 

spectrophotometer (ThermoFisher) and its 260/280 ratio quality parameter was 

checked for closeness to 2.0. 

2.2.5 cDNA synthesis 

A given quantity of total RNA (1 µg where samples were sufficient, 100 ng where RNA 

was lower in concentration) was incorporated into a cDNA synthesis reaction using the 

Tetro cDNA Synthesis Kit (Meridian Bioscience BIO-65043). Random hexamers were 

used to prime the reaction, giving random coverage to all regions of the RNA, therefore 

generating a cDNA pool containing various lengths of cDNA. Synthesis was carried out 

according to manufacturer’s instructions. Briefly, a single 20 μL cDNA synthesis 

reaction mixture comprised the following: random hexamer primer (1 μL), 10 mM dNTP 

mix (1 μL), 5x RT buffer (4 μL), RiboSafe RNase Inhibitor (1 μL), Tetro Reverse 

Transcriptase (1 μL @ 200 u/μL), total RNA (n μL, according to RNA concentration), 

DEPC-treated water (to 20 μL). Using a Biorad DNA Engine Tetrad 2 Peltier Thermal 

Cycler, reaction mixtures were then incubated as follows: 25 °C for 10 minutes, 45 °C 

for 30 minutes, 85 °C for 5 minutes, 4 °C thereafter. cDNA samples were stored at -

20°C until required.  

2.2.6 Primer design for quantitative polymerase chain reaction 

Primer pairs were designed using the webtool Primer-BLAST (available at 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/),214 and then custom manufactured 

(Sigma Aldrich or Integrated DNA Technologies), or were commercially sourced as pre-

designed “KiCqStart” primers (Sigma Aldrich). 

In the case of Primer-BLAST, polymerase chain reaction (PCR) product size was 

restricted to 70-200 bp, which is considered optimal for quantitative PCR application 

as standard. Primer candidates were restricted to those spanning exon-exon junctions, 

to minimise the chance of amplifying contaminating genomic DNA, and organism was 
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set to Homo sapiens. All other parameters remained as default settings within the 

webtool. Upon return of primer pair candidates, selection was limited to those pairs 

with 40-60% GC ratio, and ideally 50-55%, alongside checking self-complementarity 

scores to minimise primer hairpin formation. To check specificity of primers to the 

desired gene transcripts before use, primer sequences were run back through the 

BLAST tool.215  

2.2.7 Quantitative polymerase chain reaction standard workflow 

qPCR reactions were carried out in a 384-welled plate format. Firstly, a master mix 

comprising Platinum™ SYBR™ Green qPCR SuperMix-UDG w/ROX (SYBR, 

Invitrogen 11744100), relevant forward and reverse primers at (10 µM), and water was 

made, and distributed into individual wells of the plate such that a single qPCR reaction 

in a well constituted 5 µL SYBR, 0.5 µL forward primer, 0.5 µL reverse primer, 1.5 µL 

RNase-free water. 2.5 µL of relevant test cDNA was then added to each reaction, or 

2.5 µL to constitute a control reaction, to highlight any contamination in the experiment. 

The plate was covered with an adhesive sealing film (Thermo Scientific AB-0558) to 

minimise evaporation and cross-contamination. Using an Eppendorf 5430 Centrifuge, 

the 384-well plate was centrifuged at 100 x g for 1 minute to ensure all reagents were 

at the bottom of the well. PCR amplification was performed using the QuantStudio7 

Flex Real-Time PCR System with standard Comparative Ct (ΔΔCt) and a standard run 

for 40 cycles (Applied Biosystems 4485701). 2-3 technical replicates were performed 

per target, per sample in a plate. Mean CT values of all targets were processed and 

expressed using the standard delta delta Ct (ddCt) algorithm: briefly, the mean CT 

value of a given housekeeper was calculated and if multiple housekeepers were 

utilised, these mean values were further combined into a generic housekeeper “grand 

average” value, for further rigour. The grand average housekeeper CT value was 

subtracted from the mean CT value of a given target of interest, to account for 

pipetting/other technical errors which may give rise to artificial variance in target 

amplification (ΔCT). This value was then expressed as -2ΔCT and compared between 

treatment conditions (ddCt). 

2.2.8 General fluorescence immunocytochemistry workflow 

Throughout this thesis, fluorescence immunocytochemistry was used to test for the 

expression of various proteins of interest in cells. Specific protocols and reagents were 

used for each assay (listed in Materials and Methods sections within Chapters 3-5), 
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but all protocols followed the same basic conceptual workflow (Figure 2.5A, adapted 

from Im et al.).216 Primary antibodies raised in a host species react to the target protein 

of interest and bind to it. After washing away non-bound primary antibody, a secondary 

antibody is employed, which is reactive to the species type of the primary antibody. 

The secondary antibody is conjugated to a fluorophore, which is excited by and then 

emits light at predetermined wavelengths of light (e.g. 499 and 520 nm respectively for 

Invitrogen A21206, Figure 2.5B). Nuclei are typically visualised using reagents such 

as Hoechst stain or 4′,6-diamidino-2-phenylindole (DAPI), which intercalate with DNA 

(particularly regions rich in adenine and thymine) and emit light around at around 461 

nm wavelength.217-219 DAPI is used throughout the fluorescence immunocytochemistry 

protocols in this thesis. The emission of these fluorescent signals together can be 

detected by fluorescence microscopy, and images can be captured by this process to 

be analysed downstream. 

2.3 Miscellaneous 

Data was collated and tidied using Microsoft Excel. Statistical analyses were 

performed using GraphPad Prism software, version 10. Where appropriate, analyses 

were performed to interrogate the normality of data distribution using the Shapiro-Wilk 

test. Non-parametric analyses were performed to analyse results when data failed to 

pass normality testing. For specific data analyses methods, see 3.2, 4.2 and 5.2. All 

cell lines used in this project are from commercial sources and all studies were 

approved by local ethics if required. 
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Figure 2.5 Fluorescence immunocytochemistry overview. A) Conceptual 
schematic of fluorescence immunocytochemistry techniques used throughout this 
thesis. Cells are exposed to primary antibodies which bind specifically to target 
protein (purple triangle). Secondary antibodies, conjugated to a fluorescent moiety 
(yellow star), are selective for the host species of the primary antibodies (blue 
triangle, red outline) and bind accordingly. Made using Biorender.com. B) A 
representative example of the specific excitation and emission characteristics of a 
fluorophore conjugated to secondary antibody. Here, excitation intensity peaks at 
499 nm wavelength of light, and emission intensity peaks at 520 nm wavelength. 
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Chapter 3. Toxicity of Doxorubicin Upon Various Cell Types, and 

Induction of Senescence in an Immortalised Cardiomyocyte Cell 

Line 

3.1 Introduction 

3.1.1 Investigating the clinical cardiotoxicity of anthracyclines 

Anthracyclines, particularly DOX, have demonstrated clinical success in the treatment 

of a wide range of malignancies but their use is hindered by the subsequent 

development of anthracycline-induced cardiotoxicity and progressive cardiac failure.  

Despite this family of chemotherapeutics acting to directly damage nucleic acids and 

thus initiate a direct cytotoxic effect as their primary therapeutic mechanism against 

cancer cells, this is not believed to be so straightforward in the context of 

cardiotoxicity.220 It is accepted that the initial exposure of the myocardium to DOX 

results in cytotoxicity of a proportion of cells within this tissue, analogous to its action 

against cancer cells, evidenced by increased serum biomarkers such as cardiac 

troponins.221 Histopathology of post-mortem hearts from anthracycline cardiotoxicity 

patients indicate a proportion of CMs undergo cell death as a result of toxicity, leaving 

behind vacuoles.222 Preclinical studies also indicate that CM apoptosis is upregulated 

following anthracycline exposure, and that heart weight is decreased 24 hours 

following DOX exposure.138,139  However, exactly how this purported acute loss of 

cardiac cell number results in an asymptomatic pathology for an extended period of 

time, before progressing to chronic heart failure, remains unclear.  

The progressive cardiotoxicity of anthracyclines is understood to be a consequence of 

either: a persistent genetic/biochemical change in the surviving cells within the 

myocardium post-exposure,223,224 a reactionary response by specific cellular 

populations (such as cardiac fibroblasts or cardiac stem cells within the cardiac 

tissue),207,225 or a response to sub-therapeutic and/or sublethal concentrations of 

anthracycline within the cardiac cellular environment, as a result of drug 

pharmacokinetics and drug administration cycles.180,226 

The use of in vitro assays is well established to provide valuable insight into the 

pharmacological safety profiles of drugs, including cancer chemotherapeutics.227 For 
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instance, in vitro screening studies are used to generate basic toxicity data which allow 

researchers to adopt relevant concentrations of a novel drug class (such as the 

relatively novel monoclonal antibodies), for downstream mechanistic biochemical 

studies.228 Similarly, data from in vitro studies are a regulatory and ethical requirement 

for progression to preclinical in vivo safety studies, which are financially costly, labour-

intensive, and which must be minimised in scale and harm, according to the 3Rs 

principles.229 In order to interrogate the mechanistic basis of AIC, through in vitro 

cellular and molecular analyses, a greater understanding of the sensitivities and 

exposure profiles of cardiac cells to anthracyclines is firstly required. 

3.1.2 Cytotoxicity of anthracyclines – translating the clinical scenario to cell 

culture 

In the clinic, the first-line tool used by oncologists to reduce the potential for both acute 

and late-onset anthracycline cardiotoxicity is adherence to a lifetime cumulative dose 

limit of the drug. Historically, the optimised lifetime cumulative dose for DOX in adult 

breast cancer patients was defined as 550 mg/m2,33 but now even exposure to > 250 

mg/m2 of  DOX can be considered clinically “high risk”, prompting ongoing cardiac 

monitoring of the patient.230  Gender-based differences in toxicity are notable in the 

paediatric population, with girls being more at risk for late-onset depression of LV 

contractility post-anthracycline treatment.46 As such, it is now accepted that 

cardiovascular risk post-anthracycline chemotherapy is highly individual, and 

furthermore that there are no completely “safe” doses of anthracyclines, with even low-

dose anthracycline exposure significantly increasing cardiovascular risk later in life.230-

232 Subsequently, there is an important precedent for the concentrations of 

anthracyclines applied in an in vitro setting to recapitulate and reflect the clinical 

situation. 

Numerous clinical studies have been conducted over the past decade in which 

pharmacokinetic parameters of DOX have been evaluated in different cancer types 

and patient populations.233-235 At the typical clinical dose of 30-70 mg/m2 for DOX, the 

maximum systemic pharmacokinetic exposure (Cmax) was calculated to range from 

1.16 to 3.02 µM, with patient characteristics impacting this exposure to a degree, and 

some authors estimating the Cmax to be lower still.236 This data reflects systemic rather 

than cardiac exposure parameters for this drug but gives an indication of the maximal 

expected exposures of the cardiac tissue. With an ever-evolving cardio-oncology 

community publishing guidelines and position papers about this topic,230 remaining 
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faithful to clinical parameters when designing a toxicity assay results in more relevant 

and impactful results. 

Many in vitro studies have reported parameters of anthracyclines cytotoxicity, with 

these studies either focused on elucidation of cytotoxicity per se or evaluation of a 

specific signalling pathway. Although several methodologies have been employed in 

the context of cytotoxicity evaluations, the commonest parameter for recording such 

effects is the cytotoxicity IC50 value, representing the concentration of drug required to 

reduce the cellular activity or number by 50%.237 In terms of the intended therapeutic 

action of DOX, the National Cancer Institute (NCI) have screened the efficacy of this 

drug against their panel of 60 cancer cell lines representing a range of cancer types, 

in the “NCI-60 Human Tumour Cell Lines Screen”.238 In this 48-hour exposure, DOX 

was shown to exhibit potent activity against the majority of cancer cell types, with the 

mean LC50 (concentration of drug inducing cytotoxicity in 50% of the population) across 

the panel determined to be 11.5 µM (Figure 3.1A), and the GI50 value (indicating the 

concentration at which a compound inhibits growth of a cell type by 50%) being 95.1 

nM (Figure 3.1B). 
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Figure 3.1 LC50 and GI50 data of DOX (compounds reference 123127) against 
60 cancer cell lines according to NCI-60 data repository shows that DOX is 
broadly toxic to many cancer cell types in vitro (according to 
sulphorhodamine B cell protein assay). A)  The average concentration at which 
DOX induced cytotoxicity in 50% of the cell population is 11.5 µM (marked with 
dotted line). B) The average concentration at which DOX inhibits growth in 50% of 
the cell population is 95.1 nM (marked with dotted line). 
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The Genomics of Drug Sensitivity in Cancer (GDSC) database also provides a good 

overview of  DOX’s anticancer efficacy in vitro.239 From screening 870 genetically 

characterised human cancer cell lines, the mean IC50 of DOX in a 72-hour exposure 

setting is estimated to be 0.171 µM. 

Mechanistic studies of DOX’s action against cardiac cells in vitro have, to date, 

unfortunately been reported to lack alignment with the clinical exposure parameters – 

for instance, some seminal in vitro studies of DOX cardiotoxicity have been criticised 

for using non-clinically relevant concentrations of drug.240 Although supraclinical 

concentrations have persisted in some studies, several more recent studies present 

clinically relevant dosing as a central strength of their investigations.182,241,242  

However, an important overlooked factor even in these studies is the exposure duration 

(which range from 24-96 hours continuous exposure) and its relationship to clinical 

administration and dosing. Another important criterion for modelling of human 

cardiotoxicity is the use of the most appropriate cell line. Many previous studies have 

used the H9c2 and HL-1 cell lines. The origin and cell type of the H9c2 line is not ideal 

for modelling human AIC: this cell line is embryonic in character and derived from rat, 

whilst also better recapitulating the myoblast phenotype rather than CMs proper.243,244 

The HL-1 line is murine-derived and although it can robustly model contractile 

phenomena, the cell line is atrial in origin, so may not best model molecular 

mechanisms in AIC, which is associated more strongly with ventricular disease.245 The 

AC10/AC16 human ventricular cell line and more recently human induced pluripotent 

stem cell derived CMs (iPSC-CMs) better address the ideal criteria for modelling AIC 

in vitro.246 A range of IC50 values have independently been reported for DOX against 

these human cardiac cell lines, ranging from 0.46-1.67µM.247-249 

3.1.3 Exposure time and concentration yield different cellular fates – 

implications for study design 

Considering the aforementioned clinical administration and dosing of DOX and the 

late-onset nature of its cardiotoxicity, recent studies have highlighted the conceptual 

importance not just of cytotoxicity, but rather of the phenotypic changes in cells which 

may survive acute toxicity, and their contribution on long-term disease. In essence, 

though a large, supraclinical DOX exposure may promote apoptosis in CMs, a smaller 

DOX exposure may promote other cellular fates which persistently promote 

pathology.250 A mechanism which has been highlighted in this paradigm is cellular 
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senescence: briefly, a phenotype defined as exit from the cell cycle accompanied by a 

pro-inflammatory secretome. Induction of senescence has been shown to contribute 

to the side effects of DOX both in vivo and in vitro,179 and will be investigated 

throughout this thesis using in vitro models established in this chapter. 

3.1.4 Aims and objectives 

The purpose of this phase of the project is to determine the differential toxicity of DOX 

upon different cell types relevant to the context of cardiotoxicity after cancer treatment.  

The sensitivity of the AC10 human ventricular cell line and human cardiac fibroblasts 

will be determined following exposure to the drug at clinically relevant concentrations 

for varying time periods, by using the MTS assay to evaluate cellular viability (see 

2.2.1). This will allow elucidation of any effect upon cellular viability and provide a 

representative model of the relationship between pharmacokinetic drug concentrations 

and cardiac cell lineages. In parallel, the response of the MCF-7 breast cancer cell line 

to DOX will also be assessed for comparison to cardiac cell types. The latter aim will 

be to develop a DOX exposure model which more faithfully emulates clinical exposures 

of DOX, and which recapitulates progressive cardiotoxicity onset rather than acute cell 

death. Following this more chronic exposure to DOX, cardiac cell types will then be 

assessed for cell fate changes which might persist in surviving cells, namely the 

induction of cellular senescence. 
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3.2 Materials and methods 

3.2.1 Acute toxicity assay timeline 

Briefly, across all cell types tested for acute DOX toxicity, cells were seeded on Day -

1, treated with relevant concentrations of DOX or control substance on Day 0 (see 

3.2.2) and the experimental endpoint (cellular viability) was measured on Day 1, 2, 3 

and 4 to generate IC50 values at 24-, 48-, 72- and 96-hours exposure (Figure 3.2).  

3.2.2 Viability assay 

Excepting the first column of the plate, 2500 cells were seeded into each well of a 96-

well microplate (Corning) and allowed to adhere overnight. Each well was maintained 

in 180μL of appropriate culture medium and incubated at 37°C/5% CO2 as standard. 

20μL of a given substance was then added to various wells, which underwent a 1/10 

dilution upon addition to the pre-existing 180 μL volume: appropriate culture medium 

(plate columns one and two), 1% w/v DMSO vehicle (column three), 100 μM DOX 

(column four). Column 4 was then serially diluted (1 in 10 dilution, 20 μL volume) across 

columns 5-12, giving a DOX dosage range of 10 µM-100 fM from columns 4-12 (Figure 

3.3). Cell cultures were maintained at standard conditions for a given drug exposure 

time (24-96 hours) before evaluating viability via an MTS assay (see 2.2.1). 

3.2.3 4-day dose-recovery toxicity assay timeline 

AC16 cells were seeded on Day -1, treated with 500 nM DOX or equivalent 

concentration of DMSO vehicle on Day 0, and the experimental endpoint (cellular 

viability) was measured on day 4 to evaluate cellular viability (Figure 3.4). 

3.2.4 10-day dose-recovery exposure model 

AC16 CMs were seeded into tissue culture plasticware at 2000 cells/cm2 using 

standard cell culture techniques (see 2.1.4) and left to adhere overnight. The next day, 

the 10-day recovery period began (see 2.1.6). 
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Figure 3.2 Schematic of acute DOX exposure for AC10, AC16 (96 hours only), HCF and MCF-7 cell lines. Cells are seeded 
into four 96-well microplates on day -1 and left to adhere overnight. Cells are treated with DOX or appropriate control continuously 
from day 0. On days 1, 2, 3 and 4, cells in microplates are assessed for viability using MTS assay. Made using Biorender.com. 

 



55 
 

 

 

  

  

Figure 3.3 Schematic of a typical MTS assay 96-well plate layout used 

throughout this section of the study. A given cell type is seeded into all wells of 

the plate except the first column. The next day, appropriate culture medium is 

added to column two, DMSO is added to cells cultured in column three, and varying 

concentrations of DOX are added to columns 4-12 using a 1:10 serial dilution. A 

representative colour palette is used here which typifies the formazan product 

pigmentation readout of this assay, with an intense colouring indicating high cell 

viability. Made using Biorender.com 
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Figure 3.4 Schematic of 4-day dose-recovery DOX exposure for AC16 cells. Cells are seeded into a 96-well microplate on 
day -1 and left to adhere overnight. Cells are treated with 500 nM DOX or equivalent concentration DMSO vehicle control (VEH) 
for 3 hours only on day 0. On day 4, AC16 cells in microplate are assessed for viability using MTS assay. Made using 
Biorender.com. 
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3.2.5 Fluorescence immunocytochemistry for classical senescence markers  

For immunofluorescent staining of senescence-associated proteins p16 and p21, 

AC16 cultures were fixed with warm 4% paraformaldehyde (PFA, Thermo Scientific 

J19943-K2) in PBS for 20 minutes at room temperature, then PFA was gently 

aspirated, and cells were washed three times (5 mins each) with ice-cold PBS (Gibco 

10010-015, five-minute wash time). Cells were then permeabilised using a ten-minute 

incubation with 0.1% Triton X-100 (Sigma T8787-250ML) in PBS (Sigma Aldrich 

P4417-100TAB) at room temperature. Permeabilisation agent was aspirated gently, 

then cells were washed with PBS as before. Blocking of non-specific antibody binding 

was via 1% bovine serum albumin (BSA, Sigma Aldrich A7906-100G) in 0.1% Tween-

20 (Sigma Aldrich P1379-250ML) PBS (PBST) for 30 minutes at room temperature. 

Blocking solution was then removed and primary antibodies against p16 (Roche 

Ventana 805-4713, mouse anti-human monoclonal, 1:1 dilution) or p21 (Abcam 

ab7960, rabbit anti-human polyclonal, 1:200) were added to cells. Cells were incubated 

with primary antibodies overnight at 4°C. Primary antibodies were then removed and 

cells were washed with PBS as before. Secondary fluorochrome conjugated IgG 

antibodies reactive to the primary antibody species were used to allow for detection. 

For anti-p16: Invitrogen A21202, Donkey anti-Mouse Alexa Fluor 488, 1:1000. For anti-

p21: Invitrogen A21206, Donkey anti-Rabbit Alexa Fluor 488, 1:100. Cells were 

incubated with secondary antibodies for one hour at room temperature in the dark, 

antibodies were then gently aspirated, cells were washed thrice with PBS as before, 

and DAPI-containing mounting media applied (Invitrogen P36931). Samples were 

stored at 4°C. Images were acquired using a 10X objective on a Zeiss AxioImager 

instrument. 

3.2.6 RNA isolation and quality/quantity evaluation 

RNA was isolated from AC16 cell pellets using an RNeasy Mini kit (Qiagen 74134, see 

2.2.2 and 2.2.3), and the quality/quantity verified (see 2.2.4). RNA was stored at -80 

°C until required. 

3.2.7 cDNA synthesis 

cDNA was synthesised from RNA extracted from cell pellets using standard methods 

(see 2.2.5) and stored at -20 °C until required. 
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3.2.8 Quantitative real-time polymerase chain reaction (qPCR) 

Primers were designed using Primer-BLAST (see 2.2.6) or commercially sourced as 

pre-designed “KiCqStart” primers (Sigma Aldrich) (Table 3.1).  qPCR was carried out 

according to a standard workflow (see 2.2.7). ACTB (β-actin), RPLP0 (ribosomal 

protein lateral stalk subunit P0) and HPRT1 (hypoxanthine phosphoribosyltransferase 

1, HPRT1) were used as a combined endogenous control. 

Table 3.1 Details of primer pairs used in RT-qPCR studies. Primer sequences were 
either designed using Primer-BLAST and commercially custom-manufactured, or 
primers purchased as a pre-designed commercial product (“KiCqStart”). 

Target gene 

transcript 

Forward 

(5’ → 3’) 

Reverse 

(5’ → 3’) 
Manufacturer 

Cyclin 

dependent 

kinase 

inhibitor 2A 

(CDKN2A) 

GTCGGGTAGAGGA

GGTGCG 

CCCATCATCATGAC

CTGGATCG 

Sigma-Aldrich 

custom 

Cyclin 

dependent 

kinase 

inhibitor 1A  

(CDKN1A) 

TCTCAGGGTCGAA

AACGGC 

GCAGAAGATGTAGA

GCGGGC 

Sigma-Aldrich 

custom 

P53 

Upregulated 

Regulator of 

P53 Levels 

(PURPL) 

CGTGTGAAAAGAA

CCCAGGTA 

CGCCTGGTAAAACA

ACCAGT 

Sigma-Aldrich 

custom 

Growth 

Differentiation 

Factor 15 

(GDF15) 

TCCGGATACTCACG

CCAGAA 

GTCACGTCCCACG

ACCTTG 

Sigma-Aldrich 

custom 

Apoptosis 

regulator Bcl-

2  

CGTTGCCTTATGCA

TTTGTTTTGGT 

TGGTGTTTCCCCCT

TGGCAT 

Integrated 

DNA 
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BCL2) Technologies 

(IDT) custom 

ACTB 
GACGACATGGAGA

AAATCTG 

ATGATCTGGGTCAT

CTTCTC 

Sigma-Aldrich 

KiCqStart 

RPLP0 
TCGACAATGGACG

CATCTAC 

ATCCGTCTCCACAG

ACAAGG 

Sigma-Aldrich 

custom 

HPRT1 
TGACCAGTCAACA

GGGGAC 

CTTCGTGGGGTCC

TTTTCAC 

Sigma-Aldrich 

custom 

 

3.2.9 Fluorescence SA-β-Gal assay 

β-gal fluorescent assay Kit (Abcam 287846) was used according to manufacturer’s 

instructions, with modifications. AC16 cells were cultured and exposed to DOX or VEH 

as previously described. At day ten post-exposure, 7.6 x 105 cells per treatment group 

were collected and pelleted, then homogenised with 100 μL ice cold β-gal assay buffer 

and kept on ice for 10 mins. Samples were centrifuged at 10,000 x g for five minutes 

at 4°C and the supernatant was collected. 5 μL of β-galactosidase positive control was 

diluted 1:25 in assay buffer. A 96-well plate (Cellstar®, #655180) was prepared with 

sample wells containing 5 μL of sample per well (6 technical replicate wells per 

treatment group), and each well was made up to a 50 μL volume with assay buffer. A 

reaction master mix was prepared using β-gal substrate and assay buffer, and 50 μL 

of this was added to each well. A standard curve of known concentrations was 

generated using the provided fluorescein standard. Fluorescence of all samples at 

Ex/Em = 480/530 nm was measured using a Varioskan LUX microplate reader 

(ThermoFisher Scientific), as a readout of β-gal activity at five-minute intervals for 30 

minutes. Data was quantified according to a standard curve, and processed according 

to manufacturer’s instructions, to calculate β-gal activity (pmol/min/μL) in DOX- and 

VEH-treated samples. 

3.2.10 Statistical analyses for DOX IC50 curve fitting 

Eight wells (A-H) represented eight technical replicates for each condition tested in one 

column of the 96-well plate. The mean absorbance value was calculated for each plate 

column, then the mean absorbance of column one was subtracted from all other mean 

absorbances, as a background correction to account for phenol red absorbance in 
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culture media. All mean absorbances from DOX conditions were then normalised to 

the mean absorbance of column three, the vehicle control, to generate a normalised 

percentage survival. The resulting data from at least three independent experiments 

was combined to generate an average survival curve. Using GraphPad Prism 10, DOX 

concentrations were log-transformed to allow downstream curve fitting. Using the 

same software, nonlinear regression was used to fit a survival curve to this data and 

generate an IC50 value for DOX, which had the equation Y=100/(1+10^((LogIC50-

X)*HillSlope))). Goodness-of-fit of the nonlinear regression fitting was evaluated by 

interpretation of the R2 value, where R2 = 1 indicates a perfect goodness-of-fit. 

3.2.11 General statistical analyses 

To compare IC50 values of DOX in different cell lines, a one-way ANOVA was used with 

Tukey’s correction for multiple comparisons. To analyse qPCR results, data were 

processed to the widely used ddCT form, whereupon they were statistically analysed 

using a paired t-test. As is common, data were graphed in the form 2^-ddCT format for 

easier visualisation and interpretation. To analyse β-gal activity, an unpaired t test was 

used. Microsoft Excel was used for basic data collection/tidying, and GraphPad Prism 

10 was used to carry out statistical analysis and generate graphs. Significance was 

assigned as p < 0.05. 
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3.3 Results 

3.3.1 Doxorubicin induces time-dependent cytotoxicity in the AC10 

cardiomyocyte cell line 

In order to identify the sensitivity of AC10 CMs to DOX, which will inform later studies, 

AC10 cells were exposed to DOX for 24-96 hours at a concentration range of 100 fM–

10 μM. A sigmoidal survival curve was then fitted using non-linear regression (Figure 

3.5). At 24 hours exposure, the estimated IC50 value of DOX was greater than the 

maximal exposure concentration (>10 µM). At 48, 72 and 96 hours the IC50 of DOX 

was calculated as 52.5 nM, 20.6 nM and 14.2 nM, respectively (Figure 3.5, Table 3.2).  

Table 3.2 Calculated IC50 values of DOX in AC10 CM cell line following a given 
exposure time. Survival curves were fitted using linear regression, the goodness of fit 
of this model is expressed as the R2 value. 

DOX exposure time (hours) IC50 (nM) R2 - curve goodness of fit 

24 > 10000 - 

48 52.5 0.9311 

72 20.6 0.9818 

96 14.2 0.9776 
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Figure 3.5 Percentage survival of AC10 CM cell line following various exposure 
times to a range of DOX concentrations, normalised to DMSO vehicle control, as 
indicated by MTS metabolism assay. A) Percentage survival after 24 hours exposure 
to DOX. B) Percentage survival after 48 hours exposure to DOX. C) Percentage 
survival after 72 hours exposure to DOX. D) Percentage survival after 96 hours 
exposure to DOX. Each data point = mean +/- SD, n ≥ 3. 
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3.3.2 Doxorubicin induces time-dependent cytotoxicity against primary human 

cardiac fibroblasts 

Primary HCFs were exposed to DOX in a similar manner to AC10 CMs (see 3.3.1). At 

24 hours exposure, the estimated IC50 value of DOX was >10 µM, as was observed 

for AC10.The IC50 of DOX was calculated as 1181 nM, 222 nM and 148 nM at 48, 72 

and 96 hours DOX exposure, respectively (Table 3.3, Figure 3.6).  

Table 3.3 Calculated IC50 values of DOX in primary human cardiac fibroblasts 
following a given exposure time. Survival curves were fitted using linear regression, 
the goodness of fit of this model is expressed as the R2 value. 

DOX exposure time (hours) IC50 (nM) R2 - curve goodness of fit 

24 >10000 - 

48 1181 0.8834 

72 222 0.9316 

96 148 0.9513 

  



64 
 

 

Figure 3.6 Percentage survival of primary human cardiac fibroblasts following 
various exposure times to a range of DOX concentrations, normalised to DMSO 
vehicle control, as indicated by MTS metabolism assay. A) Percentage survival 
after 24 hours exposure to DOX, with IC50 value >10 μM. B) Percentage survival after 
48 hours exposure to DOX. C) Percentage survival after 72 hours exposure to DOX. 
D) Percentage survival after 96 hours exposure to DOX. Each data point = mean +/- 
SD, n = 3.  
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3.3.3 Doxorubicin induces time-dependent cytotoxicity against the MCF-7 breast 

cancer cell line 

The breast cancer cell line MCF-7 was exposed to DOX in a similar manner to AC10 

CMs and HCFs. At 24 hours exposure, the estimated IC50 value of DOX was again >10 

µM. The estimated IC50 of DOX calculated as 1902 nM, 774 nM and 199 nM at 48, 72 

and 96 hours exposure, respectively (Table 3.4, Figure 3.7).  

Table 3.4 Calculated IC50 values of DOX in MCF-7 breast cancer cell line following 
a given exposure time. Survival curves were fitted using linear regression, the 
goodness of fit of this model is expressed as the R2 value. 

DOX exposure time (hours) IC50 (nM) R2 - curve goodness of fit 

24 >10000 - 

48 1902 0.8956 

72 774 0.8980 

96 199 0.9783 
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Figure 3.7 Percentage survival of the MCF-7 breast cancer cell line following 
various exposure times to a range of DOX concentrations, normalised to DMSO 
vehicle control, as indicated by MTS metabolism assay. A) Percentage survival 
after 24 hours exposure to DOX. B) Percentage survival after 48 hours exposure to 
DOX. C) Percentage survival after 72 hours exposure to DOX. D) Percentage survival 
after 96 hours exposure to DOX. Each data point = mean +/- SD, n = 3. 
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3.3.4 Comparison of doxorubicin sensitivity between cell types 

As would be assumed for a known cytotoxic agent, longer exposure times to DOX 

generated a lower IC50 value within a single cell model. However, the AC10 CM cell 

line was particularly sensitive to DOX cytotoxicity, with IC50 values in the range of 14.2-

52.5 nM. Though this is in agreement with previously published data on the AC10 cell 

line within our lab (indicating this result might not have arisen from human error or 

technical faults during the assay),251 it is strikingly lower than the counterpart IC50 

values for the MCF-7 breast cancer cell line obtained in this study (199-1900 nM), 

which would suggest DOX shows an approximately 10-fold higher cytotoxicity for CMs 

than cancer cells in vitro. 

To explore whether this difference might be due to an artefact of the AC10 cell line in 

our hands, the sensitivity of AC16 cardiomyocytes to DOX was briefly investigated: 

AC10 and AC16 cells are subclones derived from the same cell line,209 and there is no 

theoretical reason for them to display different sensitivities to DOX. AC16 CMs were 

exposed to DOX in a similar manner to AC10 CMs, HCFs and MCF-7 cells (see 3.3.1, 

3.3.2 and 3.3.3), at a 96-hour exposure only, using a narrower range of DOX 

concentrations based on estimated IC50 from AC10 results. The estimated IC50 value 

of DOX in AC16s was consequently calculated as 144.4 nM (Figure 3.8A). Given the 

significantly lower IC50 of DOX against AC10 CMs (Figure 3.8B), and the fact that the 

AC16 cell line has emerged as the predominant cell line over AC10 for CM biology 

research due to its commercial availability and associated genetic verifications (AC10 

cells are no longer available for purchase), it was decided to employ AC16 as a more 

verifiable model going forward, to maximise the comparability of later studies to 

published works.252 Comparing the IC50 values of DOX against AC16 CMs, HCFs and 

MCF-7s, there was no significant difference between cell types (Table 3.5), indicating 

a similar sensitivity to DOX across the board. 
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Cell type Mean IC50 +/- SEM (nM) 
Significantly different to other 

cell types? 

AC16 144 +/- 26.9 No 

HCF 148 +/- 19.3 No 

MCF-7 199 +/- 10.1 No 

Figure 3.8 IC50 of DOX against AC10 and AC16 CM cell types. A) Percentage 
survival of the AC16 CM cell line following 96 hours exposure to a range of DOX 
concentrations, normalised to DMSO vehicle control, as indicated by MTS 
metabolism assay. Each data point = mean +/- SD, n = 6. B) Comparison of DOX 
IC50 values against AC10 and AC16 CM models, in a 96-hour exposure, calculated 
using an MTS viability assay (metabolism-based). Data represents the mean +/- 
SEM of n ≥ 3 independent experiments, analysed with an unpaired student’s t test. 

Table 3.5 Summary of DOX IC50 values across three relevant cell models. 96-

hours exposure IC50 values are detailed, which were analysed using a one-way 

ANOVA with Tukey’s correction for multiple comparisons. Data is presented as 

mean +/- SEM, n = ≥ 3 independent experiments). 
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3.3.5 Response of AC16 cardiomyocytes to doxorubicin exposure and 4-day 

recovery period 

A concern regarding anthracyclines is the delayed nature of their cardiotoxicity, which 

may not be accurately described by a dose-response curve in a classical acute study. 

Therefore, to better represent this, a dose-recovery (“hit and run”) model was 

evaluated. After a three-hour DOX exposure, and 93-hour recovery period in culture, 

the mean IC50 +/- SEM of DOX was calculated as 624.5 +/- 105.3 nM (Figure 3.9, R2 

= 0.8704), which is below the mean reported Cmax of DOX (2.32 +/- 0.58 µM) in clinical 

settings (see 3.1.2). This model was subsequently employed to investigate the 

phenotype of these surviving CMs post-insult and how they might persistently 

contribute to the delayed onset nature of DOX-associated cardiotoxicity. 

500 nM DOX was selected going forward, given that this is below the IC50 of DOX in a 

three-hour exposure setting, and is below the clinical Cmax of DOX, but representative 

of clinical exposures within one to two pharmacokinetic terminal half-lives of this drug 

(reported to be 20-48 hours).25,235,253 

 

 

  

  

Figure 3.9 Percentage survival of the AC16 CM cell line following 3 hours 
exposure to a range of DOX concentrations and a 93-hour recovery period, 
normalised to DMSO vehicle control, as indicated by MTS metabolism assay. 
The clinical Cmax value is indicated with a red dotted line. Each data point = mean 
+/- SEM, n = 3. 
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3.3.6 Assessment of senescence-related markers in AC16 cardiomyocytes 10 

days following a sublethal exposure to DOX 

As previously mentioned, studies investigating the impact of DOX upon CMs have 

previously used high doses that lead to cell death, which perhaps does not represent 

the clinical situation. The consequent hypothesis in this project was that sublethal DOX 

exposure leads to myocardial dysfunction due to senescence induction. As such, the 

next aim was to establish whether CMs subjected to a sublethal dosing regimen are 

indeed induced to senescence. Studies in the literature have shown that a 500 nM, 3 

hour exposure to DOX is sufficient to induce phenotypic alterations to CMs in vitro 

which may contribute to disease.180 500 nM is within the range of DOX Cmax measured 

in patient sera in the clinic,235 and also tallies with seminal in vitro and in vivo studies 

implicating senescence as a driver of DOX cardiotoxicity.179 

The expression of p16 and p21 proteins (classical senescence markers and controllers 

of the senescent phenotype) in AC16 cells was tested 10 days post 500 nM DOX or 

equivalent VEH exposure, using fluorescence immunocytochemistry approaches. 

Minimal expression of p16 was noted in AC16 cells post-VEH (Figure 3.10A). 

However, 10 days post-DOX, the vast majority of AC16 cells in culture expressed p16, 

with the staining pattern being diffuse and localised to both cytoplasmic and nuclear 

compartments (Figure 3.10A). In the case of p21 staining, this marker was not 

observed in VEH-treated cells (Figure 3.10B) but was seen in a small number of DOX-

treated cells (Figure 3.10B). The staining pattern of p21 was notably different to p16, 

being instead clearly observed in the nuclear compartment and minimally observed in 

the cytoplasmic compartment. Next, the expression of these markers was quantified 

using RT-qPCR. These studies identified that p16 transcript (CDKN2A) was 

significantly increased post-DOX compared to VEH control (Figure 3.10C). Similarly, 

quantification of p21 transcript (CDKN1A) also showed a significant increase in DOX 

vs VEH treatment groups (Figure 3.10D). 

Having established DOX induced the expression of two hallmark senescence 

controllers the quantification of additional genes which are associated with CM 

senescence was carried out. B-cell lymphoma 2 (Bcl-2) is a regulator of apoptosis, 

which inhibits formation of the apoptotic pore, and previous studies have demonstrated 

that in vivo treatment with Bcl-2 inhibitors induces senescent CMs to apoptosis, 

suggesting Bcl-2 is expressed by and important for senescent cell survival.173,175,181 

DOX-treated AC16 CMs demonstrated a significant increase in BCL2 transcript 
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expression (Figure 3.10E). Similarly, DOX-treated CMs displayed a significant 

increase in GDF15, a cytokine identified as a component of the CM SASP (Figure 

3.10F).173 Recent studies have also identified that the expression of PURPL, a long 

non-coding RNA (lncRNA), is linked to the senescent phenotype,157 although to date 

PURPL expression had not been investigated in the context of CM senescence. A 

significant increase in this novel lncRNA senescence marker was observed in DOX-

treated CMs (Figure 3.10G) 

Another “gold-standard” hallmark of cellular senescence is increased beta-

galactosidase activity (senescence-associated beta-galactosidase, SA-β-Gal). Most 

mammalian cells, regardless of age phenotype show lysosomal β-Gal activity at pH 4, 

but senescent cells notably express lysosomal β-Gal activity at pH 6 – therefore robust 

β-Gal activity under higher pH conditions can be used to specifically detect senescent 

cells.149 This is thought to be due to overexpression of GLB1, the gene encoding for 

lysosomal enzyme.254 Using a commercially available fluorescent β-Gal activity assay, 

the activity of β-Gal in AC16 cell homogenate derived from cell cultures treated with 

DOX or VEH was tested, according to previous dosing regimens in this study. The 

activity of β-Gal in DOX-treated AC16 cultures was 6.2 pmol/min/μL, significantly 

higher than its activity in VEH-treated cultures, 1.3 pmol/min/μL (Figure 3.10H) 

Taken together, these data provide strong evidence that sublethal DOX treatment 

induces senescence in AC16 CMs through activation of classical senescence 

pathways and indicates that senescent AC16 CMs express additional proteins 

associated with in vivo CM senescence.  
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Figure 3.10 Sublethal DOX exposure induces expression of senescence markers in AC16 CMs. A) Representative image of 
immunofluorescent staining following recovery from VEH exposure (left) or DOX exposure (right) (p16 green, nuclei blue) B) 
Representative image of immunofluorescent staining following recovery from VEH exposure (left) or DOX exposure (right) (p21 
green, nuclei blue). C-H) RT-qPCR expression analysis in DOX/VEH treated AC16 CMs: C) CDKN2A D) CDKN1A E) BCL2 F) 
GDF15 G) PURPL. Data is presented as mean +/- SEM from n = 5 independent experiments, where HPRT1, ACTB and RPLP0 
were used as endogenous controls. **** p ≤ 0.0001. *** p ≤ 0.001, * p ≤ 0.05 using a paired student’s t-test. H) Comparison of SA-
β-galactosidase activity (pmol/min/μL) in the cellular lysates of DOX- and VEH-treated AC16 CMs. Data is presented as mean +/- 
SEM, n = 3 independent experiments. * p ≤ 0.05 using an unpaired student’s t-test. Scale bars = 100 µm. 
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3.4 Discussion 

Development of cardiac toxicities is a major clinical problem with many cancer 

chemotherapeutics, especially the anthracycline family of drugs such as DOX. The aim 

of this chapter was to characterise and optimise a clinically relevant in vitro human 

cellular model to evaluate the mechanistic basis of DOX-induced cardiotoxicity. 

3.4.1 Cytotoxicity of doxorubicin varies by exposure time and cell type 

Against the AC10 human CM cell line DOX exhibited IC50 values of 52.5 +/- 6.91, 20.6 

+/- 3.56, and 14.2 +/- 1.33 nM at 48, 72 and 96 hours respectively. These values are 

in agreement with the previous studies of Rockley et al. who reported an IC50 at 96 

hours of 20 nM.251 Relative to published data for cancer cell lines, AC10 cells appear 

comparatively sensitive to DOX. It could be speculated that this heightened sensitivity 

is due to the accumulation of DOX in CMs,255 or the concept that DOX particularly 

targets the mitochondria of the energetically demanding CM due to the drug’s cationic 

nature and resultant strong affinity for cardiolipin, a lipid found in the inner 

mitochondrial membrane.256 However, before exploring these concepts further, this 

marked sensitivity was verified in the AC16 clone of the cell line.  

AC10 and AC16 sensitivity to DOX was different, exhibiting cytotoxicity IC50 values at 

a 96-hour exposure of 14.2 +/- 1.33 nM and 144 +/- 26.9 nM, indicating underlying 

differences between the clones. Our lab’s AC10 cell cultures were established from a 

gift from Dr Barbara Savoldo (Texas Children’s Hospital, USA), have been employed 

by multiple users in the lab, and as the handling of the cell line increased over time, 

phenotypic drift (an unfortunately common, and somewhat inevitable, artefact of 

serially culturing immortalised cell lines) may have occurred and given rise to these 

differences.257 For instance, these differences might be attributed to altered drug 

influx/efflux dynamics, heightened proliferation, attenuated antioxidant response, or 

some other biochemical changes, but these lay outside the scope of this study. On the 

other hand, our AC16 cultures were recently purchased from a commercial source 

(therefore quality-control tested by e.g. short tandem repeat profiling) and were then 

established completely in-house. For these reasons and to better align this work with 

studies in the literature, future work therefore transitioned from using AC10 CMs to 

AC16 CMs. 

When comparing the sensitivities of AC16 CMs, HCFs and MCF-7s to DOX, there were 

no significant differences in IC50 values, suggesting similar sensitivities. Though these 
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monolayer culture assays are a basic model, the suggestion that cardiac-resident 

populations lose a similar proportion of viability as a cancer cell population following 

DOX exposure is striking, highlighting the flawed, nonselective nature of this therapy. 

3.4.2 Cytotoxicity of doxorubicin on non-cardiomyocyte cells of the heart 

Historically, CMs have long received the lion’s share of attention in cardiotoxicity 

research, but it has long been known that a large percentage of the cardiac cellular 

population is made up of non-CM cell types, by number. The toxicity of DOX in these 

non-CM populations, such as HCFs, is less well-studied but is gaining attention.258 

Here, it was shown that HCFs had a similar sensitivity to DOX cytotoxicity as the AC16 

CM cell line, underscoring these concepts. HCFs are crucial to the formation and 

maintenance of extracellular matrix (ECM) in the cardiac microenvironment and are 

necessary for the proper contractility and function of CMs.191 The acute loss of cardiac 

fibroblasts in the acute phase of DOX exposure would therefore likely disrupt cell-cell 

crosstalk in the heart, and impact other cell types’ functionality. A survey of the literature 

found no robust reports of an IC50 value for DOX in HCFs, but, in agreement with the 

data in this project, related studies have been conducted showing that HCFs in vitro 

are indeed sensitive to DOX after 24 hrs exposure (using an MTT/MTS approach).259 

An in vivo study highlighted how approximately 80% of all apoptotic cardiac cells 

derived from DOX-treated animals were fibroblasts, though rather than a cell type-

specific sensitivity this may point to the fact that the majority of cells in the heart are 

fibroblasts.48  

Unlike CMs, HCFs retain the ability to proliferate and replenish apoptotic HCFs lost in 

acute phases of toxicity, though this may require phenotypic shift towards an activated 

phenotype, akin to the proliferative burst observed post-myocardial infarction.260,261 

HCFs release paracrine factors that are key to maintaining the overall homeostasis of 

the cardiac microenvironment and coordinating cellular responses to external cues, be 

they pathological or physiological. HCFs can therefore be seen to represent a physical 

and molecular link between various cell types in the myocardium – and short of HCF 

cell death, even changes to the HCF phenotype may promote pathology: this will be 

discussed later in this thesis. HCFs are but one example of a non-CM cell type crucial 

for making up the myocardial cellular milieu. Others include endothelial cells, smooth 

muscle cells and mesenchymal stromal cells. It would be interesting to evaluate the 

IC50 of DOX against these cell types using similar viability assays, to inform on the 

various sensitivities of the heterogeneous and complex cell populations in the heart. 
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3.4.3 Considering the suitability of MCF-7 cell line for doxorubicin toxicity 

studies 

Within the anthracycline drug family, DOX and epirubicin remain crucial treatments for 

breast cancer, and their efficacy against relevant cell lines in vitro is well-established. 

The IC50 values of DOX against MCF-7 breast cancer cells reported here (199 nM at 

96 hours exposure, 774 nM  at 72 hours exposure) broadly agree with values reported 

in the literature.239,262,263 Some studies have highlighted how incorporation of this cell 

line into a 3D model,262,264 which better mimics the true tumour environment, drastically 

reduces its sensitivity to DOX, so it is worth interpreting these IC50 values from 

monolayer cultures with caution. To gain a more holistic understanding of DOX efficacy 

against breast cancer, it would be prudent to: investigate more sophisticated models 

(e.g. 3D models incorporating multiple cell types), and consider the clinical incidence 

of drug-resistant breast cancer (by evaluating drug-resistant cell lines for e.g. 

epigenetic variation or single nucleotide polymorphisms in drug transporters).265,266  

Furthermore, data from the NCI-60 screen highlights the diverse sensitivities of various 

cancer cell types to a single therapy like DOX. MCF-7 is but one tumour cell line which 

can be used to model breast cancer, commonly used due to its robust oestrogen 

receptor (ER) expression and thus, capacity for hormonal response.267 Others include 

the MDA-MB-231 cell line (which is ER-negative),268 the T47D cell line (which is 

progesterone-sensitive and derives from a ductal carcinoma rather than 

adenocarcinoma),269 and the BT-549 cell line (derived from a papillary, metastatic 

ductal carcinoma). DOX has a range of LC50 and GI50 values listed between these 

breast cancer cell lines (data not shown), even before purpose-made drug-resistant 

cell lines are considered, or other tissue types. Therefore, the MCF-7 toxicity data 

should not be interpreted as a catch-all representation of DOX’s anticancer efficacy in 

general. 

3.4.4 The MTS assay for assessing cytotoxicity in vitro 

For the assessment of cytotoxicity and subsequent comparisons to other studies, the 

MTS assay was utilised specifically within this study. This colorimetric method is 

comparable to both the sulphorhodamine B (SRB) assay used for the NCI-60 

screening (more amenable to high-throughput screening than MTS) and the 

luminescence-based CellTiter-Glo viability assay (Promega) used by the GDSC (NCI-

60 transitioning to this assay in 2024).238,239,270 All of these methodologies provide an 
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indirect measurement of drug toxicity via representation of cell metabolic capacity 

(MTS), total protein mass (SRB), or ATP production (CellTiter-Glo), respectively, which 

theoretically can be affected by a drug impacting cellular metabolism in the absence of 

cell number changes.271 However, previous studies with the AC10 (and more latterly 

the AC16) cell line have demonstrated a close relationship between readouts from the 

MTT/MTS assay and cell numbers, assessed via trypan blue exclusion assay and real-

time cellular impedance assays, providing a degree of confidence in these results.251 

3.4.5 Refining an in vitro exposure model to elucidate the molecular mechanisms 

of toxicity – senescence induction in cardiomyocyte cell types 

As previously discussed, though acute toxicity assays are useful in some experimental 

contexts, their readouts may not be the most useful for exploring the mechanisms of 

delayed DOX cardiotoxicity when used in isolation. Informed by the clinical doses of 

DOX administered to patients and the delayed-onset nature of this toxicity, an 

important output in this study was the development a dose-recovery in vitro model. The 

MTS assay results from this model, with 3 hour DOX exposure followed by a 93 hour 

recovery period, were notably different to those obtained following 96-hour continuous 

acute exposure, which aligns with the concept that acute exposure to high doses of 

DOX may induce a different effect in CMs compared to a transient exposure to low 

doses of DOX.272 Studies have highlighted how one effect of low dose DOX exposure 

is the induction of cellular senescence:250  since it was discovered that participation in 

the mitotic cell cycle is not a prerequisite for cells attaining a senescent phenotype, 

cellular senescence has gained much attention as a mechanism in CVD more 

generally,173 and within AIC specifically.179 To explore the capacity of a sublethal dose 

of DOX to induce senescence in a human CM cell line, the recovery period following 

DOX exposure was increased to 10 days going forward (based on the time course of 

senescence onset in CVD models from this lab and others).175,179 

In the AC16 cell line, markers of senescence were elevated at the transcript and protein 

level 10 days after a transient, sublethal DOX exposure. Cells showed p16 protein 

expression throughout the whole cell following DOX exposure, contrasting with the 

nuclear-only expression of p21. Given their roles in cell cycle regulation, p16 and p21 

protein may traditionally be considered to be constrained to the nucleus, yet a survey 

of the literature returned no studies showing nuclear-only p16 expression in AC16 cells 

and other commonly used immortalised/cancer cells lines (e.g. HeLa, HepG2) via 

immunofluorescent methods – in fact, one study shows p16 localisation to the 
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cytoplasm and nucleus of A549 and HEK293T cells, similar to the AC16 studies 

herein.273 There is robust evidence for elevated p21 protein expression to be localised 

to the nucleus in response to stress, as was noted in the results above.274 

3.4.6 Considering other senescence-related markers 

GDF15 and PURPL transcripts were increased in AC16 cells 10 days post-DOX, 

markers which have been associated with cellular senescence. GDF15, the protein 

encoded by GDF15, is emerging as a powerful circulating biomarker of cardiovascular 

stress in humans, with some studies showing its performance matches that of BNP.275 

GDF15 was recently identified as a CM-specific SASP protein,173 and its elevation in 

this project’s 10-day dose-response model alongside typical senescence markers p16, 

p21 and SA-β-Gal is also in accordance. The heterogeneity of the senescent 

phenotype is widely acknowledged as a challenge and research priority in the field. In 

a study aiming to identify more universal, useful transcript markers of senescence, the 

lncRNA PURPL was highlighted as a strong candidate, which performed well across 

various senescence-inducing stimuli, cell types and tissue types.157 Therefore, its 

elevation in DOX-treated AC16 CMs is also supportive of the induction of the 

senescent phenotype. 

SA-β-Gal has long been acknowledged as a robust protein marker of cellular 

senescence.149 Here, a fluorescence-based assessment of SA-β-Gal levels in cell 

lysate was used, to provide a quantitative, orthogonal approach to the qualitative p16 

and p21 immunostaining. There was a significant increase in SA-β-Gal activity within 

DOX-treated AC16 CMs. To explore the expression of these markers within this model 

further, it would be of interest to use an SA-β-Gal immunostain on fixed cells to shed 

light on the frequency at which these three historically gold-standard senescence 

markers co-stain within the same cells. 

Landmark studies of senescence and DOX cardiotoxicity have so far focused more on 

whole-animal murine studies or non-cardiovascular human cell lineages,179,180 

whereas in this project the AC16 human ventricular cell line was used. Considering 

other comparable cell types; H9c2 cells are commonly utilised in basic cardiovascular 

research, but they better resemble skeletal muscle cells, despite their cardiac 

origin.243,276 The HL-1 cell line is often used in studies and is advantageous in its 

contractile potential, but is also immortalised and furthermore, is atrial in origin rather 

than ventricular, which AC16s are.209,245 Both HL-1 and H9c2 are murine-derived, 
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compared to AC16s which are human-derived. Therefore, certainly as a predecessor 

to more sophisticated models, the AC16 cell line is proposed to have utility in 

cardiotoxicity & senescence studies, especially given its capacity to show robust 

upregulation in p21 and p16, alongside SA-β-Gal activity in an orthogonal study post-

DOX exposure, as shown here. 

3.4.7 Conclusions 

Overall, the toxicity assays detailed highlight the significance of exposure time and cell 

model choice when establishing IC50 values of a substance and these values’ 

relevance to the literature. Furthermore, choosing a concentration and exposure time 

which is reflective of a real-world clinical context is crucial to beginning further studies 

into the molecular mechanisms of AIC. Considering the clinical pathology of DOX 

cardiotoxicity, the sublethal 10-day dose-recovery DOX exposure model used here 

indicates that CMs acquire a senescent phenotype in the days following exposure, a 

phenotype which may contribute towards progression of cardiovascular disease 

generally. 
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Chapter 4. Exploring the Doxorubicin-Induced Senescent 

Phenotype in a Cardiomyocyte Cell Line 

4.1 Introduction 

4.1.1 Cardiomyocyte hypertrophy in senescence and doxorubicin cardiotoxicity 

At a whole-organ level, a decrease in total LV CM mass (CM atrophy) has been 

reported clinically following DOX treatment,69 but studies suggest this is paired with an 

increased CM volume in the surviving cells (CM hypertrophy).277 CM hypertrophy can 

occur physiologically, as a result of exercise or pregnancy, but more pertinent to this 

project, can also occur in pathology in response to a variety of small molecules, such 

as DOX.278 

There are conflicting data as to whether CM senescence is associated with cellular 

and/or organ-level hypertrophy. In the context of ageing, CM senescence has been 

linked to pathological hypertrophy,173,279 and in rat neonatal CMs in vitro, 

overexpressing p16INK4a and p21CIP1/WAF1 using an adenovirus vector prevented cell 

enlargement upon serum stimulation and depressed the genetic expression of cardiac 

hypertrophy markers, indicating that these cell cycle inhibitors are required for 

induction of CM hypertrophy.280 However, in vivo studies of acute CVD like IRI suggest 

that senescence is not a leading cause of hypertrophy, since CM-specific p16-knockout 

animals showed no change in CM area or LV mass compared to wild-type controls, 

post-IRI.281 In the complex, acute disease setting of IRI therefore, other mechanisms 

may have a driving role in the regulation of CM hypertrophy, alongside cellular 

senescence. It may be speculated that chronic, DOX-induced changes in the 

senescent myocardium may follow a pathology similar to the ageing phenotype rather 

than IRI but nevertheless, the precise interactions between CM hypertrophy and 

senescence in the context of AIC are yet to be elucidated. 

4.1.2 Mitochondrial morphology and dysfunction in senescent cells 

Mitochondrial dysfunction has been touted as a major player in CM functional decline 

and heart disease more broadly.282 DOX is known to damage CM mitochondria directly, 

and contribute to persistent dysfunction.180,224 Being so energetically demanding, CMs 

are especially vulnerable to the impacts of mitochondrial dysfunction, and having a 

more limited antioxidant capacity, are also particularly vulnerable to the effects of 

mitochondrial ROS (mtROS).283,284 Defective and damaged mitochondria can be 
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turned over via mitophagy (autophagy of mitochondria), but the attenuation of this 

important quality control process is a recognised feature of cellular senescence:285 a 

lack of mitophagy is therefore thought to contribute to the accumulation of defective 

mitochondria within senescent cells. 

Not only is the quality control of mitochondria affected in senescent cells, but also the 

morphology of the mitochondrial network more globally. Firstly, the mitochondrial 

footprint within senescent cells has widely been shown to increase compared to non-

senescent controls.187 However, this has mostly been shown in stress-induced 

senescence using ionising radiation or etoposide treatment as senescence stimuli or, 

when using DOX, in non-CM cell types.187,286 Furthermore, the precise morphological 

characteristics of the network (e.g. branch length), which is crucial for proper function, 

is understudied in DOX-induced senescence in the CM context.  

It is generally thought that mitochondrial fission/fusion dynamics are disrupted in 

senescent cells, with some authors suggesting that decreased fission-related protein 

PINK1 contributes to a more fused mitochondrial network.287 A hyper-fused 

mitochondrial network which is less able to dynamically regulate fission/fusion events 

may be less able to adapt to metabolic demands, compromising the function of the 

cell. In CMs, decreased mitochondrial network branch length has separately been 

correlated with a decrease in maximal respiration rate and spare capacity (i.e. 

functional capacity).288 However, there are few studies evaluating the mitochondrial 

network morphology of DOX-induced senescent CMs, and how this may impact 

cellular energy production and function. 

4.1.3 Senescent cardiomyocytes are secretory – function of the SASP 

One of the distinguishing features of senescent cells is their ability to secrete a pro-

inflammatory SASP, as previously introduced (see 1.4). Using a purified population of 

CMs, it was only recently demonstrated that CMs secrete a non-canonical, functional 

SASP.173 Therefore, it is thought that the SASP previously attributed to CMs isolated 

from cardiac tissues may actually be derived from other cell populations, such as 

HCFs, which overgrow ex vivo CMs in culture over time. However, though this study 

highlighted novel CM SASP targets such as GDF15, Endothelin 3 and TGFβ2, these 

were only detected at the mRNA level and their functionality was only demonstrated 

by applying the recombinant proteins individually to fibroblast cultures.  
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True co-culture studies exploring the CM SASP’s effects on cardiac fibroblasts are 

scant, but it is well-established that paracrine interactions between CMs and cardiac 

fibroblasts play a role in cardiovascular health and disease, including via the 

SASP.289,290 Short of its functionality, better understanding the senescent CM SASP in 

circulation may enable the development of this secretome signature into a biomarker 

panel which is predictive or prognostic of cardiovascular disease. Clinically, circulating 

SASP proteins have shown encouraging results in their capacity to predict clinically 

important health outcomes in older adults, including death (combining GDF15, RAGE, 

VEGFA, PARC, and MMP2),291 COVID-19 prognosis (using immunosenescence and 

inflammageing cytokine markers IL-6, IL-10, TNF-α),292 and age-related health deficits 

and/or postsurgical outcomes (combining GDF15, FAS, osteopontin, TNFR1, ACTIVIN 

A, CCL3, and IL-15).293 No SASP profile for DOX-induced senescence in CMs has 

been established as of yet,182 so elucidating this SASP signature and its paracrine 

functionality is an unmet need in the field, alongside evaluating its clinical potential as 

a predictive circulating biomarker of AIC. 

4.1.4 Aims and objectives 

As previously detailed, senescence was classically defined by irreversible exit from the 

cell cycle by Hayflick and Moorhead. However, the field’s understanding of the 

senescent phenotype, and its potential role in cardiovascular disease such as AIC, has 

since expanded to include many hallmarks.155  

Having assessed DOX-exposed AC16 CMs for traditional senescence markers p16, 

p21 and SA-β-gal (see 1.4.1), the aim now is to characterise other phenotypic 

hallmarks of senescent cells, namely cellular hypertrophy, mitochondrial network 

alterations, and the presence of a functional SASP, using cell imaging techniques, 

specialist bioimaging analyses and cytokine array following the 10-day dose-response 

DOX exposure regimen. Given the acknowledged heterogeneity of the senescent 

phenotype dependent on stimuli and cell type, these studies will inform on the specific 

phenotype of CMs induced to senescence by DOX, and how these features may 

contribute to pathology. 

4.2 Materials and Methods 

4.2.1 Hypertrophy image analysis 

To quantify the size of AC16 CMs, cells were imaged using a Nikon Eclipse TS100 light 

microscope before VEH/DOX exposure. Then, VEH-treated cells were imaged at days 
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1 and 3, at which point cells became confluent in culture so were unsuitable for further 

imaging. DOX-treated cells were imaged at days 1, 3, 7 and 10 following exposure. At 

each time point, the size of 20 cells within one field of view were manually measured 

using ImageJ. 

4.2.2 Cell culture, immunofluorescent labelling & qualitative imaging of the 

mitochondrial network 

AC16 cells were seeded into 6-well plates, each well containing sterile glass cover 

slips (VWR 631-0150). Cells were allowed to adhere overnight then exposed to DOX 

or DMSO vehicle (VEH) according to the established protocol (see 2.1.6) but with the 

adaptation that the cells were trypsinised and re-seeded at a lower density if the culture 

reached confluence, to prevent overgrowth during the 10-day recovery period. 

AC16s were fixed at room temperature using a ten-minute incubation with a 1:1 mix of 

normal culture medium:4% PFA (Thermo Scientific 28906, diluted 1:4 with PBS), which 

was then replaced by 4% PFA only for a further ten minutes. Cover slips were washed 

three times with PBS (Gibco 10010-015), then cells were permeabilised for 15 minutes 

at room temperature with 0.2% Triton X-100 (Sigma X100) in PBS, with gentle rocking. 

Cells were washed thrice with PBS, then blocked with 5% goat serum (Sigma G9023) 

in PBST, at room temperature for one hour. Block was aspirated gently, then cells were 

incubated at 4°C overnight with a combination of primary antibodies, which were: Cell 

Signalling D5C8, rabbit anti-human TFAM, 1:500; Abcam ab14730, mouse anti-human 

ATP5B, 1:500. Primary antibodies were gently aspirated, cells were washed thrice with 

PBST for five minutes per wash, with gentle rocking. Cells were incubated for one hour 

at room temperature in the dark with a combination of secondary antibodies, which 

were: Invitrogen A21069, goat anti-rabbit Alexa Fluor 568, 1:500; Invitrogen A11001, 

goat anti-mouse Alexa Fluor 488, 1:500. Secondary antibodies were removed, and 

cells were washed twice with PBST, then incubated with 1 µg/mL DAPI (Invitrogen 

62248) for 15 minutes at room temperature. Cells were washed twice with distilled, 

deionised water before mounting (Fisher Scientific 15586276) onto cover slips and 

sealing with nail varnish.  

Images were acquired using a 63x oil immersion objective on a Zeiss Confocal LSM 

980 multiphoton instrument, with Airyscan super resolution imaging. 
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4.2.3 High-content imaging of mitochondrial network morphology for 

quantification 

The Newcastle University BioImaging Unit is acknowledged for their assistance with 

the generation of imaging data. Slides were visualized with an upright LSM 880 

microscope with Airyscan detector (Carl Zeiss) using W Plan-Apochromat 40x/1.0 DIC 

VIS-IR M27 objective (equipment funded by Wellcome Trust 2017, 208339/Z/17/Z). 

For large images 3x3 or 4x4 tiles at zoom 1.8 were used to cover multiple cells, while 

z-slices were acquired with a z-step size of 6-7.5 µm. Airyscan processing was 

performed using the Airyscan processing function in the ZEN software. 

4.2.4 Quantification of the mitochondrial network using MiNA 

The Newcastle University BioImaging Unit is acknowledged for their assistance with 

analysis of mitochondrial network morphology. Mitochondrial network morphology in 

individual cells was analysed using the MiNa (Mitochondrial Network Analysis) script 

for the open-source software Fiji (ImageJ).294 MiNA is a simplified workflow for 

analysing mitochondrial morphology,295 here using 3D z-stacks of fluorescence 

images. The MiNA macro generated a skeleton of the mitochondrial network in each 

cell and calculated mitochondrial footprint volume, mitochondrial “doughnuts” per cell 

(toroidal mitochondria), and mean branch length of the network per cell. Original 

source code for the MiNA workflow can be found at https://github.com/StuartLab/MiNA, 

and the code used for this work can be found at https://github.com/NCL-

ImageAnalysis/General_Fiji_Macros under the title MiNA_CustomScript.py (Appendix 

A).296 Otsu was used to threshold images,297 no other notable modifications were made 

to the original code. 

4.2.5 Conditioned media collection from senescent AC16 cardiomyocytes 

AC16 CMs were treated with DOX and VEH according to the previously described 10-

day dose-recovery regimen (see 2.1.6). Cells were cultured in T75 culture flasks 

(Corning). On day 8 post-exposure, a media change was performed, whereby media 

was aspirated, cells were washed gently with PBS, then 10 mL of fresh DMEM/F-12 

media (Gibco 21041-025) was added into flasks. Media contained 1% P/S (Gibco 

15140-122 100 mL) but contained no FBS and no phenol red, to minimise any 

interference in downstream LC-MS or cytokine array applications. After 48 hours, now-

conditioned media was collected from senescent and non-senescent AC16 cultures 

https://github.com/StuartLab/MiNA
https://github.com/NCL-ImageAnalysis/General_Fiji_Macros%20under%20the%20title%20MiNA_CustomScript.py
https://github.com/NCL-ImageAnalysis/General_Fiji_Macros%20under%20the%20title%20MiNA_CustomScript.py


84 
 

and centrifuged at 5,000 x g for 10 minutes to remove cell debris. Supernatant was 

decanted and stored at -20 °C until needed. 

4.2.6 LCMS for detection of doxorubicin and doxorubicinol in conditioned media 

The concentration of DOX and doxorubicinol (DOXol) was evaluated in conditioned 

media using a liquid chromatography mass spectrometry (LCMS) method.  

LCMS was carried out by Martin Galler (Newcastle University, UK). To prepare samples 

for LCMS, 100 µL of either blank, standard, quality control (QC) or conditioned media 

sample was firstly pipetted into an Eppendorf tube (DOX for standards was obtained 

from Sigma, 44583-1mg, DOXol for standards was obtained from Chem Cruz, sc-

495904). Standards were prepared fresh on the day of the assay, ranging from 5-500 

ng/mL in blank plasma. The internal standard was idarubicin (Sigma I1656-10mg). 10 

µL of internal standard working solution (0.5 µg/mL) was added. Then, 400 µL of 

acetonitrile was added to each tube and briefly vortexed, before being centrifuged at 

14,000 rpm for 5 minutes at 20 °C. Supernatant was transferred to a 12 mm borosilicate 

tube and dried down at 30 °C under nitrogen. Residue was reconstituted in 200 µL 

0.1% formic acid (aq), then vortexed. 170 µL was transferred to limited volume insert, 

then 10 µL was injected onto the column.  

Chromatographic separation of DOX and DOXol was achieved using a Zorbax Eclipse 

Plus C18 2.1x50mm Rapid Resolution HD 1.8-Micro, ran for 7.5 minutes at a flow rate 

of 0.5 mL/minute (50:50 0.1% formic acid: acetonitrile). Reconstituted samples were 

analysed using an Agilent 1260/ ABSCIEX 4000 LC/MS system and Analyst Version 

1.6.2 software (Applied Biosystems). The retention times and mass transitions (Q1/Q3) 

of DOX, DOXol and the internal standard were: DOX 3.05 min, 544/398; DOXol 3.00 

min, 546/399; internal standard idarubicin 3.15 min, 498/130.  

A standard curve of known DOX and DOXol samples (corrected for idarubicin internal 

standard) was created and used to calculate DOX and DOXol concentrations in 

conditioned media samples. To ensure the validity of the assay, DOX and DOXol QC 

samples (derived from separate drug stocks to DOX/DOXol standards) of known 

concentrations (15, 150 and 400 ng/mL) were ran simultaneously with experimental 

samples. Validity of the calculated concentrations from the assay was determined 

based on acceptance criteria for the clinical application of this method: for 
3

4
 of the 

standards concentrations and 
2

3
 of the QCs concentrations to lie between 75-125% of 
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expected values. Back-calculated concentrations of standards and QCs were within 

69–124% of expected values for the run to be valid. Standard curves were linear 

between 0-500 ng/mL for DOX and DOXol with R2 values > 0.99. 

4.2.7 Culturing human cardiac fibroblasts in conditioned media 

Human cardiac fibroblasts (C-12375) were seeded into T25 flasks (Corning) according 

to standard cell culture protocols (see 2.1.4) at 5,000 cells/cm2 and left to adhere 

overnight. DMEM/F-12 with 1% P/S and 10% FBS was used for culture. The next day, 

media was aspirated from cells, cells were washed with PBS, and conditioned media 

was applied from either senescent or non-senescent AC16 cell cultures. Media was 

changed every 3 days, until 10 days in culture was reached. At day 10, HCFs were 

trypsinised, pelleted and stored at -80 °C according to standard protocols (see 2.2.2), 

for downstream RNA isolation  

4.2.8 RNA isolation, quantification and quality assurance 

RNA was isolated from HCF cell pellets using an RNeasy Micro Kit (Qiagen, see 2.2.3). 

The quantity and quality of RNA was assessed (see 2.2.4). 

4.2.9 cDNA synthesis 

cDNA was synthesised from HCF RNA according to standard methods (see 2.2.5). 

4.2.10 Quantitative real-time polymerase chain reaction (qPCR) 

Primer pairs were custom-designed using the webtool Primer-BLAST or commercially 

sourced as pre-designed “KiCqStart” primers (Sigma Aldrich). Custom-designed 

primers were purchased from Sigma and Integrated DNA Technologies (IDT). RT-

qPCR was carried out according to a standard workflow (see 2.2.7). ACTB was used 

as an endogenous control. 
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Target gene 

transcript 

Forward 

(5’ → 3’) 

Reverse 

(5’ → 3’) 
Manufacturer 

Periostin 

(POSTN) 

TCCCCGTGACTGT

CTATAAGC 

CCTTGGTGACCTCT

TCTTGT 

Sigma-Aldrich 

custom 

Interleukin-8 

(IL8) 

CTCTTGGCAGCCT

TCCTGATT 

ACTCTCAATCACTCT

CAGTTCT 
IDT 

ACTB 
GACGACATGGAGA

AAATCTG 

ATGATCTGGGTCATC

TTCTC 

Sigma-Aldrich 

KiCqStart 

 

4.2.11 Immunofluorescent probing & imaging of Ki67 in HCFs cultured in 

conditioned media 

For immunofluorescent probing of proliferation marker Ki67, HCF cultures were fixed 

with warm 4% paraformaldehyde (PFA) in PBS for 20 minutes at room temperature, 

then PFA was gently aspirated, and cells were washed three times (5 mins each) with 

ice-cold PBS. Cells were then permeabilised using a ten-minute incubation with 0.1% 

Triton X-100 in PBS at room temperature. Permeabilisation agent was aspirated gently, 

then cells were washed with PBS as before. Blocking of non-specific antibody binding 

was via 1% bovine serum albumin (BSA) in 0.1% Tween-20 PBS (PBST) for 30 

minutes at room temperature. Blocking solution was then removed and primary 

antibodies against Ki67 (Abcam ab15580, rabbit anti-human Ki67, 1:200 dilution) was 

added to cells. Cells were incubated with primary antibodies overnight at 4°C. Primary 

antibodies were then removed and cells were washed with PBS as before. Secondary 

fluorochrome conjugated IgG antibodies reactive to the primary antibody species were 

used to allow for detection (Invitrogen A21207, donkey anti-rabbit Alexa Fluor 594) 

Cells were incubated with secondary antibodies for one hour at room temperature in 

the dark, antibodies were then gently aspirated, cells were washed three times with 

PBS as before, and DAPI-containing mounting media applied (Invitrogen P36931). 

Samples were stored at 4°C. Images were acquired using a Zeiss AxioObserver Z1 

instrument. 

 Table 4.1 Details of primer pairs used in RT-qPCR studies. Primer sequences 

were designed using Primer-BLAST and commercially custom-manufactured. 
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4.2.12 Quantification of Ki67-positive HCFs from immunostaining 

20 images were taken per experiment using random fields of view. All nuclei in the field 

of view were quantified, then all Ki67-expressing nuclei in the field of view were 

quantified. For each field of view, the proportion of Ki67-positive cells was expressed 

as “Number of Ki67-positive nuclei”/”Number of DAPI-positive nuclei” * 100. The mean 

of 20 fields of view was calculated. Three independent experiments were conducted, 

and the mean average Ki67 expression was calculated from them. The data from 

senescent conditioned media-treated HCFs and non-senescent conditioned media-

treated HCFs was compared using an unpaired student’s t test, where p < 0.05 was 

considered significant. 

4.2.13 Cytokine array analysis of conditioned media 

Conditioned media was collected from AC16 CMs (see 4.2.5). Media was decanted 

into Eppendorf tubes after centrifugation and, to minimise the chance of secreted 

factors being below the lower limit of quantification for downstream applications, 

concentrated using Pierce Protein Concentrator spin columns (3K Molecular Weight 

Cut Off, Thermo Scientific 88525). 100 µL of concentrated conditioned media per 

experiments (n = 3 independent experiments) was then stored at -80°C until shipment 

to Eve Technologies (Calgary, Canada). Upon receipt, conditioned media was tested 

in technical duplicates for 71 different cytokines and chemokines in a multiplexed array 

format, using Eve Technologies’ 71-plex Human Cytokine 71-Plex Discovery Assay. A 

mean average observed concentration was calculated from 3 independent 

experiments per protein target. 

4.2.14 Heatmap generation 

The online webtool www.heatmappr.ca was used to generate a heatmap of the 

cytokine array results. The clustering method was average linkage, which was applied 

to both protein targets (rows) and conditioned media samples (columns). Distance 

measurement method was Euclidean. 50 colour shades were used to represent Z-

scores between -2 (blue), 0 (white), and 2 (red). 

4.2.15 Statistical analyses 

To determine the significance of AC16 CM hypertrophy in 4.3.1, a Brown-Forsythe and 

Welch’s ANOVA was used. Equal SD of data from each time point was not assumed 

and multiple comparisons were corrected for using the Dunnett’s T3 test. An unpaired 

http://www.heatmappr.ca/
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student’s t-test was used to determine the significance of differences in mitochondrial 

network analysis outputs in 4.3.2 and differences in Ki67 immunostaining in 4.3.3. To 

analyse qPCR results in 4.3.3, data were processed to the widely used ddCT form, 

whereupon they were statistically analysed using a paired t-test. As is common, data 

were graphed in the form 2^-ddCT format for easier visualisation and interpretation.  
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4.3 Results 

4.3.1 Senescent AC16 cardiomyocytes show persistent hypertrophy during a 10-

day recovery period from DOX exposure 

Previously, a link has been established between senescence and hypertrophy.298,299 

To ascertain if DOX treatment and the induction of senescence in AC16 CMs was 

associated with hypertrophy, AC16 CMs were imaged at various timepoints across the 

10-day recovery period following sublethal 500 nM, 3-hour DOX exposure (the 

previously established dosing regimen to induce senescence), and measured cell 

area. Compared to cells at the pre-DOX treatment timepoint Day 0, DOX-exposed cells 

at Days 1, 3, 7 and 10 showed a persistently larger mean area (Figure 4.1A), even in 

the absence of DOX stimulus. Furthermore, when compared to the final timepoint of 

VEH-exposed AC16 CMs before cultures became confluent, DOX-exposed AC16 CMs 

were significantly larger in size (Figure 4.1B). 

 

 

  

Figure 4.1 Senescent AC16 CMs show a persistent and time-dependent 
increase in size after DOX exposure. A) Cell area is significantly higher at each 
time point when compared to pre-treatment timepoint Day 0. Data are represented 
as mean +/- SEM, n = 20 cells. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 compared to 
Day 0, as determined by a Brown-Forsythe and Welch’s ANOVA (equal SD of data 
from each time point not assumed and multiple comparisons corrected for using 
Dunnett’s T3 test). B) At Day 3 post-VEH or DOX exposure, DOX-treated AC16 
CMs are significantly larger than VEH-treated counterparts, as determined by an 
unpaired student’s t test. *** p ≤ 0.001. 
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4.3.2 Senescent AC16 cardiomyocytes display expansion of the mitochondrial 

network and quantitative changes in branch length 

The mitochondrial network is a complex 3D structure which is affected by a number of 

dynamic processes such as mitochondrial biogenesis and the balance of fission/fusion, 

which are perturbed as a result of toxicity generally, and during ageing and cellular 

senescence.300,301 Namely, senescent cells have been reported to have increased 

mitochondrial copy number & volume per cell (global mitochondrial mass), decreased 

mitochondrial fission, and impaired mitophagy.287,302  

To assess whether senescence induction in AC16 CMs via DOX was associated with 

alterations in mitochondrial morphology (that might be indicative of changes in 

mitochondrial dynamics or function), the mitochondrial network of these cells was firstly 

immunostained and imaged. AC16 cells were induced to senescence with DOX as 

before, then using fluorescence immunocytochemistry, the mitochondrial network and 

mitochondrial DNA of cells was imaged using antibodies against ATP5B (a complex V 

protein) and TFAM (a mtDNA-specific transcription factor) following a recovery period. 

In both treatment conditions, the staining pattern of ATP5B revealed an interconnected 

tubular mitochondrial network with some small separate tubules also observed (Figure 

4.2).  

In non-senescent cells, broadly speaking, mtDNA staining co-localised with the 

mitochondrial network. In senescent cells, several differences are noted. Firstly, in 

agreement with the aforementioned hypertrophy data, senescent cells had a markedly 

larger cell and nuclear area. In addition, senescent AC16 CMs displayed differences 

in their mitochondrial architecture than controls. Senescent cells appeared to have 

much denser mitochondrial architecture than non-senescent counterparts, 

qualitatively. Thirdly, there are some instances of mtDNA not being co-localised to the 

mitochondrial network (white arrow), which may support the notion of mtDNA release 

into the cytoplasm in CMs after DOX exposure.303 
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Figure 4.2 Imaging of the mitochondrial network and mitochondrial DNA 
within senescent vs non-senescent AC16 CMs (treated with DOX or VEH as 
previously described and analysed 10 days post-exposure). CMs were labelled 
with anti-ATP5B (a subunit of complex V) (green) and anti-TFAM (a mitochondrial 
DNA transcription factor) (red).  Nuclei are labelled with DAPI (blue). Scale bar = 
10 µm. 
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To more accurately explore the putative changes to mitochondrial network morphology 

in senescent AC16 CMs, the MiNA (Mitochondrial Network Analysis) workflow was 

applied to immunofluorescent images. MiNA analysis showed that the mitochondrial 

footprint of senescent AC16 CMs was significantly larger than non-senescent CMs 

(Figure 4.3A, 10118 +/- 2056 vs 439.9 +/- 147.1 µm3 mean mitochondrial signal per 

cell +/- SEM). Furthermore, more toroidal mitochondria (coined “doughnuts”)304 were 

observed in senescent CMs relative to non-senescent CMs (Figure 4.3B, 6.444 +/- 

1.469 vs 0.2222 +/- 0.1008 mean doughnuts per cell +/- SEM). However, given that 

senescent CMs are known to be larger in area than non-senescent CMs (and likely 

volume), it is important to normalise the number of doughnuts per cell to account for 

this confounding variable. When the number of doughnuts per cell was normalised to 

the appropriate cellular mitochondrial footprint volume, no significant difference was 

found between the frequency of doughnuts in senescent and non-senescent 

populations (Figure 4.3C, 0.0009282 +/- 0.0002530 vs 0.0007234 +/- 0.0003916 mean 

doughnuts/µm3 mitochondrial volume +/- SEM). Interestingly, independent of cell 

volume of mitochondrial footprint, the mean length of a mitochondrial network branch 

was shorter in senescent CMs than non-senescent counterparts (Figure 4.3D, 1.418 

+/- 0.05299 vs 1.780 +/- 0.04880 µm mean branch length +/- SEM). 

  



93 
 

 

 

  

Figure 4.3 Quantitative analysis of mitochondrial network in senescent and 
non-senescent AC16 CMs (n = 18 cells per group), various output parameters 
from MiNA workflow A) Cellular mitochondrial footprint (µm3) B) Mitochondrial 
doughnuts (toroidal mitochondria) per cell C) Number of doughnuts normalised to 
mitochondrial footprint volume of a cell D) Mean mitochondrial branch length. Data 
is represented as mean +/- SEM, n = 18 regions of interest (18 cells). *** p ≤ 0.001 
**** p ≤ 0.0001 using student’s unpaired t-test. 
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4.3.3 Conditioned media from senescent AC16 cardiomyocyte cultures is free 

from doxorubicin, yet induces phenotypic changes in primary human cardiac 

fibroblasts 

A key part of the senescent cellular phenotype is the SASP, which typically comprises 

a cocktail of pro-inflammatory cytokines. The CM SASP has its own distinct molecular 

signature, the selected individual components of which (TGFβ, GDF15 and Endothelin 

3) are demonstrably functional in vitro, as shown in previous studies outside the setting 

of DOX cardiotoxicity.173 To ascertain whether DOX-induced senescent CMs also 

secrete a SASP, and explore whether the SASP is functional after DOX (or its 

metabolites) is removed from the environment, conditioned media taken from 

senescent AC16 CM cultures (exposed to DOX according to the established 10-day 

regimen) was applied to primary human cardiac fibroblasts, which were then cultured 

in this media for 10 days.  

Firstly, it was verified that conditioned media was indeed free from DOX or DOXol (the 

main metabolite of DOX) using liquid chromatography mass spectrometry. Nominal 

DOX standards matched the calculated DOX concentration well (Figure 4.4A): a linear 

regression curve fitted the data with equation 𝑦 = 0.00608𝑥 + 0.00883 (where 𝑦 = 

analyte area/internal standard area and 𝑥 = analyte concentration/internal standard 

concentration), and a goodness-of-fit R2 value of 0.9922. All samples of conditioned 

media from senescent CMs contained 0 mg/mL DOX or a concentration below the 

lower limit of quantification (LLOQ, Figure 4.4A). In the case of DOXol, nominal 

standards also matched the calculated DOXol concentration well (Figure 4.4B): a 

linear regression curve fitted the data with equation 𝑦 = 0.0338𝑥 − 0.000813, and a 

goodness-of-fit R2 value of 0.9951. All samples of conditioned media were similarly 

free from DOXol, with concentrations measured as 0 mg/mL or below the LLOQ 

(Figure 4.4B). 

To assess whether conditioned media was functional in a paracrine capacity, the 

expression of interleukin-8 (IL8) and periostin (POSTN) transcript in human cardiac 

fibroblasts was measured – these being two key markers of the activated myofibroblast 

phenotype, which is associated with inflammation and fibrosis. On day 10 of culture in 

conditioned media, human cardiac fibroblasts showed a large, significant increase 

trend in interleukin-8 transcript (Figure 4.5A) and a significant increase in periostin 

transcript (Figure 4.5B). To assess whether the proliferative capacity of these cells 

was impacted by the conditioned media, HCFs were immunofluorescently probed for 
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Ki67, a classical marker of cellular proliferation. Anti-Ki67 fluorescence signal was 

localised to the nucleus and stained in a characteristic punctate pattern (Figure 4.5C) 

There was no significant difference between the treatment groups (5.51 +/- 2.77 % vs 

2.92 +/- 1.95% Ki67+ve nuclei in DOX cmed vs VEH cmed) (Figure 4.5D). 

 

 

 

Figure 4.4 Liquid Chromatography Mass Spectrometry to quantify DOX and 
DOXol concentration. A) Nominal concentrations of DOX in standards match well 
to calculated DOX concentrations via LCMS (black dots). Five test samples of 
conditioned media contained 0 ng/mL of DOX or a concentration below the lower 
limit of quantification (red triangles). B) Nominal concentrations of DOXol in 
standards match well to calculated DOXol concentrations via LCMS (black dots). 
Five test samples of conditioned media contained 0 ng/mL of DOXol or a 
concentration below the lower limit of quantification (red triangles). Test samples of 
conditioned media (red triangles) represent n = 5 independent experiments. 
Nominal standard concentrations of DOX or DOXol represent n = 2 technical 
replicates. 
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Figure 4.5 Compared to conditioned media from non-senescent AC16 CMs 
(VEH cmed), conditioned media from senescent AC16 CMs (DOX cmed) 
induces transcript-level changes in human cardiac fibroblasts (HCFs) but is 
not associated with an alteration in proliferation (as measured by Ki67 
expression). A) qPCR analysis showed a significant increase in IL8 gene transcript 
in HCFs cultured in DOX cmed compared to VEH cmed. B) qPCR analysis showed 
a significant increase in periostin transcript in HCFs cultured in DOX cmed 
compared to VEH cmed. C) Representative anti-Ki67 fluorescence signal (red), 
localised to the nucleus (DAPI, blue) in HCFs D) There was no significant difference 
in Ki67 expression in HCFs cultured in DOX cmed compared to VEH cmed, 
indicating no change in the proliferation of cells. qPCR data in A-B) represents n = 
4 independent experiments +/- SEM, where ACTB was used as an endogenous 
control. Immunofluorescence Ki67 data in C) represents n = 3 independent 
experiments +/- SEM. 
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4.3.4 Conditioned media from senescent AC16 cardiomyocytes contains various 

pro-inflammatory cytokines 

To identify which proteins in the conditioned media of senescent AC16 CMs may 

contribute to the induction of a pro-myofibroblast phenotype in human cardiac 

fibroblasts, conditioned media was analysed using a commercially available 71-plex 

cytokine array. 35 of the 71 cytokines in the array were detectable in media from either 

senescent or non-senescent AC16 CMs. It should be noted that to enable robust 

detection of cytokines in conditioned media, conditioned media was concentrated (see 

4.2.13). Therefore, cytokine concentrations are proportionally larger than the 

concentration that would be found in the original unconcentrated conditioned media – 

the raw pg/mL values of cytokines are not representative. Though there was variability 

seen between three independent experiments in a treatment group, overall, there was 

an increased cytokine expression profiles in DOX-treated AC16s, notably containing 

higher levels of factors such as VEGF, IL-6, IL-8, FGF-2, MCSF and MCP-1 (Table 

4.2). Using a heatmap to visualise and cluster the cytokines and samples, it was 

observed that conditioned media samples from VEH-treated, non-senescent AC16s 

markedly clustered together, as did the conditioned media samples from DOX-treated, 

senescent AC16s (Figure 4.6). Some clustering of cytokines could be seen but this 

was less pronounced. For instance, the concentrations of M-CSF and MCP-1 across 

samples were distinct between treatment groups in a similar way, so clustered together. 

At first glance, many proteins showed higher concentrations in conditioned media from 

senescent AC16s than that from non-senescent AC16 CMs (see Appendix A, Figure 

S1A), but when data was taken together and analysed with corrections for multiple 

comparisons, the only cytokines which were statistically significantly different between 

treatment groups were IL-17F, MCP-1, M-CSF and TNFα (Figure 4.7) – all were 

significantly higher in conditioned media from senescent AC16 CM culture. 
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Cytokine 
name 

Non-senescent conditioned  
media (“VEH”) mean observed 

conc. +/- SD (pg/mL) 

Senescent conditioned  
media (“DOX”) mean observed 

conc. +/- SD (pg/mL) 

EGF 0.47 +/- 0.81 0.36 +/- 0.63 

Eotaxin 2.38 +/- 0.63 0.76 +/- 0.43 

FGF-2 7.2 +/- 3.25 41.29 +/- 21.02 

FLT-3L 0.09 +/- 0.03 0.43 +/- 0.18 

Fractalkine 0.0 +/- 0.0 2.72 +/- 2.7 

GROα 0.15 +/- 0.26 2.13 +/- 2.11 

IL-1α 0.27 +/- 0.2 1.33 +/- 0.48 

IL-1β 0.0 +/- 0.0 0.12 +/- 0.21 

IL-1RA 0.06 +/- 0.1 0.07 +/- 0.06 

IL-4 0.0 +/- 0.0 0.09 +/- 0.07 

IL-6 0.0 +/- 0.0 22.46 +/- 12.42 

IL-7 1.17 +/- 0.07 0.75 +/- 0.11 

IL-8 0.18 +/- 0.11 31.02 +/- 25.53 

IL-10 0.0 +/- 0.0 0.0 +/- 0.01 

IL-12p40 0.0 +/- 0.0 0.04 +/- 0.07 

IL-13 0.0 +/- 0.0 0.84 +/- 0.73 

IL-15 0.0 +/- 0.0 0.65 +/- 0.31 

IL-17F 0.0 +/- 0.0 0.14 +/- 0.03 

IL-18 0.12 +/- 0.07 0.0 +/- 0.0 

MCP-1 1.98 +/- 0.7 469.93 +/- 83.91 

MCP-3 0.0 +/- 0.0 7.16 +/- 6.73 

M-CSF 6.18 +/- 2.08 105.35 +/- 19.31 

MDC 0.01 +/- 0.01 0.0 +/- 0.01 

PDGF-AA 0.0 +/- 0.0 7.75 +/- 4.73 

RANTES 0.0 +/- 0.0 4.92 +/- 3.14 

TNFα 0.06 +/- 0.1 0.61 +/- 0.06 

TNFβ 0.0 +/- 0.0 0.08 +/- 0.14 

VEGF-A 0.0 +/- 0.0 28.11 +/- 19.02 

ENA-78 0.0 +/- 0.0 1.36 +/- 2.36 

Eotaxin 2 0.35 +/- 0.13 0.41 +/- 0.19 

I-309 0.09 +/- 0.01 0.1 +/- 0.01 

IL-20 0.32 +/- 0.55 1.63 +/- 2.83 

IL-23 1.74 +/- 3.01 0.0 +/- 0.0 

SDF-1α&β 26.07 +/- 8.46 47.76 +/- 14.28 

TRAIL 0.21 +/- 0.05 0.14 +/- 0.02 

Table 4.2 Concentrations of 35 cytokines detected in conditioned media from 
senescent (“DOX”) or non-senescent (“VEH”) AC16 CM cultures. A 71-plex 
cytokine array was used to detect targets. N = 3 independent experiments. Cytokines 
highlighted in blue have statistically significant differences in concentrations between 
treatment groups (Fig 4.7). 



99 
 

 

  

Figure 4.6 Cytokine array results expressed in heatmap form, summarising 
detected cytokines in the conditioned media from senescent AC16 CMs. 35 
cytokines were detected in conditioned media using a cytokine array. Factors such 
as VEGF-A, IL-8 and IL-6 show the trend of being more highly expressed in 
senescent AC16 CM conditioned media vs non-senescent AC16 CM conditioned 
media. Blue represents a lower concentration of cytokine, red represents a higher 
concentration of cytokine. Data are represented as n = 3 independent experiments 
per treatment group, with concentrations being z-score normalised to allow for like-
for-like comparisons between cytokines. 
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Figure 4.7 Cytokine array results from conditioned media of senescent vs non-senescent AC16 CMs. Concentrations of 35 
detected cytokines within conditioned media from non-senescent AC16 CM cultures (“VEH cmed”, purple) compared to those from 
senescent AC16 CM cultures (“DOX cmed”, pink). Data is represented as mean observed concentration (pg/mL) +/- SD, n = 3 
independent experiments. * p < 0.05 from multiple unpaired student’s t tests, multiple comparisons corrected for by Holm-Šídák 
method. 
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4.3 Discussion 

4.3.1 Senescent AC16 cardiomyocytes are hypertrophic, and show a markedly 

increased mitochondrial footprint 

The first finding was that senescent AC16 CMs had a persistently larger cell area 

across the 10-day recovery period from DOX exposure. CM hypertrophy can occur in 

physiology but is notably a hallmark of cellular stress in a spectrum of cardiovascular 

pathologies, from in vitro models through to cardiovascular tissue from patients with 

HFpEF.305 This morphology has also been observed in CMs exposed to low-dose DOX 

in vitro.306 

Several candidates have been reported as modulators of CM hypertrophy, including 

the Epac1 protein (a member of the “exchange protein directly activated by cAMP” 

protein family), the NAD+-dependent deacetylase Sirtuin 1, and the AE3 Cl−/HCO3
− ion 

exchange protein.307-310 However, the causal role of CM hypertrophy in disease is 

complex – the hypertrophy of neighbouring cells following loss of CMs in acute disease 

is necessary for proper integrity and function of the cardiac tissue. The way in which 

cardiac tissue consequently remodels in three dimensions is multifactorial and involves 

several cell types (e.g. cardiac fibroblasts which establish interstitial fibrosis). 

Therefore, when considering the results here from a basic monolayer culture, it may 

be more productive to consider why AC16 CMs acquire a hypertrophic morphology 

after DOX exposure, rather than the consequences of this phenotype downstream in 

the timeline of pathology. 

Qualitative immunofluorescent (IF) data supported the notion that senescent CMs are 

more mitochondria-rich than non-senescent CMs. A general caveat of the approach 

used here is that ATP5B was used as a marker of the mitochondrial network, but to be 

precise, ATP5B is a complex V marker which may be upregulated irrespective of 

mitochondrial organelle content. Other common mitochondrial markers used in the 

context of IF are voltage-dependent anion channel (VDAC), COX IV and commercially 

available MitoTracker probes. This may become imbalanced upon acquisition of the 

senescent phenotype – a widely-acknowledged hallmark of which is disrupted 

metabolism, often accompanied by an increase in mitochondrial content.311  
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4.3.2 Mitochondrial network morphology of senescent AC16 cardiomyocytes, 

and considerations of functionality 

Mitochondrial network morphology can change in disease states, which has recently 

been reviewed.312 Upon quantifying the morphology of the mitochondrial network of 

senescent AC16s, it was found here that the mitochondrial footprint per cell was higher 

in senescent cells, which is in agreement with published literature by Passos and 

colleagues.302  

The number of mitochondrial doughnuts, that is, toroidal mitochondria, was also higher 

per cell. Mitochondrial doughnuts are thought to be an early indicator of cellular stress, 

and studies have shown that the formation of these structures is associated with 

increased mitochondrial ROS levels (which was not assessed here but would certainly 

merit future studies, using complementary techniques like MitoSOX 

immunofluorescent probes).313 The reversible formation of mitochondrial doughnuts 

may allow a cell to adaptively increase mitochondrial surface area for organelle 

contacts or resist mitophagy.314,315 Importantly, according to modelling, doughnut-

shaped mitochondria have been reported to represent a conformation with a lower-

energy state than a tubular conformation in terms of Gibbs free energy – i.e. this 

conformation of system is generally more energetically favourable and can perform 

more work.316 It should be noted that imaging mitochondrial doughnuts is challenging, 

and the fluorescence techniques used here in best efforts may mistakenly identify other 

shapes of mitochondria as doughnuts – therefore these results should be interpreted 

with caution.317  

However, when it is considered, on reflection, that senescent AC16 CMs are larger 

than non-senescent counterparts, it cannot definitively be stated that senescent AC16 

cells have a denser mitochondrial network per se (this would require a measurement 

of cell volume), nor that they have more doughnuts (this may be increased solely due 

to larger cell size and the accompanying, perhaps proportional, larger mitochondrial 

footprint). To account for this, the number of doughnuts in each cell was normalised to 

each cell’s mitochondrial footprint and compared this output in each treatment group. 

This more conservative analysis revealed that there was no significant difference in 

the incidence of mitochondrial doughnuts between treatment groups, suggesting that 

there may be equal changes, e.g. adaptation to stress, resistance to mitophagy, 

between groups. However, independent of mitochondrial network footprint, network 

branch length was still significantly shorter in senescent AC16 CMs, suggestive of a 
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change to the architecture of the mitochondrial network. Decreased branch length may 

indicate increased fission rates, but further studies would certainly be merited to 

investigate this – evaluating the expression of Drp1 protein (required for mitochondrial 

fission)318 via Western blot, would be a sensible starting point. On the other hand, 

studies have pointed to DOX directly integrating with mtDNA to induce interlinking of 

mitochondria, an effect which was shown to be dependent on MFN1 and OPA1 pro-

fusion proteins - this may also warrant investigation.319 

Lastly, it is important to consider how acquisition of a hypertrophic phenotype and 

accompanying (perhaps proportional) expansion of the mitochondrial network may 

affect energetic output of a cell. Mature CMs characteristically generate the majority of 

their required ATP via mitochondrial oxidation of free fatty acids, rather than 

glycolysis.320 This shift is accompanied by a consequent increase in free fatty acid 

content, and decrease in ATP level.308 Studies have shown that fatty acids are not the 

major energy substrate for pathologically hypertrophic CMs, whereas they remain to 

be so in physiologically hypertrophic CMs. In senescent vs non-senescent CMs, 

evaluating any shifts from oxidative phosphorylation to glycolysis, changes in free fatty 

acids, and assessing the balance of anabolic and catabolic cellular processes, would 

be of interest in future studies. 

Future work to elucidate the functional, metabolic performance of senescent CMs 

would also be warranted, for instance via Seahorse Metabolism assays or evaluating 

ATP production in culture – it may be that mitochondria are not functioning as efficiently 

as a result of senescence induction. On the other hand, impaired mitophagy may 

contribute to an accumulation of (perhaps poor-quality) mitochondria observed here, 

which has also been implicated in the senescent phenotype321 – though studies so far 

have largely focused on non-CMs. In future work, measuring these parameters in a 

dynamic, real-time manner will be crucial, to accurately inform on the characteristics of 

the mitochondrial network morphology and functionality of live cells – this is a central 

strength of e.g. the seahorse Metabolism assay and common ATP assays, but imaging 

the mitochondrial network in real-time is still a developing and technically challenging 

methodology, falling outside of the capacity of this project.322,323 

Qualitative IF imaging captured a notable instance of a lack of co-localisation between 

the mitochondrial network and mtDNA. Though purely inferential at this stage, mtDNA 

release into the cytoplasm is noted as a marker of cellular senescence which activates 

the cGAS-STING pathway, contributing to sterile inflammation and propagation of the 
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senescent phenotype in disease.303 To test for the presence of mitochondrially 

encoded transcripts (such as MT-ND1 and MT-ND5), subcellular fractionation of 

senescent and non-senescent CMs (similarly induced via DOX exposure) could be 

undertaken to isolate cytoplasmic, mitochondrial and nuclear compartments of the cell 

lysate, which could be analysed via qPCR. 

4.3.3 The composition of senescent AC16 cardiomyocyte SASP 

Conditioned media collected from senescent AC16 CM cultures contained several 

cytokines of note, including VEGF, IL-6, IL-8, FGF-2, MCSF and MCP-1. Substantial 

variability was seen across the three independent experiments per treatment group, 

which may have arisen due to stress/variation either in the AC16 recovery period prior 

to conditioned media collection, or indeed in the 10-day period of HCF exposure to 

conditioned media. 

MCP-1 (also known as CCL2) and M-CSF are classically responsible for recruiting 

immune cells to sites of injury in an inflammatory response, and stimulating monocyte 

differentiation into macrophages, respectively. Both showed a particularly large 

increase in conditioned media collected from senescent AC16 CMs, compared to non-

senescent controls. In the context of heart failure, in vitro studies have shown how 

oxidised low-density lipoprotein can induce the genetic expression of MCP-1 in HL-1 

CMs.324 MCP-1 also has demonstrated pro-inflammatory SASP activity in 

mesenchymal stromal cells (MSCs): when recombinant MCP-1 was applied to MSCs, 

senescence was induced, with p53 and p21 protein expression increasing via ROS.325 

M-CSF has been named as a SASP factor generally, but interestingly, the upregulation 

of M-CSF in the Nrf2 axis was shown to promote cancer cell senescence and 

consequent resistance to DOX chemotherapy – tallying with propositions by Demaria 

and colleagues than not only does senescence and the SASP promote delayed-onset 

cardiotoxicity of DOX, but also that they contribute to cancer relapse.179,326 

Other factors which showed an increased, non-significant trend in senescent AC16 CM 

conditioned media included IL-6, IL-8, VEGF-A and FGF-2. IL-6 and IL-8 in particular 

are often named as major components of the SASP, but when Anderson and 

colleagues tested for the expression of these components and others commonly 

associated with the SASP in a purified CM population, there were very few changes 

between young, non-senescent cells and old, senescent cells – the SASP from this 

purified CM population was deemed novel and “non-canonical”, and authors suggested 
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that traditional SASP factors from past studies may derive from non-CM populations.173 

Therefore, the presence of these same canonical SASP factors in the results here may 

speak to the fibroblast contribution to the phenotype of AC16 cells. To strengthen this 

work in the future, using iPSC-CM cells (or, though technically challenging, isolated 

human CMs) and a more unbiased methodology such as bulk proteomics, would be of 

use. 

4.3.4 The ability of the SASP to enact changes in neighbouring cell types 

It is established that the SASP is able to enact inflammatory, paracrine responses and 

the senescent phenotype to non-senescent cells in the environment.327 To test whether 

senescence induction in CMs might promote changes in non-myocyte cell types which 

could accelerate tissue remodelling and disease in AIC, HCFs were exposed to 

conditioned media from senescent AC16 CM cultures. HCFs showed large increases 

in interleukin-8 and periostin transcripts, key markers of the activated myofibroblast 

phenotype which promotes ECM modulation, collagen deposition and fibrosis.328,329 

The expression of Ki67 was no different between treatment groups, suggesting no 

association with exit from the cell cycle or senescence induction, though further 

validation of this using previously detailed markers p16, p21 and SA-β-Gal would be 

required to bolster this conclusion.  

Following injury, inflammation induction and inflammation resolution, a pro-fibrotic 

response is warranted in the acute phase of injury response: a well-studied example 

of this is the healing process after myocardial infarction (MI). Following MI, the tissue 

repair phase of the healing response facilitates scar formation, then maturation, to 

preserve the structural integrity of the ischaemic tissue under strain.330 A parallel could 

be drawn here with AIC, where it is thought that cytotoxicity of chemotherapy results in 

the acute loss of CMs, then accumulation of fibrotic tissue to fill the vacuoles left 

behind. With both these contexts however, the timely resolution of these physiologically 

phasic responses is crucial. At autopsy or transplant, marked global interstitial fibrosis 

is noted in the myocardium of paediatric AIC patients,51,331 which likely contributes to 

a stiffness in the tissue and may lead to HFrEF. Extended inflammation or fibrotic 

responses can lead to pathology – if either of these two processes are inappropriately 

stimulated long-term by the presence of highly secretory senescent CMs, maladaptive 

tissue remodelling, and fibrosis may be promoted in AIC. 
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4.3.5 Conclusions 

Overall, these results show that compared to non-senescent controls, AC16 CMs 

induced to senescence by DOX exposure are hypertrophic, have an apparently larger 

mitochondrial footprint, and a mitochondrial network with shorter branch lengths on 

average. Also, senescent AC16 CMs release cytokines which are classically attributed 

to a canonical SASP, which can induce transcriptional changes in naïve HCFs. 
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Chapter 5. Exploring the Transcriptome of Induced Pluripotent Stem 

Cell-Derived Cardiomyocytes Induced to Senescence by 

Doxorubicin 

5.1 Introduction 

5.1.1 In vitro cardiomyocyte models for cellular senescence and anthracycline-

induced cardiotoxicity 

True mature human CMs are post-mitotic in nature and show little proliferation.48 

Exactly how human CMs decrease their proliferation to this level in the postnatal period 

remains poorly understood, but the downregulation of key cell-cycle promoting cyclins 

has been implicated.332 Murine models suggest that cyclins D1, E, A and B1 are 

downregulated in late embryonic and postnatal stages, alongside cyclin-dependent 

kinases (CDKs) 4, 2 and 1 - synchronously, the formation and activity of cyclin-CDK 

complexes also appears to be downregulated.333 In this study, authors noted that from 

the P5 murine developmental stage onwards, CDK activities were also likely inhibited 

by other factors, in addition to downregulated endogenous expression. Studies 

suggest that mature CMs exhibit little telomerase expression, which may also 

contribute to cell cycle exit.334 As a result of these changes and others, maturing CMs 

are thought to arrest at G1/S transition.335 Recent studies show that mature murine 

CMs undergo senescence via irreversible telomere damage, which is independent of 

telomere length or telomerase activity.173 

Historically, most studies investigating senescence and AIC have used the 

proliferative, immortalised cell lines H9c2, HL-1, and the AC cell lines. The proliferative 

nature of these cell lines contrasts with that of true CMs but makes them useful for pilot 

senescence studies due to their ease of culturing, and the fact that senescence can 

be identified by lack of proliferation. However, the effect of immortalisation upon the 

cell cycle when senescence is induced is debated. It is not clear whether, for instance 

1) SV40 immortalisation promotes telomere maintenance and thus grants extended 

proliferative capacity to cells, free from replicative senescence, or 2) telomeres are 

eroded as replication occurs, which is sensed by the cell, but replicative senescence 

is not activated as normal. Some studies show that SV40 immortalisation resulting in 

overexpression of large T antigen (used in the AC and HL-1 cell lines) associates with 

aberrant universal upregulation of p16, while the p21 pathway is not perturbed, 

remaining tightly regulated and responsive to senescence-inducing stress.336 
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Modelling the interplay of senescence induction and the post-mitotic phenotype in 

immortalised, proliferative cell models is therefore complex and not fully characterised. 

More recently, induced pluripotent stem cells (iPSCs) have become available to 

researchers as a source of many cell types – this has been particularly useful in the 

context of CM culture, where the postmitotic nature of these cells has made 

isolation/maintenance of meaningful numbers of CMs from tissue technically 

challenging. Now, validated iPSC-derived CMs (iPSC-CMs) can be purchased 

commercially, and protocols have also been published to differentiate CMs from iPSCs 

in-house.337 These concepts have been leveraged to create patient-derived cell 

models in several disease contexts. In the field of AIC, patient-derived iPSC-CMs were 

elegantly used to show that these models can recapitulate the disposition of a patient 

to develop AIC clinically, therefore implicating a genetic basis for the toxicity.338 From 

a more basic standpoint, robust iPSC-CM models generally display a non-proliferative 

phenotype, true to that of bona fide post-mitotic human CMs – this is a clear strength 

when modelling the particular senescent phenotype of CMs. Therefore, iPSC-CMs 

offer an exciting opportunity to explore patient-specific vulnerabilities to cardiotoxicity 

(e.g. pharmacogenomics). Although sophisticated 3D microtissues incorporating iPSC-

CMs with other cell types show interesting data about myocardial contractility and 

targeting senescence in AIC within a complex multicellular system,182 the drawback of 

these models is the difficulty in attributing dysfunction or pathology to the senescent 

phenotype of an individual cell type. Therefore, using purely iPSC-CMs in a 

monoculture can improve understanding about the interplay of CM senescence and 

AIC. 

5.1.2 The transcriptomic profile of senescent cells 

As previously introduced, the senescent phenotype is heterogeneous according to cell 

type, stimulus, and other factors. On a more technical note, attempts to characterise 

the senescent phenotype of CMs may also be hindered by imperfect isolation from 

tissue: it has historically been common for contaminating fibroblast populations to 

overgrow CMs in ex vivo culture.339 Novel protocols to try and address this have been 

published even in recent years.340,341 This has impacts on mechanistic studies: CMs 

were recently found to display a “non-canonical SASP”, which contrasted with previous 

studies.173 Authors suggested that this discrepancy could be due to a previously 

imperfect CM isolation, which was contaminated with non-myocyte cell types. Recent 

landmark studies have produced unifying gene panels which aim to characterise 
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senescent cells via their transcriptome, regardless of species (human vs mouse), 

senescence-inducing stimuli or cell type.156 But in light of the acknowledged 

heterogeneity of the senescent phenotype, it would be more useful specifically to 

understand the specific transcriptomic signature of CMs induced to senescence by 

DOX per se, guided by these unifying studies in the literature. 

5.1.3 Aims and objectives 

To build on findings from previous studies, here the aim was to validate results from 

the AC16 cell model, which showed that DOX exposure leads to the induction of 

senescence, in a more sophisticated iPSC-CM cell model. The induction of 

senescence markers p16 and p21 was re-assessed in DOX-exposed iPSC-CMs, along 

with other senescence-associated transcripts. Having confirmed their expression, the 

transcriptomic signature of iPSC-CMs exposed to sublethal DOX was then explored, 

to elucidate the molecular mechanisms of the CM senescent phenotype and discuss 

how this may drive the pathology of AIC. 

  



110 
 

5.2 Materials and Methods 

5.2.1 iPSC-CM thawing and culture 

iPSC-CMs (iCell Cardiomyocytes2) were purchased as a kit from Fujifilm Diosynth 

(donor ID 01434 (female, apparently healthy normal), cat. no. R1059) and stored 

immediately in liquid nitrogen. Relevant culture media from the kit was stored 

immediately at -20 °C until required (iCell Cardiomyocyte Plating Medium and 

Maintenance Medium, Fujifilm Diosynth). The day before thawing cells, plating media 

was placed at 4 °C overnight to thaw. The next day, plating media was equilibrated to 

room temperature. Cell culture vessels were then prepared by coating with 5 µg/mL 

fibronectin solution (in sterile water) and storing at 37 °C for up to 1-4 hours, until cells 

were ready to be thawed. 

iPSC-CMs were removed from liquid nitrogen and placed onto dry ice during transport. 

Then, the vial was thawed in a 37 °C water bath for 2 minutes. The cryovial was 

cleaned with 70% ethanol and now working in a sterile environment, the contents 

gently transferred to a 50 mL centrifuge tube (Falcon). The vial was rinsed with 650 µL 

plating medium, and this was transferred dropwise to the 50 mL centrifuge tube over 

90 seconds, whilst gently swirling. 1 mL of plating medium was the added to the 50 mL 

centrifuge tube dropwise over 40-60 seconds, whilst swirling gently. The solution was 

gently pipetted twice to ensure maximum viability, and cell suspension volume was 

noted for later. To evaluate viability of cells post-thaw, 5 µL of cell suspension was 

decanted from the 50 mL suspension tube and 45 µL of plating media was added 

dropwise. 50 µL of 0.4% Trypan Blue solution (Gibco 15250-061) was added to this 

suspension and mixed gently by pipetting. This mixture was added to a 

haemocytometer and cell viability was calculated as a percentage (see 2.1.4 and 

2.1.5). The individual lot certificate of analysis (CoA) for iPSC-CMs was checked and 

the number of live cells post-thaw calculated using viability percentage * CoA cell 

number. Cell suspension was diluted accordingly to adjust plating density to 156,000 

cells/cm2 (manufacturer recommendation to form a functional syncytium). Fibronectin 

solution was gently aspirated from plasticware, and cell suspension dispensed into 

vessels. iPSC-CMs were cultured at 37 °C/5% CO2 for 4-24 hrs.  

The next day, Maintenance Media was equilibrated to 37 °C. Plating media was very 

gently aspirated from iPSC-CM cultures (with great care taken not to disturb the 

sensitive CM monolayer) and replaced with maintenance media. Maintenance media 
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was replaced gently every other day going forward, and iPSCs were cultured at 37 

°C/5% CO2. Provided good contractility and morphology was observed, at day 4 post-

thaw, iPSC-CMs were deemed ready for assays (manufacturer recommendation). 

5.2.2 10-day dose-recovery doxorubicin exposure regimen for iPSC-CMs 

iPSC-CMs were exposed to DOX similar to AC16 cells (see 2.1.6). On day 4 post-thaw, 

iPSC-CMs were exposed to 500 nM DOX or equivalent concentration of DMSO vehicle 

control (diluted in iPSC-CM Maintenance Medium) for 3 hours only, followed by a 10-

day recovery period. 

5.2.3 iPSC-CM immunofluorescent staining 

For all immunofluorescent staining endpoints, iPSC-CMs were cultured in chambered 

polymer cover slips suitable for inverted microscopy imaging (ibidi 80806). 

iPSC-CMs were fixed in culture by gently aspirating Maintenance Media and adding 

warm 4% PFA in PBS for 20 minutes at room temperature. PFA was then gently 

aspirated, and cells were washed three times with ice-cold PBS (five-minute wash 

time). Cells were then permeabilised using a ten-minute incubation with 0.1% Triton X-

100 in PBS at room temperature. Permeabilisation agent was aspirated gently, then 

cells were washed with PBS as before. Blocking of non-specific antibody binding was 

via 1% BSA in 0.1% PBST for 30 minutes at room temperature.  

Blocking solution was then removed and cells were incubated with primary antibodies 

in the following “triple-stain” combinations. In the first case (n = 1): α-actinin (Abcam 

ab50599, rat anti-human α-actinin 1:200), p16 (Roche Ventana 805-4713, mouse anti-

human p16, 1:1 dilution) p21 (Abcam ab7960, rabbit anti-human p21, 1:200). In the 

second case (n = 4): Troponin-C (Abcam ab30807, goat anti-human cardiac Troponin-

C, 1:200), 2. p16 (Roche, as before) and 3. p21 (Abcam, as before). 

iPSC-CMs were incubated with primary antibodies overnight at 4 °C. The next day, 

primary antibodies were aspirated, and cells washed three times with PBS as before. 

Secondary fluorochrome conjugated IgG antibodies reactive to the primary antibody 

species were used to allow for detection in the following “triple-stain” combinations. In 

the first case: For α-actinin, Invitrogen A21247 goat anti-rat Alexa Fluor 647 1:1000; 

For p16, Invitrogen A21202 donkey anti-mouse Alexa Fluor 488, 1:1000; For p21, 

Invitrogen A21207 donkey anti-rabbit Alexa Fluor 594, 1:1000. In the second case: For 

Troponin-C, Invitrogen A11055, donkey anti-goat Alexa Fluor 488, 1:1000; For p16, 
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Invitrogen A21203, donkey anti-mouse Alexa Fluor 594, 1:1000; For p21, Invitrogen 

A21443, chicken anti-rabbit Alexa Fluor 647, 1:1000. 

Cells were incubated with secondary antibodies for one hour at room temperature in 

the dark, antibodies were then gently aspirated, cells were washed three times with 

PBS as before, and DAPI-containing mounting media was applied (Invitrogen P36931). 

Samples were stored at 4°C. To capture cTnC striations, Nikon A1R Confocal 

microscope was used in laser scanning mode, with a 40x oil immersion objective. 

Using NIS Elements software, images were processed to generate a maximum 

intensity projection and transformed to reduce noise and improve clarity. To capture α-

actinin, p21 and p16 staining, a Zeiss AxioObserver Z1 inverted epifluorescent 

microscope was used with a 40x oil immersion objective. 

5.2.4 General comments: iPSC-CM immunofluorescence quantification 

For all iPSC-CM immunofluorescence studies, 20 images of iPSC-CMs were taken in 

random areas per experiment (20 fields of view, FOVs). There were 5 independent 

experiments (n = 5). 

5.2.5 Quantification of nuclear p21 fluorescence intensity in DOX- or VEH-treated 

iPSC-CMs 

To check for differences in p21 expression between treatment groups, mean nuclear 

p21 intensity of iPSC-CMs in 20 FOVs were combined into a grand average per 

experiment (n = 5) and analysed statistically.  p21 nuclear intensity was measured 

using a semi-automated ImageJ segmentation analysis, quantifying the intensity of p21 

fluorescence signal co-localised with a DAPI-positive area using a macro (see 

Appendix A). Briefly, the nuclear fluorescence channel was used for segmentation 

(the Otsu method was used for auto thresholding nuclear shapes),297 and then the 

fluorescence intensity in the p21 fluorescence channel was measured within the 

nuclear area. Finally, the background fluorescence was manually subtracted from the 

mean nuclear p21 fluorescence intensity for all images. 

5.2.6 Quantification of nuclear p16 punctate immunostaining in DOX- or VEH-

treated iPSC-CMs 

To check for differences in nuclear punctate p16 expression between treatment groups, 

the number of nuclei showing p16-positive punctate staining was manually counted 

per FOV – p16-positive punctate staining was not counted if it was not localised to a 
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DAPI-positive nucleus. Mean nuclear punctate p16 expression of iPSC-CMs in 20 

FOVs were combined into a grand average per experiment (n = 5) and analysed 

statistically.  

5.2.7 Harvesting iPSC-CMs for RNA isolation: RT-qPCR 

At the end of the 10-day exposure to DOX, iPSC-CMs were harvested for RNA. Firstly, 

Maintenance Media was gently aspirated, and cells were washed once with DPBS. 

Then, T/E (Sigma-Aldrich T3924-100ML) was added to cells for 5-6 minutes, before 

gently agitating the welled plate and using a pipette to wash the T/E over the iPSC-CM 

monolayer. T/E was quenched in a 1:1 ratio using Maintenance media, and wells were 

washed twice with maintenance media to maximise number of cells lifted from the 

culture surface. Cell suspensions were then centrifuged at 400 x g for 5 minutes to 

obtain a pellet, and supernatant was carefully aspirated. Pellet was then resuspended 

in ice-cold PBS (Gibco 10010-015) using gentle pipetting and centrifuged at 400 x g 

for 5 minutes again. Supernatant was aspirated and pellets were stored at -80 °C until 

needed. 

5.2.8 RNA isolation: RT-qPCR 

For RNA isolation for RT-qPCR studies, RNA was isolated from iPSC-CM cell pellets 

using an RNeasy Micro Kit (Qiagen 74034, see 2.2.3). Concentration of iPSC-CM RNA 

was measured and quality checked according to standard methods (see 2.2.4). 

5.2.9 cDNA synthesis 

cDNA was synthesised using RNA extracted from iPSC-CMs according to standard 

methods (see 2.2.5). 100 ng of total RNA was incorporated into each cDNA synthesis 

reaction. 

5.2.10 Quantitative polymerase chain reaction (qPCR) for senescence-

associated transcripts 

Primer pairs were designed for qPCR using the webtool Primer-BLAST (see 2.2.6) or 

commercially sourced as pre-designed “KiCqStart” primers (Sigma). Primers were 

purchased from Sigma and Integrated DNA Technologies (IDT). RT-qPCR was carried 

out according to a standard workflow (see 2.2.7). ACTB and HPRT1 were used 

together as endogenous controls. 
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Target gene 
transcript 

Forward 

(5’ → 3’) 

Reverse 

(5’ → 3’) 
Manufacturer 

CDKN2A 
GTCGGGTAGAG

GAGGTGCG 
CCCATCATCATG
ACCTGGATCG 

Sigma-Aldrich 
custom 

CDKN1A 
TCTCAGGGTCG

AAAACGGC 
GCAGAAGATGTA

GAGCGGGC 
Sigma-Aldrich 

custom 

PURPL 
CGTGTGAAAAG
AACCCAGGTA 

CGCCTGGTAAAA
CAACCAGT 

Sigma-Aldrich 
custom 

GDF15 
TCCGGATACTCA

CGCCAGAA 
GTCACGTCCCA

CGACCTTG 
Sigma-Aldrich 

custom 

NPPB 
ATTAAGAGGAAG

TCCTGGC 
AAATGAGTCACT

TCAAAGGC 
Sigma-Aldrich 

KiCqStart 

HPRT1 
TGACCAGTCAA

CAGGGGAC 
CTTCGTGGGGT

CCTTTTCAC 
Sigma-Aldrich 

custom 

ACTB 
GACGACATGGA

GAAAATCTG 
ATGATCTGGGTC

ATCTTCTC 
Sigma-Aldrich 

KiCqStart 

 

5.2.11 Quantification of nuclei number and morphology of DOX- or VEH-treated 

iPSC-CMs 

Standard methods were adapted from Willet and Johnson.342 Using Fiji (ImageJ),294 

20 FOVs per experiment were individually, manually thresholded until nuclei were 

sufficiently captured. Then, the images were binarized. Then, each nucleus in an image 

was separated using Process > Binary > Watershed. Analyse > Analyse Particles was 

then used to evaluate the area of each nucleus, with “exclude on edges” enabled. 

Particle size was thresholded at 50-1500 µm2 and circularity was thresholded at 0.00-

1.00. This analysis also generated the number of nuclei per FOV. The mean size of 

nucleus in each of the 20 FOVs per experiment was noted. To check for differences in 

the number of nuclei observed in an average FOV between treatment groups, mean 

number of nuclei in 20 FOVs were combined into a grand average per experiment (n 

= 5) and analysed statistically. To compare mean nuclear size and the spread of data, 

all FOV data per treatment group was pooled and used in a violin plot, for more 

comprehensive visualisation of data spread (n = 110-123). 

 Table 5.1 Details of primer pairs used in RT-qPCR studies. Primer sequences 
were designed using Primer-BLAST and commercially custom-manufactured. 
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5.2.12 Sample preparation for RNA-Seq 

Following consultation with the manufacturers of iPSC-CMs (Fujifilm Diosynth) and 

Azenta, who carried out RNA Seq, the following protocol was developed to obtain 

optimal samples for RNA Seq pipeline. iPSC-CMs were cultured and treated with DOX 

or VEH as previously described, in a 24-welled plate format (Greiner Bio-One 662160). 

At day 10 post-treatment, 350 µL of Buffer RLT (Qiagen) was added directly to each 

well, plate was placed on ice, and cells were incubated with Buffer RLT for up to 5 

minutes with gentle agitation via pipetting. Lysed cells were stored at -80°C before 

transporting to Azenta Life Sciences (Essex, UK) (packaged in solid CO2), for onward 

processing. 

5.2.13 RNA extraction from iPSC-CMs for RNA-Seq, assessment of RNA 

quality/quantity 

RNA was extracted by Azenta Life Sciences. Total RNA was extracted from lysed cells 

in buffer RLT using RNeasy Micro kit following manufacturer’s instructions (Qiagen, 

Hilden, Germany). RNA samples were quantified using Qubit 4.0 Fluorometer 

(ThermoFisher Scientific, Waltham, MA, USA). RNA integrity was checked with 5600 

Fragment Analyzer (Agilent Technologies, Palo Alto, CA, USA). 

5.2.14 RNA Seq workflow 

Bulk RNA Seq was carried out by Azenta Life Sciences. 

Library preparation: To better enable sequencing of long non-coding RNAs, rRNA was 

depleted from total RNA. To enhance confidence in fold change measurements, Mix1 

of External RNA Controls Consortium (ERCC) control was spiked in.  

Sequencing: 11-nucleotide unique molecular identifiers (UMIs) (New England Biolabs) 

were ligated to transcripts, to more accurately profile the transcriptome during 

amplification. Paired end 150 bp sequencing was used on an Illumina NovaSeq 6000 

platform. Sequencing depth was 10 million read pairs per sample.  

Data analysis: Raw data was trimmed to remove adapter sequences and low-quality 

reads, and then aligned to human reference genome GRCh38.343 Read counts were 

further annotated and normalised in a manner proprietary to Azenta Life Sciences. 

Using DESeq2, a comparison of gene expression between DOX- and VEH-treated 

iPSC-CMs was performed. The Wald test was used to generate p-values and log2 fold 
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changes. Genes with an adjusted p-value of < 0.05 and absolute log2 fold change > 1 

were considered as differentially expressed genes. 

5.2.15 Gene set enrichment analysis 

Briefly, gene set enrichment analysis (GSEA) is used to calculate an enrichment score 

(ES) for a given a priori defined gene set, which indicates any overrepresentation of 

the gene set (e.g. Hallmark Gene Pathways) in gene expression data from VEH or 

DOX-treated iPSC-CMs. This is done by checking how the genes in a specific gene 

set are distributed in the ranked list of all genes in the bulk RNA Seq, nearer the top or 

nearer the bottom. A higher ES indicates positive enrichment (i.e. genes from the 

predefined gene set cluster near the top of the total gene expression data). Once all 

gene sets have been evaluated, the ES is normalised (NES) to account for different 

numbers of genes constituting various gene panels. The NES of any given 

predetermined gene set can then be compared and corrected for multiple hypothesis 

testing. 

GSEA was performed using two approaches, via the GSEA online software and via the 

R bioinformatics program. Maria Camacho Encina (Newcastle University, UK) assisted 

with GSEA design, wrote R code and carried out analysis. To perform GSEA for 

senescence gene panels, normalised gene expression data were analysed for 

enrichment using GSEA software (Broad Institute, version 4.3.3). The GMT files for 

SAUL_SEN_MAYO and FRIDMAN_SENESCENCE_UP gene sets were downloaded 

from the Molecular Signatures Database (MSigDB, version 2023.2.Hs).344,345 To 

perform GSEA for hallmark pathway gene panels, gene expression data were analysed 

for enrichment using the fgsea package in R (version 4.3.0). Hallmark pathways were 

downloaded from MSigDB (version 2023.2.Hs). Packages used are available from 

Bioconductor. 

5.2.16 Gene Ontology analysis 

Maria Camacho Encina carried out Gene Ontology (GO) analyses. The 

compareCluster function within the R package org.Hs.eg.db was used to perform GO 

enrichment analysis (i.e., specifying the “enrichGO” function on the fun argument, 

which will return the enrichment GO categories after FDR control) in the list of 

upregulated or downregulated genes. List of genes was generated as follows: 

upregulated (DOX vs VEH) if log2(fold change) > 0.7 and padj < 0.05, downregulated 

if log2(fold change) < - 0.7 and padj < 0.05. The three gene ontology categories, 
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Molecular Function, Cellular Compartment and Biological Process, were assessed. 

Packages used are available from Bioconductor. 

5.2.17 Statistical analyses 

An unpaired student’s t-test was used to compare mean number of nuclei, p16 

immunostaining expression and p21 immunostaining expression between iPSC-CM 

treatment groups. A Welch’s t-test was used to compare the mean nuclear size 

between iPSC-CM treatment groups (F test of the data was statistically significant, 

indicating different variances between the data sets). Data concerning nuclear size of 

iPSC-CMs per FOV (n = 110-123) failed normality testing (Shapiro-Wilk), so a Mann-

Whitney test was employed to test for the presence of difference in nuclear size. To 

analyse qPCR results, data were processed to the widely used ddCT form, whereupon 

they were statistically analysed using a paired t-test. As is common, data were graphed 

in the form 2^-ddCT format for easier visualisation and interpretation.   
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5.3 Results 

5.3.1 Induced pluripotent stem cell-derived cardiomyocytes express cardiac 

markers α-actinin and cardiac troponin C 

Though the AC16 cell line is a useful model in certain contexts, it is acknowledged that 

a more sophisticated model for true CMs is iPSC-CMs. To ensure this work remained 

impactful and mimics the clinical situation as closely as possible, some of our previous 

AC16 studies were validated and furthered in this “gold-standard” cell type.  

Though the cells in the following studies were purchased from a commercial source 

and boast assurances of CM purity and phenotype, cells were first checked for proper 

differentiation by assessing the presence of two basic CM-typic proteins, α-actinin and 

cTnC, using fluorescence immunocytochemistry. Fluorescence microscopy confirmed 

the presence of α-actinin (magenta), and though the focal plane was not even across 

the field of view, outlines of cell clusters can broadly be made out within the confluent 

cell culture (Figure 5.1A). Confocal microscopy was used to validate the presence of 

cTnC (green) and allowed the observation of its organisation into striated filaments, 

which are crucial for the contractile phenotype of this cell model (Figure 5.1B). No 

cells, based on DAPI-nuclear labelling, lacked expression of these markers, which is 

in line with the purity assurances provided by the commercial source of these cells. 
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5.3.2 Various markers of senescence are elevated in iPSC-CMs at day 10 post-

DOX, relative to post-VEH 

Using fluorescence immunocytochemistry, it was next ascertained if, as per the results 

using AC16 cells (see 3.3.7), the 10-day DOX dose-response regimen induced iPSC-

CMs to senescence. Expression of p16 was observed at some degree in both VEH 

and DOX-treated CMs. Cells displayed bright punctate p16 expression in their nuclei 

(Figure 5.2A, white arrows) – from representative images this was notably more 

prevalent in DOX-treated cells. A criterion for positive p16 staining was therefore 

defined, in which nuclei containing ≥ 1 p16+ve puncta were considered p16+ve, which 

were then manually quantified as a proportion of total nuclei per field of view. Using 

this approach, significantly more p16+ve nuclei were identified per field of view following 

DOX treatment compared to VEH-treated iPSC-CM controls (63.3 ± 5.5% vs 12.4 ± 

1.5%) (Figure 5.2A). 

Regarding p21, diffuse nuclear expression of p21 was observed in both VEH and DOX 

treatment conditions (Figure 5.2B, white arrows). The anti-p21 signal was observed to 

varying intensity within the nuclei observed in a single field of view (Figure 5.2B). 

Given the variety of nuclear anti-p21 signal intensity in a single field of view, it was 

difficult to justify a threshold to manually categorise a nucleus as p21-positive or p21-

negative. Therefore, an unbiased semi-automated segmentation approach was used 

Figure 5.1 α-actinin and cardiac troponin C expression in iPSC-CMs. A) iPSC-

CMs labelled with anti-α-actinin antibody (magenta), nuclei labelled with DAPI 

(blue), visualised using epifluorescent microscope. Scale bar = 20 µm. B) iPSC-

CMs labelled with anti-troponin-C antibody (green), nuclei labelled with DAPI 

(blue), visualised by confocal microscopy. Arrows highlight striated filaments in 

culture. Scale bar = 100 µm. 
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to quantify p21 nuclear signal intensity rather than manual quantification. Fold-change 

in mean nuclear p21 fluorescent signal was significantly high in DOX-treated iPSC-

CMs compared to VEH-treated counterparts (1.3-fold increase) (Figure 5.2B). 

Using the same primers as in AC16 studies, RT-qPCR results showed that in the 

absence of DOX exposure, iPSC-CMs did not express the transcript encoding p16 

protein, CDKN2A. CDKN2A expression appeared to increase in DOX-treated iPSC-

CMs but this result did not reach statistical significance. A wide range of expression 

levels were indicated by a large SEM: across five independent experiments, 

expression varied greatly from undetectable to 0.05-times the expression of the 

averaged HPRT1 and ACTB expression (Figure 5.2C). In summary, RT-qPCR 

approaches did not measure any statistically significant change in iPSC-CM CDKN2A 

transcript between DOX or VEH treatment groups – the low expression levels perhaps 

indicate that the transcript cannot be reliably detected by this method at all. However, 

CDKN1A, which encodes p21, was robustly detected using these methods and a 

significant increase in p21 expression was observed following DOX treatment when 

compared to VEH control (Figure 5.2D). Similar to the AC16 line data, the putative 

senescence markers PURPL and GDF15, were both significantly upregulated in DOX-

treated iPSC-CMs (Figure 5.2E, F). The classical CVD marker NPPB (see 1.2.5) was 

also examined and was significantly upregulated in DOX-treated iPSC-CMs (Figure 

5.2G). 

It was next explored whether exposure to DOX induced morphometric changes 

associated with the senescent phenotype. Previous studies have suggested that 

senescent cells undergo changes in their nuclei structure leading to larger, irregular 

shaped nuclei,346,347 therefore iPSC-CM nuclear size was quantified in both treatment 

conditions. At day 10 in the DOX treatment condition, significantly fewer DAPI-positive 

nuclei were observed per individual field of view than in VEH treated cultures (Figure 

5.3A, B), with 31.7± 2.2 nuclei per field of view in the DOX treatment condition and 

54.3 ± 3.3 nuclei per field of view in the VEH treatment condition (Figure 5.3C). DOX-

treated iPSC-CMs had significantly larger nuclei as measured by semi-automated 

analyses, with the median nuclear size of DOX-exposed CMs being 161.3 µm2 

compared to 139.0 µm2 in the control condition (Figure 5.3D). Furthermore, there was 

more heterogeneity in nuclear size following DOX treatment than in the control: a 

Welch’s t test returned an F test p value of < 0.0001, indicating that variance in nuclear 

size was not equal between DOX-treated iPSC-CMs and VEH-treated iPSC-CMs. 
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This data together provides a strong indication that iPSC-CMs are induced to 

senescence following DOX exposure.
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Figure 5.2 Markers of senescence are elevated in iPSC-CMs 10 days post-DOX compared to controls A) A minority of VEH-
treated iPSC-CM nuclei display punctate p16 staining (solid arrows). Many DOX-treated iPSC-CMs show multiple anti-p16 puncta 
(solid arrows) localised to the nuclei. Quantification of the number of nuclei containing >1 anti-p16+ve puncta shows that anti-p16 
puncta+ve cells are significantly more numerous in DOX treatment condition than VEH treatment condition. Scale bar = 20 µm. B) 
Fluorescence immunostaining of senescence marker p21 in VEH- and DOX-treated iPSC-CMs, at 10 days post-drug exposure. 
VEH-treated and DOX-treated iPSC-CMs show nuclear, diffuse anti-p21 signal, seen more strongly in some nuclei than others 
(solid arrows). Semi-automated segmentation analysis of nuclear anti-p21 signal intensity shows that anti-p21 signal is more intense 
in the nuclei of iPSC-CMs treated with DOX compared to those treated with VEH treatment condition. Scale bar = 20 µm. * p < 0.05 
C-G) RT-qPCR studies exploring senescence markers C) CDKN2A D) CDKN1A E) PURPL F) GDF15 G) NPPB. For all RT-qPCR 
experiments HPRT1 and ACTB were used as endogenous controls. Data represents mean ± SEM from n = 3-4 independent 
experiments. ** p ≤ 0.01, * p ≤ 0.05 using unpaired (immunofluorescence) or paired (RT-qPCR) student’s t-test. 
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Figure 5.3 DOX treatment associates with nuclear enlargement in iPSC-CMs.  A 
and B) Representative images of CM nuclei labelled with DAPI (blue) for both 
experimental conditions at 10 days post-treatment (white dashed outlines showing 
examples of individual nuclei). Scale bars 20 µm. C) Graph showing total number of 
nuclei per field of view. Data are mean of five independent experiments +/- SEM. *** p 
≤ 0.001. D) Graph showing median nuclear size and nuclear size distribution as 
measured by semi-automated analyses, dashed horizontal lines within the plot indicate 
the 25th and 75th quartiles. Solid horizontal line indicates the median nuclear size value. 
Data is comprised of 110-123 individual fields of view across five independent 
experiments, analysed for difference in mean values via a Mann-Whitney test. **** p ≤ 
0.0001. 
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5.3.3 Quality and quantity evaluation of RNA isolated from iPSC-CMs for bulk 

RNA-Seq 

To integrate the transcription profile of senescence CMs in an unbiased manner, more 

unbiased, high-throughput methods were then employed in the form of bulk RNA-Seq. 

To test whether the total RNA extracted from iPSC-CM cell pellets was sufficient in 

quality and quantity for downstream RNA sequencing, RNA was run through a 

denaturing agarose gel. The assay readout gel was free of smears and showed sharp, 

clear rRNA bands at 28S and 18S sizes (approx. 5000 and 2000 nucleotides, 

respectively) in all samples (Figure 5.4). The ratio of 28S:18S band fluorescence 

intensity was measured (Figure 5.5) and was calculated as approximately 2.0 in all 

samples. 

 

 

 

  

Figure 5.4 Gel image from iPSC-CM total RNA quality assessment (Agilent 
Fragment Analyser). Non-senescent (V1-5) and senescent (D1-5) iPSC-CM total 
RNA was run on a denaturing agarose gel. Good quality RNA is indicated by sharp 
and clear chemiluminescent 28S and 18S rRNA bands (indicated) at the expected 
size in nucleotides (nt) (approx. 5000 and 2000, respectively), with 28S rRNA 
bands qualitatively appearing more intense than 18S bands. 
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Total RNA quantity was assessed fluorometrically, showing that RNA concentration 

was sufficient for downstream processing in all cases (36.0-73.1 ng/µL range) (Table 

5.2). The quality of RNA was robust in all samples, shown by the assignment of RNA 

Quality Number 10.0, derived from the 28S/18S rRNA ratio of approximately 2.0 (Table 

5.2). 

  

Figure 5.5 Representative plot of the relative fluorescence quantification of 
total RNA quality assessment gel bands (sample V1). Dashed arrow at 
approx. 20 minutes indicates lower molecular weight marker (15 nucleotides on 
gel), solid arrows at approximately 30 and 35 minutes represent 18S and 28S 
rRNA bands respectively. RFU = relative fluorescence units. 
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Sample ID 
Total RNA concentration 

(µg/µL) 
RQN score 

V1 57.8 10.0 

V2 52.2 10.0 

V3 73.1 10.0 

V4 61.3 10.0 

V5 60.9 10.0 

D1 50.1 10.0 

D2 51.6 10.0 

D3 42.4 10.0 

D4 36.0 10.0 

D5 43.8 10.0 

 

  

Table 5.2 Overview of total RNA quantity and quality, as assessed by Qubit 
instrument and Fragment analyser 28S/18S ratio, respectively. RNA 
concentration was sufficient for downstream bulk-RNA applications. All samples were 
deemed sufficiently high quality with RNA Quality Numbers (RQN) of 10.0 (10.0 being 
the highest quality possible, 1.0 being the lowest quality possible). 
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5.3.4 Evaluating the variance in RNA from DOX-treated or VEH-treated iPSC-CMs 

Upon completing the RNA-Seq workflow, analysis of the RNA from VEH- or DOX-

treated iPSC-CMs shows that when considering variance, samples cluster strongly 

according to treatment group, with 85% of the variance being explained by this variable 

(Figure 5.6). Interestingly, more variance was seen within the VEH treatment condition 

than the DOX treatment condition – samples within the VEH group do not cluster as 

tightly. However, this intra-treatment variance still only contributes 6% of the total 

variance across all samples, being far outweighed by inter-treatment variance (Figure 

5.6). 

 

 

 

5.3.5 Individual gene-level analysis of RNA-Seq data from DOX- or VEH-treated 

iPSC-CMs 

RNA Seq analysis identified 14,976 transcripts as expressed in one or both of the non-

senescent or senescent iPSC-CM treatment groups (Figure 5.7, all dots). On an 

individual gene level, 513 genes were significantly differentially expressed, using the 

thresholds log2 fold change > 1 or < -1, and adjusted p-value < 0.05. 428 genes were 

downregulated in senescent vs non-senescent samples, with the most 

significance/greatest fold-change observed in cell cycle-related genes such as MKI67, 

Figure 5.6 Principal component analysis of non-senescent (“VEH”, red dots) 
and senescent (“DOX”, blue dots) iPSC-CM RNA data. 85% of the variance 
amongst all samples can be attributed to treatment group. More variance is seen 
within the non-senescent, VEH treatment group than within the senescent, DOX 
treatment group, but these intra-group differences only explain 6% of the variance 
overall. PC = principal component. N = 5 per treatment group. 
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NEK2, TOP2A and ASPM (Figure 5.7, blue dots). 85 genes were upregulated in 

senescent vs non-senescent samples, with the most significance/greatest fold-change 

observed in CDKN1A (encoding p21), NPPB (encoding BNP) and GDF15 - all 

commonly associated with senescence and/or CVD, alongside more novel targets 

such as the lncRNA LINC01164 (Figure 5.7, red dots). CDKN2A, encoding p16 protein, 

was not detected in either iPSC-CM treatment group (absent from data). 

 

  

Figure 5.7 Volcano plot displaying all 14,976 gene transcripts detected in one 
of both of non-senescent and senescent iPSC-CM RNA, with notable genes 
labelled. Each dot represents a gene, 428 blue dots are genes significantly 
downregulated in senescent vs non-senescent samples (such as KIF20A, TOP2A, 
NEK2, MKI67) 85 red dots are genes significantly upregulated in senescent vs non-
senescent samples (such as BNP, APLP1, GDF15, LINC01164). -log10(padj) = 
adjusted p-value of mean gene expression change, expressed in log base 10. 
Log2FoldChange = Mean fold-change of gene in senescent condition vs non-
senescent condition, expressed in log base 2. 
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5.3.6 Gene Set Enrichment analysis of the transcriptome of DOX- vs VEH-treated 

iPSC-CMs reveals an enrichment for senescence-associated transcripts 

To gain a better understanding of how differentially expressed individual genes may 

collectively affect cellular processes, Gene Set Enrichment Analysis (GSEA) was 

performed. The transcriptomes of DOX- and VEH-treated samples were compared to 

two well-established gene panels of cellular senescence. Comparing this data with the 

gene set compiled and published by Fridman and colleagues, the DOX-treated iPSC-

CM group was highly enriched for targets in this panel, with an enrichment score (ES) 

of 0.521 (Figure 5.8A). Concordantly, there was greater enrichment for the more 

recently published SenMayo gene panel in the DOX treatment group compared with 

the VEH treatment group, indicated by a positive ES of 0.658 (Figure 5.8B). 
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Figure 5.8 GSEA determined significant enrichment in published senescence 
gene sets for DOX-treated iPSC-CMs compared to VEH-treated iPSC-CMs. A) 
iPSC-CM RNA sequencing results were compared to gene markers established as 
being upregulated in senescence, by Fridman et al. DOX-treated iPSC-CMs 
showed a higher enrichment than VEH-treated cells, indicated by a positive 
enrichment score (ES) of 0.521. B) iPSC-CM RNA sequencing results were 
compared to the SenMayo gene set panel using GSEA, showing that there was 
notably more enrichment against this panel in DOX treatment group vs VEH 
treatment group, with an ES of 0.658. 
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5.3.7 Gene Set Enrichment Analysis shows that senescent iPSC-CMs are 

differentially enriched for several validated hallmark pathways compared to non-

senescent controls 

Having established that DOX-treated iPSC-CMs indeed display a senescent 

transcriptomic signature in accordance with published data, enriched pathways in 

senescent iPSC-CMs were then identified, by comparing RNA Seq data with the 

comprehensive Molecular Signatures Database (MSigDB) hallmark pathways, a 

collection of defined gene sets which convey specific biological states or processes. 

Gene set enrichment analysis (GSEA) revealed that the most upregulated pathways 

in senescent iPSC-CMs according to NES were “p53”, “oxidative phosphorylation”, 

“epithelial mesenchymal transition” and “TNFα signalling via NFκB”, amongst others 

(Figure 5.9).The most downregulated pathways were “G2M checkpoint”, “E2F 

targets”, “mitotic spindle” and “MYC targets” (Figure 5.9). Pathways of notable NES 

but having statistically non-significant p-values were “TGFβ signalling”, “UV response 

up”, “interferon α response” (upregulated); and “UV response down”, “oestrogen 

response - late” (downregulated) (Figure 5.9).  
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Figure 5.9 GSEA of RNA sequencing from senescent vs non-senescent iPSC-
CMs, exploring differentially regulated pathways. With a normalised enrichment 
score of > 0, several pathways were highlighted as significantly upregulated in 
senescent iPSC-CMs, notably the “p53”, “oxidative phosphorylation”, “epithelial to 
mesenchymal transition”, and “TNFα signalling via NFκB” pathways. With a 
normalised enrichment score of < 0, the “G2M checkpoint”, “E2F targets” and 
“mitotic spindle” pathways were significantly downregulated in senescent iPSC-
CMs vs VEH. Blue bars represent pathways which are statistically significantly 
regulated, red bars represent pathways which are not statistically significantly 
regulated. Significance was determined by adjusted p value < 0.05. 
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5.3.8 Gene Ontology approaches highlight several differentially regulated 

processes in senescent vs non-senescent iPSC-CMs 

Gene Ontology (GO) analysis is commonly used to interpret RNA-Seq data sets, which 

aims to computationally shed light on the functions of gene products. Senescent and 

non-senescent iPSC-CMs bulk RNA-Seq data was analysed using GO terms, firstly in 

the context of molecular function (in the GO, “a process that can be carried out by the 

action of a single macromolecular machine, via direct physical interactions with other 

molecular entities”). Many GO terms were significantly different between treatment 

groups: 188 were upregulated and 452 were downregulated in senescent vs non-

senescent iPSC-CMs (Figure 5.10). Upregulated terms in the senescent group 

included “signalling receptor regulator activity”, “signalling receptor activator activity” 

and “receptor ligand activity”. Significantly downregulated terms in the senescent group 

include “single stranded DNA binding”, “microtubule motor activity” and “microtubule 

binding” (Figure 5.10). 
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Figure 5.10 Bubble plot showing selected results from Gene Ontology 
analysis of RNA from senescent vs non-senescent iPSC-CMs in the paradigm 
of molecular function. Significantly upregulated GO terms in the senescent group 
included “signalling receptor regulator activity”, “signalling receptor activator 
activity” and “receptor ligand activity”. Significantly downregulated terms in the 
senescent group included “single stranded DNA binding”, “microtubule motor 
activity” and “microtubule binding”. The size of a bubble (“GeneRatio”) indicates how 
many gene products in each pathway are significantly differentially regulated 
between treatment groups - the more components are present from the pathway, 
the larger the gene ratio, and the larger the bubble. The colour of a bubble indicates 
the adjusted p-value of a given pathway being significantly differentially regulated 
(“p.adjust”), where red is a lower p-value, and yellow is a higher p-value (all p-values 
displayed are < 0.05). 
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To explore the subcellular localisation of differentially regulated gene products, the 

same data was then analysed in the GO cellular compartment context. There were 198 

upregulated terms and 461 downregulated terms in senescent vs non-senescent iPSC-

CMs (Figure 5.11). Significantly upregulated terms in the senescent group included 

“external encapsulating structure”, “extracellular matrix” and “collagen-containing 

extracellular matrix”. Significantly downregulated pathways in the senescent group 

included “nuclear chromosome”, “spindle” and “kinetochore” (Figure 5.11). 
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Figure 5.11 Senescent iPSC-CMs display enrichment in cellular 
compartments and hallmark pathways which suggest elevated signalling, 
and extracellular matrix modifications. Bubble plot showing Gene Ontology 
analysis of senescent vs non-senescent iPSC-CM RNA in the paradigm of cellular 
component, describing the specific location within the cell in which a gene product 
carries out a molecular function. Significantly upregulated pathways in the 
senescent group included “external encapsulating structure”, “extracellular matrix” 
and “collagen-containing extracellular matrix”. Significantly downregulated 
pathways in the senescent group included “nuclear chromosome”, “spindle” and 
“kinetochore”. The size of a bubble (“GeneRatio”) indicates how many gene 
products in each pathway are significantly differentially regulated between 
treatment groups - the more components are present from the pathway, the larger 
the gene ratio, and the larger the bubble. The colour of a bubble indicates the 
adjusted p-value of a given pathway being significantly differentially regulated 
(“p.adjust”), where red is a lower p-value, and yellow is a higher p-value (all p-
values displayed are < 0.05). 
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Lastly, the “biological process” paradigm of GO analysis was used to evaluate the 

larger, more complex biological objectives that differentially regulated genes and their 

molecular processes contribute to, in a higher-level fashion. There were 189 

upregulated terms and 448 downregulated terms in senescent vs non-senescent iPSC-

CMs. Significantly upregulated pathways in the senescent group included “mitotic G1 

DNA damage checkpoint signalling”, “mitotic G1/S transition checkpoint signalling” and 

“DNA damage response, signal transduction by p53-class mediator resulting in cell 

cycle arrest”. Significantly downregulated pathways in the senescent treatment group 

included “cell cycle phase transition”, “mitotic sister chromatid segregation” and “DNA-

templated DNA replication” (Figure 5.12). GO analyses are summarised in Table 5.3. 
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Figure 5.12 Bubble plot showing Gene Ontology analysis of RNA derived 
from senescent vs non-senescent iPSC-CMs in the paradigm of biological 
process, which describes the larger, more complex biological objectives that 
differentially regulated genes and their molecular processes contribute to. 
Significantly upregulated pathways in the senescent group included “mitotic G1 
DNA damage checkpoint signalling”, “mitotic G1/S transition checkpoint signalling” 
and “DNA damage response, signal transduction by p53-class mediator resulting 
in cell cycle arrest”. Significantly downregulated pathways in the senescent group 
included “cell cycle phase transition”, “mitotic sister chromatid segregation” and 
“DNA-templated DNA replication”. The size of a bubble (“GeneRatio”) indicates 
how many gene products in each pathway are significantly differentially regulated 
between treatment groups - the more components are present from the pathway, 
the larger the gene ratio, and the larger the bubble. The colour of a bubble indicates 
the adjusted p-value of a given pathway being significantly differentially regulated 
(“p.adjust”), where red is a lower p-value, and yellow is a higher p-value (all p-
values displayed are < 0.05). 
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Table 5.3 Overview of differentially expressed GO terms between senescent and 
non-senescent iPSC-CMs. Terms are grouped according to GO paradigm (Molecular 
Function, Cellular Component and Biological Process). 

GO 
paradigm 

Upregulated in senescent 
iPSC-CMs 

Downregulated in senescent 
iPSC-CMs 

Molecular 
Function 

• Signalling receptor 
regulator activity 

• Signalling receptor 
activator activity 

• Receptor ligand activity 

• Single stranded DNA 
binding 

• Microtubule motor 
activity 

• Microtubule binding 

Cellular 
Component 

• External encapsulating 
structure 

• Extracellular matrix 

• Collagen-containing 
extracellular matrix  

• Nuclear chromosome 

• Spindle 

• Kinetochore 

Biological 
Process 

• Mitotic G1 DNA damage 
checkpoint signalling 

• Mitotic G1/S transition 
checkpoint signalling 

• DNA damage response, 
signal transduction by p53-
class mediator resulting in 
cell cycle arrest 

• Cell cycle phase 
transition 

• Mitotic sister chromatid 
segregation 

• DNA-templated DNA 
replication 

 

  



140 
 

5.4 Discussion 

In the experimental results above, it was established that iPSC-CMs exhibit classical 

cardiac proteins and show several changes at the transcript and protein level following 

DOX exposure: some concordant with previous findings in the AC16 model, others 

divergent. On a whole-transcriptome level, iPSC-CMs treated with DOX are strikingly 

different than their VEH-treated counterparts. Hundreds of gene transcripts were 

differentially expressed, and they displayed a strong senescence-associated 

transcriptome signature, alongside enrichment in: cell signalling molecular functions, 

externally localised component activity, and cell cycle checkpoint processes.  

5.4.1 iPSC-CMs express α-actinin and cardiac troponin C, supportive of their use 

as a model of bona fide cardiomyocytes 

It was firstly noted that iPSC-CMs express α-actinin and cTnC at the protein level. 

Though AC16 CMs were not immunostained for these proteins in this thesis, similar 

work has been explored in other published studies, which found that iPSC-CMs and 

AC16 CMs expressed α-actinin, but only iPSC-CMs expressed cTnT.247 In the 

publication detailing the establishment of the AC16 cell line, Davidson and colleagues 

show how the line express a-actinin and troponin I using immunofluorescence.209 On 

troponins, three main forms of troponin are expressed by CMs: cTnC, cTnI, and cTnT: 

cTnI and cTnT are released by necrotic CMs and as previously discussed, are clinically 

used as a circulating biomarker of, for example, MI. However, as cTnC has an identical 

amino acid structure to the muscular (skeletal) troponin C, it is not used as a clinical 

biomarker of CVD since increased levels in circulation could originate from skeletal 

muscle.348  

It was also found by Linn and colleagues that iPSC-CMs express more α-actinin protein 

than AC16 CMs, on average. In one study, iPSC-CMs were found to more closely 

resemble the transcriptomic profile of human heart tissue (though this tissue would 

have comprised multiple cell types, as CMs were not purified).252 Overall, though the 

AC16 cell line certainly has utility, iPSC-CMs show more favourable findings in the 

literature in their likeness to true human CMs. This extends to their contractile 

capabilities, which were not explored in this study, reflected in their expression of cTnC 

into striated filamentous apparatus. 
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5.4.2 iPSC-CMs show upregulation in senescence and CVD-associated 

transcripts and proteins, 10 days post-DOX 

Shown by qPCR, transcripts NPPB, GDF15, and PURPL, associated with CVD and 

CM senescence (as previously discussed, see 1.2.5, 1.4.5, 3.4.6), were elevated in 

iPSC-CMs 10 days post-DOX. GDF15 and PURPL were also elevated in foundational 

AC16 qPCR studies, cementing the concept that GDF15 and lncRNA PURPL might be 

especially useful transcriptional biomarkers in identifying CM senescence induction 

following DOX exposure. NPPB was also significantly increased in iPSC-CMs 10 days 

post-exposure, which indicates CM stress. Interestingly, BNP increases in circulation 

during “healthy” ageing in humans, but is also positively correlated with frailty 

index.349,350 BNP production has been linked with senescence in preclinical 

models,299,351 but a clear link between the two in humans is yet to be established. 

Furthermore, its reliability as an early, predictive clinical biomarker of AIC specifically 

is still debated.352 

Studies of senescence markers p16 and p21 in iPSC-CMs broadly supported the 

findings in AC16 cells, both at the transcript (qPCR) and protein (fluorescence 

immunocytochemistry) level. Conspicuously however, p16 transcript could not be 

detected by qPCR methods in iPSC-CMs, yet its protein form was robustly detected 

via immunofluorescence, and this was significantly more highly expressed in the DOX 

treatment group. The staining pattern is also similar to that observed in the literature, 

in aged, & diseased human hearts.353 This aligns with the historical observations that 

p16 protein is all but undetectable in mature CMs and, from more recent studies, that 

it is upregulated in senescence.176,354,355 “Baseline” vs “senescent” levels of p16 

transcript and protein in other post-mitotic cell types such as neurons, osteocytes, and 

post-mitotic cochlear cells have been described in various recent studies, showing 

mixed levels of expression and activation.166,170,356,357 Based on the minimal transcript 

detected by RT-qPCR but a significant increase of the p16 protein following DOX 

exposure, it may be assumed that in this context, upregulation of p16 occurs at the 

translational level in iPSC-CMs, the possible mechanisms of which have been 

introduced earlier in this thesis and reviewed elsewhere.358 Future studies would aim 

to optimise immunofluorescent staining of iPSC-CMs, exploring detergent-based 

washes, species-specific serum blocking solution, and titrations of antibody dilutions, 

with the goal of minimising the extranuclear, non-specific signal observed here.  
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5.4.3 iPSC-CMs display nuclear changes 10 days post-DOX compared to 10 days 

post-VEH which support the acquisition of the senescent phenotype 

At day 10 post-DOX, less nuclei were observed per field of view in immunofluorescent 

imaging than at day 10 post-VEH. Though the aim was to use a dose of DOX which 

does not overly induce acute loss of viability and rather induces a persistent phenotypic 

change in CMs which might contribute to chronic AIC, this decrease in nuclei number 

shows there is indeed some loss of viability over time associated with DOX exposure. 

Nuclear size was also significantly larger in iPSC-CMs post-DOX compared to post-

VEH, which may be indicative of acquisition of the senescent phenotype. There was 

also a greater spread of data in the nuclear size of DOX-treated iPSC-CMs compared 

to VEH-treated counterparts, perhaps suggesting that senescence is not induced in a 

uniform manner across the culture.  

Studies have shown that senescent cells have larger and more disorganised nuclear 

structure than non-senescent cells, which might be attributed to the accumulation of 

intracellular RNA and proteins (due to attenuated proteasome-mediated processes and 

RNA turnover),346 and loss of lamin B1, which helps regulate nuclear size, stability and 

circularity.347 Indeed, nuclear morphology and size are now being reported as 

predictive markers of senescence onset, which are also useful in identifying senescent 

cells in culture using high-throughput deep-learning analyses of DAPI-stained 

cultures.359,360 Enlargement in nuclei post-DOX has been observed in H9c2 rat 

myoblasts at concentrations of ≥ 1µM DOX up to 24 hours post-exposure,361 and 

others have shown more specifically that 2 hours post-exposure, H9c2 cells show 

nuclear condensation (indicating acute apoptosis) but at 24 hours, cells show nuclear 

swelling,362 similar to the aforementioned study and the findings in this thesis. This has 

been reproduced more recently in human iPSC-CMs treated with DOX, following a 

conceptually similar dosing regimen to the one used in this thesis.185 

5.4.4 RNA-Seq studies highlight individual transcript changes in iPSC-CMs 

support the acquirement of a senescent phenotype 10 days post-sublethal DOX 

exposure 

Many individual gene transcripts were elevated in RNA-Seq data from DOX-treated 

iPSC-CMs compared to VEH controls, 10 days post-treatment. CDKN1A, encoding for 

senescence marker p21, was significantly upregulated, suggesting this cell type has a 

robust p53 signalling system. However, CDKN2A, encoding another gold-standard 
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hallmark of senescence p16, was undetectable in both treatment groups, in 

concordance with RT-qPCR results earlier in this thesis and findings in by other 

groups.156 

Also supporting previous qPCR findings in iPSC-CMs and AC16 CMs, classical CVD 

marker NPPB and novel cardiovascular senescence marker GDF15 were significantly 

upregulated in RNA-seq data from DOX-treated iPSC-CMs. Physiologically, GDF15 is 

expressed at a low level by a multitude of cell types across various tissues, and its 

production/secretion is generally upregulated in several organ systems under 

conditions of stress.363-367 In CVD, the clinical utility of GDF15 as a predictive serum 

biomarker has been proposed, and it has also garnered attention in the related fields 

of geroscience and mitochondrial disease.368,369 In particular, our group has proposed 

GDF15 to be a CM-specific SASP factor in age-related senescence.173 More recently, 

Linders and colleagues’ elegant studies using dynamic engineered heart tissues 

(comprising CMs, cardiac fibroblasts and collagen) showed that GDF15 was 

upregulated at the transcript level following chronic DOX treatment.182  

Notably, transcript encoding for Ki67, MKI67, was significantly downregulated in 

senescent iPSC-CMs. Ki67 is commonly used as a marker of cellular proliferation, so 

it is interesting and perhaps counterintuitive to observe its expression in purportedly 

non-proliferative iPSC-CMs at all.  Positive Ki67 expression can indeed indicate cell 

cycle activity but can also indicate binucleation or changes in ploidy, which are common 

phenomena in mature mammalian CMs.370 Indeed, it is thought that the rare 

occurrences of true adult CM proliferation occur in a paradigm outside the canonical 

cell cycle, which Ki67 is associated with. To truly assess iPSC-CM proliferation, a direct 

measure such as cell counting could be employed, or a method for measuring 

nucleation and ploidy could be used (a combination immunostain for cell borders [e.g. 

using wheat-germ-agglutinin] and nuclei [e.g. using DAPI] would inform on nucleation, 

and a EdU/BrdU labelling assay would inform on ploidy).370 Other conspicuous 

transcripts which were differentially expressed between treatment groups were TopII-

encoding transcripts TOP2A and TOP2B: both were significantly downregulated in 

senescent iPSC-CMs but in accordance with current thinking in the field (see 1.3.1), 

the overall expression level of TOP2B was much higher than TOP2A in both conditions 

(data not shown). Given that DOX is canonically thought to target the TopII enzymes 

at a protein level, further investigations into why it is associated with downregulated 

transcript expression may be warranted. 



144 
 

Earlier in this thesis, a cytokine array was used to examine cytokines secreted into 

conditioned media by senescent AC16 CMs, which might represent a CM SASP (see 

4.3.4). Cytokines which were notably upregulated included VEGF, IL-6, IL-8, FGF-2, 

MCSF and MCP-1. While secreted proteins do not always match transcriptomic 

expression like-for-like, it is worth noting that not all of these senescent AC16 secreted 

factors were represented in the RNA-Seq transcriptome from senescent iPSC-CMs. 

For instance, the transcripts encoding IL-6, IL-8 and MCP-1 were not detected in either 

population of iPSC-CMs (though a signal transducer for IL-6, IL6ST, was expressed 

and upregulated in senescence). FGF-2 transcript was not significantly upregulated in 

senescent iPSC-CMs, though FGF-1 was. On the other hand, transcripts for VEGF-A 

and M-CSF were significantly upregulated in senescent iPSC-CMs. These differences 

may speak to the partially fibroblast-like phenotype of AC16s influencing the secretome 

of the cell type: carrying out a similar cytokine array on iPSC-CM conditioned media 

would help to resolve these differences between the models. 

RNA-seq data also highlighted several more novel transcript markers which were 

significantly upregulated in DOX-treated iPSC-CMs, which might serve as new 

markers specifically of the DOX-induced senescent CM signature. For instance, 

B3GAT1 and long intergenic non-coding RNA gene LINC01164 were identified to be 

upregulated transcripts. B3GAT1 has no established link with DOX-induced 

cardiotoxicity in the literature. It encodes for 3-beta-glucuronosyltransferase 1, which 

creates the cell surface CD57 epitope. Interestingly, when a subpopulation of effector 

memory T cells terminally differentiates (termed TEMRA cells), this can be identified 

by the subpopulation acquiring expression of CD57 and losing expression of CD27 & 

CD28 epitopes. CD57 can be used to identify T cells with the shortest telomeres, which 

are considered senescent following repeated antigenic stimulation and which show 

impaired functionality.371 Immunosenescence and its link with CVD has gained 

attention in recent years, and remains to be fully understood.372 There is very little 

published on LINC01164, excepting its potential as a biomarker in hepatocellular 

carcinoma.373 Despite the large and statistically significant fold-changes in these two 

transcripts between treatment conditions, it is important to note that both are expressed 

at a very low level in terms of normalised reads (data not shown), which is not 

adequately conveyed in the commonly-used volcano plot format. Therefore, these 

findings must be interpreted with caution as their differential regulation may not result 

in impactful biological changes. APLP1, however, is expressed at a robust number of 
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raw reads and was significantly upregulated following DOX treatment and may 

therefore represent a more biologically relevant target of interest. This gene has been 

implicated in DOX toxicity to renal podocytes and HUVECs, but excitingly, has not yet 

been studied in CM cell types.374,375  

5.4.5 DOX-exposed iPSC-CMs are enriched for published senescence gene 

panels compared to VEH-exposed controls 

Taking a higher-level view, DOX-treated iPSC-CMs were enriched for two well-

regarded gene panels describing cellular senescence. The Fridman panel derives from 

Supplemental Table 2 of Fridman and Tainsky’s 2008 comprehensive review of critical 

pathways in cellular senescence,376 and the SenMayo panel derives from Saul et al’s 

2022 study which defined a gene set to identify senescent cells across tissues.156 

Crucially, Saul and colleagues evidenced their gene set as being senescence-defining 

rather than generic ageing-defining by showing in preclinical models that selective 

clearance of senescent cells results in a reduction in the SenMayo panel. Concordant 

with the results in this chapter, the authors highlight in their study using human donor 

bone/marrow samples that CDKN2A did not show an increase with increasing donor 

age, which was attributed to its comparatively low expression. 

5.4.6 GSEA reveals significantly enriched and de-enriched hallmark biological 

pathways in senescent iPSC-CMs 

Considering the RNA-Seq data via the lens of GSEA, upregulated pathways in 

senescent CMs included p53. p53 is often dubbed “the guardian of the genome” and 

is negatively regulated by the E3 ubiquitin ligase MDM2. p53 is near universally 

activated in response to intrinsic or extrinsic cellular stressors including telomere 

erosion, senescence, DNA damage, mitophagy, and others - resulting in a number of 

outcomes including cell cycle arrest, apoptosis, senescence, DNA repair and others. 

Thus, p53 and MDM2 together form a node for multitudes of cellular stress signals and 

responses, which makes mechanistic decisions in ways that are not yet fully 

understood.377 p53 therefore partly regulates senescence and it has long been known 

that senescent cells develop persistent p53-positive foci in their nuclei, signalling 

irreparable DNA damage.378 Downstream of the p53/MDM2 node is p21, a classical 

marker of senescence (see 1.4.1). 

Mature CMs generate approximately 80% of their ATP from fatty acid oxidation (FAO) 

feeding the oxidative phosphorylation (OXPHOS) metabolic pathway.379,380 It is thought 
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that during CM ageing and canonical senescence, the cell displays a shift from 

OXPHOS to glycolysis,381,382 which contrasts with the results in this thesis, where the 

OXPHOS pathway was one of the most highly upregulated in data from senescent 

iPSC-CMs. This may simply indicate an adaptive uptick in energy production in 

senescent CMs as an response to DOX exposure, which is known to impair ATP 

production via direct interaction with OXPHOS complexes.383 However, some 

investigations have highlighted that the metabolic profile of senescent cells can vary 

depending on senescence-inducing stimuli, e.g. cells induced to Ras-induced 

senescence show greater oxidation of fatty acids compared to cells induced to 

replicative senescence.384 In therapy-induced (etoposide-treated) senescent tumour 

cells, authors showed how there was a deregulation of glycolipid processing and 

aberrant lipid metabolism.385 Overall, it is thought that lipid droplets accumulate in 

senescent cells and that these play a role in SASP generation.386 Given how CMs in 

particular rely so heavily on FAO to feed the OXPHOS pathway, it may be that their 

metabolic reprogramming under senescence differs from that of other cell types. It 

would be interesting to further analyse the RNA seq data to a finer level of detail, 

analysing for enrichment of KEGG pathways such as the AMPK signalling pathway or 

fatty acid degradation, to compare this data with some of the more nuanced findings 

of these studies. 

Many other pathways which were differentially enriched in the GSEA analysis speak to 

a cellular phenotype which is “putting the brakes on” due to stress, most obviously the 

downregulation of cell cycle-associated hallmark pathways “G2M checkpoint” and 

“mitotic spindle”, and transcription-associated hallmark pathway “E2F targets”. 

MTORC1, which is a part of the far-reaching TOR signalling cascade, is also 

downregulated. This would generally be associated with the inhibition of 

macromolecular/protein synthesis, which can be triggered in response to energy 

deprivation, amongst other stimuli.387 mTOR signalling has recently been reviewed 

specifically in the context of DOX cardiotoxicity: the 30 in vivo studies included in the 

review show mixed conclusions about the regulation of mTORC1 in this pathology, but 

surmise that this signalling axis has a crucial role to play in the mechanisms of 

toxicity.388 

Lastly, several other upregulated hallmark pathways suggest an enrichment in 

remodelling and inflammatory pathways, such as “epithelial to mesenchymal transition” 

(EMT), “TNFα signalling via NFκB”, “IL-6/JAK-STAT signalling”, and “IL-2/STAT5 
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signalling”. Cellular EMT classically involves several requisite steps such as changes 

in morphology, functionality, cell-cell interactions and polarity. These changes are 

characterised as a switch to an embryonic/foetal gene program, which can be activated 

in the epicardium after injury.389,390 Some in vitro studies have implicated EMT in AIC 

pathology,391,392 though studies focusing on the activation of this gene program in CMs, 

rather than endothelial cells, are more limited. The activation of EMT processes are 

classically thought to be regulated by the TGFβ superfamily of proteins.393 Interestingly, 

the TGFβ signalling pathway is not significantly upregulated in RNA-seq data from 

senescent CMs, though TGFB1 and TGFB2 transcripts were individually significantly 

upregulated by 1.6 and 1.5-fold, respectively (data not shown).  

On the other hand, “TNFα signalling via NFκB”, “IL-6/JAK-STAT signalling” and “IL-

2/STAT5 signalling” pathways were all upregulated. TNFα signalling has been shown 

as upregulated in rats treated with DOX, and is implicated as an inducer of both CM 

enlargement and the foetal gene programme.394,395 The IL-6/JAK-STAT signalling axis 

also has been implicated as an inducer of the EMT.396 Both these pathways therefore 

offer an alternative stimulus for the EMT enrichment previously described. IL-2/STAT5 

promotes inflammation generally and can modulate immune response,397,398 and 

interestingly is demonstrably an activator of Bcl-XL, a pro-survival protein often 

activated in senescent cells.399  

Further studies exploring the time course of the EMT program activation in DOX-

exposed CMs would be of interest – whether the activation of this program resolves 

appropriately over time or is chronically activated. The time course of the pro-

inflammatory profile of iPSC-CMs could also be explored, and its necessity for 

maintenance of the senescent phenotype. For instance, by targeting elements of the 

IL-2/STAT5 signalling pathway, Bcl-XL expression in senescent iPSC-CMs might be 

attenuated and apoptosis therefore brought about – this could present a novel target 

for senolytic development. In the context of AIC, further questions remain surrounding 

the IL-2/STAT5 axis and its ability to modulate immune cells (e.g. Treg cells) in a 

paracrine manner: this could be investigated in vitro by co-culturing senescent iPSC-

CMs with Treg cells and measuring T cell motility/recruitment. Functionally, it would be 

an open question as to whether their recruitment would, over time, result in a 

protective/injury resolving-type outcome, or a continuously inflammatory/deleterious 

outcome for CMs after DOX exposure – to incorporate the multiple peripheral cell types 
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necessary to orchestrate this response, this question may be best addressed in an in 

vivo model. 

In summary, iPSC-CMs induced to senescence by DOX exposure display enrichment 

in EMT, which may be promoted by non-canonical signalling pathways TNFα-NFKB 

and IL-6/JAK-STAT (rather than the classical TGFβ stimulus) – this is accompanied by 

activation of the IL-2/STAT5 axis, which may have a pro-inflammatory, immune 

recruiting role. Based on these transcript-level studies, further studies would be 

warranted to explore these interactions at a functional, protein level. 

5.4.7 GO analyses show upregulated and downregulated GO terms in senescent 

iPSC-CMs across molecular function, cellular component and biological 

pathway paradigms 

Lastly, RNA-Seq data was analysed using Gene Ontology (GO) approaches, to 

elucidate the impact of senescence induction upon the molecular function, cellular 

component and biological pathway paradigms in iPSC-CMs. Molecular function GO 

analysis closely reflected the GSEA analysis, flagging “signalling receptor regulator 

activity”, “signalling receptor activator activity” and “receptor ligand activity” as 

upregulated in senescent iPSC-CMs (concordant with increased IL/JAK/STAT 

signalling), and “single stranded DNA binding”, “microtubule motor activity” and 

“microtubule binding” as downregulated (concordant with decreased transcriptional 

activity and cell cycle processes). This was also mirrored in the GO analyses within 

the paradigm of biological processes, which describes the larger, more complex 

biological objectives that differentially regulated genes and their molecular processes 

contribute to: the upregulated and downregulated terms in this analysis further 

supported the notion that cell cycle processes are downregulated primarily due to DNA 

damage response being activated.  

More interestingly, when the cellular component that the differentially enriched GO 

terms were associated with is considered, several terms were highlighted in senescent 

cells which spoke to a secretory, pro-inflammatory phenotype, which may also 

modulate the extracellular environment: “extracellular matrix” and “collagen-containing 

extracellular matrix”, for instance. Indeed, the ECM-remodelling enzymes matrix 

metalloproteinases, are often contained in the canonical SASP.150 It should be noted 

that manner in which senescent HCFs alter collagen deposition in the 

microenvironment is more well understood than the paracrine ability of CMs to 
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modulate this phenotype in a paracrine manner, particularly in the specific context of 

AIC.400 To interrogate this concept further, a natural next step from the studies in this 

project would be to expose HCFs to conditioned media from iPSC-CMs induced to 

senescence with DOX, and then assess the collagen deposition of said HCFs, for 

instance by evaluating the deposited ratio of collagen I and III matrix (from preclinical 

studies, a larger collagen I/III ratio can be indicative of fibrosis in AIC).401 

Furthermore, “external encapsulating structures” were highlighted. This term may refer 

to a variety of heterogeneous structures, collectively termed extracellular vesicles 

(EVs). EVs are sometimes termed as cellular “carrier pigeons”, due to their ability to 

convey signals in a paracrine fashion via their cargo, which can encompass DNA, RNA, 

lipids, metabolites, and cytosolic and cell-surface proteins.402 The composition of EV 

cargo from senescent CMs is still understudied, but it has been shown that cancer cells 

induced to senescence by DOX produce pro-tumorigenic exosomes.403 By comparing 

the data in this thesis with the “inflammatory response” hallmark pathway, it was found 

that senescent iPSC-CMs are enriched for genes in this pathway. When taken together 

with the promotion of signalling and enrichment of external encapsulating structures, 

this may suggest that senescent iPSC-CMs are able to induce a pro-inflammatory 

response, modulate non-myocyte cell types and affect their microenvironment 

accordingly. Altogether, due to the significant changes which the “surfaceome” 

undergoes during induction of senescence, surface biomarkers are emerging as 

candidate senotherapeutic targets, which may also enable the high-throughput 

identification of senescent cells via flow cytometry.404  

5.4.8 Conclusions 

Overall, the studies in this chapter were undertaken with the aim of assessing iPSC-

CMs for phenotypic changes 10 days following sublethal DOX exposure. RT-qPCR 

and immunofluorescence studies support the notion that iPSC-CMs acquire a 

senescent phenotype. The transcriptomic profile of DOX-treated iPSC-CMs was also 

assessed, in an unbiased manner using bulk RNA-Seq. The RNA-Seq workflow was 

carried out successfully, and results highlighted that a transcriptomic profile typical of 

senescence was indeed present in the DOX-treated group. By employing GSEA and 

GO analyses, it was demonstrated that these senescent iPSC-CMs downregulated 

many typical cell-cycle processes, and possibly altered OXPHOS metabolism. The 

surfaceome was flagged as a notably changed cellular compartment in senescent 

CMs, and inflammation, ECM modulation and secretion were all enriched in this 
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population, which may have ramifications when considering the role of CMs in 

maladaptive remodelling, in the progressive cardiotoxicity of DOX. 
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Chapter 6. General Discussion 

6.1 Opening remarks 

With 1 in 2 UK adults now predicted to develop cancer at some point in their lives,2 it 

is essential that cancer care as a whole continues to improve. Given that many more 

patients now survive their diagnosis for longer, it is particularly important that cancer 

survivorship (that is, staying well after cancer treatment/remission) is considered a 

priority in the field. The development of CVD is emerging as a major cause of mortality 

in cancer survivor populations.405 In some cases, the development of CVD later in life 

after cancer has been linked to cancer treatment itself. Though many anticancer 

therapies are considered cardiotoxic, anthracycline chemotherapies are particularly 

notorious for their cardiotoxicity, and this impedes their usefulness in an oncology 

setting. With ever more patients surviving cancer for longer post-anthracycline 

treatment, it is feared that “today’s cancer patients are tomorrow’s heart failure 

patients”. It is therefore of increasing importance that the cardiotoxic mechanisms of 

the anthracycline family of chemotherapeutics, including DOX, are better understood. 

Senescence was classically defined as irreversible exit from the cell cycle following 

replicative exhaustion (akin to an ageing phenotype),146 but only relatively recently is 

the field beginning to understand the complexities of this phenotype. This includes the 

accompanying secretory phenotype termed the SASP, and the concept that 

senescence can occur in post-mitotic cells such as CMs. CM senescence in particular 

is thought to be independent of telomere length, with senescence-inducing stimuli 

hinging on mitochondrially-derived ROS species,173 but upstream of this it is thought 

that irradiation, oncogene activation and pathologies associated with 

oxidative/genotoxic stress such as diabetes, MI, IRI or chemotherapy can also serve 

as stimuli.406 Senescent cells can therefore promote a prematurely aged phenotype 

due to accumulation following stressors, rather than accumulation purely due to 

replicative senescence in ageing (i.e. senescence is the increase in “biological age”, 

which is not always associated with “chronological age”).186  

Senescent cells have been shown to play an active role in the promotion of CVD, within 

and outside of the ageing context.281,407 CM senescence is also thought to play a role 

in AIC – this has been demonstrated in a variety of in vitro and in vivo studies in recent 

years.179,180,182 Treatment of dynamically-engineered heart tissues with DOX results in 

the upregulation of senescence mechanism, alongside reduced force generation and 
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tissue dilatation.182 Mitochondria isolated from DOX-treated CMs display mitochondrial 

DNA (mtDNA) damage, which was associated with increased cell death.180 Impaired 

cardiac function in mice was associated with the persistent accumulation of senescent 

cells – when pharmacogenetically removed, cardiac dysfunction was prevented.179 

However, several questions remain unaddressed when considering AIC toxicity and 

the contribution of senescent CMs to AIC pathology. Firstly, several in vitro studies 

have historically used supraclinical concentrations of DOX and acute exposure time 

courses, which can hinder the understanding of surviving, persistently dysfunctional 

cardiac cells which likely contribute to chronic disease. Secondly, cell models which 

faithfully emulate bona fide postmitotic CMs are only recently becoming more 

commonplace – this is a challenge throughout the field of CVD in vitro research but is 

particularly relevant to senescence research given its involvement in cell cycle 

perturbations. Lastly, the mechanistic understanding of how the CM senescent 

phenotype might contribute to disease is still poorly understood. Utilising a CM-specific 

model would allow for selective removal of senescent CMs and pinpointing of any 

improvements to this cell type specifically, which would add a great deal of insight to 

current knowledge obtained from systemic p16-knockout mouse models. 

The data from this study provide evidence firstly that the AC16 CM cell line has utility 

as a model of CM senescence. AC16s were able to upregulate the cell cycle inhibitors 

and classical senescence markers p21 & p16 in response to DOX exposure. AC16s 

also showed upregulation in complementary senescence-associated transcripts, 

providing more evidence that this model can be used to capture a senescent 

phenotype. Secondly, it was demonstrated here that the acquisition of the senescent 

phenotype in CMs was associated with changes in cell morphology, mitochondrial 

network morphology, and the cell secretome: senescent AC16 CMs were able to 

produce a SASP-like secretome which induced promyofibroblast-like changes in 

human cardiac fibroblasts. Lastly, these concepts were built upon using the gold-

standard in vitro cell model of iPSC-CMs. The data from this study showed that these 

cells also display senescence markers after DOX exposure, and they recapitulate 

previously published senescent transcriptomic signatures well, supporting their work 

in future mechanistic studies. 
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6.2 The cytotoxicity of doxorubicin in cardiac cell lineages – “cure at any cost” 

is no longer the mantra in oncology drug discovery 

In the early stages of the project, it was established that DOX is equivalently toxic to 

the AC10 CM cell line and cardiac fibroblast cells, as it is to a breast cancer cell line, 

which might be interpreted unfavourably when beginning to consider the drug’s safety 

profile in a cardiovascular context. 

When DOX was first synthesised at the end of the 1960s, its safety profile was not 

assessed in the same way as it would be today, with a standardised battery of chronic 

in vitro and in vivo toxicity assays prior to first-in-human trials. Indeed in 1967, a Phase 

I clinical trial of daunomycin (the biosynthetic precursor to DOX, also cardiotoxic) 

against leukaemia in a paediatric cohort (n = 28) reported that some patients 

developed cardiopulmonary symptoms, in some cases congestive heart failure, but 

stated “these patients had evidence of wide spread cancer and in most cases, there 

were adequate explanations for their clinical difficulties. Because these findings 

occurred, however, in patients who received more than 25 mg/kg of daunomycin, it 

was necessary to consider the possibility that death was due to a late toxic effect of 

daunomycin”.28 Consequent histopathological autopsies on this small cohort were 

inconclusive, but the finding prompted investigation of the late effects of daunomycin 

in dogs, and dose limitation in patients going forward. The “cure at any cost” approach 

in oncology drug discovery at the time contrasts greatly with modern drug safety 

science approaches, where long-term safety studies are now a prerequisite in the 

development pipeline. 

Years later, it is now known that DOX and its sister anthracycline compounds are 

indeed toxic to a variety of cell types due to their nonspecific cytotoxic mechanisms, 

primarily intercalation with DNA and TopII poisoning. This was reflected in the results 

in this thesis, where TopII-encoding transcripts TOP2A and TOP2B were significantly 

downregulated in iPSC-CMs following DOX exposure, and that CMs and cardiac 

fibroblasts are, unfortunately, equally as vulnerable to acute DOX toxicity as a breast 

cancer cell line in vitro. An MTS assay, as used here, is one standard way of evaluating 

toxicity of a compound in vitro, but to better align with high-throughput screenings of 

cancer drugs in the literature,238,239 validating this using luminescence-based CellTiter-

Glo methods might better futureproof these acute toxicity results. 
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However, these acute studies might not recapitulate the molecular mechanisms which 

contribute to late-onset AIC (as opposed to acute). Therefore, designing an in vitro 

assay with clinical exposures in mind is crucial to investigate how the cytotoxicity of 

DOX might realistically manifest as late-onset adverse effects in the clinic. For 

instance, this project focused on the persistent cellular effects which might contribute 

to chronic AIC, given the delayed-onset nature of this toxicity. It was shown that 

although some loss in cell viability likely occurs following a DOX exposure, some CMs 

can survive acute toxicity, but their phenotype is altered chronically - they acquire a 

senescent phenotype. 

6.3 The utility of p16/CDKN2A as a marker of doxorubicin-induced senescence 

in mature human cardiomyocytes 

In agreement with other studies in the literature, results in this thesis found that AC16s 

were a useful model of cellular senescence.408,409 AC16s induced the senescence 

marker p16 at the transcript and protein level following DOX exposure, which contrasts 

with the findings of Kastury and colleagues, who found that p16 was decreased 

following senescence-inducing stimuli.408 Other studies have found that AC16s are 

capable of increasing p16 expression following stress, but cells did show a strong level 

of p16 protein expression even in control conditions.409 Therefore, the results in this 

thesis fall somewhere outside the findings of these publications. 

Some studies show that SV40 immortalisation leads to the constitutive expression of 

p16.336 In agreement with this, in both VEH and DOX treatment groups CDKN2A 

transcript was expressed at comparable levels (cycle threshold) to the RPLP0 

housekeeper gene in RT-qPCR experiments, indicating some transcript expression in 

the absence of senescence-inducing stimulus (data not shown). Contrastingly, results 

in this project found no detectable expression of p16 protein in non-senescent AC16 

CMs using immunofluorescence approaches. Western blotting would offer a more 

categorical assessment of p16 expression in this cell line, shored up by testing various 

anti-p16 antibodies which have been previously validated in the literature. 

Separate from technical artefacts in immortalised cell lines, the expression of CDKN2A 

transcript in bona fide mature adult CMs is debated. RNA-Seq data from senescent 

iPSC-CMs showed no detectable expression of CDKN2A transcript, but robust protein 

expression in immunocytochemistry studies was seen. Recent seminal studies of the 

senescent cell transcriptome are concordant with the data in this thesis showing that 



155 
 

CDKN2A is not detectable.156 Indeed, recent studies of human CM senescence (and 

separately AIC) more commonly document p16 expression at the protein level: Linders 

and colleagues provide an elegant, holistic overview of senescence induction using 

human multicellular models in vitro (comprising myocytes and non-myocytes) and AIC 

patient cardiac tissue samples from autopsy – CDKN2A expression is not discussed 

in autopsy samples, only in the heterogeneous multicellular models.182 From their 

findings, it might be speculated that CDKN2A is not transcribed at detectable levels in 

mature human CMs and induction instead occurs at the protein level. Furthermore, it 

may be hypothesised that increased CDKN2A expression in a senescent cardiac 

microenvironment may originate from non-myocyte populations. These concepts 

should be considered for future work, where a human CM-specific “checklist” of 

senescence markers might be developed, which may not incorporate the canonical 

CDKN2A marker. Furthermore, the unbiased transcriptomic techniques used here with 

senescent iPSC-CMs might be replicated in other cardiac cell lineages (e.g. cardiac 

fibroblasts, endothelial cells) which might contribute to CDKN2A expression throughout 

the heart. 

Though its transcript CDKN2A is not as useful as a senescence marker in mature 

human CMs, p16 in its protein form has been used as a generic marker of senescent 

cells to generate transgenic mouse models, whereupon p16-expressing cells are 

induced to apoptosis upon pharmacological stimulation (e.g. Ganciclovir treatment in 

the p16-3MR model).161 This whole-body elimination of p16-expressing cells has 

proved beneficial in mouse models of AIC,179 but like in other CVD contexts, it is difficult 

to know which senescent cell population’s elimination contributes to improved 

outcomes. Indeed, senescent circulating CD4+ T cells have been shown to promote 

cardiac inflammatory shifts which are in line with pathological “inflammageing”,372 so it 

is worth considering that disease-promoting senescent populations may not even be 

cardiac-resident.  

An alternative model has been developed which allows the knockout of p16 in CMs 

specifically (driven by the cardiac-specific Myh6 protein).281 Studies using this mouse 

line showed that p16 knockout was associated with better outcomes in cardiac 

remodelling post-MI, which suggests that p16 expression is important for CM 

senescence driving pathology following MI. Models such as these have been better 

able to attribute molecular mechanisms of pathology to senescent CMs specifically, 

separate to other cardiac-resident lineages.281 Using a CM-specific approach in the 
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context of AIC in vivo models would allow for the unpicking of the role of senescence 

in CMs and other cell types, within the chronic pathology of AIC. 

6.4 Phenotypic changes in senescent cardiomyocytes after doxorubicin 

exposure – mitochondrial network and function 

The phenotype of senescent AC16 CMs following DOX exposure was explored, and it 

was firstly found that cells were hypertrophic, and that their mitochondrial network 

seemed comparatively dense, only to discover with more nuanced analyses that the 

differences in morphology were milder than at first glance. Some authors suggest that 

a more fragmented network (which may be indicated by the mean shorter branch 

length in senescent CMs, shown in this thesis), suggests that fission events dominate 

fusion events.410 In any case crucially, functional assays were not undertaken in this 

project, which would be informative about the efficiency of the mitochondrial network 

in senescent CMs. It may be that despite appearances, the network in DOX-induced 

senescent CMs is equally as productive as non-senescent CMs. 

On a more global scale, the metabolism of senescent CMs could be assessed using 

the Seahorse system. This would allow the nuanced evaluation of energetic output 

parameters in DOX-induced senescent vs non-senescent CMs, including maximal 

respiration, proton leak and ATP-linked respiration, by serially & specifically inhibiting 

different complexes of the electron transport chain (Figure 6.1). 

To further explore the underpinning, dynamic characteristics of the mitochondrial 

network, fission/fusion events and mitophagy events might be examined – these 

processes must be delicately balanced to effectively maintain the network. Firstly, 

measuring fission/fusion events is technically challenging but possible: for instance, 

cell lines can separately be transfected with two different fluorescent probes localised 

to the mitochondrial matrix, and fusion events can be assessed by quantifying the 

instances of fluorescent probe co-localisation in isolated mitochondria, and fission 

events can be assessed using electron microscopy protocols.410  
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With regards to mitophagy, senescent cells are thought to display dampened 

mitophagy processes, which can be regulated by the PINK1/Parkin pathway.411 In CMs 

induced to senescence via DOX, the phosphorylation levels of PINK1 (which increases 

to induce mitophagy) might be examined using phos-tag approaches or using 

phospho-specific antibodies. Or recruitment of its downstream signal amplifier Parkin 

to mitochondria might be tested, by imaging the co-localisation of fluorescent antibody 

staining, or by fractionating cell lysates to obtain mitochondrial/cytosolic fractions, then 

probing each for Parkin protein expression. Given that mitophagy is a dynamic 

process, these approaches might be built upon by measuring mitophagy events in real-

time using the fluorescence mt-mKeima reporter, a pH-sensitive mitochondria-targeted 

fluorescent protein used to monitor delivery of mitochondria (440 nm mt-mKeima 

excitation at neutral pH) to the lysosome (586 nm excitation at acidic pH).412 

Finally, there is a strong and long-standing evidence base to suggest that DOX is 

particularly damaging to mtDNA, more so than nuclear DNA.413 This has been shown 

Figure 6.1 Time course schematic of the Seahorse mitochondrial function stress 
test, outlining parameters which can be measured with the assay. Blue arrows 
indicate the compounds used to inhibit specific complexes in the electron transport 
chain, which allows more nuanced investigation of specific parameters rather than 
energetic output as an amalgamated whole.  
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in preclinical models,180 but crucially, also in human hearts at autopsy following AIC.414 

Direct damage to mtDNA by DOX, which has been demonstrated at low doses in 

vitro,180 may be an initiating event which promotes mitochondrial dysfunction 

downstream via consequent ROS generation (which may contribute to senescence 

induction) and disruption of mitochondrially-encoded products. 

6.5 Looking to the future – the potential of senolytics and senomorphics in 

treatment of anthracycline-induced cardiotoxicity 

There is still a lack of treatment interventions in AIC which specifically target 

mechanisms of cardiotoxicity. Dexrazoxane remains the only clinically utilised 

cardioprotective drug in AIC, but its molecular mechanism is still debated today,415 and 

it is administered only to certain patient groups, e.g. those receiving a high lifetime 

cumulative dose of anthracycline.83 Making the situation more complex, in the 

subpopulation of patients who develop symptomatic cardiotoxicity, pathological 

molecular mechanisms may be set into play soon after anthracyclines treatment but 

remain asymptomatic until a later time – when interventions are less effective, and 

prognosis is often poorer. It is therefore difficult to know which patients one might 

administer interventions to in the earlier stages of cardiotoxicity, where disease might 

be attenuated. Targeting senescent CMs may provide novel therapeutic options in AIC 

treatment. 

To recap, senescent cells can accumulate in the human body with increased age and 

increased stressor exposure, and these senescent cells contribute to disease (which 

often tallies with age-related pathologies).167,298 Senescent cells have specifically been 

shown to accumulate in the heart after DOX exposure and contribute to side effects of 

chemotherapy.179 It is still debated as to how this knowledge might be leveraged to 

target senescent CMs in the hopes of attenuating toxicity. Senolytic drugs 

(interventions which induce senescent cells to apoptosis, such as navitoclax, 

venetoclax and D&Q) and senomorphic drugs (interventions which modulate/prevent 

the onset of the senescent cell phenotype, such as AICAR, resveratrol and rapamycin) 

show promise in preclinical models of CVD, but studies in AIC are less common and 

less well-understood. 

The senolytic navitoclax (which targets the BCL-2 family of pro-survival proteins) has 

been successfully used in a murine model of DOX toxicity – in the navitoclax-treated 

mice, data showed a significant decrease in senescence and cardiotoxicity markers, 
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alongside restoration of cardiac function as measured by echocardiography.181 

Importantly, this study used a co-treatment of navitoclax and DOX, i.e. a prophylactic 

treatment to target senescence/disease as it develops, rather than waiting for 

symptoms to appear, the latter which might not translate favourably into the clinic. 

Though it was not shown by the authors which senescent cells were removed by the 

systemic navitoclax treatment, myocardial senescence was shown to decrease overall. 

It is likely that this treatment eliminated multiple senescent cell types at once, and with 

them their pro-inflammatory SASP – this may attenuate inflammation and myocardial 

remodelling, which has been shown to reduce both fibrosis and hypertrophy in the 

context of ageing and IRI.173,174 Regarding the transcript levels of BCL-2 family 

members in RNA-Seq data, in senescent AC16 CMs post-DOX Bcl2 was significantly 

upregulated (see 3.3.6), but in the iPSC-CM model Bcl2 was non-significantly 

upregulated in senescence and furthermore was expressed at a relatively low level in 

terms of normalised reads. However, BCL2L1 (which encodes for BCL-XL protein) and 

BCL2L2 (which encodes for BCL-W protein), were both significantly upregulated in 

senescence and robustly expressed overall (data not shown). Therefore, BCL-2 

protein family inhibitors such as navitoclax may be effective in eliminating senescent 

CMs in the context of AIC, but further studies should verify that these transcriptomic 

changes translate to the protein level in the first instance. 

According to a phase II clinical trial, the safety profile of navitoclax appears promising 

in the treatment of myelofibrosis (as an additive to the standard-of-care JAK inhibitor 

ruxolitinib) – although thrombocytopaenia was acknowledged as an adverse (but 

manageable) effect of navitoclax, no notable adverse cardiovascular effects were 

reported.168 Importantly however, it was noted that in some patients, the beneficial 

effect of adding to navitoclax to ruxolitinib treatment was achieved as late as week 72 

post-treatment, suggesting that this combination therapy may have a positive impact 

which takes longer than 24 weeks to manifest – therefore longer-term follow up of the 

benefit and safety profile of navitoclax in these patients may be warranted (> 29 months 

in the trial). Given that senolytics eliminate senescent cells via the induction of 

apoptosis, and that the heart has limited regenerative potential,48 questions remain 

regarding the long-term safety of senolytics since myocardial cell death (particularly in 

the CM population) is usually associated with adverse outcomes.416  

To this end, senomorphic drugs have attracted attention as a more favourable 

therapeutic strategy. Encouraging studies have shown that the senomorphic drug 
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metformin (which reduces cardiovascular mortality and cardiovascular events in 

patients suffering from coronary heart disease, and has demonstrated senomorphic 

activity suppressing senescence and SASP expression in a variety of cell 

populations)417-420 has a cardioprotective effect in small animal models of AIC.421 

Although the precise mechanisms by which metformin elicits its cardioprotective effect 

are not fully understood, it is possible that interference with the senescent phenotype 

may contribute. However, even senomorphic drugs are not without controversy. 

Linders and colleagues recently demonstrated that although treatment of contractile 

engineered human heart tissues with senomorphics AICAR and resveratrol alongside 

DOX prevented onset of senescence, the tissues exhibited increased apoptosis and 

fibrosis.182 This was associated with no improvement in function (resveratrol) or 

diminished function (AICAR, worsened contractility and dilation). These findings 

challenge the notion that inhibition of the senescent phenotype would be beneficial in 

AIC.  

Senescence, for all its involvement in the promotion of CVD in ageing and AIC, does 

have a physiological role to play in some contexts. Murine models have shown that 

elimination of p16+ve liver sinusoid cells was not followed by the generation of non-

senescent cells to replace them, and this contributed to liver and perivascular tissue 

fibrosis – i.e. p16+ve liver sinusoid cells were both structurally and functionally important 

at the whole-organ level.422 In a cardiovascular context, inhibiting the early induction 

of senescence in myofibroblasts in a model of pressure overload-induced cardiac 

hypertrophy was shown to be associated with aggravated myocardial fibrosis and 

impaired cardiac function.423 The adverse effects of inhibiting the fundamental cellular 

phenotype of senescence, which contributes to both pathology and physiology must 

therefore always be considered. Indeed, these studies together highlight the pleiotropic 

antagonism of this phenotype: attenuating senescence in a targeted manner at the 

right time may ameliorate mechanisms of disease in AIC, but further studies are 

needed to solidify the understanding of this intervention. 
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Appendix A 

Code for ImageJ/Fiji MiNA analysis to perform measurements of mitochondrial 

network morphology in VEH/DOX-treated AC16 cardiomyocytes 

#@ File(label="Input Images Folder:", value = "", style="directory") InputFolder 

#@ File(label="Roi Folder:", value = "", style="directory") RoiFolder 

#@ File(label="Output Folder:", value ="", style="directory") OutputFolder 

 

#@ String(label = "Thresholding Op:", value="otsu", choices={"huang", "ij1", 

"intermodes", "isoData", "li", "maxEntropy", "maxLikelihood", "mean", "minError", 

"minimum", "moments", "otsu", "percentile", "renyiEntropy", "rosin", "shanbhag", 

"triangle", "yen"}) threshold_method 

 

#@ OpService ops 

#@ ScriptService scripts 

#@ StatusService status 

#@ UIService ui 

 

 

import mina.statistics  

import mina.tables  

import mina.filters  

from mina import mina_view 

 

import warnings 

import os 

import traceback 
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from collections import OrderedDict 

 

from ij import IJ 

from ij import WindowManager 

from ij.gui import Overlay 

from ij.measure import Measurements 

from ij.plugin import Duplicator 

from ij.plugin.frame import RoiManager 

from ij.io import FileSaver 

 

from net.imglib2.img.display.imagej import ImageJFunctions 

 

from sc.fiji.analyzeSkeleton import AnalyzeSkeleton_; 

 

# Bioformats Imports 

from loci.plugins import BF 

from loci.plugins.in import ImporterOptions 

 

def threshold_image(imp): 

    # Create and ImgPlus copy of the ImagePlus for thresholding with ops... 

    status.showStatus("Determining threshold level...") 

    slices = imp.getNSlices() 

    frames = imp.getNFrames() 

    if imp.getRoi() != None: 
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        ROI_pos = (imp.getRoi().getBounds().x, imp.getRoi().getBounds().y) 

    else: 

        ROI_pos = (0, 0) 

 

    imp_calibration = imp.getCalibration() 

    imp_channel = Duplicator().run(imp, imp.getChannel(), imp.getChannel(), 1, slices, 

1, frames) 

    img = ImageJFunctions.wrap(imp_channel) 

 

    # Determine the threshold value if not manual... 

    binary_img = ops.run("threshold.%s"%threshold_method, img) 

    binary = ImageJFunctions.wrap(binary_img, 'binary') 

    binary.setCalibration(imp_calibration) 

    binary.setDimensions(1, slices, 1) 

    return binary 

 

# The run function.............................................................. 

def run(imp_original, threshold_method, roiname): 

    imp = Duplicator().run(imp_original, imp_original.getChannel(), 

imp_original.getChannel(), 1, imp_original.getNSlices(), 1, 

imp_original.getNFrames()) 

 

    output_parameters = OrderedDict([("image title", ""), 

                                     ("roi name", ""), 

                                     ("thresholding op", float), 

                                     ("mitochondrial footprint", float), 
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                                     ("branch length mean", float), 

                                     ("branch length median", float), 

                                     ("branch length stdev", float), 

                                     ("summed branch lengths mean", float), 

                                     ("summed branch lengths median", float), 

                                     ("summed branch lengths stdev", float), 

                                     ("network branches mean", float), 

                                     ("network branches median", float), 

                                     ("network branches stdev", float), 

                                     ("donuts", int)]) 

 

    # Perform any preprocessing steps... 

    status.showStatus("Preprocessing image...") 

 

    output_parameters["thresholding op"] = threshold_method 

 

    imp_title = imp.getTitle() 

    output_parameters["image title"] = imp_title 

    output_parameters["roi name"] = roiname 

     

    # Determine the threshold value if not manual... 

    binary = threshold_image(imp) 

 

    imp_calibration = imp.getCalibration() 

    # Get the total_area 
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    if binary.getNSlices() == 1: 

        area = binary.getStatistics(Measurements.AREA).area 

        area_fraction = 

binary.getStatistics(Measurements.AREA_FRACTION).areaFraction 

        output_parameters["mitochondrial footprint"] =  area * area_fraction / 100.0 

    else: 

        mito_footprint = 0.0 

        for slice in range(1, binary.getNSlices()+1): 

            binary.setSliceWithoutUpdate(slice) 

            area = binary.getStatistics(Measurements.AREA).area 

            area_fraction = 

binary.getStatistics(Measurements.AREA_FRACTION).areaFraction 

            mito_footprint += area * area_fraction / 100.0 

        output_parameters["mitochondrial footprint"] = mito_footprint * 

imp_calibration.pixelDepth 

 

    # Generate skeleton from masked binary otherwise 

    skeleton = Duplicator().run(binary) 

    IJ.run(skeleton, "Skeletonize (2D/3D)", "") 

 

    # Analyze the skeleton... 

    status.showStatus("Setting up skeleton analysis...") 

    skel = AnalyzeSkeleton_() 

    skel.setup("", skeleton) 

    status.showStatus("Analyzing skeleton...") 

    skel_result = skel.run() 
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    status.showStatus("Computing graph based parameters...") 

    branch_lengths = [] 

    summed_lengths = [] 

    graphs = skel_result.getGraph() 

 

    num_donuts = 0 

    for graph in graphs: 

        summed_length = 0.0 

        edges = graph.getEdges() 

        vertices = {} 

        for edge in edges: 

            length = edge.getLength() 

            branch_lengths.append(length) 

            summed_length += length 

 

            # keep track of the number of times a vertex appears in edges in a given 

graph 

            for vertex in [edge.getV1(), edge.getV2()]: 

                if vertex in vertices: 

                    vertices[vertex] += 1 

                else: 

                    vertices[vertex] = 1 

 

        is_donut = True 
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        # donut_arms = 0 

        for k in vertices: 

            # if a vertex appeared less than twice 

            if vertices[k] <= 1: 

                # donut_arms += 1 

                # if donut_arms > 1: 

                is_donut = False 

                break 

 

        if is_donut and len(edges) >= 1: 

            num_donuts += 1 

 

        summed_lengths.append(summed_length) 

    output_parameters["donuts"] = num_donuts 

 

    output_parameters["branch length mean"] = mina.statistics.mean(branch_lengths) 

    output_parameters["branch length median"] = 

mina.statistics.median(branch_lengths) 

    output_parameters["branch length stdev"] = mina.statistics.stdev(branch_lengths) 

 

    output_parameters["summed branch lengths mean"] = 

mina.statistics.mean(summed_lengths) 

    output_parameters["summed branch lengths median"] = 

mina.statistics.median(summed_lengths) 

    output_parameters["summed branch lengths stdev"] = 

mina.statistics.stdev(summed_lengths) 
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    branches = list(skel_result.getBranches()) 

    output_parameters["network branches mean"] = mina.statistics.mean(branches) 

    output_parameters["network branches median"] = 

mina.statistics.median(branches) 

    output_parameters["network branches stdev"] = mina.statistics.stdev(branches) 

 

    # Create/append results to a ResultsTable... 

    morphology_tbl = mina.tables.SimpleSheet("Mito Morphology") 

    morphology_tbl.writeRow(output_parameters) 

    morphology_tbl.updateDisplay() 

 

    status.showStatus("Done analysis!") 

    return binary, skeleton 

 

# Run the script... 

if (__name__=="__main__") or (__name__=="__builtin__"): 

    RM = RoiManager(True) 

    for ImageFile in InputFolder.listFiles(): 

        try: 

            Options = ImporterOptions() 

            Options.setId(ImageFile.getPath()) 

            Options.setSplitChannels(True) 

            Import = BF.openImagePlus(Options) 

            ImageFilename = ImageFile.getName() 
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            RoiPath = os.path.join(RoiFolder.getPath(), ".".join(ImageFilename.split('.')[:-

1]) + ".zip") 

            OutputImageFolder = os.path.join(OutputFolder.getPath(), "Cropped", 

ImageFilename) 

            if not os.path.exists(OutputImageFolder): 

                os.makedirs(OutputImageFolder) 

            OutputMaskFolder = os.path.join(OutputFolder.getPath(), "Mask", 

ImageFilename) 

            if not os.path.exists(OutputMaskFolder): 

                os.makedirs(OutputMaskFolder) 

            OutputSkeletonFolder = os.path.join(OutputFolder.getPath(), "Skeleton", 

ImageFilename) 

            if not os.path.exists(OutputSkeletonFolder): 

                os.makedirs(OutputSkeletonFolder) 

            RM.reset() 

            RM.open(RoiPath) 

            RoiList = RM.getRoisAsArray() 

            for roi in RoiList: 

                Import[0].setRoi(roi) 

                IJ.run(Import[0], "Remove Overlay", "") 

                IJ.run(Import[0], "Add Selection...", "") 

                croppedImp = Import[0].crop("stack") 

                croppedroi = croppedImp.getOverlay().toArray()[0] 

                croppedImp.setRoi(croppedroi) 

                IJ.run(croppedImp, "Clear Outside", "stack") 

                IJ.run(croppedImp, "Remove Overlay", "") 
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                binaryout, skeletonout = run(croppedImp, threshold_method, 

roi.getName()) 

                FileSaver(croppedImp).saveAsTiff(os.path.join(OutputImageFolder, 

roi.getName() + ".tif")) 

                FileSaver(binaryout).saveAsTiff(os.path.join(OutputMaskFolder, 

roi.getName() + ".tif")) 

                FileSaver(skeletonout).saveAsTiff(os.path.join(OutputSkeletonFolder, 

roi.getName() + ".tif")) 

        except Exception: 

            print("Could not process:", ImageFile.getPath(), "\n Error:") 

            traceback.print_exc() 
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Concentrations of cytokines in conditioned media from VEH/DOX-treated (non-

senescent/senescent) AC16 cardiomyocytes 

When individually analysing the cytokines detected in conditioned media from 

VEH/DOX-treated (non-senescent/senescent) AC16 cardiomyocytes, many cytokines 

appear to have significantly different concentrations between treatment groups. 

However, multiple testing such as this should be approached with caution, as this 

methodology increases the risk of false positive results (i.e. results being found to be 

significantly different, when in fact this is an artefact of repeated testing). The average 

concentration of each cytokine in the two treatment groups with their student’s t test 

statistical significance values are included here for completeness, but more stringent 

analyses which includes corrections for multiple testing is detailed in the main body of 

this thesis (see Figure 4.7, section 4.3.4). 
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Figure S1: Comparison of the concentrations of various cytokines in 

conditioned media collected from VEH/DOX-treated (non-

senescent/senescent) AC16 cardiomyocytes. Data were analysed using an 

unpaired student’s t test. Data is the mean of N = 3 independent experiments per 

treatment condition. 
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Code for ImageJ/Fiji macro to perform semi-automated measurement of nuclear 

p21 fluorescence intensity in VEH/DOX-treated iPSC-CMs 

//Macro made by Emma Foster for Laura Booth August 2023 

//Purpose: This macro uses the nuclear channel for segmentation and measure the 

values in the red channel 

 

 

//Input folder - set location of folder with images to be processed (must already exist) 

input_folder="O:/gdr/Laura/ipsc_macro/n1_p21.594/v/"; 

 

 

//Output folder - set location for output (must already exist) 

output_folder="O:/gdr/Laura/ipsc_macro/n1_p21.594/v_output/"; 

 

 

//Makes a list of all the files in the folder 

list = getFileList(input_folder); 

 

//Counts the number of images in the list 

image_number=list.length; 

 

run("Set Measurements...", "area mean standard min centroid display redirect=None 

decimal=3"); 

roiManager("reset") 

run("Clear Results"); 
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//For loop to go through each image in the folder with all of our processing and 

analysis steps 

for (i=0; i<image_number; i++) { //1 - for each image 

 //Variables for file location and name 

 file_location = input_folder + list[i]; 

 file_name=list[i]; 

 //Get the file name without the file extension extention 

 split_file_name=split(file_name, "."); 

 //Name of new save folder 

 image_save_folder=output_folder+"/"+file_name+"/"; 

 //Create new save folder 

 File.makeDirectory(image_save_folder); 

 //Variable for making .csv files of results 

 results_output=split_file_name[0] + "_results.csv"; 

  

 //Open file 

 run("Bio-Formats Importer", "open=file_location"); 

 

 //Duplicate channel 3 for processing and segmentation 

 run("Duplicate...", "duplicate channels=3"); 

 //background subtraction 

 run("Subtract Background...", "rolling=100"); 

 //Apply blur for smooth cell shape 

 run("Gaussian Blur...", "sigma=5"); 

 //Use Otsu auto threshold to pick out cell shapes 
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 run("Auto Threshold", "method=Otsu white"); 

 //Analyze particles to create regions of interest (ROI) and at them to ROI 

manager 

 run("Analyze Particles...", "size=10-Infinity add composite"); 

  

 //Small for loop to convert individual ROI into and array 

 count = roiManager("count"); 

 if (count>1){ 

  array = newArray(count); 

  for (j=0; j<array.length; j++) { 

  array[j] = j; 

 } 

 } 

 //Select the array 

 roiManager("select", array); 

 //Combine them 

 roiManager("Combine"); 

 //Add them to ROI manager 

 roiManager("Add"); 

 //Delete the array 

 roiManager("Delete"); 

 

 roiManager("Select", 0); 

 //Rename the ROI to 'cells' 

 roiManager("Rename", "cells"); 
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 //Save the ROI for validation later 

 roiManager("Save", image_save_folder + "ROI"+ ".zip"); 

 //Close the processed version of channel 3 

 run("Close"); 

  

 //Select the original image file 

 selectWindow(file_location); 

 //Split the channels into separate windows 

 run("Split Channels"); 

  

 //Do measurements on channel 2 

 selectWindow("C2-"+file_location); 

 roiManager("Select", 0); 

 run("Measure"); 

 //save the results 

 saveAs("Results", image_save_folder+results_output); 

 run("Clear Results");  

 roiManager("reset")  

 run("Close All"); 

  

  

} 
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Appendix B 

Presented works & travel awards 

Oral presentations 

• BTS Annual Congress 2024 (Liverpool, UK) 

o Awarded £600 GBP BTS Student Bursary to attend 

o Best Oral Presentation prize 

• International Pharmaceutical Federation Annual Congress 2023 (Brisbane, 

Australia) 

• Gordon Research Conference: Cellular and Molecular Mechanisms of Toxicity 2023 

(NH, USA) 

o Awarded €1200 EUR EUROTOX fellowship to attend 

• Gordon Research Conference: Drug Safety 2022 (MA, USA) 

o Awarded $2180 USD to attend 

• BTS Discovery Toxicology 2023 (Alderley Park, UK) 

o Best Oral Presentation prize 

• BTS Annual Congress 2022 (Gateshead, UK) 

o Best Oral Presentation prize 

• Northeast Postgraduate Conference 2021 (Online, UK) 

• Newcastle University: School of Pharmacy, Toxicology MRes course, Centre for 

Cancer 

Poster presentations 

• BTS Annual Congress 2023 (Birmingham, UK) 

o Awarded £565 GBP BTS Student Bursary to attend 

• BAS-BSCR Meeting at British Cardiovascular Society Annual Conference 2023 

(Manchester, UK) 

• Newcastle University Biosciences Institute 2023 (UK) 

• Alliance for Healthy Aging Meeting 2022 (Minneapolis MN, USA) 

o Awarded $1234 USD Alliance for Healthy Aging travel award to attend 

o Excellent Abstract Submission prize 

• Newcastle University Biosciences Institute 2022 (UK) 

Personal prizes 

• Newcastle University FMS Public Lecture Prize 2024 
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• Vitae 3 Minute Thesis (3MT) competition: winner of both Newcastle University 

competitions and Northeast region and one of six UK national finalists from 

approximately 1,500 competitors 

Funding awarded 

• Co-Investigator: “Characterising chemotherapy-induced cardiac cell senescence to 

ascertain its role in chemotherapy-induced heart failure” Project Grant 

PG/23/11571, British Heart Foundation: £279,661. 

• Newcastle University Doctoral College Enhancement Fund: £1781 

• Newcastle University Toxicity and Survivorship legacy fund: £1000 
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Abstract and poster presented at the British Toxicology Society Annual 

Congress 2023 

Title: Exploring the role of senescence and associated secreted factors in 

anthracycline-induced cardiotoxicity 

Anthracycline chemotherapies continue to underpin treatment strategies for countless 

cancer patients globally, but they have long been associated with delayed-onset 

cardiotoxicity, which is emerging as an unmet healthcare need in the ever-increasing 

cancer survivor population. The processes underpinning anthracycline-induced 

cardiotoxicity (AIC) remain unclear but cellular senescence has arisen as a possible 

contributory mechanism to the subclinical, structural changes which precede functional 

disturbances in the myocardium: AIC patients often display cardiac phenotypes 

associated with ageing, e.g. fibrosis, hypertrophy and maladaptive remodelling. We 

exposed human AC16 cardiomyocytes to 500 nM doxorubicin (DOX), a clinically-

utilised anthracycline, for 3 hours only (representing a transient, sublethal and 

clinically-centred dose) or exposed cells to equivalent vehicle control. Cardiomyocytes 

were allowed to recover for 10 days before analyses were conducted. qPCR and 

immunocytochemistry analyses showed induction of classical and novel senescence 

markers 10 days post-DOX vs control (e.g. p21 transcript 4-fold increase, PURPL 

transcript 9-fold increase). In DOX-treated cardiomyocytes, morphological 

disturbances were observed in the treatment recovery phase, including hypertrophy. 

Conditioned media was collected from cardiomyocytes at days 8-10 post-treatment, 

and cytokine array analysis showed a classical senescence-associated secretory 

phenotype (SASP) in DOX-treated cardiomyocytes vs control, comprising immune-

recruiting (MCP-1: 470 vs 2 pg/mL), pro-inflammatory (IL-6: 22 vs 0 pg/mL) and pro-

remodelling (FGF-2: 41 vs 7 pg/mL) factors. The capacity of this SASP to both reinforce 

and spread the senescent phenotype through the cardiac microenvironment and 

beyond remains underappreciated in the cardiotoxicity of anthracyclines and will form 

the basis of future work. 
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