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Abstract:  
Doxorubicin is one of the most efficient chemotherapeutic drugs used for various cancers, however, 

therapy with doxorubicin is associated with cardiotoxicity. The effect of doxorubicin on the 

vasculature remains an uncharted research area. Vascular injury can lead to an increased G-protein 

coupled receptor (GPCR) mediated vasoconstriction, such as through endothelin receptors subtype A 

(ETA) and B (ETB), 5-Hydroxytryptamine 1B (5-HT1B) receptor and thromboxane prostanoid (TP) 

receptor. Furthermore, the expression of some GPCRs is regulated through the MEK 1/2 pathway.  

This study used an organ culture model to investigate the GPCR-mediated vasocontractility in 0.5 µM 

doxorubicin-treated left anterior descending artery (LAD) from Sprague-Dawley rats by wire-

myography. The involvement of the MEK/ERK 1/2 pathway was investigated by co-incubation with 

U0126 (5 µM). The following GPCR agonists were used to obtain the individual dose-response curves: 

ETB agonist sarafotoxin 6c (S6c), ETA and ETB agonist endothelin-1 (ET-1), 5-HT1B agonist 5-

carboxamidotryptamine (5-CT), and TP agonist U46619.  The specificity of each agonist was verified 

by the application of specific antagonists. The GPCR mRNA levels and GPCR expression and localisation 

on LAD arteries were investigated by Real-Time PCR and Immunohistochemistry. In addition, the 

circulating plasma miRNA levels in cancer patients treated with anthracycline chemotherapy including 

doxorubicin were studied to assess the expression pattern of circulating miRNAs, with particular focus 

on miRNAs associated with cardiac- and vascular- injury (collaborative project with Prof M J Walker, 

UCL). The miRNA expression levels in cancer patient plasma samples were investigated with TaqMan 

array card technology and individual RT-qPCR verification. 

Application of doxorubicin altered the LAD vasoconstriction through GPCRs ETB, 5-HT1B and TP, and 

the molecular assessment revealed both transcriptional and translational mechanisms were involved. 

Furthermore, co-incubation with U0126 highlighted that the MEK/ERK 1/2 pathway plays a key role 

during the doxorubicin-altered GPCRs-mediated vasoconstriction. Analysis of the cancer patient 

plasma samples pre- and post- anthracycline chemotherapy revealed candidate vascular injury-

associated miRNAs. Profiling of pooled plasma samples from the miRNA array study showed a 

significantly altered expression of 174 miRNAs as a result of anthracycline chemotherapy. From those 

altered miRNAs, five vascular injury associated miRNAs were selected and re-analysed on individual 

cancer patients samples to investigate specificity towards patients that developed cardiac 

dysfunction, which revealed two vascular injury associated miRNAs, miR-126 and miR-320a. 

In conclusion this study shows for the first time that doxorubicin mediated its vasotoxic and 

cardiotoxic adverse effect on coronary vessels by targeting specific GPCRs through the MEK/ERK 1/2 

pathway, and that doxorubicin-treatment of cancer patients alters key circulating vascular injury-

associated miRNAs. Overall, this study has improved the understanding of doxorubicin-mediated 

cardiovascular adverse effects and the vascular and intracellular mechanisms involved.  
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Chapter 1:  

1. Introduction 

1.1.  Cancer treatment options are improving 

According to the World Health Organisation (WHO), cancer was one of the leading causes of death in 

2019. In 2020, GLOBOCAN reported that worldwide 19.3 million new cancer cases emerged and that 

approximately 10 million cancer deaths had occurred (Sung et al., 2021). Despite the increase in 

number of new cancer cases, the cancer survival rate has doubled in UK in the last 40 years 

(CancerResearchUK). This is due to the development of new treatment options and new screening 

tools to aid the early detection and diagnosis of cancers. The increase in cancer incidence and 

mortality has led to an increased use of chemotherapeutic drugs. In a population-based study, Wilson 

and team estimated that the number of cancer patients who will need chemotherapy will rise by 53% 

from 2018 to 2040 (Wilson et al., 2019). Therefore, new chemotherapeutic drugs are needed to be 

developed and/or current chemotherapeutic drugs need to be improved to improve the outcome of 

cancer patients. 

Different treatment options, including surgery, chemotherapy, radiotherapy and immunotherapy, are 

used against cancer, depending on the type of cancer, cancer development and risk factors (Sudhakar, 

2009). The surgery method is the oldest oncological discipline (Wyld et al., 2015) and new surgical 

techniques including cryosurgery were developed in the last decade to treat localised tumours, e.g. 

prostate cancer (Tarkowski and Rzaca, 2014). In the last decades, surgery was used in combination 

with new cancer treatment regimens to increase the efficiency of anti-cancer treatment, such as 

radiotherapy and chemotherapy. Radiotherapy is efficient to treat localised solid tumours (Schaue and 

McBride, 2015). Recently, technological advancement led to the development of new radiotherapy 

techniques including stereotactic radiotherapy, intensity-modulated radiation therapy and improved 

imaging systems, which are more precise and efficient. However, many tumours are insensitive to 

radiotherapy and the radiation doses are limited to avoid radiation-induced injury to the adjacent 

healthy tissue (Chen and Kuo, 2017). The other treatment option widely used is chemotherapy, which 

involves the administration of a combination of cytotoxic agents to treat cancers (Mehrling, 2015). 

Different types of chemotherapeutic drugs have been developed in the last decades and are used for 

the clinical intervention of cancer incidents (Chabner and Roberts, 2005, Dembic, 2020). The first 

chemotherapeutic drug approved by the US Food and Drug Administration (FDA) was an alkylating 

agent, the nitrogen mustard mustine in 1949 (Hirsch, 2006). Alkylating agents, e.g cyclophosamide, 

interact with deoxyribonucleic acid (DNA) through an alkyl group, leading to the formation of adducts, 

and thus the inhibition of DNA synthesis followed by the inhibition of ribonucleic acid (RNA) and 
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protein production (Colvin, 2002). Alkylating agents are mostly used to treat gynaecological oncology 

(Chu and Rubin, 2018). The next type of chemotherapeutic drugs approved by FDA in 1953 were the 

antimetabolites, e.g. methotrexate and 6-meracptopurine (Dembic, 2020). Antimetabolites family is 

divided in five types: folate antagonists, pyrimidine antagonists, purine antagonists, sugar-modified 

analogues and ribonucleotides reductase inhibitors (Sandhu and Maddock, 2014). Antimetabolites 

inhibit the DNA synthesis of cancer cells by altering cellular acid production and are widely used as 

cancer treatments for various cancers (Kumar et al., 2014). The most frequently used and efficient 

anti-cancer drugs belong to the antibiotic anthracycline group. The first anthracycline drug approved 

by FDA  was doxorubicin, and was isolated from Streptomyces paucetius bacteria in 1969 (Arcamone 

et al., 1969). Anthracycline drug interacts with DNA and inhibits the topoisomerase II activity leading 

to cell apoptosis (Sandhu and Maddock, 2014). Taxoid is another class of cytotoxic drug agents, which 

interferes with the mitotic process in cancer cells by binding to the microtubule dimers leading to the 

microtubule stabilisation and thus disturbing the RNA, DNA and protein synthesis (Sandhu and 

Maddock, 2014). Recently, a transition from cytotoxic agents to targeted therapeutics was developed 

in the chemotherapy field. Tyrosine kinase inhibitors were one of the first targeted therapeutics 

developed with an anti-tumour activity associated with a reduced adverse effect than other 

conventional cytotoxic agents (Sandhu and Maddock, 2014, Dembic, 2020). There are two types of 

tyrosine kinase inhibitors: (i) monoclonal antibodies which inhibit the function of growth factor 

receptor tyrosine kinases, e.g trastuzumab, and (ii) small molecule inhibitors which target both 

receptor and non-receptors tyrosine kinase, e.g. imatinib (Dembic, 2020, Sandhu and Maddock, 2014). 

Another promising targeted anti-cancer treatment associated with limited adverse effects is 

immunotherapy. The aim of the immunotherapy is to rely on the host’s immune system to treat 

cancers by stimulating the effector mechanisms of immune cells or to counteract the inhibitory and 

suppressive mechanisms of immune cells (Farkona et al., 2016). However, this anti-cancer method is 

still facing challenges related to their safety and efficiency (Riley et al., 2019). A recent cancer 

immunotherapy is the immune checkpoint inhibitors (ICI), which targets immunologic receptors on T-

lymphocytes’ surface to boost anti-cancer immune responses. The first ICI approved was Ipilimumab 

in 2011, which targets cytotoxic lymphocyte antigen-4 (CTLA-4), an immune inhibitory receptor, to 

treat stage 3 and 4 malignant melanoma (Shiravand et al., 2022). Currently, three groups of ICI to treat 

various types of cancers have been approved by the FDA, including the CTLA-4 inhibitor, the 

programmed cell death protein-1 (PD-1) inhibitor and the programmed cell death ligand 1 (PDL-1) 

inhibitors (Liebl and Hofmann, 2019). Immune checkpoint receptors, such as PD-1, on T-cells’ surface 

maintained the balance of immunity and regulated T-cells activation through their binding to specific 

ligand, PDL-1. CTLA-4 has a higher affinity to B7 than the CD28 receptors on T-cells surface, leading to 
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the inhibition of T-cells activation by blocking the CD28 signal. PD-1 on T-cells surface binds to PDL-1 

expressed on tumour cells and through a negative regulation inhibit the T-cells activation. These three 

immune checkpoints are overexpressed in the tumour microenvironment, which supress the T-cell 

activity and increase the tumour resistance (Fan et al., 2021). ICI blocks the IC receptors and allows 

the tumour-reactive T cells activation, which leads to the effective activation of anti-tumour response 

(Wei et al., 2018). 

 

1.2.  Side-effects of cancer-therapy drugs 

Although the efficiency of anti-cancer treatments improved over the last decades, the rise of the 

number of cancer survivors was followed by a rise of severe adverse effects. One of the main concerns 

of radiotherapy treatment is the risk for cancer survivors to develop secondary malignancies in the 10 

– 15 years post-therapy. Furthermore, the severe adverse effects observed in cancer survivors treated 

with radiotherapy are cardiovascular, gastrointestinal and pulmonary adverse effects (Berkey, 2010). 

Although immunotherapy was developed to reduce the risk of adverse effects, the immune-related 

adverse events occurred in various organ systems, including cardiovascular, pulmonary, and 

neurologic systems (Martins et al., 2019). The chemotherapeutic drugs do not only affect cancer cells, 

but healthy non-malignant cells as well (Thomas et al., 2016). Most alkylating agents have 

immunosuppressive adverse effects by acutely suppressing the bone marrow. Other organs like the 

lungs, liver and heart can also be affected by alkylating agents, which limit the dose used during 

treatment (Scholar, 2007, Sandhu and Maddock, 2014). The cardiotoxic adverse effects of 

cyclophosphamide can lead to arrhythmia and congestive heart failure (Goldberg et al., 1986, Lozahic 

et al., 2021). The antipyrimidine 5-fluorouracil interferes with the DNA synthesis process and is used 

to treat various solid tumours (Sandhu and Maddock, 2014), and 1 % of patients treated with 5-

fluorouracil suffer from severe adverse effects, including neurotoxicity, cardiotoxicity, 

encephalopathy and hyperammonemia (Thomas et al., 2016). The cardiotoxicity of 5-fluorouracil can 

lead to different cardiovascular diseases (CVDs), including silent myocardial ischaemia, arrhythmia, 

and congestive heart failure in cancer patients (Sandhu and Maddock, 2014). The adverse effects of 

taxoids include neurotoxicity, pulmonary toxicity and gastrointestinal toxicity (Raschi et al., 2010). 

Sunitinib is a tyrosine kinase inhibitor (TKI) and is frequently used and efficient against renal cell 

carcinoma (Motzer et al., 2017), and can induce neurotoxicity, pulmonary toxicity, gastrointestinal 

toxicity, skin disorders and haematological events, including anaemia, neutropenia and 

thrombocytopenia as adverse effect (Hartmann et al., 2009). Sunitinib is also known to induce 

cardiotoxicity leading to CVDs including myocardial dysfunction, hypertension and heart failure 

(Mahdi et al., 2021). Doxorubicin from the anthracycline family is one of the most potent anti-cancer 
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drugs, however, the main adverse effect of doxorubicin is cardiotoxicity (Sandhu and Maddock, 2014). 

Doxorubicin-induced cardiotoxicity is induced through several intracellular mechanisms including 

mitochondrial dysfunction, reactive oxygen species (ROS) production (Gille and Nohl, 1997), oxidative 

stress (Minotti et al., 2004), apoptosis (Kaufmann and Earnshaw, 2000), and myofibril damage (Ito et 

al., 1990), all leading to cardiac injury in doxorubicin-treated patients (Suter and Ewer, 2013). 

Cardiovascular adverse effects is observed in most of the anti-cancer-drug treatment (Figure 1-1) 

through different characteristics and the monitoring of the cardiac function is essential before, during 

and post-treatment. 

Figure 1-1: Cardiac adverse effects of anti-cancer drugs and monitoring techniques used in clinics. 

Taken from (Huang et al., 2022). 

 

1.3.  Assessment of cardiac injury in the clinic 

Anti-cancer therapy-induced cardiac injury can be assessed by imaging techniques and various 

circulating myocardial damage biomarkers. Management of the anti-cancer therapy-induced 

cardiotoxicity starts prior to the anti-cancer treatment with a baseline work-up and continues with a 

follow-up of the potential cardiac adverse effects development during and after the chemotherapy. 

Firstly, the baseline work-up includes the cardiac disease history of the patients, clinical examination 

with imaging techniques, such as left ventricular ejection fraction (LVEF) and magnetic resonance 

imaging (MRI), and various circulating myocardial damage biomarkers, as shown in Figure 1-1 

(Curigliano et al., 2012).  The baseline work-up is necessary due to the risk factor of pre-existing CVD 

comorbidities (Jensen et al., 2002). The European Society of Medical Oncology (ESMO) 2020 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis can be found in the 
Lanchester Library, Coventry University. 
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consensus recommends to assess the left ventricular (LV) function after a cumulative dose of 

anthracycline 250 mg/m2, where m2 is the body surface area, is reached and then after each additional 

100 mg/m2, and to periodically measure circulating biomarkers (Curigliano et al., 2020). Furthermore, 

ESMO suggests that the assessment of cardiotoxicity post-chemotherapy is performed 6 – 12 months 

post-chemotherapy with cardiac biomarkers and potentially imaging techniques, and then to do a 

follow-up check-up every two years post-chemotherapy (Curigliano et al., 2020). 

The detection of early cardiac injury is commonly assessed by monitoring left ventricular ejection 

fraction (LVEF), using echocardiography (ECG) or cardiac magnetic resonance imaging (MRI), which 

are both non-invasive techniques (Thavendiranathan et al., 2013, McKillop et al., 1983). Doppler ECG 

evaluates LVEF and detects myocardial injury (McKillop et al., 1983). Doppler ECG is a 2-dimensional 

ECG, which monitors the heart structure and function (Anavekar and Oh, 2009), however, ECG is not 

highly sensitive to small changes in LVEF (Oreto et al., 2012). Another imaging technique used in clinics 

is the MRI, which is the reference standard to assess ventricular volume and function (Real et al., 

2023). The advantage of the cardiac MRI is the ability to offer an excellent myocardial tissue 

characterisation (Baxi et al., 2015), which allows the early detection of cardiac injury by underlying 

histopathological myocardial changes (Thavendiranathan et al., 2013). 

The cardiotoxicity can also be assessed through circulating biomarkers of cardiac injury such as cardiac 

troponin I (cTnI) and B-type natriuretic peptide (BNP), or inflammatory biomarkers such as interleukins 

and C-reactive protein (Berezin and Berezin, 2020). In the present study, cardiac biomarkers used to 

assess the anti-cancer therapy-induced cardiotoxicity in cancer patients were cardiac troponin T and 

N-terminal proBNP (NT-pro-BNP). There are two cardiac troponin isoforms: The cTnI expressed in 

cardiac muscles and the cardiac troponin T (cTnT) expressed in cardiac and skeletal muscles (Wallace 

et al., 2004). The high-sensitivity (hs-cTnI) and cTnT are the gold-standard biomarkers for the 

diagnostic of acute myocardial infarction (Aydin et al., 2019). Myocardial damage increases the serum 

level of troponin, leading to the release of troponin from cardiac or skeletal muscles to blood 

circulation (Sandhu and Maddock, 2014). The elevation of troponin is correlated to cardiac injury 

severity and is monitored during CVDss, including cardiac arrhythmias, cardiomyopathies and heart 

failure (Chauin, 2021). The other diagnostic biomarkers for cardiac injury and heart failure widely used 

are brain natriuretic peptide (BNP) and N-terminal proBNP (NT-proBNP) (Cao et al., 2019). BNP and 

NT-proBNP are synthesised and secreted by left ventricular myocytes as a response to mechanical 

stress, systemic ischaemia and hypoxia (Volpe et al., 2014). The elevation of plasma BNP and NT-

proBNP is also associated with arrhythmias and cardiomyopathies and is used to assess the severity 

of the CVD (Cao et al., 2019). Recently, novel biomarkers emerged, such as the miRNAs which are 

described in section 1.8. 
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1.4.  Anthracyclines 

Anthracyclines are among the most potent and commonly used chemotherapeutic agents (Hutchins 

et al., 2017). The anthracycline chemotherapy regimen is used to treat various solid tumours, such as 

breast cancer, leukaemia, lymphoma, melanoma and uterine cancer. The anthracycline family is 

composed of antineoplastic agents isolated from bacteria (Martins-Teixeira and Carvalho, 2020). The 

first anthracycline isolated from Gram-positive Streptomyces paucetius is daunorubicin, in the 1960s, 

followed by the discovery of doxorubicin in 1969. However, it took a further 10 years after the 

daunorubicin isolation to discover the anti-tumour activity of anthracyclines, i.e. daunorubicin and 

doxorubicin (Pinedo, 2006). Doxorubicin was the first FDA-approved anthracycline in 1974, while 

daunorubicin was FDA-approved in 1979 (Hande, 1998).  

Among the several anthracyclines discovered over the last decades, the four most common 

anthracyclines are daunorubicin, doxorubicin, epirubicin and idarubicin (Table 1-1). Doxorubicin and 

daunorubicin are both from the first generation of anthracycline and half a century after their 

discovery, both are still frequently used in clinics. The structure of doxorubicin differs from the 

structure of daunorubicin through the side chain which contains an alcohol group, while 

daunorubicin’s side chain contains a methyl group (Minotti et al., 2004). This minor difference in 

structure specifies their mechanism of action. Doxorubicin is commonly used to treat acute leukaemia 

Hodgkins disease and non-Hodgkins lymphomas, sarcoma and various solid tumours, including breast 

and lung cancers, while daunorubicin is used to treat acute myeloid leukaemia and acute 

lymphoblastic leukaemia (Dembic, 2020, Pinedo, 2006, Minotti et al., 2004). 

Despite their potency, doxorubicin and daunorubicin treatments are limited by cancer resistance and 

cardiac adverse effects. It is known that some cancer cells develop a resistance to several anti-cancer 

drugs by altering the membrane transport, which is the primary mechanism against anti-cancer 

treatment (Chien and Moasser, 2008). Furthermore, anthracycline treatment is associated with 

cardiotoxicity as the main adverse effect and anthracycline-induced cardiotoxicity is exponentially 

dose-dependent (Raj et al., 2014). The dosage of anthracycline depends on body surface area, 

cumulative dose and other risk factors. These risk factors are age, previous cardiac insults, and 

adjuvant therapy (Moudgil and Yeh, 2017). Doxorubicin and daunorubicin concentrations are limited 

by the cardiac adverse event, with respectively a maximum cumulative dose of 500 to 550 mg/m2 

(Robert, 1993) and 330 mg/m2 (Pophali and Litzow, 2017). Those limitations have resulted in the 

development of new generations of anthracyclines. 
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Table 1-1: Characteristics of the different types of anthracyclines. Adapted from (Dembic, 2020, 

Minotti et al., 2004, 2012, Pinedo, 2006, Martins-Teixeira and Carvalho, 2020) 

Drug Structure Cancers treated 

Clinical 

maximal 

cumulative 

dose 

Year of 

approval 

by FDA 

Doxorubicin 

 

Acute leukaemia 

Hodgkins disease and non-

Hodgkins lymphomas 

Sarcoma 

Solid tumours 

500 to 550 

mg/m2 

(Robert, 

1993) 

1974  

Daunorubicin 

 

Acute myeloid leukaemia 

(AML) 

Acute lymphoblastic 

leukemia (ALL) 

330 mg/m2 

(Pophali and 

Litzow, 2017) 

1979 

Epirubicin 

 

Breast cancer 

Gastric cancer 

non-Hodgkin lymphoma 

900 to 1000 

mg/m2 

(Robert, 

1993) 

1999 

Idarubicin 

 

Acute myeloid leukemia 

(AML) 

 
/ 

1990 

 

The second generation of anthracyclines, including epirubicin and idarubicin, were developed to 

overcome the resistance and cardiac adverse effects of the first generation. Epirubicin, a doxorubicin 

analogue is approximately 30 % less cardiotoxic than doxorubicin, but is also less potent than 

doxorubicin (Martins-Teixeira and Carvalho, 2020). On the other hand, idarubicin shares similar 

activities with daunorubicin against leukaemia, but is also used to treat some solid cancer (Minotti et 

al., 2004). The fact that these second generation of anthracyclines are less efficient than doxorubicin, 

underlines the necessity to uncover mechanisms involved in cancer resistance and in cardiotoxicity to 

obtain anti-cancer drugs with optimal potency and reduced cardiotoxicity. 
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 Doxorubicin  

The present study is focused on the investigation of doxorubicin-induced cardiotoxicity. Doxorubicin, 

also known as Adriamycin, is one of the most efficient chemotherapeutic drugs, widely used in many 

solid cancers. Unfortunately, it can also lead to severe cardiovascular adverse effects. Indeed, patients 

treated with doxorubicin have 4 % risk of developing congestive heart failure at a cumulative dose of 

500 mg/m2, and the risk increase with the dose with 36 % risk to develop congestive heart failure if 

the cumulative dose exceeds 600 mg/m2 (Mitry and Edwards, 2016). Furthermore, the FDA 

recommends that the cumulative total lifetime dose of doxorubicin should not exceed 450 – 550 

mg/m2 of body surface area, since above this dose, the risk of congestive heart failure is largely 

increased (Lum et al., 1985). Similarly, The National Institute for Health and Care Excellence (NICE) or 

British National Formulary recommends not exceeding the limit of total cumulative doses of 450 

mg/m2 (NICE). In clinical practice, the cumulative dose of doxorubicin is limited to 400 – 450 mg/m2, 

but severe cardiac damages still occur at cumulative dosages substantially below this level (Rahman 

et al., 2007). The doxorubicin-induced cardiotoxicity leads to the use of lower doses or the use of other 

chemotherapeutic drugs that are less efficient (Bhagat and Kleinerman, 2020).  

 

 Mechanism of doxorubicin during cancer-therapy 

Despite many inquisitive studies, the exact doxorubicin-induced cardiotoxicity mechanism of action 

remains partially unknown (Minotti et al., 2004). However, there are three proposed mechanisms 

involved: (i) intercalation of doxorubicin into DNA strands, (ii) topoisomerase II (Top2) suppression 

leading to DNA damage and (iii) generation of free radical species (Figure 1-2) leading to cellular 

apoptosis (Bhagat and Kleinerman, 2020). 
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Figure 1-2: Mechanisms of action of doxorubicin in cancer cells. Taken from (Corremans et al., 2019). 

Doxorubicin induces cancer cell death through three main mechanisms of action: the formation of a 

complex Top2-Dox-DNA, the intercalation of Dox into DNA strands and the generation of ROS.  

Top2 = Topoisomerase II, ROS = reactive oxygen species, IA = DNA intercalating agent, Dox = 

doxorubicin. 

 

Doxorubicin inhibits DNA synthesis through DNA intercalation into the site containing adjacent 

guanine-cytosine (GC) base pairs and thus induces the formation of doxorubicin-DNA adducts (Yang 

et al., 2014). The doxorubicin-DNA adducts can activate the DNA damage responses and thus leads to 

cancer cell apoptosis (Bhagat and Kleinerman, 2020). In addition to the formation of doxorubicin-DNA 

adducts, doxorubicin can also inhibit DNA synthesis by suppressing the Top2 activity. DNA 

topoisomerases are nuclear enzymes that alter the conformation of DNA helix strands during DNA 

replication, transcription and recombination (Bhagat and Kleinerman, 2020). Among the different 

types of topoisomerase, Top2 is an adenosine triphosphate (ATP)‐dependent enzyme and is the main 

target for anthracycline anti-cancer mechanisms in the proliferative cancer cells. There are two 

isoforms of Top2, Top2α and Top2β. Top2α, the most common and highly expressed in proliferating 

cells, is involved in chromosomal segregation, while TOPIIβ is mostly prevalent in quiescent cells 

(Corremans et al., 2019). Interestingly, Top2α is highly expressed in osteosarcoma cells and is targeted 

by doxorubicin during the chemotherapy treatment (Yang et al., 2014). Doxorubicin binds Top2 and 

DNA to form a ternary complex, DOX-Top2-DNA. The stabilisation of this complex blocks DNA 

resealing, which induces the double-stranded DNA break, and thus resulting in the inhibition of DNA 

replication and the induction of cell apoptosis (Corremans et al., 2019). 
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Another important anti-tumour mechanism of doxorubicin is the generation of free radical species 

leading to oxidative stress (Bhagat and Kleinerman, 2020). In the outer mitochondrial membrane, 

doxorubicin is reduced by the complex I to lipophilic doxorubicin deoxyaglycone. This form of 

doxorubicin enters into the inner membrane and competes with coenzyme Q10 as an electron 

acceptor (Nebigil and Desaubry, 2018). The doxorubicin form is oxidised through a one-electron 

reduction, such as cytochrome P450 reductase or NADH dehydrogenase, in a semiquinone radical 

(Corremans et al., 2019). This semiquinone radical is an unstable metabolite, which releases free 

radicals during its conversion back to doxorubicin (Thorn et al., 2011). The generated free radicals 

induce free radical injury to the DNA of cancer cells (Bhagat and Kleinerman, 2020). The oxidative 

stress, induced by intracellular ROS increases, alters cellular processes and thus leads to the 

generation of DNA mutations and cancer cell apoptosis (Nebigil and Desaubry, 2018). Furthermore, 

the increase of intracellular free radical species can also induce lipid peroxidation of the cell 

membrane leading to cell apoptosis (Seifried et al., 2004, Pham-Huy et al., 2008).  

 

 Mechanisms of doxorubicin-induced cardiotoxicity 

Doxorubicin targets cancer cells, however non-malignant cells, including heart cells, can be affected 

by the cytotoxic effect of doxorubicin as well (Corremans et al., 2019).  Doxorubicin-mediated 

cardiotoxicity involves various intracellular mechanisms and factors (Thorn et al., 2011). The 

cardiotoxicity of doxorubicin has been observed to imply different mechanisms, such as oxidative 

stress, calcium metabolism disorders and systemic inflammation (Podyacheva et al., 2021), presented 

in Figure 1-3. 
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Figure 1-3: Mechanisms of cardiotoxicity induced by doxorubicin (DOX). Adapted from (Corremans 

et al., 2019). A: Doxorubicin alters transcription through DNA intercalation and Top2 activity 

suppression. B: Doxorubicin accumulates in mitochondria and forms a complex with cardiolipin 

leading to mitochondrial dysfunction and apoptosis. C: Doxorubicin is converted in doxorubicin 

semiquinone through a one-electron reduction leading to ROS generation, DNA damage and cell 

apoptosis. D: Doxorubicin forms a complex with Fe2+ and generates free radical species. E: Doxorubicin 

induces lipid peroxidation at the cell membranes through doxorubicin-Fe2+ complex and ROS 

generation. F: Doxorubicinol is a toxic metabolite of doxorubicin, which leads to impaired Ca2+ 

handling by altering Ca2+-pumps on the sarcoplasmic reticulum. Top2 = topoisomerase 2, Dox = 

doxorubicin, ROS = reactive oxygen species, Fe2+ = ferrous ion, mt = mitochondrial. 

During the anti-cancer treatment, doxorubicin enters through passive diffusion and accumulates in 

the cardiomyocytes (Corremans et al., 2019). Doxorubicin accumulates in the mitochondrial inner 

membrane and forms an irreversible complex with cardiolipin, leading to mitochondrial dysfunction 

(Octavia et al., 2012).  The disruption of the mitochondrial activity leads to the release of reactive 

oxygen species (ROS) including superoxide radical hydrogen peroxide (H2O2) and superoxide anion 

(O2
.) (Zhou et al., 2001), the production of free iron-related free radicals (Kwok and Richardson, 2003), 

and the formation of doxorubicinol metabolite (Olson et al., 1988). Moreover, doxorubicin alters the 

activity of endothelial nitric oxide synthase (eNOS) and NADPH oxidase (NOX), leading to the reduction 

of free oxygen in superoxide free radical (Vasquez-Vivar et al., 1997, Deng et al., 2007). The elevation 

of ROS production by the mitochondrial dysfunction and altered enzymes, and the elevation of iron-
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related free radicals activate the oxidative stress and lipid peroxidation, inducing cardiomyocytes 

apoptosis and thus leads to the cardiac dysfunction observed in patients treated with chemotherapy 

(Sritharan and Sivalingam, 2021). 

Doxorubicin can also interfere with iron metabolism in the cardiomyocyte’s cytosol (Xu et al., 2005). 

In physiological conditions, ferric ion (Fe3+) is transported from serum to the intracellular 

compartment by transferrin, a transporter protein. Fe3+-transferrin complex is passed in the cell by 

endocytosis and ferric ions are reduced into ferrous ions (Fe2+) by a Fenton reaction with 

ferrireductase (Fang et al., 2023). Then, ferrous ions are, depending on intracellular iron level, either 

stocked in ferritin, an iron storage protein or used for the cell's vital functions and haemoprotein 

synthesis (Ravingerova et al., 2020). During doxorubicin treatment, the release of Fe2+ from ferritin is 

disrupted, leading to disturbed cellular functions, including iron-dependant proteins (Sandhu and 

Maddock, 2014). Additionally, doxorubicin can bind easily to ferric ion and forms doxorubicin-Fe3+ 

complex. In presence of oxygen, this complex is reduced in doxorubicin-Fe2+ by reducing agents, such 

as NADPH (Sandhu and Maddock, 2014). The reduction promotes the generation of highly oxidative 

forms of ROS, ferryl and perferryl radicals and thus leads to an increase of oxidative stress and 

mitochondrial dysfunction (Nebigil and Desaubry, 2018). During doxorubicin-induced cardiotoxicity, 

the iron accumulation through the Fenton reaction induces the generation of free radical species, 

including hydroxide ions (OH−) and hydroxyl radicals (HO.) leading to oxidative stress (Ravingerova et 

al., 2020). 

As in cancer cells, the doxorubicin semiquinone converts back into doxorubicin by releasing 

superoxide radical (O2
.), and will either be converted by superoxide dismutase (SOD) in H2O2 or will 

initiate lipid peroxidation of cardiomyocytes membranes. The lipid peroxidation induces cell 

membranes injury, which leads to cell apoptosis (Horenstein et al., 2000). Furthermore, lipid 

peroxidation is also induced through the Fenton reaction, which activates lipoxygenases during the 

conversion of Fe2+ into Fe3+ (Wu et al., 2021). 

Doxorubicinol is the primary circulating metabolite of doxorubicin and is the product of the two-

electron doxorubicin reduction through carbonyl reductases or aldo-keto reductases activity (Piska et 

al., 2017). Doxorubicinol cardiac toxicity has been investigated in an isolated rabbit papillary muscles 

model by Olson et al.et al. in 1988. They measured the contractility responses and resting stress of 

the right ventricular papillary muscle, which was placed in a muscle bath and fixed to a force 

transducer and electrically stimulated to contract 30 times per minute to develop the maximal 

tension. Doxorubicin at a final cumulative dose of 700 µM was added to the muscle bath at 45-min 

intervals. The authors showed that doxorubicinol is about 30 times more efficient than doxorubicin at 
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reducing the contractility of isolated rabbit papillary muscles. Furthermore, they showed that the 

highest dose of doxorubicin (700 µM) was slightly altering the myocardial resting stress, whereas 

doxorubicinol at an 8-fold lower dose than doxorubicin, largely increased the myocardial resting 

stress, and thus depressed the diastole function (Olson et al., 1988). In addition to the study of 

doxorubicinol toxicity in papillary muscles, Olson and team investigated the effect of doxorubicinol on 

ion-pump from the sarcoplasmic reticulum (SR) and they demonstrated that doxorubicin inhibits 

cardiac SR calcium pumps, including Ca2+, Mg2+, and Na+ /K+ -ATPases and thus nearly abolishes the 

calcium loading activity of cardiac SR leading to disturbed calcium homeostasis (Olson et al., 1988, 

Boucek et al., 1987). 

The doxorubicin-induced cardiotoxicity associated with intracellular calcium overload leads to an 

abnormal intracellular calcium homeostasis, and thus cardiac contractile dysfunction 

(Shinlapawittayatorn et al., 2022). The cardiac contraction is initiated by the release of calcium from 

the sarcoplasmic reticulum (SR) (Walweel and Laver, 2015). The doxorubicin-induced cardiotoxicity is 

associated with a dysregulation of receptors localised on the SR membrane and involved in the 

regulation of calcium homeostasis including the ryanodine receptors (RyR) (Kim et al., 2006) and the 

sarco/endoplasmic reticulum ATPase (SERCA) (Villani et al., 1980). The RyR receptors release the 

calcium ions from the SR to the cytosol during the muscle contraction (Fill and Copello, 2002), while 

the SERCA pumps transport the calcium ions from the cytosol into the SR after the muscle contraction, 

leading to the muscle relaxation (Bers, 2002). Treatment of isolated rat ventricular cardiomyocytes 

with doxorubicin (3 µM) promotes the opening of RyR, leading to the increase of intracellular diastolic 

calcium (Kim et al., 2006). In isolated guinea pig cardiomyocytes, the doxorubicin treatment (2mg/mL) 

is associated with a decrease of SERCA expression, leading to a decrease in the SR calcium uptake 

(Villani et al., 1980). However, in vivo models studies have showed that RyR and SERCA mRNA 

expression is decreased in rabbit cardiomyocytes after doxorubicin treatment during 8 weeks with a 

total dose of 16mg/kg (Olson et al., 2005) and 20 mg/kg (Gambliel et al., 2002), leading to left 

ventricular (LV) dysfunction (Olson et al., 2005). In vitro models have showed that doxorubicin 

treatment is associated with an increase of the calcium influx into the mitochondria in rat 

cardiomyocytes (Doxo = 10 µM, during 18h) (Dhingra et al., 2020), while the calcium loading capacity 

is decreased in human right atrial appendages (Doxo = 1 µM, during 90 min) (Montaigne et al., 2011), 

leading to cardiac mitochondrial injury and thus mitochondrial dysfunction. The intracellular calcium 

overload is clinically associated with ischemic heart diseases, including atherosclerosis, thrombosis, 

and coronary spasms (Dhalla et al., 2008). Furthermore, clinical studies have highlighted an increase 

of arterial stiffness in patients treated with anti-cancer drugs both during and after the treatment, 

including doxorubicin (Parr et al., 2020, Mozos et al., 2017, Chaosuwannakit et al., 2010). Arterial 
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stiffness is known to be associated with CVDs, such as hypertension, stroke, and congestive heart 

failure (Laurent and Boutouyrie, 2020, Sutton-Tyrrell et al., 2005, Chae et al., 1999).  

Doxorubicin-induced cardiotoxicity is also associated with an increase of the inflammatory markers. 

Interleukin 9 (IL-9) aggravates doxorubicin-induced cardiac injury by promoting the inflammatory 

response (Ye et al., 2020). A recent study investigated the potential cardiotoxic effect of doxorubicin 

treatment (15 mg/kg) on IL-9-mediated inflammation response with in vivo model, C57BL/6 mice. 

They showed that IL-9 levels were significantly elevated in doxorubicin-treated mice and a 

recombinant mice IL-9 pre-treatment would aggravate the doxorubicin-induced cardiotoxicity, while 

an anti-IL-9 neutralizing antibody pre-treatment would alleviate the doxorubicin-induced 

cardiotoxicity (Ye et al., 2020). Furthermore, several studies investigated the doxorubicin-induced 

cardiac adverse effect on vascular endothelial growth factor B (VEGF-B). VEGF-B is mainly localised in 

cardiomyocytes and the circulatory system, and regulates the proliferation and migration of ECs, 

including the coronary vessels' growth.  

Doxorubicin-induced cardiotoxicity has mainly been investigated and documented on cardiomyocytes 

in pre-clinical studies and on cancer survivors treated with anthracyclines in clinical studies (Rawat et 

al., 2021). Conversely, the potential vasotoxicity of doxorubicin had been poorly investigated. Some 

mechanisms observed in cardiomyocytes could also be involved in the cardiovascular system, such as 

calcium dysregulation or ROS production. Some studies demonstrated that endothelial cells were 

altered by doxorubicin administration (Luu et al., 2018, He et al., 2019, Hoffman et al., 2021). Sayed-

Ahmed et al.et al. demonstrated that ET-1 levels in plasma and cardiac nitric oxide of Sprague-Dawley 

rats were increased after the administration of cumulative doses of doxorubicin (from 10mg/kg to 

20mg/kg) for 10 days (Sayed-Ahmed et al., 2001). A clinical study with a cohort of 30 patients treated 

with doxorubicin observed the plasma ET-1 level to be elevated in 5 patients, and 2 of them developed 

clinically overt congestive heart failure. The 25 patients without an increase of the plasma ET-1 didn’t 

develop congestive heart failure (Yamashita et al., 1995). ET-1 and NO are involved in the vascular 

tone (Nishiyama et al., 2017), their alterations by doxorubicin could induce alterations in the 

vasculature tone. 

 

1.5.  Anti-cancer drug, vascular toxicity and new therapeutic strategies 

 Anti-cancer drug-induced vasotoxicity 

Chemotherapeutic drugs can induce vasotoxicity through “off-target” effects by targeting not only 

cancer cells, but also the adjacent cells from the vasculature near cancer cells. Many factors, including 

cardiovascular risk, genetic predispositions and pre-existing CVDs increase the risk of cancer patients 
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treated with chemotherapy to develop vascular issues (Hsu et al., 2021). Anti-cancer drug-induced 

vasotoxicity is mainly induced by the alteration of endothelial function (Gao and Galis, 2021). The 

chemotherapy-mediated vasotoxicity leads to the development of cardiovascular issues, including 

hypertension, coronary artery disease, atherosclerosis and heart failure (Sandhu and Maddock, 2014, 

Mahdi et al., 2021, Dhalla et al., 2008, Volkova and Russell, 2011).  

A large number of chemotherapy treatments, including anthracyclines (key cardiotoxic mechanisms 

of action described in section 1.4.4), lead to an excessive generation of ROS. The overproduction of 

ROS disrupts the intracellular functions in vascular cells, including calcium and ferric homeostasis, and 

alters the proteins, lipids and DNA (Hsu et al., 2021). In endothelial cells (ECs), the nitric oxide synthase 

(NOS) catalyses the substrate L-arginine in nitric oxide (NO), which is a key mediator of vasodilation 

(Vallance and Hingorani, 1999). Accumulated ROS interacts with NO and induces the generation of 

peroxynitrite radicals (ONOO.-) and reactive nitrogen species (RNS) in ECs, which results in 

inflammation, apoptosis, necrosis of ECs and thus vascular injury (Lim et al., 2009). Furthermore, the 

reduction of available NO results in the development of hypertension (Hsu et al., 2021). About 80 % 

of cancer patients treated with TKI or VEGF inhibitors (VEGFi) develop hypertension. TKI promote the 

accumulation of ROS and down-regulate the nuclear factor erythroid 2-related factor 2 (Nrf2), a key 

regulator of antioxidant genes, while VEGFi inhibits the VEGF-induced vasodilatory and survival 

signalling through the NO and vasodilatory prostanoid prostacyclin (PGI2) production in ECs. A clinical 

study showed that cancer patients (n = 11) treated with chemotherapeutic drugs, including 

doxorubicin, cisplatin, cyclophosphamide, fluorouracil, paclitaxel, bevacizumab, rituximab, and 

trastuzumab, had an approximatively 20 % increase in developing carotid artery stiffness compared 

to healthy control (n = 11) (Frye et al., 2018). As described in section 1.4.4., anthracycline-induced 

cardiotoxicity is associated with an increase of arteries stiffness (Parr et al., 2020). A clinical study 

investigated the potential relation of anthracycline and the development of arterial stiffness in 

childhood cancer survivors. The authors measured the Stiffness index β in three groups: 

anthracyclines-treated survivors (n = 67), other chemotherapy-treated survivors (n = 29) and healthy 

control (n = 72) with a 10-year follow-up (Jenei et al., 2013). The β-stiffness index is a local elastic 

parameter used to detect arterial stiffness and thus, allows the detection of vascular injury (Rosenberg 

et al., 2018). Jenei et al.et al. (2013) showed that anthracyclines induce a 3-fold increase in β-stiffness 

compared to healthy control and a 1.6-fold increase β-stiffness of childhood cancer survivors treated 

with other chemotherapy drugs. From their results, they suggested that anthracycline had an adverse 

effect on endothelial function and arterial stiffness (Jenei et al., 2013).  

Chemotherapeutic drugs can also promote the loss of density of arterioles and capillaries by altering 

the endothelial function leading to thrombosis and thus, microvasculature injury (Hsu et al., 2021). 
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Doxorubicin's adverse effects on small arteries from atrial tissue had been investigated by Hader et 

al.et al. (2019). They analysed the microvascular dysfunction of small arteries on atrial appendages 

from children and adults cancer survivors and children and adults healthy controls. The authors 

showed that doxorubicin impaired the endothelial function in both groups, however, the impairment 

is more significant in children survivors than in adult cancer survivors. Furthermore, the authors 

suggest that the reduction in flow-mediated dilatation induced by doxorubicin in children cancer 

survivors might be involved in the delayed onset of anthracycline-induced cardiac adverse events in 

childhood cancer survivors compared to adults cancer survivors (Hader et al., 2019). Furthermore, it 

has been shown that long-persistent microvascular injury can be induced without alteration of the 

cardiac contractile at low cumulative doses of doxorubicin regimens (0.45 mg/kg per injection and 3 

injections with 2 weeks intervals) in a large-white male pigs model (Galan-Arriola et al., 2022). 

Furthermore, chemotherapy and immunotherapy are associated with cardiac adverse effects leading 

to the onset of atherosclerosis (Inno et al., 2021, Dhalla et al., 2008). It has been shown that the risk 

of venous thrombosis was 16 % increased by doxorubicin treatment (Hsu et al., 2021). 

 

 Therapeutic strategies against anti-cancer drug-induced vasotoxicity 

Recent studies investigated new therapeutic strategies to protect the vascular system without altering 

the anti-tumour effect of anthracyclines. 

The endothelin-1 (ET-1) is one of the most potent endogenous vasoconstrictive peptide in the 

cardiovascular system (Nishiyama et al., 2017) and plasma ET-1 level is elevated in patients suffering 

of CVDs (Wei et al., 1994). In the vascular system, ET-1 activates both endothelin receptor subtypes, 

ETA and ETB and regulates the vascular tone, through their activation (Liu et al., 2003). Due to the 

potent vasoconstriction induced by the ET receptors, which is known to be up-regulated in CVDs 

(Skovsted et al., 2012), it has been considered that those receptors could play a mechanistic role in 

anti-cancer drug-induced vasotoxicity. An elevated vasoconstriction increases the blood pressure, 

which can impair arteries by reducing of their elasticity, leading the decrease of the blood’s flow and 

oxygen supply to the heart and thus, the development of heart disease (O'Rourke, 1990). A recent 

study investigated the efficacy of selective antagonists of either ETA receptors alone or dual ETA/B 

receptors for preventing the sunitinib-induced hypertension. Male Wistar rats were clustered into four 

groups: Rats treated with vehicle, rats treated with sunitinib (14 mg/kg/day), rats treated with 

sunitinib and the dual ETA/B antagonist macitentan (30 mg/kg/day) used, and rats treated with 

sunitinib and either low or high doses of selective ETA antagonist sitaxentan (30 or 100 mg/kg/day). 

Rats were treated for 8 days and mean arterial pressure and heart rate were measured every day. 
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After the 8-day treatment, the assessment of the vascular function of isolated iliac artery segments in 

response to the vasodilator acetylcholine and vasoconstrictors ET-1 and phenylephrine. The authors 

showed that both selective antagonists were alleviating the elevated sunitinib-induced blood 

pressure, but this increase of blood pressure was exclusively promoted by ETA receptors. Furthermore, 

the dual ETA/B receptors antagonist increased the ET-1-mediated vasoconstriction in sunitinib-treated 

rat artery compared to antagonist naïve sunitinib-treated rat artery, while the presence of ETA 

receptor antagonist did not alter the sunitinib-induced ET-1 mediated vasoconstriction. These results 

underlined the ETA receptors involvement in sunitinib-induced vasotoxicity and that inhibiting ETB 

receptors might aggravate the vascular function. Authors suggest that ETA receptor antagonist, such 

as sitaxentan, might be an interesting cardioprotective agent to alleviate the onset of hypertension 

after sunitinib treatment (Mirabito-Colafella et al., 2020). 

VEGF-B is involved in coronary angiogenesis and ischaemia resistance (Hsu et al., 2021). Räsänen et 

al.et al. investigated the potential cardioprotective effect of the VEGF-B gene therapy against acute 

and chronic doxorubicin-induced cardiotoxicity in an in vivo rodent model. To investigate the acute 

cardiotoxicity, they administrated a single dose of doxorubicin at a concentration of 15 mg/kg in 

C57BI6J mice (killed 20 hrs after), following the VEGF-B pre-treatment (AAV9–mVEGF-B186) or control 

vector, 7 days prior the doxorubicin injection. To investigate the chronic doxorubicin-induced 

cardiotoxicity, they administrated doxorubicin at a concentration of (6 mg/kg) every 3 days for 2 

weeks, following the VEGF-B pre-treatment (AAV9–mVEGF-B186) or control vector, 7 days prior the 

doxorubicin injection. They showed that the VEGF-B treatment was reducing the cardiac atrophy and 

dysfunction induced by the doxorubicin treatment and, thus targeting the VEGF-B pathway could 

alleviate the doxorubicin-induced cardiotoxicity (Rasanen et al., 2016). Additionally, a study in an in 

vivo rat model investigated the cardioprotective effect of resveratrol (RSV), a nonflavonoid polyphenol 

against doxorubicin-induced treatment. They administrated doxorubicin at a concentration of 10 

mg/kg twice a week and RSV at a concentration of 50 mg/kg every day for 6 weeks in rats. They showed 

that doxorubicin treatment was reducing VEGF-B levels in cardiomyocytes and the pre-treatment of 

RSV was attenuating the VEGF-B reduction and thus alleviating the doxorubicin-induced cardiotoxicity 

(Tian et al., 2020). 

Another potential strategy to prevent anti-cancer drug-induced vasotoxicity is to target two 

prokineticin receptors (PKR1 and PKR2) (Hsu et al., 2021). Both receptors are activated by the 

neuropeptides prokineticins (PROK1 and PROK2), principally released by macrophages (Nebigil, 2009) 

and in addition,  PROK2 and PKR1 levels are altered in human patients after acute myocardial 

infarction (Nguyen et al., 2013). Gasser et al.et al. investigated the involvement of PKR1 in 

anthracycline-induced cardiovascular toxicity. The authors showed that doxorubicin at 1 µM induced 

https://pubmed.ncbi.nlm.nih.gov/?term=R%C3%A4s%C3%A4nen%20M%5BAuthor%5D
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apoptosis in cultured cardiomyocytes and in cultured ECs, as well. Furthermore, they showed that 

IS20, an agonist of PKR1, activated the MAPK (mitogen-activated protein kinase) signalling pathway in 

ECs and prevents doxorubicin-induced apoptosis. Thus, this study showed that the activation of the 

PKR1 signalling pathway alleviates the cardiovascular adverse effect of doxorubicin in ECs (Gasser et 

al., 2019). The recent studies underline new strategies to treat anti-cancer drug-induced vasotoxicity 

and an interesting target is the GPCRs since it is already targeting by various approved drugs to treat 

CVDs (Santos et al., 2017). 

 

1.6.  GPCR pathways involved in cardiovascular disease 

 General introduction 

G-protein coupled receptors (GPCR) are the largest family of transmembrane proteins involved in the 

transduction of signals and central regulators of cardiovascular biology (Drake et al., 2006). 

Approximately 30% of actual clinical pharmaceutical agents available are ligands of GPCRs (Santos et 

al., 2017). GPCRs have a similar structure and contain a seven-transmembrane α-helical (7TM) coupled 

with a G protein, as shown in Figure 1-4. Ligands of GPCR can be hormones, neurotransmitters, ions 

and other stimuli (Rosenbaum et al., 2009). According to the 7TM segments genome, GPCRs can be 

clustered in families with the rhodopsin family as the main family with 701 members (Kobilka, 2007). 

GPCRs are associated with heterotrimeric G protein (Gαβγ). Extracellular ligand binds to GPCR and 

initiates the signal transduction pathway by provoking a conformational change in the receptor.  The 

G protein is activated by the nucleotide exchange from guanosine diphosphate (GDP) to guanosine 

triphosphate (GTP), promoted by the GPCR conformational change (Massotte and Kieffer, 2005). The 

G-protein's α subunit binds to GTP, resulting in the dissociation of the α subunit from the β and γ 

subunits and thus leads to the activation of intracellular signalling proteins, depending on the α 

subunit type (Wettschureck and Offermanns, 2005). There are four families of G protein depending 

on their α subunit: Gi, Gs, G12/13, and Gq/11 (Kamato et al., 2015). As shown in Figure 1-4, the activation 

of Gi and Gs mediates the signalling transduction cascades that regulate the adenylyl cyclase activity, 

Gq/11 mediates the activation of phospholipase C (PLC) and G12/13 activates small GTPases families 

(Kamato et al., 2015). 
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Figure 1-4: Association of the 7TM GPCRs to the four families of G protein. Figure adapted from 

(Kamato et al., 2015)  

 

GPCRs are widely expressed in the cardiovascular system and are already the main targets of drugs 

used to treat CVDs, including heart failure. GPCRs play an essential role in the function of various 

cardiac cells including endothelial cells and vascular smooth muscle cells (VSMCs) (Wang et al., 2018). 

 

 Endothelin receptors 

The plasma ET-1 is the main isoform localised in the cardiovascular system (Wang et al., 2018) and it 

is established that ET-1 levels are increased in patients with chronic heart failure (Wei et al., 1994). In 

the vascular system, ET-1 binds two types of endothelin GPCR receptors (ETA and ETB) (Wang et al., 

2018). There is two other isoforms, ET-2 and ET-3, which also play a role of vasoconstrictors. Both 

isoforms, ET-2 and ET-3 can also bind to the ET receptor subtypes, ETA and ETB However, ETA receptors 

has a higher affinity for ET-1 and ET-2 than ET-3, while ETB has the same affinity for the three isoforms 

(Frommer and Muller-Ladner, 2008). Moreover, ET-2 and ET-3 are less abundant in human plasma and 

less well characterised than ET-1 (Kowalczyk et al., 2015). Recent studies suggest that ET-2 was 

involved in ovarian physiology (Ling et al., 2013), while ET-3 is known to be more abundant in human 

brain (Frommer and Muller-Ladner, 2008). 
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Figure 1-5: ETA and ETB receptors signalling pathways in endothelium and smooth muscle cells 

leading to vasoconstriction or vasodilatation. Taken from (Enevoldsen et al., 2020). 

 

ETA receptors are found in SMCs, while ETB receptors are predominantly found in the endothelium, 

where ETB receptors are involved in vasodilatation by NO and prostaglandin production (Liu et al., 

2003), but traces can be found in SMCs as well (Maguire and Davenport, 2015), as shown in Figure 1-

5. However, ETB receptors are overexpressed in SMC in presence of vascular injury and induce 

vasoconstriction (Johnsson et al., 2008). The ETA receptor has an affinity for ET-1 and ET-2 and is the 

major receptor subtype mediating vasoconstriction (Salazar et al., 2007). The ET-1 binding to ETA 

receptors activates the G protein of the Gq/11 and G12/13 families (Gohla et al., 2000), while ET-1 

binding to ETB receptors activates the G protein of the Gi and Gq/11 families (Cramer et al., 2001). In 

SMC, ET-1 binding to ETA and ETB receptors activates the Gq/11 protein, which promotes the activation 

of PLC. Then, PLC hydrolyses PIP2 in DAG and IP3 leading to protein kinase C (PKC) activation and 

intracellular calcium accumulation (Skovsted et al., 2012) (Figure 1-5). The ET-1-mediated signalling 

pathway induces the vasocontractile response and cell proliferation of vascular SMC (Schneider et al., 

2007). In the clinic, endothelin receptor specific antagonists are used to treat pulmonary arterial 

hypertension in patients, including bosentan (blocks both ETA and ETB receptors), macitentan (blocks 

both ETA and ETB receptors), and ambrisentan (blocks ETA receptors), as shown in Figure 1-5 

(Enevoldsen et al., 2020).  

 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis can be found in 
the Lanchester Library, Coventry University. 
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 Serotonin 5-HT1B receptors 

Serotonin was characterised for the first time in 1948 by Maurice Rapport and Irvine Page (Rapport, 

1997), and in 1957 serotonin was described as a neurotransmitter (Brodie and Shore, 1957). Serotonin 

is a monoamine, synthetised in the central nervous system (CNS) and stored in the presynaptic 

neurons (Mohammad-Zadeh et al., 2008). Serotonin receptors are clustered in 7 groups, from 5-HT1 

to 5-HT7, depending of their molecular structure, signal transduction cascades and pharmacological 

properties (Hoyer et al., 1994). The 5-hydroxytryptamine 1B (5-HT1B) receptors are mostly studied in 

cerebral arteries (O'Quinn et al., 1999, Lotfinia et al., 2014), but are also found in coronary arteries 

along with the serotonin receptor 5-HT2A (Longmore et al., 2000, Maassen VanDenBrink et al., 2000, 

Kaumann et al., 1994).  

 

Figure 1-6: Signalling pathway of 5-HT1B receptors in SMC leading to vasoconstriction. Adapted from 

(Masson et al., 2012).  

 

In SMC, the 5-HT1B receptor is involved in vasoconstriction of the human coronary arteries, however, 

the serotonin vasoconstriction is predominantly induced through 5-HT2A receptors (Nilsson et al., 

1999b).  Specific binding to 5-HT1B receptors activates the G-protein of Gαi subunit (Liu et al., 2019). 

As shown in Figure 1-6, the activation of Gαi subunit associated with 5-HT1B receptors inhibits the 

adenylyl cyclase, which reduces the cAMP formation and protein kinase A (PKA) activity leading to the 
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intracellular calcium release from the sarcoplasmic reticulum and vasoconstriction (Barnes and Sharp, 

1999, Leenders and Sheng, 2005, Tiger et al., 2018).  

Previous studies with the antimigraine drug and 5-HT1B agonist sumatriptan have shown that some 

human patients treated with sumatriptan had developed chest pain, myocardial infarction and 

vasospasm (Ottervanger et al., 1997, Okonkwo and Ojha, 2020). It has been shown that elevated 5-

HT1B-mediated vasocontractile responses of cerebral and pulmonary arteries in the rat in vitro model 

were associated with several CVDs (CVD), including cerebral ischaemia (Sandhu et al., 2011) and 

hypoxia-induced pulmonary hypertension (PHT) (Keegan et al., 2001). Furthermore, the 5-HT1B 

receptors are up-regulated in atherosclerotic rabbit coronary arteries (Ishida et al., 2001).  

 

 Thromboxane prostanoid receptors 

Thromboxane A2 (TxA2) is a potent platelet activator and vasoconstrictor (Katugampola and 

Davenport, 2001). Furthermore, TxA2 is the most potent agonist of the thromboxane prostanoid (TP) 

receptors and TxA2 binding to the TP receptors leads to vasocontractile responses (Chen, 2018). 

 

Figure 1-7: The binding of TxA2 to TP receptors activates TP signalling pathway leading to 

vasoconstriction. Adapted from (Trubacova et al., 2022). 

 

Elevated TxA2 levels are observed in the circulation of patients with ischemic heart disease leading to 

increased vasoconstriction and platelet aggregation observed during CVD (Touchberry et al., 2014).  
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TP receptors are located in human VSMCs (Morinelli et al., 1990), where TP receptors induced 

vasocontraction (Norel, 2007). As shown in Figure 1-7, TP receptors activate the G protein of the Gq/11 

subunit, as ETA and ETB receptors and mediate the activation of PLC (Gao et al., 2001). TP receptor 

mediates through this signalling pathway various cellular functions: platelet activation, 

vasoconstriction, EC activation and SMC proliferation (Capra et al., 2014). TxA2 binding to TP receptors 

mediates an influx of Ca2+ in SMC leading to vasocontraction (Grann et al., 2016). An ex vivo study on 

mesenteric arteries from hypertensive rats reported that the increased production of ROS, induced by 

cumulative incubation (4 min per dose) of H2O2 (1 – 100 µM), lead to an increase in the TxA2 

production and enhanced mesenteric artery vasocontraction (Garcia-Redondo et al., 2015). 

Pathological changes of TP pathways can lead to CVDs, like atherosclerosis, myocardial infarction and 

hypertension (Neri Serneri et al., 1983, Katugampola and Davenport, 2001, Smyth, 2010, Martin, 

1984).  

 

1.7.  Adjunct therapy as cardioprotective agents 

 Adjunct therapy currently used in clinics 

Few adjuvant therapies are already clinically used as cardioprotective agents against doxorubicin-

induced cardiotoxicity (Audebrand et al., 2019). Antioxidants, such as vitamin C Resveratrol and 

Bicalein, decrease the ROS and reactive nitrogen species (RNS) levels of doxorubicin-treated patients, 

however, they can also decrease the anti-cancer efficiency of doxorubicin on cancer cells (Arcaro et 

al., 2016). Dexrazoxane is an iron chelator and detoxifying agent, which reduces the topoisomerase 

IIβ activity. Although dexrazoxane is approved by the European Medicines Agency (EMA) and the FDA 

as an adjunct therapy option, dexrazoxane has been associated with an increased risk of developing 

myelosuppression in cancer patients (Reichardt et al., 2018). Statin is an antioxidant and anti-

inflammatory agent, which decreases vasodilation and platelet activity (Liao and Laufs, 2005, Oesterle 

et al., 2017). However, studies showed that statin might also promote myopathies leading to muscle 

injury and diabetes (Sattar et al., 2010). Some studies investigated the potential use of targeting GPCRs 

as preventive cardioprotective agents. The β-adrenergic receptor blockers reduced the generation of 

ROS, apoptosis of cardiomyocytes (Oliveira et al., 2005) and have a vasodilatory effect (Mason et al., 

2005). However, the cardioprotective effect on chemotherapy-induced cardiotoxicity remains unclear 

(Avila et al., 2018). Other GPCR blockers studied as potential preventive cardioprotective agents 

include the Angiotensin-converting enzyme inhibitors (ACEI) and angiotensin receptors blockers 

(ARB), as they both can preserve the left ventricular function in cancer patients treated with 

anthracyclines (Bosch et al., 2013). Doxorubicin-induced cardiotoxicity remains an important issue 
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associated with cancer therapy, with no efficient and robust adjuvant therapy options available. In-

depth studies of the GPCRs involvement and function during cardiotoxicity could lead to potentially 

identifying novel and significant adjuvant therapy options to combat cardiotoxicity as a result of 

doxorubicin therapy. 

 

 The MAPK signalling pathway 

The mitogen-activated protein kinases (MAPKs) are involved during the regulation process of vascular 

GPCRs expression (Kacimi and Gerdes, 2003). MAPKs are serine/threonine protein kinases widely 

expressed in cells (Li et al., 2016). There are four key MAPK signalling pathways: extracellular signal-

regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), p38 isoform and big MAP kinase (BMK) (Cossa 

et al., 2013). The ERK cascade was the first MAPK discovered and is known to get preferentially 

activated by shear stress or growth factor stimulation (Boulton et al., 1991). The ERK 1/2 pathway is 

activated by various extracellular stimulants and by internal processes (Shaul and Seger, 2007) through 

the activation of receptor tyrosine kinase (RTK) (Sudhesh Dev et al., 2021) or GPCRs (Liu et al., 2019). 

As shown in Figure 1-8, the ERK cascade is initiated by Ras, a small G protein, which recruits and 

activates Raf kinases in the cytosol. Raf activates the MEK 1/2 by phosphorylation. MEK 1/2 promotes 

the dual phosphorylation of ERK 1/2 for ERK activation and has the role of cytoplasmic anchor protein 

for ERK. Activation of ERKs promotes the phosphorylation and activation of transcription factors, such 

as activator protein-1 (AP-1) (Whitmarsh and Davis, 1996) and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) (Xu et al., 2008) in SMC. 

The ERK cascade regulates cell proliferation, differentiation, survival and apoptosis (Shaul and Seger, 

2007). In the SMC, AP-1 and NF-κB transcribe the GPCR genes in the nucleus. The GPCR mRNA is then 

translated in the cytosol, and afterwards exported to the cell membrane (Kacimi and Gerdes, 2003).  
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Figure 1-8: The MEK/ERK signalling pathway activation through RTK and GCRs. Taken from (Saab et 

al., 2010). 

 

Studies have investigated the MAPK signalling as a potential cardioprotective target of doxorubicin-

induced cardiotoxicity. A recent study investigates the potential cardioprotective effect of a potent 

synthetic flavonoid with anti-oxidative properties called 3’,4’-dihydroxyflavonol (DiOHF) at a 

concentration of 6 mg/kg (daily for 10 days from 3 days before doxorubicin treatment) in in vivo 

experiments, and 10 µM of DiOHF in the in vitro model administrated either 2 hrs before (preventive 

effect) or 2 hrs after (therapeutic effect) the doxorubicin incubation/treatment (for 24 hrs incubation 

in total). Doxorubicin cardiotoxicity was induced in vivo by doxorubicin injection (20 mg/kg by 

cumulative by intraperitoneal injection (i.p.)) in BALB/c mice, or by incubating H9C2 cells with 1 µM 

doxorubicin along with DiOHF. This study showed that DiOHF inhibits the ROS release, stabilises the 

mitochondrial function and reduces the apoptosis through ERK1 signalling activation leading to the 

suppression and reversion of doxorubicin-induced cardiotoxicity (Chang et al., 2019). Another study 

showed that the natural fatty acid ethanolamide oleylethanolamide (OEA) could improve the 

ventricular remodelling and elevated cardiac function by inhibiting doxorubicin-induced apoptosis 

through activation of Ras/Raf-1/MEK/ERK signalling pathway using an in vivo rat model. They 

administered 3 doses of 3 mg/kg of doxorubicin by intravenous injection every other day after an 

overnight fasting to induce the cardiomyopathy and studied the cardioprotective effect of OEA by 

either (i) injecting 5 mg/kg of OEA (twice daily for 3 doses) by i.p. prior to the doxorubicin injection or 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis 
can be found in the Lanchester Library, Coventry University. 
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(ii) the therapeutic effect of OEA by injected 5 mg/kg of OEA (every other day for 7 days) during the 

4th week after the doxorubicin treatment (Su et al., 2006).  

 

 The MEK 1/2 inhibitor, U0126 

U0126 is a small molecule MEK 1/2 inhibitor. It was synthesised in the late 1950s and discovered in 

1998 as a potent inhibitor of MEK1 and MEK2 (Duncia et al., 1998) (Figure 1-9). U0126 acts as a non-

competitive inhibitor of MEK 1 (IC50 = 72nM) and MEK 2 (IC50 = 58nM) (Duncia et al., 1998).  

 

Figure 1-9: Structure of the 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]-butadiene (U0126) 

 

Interestingly, U0126 showed a cardioprotective effect against ischaemia/reperfusion (I/R) by 

attenuating the I/R-induced apoptosis and autophagy of the myocardium in C57BL/6J mice. The I/R 

was induced in mice by LAD ligature for 30 min, followed by the coronary artery reperfusion to obtain 

an I/R model and mice were pre-treated with U0126 at 3 mg/kg (i.p.) 30 min before the I/R procedure 

(Wang et al., 2016). A study investigated the potential cardioprotective effect of U0126 against 

cerebral ischaemia with an in vivo rat subarachnoid haemorrhage model induced by a surgical 

procedure. The U0126 treatment was administrated at a concentration of 0.05 mL/kg body weight of 

10−5 M U0126 (diluted in isotonic saline plus 0.1 % dimethyl sulfoxide (DMSO)) at 6, 12 and 24 hrs post-

surgery. They analysed the effect of U0126 treatment on ETB- and 5-HT1B-mediated contractile 

responses of cerebral arteries and quantified the expression of both receptors on the cerebral arteries. 

They showed that the U0126 treatment might be an interesting adjuvant therapy to treat late cerebral 

ischaemia by inhibiting the MEK/ERK pathway (Povlsen and Edvinsson, 2015). U0126 confers 

protection against cerebral vascular injury of isolated cerebral arteries, even when U0126 is 

administrated 6 hrs after the vascular injury (Sandhu et al., 2010). Sandhu et al.et al. (2010) used a rat 

48 hrs-incubated cerebral artery model, which mimics vascular injury mechanisms, to investigate the 

potential cardioprotective effect of U0126. Their data showed that U0126 optimal dose to protect the 

isolated cerebral arteries was 10 µM and U0126 attenuates the ETB, 5-HT1B and TP receptors elevated 

vasocontractile responses in 48 hrs-incubated cerebral arteries compared to fresh cerebral arteries, 

even when U0126 is administrated 6 hrs after the initiation of the incubation. 
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1.8.  Detection of cardiac injury through microRNAs 

MicroRNAs (miRNAs) are small non-coding single-stranded 21 – 25 nucleotide RNA compounds. In 

mammals, miRNAs play a key role in the regulation of specific target mRNAs and protein expression 

levels (O'Brien et al., 2018). MicroRNA gene is transcribed from the genome by RNA polymerase II 

(POL II), resulting in primary miRNA, which is cleaved in precursor miRNAs by the RNase III enzymes 

Drosha. Precursor miRNA is transported in the cytosol with exportin 5, where it is catalysed by RNA III 

Dicer in miRNA/miRNA duplex. Finally, the duplex is unwinded by a helicase, resulting in mature 

miRNA, which is loaded into Argonaute (AGO) to form a miRNA-induced silencing complex (miRISC) 

(Figure 1-10) (Zhao et al., 2019). MiRNA leads miRISC to specific recognition of mRNA and down-

regulation of gene expression by one of these two post-translational mechanisms, translational 

repression and mRNA cleavage. MiRNA in miRISC binds to miRNA response elements (MREs) in the 3’-

UTR of mRNA. One mRNA can be regulated by multiples miRNA and one miRNA can have several 

different targets (Bartel, 2004). Furthermore, miRNAs are essential in many biological processes, 

including angiogenesis, cellular metabolism, embryogenesis, placental development (Fu et al., 2013) 

and pathological processes, primarily cancers, where they play the role of tumour suppressors and 

oncogenes (Macfarlane and Murphy, 2010). 

 

Figure 1-10: Biogenesis of miRNAs from the nucleus to the cytoplasm. 

 

MiRNAs are attractive as biomarkers due to their tissue specificity, high sensitivity of tissue injury, high 

stability, early and accurate quantification leading to early detection in several disease development 

and as a non-invasive method (Sandhu and Maddock, 2014). Recently, it has been established that 
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there are different functional miRNA populations in tissues, which are involved in the reshaping of 

transcriptomes and the cell identity acquisition and maintenance leading to the creation of a tissue-

specific localisation data for various miRNAs in mouse, rat, and human tissues (Blazie et al., 2017). 

Furthermore, tissue-specific miRNAs, such as brain-, muscle- and liver-miRNAs, have been used as 

plasma biomarkers for brain, muscle and liver injuries (Laterza et al., 2009). Furthermore, accurate 

tools were developed to quantify miRNA levels in plasma or tissues, such as the miRNA array cards. 

As an example, TaqMan array cards can be used to obtain a full screen of a transcriptome, identifying 

potential genes involved in some diseases and toxicological mechanisms (Keys et al., 2010). At room 

temperature, miRNAs can stay stable for up to four days (Salloum-Asfar et al., 2019), and their high 

stability in bio-fluids, including plasma, makes them a relevant biomarker tool for the early detection 

of diseases (Szelenberger et al., 2019). Circulating miRNAs are mature miRNA localised in extracellular 

microenvironments, such as plasma, saliva, tears, urine, etc. (Weber et al., 2010). In humans, 10 % of 

total miRNA can be found in plasma (Szelenberger et al., 2019). There are various pathways by which 

miRNAs are released into bio-fluids, either through a passive mechanism, where specific cells are 

damaged and this leads to a leak of endogenous particles like miRNAs, or through an active 

mechanism, where miRNAs are released by secretion via macrovesicles, such as exosomes, or RNA-

binding proteins (Zhao et al., 2019). The circulating miRNA enables the non-invasive detection of 

disease-induced altered miRNA levels and methods to detect miRNA, such as real-time PCR using 

microRNA assays are easily carried out and are strong and specific methods (Dorn, 2011).  

Circulating miRNAs as biomarkers have been studied in various diseases, such as cancers, heart 

diseases, liver diseases and neurological disorders (Szelenberger et al., 2019).  

Interestingly, approximately 200 miRNAs are expressed in the heart and studies underlined that some 

of these miRNAs were related to cardiac injury (Dorn, 2011). Recently miRNAs have been explored as 

potential novel biomarkers to assess cardiotoxicity at an early sub-clinical stage. The miRNAs miR-1 

and miR-133 are expressed in cardiac muscle and skeletal muscle, and their expression has been 

extensively investigated in CVD development. Both miRNAs are involved in heart development and it 

has been established that the dysregulation of these miRNA expression levels in plasma leads to the 

development of cardiac diseases (Szelenberger et al., 2019), including arrhythmia (Sandhu and 

Maddock, 2014), acute myocardial infarction (Wang et al., 2021) and heart failure (Ghigo et al., 2016, 

Li et al., 2021).  

Currently, anthracyclines-induced cardiotoxicity can be assessed by various circulating myocardial 

injury associated biomarkers, including measurement of circulating cTnT and BNP levels and imaging 

techniques, including MRI (Lipshultz et al., 2012). However, many studies investigated miRNAs as 
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potential biomarkers for anthracycline-induced cardiotoxicity (Freres et al., 2018, Leger et al., 2017). 

In their study, Leger et al investigated circulating miRNAs expression in child and young adult (>18 

years old) cancer patients treated with anthracycline. They showed miR-29b and miR-499 were up-

regulated in anthracycline-treated patients. In this study, authors suggest that the acute increase of 

miR-29b after anthracycline treatment may underline a remodelling process in response to cardiac 

injury since it was shown by Luna et al.et al. that miR-29b is involved in the extracellular matrix (ECM) 

remodelling (Luna et al., 2009). Furthermore, it has been shown by Wan et al.et al. that miR-499 has 

a protective role against apoptosis induced by oxidative stress after an AMI (Wan et al., 2018), which 

is also observed after anthracycline treatment. Leger et al.et al. underlined the potential role of miR-

29b and miR-499 as anthracycline-induced early detection biomarkers (Leger et al., 2017). In another 

study headed by Freres et al.et al., alteration of miRNA expression was observed in breast cancer 

patients treated with anthracycline-containing chemotherapy. The patients’ age was ranging from 26 

to 78 years old and patients had primary breast cancer. Each patient received neoadjuvant 

chemotherapy (NAC) containing epirubicin. In this study, it was demonstrated that three of the up-

regulated miRNAs (miR-126-3p, 199a-3p and 423-5p) were known to be related to congestive heart 

failure (CHF) (Freres et al., 2018). Both studies from Leger and Freres highlight the potential use of 

circulating miRNAs as biomarkers for anthracycline-induced cardiotoxicity.  MiRNAs are also known to 

play a role in the angiogenesis and vascular tone through the endothelial cells function and miRNAs 

are associated with vascular pathological conditions by regulating the endothelial function 

(Fernandez-Hernando and Suarez, 2018). As an example, let-7f is a pro-angiogenic miRNA, involved in 

angiogenesis and endothelial function and has also been reported to be reduced in breast cancer 

patients with anthracycline-induced cardiotoxicity compared to non-cardiotoxic patients (Pereira et 

al., 2020). Additionally, miR-126 is also involved in angiogenic and inflammatory processes and two 

studies reported that miR-126 expression was reduced in the plasma of breast cancer patients when 

comparing the cardiotoxicity and non-cardiotoxicity groups (Pereira et al., 2020). 

 

1.9.  Summary of the current gaps about the doxorubicin-induced vasotoxicity 

that this thesis will fill 

The doxorubicin-induced cardiotoxicity has been widely investigated over the last decades, meanwhile 

there is a paucity of literature on the doxorubicin-induced vasotoxicity. Most of the studies 

investigated the mechanisms of doxorubicin effects in the cardiomyocytes, such as the ROS 

overproduction and intracellular calcium overload (Corremans et al., 2019). Interestingly, the 

activation of the GPCRs, ETA, ETB, 5-HT1B and TP receptors induces an increase of the intracellular 
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calcium in vascular cells, leading to a vasoconstriction, however, the potential adverse effect of 

doxorubicin on the vascular tone of coronary arteries through the activation of these four GPCRs has 

not been investigated. In this study, an in vitro model of CVDs was designed to specifically investigate 

the doxorubicin-induced vasotoxicity in rat coronary arteries. The in vitro model of this study is the 

first in vitro model using incubated coronary arteries designed to investigate the vascular function 

during doxorubicin treatment with the wire-myography technique. Previous in vitro models of 

incubated coronary arteries were designed to mimics a vascular injury (Skovsted et al., 2012), 

however, these models were not specific to doxorubicin-induced vascular injury. This novel in vitro 

model was used to investigate four specific GPCRs during doxorubicin-induced vasotoxicity in this 

thesis and, in the future, can be used to investigate other GPCRs or tested new cardioprotective agents 

to alleviate the doxorubicin adverse effects on the vascular tone. 

In this study, the novel doxorubicin-induced vasotoxicity model was used to (i) determine if 

doxorubicin-induced vasotoxicity is associated with the four studied GPCRs (ETA, ETB, 5-HT1B and TP 

receptors)-mediated vasocontractile response, (ii) identify the mechanisms involved in the 

doxorubicin-induced vasotoxicity leading to altered GCPR-mediated vasocontractile responses, and 

(iii) investigate the effect of the doxorubicin and U0126 co-treatment on altered GPCR-mediated 

vasocontractile response. This study will, first, allow a better understanding of the doxorubicin-

induced vasotoxicity and the role of GPCRs in the doxorubicin-induced alteration of the vascular tone 

of rats’ coronary arteries. Interestingly, there is currently no literature on the involvement of ETA, ETB, 

5-HT1B and TP receptors in doxorubicin-induced vasotoxicity. Secondly, the investigation will provide 

a better understanding of the doxorubicin effects on GPCRs production (i.e. transcription and 

translation) and highlight mechanisms involved in doxorubicin-induced vasotoxicity. A better 

understanding of the mechanisms involved in doxorubicin-induced vasotoxicity will allow the 

discovery of new cardioprotective agents, which could be used as adjunct therapy to improve the 

treatment of cardiac adverse effects of doxorubicin.  

An interesting pathway to investigate as adjunct therapy is the MAPK signalling pathway, which has 

already been studied as cardioprotective target of doxorubicin-induced cardiotoxicity. However, the 

cardioprotective effects of the MEK/ERK pathway on the vascular tone altered by doxorubicin 

treatment has never been investigated in rat coronary arteries. Thus, in this study, the addition of 

U0126, the MEK 1/2 inhibitor will underline the MEK/ERK pathway involvement in doxorubicin-

induced vasotoxicity and could initiate the research of adjunct treatment able to alleviate vascular 

adverse effects of doxorubicin in cancer patients. 
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The early detection of chemotherapy-induced cardiotoxicity can improve the cancer patient survival. 

However, the current biomarkers, as TnT and BNP, are not enough specific and image techniques are 

necessary to assess any potential cardiotoxicity (Curigliano et al., 2012). Recently, the use of miRNA 

as biomarkers for cancer and CVDs has been widely investigated (Szelenberger et al., 2019), however 

their use as biomarkers of the chemotherapy-induced vasotoxicity has been poorly investigated. In 

this study, plasma samples used were from cancer treated with different chemotherapy regimens 

containing anthracycline. Their plasma samples were collected before and after their 

chemotherapeutic treatment. The analysis of miRNA from the cancer patients’ plasma aimed to 

identify potential miRNAs associated with vascular injury induced by the chemotherapy. This thesis 

aim to underlie a group of miRNAs associated to vascular injury and altered by the chemotherapy in 

cancer patients’ plasma and thus participate to the discovery of novel sensitive biomarkers for an 

earliest diagnosis of chemotherapy-induced vasotoxicity. 

 

1.10.  Hypothesis and aims of the thesis 

The aim of this thesis is, firstly, to investigate the doxorubicin-induced cardiotoxicity effects on four 

vascular GPCRs (ETA, ETB, 5-HT1B and TP receptors), and secondly, to determine the mechanisms 

involved during the alteration of the GPCRs by doxorubicin-induced cardiotoxicity by investigating the 

effect of the MEK 1/2 specific inhibitor U0126 on GPCRs-mediated vasocontractile responses. Thirdly, 

the study aims to study the miRNA profile of cancer patients treated with anthracycline chemotherapy 

treatment regimens and underline the involvement of potential vasotoxicity-linked miRNAs (Figure 1-

11). 

The different objectives of this study are to: 

In rat coronary vasculature: 

 The incubation of coronary arteries with doxorubicin allow the study of doxorubicin-induced 

vasotoxicity with a rodent in vitro model. 

Aim: Set up an organ culture model with isolated rat left anterior descending arteries to study 

the cardiovascular adverse effects of doxorubicin on vascular tone.  

 The doxorubicin alters the vasocontractile response of coronary artery, through the activation 

of four GPCRs.  

Aim: Determine if doxorubicin affects the ETA, ETB, 5-HT1B and TP receptor-mediated 

vasocontraction.  
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 The doxorubicin alters the GPCR-induced vasoconstriction on the transcriptional and 

translational levels. 

Determine if the GPCR-induced vasocontraction observed is truly specific to the GPCR by 

application of specific GPCR antagonists.  

 The MEK/ERK pathway can regulate the elevated GPCR-mediated vasoconstriction induced by 

doxorubicin. 

Aim: Investigate the effect of MEK 1/2 specific inhibitor U0126 on doxorubicin-induced 

vasotoxicity through the different studied receptors on incubated LAD arteries with vehicle or 

doxorubicin treatment. 

 The doxorubicin impairs the GPCR-induced vasoconstriction by altering the transcription of the 

studied GPCRs.  

Aim: Determine the effect of doxorubicin on mRNA levels of the specific GPCRs 

 The doxorubicin impairs the GPCR-induced vasoconstriction by altering the translation of the 

studied GPCRs. 

Aim: Study the effect of doxorubicin on GPCRs expression on LAD vessels. 

 

In cancer patient plasma samples: 

 The chemotherapy-induced cardiotoxicity induce an alteration of specific vascular miRNA in 

the plasma of cancer patients. 

Aim: Analyse the miRNA profiles of cancer patients treated with anthracycline chemotherapy 

regimens and find a potential correlation of cardiac events with altered vascular injury 

associated miRNAs. 
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Figure 1-11: Diagram of the thesis objectives and the techniques used. 
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Chapter 2: 

2. Materials and Methods 

2.1.  Animals and human samples 

 Animals and ethics 

Male Sprague-Dawley rats (300 - 350g) were used during the experiments. The animals were 

purchased from Charles River (Margate, UK) and housed at the University of Warwick. Experiments 

were conducted in accordance with the Home Office Guidance on the Operation with Animals 

(Scientific Procedures Act 1986; The Stationary Office, London, UK) and were approved by the Ethics 

Committee of Coventry University. Rats were delivered to Coventry University each morning and put 

in a cage with standard pellet chow and free access to water and food. Rats were acclimated at least 

2 hrs before the LAD isolation.  

 

 Human plasma samples received from external collaborators Dr Malcolm Walker 

and Prof Derek Yellon (UCL) 

Dr Malcom Walker, Prof Derek Yellon and their team at UCL performed a clinical study to investigate 

the effect of remote ischaemic pre-conditioning on myocardial injury in anthracycline-treated 

patients. This study was approved by UCL and NHS R&D departments (REC reference: 15/LO/1116) as 

well as by the London – Chelsea Research Ethics Committee according to all relevant legal rules and 

ethics guidance, including the Data Protection Act and the Human Tissue Act. The cancer patients were 

adults treated with anthracycline regimen chemotherapy, who tolerate BP arm cuff inflation and were 

recruited in the UCL hospital’s Macmillan Cancer Centre. Prior to chemotherapy infusion 

administration remote ischaemia conditioning (RIC) or sham procedure was processed. The RIC 

procedure consisted of 4 cycles of upper arm blood pressure cuff inflation to 200mm Hg for 5 min 

(corresponding to the ischaemia phase), followed by a cuff deflation for 5 min. The blood sample were 

collected before, immediately post-chemotherapy (6 to 24 hrs following the end of the treatment) 

and 3 months post-chemotherapy. The trial protocol is detailed in chapter 1.6.3. 

 

2.2.  Consumables and Drugs used: 

 Consumables and drugs used for rat LAD wire-myography experiments 

Doxorubicin hydrochloride was purchased from Tocris Biosciences (Bristol, UK) and was dissolved in 

reverse osmosis (RO) water with a final stock concentration of 1 mM. 
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Serotonin hydrochloride, carbachol, sarafotoxin S6c, endothelin-1, 9,11-dideoxy-11α,9α-

epoxymethanoprostaglandin F2α (U46619), 5-carboxamidotryptamine maleate salt were purchased 

from Sigma-Aldrich (Merck KGaA, US). U46619 was dissolved in methyl acetate with a final stock 

concentration of 3 mM. All the other drugs were dissolved in RO water. Serotonin hydrochloride and 

carbachol had a final stock concentration of 10 mM. Sarafotoxin 6c and endothelin-1 had a final stock 

concentration of 0.1 mM. U46619 and 5-carboxamidotryptamine had a final stock concentration of 27 

mM and 30 mM, respectively. The antagonists BQ788, BQ123 and Seratrodast were purchased from 

Tocris Biosciences (Bristol, UK). The antagonist GR55562 was purchased from Sigma-Aldrich (Merck 

KGaA, US). BQ788 and Seratrodast were dissolved in DMSO with a final stock concentration of 0.1 

mM. BQ123 and GR55562 were dissolved in RO water with a final stock concentration of 400µM and 

0.1 mM, respectively. The MEK1/2 inhibitor U0126 was purchased from EMD Millipore Corporation 

(Merck, US) and dissolved in Dimethylsulfoxide (DMSO) with a final stock concentration of 2mM. 

DMSO was purchased from Sigma-Aldrich (Merck KGaA, US). All drugs were aliquoted in suitable 

volumes and stored at -20 °C. 

Dulbecco’s Modified Eagle Medium, DMEM (1 g/L D-Glucose, 4 mM L-Glutamine, 0.11 g/L Sodium 

pyruvate) and Antibiotic-antimycotic (10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin, 

and 25 µg/mL of Gibco Amphotericin B) were purchased from ThermoFisher Scientific (Massachusetts, 

US). 

All reagents used to prepare the Krebs Henseleit (KH) buffers for the myography experiments were 

purchased from Fisher Bioreagents (Fisher Scientific, US). 

 

 Consumables used for rat or human plasma miRNA quantification 

miRNeasy mini kit was purchased from Qiagen (Manchester, UK) and used for miRNA extraction from 

plasma samples. Chloroform (C2432), absolute ethanol, and MS2 RNA 0.8 µg/µL (10165948001) were 

purchased from Sigma-Aldrich (Merck KGaA, UK). Tris-EDTA (TE) buffer pH 8.0 (1 mM Tris HCl, 0.1 mM 

EDTA) was purchased from Invitrogen (Thermofisher, UK) and diluted in RNase-free water to obtain a 

final solution of 0.1 TE buffer pH 8.0. 

All the following reagents were purchased from Life Technology (Thermofisher, UK). The reverse 

transcription was performed with TaqMan™ MicroRNA Reverse Transcription Kit (4366597) and 

Megaplex™ RT Primers, Human Pool A v2.1 (4399966). The pre-amplification reactions were done with 

TaqMan™ PreAmp Master Mix (4391128) and Megaplex™ PreAmp Primers, Human Pool A v2.1 
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(4399233). The qPCR reaction was performed on TaqMan™ Array Human MicroRNA A Cards v2.0 

(4398965) using the TaqMan™ Universal Master Mix II, no UNG (4440049).  

The reverse transcription for individual miRNA assay analysis was performed with miRNA Reverse 

Transcription kit from Applied Biosystems and TaqMan™ MicroRNA Assay (4427975) using the 

individual miRNA assays: hsa-miR-126-002228, hsa-miR-10a-000387, hsa-miR-143-002249, hsa-miR-

150-000473, hsa-miR-320-002277 and endogenous control snRNA U6. The qRT-PCR for individual 

miRNA was performed using the individual TaqMan™ MicroRNA miRNA assays listed above (4427975) 

with TaqMan Universal PCR Master Mix II, no UNG (4440049). 

 

 Consumables used for rat LAD mRNA quantification 

RNeasy Protect mini kit was purchased from Qiagen (Manchester, UK) and used to isolate mRNA from 

rat LAD vessels. Absolute Ethanol 100% was added to the RNeasy Protect mini kit RPE buffer purchased 

from Sigma-Aldrich (Merck KGaA, UK). β-Mercaptoethanol was added to the RNeasy Protect mini kit 

lysis RLT buffer and was purchased from Sigma-Aldrich (Merck KGaA, US). The Superscript IVTM VILO 

Master Mix for the reverse transcription PCR and the PowerTrack SYBR Green Master Mix for the Real-

Time PCR were purchased from ThermoFisher Scientific (Massachusetts, US). Specific primers for rat 

GPCRs and the endogenous controls EF-1 and GAPDH were purchased from Invitrogen / ThermoFisher 

(Massachusetts, US) specific primers designed during previously published work (Sandhu et al., 2010) 

and are listed in Table 2-1.  

The primers were resuspended in RNAse-free water to obtain a stock concentration of 100 mM and 

then, diluted to obtain a work concentration of 10 mM. 

Table 2-1: Primer sequences of Forward and Reverse primers for each specific gene analysed. 

 

GenBank ID Forward primers Reverse primers 

Endothelin A receptor NM_012550 ATT GCC CTC AGC GAA CAC CAA CCA AGC AGA CGG TC 

Endothelin B receptor NM_017333 GAT ACG ACA ACT TCC GCT CCA GTC CAC GAT GAG GAC AAT GAG 

5-HT1B receptor NM_022225 TCC GGG TCT CCT GTG TAC GT GGC GTC TGA GAC TCG CAC TT 

Thromboxane A2 receptor NM_017054 ATC TCC CAT CTT GCC ATA GTC C CGA TGA TCC TTG GAG CCT AAA G 

Elongation Factor 1 NM_175838 GCA AGC CCA TGT GTG TTG AA TGA TGA CAC CCA CAG CAA CTG 

GAPDH NM_017008 GGC CTT CCG TGT TCC TAC C CGG CAT GTC AGA TCC ACA AC 
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 Consumables used for rat LAD immunohistochemistry 

Vessels were fixed by CellpathTM OCT Embedding Matrix from FisherScientific (Thermofisher, UK). All 

antibodies and normal donkey serum were purchased from Abcam (Cambridge, UK). The primary 

antibodies were rabbit anti-endothelin A receptor (ab178454), rabbit anti-endothelin B (ab262700), 

rabbit anti- serotonin 5-HT1B receptor (ab13896), rabbit anti-thromboxane A2 receptor (ab233288), 

rabbit anti-ERK1 + ERK2 (ab17942) and mouse anti-actin (ab11003).  The secondary antibodies were 

donkey anti-rabbit IgG H&L Alexa Fluor® 594 RED (ab150108) and donkey anti-mouse IgG Alexa Fluor® 

488 GREEN (ab150073). Slides were mounted using the ProLong™ Gold Antifade Mountant purchased 

from Thermofisher (UK). Phosphate buffered saline (PBS, pH 7.2) was used for the dilution and 

washing the slides. PBS 10X and Bovine Serum Albumine (BSA) and acetone were purchased from 

FisherScientific (Thermofisher, UK). The Triton X-100 was purchased from Fisher Scientific 

(Thermofisher, UK). 

 

2.3.  Wire-myography on Left Anterior Descending arteries 

 Background of the wire-myography technique 

The wire-myography technique was first introduced in 1972 by Bovan and Osher and was used to 

measure tension changes in small vessels (Bevan and Osher, 1972). In 1977, Mulvany and Halpern 

refined and developed the wire-myography technique, and their protocol is still applied in labs 

worldwide until this day. Their aim was to directly measure the mechanical changes in small vessel 

segments (Mulvany and Halpern, 1977). 

The wire-myography technique is used to study vascular pharmacology by investigating the 

pharmacodynamics of small blood vessels (Angus and Wright, 2000). Indeed, using an in vitro 

technique allows the control of the physiological settings and nullifies the homeostatic mechanisms, 

such as blood flow or the autonomic nervous system central (Spiers and Padmanabhan, 2005). 

Moreover, pathological states like CVD can be “reproduced/mimicked” in the myograph chambers 

(Spiers and Padmanabhan, 2005). 

The wire-myography allows mechanical measurements of rings/segments of small blood vessels. 

Mounted vessels are incubated in a physiological solution. Specific drugs are added to the vessel 

media, and these drugs interact as ligands on specific receptors expressed on the inner membrane of 

the vessels and this leads to altered vascular tension. Wire-myography, therefore, allows for the 

analysis of vascular tone through drug-receptor interaction (Angus and Wright, 2000). 
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For this study, rat coronary arteries were mounted on two wire-myograph setups (Multi wire 

myograph system - 620M, Denmark). Each wire-myograph setup had four chambers where four 

vessels could be studied simultaneously. All chambers have electronic heating fixed at 37 °C and are 

continuously gassed with 5 % CO2 and 95 % O2 (pH = 7.4).  

 

Figure 2-1: In wire-myograph systems, wires are passed through the lumen of a blood vessel and 

the vessel is stretched to obtain a rest tension as in physiological conditions adapted from 

(Wenceslau et al., 2021). 

 

In each chamber, there are two jaws: one of the jaws is attached to a force-displacement transducer, 

while the other jaw is connected to a micrometre. As in Figure 2-1, two wires are mounted carefully 

through the vessel’s lumen and each wire is connected to one of the jaws in the myograph chamber. 

The data was recorded by the LabChart Pro 8 software (AD Instruments, UK).  

 

 Dissection of rat Left Anterior Descending arteries (LAD) 

Rats were culled by cervical translocation and hearts were immediately removed and put in ice-cold 

calcium-free KH buffer (NaCl 119 mM, NaHCO3 15 mM, KCl 4.6 mM, NaH2PO4x2H2O 1.2 mM, 

MgCl2x6H2O 1.2 mM and glucose 5.5 mM) gassed with 5 % CO2 and 95 % O2 (pH = 7.4). Heart vessels 

and segments were dissected using microscopy (Nikon SMZ 745T) with the left atrium facing upwards. 

The ice-cold gassed calcium-free KH buffer was replaced at least every 15 min. The main artery is 

located between the pulmonary artery and the left atrium and branches into the LAD and the LCx 

(Figure 2-2).  
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Figure 2-2: Coronary arteries in the rat heart (Buetow and Laflamme, 2018). 

 

 The myocardial tissue surrounding the LAD artery was carefully removed. Once the LAD artery was 

dissected free from surrounding myocardial tissue, it was cut into four segments approximately 2 mm 

long each, and a 40 µm diameter stainless steel wire was inserted through the lumen of each 2 mm 

vessel ring. 

 

 Acute vascular pharmacology effect of doxorubicin on rat LAD 

To study the acute vascular pharmacology effect of doxorubicin, rings of LAD vessels were mounted 

onto the myograph immediately after dissection and immersed in a sodium KH (Na+ KH) (NaCl 119 

mM, NaHCO3 15 mM, KCl 4.6 mM, CaCl2x2H2O 1.5 mM, NaH2PO4x2H2O 1.2 mM, MgCl2x6H2O 1.2 mM 

and glucose 5.5 mM) at 37 °C and gassed with 5 % CO2 and 95 % O2 (pH = 7.4). The mounted vessels 

were given a stabilisation period of 1 hr where the Na+ KH buffer (continuously gassed with 5 % CO2 

in O2 at 37 °C, pH = 7.4) was changed every 15 min with a pre-tension fixed in the range of 1.16 mN/mm 

to 1.52 mN/mm (Ping et al., 2014) after 30 minutes. Then, the direct effects of doxorubicin doses and 

the cumulative addition of doxorubicin on the contractile capacity were investigated. The different 

protocols to investigate acute vascular effects are detailed in Chapter 3, section 3.2.1.  

 

 Organ culture of rat LAD 

The effect of doxorubicin exposure after 24 hrs or 48 hrs incubation was studied by incubating LAD 

rings in serum-free Dulbecco’s modified Eagle’s medium (DMEM: glucose 1000 mg/L, L-glutamine 4 

mM, sodium pyruvate 0.11 mg/ml) supplemented with an antibiotic mix (penicillin 10,000 IU/ml, 

streptomycin 20mg/ml) for 24 hrs or 48 hrs at 37 °C in an incubator humidified with 5 % CO2 and 95 % 

O2 (pH = 7.4). Doxorubicin or vehicle was added to the media at the initiation of the incubation. The 

inhibitor of MEK 1/2, U0126 and the vehicle DMSO were also added to the media for the experiment 

with U0126. Details about the concentration and volume are given in the Chapter 5, section 5.2. 

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 
Library, Coventry University. 
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 In vitro pharmacology to obtain dose-response curves 

Vessels were mounted in Ca2+free KH buffer on myograph after the 24 hrs incubation, the buffer was 

changed to Na+ KH and the vessels were stabilised for 1 hr (see Figure 2-3). 

 

Figure 2-3: Experimental protocol to study vascular contractility and dilatory capacity of LAD vessels. 

Na+ = Na+ KH, K+ = K+ KH, 5-HT = serotonin. 

 

A pre-tension in the range of 1.16 mN/mm to 1.52 mN/mm was applied during this stabilisation step 

(Ping et al., 2014). After the stabilisation period, the vessels were exposed to a 60mM K+ KH buffer to 

measure the maximum contraction. Vessels were washed with Na+ KH buffer for 15 min and a second 

60 mM K+ KH buffer contraction was recorded. Vessels were washed with Na+ KH buffer until the 

vascular tension came back to the baseline level. To measure vasodilatory capacity the vessels were 

pre-contracted with 3. 10-7 M serotonin (5-HT) followed by applying 10-5 M carbachol. Vessels were 

washed with Na+ KH buffer with 15 min intervals until the vascular tension came back to the baseline 

level. The K+ KH buffer maximum contraction is used as reference for the study of the GPCR agonist-

mediated dose-response curves, therefore the contractile capacity, determined by the K+ KH buffer, 

needs to be constant with or without added doxorubicin. 

 

Figure 2-4: Experimental protocol to study dose-response curve of specific GPCR agonists. S6c = 

sarafotoxin 6c, the agonist of ETB receptors; 5-CT = 5-carboxyamidotryptamine, the agonist of 5-HT1B 
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receptors, ET-1 = endothelin-1, the agonist of ETA and ETB receptors; U46619, the agonist of TP 

receptors. 

 

Once the contractile and dilatory capacity of the vessels was measured, and thus established the 

function and viability of the vessels, the dose-response curve was determined by applying cumulative 

doses of the agonists in half-log increments (Figure 2-4). The segments were either stimulated with (i) 

ETB receptor agonist sarafotoxin 6c (S6c), from 10-14 to 10-7.5 M, followed by Na+ KH buffer washing 

with 15-minute intervals until the vascular tension came back to the baseline level, where after the 

second dose-response curve was measured by applying ETA and ETB receptor agonist endothelin-1 (ET-

1), from 10-14 to 10-7.5 M, or by stimulation with (ii) 5-HT1B receptor agonist 5-carboxamidotryptamine 

(5-CT), from 10-12 to 10-5.5 M, followed by Na+ KH buffer washing with 15-minute intervals until the 

vascular tension came back to the baseline level, where after the second dose-response curve was 

measured by applying thromboxane prostanoid receptor agonist U46619, from 10-12 to 10-6.5 M. 

 

 Data Analysis 

All data are expressed as means ± S.E.M and n refers to the number of rats. A test of normality, named 

Shapiro-Wilk test, was firstly done for all the data to determine if they were normally distributed or 

not and then choose the most relevant statistic test for each data set. The contractile response of each 

vessel to the agonist was expressed as percentage of the 60mM K+ KH buffer-induced contraction 

where Cmax is the contraction at the highest dose and contractile responses were compared with 

Unpaired Student T-test (SPSS statistics) when there are two sets of data or Two-way ANOVA with 

Bonferroni’s post-hoc test (GraphPad Prism 9) for multiple comparisons. The “Emax” values correspond 

to the maximal contractile response induced by agonists and are generated by the software GraphPad 

Prism 9. The “pEC50” correspond to the negative logarithm of the agonist concentration that produces 

50 % of the maximal contraction and is generated by the software GraphPad Prism 9. “Emax” and 

“pEC50” are statistically analysed by either unpaired Student T-test when the data was normally 

distributed, or Kruskal-Wallis’s test when the data wasn’t normally distributed. All calculations and 

statistical analysis were carried out using Graph-Pad Prism 9.0 (GraphPad Software, La Jolla, USA) and 

SPSS Statistics version 25 (IBM). Statistical significance was determined with p ≤ 0.05. 
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2.4.  Quantification of mRNA from rat LAD 

 Real-Time polymerase chain reaction PCR methodology 

The PCR methodology was developed by K. Mullis in 1985 (Nobel Prize awarded in 1993). The Real-

Time PCR is a powerful tool to quantify nucleic acids. This technique allows for the amplification of 

nucleic acids sequence from a sample, even at a very low level of expression. The amplification is 

performed by a cyclic process which generates copies of the selected sequence of interest, which can 

be easily analysed by fluorescence incorporation during the copy process.  

The cycles are designed in three steps at different temperatures. First, a high temperature to separate 

strands of cDNA. Then, the temperature is lowered to let primers, designed to flank a specific 

sequence, anneal to strand. Finally, a temperature is fixed around 72 °C, which is the optimum 

temperature for polymerase, to extend primers with dNTPs.  

The quantification is done with a fluorescent reporter. SYBR green is an asymmetric cyanine dye, which 

has no fluorescence when it is free and becomes brightly fluorescent when it binds to DNA. The 

fluorescence increases with the amount of double-stranded products, as in Figure 2-5. The 

quantification is obtained by comparing the number of amplification cycles for the sample’s response 

curve required to reach a threshold fluorescence level, which is the called CT value (Kubista et al., 

2006). 

 

Figure 2-5: Threshold and CT values on Real-Time PCR amplification curve. The curve shows the 

amplification of mRNA through the different cycles of the Real-Time PCR, where the X-axis 

represents the number of cycles and the Y-axis represents the fluorescence emission. (Illustration 

realised with Biorender website) 
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In the present study, the real-time PCR was used to determine the mRNA expression levels for specific 

GPCRs and to investigate the possible differential variation of mRNA expression in the different 

vascular treatment groups.  

 

 RNA purification 

Total cellular RNA was extracted from rat LAD with the RNeasy protect mini kit (Qiagen, UK), after 

being submerged in protect liquid at -20 °C at least overnight. LAD were lysed in the RLT buffer 

containing 0.01 % of β-Mercapthoethanol by homogenisation with a rotor-stator homogeniser (Ultra-

Turrax T25, IKA-WERKE). Ethanol was added to the lysate to provide an appropriate binding condition. 

Total RNA was then fixed to the membrane of a RNeasy spin column by centrifugation, while 

contaminants were washed away. Following a few washes with washing the buffers RW1 and RPE, 

Total RNA was eluted in RNAse-free water. 

Total RNA amount and purity were determined with NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer (ThermoFisher, USA). 

 

 Reverse Transcription 

Reverse transcription of total cellular RNA to cDNA was performed with SuperscriptTM IV VILO Master 

Mix (ThermoFisher, US) using the Eppendorf® Mastercycler® Nexus Thermal Cyclers (Merck, USA). 

Template RNA was mixed with SuperScript IVTM VILO Master Mix on ice. The mix was incubated (1) at 

25 °C for 10 min to anneal primers. Afterwards (2) it was incubated at 50 °C for 10 min to reverse 

transcribe RNA, followed by incubation (3) at 85 °C for 5 min to inactivate the enzyme. The resulting 

cDNA product was diluted in RNAse-free water to give a final cDNA concentration of 1 ng/µL. 

 

 Real-Time PCR 

The quantification of mRNA expression levels was determined with SYBR Green as fluorescence 

reporter and primers specifically designed for the four GPCRs and two endogenous control genes, EF-

1 and GAPDH. The designed sequences of primers are shown in Table 2-1, in section 2.2.3.  

The cDNA samples were mixed with a SuperscriptTM IV VILO Master Mix “yellow buffer” to visually aid 

during the plate loading procedure, resulting in a final concentration of 0.5 ng/µL of cDNA, which was 

mixed with the forward and reverse primers (500 nM), PowerTrack SYBR Green Master Mix (1X) and 
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RNAse-free water. Once each reaction was loaded in each well of a 96-well plate (ThermoScientific, 

UK), the Real-Time PCR QuantStudio 7 (QS7) was run according to the company protocol. The reaction 

was as follows: (1) Enzyme was activated at 95 °C for 2 min, (2) cDNA was denatured at 95°C for 15 

sec, and (3) primers were annealed and extended at 60 °C for 1 min. Steps (2) and (3) were replicated 

for 40 cycles. This was followed by a melt curve after the real-time PCR reaction to check for 

nonspecific amplification. Melt curve reaction: (a) 95 °C for 15 sec, with a ramp rate of 1.6 °C/sec, (b) 

60 °C for 1 min, with a ramp rate of 1.6 °C/sec, and (c) dissociation step at 95 °C for 15 sec, with a ramp 

rate of 0.075 °C/sec. 

 Data analysis 

The mRNA data were analysed using the comparative cycle threshold (ΔCT) method (Heid et al., 1996). 

The CT values of GAPDH and EF-1 were used as reference genes to quantify the relative amount of 

ETA, ETB, 5-HT1B and TP receptor mRNA levels. 

The relative quantification of the GPCRs mRNA compared to CT values of reference genes was 

determined by using the formula: 
𝑋0

𝑅0
= 2𝐶𝑇𝑅−𝐶𝑇𝑋, where X0 is the initial amount of target mRNA, R0 is 

the initial amount of reference mRNA, CTX is the CT value of the target mRNA and CTR is the CT value 

of the reference mRNA (Sandhu et al., 2010). 

All data are expressed as means ± S.E.M and n refers to the number of rats. A shapiro-Wilk test was 

performed and shown that the data were not normally distributed and then a Kruskal-Wallis’s test 

was performed for multiple comparisons. All calculations and statistical analysis were carried out using 

GraphPad Prism 9.0 (GraphPad Software, La Jolla, USA). Statistical significance was determined with p 

≤ 0.05. 

 

2.5.  Analysis of GPCR protein levels in rat LAD by immunohistochemistry 

 Principle of the immunohistochemistry 

Immunohistochemistry (IHC) was first outlined in 1942 by Albert Coons and his team by using a 

fluorescent-labelled antibody applied on liver tissue sections to localise the pneumococcal antigen 

(Burry, 2011). The IHC method is a powerful tool to visualize and quantify the distribution and 

localisation of specific cellular components in cells or tissue samples (Matos et al., 2010). 
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Figure 2-6: Immunohistochemistry principle (see description in text). (Illustration realised with 

Biorender website) 

 

This technique has different steps: fixation, permeabilisation, blocking, primary antibodies fixation, 

secondary antibodies fixation, mounting and revelation.  

Samples from tissue used for immunohistochemistry can be obtained by different techniques such as 

Cryosectioning. Sections obtained need to be fixed to slides and frozen sections are often fixed with 

acetone. Acetone has a span penetrability and dehydration property, which allows it to precipitate 

sugars and fat. Triton X-100 can also be used to permeabilise the intact membrane of cells. Serum is 

then used to block nonspecific targets where secondary antibodies could bind and induce false 

positive results. As in Figure 2-6, primary antibodies are binding the specific antigen, while 

fluorochrome-linked secondary antibodies then bind specifically to the primary antibodies. Finally, the 

visualisation of the fluorochrome, and therefore the specific antigen, by the production of visible lights 

at a specific wavelength with a fluorescence microscope. 

 

 Slide preparation and stages evolved for the reaction 

Vessels were embedded in Cellpath OCT embedding matrix and frozen at -80 °C. Frozen vessels were 

cryosectioned into 10 µm sections, using the OTF5000 cryostat (Bright Instruments, Huntingdon, UK). 

Sections were adhered to Superfrost plus adhesion slides and stored at -80 °C until 

immunohistochemistry staining. 

Thawed sections were fixed in -20 °C acetone for 10 min and rehydrated in PBS containing 0.25 % of 

Triton X-100 (PBST) at room temperature for 3x 5 min. The sections were blocked in PBS containing 5 

% donkey serum for 1 hr at room temperature. Sections were incubated overnight at 4 °C with the 

primary antibodies, diluted in PBST containing 1 % Bovine Serum Albumin (BSA) and 3 % donkey 

serum. Sections were double immunostained with primary antibodies of one protein of interest: ETA 

(1: 1000), ETB (1: 1000), 5-HT1B (1: 1000), TP (1: 500) or ERk1+ERK2 (1: 500), while the primary antibody 
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of actin (1: 500) was used as reference. Sections were rinsed with PBS at room temperature for 2x 15 

min. Finally, sections were incubated with secondary antibodies, diluted in PBST containing 1 % Bovine 

Serum Albumin (BSA) and 3 % donkey serum for 1 hr at room temperature. Sections were “double-

stained” with secondary antibodies for both donkey anti-rabbit IgG Alexa Fluor 488 GREEN (1: 500) 

and donkey anti-mouse IgG Alexa Fluor 594 RED (1: 500). Negative controls were included by omitting 

the primary antibodies and following the same protocol as given above. Slight green autofluorescence 

was observed during the negative control stains due to the internal elastic lamina and not because of 

the staining.  

 

 Interpretation and quantification 

The Immunofluorescence was visualised with a confocal microscope Eclipse Ti2 (Nikon Instruments 

Inc. Tokyo, Japan) and photographed with an attached Nikon Orca-Flash4.0v3 camera. Images were 

analysed and quantified with the AR package of NIS-elements software.  

The sections from the fresh vessel group were used to determine the optimal wavelength and pinhole 

size to compare the different incubated groups. The fluorescence intensity was measured on the 

entire circumference of the vessel section – called the Region of Interest (ROI) - to obtain the ROI 

mean intensity.  

All data are expressed as means ± S.E.M and n refers to the number of rats. All data were normally 

distributed were analysed with Shapiro-Wilk test. Since data were normally distributed, One-way 

analysis of variance (ANOVA) with Fisher’s post-test was performed for multiple comparisons. All 

calculations and statistical analysis were carried out using GraphPad Prism 9.0 (GraphPad Software, 

La Jolla, USA). Statistical significance was determined with p ≤ 0.05. 

 

2.6.  Analysis of miRNA expression in human plasma samples 

 Principle of TaqMan array card 

TaqMan microRNA Array cards are microfluidic cards containing 384 wells, with individual real-time 

qPCR reaction per well. It is a high-throughput and accurate tool for quantitative analysis of microRNA 

(miRNA) or mRNA. TaqMan array cards can be used to obtain a full screen of a transcriptome, 

identifying potential genes involved in some diseases and toxicological mechanisms (Keys et al., 2010). 

In this project, the TaqMan Array cards are used to determine which miRNAs could be linked to the 

cardiotoxicity of different cardiotoxic treatments. Once key miRNAs of interest are identified with the 
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TaqMan array card from pooled individual group samples, individual samples are analysed with real-

time qPCR targeting the key miRNAs to allow a better accuracy and reproducibility of the miRNA assay 

(Keys et al., 2010). 

 

 The patient profile selected for the study 

Human plasma samples were collected by Dr Malcom Walker and team (UCL: ERICONC study) as 

described in section 2.1.2.  

Human plasma samples were collected from 19 patients: 12 men and 7 women. The median age was 

53.6 (54 for the women and 51 for the men). Patients had sarcoma (n = 15), lymphoma (n = 3) or 

breast cancer (n = 1) and were treated with different combinations of anthracyclines, such as 

doxorubicin ± a Combination of doxorubicin and ifosfamide (IFOS)/Bolus/Cisplatin (n = 14), a 

combination of 5 fluorouracil, epirubicin and cyclophosphamide (FEC) (n = 1), a combination that 

includes cyclophosphamide, doxorubicin (Adriamycin) vincristine (Oncovin) and prednisolone (a 

steroid) (CHOP) (n = 1), an European Paediatric Soft tissue sarcoma Study Group (epSSG) (n = 1) and 2 

unknown treatments. 42 % of the patients developed cardiovascular adverse effects, such as heart 

failure, deep vein thrombosis, thrombocytopenia, pulmonary emboli and hypertension. Plasma was 

collected at three different time points:  

- At the beginning of the experiment, baseline group (n = 18) 

- At the end of the chemotherapy, Post-Chemo group (n = 13) 

- 3 months after the treatment, 3 months group (n = 13)  

Due to the pandemic, some patient samples were not collected. There were 10 patients with a full set 

of blood samples (blood collected at all three time points), 6 patients with blood samples collected at 

two time points, and 3 patients with blood samples collected only at baseline time point. A total of 44 

blood samples were obtained toward this study of miRNA expression. 

 

 Plasma collection and storage: 

Plasma was collected by the UCL researchers at three different time points: at baseline, at the end of 

the chemotherapy and 3 months after the completion of chemotherapy. Blood samples were taken 

during the routine full blood count, urea and electrolytes tests of the cancer patients. The samples 

were collected in standard EDTA (purple top) and SST (yellow top) blood sample bottles, where the 

plasma was isolated and stored at -80°C within one hour of sampling. The samples were shipped to 
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Coventry University on dry ice using same-day delivery. At Coventry University the samples were 

stored at -80°C. 

  

 miRNA extraction of pooled human plasma samples: 

Patient plasma samples were pooled together per group (i.e. baseline, end of the chemotherapy, and 

3 months after chemotherapy) by pooling the same volume from each individual patient sample in 

that respective group.   

Total miRNA from plasma samples was extracted using the miRNeasy mini kit (Qiagen). After all debris 

had been removed from pooled plasma samples, QIAzol from the miRNeasy mini kit containing 0.8 

µg/µL MS2 RNA as spike-in was used as lysis buffer. Chloroform was added to the lysate and the 

aqueous phase was transferred to a new RNAse-free Eppendorf tube.  Absolute ethanol was added to 

the lysate to provide an appropriate binding condition. Total miRNA was then fixed to the membrane 

of the RNeasy Mini Spin Column supplied in the miRNeasy mini kit by centrifugation, while 

contaminants were washed away by a few washes with the washing buffers. Total miRNA was eluted 

in RNAse-free water, and miRNA quality and quantity were determined with NanoDrop™ 

One/OneC Microvolume UV-Vis Spectrophotometer (ThermoFisher, USA). 

 

 TaqMan miRNA array cards: Reverse Transcription of pooled human 

plasma samples: 

Reverse transcription of total miRNA to cDNA was performed using the TaqMan® MicroRNA Reverse 

Transcription kit components and the human Megaplex RT Primers (ThermoFisher, US) in Eppendorf® 

Mastercycler Nexus Thermal Cyclers (Merck, USA).  

Extracted pooled miRNA samples were mixed with MultiscribeTM reverse transcriptase (50 U/µL), 

Megaplex RT primers, 10X RT buffer, RNase Inhibitor (20 U/µL), MgCl2 (25 mM) and dNTPs with dTTP 

(100 mM) on ice and the mix was incubated for 5 min on ice. The 3 next steps were processed during 

40 cycles. The mix was incubated (1) at 16 °C for 2 min to anneal primers. Then, it was incubated (2) 

at 42 °C for 1 min and incubated (3) at 50 °C for 1 sec to reverse transcribe RNA.  Steps (1), (2) and (3) 

were repeated for 40 cycles. After the 40 cycles, the mix was incubated (4) at 85 °C for 5 min to 

inactivate the enzyme.  

The resulting cDNA is processed directly after the reverse transcription reaction with a pre-

amplification reaction before loading the cDNA on the miRNA array card. 
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 TaqMan miRNA array cards: Pre-Amplification of pooled human plasma 

samples:  

The aim of the pre-amplification reaction is to increase the quantity of the cDNA prior to running the 

samples on the miRNA arrays. The cDNA from pooled plasma samples were pre-amplified with a 

PreAmp reaction mix. Template cDNA was mixed with TaqMan® PreAmp Master Mix (2X) and Human 

MegaplexTM PreAmp Primers (10X) on ice. The mix was incubated at 95 °C for 10 min to activate the 

enzyme. Then the mix was incubated at 55 °C for 2 min to anneal the primers and at 72 °C for 2 min 

to extend primer on cDNA. The next 2 steps were processed during 14 cycles. The 2 steps were an 

incubation at 95 °C for 15 sec to denature cDNA. Followed by an incubation at 60 °C for 4 min to anneal 

and extend primers on cDNA. Finally, the mix was incubated at 99.9 °C for 10 min to inactivate the 

enzyme. 

 

 TaqMan miRNA array cards: Real-Time PCR reaction of pooled human 

plasma samples:  

Human TaqMan® MicroRNA Array A cards were used to run the pooled plasma group cDNA samples. 

The target cDNA ( pre-amplified product from plasma pools) was mixed with TaqMan® Universal PCR 

Master Mix No AmpErase® UNG (2X). The mix was loaded on the human TaqMan® MicroRNA Array A 

cards and the reaction was run on the PCR instrument QuantStudio 7 applying the 384 wells TaqMan 

Low-Density Array default thermal-cycling conditions. The enzyme was activated at 95 °C for 10 min. 

Then, the two next steps were repeated for 40 cycles. The cDNA was denatured at 95 °C for 15 sec 

and primers were annealed and extended at 60 °C for 1 min.  

 TaqMan miRNA array cards: Data analysis of pooled human plasma 

samples: 

The miRNA expression cycle thresholds (CT) are measured by the QuantStudio 7 Pro Real-Time PCR 

System version 1.3 (Applied Biosystems, ThermoFisher Scientific). The differential miRNA expression 

values were calculated using the Applied Biosystems application RQ (version 3.9) located on the online 

Thermo Fisher Connect cloud application by normalising the target miRNA CT levels against the 

endogenous control U6 small nuclear RNA (snRNA). CT levels higher than 35 were excluded from the 

analysis, due to unspecific/insignificant annealing. Analysis was carried out using the relative 

quantification (ΔΔCT) method, where the calculated RQ value is the comparison of globally normalised 

target miRNA against the U6 snRNA levels. The equation used was ΔRQ = 2^ (-((CT value of target 
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miRNA - CT of U6)post-treatment - (CT value of target miRNA - CT of U6)baseline)), where CT value is generated 

using the relative threshold algorithm (CRT). An ΔRQ-value > 2 meant a significant increase in 

expression fold change, and ΔRQ-value < 0.5 meant a significant decrease in expression fold change.  

 

2.7.  Analysis of individual miRNA expression in human ERICONC plasma 

samples 

 MiRNA extraction of human plasma samples: 

Key miRNAs associated with vascular injury (i.e. hsa-miR-126, hsa-miR-10a, hsa-miR 143, hsa-miR-150 

and hsa-miR-320a) were identified from the TaqMan miRNA array cards data analysis expression of 

the ERICONC project human plasma (i.e. Baseline group: n = 18; Post-Chemo group: n = 13; 3 months 

Post-Chemo group: n = 13).  

Total miRNA from plasma samples was extracted using the miRNeasy mini kit (Qiagen). QIAzol from 

the miRNeasy mini kit containing 0.8 µg/µL MS2 RNA was used as lysis buffer, after all debris had been 

removed from plasma samples. Chloroform was added to the lysate and the aqueous phase was 

collected in a new RNAse-free Eppendorf tube.  Absolute ethanol was added to the lysate to provide 

an appropriate binding condition. Total miRNA was then fixed to the membrane of the RNeasy Mini 

Spin Column supplied in the miRNeasy mini kit by centrifugation, while contaminants were washed 

away by a few washes with the washing buffers. Total miRNA was eluted in RNAse-free water, and 

miRNA quality and quantity were determined with NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer (ThermoFisher, USA). 

 

 Individual miRNA expression quantification: Reverse Transcription 

(human ERICONC plasma) 

Reverse transcription of specific miRNAs to cDNA was performed using TaqMan® MicroRNA Reverse 

Transcription kit components and the specific target TaqMan miRNA assays: hsa-miR-126, hsa-miR-

10a, hsa-miR 143, hsa-miR-150 and hsa-miR-320, and the U6 snRNA as housekeeping reference 

(ThermoFisher, US). Individual miRNA samples were mixed with MultiscribeTM reverse transcriptase 

(50 U/µL), RT miRNA primer assays X5, 10X RT buffer, RNase Inhibitor (20 U/µL), MgCl2 (25 mM) and 

dNTPs with dNTPs (100 mM) on ice. The reverse transcription reaction ran on the Eppendorf® 

Mastercycler Nexus Thermal Cyclers (Merck, USA) using the following setting: (1) 16 °C for 30 min to 
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anneal primers, (2) 42 °C for 30 min to reverse transcribe RNA, and (3) 85 °C for 5 min to inactivate 

the enzyme.  The cDNA was diluted 1:1 with RNAse-free water after the reaction. 

 

 Individual miRNA expression quantification: Real-Time PCR reaction 

(human ERICONC plasma) 

The target cDNA samples were mixed with TaqMan® Universal PCR Master Mix II no UNG and specific 

miRNA primer assays X20. The mix was loaded on a 96-well plate (ThermoScientific, UK). This plate 

was run on the real-time PCR instrument QuantStudio 7 according to the manufacturer's protocol: (1) 

UNG was activated at 50 °C for 2 min, (2) enzyme was activated at 95 °C for 10 min, (3) cDNA was 

denatured at 95 °C for 15 sec, (4) primers were annealed and extended at 60 °C for 1 min, (5) repeat 

step (3) and (4) for 40 cycles.  

 

 Individual miRNA expression quantification: Data analysis (human 

ERICONC plasma) 

Individual miRNA expression levels were analysed using the ΔΔCt method using the U6 snRNA as 

endogenous control for the comparisons of the relative amount of specific miRNAs. CT levels higher 

than 35 were excluded from the analysis, due to unspecific/insignificant annealing. The equation used 

was: 
𝑋0

𝑅0
= 2𝐶𝑇𝑋−𝐶𝑇𝑅𝑋 , where X0 is the amount of target miRNA, R0 is the amount of U6 snRNA, CTX is 

the CT value of the target miRNA and CTR is the CT value of U6 snRNA (Sandhu et al., 2010). Negative 

control using water instead of plasma sample cDNA was included for each sample. Studied miRNAs 

level was expressed as values relative to the endogenous gene, U6 and normalised to baseline-

collected plasma.  

All data are expressed as means ± S.E.M and n refers to the number of patients. Statistical analysis 

was performed using Kruskal-Wallis’s post-hoc test using GraphPad Prism 9.0 (GraphPad Software, La 

Jolla, USA). Statistical significance was determined with p ≤ 0.05.  
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Chapter 3:  

3. Optimisation of an organ culture model to study the doxorubicin-induced 

vasotoxicity on LAD arteries. 

 

3.1.  Introduction 

The development of new drug testing involved the use of different models to study the 

pharmacological properties of the drug (Ruggeri et al., 2014). First, the drugs are tested with an in 

vitro model, such as cell culture or organ culture. Then, the next step is in vivo experiments with animal 

models, where most of the potential side effects are investigated and finally, the clinical model on 

humans (Hughes et al., 2011). One of the challenges of animal models and in vitro models is to make 

them relevant to human disease (Vandamme, 2014). For example, organ culture is an experimental 

model which induces phenotypic changes similar to endothelium dysfunction (Alm et al., 2002) and 

alterations of GPCR in SMCs (Adner et al., 1996, Wackenfors et al., 2003). Both changes are observed 

in CVDs such as hypertension (Audebrand et al., 2019) and heart failure (Forrester et al., 2018). 

However, different parameters need to be set up in in vitro models to be an appropriate model which 

mimics human conditions. In vitro models allow the selection of the known concentration, which is an 

important parameter for the experiment. Drug activities, such as affinity, efficiency and potency, are 

concentration-dependent and a fixed concentration allows the investigation of specific drug’s effects 

(Kenakin and ScienceDirect, 2017). The dose can be determined as therapeutic or toxic, depending on 

which effect is being studied, like Murata and his team, who investigated the cardiotoxic effects of the 

chemotherapeutic drug, doxorubicin with an in vitro model at therapeutic doses (0.3 and 1 µM) and a 

toxic dose (10 µM) (Murata et al., 2001a). To study the possible toxicity of drugs, the relevant dose 

needs to correlate with the plasma concentration observed in patients treated with the studied drug. 

The exposure time to the drug is also an important parameter. Indeed, many drugs are toxic at high 

doses and are administrated by cumulative application of lowest doses during weeks or months.  

Doxorubicin is one of the most potent chemotherapeutic drugs, widely used in many solid cancers, 

although it can also lead to severe cardiovascular adverse effects. The doxorubicin-induced 

cardiotoxicity leads to the use of lower doses or the use of other chemotherapeutic drugs that are less 

efficient. The cardiotoxicity of doxorubicin has been observed to imply different mechanisms, such as 

oxidative stress, calcium metabolism disorders and systemic inflammation (Podyacheva et al., 2021). 

Doxorubicin accumulates in the mitochondrial inner membrane and forms an irreversible complex 

with cardiolipin, leading to mitochondrial dysfunction (Octavia et al., 2012).  The disruption of 
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mitochondrial activity leads to the release of reactive oxygen species (ROS) (Zhou et al., 2001). 

Moreover, doxorubicin alters the activity of endothelial nitric oxide synthase (eNOS) and NADPH 

oxidase (NOX), leading to the reduction of free oxygen in superoxide free radical (Vasquez-Vivar et al., 

1997, Deng et al., 2007). The elevation of ROS production by the mitochondrial dysfunction and 

altered enzymes activate the oxidative stress, inducing apoptosis of cardiomyocytes. Doxorubicin-

induced cardiotoxicity is associated with an increase of intracellular calcium release from the 

sarcoplasmic reticulum, leading to the ROS generation and the activation of apoptotic signalling 

(Holmberg and Williams, 1990). Doxorubicin-induced cardiotoxicity is also associated with an increase 

of inflammatory markers. Ye and his team demonstrated that the interleukin 9 (IL-9), by promoting 

the inflammatory response, aggravates the doxorubicin-induced cardiac injury (Ye et al., 2020). 

Doxorubicin-induced cardiotoxicity was mainly investigated and documented on cardiomyocytes in 

pre-clinical and cancer patients in clinical studies (Rawat et al., 2021). Conversely, the potential 

vasotoxicity of doxorubicin has been poorly investigated. Some mechanisms observed in 

cardiomyocytes could also be involved in the cardiovascular system, such as calcium dysregulation or 

ROS production. Some studies demonstrated that endothelial cells were altered by doxorubicin 

administration (Luu et al., 2018, He et al., 2019, Hoffman et al., 2021). Sayed-Ahmed demonstrated 

that ET-1 levels in plasma and cardiac nitric oxide of Sprague-Dawley rats were increased after the 

administration of cumulative doses of doxorubicin (from 10mg/kg to 20mg/kg) for 10 days (Sayed-

Ahmed et al., 2001). A clinical study with a cohort of 30 patients treated with doxorubicin observed 

the plasma ET-1 level. Plasma ET-1 was elevated for 5 patients and 2 of them developed clinically overt 

congestive heart failure. The 25 patients without an increase of the plasma ET-1 didn’t develop 

congestive heart failure (Yamashita et al., 1995). ET-1 and NO are involved in the vascular tone 

(Nishiyama et al., 2017), their alterations by doxorubicin could induce alterations in the vasculature 

tone. 

Rodent models are widely used to investigate doxorubicin cardiomyopathy. Many in vitro models were 

created to investigate cardiovascular adverse effects on the cardiovascular system, such as the 

Langendorff perfusion model (Gharanei et al., 2013b), cardiac cell model (Gharanei et al., 2013a) or 

vessel model (Murata et al., 2001a, Bosman et al., 2021b). Gharanei used an in vitro Langendorff 

perfusion model for his experiments and determined that the optimal concentration to study 

cardiotoxicity was 1 µM of doxorubicin in Sprague-Dawley rat hearts (Gharanei et al., 2013a, Murata 

et al., 2001a). They used the same concentration in cell culture models of neonatal rat cardiac 

myocytes and HL-60 cells for 24 hrs incubation. Studies used animal artery models to investigate 

doxorubicin's adverse effects on vascular tone (Bosman et al., 2021b, Murata et al., 2001a). Murata 

investigated the chronic effects of doxorubicin on isolated rabbit mesenteric arteries. Rabbit 
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mesenteric arteries were incubated for 7 days with 0.3 µM, 1 µM or 10 µM of doxorubicin, where the 

two lowest doses are considered to be in the range of plasma levels observed in cancer patients 

treated with doxorubicin treatment (Murata et al., 2001a). Bosman studied the cardiotoxic effects of 

doxorubicin on isolated aorta of C57BL/6J mice model. Aorta arteries were incubated for 16 hrs with 

a doxorubicin concentration of 1 µM to study the effects of doxorubicin on SMC contraction (Bosman 

et al., 2021b). 

Given the current findings about doxorubicin-induced cardiotoxicity, the present study aims to set up 

an organ culture model with isolated rat left anterior descending arteries to study the cardiovascular 

adverse effects of doxorubicin on vascular tone.  

  

3.2.  Material & methods 

 Acute effect of doxorubicin on fresh LAD 

Rat LAD was dissected free in ice-cold Ca2+-free KH buffer (pH = 7.4) and divided into rings of 2 mm, 

and then mounted on the myograph directly. The mounted vessels were given a stabilisation period 

of 1 hr where the Na+ KH buffer (continuously gassed with 5 % CO2 in O2 at 37 °C, pH = 7.4) was changed 

every 15 min with a pre-tension fixed at 1.5 mN/mm after 30 min.  

Determine if the different doses of doxorubicin modified the contractile capacity. 

The LAD vessels were exposed to a 60 mM K+ KH buffer to measure the contractile capacity (Threshold 

for minimum contraction set to 1 mN). The viability of the endothelium was investigated by applying 

K+ KH-induced pre-contraction followed by 10-5 µM carbachol vasodilation. Doxorubicin (0.1 µM) was 

applied for 30 min, as shown in Figure 3-1. The contractile capacity and the viability of the endothelium 

was measured again, followed by washout with Na+ KH buffer. The same experiment was repeated 

three times with different concentrations of doxorubicin (0.25, 0.5 and 1 µM). 

 

Figure 3-1: Protocol of the experiment investigating the acute effect of Doxorubicin at different 

concentrations on LAD vessels. Na+ = Na+ KH, K+ = K+ KH, Doxo = doxorubicin. 
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Determine if the cumulative addition of doxorubicin could impact the contractile capacity 

The LAD vessels were exposed to a 60 mM K+ KH buffer to measure the contractile capacity (threshold 

for minimum contraction set to 1 mN). The viability of the endothelium was investigated by applying 

K+ KH-induced pre-contraction followed by 10-5 M carbachol vasodilation. This was followed by 

applying doxorubicin in a cumulative dose ranging from 0.001 µM to 10 µM (water – in increasing 

volumes - was applied as a vehicle/control group). There was a stabilisation period of 15 min between 

each dose application. Once the cumulative dose application of doxorubicin was completed, the 

contractile capacity and viability of the endothelium were measured again (Figure 3-2). 

 

Figure 3-2: Protocol of the experiment to observe the acute effect of doxorubicin added at 

cumulative doses on LAD vessels. Na+ = Na+ KH, K+ = K+ KH, Doxo = doxorubicin. 

 

 Determination of the optimal doxorubicin concentration 

Rat LAD was dissected free in ice-cold Na+ free KH (pH = 7.4) and divided into rings of 2 mm, and then 

incubated for 24 hrs in 1 mL of DMEM media at 37 °C and humidified with 5 % CO2 and 95 % O2. 

Doxorubicin (stock solution of 0.1 mM) was added to the media to obtain the final four doses: 0.1 µM, 

0.25 µM, 0.5 µM and 1 µM. The milli-Q (mQ) water was added to the media of LAD from the vehicle 

group. 

 

  

Figure 3-3: Experimental protocol to investigate optimal doxorubicin concentration.  Na+ = Na+ KH, 

K+ = K+ KH, Doxo = doxorubicin, 5-HT = serotonin. 
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After incubation, the LAD vessels were threaded on two 40 µM diameter stainless steel wires and 

mounted in Ca2+-free KH buffer on the myography setup. The buffer surrounding the vessels was 

changed to the Na+ KH buffer. The Na+ KH buffer was continuously gassed with 5 % CO2 and 95 % O2 

at 37 °C resulting in a physiological pH of 7.4. After the vessels were mounted a pre-tension in the 

range of 1.16 mN/mm to 1.52 mN/mm was applied (Ping et al., 2014). The mounted vessels were 

given a stabilisation period of 1 hr where the Na+ KH buffer was changed every 15 min, as shown in 

Figure 3-3. After stabilisation, the vessels were exposed to a 60 mM K+ KH buffer to measure the 

contractile capacity. The threshold for minimum 60 mM KCl contraction response was set to 1 mM, 

and all vessels with a contractile capacity below the threshold were discarded. The viability of the 

endothelium was investigated by applying 3. 10-7 M 5-HT-induced pre-contraction followed by 10-5 µM 

carbachol vasodilation.  

 

 Determination of the optimal incubation time 

LAD vessels were incubated in 1 mL DMEM media with 0.5 µM doxorubicin at 37 °C and humidified 

with 5 % CO2 and 95 % O2 for 24 hrs or 48 hrs to determine which incubation time was optimal. Non-

incubated fresh LAD segments were included in this part of the study as well. Fresh or incubated LAD 

vessels were threaded on two 40 µM diameter stainless steel wires and mounted in Ca2+-free KH buffer 

on the myography setup. The buffer surrounding the vessels was changed to the Na+ KH buffer. The 

Na+ KH buffer was continuously gassed with 5 % CO2 in O2 at 37 °C resulting in a physiological pH of 

7.4. After the vessels were mounted, a pre-tension of 1.16-1.5 mN/mm was applied. The mounted 

vessels were given a stabilisation period of 1 hr where the sodium buffer was changed every 15 min, 

as shown in Figure 3-3. After stabilisation, the vessels were exposed to a 60 mM K+ KH buffer to 

measure the contractile capacity. The threshold for minimum 60 mM KCl contraction response was 

set to 1 mM, and all vessels with a contractile capacity below the threshold were discarded. The 

viability of the endothelium was investigated by applying K+ KH-induced pre-contraction followed by 

10-5 µM carbachol vasodilation.  

 

 Real-time PCR protocol 

Total cellular RNA was extracted with the RNeasy Protect liquid mini kit following the supplier’s 

instructions. LAD arteries were removed from RNA protect reagent and homogenised in RLT buffer 

containing 0.01 % β-mercaptoethanol using a KIA Ultra-Turrax homogeniser (Sigma-Aldrich, USA). The 

samples were centrifuged for 3 min at full speed. The supernatant was mixed with 1 volume of ethanol 

70 % and transferred to an RNeasy spin column placed in a 2 mL collection tube. After centrifugation 
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for 15 sec at room temperature (RT) at 8,000 xg, total cellular RNA was fixed on the membrane in 

RNeasy spin column and the flow-through was discarded. Washing buffer RW1 was added to the 

RNeasy spin column and samples were centrifuged for 15 sec at room temperature at 8,000 xg. The 

second washing buffer RPE was added to the spin column and centrifuged for 15 sec at room 

temperature at 8,000 xg. The last washing step was with RPE buffer and samples were centrifuged for 

2 min at room temperature at 8,000 xg. RNAse-free water was added in the RNeasy spin column and 

samples were centrifuged for 1 min at room temperature at 8,000 xg to elute the RNA. Total RNA 

amount and purity were determined with NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer (ThermoFisher, USA). 

Reverse transcription of total cellular RNA to cDNA was performed with SuperscriptTM IV VILO Master 

Mix (ThermoFisher, US) in Eppendorf® Mastercycler® Nexus Thermal Cyclers (Merck, USA).  Total 

cellular RNA was mixed with SuperScript IVTM VILO Master Mix in a 20 µL reaction volume on ice. The 

mix was incubated at 25 °C for 10 min to anneal primers. Afterwards, it was incubated at 50 °C for 10 

min to reverse transcribe RNA. Finally, the mix was incubated at 85 °C for 5 min to inactivate the 

enzyme. The cDNA obtained was diluted in RNAse-free water to have a cDNA concentration of 1 ng/µL. 

Real-Time PCR was performed in a Real-Time PCR instrument QuantStudio 7 (ThermoScientific, USA) 

with the PowerTrack SYBR Green Master Mix (1X) with cDNA (at a final concentration of 0.5 ng/µL), 

with the forward and reverse primers (500 nM), and with RNAse-free water to a final reaction volume 

of 20 µL. Negative control was added in all experiments. A yellow buffer was mixed with the cDNA to 

facilitate the plate loading. Elongation factor-1 (EF-1) and Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) mRNA were used as endogenous control. Specific primers of ETA and ETB 

receptors, 5-HT1B receptors, TP receptors, EF-1 and GAPDH were designed (Table 2-1, in 2. General 

Methods chapter, section 2.2.3). Primers were resuspended in RNAse-free water to obtain a stock 

concentration of 100 mM and then, diluted to obtain a work concentration of 10 mM. Once each 

reaction was loaded in each well of a 96-well plate (ThermoScientific, UK), the Real-Time PCR 

instruments was run according to the company protocol. First, the enzyme was activated at 95 °C for 

2 min. Then, the two next steps were processed during 40 cycles. The cDNA was denatured at 95 °C 

for 15 sec and primers were annealed and extended at 60 °C for 1 min. A melt curve was obtained, 

immediately after the real-time PCR, in three steps to check for nonspecific amplification. Step 1 was 

at 95 °C for 15 sec, with a ramp rate of 1.6 °C/sec. Step 2 was at 60 °C for 1 min, with a ramp rate of 

1.6 °C/sec. Finally, step 3, also named dissociation, was at 95 °C for 15 sec, with a ramp rate of 0.075 

°C/sec. 
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 Data Analysis 

 All data are expressed as means ± S.E.M and n refers to the number of rats. The vasocontractile 

response to K+ KH was expressed in milliNewton (mN). The carbachol-mediated vasorelaxation was 

expressed as percentage of the 10-7 M 5-HT-induced contraction. To determine the acute effect of 

doxorubicin on vascular tension, the optimal concentration of doxorubicin, and the optimal 

doxorubicin incubation time, Kruskal-Wallis’s tests were performed for multiple comparisons. 

Unpaired Student T-test was used to compare 60 mM K+ KH contraction, endothelial viability with 

carbachol-mediated vasorelaxation, and the cumulative application of doxorubicin on fresh vessels. 

All calculations and statistical analysis were carried out using GraphPad Prism 9.0 (GraphPad Software, 

La Jolla, USA). Statistical significance was determined when p < 0.05.  

 

3.3.  Results  

 Acute effect of doxorubicin 

The acute effect on 60 mM K+ KH vasocontractile response in fresh LAD vessels was studied using four 

specific doses of doxorubicin (doses 0.1, 0.25, 0.5 and 1 µM) and is summed up in Figure 3-4. Control 

group (prior to any doxorubicin treatment) had a 60 mM K+ KH vasocontractile response of 4.01 ± 

0.28mN (n = 10), while the 0.1 µM, 0.25 µM, 0.5 µM and 1 µM doxorubicin groups, respectively, a had 

a 60 mM K+ KH vasocontractile response of 3.69 ± 0.30 mN (n = 10), 3.71 ± 0.31 mN (n = 10), 3.78 ± 

0.37 mN (n = 10) and 3.56 ± 0.32 mN (n = 9). All groups were compared using Kruskal-Wallis’ test, and 

no significant difference was observed. All in all, 15 min incubation of 0.1 - 1 µM doxorubicin doesn’t 

affect the contractile capacity of the fresh LAD vessels. 
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Figure 3-4: 60 mM K+ KH vasocontractile response of LAD vessels investigated prior to and after 

doxorubicin treatment at various concentrations. The doxorubicin treatment (0.1 µM, 0.25 µM, 0.5 

µM, and 1 µM) groups were compared to the vehicle control (prior to Doxorubicin treatment) group 

using Kruskal-Wallis’ test (n = 9 - 10). Doxo = Doxorubicin. 

 

The results from the cumulative application of doxorubicin (0.01 - 10 µM) to fresh LAD vessels are 

summarised in Figure 3-5. The cumulative application of doxorubicin seems to induce a low 

statistically insignificant increase in vasocontractility in concentrations 0.01 - 0.35 µM, 1 µM and 10 

µM doxorubicin and a low statistically insignificant decrease in vasocontractility in concentrations 0.4 

- 0.5 µM and 2.5 - 5 µM doxorubicin. A maximum increase in vasocontractility was observed at 0.01 

µM and 0.05 µM doxorubicin, while a maximum decrease in vasocontractility was observed at 0.4 µM 

doxorubicin. All in all, the acute cumulative application of doxorubicin (0.01 - 10 µM) on fresh LAD 

vessels doesn’t induce any change to the vascular tone (i.e. vasocontraction or vasorelaxation). 
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Figure 3-5: LAD vessel vascular tone (mN) after the addition of cumulative doxorubicin at a 

concentration range of 0.01 µM to 10 µM (n = 6). Control group is the baseline (i.e. prior to applying 

doxorubicin). The doxorubicin treatment (0.01 µM to 10 µM) groups were compared to the vehicle 

control (prior to doxorubicin treatment) group using Kruskal-Wallis’ test. 

 

The 60 mM K+ KH vasocontractile capacity was analysed prior to (Control) and after the cumulative 

application of doxorubicin (0.01 - 10 µM) (After doxorubicin group) on the fresh LAD vessels. The 

control group had a 60 mM K+ KH vasocontractile capacity of 2.94 ± 0.34 mN (n = 6), while the After 

doxorubicin group had a 60 mM K+ KH vasocontractile capacity of 1.92 ± 0.47 mN (n = 6). There was 

no statistical significance between the 60 mM K+ KH vasocontractile capacity prior to and after the 

cumulative application of doxorubicin (0.01-10 µM) (Figure 3-6). To summarise, the application of a 

single or cumulative doses of doxorubicin on fresh LAD vessels does not compromise the contractile 

capacity of the vessels. 
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Figure 3-6: 60 mM K+ KH vasocontractile response of LAD vessels investigated before and after the 

addition of cumulative doses of doxorubicin. Control group (n = 6) is the baseline (i.e. prior to applying 

doxorubicin). After-doxorubicin group (n = 6) is the measurement after doxorubicin application. Both 

groups were compared using Student T-test. 

 

 Determination of optimal doxorubicin concentration 

LAD vessels incubated in DMEM for 24 hrs with vehicle showed an average 60 mM K+ KH 

vasocontractile capacity of 2.35 ± 0.23 mN (n = 44). The presence of doxorubicin at 0.1 µM, 0.25 µM, 

0.5 µM and 1 µM during the incubation induces an average 60 mM K+ KH vasocontractile capacity of, 

respectively, 3.60 ± 0.31 mN (n = 12), 3.34 ± 0.40 mN (n = 16), 2.05 ± 0.21 mN (n = 32) and 0.89 ± 0.07 

mN (n = 2) (figure 3-7). Vessels incubated with 0.1 µM of doxorubicin had a statistically significantly 

higher vasocontractile capacity compared to vehicle-incubated vessels (p-value = 0.017). Incubation 

with 1 µM of doxorubicin for 24 hrs was very harsh for the vessels, as only two out of five vessels 

survived (i.e. demonstrated a 60 mM K+ KH vasocontractile capacity higher than 1.0 mN), and as a 

conclusion, 1 µM of doxorubicin is not suitable during 24 hrs of incubation as it damages the vessels 

and decreases the contractile capacity (p = 0.01). Vessels incubated with 0.25 µM and 0.5 µM 

doxorubicin had a 60 mM K+ KH vasocontractile capacity at the same level as the vehicle-incubated 

vessels. Therefore, 0.5 µM of doxorubicin during 24 hr-incubation was determined to be the optimal 

concentration of doxorubicin.  
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Figure 3-7:  60 mM K+ KH vasocontractile response of LAD vessels incubated for 24 hrs with vehicle 

control (n = 44) or doxorubicin (Doxo) in concentrations 0.01 µM (n = 12), 0.25 µM (n = 16), 0.5 µM 

(n = 32), and 1 µM (n = 2). The doxorubicin groups were compared to the vehicle control group using 

One-Way ANOVA Kruskal-Wallis’s test (* = p < 0.05). 

 

The viability of the endothelium was determined by applying 3. 10-7 M 5-HT-induced pre-contraction 

followed by 10-5 µM carbachol vasodilation in LAD vessels incubated for fresh vessels, 24 hrs with 

vehicle control or 0.5 µM doxorubicin. The carbachol-mediated relaxation was expressed as a 

percentage of the 3. 10-7 M 5-HT induced vasocontraction. The vehicle control group had an average 

carbachol-mediated relaxation of 47 ± 4 % (n = 32), while the 0.5 µM doxorubicin group had an average 

carbachol-mediated relaxation of 53 ± 4 % (n = 33) (Figure 3-8), however, there was no statistically 

significant difference between the carbachol-mediated relaxation of vehicle control or 0.5 µM 

doxorubicin groups. The fresh group had an average carbachol-mediated relaxation of 80 ± 8 % (n = 6) 

and was significantly higher than the vehicle group 47 ± 4 % (n = 32) (p = 0.443). 
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Figure 3-8: Carbachol-mediated vasorelaxation after serotonin (5-HT) pre-contraction in LAD 

vessels. The fresh group (n = 6) and doxorubicin group (n = 32) were compared to the vehicle control 

group (n = 33) using Kruskal-Wallis test. Doxo = doxorubicin, OC = organ culture. 

 

 Determination of optimal incubation time with 0.5 µM doxorubicin 

Fresh vessels have a statistically significantly higher 60 mM K+ KH vasocontractile capacity (2.99 ± 0.21 

mN; n = 21) compared to LAD vessels incubated with vehicle for 24 hours (2.35 ± 0.23 mN; n = 23) (p 

= 0.034) or 48 hours 1.78 ± 0.25 mN (n = 13) (p = 0.004) (Figure 3-9). 
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Figure 3-9: 60 mM K+ KH vasocontractile response of LAD vessels fresh (n = 21) or incubated for 24 

hrs or 48 hrs with vehicle control or 0.5 µM doxorubicin treatment. 1) 24 hrs vehicle (n = 23) or 0.5 

µM doxorubicin (n = 13) incubated vessels. 2) 48 hrs vehicle (n = 13) or 0.5 µM doxorubicin (n = 10) 

incubated vessels. Doxo = doxorubicin, OC = organ culture. One-way ANOVA Kruskal-Wallis’s test was 

used to analyse statistical differences (* = p < 0.05; ** = p < 0.01). 

 

Incubation of LAD vessels with vehicle for 48 hrs does not alter the 60 mM K+ KH vasocontractile 

capacity of the vehicle 48 hr-incubated LAD vessels 1.78 ± 0.25 mN (n = 13) when compared to vehicle 

24 hr-incubated LAD vessels 2.35 ± 0.23 mN (n = 23). 

Incubation of LAD vessels with 0.5 µM of doxorubicin for 24 hrs does not alter the 60 mM K+ KH 

vasocontractile capacity of the 0.5 µM doxorubicin incubated LAD vessels 2.05 ± 0.21 mN (n = 13) 

when compared to vehicle incubated LAD vessels 2.35 ± 0.23 mN (n = 23). However, LAD vessels 

incubated for 48 hrs with 0.5 µM of doxorubicin drastically reduced the 60 mM K+ KH vasocontractile 

capacity of the 48 hrs 0.5 µM doxorubicin incubated LAD vessels 0.50 ± 0.16 mN (n = 10) compared to 

vehicle incubated LAD vessels 1.78 ± 0.25 mN (n = 13) (p = 0.003). 

Therefore, the time of 24 hours for the incubation of LAD rings was selected as the optimal time for 

the next experiments based on these results. 

 

 Selection of the housekeeping gene for analysis 

The CT value of EF-1 and GAPDH of the 9 groups were compared to determine the most stable 

“housekeeping gene” to use as a reference when analysing the mRNA expression of the GPCR 

receptors. Statistical comparison was performed using the one-way ANOVA with Dunnett’s post-hoc 

1) 2) 
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test (GraphPrism 9.0 software). The CT values of GAPDH were similar for the nine groups, while some 

of the groups had an altered CT value for EF-1 as shown in Figure 3-10. Thus GAPDH was selected as 

the housekeeping gene/reference gene to investigate the mRNA expression of the studied GPCR 

receptors in LAD arteries. 
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Figure 3-10: Comparison of the CT value of the housekeeping genes GAPDH and EF-1. (A) Comparison 

of the CT value of GAPDH. (B) Comparison of the CT value of EF-1. Multiple comparisons with one-way 

ANOVA and Dunnett’s post-hoc test: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 

 

3.4.  Discussion / Conclusion 

The organ culture of arteries is an interesting in vitro model that mimics cardiovascular diseases 

Organ culture of arteries is an in vitro model used to mimic CVD progression (Murata et al., 2001a, 

Alm et al., 2002, Skovsted et al., 2012). In the present study, the incubated LAD vessels had a slight 

reduction of the contractile capacity when compared to the fresh vessels. Previous studies with organ 

culture models had shown no difference of the contractile capacity with fresh vessels (Alm et al., 2002, 

Skovsted et al., 2012, Sandhu et al., 2010). Alm (2002) studied the endothelium dysfunction of isolated 

rat mesenteric artery branches before and after a 20 hrs incubation. They used 60 mM K+ KH to 

examine the contractile capacity and observed no difference between the control group and the 

incubated group (Alm et al., 2002). Skovsted and Sandhu investigated the GPCRs alterations on, 

respectively, rat LAD arteries and rat cerebral arteries for 24 hrs incubation and both observed no 

difference between fresh vessels and 24 hr-incubated vessels (Skovsted et al., 2012, Sandhu et al., 

2010). However, Johansson (2008) studied the expression of rat ETB receptors in rat LAD arteries, 
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where an increase of the contractile capacity was observed after 24 hrs incubation and it has been 

suggested that it was due to the proliferation of SMCs (Johnsson et al., 2008).  

In animal models, altered blood flow can provoke an acute vasoconstriction response to restore 

arterial shear stress to physiological homeostasis levels (Kamiya and Togawa, 1980). Circumferential 

stress and shear stress are two mechanical factors known to be sensitive to altered arterial pressure, 

as observed during some CVDs, and abnormal circumferential stress and shear stress affect 

remodelling factors of arteries (Wayman et al., 2008). Shear stress is a mechanical factor which 

induces the nitric oxide (NO) release through endothelial nitric oxide synthase (eNOS) activation and 

regulates transcription and growth factors in endothelial cells (EC) (Noris et al., 1995). In the absence 

of shear stress, the production of NO is altered, which leads to endothelium dysfunction (Alm et al., 

2002). The development of several CVDs - such as hypertension, congestive heart failure, and 

atherosclerosis - is mimicked during organ culture, as organ culture induces similar chronic 

remodelling processes as observed during these CVDs (Tai et al., 2009, Ozaki and Karaki, 2002). The 

decrease of the contractile capacity observed in the present study could be due to the absence of 

shear stress and circumferential stress, leading to endothelium dysfunction. The decrease of 

carbachol-mediated relaxation observed on 24 hr-incubated LAD vessels, which is an indicator of 

endothelium dysfunction seems to correlate to the implication of previously described mechanisms in 

the decrease of the contractile capacity. The other models showed no decrease or conversely, an 

increase of the contractile capacity mimicking the chronic remodelling process observed during CVD 

(i.e. the proliferation of SMC). The present model showed a decrease of the contractile capacity 

induced by the incubation; however, the contractile capacity wasn’t altered by the period of 

incubation (24 hrs or 48 hrs). The present model could be mimicking a severe vascular injury on LAD 

vessels that the remodelling process can’t completely compensate to restore the contractile capacity. 

In the present study, the organ culture model was used to study the doxorubicin-induced vasotoxicity 

and cardiotoxicity effect on coronary artery vascular tone using rat LAD arteries. 

 

Doxorubicin treatment can be injected by a single high dose or cumulative low doses in experimental 

models 

Doxorubicin as a chemotherapeutic drug is usually administrated by cumulative doses inferior to 360 

mg of doxorubicin/m2 during a few weeks to cancer patients (Zamorano et al., 2016). Several pre-

clinical studies, using animal models to investigate the doxorubicin-induced cardiotoxicity on cardiac 

outcomes, administrated a single high dose or cumulative low doses of doxorubicin by intraperitoneal 
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or intravenous injection of doxorubicin, depending on the type of toxicity observed (Podyacheva et 

al., 2021). In in vivo models, acute and short-term effects of doxorubicin are mostly investigated after 

the injection of a single high dose of doxorubicin, whereas the chronic doxorubicin-induced 

cardiotoxicity is investigated by cumulative injections of lowest doses of doxorubicin during weeks or 

months. The doses of doxorubicin injected in animal models are equivalent to doses injected to 

doxorubicin-treated cancer patients (Podyacheva et al., 2021). However, the concentration of 

doxorubicin used in in vitro models needs to correlate to the plasma levels, since the organ is 

incubated with the doxorubicin. A study by Young et al.et al. (1981) showed that the concentration 

range of 0.2 µM to 1 µM of doxorubicin applied during vessel incubation was similar to the plasma 

concentration of doxorubicin in doxorubicin-treated patients (Young et al., 1981). Murata et al.et al. 

(2001) studied the chronic vascular toxicity of doxorubicin in rabbit mesenteric arteries and reported 

that, after 7 days of incubation, the optimal dose of doxorubicin was 0.3 µM (Murata et al., 2001a). In 

another study, doxorubicin-induced cardiotoxicity and a potential adjuvant, the immunosuppressant 

cyclosporin A was investigated on Sprague-Dawley rat hearts using the Langendorff perfusion model 

and on viability studies of neonatal rat cardiac myocytes, and the optimal doxorubicin dose was 1 µM 

(Gharanei et al., 2013b). The present study is on LAD arteries from Sprague-Dawley rats and showed 

that 0.5 µM was the optimal concentration of doxorubicin to investigate the doxorubicin-induced 

vasotoxicity on 24 hr-incubated rat LAD arteries, which is comprised in the range of the therapeutic 

doses of doxorubicin (Young et al., 1981).  

Moreover, Herman et al.et al. (1998) compared two genetically related Wistar Kyoto rat strains to 

determine the more suitable model to investigate doxorubicin-induced cardiotoxicity. They compared 

the cardiac adverse effects of doxorubicin on spontaneous hypertensive rats and on normotensive 

rats. They observed that both strains developed cardiac issues, however, the hypertensive rats were 

more sensitive to doxorubicin-induced cardiotoxicity.  They demonstrated that rat models with more 

sensitive cardiovascular issues were more suitable to study the doxorubicin-induced cardiotoxicity 

(Herman et al., 1985, Herman and Ferrans, 1998). this study’s organ model is, in contrast, an in vitro 

model with a different rat strain, Sprague-Dawley. However, the organ culture of LAD arteries is 

mimicking the mechanisms observed in CVD, as described previously, which made it a suitable model 

to study the doxorubicin-induced vasotoxicity.  

 

 

Doxorubicin has no acute effect on the contractile capacity of LAD arteries 
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In the present study, the acute effect of doxorubicin on contractile capacity was tested on fresh LAD 

vessels at four different concentrations: 0.1 µM, 0.25 µM, 0.5 µM and 1 µM after 15 min. The 

contractile capacity was not compromised due to doxorubicin treatment at any of the concentrations 

applies. Also, cumulative administration of doxorubicin on fresh LAD vessels at a concentration range 

of 0.01 µM to 10 µM was conducted to investigate the potential vasocontractile or vasodilatory effect 

of doxorubicin, however, no acute vasocontractile or vasodilatory effect was observed. This study’s 

results are in agreement with Murata et al.et al. (2001), who demonstrated that doxorubicin 

application on fresh rabbit mesenteric arteries at a concentration range of 0.3 – 10 µM had no acute 

effects on smooth muscle contractility. Furthermore, they also reported that the morphology of SMCs 

was preserved during the doxorubicin treatment (Murata et al., 2001b).  

 

The doxorubicin-induced cardiotoxicity is concentration-dependent 

Doxorubicin concentration range during 24 hrs incubation was tested by investigating the effect on 

the 60 mM K+ KH vasocontractile capacity. High potassium exposure induces an increase of the 

extracellular potassium concentration, which modifies the potassium homeostasis leading to the 

depolarisation of the SMC membrane and vasoconstriction (Haddy, 1983). The 60 mM K+ KH 

concentration was in agreement with previous vascular studies (Alm et al., 2002, Skovsted et al., 

2012). 

Based on Gharanei et al.et al. study (Gharanei et al., 2013a), in this study LAD arteries were initially 

incubated for 24 hrs with 1 µM doxorubicin. However, this concentration of doxorubicin was too high 

as the contractile capacity of the vessels was almost abolished. A minimum threshold of 1 mN 

contractile capacity is applied in vascular contractile studies, as a contractile capacity below 1 mN 

represents a severely compromised nonviable vessel and is thus therefore not included in vascular 

studies.  

A lower concentration of doxorubicin was therefore investigated. Murata et al.et al. (2001) used 0.3 

µM and 1 µM doxorubicin during rabbit mesenteric artery incubation to investigate doxorubicin-

induced vasotoxicity, and the team reported that the contractile response after 1 µM doxorubicin 

incubation was decreased considerable, which is in agreement with to this study’s results. However, 

the 0.3 µM concentration of doxorubicin did not affect the contractile capacity compared to the 

vehicle group (Murata et al., 2001a). In this study, lower concentrations of doxorubicin were tested in 

addition to the compromising doxorubicin concentration of 1 µM. Lower concentrations were in 

agreement with previous publications (Murata et al., 2001a, Young et al., 1981) and the following 
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additional lower doxorubicin concentrations were therefore investigated during 24 hrs LAD vessel 

incubation: 0.1 µM, 0.25 µM, and 0.5 µM. LAD vessels incubated for 24 hrs in the presence of 0.25 µM 

or 0.5 µM doxorubicin had a similar contractile response as vessels incubated with vehicle. The highest 

concentration of 0.5 µM doxorubicin that didn’t compromise the LAD vessel contractile capacity was 

chosen as the optimal doxorubicin concentration for the present experiments. This study’s results 

demonstrate that the optimal concentration of doxorubicin is 0.5 µM during 24 hrs incubation of rat 

LAD vessels to study the vasotoxic and cardiotoxic effect of doxorubicin. 

 

The doxorubicin-induced cardiotoxicity is time-dependent 

Hayward et al.et al. (2013) studied the doxorubicin-induced cardiotoxicity in skeletal (with isolated 

skeletal muscle), cardiac (with isolated perfused heart) and smooth muscle (with isolated aortic rings), 

after a single injection of 15 mg of doxorubicin/kg on male Sprague-Dawley rats. They studied the 

doxorubicin effects on day 1, day 3 and day 5 post-injection. The cardiac function was investigated by 

isolated heart perfusion, and aortic vascular tone was investigated by wire-myography. In vascular 

smooth muscle, the doxorubicin was accumulated at low doses and was retained for a longer period 

of time than in other tissues. Their study showed that vascular dysfunction occurs during day 1 and 

was sustained on day 5 (Hayward et al., 2013). Murata et al.et al. (2001) studied the chronic effect of 

doxorubicin at three different concentrations - 0.3 µM, 1 µM and 10 µM - on vascular endothelium 

(Murata et al., 2001b). Their study highlighted the long-term effect of doxorubicin on the vascular 

wall, which occurs during DNA damage and apoptotic changes, followed by alterations of the SMC. To 

determine the optimal incubation time in the present study, LAD vessels were incubated for 24 hrs 

and 48 hrs in an organ culture setting. The contractile capacity of LAD vessel was severely 

compromised in the presence of 0.5 µM doxorubicin after 48 hrs of incubation, however, 24 hrs 

incubation did not alter the contractile response. These results demonstrate that 24 hrs is the optimal 

period of incubation time to study the vasotoxic and cardiotoxic effect of 0.5 µM doxorubicin in rat 

LAD vessels. 

 

Conclusion 

In this chapter, the in vitro organ culture model of doxorubicin-induced vasotoxicity and cardiotoxicity 

was optimised. The data presented in this chapter showed that acute application of doxorubicin to 

fresh LAD vessels (from 0.01 µM to 10 µM) did not show any vasocontractile or vasodilatory effects of 

doxorubicin, nor did the acute application of doxorubicin (from 0.1 µM to 1 µM) to fresh LAD vessels 
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change the contractile or dilatory capacity of the vessels. The optimal conditions to study the vasotoxic 

and cardiotoxic effects of doxorubicin were narrowed down to a concentration of 0.5 µM of 

doxorubicin incubated for 24 hrs during organ culture settings. This optimised in vitro organ culture 

model of doxorubicin-induced vasotoxicity and cardiotoxicity will be used to study the effect of 

doxorubicin on GPCRs-mediated vasocontraction in the following chapters.  



96 | P a g e  
 

Chapter 4 

4. The effect of doxorubicin on GPCR-mediated vasocontraction in rat coronary 

arteries, and the influence of GPCR specific antagonists. 
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Live poster presentation: Doxorubicin-induced cardiotoxicity: Investigating the effect on G protein-

coupled receptors mediated vascular tone. Miss Caroline Lozahic, Prof Helen Maddock, Dr Hardip 

Sandhu. 

 Safety pharmacology Society (SPS):  

o 2020 SPS Virtual Meeting 

Online poster presentation: Doxorubicin-induced cardiotoxicity: Investigating the effect on miRNA 

expression and GPCR mediated vascular tone. Caroline Lozahic, Mark Wheatley, Helen Maddock, and 

Hardip Sandhu. 

o 2021 Virtual Annual Meeting 

Online Poster presentation: Doxorubicin-induced vasotoxicity in coronary vessels: Investigating the G-

protein coupled receptor mediated vasoconstriction. Miss Caroline Lozahic, Prof Mark Wheatley, Prof 

Helen Maddock, and Dr Hardip Sandhu 
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4.1.  Introduction 

Clinical studies have highlighted an increase of arterial stiffness in patients treated with anticancer 

drugs both during and after the treatment, including doxorubicin (Parr et al., 2020, Mozos et al., 2017, 

Chaosuwannakit et al., 2010). Arterial stiffness is known to be associated with CVDs, such as 

hypertension, stroke, and congestive heart failure (Laurent and Boutouyrie, 2020, Sutton-Tyrrell et al., 

2005, Chae et al., 1999).  

However, the doxorubicin-mediated vasotoxicity has been poorly investigated, notably on the VSMCs. 

A study on human coronary arteriolar function showed that chemotherapeutic treatment could 

induce a reduction of the endothelial function, however, the mechanisms involved were not clear 

(Hader et al., 2019). Bosman at al. studied the doxorubicin-induced arterial stiffness in mouse aortic 

artery in vivo and ex vivo models (Bosman et al., 2021a). Their team showed that doxorubicin could 

induce arterial stiffness even in absence of cardiac dysfunction. Moreover, the doxorubicin-mediated 

vasotoxicity impaired the endothelium function by reducing the endothelium-dependant 

vasorelaxation and enhancing the vasocontraction leading to arterial stiffness. It has been postulated 

that doxorubicin-induced endothelial-toxicity is caused by the accumulation of ROS in mitochondria 

leading to apoptosis of the endothelial cells (EC) and decrease of endothelial nitric oxide synthase 

(eNOS) levels, an essential enzyme for the endothelial function (He et al., 2019). Doxorubicin-

mediated vasotoxicity has been observed in VSMCs  using different ex vivo models, including isolated 

mouse aorta (Doxo = 1 µM, during 16 hrs) (Bosman et al., 2021b) and rabbit mesenteric arteries (Doxo 

= 0.3, 1, 10 µM, during 7 days) (Murata et al., 2001a),  and in an in vivo model:  rats aorta (Doxo = 15 

mg/kg during 1, 3 or 5 days) (Hayward et al., 2013). These studies showed that doxorubicin (from 1 

µM) was altering the vasocontractile capacity of vessels. However, the underlying specific mechanisms 

of action during doxorubicin-induced cardiotoxicity remain unclear. Hayward et al.et al. investigated 

the effect of doxorubicin (15 mg/kg) on cardiac (i.e. isolated heart perfusion), skeletal (i.e. isolated 

skeletal muscle), and smooth muscle (i.e. isolated aorta rings) function. Their studies showed that 

doxorubicin affected the VSMCs leading to an alteration of the vasocontractile responsiveness of rat 

aortic artery (Hayward et al., 2013). Conflicting results have been reported regarding the doxorubicin-

induced cardiotoxicity effect on VSMCs by various papers. Studies have reported that at therapeutic 

and toxic doses doxorubicin induces a decrease of the phenylephrine (PE)-mediated vasocontractility 

of vascular smooth muscle in an ex vivo model of isolated rat aorta (Doxo = 0.3, 1, 10 µM) (Murata et 

al., 2001b) and a decrease of the PE-mediated vasocontractile response in an in vivo model of rat 

thoracic aorta (Doxo = 20 mg/kg) (Olukman et al., 2009). Conversely, Shen et al.et al. observed that 

doxorubicin had an acute effect on the aortic vasocontractile capacity by increasing the VSMCs 

vasocontraction in isolated C57BL16 mouse aortic vessels during doxorubicin treatment (10 and 100 
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µM). The vasoconstriction was induced by the increase of Ca2+ release from sarcoplasmic reticulum 

and increase in Ca2+-influx in mouse VSMCs (Shen et al., 2009). The specific mechanisms involved in 

doxorubicin-induced vasotoxicity on VSMCs remain unclear. 

The plasma ET-1 level is increased in patients with chronic heart failure (Wei et al., 1994). ET-1 can 

bind two types of endothelin GPCR receptors (ETA and ETB) in the vascular system (Wang et al., 2018). 

ETB receptors are found in both endothelium and SMCs. In endothelial cells, ETB receptors are involved 

in vasodilatation by NO and prostaglandin production, while ETB receptors in SMC are involved in 

vasocontraction. ETA receptors are found in SMCs and are mainly responsible of the VSMC 

vasocontraction (Maguire and Davenport, 2015). In the clinic, endothelin receptor specific antagonists 

are used to treat pulmonary arterial hypertension in patients, including bosentan (blocks both ETA and 

ETB receptors), macitentan (blocks both ETA and ETB receptors), and ambrisentan (blocks ETA 

receptors) (Enevoldsen et al., 2020). 

The 5-hydroxytryptamine 1B (5-HT1B) receptor is a serotonin GPCR receptor, and in human coronary 

artery SMCs 5-HT1B is involved in vasoconstriction (Nilsson et al., 1999b). A recent study investigated 

the potential cardioprotective effect of the 5-HT agonist sumatriptan against doxorubicin-induced 

cardiotoxicity. They administered 2.5 mg/kg of doxorubicin by intra-peritoneal injection, 3 times a 

week, during two weeks in rats. Sumatriptan (0.1 mg/kg) was administrated 30 min before the 

doxorubicin injection to investigate its potential cardioprotective properties. They demonstrated that 

the anti-oxidant and anti-inflammatory properties of Sumatriptan at a concentration of 0.1 mg/kg 

could be cardioprotective against doxorubicin-induced cardiotoxicity in rats (Sheibani et al., 2021).  

However, Sheibani et al.et al. tested the cardioprotective effect of Sumatriptan at the highest 

concentrations of 1 and 3 mg/kg and they observed an aggravation of the doxorubicin-induced 

cardiotoxicity (data not shown in cited paper), while Sumatriptan at a concentration of 0.1 mg/kg 

showed interesting cardioprotective effects (Sheibani et al., 2021). This study's results suggest a 

potential involvement of the serotonin receptors in doxorubicin-induced cardiotoxicity.     

Thromboxane prostanoid (TP) receptor mediates platelet activation, vasoconstriction, EC activation 

and SMC proliferation (Capra et al., 2014). Thromboxane A2 (TxA2) is the most potent agonist of the 

TP receptors and TxA2 binding to the TP receptors leads to vasocontractile responses (Chen, 2018). 

Elevated TxA2 levels are observed in the circulation of patients with ischemic heart disease leading to 

increased vasoconstriction and platelet aggregation observed during CVD (Touchberry et al., 2014). 

TxA2 binding to TP receptors mediates an influx of Ca2+ in SMC leading to vasocontraction (Grann et 

al., 2016). An ex vivo study on mesenteric arteries from hypertensive rats reported that mesenteric 

arteries vasoconstriction was increased by elevated TxA2 production which is promoted by the 
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increased production of ROS, induced by cumulative incubation (4 min per dose) of H2O2 (1 – 100 µM)  

(Garcia-Redondo et al., 2015). 

Due to their involvement in physiological and pathological changes of the vascular tone during CVDs 

and risk factor exposure, ETA, ETB, 5-HT1B and TP receptors are interesting mediators to study during 

doxorubicin-mediated vasotoxicity. Specific agonists (Table 9.1 in Appendices) and antagonists (Table 

9.2 in Appendices) can be used to study the vascular function of the four GPCRs mentioned above. ETA 

and ETB receptor-mediated vasoconstriction in arteries SMC, including coronary arteries SMC, can be 

investigated by applying ET-1 (KD = 0.48 nM in rat cardiomyocytes) (Fareh et al., 1996), while 

sarafotoxin 6c (S6c) (KD(ETB) = 0.06 nM and KD(ETA) = 1.5 µM in rat heart) (Russell and Davenport, 1996) 

can be used to study ETB receptor-mediated vasoconstriction (Skovsted et al., 2012). 5-

carboxamidotryptamine (5-CT) is an agonist of the 5-HT1B receptor, and the application of 5-CT leads 

to 5-HT1B-mediated vasocontraction (Nilsson et al., 1999b). 5-CT binds with a pEC50 = 10-7.9 M to 5-HT1B 

in the cerebral nervous system (CNS), but can also bind 5-HT2A receptor found in coronary arteries 

with a lower affinity (pEC50 = 10-3.5 M) in fibroblast-like cell isolated from the aortic thoracic smooth 

muscle of an embryonic rat (A7r5) (Hoyer et al., 1994). 9,11-dideoxy-11α,9α-

epoxymethanoprostaglandin F2α  (U46619) is an agonist of the TP receptor, and application of U46619 

leads to TP-mediated vasoconstriction (Sandhu et al., 2011). U46619 binds to TP receptors with an 

EC50 of 7.0 nM for the rat TP receptors in rat aorta. 

The first aim of the work presented in this chapter is to determine if doxorubicin affects the ETA, ETB, 

5-HT1B and TP receptor-mediated vasocontraction. To study the involvement of these GPCRs, the 

vascular tone of the rat's left anterior descending (LAD) arteries in response to these GPCR agonists 

was studied using the in vitro vascular force measurement technique by wire-myography. The second 

aim of this chapter is to determine if the GPCR-induced vasocontraction observed is truly specific to 

the GPCR by application of GPCR specific antagonists. To verify the involvement of the studied specific 

GPCRs during doxorubicin-mediated vasotoxicity specific antagonists (ETA specific BQ123; ETB specific 

BQ788; 5-HT1B specific GR55562 and TP specific Seratrodast) were used in presence of the 

chemotherapeutic drug or vehicle prior to GPCR agonist stimulation (Skovsted et al., 2015, Maassen 

VanDenBrink et al., 2000, Hader et al., 2019, Wouters et al., 1999).  
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4.2.  Material & methods 

 

 Animal ethics 

Male Sprague-Dawley rats (300 – 350 g) were used during the experiments. The animals were 

purchased from Charles River (Margate, UK) and housed at the University of Warwick. Experiments 

were conducted in accordance with the Home Office Guidance on the Operation with Animals 

(Scientific Procedures Act 1986; The Stationary Office, London, UK) and were approved by the Ethics 

Committee of Coventry University. 

 

 Materials 

Doxorubicin hydrochloride was purchased from Tocris Biosciences (Bristol, UK) and was dissolved in 

Reverse Osmosis (RO) water with a final stock concentration of 1mM. 

Serotonin hydrochloride, carbachol, sarafotoxin S6c, endothelin-1, 9,11-dideoxy-11α,9α-

epoxymethanoprostaglandin F2α (U46619), 5-carboxamidotryptamine maleate salt were purchased 

from Sigma-Aldrich (Merck KGaA, US). U46619 was dissolved in methyl acetate with final stock 

concentration of 3mM. All the other drugs were dissolved in RO water. Serotonin hydrochloride and 

carbachol had a final stock concentration of 10 mM. Sarafotoxin 6c and endothelin-1 had a final stock 

concentration of 0.1 mM. U46619 and 5-carboxamidotryptamine had a final stock concentration of 

27mM and 30mM, respectively. The antagonists BQ788, BQ123 and Seratrodast were purchased from 

Tocris Biosciences (Bristol, UK). The antagonist GR55562 was purchased from Sigma-Aldrich (Merck 

KGaA, US). BQ788 and Seratrodast were dissolved in DMSO with a final stock concentration of 0.1mM. 

BQ123 and GR55562 were dissolved in RO water with a final stock concentration of 400µM and 

0.1mM, respectively. All drugs were aliquoted in suitable volumes and stored at -20°C. 

Dulbecco’s Modified Eagle Medium, DMEM (1g/L D-Glucose, 4mM L-Glutamine, 0.11g/L Sodium 

pyruvate) and Antibiotic-antibiotic (10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin, and 

25 µg/mL of Gibco Amphotericin B) were purchased from ThermoFisher Scientific (Massachusetts, 

US). All reagents used to prepare the KH buffers for the myography experiments were purchased from 

Fisher Bioreagents (Fisher Scientific, US). 
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 Isolated left anterior descending artery (LAD) preparation 

Sprague-Dawley rats were ethically and humanely sacrificed, and LADs were rapidly dissected free, as 

described in chapter 2, section 2.3.2. The LAD was cut into 4 rings of approximatively 2 mm in length 

each and the LAD segments were divided into 2 groups. Vessels were incubated in DMEM low glucose 

media added either vehicle (vehicle group) or 0.5 µM doxorubicin (Doxo group) at 37 °C and 

humidified with 5 % CO2 and 95 % O2. The vessels were incubated for 24 hrs as this was determined 

as the optimal incubation time with 0.5 µM doxorubicin (please refer to Chapter 3 section 3.3.2). 

 

 Myography protocol 

4.2.4.1. GPCRs dose-response protocol of LAD arteries without antagonist inhibition 

Vessels were mounted in Ca2+free KH buffer on the myograph after 24 hrs of incubation, and 

afterwards, the buffer was changed to Na+ KH and the vessels were stabilised for 1 hr (see Figure 4-1). 

 

Figure 4-1: Experimental protocol to study vascular contractility and dilatory capacity of LAD vessels. 

Na+ = Na+ KH, K+ = K+ KH, 5-HT = serotonin. 

 

A pre-tension in the range of 1.16mN/mm to 1.52mN/mm was applied during this stabilisation step 

(Ping et al., 2014). After the stabilisation period, the vessels were exposed to a 60 mM K+ KH to 

measure the maximum vasocontraction capacity. The K+ KH buffer maximum vasocontraction is used 

as reference for the study of the GPCR agonist-mediated dose-response curves, therefore the 

contractile capacity, determined by K+ KH buffer needs to be above 1 mN or else the vessels were 

excluded. Vessels were washed twice with Na+ KH for 15 min and a second 60 mM K+ KH contraction 

was recorded. Vessels were washed with Na+ KH with 15 min intervals until the vascular tension came 

back to the baseline level (minimum 30 min). To measure the vasodilatory capacity the vessels were 

pre-contracted with 3. 10-7 M serotonin (5-HT) followed by applying 10-5 M carbachol. Vessels were 

washed with Na+ KH with 15 min intervals until the vascular tension came back to the baseline level.  
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Figure 4-2: Experimental protocol to study dose-response curve of specific GPCR agonists. S6c = 

sarafotoxin 6c, agonist of ETB receptors; 5-CT = 5-carboxyamidotryptamine, agonist of 5-HT1B 

receptors, ET-1 = endothelin-1, agonist of ETA and ETB receptors; U46619, agonist of TP receptors 

 

Once the vasocontractile and vasodilatory capacity of the vessels was measured - and thus established 

the function and viability of the vessels - the dose-response curve can be measured. As seen in Figure 

4-2, cumulative doses of the specific agonists will be added, starting from the lowest dose and then 

increasing in half-log increments to the highest dose. The segments were either stimulated with (i) ETB 

receptor agonist sarafotoxin 6c (S6c), from 10-14 M to 10-7.5 M, followed by Na+ KH washing with 15 

min intervals until the vascular tension reverted to the baseline level, where after the second dose-

response curve was measured by applying ETA and ETB receptor agonist endothelin-1 (ET-1), from 10-

14 to 10-7.5 M, or by stimulation with (ii) 5-HT1B receptor agonist 5-carboxamidotryptamine (5-CT), from 

10-12 to 10-5.5 M, followed by Na+ KH washing with 15-minute intervals until the vascular tension 

reverted to the baseline level, where after the second dose-response curve was measured by applying 

thromboxane A2 receptor agonist U46619, from 10-12 to 10-6.5 M.  

 

4.2.4.2. GPCRs dose-response protocol of LAD arteries with antagonist inhibition 

 Vessels were stabilized and fixed at selected pre-tension, and their contractile capacity was 

investigated as in the previous section 4.2.4.1. 
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Figure 4-3: Experimental protocol to study dose-response curve of specific GPCR agonists after 

30mins antagonists pre-treatment. S6c = sarafotoxin 6c, the agonist of ETB receptors; 5-CT = 5-

carboxyamidotryptamine, the agonist of 5-HT1B receptors, ET-1 = endothelin-1, the agonist of ETA and 

ETB receptors; U46619, the agonist of TP receptors. 

 

Once stabilised the vessels were incubated for 30 min with the antagonist, BQ788 (0.1 µM) or 

GR55562 (1 µM), as shown in Figure 4-3. Then, a dose-response curve was obtained, as described in 

previous section 4.2.4.1., by adding cumulative application of sarafotoxin 6C (10-14 M to 10-7.5 M) to 

BQ788 treated vessels or 5-carboxyamidotryptamine (10-12 M to 10-5.5 M) to GR55562 treated vessels. 

Vessels were washed in Na+ KH for 2x 15 min, where after the vessels were incubated for 30 min with 

the second antagonist, BQ123 (10 µM) + BQ 788 (0.1 µM) or Seratrodast (1 µM). Finally, a second 

dose-response curve was obtained, as described in previous section 4.2.4.1., by adding cumulative 

application of endothelin-1 (10-14 M to 10-7.5 M) to BQ123 and BQ 788 treated vessels, or U46619 (10-

12 M to 10-6.5 M) to Seratrodast treated vessels. The effect of BQ788 (0.1 µM) or BQ123 (10 µM) mono-

administration prior to the ET-1 dose-response curve was also studied.  

 

 Statistical analysis 

All data are expressed as mean ± SEM and n refers to the number of rats used.  

Contractile responses to agonists in each vessel were expressed as percentage of the 60 mM K+ KH-

induced contraction. Student’s T-test and Two-way ANOVA + Bonferroni were used as statistical tests. 

All statistical analyses were carried out using SPSS (T-test) or GraphPad Prism (ANOVA) software.  

Statistical significance was determined when p < 0.05. 

“Emax” values represent the maximal contractile response elicited by the agonist and are generated by 

the software Graph-Pad Prism 9. Cmax values represent the contraction obtained at the highest agonist 

dose and are applied when the “Emax” couldn’t be determined due to stock concentration constrains. 

The “pEC50” values represent the negative logarithm of the agonist concentration that produces 50 % 

of the maximal contractile effect and are generated with Graph-Pad Prism 9, based on the “Emax” value. 
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The calculations were carried out using Graph-Pad Prism 9 (GraphPad Software, La Jolla, USA). “Emax” 

and “pEC50” values were statistically analysed with Kruskal-Wallis test, using GraphPrism software. 

 

4.3.  Results 

 Doxorubicin alters the sarafotoxin 6c (endothelin B receptor agonist) mediated 

vasocontraction  

Vasocontractile responses to sarafotoxin 6c (ETBR agonist) 

The endothelin ETB receptor specific agonist, sarafotoxin 6c, was used to investigate the effect of 

doxorubicin treatment of LAD vessels incubated for 24 hrs on ETB receptor-mediated vasocontraction 

compared to vehicle-treated vessels. The dose-response curve obtained from the ETB receptor-

mediated vasocontraction was biphasic. The S6c-induced ETB receptor-mediated vasocontraction 

values are given as percentage of the maximal contractile response, induced by 60 mM K+ KH. 

After 24 hrs of organ culture with 0.5 µM doxorubicin, the ETB-mediated vasocontraction was 

increased in the dose range of 10-13 M to 10-10.5 M (Figure 4-4). The significant increase of contraction 

observed in the presence of 0.5 µM doxorubicin was from 13.42 ± 2.02 % (p = 0.007) at 10-13 M to 

45.83 ± 7.30 % (p = 0.04) at 10-10.5 M compared to 4.71 ± 1.49 % at 10-13 M to 20.93 ± 4.93 % at 10-10.5 

M in vehicle-treated vessels. 0.5 µM doxorubicin treatment did not alter the “Emax” of 0.5 µM 

doxorubicin-treated vessels (“Emax” = 113.30 ± 6.2 %) compared to vehicle-treated vessels (“Emax” = 

127.0 ± 5.6 %). The ETB receptor-mediated biphasic dose-response curve with two “pEC50”-values 

indicates a binding and stimulation of sarafotoxin 6c to at least two ETB subtype receptors with 

different affinities for sarafotoxin 6c. 0.5 µM doxorubicin treatment did not alter the “pEC50” values 

of 0.5 µM doxorubicin treated vessels (“pEC501” = 10-12.3 M and “pEC502” = 10-8.7 M), compared to 

“pEC50” values of vehicle treated vessels (“pEC501” = 10-12.3 M and “pEC502” = 10-8.9 M). The “Emax”, 

“pEC501” and “pEC502” are shown in table 4-1.  
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Figure 4-4: Vasocontractile response to the cumulative application of sarafotoxin 6c (S6c) (ETB 

receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries. Doxorubicin 

group (n = 19; Red) was compared to Vehicle group (n = 17; Blue). Doxo = doxorubicin, S6c = 

Sarafotoxin 6c, K+ = 60mM K+ KH. Values given represent mean ± S.E.M and contractile responses were 

compared to vehicle group using Unpaired student T-test (* = p value < 0.05. ** = p value < 0.01). 

 

Vasocontractile responses of sarafotoxin 6c (ETBR agonist) in presence of BQ788 (ETBR antagonist) 

Doxorubicin and vehicle-incubated LAD arteries were exposed to an ETB receptor specific antagonist 

BQ788 (0.1 μM) for 30 min, followed by cumulative application of sarafotoxin 6c to establish the ETB 

receptor specificity of the sarafotoxin 6c agonist. 

In 24 hrs organ-cultured vehicle arteries, the significant reduction of ETB-mediated contraction 

observed after BQ788 pre-treatment of vessels was from 3.9 ± 0.4 % (p = 0.011) at 10-12 M to 62.9 ± 

17.4 % (p = 0.030) at 10-8.5 M, compared to 12.4 ± 3.6 % at 10-12 M to 98.0 ± 9.9 at 10-8.5 M in vehicle-

treated vessels, i.e. a difference of contraction from 8.4 % to 35.1 % at the S6c dose range 10-12 M to 

10-8.5 M (Figure 4-5 (A)). The pre-treatment with BQ788 of vehicle vessels (“pEC502” = 10-8.42 M, p = 

0.0136) slightly right-shifted the second phase of the biphasic curve compared to BQ788 naïve vehicle 

vessels (“pEC502” = 10-8.91 M), while the “pEC501” remained unaltered, as shown in Table 4-1. BQ788 

pre-treatment increased the maximal ETB-mediated contraction of BQ788 pre-treated vehicle vessels 



106 | P a g e  
 

(“Emax” = 161.56 ± 11.95 %, p = 0.0219) compared to maximal ETB-mediated contraction of the BQ788 

naïve vehicle vessels (“Emax” = 127.0 ± 5.6 %)  

In 24 hrs organ-cultured arteries treated with 0.5 µM doxorubicin, the ETB-mediated contraction was 

reduced at almost all the S6c doses applied (Figure 4-5 (B)). The vasocontractile difference between 

BQ788 and BQ788 naïve vessels was significant (p < 0.005) at 10-14 M to 10-13 M sarafotoxin 6c 

application, however, the reduction of vasocontraction was less than 10 % throughout this range. At 

the sarafotoxin 6c concentration of 10-12.5 M to 10-10.5 M, the application of BQ788 induced a decrease 

of the ETB-mediated contraction in BQ788 and doxorubicin treated vessels (from 10.0 ± 1.5 % (p = 

0.002) at 10-12.5 M to 33.4 ± 3.1 % (p = 0.010) at 10-10.5 M) compared to BQ788 naïve doxorubicin-

treated vessels (from 22.3 ± 3.5 % at 10-12.5 M to 45.8 ± 7.3 % at 10-10.5 M). Finally, at the sarafotoxin 

6c concentration of 10-9 M to 10-8 M the ETB-mediated contraction was reduced by 22 - 27 % in BQ788 

treated vessels (from 45.0 ± 4.0 % (p = 0.028) at 10-9 M to 79.7 ± 5.7 % (p = 0.017) at 10-8 M) compared 

to BQ788 naïve vessels (from 66.9 ± 8.9 % at 10-9 M to 106.1 ± 9.1 % at 10-8 M).  Pre-treatment with 

BQ788 in 0.5 µM doxorubicin-treated vessels did not alter “Emax” and “pEC50” values compared to 

BQ788 naïve 0.5 µM doxorubicin vessels (Table 4-1). 
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Figure 4-5: Vasocontractile response to the cumulative application of sarafotoxin 6c (ETB receptor 

agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 min 

of 0.1 µM BQ788 (ETB receptor antagonist). (A) Vasocontractile response to the cumulative 

application of sarafotoxin 6c to LAD arteries in the vehicle groups. Vehicle group (n = 17; Blue) and 

vehicle + 0.1 µM BQ788 (n = 8 - 9; Pink). (B) Vasocontractile response to the cumulative application of 

sarafotoxin 6c to LAD arteries incubated with 0.5 µM doxorubicin. Doxorubicin group (n = 18 - 19; 

Blue) and doxorubicin + 0.1 µM BQ788 (n = 14 - 15; Pink). Doxo = doxorubicin, S6c = Sarafotoxin 6c. 

Values given represent mean ± S.E.M and contractile responses were compared to vehicle group using 

Unpaired student T-test (* = p value < 0.05. ** = p value < 0.01. *** = p value < 0.001). 

 

After 24 hrs of organ culture with 0.5 µM doxorubicin and 0.1 µM BQ788 pre-treatment, the ETB-

mediated vasocontraction was increased for the range of 10-13 M to 10-9.5 M sarafotoxin 6c compared 

to vehicle and 0.1 µM BQ788 pre-treatment vessels (Figure 4-6). The significant increase of contraction 

observed in 0.5 µM doxorubicin-treated arteries was from 10-13 M (6.2 ± 1.0 %, p = 0.020) to 10-9.5 M 

sarafotoxin 6c (35.7 ± 3.7 %, p < 0.001) and at a range of 4 % - 25 % increase compared to vehicle and 

0.1 µM BQ788 pre-treatment vessels (2.7 ± 0.6 % at 10-13 M and 10.3 ± 1.6 % at 10-9.5 M). At the highest 

dose of sarafotoxin 6c applied (10-7.5 M), the contraction was inhibited significantly in the 0.5 µM 

doxorubicin and 0.1 µM BQ788 pre-treatment treated vessels (88.3 ± 6.6 %, p = 0.001) compared to 

vehicle and 0.1 µM BQ788 pre-treatment vessels (138.2 ± 9.0 %). The BQ788 pre-treatment decrease 

the maximal ETB-mediated contraction of 0.5 µM doxorubicin-treated vessels (“Emax” = 94.54 ± 4.4 %, 
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p < 0.0001) compared to the maximal ETB-mediated contraction of 0.1 µM BQ788 pre-treatment 

vehicle vessels (“Emax” of 161.6 ± 12.0 %), while the “pEC50” were not significantly altered (Table 4-1).  
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Figure 4-6: Vasocontractile response to the cumulative application of sarafotoxin 6c (ETB receptor 

agonist) normalised to 60 mM K+-induced contraction in rat LAD arteries pre-treated with 30 min of 

0.1 µM BQ788 (ETB receptor antagonist). 0.5 µM Doxorubicin + 0.1 µM BQ788 group (n = 14 - 15; Red) 

was compared to Vehicle + 0.1 µM BQ788 group (n = 8 - 9; Blue) using Unpaired student T-test. Doxo 

= doxorubicin, S6c = Sarafotoxin 6c. Values given represent mean ± S.E.M and statistical analysis: * = 

p value < 0.05. *** = p value < 0.001. 

 

The data were summarised in the Figure 4-7. These results indicate that in the 24 hrs organ-cultured 

arteries, the observed S6c-induced vasocontraction represents ETB specific receptor-mediated 

contraction. However, the pre-treatment of BQ788 seems to have highlighted a reduction of ETB-

mediated contraction at the highest dose of doxorubicin-treated arteries which was not observed 

without the antagonist. 
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Table 4-1: Cmax, “Emax” and “pEC50” values of BQ788 or BQ788 naïve LAD arteries incubated with 

vehicle or doxorubicin (0.5 µM). Values given for all agonist experiments as mean ± S.E.M. The n 

values represent the total amount of animals used. Cmax is the percentage of 60 mM K+ KH maximum 

contraction at S6c highest dose (10-7.5 M), while “Emax” and “pEC50” values were generated from fitted 

curves obtained by GraphPad Prism 9. 
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Groups N S6c Cmax S6c “Emax”    “pEC501”        “pEC502” 

Vehicle  17 
124.4 ± 5.4 

% 
127.0 ± 5.6 % 12.30 ± 0.6 8.91 ± 0.11 

Vehicle  

+ BQ788 (0.1 µM) 
8-9 

138.2 ± 9.0 

% 

161.56 ± 

11.95 
12.41 ± 4.70 8.26 ± 0.11 

Doxorubicin (0.5 µM) 19 
106.7 ± 

9.1% 
113.3 ± 7.0 % 12.27 ± 0.31 8.72 ± 0.20 

Doxorubicin (0.5 µM)  

+ BQ788 (0.1 µM) 
14-15 88.3 ± 6.6 % 94.54 ± 4.42 11.55 ± 0.24 8.50 ± 0.11 
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Figure 4-7: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) 

(ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD 

arteries alone or pre-treated with 30 min of 0.1 µM BQ788 (ETB receptor antagonist) and 10 

µM BQ123 (ETA receptor antagonist). Doxorubicin (n = 19; Red) and vehicle + 10 µM BQ123 + 

0.1 µM BQ788 (n = 9 – 10; Green) groups were compared to Vehicle group (n = 18; Blue). 

Doxorubicin + 10 µM BQ123 + 0.1µM BQ788 (n = 13 - 17; Brown) was compared to doxorubicin 

group (n = 19; Red). Doxorubicin + 10 µM BQ123 + 0.1µM BQ788 (n = 13 - 17; Brown) was 

compared to vehicle + 10 µM BQ123 + 0.1 µM BQ788 (n = 9 – 10; Green). Doxo = Doxorubicin, ET-

1 = Endothelin-1, K+ = 60mM K+ KH. Values given represent mean ± S.E.M and statistical 

analysis was performed with Two-way ANOVA + Bonferroni: ** = p value < 0.01. **** = p 

value < 0.0001. α = p value < 0.05. αααα = p value < 0.0001. # = p value < 0.05. #### = p value 

< 0.0001.  

 

 

  Doxorubicin does not alter the Endothelin-1 (endothelin A and B receptor 

agonist) mediated vasocontraction  

 

Vasocontractile responses to endothelin-1 (ET-1) (ETAR and ETBR agonist) 

The endothelin ETA and ETB receptors agonist, ET-1, was used to investigate the effect of doxorubicin 

on the ETA and ETB receptor-mediated contraction. The ET-1 dose-response curve was performed after 

the ETB receptors desensitisation of LAD arteries with sarafotoxin 6c, which means some of the ETB-

mediated contraction might have been abolished and the following ET-1 mediated dose-response 

curve will mostly summarise the ETA-mediated contraction (Skovsted et al., 2015). The ET-1-induced 

contraction values are given as percentage of the maximal contractile response induced by the 

application of 60 mM K+ KH. 

The ET-1 dose-response curve is a monophasic curve, which seems to be in agreement with the ETB 

desensitisation due to Sarafotoxin 6C pre-application argument. The ET-1-mediated vasocontraction 

did not alter in the vessels treated with 0.5 µM doxorubicin compared to the vehicle-treated vessels 

(Figure 4-7), with an “Emax” = 132.1 ± 23.8 % and a “pEC50” = 10-8.35 M for the 0.5 µM doxorubicin 

incubated vessels and an “Emax” = 176.5 ± 5.4 % and a “pEC50” = 10-8.22 M for vehicle incubated vessels, 

as shown in table 4-2. 
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Figure 4-8: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA and 

ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries. 

Doxorubicin group (n = 19; Red) was compared to Vehicle group (n = 18; Blue) using Unpaired student 

T-test. Doxo = doxorubicin, ET-1 = endothelin-1. Values given represent mean ± S.E.M and statistical 

analysis: * = p value < 0.05. *** = p value < 0.001. 

 

Vasocontractile responses of ET-1 (ETAR and ETBR agonist) in the presence of BQ123 (ETAR antagonist) 

and BQ788 (ETBR antagonist) 

Pharmacological characterisation of ET-1 receptors ETA- and ETB-induced vasoconstriction in 24 hrs 

organ-cultured LAD arteries was investigated by the exposure of LAD arteries to ETA and ETB receptor 

specific antagonists. The used of both ETA and ETB receptor antagonists was performed in order to 

inhibit both ET-1 receptors-mediated responses since ETB desensitisation after sarafotoxin 6C 

application might not completely abolish the ETB-mediated contraction. 

LAD arteries were exposed to a mixture of the selective ETA receptor antagonist BQ123 (10 µM) and 

the selective ETB receptor antagonist BQ788 (0.1 μM) for 30 mins, followed by cumulative application 

of ET-1. 
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In 24 hrs organ-cultured arteries from vehicle group the ET-1 mediated contraction was reduced by 

16 %, 35 % and 69 %, respectively at 10-9 M (7.5 ± 0.8 %, p = 0.013), 10-8.5 M (9.4 ± 1.1 %, p < 0.0001) 

and 10-8 M (39.5 ± 10.0 %, p < 0.001) of ET-1 application, in the presence of 10 µM BQ123 and 0.1 µM 

BQ788 mix, compared to vehicle vessels naïve from BQ123 and BQ788 pre-treatment (at 10-9 M: 23.1 

± 5.8 %, 10-8.5 M: 44.4 ± 7.6 % and 10-8 M: 107.8 ± 5.1 %) (Figure 4-8 (A)). The BQ123 and BQ788 pre-

treatment did not alter the ET-mediated contraction of vehicle-treated vessels (“Emax” = 104.5 ± 29.1 

%) compared to naïve vehicle-treated vessels (“Emax” = 132.1 ± 5.4 %).  The pre-treatment with BQ123 

and BQ788 of vehicle-treated LAD arteries results in a right-shift of the ET-1 monophasic curve 

compared to BQ123 and BQ788 naïve vessels with a significant decrease of “pEC50” from 10-8.35 M in 

BQ123 and BQ788 naïve LAD arteries to 10-7.85 M (p = 0.0012) in BQ123 and BQ788 pre-treated LAD 

arteries (Table 4-2).  

In 24 hrs organ-cultured arteries treated with 0.5 µM doxorubicin the ET-1-mediated contraction was 

reduced at the highest doses (10-9 M: 20.5 ± 3.7 %, p = 0.002 to 10-7.5 M: 46.4 ± 11.3 %, p < 0.002) in 

the vessels pre-treated with 10 µM BQ123 and 0.1 µM BQ788 compared to BQ123 and BQ788 naïve 

vessels (10-9 M: 40.6 ± 5.6 % to 10-7.5 M: 132.5 ± 10.2 %) (Figure 4-8 (B)). From 10-9 M to 10-7.5 M ET-1 

application the ET-1-mediated contraction was significantly reduced with 21 %, 31 %, 88 % and 86 %, 

respectively at each half-log increase of ET-1 application. The pre-treatment of BQ123 and BQ788 

attenuated the “Emax” significantly from 176.5 ± 23.8 % in the BQ123 and BQ788 naïve vessels 

compared to 39.8 ± 10.4 % in the vessels pre-treated with BQ123 and BQ788 (p < 0.0001). The “pEC50” 

was increased from 10-8.22 M in the BQ123 and BQ788 naïve 0.5 µM doxorubicin vessels to 10-8.91 M (p 

= 0.0078) in the 0.5 µM doxorubicin pre-treated with BQ123 and BQ788 vessels (Table 4-2). 
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Figure 4-9: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB 

receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated 

with 30 mins of 0.1 µM BQ788 (ETB receptor antagonist) and 10 µM BQ123 (ETA receptor antagonist). 

(A) Contractile response to the cumulative application of ET-1 to incubated LAD artery from vehicle 

groups. Vehicle group (n = 18; Blue) and vehicle + 10 µM BQ123 + 0.1 µM BQ788 (n = 9 - 10; Pink). (B) 

Contractile response to the cumulative application of ET-1 to incubated LAD artery with 0.5 µM 

doxorubicin. Doxorubicin group (n = 19; Blue) and doxorubicin + 10 µM BQ123 + 0.1µM BQ788 (n = 13 

- 17; Pink). Values given represent mean ± S.E.M and the comparison of both groups was statistically 

analysed using unpaired Student T test: *** = p value < 0.001. 

 

After 24 hrs of organ culture with 0.5 µM doxorubicin the ET-1-mediated vasocontraction after 10 µM 

BQ123 + 0.1 µM BQ788 pre-treatment was increased in the ET-1 range of 10-10 M (16.0 ± 2.7 %, p < 

0.001) to 10-8.5 M (27.0 ± 5.1 %, p = 0.001), when compared to vehicle vessels after 10 µM BQ123 + 

0.1 µM BQ788 pre-treatment (10-10 M: 5.5 ± 0.6 % and 10-8.5 M: 9.4 ± 1.1 %) (Figure 4-9). The significant 

increase of contraction observed in 0.5 µM doxorubicin-treated arteries was 11 - 18 % significantly 

increased in the ET-1 dose range of 10-10 M to 10-8.5 M. However, at the highest ET-1 dose of 10-7.5 M, 

the vasocontraction seems to be attenuated by 40 % (Vehicle vessels: 85.9 ± 15.1 % and 0.5 µM 

doxorubicin-treated vessels: 46.4 ± 11.3 %), but this reduction was not significant due to the high 

variability observed. The 0.5 µM doxorubicin treatment attenuated the “Emax” significantly from 104.5 

± 29.1 % in the BQ123 and BQ788 pre-treated vehicle vessels compared to 39.8 ± 3.8 % in the 0.5 µM 

doxorubicin vessels pre-treated with BQ123 and BQ788 (p = 0.005). The “pEC50” was increased from 

10-7.85 M in the BQ123 and BQ788 pre-treated vehicle vessels to 10-8.91 M (p = 0.0013) in the 0.5 µM 

doxorubicin pre-treated with BQ123 and BQ788 doxorubicin vessels (Table 4-2). 
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Figure 4-10: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB 

receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated 

with 30 mins of 0.1 µM BQ788 (ETB receptor antagonist) and 10 µM BQ123 (ETA receptor antagonist). 

Doxorubicin + 10 µM BQ123 + 0.1 µM BQ788 group (n = 13 - 17; Red) was compared to Vehicle + 10 

µM BQ123 + 0.1 µM BQ788 group (n = 9 - 10; Blue) using Unpaired student T-test. Doxo = doxorubicin, 

ET-1 = endothelin-1. Values given represent mean ± S.E.M and statistical analysis: * = p value < 0.05. 

** = p value < 0.01. *** = p value < 0.001. 

 

Table 4-2: Cmax, “Emax” and “pEC50” values of BQ123 + BQ788 or BQ123 + BQ788 naive LAD arteries 

incubated with vehicle or doxorubicin (0.5 µM). Values given as mean ± S.E.M. The n values represent 

the total amount of animals used. Cmax is the percentage of 60 mM K+ maximum contraction at S6c 

highest dose (10-7.5 M), while “Emax” and “pEC50” values were generated from fitted curves obtained by 

GraphPad Prism 9. 

Groups N Cmax ET-1 “Emax” “pEC50” 

Vehicle  18 122.85 ± 5.41 % 132.06 ± 5.43 8.35 ± 0.04 

Vehicle + BQ123 (10 µM)  

+ BQ788 (0.1 µM) 
9-10 85.91 ± 15.10 % 104.5 ± 29.1 % 7.85 ± 0.19 

Doxorubicin (0.5 µM) 19 176.54 ± 23.81 152.8 ± 14.6 % 8.22 ± 0.20 

Doxorubicin (0.5 µM)  

+ BQ123 (10 µM) + BQ788 

(0.1 µM) 

13-17 31.24 ± 5.34 % 39.8 ± 3.6 % 8.91 ± 0.19 
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The data were summarised in the Figure 4-11. These results indicate that in the 24-hr organ-cultured 

LAD arteries, the observed ET-1-induced contraction represents ET-receptor-mediated contraction. 

However, to determine which endothelin receptor subtype is specifically involved in the contraction, 

the ET-1 dose-response curve needs to be performed with each antagonist separately. This will be 

explored in the following subsections. 
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Figure 4-11: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) 

(ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD 

arteries alone or pre-treated with 30 min of 0.1 µM BQ788 (ETB receptor antagonist) and 10 

µM BQ123 (ETA receptor antagonist). Doxorubicin (n = 19; Red) and vehicle + 10 µM BQ123 + 

0.1 µM BQ788 (n = 9 – 10; Green) groups were compared to Vehicle group (n = 18; Blue). 

Doxorubicin + 10 µM BQ123 + 0.1µM BQ788 (n = 13 - 17; Brown) was compared to doxorubicin 

group (n = 19; Red). Doxorubicin + 10 µM BQ123 + 0.1µM BQ788 (n = 13 - 17; Brown) was 

compared to vehicle + 10 µM BQ123 + 0.1 µM BQ788 (n = 9 – 10; Green). Doxo = Doxorubicin, ET-

1 = Endothelin-1, K+ = 60mM K+ KH. Values given represent mean ± S.E.M and statistical 

analysis was performed with Two-way ANOVA + Bonferroni: ** = p value < 0.01. **** = p 
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value < 0.0001. α = p value < 0.05. αααα = p value < 0.0001. # = p value < 0.05. #### = p value 

< 0.0001.  

Vasocontractile responses of ET-1 (ETAR and ETBR agonist) in the presence of BQ123 (ETAR antagonist)  

To explore which ET-1 sub-receptor type was responsible for the ET-1 mediated vasocontraction the 

ETA receptors specific antagonist was applied prior to ET-1 dose-response curve of LAD arteries treated 

with doxorubicin and vehicle during 24 hrs exposure. LAD arteries were exposed to the ETA receptor 

selective antagonist BQ123 (10 µM) for 30 mins, followed by cumulative application of ET-1. 

The addition of BQ123 reduced the ET-1 dose-response curve, which may be attributed to the 

inhibition of ETA receptor-mediated vasocontraction.  

In the 24 hrs organ-cultured arteries from the vehicle group, the ET-1-induced contraction was 

significantly reduced at ET-1 doses of 10-9 M (21 % decrease) (2.0 ± 0.7 %, p = 0.002), 10-8.5 M (35 % 

decrease) (9.1 ± 3.1 %, p < 0.001), 10-7.5 M (26 % decrease) (97.4 ± 6.0 %, p = 0.018) in the BQ123 pre-

treated vessels compared to BQ123 naïve vessels (10-9 M: 23.0 ± 5.8 %, 10-8.5 M: 44.4 ± 7.6 % and 10-

7.5 M: 122.9 ± 5.4 %) (Figure 4-10 (A)). Furthermore, BQ123 pre-treatment reduced the “Emax” value 

from 132.06 ± 5.43 % in BQ123 naïve vehicle vessels to 97.0 ± 2.3 % (p = 0.0002) in BQ123 pre-treated 

vehicle vessels, while the “pEC50” values remained unchanged (BQ123 naïve vehicle vessels: “pEC50” 

of 10-8.35 M, BQ123 pre-treated vehicle vessels: “pEC50” of 10-8.33 M) (Table 4-3).  

In 24 hrs organ-cultured arteries from the 0.5 µM doxorubicin group pre-treated with BQ123, the ET-

1-induced contraction was reduced (14 % decrease) at 10-10 M (3.5 ± 1.1 %, p = 0.001) ET-1 doses, and 

highly reduced (25 - 80 % decrease) at the highest ET-1 doses 10-9 M (15.6 ± 5.5 %, p = 0.024) to 10-7.5 

M (52.6 ± 13.6 %, p < 0.001) compared to BQ123 naïve vessels (10-10 M: 11.2 ± 2.1 % and 10-9 M: 40.6 

± 5.6 % to 10-7.5 M: 132.5 ± 10.2 %) (Figure 4-10 (B)). Additionally, the pre-treatment with BQ123 

reduced the “Emax” from 176.5 ± 23.8 % (p < 0.0001) in BQ123 naïve vessels to 61.8 ± 7.5 % in BQ123 

pre-treated vessels. The “pEC50” remained unaltered for the 0.5 µM doxorubicin group naïve of BQ123 

pre-treatment (“pEC50” = 10-8.22 M) compared to the BQ123 pre-treated vessels (“pEC50” = 10-8.38 M) 

(Table 4-3).  

Pre-treatment with BQ123 of vehicle or 0.5 µM doxorubicin treated vessels attenuates the ET-1 dose-

response curve, which may be attributed to inhibition of ETA receptor-mediated vasocontraction, and 

thus ETA receptors may be essential to ET-1-induced vasocontraction of vehicle or 0.5 µM doxorubicin 

treated LAD arteries.  

(A) 
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Figure 4-12: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB 

receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated 

with 30 min of 10 µM BQ123 (ETA receptor antagonist). (A) Contractile response to the cumulative 

application of ET-1 to incubated LAD artery from vehicle groups. Vehicle group (n = 18; Blue) and 
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vehicle + 10 µM BQ123 (n = 6 - 7; Pink). (B) Contractile response to the cumulative application of ET-1 

to incubated LAD artery with 0.5 µM doxorubicin. Doxorubicin group (n = 19; Blue) and doxorubicin + 

10 µM BQ123 (n = 5 - 6; Pink). Values given represent mean ± S.E.M and the comparison of both groups 

was statistically analysed using unpaired Student T test: * = p value < 0.05. ** = p value < 0. 01. *** = 

p value < 0.001. 

 

The 24 hrs of organ culture with 0.5 µM doxorubicin resulted in reduced ETB-mediated vasocontraction 

at the highest ET-1 doses 10-8 M (51.1 ± 11.3 %, p = 0.014) to 10-7.5 M (52.6 ± 13.6 %, p = 0.028) in 0.5 

µM doxorubicin vessels pre-treated with BQ123 compared vehicle vessels pre-treated with BQ123 at 

ET-1 doses 10-8 M (96.3 ± 6.7 %) to 10-7.5 M (97.4 ± 6.0 %) (Figure 4-11). The significant decrease of 

ETB-mediated vasocontraction after pre-treatment with BQ123 was observed in 0.5 µM doxorubicin-

treated arteries versus vehicle arteries at 10-8 M ET-1 dose (45 % reduction) and 10-7.5 M ET-1 dose (44 

% reduction). 0.5 µM doxorubicin treatment reduced the “Emax” value from 97.0 ± 2.3 % in BQ123 pre-

treated vehicle vessels to 61.8 ± 7.5 % (p = 0.0319) in BQ123 pre-treated 0.5 µM doxorubicin vessels, 

while the “pEC50” values remained unchanged (BQ123 pre-treated vehicle vessels: “pEC50” of 10-8.33 

M, BQ123 pre-treated 0.5 µM doxorubicin vessels: “pEC50” of 10-8.38 M) (Table 4-3). 
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Figure 4-13: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB 

receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated 

with 30 mins of 10 µM BQ123 (ETA receptor antagonist). Doxorubicin + 10 µM BQ123 group (n = 5 - 

6; Red) was compared to Vehicle + 10 µM BQ123 group (n = 6 - 7; Blue), using unpaired Student T-

test: * = p value < 0.05. Values given represent mean ± S.E.M. 



120 | P a g e  
 

 

Table 4-3: Cmax, “Emax” and “pEC50” values of BQ123 or BQ123 naive LAD arteries incubated with 

vehicle or doxorubicin (0.5 µM). Values given for all agonist experiments as mean ± S.E.M. The n 

values represent the total amount of animals used. Cmax is the percentage of 60 mM K+ maximum 

contraction at S6c highest dose (10-7.5 M), while “Emax” and “pEC50” values were generated from fitted 

curves obtained by Graph-Pad Prism 9. 

Groups N Cmax ET-1 “Emax” 
“pEC50” 

 

Vehicle 18 122.85 ± 5.41 % 132.06 ± 5.43 8.35 ± 0.04 

Vehicle + BQ123 (10 µM) 6-7 97.44 ± 5.95 % 97.01 ± 2.33 % 8.33 ± 0.08 

Doxorubicin (0.5 µM) 19 132.46 ± 10.18 % 176.54 ± 23.81 8.22 ± 0.20 

Doxorubicin (0.5 µM)  

+ BQ123 (10 µM) 
5-6 52.61 ± 13.55 % 61.78 ± 7.46 % 8.38 ± 0.34 

 

The data were summarised in the Figure 4-14. These results indicate that in the 24-hrs organ-cultured 

arteries, the inhibition of ETA receptor-mediated vasocontraction induced a decrease of the ET 

receptors-vasocontraction at the highest doses of ET-1 in the presence of 0.5 µM doxorubicin 

compared to vehicle group. The BQ123 pre-treatment reduces the ET-1-induced contraction in 0.5 µM 

doxorubicin vessels compared to vehicle vessels, while no changes were observed without BQ123 pre-

treatment and thus, suggests that the ET-1-induced contraction in 0.5 µM doxorubicin-treated vessels 

is, mainly, mediated through ETA receptors activation. 
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Figure 4-14: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) 

(ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD 

arteries alone or pre-treated with 30 min of 10 µM BQ123 (ETA receptor antagonist). 

Doxorubicin (n = 19; Red) and vehicle + 10 µM BQ123 (n = 6 - 7; Green) groups were compared 

to Vehicle group (n = 18; Blue). Doxorubicin + 10 µM BQ123 (n = 5 - 6; Brown) was compared 

to doxorubicin group (n = 19; Red). Doxorubicin + 10 µM BQ123 (n = 5 - 6; Brown) was 

compared to vehicle + 10 µM BQ123 (n = 6 - 7; Green). Doxo = doxorubicin, ET-1 = Endothelin-

1, K+ = 60mM K+ KH. Values given represent mean ± S.E.M and statistical analysis was 

performed with Two-way ANOVA + Bonferroni: * = p value < 0.05. ** = p value < 0.01. **** = 

p value < 0.0001. αααα  = p value < 0.0001. ## = p value < 0.01. #### = p value < 0.0001.  

 

Vasocontractile responses of ET-1 (ETAR and ETBR agonist) in the presence of BQ788 (ETBR antagonist) 

To further explore which ET-1 sub-receptor type was responsible for the ET-1 mediated 

vasocontraction this time the ETB receptor specific antagonist BQ788 was used. ETB was desensitised 
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by application of 10-7.5 M sarafotoxin 6c and the LAD arteries were exposed to the ETB receptor specific 

antagonist BQ788 (0.1 µM) for 30 min, followed by cumulative application of ET-1. 

In 24 hrs incubated vehicle vessels, the ET-mediated contraction was reduced by 21 % at the ET-1 

concentration of 10-9 M (2.5 ± 0.7 %, p = 0.002) in the vessels pre-treated with BQ788 compared to 

BQ788 naïve vessels (10-12 M: 2.3 ± 0.4 %, 10-9.5 M: 5.7 ± 1.1 % and 10-9 M: 23.1 ± 5.8 %), which may 

be attributed to the inhibition of ETB-mediated contraction (Figure 4-12 (A)). The pre-treatment with 

BQ788 on LAD arteries from the vehicle group did not alter “Emax” or “pEC50” values (Table 4-4).  

In 24 hrs incubated 0.5 µM doxorubicin-treated vessels, pre-treatment with BQ788 reduced the ET-1-

induced contraction with 22 % at the dose of 10-9 M (18.9 ± 2.9 %, p = 0.002) ET-1 when compared to 

BQ788 naïve vessels (40.6 ± 5.6 %) (Figure 4-12X (B)). Additionally, the pre-treatment with BQ788 did 

not alter the “Emax” and “pEC50” values in BQ788 pre-treated vessels (“Emax” = 152.77 ± 5.60 % and 

“pEC50” = 10-8.27 M), compared BQ788 naïve vessels (“Emax” = 176.54 ± 23.81 % and “pEC50” = 10-8.22 M).  

These results indicate that in the 24-hrs organ-cultured arteries, the inhibition of ETB receptor-

mediated vasocontraction induced a slight decrease from 10-12 M to 10-9 M in vehicle-treated vessels 

and at 10-9 M in 0.5 µM doxorubicin-treated vessels, however, the potency and maximal ET-1-induced 

contraction remain unchanged in vehicle- or 0.5 µM doxorubicin-treated vessels and thus may be 

attributed to the ETB receptors desensitisation with S6c application. 
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Figure 4-15: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB 

receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated 

with 30 mins of 0.1 µM BQ788 (ETB receptor antagonist). (A) Contractile response to the cumulative 

application of ET-1 to LAD artery from vehicle groups. Vehicle group (n = 18; Blue) and vehicle + 0.1 

µM BQ788 (n = 9 - 10; Pink). (B) Contractile response to the cumulative application of ET-1 to incubated 

LAD artery with 0.5 µM doxorubicin. Doxorubicin group (n = 19; Blue) and doxorubicin + 0.1 µM BQ788 

(n = 8 - 9; Pink). Values given represent mean ± S.E.M and the comparison of both groups was 

statistically analysed using unpaired Student T test: * = p value < 0.05. ** = p value < 0. 01. *** = p 

value < 0.001. 

 

After 24 hrs of incubation with 0.5 µM doxorubicin, the ET-1-induced vasocontraction by ET-1 

application (10-9.5 M to 10-9 M) was increased significantly compared to vehicle incubated vessels after 

0.1 µM BQ788 pre-treatment (Figure 4-13). The increase in ET-1-induced vasocontraction observed in 

0.5 µM doxorubicin-treated arteries was 11 - 17 % increase at the ET-1 doses 10-9.5 M (12.1 ± 2.6 %, p 

= 0.001) to 10-9 M (18.9 ± 2.9 %, p < 0.001) when compared to vehicle incubated vessels after BQ788 

pre-treatment (10-9.5 M: 0.7 ± 0.5 % to 10-9 M: 2.5 ± 0.7 %). The 0.5 µM doxorubicin treatment on 

BQ788 pre-treated vessels increased the “Emax” from 131.05 ± 4.28 % (p = 0.002) in BQ788 pre-treated 

vehicle vessels to 152.77 ± 5.60 % in BQ788 pre-treated 0.5 µM doxorubicin vessels, while “pEC50” 

remained unchanged (Table 4-4).  
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Figure 4-16: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB 

receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated 

with 30 mins of 0.1 µM BQ788 (ETA receptor antagonist). Doxorubicin + 0.1 µM BQ788 group (n = 8 - 

9; Red) was compared to Vehicle + 0.1 µM BQ788 group (n = 9 - 10; Blue) using Unpaired student T-

test. Doxo = doxorubicin, ET-1 = endothelin-1. Values given represent mean ± S.E.M and statistical 

analysis: * = p value < 0.05. ** = p value < 0.01. *** = p value < 0.001. 

 

The data were summarised in the Figure 4-17. These results indicate that in the 24-hrs incubated 

arteries, the inhibition of ETB receptor-mediated vasocontraction through BQ788 induced a slight 

increase of the contraction at the low doses of ET-1 and a more significant increase of the maximal 

ET-1-induced contraction (“Emax” values) in presence of doxorubicin compared to vehicle group. This 

could indicate that after doxorubicin treatment, the ETB receptors might reduce the ET-1-induced 

contraction and thus, ETB receptors may modulate the ETA-mediated contraction on doxorubicin-

treated vessels. However, the BQ788 naïve doxorubicin vessels “Emax” have a high variability compared 

to BQ788 pre-treated 0.5 µM doxorubicin vessels, which may explain the significant increase observed 
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only after BQ788 pre-treatment in 0.5 µM doxorubicin vessels compared to BQ788 pre-treated vehicle 

vessels.  

Table 4-4: Cmax, “Emax” and “pEC50” values of BQ788 or BQ788 naive LAD arteries incubated with 

vehicle or doxorubicin (0.5 µM). Values given for all agonist experiments as mean ± S.E.M. The n 

values represent the total amount of animals used. Cmax is the percentage of 60 mM K+ maximum 

contraction at S6c highest dose (10-7.5 M), while “Emax” and “pEC50” values were generated from fitted 

curves obtained by Graph-Pad Prism 9. 

Groups N Cmax ET-1 “Emax” “pEC50” 

Vehicle  18 122.85 ± 5.41 % 132.06 ± 5.43 8.35 ± 0.04 

Vehicle + BQ788 (0.1 µM) 9-10 111.03 ± 6.24 % 131.05 ± 4.28 % 8.28 ± 0.03 

Doxorubicin (0.5 µM) 19 132.46 ± 10.18 % 176.54 ± 23.81 8.22 ± 0.20 

Doxorubicin (0.5 µM)  

+ BQ788 (0.1 µM) 
8-9 114.97 ± 4.97 % 152.77 ± 5.60 % 8.27 ± 0.04 
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Figure 4-17: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) 

(ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD 

arteries alone or pre-treated with 30 min of 0.1 µM BQ788 (ETB receptor antagonist). 

Doxorubicin (n = 19; Red) and vehicle + 0.1 µM BQ788 (n = 9 - 10; Green) groups were compared 

to Vehicle group (n = 18; Blue). Doxorubicin + 0.1 µM BQ788 (n = 8 - 9; Brown) was compared to 

doxorubicin group (n = 19; Red). Doxorubicin + 0.1 µM BQ788 (n = 8 - 9; Brown) was compared 

to vehicle + 0.1 µM BQ788 (n = 9 - 10; Green). Doxo = doxorubicin, ET-1 = Endothelin-1, K+ = 60 

mM K+ KH. Values given represent mean ± S.E.M and statistical analysis was performed with 

Two-way ANOVA + Bonferroni: * = p value < 0.05. ** = p value < 0.01. α = p value < 0.05. ## = 

p value < 0.01.  

In summary, ETB desensitisation by applying 10-7.5 M Sarafotoxin 6c highly reduced the ETB-mediated 

contraction (“Emax” and “pEC50” were not altered), however, it was not completely abolished (the first 

phase of ET-1 dose-response curve was decreased after BQ788 pre-treatment in vehicle vessels). The 

first phase of a biphasic ET-1 dose-response curve will be dependent on the ETB-mediated 

vasocontraction, followed by the ETA-mediated vasocontraction during the second phase, which 

indicates that ETA receptor has a lower affinity to ET-1 than ETB receptor. Additionally, the inhibition 

of ETB receptors seems to increase the ET-1-mediated contraction at the middle phase of the curve in 

the presence of doxorubicin, whereas conversely, the inhibition of ETA receptors leads to the decrease 

of ET-1-mediated contraction at the last phase of the ET-1 dose-response curve. 

 

 Doxorubicin alters the 5-carboxamidotryptamine (serotonin 1B receptor agonist) 

mediated vasocontraction  

 

Vasocontractile responses to 5-carboxamidotryptamine (5-HT1B agonist) 

The serotonin 5-HT1B receptor specific agonist 5-carboxamidotryptamine (5-CT) was applied to the 

incubated LAD vessels to investigate the effect of doxorubicin on 5-HT1B receptor-mediated 

vasocontraction. The dose-response curve obtained by applying 5-CT resulted in a biphasic 5-HT1B 

receptor-mediated vasocontraction curve for the 0.5 µM doxorubicin-treated vessels. The 5-HT1B-

induced vasocontraction values are given as percentage of the maximal contractile response, induced 

by 60 mM K+ KH. 

After 24 hrs of organ culture with 0.5 µM doxorubicin, the 5-HT1B-mediated vasocontraction was 

increased for at the 5-CT concentration range of 10-9 M to 10-6 M compared to vehicle incubated 

vessels (Figure 4-14). The increase of 5-HT1B-mediated vasocontraction starts slowly ( < 7 %) at 10-9 M 

(5.0 ± 1.0 %, p = 0.002) to 10-8 M 5-CT (10.0 ± 3.0 %, p < 0.001) and progressively increase (12 - 28 %) 
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from 10-7.5 M (15.0 ± 3.0 %, p < 0.001) to 10-6 M 5-CT (35.0 ± 6.0 %, p < 0.001) in 0.5 µM doxorubicin-

treated vessels when compared to vehicle incubated vessels (at 10-9 M: 2.0 ± 0.0 % to 10-8 M: 3.0 ± 1.0 

% and at 10-7.5 M: 3.0 ± 1.0 % to 10-6 M: 7.0 ± 1.0 %). The 5-CT dose-response curve of both groups did 

not reach the final plateau at the highest dose due to stock constraints, and therefore final “Emax” and 

“pEC50” values could not be obtained. However, the vasocontraction obtained at the highest dose is 

mentioned as Cmax and was observed to be 34.0 ± 8.0 % for the vehicle incubated vessels and 69.0 ± 

9.0 % for 0.5 µM doxorubicin-treated vessels, in spite of these quite distinct Cmax values, statistical 

significance at 10-5.5 M 5-CT was not obtained due to high variation (Table 4-5).  
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Figure 4-18: Vasocontractile response to the cumulative application of 5-carboxamidotryptamine 

(5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries. 

Doxorubicin group (n = 13; Red) was compared to Vehicle group (n = 16; Blue) using unpaired Student 

T-test: ** = p value < 0.01. *** = p value < 0.001. Doxo = doxorubicin, 5-CT = 5-

Carboxamidotryptamine. Values given represent mean ± S.E.M.  

 

These results showed that the 5-CT dose response obtained after 0.5 µM doxorubicin incubation was 

biphasic, while the dose-response curve after vehicle incubation seems to be monophasic, but the 

absence of “Emax” does not allow the confirmation of a monophasic curve. 
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Vasocontractile responses of 5-CT (5-HT1B agonist) in presence of GR55562 (5-HT1B antagonist)  

0.5 µM doxorubicin and vehicle incubated LAD arteries were exposed to a 5-HT1B receptor specific 

antagonist GR55562 (1 µM) for 30 min, followed by cumulative application of 5-CT to establish the 5-

HT1B receptor specificity of the 5-CT agonist. 

In 24 hrs organ-cultured arteries incubated with vehicle, the 5-HT1B-mediated contraction was 

significantly reduced by 23 % at 10-5.5 M 5-CT (Cmax = 11.0 ± 2.0 %, p = 0.009) after GR55562 pre-

treatment, compared to GR55562 naïve vessels (Cmax = 34.0 ± 8.0 %) (Figure 4-15 (A)).  

In the doxorubicin incubated vessels, the 5-HT1B-mediated contraction was also significantly reduced 

at 5-CT concentration ranging from 10-7.5 M to 10-6 M after GR55562 pre-treatment, compared to 

GR55562 naïve vessels (Figure 4-15 (B)). The GR55562 mediated decrease (by 8 %, 11 %, 12 % and 17 

%) the 5-CT vasocontraction at 5-CT concentrations of  10-7.5 M (7.0 ± 2.5 %, p = 0.036), 10-7 M (8.0 ± 

2.9 %, p = 0.040), 10-6.5 M (11.0 ± 3.4 %, p = 0.037), 10-6 M (18.0 ± 5.5 %, p = 0.029), when compared 

to GR55562 naïve vessels (10-7.5 M: 15.0 ± 3.0 %, 10-7 M: 19.0 ± 4.0 %, 10-6.5 M: 23.0 ± 4.0 %, 10-6 M: 

35.0 ± 6.0 %).  
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Figure 4-19: Vasocontractile response to the cumulative application of 5-CT (5-HT1B receptor agonist) 

normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 1 

µM GR55562 (5-HT1B receptor antagonist). (A) Vasocontractile response to the cumulative application 

of 5-CT to LAD arteries in the vehicle groups. Vehicle group (n = 16; Blue) and vehicle + 1 µM GR55562 

(n = 13 - 14; Pink). (B) Vasocontractile response to the cumulative application of 5-CT to LAD arteries 

incubated with 0.5 µM doxorubicin. Doxorubicin group (n = 13; Blue) and doxorubicin + 1 µM GR55562 

(n = 9 - 10; Pink). Doxo = doxorubicin, 5-CT = 5-Carboxamidotryptamine. Values given represent mean 

± S.E.M and the comparison of both groups was statistically analysed using unpaired Student T test: * 

= p value < 0.05. ** = p value < 0.01.  

 

After 24 hrs of organ culture with 0.5 µM doxorubicin the 5-HT1B-mediated vasocontraction after 

GR55562 pre-treatment was increased in the 5-CT concentration range of 10-8 M to 10-5.5 M when 

compared to vehicle-treated vessels also receiving GR55562 pre-treatment (Figure 4-16). The increase 

in vasocontraction observed in the 0.5 µM doxorubicin-treated arteries was slight (< 7 %) at 10-8 M 

(8.0 ± 3.0 %, p = 0.050) to 10-6.5 M (11.0 ± 3.4 %, p = 0.037) 5-CT and higher (26 %)  at 10-6 M (18.0 ± 

5.5 %, p = 0.009) and 10-5.5 M 5-CT (37.0 ± 9.4 %, p = 0.003), when compared to vehicle-treated vessels 

after GR55562 pre-treatment (10-8 M (3.0 ± 0.7 %) to 10-6.5 M (4.0 ± 0.6 %) and 10-6 M (5.0 ± 1.0 %) and 

10-5.5 M (11.0 ± 2.5 %)) (Table 4-5). The increase in 5-HT1B-mediated vasocontraction after 0.5 µM 

doxorubicin compared to vehicle-treated vessels was similar in GR55562 pre-treated and GR55562 

naïve vessels.  
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Figure 4-20: Vasocontractile response to the cumulative application of 5-CT (5-HT1B receptor agonist) 

normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 1 

µM GR55562 (5-HT1B receptor antagonist). Vasocontractile response to the cumulative application of 

5-CT to LAD arteries in the doxorubicin group pre-treated with 1 µM GR55562 (n = 9 - 10; Red) 

compared to Vehicle group pre-treated with 1 µM GR55562 group (n = 13 - 14; Blue) using unpaired 

Student T-test: * = p value < 0.05. ** = p value < 0.01. *** = p value < 0.001. Doxo = doxorubicin, 5-CT 

= 5-Carboxamidotryptamine. Values given represent mean ± S.E.M. 

Table 4-5: Cmax values of GR55562 or GR55562 naïve LAD arteries incubated with vehicle or 

doxorubicin (0.5 µM). Cmax = the contraction obtained at the highest agonist dose and is applied when 

the “Emax” couldn’t be determined due to stock concentration constrains. Values given as mean ± 

S.E.M. The n values represent the total amount of animals used. GR55562 pre-treated vessels were 

compared to GR55562 naïve vessels, using unpaired Student T-test:  

Groups N Cmax 

Vehicle  16 34.0 ± 8.0 % 

Vehicle + GR55562 (1 µM) 13-14 11.0 ± 2.0 % 

Doxorubicin (0.5 µM) 13 69.0 ± 9.0 % 

Doxorubicin (0.5 µM) + GR55562 (1 µM) 9-10 37.0 ± 9.4 % 

 

The data were summarised in the Figure 4-21. These results indicate that the increase of the 5-CT-

induced contraction observed in 0.5 µM doxorubicin-incubated vessels compared to vehicle-

incubated vessels, was specific to the 5-HT1B receptors activation. Furthermore, 0.5 µM doxorubicin 
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treatment seems to induce a biphasic 5-HT1B-mediated contraction of 0.5 µM doxorubicin incubated 

vessels, while the 5-HT1B-mediated contraction of vehicle-incubated vessels was a monophasic 

contraction. 
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Figure 4-21: Vasocontractile response to the cumulative application of 5- 

carboxamidotryptamine (5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-

induced contraction in rat LAD arteries alone or pre-treated with 30 min of 1 µM GR55562 

(5-HT1B receptor antagonist). Doxorubicin (n = 13; Red) and vehicle + 1 µM GR55562 (n = 13 

- 14; Green) groups were compared to Vehicle group (n = 16; Blue). Doxorubicin + 1 µM 

GR55562 (n = 9 - 10; Brown) was compared to doxorubicin group (n = 19; Red). Doxorubicin 

+ 1 µM GR55562 (n = 9 - 10; Brown) was compared to vehicle + 1 µM GR55562 (n = 13 - 14; 

Green). Doxo = doxorubicin, 5-CT = 5-Carboxamidotryptamine, K+ = 60 mM K+ KH. Values given 

represent mean ± S.E.M and statistical analysis was performed with Two-way ANOVA + 

Bonferroni: ** = p value < 0.01. **** = p value < 0.0001. αααα = p value < 0.0001. ## = p value 

< 0.01. #### = p value < 0.0001. 
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 Doxorubicin alters the U46619 (thromboxane A2 receptor agonist) mediated 

vasocontraction  

 

Vasocontractile responses to U46619 (Thromboxane A2 agonist) 

The Thromboxane prostanoid A2 (TP) receptor specific agonist U46619 was applied to incubated 

vessels to investigate the effect of doxorubicin on TP receptor-mediated vasocontraction. The TP-

induced vasocontraction values are given as percentage of the maximal contractile response, induced 

by 60 mM K+ KH. 

After 24 hrs of incubation with 0.5 µM doxorubicin, the TP-mediated vasocontraction was increased 

at U46619 concentrations of 10-8 M to 10-7.5 M compared to vehicle treated vessel (Figure 4-17). The 

TP-mediated vasocontraction of 0.5 µM doxorubicin treated vessels was significantly increased by 17 

% at 10-8 M U46619 (21.0 ± 3.0 %, p = 0.001) and 36 % at 10-7.5 M U46619 (47.0 ± 6.0 %, p = 0.007), 

when compared to vehicle treated vessels at 10-8 M (4.0 ± 1.0 %) and at 10-7.5 M (10.0 ± 3.0 %). The 

maximal TP-mediated vasocontraction of 0.5 µM doxorubicin-treated vessels (“Emax” = 111.7 ± 8.7 %, 

p = 0.0013) was increased compared to the maximal TP-mediated contraction observed in vehicle 

treated vessels (“Emax” = 80.6 ± 5.1 %). Furthermore, the 0.5 µM doxorubicin incubation right-shifted 

the U46619 dose response curve of 0.5 µM doxorubicin-treated vessels (“pEC50” = 10-7.40 M, p = 0.0009) 

compared to vehicle-treated vessels (“pEC50” = 10-7.09 M) (Table 4-6). 

-12 -11 -10 -9 -8 -7 -6

0

20

40

60

80

100

120

TP receptor (U46619 agonist)

U46619 conc [logM]

C
o

n
tr

a
c

ti
o

n
 (

%
 o

f 
K

+
)

Vehicle

0.5 μM Doxo

***

**

 



133 | P a g e  
 

Figure 4-22: Vasocontractile response to the cumulative application of U46619 (TP receptor agonist) 

normalised to 60 mM K+ KH-induced contraction in rat LAD arteries. Doxorubicin group (n = 14; Red) 

was compared to Vehicle group (n = 15; Blue) using Unpaired Student T-test: *** = p value < 0.001. 

Doxo = doxorubicin. Values given represent mean ± S.E.M. 

 

Vasocontractile responses of U46619 (TP agonist) in the presence of Seratrodast (TP antagonist)  

Doxorubicin and vehicle incubated LAD arteries were exposed to a TP receptor specific antagonist 

Seratrodast (1 µM) for 30 mins, followed by cumulative application of U46619 to establish the TP 

specificity of the U46619 agonist. After incubation with 1 µM Seratrodast, the U46619 dose-response 

curve of both 0.5 µM doxorubicin and vehicle treated vessels did not reach the final plateau at the 

highest dose due to stock constraints, however, the maximal vasocontraction at 10-6.5 M U46619 was 

called Cmax and used for comparison between the groups.  

In 24 hrs vehicle incubated vessels, the TP-mediated contraction was reduced significantly at the 

highest doses of U46619 in the presence of Seratrodast compared to Seratrodast naïve vehicle vessels 

(Figure 4-18 (A)). The U46619 dose-response curve of Seratrodast pre-treated vehicle incubated 

vessels did not reach the final plateau at the highest dose due to stock constraints, however, the TP-

mediated vasocontraction was reduced with 44 % decrease at 10-7 M U46619 (6.0 ± 1.0 %)  and 47 % 

decrease at 10-6.5 M U46619 (Cmax = 29.8 ± 11.2 %) in the Seratrodast pre-treated vehicle vessels 

compared with the Seratrodast naïve vehicle vessels with a TP-mediated vasocontraction of 50.0 ± 9.0 

% (p < 0.001) at 10-7 M and a Cmax of 77.2 ± 7.2 % (p < 0.001). The “pEC50” value of Seratrodast pre-

treated vehicle vessels was not obtained due to the absence of maximal U46619-induced 

vasocontraction (“Emax”). 

In 24 hrs 0.5 µM doxorubicin incubated vessels, the TP-mediated contraction was reduced in 

Seratrodast pre-treated vessels compared with the Seratrodast naïve vessels from U46619 

concentrations of 10-8 M and 10-6.5 M (Figure 4-18 (B)). The Seratrodast pre-treatment significantly 

decreased the TP-mediated vasocontraction in the 0.5 µM doxorubicin-treated vessels at U46619 

concentrations from 10-8 M to 10-6.5 M (p < 0.001), compared to the Seratrodast naïve 0.5 µM 

doxorubicin treated vessels (Figure 4-18 (B)). The reduction of vasocontraction in 0.5 µM doxorubicin-

treated vessels pre-treated with Seratrodast observed was a 16 % decrease at 10-8 M (5.0 ± 1.9 %),  a 

36 % decrease at 10-7.5 M (11.0 ± 3.9 %), a 62 % decrease at 10-7 M (24.0 ± 7.4 %) and a 54 % decrease 

10-6.5 M U46619 (Cmax = 48.3 ± 13.1 %) compared to doxorubicin-treated vessels (10-8 M: 21.0 ± 3.0 % 

to 10-7.5 M: 47.0 ± 6.0 %; 10-7 M: 86.0 ± 9.0 % and 10-6.5 M (Cmax = 102.2 ± 9.3 %)). The increase in TP-
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mediated vasocontraction after 0.5 µM doxorubicin compared to vehicle-treated vessels was similar 

in Seratrodast pre-treated and Seratrodast naïve vessels.  
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Figure 4-23: Vasocontractile response to the cumulative application of U46619 (TP receptor agonist) 

normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 1 

µM Seratrodast (TP receptor agonist). (A) Vasocontractile response to the cumulative application of 

U46619 to LAD artery from vehicle groups. Vehicle group (n = 15; Blue) and vehicle + 1 µM Seratrodast 

(n = 12 - 13; Pink). (B) Vasocontractile response to the cumulative application of U46619 to incubated 

LAD artery with 0.5 µM doxorubicin. Doxorubicin group (n = 14; Blue) and doxorubicin + 1 µM 

Seratrodast (n = 9 - 10; Pink). Doxo = doxorubicin. Values given represent mean ± S.E.M and the 

comparison of both groups was statistically analysed using unpaired Student T test: *** = p value < 

0.001. 

After 24 hrs of incubation with 0.5 µM doxorubicin or vehicle and Seratrodast pre-treatment of both 

vessel groups, the TP-mediated vasocontraction was significantly increased in the 0.5 µM doxorubicin 

treated vessels by 7 %  at U46619 concentrations 10-7.5 M (11.0 ± 3.9 %) and by 18 % at 10-7 M (24.0 ± 

7.4 %), compared to the vehicle-treated vessels at 10-7.5 M (4.0 ± 0.5 %, p = 0.030) and 10-7 M (6.0 ± 

1.2 %, p = 0.003) (Figure 4-19). The U46619 dose-response curve of both 0.5 µM doxorubicin and 

vehicle incubated vessels, after 1 µM Seratrodast pre-treatment, did not reach the final plateau at the 

highest dose due to stock constrains, however, the maximal vasocontraction Cmax (at 10-6.5 M) in 

Seratrodast pre-treated 0.5 µM doxorubicin vessels (Cmax = 48.3 ± 13.1 %) seems to be increased 

compared to Cmax in Seratrodast pre-treated vehicle vessels (Cmax = 29.8 ± 11.2 %), but this rise was 

not significant due to the high variability observed (Table 4-6). 

The increase in TP-mediated vasocontraction after 0.5 µM doxorubicin compared to vehicle-treated 

vessels was similar in Seratrodast pre-treated and Seratrodast naïve vessels.  
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Figure 4-24: Vasocontractile response to the cumulative application of U46619 (TP receptor agonist) 

normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 1 

µM Seratrodast (TP receptor antagonist). Vasocontractile response to the cumulative application of 

U46619 to LAD arteries in the doxorubicin group pre-treated with 1 µM Seratrodast (n = 9 - 10; Red) 

was compared to Vehicle pre-treated with 1 µM Seratrodast group (n = 12 - 13; Blue) using unpaired 

Student T-test: *** = p value < 0.001. Values given represent mean ± S.E.M. 

 

The data were summarised in the Figure 4-215 These results indicate that in the 24-hr organ-cultured 

arteries, the observed U46619-induced contraction represents TP receptor-mediated specific 

vasocontraction.  

 

Table 4-6: Cmax, “Emax” and “pEC50” values of Seratrodast or Seratrodast naïve LAD arteries incubated 

with vehicle or doxorubicin (0.5 µM). Cmax is the percentage of 60 mM K+ maximum contraction at S6c 

highest dose (10-7.5 M), while “Emax” and “pEC50” values were generated from fitted curves obtained by 

Graph-Pad Prism 9.  

Groups N Cmax “Emax” “pEC50” 

Vehicle  15 77.2 ± 7.2 % 80.6 ± 5.1 % 7.09 ± 0.05 

Vehicle  

+ Seratrodast (1 µM) 
12 - 13 29.8 ± 11.1 % / / 

Doxorubicin (0.5 µM) 14 102.2 ± 9.3 % 111.7 ± 8.2 % 7.40 ± 0.09 

Doxorubicin (0.5 µM)  

+ Seratrodast (1 µM) 
9 - 10 48.3 ± 13.1 % / / 
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Figure 4-25: Vasocontractile response to the cumulative application of U46619 (TP receptor 

agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries alone or pre-

treated with 30 min of 1 µM Seratrodast (TP receptor antagonist). Doxorubicin (n = 13; Red) 

and vehicle + 1 µM Seratrodast (n = 12 - 13; Green) groups were compared to Vehicle group 

(n = 16; Blue). Doxorubicin + 1 µM Seratrodast (n = 9 - 10; Brown) was compared to 

doxorubicin group (n = 19; Red). Doxorubicin + 1 µM Seratrodast (n = 9 - 10; Brown) was 

compared to vehicle + 1 µM GR55562 (n = 13 - 14; Green). Doxo = doxorubicin, 5-CT = 5-

Carboxamidotryptamine, K+ = 60 mM K+ KH. Values given represent mean ± S.E.M and 

statistical analysis was performed with Two-way ANOVA + Bonferroni: ** = p value < 0.01. 

**** = p value < 0.0001. ααα = p value < 0.001. αααα = p value < 0.0001. ## = p value < 0.01. 

#### = p value < 0.0001. 

 

4.4.  Discussion / Conclusion 

The doxorubicin treatment seems to have an effect on the vascular tone of the rat coronary arteries, 

through specific GPCRs, namely ETA, ETB, 5-HT1B and TP receptors. The application of GPCR specific 
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antagonists BQ123, BQ788, GR55562 and Seratrodast confirms the vascular tone effect observed 

through the application of the GPCR specific agonist. For a better reading of the discussion, the dose-

response curves of each receptor (in the presence of both agonist and antagonist) have been grouped 

in the same graphs in Figures 4-7, 4-11, 4-14, 4-17, 4-21 and 4-25. 

 ETB receptors-mediated contraction is enhanced by doxorubicin treatment 

The endothelin B receptors have 2 subtypes in the cardiovascular system. ETB receptors are located in 

both endothelial cells and VSMCs; however, the two subtypes have an opposite effect on vascular 

tone. In the endothelial cells, the  ETB receptors induce vasodilation, through the NO and prostacyclin 

synthesis (Liu et al., 2003), while the ETB receptors signalling pathway in VSMC results in a 

vasocontraction, via phospholipase C (PLC), diacylglycerol / inositol trisphosphate (DAG/IP3) pathway 

activation (Skovsted et al., 2012). Under normal physiological conditions, ETB receptors are largely 

expressed in ECs and induce vasodilatation (Hirata et al., 1993), while ETB receptors are poorly 

expressed in VSMCs and thus can’t induce significant vasoconstriction (Hirata et al., 1993). However, 

in the presence of vascular injury, the ETB receptors in the SMC are up-regulated (Johnsson et al., 

2008), and an ETB-mediated vasoconstriction is observed (Skovsted et al., 2012), due to the up-

regulation of ETB mRNA (Eskesen and Edvinsson, 2006) and subsequent rise in ETB receptors in the 

VSMC membrane.  

The present study’s results have shown a strong S6c-induced vasoconstriction of 24-hr organ-cultured 

LAD arteries incubated with vehicle or 0.5 µM doxorubicin (Figure 4-7), which is similar to Skovsted 

(2017) findings, which used a different technique to induce CVD with rat LAD arteries model. Skovsted 

et al.et al. used organ-cultured rat LAD arteries as model to study the up-regulation of ETB receptors 

related to CVDs, as it was performed in this study. However, the group induced ischaemia by occluding 

the LAD arteries through ligating for 30 min, followed by reperfusion to mimic the remodelling 

processes of CVD, while a 24 hrs organ culture with doxorubicin to mimic the CVD remodelling 

processes was used in this study. After the I/R, the LAD arteries were dissected free and divided into 

two groups (upstream or downstream the ligature) and mounted on wire-myograph to measure the 

S6c dose-response curve. Their data showed that the ETB-mediated contraction was increased in 

ischemic LAD segments downstream of the ligature compared to the non-ischemic LAD segments, 

which had a negligible S6c-induced contraction (Skovsted et al., 2017).  

Furthermore, it was shown that the doxorubicin treatment (0.5 µM) seems to induce a further 

increase of the ETB-mediated contraction from 10-13 M to 10-10.5 M compared to vehicle-incubated LAD 

arteries (Figure 4-7), which could underline a potential doxorubicin-induced vasotoxicity. However, 

the “Emax” and “pEC50” values of the vehicle and doxorubicin treated LAD vessels remained unchanged. 
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It has been established that the constant dissociation (KD) of S6c for ETB receptors (0.06 ± 0.02 nM) is 

59,400-fold higher than the KD for ETA receptors (3.50 ± 0.26 µM) in rat left ventricle, meaning the S6c-

induced vasoconstriction is predominantly mediated through ETB receptors signalling pathways 

(Russell and Davenport, 1996). Previous studies have shown that sarafotoxin 6c application produces 

a monophasic curve. Eskesen and her team compared the sarafotoxin 6c-induced vasoconstriction of 

overnight organ-cultured LAD arteries to fresh LAD arteries from rats and showed that the organ 

culture of LAD arteries leads to an increase of sarafotoxin 6c-induced vasoconstriction of LAD arteries. 

However, both fresh and organ-cultured LAD arteries produced monophasic S6c-induced dose-

response curve after cumulative application of sarafotoxin 6c ranging from 10-12 M to 10-7.5 M (Eskesen 

and Edvinsson, 2006). Furthermore, Johnsson and her team also investigated the sarafotoxin 6c dose-

response curves of fresh or 24 hrs-incubated rat LAD arteries with cumulative application of 

sarafotoxin 6c ranging from 10-12 M to 10-6.5 M. Their data showed that the sarafotoxin 6c dose-

response curves were monophasic and the cultured-LAD arteries had a strong ETB-mediated 

vasoconstriction while fresh LAD arteries had negligible ETB-mediated vasoconstriction (Johnsson et 

al., 2008). Based on both previous studies, Skovsted examined the early time course and potential 

mechanisms involved in the enhanced ETB-mediated response to sarafotoxin 6c of cultured LAD 

arteries and septal coronary arteries (SCA). The LAD and SCA arteries were incubated for 1½ hrs, 4 hrs, 

7 hrs or 24 hrs and mounted on a wire-myograph to perform sarafotoxin 6c dose-response curve with 

concentrations ranging from 10-12 M to 10-7.5 M. Their data showed that the up-regulation of ETB-

mediated vasoconstriction was strong after 7 hrs incubation and that the sarafotoxin 6c dose response 

curves were monophasic at all of the included incubation time intervals (Skovsted et al., 2012).  

In contrast to the three studies mentioned above using the same model (i.e. organ-cultured rat LAD 

arteries), cumulative application of sarafotoxin 6c with concentrations ranging from 10-14 M to 10-7.5 

M resulted in biphasic curves in the present study. Here it was shown that the sarafotoxin 6c 

application to vehicle-incubated LAD arteries reach a first plateau from 10-11.5 M to 10-10.5 M, as shown 

in Figure 4-7. One explanation to this monophasic versus biphasic curve phenomenon could be 

explained with the initial start dose of sarafotoxin 6c, as the sarafotoxin 6c application starts from 10-

14 M, while the other studies start the application at 10-12 M. The higher concentration of sarafotoxin 

6c application in the other studies could have resulted in omitting the first plateau, as this plateau is 

only reached at a lower sarafotoxin 6c dose level. 

In the present results, the presence of a sarafotoxin 6c biphasic curve shows the implication of two 

different ETB subtype receptors. The first hypothesis (i) is that at the first phase of the sarafotoxin 6c 

dose-response curve, both ETB subtypes have antagonistic effects and these ETB subtypes' competition 

leads to the low vasocontraction depending on both ETB subtypes' affinity. For clarification, the ETB 
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subtype from EC will be called ETB1 and the ETB subtype from SMC will be called ETB2. The binding of 

sarafotoxin 6c to ETB2 receptors induces a vasocontraction while the binding of sarafotoxin 6c to ETB1 

receptors induces a vasorelaxation. The interaction between these 2 subtypes with opposite 

vasocontractile response effects could explain the low vasocontraction at the first phase of the 

sarafotoxin 6c biphasic curve. The LAD arteries included in this study have an average of 50% of the 

endothelium left after 24 hrs of organ culture and subsequently getting mounted on the wire-

myography (Figure 3-8 in chapter 3, section 3.3.2). The lack of ECs means there are fewer ETB1 

receptors functional to induce vasorelaxation. Moreover, studies have highlighted the up-regulation 

of ETB2 during vascular injury. Miasiro et al.et al. investigated the sarafotoxin 6c biphasic curved in the 

fresh isolated guinea-pig ileum with different agonists (sarafotoxin 6c and IRL1620) and antagonists 

(BQ123, PD145065, RES-701-1 and Apamin) obtained by recording the isometric responses through a 

Narco Biosystem force transducer.  They observed a relaxation followed by a contraction of the vessels 

when they applied cumulative doses of sarafotoxin 6c and the use of antagonists confirm it was due 

to two distinct ETB receptors (Miasiro et al., 1999). This paper could illustrate the activation of ETB1 at 

low doses and the activation of ETB2 at higher doses. The up-regulation of ETB2 and/or the down-

regulation of ETB1 could explain the vasoconstriction at both phases of the biphasic sarafotoxin 6c 

dose-response curve, which would show primarily ETB2-mediated contraction. However, further 

studies are needed to investigate if this hypothesis is true. 

Additionally, upon pre-treatment with the ETB receptor antagonist BQ788, a decrease of the 

vasocontraction was observed in all of the studied LAD arteries (Figure 4-7). This study’s data showed 

the BQ788 pre-treatment of both vehicle- and doxorubicin-treated LAD arteries (Figure 4-7) resulted 

in a significant reduction (p = 0.0002) of the maximal ETB-mediated contraction in doxorubicin-

incubated LAD arteries (97 %) compared to vehicle-incubated LAD arteries (154 %). However, it was 

shown that in vessels incubated with doxorubicin, the BQ788 induces a decrease at the highest doses 

of sarafotoxin 6c, while the contraction is recovered in vehicle-incubated vessels. Moreover, the 

doxorubicin-incubated vessels still induce an increased vasocontraction after BQ788 pre-treatment 

during the first phase but induce a decrease in vasocontraction at the highest doses of sarafotoxin 6c. 

The mechanisms involved in this switch remain undefined, however, some hypotheses were 

suggested. 

The doxorubicin treatment could (i) modify the structure of the binding site on the ETB receptors 

leading to an increase of the binding of antagonist BQ788 to the ETB receptors or a decrease of the 

agonist sarafotoxin 6c affinity to the ETB receptors and thus may explain the reduction of the maximal 

ETB-mediated vasoconstriction observed in BQ788 pre-treated doxorubicin LAD arteries, compared to 

BQ788 pre-treated vehicle LAD arteries. The doxorubicin treatment combined with the 30 min 
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antagonist pre-treatment, followed by the cumulative application of sarafotoxin 6c could (ii) 

desensitise the ETB receptors and thus decrease the number of ETB receptors available for the 

sarafotoxin 6c binding, leading to the down-regulation of the S6c-induced contraction.  

Furthermore, in vehicle-treated LAD arteries, the BQ788 pre-treatment failed to inhibit the ETB-

mediated vasocontraction at high S6c concentration (Figure 4-7). It is known that ETB receptors are 

rapidly desensitised by phosphorylation through the G protein-coupled receptor kinase type 2 upon 

stimulation by the agonist S6c and then internalised from the VSMC membrane at high S6c doses 

(Russell and Davenport, 1996, Gregan et al., 2004) and thus BQ788 might simply not be able to 

adequately compete with S6c and bind to ETB receptors at high S6c doses and elicits its antagonistic 

effect.  

As shown previously, the organ culture of rat LAD arteries induces a significant up-regulation of ETB 

receptors in SMC (Skovsted et al., 2017). Doxorubicin is known to interact with DNA (Rawat et al., 

2021) and could (iii) potentially have a toxic effect during the ETB receptors transcription leading to a 

modification of the ETB receptors' properties. 

The results observed in this chapter showed that ETB-mediated contraction is altered by doxorubicin 

treatment, however, the mechanisms associated with ETB-mediated vasocontraction observed during 

the first phase of biphasic S6c dose-response curve of rat LAD arteries are unclear and need more 

investigation. 

 

  Doxorubicin-induced cardiotoxicity is not associated with altered ETA-mediated 

vasocontractile response, however, BQ123 highlights a potential alteration of ETA 

receptors.  

ET-1 is the ligand of ETA and ETB receptors. ETA receptors are expressed in the SMCs and are mainly 

responsible for the vasoconstriction (Yanagisawa et al., 1988) and blood pressure (Donato et al., 2014) 

in normal physiological conditions. However, in pathological conditions, ETA and ETB are both involved 

in vasoconstriction (Skovsted et al., 2015).  

The present results showed that the doxorubicin treatment (0.5 µM) has no effect on the contractile 

response of endothelin receptors when applying the endothelin-1 agonist (Figure 4-11). The ET-1 

dose-response curve was performed after an ETB receptors desensitisation by applying 10-7.5 M dose 

of Sarafotoxin 6c.  
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The addition of ETB receptor antagonist BQ788 prior to the ET-1 dose-response curve illustrated a 

slight reduction of the contraction of LAD arteries from vehicle group (Figure 4-17). These findings 

demonstrate that ETB-mediated contraction was nearly abolished by applying 10-7.5 M dose of 

Sarafotoxin 6c, and that the ETB-mediated contraction was observed during the first phase of ET-1 

dose-response curve. The addition of the ETA receptor antagonist BQ123 prior to the ET-1 dose-

response curve confirmed that ETA-mediated contraction was observed at the higher doses of ET-1 

application (Figure 4-14).  

Based on this study’s results with the addition of either ETA selective antagonist BQ123 or ETB selective 

antagonist BQ788, it is evident that the ET-1 dose-response curve performed without antagonist 

corresponds mainly to the ETA-mediated vasocontractile response, which means doxorubicin 

treatment has no effect on ETA-mediated vasocontractile response.  This study’s findings are in 

agreement with Skovsted et al.et al. (2017) findings, which showed that ETA-mediated vasocontractile 

response is not altered in their in vitro model mimicking cerebral ischaemia (as described in section 

4.4.4). 

Interestingly in the present results, BQ123 pre-treatment showed that the ETA-mediated contraction 

was significantly reduced in the presence of doxorubicin incubation, from 150.5 % in BQ123-incubated 

vehicle LAD arteries to 61.8 % in BQ123-incubated doxorubicin LAD arteries (Figure 4-14). Therefore, 

BQ123 pre-treatment might have highlighted a potential doxorubicin-induced alteration of the ETA 

receptors. Furthermore, the addition of both ETA and ETB receptors antagonists BQ123 and BQ788 

simultaneously identified a stronger decrease of the last phase of the ET-1-dose-response curve 

compared to the application of individual antagonist (BQ123 or BQ788) (Figure 4-11), while there is 

no decrease observed with only BQ788 (Figure 4-17). Based on these results, the inhibition of both 

ETA and ETB receptors induced a higher decrease than ETA receptors inhibition alone.  

 

  5-HT1B receptors-mediated contraction is enhanced by doxorubicin treatment 

The 5-HT1B receptors have been mostly studied in cerebral arteries, where their activation is involved 

during many disorders, such as migraine (O'Quinn et al., 1999) or memory (Lotfinia et al., 2014). 

However, 5-HT1B and 5-HT2 are two serotonin receptor subtypes involved in serotonin response in 

coronary arteries (Longmore et al., 2000, Maassen VanDenBrink et al., 2000, Kaumann et al., 1994). 

Studies on the anti-migraine drug and 5-HT1B agonist sumatriptan have demonstrated that patients 

treated with sumatriptan can develop chest pain, myocardial infarction, and vasospasm (Ottervanger 

et al., 1997, Okonkwo and Ojha, 2020).  
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The present study showed that the 5-carboxamidotryptamine dose-response curve performed after 

doxorubicin treatment resulted in a biphasic dose-response curve, which highlights the potential 

implication of two different serotonin subtype receptors during the 5-CT-mediated contraction. The 

current finding is consistent with Hansen-Schwartz et al.et al. (2003) findings, which showed that the 

agonist 5-CT has a high affinity to 5-HT1B with a pEC50 of 7.7 in rat cerebral arteries and a low affinity 

to 5-HT2A with a pEC50 of 5.1 in rat cerebral arteries (Hansen-Schwartz et al., 2003).  

The 5-HT1B selective antagonist GR55562 with a pKB of 6.4 for the 5-HT1B receptors in cerebral arteries 

was used to verify that the present results were specific to the 5-HT1B receptor activation (Hansen-

Schwartz et al., 2003), prior to the assessment of 5-CT-mediated vasocontractile response. Addition 

of 5-HT1B receptor specific antagonist GR55562 demonstrated that the observed 5-CT mediated 

contractile alteration in doxorubicin-treated coronary arteries was due to the 5-HT1B receptors with a 

significant decrease of the Cmax from 34 % in vehicle-treated LAD arteries to 11 % in GR55562-treated 

vehicle LAD arteries (p = 0.009) (Figure 4-21) and decrease the biphasic dose-response curve observed 

after doxorubicin treatment at the concentrations from 10-7.5 M 5-CT to 10-6 M 5-CT in doxorubicin-

treated LAD arteries (p < 0.05) compared to GR55562-treated doxorubicin LAD arteries (Figure 4-21).  

Based on the present results, it has been suggested that the affinity of 5-CT binding to 5-HT1B receptors 

is increased after doxorubicin treatment compared to vehicle in LAD coronary arteries (Figure 4-21). 

Binding of 5-CT ligand to the 5-HT1B receptors inhibits the adenylyl cyclase, which reduces the cAMP 

formation and PKA activity leading to the intracellular calcium release from the sarcoplasmic reticulum 

and thus finally vasoconstriction (Barnes and Sharp, 1999, Leenders and Sheng, 2005, Tiger et al., 

2018). However, due to stock limitations, the lack of “Emax” values for the vehicle group makes it 

difficult to determine if the 5-HT1B-mediated contraction is increased by doxorubicin treatment.  

To the best of our knowledge, there are no studies on the involvement of doxorubicin-induced 

vasotoxicity mediated through the 5-HT1B receptors in either human or animal coronary arteries. 

However, in support of the present study’s findings, previous studies have demonstrated that 

doxorubicin-induced cardiotoxicity can decrease cAMP formation. cAMP is a second messenger 

transducing the action of several GPCRs, including 5-HT1B receptors (Gerlo et al., 2011) and 5-HT1B 

receptors activation induces the reduction of cAMP levels, which leads to the release of intracellular 

calcium and thus a contraction (Albert and Tiberi, 2001). Calderone et al.et al. (1991) studied the 

doxorubicin-induced changes on rabbit left and right ventricular tissues, where cumulative doses of 

0.75 mg/kg of doxorubicin were administrated three times a week for 11 weeks to induce doxorubicin-

induced cardiomyopathy. Their data showed that the adenylyl cyclase activity and generation were 

reduced in the cardiomyocytes, which suggests that the decrease of adenylyl cyclase could contribute 
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to the decrease of myocardial contractility in their heart failure model (Calderone et al., 1991). 

Furthermore, in another study, Efentakis et al.et al. (2020) investigated the potential cardioprotective 

effect of an inotropic vasodilator Levosimendan (LEVO) on murine cardiomyocytes after a doxorubicin 

sub-chronic cardiotoxicity (Efentakis et al., 2020). Their data showed that LEVO can be 

cardioprotective by inhibiting PDE-3, which induces the activation of the cAMP/PKA pathway and 

leads to abrogate the intracellular calcium release. Interestingly, the present results showed indirectly 

that by increasing the 5-HT1B-mediated vasocontractile response, doxorubicin could lead to a decrease 

of the cAMP formation (Figure 1-6 in chapter 1, section 1.6.3), as observed in the previously described 

studies investigating doxorubicin-induced cardiotoxicity. 

Thus, these previous studies seem to be in indirect agreement with this study, as doxorubicin 

treatment increases the 5-HT1B-mediated vasocontractile responses in isolated coronary arteries and 

targeting the 5-HT1B pathways could be a potential adjuvant therapy for cancer patients.  Doxorubicin-

induced cardiotoxicity involves a complex set of mechanisms involved, and the effect through 5-HT1B 

receptors could be one of the mechanisms of action that the vasotoxicity is developing. However, the 

exact mechanism of action involved in the doxorubicin-induced vasotoxicity through 5-HT1B receptors 

remains unclear and needs to be highlighted by molecular studies. 

 

 Thromboxane A2 receptors-mediated contraction is enhanced by doxorubicin 

treatment 

This study’s findings showed the effect of doxorubicin treatment on coronary artery’s vascular tone, 

through the involvement of TP receptors. The agonist U46619 dose-response curve showed a 

significant left-shift of the curve, from 10-7.09 M in vehicle-treated LAD arteries to 10-7.40 M in 

doxorubicin-treated LAD arteries (p = 0.0009), and significant elevation of the maximal TP-mediated 

contraction after 0.5 µM doxorubicin incubation, from 80.6 % in vehicle-treated LAD arteries to 11.7 

% vehicle-treated LAD arteries (p = 0.0013) (Figure 4-25), suggesting an elevation of the TP receptors 

potency and contractile response to the agonist U46619. Interestingly, it was shown that the pre-

treatment of Seratrodast confirms the role of TP receptors in the observed increase of vasocontraction 

of doxorubicin-treated LAD arteries (Figure 4-25).  

Thromboxane A2 is a potent platelet activator and vasoconstrictor (Katugampola and Davenport, 

2001). In SMCs, thromboxane A2 ligand binds to TP receptors leading to PLC activation. PLC hydrolyses 

PIP2 in DAG and IP3 leading to PKC activation and intracellular calcium accumulation. This pathway 

induces a strong vasoconstriction and platelet activation, which alter platelets shape, aggregation and 

secretion (Chen, 2018). Pathological changes of the TP signalling pathways can lead to CVDs, like 
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atherosclerosis, myocardial infarction and hypertension (Neri Serneri et al., 1983, Katugampola and 

Davenport, 2001, Smyth, 2010, Martin, 1984).  

The functional effect of doxorubicin treatment on TP receptor-mediated vasocontraction has not been 

investigated prior, however, a recent study reported that doxorubicin-induced cardiotoxicity involves 

thrombus formation. An in vivo model using 10-week-old C57BL/6 mice was used to investigate 

thrombus formation. Doxorubicin was administrated at a concentration of 5 mg/kg/week to the mice 

for 4 weeks and the platelet activity was analysed. It was shown that chronic treatment of doxorubicin 

enhanced platelet activity, leading to thrombus and vascular injury (Lv et al., 2020). Conversely, 

studies on isolated platelets from human blood samples (collected from 18 – 25 years old patients) 

showed that treatment with 5 – 100 µM doxorubicin had no direct effect on the platelet activity (Kim 

et al., 2009, Kim et al., 2011). The aggregation and procoagulant activity of platelets are two main 

factors of thrombosis and both are enhanced by the intracellular calcium release and a prolongated 

increase of pro-coagulation (Heemskerk et al., 2002). In this study, it has been shown that TP-

mediated contraction of doxorubicin-treated LAD vessels was elevated compared to vehicle-treated 

LAD vessels and the elevated TP-mediated vasocontraction might be induced by (i) an increase of TP 

receptors affinity to U46619, highlighted through the increase of the “pEC50”-value in LAD vessels 

treated with doxorubicin, (ii) an increase in TP receptors translation or (iii) a TP-mediated contractile 

hyper-responsiveness (i.e. increase of “Emax”), leading to the increase of intracellular calcium and PKC 

activity, via PLC activation. The vasoconstrictor and platelet activation properties of TP receptors 

underlined the potential involvement of TP receptors in doxorubicin-induced vasotoxicity. The factors 

involved in the increase of TP-mediated contraction remain undefined and molecular studies are 

needed, however, this study’s findings and previous studies underline the potential benefits that an 

adjuvant therapy targeting the TP receptor pathway could have on cancer patients. 

 

  Conclusion 

From this study’s novel findings, it is evident that doxorubicin induces vasotoxicity by increasing the 

contraction of three of the studied GPCRs, ETB, 5-HT1B and TP receptors. The addition of the GPCR 

specific antagonist confirmed the specific involvement of each GPCR receptor and suggest a potential 

doxorubicin-induced alteration of ETA receptors. 

The molecular mechanisms involved in vasotoxicity remain undefined for these GPCRs. The mRNA 

expression and receptors density of the GPCRs could underline some of the mechanisms involved in 

the doxorubicin-induced vasotoxicity and further studies were conducted to investigate the cellular 

and molecular mechanisms involved in doxorubicin-induced cardiotoxicity which will be discussed in 
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the next chapter. Furthermore, these GPCRs are involved in smooth muscle differentiation via MAPK 

pathways (Liu et al., 2019, Skovsted et al., 2017, Bolla et al., 2002). Further studies were conducted to 

investigate the attenuation of the elevated GPCR-mediated vasoconstriction associated with the 

doxorubicin-induced vasotoxicity by inhibiting the MEK/ERK pathway with a MEK 1/2 inhibitor U0126 

which will be discussed in the next chapter.  
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Chapter 5: 

5. Effect of a MERK 1/2 inhibitor (U0126) on doxorubicin-induced vasotoxicity. 

Some data of this chapter are under review or published: 

Peer reviewed journal:  

- Submitted for publication in British journal of Pharmacology (June 2023): 

Title: Involvement of MEK/ERK pathway during G-protein coupled receptor mediated doxorubicin 

induced vasotoxicity in rat coronary arteries 

Authors: Lozahic C., Maddock H., Wheatley M., Sandhu H. 

Conferences: 

 British Pharmacology Society (BPS) Pharmacology 2022 conference in Liverpool: 

Poster presentation: Doxorubicin-induced vasotoxicity in coronary vessels: Investigating the G-

protein-coupled receptor mediated vasoconstriction and the effect of an MEK 1/2 inhibitor U0126.  

Miss Caroline Lozahic, Prof Helen Maddock, Dr Hardip Sandhu. 

 BSCR Autumn meeting 2022: Cardiac remodelling – Basic mechanisms to clinical management, 

Belfast:  

Poster presentation: Doxorubicin-induced vasotoxicity in coronary vessels: Investigating the G-

protein-coupled receptor mediated vasoconstriction and the effect of an MEK 1/2 inhibitor U0126. 

Caroline Lozahic, Mark Wheatley, Helen Maddock and Hardip Sandhu 

 CSELS conference, June 2022, Coventry: 

Poster presentation: Doxorubicin-induced vasotoxicity in coronary vessels: Investigating the G protein 

coupled receptor mediated vasoconstriction and the effect of an MEK 1/2 inhibitor U0126. Caroline 

Lozahic, Mark Wheatley, Helen Maddock and Hardip Sandhu. 

 

PGR seminar: 

Oral presentation (2022), Coventry: G-protein coupled receptor (GPCR) involvement during 

anthracycline-induced cardiotoxicity and potential pathways involved.  

  



148 | P a g e  
 

5.1.  Introduction 

In recent years, research into cancer therapy has taken significant steps towards more effective, 

precise and less invasive cancer treatment options. New and innovative cancer therapy options 

include antimicrobial peptides (de la Fuente-Nunez et al., 2017) and immunotherapy (Paz-Ares et al., 

2018). Despite the recent advancements, chemotherapy drugs remain the most efficient cancer 

treatments to treat various cancer types. However, chemotherapy drugs are associated with 

cardiotoxicity, which is defined as cardiac toxicity as a direct effect of chemotherapy. Understanding 

the mechanism of action of cancer drugs can potentially lead to improvement in cancer drug 

development and management of adverse effects by implementing adjunct therapy (Anand et al., 

2022, Lozahic et al., 2021).  

Anthracyclines are among the most potent and commonly used chemotherapeutic agents (Hutchins 

et al., 2017). Anthracycline chemotherapy regimen is used alone or in combination with other cancer 

treatments to treat various solid tumours, such as breast cancer, lymphoma or sarcoma, and 

haematological malignancies (Volkova and Russell, 2011). Anthracycline drugs target cancer cells and 

non-malignant cells by inducing apoptosis through different mechanisms of action, such as DNA 

intercalation and topoisomerase II enzyme inhibition (Minotti et al., 2004). Unfortunately, cancer 

patients treated with anthracyclines are at risk of developing cardiac-related adverse effects, including 

arrhythmia (Buza et al., 2017) and heart failure (Kamphuis et al., 2020). 

Doxorubicin is one of the anthracycline drugs commonly used in solid cancer. Unfortunately, 

doxorubicin is associated with severe cardiac adverse effects. Doxorubicin-induced cardiotoxicity 

involves various intracellular mechanisms including mitochondrial dysfunction, reactive oxygen 

species production (Gille and Nohl, 1997) leading to oxidative stress (Minotti et al., 2004), apoptosis 

(Kaufmann and Earnshaw, 2000), and myofibril damage (Ito et al., 1990). The efficacy of doxorubicin 

in treating cancer is limited by cumulative dose-dependent cardiotoxicity (Lefrak et al., 1973). 

Doxorubicin-induced cardiotoxicity can occur acutely after therapy (i.e. within the first weeks of 

administration). The acute cardiotoxicity effects of doxorubicin range from loss of myocardial 

contractility (Raj et al., 2014) to impaired left ventricular ejection fraction (Pinedo, 2006). Doxorubicin-

induced cardiotoxicity can also occur long-term. Early chronic cardiotoxic adverse effects from 

doxorubicin occur during the first year, such as the development of dilated cardiomyopathy (Raj et al., 

2014). Cardiotoxicity from doxorubicin treatment can also occur many years down the line, where the 

accumulation of previous cardiac dysfunction leads to the development of a weakened heart and 

thinning the left ventricular (LV) wall, leading to a reduction of the systolic function (Sandhu and 

Maddock, 2014). 
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The doxorubicin treatment can induce cardiovascular damage via several mechanisms, including 

oxidative stress, calcium homeostasis dysregulation, iron-related free radicals and systemic 

inflammation (Podyacheva et al., 2021) (Olson et al., 1988). The doxorubicin accumulates in the 

mitochondrial inner membrane and disrupts the mitochondrial activity, leading to mitochondria 

dysfunction (Octavia et al., 2012) and thus overproduction of reactive oxygen species (ROS) 

production (Zhou et al., 2001). Furthermore, doxorubicin alters the endothelial nitric oxide synthase 

(eNOS) and NADPH oxidase (NOX) activities and thus leads to the reduction of free oxygen in 

superoxide free radical (Vasquez-Vivar et al., 1997, Deng et al., 2007). The overproduction of ROS 

associated with the doxorubicin-induced cardiotoxicity coupled to the iron-related free radicals 

overload lead to oxidative stress, lipid peroxidation and cells apoptosis, and thus into the cardiac 

dysfunction observed in patients treated with chemotherapy (Sritharan and Sivalingam, 2021). The 

ROS generation and apoptotic signalling activation are also induced by the increase of intracellular 

calcium release from the sarcoplasmic reticulum during doxorubicin-mediated cardiotoxicity 

(Holmberg and Williams, 1990). Intracellular calcium overload is clinically associated with ischaemic 

heart diseases, including atherosclerosis, thrombosis, and coronary spasms (Dhalla et al., 2008). 

Furthermore, clinical studies have highlighted an increase of arterial stiffness in patients treated with 

anticancer drugs both during and after the treatment, including doxorubicin (Parr et al., 2020, Mozos 

et al., 2017, Chaosuwannakit et al., 2010). Doxorubicin-induced cardiotoxicity is also associated with 

an increase of the inflammatory markers. Interleukin 9 (IL-9) aggravates doxorubicin-induced cardiac 

injury by promoting the inflammatory response (Ye et al., 2020).   

The G-protein coupled receptors (GPCRs) are interesting targets to alleviate doxorubicin-induced 

cardiotoxicity. GPCRs are the largest and most important families of transmembrane proteins 

(Rosenbaum et al., 2009) and are well-known to be key vasotension regulators in CVDs, such as 

hypertension and heart failure (Forrester et al., 2018, Audebrand et al., 2019). GPCRs located in SMC 

membranes play the role of mechanoreceptors (Chen et al., 2020) and stimulation of these GPCRs can 

lead to vasocontraction (Audebrand et al., 2019). The study in the previous chapter investigated the 

effects of doxorubicin on vascular function through GPCR-mediated vasoconstriction in the coronary 

LAD artery. Doxorubicin was associated with an altered vascular function of coronary arteries through 

the vasoconstriction mediated by endothelin ETA and ETB, serotonin 5-HT1B and thromboxane 

prostanoid TP GPCR receptors. However, the intracellular pathways leading to the doxorubicin-

induced dysfunction of the vascular tone of coronary vessels are yet to be investigated and identified. 

ET-1 activates the two endothelin GPCR receptor subtypes: ETA receptor and ETB receptor, in the 

cardiovascular system (Wang et al., 2018). ETA receptors are located in SMCs and are mainly 

responsible for VSMC vasoconstriction (Bacon and Davenport, 1996), while ETB receptors are located 
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predominantly in EC, where ETB receptors are responsible for vasodilatation (Tykocki et al., 2009). 

Furthermore, ETB receptors located in SMCs are involved in vasocontraction (Haynes et al., 1995). 

Similarly, both ETA and ETB receptors, located in rodent SMCs, induced VSMC vasocontraction, while 

ETB receptors, located predominantly in ECs, are responsible of vasodilatation. The ET-1 binding to ETA 

receptors activates the G protein of the Gq/11 and G12/13 proteins (Gohla et al., 2000), while ET-1 

binding to ETB receptors activates the G protein of the Gi and Gq/11 proteins (Cramer et al., 2001), 

leading to contractile response and cell proliferation of VSMCs (Schneider et al., 2007). The activation 

of these G proteins activates ERK 1/2 pathways, involved in VSMC proliferation, mainly through ETA 

receptors (Chen et al., 2009). In SMCs the serotonin GPCR receptor 5-hydroxytryptamine 1B (5-HT1B) 

receptor is involved in vasoconstriction of human coronary arteries (Nilsson et al., 1999b). 

Furthermore, the 5-HT1B receptors are up-regulated in atherosclerotic rabbit coronary arteries (Ishida 

et al., 2001). Specific binding to 5-HT1B receptors activates the G protein of the Gαi/o subunit leading 

to the selective phosphorylation of ERK 1/2 (Liu et al., 2019). Thromboxane prostanoid (TP) GPCR 

receptor mediates platelet activation, vasoconstriction, EC activation and SMC proliferation (Capra et 

al., 2014, Chen, 2018). TP receptors are localised in human VSMC (Morinelli et al., 1990), where TP 

receptors induced vasocontraction (Norel, 2007). Similarly, the TP receptor activation in rodent SMC 

leads to vasoconstriction of aortic vessels (Rolin et al., 2007). TP receptors activate the G protein of 

the Gq/11 subunit leading to the ERK activation through a PKC-regulated mechanism (Gao et al., 

2001). 

Some studies investigated the potential use of targeting GPCRs as preventive cardioprotective agents. 

The β-adrenergic receptor blockers reduced the generation of ROS, apoptosis of cardiomyocytes 

(Oliveira et al., 2005) and have vasodilatory effects (Mason et al., 2005). Other GPCR blockers studied 

as potential preventive cardioprotective agents include Angiotensin-converting enzyme inhibitors 

(ACEI) and angiotensin receptor blockers (ARB) (Bosch et al., 2013). Doxorubicin-induced 

cardiotoxicity remains an important issue associated with cancer therapy, with no efficient and robust 

adjuvant therapy options available. In-depth studies of the GPCRs' involvement and function during 

cardiotoxicity could lead to potentially identifying novel and significant adjuvant therapy options to 

combat cardiotoxicity as a result of doxorubicin therapy. Interestingly, Yu et al.et al. (2021) showed 

that sorafenib (3 mg/L), a VEGF-targeting agent, was promoting vasoconstriction through the up-

regulation of ETB-mediated vasocontractile response and ETB receptor expression in 24 hrs-incubated 

rat mesenteric arteries and 10 µM U0126 alleviated the elevated ETB vasoconstriction (Yu et al., 2021), 

which highlight the potential cardioprotective effect of U0126 against doxorubicin-induced 

cardiotoxicity. 
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The mitogen-activated protein kinases (MAPKs) are involved during the regulation process of vascular 

GPCRs expression (Kacimi and Gerdes, 2003). The ERK cascade, one of the key MAPK signalling 

pathways, was the first MAPK discovered and is known to get preferentially activated by shear stress 

or growth factor stimulation (Boulton et al., 1991). The ERK 1/2 pathway is activated by various 

extracellular stimulation and by internal processes (Shaul and Seger, 2007) through the activation of 

receptor tyrosine kinase (RTK) (Sudhesh Dev et al., 2021) or GPCRs (Liu et al., 2019). The ERK cascade 

is initiated by Ras, a small G protein, which recruits and activates Raf kinases in the cytosol. Raf 

activates the MEK 1/2 by phosphorylation. MEK 1/2 promotes the dual phosphorylation of ERK 1/2 for 

ERK activation and has the role of cytoplasmic anchor protein for ERK. Activation of ERKs promotes 

the phosphorylation and activation of transcription factors, such as activator protein-1 (AP-1) 

(Whitmarsh and Davis, 1996) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

κB) (Xu et al., 2008) in SMC. The ERK cascade regulates cell proliferation, differentiation, survival and 

apoptosis (Shaul and Seger, 2007). In the SMC, AP-1 and NF-κB transcribe the GPCR genes in the 

nucleus. The GPCR mRNA is then translated in the cytosol and afterwards exported to the cell 

membrane (Kacimi and Gerdes, 2003).  

Studies have investigated the MAPK signalling as a potential cardioprotective target of doxorubicin-

induced cardiotoxicity. A recent study investigates the potential cardioprotective effect of a potent 

synthetic flavonoid with anti-oxidative properties called 3’,4’-dihydroxyflavonol (DiOHF) at a 

concentration of 6 mg/kg (daily for 10 days from 3 days before doxorubicin treatment) in in vivo 

experiments, and 10 µM of DiOHF in the in vitro model administrated either 2 hrs before (preventive 

effect) or 2 hrs after (therapeutic effect) the doxorubicin incubation/treatment (for 24 hrs incubation 

in total). Doxorubicin cardiotoxicity was induced in vivo by doxorubicin injection (20 mg/kg by 

cumulative intraperitoneal injection (i.p.)) to BALB/c mice, or by incubating H9C2 cells with 1 µM 

doxorubicin along with DiOHF. This study showed that DiOHF inhibits the ROS release, stabilises the 

mitochondrial function and reduces the apoptosis through ERK1 signalling activation leading to the 

suppression and reversion of doxorubicin-induced cardiotoxicity (Chang et al., 2019). Another study 

showed that the natural fatty acid ethanolamide oleylethanolamide (OEA) could improve ventricular 

remodelling and elevated cardiac function by inhibiting doxorubicin-induced apoptosis through 

activation of Ras/Raf-1/MEK/ERK signalling pathway using an in vivo rat model. They administered 3 

doses of 3 mg/kg of doxorubicin by intravenous injection (i.v.) every other day after an overnight 

fasting to induce the cardiomyopathy and studied the cardioprotective effect of OEA by either (i) 

injecting 5 mg/kg of OEA (twice daily for 3 doses) by i.p. prior to the doxorubicin injection or (ii) the 

therapeutic effect of OEA by injected 5 mg/kg of OEA (every other day for 7 days) during the 4th week 

after the doxorubicin treatment (Su et al., 2006).  
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U0126 is a small molecule MEK 1/2 inhibitor. U0126 acts as a non-competitive inhibitor of MEK 1 (IC50 

= 72nM) and MEK 2 (IC50 = 58nM) (Duncia et al., 1998). Interestingly, U0126 shows a cardioprotective 

effect against I/R by attenuating the I/R-induced apoptosis and autophagy myocardium in C57BL/6J 

mice (Wang et al., 2016). A study investigated the potential cardioprotective effect of U0126 against 

cerebral ischaemia with an in vivo rat subarachnoid haemorrhage model induced by a surgical 

procedure and showed that the U0126 treatment might be an interesting adjuvant therapy to treat 

the late cerebral ischaemia by inhibition of the MEK/ERK pathway (Povlsen and Edvinsson, 2015). 

U0126 confers protection against cerebral vascular injury of isolated cerebral arteries, even when 

U0126 was administrated 6 hrs after the vascular injury (Sandhu et al., 2010). Sandhu et al.et al. (2010) 

used rat 48 hrs-incubated cerebral arteries model, which mimics vascular injury mechanisms, to 

investigate the potential cardioprotective effect of U0126. Their data showed that U0126's optimal 

dose to protect the isolated cerebral arteries was 10 µM and U0126 attenuates the ETB, 5-HT1B and TP 

receptors elevated vasocontractile responses in 48 hrs-incubated cerebral arteries compared to fresh 

cerebral arteries, even when U0126 is administrated 6 hrs after the initiation of the incubation. 

Aims of the study in this chapter: 

Doxorubicin-induced cardiotoxicity will be investigated in LAD arteries, co-administered with the MEK 

1/2 inhibitor U0126 to understand the role of MEK/ERK 1/2 involvement during the doxorubicin-

induced vascular dysfunction effect on the endothelin ETA and ETB, serotonin 5-HT1B and thromboxane 

prostanoid TP GPCR receptors. 

The functional, phenotypic, and genotypic changes on LAD arteries were investigated in vehicle and 

doxorubicin LAD arteries with or without U0126. 

The aims of the current study were to investigate: 

(1) The effect of U0126 on doxorubicin-induced vasotoxicity through the different studied 

receptors on incubated LAD arteries with vehicle or doxorubicin treatment. 

(2) The effect of doxorubicin on mRNA levels of the specific GPCRs 

(3) The effects of doxorubicin on GPCRs expression on LAD vessels. 
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5.2.  Materials and methods 

 

 Animal ethics 

Male Sprague-Dawley rats (300 - 350g) were used during the experiments. The animals were 

purchased from Charles River (Margate, UK) and housed at the University of Warwick. Experiments 

were conducted in accordance with the Home Office Guidance on the Operation with Animals 

(Scientific Procedures Act 1986; The Stationary Office, London, UK) and were approved by the Ethics 

Committee of Coventry University. 

 Materials 

Doxorubicin hydrochloride was purchased from Tocris Biosciences (Bristol, UK) and was dissolved in 

Reverse Osmosis (RO) water with a final stock concentration of 1 mM. 

Serotonin hydrochloride, carbachol, sarafotoxin S6c, endothelin-1, 9,11-dideoxy-11α,9α-

epoxymethanoprostaglandin F2α (U46619), 5-carboxamidotryptamine maleate salt were purchased 

from Sigma-Aldrich (Merck KGaA, US). U46619 was dissolved in methyl acetate with a final stock 

concentration of 3 mM. All the other drugs were dissolved in RO water. Serotonin hydrochloride and 

carbachol had a final stock concentration of 10 mM. Sarafotoxin 6c and endothelin-1 had a final stock 

concentration of 0.1 mM. U46619 and 5-carboxamidotryptamine had a final stock concentration of 27 

mM and 30 mM, respectively. The MEK 1/2 inhibitor U0126 was purchased from EMD Millipore 

Corporation (Merck, US) and dissolved in Dimethylsulfoxide (DMSO) with a final stock concentration 

of 2 mM. DMSO was purchased from Sigma-Aldrich (Merck KGaA, US). All drugs were aliquoted in 

suitable volumes and stored at -20 °C. 

Dulbecco’s Modified Eagle Medium, DMEM (1 g/L D-Glucose, 4mM L-Glutamine, 0.11 g/L Sodium 

pyruvate) and Antibiotic-antibiotic (10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin, and 

25 µg/mL of Gibco Amphotericin B) were purchased from ThermoFisher Scientific (Massachusetts, 

US). All reagents used to prepare the KH buffers for the myography experiments were purchased from 

Fisher Bioreagents (Fisher Scientific, US). 

 Isolated left anterior descending artery (LAD) preparation 

Adult male Sprague-Dawley rats were ethically and humanely sacrificed, and LADs were rapidly 

dissected free, as described in section 2.3.2. The LAD was cut in 4 rings of approximatively 2 mm in 

length each (for myography) or in approximatively 4 mm (for PCR and immunohistochemistry). The 

rings were divided into eight groups and incubated in DMEM low glucose media at 37 °C and 
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humidified with 5 % CO2 and 95 % O2 for 24 hrs. The experiment was first conducted with the 

addition of 10 µM of U0126 or 0.5 % of DMSO in media and divided into four groups: 

- Vehicle group (containing 0.5 % of DMSO) 

- 10 µM U0126 group (containing 0.5 % of DMSO) 

- 0.5 µM doxorubicin group (containing 0.5 % of DMSO) 

- 0.5 µM of doxorubicin and 10 µM of U0126 group (containing 0.5 % of DMSO) 

Afterwards, the experiment was optimised by the addition of 5 µM of U0126 or 0.25 % of DMSO, 

and the following groups were included: 

- Vehicle group (containing 0.25 % of DMSO) 

- 5 µM U0126 group (containing 0.25 % of DMSO) 

- 0.5 µM doxorubicin group (containing 0.25 % of DMSO) 

- 0.5 µM of doxorubicin and 5 µM of U0126 group (containing 0.25 % of DMSO) 

 Please note that the vehicle group in this chapter refers to DMEM added DMSO (either 0.25 % or 

0.50 %), contrary to DMEM treated with water as in the previous chapter.  

After 24 hrs of incubation, the vessels used for Real-Time PCR were submerged in 200 µL RNA protect 

reagent and stored in -20 °C freezer. Vessels for immunohistochemistry were fixed in Cellpath™ OCT 

Embedding Matrix (Thermofisher, USA) and stored in -80 °C freezer. 

 Myography protocol 

Vessels were mounted in Ca2+ free KH buffer on the myograph after 24 hrs of incubation, and 

afterwards, the buffer was changed to Na+ KH and the vessels were stabilised for 1 hr (see figure 5-1). 

 

Figure 5-1: Experimental protocol to study vascular contractility and dilatory capacity of LAD vessels. 

Na+ = Na+ KH, K+ = K+ KH, 5-HT = serotonin. 

 

A pre-tension in the range of 1.16mN/mm to 1.52mN/mm was applied during this stabilisation step 

(Ping et al., 2014). After the stabilisation period, the vessels were exposed to a 60 mM K+ KH to 
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measure the maximum vasocontraction and vessels with a K+ KH vasocontractile response below 1 

mN were excluded. Vessels were washed twice with Na+ KH for 15 min and a second 60 mM K+ KH 

contraction was recorded and used as reference for the study of the GPCR agonist mediated dose-

response curves). Vessels were washed with Na+ KH with 15 min intervals until the vascular tension 

came back to the baseline level (minimum 30 min). To measure vasodilatory capacity the vessels were 

pre-contracted with 3. 10-7 M serotonin (5-HT) followed by applying 10-5 M carbachol. Vessels were 

washed with Na+ KH with 15 min intervals until the vascular tension came back to the baseline level.  

 

Figure 5-2: Experimental protocol to study dose-response curve of specific GPCR agonists. S6c = 

sarafotoxin 6c, the agonist of ETB receptors; 5-CT = 5-carboxyamidotryptamine, the agonist of 5-HT1B 

receptors, ET-1 = endothelin-1, the agonist of ETA and ETB receptors; U46619, the agonist of TP 

receptors 

 

Once the contractile and dilatory capacity of the vessels was measured - and thus established the 

function and viability of the vessels - the dose-response curve can be measured. As seen in Figure 5-

2, cumulative doses of the specific agonists will be added, starting from the lowest dose and then 

increased in half-log increments to the highest dose. The segments were either stimulated with (i) ETB 

receptor agonist sarafotoxin 6c (S6c), from 10-14 M to 10-7.5 M, followed by Na+ KH washing with 15-

min intervals until the vascular tension reverted to the baseline level, where after the second dose-

response curve was measured by applying ETA and ETB receptor agonist endothelin-1 (ET-1), from 10-

14 M to 10-7.5 M, or by stimulation with (ii) 5-HT1B receptor agonist 5-carboxamidotryptamine (5-CT), 

from 10-12 M to 10-5.5 M, followed by Na+ KH washing with 15 min intervals until the vascular tension 

reverted to the baseline level, where after the second dose-response curve was measured by applying 

thromboxane A2 receptor agonist U46619, from 10-12 M to 10-6.5 M.  
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 Real time PCR protocol 

Total cellular RNA was extracted with the RNeasy protect liquid mini kit following the supplier’s 

instructions. LAD arteries were removed from RNA protect reagent and homogenised in RLT buffer 

containing 0.01 % β-mercaptoethanol using a KIA Ultra-Turrax homogeniser (Sigma-Aldrich, USA). The 

samples were centrifuged for 3 min at full speed. The supernatant was mixed with 1 volume of ethanol 

70 % and transferred to an RNeasy spin column placed in a 2 mL collection tube. After centrifugation 

for 15 sec at room temperature (RT) at 8,000 xg, total cellular RNA was fixed on the membrane in 

RNeasy spin column and the flow-through was discarded. Washing buffer RW1 was added to the 

RNeasy spin column and samples were centrifuged for 15 sec at room temperature at 8,000 xg. The 

second washing buffer RPE was added to the spin column and centrifuged for 15 sec at room 

temperature at 8,000 xg. The last washing step was with RPE buffer and samples were centrifuged for 

2 min at room temperature at 8,000 xg. RNAse-free water was added in the RNeasy spin column and 

samples were centrifuged for 1 min at room temperature at 8,000 xg to elute the RNA. Total RNA 

amount and purity were determined with NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer (ThermoFisher, USA). 

Reverse transcription of total cellular RNA to cDNA was performed with SuperscriptTM IV VILO Master 

Mix (ThermoFisher, US) in Eppendorf® Mastercycler® Nexus Thermal Cyclers (Merck, USA).  Total 

cellular RNA was mixed with SuperScript IVTM VILO Master Mix in a 20 µL reaction volume on ice. The 

mix was incubated at 25 °C for 10 min to anneal primers. Afterwards, it was incubated at 50 °C for 10 

min to reverse transcribe RNA. Finally, the mix was incubated at 85 °C for 5 min to inactivate the 

enzyme. The cDNA obtained was diluted in RNAse-free water to have a cDNA concentration of 1 ng/µL. 

Real-Time PCR was performed in a Real-Time PCR instrument QuantStudio 7 (ThermoScientific, USA) 

with the PowerTrack SYBR Green Master Mix (1X) with cDNA (at a final concentration of 0.5 ng/µL), 

with the forward and reverse primers (500 nM), and with RNAse-free water to a final reaction volume 

of 20 µL. Negative control was added in all experiments. A yellow buffer was mixed with the cDNA to 

facilitate the plate loading. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was used as 

endogenous control. Specific primers of ETA and ETB receptors, 5-HT1B receptors, TP receptors, EF-1 

and GAPDH were designed (Table 2-1, in 2. General Methods chapter, section 2.2.3). Primers were 

resuspended in RNAse-free water to obtain a stock concentration of 100 mM and then, diluted to 

obtain a work concentration of 10 mM. Once each reaction was loaded in each well of a 96-well plate 

(ThermoScientific, UK), the Real-Time PCR instrument was run according to the company protocol. 

First, the enzyme was activated at 95 °C for 2 min. Then, the two next steps were processed during 40 

cycles. The cDNA was denatured at 95 °C for 15 sec and primers were annealed and extended at 60 °C 

for 1 min. A melt curve was obtained, immediately after the real-time PCR, in three steps to check for 
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nonspecific amplification. Step 1 was at 95 °C for 15 sec, with a ramp rate of 1.6 °C/sec. Step 2 was at 

60 °C for 1 min, with a ramp rate of 1.6 °C/sec. Finally, step 3, also named dissociation, was at 95 °C 

for 15 sec, with a ramp rate of 0.075 °C/sec. 

 Immunohistochemistry protocol 

Frozen arteries were cryosectioned in 10 µm sections using the cryostat OTF5000 (Bright instruments, 

Huntingdon, UK). Sections were collected onto superfrost plus adhesion slides and stored at - 80 °C 

until immunohistochemistry staining. Thawed sections were fixed in – 20 °C Acetone for 20 min, dried 

for 5 min at room temperature (RT) and rehydrated in PBS containing 0.25 % of Triton X-100 (PBST) at 

room temperature for 3 x 5 min. Then, the sections were blocked in PBS containing 5 % donkey serum 

for 1 hr at room temperature. Sections were incubated overnight at 4 °C with primary antibodies, 

diluted in PBST containing 1 % Bovine Serum Albumin (BSA) and 3 % donkey serum. Sections were 

double immunostained with primary antibodies of one protein of interest: ETA (1: 1000), ETB (1: 1000), 

5-HT1B (1: 1000), TP (1: 500) or pERk (1: 500) and with primary antibodies of actin (1: 500) used as 

reference. Sections were rinsed with PBS at room temperature for 2 x 15 min. Finally, sections were 

incubated with secondary antibodies, diluted in PBST containing 1 % Bovine Serum Albumin (BSA) and 

3 % donkey serum for 1 hr at room temperature. Sections were double immunostaining with both 

secondary antibodies: donkey anti-rabbit IgG Alexa Fluor 488 GREEN (1: 500) and donkey anti-mouse 

IgG Alexa Fluor 594 RED (1: 500). Negative controls were identified by omitting the primary antibodies 

and following the same protocol. Please note that autofluorescence was observed due to the internal 

elastic lamina and not because of any unspecific staining.  

The Immunofluorescence was visualised with a confocal microscope Eclipse Ti2 (Nikon Instruments 

Inc.; Tokyo, Japan) and photographed with an attached Nikon Orca-Flash4.0v3 camera. Images were 

analysed and quantified with the AR package of NIS-elements software.  The wavelengths and pinhole 

size were fixed with Fresh group’s sections and used on the other groups. The fluorescence intensity 

was measured on the entire circumference of the vessel section, named the ROI (Region of Interest) 

to obtain the ROI mean intensity.  

 

 Statistical analysis 

All data are expressed as mean ± S.E.M. and n refers to the number of animals used.  

Contractile responses to agonists in each vessel were expressed as percentage of the K+ KH-induced 

contraction. Vasocontractile responses were analysed with two-way analysis of variance (ANOVA) 

with Bonferroni’s post-hoc test. “Emax” values represent the maximal contractile response elicited by 
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the agonist and are generated by the software Graph-Pad Prism 9. Cmax values represent the 

contraction obtained at the highest agonist dose and are applied when the “Emax” couldn’t be 

determined due to stock concentration constraints. The “pEC50” values represent the negative 

logarithm of the agonist concentration that produces 50 % of the maximal contractile effect and are 

generated with Graph-Pad Prism 9, based on “Emax” value. The calculations were carried out using 

Graph-Pad Prism 9 (GraphPad Software, La Jolla, USA). “Emax” and “pEC50” values were statistically 

analysed with Kruskal-Wallis test, using GraphPrism software.  

The mRNA data were analysed using the comparative cycle threshold (ΔCT) method (Hansen-Schwartz 

et al., 2002). The CT values of GAPDH was used as reference gene to quantify the relative amount of 

ETA, ETB, 5-HT1B and TP receptors mRNA. The relative quantification of the GPCRs mRNA compared to 

CT values of reference genes was obtained by using the formula: 
𝑋0

𝑅0
= 2𝐶𝑇𝑋−𝐶𝑇𝑅𝑋 , where X0 is the 

initial amount of target mRNA, R0 is the initial amount of reference mRNA, CTX is the CT value of the 

target mRNA and CTR is the CT value of the reference mRNA (Sandhu et al., 2010). The mRNA 

expression was analysed with Kruskal-Wallis’s test for multiples comparisons and protein expression 

was analysed with one-way analysis of variance (ANOVA) with Fisher’s post-test used for multiples 

comparisons. 

 

5.3.  Results 

 Endothelin ETB receptor 

5.3.1.1. Wire-myography: ETB receptors-mediated contraction 

The endothelin ETB receptor specific agonist sarafotoxin 6c was used to investigate the effect of 

doxorubicin on ETB receptor-mediated contraction in the presence or absence of the MEK 1/2 inhibitor 

U0126. The dose-response curves obtained by the ETB receptor-mediated contraction were 

monophasic after treatment with 0.25 % DMSO vehicle and 5 µM U0126, as shown in Figure 5-3, while 

they were biphasic in the previous chapter in the absence of 0.25 % DMSO and 5 µM U0126 

incubation, as shown in Figure 9-1. The S6c-induced contraction values are given as percentage of the 

maximal contractile response induced by 60 mM K+ KH buffer. The “Emax” and “pEC50” values are given 

in Table 5-1. The difference of contraction between the groups and the p values are given in Table 9-

3 in Appendices.  



159 | P a g e  
 

5.3.1.1.1. ETB-mediated contraction in 0.5 µM of doxorubicin with and without 5 
µM of U0126 (containing 0.25 % of DMSO) 

- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in 24-hr-incubated LAD 

vessels (containing 0.25 % DMSO):  

The ETB-mediated contraction was reduced at the three highest concentrations of S6c: a reduction of 

50 % for 10-8.5 M (62.70 ± 12.10 %, p < 0.0001) and 10-7.5 M (Cmax = 86.09 ± 12.97 %, p < 0.0001) and 60 

% reduction for 10-8 M (80.25 ± 12.88 %, p < 0.0001) on 0.5 µM doxorubicin vessels (n = 8 - 9), when 

compared to vehicle vessels (n = 7 - 8; 112.81 ± 10.52 % at 10-8.5 M, 135.75 ± 7.85 % at 10-7.5 M (Cmax) 

and 140.15 ± 10.31 %  at 10-8 M), as observed in Figure 5-3. The 0.5 µM doxorubicin incubation induced 

a reduction of the ETB-mediated contraction of 0.5 µM doxorubicin-treated LAD arteries (“Emax” = 93.3 

± 7.2 %, p < 0.0001), when compared to vehicle LAD arteries (“Emax” = 151.5 ± 7.1 %). The “pEC50” value 

of S6c-induced contraction of 0.5 µM doxorubicin-treated LAD vessels (“pEC50” = 10-8.69 M) was not 

altered compared to the vehicle-treated LAD vessels (“pEC50” = 10-8.73 M).  

- The effect of 5 µM U0126 treatment on ETB-mediated contraction in 24-hr-incubated LAD vessels 

(containing 0.25 % DMSO):  

The incubation of 5 µM U0126 of vehicle-treated LAD vessels did not alter the ETB-mediated 

contraction of 5 µM U0126-incubated vehicle LAD vessels (n = 8 - 9) when compared to U0126 naïve 

vehicle-treated LAD vessels (n = 7 - 8), as observed in Figure 5-3. The “Emax” and “pEC50” values of 5 

µM U0126-incubated vehicle LAD vessels (“Emax” = 151.17 ± 9.14 %, “pEC50” = 10-8.73 M) were not 

altered, when compared to U0126 naïve vehicle-treated LAD vessels (“Emax” = 151. 54 ± 7.11 %, “pEC50” 

= 10-8.87 M), as shown in Table 5-1. 

- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in the presence of 5 µM 

U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):  

The ETB-mediated contraction was reduced at the three highest concentrations of S6c: a reduction of 

52 % for 10-8.5M (61.2 ± 9.7 %, p < 0.0001), of 72 % for 10-8M (68.2 ± 9.2 %, p < 0.0001) and of 65 % at 

10-7.5M (Cmax = 70.6 ± 8.7 %, p < 0.0001) on doxorubicin-treated LAD vessels (n = 8 - 9), when compared 

to vehicle-treated LAD vessels (n = 7 - 8; 10-8.5 M: 112.81 ± 10.52 %, 10-8 M:  140.15 ± 10.31 %  and 10-

7.5 M (Cmax): 135.75 ± 7.85 %), as observed in Figure 5-3. The 5 µM U0126 incubation induced a 

reduction of the ETB-mediated contraction of 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 75.25 

± 4.77 %, p < 0.0001), when compared to U0126 naïve vehicle-treated LAD vessels (“Emax” = 151. 54 ± 

7.11 %), while the “pEC50” values were not altered (Table 5-1). 
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The incubation with 5 µM U0126 did not alter the ETB-mediated contraction of 0.5 µM doxorubicin-

treated LAD vessels (n = 8 - 9) when compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels 

(n = 8 - 9). The inhibition effect of U0126 showed a tendency towards lowering the maximal ETB-

mediated contraction of 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 75.25 ± 4.77 %), compared 

to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 93.28 ± 7.22 %), but the reduction is 

not statistically significant. The “pEC50” of 0.5 µM doxorubicin-treated LAD vessels was unaltered by 

the 5 µM U0126 incubation (Table 5-1). 
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Figure 5-3: Vasocontractile response to the cumulative application of sarafotoxin 6c (S6c) (ETB 

receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries, after 0.25 

% DMSO or 5 µM U0126 incubation. Vehicle group (containing 0.25 % DMSO; n = 7 - 8), 0.5 µM 

Doxorubicin group (containing 0.25 % DMSO; n = 8 - 9), 0.5 µM doxorubicin and 5 µM U0126 (n = 8 - 

9) and 5 µM U0126 group (n = 8 - 9). S6c = sarafotoxin 6c, Doxo = doxorubicin, DMSO = Dimethyl 

sulfoxide. Contractile responses were compared to vehicle group using Two-way ANOVA and 

Bonferroni’s test (**** = p < 0.0001) and compared to doxorubicin group using one-way ANOVA and 

Bonferroni’s test. 

 

Table 5-2: Cmax, “Emax” and “pEC50” values of vehicle or 0.5 µM doxorubicin incubated LAD arteries 

with DMSO or MEK 1/2 inhibitor U0126: 0.25 % DMSO and 5 µM U0126 incubation. Values given for 

all agonist experiments and as mean ± S.E.M. N values represent the total amount of animals used. 

The “Emax” and “pEC50” values of the different groups are compared to the vehicle-treated LAD vessels 

(with 0.25 % DMSO) with ANOVA and Dunnett’s post-hoc test, while Cmax is compared using two-way 

ANOVA with Bonferroni’s post-hoc test: ** = p < 0.01, *** = p < 0.001. 
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Groups N S6c Cmax S6c “Emax” “pEC50” 

Vehicle  7-8 135.75 ± 7.85 % 151. 54 ± 7.11 % 8.87 ± 0.09 

0.5 µM Doxorubicin 8-9 86.09 ± 12.97 % **** 93.28 ± 7.22 % *** 8.69 ± 0.15 

0.5 µM Doxorubicin  

and 5 µM U0126 
8-9 70.62 ± 8.71 % ****  75.25 ± 4.77 % *** 8.94 ± 0.13 

5 µM U0126 8-9 139.08 ± 13.95 % 151.17 ± 9.14 % 8.73 ± 0.11 

 

5.3.1.1.2. ETB-mediated contraction in 0.5 µM of doxorubicin with and without 10 
µM of U0126 (containing 0.5 % of DMSO) 

- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in 24-hr-incubated LAD 

vessels (containing 0.5 % DMSO):   

ETB-mediated vasocontraction of 0.5 µM doxorubicin-treated LAD vessels (n = 10 – 11) was 

significantly elevated (29 – 32 % increase) from 10-11.5 M (34.77 ± 5.55 %, p = 0.0287) to 10-11 M (38.57 

± 5.88 %, p = 0.016) when compared to vehicle-treated LAD vessels (n = 7 – 8; 10-11.5 M: 5.56 ± 2.14 % 

%, 10-11 M: 7.42 ± 2.80 %). Conversely, the ETB-mediated contraction of 0.5 µM doxorubicin-treated 

LAD vessels (n = 10 - 11) was reduced at the three highest concentrations of S6c: a reduction of 59 % 

at 10-8.5 M (85.65 ± 8.52 %, p < 0.0001), 66 % at 10-8 M (103.72 ± 8.31 %, p < 0.0001) and 67 % at 10-7.5 

M (Cmax = 104.49 ± 8.15 %, p < 0.0001), when compared to vehicle-treated LAD vessels (n = 7 - 8; 10-8.5 

M: 144.94 ± 11.83 %, 10-8 M: 169.79 ± 7.98 % and 10-7.5 M (Cmax): 170.69 ± 7.82 %) (Figure 5-3). The 0.5 

µM doxorubicin incubation induced a reduction of the ETB-mediated contraction of doxorubicin-

treated LAD vessels (“Emax” = 108.5 ± 5.4 %, p < 0.0001) when compared to vehicle-treated LAD vessels 

(“Emax” = 180.2 ± 5.8 %). The “pEC50” values of S6c-induced contraction of 0.5 µM doxorubicin-treated 

LAD vessels were not altered, compared to vehicle-treated LAD vessels (Table 5-2).  

- The effect of 10 µM U0126 treatment on ETB-mediated contraction in 24-hr-incubated LAD vessels 

(containing 0.5 % DMSO): 

The 10 µM U0126 incubation of vehicle-treated LAD vessels decreased the ETB-mediated contraction 

of 10 µM U0126-incubated vehicle LAD vessels (n = 7 - 8) by 41 % at 10-9.5 M (14.04 ± 3.46 %, p = 

0.0012) and 44 % at 10-9 M (49.95 ± 10.40 %, p = 0.0003) when compared to LAD vessels with vehicle 

and 0.5 % DMSO (n = 7 - 8; 10-9.5 M: 55.49 ± 17.72 % and 10-9 M: 93.89 ± 18.47 %). The 10 µM U0126 

incubation of vehicle-treated LAD vessels slightly right-shifted the second phase of the biphasic curve 

from a “pEC502” of 10-8.63 M (p = 0.0007) for the 10 µM U0126-incubated vehicle LAD vessels to a 

“pEC502” of 10-9.06 M for the U0126 naïve vehicle-treated LAD vessels. However, the 10 µM U0126 

incubation did not alter the maximal ETB-mediated contraction with a mean “Emax” of 189.6 ± 5.8 % for 
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10 µM U0126-incubated vehicle LAD vessels and a mean “Emax” of 180.2 ± 5.8 % for U0126 naïve 

vehicle-treated LAD vessels. 

- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in the presence of 10 µM 

U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):  

The 10 µM U0126 incubation reduced the ETB-mediated vasocontraction of 0.5 µM doxorubicin-

treated LAD vessels (n = 7 - 8) by 38 % to 124 % decrease from S6c 10-9.5 M (16.52 ± 4.49 %, p = 0.0016) 

to 10-7.5 M (Cmax = 47.32 ± 15.19 %, p < 0.0001), when compared to U0126 naïve vehicle-treated LAD 

vessels (n = 10 - 11) from 10-9.5 M (55.49 ± 17.72 %) to 10-7.5 M (Cmax = 170.69 ± 7.82 %), as shown in 

Figure 5-3. The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels induced a 

reduction of the maximal ETB-mediated contraction of 10 µM U0126-incubated doxorubicin LAD 

vessels (“Emax” = 53.0 ± 7.9 %, p < 0.0001) when compared to vehicle-treated LAD vessels (“Emax” = 

180.2 ± 5.8 %). The two “pEC50” values of 10 µM U0126-incubated doxorubicin LAD vessels were not 

altered compared to U0126 naïve vehicle-treated LAD vessels. 

Furthermore, the 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels (n = 10 - 11) 

reduced the ETB-mediated contraction by 29 % to 57 % at 10-11 M (10.20 ± 2.19 %, p = 0.0246) and 

from 10-10 M (41.78 ± 5.98 %, p < 0.05) to 10-7.5 M (Cmax = 47.32 ± 15.19 %, p = 0.001), when compared 

to U0126 naïve 0.5 µM doxorubicin LAD vessels (n = 10 - 11) at 10-11 M (38.57 ± 5.88 %) and from 10-

10 M (41.78 ± 5.98 %) to 10-7.5 M (Cmax = 104.49 ± 8.15 %). The 10 µM U0126 incubation induced a 

reduction of the maximal ETB-mediated contraction of 10 µM U0126-incubated 0.5 µM doxorubicin 

LAD vessels (“Emax” = 53.0 ± 7.9 %, p < 0.0001) when compared to U0126 naïve 0.5 µM doxorubicin-

treated LAD vessels (“Emax” = 108.5 ± 5.4 %). The two “pEC50” values of 10 µM U0126-incubated 0.5 

µM doxorubicin LAD vessels were not altered compared to U0126 naïve 0.5 µM doxorubicin-treated 

LAD vessels. 
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Figure 5-4: Vasocontractile response to the cumulative application of sarafotoxin 6c (S6c) (ETB 

receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, after 0.5 % 

DMSO or 10 µM U0126 incubation. Vehicle group (0.5 % DMSO; n = 7 - 8); 0.5 µM doxorubicin group 

(0.5 % DMSO; n = 10 - 11), 0.5 µM Doxorubicin and 10 µM U0126 (n = 7 - 8); 10 µM U0126 (n = 7 - 8). 

S6c = sarafotoxin 6c, DMSO = Dimethyl sulfoxide. Contractile responses compared to Vehicle group 

using two-way ANOVA and Bonferroni’s test (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 

0.0001) and compared to 0.5 µM doxorubicin group using two-way ANOVA and Bonferroni’s test: # = 

p < 0.05, ## = p <0.01 and #### = p < 0.0001. 

 
Table 5-2: Cmax, “Emax” and “pEC50” values of vehicle or doxorubicin incubated LAD arteries with 
DMSO or MEK 1/2 inhibitor U0126: 0.5 % DMSO and 10 µM U0126 incubation. Values given for all 
agonist experiments and as mean ± S.E.M. N values represent the total amount of animals used. The 
“Emax” and “pEC50” values of the different groups are compared to the vehicle-treated LAD vessels 
(with 0.25 % DMSO) with ANOVA and Dunnett’s post-hoc test: *** = p < 0.001. The 10 µM U0126-
incubated doxorubicin LAD vessels were compared to U0126 naïve doxorubicin-treated LAD vessels 
(with 0.5 % DMSO) with ANOVA and Dunnett’s post-hoc test: ### = p < 0.001, while Cmax is compared 
using two-way ANOVA with Bonferroni’s post-hoc test: ** = p < 0.01, *** = p < 0.001. 
 

 

Groups N S6c Cmax S6c “Emax” “pEC501”   “pEC502” 

Vehicle  7-8 170.69 ± 7.82 % 180.2 ± 5.8 % 12.25 ± 5.02 9.06 ± 0.09 

0.5 µM Doxorubicin 10-11 
104.49 ± 8.15 % 

*** 

108.5 ± 5.4 % 

*** 
12.34 ± 0.37 8.9 ± 0.16 

0.5 µM Doxorubicin 

and 10 µM U0126 
7-8 

47.32 ± 15.19 % 

***, ### 

53.0 ± 7.9 % 

***, ### 
12.55 ± 1.54 8.57 ± 0.33 

10 µM U0126 7-8 167.19 ± 10.65 % 189.6 ± 5.8 % / 
8.63 ± 0.05 

*** 
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5.3.1.2. Real-Time PCR: quantification of ETB receptor mRNA levels 

Gene expression of the endothelin ETB receptors was investigated in rat LAD arteries by Real-Time 

PCR. Negative controls were included for each studied gene. Endothelin ETB receptors mRNA level was 

expressed as values relative to the endogenous gene, GAPDH and normalised to vehicle-incubated 

LAD vessels. Both figures, 5-5 (A) and 5-5 (B) showed the same tendency towards reduction or increase 

of ETB receptors mRNA between the different groups, however, the significant difference was 

observed only in vessels after 24-hrs incubation containing 0.5 % DMSO or 10 µM U0126, as shown in 

figure 5-5 (B). 

Figure 5-5 (A) showed the mRNA levels on LAD vessels incubated with 0.25 % DMSO or 5 µM U0126. 

The 5 µM U0126 treatment does not alter the ETB receptors mRNA level of vehicle-treated LAD vessels 

(1.536 ± 0.265; n = 10) and 0.5 µM doxorubicin-treated LAD vessels (0.859 ± 0.165; n = 9) compared 

to U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.150; n = 10) and U0126 naïve 0.5 µM doxorubicin-

treated LAD vessels (0.708 ± 0.220; n = 9).  

Figure 5-5 (B) showed the mRNA levels on LAD vessels incubated with 0.5 % DMSO or 10 µM U0126. 

Endothelin ETB receptors mRNA level was down-regulated significantly from vehicle-treated LAD 

vessels (1.00 ± 0.163; n = 10) to 0.5 µM doxorubicin-treated LAD vessels (0.459 ± 0.123, p = 0.006; n = 

10) and 10 µM U0126-treated doxorubicin LAD vessels (0.547 ± 0.087, p = 0.041; n = 10). 10 µM U0126-

treated 0.5 µM doxorubicin LAD vessels (0.547 ± 0.087; n = 10) showed a tendency towards a reduction 

of ETB receptors mRNA, compared to vehicle-treated LAD vessels (1.00 ± 0.163; n = 10), but there is 

no statistical difference. 
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Figure 5-5: Real-Time PCR of ETB receptors in LAD arteries with DMSO (Vehicle or Doxorubicin) or 

U0126 (Vehicle + U0126 or Doxorubicin + U0126). (A) Comparison of ETB receptors mRNA levels on 

LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 10), 0.5 µM doxorubicin group 

(containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 9), 0.5 µM doxorubicin + 5 µM U0126 group 

(containing 0.5 µM doxorubicin and 5 µM U0126; n = 9) and 5 µM U0126 (containing 5 µM U0126; n 

= 10). (B) Comparison of ETB receptors mRNA levels on LAD arteries from Vehicle group (containing 

0.5 % DMSO; n = 10), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.5 % DMSO; n = 

10), 0.5 µM doxorubicin + 10 µM U0126 group (containing 0.5 µM doxorubicin and 10 µM U0126; n = 

10) and 10 µM U0126 (containing 10 µM U0126; n = 10). Doxo = doxorubicin, ETB = endothelin B. Data 

are expressed as mean ± S.E.M. values relative to GAPDH mRNA levels (n = 10) and normalised to 

vehicle group. The groups were compared by multiple comparisons using one-way ANOVA Kruskal-

Wallis’ test (* = p < 0.05, ** = p < 0.01).  

 

5.3.1.3. Immunohistochemistry: Quantification of ETB receptor levels 

The quantification of ETB receptors expression on LAD vessels was obtained by measuring the ROI 

mean intensity and the intensity was normalised to 24 hrs vehicle-incubated LAD vessels from vehicle 

group.  

Figure 5-6 (A) showed both vehicle-treated LAD vessels and doxorubicin-treated LAD vessels incubated 

with either 0.25 % of DMSO or 5 µM of U0126. The 5 µM U0126 incubation of vehicle-treated LAD 

vessels (1.150 ± 0.060; n = 4) showed an increase of ETB receptors expression on LAD vessels when 

compared to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.040, p = 0.048; n = 4). No significant 

difference was observed between the other groups. The 5 µM U0126 incubation of 0.5 µM 

doxorubicin-treated LAD vessels (1.00 ± 0.0277; n = 4) did not alter the ETB receptors expression on 

LAD vessels, compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (1.035 ± 0.058; n = 4). 

Figure 5-6 (B) showed the quantification of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-

treated LAD vessels incubated with either 0.5 % DMSO or 10 µM U0126. No statistical difference was 

observed between the different groups. The 10 µM U0126 incubation of vehicle-treated LAD vessels 

(1.117 ± 0.064; n = 4) did not alter the ETB receptors expression compared to the U0126 naïve vehicle-

treated LAD vessels (1.00 ± 0.088; n = 4). Similarly, 10 µM U0126 incubation of 0.5 µM doxorubicin-

treated LAD vessels (1.016 ± 0.051; n = 4) did not alter the ETB receptors expression compared to the 

U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (1.098 ± 0.184; n = 4). 
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Figure 5-6: Quantification of the endothelin ETB receptors expression in LAD arteries by 

immunofluorescence. (A) Comparison of ETB receptors expression on LAD arteries from Vehicle group 

(containing 0.25 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 

% DMSO; n = 4), 0.5 µM doxorubicin + 5 µM U0126 group (containing 0.5 µM doxorubicin and 5 µM 
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U0126; n = 4) and 5 µM U0126 (containing 5 µM U0126; n = 4). (B) Comparison of ETB receptors 

expression on LAD arteries from Vehicle group (containing 0.5 % DMSO; n = 4), 0.5 µM doxorubicin 

group (containing 0.5 µM doxorubicin and 0.5 % DMSO; n = 4), 0.5 µM doxorubicin + 10 µM U0126 

group (containing 0.5 µM doxorubicin and 10 µM U0126; n = 4) and 10 µM U0126 (containing 10 µM 

U0126; n = 4). Doxo = doxorubicin, ETB = endothelin B, ROI = region of interest. The groups were 

compared by multiple comparisons using one-way ANOVA and Fisher’s test (* = p < 0.05). 

 

 Endothelin A receptor 

5.3.2.1. Wire-myography: ETA receptors-mediated contraction 

The endothelin ETA and ETB receptors specific agonist, endothelin-1 (ET-1), was used to investigate the 

effect of doxorubicin on ETA and ETB receptor-mediated vasocontraction after DMSO or MEK 1/2 

inhibitor U0126 incubation. However, in this study, the dose-response curve was performed after an 

ETB receptors desensitisation of LAD arteries with sarafotoxin 6c (10-14 M to 10-7.5 M). So, the ETB-

mediated vasocontraction is nearly abolished and the ET-1 dose-response curve shows ETA-mediated 

vasocontraction (Skovsted et al., 2015). The ET-1-induced contraction values are given as percentage 

of the maximal contractile response, induced by K+ KH. “Emax” and “pEC50” values are given in Table 5-

3 and 5-4. The different vasocontraction values of each group and the p values are given in the Tables 

9-5 and 9-6 in Appendices. 

 

5.3.2.1.1. ETA and ETB-mediated contraction in 0.5 µM of doxorubicin with and 
without 5 µM of U0126 (containing 0.25 % of DMSO) 

- The effect of 0.5 µM doxorubicin treatment on ETA and ETB-mediated contraction in 24-hr-incubated 

LAD vessels (containing 0.25 % DMSO): 

The 0.5 µM doxorubicin treatment induced a vasocontraction (30 % increase) at 10-8.5 M (41.18 ± 8.87 

%, p = 0.0001) of 0.5 µM doxorubicin-treated LAD vessels (n = 10 - 11) when compared to vehicle-

treated LAD vessels (n = 9 – 10) at 10-8.5 M: 10.88 ± 5.75 % (Figure 5-7). The 0.5 µM doxorubicin 

incubation did not alter the maximal ET-1-induced vasocontraction of 0.5 µM doxorubicin-treated LAD 

vessels (“Emax” = 151.64 ± 6.68 %) when compared to vehicle-treated LAD vessels (“Emax” = 137.48 ± 

4.53 %). The “pEC50” of 0.5 µM doxorubicin-treated LAD vessels (“pEC50” = 10-8.29 M) was not altered 

compared to the pEC5 0 of vehicle-treated LAD vessels (“pEC50” = 10-8.19 M) (Table 5-3).  

- The effect of 5 µM U0126 treatment on ETA and ETB -mediated contraction in 24-hr-incubated LAD 

vessels (containing 0.25 % DMSO): 
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The incubation of 5 µM U0126 of vehicle-treated LAD vessels reduced by 29 % and 21 %, the ET-1-

mediated contraction of 5 µM U0126-incubated vehicle LAD vessels (n = 9 - 10) at 10-8 M (85.00 ± 

10.02 %, p = 0.0006) and 10-7.5 M (Cmax = 115.69 ± 12.00 %, p = 0.0298), when compared to U0126 naïve 

vehicle-treated LAD vessels (n = 9 - 10) at 10-8 M (113.70 ± 11.25 %) and 10-7.5 M (Cmax = 136.60 ± 12.41 

%) (Figure 5-7). The 5 µM U0126 incubation reduced the maximal ET-1-induced vasocontraction of 

vehicle-treated LAD vessels (“Emax” = 118.14 ± 4.82 %, p = 0.0245), when compared to U0126 naïve 

vehicle-treated LAD vessels (“Emax” = 137.48 ± 4.53 %). The “pEC50” value of 5 µM U0126-incubated 

vehicle LAD vessels was not altered compared to U0126 naïve vehicle-treated LAD vessels, as shown 

in Table 5-3. 

- The effect of 0.5 µM doxorubicin treatment on ETA and ETB -mediated contraction in the presence 

of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 

The ET-1-mediated contraction of 0.5 µM doxorubicin-treated LAD vessels, after 5 µM U0126 

incubation (n = 10 - 11), was reduced by 35 % at ET-1 10-8 M (78.66 ± 11.24 %, p < 0.0001) and by 33 

% at ET-1 10-7.5 M (Cmax = 104.38 ± 14.17 %, p < 0.0001) when compared to U0126 naïve vehicle-treated 

vessels (n = 9 - 10) at 10-8 M (113.70 ± 11.25 %) and 10-7.5 M (Cmax = 136.60 ± 12.41 %)(Figure 5-7). The 

inhibition effect of 5 µM U0126 on 0.5 µM doxorubicin-treated LAD vessels reduced the maximal ET-

1 -induced contraction of 5 µM U0126-incubated 0.5 µM doxorubicin LAD vessels (“Emax” = 105.76 ± 

5.69 %, p = 0.0001) when compared to U0126 naïve vehicle-treated LAD vessels (“Emax” = 137.48 ± 

4.53), while the “pEC50” values of ET-1-induced contraction of 5 µM U0126-incubated 0.5 µM 

doxorubicin LAD vessels was not altered when compared to U0126 naïve vehicle-treated vessels.  

Furthermore, the incubation with 5 µM U0126 of 0.5 µM doxorubicin-treated LAD vessels significantly 

decreased (by 28 % to 43 %) the ET-1-induced contraction of 5 µM U0126-incubated 0.5 µM 

doxorubicin LAD vessels (n = 10 - 11), at 10-8.5 M (13.29 ± 3.42 %, p = 0.0003), 10-8 M (78.66 ± 11.24 %, 

p < 0.0001) and 10-7.5 M (104.38 ± 14.17 %, p < 0.0001), when compared to U0126 naïve 0.5 µM 

doxorubicin-treated LAD vessels from 10-8.5 M (41.18 ± 8.87 %), 10-8 M (121.62 ± 9.13 %) and 10-7.5 M 

(147.18 ± 12.90 %). ET-1 induced vasocontraction values and p-values are detailed in Table 9-5 in 

Appendices. The inhibition effect of 5 µM U0126 on 0.5 µM doxorubicin-treated LAD vessels did not 

alter the maximal ET-1-induced vasocontraction (“Emax”= 105.76 ± 5.69 %) compared to U0126 naïve 

0.5 µM doxorubicin-treated LAD vessels (“Emax”= 151.64 ± 6.68 %). The “pEC50” value of ET-1-induced 

contraction of 5 µM U0126–incubated 0.5 µM doxorubicin LAD vessels was not altered, compared to 

U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (Table 5-3). 
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Figure 5-7: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA and 

ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, after 0.25 

% DMSO or 5 µM U0126 incubation. Vehicle group (containing 0.25 % DMSO; n = 9 - 10), 0.5 µM 

Doxorubicin group (containing 0.25 % DMSO; n = 10 - 11), 0.5 µM doxorubicin and 5 µM U0126 (n = 

10 - 11) and 5 µM U0126 (n = 9 - 10). ET-1 = Endothelin-1, DMSO = Dimethyl sulfoxide. Vasocontractile 

responses were compared to vehicle group using two-way ANOVA and Bonferroni’s test (* = p < 0.05, 

*** = p < 0.001 and **** = p < 0.0001) and compared to doxorubicin group using two-way ANOVA 

and Bonferroni’s test (## = p < 0.01, #### = p < 0.0001). 

 

Table 5-3: Cmax, “Emax” and “pEC50” values of vehicle or doxorubicin incubated LAD arteries with 

DMSO or MEK 1/2 inhibitor U0126: 0.25 % DMSO and 5 µM U0126 incubation. Values given for all 

Endothelin-1 experiments and as mean ± S.E.M. N values represent the total amount of animals used. 

The different groups are compared to the vehicle-treated LAD vessels (containing 0.25 % DMSO) with 

ANOVA and Dunnett’s post-hoc test: * = p < 0.05, *** = p < 0.001. The 10 µM U0126-incubated 

doxorubicin LAD vessels were compared to U0126 naïve doxorubicin-treated LAD vessels (containing 

0.5 % DMSO) with ANOVA and Dunnett’s post-hoc test: ### = p < 0.001. 

Groups N Cmax ET-1 “Emax”  “pEC50” 

Vehicle  9-10 136.60 ± 12.41 % 137.48 ± 4.53 %  8.19 ± 0.03 

0.5 µM Doxorubicin 10-11 
147.18 ±12.90 % 

 
151.64 ± 6.68 %  8.29 ± 0.04 

0.5 µM Doxorubicin 

and 5 µM U0126 
10-11 

104.38 ± 14.17 % 

****, #### 

105.76 ± 5.69 % 

*** 
 8.17 ± 0.04 

5 µM U0126 9-10 115.69 ± 12.00 % * 118.14 ± 4.82 % *  8.15 ± 0.03 
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5.3.2.1.2. ETA and ETB-mediated contraction in 0.5 µM of doxorubicin with and 
without 10 µM of U0126 (containing 0.5 % of DMSO) 

- The effect of 0.5 µM doxorubicin treatment on ETA and ETB -mediated contraction in 24-hr-incubated 

LAD vessels (containing 0.5 % DMSO):  

The ET-mediated vasocontraction of 0.5 µM doxorubicin-treated LAD vessels (n = 8 - 10) was reduced 

by 44 % and 32 % at 10-8 M ET-1 (115.66 ± 10.66 %, p < 0.0001) and at 10-7.5 M (Cmax = 140.23 ± 12.73 

%, p = 0.0028) when compared to vehicle-treated LAD vessels (n = 7 - 8) at 10-8 M ET-1 (159.91 ± 7.93 

%) and 10-7.5 M ET-1 (Cmax = 172.46 ± 5.64 %) (Figure 5-8). The 0.5 µM doxorubicin incubation did not 

alter the maximal ET-1-induced contraction and the receptor’s affinity to ET-1 of 0.5 µM doxorubicin-

treated LAD vessels (“Emax” = 174.3 ± 25.9 %, “pEC50” = 10-8.17 M) when compared to vehicle-treated 

LAD vessels (“Emax” = 184.1 ± 11.0 %, “pEC50” = 10-8.38 M) (Table 5-4).  

- The effect of 10 µM U0126 treatment on ETA and ETB -mediated contraction in 24-hr-incubated LAD 

vessels (containing 0.5 % DMSO): 

The 10 µM U0126 incubation of vehicle-treated LAD vessels (n = 7 - 8) decreased the ET-1-induced 

vasocontraction by 28 % at 10-9 M (4.78 ± 0.71 %, p = 0.016), 43 % at 10-8.5 M (17.75 ± 5.08 %, p < 

0.0001) and 32 % at 10-7.5 M (Cmax = 204.04 ± 14.61 %, p = 0.0097) when compared to vehicle-treated 

LAD vessels (respectively, 32.99 ± 15.42 %, 61.12 ± 20.17 % and 172.46 ± 5.64 %) (Figure 5-8). The 10 

µM U0126 incubation of vehicle-treated LAD vessels slightly right-shifted the ET-1 dose-response 

curve from a “pEC50” of 10-8.38 M, p = 0.0047 for the U0126 naïve vehicle-treated LAD vessels to a 

“pEC50” of 10-8.16 M for 10 µM U0126-incubated vehicle LAD vessels. However, the 10 µM U0126 

incubation did not alter the maximal ET-1-induced vasocontraction of vehicle-treated LAD vessels, 

with a mean “Emax” of 205.8 ± 5.74 % for 10 µM U0126-incubated vehicle LAD vessels compared to a 

mean “Emax” of 184.1 ± 11.0 % for the U0126 naïve vehicle-treated LAD.  

- The effect of 0.5 µM doxorubicin treatment on ETA and ETB -mediated contraction in the presence 

of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 

The ET-1-induced contraction was reduced at 10-8.5 M ET-1 (11.29 ± 2.62 %, p < 0.0001) (by 50 %), 10-

8 M (57.61 ± 11.04 %, p < 0.0001)  (by 102 %) and 10-7.5 M (86.00 ± 10.39 %, p < 0.0001)  (by 86 %), on 

10 µM U0126-incubated 0.5 µM doxorubicin LAD vessels (n = 8 - 9), when compared to U0126 naïve 

vehicle-treated LAD vessels (10-8.5 M: 61.12 ± 20.17 %, 10-8 M: 159.91 ± 7.93 % and 10-7.5 M: 172.46 ± 

5.64 %) (Figure 5-8). The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels highly 

reduced the maximal ET-1-induced vasocontraction (“Emax” = 89.4 ± 5.82 %, p< 0.0001) compared to 
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U0126 naïve vehicle-treated LAD vessels (“Emax” = 184.1 ± 11.0 %). Furthermore, the 10 µM U0126 

incubation of 0.5 µM doxorubicin-treated LAD vessels slightly right-shifted the ET-1 dose-response 

curve from a “pEC50” of 10-8.38 M (p = 0.0019) for U0126 naïve vehicle-treated LAD vessels to a “pEC50” 

of 10-8.10 M for 10 µM U0126-incubated doxorubicin LAD vessels. 

Furthermore, the 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels reduced (by 22 

% to 54 %) the ET-1-induced vasocontraction from 10-9 M (10.70 ± 2.64 %, p = 0.0488) to 10-7.5 M (86.00 

± 10.39 %, p < 0.0001) when compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (from 

10-9 M: 33.24 ± 6.92 % to 10-7.5 M: 140.23 ± 12.73 %). The 10 µM U0126 incubation did not alter the 

ET-1-induced vasocontraction of 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 89.4 ± 5.82 %, p = 

0.0102) when compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 174.3 ± 25.9 

%), while the “pEC50” remain unchanged (Table 5-4).  
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Figure 5-8: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA and 

ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, after 0.5 

% DMSO or 10 µM U0126 incubation. Vehicle group (0.5 % DMSO; n = 7 - 8); 0.5 µM doxorubicin 

group (0.5 % DMSO; n = 8 - 10), 0.5 µM doxorubicin and 10 µM U0126 (n = 8 - 9); 10 µM U0126 (n = 7 

- 8). ET-1 = Endothelin-1, Dimethyl sulfoxide. Vasocontractile responses compared to vehicle group 

using two-way ANOVA and Bonferroni’s test (* = p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p 

< 0.0001) and compared to 0.5 µM doxorubicin group using two-way ANOVA and Bonferroni’s test (# 

= p < 0.05 and #### = p < 0.0001). 
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Table 5-4: Cmax, “Emax” and “pEC50” values of vehicle or doxorubicin incubated LAD arteries with 

DMSO or MEK 1/2 inhibitor U0126: 0.5 % DMSO and 10 µM U0126 incubation. Values given for all 

Endothelin-1 experiments and as mean ± S.E.M. N values represent the total amount of animals used. 

The “Emax” and “pEC50” values of the different groups are compared to the vehicle-treated LAD vessels 

(containing 0.25 % DMSO) with ANOVA and Dunnett’s post-hoc test: ** = p < 0.01, *** = p < 0.001 and 

**** = p < 0.0001. The 10 µM U0126-incubated 0.5 µM doxorubicin LAD vessels were compared to 

U0126 naïve doxorubicin-treated LAD vessels (containing 0.5 % DMSO) with ANOVA and Dunnett’s 

post-hoc test: # = p < 0.05 and #### = p < 0.0001, while Cmax is compared using two-way ANOVA with 

Bonferroni’s post-hoc test: ** = p < 0.01, **** or #### = p < 0.0001 . 

 

Groups N ET-1 Cmax ET-1 “Emax” 
“pEC50” 

 

Vehicle 7-8 172.46 ± 5.64 % 184.1 ± 11.0 % 8.38 ± 0.06 

0.5 µM Doxorubicin 8-10 
140.23 ± 12.73 % 

** 
174.3 ± 25.9 % 8.17 ± 0.18 

0.5 µM Doxorubicin 

and 10 µM U0126 
8-9 

86.00 ± 10.39 % 

****, #### 
89.4 ± 5.82 % ***, # 8.10 ± 0.05 ** 

10 µM U0126 7-8 
204.04 ± 14.61 % 

** 
205.8 ± 5.74 % 8.16 ± 0.02 ** 

 

5.3.2.2. Real-Time PCR: quantification of ETA receptor mRNA levels 

Gene expression of the endothelin ETA receptors was investigated in rat LAD arteries by Real-Time 

PCR. Negative controls were included for each studied gene. Endothelin ETA receptors mRNA level was 

expressed as values relative to GAPDH and normalised to vehicle-treated LAD vessels.   

Figure 5-9 (A) showed the mRNA levels of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-

treated vessels after the incubation with either 0.25 % DMSO or 5 µM U0126. The 0.5 µM doxorubicin 

treatment reduced the ETA receptors mRNA level of the 0.5 µM doxorubicin-treated LAD vessels (0.540 

± 0.144; n = 9) when compared to the vehicle-treated LAD vessels (1.00 ± 0.148, p = 0.033; n = 10). 

Similarly, 5 µM U0126 incubation reduced the ETA receptors mRNA level of the 0.5 µM doxorubicin-

treated LAD vessels (0.289 ± 0.060; n = 9) when compared to the U0126 naïve vehicle-treated LAD 

vessels (1.00 ± 0.148, p = 0.001; n = 10). The 5 µM U0126 incubation of 0.5 µM doxorubicin-treated 

LAD vessels did not alter the ETA receptors mRNA level of 5 µM U0126-treated 0.5 µM doxorubicin 

LAD vessels (0.289 ± 0.060; n = 9) when compared to the U0126 naïve 0.5 µM doxorubicin-treated LAD 

vessels (0.540 ± 0.144; n = 9). The 5 µM U0126 incubation of vehicle-treated LAD vessels did not alter 
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the ETA receptors mRNA level of 5 µM U0126-treated vehicle LAD vessels (1.009 ± 0.124; n = 10) when 

compared to the U0126 naïve vehicle LAD vessels (1.00 ± 0.148; n = 10). 

Figure 5-9 (B) showed the mRNA levels of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-

treated vessels after the incubation with either 0.5 % DMSO or 10 µM U0126. The mRNA level of ETA 

receptors in each group of treated LAD vessels showed a similar tendency as the treated LAD vessel 

groups from Figure 5-9 (A) but with a higher significance. The 0.5 µM doxorubicin treatment induced 

a down-regulation of the ETA receptors mRNA level of the 0.5 µM doxorubicin-treated LAD vessels 

(0.287 ± 0.749, p = 0.0008; n = 10) when compared to the vehicle-treated LAD vessels (1.00 ± 0.232; n 

= 10). The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels induced a reduction of 

the ETA receptors mRNA level in the 10 µM U0126-treated 0.5 µM doxorubicin LAD vessels (0.206 ± 

0.039; n = 10) when compared to the vehicle-treated LAD vessels 1.00 ± 0.232 (n = 10) (p < 0.0001). 

The 10 µM U0126 incubation of vehicle-treated LAD vessels (0.816 ± 0.131; n = 10) did not alter the 

ETA receptors mRNA level when compared to U0126 naïve vehicle LAD vessels (1.00 ± 0.232; n = 10). 

The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels (0.206 ± 0.039; n = 10) did 

not alter the ETA receptors mRNA level when compared to U0126 naïve 0.5 µM doxorubicin-treated 

LAD vessels (0.287 ± 0.749; n = 10). 
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Figure 5-9: Real-Time PCR of ETA receptors in LAD arteries with DMSO (Vehicle or Doxorubicin) or 

U0126 (Vehicle + U0126 or Doxorubicin + U0126). (A) Comparison of ETA receptors mRNA levels on 

LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 10), 0.5 µM doxorubicin group 

(containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 9), 0.5 µM doxorubicin and 5 µM U0126 group 

(n = 9) and 5 µM U0126 (n = 10). (B) Comparison of ETA receptors mRNA levels on LAD arteries from 
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Vehicle group (containing 0.5 % DMSO; n = 10), 0.5 µM doxorubicin group (containing 0.5 µM 

doxorubicin and 0.5 % DMSO; n = 10), 0.5 µM doxorubicin and 10 µM U0126 group (n = 10) and 10 

µM U0126 (n = 10). Doxo = doxorubicin, ETA = endothelin A. Data are expressed as mean ± S.E.M. 

values relative to GAPDH mRNA levels (n = 10) and normalised to vehicle group. The groups were 

compared by multiple comparisons using one-way ANOVA Kruskal-Wallis’ test (* = p < 0.05, ** = p < 

0.01, *** = p < 0.001, **** = p < 0.0001). 

 

5.3.2.3. Immunohistochemistry: Quantification of ETA receptor levels 

The quantification of ETA receptors was obtained by measuring the ROI mean intensity and the 

intensity was normalised to LAD vessels from vehicle group. The ETA receptors expression on LAD 

vessels from most of the groups was widely spread.  

Figure 5-10 (A) showed the ETA receptors expression of both vehicle-treated LAD vessels and 0.5 µM 

doxorubicin-treated vessels after the incubation with either 0.25 % DMSO or 5 µM U0126. No 

statistical difference was observed between the different groups. The 5 µM U0126 incubation of 

vehicle-treated LAD vessels (1.055 ± 0.023; n = 4) did not alter the ETA receptors expression compared 

to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.033; n = 4). Similarly, the 5 µM U0126 

incubation of 0.5 µM doxorubicin-treated LAD vessels (0.949 ± 0.066; n = 4) did not alter the ETA 

receptors expression compared to the U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (0.992 ± 

0.040; n = 4). 

Figure 5-10 (B) showed the ETA receptors expression of both vehicle-treated LAD vessels and 0.5 µM 

doxorubicin-treated vessels after the incubation with either 0.5 % DMSO or 10 µM U0126. No 

statistical difference was observed between the different groups. Likely, the 10 µM U0126 incubation 

of vehicle-treated LAD vessels (0.947 ± 0.044; n = 4) did not alter the ETA receptors expression 

compared to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.047; n = 4). The 10 µM U0126 

incubation of 0.5 µM doxorubicin-treated LAD vessels (1.015 ± 0.033; n = 4) did not alter the ETA 

receptors expression compared to the U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (1.016 ± 

0.064; n = 4). 
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Figure 5-10: Quantification of the endothelin ETA receptors expression in LAD arteries by 

immunofluorescence. (A) Comparison of ETA receptors expression on LAD arteries from Vehicle group 

(containing 0.25 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.25 % DMSO; n = 4), 0.5 µM 

doxorubicin and 5 µM U0126 group (n = 4) and 5 µM U0126 (n = 4). (B) Comparison of ETA receptors 

expression on LAD arteries from Vehicle group (containing 0.5 % DMSO; n = 4), 0.5 µM doxorubicin 

group (0.5 % DMSO; n = 4), 0.5 µM doxorubicin + 10 µM U0126 group (n = 4) and 10 µM U0126 (n = 

3). Doxo = doxorubicin, ETA = endothelin A, ROI = region of interest. The groups were compared by 

multiple comparisons using one-way ANOVA and Fisher’s test (* = p < 0.05, ** = p < 0.01). 
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 5-hydroxytryptamine receptor 1B  

5.3.3.1. Wire-myography: 5-HT1B receptors-mediated contraction 

The serotonin 5-HT1B receptor specific agonist, 5-CT, was used to investigate the effect of doxorubicin 

on 5-HT1B receptor-mediated contraction with DMSO or MEK 1/2 inhibitor, U0126. The dose-response 

curve obtained by the 5-HT1B receptor-mediated contraction was a biphasic curve, as shown in Figures 

5-11 and 5-12. The 5-HT1B-mediated contraction values are given as percentage of the maximal 

contractile response, induced by K+ KH. The 5-CT dose-response curve of LAD vessels did not reach the 

final plateau at the highest dose due to stock constraints, and therefore final “Emax” and “pEC50” values 

could not be obtained. However, the contraction obtained at the highest dose is mentioned as Cmax 

and are given in Table 5-5 and 5-6. The difference of vasocontraction between the groups and the p 

values are given in Tables 9-7 and 9-8 in Appendices. 

5.3.3.1.1. 5-HT1B-mediated contraction in 0.5 µM of doxorubicin with and without 
5 µM of U0126 (containing 0.25 % of DMSO) 

- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD 

vessels (containing 0.25 % DMSO): 

The 0.5 µM doxorubicin treatment induced an elevation (12 % - 49 % increase) of 5-HT1B-mediated 

vasocontraction of 0.5 µM doxorubicin-treated LAD vessels (n = 14 - 16) from 10-8 M 5-CT (13.47 ± 

3.43 %, p = 0.0458) to 10-6 M 5-CT (46.69 ± 7.23 %, p < 0.0001) when compared to vehicle-treated LAD 

vessels (n = 11 - 12) from 10-8 M 5-CT (2.30 ± 0.45 %) to 10-6 M 5-CT (8.26 ± 2.11 %) (Figure 5-11). The 

0.5 µM doxorubicin treatment increased the Cmax value from 25.54 ± 7.18 % for vehicle-treated LAD 

vessels to 74.93 ± 7.82 % (p < 0.0001) for 0.5 µM doxorubicin-treated LAD vessels. The 5-CT dose-

response of 0.5 µM doxorubicin-treated LAD vessels was biphasic due to the activation of 2 different 

serotonin receptors, while the 5-CT dose-response of vehicle-treated LAD vessels was monophasic. 

- The effect of 5 µM U0126 treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels 

(containing 0.25 % DMSO): 

The incubation of 5 µM U0126 of vehicle-treated LAD vessels did not alter the 5-HT1B-mediated 

vasocontraction of 5 µM U0126-incubated vehicle LAD vessels (n = 10 - 11) when compared to U0126 

naïve vehicle-treated LAD vessels (n = 11 - 12) (Figure 5-11). The mean Cmax of 5 µM U0126-incubated 

vehicle LAD vessels was 25.82 ± 7.46 % and the mean Cmax of U0126 naïve vehicle-treated LAD vessels 

was 25.54 ± 7.18 %. 

- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in the presence of 5 

µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
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The 5-HT1B-mediated vasocontraction of 5 µM U0126-incubated 0.5 µM doxorubicin vessels (n = 14 - 

16) was not altered when compared to vehicle-treated vessels (Figure 5-11). The 5 µM U0126 

incubation of 0.5 µM doxorubicin-treated LAD vessels, showed a tendency to slightly left-shift the 5-

CT dose-response curve when compared to U0126 naïve vehicle-treated LAD vessels, but the absence 

of “pEC50” value did not allow the confirmation of the potential variation of 5-HT1B receptor affinity.  

Furthermore, the 5 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels reduced (22 % 

and 38 % decrease) the 5-HT1B-mediated vasocontraction at 10-6 M 5-CT (24.73 ± 7.46 %, p < 0.0001) 

and 10-5.5 M (Cmax = 36.88 ± 9.33 %, p < 0.0001), compared to U0126 naïve 0.5 µM doxorubicin-treated 

LAD vessels at 10-6 M 5-CT (46.69 ± 7.23 %) and 10-5.5 M (Cmax = 74.93 ± 7.82 %) (Figure 5-11). The 5 

µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels might have slightly right-shifted the 

5-CT dose-response curve when compared to 0.5 µM doxorubicin-treated LAD vessels, but the 

absence of “pEC50” values did not allow the confirmation of the potential reduction of 5-HT1B receptor 

affinity. 
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Figure 5-11: Vasocontractile response to the cumulative application of 5-carboxamidotryptamine 

(5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, 

after 0.25 % DMSO or 5 µM U0126 incubation. Vehicle group (containing 0.25 % DMSO; n = 11 - 12), 

0.5 µM doxorubicin group (containing 0.25 % DMSO; n = 14 - 16), 0.5 µM doxorubicin and 5 µM U0126 

(n = 9) and 5 µM U0126 (n = 10 - 11). 5-CT = 5-carboxamidotryptamine, DMSO = Dimethyl sulfoxide. 

Contractile responses compared to vehicle group using two-way ANOVA and Bonferroni’s test (* = p 
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< 0.05, *** = p < 0.001) and compared to 0.5 µM doxorubicin group using two-way ANOVA and 

Bonferroni’s test (### = p < 0.001). 

 

Table 5-5: The Cmax values of vehicle or doxorubicin incubated LAD arteries with DMSO or MEK 1/2 

inhibitor U0126: 0.25 % DMSO and 5 µM U0126. Cmax = the contraction obtained at the highest agonist 

dose and is applied when the “Emax” couldn’t be determined due to stock concentration constraints; 

Values given for 5-CT experiments and as mean ± S.E.M. N values represent the total amount of 

animals used Cmax values of the different groups were compared to the vehicle-treated LAD vessels 

with two-way ANOVA and Bonferroni’s post-hoc test: *** = p < 0.001. Cmax value of the 5 µM U0126-

incubated 0.5 µM doxorubicin LAD vessels was compared to the 0.5 µM doxorubicin-treated LAD 

vessels with ANOVA and Bonferroni’s post-hoc test: #### = p < 0.0001.  

 

Groups N Cmax 

Vehicle  11-12 25.54 ± 7.18 % 

0.5 µM Doxorubicin 14-16 74.93 ± 7.82 % ****, #### 

0.5 µM Doxorubicin and 5 µM U0126 9 36.88 ± 9.33 % 

5 µM U0126 10-11 25.82 ± 7.46 % 

 

 

5.3.3.1.2. 5-HT1B-mediated contraction in 0.5 µM of doxorubicin with and without 
10 µM of U0126 (containing 0.5 % of DMSO) 

- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD 

vessels (containing 0.5 % DMSO): 

The 0.5 µM doxorubicin treatment induced an increase of 5-HT1B-mediated contraction (by 12 % to 32 

%) of 0.5 µM doxorubicin-treated LAD vessels (n = 9 - 10) from the concentrations of 10-7.5 M 5-CT 

(16.10 ± 3.76 %, p = 0.0325) to 10-6 M (39.85 ± 7.60 %, p < 0.0001), compared to vehicle-treated LAD 

vessels (n = 8 - 9) from the concentrations of 10-7.5 M 5-CT (2.31 ± 0.41 %) to 10-6 M (7.82 ± 2.91 %) 

(Figure 5-12). The 0.5 µM doxorubicin treatment significantly increased the 5-HT1B-mediated 

contraction of 0.5 µM doxorubicin-treated LAD vessels (Cmax = 65.58 ± 8.13 %, p < 0.0001) compared 

to vehicle-treated LAD vessels (Cmax = 43.53 ± 14.60 %).   

- The effect of 10 µM U0126 treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD 

vessels (containing 0.5 % DMSO): 
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The 10 µM U0126 incubation of vehicle-treated LAD vessels decreased the 5-HT1B-mediated 

contraction of 10 µM U0126-incubated vehicle LAD vessels (n = 8 - 9) by 37 % at the concentration of 

10-5.5 M, with a mean Cmax of 6.99 ± 0.71 % (p < 0.0001), compared to vehicle-treated LAD vessels (n = 

8 - 9) with a mean Cmax of 43.53 ± 14.60 % (Figure 5-12).  

- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in the presence of 10 

µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):  

The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels (n = 7 - 8) significantly 

decreased by 22 % the 5-HT1B-mediated contraction with a Cmax of 22.30 ± 5.60 % (p < 0.0001), when 

compared to U0126 naïve vehicle-treated LAD vessels with a Cmax of 43.53 ± 14.60 % (n = 9 - 10) (Figure 

5-12).   

The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels reduced (13 % to 44 % 

decrease) the 5-HT1B-mediated contraction of 10 µM U0126-incubated 0.5 µM doxorubicin LAD 

vessels at 10-7 M (5.75 ± 2.58 %, p = 0.0457) and from 10-6 M (12.39 ± 3.93 %, p < 0.0001) to 10-5.5 M 

(Cmax = 22.30 ± 5.60 %, p < 0.0001), when compared to 0.5 µM doxorubicin-treated LAD vessels at 10-

7 M (18.75 ± 4.59 %) and from 10-6 M (39.85 ± 7.60 %) to 10-5.5 M (Cmax = 65.58 ± 8.13 %) (Figure 5-12).  
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Figure 5-12: Vasocontractile response to the cumulative application of 5-carboxamidotryptamine 

(5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, 

after 0.5 % DMSO or 10 µM U0126 incubation. Vehicle group (containing 0.5 % DMSO; n = 8 - 9), 0.5 

µM doxorubicin group (containing 0.5 % DMSO; n = 9 - 10), 0.5 µM doxorubicin and 10 µM U0126 (n 

= 7 - 8) and 10 µM U0126 (n = 8 - 9). 5-CT = 5-carboxamidotryptamine, DMSO = Dimethyl sulfoxide. 
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Contractile responses compared to vehicle group using two-way ANOVA and Bonferroni’s test (* = p 

< 0.05, ** = p < 0.01, **** = p < 0.0001) and compared to 0.5 µM doxorubicin group using on-way 

ANOVA and Bonferroni’s test (# = p < 0.05, #### = p < 0.0001). 

 

Table 5-6:  Cmax values of vehicle or doxorubicin incubated LAD arteries with DMSO or MEK 1/2 

inhibitor U0126: 0.5 % DMSO and 10 µM U0126 incubation. Cmax = the contraction obtained at the 

highest agonist dose and is applied when the “Emax” couldn’t be determined due to stock concentration 

constrains; Values given for 5-CT experiments and as mean ± S.E.M. N values represent the total 

amount of animals used. Cmax values of the different groups were compared to the vehicle-treated 

LAD vessels with Two-way ANOVA and Bonferroni’s post-hoc test: * = p < 0.05. Cmax value of the 10 

µM U0126-incubated doxorubicin LAD vessels was compared to the 0.5 µM doxorubicin-treated LAD 

vessels with Two-way ANOVA and Bonferroni’s post-hoc test: ## = p < 0.01. 

 

Groups N Cmax 

Vehicle  8-9 43.5 ± 14.6 % 

0.5 µM Doxorubicin 9-10 65.6 ± 8.1 % **** 

0.5 µM Doxorubicin and 10 µM U0126 7-8 22.3 ± 5.6 % ****, #### 

10 µM U0126 8-9 7.0 ± 0.7 % **** 

 

5.3.3.2. Real-Time PCR: quantification of 5-HT1B receptor mRNA levels 

Gene expression of the endothelin 5-HT1B receptors was investigated in LAD arteries by Real-Time PCR. 

Negative controls were included for each receptor. Serotonin 5-HT1B receptors mRNA expression was 

expressed as values relative to GAPDH and normalised to vehicle-treated LAD vessels. Both figures 5-

13 (A) and 5-13 (B) showed the same tendency towards reduction or increase of 5-HT1B receptors 

mRNA between the different groups, however, a significant difference is observed only after 0.5 % 

DMSO or 10 µM U0126 incubation, as shown in figure 5-13 (B). 

Figure 5-13 (A) showed the mRNA levels of the 0.25 % DMSO or 5 µM U0126 incubation of vehicle-

treated or 0.5 µM doxorubicin-treated LAD vessels. The 0.5 µM doxorubicin-treated LAD vessels (1.203 

± 0.093; n = 9) showed a tendency towards an up-regulation of 5-HT1B receptors mRNA, compared to 

vehicle-treated LAD vessels (1.00 ± 0.094; n = 10), but there is no statistical difference. The 5 µM 

U0126 incubation of vehicle-treated LAD vessels (1.108 ± 0.090; n = 10) did not alter the 5-HT1B 

receptor mRNA level compared to U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.094; n = 10). The 

5 µM incubation of 0.5 µM doxorubicin-treated LAD vessels (1.150 ± 0.080; n = 9) did not alter the 5-
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HT1B receptors mRNA level compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (1.203 

± 0.093; n = 9). 

Figure 5-13 (B) showed the mRNA levels of the 0.5 % DMSO or 10 µM U0126 incubation of vehicle-

treated or 0.5 µM doxorubicin-treated LAD vessels. The 5-HT1B receptors mRNA level was up-regulated 

significantly from vehicle-treated LAD vessels (1.00 ± 0.085; n = 10) to 0.5 µM doxorubicin-treated LAD 

vessels (1.267 ± 0.077, p = 0.041; n = 10). The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated 

LAD vessels (1.108 ± 0.076; n = 10) showed a tendency towards a down-regulation of 5-HT1B receptor 

mRNA, compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (1.267 ± 0.077; n = 10), but 

there is no statistical difference. The 10 µM U0126 incubation of vehicle-treated LAD vessels (0.986 ± 

0.041; n = 10) did not alter the 5-HT1B receptors mRNA level compared to U0126 naïve vehicle-treated 

LAD vessels (1.00 ± 0.085; n = 10). 
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Figure 5-13: Real-Time PCR of 5-HT1B receptors in LAD arteries with DMSO (Vehicle or Doxorubicin) 

or U0126 (Vehicle + U0126 or Doxorubicin + U0126). (A) Comparison of 5-HT1B receptor mRNA levels 

on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 10), 0.5 µM doxorubicin group 

(containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 9), 0.5 µM doxorubicin and 5 µM U0126 group 

(n = 9) and 5 µM U0126 (n = 10). (B) Comparison of 5-HT1B receptors mRNA levels on LAD arteries from 

Vehicle group (containing 0.5 % DMSO; n = 10), 0.5 µM doxorubicin group (containing 0.5 µM 

doxorubicin and 0.5 % DMSO; n = 10), 0.5 µM doxorubicin and 10 µM U0126 group (n = 10) and 10 

µM U0126 (n = 10). Data are expressed as mean ± S.E.M. values relative to GAPDH mRNA levels (n = 

10) and normalised to vehicle group. Doxo = doxorubicin, 5-HT1B = 5-hydroxytryptamine 1B. The 

groups were compared by multiple comparisons using one-way ANOVA Kruskal-Wallis’ test (* = p < 

0.05). 
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5.3.3.3. Immunohistochemistry:  Quantification of 5-HT1B receptor levels 

The quantification of serotonin 5-HT1B receptors was obtained by measuring the ROI mean intensity 

and the intensity was normalised to vehicle-treated LAD vessels average.  

Figure 5-14 (A) showed the 5-HT1B receptors expression of both vehicle-treated LAD vessels and 0.5 

µM doxorubicin-treated vessels after the incubation with either 0.25 % DMSO or 5 µM U0126. The 5-

HT1B receptors expressions on LAD vessels of the four groups are widely spread. No statistical 

difference was observed between the different groups. The 5 µM U0126 incubation of vehicle-treated 

LAD vessels (0.987 ± 0.019; n = 4) did not alter the 5-HT1B receptors expression compared to the U0126 

naïve vehicle-treated LAD vessels (1.00 ± 0.010; n = 4). Likewise, the 5 µM U0126 incubation of 0.5 µM 

doxorubicin-treated LAD vessels (0.993 ± 0.017; n = 4) did not alter the 5-HT1B receptor expression 

compared to the U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (0.982 ± 0.024; n = 4). 

Figure 5-14 (B) showed the 5-HT1B receptors expression of both vehicle-treated LAD vessels and 0.5 

µM doxorubicin-treated vessels after the incubation with either 0.5 % DMSO or 10 µM U0126.  The 

0.5 µM doxorubicin treatment of LAD vessels increased the 5-HT1B receptors expression of the 0.5 µM 

doxorubicin-treated LAD vessels (1.023 ± 0.006; n = 4) when compared to the vehicle-treated LAD 

vessels (1.00 ± 0.009, p = 0.038; n = 4). The 10 µM U0126 incubation of vehicle-treated LAD vessels 

(1.009 ± 0.007; n = 3) did not alter the 5-HT1B receptors expression compared to the U0126 naïve 

vehicle-treated LAD vessels (1.00 ± 0.009; n = 4). The 10 µM U0126 incubation of 0.5 µM doxorubicin-

treated LAD vessels (0.996 ± 0.005; n = 4) did not alter the 5-HT1B receptors expression compared to 

the U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (1.023 ± 0.006; n = 4). 
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Figure 5-14: Quantification of the 5-HT1B receptor expression in LAD arteries by 

immunofluorescence. (A) Comparison of 5-HT1B receptor expression on LAD arteries from Vehicle 

group (containing 0.25 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 

0.25 % DMSO; n = 4), 0.5 µM doxorubicin and 5 µM U0126 group (n = 4) and 5 µM U0126 (n = 4). (B) 

Comparison of 5-HT1B receptors expression on LAD arteries from Vehicle group (containing 0.5 % 

DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.5 % DMSO; n = 4), 0.5 

µM doxorubicin and 10 µM U0126 group (n = 4) and 10 µM U0126 (n = 3). Doxo = doxorubicin, 5-HT1B 

= 5-hydroxytryptamine 1B, ROI = region of interest. The groups were compared by multiple 

comparisons using one-way ANOVA and Fisher’s test (* = p < 0.05). 

 

 Thromboxane prostanoid (TP) receptor 

5.3.4.1. Wire-myography: Thromboxane prostanoid TP receptors-mediated 
vasocontraction 

The thromboxane prostanoid (TP) receptor specific agonist, U46619, was used to investigate the effect 

of doxorubicin on TP receptor-mediated vasocontraction after 24-hr-incubation with DMSO or MEK 

1/2 inhibitor, U0126. The TP-induced vasocontraction values are given as percentage of the maximal 

contractile response, induced by K+ KH. “Emax” and “pEC50” values of are given in Tables 5-7 and 5-8. 

The difference of vasocontraction between the groups and the p values are given in Tables 9-9 and 9-

10 in Appendices. 
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5.3.4.1.1. TP receptor-mediated contraction in 0.5 µM of doxorubicin with and 
without 5 µM of U0126 (containing 0.25 % of DMSO) 

- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in 24-hr-incubated 

LAD vessels (containing 0.25 % DMSO):   

As shown in Figure 5-15, TP-mediated vasocontraction of 0.5 µM doxorubicin-treated LAD vessels was 

increased (by 21 % to 47 %) from 10-8 M ( 24.79 ± 6.21 %, p = 0.0265) to 10-6.5 M (Cmax = 106.69 ± 5.98 

%, p = 0.0032), when compared to vehicle-treated LAD vessels from 10-8 M (4.26 ± 0.93 %) to 10-6.5 M 

(Cmax = 81.09 ± 14.83 %) (Table 9-9 in Appendices). The 0.5 µM doxorubicin incubation significantly 

increased the TP-mediated contraction of 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 116.4 ± 

8.1 %, p = 0.0168), when compared to vehicle-treated LAD vessels (“Emax” = 83.3 ± 7.4 %). Furthermore, 

the 0.5 µM doxorubicin treatment induced a left-shift of the U46619 dose-response curve of 0.5 µM 

doxorubicin-treated LAD vessels (“pEC50”=10-7.46 M, p = 0.0008) compared to vehicle-treated LAD 

vessels (“pEC50”= 10-7.07 M). 

- The effect of 5 µM U0126 treatment on TP receptor-mediated contraction in 24-hr-incubated LAD 

vessels (containing 0.25 % DMSO): 

The incubation of 5 µM U0126 on vehicle-treated LAD vessels did not alter the TP-mediated 

contraction of 5 µM U0126-incubated vehicle LAD vessels (n = 13 - 15), when compared to vehicle-

treated LAD vessels (Figure 5-15). Furthermore, the 5 µM U0126 incubation of 0.5 µM doxorubicin 

LAD vessels did not alter the maximal TP-mediated contraction and the TP receptor’s affinity of 5 µM 

U0126-incubated vehicle LAD vessels (“Emax” = 90.5 ± 16.7 %, “pEC50” = 10-7.06), when compared to 

U0126 naïve vehicle-treated LAD vessels (“Emax” = 83.3 ± 7.4 %, “pEC50” = 10-7.07 M).  

- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in the presence 

of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):   

The TP-mediated vasocontraction increased (27 % increase) at 10-7.5 M (34.07 ± 11.36 %, p = 0.007) in 

5 µM U012-incubated 0.5 µM doxorubicin vessels when compared to U0126 naïve vehicle-treated 

vessels at 10-7.5 M (7.44 ± 2.20 %) (Figure 5-15). The inhibition effect of 5 µM U0126 on 0.5 µM 

doxorubicin-treated LAD vessels did not alter the “Emax” and “pEC50” values of 5 µM U0126-incubated 

0.5 µM doxorubicin LAD vessels (“Emax”= 78.5 ± 13.7 %, “pEC50” = 10-7.36 M) when compared to U0126 

naïve vehicle-treated LAD vessels (“Emax”= 83.3 ± 7.4 %, “pEC50” = 10-7.07 M).  

Furthermore, the 5 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels slightly 

decreased (by 34 %) the TP-mediated vasocontraction of 5 µM U0126-incubated 0.5 µM doxorubicin 

LAD vessels at 10-7 M (56.92 ± 15.12 %, p < 0.0001) and 10-6.5 M (73.03 ± 13.74 %, p = 0.0001) when 

compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels at 10-8 M (24.79 ± 6.21 %) and 10-
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6.5 M (106.69 ± 5.98 %) (Figure 5-15). The inhibition effect of 5 µM U0126 on 0.5 µM doxorubicin-

treated LAD vessels did not alter the maximal TP-mediated vasocontraction and the TP receptor’s 

affinity (to U46619) of 5 µM U0126-incubated 0.5 µM doxorubicin LAD vessels (“Emax” = 78.5 ± 13.7 %, 

“pEC50” = 10-7.36 M) when compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 

83.3 ± 7.4 %, “pEC50” = 10-7.07 M).  
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Figure 5-15: Vasocontractile response to the cumulative application of 9,11-dideoxy-11α,9α-

epoxymethanoprostaglandin F2α (U46619) (TP receptor agonist) normalised to 60 mM K+ KH-induced 

contraction in rat LAD arteries, after 0.25 % DMSO or 5 µM U0126 incubation. Vehicle group 

(containing 0.25 % DMSO; n = 12 - 13), 0.5 µM doxorubicin group (containing 0.25 % DMSO; n = 13 - 

15), 0.5 µM doxorubicin and 5 µM U0126 (n = 9 - 10) and 5 µM U0126 (n = 13 - 15). U46619 = agonist 

of thromboxane prostanoid receptors, DMSO = Dimethyl sulfoxide. Vasocontractile responses 

compared to vehicle group using two-way ANOVA and Bonferroni’s test (* = p < 0.05, ** = p < 0.01, 

**** = p < 0.0001) and compared to 0.5 µM doxorubicin group using two-way ANOVA and Bonferroni’s 

test (### = p < 0.001). 

Table 5-7: Cmax, “Emax” and “pEC50” values of vehicle or doxorubicin incubated LAD arteries with 

DMSO or MEK 1/2 inhibitor U0126: 0.25 % DMSO and 5 µM U0126 incubation. Values given for all 

Endothelin-1 experiments and as mean ± S.E.M. N values represent the total amount of animals used. 

The “Emax” and “pEC50” values of the different groups are compared to the vehicle-treated LAD vessels 

(containing 0.25 % DMSO) with ANOVA and Dunnett’s post-hoc test: * = p < 0.05, *** = p < 0.001. The 

10 µM U0126-incubated 0.5 µM doxorubicin LAD vessels were compared to U0126 naïve doxorubicin-

treated LAD vessels (containing 0.5 % DMSO) with ANOVA and Dunnett’s post-hoc test: # = p < 0.05 
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and #### = p < 0.0001, while Cmax is compared using two-way ANOVA with Bonferroni’s post-hoc test: 

** = p < 0.01. 

Groups N Cmax “Emax” “pEC50” 

Vehicle 12-13 81.09 ± 14.83 % 83.3 ± 7.4 % 7.07 ± 0.06 

0.5 µM Doxorubicin 13-15 106.69 ± 5.98 % ** 116.4 ± 8.1 % * 7.46 ± 0.08 *** 

0.5 µM Doxorubicin 

and 5 µM U0126 
9-10 73.03 ± 13.74 % 78.5 ± 13.7 % 7.36 ± 0.19 

5 µM U0126 13-15 77.38 ± 11.04 % 90.5 ± 16.7 % 7.06 ± 0.17 

5.3.4.1.2. TP receptor-mediated contraction in 0.5 µM of doxorubicin with and 
without 10 µM of U0126 (containing 0.5 % of DMSO) 

- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in 24-hr-

incubated LAD vessels (containing 0.5 % DMSO): 

The 0.5 µM doxorubicin treatment induced a significant increase (29 % increase) of TP-mediated 

vasocontraction from 10-7.5 M (47.47 ± 6.34 %, p = 0.0005) to 10-7 M U46619 (97.24 ± 5.91 %, p = 

0.0004), in 0.5 µM doxorubicin-treated LAD vessels (n = 10 - 11) when compared to vehicle-treated 

LAD vessels from 10-7.5 M (17.73 ± 10.63 %) to 10-7 M U46619 (68.08 ± 18.70 %) (Figure 5-16). The 0.5 

µM doxorubicin incubation seems to induce an increase of the maximal TP-mediated vasocontraction 

from “Emax” = 104.5 ± 10.5 % for the vehicle-treated LAD vessels to “Emax” = 122.7 ± 5.6 % for the 0.5 

µM doxorubicin-treated LAD vessels, but the statistical significance of “Emax” values was not obtained 

due to high variation. However, the 0.5 µM doxorubicin treatment increased the TP receptor affinity 

to U46619 with a “pEC50” of 10-7.37 M (p = 0.0427) for the 0.5 µM doxorubicin-treated LAD vessels, 

compared to the “pEC50” of 10-7.13 M for the vehicle-treated LAD vessels. 

- The effect of 10 µM U0126 treatment on TP receptor-mediated contraction in 24-hr-incubated 

LAD vessels (containing 0.5 % DMSO): 

The U46619 dose-response curve of 10 µM U0126-incubated vehicle LAD vessels did not reach the 

final plateau at the highest dose due to stock constraints, and therefore final “Emax” and “pEC50” values 

could not be obtained. However, the vasocontraction obtained at the highest dose (10-6.5 M) is 

mentioned as Cmax. The 10 µM U0126 incubation of vehicle-treated LAD vessels reduced the TP-

mediated vasocontraction of 10 µM U0126-incubated vehicle LAD vessels (n = 7 - 8) by 51 % at 10-7 M 

(17.19 ± 4.34 %, p < 0.0001) and 44 % at 10-6.5 M (55.21 ± 16.43 %, p < 0.0001), when compared to 

U0126 naïve vehicle-treated LAD vessels at 10-7 M (68.08 ± 18.70 %) and 10-6.5 M (99.10 ± 11.81 %) 

(Figure 5-16).  
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- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in the 

presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 

The TP-mediated contraction was reduced (24 % and 42 % decrease) at, respectively, 10-7 M (43.83 ± 

8.65 %, p = 0.0071) and 10-6.5 M (Cmax = 56.57 ± 9.71 %, p < 0.0001), on 0.5 µM doxorubicin vessels with 

10 µM U0126 (n = 10 - 11) when compared to U0126 naïve vehicle-treated vessels at 10-7 M (68.08 ± 

18.70 %) and 10-6.5 M (Cmax = 99.10 ± 11.81 %) (Figure 5-16). The inhibition effect of 10 µM U0126 on 

0.5 µM doxorubicin-treated LAD vessels reduced the maximal TP-mediated vasocontraction of 10 µM 

U0126-incubated 0.5 µM doxorubicin LAD vessels (“Emax”= 62.3 ± 9.4 %, p = 0.0182) when compared 

to U0126 naïve vehicle-treated LAD vessels (“Emax”= 122.7 ± 5.6 %), while the “pEC50” remain 

unchanged (Table 5-8). 

The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels significantly reduced (23 %, 

53 % and 57 % decrease) the TP-mediated contraction of 0.5 µM doxorubicin LAD vessels with 10 µM 

U0126 at 10-7.5 M U46619 (23.78 ± 5.30 %, p = 0.0051), at 10-7 M U46619 (43.83 ± 8.65 %, p < 0.0001) 

and 10-6.5 M U46619 (56.57 ± 9.71 %, p < 0.0001) when compared to 10 µM U0126 naïve 0.5 µM 

doxorubicin-treated LAD vessels at 10-7.5 M U46619 (17.73 ± 10.63 %), at 10-7 M U46619 (68.08 ± 18.70 

%) and 10-6.5 M U46619 (99.10 ± 11.81 %) (Figure 5-16). The inhibition effect of 10 µM U0126 on 0.5 

µM doxorubicin-treated LAD vessels significantly reduced the maximal TP-mediated contraction of 10 

µM U0126-incubated 0.5 µM doxorubicin LAD vessels (“Emax”= 62.3 ± 9.4 %, p < 0.0001), when 

compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (“Emax”= 122.7 ± 5.6 %), while the 

“pEC50” values remain unaltered (Table 5-8).  
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Figure 5-16: Vasocontractile response to the cumulative application of 9,11-dideoxy-11α,9α-

epoxymethanoprostaglandin F2α (U46619) (TP receptor agonist) normalised to 60 mM K+ KH-induced 

contraction in rat LAD arteries, after 0.5 % DMSO or 10 µM U0126 incubation. Vehicle group 

(containing 0.5 % DMSO; n = 8 - 9), 0.5 µM doxorubicin group (containing 0.5 % DMSO; n = 10 - 11), 

0.5 µM doxorubicin and 10 µM U0126 (n = 9 - 10) and 10 µM U0126 (n = 7 - 8). U46619 = agonist of 

thromboxane prostanoid receptor, DMSO = Dimethyl sulfoxide. Vasocontractile responses compared 

to vehicle group using two-way ANOVA and Bonferroni’s test (*=p<0.05, **=p<0.01, ***=p<0.005) 

and compared to0.5 µM doxorubicin group using two-way ANOVA and Bonferroni’s test (# = p < 0.05, 

## = p < 0.01, ### = p < 0.001). 

Table 5-8: The Cmax, “Emax” and “pEC50” values of vehicle or doxorubicin incubated LAD arteries with 

DMSO or MEK 1/2 inhibitor U0126: 0.5 % DMSO and 10 µM U0126 incubation. Cmax = the contraction 

obtained at the highest agonist dose and is applied when the “Emax” couldn’t be determined due to 

stock concentration constraints; Values given for U46619 experiments and as mean ± S.E.M. N values 

represent the total amount of animals used. The “Emax” and “pEC50” values of the different groups are 

compared to the vehicle-treated LAD vessels (containing 0.25 % DMSO) with ANOVA and Dunnett’s 

post-hoc test: * = p < 0.05, **** = p < 0.0001. The 10 µM U0126-incubated 0.5 µM doxorubicin LAD 

vessels were compared to U0126 naïve doxorubicin-treated LAD vessels (containing 0.5 % DMSO) with 

ANOVA and Dunnett’s post-hoc test: # = p < 0.05 and #### = p < 0.0001, while Cmax is compared using 

two-way ANOVA with Bonferroni’s post-hoc test: * = p < 0.05, ### = p < 0.001 and **** or #### = p < 

0.0001. 

Groups N Cmax “Emax”    “pEC50” 

Vehicle  8-9 99.10 ± 11.81 % 104.5 ± 10.5 % 7.13 ± 0.08 

0.5 µM Doxorubicin 10-11 113.67 ± 5.45 % 122.7 ± 5.6 % 7.37 ± 0.05 * 

0.5 µM Doxorubicin  

and 10 µM U0126 
9-10 56.57 ± 9.71 % ****, #### 62.3 ± 9.4 %*, ### 7.32 ± 0.16 

10 µM U0126 7-8 55.21 ± 16.43 % **** / / 

 

5.3.4.2. Real-Time PCR: quantification of TP receptor mRNA levels 

Gene expression of the endothelin TP receptors was investigated in rat LAD arteries by Real-Time PCR. 

Negative controls were included for each receptor. TP receptors mRNA expression was expressed as 

values relative to GAPDH and normalised to vehicle-treated LAD vessels. Both figures 5-17 (A) and 5-

17 (B) showed the same tendency towards increase or reduction of TP receptors mRNA between the 

different groups. 

Figure 5-17 (A) showed the mRNA levels on vehicle-treated LAD vessels or 0.5 µM doxorubicin-treated 

LAD vessels after the incubation with either 0.25 % DMSO or 5 µM U0126. The 0.5 µM doxorubicin 

treatment of LAD vessels (1.065 ± 0.077; n = 9) did not alter the TP receptors mRNA level compared 
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to vehicle-treated LAD vessels (1.00 ± 0.105; n = 10). The 5 µM U0126 of vehicle-treated LAD vessels 

(1.005 ± 0.086; n = 10) did not alter the TP receptor mRNA level compared to U0126 naïve vehicle-

treated LAD vessels (1.00 ± 0.105; n = 10). The 5 µM incubation of 0.5 µM doxorubicin-treated LAD 

vessels (1.131 ± 0.057; n = 9) did not alter the TP receptor mRNA level compared to U0126 naïve 0.5 

µM doxorubicin-treated LAD vessels (1.065 ± 0.077; n = 9). 

Figure 5-17 (B) showed the mRNA levels on vehicle-treated LAD vessels or 0.5 µM doxorubicin-treated 

LAD vessels after the incubation with either 0.5 % DMSO or 10 µM U0126. The 0.5 µM doxorubicin 

treatment of LAD vessels (1.153 ± 0.094; n = 10) showed a tendency towards an increase of TP receptor 

mRNA level, compared to vehicle-treated LAD vessels (1.00 ± 0.084; n = 10), but there is no statistical 

difference.  The 10 µM U0126 incubation of vehicle-treated LAD vessels (0.992 ± 0.069; n = 10) did not 

alter the TP receptor mRNA level compared to U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.084; 

n = 10). The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels (1.083 ± 0.066; n = 

10) did not alter the TP receptor mRNA level compared to U0126 naïve 0.5 µM doxorubicin-treated 

LAD vessels (1.153 ± 0.094; n = 10). 
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Figure 5-17: Real-Time PCR of TP receptors in LAD arteries with DMSO (Vehicle or Doxorubicin) or 

U0126 (Vehicle + U0126 or Doxorubicin + U0126). (A) Comparison of TP receptor mRNA levels on LAD 

arteries from Vehicle group (containing 0.25 % DMSO; n = 10), 0.5 µM doxorubicin group (containing 

0.5 µM doxorubicin and 0.25 % DMSO; n = 9), 0.5 µM doxorubicin and 5 µM U0126 group (n = 9) and 

5 µM U0126 (containing 5 µM U0126; n = 10). (B) Comparison of TP receptor mRNA levels on LAD 

arteries from Vehicle group (containing 0.5 % DMSO; n = 10), 0.5 µM doxorubicin group (with 0.5 µM 

doxorubicin and 0.5 % DMSO; n = 10), 0.5 µM doxorubicin and 10 µM U0126 group (n = 10) and 10 

µM U0126 (n = 10). Data are expressed as mean ± S.E.M. values relative to GAPDH mRNA levels (n = 

10) and normalised to vehicle group. Doxo = doxorubicin, TP = thromboxane prostanoid. The groups 

were compared by multiple comparisons using one-way ANOVA Kruskal-Wallis’ test. 
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5.3.4.3. Immunohistochemistry: Quantification of TP receptor levels 

The quantification of TP receptors was obtained by measuring the ROI mean intensity and the intensity 

was normalised to vehicle-treated LAD vessels average.  

Figure 5-18 (A) showed the TP receptors expression of both vehicle-treated LAD vessels and 0.5 µM 

doxorubicin-treated vessels after the incubation with either 0.25 % DMSO or 5 µM U0126. The 5 µM 

U0126 incubation of vehicle-treated LAD vessels (1.159 ± 0.054; n = 4) induced an increase of TP 

receptor expression when compared to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.027, p 

= 0.0395; n = 4). No significant difference was observed between the other groups.  The TP receptors 

expression on 0.5 µM doxorubicin-treated LAD vessels was 1.094 ± 0.066 (n = 4) and after the 5 µM 

U0126 incubation, the TP receptor expression on 0.5 µM doxorubicin-treated LAD vessels was 1.147 

± 0.038 (n = 4). 

Figure 5-18 (B) showed the TP receptor expression of both vehicle-treated LAD vessels and  0.5 µM 

doxorubicin-treated vessels after the incubation with either 0.5 % DMSO or 10 µM U0126. No 

statistical difference was observed between the different groups. The 10 µM U0126 incubation of 

vehicle-treated LAD vessels (0.964 ± 0.065; n = 3) did not alter the TP receptors expression compared 

to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.018; n = 4). The 10 µM U0126 incubation of 

0.5 µM doxorubicin-treated LAD vessels (0.982 ± 0.017; n = 4) did not alter the TP receptor expression 

compared to the U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (0.839 ± 0.116; n = 4). 
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Figure 5-18: Quantification of the TP receptors expression in LAD arteries by immunofluorescence. 

(A) Comparison of TP receptors expression on LAD arteries from Vehicle group (containing 0.25 % 

DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 4), 0.5 

µM doxorubicin and 5 µM U0126 group (n = 4) and 5 µM U0126 (n = 4). (B) Comparison of TP receptor 

expression on LAD arteries from Vehicle group (containing 0.5 % DMSO; n = 4), 0.5 µM doxorubicin 

group (containing 0.5 µM doxorubicin and 0.5 % DMSO; n = 4), 0.5 µM doxorubicin and 10 µM U0126 

group (n = 4) and 10 µM U0126 (n = 3). Doxo = doxorubicin, TP = thromboxane prostanoid, ROI = region 

of interest. The groups were compared by multiple comparisons using one-way ANOVA and Fisher’s 

test (* = p < 0.05). 

 

 pERK quantification in LAD arteries: 

The efficiency of the MEK 1/2 inhibitor U0126 used in this study can be tested by the quantification of 

pERK expression by the use of the immunohistochemistry technique. The quantification was obtained 

by measuring the ROI mean intensity and the intensity was normalised to vehicle group (i.e. vehicle = 

1).  

Figure 5-19 (A) showed the studied groups with 0.25 % of DMSO or 5 µM of U0126. Incubation of LAD 

vessels with 0.5 µM doxorubicin did not alter the pERK expression of the 0.5 µM doxorubicin-treated 

LAD vessels 1.025 ± 0.015 (n = 4) when compared to the vehicle-treated LAD vessels 1.00 ± 0.023 (n = 

4).  LAD vessels incubated in DMEM with vehicle and 5 µM U0126 (0.901 ± 0.053; n = 4) and with 

doxorubicin and 5 µM U0126 (0.889 ± 0.0428; n = 4) showed a tendency towards a reduction of pERK 

expression compared to vehicle LAD vessels 1.00 ± 0.023 (n = 4), but there was no statistical difference. 

The incubation with 5 µM U0126 of doxorubicin-treated LAD arteries 0.889 ± 0.0428 (n = 4) induced a 
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significant reduction of pERK expression compared to 0.5 µM doxorubicin-treated LAD vessels 1.025 

± 0.015 (p = 0.0228; n = 4). pERK expression of vehicle-treated LADs vessels incubated with 5 µM 

U0126 0.901 ± 0.053 (n = 4) was significantly decreased, compared to 0.5 µM doxorubicin-incubated 

LAD vessels 1.025 ± 0.015 (p = 0.0433; n = 4). 

Figure 5-19 (B) showed the quantification of the studied groups with 0.5 % of DMSO or 10 µM of 

U0126. Incubation of LAD vessels with 0.5 µM doxorubicin did not alter the pERK expression of the 0.5 

µM doxorubicin-treated LAD vessels 1.002 ± 0.025 (n = 4) when compared to the vehicle-treated LAD 

vessels 1.00 ± 0.065 (n = 4). LAD vessels incubated in DMEM with vehicle and 5 µM U0126 (0.781 ± 

0.035; n = 3) and with doxorubicin and 5 µM U0126 (0.795 ± 0.033; n = 4) showed a reduction of pERK 

expression compared to vehicle-treated LAD vessels 1.00 ± 0.065 (respectively, p = 0.003 and p = 

0.005; n = 4). The LAD vessels incubated in DMEM with vehicle and 5 µM U0126 (0.781 ± 0.035; n = 3) 

and with doxorubicin and 5 µM U0126 (0.795 ± 0.033; n = 4) showed a reduction of pERK expression 

compared to 0.5 µM doxorubicin-treated LAD vessels (1.002 ± 0.025; n = 4) (respectively, p = 0.003 

and p = 0.005). 
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Figure 5-19: Quantification of the pERK expression in LAD arteries by immunofluorescence. (A) 

Comparison of pERK expression on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 4), 

0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 4), 0.5 µM 

doxorubicin and 5 µM U0126 group (n = 4) and 5 µM U0126 (n = 4). (B) Comparison of pERK on LAD 

arteries from Vehicle group (containing 0.5 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 

µM doxorubicin and 0.5 % DMSO; n = 4), 0.5 µM doxorubicin and 10 µM U0126 group (n = 4) and 10 

µM U0126 (n = 3). The groups were compared by multiple comparisons using one-way ANOVA and 

Fisher’s test (* = p < 0.05, ** = p < 0.01) 

 

5.4.  Discussion 

 Summary of the main findings of this chapter:  

The adverse vascular effects of doxorubicin treatment were investigated on the four studied GPCRs 

after DMSO (U0126 solvent) incubation of vehicle or doxorubicin-treated LAD arteries during 24 hrs, 

while the cardioprotective effect of U0126 was investigated on the four studied GPCRs after U0126 

incubation of vehicle or doxorubicin-treated LAD arteries during 24 hrs. The U0126 was initially set up 

at a concentration of 10 µM, but the 5-HT1B and TP-mediated contractions were too highly reduced in 

the vehicle LAD arteries. The U0126 was, then, set up at a concentration of 5 µM. Both concentrations 

were studied on vehicle and doxorubicin LAD arteries with incubation in 0.25 % DMSO or 5 µM and 

0.5 % DMSO or 10 µM.  
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The present results of this chapter demonstrate that the 0.5 µM doxorubicin treatment alters the ETB, 

5-HT1B and TP–mediated vasocontractile responses of LAD vessels. Furthermore, the MEK 1/2 inhibitor 

U0126 confers cardioprotection by alleviating the elevated ETB, 5-HT1B and TP vasocontractile 

responses observed in LAD vessels after doxorubicin treatment. 

It was shown that 5-HT1B-mediated vasocontractile response was significantly increased by the 

doxorubicin incubation (Figures 5-11 and 5-12). The elevated 5-HT1B-mediated vasocontractile 

response is related to the significant elevation of 5-HT1B receptors mRNA level (Figure 5-13) and 5-

HT1B receptors expression (Figure 5-14) in doxorubicin-treated LAD vessels. The U0126 pre-treatment 

at both concentrations 5 µM and 10 µM, attenuates the elevated 5-HT1B mRNA level and 5-HT1B 

receptors expression of LAD vessels leading to the reduction of the elevated 5-HT1B-mediated 

vasocontractile response of doxorubicin-treated LAD vessels. 

Similarly, TP receptors function was altered by the doxorubicin treatment of LAD vessels. The TP-

mediated vasocontractile response of LAD vessels was significantly increased after doxorubicin 

treatment (Figures 5-15 and 5-16). However, the doxorubicin treatment did not alter the TP mRNA 

level and TP receptors expression on the LAD vessels. U0126 pre-treatment at both concentrations 5 

µM and 10 µM confers a protection against doxorubicin-induced cardiotoxicity by attenuating the 

elevated TP-mediated vasocontractile response of doxorubicin-treated LAD vessels without altering 

the TP mRNA level (Fig 5-17) and TP receptors expression (Figure 5-18) on LAD vessels. 

The 10 µM U0126 pre-treatment excessively reduces the 5-HT1B and TP-mediated vasocontractile 

responses of doxorubicin-treated LAD vessels compared to the vehicle-treated LAD vessels, while the 

5 µM U0126 alleviates the 5-HT1B and TP-mediated vasocontractile responses of doxorubicin-treated 

LAD vessels until a recover of the vasocontractile response observed in vehicle-treated LAD vessels. 

Interestingly, the doxorubicin treatment significantly reduced the ETA mRNA level (Figure 5-9) without 

altering the ETA receptor expression (Figure 5-10) and the ETA-mediated vasocontractile responses 

(Figures 5-7 and 5-8). The U0126 pre-treatment significantly reduced the ETA-mediated 

vasocontractile response and the ETA receptor mRNA level of doxorubicin-treated LAD vessels while 

U0126 pre-treatment did not alter the ETA receptor expression on doxorubicin-treated LAD vessels.  

Doxorubicin treatment induced an increase of the ETB-mediated vasocontractile response, followed 

by a decrease of the ETB-mediated vasocontractile response (Figures 5-3 and 5-4). Furthermore, the 

ETB receptor mRNA level was significantly decreased in LAD vessels after doxorubicin treatment which 

is consistent with the depressed ETB-mediated vasocontractile response. The U0126 pre-treatment 
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reduced the ETB-mediated vasocontractile responses and the ETB receptors mRNA level of U0126 plus 

doxorubicin-treated LAD vessels compared to U0126 naïve vehicle-treated LAD vessels.  

 

 The MEK 1/2 inhibitor U0126 was diluted in DMSO 

To investigate the cardioprotective effect of 10 µM U0126, the naïve vehicle-treated LAD vessels and 

naïve U0126 doxorubicin-treated LAD vessels were incubated with 0.5 % of DMSO as control group. 

Furthermore, the U0126 was also investigated at a lower dose of 5 µM and the LAD vessels used as 

control groups were incubated with 0.25 % of DMSO. The DMSO is frequently used in pharmacology 

and toxicology studies to facilitate drug deliveries and no toxic effects were observed at doses ≤ 0.5 % 

(Sangweni et al., 2021) and thus, the percentage of DMSO used in the present experiment did not 

exceed 0.5 % of DMSO to minimise the potential negative effect of DMSO on LAD arteries. 

The experiments with 10 µM or 5 µM U0126 were done separately and both experiments followed 

the same trend for the ETA, TP and 5-HT1B receptors but, the significance differs between both 

experiments for some results.  

Indeed, the maximal 5-HT1B-mediated vasocontraction was significantly increased in doxorubicin plus 

0.25 % DMSO-incubated LAD arteries compared to vehicle plus 0.25 % DMSO-incubated LAD arteries, 

while the maximal 5-HT1B-mediated vasocontraction was increased but it was not significant in 

doxorubicin plus 0.5 % DMSO-incubated LAD arteries compared to vehicle plus 0.5 % DMSO-incubated 

LAD arteries. Interestingly, The n number of LAD arteries incubated 0.25 % DMSO was ranging from 

12 to 16 LAD arteries, while the n number of LAD arteries incubated 0.5 % DMSO was ranging from 8 

to 10 LAD arteries and thus might explain the absence of significance observed in groups of LAD 

arteries incubated with 0.5 % DMSO. Similarly, the same difference was observed with TP receptors, 

where the maximal TP-mediated vasocontractile response was significantly up-regulated in 

doxorubicin plus 0.25 % DMSO LAD arteries (n = 13 - 15), compared to vehicle plus 0.25 % DMSO LAD 

arteries (n = 12 -13), while the maximal TP-mediated vasocontractile response was up-regulated but 

not significantly in doxorubicin plus 0.5 % DMSO LAD arteries (n = 10 - 11), compared to vehicle plus 

0.5 % DMSO LAD arteries (n = 8 - 9).  

The DMSO incubation might have a potential influence on the ETB-mediated vasocontractile response 

of LAD vessels. The enhanced ETB-mediated contraction of doxorubicin-treated vessels during the first 

phase of the dose-response curve is observed only with 0.5 % DMSO, while a weak contraction was 

observed with 0.25 % DMSO but was not significant.  
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A few reasons could explain the difference observed: (i) the concentration of DMSO could influence 

the LAD arteries' vascular tone or (ii) the number of rats used in this chapter study which is lower than 

in the previous chapter could explain the reduction of significance.  

Indeed, the incubation of both vehicle and doxorubicin LAD arteries with 0.25 % DMSO tend towards 

an increase of ETB-mediated contraction, but the results in this study were not significant. The number 

of rats used in the study per group was around 7 – 9, while in the previous chapter, it was 17 – 19.  

The lowest n number could be the reason of the absence of some difference between doxorubicin and 

vehicle LAD arteries observed in the previous studies. Furthermore, the dose-response curves 

observed in doxorubicin-treated LAD arteries incubated with 0.5 % DMSO (n = 10 - 11) are similar to 

the results of the previous chapter. The absence of significance for the enhanced ETB-mediated 

contraction in the experiment with 0.25 % of DMSO might be attributable to the too-high variability 

of contraction due to the lowest number of LAD arteries per group. 

 

 The MEK 1/2 inhibitor U0126 reduced the pERK expression on rat LAD arteries, 

while doxorubicin treatment did not alter the pERK expression. 

 

The MEK/ERK signalling pathway is activated by RTK or GPCRs (Sudhesh Dev et al., 2021, Liu et al., 

2019). ERK pathway is initiated by Ras, a small G protein, which recruits and activates Raf kinases in 

the cytosol. Raf phosphorylates MEK 1/2, which has as only substrate, ERK 1/2. MEK 1/2 promotes the 

dual phosphorylation of ERK 1/2 for ERK activation leading to the activation of AP-1 (Whitmarsh and 

Davis, 1996) and NF-κB (Xu et al., 2008) in SMC. The inhibition of MEK leads to a reduction of the 

expression of pERK (Ong et al., 2015).  

In this study, the cardioprotective potential of MAPK was tested by inhibiting MEK 1/2 with the specific 

inhibitor, U0126. The present findings confirm the efficiency of U0126 with the significant reduction 

of pERK expression in vehicle and doxorubicin-treated LAD arteries after U0126 pre-treatment at both 

concentrations, 5 µM and 10 µM (Figure 5-19). This study’s results are consistent with Sandhu et al.et 

al. (2010), which showed that U0126 at 10 µM attenuates the pERK expression in isolated cerebral 

arteries (Sandhu et al., 2010). It was shown that the inhibition effect of U0126 was still effective at the 

concentration of 5 µM, which will be interesting for the experiment with 5-HT1B and TP receptors. 

Additionally, the present results showed that the 0.5 µM doxorubicin treatment did not alter the pERK 

expression on LAD vessels. Other studies showed a different outcome, but this may be because they 

used a different in vitro model. Choi et al.et al. (2008) demonstrate that the effects of doxorubicin on 
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pERK expression were dose-dependent, and doxorubicin treatment (0.01-1 µM) increased pERK 

expression in Human HCC cell lines (HepG2, Hep3B) (Choi et al., 2008). Additionally, another study 

showed that pERK expression was also increased in rat neonatal cardiomyocytes by doxorubicin 

treatment at a concentration of 1 µM. This increase promoted p53 upstream leading to apoptosis and 

the MEK 1/2 inhibitor U0126 (Liu et al., 2008). Both studies were working with cell cultures of rat 

neonatal cardiomyocytes and human HCC cells, while in the present study rat LAD arteries were used 

and thus may explain the different effects of doxorubicin treatment on pERK. Additionally, the 

doxorubicin concentration was at 1 µM, which is twice this study’s concentration (0.5 µM) and thus 

may also explain the pERK elevated expression after doxorubicin treatment because doxorubicin-

induced cardiotoxicity is dose-dependent. 

Furthermore, a study with a tumour-bearing mouse model showed that the MEK/ERK signalling 

pathway can induce doxorubicin-induced drug resistance and tumour growth (Christowitz et al., 

2019). Other studies suggested that blocking the MEK/ERK signalling pathways could reduce the 

resistance and increase the doxorubicin efficiency against cancer cells (Chen et al., 2015, Shukla et al., 

2010). Those studies combined with the present results suggest that the inhibition of the MEK/ERK 

signalling pathway could increase the doxorubicin efficiency against cancer cells and decrease the risk 

to develop cardiac issues after the doxorubicin treatment.  

 

 The ETB-mediated vasocontractile response is altered by doxorubicin treatment 

on transcriptional and potentially post-translational levels and MEK 1/2 inhibitor 

U0126 alters the depressed doxorubicin-induced ETB-mediated contraction. 

 

The ET-1 is involved in many CVDs, including hypertension (Stauffer et al., 2008), coronary vasospasm 

(Toyo-oka et al., 1991), atherosclerosis (Fan et al., 2000) and myocardial infarction (Kolettis, 2014). 

Previous studies have shown ETB receptors up-regulation on VSMC occurs as a result of CVD in 

different in vitro models, including rat cerebral and coronary arteries (Sandhu et al., 2010, Skovsted 

et al., 2012), and human cerebral arteries (Ansar et al., 2013) and in vivo model as dog coronary 

arteries (Teerlink et al., 1994). 

This study showed that ETB-mediated vasocontractile response is increased on the first phase of the 

biphasic curve of doxorubicin-treated LAD arteries from 10-12.5 M ET-1 to 10-9.5 M ET-1 (Figure 5-4). 

This chapter’s finding is consistent with the results from the previous chapter (Chapter 4, section 

4.4.1), and Skovsted (2012) and Sandhu (2010) findings, which showed the up-regulation of ETB-
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mediated vasocontraction after vascular injury of isolated cerebral arteries (Sandhu et al., 2010) and 

of isolated LAD and SCA arteries (Skovsted et al., 2012). 

Skovsted used an ex-vivo model with rat LAD arteries fresh or incubated for a period of ½ hr, 4 hrs, 7 

hrs and 24 hrs and ETB receptors expression and ETB-mediated vasocontraction (with S6c and ET-1 

agonists) were analysed. Their data showed an increase of ETB receptors expression leading to the up-

regulation of the ETB-mediated vasocontraction of incubated- LAD and SCA arteries, compared to fresh 

arteries (Skovsted et al., 2012). Furthermore, Sandhu used fresh or 48-hrs-incubated cerebral arteries 

to study the potential cardioprotective effect of MEK/ERK pathway inhibitors (U0126, PD98059, 

SL327, or AG126) against the up-regulation of vascular GPCR observed during cerebral ischaemia and 

stroke. Their data showed the up-regulation of the ETB receptors mRNA level and ETB-mediated 

vasocontractile responses of cerebral arteries after 48 hrs incubation, compared to the fresh cerebral 

arteries (Sandhu et al., 2010).  

However, the present results showed that the maximal ETB-mediated vasocontractile response was 

alleviated by the doxorubicin treatment (0.5 µM) from 151.5 % in vehicle-treated LAD arteries to 93.3 

% in doxorubicin-treated LAD arteries in Figure 5-3 and from 180.2 % in vehicle-treated LAD arteries 

to 108.5 % in doxorubicin-treated LAD arteries in Figure 5-4. Furthermore, the present study’s findings 

showed that the depressed ETB-mediated vasocontractile response is related to a reduction of the ETB 

receptor transcription, with the decrease of the ETB receptor mRNA level from 1.00 ± 0.148 in vehicle-

treated LAD arteries to 0.540 ± 0.1440.289 ± 0.060 (p = 0.033) in doxorubicin-treated LAD arteries, in 

Figure 5-5 (A) and from 1.00 ± 0.232 in vehicle-treated LAD arteries to 0.287 ± 0.749 (p = 0.0008) in 

doxorubicin-treated LAD arteries, in Figure 5-5 (B). The depressed ETB-mediated vasocontractile 

response observed in this study’s results is opposite to Sandhu and Skovsted’s findings. However, the 

cardiotoxic effect of doxorubicin was observed on the ETB receptors, while Skovsted and Sandhu were 

comparing the cardiotoxic effect induced by their organ culture model mimicking CVD to fresh 

arteries.  

The present study investigated the transcriptional and translational changes observed in this study’s 

CVD model, the 24 hrs-cultured LAD arteries compared to fresh arteries (Figure 9-2 in Appendices). It 

was shown that ETB receptor mRNA levels are highly increased in 24-hrs-cultured LAD arteries 

compared to fresh isolated vessels (shown in appendices), which correlates to Sandhu and Skovsted’s 

findings.  

In the previous chapter (Chapter 4, section 4.4.1), the S6c biphasic curve observed could be due to the 

duality of action of both ETB receptor subtypes in EC and SMC on vascular tone. In the present study, 

the biphasic curve is observed on 0.5 µM doxorubicin-treated LAD arteries, but it is not observed on 
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vehicle-treated LAD arteries, which suggests that the doxorubicin treatment could alter the ETB-

mediated vasocontractile response through two distinct pathways. 

This study’s results suggest that doxorubicin treatment initially induces an elevation of the ETB-

mediated vasocontraction, followed by a depressed ETB-mediated vasocontractile response. The initial 

increased ETB-mediated vasocontractile response might be induced by doxorubicin treatment on post-

translational levels or the alteration of ETB-activated proteins, as described for the TP receptors 

(section 5.4.6). The ETB receptor induces vasoconstriction through its association to Gq/11 proteins 

(Cramer et al., 2001), leading to PLC activation, which hydrolyses PIP2 in IP3 and DAG, promoting 

intracellular calcium release and PKC activation (Rosendorff, 1997). Furthermore, this study showed 

that the followed depressed ETB-mediated vasocontractile response is induced by doxorubicin 

treatment on a transcriptional level.  

However, doxorubicin-induced depressed ETB vasocontractile response might be cardiotoxic for LAD 

arteries. Indeed, studies showed that the decrease of ETB receptor expression during vascular 

remodelling could have a negative effect on the vessels. In vivo study on endogenous ETB receptor–

knockout (KO) mice investigated the involvement of ET-1-ETB system in vascular remodelling after 

injury. They induced the vascular remodelling by ligating the carotid artery and used ET receptors 

antagonists, the ETA receptors specific antagonist, TA-0201 (0.5 mg/kg/day) and the ETB receptors 

specific antagonist, A-192621 (30 mg/kg/day), to study the involvement of the receptor in the vascular 

remodelling. They demonstrated that a loss of ETB receptor–mediated NO release in KO mice leads to 

a decrease of the NO release and to pathological aggravation of the vascular injury. Furthermore, they 

suggest that the loss of ETB receptor–mediated apoptosis of VSMCs may contribute to the aggravation 

of the vascular injury in KO mice (Murakoshi et al., 2002). It was supported by another study which 

showed that abnormal vascular remodelling was observed in endothelial NO synthase–deficient mice 

after vascular ligation (external carotid artery ligation) and that the eNOS absence was increasing the 

VSMCs proliferation and thus leads to the increase of the vessel wall thickness (Rudic et al., 1998). 

Thus, the present results demonstrate that doxorubicin has a potential vasotoxic effect through 

vascular function and ETB receptor transcription on rat coronary arteries. 

Interestingly, dual actions of doxorubicin treatment on ETB receptors in LAD arteries seem to play 

opposite roles. The initial ETB-induced vasoconstriction (ranging from S6c 10-11.5 M to 10-11 M) 

observed after doxorubicin treatment might be associated with cardiotoxicity. However, the 

depressed maximal vasocontractile response of ETB observed after doxorubicin treatment (Figure 5-

4) has an opposite effect by decreasing the ETB transcription, which has been elevated by the organ 
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culture mimicking CVD (Figure 9-8) and thus doxorubicin alleviates elevated ETB-mediated 

vasoconstriction leading to a decrease of the ETB-induced cardiotoxicity. 

Furthermore, in the present study’s results, no decrease of the ETB receptor expression was observed 

following the transcriptional attenuation, which might be because the mRNA level and the ETB 

expression on LAD arteries were analysed at the same time, 24 hrs after the organ culture initiation 

and thus, more time might be needed to observe ETB receptor expression alteration on LAD arteries. 

The main aim of this chapter was to investigate the potential cardioprotective effect of the MEK 1/2 

inhibitor U0126 on doxorubicin-induced cardiotoxicity. It is known that ETB receptors are regulated by 

the MEK/ERK pathway (Chen et al., 2009). Furthermore, there is evidence that MEK/ERK inhibition 

alleviates the ETB elevated vasocontractile response in isolated rat cerebral arteries (in vitro) after DSP 

exposure (Sandhu et al., 2010) and in isolated human cerebral arteries (in vitro) after organ culture 

mimicking cerebral ischaemia (Ansar et al., 2013).  

In this study, results showed that U0126 pre-treatment at both concentrations 5 µM and 10 µM 

alleviates the doxorubicin-incubated initial elevated ETB-mediated vasocontractile response and the 

depressed maximal ETB-mediated vasocontractile response (Figures 5-3 and 5-4). This study’s findings 

are consistent with Sandhu and Skovsted’s findings, which show that U0126 treatment attenuates ETB-

mediated vasoconstriction in isolated rat cerebral arteries (Sandhu et al., 2010) and rat coronary 

arteries (Skovsted et al., 2012). 

Furthermore, it was shown that U0126 pre-treatment did not alter ETB receptor transcription and 

translation, which suggests U0126 may alter the ETB vasocontractile response on a post-translational 

level or by regulating an ETB-activated protein. Skovsted et al.et al. (2012) showed that the strong up-

regulation observed in coronary arteries after 24 hrs incubation was alleviated by U0126 treatment 

(10 µM) on a translational level, while this study’s results suggest U0126 treatment alleviates 

doxorubicin-induced ETB vasoconstriction on a post-translational level or by regulating ETB-activated 

protein. Doxorubicin might have a different pathway to induce cardiotoxicity, which explains the 

difference with Skovsted’s findings. 

 The ETB-mediated vasoconstriction is negligible in fresh coronary arteries, while ETB-mediated 

vasocontractile response is strongly increased in 24 hrs-incubated coronary arteries, which is a model 

mimicking CVD. In the present study, the U0126 pre-treatment alleviates the depressed ETB-mediated 

maximal vasocontractile response in doxorubicin-treated arteries from 93.2 % in doxorubicin-treated 

LAD arteries to 75.25 % in 5 µM U0126-incubated doxorubicin LAD arteries (Figure 5-3) and from 108.5 

% in doxorubicin-treated LAD arteries to 53.0 % in 10 µM U0126-incubated doxorubicin LAD arteries 
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(Figure 5-4). Since it was shown that doxorubicin treatment already attenuates the ETB-mediated 

maximal vasocontractile response, the U0126 treatment aggravates the depressed ETB-mediated 

maximal vasocontractile response. However, according to Skovsted’s data, ETB-mediated maximal 

vasocontractile response should be negligible in normal conditions and thus, the doxorubicin and 

U0126 co-incubation could confer protection against abnormal elevated ETB vasoconstriction due to 

the up-regulation of ETB receptors in SMC observed during cardiotoxicity (Skovsted et al., 2012). 

Interestingly, the absence of ETB receptors transcriptional and translational changes after U0126 

treatment while the ETB-mediated vasoconstriction is reduced, is consistent with the hypothesis of 

this study: that doxorubicin treatment alters the ETB-activated protein. 

 

 The ETA receptors transcription is reduced by 0.5 µM doxorubicin incubation on 

LAD arteries, whereas the vasocontractile response, through ETA receptors, remains 

unchanged and MEK 1/2 inhibitor U0126 alters ETA-mediated vasocontractile 

response induced by doxorubicin treatment. 

 

The ET-1 is involved in many CVDs, including hypertension, atherosclerosis, and congestive heart 

failure, and ETA receptors blockade had already been investigated as cardioprotective therapy (Nasser 

and El-Mas, 2014).  

As in the previous chapter, the ET-1 dose-response curves were performed after ETB receptors 

desensitisation, which nearly abolish ETB-mediated contraction leading to an ETA-mediated 

monophasic curve. The present study showed that doxorubicin-induced cardiotoxicity was not altering 

the ETA-mediated vasocontractile response with unchanged pharmacological parameters, “Emax” and 

“pEC50”, however, at some doses of ET-1, an increased ETA-mediated contraction in doxorubicin-

treated LAD arteries was observed compared to vehicle-treated LAD arteries (Figures 5-7 and 5-8). 

These results are consistent with the previous chapter's results (Chapter 4, section 4.4.2).  

This study’s results showed that ETA receptor transcription is down-regulated by doxorubicin 

treatment (0.5 µM), with the attenuation of ETA receptor mRNA level from 1.00 ± 0.148 in vehicle-

treated LAD arteries to 0.540 ± 0.144 (p = 0.033) in doxorubicin-treated LAD arteries in Figure 5-9 (A) 

and 1.00 ± 0.232 in vehicle-treated LAD arteries to 0.287 ± 0.749 (p = 0.0008) in doxorubicin-treated 

LAD arteries in Figure 5-9 (B). However, this study’s data showed that ETA-mediated vasocontractile 

response remains unchanged although ETA receptor transcription is reduced. The present results are 

consistent with the Chapter 4 results (Chapter 4, section 4.4.2), which showed that the doxorubicin 
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and BQ123 (ETA receptors specific antagonist) co-incubation induced a reduction of the ETA-mediated 

contractile response, compared to LAD arteries incubated with only BQ123. It was shown that 0.5 µM 

doxorubicin treatment could induce either a reduction of ETA receptors expression (a reduction of the 

transcription or translation) coupled with an elevated vasocontractile response or, by the opposition, 

the ETA receptors expression was unchanged and coupled to a reduced vasocontractile response.  

Thus, the absence of the maximal ETA-mediated contractile response alteration coupled with the 

reduction of ETA receptors mRNA level suggests that doxorubicin treatment might induce post-

translational changes of ETA receptors, associated with a reduction of ETA receptors transcription. 

Therefore, the doxorubicin-induced cardiotoxicity may interfere with ETA receptors through two 

distinct mechanisms: (i) a reduction of the ETA transcription and (ii) a post-translational change or 

alteration of ETA-activated protein. Both mechanisms were observed with ETB receptors, however, it 

seems the mechanism involved in ETA-mediated vasoconstriction has a stronger effect than in ETB-

mediated vasoconstriction, which compensates for the reduction of ETA transcription. 

This study’s model mimics the development of cardiovascular dysfunction at the LAD artery level. The 

doxorubicin treatment reduces the ETA receptors transcription of doxorubicin-treated LAD arteries, 

compared to vehicle-treated LAD arteries, while the organ culture did not alter the ETA receptors 

mRNA level (Figure 9-1 in Appendices). Furthermore, the ETA receptors expression on LAD arteries and 

ETA receptors mRNA level were both analysed after 24 hrs incubation and thus might be too early to 

observe ETA receptors expression changed, due to the reduction of ETA receptors mRNA level, which 

is another possible explanation of the observed alteration of ETA receptors. 

This study’s findings showed that doxorubicin reduces both endothelin receptor transcription in 

coronary arteries and may induce an ETA hyper-responsiveness potentially through post-translational 

changes or alteration of ETA-activated protein. 

Interestingly, several studies on animal and human models investigated ETA antagonists to confer 

cardioprotection against endothelin receptor-mediated cardiotoxicity. Animal studies showed that 

ETA receptors antagonists BQ123 and BMS 182874 attenuate respectively, the development of hypoxic 

pulmonary hypertension in Sprague Dawley rats (Bonvallet et al., 1994) and prevent the vascular 

remodelling in the aorta and mesenteric arteries of aldosterone-infused Sprague Dawley rats (Park 

and Schiffrin, 2001). However, in a study with the ETA receptors blockade LU 135252 injected in vivo 

on stroke-prone spontaneously hypertensive rat, although the cardiac hemodynamics were improved, 

the inhibition of ETA receptors worsened the cardiac remodelling, by increasing the dilatation of left 

ventricle and not preventing the cardiac hypertrophy (Xia et al., 2006). Furthermore, human studies 
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were also performed to elucidate the potential of ETA receptor blockade as cardioprotective therapy. 

Sitaxsentan is a selective ETA receptors blockade used to treat pulmonary arterial hypertension (PAH). 

A 1-year prospective study was performed on PAH patients in an international multicentre trial. It was 

demonstrated that 1 year after the treatment, the sitaxsentan treatment reduces the risks to develop 

worsened clinical outcomes and reduces the mortality rate (Benza et al., 2008). However, as in the 

animal model, harmful effects were observed in patients with chronic heart failure. Indeed, a clinical 

study with 642 chronic heart failure patients investigate the darusentan (at 10, 25, 50, 100 or 300 mg 

daily for 24 weeks) long-term effect on left-ventricular remodelling. The patients with chronic heart 

remodelling were receiving an angiotensin-converting-enzyme inhibitor, beta blocker, or aldosterone 

antagonist, additionally to the ETA receptors blockade. They showed that the heart failure was 

worsened in 11 % patients and the cardiac remodelling was not improved by the ETA receptors 

blockade (Anand et al., 2004).  

These different studies with ETA receptors blockade showed that the inhibition of ETA receptors can 

be beneficial in hypertension (Gao et al., 2021, Raichlin et al., 2008), however, it can become 

deleterious when combined to heart failure (Nasser and El-Mas, 2014), which highlight the need of 

new therapeutic targets to regulate elevated ET-mediated vasoconstriction like MAPK pathway.  

This study investigated the potential cardioprotective effect of the MEK 1/2 inhibitor U0126 on 

doxorubicin-induced cardiotoxicity. It is known that ETA receptors are regulated by the MEK/ERK 

pathway (Chen et al., 2009). Furthermore, there is evidence that MEK/ERK inhibition alleviates the ETA 

elevated vasocontractile response in isolated rat cerebral arteries after induced cerebral ischaemia 

(Henriksson et al., 2007) and in isolated human cerebral arteries (in vitro) after organ culture 

mimicking cerebral ischaemia (Cao et al., 2016).  

In the present results, it was shown that U0126 treatment alleviates the ETA-mediated vasocontractile 

response from 151.6 % in doxorubicin-treated LAD arteries to 105.8 % in 5 µM U0126-incubated 

doxorubicin LAD arteries (Figure 5-7) and from 174.3 % in doxorubicin-treated LAD arteries to 89.4 % 

in 10 µM U0126-incubated doxorubicin LAD arteries (Figure 5-8). This study’s results are consistent 

with Cao’s findings, which showed that U0126 treatment alleviates the second-hand smoke (SHS)-

exposure-induced elevated ETA-mediated vasocontractile response in cerebral arteries (Cao et al., 

2016).  

Cao et al.et al. (2016) investigated the effect of cigarette smoke on ET receptors in cerebral arteries 

by exposing rats to SHS for 12 weeks or 8 weeks, followed by 4 weeks of U0126 (5 mg/kg or 15 mg/kg) 

injection, twice a day. Their data showed that SHS exposure was inducing an abnormal increase of ETA-

mediated vasocontractile response, ETA mRNA level and ETA receptor expression on cerebral arteries 
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and the U0126 treatment alleviates the ETA-mediated vasocontractile response by reducing ETA 

receptor mRNA level and ETA receptors expression in cerebral arteries. Furthermore, Henriksson et 

al.et al. (2007) investigated the cardioprotective effect of U0126 when U0126 (100 mg/kg) is injected 

in rats during transient middle cerebral artery occlusion (MCAO), which mimics cerebral ischaemia. 

Their data showed that 24 hrs after the MCAO procedure and U0126 injection, the MCAO-induced 

elevated ETA-mediated vasocontractile response was attenuated and the brain damages were 

decreased, which highlights the cardioprotective effect of U0126 against cardiotoxicity (Henriksson et 

al., 2007). 

Although this study showed that U0126 treatment alleviates the ETA vasocontractile response as 

observed in the two papers, the present results showed that the U0126 treatment did not interfere 

on transcriptional and translational levels, which is different from Cao’s findings. However, the 

different outcomes can be explained by the different cardiotoxic agents used in experiments, 

doxorubicin-induced cardiotoxicity does not involve the same mechanisms as SHS-exposure-induced 

cardiotoxicity. Furthermore, the present results showed that the U0126 treatment has not effect on 

ETA-mediated vasocontractile response in U0126-incubated vehicle LAD arteries, while it significantly 

decreases the ETA-mediated vasocontractile response in U0126-incubated doxorubicin LAD arteries. 

However, although doxorubicin treatment significantly decreases the ETA receptor mRNA level, the 

U0126 treatment does not decrease the ETA receptor mRNA level in U0126-induced doxorubicin LAD 

arteries (0.206 ± 0.039), compared to doxorubicin-treated LAD arteries (0.287 ± 0.749), as shown in 

Figure 5-9 (B). Thus, the depressed ETA-mediated vasocontractile response observed after U0126 pre-

treatment suggests that U0126 alleviates the hyper-responsiveness mediates by doxorubicin on post-

translational levels and highlights the depressed ETA-mediated vasocontractile response induced by 

the doxorubicin-induced reduction of the ETA receptor transcription. 

Therefore, this study showed that doxorubicin-induced cardiotoxicity is associated with a decrease of 

ETA receptor transcription and ETA-mediated hyper-responsiveness potentially induces by post-

translational change or ETA-activated protein. Furthermore, U0126 treatment confers protection 

against the doxorubicin-induced ETA hyper-responsiveness, however, it also highlights the depressed 

ETA transcription which leads to a depressed ETA vasocontractile response. The depressed ETA 

vasocontractile response might be cardioprotective by reducing vasoconstriction induced by both ET 

receptor subtypes, since the CVD model increased the ETB transcription in SMC. 
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 The MEK 1/2 inhibitor U0126 confers protection against the elevated 5-HT1B-

mediated vasocontractile response induced by doxorubicin treatment on 

transcriptional and translational levels.  

 

The 5-HT1B receptors are mostly studied in cerebral arteries (O'Quinn et al., 1999, Lotfinia et al., 2014), 

but are also localised in coronary arteries with another serotonin receptor, 5-HT2A (Longmore et al., 

2000, Maassen VanDenBrink et al., 2000, Kaumann et al., 1994). The activation of 5-HT1B receptors 

inhibits the adenylyl cyclase, which reduces the cAMP formation and PKA activity leading to the 

intracellular calcium release from the sarcoplasmic reticulum and vasoconstriction (Barnes and Sharp, 

1999, Leenders and Sheng, 2005, Tiger et al., 2018). Previous studies with sumatriptan, an 

antimigraine drug and 5-HT1B agonist, have shown that some human patients treated with 

sumatriptan had developed chest pain, myocardial infarction and vasospasm (Ottervanger et al., 1997, 

Okonkwo and Ojha, 2020). It is well established that the elevation of the 5-HT1B-mediated 

vasocontractile responses of cerebral and pulmonary arteries in a rat in vitro model has been 

implicated in several CVDs (CVD), including cerebral ischaemia (Sandhu et al., 2011)and hypoxia-

induced pulmonary hypertension (PHT) (Keegan et al., 2001). 

In the present results, it was shown that doxorubicin-induced cardiotoxicity was associated with the 

5-HT1B elevated vasocontractile response of rats' LAD arteries (Figures 5-11 and 5-12) with an increase 

of the Cmax from 25.5 % in vehicle-treated LAD arteries to 74.9 % in doxorubicin-treated LAD arteries. 

Additionally, the 5-CT dose-response curve of doxorubicin LAD arteries seems to be left-shifted, when 

compared to vehicle LAD arteries, illustrating the increase of 5-CT potency for 5-HT1B by the 

doxorubicin-induced cardiotoxicity. To our knowledge, this is the first study to show that doxorubicin-

induced cardiotoxicity is associated with 5-HT1B-mediated vasoconstriction in the rat LAD arteries. 

However, Sheibani et al.et al. (2021) have shown that Sumatriptan at a concentration of up to 1 mg/kg 

was aggravating the doxorubicin-induced cardiotoxicity (2.5 mg/kg) in rats (Sheibani et al., 2021) 

which is consistent with this study’s results.  

To establish the doxorubicin adverse effects leading to the 5-HT1B elevated vasocontractile response, 

the potential transcriptional and translational changes of 5-HT1B receptors in LAD vessels were 

investigated during doxorubicin treatment. Interestingly, this study demonstrated that the 5-HT1B 

receptor level was increased from 1.00 ± 0.085 in vehicle-treated LAD arteries to 1.267 ± 0.077 (p = 

0.041) in doxorubicin-treated LAD arteries (Figure 5-14). Furthermore, the 5-HT1B receptor elevated 

mRNA level was consistent with the 5-HT1B receptor elevated expression from 1.00 ± 0.009 in vehicle-

treated LAD arteries to 1.023 ± 0.006 (p = 0.038) in doxorubicin-treated LAD arteries (Figure 5-13). 
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The 5-HT1B receptors have been further investigated in pulmonary arteries since it has been 

established that in human pulmonary circulation, the vasoconstriction of small and large pulmonary 

arteries was mediated by 5-HT1B receptors (Morecroft et al., 1999). In contrast, in animal models as 

non-hypoxic rats, the pulmonary vasoconstriction to 5-HT is predominantly mediated by the 5-HT2A 

receptor, while in the chronic hypoxic pulmonary hypertensive rat (CHPHT), the 5-HT1B mRNA level is 

increased (MacLean et al., 1996). However, in the CHPHT, which have a marked right ventricular 

hypertrophy (markers of pulmonary hypertension) after exposure to hypoxia, the vasoconstriction is 

the result of both 5-HT1B and 5-HT2A receptors activation and 5-HT1B mRNA level is increased (Hunter 

et al., 1974). This study’s findings on the 5-HT1B receptors' role in the doxorubicin-induced 

cardiotoxicity are similar to the findings of Keegan et al.et al. (2001), which showed the development 

of hypoxia-induced PHT in Wistar rats is associated with elevated 5-HT1B–mediated vasocontractile 

response coupled to elevated 5-HT1B receptor mRNA level. To investigate the role of 5-HT1B in the 

development of hypoxia-induced PHT, the rodents were placed in a hypobaric chamber (550 mbar) 

for 14 days to induce the hypoxia and rats were either treated with a 5-HT1B receptors selective 

antagonist GR127935 (3 mg/kg/day) or H2O alone, while mice were either wild-type or 5-HT1B 

knockout. Interestingly, their data suggest that 5-HT1B receptors are involved in the pulmonary 

vascular remodelling and thus elevated 5-HT1B vasocontractile response is potentially one of the 

mechanisms of the hypoxia-induced PHT (Keegan et al., 2001). Furthermore, the 5-HT1B receptors 

implication in cerebral ischaemia has been shown in Sandhu et al.et al. paper (2011), using in vitro 

model mimicking cerebral ischaemia, similar to the present in vitro model. They have incubated 

isolated cerebral arteries in the same condition as this study’s model (for 24 hrs, at 37 °C, in humidified 

5 % CO2 and 95 % O2 in DMEM supplemented with an antibiotics mix). Their data showed 5-HT1B 

receptor mRNA level and 5-HT1B-mediated vasocontractile response were increased in pathological 

cardiovascular conditions (Sandhu et al., 2011). This study’s findings associated with these two papers 

show the implication of 5-HT1B receptors from different rat vessels (coronary, pulmonary and cerebral) 

in the cardiotoxicity and highlight the necessity to regulate the 5-HT1B enhanced vasocontractile 

response. 

Thus, in the present study, it was established that doxorubicin-treated LAD arteries vasoconstriction 

involves the 5-HT1B receptors by increasing their transcription leading to the elevation of 5-HT1B 

receptors expression on LAD vessels and thus enhancing the 5-HT1B-mediated vasocontractile 

response. Additionally, as mentioned in the previous chapter (chapter 4, section 4.4.3), several studies 

showed that doxorubicin-induced cardiotoxicity was associated with a decrease of adenylyl cyclase 

(AC) activity (Calderone et al., 1991) and cAMP formation (Efentakis et al., 2020), which are both 

involved in 5-HT1B-mediated vasoconstriction. Therefore, the present findings on 5-HT1B receptors are 
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correlated to the studies showing that doxorubicin treatment is associated with a down-regulation of 

AC and cAMP.  

The main aim of this chapter was to investigate the potential cardioprotective effect of the MEK 1/2 

inhibitor U0126 on doxorubicin-induced cardiotoxicity. There is evidence that MEK/ERK inhibition 

alleviates the 5-HT1B elevated vasocontractile response in isolated cerebral arteries (in vitro) after 

cerebral ischaemia (Sandhu et al., 2010) and in rat cerebral arteries (in vivo) after subarachnoid 

haemorrhage (SAH) (Beg et al., 2006). The U0126, a MEK 1/2 inhibitor is known to have antioxidant 

properties by reducing the ROS level in isolated PC12 cells (Ong et al., 2015). U0126 as 

cardioprotective treatment has been investigated with in vitro and in vivo rodent models and Povlsen 

et al.et al. (2015) were in the process to perform a clinical trial with U0126 as adjuvant therapy against 

late cerebral ischaemia (Povlsen and Edvinsson, 2015). 

In this study, results showed that the U0126 pre-treatment confers cardioprotection by alleviating the 

5-HT1B receptor mRNA level in doxorubicin-treated LAD arteries from 1.267 ± 0.077 to 1.108 ± 0.076 

in 10 µM U0126-incubated doxorubicin LAD arteries which is not significant but the 5-HT1B receptor 

mRNA level attenuation allows the recovery of the 5-HT1B receptor mRNA level observed in U0126 

naïve vehicle-treated LAD arteries (1.00 ± 0.085) (Figure 5-13). The 5-HT1B receptor mRNA level 

attenuation by 10 µM U0126 leads to the attenuation of 5-HT1B receptors expression and thus the 

alleviation of the 5-HT1B-mediated vasocontraction of LAD arteries. U0126 was shown to be 

cardioprotective at a concentration of 10 µM where it attenuates the 5-HT1B-mediated Cmax from 65.6 

% for U0126 naïve doxorubicin-treated LAD arteries to 22.3 % for 10 µM U0126-incubated doxorubicin 

LAD arteries but it is not significant (Figure 5-12). Interestingly, this study’s findings are in agreement 

with Beg et al.et al. (2006) and Sandhu et al.et al. (2010) findings. Beg et al.et al. showed that a 

treatment with an ERK 1/2 inhibitor SB386023-b given before and after the SAH procedure was 

abolishing the 5-HT1B up-regulation in rat SAH cerebral arteries, which highlights the cardioprotective 

effect of MEK/ERK pathway by regulating 5-HT1B-mediated vasocontractile response (Beg et al., 2006). 

Furthermore, this study’s results are consistent with Sandhu et al.et al. (2010) findings, which showed 

that U0126 at 10 µM alleviated the 5-HT1B elevated vasocontractile response in rat 48 hrs-cultured 

cerebral arteries which, they speculated was associated with increased translation. Their data showed 

that 5-HT1B-mediated vasocontractile response and 5-HT1B receptor expression were attenuated by 

the 10 µM U0126 treatment, while the 5-HT1B receptor mRNA level remain unchanged in cerebral 

arteries. However, this study’s data showed that after the 10 µM U0126 treatment the elevated 5-

HT1B receptor mRNA level observed after doxorubicin treatment was abolished, which suggests that 

the U0126 treatment confers cardioprotection by down-regulating the 5-HT1B receptor transcription 

which leads to attenuating the 5-HT1B receptor expression on LAD arteries and thus alleviating 5-HT1B 



208 | P a g e  
 

elevated vasocontractile response of doxorubicin-treated LAD arteries. The different outcomes of the 

present findings and Sandhu et al.et al. findings may be attributable to the different settings, which 

are the incubation period (48 hrs in Sandhu’s paper and 24 hrs for the present experiment), the 

arteries used (cerebral arteries in Sandhu’s paper and coronary arteries for the present experiment) 

and the studied CVD (Cerebral ischaemia in Sandhu’s paper and doxorubicin-induced cardiotoxicity 

for the present experiment). 

The present study showed that 10 µM U0126 treatment was alleviating the 5-HT1B receptor 

transcription leading to the attenuation of the elevated 5-HT1B-mediated vasocontractile response and 

thus suggests that 10 µM U0126 treatment is an interesting cardioprotective agent against 

doxorubicin-induced cardiotoxicity. However, this study’s data showed that the U0126 pre-treatment 

at a concentration of 10 µM has a potentially negative effect on vehicle-treated LAD arteries by 

reducing the 5-HT1B Cmax from 43.5 % for the U0126 naïve vehicle-treated LAD arteries to 7.0 % for the 

10 µM U0126 vehicle-treated arteries (Figure 5-12). The U0126 pre-treatment at a concentration of 5 

µM was tested to reduce the risk of U0126 negative effects and it attenuates the 5-HT1B receptor 

mRNA level from 1.203 ± 0.093 (doxorubicin-treated LAD arteries) to 1.150 ± 0.080 (5 µM U0126-

incubated doxorubicin LAD arteries) and the attenuation allows the recovery of the 5-HT1B receptor 

mRNA level observed in vehicle-treated LAD arteries (1.00 ± 0.09). The regulation of the 5-HT1B 

receptor transcription leads to the significant reduction of 5-HT1B-mediated vasocontraction of 

doxorubicin-treated LAD arteries from a Cmax of 74.9 % (doxorubicin-treated LAD arteries) to a Cmax of 

36.9 % (5 µM U0126-incubated doxorubicin LAD arteries) until the recovery of the 5-HT1B-mediated 

vasocontraction observed in vehicle-treated LAD arteries (Cmax = 25.5 %) but the attenuation was not 

significant compared to U0126 naïve doxorubicin-treated LAD arteries.  

Thus, it was demonstrated that the U0126 treatment confers protection against doxorubicin-induced 

cardiotoxicity by down-regulating the 5-HT1B receptor transcription and the U0126 optimal 

concentration to regulate 5-HT1B-mediated vasocontractile response is the 5 µM concentration. 

 

 The MEK 1/2 inhibitor U0126 confers protection against the elevated TP-

mediated vasocontractile response induced by doxorubicin treatment potentially 

on a post-translational level. 

 

Thromboxane A2 is a potent platelet activator and vasoconstrictor (Katugampola and Davenport, 

2001). In SMCs, thromboxane A2 binds to TP receptors leading to phospholipase C (PLC) activation. 
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PLC hydrolyses PIP2 in DAG and IP3 leading to PKC activation and intracellular calcium accumulation. 

This pathway induces vasoconstriction and platelet activation, which alter the platelets’ shape, 

aggregation and secretion. Pathological changes in TP receptor pathways can lead to CVDs, like 

atherosclerosis, myocardial infarction and hypertension (Neri Serneri et al., 1983, Katugampola and 

Davenport, 2001, Smyth, 2010, Martin, 1984).  

In the results, it was shown that doxorubicin-induced cardiotoxicity was associated with an abnormal 

elevation of the TP-mediated vasocontractile response. Doxorubicin treatment (at 0.5 µM) was shown 

to increase the maximal TP-mediated vasocontractile response from 83.3 % in vehicle-treated LAD 

arteries to 116.4 % in doxorubicin-treated arteries and the TP receptor potency for the agonist U46619 

with a “pEC50” value from 10-7.07 M in vehicle-treated LAD arteries to 10-7.46 M in doxorubicin-treated 

LAD arteries (Figure 5-15). As mentioned in the previous chapter, it has been shown that chronic 

treatment of doxorubicin enhanced the platelet activity, leading to thrombus and vascular injury (Lv 

et al., 2020), however this elevation of platelet activity is not induced by the platelets (Kim et al., 2009, 

Kim et al., 2011), which suggest that the elevation of the platelet activity might be caused by a vascular 

signalling pathway induced by other cells, such as the activation of TP receptors on SMCs. This study’s 

findings are consistent with the elevation of platelet activity since TP receptor activation is known to 

induce vasoconstriction and also activate the platelets (Smyth, 2010).  

To underline the molecular mechanisms involved in the doxorubicin-induced TP receptor elevated 

vasocontractile response, the transcriptional and translational changes of TP receptors in rat 

incubated-LAD arteries were investigated during doxorubicin treatment (0.5 µM). The present data 

showed that the doxorubicin treatment did not alter the TP receptor mRNA level or the TP receptors 

expression on rat incubated-LAD arteries. In this study’s results, it was shown that doxorubicin-

induced cardiotoxicity does not interfere on transcriptional and translational levels, which leads to the 

hypothesis that doxorubicin may interfere on a post-translational level or on other proteins in the TP 

receptor signalling pathway. In contrast, Zhang’s findings (2008) showed that the lipid-soluble 

cigarette smoking particles (DSP), which can be associated with CVD, including atherosclerosis and 

coronary arteries disease  (Ezzati et al., 2005) was up-regulating the TP-mediated vasocontractile 

response in 24 hrs-incubated superior mesenteric arteries on translational level (Zhang et al., 2008). 

However, they observed the abnormal TP receptor vasocontractility during CVD, using superior 

mesenteric arteries, while LAD arteries were used and the cardiotoxicity was induced through a 

different cardiotoxic agent DSP and thus may explain that TP vasoconstriction-associated 

cardiotoxicity involves mechanisms on translational level, while this study’s results showed that 

doxorubicin interferes on a post-translational level. 
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Interestingly, Sikarwar et al.et al. (2014) showed that the Gαq protein associated with the TP receptor 

of pulmonary arteries was altered on a post-translational level in hypoxic pulmonary hypertension 

(Sikarwar et al., 2014), which is similar to this study’s hypothesis that doxorubicin treatment may 

induce cardiotoxicity on a post-translational level. They exposed new piglets to hypoxia for 72 hrs to 

provoke hypoxic pulmonary hypertension (HPH) and used the pulmonary arteries to investigate the 

potential post-translational change of Gαq involved in HPH. The association of TP receptors to the G 

protein of Gq/11 subunit leads to vasoconstriction (Mederos y Schnitzler et al., 2008). Sikarwar et al.et 

al. data showed that hypoxia increases the palmitoylation of Gαq, which facilitates the association of 

TP receptor and Gαq and thus leads to elevated TP-mediated vasocontractile response. Palmitoylation 

is one of the post-translational mechanisms and is known to regulate the membrane receptor 

interactions (Linder and Deschenes, 2007) leading to an elevation of the trafficking and coupling of 

GPCRs to their specific G protein (Edgerton et al., 1994). This study’s data showed that the affinity of 

the TP receptor for his specific agonist U46619 was increased after doxorubicin treatment, which 

could be due to an increase of the GPCRs trafficking and coupling by post-translational changes, 

leading to the observed TP receptor hyper-responsiveness, as in Sikarwar’s paper (Sikarwar et al., 

2014). 

This study’s results could also suggest that the elevated TP-mediated vasocontractile response of 

doxorubicin-treated LAD arteries is because doxorubicin treatment interferes with other proteins 

leading to the intracellular calcium release: PLC, PIP2, IP3 or DAG. Interestingly, this study’s hypothesis 

is consistent with Min’s findings, which investigated the effect of doxorubicin on the protein kinase C-

δ (PKCδ) and the potential regulation through JNK. They worked with mouse lymphocytic leukaemia 

L1210 cells and showed that doxorubicin was up-regulating the PKCδ gene expression via c-jun and 

ATF2 transcription factors activation from the JNK signalling pathway (Min et al., 2008). The PKCδ is 

involved to the apoptosis pathway (Reyland, 2007), however, this paper showed that PKC gene 

expression is a potential target of doxorubicin-induced cardiotoxicity. 

Thus, in this study it was suggested that doxorubicin-induced cardiotoxicity is associated with either 

TP receptor abnormal post-translational change or the alteration of TP-activated proteins, leading to 

the elevated vasocontractile response observed on doxorubicin-treated LAD arteries, when compared 

to vehicle-treated LAD arteries.  

The main aim of this chapter was to investigate the potential cardioprotective effect of the MEK 1/2 

inhibitor U0126 on doxorubicin-induced cardiotoxicity. It is known that TP receptors are regulated by 

the MEK/ERK pathway (Morinelli et al., 1994). Furthermore, there is evidence that MEK/ERK inhibition 

alleviates the TP elevated vasocontractile response in isolated rat cerebral arteries (in vitro) after DSP 
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exposure (Sandhu et al., 2010) and in isolated human cerebral arteries (in vitro) after organ culture 

mimicking cerebral ischaemia (Ansar et al., 2013).  

In this study, it was shown that MEK 1/2 inhibitor U0126 (5 µM) alleviates the doxorubicin-induced TP 

receptor elevated vasocontractile response from 116.4 % in doxorubicin-treated LAD arteries to 78.5 

% in 5 µM U0126-incubated doxorubicin LAD arteries, which is not significant but the TP receptor 

vasocontractile response attenuation allows the recovery of the TP receptor vasocontractile response 

observed in U0126 naïve vehicle-treated LAD arteries (83.3 %) (Figure 5-15). Interestingly, this study’s 

findings are consistent with Sandhu's (2010) and Ansar's (2013) findings. 

Sandhu et al.et al. (2010) showed that the 10 µM U0126 treatment, even added 6 hrs after the 

beginning of the organ culture, down-regulated the TP elevated vasocontractile response in 48 hrs-

cultured cerebral arteries compared to fresh cerebral arteries without altering the transcription and 

translation, which suggest U0126 confers protection against CVD on a post-translational level since 

their organ culture model was mimicking cerebral ischaemia (Sandhu et al., 2010). Furthermore, Ansar 

et al.et al. (2013) investigated the MAPK signalling pathway influence on the cerebrovascular receptor, 

including TP receptors, in isolated human cerebral arteries. Their data showed that the TP-mediated 

vasocontractile response observed in 48 hrs-incubated human cerebral arteries was increased 

compared to fresh human cerebral arteries, while the TP receptor expression on human cerebral 

arteries remained unchanged. Interestingly, they also showed that the U0126 treatment at 5 µM was 

down-regulating the elevated TP-mediated vasocontractile response until the recovery of TP-

mediated vasocontractile response observed in fresh human cerebral arteries without altering the TP 

receptor expressions (Ansar et al., 2013), which highlight the potential of U0126 to confer protection 

in human arteries by down-regulating TP receptor vasoconstriction in CVD model. Sandhu and Ansar's 

results are consistent with the present results, as it was shown that U0126-induced attenuation of TP 

vasocontractile response was not on transcriptional (Fig 5-17) or translational levels (Fig 5-18).  

Interestingly, the absence of transcriptional and translational changes is consistent with this study’s 

hypothesis that doxorubicin-induced TP elevated vasocontractile responses might be induced by the 

alteration of another protein from the TP receptor signalling pathway, for example, the Gq protein as 

observed in Sikarwar paper (Sikarwar et al., 2014) or the PKC as observed in Min paper (Min et al., 

2008). 

Furthermore, in the present study, the U0126 pre-treatment at a concentration of 10 µM was tested, 

however, the TP-mediated vasocontractile response observed after 10 µM U0126 pre-treatment was 

significantly attenuated compared to the U0126 naïve vehicle-treated LAD arteries, from 99.1 % in 

vehicle-treated LAD vessels to 55.2 % in 10 µM U0126-incubated vehicle LAD arteries and 56.6 % in 10 
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µM U0126-incubated doxorubicin LAD arteries. It was established that the U0126 optimal 

concentration to regulate the doxorubicin-induced TP elevated vasocontractile response was 5 µM. 

Interestingly, it was shown that TP receptors expression on rat LAD arteries was significantly up-

regulated from 1.00 ± 0.027 U0126 naïve vehicle-treated LAD vessels to 1.159 ± 0.054 (p = 0.0395) on 

vehicle plus 5 µM U0126-treated LAD vessels (Figure 5-18 (A)). The present finding is consistent with 

Zhang et al.et al. (2009) findings, which have developed an organ culture model with rat mesenteric 

arteries to investigate the receptor changes from vascular SMCs in CVD. They investigated the 

thromboxane A2 receptors changes and the inhibitor effect of U0126 on the receptors and showed 

that the organ culture of mesenteric arteries leads to a depressed TP-mediated contraction caused by 

the transcriptional down-regulation of the receptor’s expression. Additionally, they demonstrated 

that the down-regulation was induced through the MEK/ERK signal pathway and the U0126 incubation 

can reverse the depressed TP-mediated vasocontraction induced by the transcriptional down-

regulation of the receptor (Zhang et al., 2009). In this study, the organ culture of rat LAD arteries 

induced a transcriptional down-regulation of TP receptors (Figure 9-4 in Appendices), which is 

consistent with Zhang’s findings. Furthermore, the down-regulation of TP receptors expression was 

also observed on cultured-LAD arteries, but only after the 0.25 % DMSO incubation.  

Although the up-regulation of TP receptors on 5 µM U0126 plus vehicle-treated LAD arteries correlates 

with the results of Zhang's study, the present results showed no effect of U0126 (5 or 10 µM) on TP 

receptors transcription in LAD arteries. The different effects of the U0126 pre-treatment on TP 

receptors of vehicle and doxorubicin-treated LAD arteries suggest that doxorubicin-induced 

vasotoxicity promotes the elevated TP-mediated contractile response through post-translational 

changes or an altered protein involved in the pathway from TP receptors to intracellular the calcium 

release leading to the LAD arteries vasocontraction. 

 Thus, this study’s results showed that MEK 1/2 inhibitor U0126 confers protection against 

doxorubicin-induced cardiotoxicity by alleviating the TP-mediating vasocontractile response on post-

translational level or through the regulation of either PLC, PIP2, PKC.  

 

5.5. Conclusion 

From this chapter novel cellular and molecular analysis of doxorubicin-induced vasotoxicity, it is clear 

that doxorubicin alters the four studied GPCRs on different intracellular levels. This study’s results 

showed that the 5-HT1B receptor is altered on transcriptional and translational levels, leading to 

elevated 5-HT1B vasocontractile response. U0126 alleviates doxorubicin-induced 5-HT1B 
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vasoconstriction by reversing the increased 5-HT1B transcription and translation. Furthermore, it was 

shown that doxorubicin increases the TP-mediated vasocontractile response via post-translational 

change or TP-activated protein (Gq/11, PLC, PIP2, Dag, IP3 and PKC) alteration. U0126 alleviates 

elevated TP vasoconstriction induced by doxorubicin potentially on a post-translational level or TP-

activated protein. This study’s results showed that doxorubicin decreases the transcription of both 

endothelin subtypes. Furthermore, it was shown that doxorubicin might induce an ETA hyper-

responsiveness and an initial elevated ETB vasocontractile response through post-translational change 

or ETA/ETB-activated protein. U0126 alleviates ETA hyper-responsiveness induced by doxorubicin on a 

post-translational level, which leads to a depressed ETA vasocontractile response. Similarly, U0126 

alleviates ETB vasocontractile response induced by doxorubicin on a post-translational level, which 

leads to a depressed ETB vasocontractile response. Therefore, the decrease of both ET receptor 

vasocontractile responses by U0126 might reverse the organ culture-induced elevated ETB 

transcription in SMC. Thus, U0126 offers a promising remedy to attenuate the doxorubicin-induced 

cardiotoxicity. More studies are needed to underline the potential post-translational changes 

associated with the doxorubicin-induced vasotoxicity or the potential altered proteins involved in 

vasoconstriction and MEK/ERK signalling pathway to confirm if U0126 can be an efficient adjuvant 

therapy to chemotherapy-induced cardiotoxicity. Furthermore, other MAPK signalling pathways, such 

as JNK or p38, or inhibitor pathways might also be considered as relevant adjuvant therapy and could 

be studied. 

Currently, the potential doxorubicin-induced cardiotoxicity cannot be efficiently predicted in cancer 

patients. Recently, a new biomarker was investigated to detect CVD, the miRNA. The next chapter will 

investigate the potential role of cardiovascular specific miRNA as biomarkers in the plasma of cancer 

patients treated with anthracyclines.  
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Chapter 6 

6. The expression pattern of circulating miRNAs in cancer patients treated with 

anthracycline 

 

Some data of this chapter are under review or published: 

 

Peer reviewed journal:  

- Submitted for publication in International Journal of Molecular Sciences (June 2023): 

Title: miRNA expression profile of cancer patients treated with anthracycline. 

Authors: Lozahic C., Mutigwa D., Macklin A., Mallouppas M, Maddock H., Walker M.J., Sandhu H., 

 

Conferences: 

 BSCR Autumn meeting 2022: Cardiac remodelling – Basic mechanisms to clinical management, 

Belfast:  

Poster presentation: Cardiac Injury miRNA Profile in Cancer Patients Treated with doxorubicin. David 

Mutigwa, Michael Mallouppas, Robin Chung, Caroline Lozahic, Helen Maddock,  

J. Malcolm Walker, Derek Yellon and Hardip Sandhu 

 

  



215 | P a g e  
 

6.1.  Introduction 

 Doxorubicin-induced cardiotoxicity 

Anthracyclines are known to be one of the most efficient and commonly used families of 

chemotherapeutic drugs (Anand et al., 2022). Anthracyclines are used especially in solid cancers, such 

as sarcoma, lymphoma, and breast cancer (Volkova and Russell, 2011). Cancer was the leading cause 

of death in 2019 worldwide according to estimates of World Health Organisation (WHO), and this 

increase in cancer incidents has led to an increase of chemotherapy demand (Sung et al., 2021). 

Indeed, the rise of patients who need chemotherapy is estimated to be 53 % from 2018 to 2040 

according to a population-based study (Wilson et al., 2019). However, anthracyclines are associated 

with cardiac adverse effects and can range from mild to severe issues, such as hypertension (Suter 

and Ewer, 2013), loss of myocardial contraction (Raj et al., 2014), arrhythmias (Buza et al., 2017), 

coronary artery disease (Volkova and Russell, 2011) and heart failure (Kamphuis et al., 2020). 

Doxorubicin is one of the anthracycline drugs commonly used to treat solid cancers. The doxorubicin-

induced cardiotoxicity involves various intracellular mechanisms, including mitochondrial dysfunction, 

reactive oxygen species production (Gille and Nohl, 1997) leading to oxidative stress (Minotti et al., 

2004), apoptosis (Kaufmann and Earnshaw, 2000), and myofibril damage (Ito et al., 1990). 

Doxorubicin-induced cardiotoxicity is also associated with intracellular calcium overload leading to 

abnormal intracellular calcium homeostasis, and thus cardiac contractile dysfunction 

(Shinlapawittayatorn et al., 2022). Furthermore, intracellular calcium overload is clinically associated 

with ischemic heart disease development, including atherosclerosis, thrombosis, and coronary spasms 

(Dhalla et al., 2008). Clinical studies have highlighted an increase of arterial stiffness in patients treated 

with anticancer drugs both during and after the treatment, including doxorubicin (Parr et al., 2020, 

Mozos et al., 2017, Chaosuwannakit et al., 2010). Furthermore, arterial stiffness is known to be 

associated with CVDs, such as hypertension, stroke, and congestive heart failure (Laurent and 

Boutouyrie, 2020, Sutton-Tyrrell et al., 2005, Chae et al., 1999).  

 

 Clinical biomarkers of cardiotoxicity 

Clinicians assess anthracycline-induced cardiotoxicity with various circulating myocardial damage 

biomarkers and imaging techniques. Cardiac issues can be monitored through the assessment of 

relevant circulating biomarkers levels (Lipshultz et al., 2012). The high-sensitivity (hs-cTnI) and cTnT 

are the gold-standard biomarkers for the diagnostic of acute myocardial infarction (Aydin et al., 2019). 

The elevation of troponin is correlated to cardiac injury severity and is monitored during CVDs, 

including cardiac arrhythmias, cardiomyopathies and heart failure (Chauin, 2021). The other 
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diagnostic biomarkers for cardiac injury and heart failure widely used are brain natriuretic peptide 

(BNP) and N-terminal proBNP (NT-proBNP) (Cao et al., 2019). BNP and NT-proBNP are synthesised and 

secreted by left ventricular myocytes as a response to mechanical stress, systemic ischaemia and 

hypoxia (Volpe et al., 2014). The elevation of plasma BNP and NT-proBNP is also associated with 

arrhythmias and cardiomyopathies and is used to assess the severity of CVD (Cao et al., 2019). Cardiac 

injury can also be monitored by non-invasive techniques, including Doppler electrocardiography (ECG) 

and magnetic resonance imaging. Cardiac imaging techniques evaluate the left ventricular ejection 

fraction (LVEF) and detect myocardial injury (McKillop et al., 1983). The management of anthracycline-

induced cardiotoxicity start before the anthracyclines treatment with a baseline work-up. This cardiac 

baseline work-up consists in reducing the cardiotoxic risk by evaluating the cardiac disease history, 

doing clinical examination with imaging techniques and various circulating myocardial damage 

biomarkers. A follow-up of the potential cardiac adverse effects development is essential during and 

after the chemotherapy (Curigliano et al., 2012). 

Over the past years, microRNAs (miRNAs) have been explored as potential novel biomarkers to assess 

cardiotoxicity. miRNAs are small non-coding single-stranded RNA compounds 21 – 25 nucleotides in 

length (Szelenberger et al., 2019). Intracellularly in mammals, miRNAs play key roles in the regulation 

of mRNA and protein levels. Mature miRNAs can also be found in the extracellular microenvironment, 

such as the plasma, saliva, tears and urine, and are specified as circulating miRNAs (Weber et al., 

2010). The circulating miRNAs in plasma represent 10 % of the total human miRNAs (Szelenberger et 

al., 2019). The miRNAs are released into bio-fluids through either the passive or the active way. The 

passive way occurs when cells are injured, and miRNAs are released as endogenous particles. The 

active way involves miRNAs being released by secretion via macrovesicles (i.e. exosomes) or via 

binding to RNA-binding proteins, such as HDL or AGO2 (Zhao et al., 2019). The endogenous miRNAs 

are highly stable and can stay at room temperature for up to four days (Salloum-Asfar et al., 2019). 

 The ERICONC study 

Prof Malcolm Walker, Prof Derek Yellon and their team at UCL compared the effect of remote 

ischaemic pre-conditioning on myocardial injury in a single-center double-blinded randomised 

placebo-controlled study during the “Effect of Remote Ischaemic Conditioning in ONCology” 

(ERICONC) project (Chung et al., 2016). Their project was reviewed and approved with a favourable 

opinion from the United Kingdom National Research Ethics Service (NRES) (London-Chelsea 

Committee NRES REC reference: 15/LO/1116). The ERICONC study protocol is registered on the public 

trials database clinicaltrials.gov NCT 02471885 (Chung et al., 2016). They hypothesised that the sub-

clinical myocardial injury as a result of anthracyclines chemotherapy would be reduced by remote 

ischaemic pre-conditioning, using a blood pressure (BP) cuff. Cancer patients were adults with 
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capacity, aged 21.9 – 72.9 years old, treated with anthracycline regimen chemotherapy, who tolerate 

BP arm cuff inflation and were recruited in the UCL hospital’s Macmillan Cancer Centre. Cardiac injury 

implications in cancer patients were assessed before chemotherapy with ECG and baseline blood 

tests, with biomarkers including TnT, NT-proBNP and miRNAs. Patients were excluded if they had a 

myocardial infarction in the 4 previous weeks of chemotherapy or if they had a defined cardiac 

diagnosis which may alter the cardiac injury biomarker results. The patient profiles are presented in 

Table 6-1. There were 19 patients included in the ERICONC study, with 37 % females and a median age 

of 53.6 years old (average = 49.6 years old). Three types of cancers were observed: fifteen patients 

had sarcoma, three had lymphoma and one had breast cancer. Patients were treated with different 

chemotherapy regimens presented in Table 6-1. Prior to chemotherapy infusion administration 

remote ischaemia conditioning (RIC) or sham procedure was processed (Table 6-1). The RIC procedure 

consisted of 4 cycles of upper arm blood pressure cuff inflation to 200mm Hg for 5 min (corresponding 

to the ischaemia phase), followed by a cuff deflation for 5 min. A total of eight patients developed 

cardiac issues post-chemotherapy, including five RIC-treated patients and three sham patients. The 

cardiac issues observed during this project were arrhythmia, postural hypotension, fast atrial 

fibrillation, left arm deep vein thrombosis, Thrombocytopenia and hypokalaemia, pulmonary emboli 

portal vein thrombosis and heart failure. Potential cardiac injury development was monitored through 

ECG and blood sample assessment immediately post-chemotherapy (6 to 24 hrs following the end of 

the treatment) and 3 months post-chemotherapy.  

Due to the onset of the COVID-19 pandemic, the number of patients in ERICONC project was lower 

than planned. According to the conclusion from the PhD thesis by Dr Michael Mallouppas (UCL), the 

TnT level was elevated post-chemotherapy, however, no changes were observed when he compared 

the TnT level of RIC patients to sham patients. Furthermore, the NT-proBNP level was elevated 3 

months post-chemotherapy compared to the NT-proBNP level pre-chemotherapy, while no 

changes were observed when he compared the NT-proBNP level of RIC patients to sham 

patients. The LV function of all patients measured by LVEF was not altered from the baseline 

to 3 months post-chemotherapy (Mallouppas et al., 2023). 
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Table 6-1: Representation of the ERICONC patient profile 
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6.2.  Methods 

 Ethics for the Human plasma samples received from external collaborator Prof 

Malcolm Walker (UCL) 

The ERICONC study was approved by UCL and NHS R&D departments (London-Chelsea Committee 

NRES REC reference: 15/LO/1116) as well as by the Research Ethics Committee according to all 

relevant legal rules and ethics guidance, including the Data Protection Act and the Human Tissue Act. 

The external collaborators collected plasma at different time-points: at baseline, at the end of the 

chemotherapy, and 3 months after chemotherapy completion. Blood samples were taken during the 

routine full blood count, urea and electrolytes tests of the cancer patients. The samples were collected 

in standard EDTA (purple top) and SST (yellow top) blood sample bottles and the plasma was isolated 

and stored at -80°C within one hour of sampling. The samples were shipped to Coventry University on 

dry-ice using same-day delivery. At Coventry University the samples were stored at -80°C. 

 Patient profile of the ERICONC miRNA study 

Human plasma samples were collected from 19 patients: 12 men and 7 women. The median age was 

53.6 years (54 years for women and 51 years for men). Patients had sarcoma (n = 15), lymphoma (n = 

3) or breast cancer (n = 1) and were treated with different combinations of anthracyclines, such as 

doxorubicin ± IFOS/Bolus/Cisplatin (n = 14), FEC (n = 1), CHOP (n = 1), epSSG (n = 1) and 2 unknown 

treatments. A total of 42 % of the patients developed cardiovascular adverse effects, i.e. 

Asymptomatic non-sustained VT (R01), Postural hypotension (R02), Fast Atrial Fibrillation (R03), L arm 

deep vein thrombosis (R06), Hypokalaemia and thrombopenia (R11), Pulmonary emboli (R12), Portal 

vein thrombosis (R15) and Heart failure (R20). Plasma was collected at three different time points:  

- At the beginning of the experiment, baseline group (n = 18) 

- At the end of the chemotherapy, Post-Chemo group (n = 13) 

- 3 months after the treatment, 3 months group (n = 13)  

Due to the COVID-19 pandemic, some patient samples were not collected. There were 10 patients 

with a full set of blood samples (blood collected at all three time points), 6 patients with blood samples 

collected at two time points, and 3 patients with blood samples collected only at baseline time point. 

A total of 44 blood samples from the ERICONC study were obtained from UCL toward this study of 

miRNA expression at Coventry University. 
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 Materials: Consumables used for the ERICONC patients plasma sample miRNA 

assessment  

The miRNeasy mini kit was purchased from Qiagen (Manchester, UK) and used for miRNA extraction 

from plasma samples. Chloroform (C2432), absolute ethanol, and MS2 RNA 0.8µg/µL (10165948001) 

were purchased from Sigma-Aldrich (Merck KGaA, UK). TE buffer pH8.0 (1mM Tris HCl, 0.1mM EDTA) 

was purchased from Invitrogen (Thermofisher, UK) and diluted in RNase-free water to obtain a final 

solution of 0.1 TE buffer pH8.0. 

All the following reagents were purchased from Life Technology (Thermofisher, UK): TaqMan™ 

MicroRNA Reverse Transcription Kit (4366597) and Megaplex™ RT Primers, Human Pool A v2.1 

(4399966), TaqMan™ PreAmp Master Mix (4391128) and Megaplex™ PreAmp Primers, Human Pool A 

v2.1 (4399233), TaqMan™ Array Human MicroRNA A Cards v2.0 (4398965) and TaqMan™ Universal 

Master Mix II, no UNG (4440049), miRNA Reverse Transcription kit from Applied Biosystems 

(4366597), TaqMan™ MicroRNA Assay (4427975), the individual miRNA assays (4427975): hsa-miR-

126-002228, hsa-miR-10a-000387, hsa-miR-143-002249, hsa-miR-150-000473, hsa-miR-320-002277 

and endogenous control snRNA U6. 

 

 Methods: Human miRNA array cards protocol 

6.2.4.1. MiRNA extraction of pooled human plasma samples 

Patient plasma samples were pooled together per group (i.e. baseline, end of the chemotherapy, and 

3 months after chemotherapy) by adding the same volume from each individual patient sample in that 

respective group.   

Total miRNA from plasma samples was extracted using the miRNeasy mini kit (Qiagen). After all debris 

had been removed from pooled plasma samples, QIAzol from the miRNeasy mini kit containing 0.8 

µg/µL MS2 RNA as spike-in was used as lysis buffer. Chloroform was added to the lysate and the 

aqueous phase was transferred to a new RNAse-free Eppendorf tube.  Absolute ethanol was added to 

the lysate to provide an appropriate binding condition. Total miRNA was then fixed to the membrane 

of the RNeasy Mini Spin Column supplied in the miRNeasy mini kit by centrifugation, while 

contaminants were washed away by washing with the washing buffers supplied in the kit. Total miRNA 

was eluted in RNAse-free water, and miRNA quality and quantity were determined with NanoDrop™ 

One/OneC Microvolume UV-Vis Spectrophotometer (ThermoFisher, USA). The extracted miRNA 

samples are stored at -80 °C until further analysis.  
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6.2.4.2. Reverse transcription of pooled human plasma samples 

Reverse transcription of total miRNA to cDNA was performed using the TaqMan® MicroRNA reverse 

Transcription kit components and the Human Megaplex RT Primers (ThermoFisher, US) in Eppendorf® 

Mastercycler Nexus Thermal Cyclers (Merck, USA).  

Extracted pooled miRNA samples were mixed with MultiscribeTM reverse transcriptase (50 U/µL), 

Megaplex RT primers, 10X RT buffer, RNase Inhibitor (20 U/µL), MgCl2 (25 mM) and dNTPs with dTTP 

(100mM) on ice and the mix was incubated for 5 min on ice. The three next steps were processed 

during 40 cycles. The mix was incubated (1) at 16 °C for 2 min to anneal primers. Then, it was incubated 

(2) at 42 °C for 1 min and incubated (3) at 50 °C for 1 sec to reverse transcribe RNA.  Steps (1), (2) and 

(3) were repeated for 40 cycles. After the 40 cycles, the mix was incubated (4) at 85 °C for 5 min to 

inactivate the enzyme.  

The resulting cDNA was processed directly after the reverse transcription reaction with a pre-

amplification reaction before loading the cDNA on the miRNA array card. 

 

6.2.4.3. Pre-Amplification of pooled human plasma samples 

The aim of the pre-amplification reaction is to increase the quantity of the cDNA prior to running the 

samples on the miRNA arrays. The cDNA from pooled plasma samples were pre-amplified with a 

PreAmp reaction mix. Template cDNA was mixed with TaqMan® PreAmp Master Mix (2X) and Human 

MegaplexTM PreAmp Primers (10X) on ice. The mix was incubated at 95 °C for 10 min to activate the 

enzyme. Then the mix was incubated at 55 °C for 2 min to anneal the primers and at 72 °C for 2 min 

to extend the primer on cDNA. The next two steps were processed during 14 cycles. The two steps 

were an incubation at 95 °C for 15 sec to denature cDNA. Followed by incubation at 60 °C for 4 min to 

anneal and extend primers on cDNA. Finally, the mix was incubated at 99.9 °C for 10 min to inactivate 

the enzyme. 

 

6.2.4.4. TaqMan miRNA human array card protocol using pooled human plasma samples 

Human TaqMan® MicroRNA Array A cards (version 2.0) were used to run the pooled plasma group 

cDNA samples. The target cDNA (pre-amplified product from plasma pools) was mixed with TaqMan® 

Universal PCR Master Mix No AmpErase® UNG (2X). The mix was loaded on the human TaqMan® 

MicroRNA Array A cards and the reaction was run on the PCR instrument QuantStudio 7 applying the 

384 well TaqMan Low-Density Array default thermal-cycling conditions. The enzyme was activated at 
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95 °C for 10 min. Then, the two next steps were repeated for 40 cycles. The cDNA was denatured at 

95 °C for 15 sec and primers were annealed and extended at 60 °C for 1 min.  

 

6.2.4.5. Data analysis of TaqMan miRNA array card analysis 

The miRNA expression cycle thresholds (CT) are measured by the QuantStudio 7 Pro Real-Time PCR 

System version 1.3 (Applied biosystems, ThermoFisher Scientific). The differential miRNA expression 

values were calculated using the Applied Biosystems application RQ (version 3.9) located on the online 

Thermo Fisher Connect cloud application by normalising the target miRNA CT levels against the 

endogenous control U6 small nuclear RNA (snRNA). CT levels higher than 40 were excluded from the 

analysis, due to unspecific/insignificant annealing. Analysis was carried out using the relative 

quantification (ΔΔCT) method, where the calculated RQ value is the comparison of globally normalised 

target miRNA against the U6 snRNA levels. The equation used was ΔRQ = 2^ (-((CT value of target 

miRNA - CT of U6)post-treatment - (CT value of target miRNA - CT of U6)baseline)), where CT value is generated 

using the relative threshold algorithm (CRT). An ΔRQ-value > 2 meant a significant increase in 

expression fold change, and ΔRQ-value < 0.5 meant a significant decrease in expression fold change.  

 

 Methods: Individual miRNA expression protocol 

6.2.5.1. miRNA extraction of individual human plasma samples 

Key miRNAs associated with vascular injury (i.e. hsa-miR-126, hsa-miR-10a, hsa-miR 143, hsa-miR-150 

and hsa-miR-320a) were identified from the TaqMan miRNA array cards data analysis expression of 

the ERICONC project human plasma samples (i.e. Baseline group: n = 18; Post-Chemo group: n = 13; 3 

months Post-Chemo group: n = 13). Individual patient plasma samples were extracted using the 

miRNeasy mini kit (Qiagen) using the same protocol as mentioned in section “6.2.1.1. miRNA 

extraction of pooled human plasma samples”. 

 

6.2.5.2. Reverse transcription of individual human plasma samples 

Reverse transcription of specific miRNAs to cDNA was performed using TaqMan® MicroRNA reverse 

Transcription kit components and the specific target TaqMan miRNA assays: hsa-miR-126, hsa-miR-

10a, hsa-miR 143, hsa-miR-150 and hsa-miR-320, and the U6 snRNA as housekeeping reference 

(ThermoFisher, US). Individual miRNA samples were mixed with MultiscribeTM reverse transcriptase 

(50 U/µL), RT miRNA primer assays (x5), 10x RT buffer, RNase Inhibitor (20 U/µL), MgCl2 (25 mM) and 
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dNTPs with dNTPs (100 mM) on ice. The reverse transcription reaction run on the Eppendorf® 

Mastercycler Nexus Thermal Cyclers (Merck, USA) using the following setting: (1) 16 °C for 30 min to 

anneal primers, (2) 42 °C for 30 min to reverse transcribe RNA, and (3) 85 °C for 5 min to inactivate 

the enzyme. The cDNA was diluted 1:1 with RNAse-free water after the reaction. 

 

6.2.5.3. Individual key miRNA expression quantification by Real-Time PCR of individual 
human plasma samples 

The target cDNA samples were mixed with TaqMan® Universal PCR Master Mix II no UNG and specific 

miRNA primer assays (x20). The mix was loaded on a 96-well plate (ThermoScientific, UK). This plate 

was run on the real-time PCR instrument QuantStudio 7 according to the manufacturer's protocol: (1) 

UNG was activated at 50 °C for 2 min, (2) enzyme was activated at 95 °C for 10 min, (3) cDNA was 

denatured at 95 °C for 15 sec, (4) primers were annealed and extended at 60 °C for 1 min, (5) repeat 

step (3) and (4) for 40 cycles.  

 

6.2.5.4. Data analysis of individual key miRNA expression levels from individual human 
plasma samples 

Individual miRNA expression levels were analysed using the ΔΔCt method using the U6 snRNA as 

endogenous control for the comparisons of the relative amount of specific miRNAs. The equation used 

was:  
𝑋0

𝑅0
= 2𝐶𝑇𝑋−𝐶𝑇𝑅𝑋 , where X0 is the amount of target miRNA, R0 is the amount of U6 snRNA, CTX is 

the CT value of the target miRNA and CTR is the CT value of U6 snRNA. CT levels higher than 40 were 

excluded from the analysis, due to unspecific/insignificant annealing. Negative control using water 

instead of plasma sample cDNA was included for each sample. The miRNA level was expressed as 

values relative to the endogenous gene, U6 and normalised to baseline-collected plasma.  

All data are expressed as means ± S.E.M and n refers to the number of patients. Statistical analysis 

was performed using One-Way ANOVA with Dunnett’s post-hoc test using Graph-Pad Prism 9.0 

(GraphPad Software, La Jolla, USA). Statistical significance was determined with p ≤ 0.05. 
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6.3.  Results 

 miRNA assessment of pooled plasma samples of the ERICONC study with the 

TaqMan Human miRNA array cards A 

The effect of anthracycline chemotherapy was observed at three different time points (i.e. baseline, 

post-chemotherapy and 3 months post-chemotherapy) on circulating miRNA levels in cancer patients. 

The heatmap in Figure 6-1 showed the down-regulation (in blue, RQ < 0.5) or up-regulation (in red, 

RQ > 2.0) of miRNAs expression levels in pooled cancer patients plasma samples at time points post-

chemotherapy and 3 months post-chemotherapy compared to baseline. From this miRNA array 

analysis, five key miRNAs associated with cardiac- and vascular-injury were identified based on a 

literature search (i.e. hsa-miR-10a, hsa-miR-126, hsa-miR-143, hsa-miR-150 and hsa-miR-320a).  
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Figure 6-1: Heatmap of the miRNA expression in pooled plasma samples from the ERICONC study at 

the time points post-chemotherapy and three months post-chemotherapy compared to baseline. 

miRNA expression was determined by quantitative Real-Time PCR using TaqMan Human Array Cards 

A on QuantStudio 7. Data was internally normalised to U6 as endogenous gene and analysed using RQ 

app on the ThermoFisher Cloud supplication. The RQ value of miRNAs in plasma of cancer patients at 

the baseline was set up to 1 and RQ values of miRNAs from both post-chemotherapy and three months 

post-chemotherapy time points were normalised to baseline’s RQ value. RQ values < 0.5 specify a 

significantly down-regulated target (Blue), while RQ > 2.0 specify a significantly up-regulated target 

(Red). The absence of RQ value was shown in grey, while the non-significant RQ values were in white. 

 

The miR-10a expression at the end of chemotherapy was 4-fold reduced (RQ = 0.224) compared to 

baseline, while the miR-10a expression at three-month post-chemotherapy was 8-fold reduced (RQ 

= 0.122) compared to baseline (Figure 6-2 (A)). The miR-126 expression in pooled patients’ plasma 

samples was not altered after the time point immediately after chemotherapy (RQ = 0.546) 

compared to the baseline, however, the miR-126 expression was 11-fold reduced at three months 

following the chemotherapy (RQ = 0.087) compared to baseline (Figure 6-2 (B)). Similarly, the miR-

143 expression in pooled plasma samples was not altered straight after chemotherapy (RQ = 0.987) 

compared to baseline, while three months following the chemotherapy the miR-143 expression was 

9-fold reduced (RQ = 0.116) compared to baseline (Figure 6-2 (C)). The miR-150 expression at the 

post-chemotherapy time point was 6-fold reduced (RQ = 0.162) compared to baseline, and the level 

of miR-150 expression stayed reduced at three-month post-chemotherapy, as it was 7-fold reduced 

(RQ = 0.149) compared to baseline (Figure 6-2 (D)). The miR-320a expression at the time point post-

chemotherapy was 6-fold reduced (RQ = 0.181) compared to baseline, and at three-month post-

chemotherapy the miR-320a expression was 8-fold reduced (RQ = 0.124) compared to baseline 

(Figure 6-2 (E)). 
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Figure 6-2: Quantification of miR-10a, miR-126, miR-143, miR-150 and miR-320a expression levels 

in pooled human plasma samples from the ERICONC study using the TaqMan Human miRNA array 

card A derived RQ values. Comparison of miRNA levels in pooled human plasma samples at different 

time points: Baseline, post-chemotherapy and three months post-chemotherapy. Baseline = Plasma 

was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the 

chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy. Data 

are expressed as RQ values relative to U6 snRNA, an endogenous internal control and normalised to 

baseline group. RQ values < 0.5 specify a significantly down-regulated target, while RQ > 2.0 specify a 

significantly up-regulated target. 

 

 Analysis of individual key miRNA expression profiles in individual human plasma 

samples from the ERICONC study 

6.3.2.1. Quantification of miR-10a level in individual human plasma samples 

The expression of miR-10a was investigated in individual human plasma samples by Real-Time PCR. 

Figure 6-3 shows the miR-10a levels in individual human plasma samples. The miR-10a plasma levels 

were not altered at the end of the chemotherapy (0.67 ± 0.20) and three months post-chemotherapy 

(1.01 ± 0.20), when compared to the miR-10a plasma level at baseline (1.0 ± 0.21). 
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Figure 6-3: Real-time PCR of miR-10a in individual human plasma samples. Comparison of miR-10a 

levels in human plasma samples from Baseline group (n = 18), PostChemo (n = 13), 3M_PostChemo (n 

= 13). Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was 

collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months 

post-chemotherapy. Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 - 

18) and normalised to baseline group. The groups were compared by multiple comparisons using one-

way ANOVA Kruskal-Wallis’ test. 
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To investigate if the miRNA alteration was specific to patients experiencing cardiovascular issues, the 

plasma samples were divided into two groups: the patients who developed cardiac issues and the 

patient who did not develop cardiac issues. 

Figure 6-4 (A) shows the miR-10a levels in plasma from patients with cardiac issues, while Figure 6-4 

(B) shows the miR-10a levels in plasma from patients without cardiac issues. The miR-10a plasma 

levels were not altered at the end of the chemotherapy (0.66 ± 0.47) and three months post-

chemotherapy (1.63 ± 0.44) compared to the miR-10a level at baseline (1.00 ± 0.28) in patients with 

cardiac issues (Figure 6-4 (A)). Similarly, the miR-10a plasma levels were not altered at the end of the 

chemotherapy (0.64 ± 0.20) and three months post-chemotherapy (0.75 ± 0.23) compared to miR-10a 

at baseline (1.00 ± 0.25) in patients without cardiac issues (Figure 6-4 (B)). 
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Figure 6-4: Real-time PCR of miR-10a in individual human plasma samples with or without cardiac 

issues (CI). (A) Comparison of miR-10a levels in plasma samples of anthracycline-treated patients with 

cardiac issues from Baseline group (n = 8), PostChemo (n = 5), 3M_PostChemo (n = 7). (B) Comparison 

of miR-10a levels in plasma samples of anthracycline-treated patients without cardiac issues from 

Baseline group (n = 10), PostChemo (n = 8), 3M_PostChemo (n = 6). Baseline = Plasma was collected 

at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy 

and 3M_PostChemo = plasma was collected three months post-chemotherapy, CI = cardiac issues. 

Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 - 18) and normalised 

to baseline group. The groups were compared by multiple comparisons using one-way ANOVA Kruskal-

Wallis’ test. 

 

The miR-10a expression level was investigated in the individual patient samples from patients that 

were experiencing cardiac issues after anthracycline chemotherapy (Figure 6-5). The miR-10a level 
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was reduced at the end of the chemotherapy for patients R03, R11, R12 and R15, while it was 

increased in patient R02, compared to the miR-10a level at baseline. 

The expression pattern of miR-10a level three months post-chemotherapy compared to baseline 

varied for each patient, and it was reduced in patients R01 and R20, while it was increased in patients 

R02, R06, R11 and R12. The expression pattern of miR-10a in patient R03 three months post-

chemotherapy did not alter compared to baseline. 
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Figure 6-5: miR-10a levels Post-chemotherapy for each individual patient with cardiac issues. 

Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected 

at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-

chemotherapy. Post-chemotherapy expression of miR-10a was compared to baseline.  

 

6.3.2.2. Quantification of miR-126 level in human plasma 

The expression of miR-126 was investigated in individual human plasma samples by Real-Time PCR.  

Figure 6-6 shows the miR-126 levels in individual human plasma samples. The miR-126 level in 

patients’ plasma samples was decreased at the end of the chemotherapy (0.82 ± 0.52, p = 0.014) 

compared to the miR-126 level in patients' plasma at the baseline (1.00 ± 0.25). The miR-126 level in 

patients' plasma samples, three months post-chemotherapy (0.74 ± 0.17) was not altered when 

compared to the miR-126 plasma level at baseline (1.00 ± 0.25). The miR-126 level in patients’ plasma 

samples was not altered from the end of the chemotherapy (0.82 ± 0.52) to three months post-

chemotherapy (0.74 ± 0.17). 
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Figure 6-6: Real-time PCR of miR-126 in individual human plasma samples. Comparison of miR-126 

levels in human plasma samples from Baseline group (n = 18), PostChemo (n = 13), 3M_PostChemo (n 

= 13). Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was 

collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months 

post-chemotherapy. Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 – 

18) and normalised to baseline group. The groups were compared by multiple comparisons using one-

way ANOVA Kruskal-Wallis’ test (* = p < 0.05). 

 

To investigate if the miRNA alteration was specific to patients experiencing cardiovascular issues, the 

plasma samples were divided into two groups: the patients who developed cardiac issues after the 

chemotherapy and the patients who did not develop cardiac issues. 

Figure 6-7 (A) shows the miR-126 levels in plasma from patients with cardiac issues, while Figure 6-7 

(B) shows the miR-126 levels in plasma from patients without cardiac issues. The miR-126 level in the 

plasma of patients with cardiac issues was reduced at the end of the chemotherapy (0.18 ± 0.12, p = 

0.035) compared to the miR-126 level observed at baseline (1.00 ± 0.38). Additionally, the miR-126 

level in plasma samples of patients with cardiac issues observed three months post-chemotherapy 

(0.79 ± 0.17) was not altered compared to the miR-126 level at baseline (1.00 ± 0.38). However, the 

miR-126 level in plasma of patients with cardiac issues observed three months post-chemotherapy 

(0.79 ± 0.17, p = 0.029) was up-regulated compared to the miR-126 level immediately at the end of 

the chemotherapy (0.18 ± 0.12), as shown in Figure 6-7 (A). The miR-126 levels in the plasma of 

patients without cardiac issues were not altered at the end of the chemotherapy (1.07 ± 0.71) and 3 

months post-chemotherapy (0.74 ± 0.30) compared to baseline (1.00 ± 0.34), in Figure 6-7 (B)). 

Additionally, the miR-126 level in plasma samples of patients without cardiac issues was not altered 
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from the end of chemotherapy (1.07 ± 0.34) to three months following the chemotherapy (0.74 ± 

0.30). 
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Figure 6-7: Real-time PCR of miR-126 in individual human plasma samples with or without cardiac 

issues (CI). (A) Comparison of miR-126 levels in plasma samples of anthracycline-treated patients with 

cardiac issues from Baseline group (n = 8), PostChemo (n = 5), 3M_PostChemo (n = 7). (B) Comparison 

of miR-126 levels in plasma samples of anthracycline-treated patients without cardiac issues from 

Baseline group (n = 10), PostChemo (n = 8), 3M_PostChemo (n = 6). Baseline = Plasma was collected 

at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy 

and 3M_PostChemo = plasma was collected three months post-chemotherapy, CI = cardiac issues. 

Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 – 18) and normalised 

to baseline group. The groups were compared by multiple comparisons using one-way ANOVA Kruskal-

Wallis’ test (* = p < 0.05). 

 

The miR-126 expression level was investigated in the individual patient samples from patients that 

were experiencing cardiac issues after anthracycline chemotherapy (Figure 6-8). The miR-126 level at 

the end of the chemotherapy followed the same trend in all patients (R02, R03, R11, R12 and R15) 

which was a reduction. The expression pattern of miR-126 level three months post-chemotherapy 

compared to baseline varied for each patient, as it was reduced in the patients’ plasma samples R01, 

R03 and R15, while it was increased in patients’ plasma samples R02, R06, R11 and R12. 
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Figure 6-8: miR-126 levels Post-chemotherapy for each individual patient with cardiac issues. 

Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected 

at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-

chemotherapy. Post-chemotherapy expression of miR-126 was compared to baseline. 

 

6.3.2.3. Quantification of miR-143 level in human plasma 

The expression of miRNA 143 was investigated in individual human plasma samples by Real-Time PCR.  

Figure 6-9 shows the miR-143 levels in individual human plasma samples. The miR-143 plasma levels 

were not altered at the end of the chemotherapy (0.87 ± 0.34) and three months post-chemotherapy 

(0.61 ± 0.13) compared to the miR-143 plasma level at baseline (1.00 ± 0.25). 
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Figure 6-9: Real-time PCR of miR-143 in individual human plasma samples. Comparison of miR-143 

levels in human plasma from Baseline group (n = 18), PostChemo (n = 13), 3M_PostChemo (n = 13). 

Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected 

at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-

chemotherapy. Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 – 18) 

and normalised to baseline group. The groups were compared by multiple comparisons using one-way 

ANOVA Kruskal-Wallis’ test. 



234 | P a g e  
 

To investigate if miRNA alteration was specific to patients experiencing cardiovascular issues, the 

plasma samples were divided into two groups: the patients who developed cardiac issues and the 

patient who did not develop cardiac issues. 

Figure 6-10 (A) shows the miR-143 levels in plasma from patients with cardiac issues, while Figure 6-

10 (B) shows the miR-143 levels in plasma from patients without cardiac issues. The miR-143 levels in 

the plasma of patients with cardiac issues were not altered at the end of the chemotherapy (0.40 ± 

0.20) and three months post-chemotherapy (1.10 ± 0.25) compared to the miR-143 level at baseline 

(1.00 ± 0.40), in Figure 6-10 (A). Additionally, the miR-143 level in the plasma of patients with cardiac 

issues was increased from the end of the chemotherapy (0.40 ± 0.20; p = 0.047) to three months 

following the chemotherapy (1.10 ± 0.25). The miR-143 levels in plasma from patients without cardiac 

issues were not altered at the end of the chemotherapy (0.93 ± 0.37) and three months post-

chemotherapy (0.47 ± 0.19) compared to the miR-143 plasma level at baseline (1.00 ± 0.28), in Figure 

6-10 (B). Additionally, the miR-143 level in patients without cardiac issues was not altered from the 

end of chemotherapy (0.93 ± 0.37) to three months following the chemotherapy (0.47 ± 0.19). 
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Figure 6-10: Real-time PCR of miR-143 in individual human plasma samples with or without cardiac 

issues (CI). (A) Comparison of miR-143 levels in plasma samples of anthracycline-treated patients with 

cardiac issues from Baseline group (n = 8), PostChemo (n = 5), 3M_PostChemo (n = 7). (B) Comparison 

of miR-143 levels in plasma samples of anthracycline-treated patients without cardiac issues from 

Baseline group (n = 10), PostChemo (n = 8), 3M_PostChemo (n = 6). Baseline = Plasma was collected 

at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy 

and 3M_PostChemo = plasma was collected three months post-chemotherapy, CI = cardiac issues. 

Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 – 18) and normalised 
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to baseline group. The groups were compared by multiple comparisons using one-way ANOVA Kruskal-

Wallis’ test (* = p < 0.05). 

 

The miR-143 expression level was investigated in the individual patient samples from patients that 

were experiencing cardiac issues after anthracycline chemotherapy (Figure 6-11). The miR-143 level 

was reduced at the end of the chemotherapy for patients R03, R11 and R12 while it was increased in 

patients R02 and R15 compared to the miR-143 level at baseline. The expression pattern of miR-143 

level three months post-chemotherapy compared to baseline varied for each patient, and it was 

reduced for patients R01 and R03. The expression pattern of miR-143 was increased in patients R02, 

R06, R11 and R12 while the expression pattern of miR-143 in patient R15 did not vary at three months 

following chemotherapy compared to baseline. 
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Figure 6-11: miR-143 levels Post-chemotherapy for each individual patient with cardiac issues. 

Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected 

at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-

chemotherapy. Post-chemotherapy expression of miR-143 was compared to baseline. 

 

6.3.2.4. Quantification of miR-150 level in human plasma 

The expression of miRNA 150 was investigated in individual human plasma samples by Real-Time PCR.  

Figure 6-12 shows the miR-150 levels in individual human plasma samples. The miR-150 level in 

patients’ plasma samples was significantly reduced at the end of the chemotherapy (0.21 ± 0.05, p < 

0.0001) compared to the miR-150 level in patients plasma’s samples at baseline(1.00 ± 0.18). The miR-

150 level in patients’ plasma samples was not altered three months post-chemotherapy (0.54 ± 0.08) 

compared to the miR-150 plasma samples level at baseline (1.00 ± 0.18). Furthermore, the miR-150 

level in patients' plasma samples was increased from the end of the chemotherapy (0.21 ± 0.05; p = 

0.007) to three months post-chemotherapy (0.54 ± 0.08). 
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Figure 6-12: Real-time PCR of miR-150 in individual human plasma samples. Comparison of miR-150 

levels in individual human plasma samples from Baseline group (n = 18), PostChemo (n = 13), 

3M_PostChemo (n = 13). Baseline = Plasma was collected at the beginning of the treatment, 

PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was 

collected three months post-chemotherapy. Data are expressed as mean ± S.E.M. values relative to 

U6 snRNA levels (n = 13 – 18) and normalised to baseline group. The groups were compared by 

multiple comparisons using one-way ANOVA Kruskal-Wallis’ test (** = p < 0.01, **** = p < 0.0001). 

 

To investigate if the miRNA alteration was specific to patients experiencing cardiovascular issues, the 

plasma samples were divided into two groups: the patients who developed cardiac issues after the 

chemotherapy and the patients who did not develop cardiac issues. 

Figure 6-13 (A) shows the miR-150 levels in plasma from patients with cardiac issues, while Figure 6-

13 (B) shows the miR-150 levels in plasma from patients without cardiac issues. The miR-150 level in 

the plasma of patients with cardiac issues was significantly reduced at the end of the chemotherapy 

(0.13 ± 0.05, p = 0.0003) compared to the miR-150 level at baseline (1.00 ± 0.31). Additionally, the 

miR-150 level in plasma of patients with cardiac issues observed three months post-chemotherapy 

(0.63 ± 0.13) was not altered compared to the miR-150 level at baseline (1.00 ± 0.31). However, the 

miR-150 level in plasma of patients with cardiac issues observed three months post-chemotherapy 

(0.63 ± 0.13, p = 0.017) was increased compared to the miR-150 level immediately at the end of the 

chemotherapy (0.13 ± 0.05), as shown in Figure 6-13 (A).  

The miR-150 level in the plasma of patients without cardiac issues was also reduced at the end of the 

chemotherapy (0.26 ± 0.07; p = 0.0007) and three months post-chemotherapy (0.42 ± 0.06; p = 0.047), 

when compared to the miR-150 plasma level at baseline (1.00 ± 0.22), in Figure 6-13 (B). However, the 
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miR-150 level in patients without cardiac issues was not altered from the end of chemotherapy (0.26 

± 0.07) to three months following the chemotherapy (0.42 ± 0.06). 
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Figure 6-13: Real-time PCR of miR-150 in individual human plasma samples with or without cardiac 

issues (CI). (A) Comparison of miR-150 levels in plasma samples of anthracycline-treated patients with 

cardiac issues from Baseline group (n = 8), PostChemo (n = 5), 3M_PostChemo (n = 7). (B) Comparison 

of miR-150 levels in plasma samples of anthracycline-treated patients without cardiac issues from 

Baseline group (n = 10), PostChemo (n = 8), 3M_PostChemo (n = 6). Baseline = Plasma was collected 

at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy 

and 3M_PostChemo = plasma was collected three months post-chemotherapy, CI = cardiac issues. 

Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 – 18) and normalised 

to baseline group. The groups were compared by multiple comparisons using one-way ANOVA Kruskal-

Wallis’ test (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). 

 

The miR-150 expression level was investigated in the individual patient samples from patients that 

were experiencing cardiac issues after anthracycline chemotherapy (Figure 6-14). The miR-150 level 

at the end of the chemotherapy followed the same trend in five patients (i.e. R02, R03, R11, R12 and 

R15) which was a reduction. The expression pattern of miR-150 level in plasma samples at three 

months post-chemotherapy varied for each patient, and it was reduced in patients R01, R03 and R15, 

while it was increased in patients R06 and R12, and unchanged in patients R02 and R11 compared to 

miR-150 level in plasma samples at baseline. 
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Figure 6-14: miR-150 levels Post-chemotherapy for each individual patient with cardiac issues. 

Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected 

at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-

chemotherapy. Post-chemotherapy expression of miR-150 was compared to baseline. 

 

6.3.2.5. Quantification of miR-320a level in human plasma 

The expression of miRNA-320a was investigated in individual human plasma samples by Real-Time 

PCR. Figure 6-15 shows the miR-320a levels in individual human plasma samples. The miR-320a level 

in patients’ plasma samples was reduced at the end of the chemotherapy (0.61 ± 0.25; p = 0.039) 

compared to the miR-320a level in patients plasma samples at baseline (1.00 ± 0.23). The miR-320a 

level in patients’ plasma at three months post-chemotherapy (0.48 ± 0.08) was not altered when 

compared to the miR-320a plasma level at baseline (1.00 ± 0.25). The miR-320a expression levels in 

patients’ plasma samples were not altered from the end of the chemotherapy (0.61 ± 0.25) to three 

months post-chemotherapy (0.48 ± 0.08). 
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Figure 6-15: Real-time PCR of miR-320a in individual human plasma samples. Comparison of miR-

320a levels in individual human plasma samples from Baseline group (n = 18), PostChemo (n = 13), 

3M_PostChemo (n = 13). Baseline = Plasma was collected at the beginning of the treatment, 

PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was 

collected three months post-chemotherapy. Data are expressed as mean ± S.E.M. values relative to 

U6 snRNA levels (n = 13 – 18) and normalised to baseline group. The groups were compared by 

multiple comparisons using one-way ANOVA Kruskal-Wallis’ test (* = p < 0.05). 

 

To investigate if the miRNA alteration was specific to patients experiencing cardiovascular issues, the 

plasma samples were divided into two groups: the patients who developed cardiac issues after the 

chemotherapy and the patients who did not develop cardiac issues. 

Figure 6-16 (A) shows the miR-320a levels in plasma from patients with cardiac issues, while Figure 6-

16 (B) shows the miR-320a levels in plasma from patients without cardiac issues. The miR-320a level 

in plasma samples of patients with cardiac issues at the end of the chemotherapy was reduced (0.25 

± 0.17, p = 0.038) compared to the miR-320a level at baseline (1.00 ± 0.40). Additionally, the miR-320a 

level in plasma of patients with cardiac issues observed three months post-chemotherapy (0.48 ± 0.13) 

was not altered compared to the miR-320a level at baseline (1.00 ± 0.40) or at three months post-

chemotherapy (0.48 ± 0.13), as shown in Figure 6-16 (A).  

The miR-320a level in the plasma of patients without cardiac issues was not altered at the end of the 

chemotherapy (0.85 ± 0.39) and three months post-chemotherapy (0.47 ± 0.11), when compared to 

the miR-320a plasma level at baseline (1.00 ± 0.29), in Figure 6-16 (B). Additionally, the miR-320a level 

in patients without cardiac issues was not altered from the end of chemotherapy (0.85 ± 0.39) to three 

months following the chemotherapy (0.47 ± 0.11). 
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Figure 6-16: Real-time PCR of miR-320a in individual human plasma samples with or without cardiac 

issues (CI). (A) Comparison of miR-320a levels in plasma samples of anthracycline-treated patients 

with cardiac issues from Baseline group (n = 8), PostChemo (n = 5), 3M_PostChemo (n = 7). (B) 

Comparison of miR-320a levels in plasma samples of anthracycline-treated patients without cardiac 

issues from Baseline group (n = 10), PostChemo (n = 8), 3M_PostChemo (n = 6). Baseline = Plasma was 

collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the 

chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy, CI = 

cardiac issues. Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 – 18) 

and normalised to baseline group. The groups were compared by multiple comparisons using one-way 

ANOVA Kruskal-Wallis’ test (* = p < 0.05). 

 

The miR-320a expression level was investigated in the individual patient samples from patients that 

were experiencing cardiac issues after anthracycline chemotherapy (Figure 6-17). The miR-320a level 

at the end of the chemotherapy followed the same trend in all patients (R02, R03, R11, R12 and R15) 

which was a reduction. The expression pattern of the miR-320a level at three months post-

chemotherapy compared to baseline varied for each patient, and it was reduced in patients R01, R02 

and R15, while it was increased in patients R06, R11 and R12, and unchanged for patients R03 

compared to miR-320a level in plasma at baseline. 
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Figure 6-17: MiR-320a levels Post-chemotherapy for each individual patient with cardiac issues. 

Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was 

collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months 

post-chemotherapy. Post-chemotherapy expression of miR-320a was compared to baseline. 

 

6.4.  Discussion  

After pooling the plasma samples from the anthracycline-treated sarcoma patients into three groups 

at different time points (i.e. baseline, post-chemotherapy and 3 months post-chemotherapy), a miRNA 

screening analysis using the TaqMan Human miRNA array card A was performed to determine which 

vascular injury associated miRNAs were potentially altered by the chemotherapy and thus needed 

further investigation on the individual patient sample level. Analysis revealed that five miRNAs had 

previously been associated with vasotoxicity according to the literature, namely endothelial miRNAs 

miR-10a and miR-126 (McDonald et al., 2012), miR-143 involved in hypertension (Kontaraki et al., 

2014), angiogenic miR-320a (Yin et al., 2016), and hypertrophy related miR-150 (van Rooij et al., 2006). 

During the 3 months follow-up period for the ERICON study, ten patients did not develop cardiac 

issues, while eight patients develop cardiac issues with a variety of severity, ranging from 

hypokalaemia and thrombopenia, postural hypotension, asymptomatic non-sustained ventricular 

tachycardia, fast atrial fibrillation, pulmonary emboli, left arm deep vein thrombosis, portal vein 

thrombosis to heart failure. The expression pattern of the five miRNAs of interest (i.e. miR-10a, miR-

126, miR-143, miR-150 and miR-320a) was investigated for each individual patient displaying cardiac 

issues at each time point (Figure 6-18).  
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Figure 6-18: Summary of the expression pattern of miRNAs miR-10a, miR-126, miR-143, miR-150 

and miR-320a in each individual anthracycline-treated sarcoma patient with cardiac issues. Samples 

were taken at three time points: baseline, post-chemotherapy and 3 months post-chemotherapy. 

PostChemo samples were not measured in patients R01, R06, and R20, while 3 months follow-up 

PostChemo sample was not measured in patient R20. 

 

 Array assays versus individual assays analysis 

As shown in Table 6-2, the results from the miRNA array cards and the individual assays are similar, 

however, some miRNA level expressions differ depending of the technique. The difference of both 

techniques can be attributable to a few reasons: Firstly, the experiment with TaqMan array card has 

a pre-amplification step, following the reverse transcription step, while the experiment with individual 

assays does not have this pre-amplification step. The pre-amplification step increases the cDNA 

concentration of the sample, which facilitates the miRNA detection Real-Time PCR quantification 

(Sekovanic et al., 2021). In this study, interestingly two miRNAs, miR-10a and miR-143 did not show 

any alteration post-chemotherapy (both time point) compared to the baseline during the experiment 

with individual Real-Time qPCR and had both mean Ct values above 33 at the three time points, while 

their mean Ct values during the experiment with array card were below 30 (Table 6-3). The elevated 

Ct values indicate a low concentration of miRNA in the sample and thus a lower sensitivity, which 

reduces the reliability of the detection. 
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Table 6-2: Summary of the miRNAs level alteration in pooled cancer patient plasma samples from 

the ERICONC study analyses with TaqMan miRNA array cards and individual plasma samples. CI = 

cardiac issues 

miRNAs TaqMan miRNA array card Individual assays 

  Patients' samples pooled All patients Non-CI patients CI patients 

  Compared to baseline (n = 1) Compared to baseline (n = 18) 

  Post-chemo 3 months Post-chemo Post-chemo Post-chemo Post-chemo 

  (n = 1) (n = 1) (n = 13) (n = 8) (n = 5) 

miR-10a ↓ ↓ - - - 

miR-126 - ↓ ↓ - ↓ 

miR-143 - ↓ - - - 

miR-150 ↓ ↓ ↓ ↓ ↓ 

miR-320a ↓ ↓ ↓ - ↓ 

 

Table 6-3: Average of Ct values at the three different time points (i.e. baseline, Post-chemotherapy 

and 3 month post-chemotherapy) of miRNA TaqMan array cards versus average Ct values of 

individual samples. Post-chemo = Post-chemotherapy, Ct = cycle threshold 

 miRNA array cards _ Ct values Individual assays _ Ct values 

miRNA Baseline 
Post-

Chemo 
3M_Post-

Chemo 
Baseline 

Post-
Chemo 

3M_Post-
Chemo 

hsa-miR-10a 28.744 29.373 29.804 34.558 34.170 34.469 

hsa-miR-126 19.487 18.827 21.03 23.694 23.853 23.901 

hsa-miR-143 28.382 26.869 29.504 34.113 33.369 34.556 

hsa-miR-150 18.841 19.933 19.602 27.011 27.649 27.727 

hsa-miR-320a 29.134 30.07 30.164 27.197 26.855 27.888 

 

Secondly, to investigate if the five key miRNAs mentioned above were associated with post-

chemotherapy cardiac events, the 19 patients were clustered into two groups depending of the clinical 

events that occurred post-chemotherapy and some patients had their plasma samples collected only 

at one or two different time points. By splitting the patients into patients with cardiac events group 

and the patients without cardiac events, the n number of the study was also split, respectively, in n = 

5 and n = 8, leading to an higher variability of the three time points and thus a reduction of the 

sensitivity. Thirdly, the experiment with individual assays was repeated for each plasma sample, which 

increased the risk of human error while handling compared to the experiment with array card where 

the patients’ plasma samples were pooled in three groups (i.e. baseline, post-chemotherapy and 3-

month post-chemotherapy). Human error while handling can also cause an increase of the variability 

at different time points. Therefore, in the present study, the results obtained with the array card 

analysis are more relevant than individual assays and the discussion will focus on the TaqMan miRNA 
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array card assays results, however, the individual assays underlined interesting variation for some 

miRNAs expression (i.e. MiR-126, miR-320a and miR-150) and complete the array assay analysis. 

 

 Circulating levels of miR-10a  

In this study, miR-10a expression is 4-fold reduced post-chemotherapy and 8-fold reduced three 

months post-chemotherapy compared to miR-10a expression at the baseline in pooled patient plasma 

samples analysed with TaqMan miRNA array cards (Figure 6-2 (A)). The miR-10a is an anti-

inflammatory miRNA and the down-regulation of miR-10a is associated with inflamed ECs (McDonald 

et al., 2012). MiR-10a was the first mechano-miRNA identified in in vivo endothelium, where miR-10a 

are involved in the regulation of endothelial dysfunction (Kumar et al., 2014). MiR-10a is known to be 

associated with several diseases, including rheumatoid arthritis, atherosclerosis, and cancer (Das and 

Rao, 2022). The involvement of miR-10a has been highly investigated in oncological diseases, including 

gastrointestinal cancer, AML, breast cancer, etc., due to the key role of miR-10a in the regulation of 

cell proliferation and differentiation (Gao et al., 2023). Furthermore, circulating miR-10a expression 

level is down-regulated in CVDs, such as atherosclerosis (Fang et al., 2010) and miR-10a plays a role in 

the development of atherosclerosis by altering the endothelial function (Kumar et al., 2014).  

Interestingly, Fang et al.et al. (2010) investigated the implication of miR-10a in athero-susceptible 

endothelium in swine arterial tissues in vivo and cultured human aortic endothelial cells (HAEC) in 

vitro. The authors report that miR-10a level was decreased in the athero-susceptible regions of the 

inner aortic arch and aorto-renal branches compared to the other regions in adult pigs and that miR-

10a down-regulation might contribute to the endothelial pro-inflammatory NF-κB activation (Fang et 

al., 2010). Furthermore, Luo et al.et al. (2016) showed that plasma miR-10a levels were lower in CAD 

patients and were negatively associated with CAD severity. In their study, the authors investigated the 

miR-10a levels in 80 patients who had a diagnostic coronary angiography for chest pain evaluation, 

and among those patients, 60 patients were diagnosed with CAD, while the 20 other patients were 

not diagnosed with CAD and described as control patients. Furthermore, the CAD severity was not the 

same among the CAD patients with 29 stable angina pectoris (SAP) patients, 17 unstable angina 

pectoris or non-STEMI (UAP/NSTEMI) patients and 14 ST-elevation myocardial infarction (STEMI) 

patients. The authors report that miR-10a was lower in CAD patients and that miR-10a levels in the 

plasma of the STEMI patients were also decreased compared to miR-10a levels in the plasma of SAP 

and UAP/NSTEMI patients, which underlines the potential use of miR-10a as a non-invasive biomarker 

to predict CAD and indicate the severity of CAD (Luo et al., 2016). Both studies (Fang’s paper and Luo’s 

paper) underlined the cross-link of vascular diseases and miR-10a expression down-regulation in 

human aortic endothelial cells and human plasma samples. The present study is in agreement with 
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their findings, suggesting that the reduction of circulating miR-10a expression might be related to 

vascular injury.  

Furthermore, Desai et al.et al. investigate the miRNAs involved in doxorubicin-induced chronic 

cardiotoxicity. B6C3F1 mice were exposed to cumulative doses of doxorubicin or saline solution for 2, 

3, 4, 6 or 8 consecutive weeks with a doxorubicin concentration of 3 mg/kg administrated weekly by 

intravenous. Blood samples were collected 1 week following the last dose to mimic the early-onset 

cardiotoxicity observed in cancer patients. The authors reported that myocardial damage, determined 

with cardiac biomarkers (i.e. cTnT and cTnI) and cardiac pathology, occurs 1-week post-treatment with 

the doxorubicin total cumulative dose of 12 mg/kg or above. At the total cumulative dose of 9 mg/kg 

of doxorubicin, circulating miRNAs with altered expression compared to miRNAs in saline solution-

exposed mice plasma samples were considered early doxorubicin-sensitive miRNAs. Interestingly, 

miR-10a expression is 2.2-fold reduced in 9 mg/kg doxorubicin-exposed mice plasma samples 

compared to miR-10a expression in saline solution-exposed mice plasma samples (Desai et al., 2022). 

This study is consistent with the present results, where miR-10a expression is reduced in human 

plasma post-chemotherapy. Therefore, this study combined to those three papers suggests that miR-

10a might be related to the anti-cancer treatment and/or be associated with vascular injury. 

 

 Circulating levels of miR-126  

The array analysis of the present study showed that miR-126 expression was not immediately 

decreased, but the reduction (11-fold) of miR-126 expression is reported three months post-

chemotherapy baseline in pooled patient plasma samples analysed with TaqMan miRNA array cards 

(Figure 6-2 (B)). Furthermore, the experiment with individual Real-Time qPCR analysis showed that 

the miR-126 expression was reduced by 6-fold post-chemotherapy in the plasma sample of cancer 

patients who developed post-chemotherapy cardiac events and miR126 expression was recovered at 

3 months post-chemotherapy (Figure 6-7 (A)). 

It is well established that miR-126 is highly expressed in the cardiovascular system (Romaine et al., 

2015), where miR-126 is involved in angiogenesis and vascular integrity maintenance (Wang et al., 

2008). In physiological conditions, miR-126 is one of the main endothelial-enriched miRNAs and 

mediates angiogenesis by inhibiting the intracellular inhibitors of VEGF signalling pathways and thus 

enhancing VEGF pro-angiogenic activity and vessels formation (Selven et al., 2021). The involvement 

of miR-126 in the diagnosis, prognosis and tumorigenesis and therapy of lung cancer has been largely 

investigated (Chen et al., 2021). MiR-126 expression level is altered in various cancers, including liver 

(Di Martino et al., 2018), lung (Wang et al., 2015b), colon cancer (Selven et al., 2021) and melanoma 
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(Caporali et al., 2019). Furthermore, several studies showed that depressed miR-126 expression is 

associated with cardiac injury (Khanaghaei et al., 2016). The miR-126 expression level alteration has 

been investigated in various CVDs including atherosclerosis (Kin et al., 2012), coronary artery disease 

(Wang et al., 2017) and heart failure (Seronde et al., 2015), where the miR-126 expression level was 

decreased in patients who developed CVDs. 

In agreement with this study’s findings, Wang et al.et al. showed that miR-126 was down-regulated in 

coronary artery disease (CAD) patients. They investigated miR-126 level by RT-qPCR and placental 

growth factor (PLGF) level, a member of the VEGF family by ELISA in plasma of 24 healthy control (HC) 

patients and 60 CAD patients, including 22 patients with acute myocardial infarction (AMI) and 38 

patients with angina pectoris (AP). Their data showed that plasma miR-126 expression is decreased in 

CAD patients and that the depressed miR-126 level was associated with the severity of the CAD, which 

indicates that miR-126 is not only interesting as CAD biomarker but also as a marker to follow the CAD 

progression. Furthermore, they showed that miR-126 expression is associated with plasma PLGF 

levels, which underlines a potential mechanism of miR-126 in CAD (Wang et al., 2017). Furthermore, 

miR-126 is highly expressed in endothelial cells (EC) and is the most abundant miRNA found during EC 

differentiation, where miR-126 is involved in endothelial repair (Fish et al., 2008). Kin et al.et al. (2012) 

investigated the impaired miRNA in tissue and plasma from atherosclerotic abdominal aortic 

aneurysm (AAA) patients. Tissue samples were full-thickness aortic wall samples from 13 AAA patients 

and 7 patients without atherosclerotic changes, as control aorta. Interestingly, their data showed that 

miR-126 is significantly up-regulated in AAA tissues compared to control tissues, while plasma miR-

126 level was inversely correlated in AAA plasma compared to control plasma. Thus, miR-126 

expression is reduced in plasma during atherosclerosis (Kin et al., 2012), which is consistent with this 

study’s results. Impairment of circulating miR-126 has also been associated with heart failure. Seronde 

et al.et al. (2015) showed that in a cohort of 236 acute heart failure (AHF) patients, lower expression 

of miR-126 and miR423-5p was observed in patients who were readmitted in the year following the 

admission, which suggests miR-126 decreased expression during AHF might be a predictor of the AHF 

severity (Seronde et al., 2015). In agreement with Seronde et al.et al. findings, Yamada et al.et al. 

(2021) showed that in a large-scale cohort in Japan (JACC study), low plasma levels of miR-126 is 

associated with the increased of premature death compared to medium plasma levels of miR-126 

(Yamada et al., 2021).  

Furthermore, a systemic-review underlined the miR-126 down-regulation in the plasma of cancer 

patients during Epirubicin/cyclophosphamide followed by docetaxel (EC-D) neoadjuvant 

chemotherapy-induced cardiotoxicity (Pereira et al., 2020). In the studies used in the systematic 

review, Zhu et al.et al. (2018) showed that both angiogenic miRNAs miRlet-7f and miR-126 were two 
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interesting predictive non-invasive biomarkers of cardiotoxicity in triple-negative breast cancer 

patients, who are treated with EC-D neoadjuvant chemotherapy (Zhu et al., 2018), while Qin et al.et 

al. (2018) showed that the plasma miR-126 down-regulation was negatively correlated with cTnI 

expression in EC-D-induced cardiotoxicity patients (Qin et al., 2018). Therefore, previous studies 

highlight the reduction of circulating miR-126 expression in several CVDs, including CAD (Wang et al., 

2017), atherosclerosis (Kin et al., 2012) and acute heart failure (Seronde et al., 2015) and are in 

agreement with the present project’s results, suggesting that the reduction of circulating miR-126 

expression reported in patients who developed cardiac injury post-chemotherapy might be associated 

with vasotoxicity. Furthermore, both studies involving drug-induced cardiotoxicity (Zhu et al., 2018, 

Qin et al., 2018) are in agreement with the present results, which suggest that plasma miR-126 may 

be down-regulated by the chemotherapy-induced cardiotoxicity. 

 

 Circulating levels of miR-143 

The miR-143 expression was not altered immediately post-chemotherapy, however, 3 months later, 

miR-143 was 9-fold reduced in the plasma of chemotherapy-treated patients (Figure 6-2 (C)). 

MiR-143 forms a cluster with miR145 which is involved in VSCM differentiation (Rangrez et al., 2011). 

The miR cluster 143/145, which comprises miR-143 and miR-145, plays a role in several cellular 

functions, including vascular muscle cell proliferation and differentiation (Das and Pillai, 2015). It is 

well established that miR cluster 143/145 targets various genes involved in tumorigenesis and are 

considered tumour suppressors (Das and Pillai, 2015). Furthermore, miR cluster 143/145 expression 

is altered by several CVDs, including hypertension, atherosclerosis, and coronary arteries disease 

(Zhao et al., 2015). 

Kontaraki et al.et al. investigated the expression levels of miRNAs known to play a role in hypertension 

and analyses their expression levels in peripheral blood mononuclear cells (PBMCs) in hypertensive 

patients. For this study, 60 patients suffering of essential hypertension and 29 healthy patients were 

recruited. The authors showed that the miR-143 expression level in PBMCs of hypertensive patients 

was 9-fold reduced compared to miR-143 in PBMCs of healthy patients. The authors were able to 

associate the miR-143 lower expression levels to a cardiac parameter used to diagnose hypertension: 

24-hrs ambulatory blood pressure monitoring (ABPM) parameter. Pulse pressure was monitored in 

hypertensive patients and they were able to associate the depressed miR-143 expression level to the 

measured 24 hrs-pulse pressure. Kontaraki suggests that miR-143 might be a marker of cardiovascular 

events and be involved in the organ injury reported in hypertensive patients (Kontaraki et al., 2014). 
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Furthermore, Liu et al.et al. investigate the miR143 and miR145 expression levels in the plasma of 

patients suffering of carotid artery plaques. They collected blood samples from 55 patients with 

carotid artery plaques and 45 patients without carotid artery plaques. The authors found that 

circulating miR-143 and miR-145 expression levels were down-regulated in patients with carotid artery 

plaques compared to healthy patients (Liu et al., 2017). 

Therefore, the depressed miR-143 expression level post-chemotherapy might be associated with 

vascular injury. 

 

 Circulating levels of miR-150 

Plasma miR-150 expression is 6-fold reduced post-chemotherapy and 7-fold reduced 3 months post-

chemotherapy compared to the miR-150 expression at the baseline, in cancer patients treated with 

chemotherapy (Figure 6-2 (D)). Furthermore, according to individual assays, in patients with cardiac 

issues, the 8-fold decrease observed immediately after chemotherapy compared to baseline was 

followed by a significant 5-fold increase of plasma miR-150 level observed 3 months post-

chemotherapy compared to post-chemotherapy, which leads to the recovery of the plasma miR-150 

level observed before the chemotherapy (Figure 6-13 (A)). Meanwhile, in the patients without cardiac 

issues, the 4-fold decrease observed immediately after chemotherapy was also observed 3 months 

post-chemotherapy with a 2-fold decrease compared to the baseline (Figure 6-13 (B)). 

MiR-150 is a hematopoietic cell-specific miRNA, which is preferentially expressed in mature B-cells 

and T-cells (Vasilatou et al., 2010). MiR-150 is associated with various haematological malignancies 

including pancreatic, colorectal, oesophageal cancers and solid tumours including gastric, breast, lung 

and liver cancers (Wang et al., 2015a). Furthermore, miR-150 has been associated with cardiac 

hypertrophy in a rodent model (van Rooij et al., 2006) and has been suggested as a prognosis 

biomarker of severe AMI (Devaux et al., 2013). Interestingly, a study investigated in a rodent model, 

the association of miR-150 and doxorubicin-induced cardiotoxicity (Desai et al., 2014).  

The implication of miR-150 expression in cardiac hypertrophy has been investigated on two 

established mice models of cardiac hypertrophy by van Rooij et al.et al. (2006). Their first model was 

obtained by thoracic artic banding, which lead to an overload on the heart and thus cardiac 

hypertrophy, while their second model was transgenic mice expressing Calcineurin A in the heart, 

which leads to cardiac hypertrophy. The authors report that miR-150 expression was down-regulated 

in the heart tissue of both models, where the cardiac hypertrophy was determined by transthoracic 

echocardiography and hematoxylin and eosin staining (van Rooij et al., 2006).  
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Devaux et al.et al. investigated the use of 4 miRNAs: miR16, miR27a, miR-101 and miR-150 to predict 

LV dysfunction after AMI in a cohort of 150 AMI patients. The LV dysfunction was determined by 

echocardiography and an increase in the markers of myocyte necrosis (CK and TnI) above the normal 

range.  Furthermore, they evaluated the LV contractility by the LV wall motion index score (WMIS), 

where a WMIS > 1.2 is associated with impaired LV contractility and WMIS ≤ 1.2 is associated with 

preserved LV contractility. To predict the impaired LV dysfunction after AMI in patients, they studied 

the miRNA levels and Nt-proBNP level in the plasma. Their data showed that miR-150 and miR-101 

levels were down-regulated, while miR-16 and miR-27a were up-regulated in the plasma of patients 

suffering of impaired LV dysfunction. Furthermore, the authors report that the Nt-proBNP analysis 

combined to miRNAs analysis was a more predictive model to detect impaired LV dysfunction than 

the Nt-proBNP analysis alone, which underlines the potential of these miRNAs to improve the 

prognostic of LV remodelling following AMI (Devaux et al., 2013). In this study, a decreased of the miR-

150 expression in the plasma of patients suffering of cardiac issues was reported, however, the 

depressed miR-150 expression was also reported in the plasma of patients who did not develop any 

cardiac issues. 

Interestingly, Desai et al.et al. (2014) used a cardiotoxicity mouse model to investigate the miRNAs 

involved in doxorubicin-induced cardiac injury and they showed that miR-150 was down-regulated in 

doxorubicin-treated mice. The authors treated mice weekly with cumulative doxorubicin doses (6, 8, 

12, 18 or 24 mg/kg) or sterile saline and the cardiotoxicity was evaluated by the measurement of 

plasma cTnT levels and observation of the cardiac lesions with a microscope. The authors report that 

miR-150 expression down-regulation in doxorubicin-treated mice compared to control mice was 

observed from the doxorubicin dose of 12 mg/kg, while the plasma cTnT level alteration was detected 

from the doxorubicin of 18 mg/kg and the cardiac lesions were observed from doxorubicin dose of 24 

mg/kg, which showed that miR-150 expression was down-regulated before the doxorubicin-induced 

cardiac injury and earlier than the plasma cTnT biomarker (Desai et al., 2014). These findings are 

different from the present findings that suggest doxorubicin induced a down-regulation of miR-150 

expression in both patients with and without cardiac injury. 

Furthermore, radiotherapy can also lead to a decrease of the miR-150 levels in plasma, as shown by 

Dinh et al.et al. (2016). The authors report that the plasma miR-150 expression was significantly down-

regulated in five non-small cell lung cancer patients treated with thoracic radiation therapy, which 

showed that miR-150 might be a potential biomarker to study radiotherapy toxicity (Dinh et al., 2016). 

Their findings are consistent with the present findings, where the cancer patients were treated with 

different regimens of chemotherapy and their plasma miR-150 expression was down-regulated.  
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Thus, this study’s results suggest that plasma miR-150 down-regulation is observed in cancer patients 

treated with chemotherapy, however, the down-regulation might not be selective to the 

chemotherapy-induced cardiotoxicity. However, more studies are needed to determine if depressed 

miR-150 expression is either associated with vascular injury or tumour suppression. 

 

 Circulating levels of miR-320a 

The miR-320a expression was 6-fold reduced post-chemotherapy and 8-fold reduced 3 months post-

chemotherapy compared to baseline in chemotherapy-treated patients plasma samples, according to 

the array assays (Figure 6-2 (E)). Furthermore, the plasma miR-320a expression was 4-fold reduced 

immediately post-chemotherapy compared to baseline in patients with cardiac injury (Figure 6-16 (A)), 

while miR-320a expression remains unaltered post-chemotherapy compared to baseline in patients 

without cardiac injury (Figure 6-16 (B)). 

MiR-320a is a tumour-suppressive miRNA and is dysregulated in various cancers, including pancreatic, 

colorectal, breast cancers and osteosarcoma (Khandelwal et al., 2021). However, miR-320a was first 

associated with I/R-induced cardiac injury, which underlines the key role of miR-320a in CVDs (Ren et 

al., 2009). It has been well established that circulating miR-320a is associated with several heart 

diseases, including arrhythmogenic cardiomyopathy (Sommariva et al., 2017), Thoracic Aortic 

Dissection (Zou et al., 2017) and STEMI (Jakob et al., 2017, Galeano-Otero et al., 2020). Furthermore, 

miR-320a can be associated with drug-induced cardiotoxicity, e.g. doxorubicin-induced cardiotoxicity 

where miR320a expression level is decreased in a rodent model (Yin et al., 2016).  

The present study is in agreement with Sommariva et al.et al. (2017) findings, which showed that miR-

320a expression is reduced in patients with arrhythmogenic cardiomyopathy (ACM) compared to 

healthy control (HC) patients and Idiopathic Ventricular Tachycardia (IVT) patients, which a benign 

condition (Sommariva et al., 2017). ACM is an acquired progressive heart disease which is 

characterised by substantial ventricular arrhythmias and alteration of ventricular systolic function 

(Calore et al., 2015, Corrado et al., 2017). Following a screening expression of 377 miRNAs from three 

ACM patients and three HC patients, which showed 121 miRNAs potentially involved in ACM from 110 

male patients (53 HC patients, 36 ACM patients and 21 IVT patients), Sommariva analysed these 121 

miRNAs by RT-qPCR and discovered that only miR-320a expression was significantly decreased in 

plasma of ACM patients compared to both HC and IVT patients, which means miR-320a might be an 

interesting non-invasive biomarker to detect early ACM. Furthermore, their data showed that miR-

320a level in plasma was a better tool to discriminate ACM to IVT than other clinical parameters, 

including BNP levels and LVEF, which is currently a challenging task (Sommariva et al., 2017).  
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Furthermore, Zou et al.et al. (2017) showed that miR-320a expression is inhibited by hsa-circRNA-

101238 increased level in human TAD tissues from six types A TAD patients, compared to thoracic 

aortic tissues from six healthy control donors (without aortic diseases). Their data showed that hsa-

circRNA-101238 up-regulation in human TAD tissues might act as a miRNA sponge leading to the 

inhibition of miR-320a and thus increasing the Matrix Metalloproteinase 9 (MMP-9) mRNA expression, 

which is an mRNA associated with TAD, however, their study needs to be confirmed with a largest 

cohort (Zou et al., 2017). Interestingly, MMP-9 is studied as a potential biomarker for cardiac 

remodelling in clinical and animal studies (Halade et al., 2013). Additionally, MMP-9 is known to be 

implicated in atherosclerosis and plaque rupture, mechanisms of acute coronary syndrome (ACS) and 

thus increased MMP-9 expression is a potential diagnostic biomarker in ACS (Konstantino et al., 2009). 

MMP-9 overexpression observed in B lymphocytes during multiple sclerosis (MS) is inhibited by miR-

320a (Aung et al., 2015), which suggests that miR-320a down-regulation could lead to an 

overexpression of MMP-9 leading to cardiovascular events and thus these studies about MMP-9 

support this study’s finding that miR-320a is associated with cardiovascular events. 

In contrast, studies on STEMI showed that miR-320a expression was up-regulated in STEMI patients, 

compared to control patients (Jakob et al., 2017, Galeano-Otero et al., 2020). Galeano-Otero et al.et 

al. (2020) showed that the miR-320a was significantly expressed in human serum during ischaemia-

induced failing myocardium (Galeano-Otero et al., 2020), whereas the present study used plasma 

samples. However, Jakob et al.et al. (2017) showed plasma miR-320a up-regulation was associated 

with cardiovascular events in STEMI patients (Jakob et al., 2017). According to these studies and the 

present results, the impairment of miR-320a might be dependent of the type of CVD. 

Yin et al.et al. (2016) investigated the miR-320a expression and mechanisms involved in doxorubicin-

induced cardiotoxicity. Their data showed that circulating miR-320a was down-regulated in 

anthracycline-treated patients, which is consistent with this study’s findings. However, miR-320a 

expression was up-regulated in the heart of doxorubicin-treated mice (Intra-peritoneal injection of 25 

mg/kg doxorubicin), which is inversely correlated to their levels in human plasma. Furthermore, their 

data showed that miR-320a is associated with doxorubicin-induced cardiotoxicity by disturbing the 

vascular homeostasis through the decrease of ventricular growth factor A (VEGF-A) expression in mice 

hearts (Yin et al., 2016).  

Therefore, this study postulates that the decrease of plasma miR-320a level in patients with cardiac 

issues observed immediately after the chemotherapy may be associated with anthracycline-induced 

cardiotoxicity in this study, which means miR-320a might be an interesting candidate as anthracycline-

induced cardiotoxicity non-invasive biomarkers. 
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6.5. Conclusion 

In this study’s novel findings, the five vascular miRNAs (i.e. miR-10a, miR-126, miR-143, miR-150 and 

miR-320a) expression levels were reduced post-chemotherapy. Several studies reported the cross-link 

of the depressed miRNAs expression level to CVDs. Furthermore, a few studies have investigated these 

five miRNAs expression level after anti-cancer treatment. According to this study, the key miRNAs are 

miR-126 and miR-320a, which were reduced post-chemotherapy after analysis with array assays, but 

both were significantly reduced in chemotherapy-treated patients who developed cardiac events, as 

well. However, more studies are needed, with a larger cohort of chemotherapy-treated patients and 

to have a better understanding of the mechanisms involved in this miRNAs alteration during CVDs. 
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Chapter 7 
7. GENERAL DISCUSSION 

7.1.  Discussion 

This thesis focused on the alteration of GPCRs-mediated vascular tone by the anti-cancer treatment 

doxorubicin and the MEK 1/2 inhibitor U0126, after 24-hr organ culture of LAD arteries, which mimics 

the doxorubicin-induced cardiotoxicity. Furthermore, this thesis focused principally on the GPCRs 

signalling pathway and mechanisms in VSMCs, where the four studied GPCRs are mainly involved in 

vasoconstriction. 

Resume of the key findings 

This study has shown that:  

 Doxorubicin-induced cardiotoxicity can be studied with an organ-cultured model. Doxorubicin 

effect can be investigated in LAD arteries at a concentration of 0.5 µM with a 24 hrs incubation 

in DMEM supplemented with antibiotics at 37 °C with a mixture of 5 % CO2 and 95 % O2. 

 This study showed that doxorubicin treatment alters the vascular tone of LAD arteries by 

altering the vasocontractile responses mediated by ETB, 5-HT1B and TP GPCR receptors: 

o The doxorubicin incubation of LAD arteries leads to an increase of the 

vasoconstriction during the first phase of the stimulation representing a high affinity 

of the agonist to the receptor, followed by a decrease of the ETB-mediated 

vasocontractile responses during the second phase of the stimulation representing a 

lower affinity of the agonist to the receptor. The depressed ETB-mediated 

vasocontractile response is correlated with the decrease of ETB mRNA level during 

doxorubicin treatment, however, the increased ETB-mediated vasocontractile 

response observed in the first phase of the curve might be due to post-translational 

changes. The co-incubation of doxorubicin and U0126 leads to a decrease of the ETB-

mediated vasocontractile response without altering the transcription and translation 

expression levels of ETB mRNA or receptors. 

o Doxorubicin incubation down-regulates the transcription of ETA receptors in LAD 

arteries. However, the maximal vasocontractile response “Emax” through ETA receptor-

mediated vasocontraction is not altered. The absence of alteration on ETA-mediated 

vascular tone, although the ETA miRNA is reduced, may be attributable to either (i) 

the fact that a longer time is needed to observe a change of the  ETA receptors 

expression on LAD arteries and on ETA-mediated vascular tone or (ii) that a potential 



254 | P a g e  
 

doxorubicin-induced post-translational change of ETA receptors increase the ETA 

receptors affinity to G protein leading to higher vasoconstriction which compensates 

the reduction of ETA receptors transcription. Similarly to ETB receptors, co-incubation 

of doxorubicin and U0126 leads to a decrease of the ETA-mediated vasocontractile 

response without altering the transcription and translation expression levels of ETA 

mRNA or receptors. 

o Doxorubicin leads to an increase of the 5-HT1B-mediated vasocontractile responses 

through the increase of 5-HT1B transcription and translation levels. The co-incubation 

of doxorubicin with U0126 alleviates the elevation of 5-HT1B-mediated vasocontractile 

response by reducing 5-HT1B mRNA level and 5-HT1B receptor expression in LAD 

arteries.  

o Doxorubicin alters the TP receptor activity by increasing the TP-mediated 

vasocontractile response without altering the TP receptor transcription or translation 

expression levels of TP mRNA or receptors. These findings suggest that doxorubicin-

induced vasotoxicity alters the TP-mediated vasocontractile response on a post-

translational level or alters other proteins involved in the TP receptors signalling 

pathway. Interestingly, elevated TP-mediated vasocontractile response is alleviated 

by the co-incubation of LAD arteries with doxorubicin and U0126. 

 TaqMan miRNA array analysis of human cancer patients treated with anthracyclines during 

the ERICONC study in collaboration with Prof Walker (UCL) showed that the expression levels 

of five vascular injury-associated miRNAs (i.e. miR-10a, miR-126, miR-143, miR-150 and miR-

320a) were reduced after chemotherapy treatment compared to baseline. 

o The two vascular injury-associated miRNAs miR-320a and miR-126 were down-

regulated in the circulation of cancer patients suffering from cardiac issues as a result 

of the cardiotoxic adverse effect from the chemotherapy compared to cancer patients 

who did not develop cardiac issues. These interesting findings suggest that miR-320a 

and miR-126 are potentially involved in chemotherapy-induced cardiac- and vascular- 

injury, and could potentially be explored as novel biomarkers of therapy-induced 

vascular injury associated. 

 

 The doxorubicin-induced vasotoxicity in vitro model: Organ culture 

Previous studies have already used organ culture to mimic CVD (CVD) progression in various arteries 

(Alm et al., 2002, Murata et al., 2001b, Skovsted et al., 2012). However, the doxorubicin-induced 

vasotoxicity on rat LAD arteries has never been investigated prior to this PhD project. In this study, the 
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in vitro CVD organ culture model was optimised to investigate specifically doxorubicin-induced 

vasotoxicity.  

There is an absence of shear- and circumferential- stress in the in vitro organ cultured arteries model. 

The absence of shear- and circumferential- stress are two mechanical factors involved in physiological 

homeostasis regulation. In physiological conditions, shear stress is known to induce NO release 

through eNOS activation and regulate transcription and growth factors in EC (Noris et al., 1995). 

During in vitro organ culture of arteries, the absence of shear- and circumferential- stress alters the 

NO release leading to endothelium dysfunction (Alm et al., 2002). Furthermore, CVDs such as 

hypertension or HF have already been investigated with the in vitro organ cultured artery model, as it 

mimics the CVD chronic remodelling processes (Ozaki and Karaki, 2002, Tai et al., 2009).  

To study the potential alteration of GPCRs-mediated vasocontractile responses by doxorubicin of the 

LAD arteries, it was necessary to assess the contractile capacity of LAD arteries and confirm that 

arteries from each group had a similar contractile capacity, thus the experiment’s results are specific 

to GPCRs-mediated vasocontractile response. Furthermore, the contractile capacity was used as 

reference for the study of the GPCR agonist-mediated dose-response curves. In this study, the 

contractile capacity of the LAD arteries was investigated by switching the Na+ KH buffer to 60 mM K+ 

KH buffer in the wire-myograph bath. The high concentration of K+ KH buffer leads to the 

depolarisation of the SMC membrane and induces a strong vasocontraction of the artery (maximum 

vasocontractile capacity) (Haddy, 1983). The decrease of K+ KH-induced vasocontraction of organ 

culture incubated LAD arteries compared to fresh LAD arteries in this study mimics a severe vascular 

injury of LAD arteries that is not fully compensated by the remodelling processes (Ozaki and Karaki, 

2002, Tai et al., 2009). Furthermore, the viability of the endothelium tested by carbachol 

administration following 5-HT pre-contraction of this study’s LAD arteries was reduced.  

Young et al.et al. showed that plasma concentration of doxorubicin was estimated to reach 1 µM 

immediately post-treatment and sustained at approximately 0.2 µM throughout the doxorubicin 

treatment in doxorubicin-treated patients (Young et al., 1981). Previous studies on doxorubicin-

induced cardiotoxicity applied various doxorubicin concentrations ranging from 0.3 µM for incubated 

rabbit mesenteric arteries (Murata et al., 2001a) to 1 µM in isolated rat heart (Gharanei et al., 2013b). 

During this study, the optimal concentration of doxorubicin was investigated and ranged from 0.1 µM 

to 1 µM applied to organ-cultured LAD arteries. It was determined that the highest doxorubicin 

concentration that didn’t alter the contractile capacity of rat LAD arteries was 0.5 µM, while 1 µM of 

doxorubicin application was very toxic and decreased the contractile capacity of LAD arteries 

considerably, leading to detrimental damage of the LAD arteries. As for the doxorubicin incubation 
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period time, the range differs depending of the study-, organ-, species- or artery- type investigated 

during previous studies. In this study incubation times 24 hrs and 48 hrs were investigated. The 

contractile capacity of LAD arteries incubated with 0.5 µM doxorubicin was severely compromised 

after 48 hrs incubation, while the contractile capacity was not altered by the 24 hrs incubation with 

0.5 µM doxorubicin. The 24 hrs incubation period determined during this study is consistent and in 

agreement with the findings of Hayward et al.et al., which showed that vascular injury occurs during 

the first 24 hrs of the doxorubicin exposure (in vivo injection of 15 mg of doxorubicin/kg) in rat aortic 

rings (Hayward et al., 2013). 

Furthermore, this experiment showed that doxorubicin treatment has no acute vasocontractile or 

vasodilatory effect on fresh LAD arteries. This is in agreement with and supported by the findings of 

Murata et al.et al., which showed that doxorubicin treatment ranging from 0.3 µM to 10 µM had no 

acute effect on the smooth muscle contractility of isolated doxorubicin incubated rabbit mesenteric 

arteries (Murata et al., 2001b).  

Therefore, the optimised in vitro doxorubicin-induced vasotoxicity organ culture model in this study 

applied 0.5 µM doxorubicin during the incubation period of 24 hrs to mimic severe vascular injury on 

LAD arteries and investigate the effect of doxorubicin on GPCRs-mediated vasocontractile responses 

on rat LAD arteries during these doxorubicin incubation specifications.  

 

 Doxorubicin and GPCRs-mediated vasocontractile response 

This project investigated the SMC-mediated vasocontractile responses of LAD arteries mediated by 

endothelin ETA and ETB receptors, serotonin 5-HT1B receptors and thromboxane TP receptors of LAD 

arteries incubated for 24 hrs with 0.5 µM doxorubicin. To the best of our knowledge, this is the first 

study to investigate the doxorubicin-induced vasotoxicity through GPCR specific signalling pathways 

exploring the involvement of ETA, ETB, 5-HT1B and TP receptors.  

In the present study, the potential cardioprotective effect of MEK 1/2 specific inhibitor U0126 was 

also investigated. It is known that U0126 at 10 µM attenuates the pERK expression during organ 

culture of isolated cerebral arteries (Sandhu et al., 2010). 

 

7.1.2.1. The effect of doxorubicin on the endothelin ETB receptor: 

It is well established that ETB-mediated vasocontractile response in animal in vitro models mimics the 

CVDs remodelling processes (Eskesen and Edvinsson, 2006, Johnsson et al., 2008). Interestingly, the 
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present study showed a strong ETB-mediated vasocontraction with a biphasic dose-response curve 

after 24 hrs incubation with either vehicle or  0.5 uM doxorubicin, while S6c dose-response curves of 

previous studies are monophasic (Eskesen and Edvinsson, 2006, Johnsson et al., 2008, Skovsted et al., 

2017). In this study, the presence of an S6c biphasic curve underlines the implication of two different 

ETB subtype receptors. Different hypotheses have been suggested in this discussion: the first 

hypothesis is that at the first phase of the S6c dose-response curve, both SMC and EC ETB subtypes 

elicit their vascular responses depending of the ETB subtype affinity, as ETB in SMC induce 

vasocontractile and ETB in EC induces vasodilatory effects, and the combined stimulation of these SMC 

and EC ETB subtypes leads to the low vasocontraction. Interestingly, Miasiro et al.et al. investigated 

the S6c biphasic curved in the fresh isolated guinea-pig ileum and they observed a relaxation followed 

by a contraction of the vessels when they applied cumulative doses of S6c and the use of antagonists 

confirmed it was due to two distinct ETB receptors located on EC and SMC, respectively (Miasiro et al., 

1999). The up-regulation of ETB in SMC and/or the down-regulation of ETB in EC could explain the 

second phase of the S6c dose-response curve, which would show only SMC-specific ETB-mediated 

contraction. However, further studies are needed to investigate if this hypothesis is true. 

Furthermore, this study showed that ETB-mediated vasocontractile response is increased on the first 

phase of the biphasic curve of doxorubicin-treated LAD arteries from 10-12.5 M ET-1 to 10-9.5 M ET-1, 

and this is similar to Skovsted (2012) and Sandhu (2010) findings, which showed the up-regulation of 

ETB-mediated vasocontraction after vascular injury of isolated cerebral arteries (Sandhu et al., 2010) 

and of isolated LAD and septal coronary arteries (Skovsted et al., 2012). However, it has been shown 

that the maximal ETB-mediated vasocontractile response of coronary arteries is alleviated by the 0.5 

µM doxorubicin treatment and the depressed ETB-mediated vasocontractile response is related to a 

reduction of the ETB receptor transcription. Therefore, this study suggests that doxorubicin treatment 

initially induces an elevation of the ETB-mediated vasocontraction, followed by a depressed ETB-

mediated vasocontractile response. The initial increased ETB-mediated vasocontractile response 

might be induced by doxorubicin treatment on either post-translational levels or the alteration of ETB-

activated proteins. In the SMC, the ETB receptor induces vasoconstriction through its association with 

Gq/11 proteins (Cramer et al., 2001), leading to PLC activation, which hydrolyses PIP2 in IP3 and DAG 

promoting intracellular calcium release and PKC activation (Rosendorff, 1997). Furthermore, this study 

shows that the following depressed ETB-mediated vasocontractile response is induced by doxorubicin 

treatment on a transcriptional level. 

The present study showed that MEK 1/2 specific inhibitor U0126 pre-treatment at both concentrations 

of 5 µM and 10 µM alleviates the doxorubicin-incubated initial elevated ETB-mediated vasocontractile 

response and that the attenuated maximal ETB-mediated vasocontractile response when U0126 is co-
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administered with doxorubicin is meditated without altering the ETB receptor transcription or 

translation. This suggests that U0126 may alter the ETB vasocontractile response in the presence of 

doxorubicin on a post-translational level or by regulating an ETB-activated protein. In agreement, other 

studies have shown that U0126 treatment attenuates ETB-mediated vasoconstriction during organ 

culture incubation which mimics cerebral ischaemia conditions in in vitro experiments with isolated 

rat cerebral arteries (Sandhu et al., 2010) and in vitro experiments with rat coronary arteries (Skovsted 

et al., 2012). The optimal U0126 concentration to attenuate the doxorubicin-increased ETB-mediated 

vasocontraction is 5 µM because 10 µM U0126 excessively reduces the second phase of ETB-mediated 

vasoconstriction in vehicle-treated LAD arteries, which may lead to a loss of vasocontractility of LAD 

arteries. 

 

7.1.2.2. The effect of doxorubicin on the endothelin ETA receptors: 

This study showed that the 0.5 µM doxorubicin treatment during 24 hrs of incubation of LAD segments 

did not affect the contractile response of endothelin receptors when applying the ET-1 agonist. The 

ET-1 dose-response curves were performed after ETB receptors desensitisation with S6c, which nearly 

abolished the ETB-mediated contraction leading to a monophasic curve. The addition of ETA selective 

antagonist BQ123 and ETB selective antagonist BQ788 showed that the ET-1 dose-response curve 

performed without antagonist pre-application corresponded to the ETA-mediated vasocontractile 

response. Thus, doxorubicin did not alter the ETA-mediated vasocontractile response and the 

pharmacological parameters, “Emax” and “pEC50”, did not change. However, at some doses of ET-1, the 

ETA-mediated contraction in doxorubicin-treated LAD arteries was increased compared to vehicle-

treated LAD arteries. In agreement, Skovsted et al.et al. (2017) showed that ETA-mediated 

vasocontractile response was not altered during the in vitro model mimicking I/Rby LAD occlusion and 

they compared LAD segments from downstream the ligature to the LAD segments from upstream the 

ligature (Skovsted et al., 2017). Furthermore, during this study the ETA receptor transcription is down-

regulated by 0.5 µM doxorubicin treatment, however, the ETA receptor expression on SMC of LAD 

arteries is not altered. This might be explained by the fact that both ETA receptor mRNA levels and 

receptor expression were analysed after 24 hrs of incubation, and thus it might be too early to observe 

any change in the ETA receptors expression. Another explanation could be that this study 

demonstrated that although ETA receptor mRNA level is reduced by doxorubicin treatment, maximal 

ETA-mediated contractile response remains unaltered, suggesting that doxorubicin treatment might 

induce a post-translational change of ETA receptors or alteration of an ETA-activated protein, 

associated with a reduction of ETA receptors transcription. Interestingly, several studies on animal and 

human models investigated ETA antagonists to confer cardioprotection against endothelin receptor-
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mediated cardiotoxicity. Most of these studies used ETA receptor antagonist, such as darusentan, 

ambrisentan and atrasentan to alleviate the elevated ET-1-mediated vasocontractile response, 

induced by the elevation of ETB receptors expression in SMC during hypertension by blocking ETA 

receptors vasocontractile response (Gao et al., 2021, Raichlin et al., 2008). However, it was shown 

that ETA receptors blockade can induce deleterious effects when combined to heart failure (Nasser 

and El-Mas, 2014), which underlines the need of new therapeutic targets to regulate elevated ET-

mediated vasoconstriction such as the MEK 1/2 pathway inhibitor U0126. 

This project showed that MEK 1/2 specific inhibitor U0126 treatment reduces the doxorubicin-induced 

ETA vasocontractile response compared to vehicle-treated LAD arteries. Interestingly, the U0126 

treatment does not alter the ETA receptors transcription in doxorubicin-treated LAD arteries, while the 

ETA-mediated vasocontractile response is decreased, compared to U0126 naïve doxorubicin-treated 

LAD arteries. This decrease of vasocontractile response observed only with doxorubicin and U0126 co-

treatment supports the hypothesis which suggests that a post-translational change or an alteration of 

one of the ETA-activated proteins is induced by doxorubicin treatment. Both U0126 doses altered the 

ETA-mediated vasocontractile response however the depressed ETA vasocontractile response could act 

as a compensatory mechanism, as selective ETA antagonists in pulmonary arteries hypertension 

patients (Benza et al., 2008), by reducing vasoconstriction induces by both ET receptors subtype, since 

the CVD model increased the ETB transcription in SMC. The optimal U0126 concentration to attenuate 

the doxorubicin-increased ETA-mediated vasoconstriction is 5 µM, because the treatment 10 µM 

U0126 decreased the vasoconstriction in vehicle-treated LAD arteries compared to U0126 naïve 

vehicle-treated LAD arteries, while 5 µM U0126 has no effects on vehicle-treated LAD arteries. 

 

7.1.2.3. The effect of doxorubicin on the serotonin 5-HT1B receptor: 

The current study showed that the 5-CT mediated dose-response curve resulted in a biphasic dose-

response curve after doxorubicin treatment. This suggests the implication of two different serotonin 

subtype receptors during 5-CT-mediated vasocontraction. These findings are consistent with Hansen-

Schwartz et al.et al. findings, which underlined the implication of 5-HT1B receptors with a high 5-CT 

affinity (pEC50 = 7.7 in rat cerebral arteries) and 5-HT2A receptors with a low 5-CT affinity (pEC50 = 5.1 

in rat cerebral arteries) (Hansen-Schwartz et al., 2003). Although 5-HT1B receptors are mostly studied 

in SMC of cerebral arteries (Lotfinia et al., 2014, O'Quinn et al., 1999), they are also localised in the 

SMC of the coronary arteries where they are involved in the vasocontraction along with 5-HT2A 

receptors (Kaumann et al., 1994). It has been demonstrated that patients treated with 5-HT1B specific 

agonist sumatriptan, an antimigraine drug, can develop chest pain, myocardial infarction, and 

https://www.sciencedirect.com/topics/medicine-and-dentistry/darusentan
https://www.sciencedirect.com/topics/medicine-and-dentistry/ambrisentan
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vasospasm (Ottervanger et al., 1997, Okonkwo and Ojha, 2020). This study’s findings showed that 

doxorubicin treatment enhances the 5-HT1B-mediated vasocontractile response through increased 5-

HT1B receptor transcription levels, leading to the elevation of 5-HT1B receptors expression in SMC of 

LAD arteries as well. Some studies have demonstrated that doxorubicin-induced cardiotoxicity was 

associated with a decrease of adenylyl cyclase (AC) activity (Calderone et al., 1991) and cAMP 

formation (Efentakis et al., 2020), which are both involved in the pathway of 5-HT1B-mediated 

vasoconstriction. Indeed, 5-HT1B receptor activation leads to the inhibition of the adenylyl cyclase, 

which reduces the second messenger cAMP formation and PKA activity inducing intracellular calcium 

release from the sarcoplasmic reticulum and thus the vasoconstriction (Barnes and Sharp, 1999, 

Leenders and Sheng, 2005, Tiger et al., 2018).  

In previous studies, it has been shown that the MEK/ERK 1/2 inhibition with U0126 alleviates the 5-

HT1B elevated vasocontractile response in in vitro experiments with isolated cerebral arteries 

compared to fresh cerebral arteries to mimic the vascular effects of post-cerebral ischaemia (Sandhu 

et al., 2010) and in in vivo experiments with rat cerebral arteries after subarachnoid haemorrhage 

(SAH) (Beg et al., 2006). The current study showed that 5 µM and 10 µM U0126 treatment attenuated 

the doxorubicin-induced increase in 5-HT1B receptor-mediated vasocontraction on the transcriptional 

level in coronary arteries, and thus mediated vascular protection during doxorubicin treatment. The 

optimal U0126 concentration to attenuate the doxorubicin-increased 5-HT1B-mediated 

vasocontraction is 5 µM, because the 10 µM U0126 excessively reduces the 5-HT1B-mediated 

vasoconstriction of doxorubicin-treated LAD arteries compared to vehicle-treated LAD arteries, while 

the 5 µM U0126 alleviates the 5-HT1B–mediated vasoconstriction of doxorubicin-treated LAD arteries 

until a recover of the vasocontractile response observed in vehicle-treated LAD vessels 

 

7.1.2.4. The effect of doxorubicin on the thromboxane TP receptor: 

In this study, it was shown that doxorubicin treatment induced an increase of the TP-mediated 

vasocontractile response. However, the TP receptor transcription and translation levels were not 

altered suggesting that doxorubicin-induced increase in TP-mediated vasocontraction is associated 

with post-translational mechanisms where there is either a TP receptor abnormal post-translational 

change or there is an alteration of the TP-activated proteins. Although the functional effect of 

doxorubicin treatment on TP receptors-mediated vasocontraction has not been investigated prior, Lv 

et al.et al. showed that chronic doxorubicin-induced cardiotoxicity enhances platelet activity leading 

to thrombus and vascular injury in 10-week-old C57BL/6 mice after 4 weeks of doxorubicin injection 

at a concentration of 5 mg/kg/week (Lv et al., 2020). In SMC, thromboxane A2 binds to TP receptors 
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leading to phospholipase C (PLC) activation. PLC hydrolyses PIP2 in DAG and IP3 leading to PKC 

activation and intracellular calcium accumulation. This pathway induces vasoconstriction and platelet 

activation, which alter the platelets' shape, aggregation and secretion. Pathological changes of TP 

receptor pathways can lead to CVDs, like atherosclerosis, myocardial infarction and hypertension (Neri 

Serneri et al., 1983, Katugampola and Davenport, 2001, Smyth, 2010, Martin, 1984).  

Interestingly, Sikarwar et al.et al. (2014) showed that the Gαq protein associated with the TP receptor 

of pulmonary arteries was altered on a post-translational level in hypoxic pulmonary hypertension 

(Sikarwar et al., 2014), which is consistent with this study’s hypothesis that doxorubicin treatment 

may induce increased TP-mediated vasocontraction on either post-translational level or through 

alteration of the TP-activated proteins. The study by Sikarwar et al.et al. used an in vivo model of 

hypoxic pulmonary hypertension (HPH) in HEK293T cells stably expressing TPα to investigate the 

potential post-translational change of Gαq involved in HTH and showed that hypoxia increases the 

palmitoylation of Gαq, which facilitates the association of TP receptor and Gαq and thus leading to 

elevated TP-mediated vasocontractile response. This study’s results showed that the affinity of TP 

receptor for the TP receptor specific agonist U46619 was increased after doxorubicin treatment, which 

could be due to an increase of the GPCRs trafficking and coupling by post-translational changes, 

leading to the observed TP receptor hyper-responsiveness in agreement with Sikarwar’s study 

(Sikarwar et al., 2014). 

The present study demonstrated that 5 µM and 10 µM MEK 1/2 inhibitor U0126 treatment attenuated 

the doxorubicin-induced increase in TP receptor-mediated vasocontraction on a post-translational 

level or through the regulation of TP-activated proteins. Interestingly, mono-incubation with 5 µM 

MEK 1/2 inhibitor U0126 increased the TP receptor protein levels compared to vehicle-incubated LAD 

vessels, however, the TP receptor-mediated vasocontraction through U46619 was unaltered in vehicle 

and U0126 mono-incubated LAD vessels. Previous studies have identified that MEK/ERK 1/2 inhibition 

alleviates the TP elevated vasocontractile response in in vitro experiments with isolated rat cerebral 

arteries exposed to cigarette smoking particle risk factors (Sandhu et al., 2010), and in in vitro 

experiments with isolated human cerebral arteries after organ culture incubation which mimics 

cerebral ischaemia conditions (Ansar et al., 2013), which is in agreement with the findings from this 

study. Previous studies have shown that 10 µM U0126 treatment added 6 hrs following the initial 

incubation alleviates the elevated TP-mediated vasocontractile response of 48 hrs-incubated rat 

cerebral arteries without transcription and translation changes (Sandhu et al., 2010) and 5 µM U0126 

treatment alleviates the vasocontractile response observed in fresh human cerebral arteries without 

altering the TP receptor expressions (Ansar et al., 2013), which underline that U0126 confers vascular 

protection in rodent and human arteries by alleviating the TP receptor vasoconstriction in CVD 
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models. The optimal U0126 concentration to attenuate the doxorubicin-increased TP-mediated 

vasocontraction is 5 µM, because, as for 5-HT1B receptors, the 10 µM U0126 excessively reduces the 

TP-mediated vasoconstriction of doxorubicin-treated LAD arteries compared to vehicle-treated LAD 

arteries, while the 5 µM U0126 alleviates the TP–mediated vasoconstriction of doxorubicin-treated 

LAD arteries until the recovery of the vasocontractile response observed in vehicle-treated LAD 

arteries. 

 

 Expression of vascular injury associated circulating miRNAs in cancer patients 

treated with anthracycline: 

In addition to the rat vascular studies with the cardiotoxic chemotherapy drug doxorubicin, this study 

also investigated the expression of circulating miRNAs in pooled samples of cancer patients treated 

with anthracycline chemotherapy using the TaqMan miRNA Array card technology, with follow-on 

emphasis on vascular injury associated miRNA expression in individual samples of cancer patients. The 

TaqMan miRNA Array card is a high-throughput and accurate tool for quantitative analysis of 

differential miRNA expression from samples using real-time qPCR technology. The array versus 

individual miRNA results were similar, but not completely identical, and this can be attributable to (i) 

the pre-amplification step during the experiment with TaqMan miRNA Array card, which increases the 

sensitivity of qPCR analysis compared to the individual real-time qPCR without pre-amplification step 

(Sekovanic et al., 2021). Furthermore, there is also (ii) the low number of patients in this study, in 

particular when patients are clustered in two groups depending of the development of cardiac events, 

or (iii) the risk of human error in handling during the individual assays and both can lead to an high 

variability of miRNA expression levels. In previous studies, the miRNAs miR-10a, miR-126, miR-143, 

miR-150 and miR-320a have been associated with vascular diseases (Luo et al., 2016, Fish et al., 2008, 

Zhao et al., 2015, Devaux et al., 2013, Sommariva et al., 2017) and in this study, all five miRNAs were 

significantly reduced when analysed using the TaqMan miRNA Array technology on pooled patients 

samples at 3 months post-chemotherapy compared to baseline, whereas the expression of miR-10a, 

miR-150 and miR-320a was reduced at post-chemotherapy compared to baseline as well. However, in 

individually assessed cancer patients’ samples only miR-126, miR-150 and miR-320a expression levels 

were decreased in post-chemotherapy compared to baseline in cancer patients suffering from 

cardiovascular complications, whereas at time point 3 months post-chemotherapy the expression of 

miR-126, miR-150 and miR-320a had returned to baseline. Only the expression of miR-150 was 

decreased at both post-chemotherapy and 3 months post-chemotherapy compared to baseline in 

patients without cardiovascular complications.  
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In the present study, the circulating miR-10a was significantly reduced in pooled plasma samples of 

cancer patients at both post-chemotherapy and 3 months post-chemotherapy time points compared 

to baseline when analysed with the TaqMan miRNA Array card. Studies have shown that circulating 

miR-10a levels are reduced in CVDs, such as coronary artery disease (Luo et al., 2016) or 

atherosclerotic disease (Fang et al., 2010, Kuo et al., 2021). The reduction of circulating miR-10a at 

both post-chemotherapy time points in cancer patients underlines a potential involvement of miR-

10a in chemotherapy-induced cardiotoxicity.  

A decrease in circulating miR-126 level has been associated with CVDs including atherosclerosis (Kin 

et al., 2012), coronary artery disease (Wang et al., 2017) and heart failure (Seronde et al., 2015). 

Furthermore, it was shown that miR-126 is down-regulated in the plasma samples of cancer patients 

during Epirubicin/cyclophosphamide chemotherapy followed by docetaxel neoadjuvant 

chemotherapy-induced cardiotoxicity (Pereira et al., 2020), highlighting the potential involvement of 

circulating miR-126 in drug-induced vasotoxicity. The current study underlined the reduced circulating 

miR-126 levels in cancer patients 3 months post-chemotherapy compared to baseline according to the 

miRNA array card study and in cancer patients with cardiovascular complications at time point post-

chemotherapy compared to baseline according to the individual miRNA study.  

The circulating miR-143 levels were reduced only at the time point 3 months post-chemotherapy 

compared to baseline according to the miRNA array card analysis. Reduced levels of circulating miR-

143 have been associated with hypertension in patients (Kontaraki et al., 2014), which is in agreement 

with the findings of this study.  

Previous studies have shown that circulating miR-150 levels are reduced in AMI patients (Devaux et 

al., 2013) or during cardiac hypertrophy (van Rooij et al., 2006). In animals, a study using a mice model 

to assess doxorubicin-induced cardiotoxicity on the miR-150 expression levels showed that a 

reduction in circulating miR-150 level was observed at low doses of doxorubicin, whereas cTnT levels 

remained unaltered in the mice. This study suggested that miR-150 might be an interesting target to 

identify early diagnosis of doxorubicin-induced cardiotoxicity (Desai et al., 2014). In agreement with 

Desai et al.et al., the current work showed a decrease of circulating miR-150 at both post-

chemotherapy and 3 months post-chemotherapy compared to the baseline level of pooled plasma 

from cancer patients according to the miRNA array card analysis. However, the individually assessed 

miR-150  results showed that patients with and without cardiovascular complications had a decrease 

in the circulating miR-150 levels post-chemotherapy compared to baseline, while cancer patients 

developing cardiac issues had a recovery of their miR-150 level 3 months post-chemotherapy where 

the miR-150 levels went back to baseline. 
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Circulating miR-320a expression levels have been associated with several heart diseases including 

arrhythmogenic cardiomyopathy (Sommariva et al., 2017), thoracic aortic dissection (Zou et al., 2017) 

and STEMI(Jakob et al., 2017, Galeano-Otero et al., 2020). In the present study, the miR-320a 

expression level in pooled cancer patient plasma samples was reduced post-chemotherapy and 3 

months post-chemotherapy compared to baseline. Furthermore, analysis of miR-320a expression in 

individual samples highlights that decrease of circulating miR-320a level at post-chemotherapy 

compared to baseline in cancer patients who developed cardiac issues, as well as in patients with and 

without cardiovascular complications. At time point 3 months post-chemotherapy the expression level 

of miR-320a went back to baseline. This finding is consistent with a study that showed a reduction of 

miR-320a in human plasma after anthracyclines treatment (Yin et al., 2016).  

 

7.2.  Study Limitations / Further suggestions 

In the current study, the MEK 1/2 inhibitor U0126 was diluted in DMSO, which is known to induce 

toxic effects at higher doses. DMSO is frequently used in pharmacology and toxicology studies to 

facilitate drug delivery and no toxic effects have been reported at doses ≤ 0.5 % (Sangweni et al., 

2021). The percentage of DMSO used during this study did not exceed 0.5 % in order to minimise the 

potential negative toxic effect of DMSO on LAD arteries. Although DMSO concentration has no adverse 

effects in this in vitro model, the use of U0126 dissolved in DMSO may be unfavourable to explore 

further in potential in vivo studies. However, some studies have already used DMSO to dissolve U0126 

in rat in vivo models, such as the Povlsen et al.et al. (2015) study, which diluted U0126 in an isotonic 

saline solution plus 0.1 % DMSO (Povlsen and Edvinsson, 2015). Interestingly, in another study, 

Christensen et al.et al. (2019) replaced DMSO with cremophor EL to dilute U0126, as they reasoned 

that cremophor EL is already used as vehicle in clinical trials and is a synthetic non-ionic surfactant and 

is therefore a more suitable dissolvent. Furthermore, this study showed that U0126 treatment effects 

were similar with either DMSO or cremophor EL dilutions (Christensen et al., 2019). 

Studies with similar GPCR functional vascular experiment layouts have investigated the receptor 

expression using the western blot technique (Skovsted et al., 2015, Zhang et al., 2008). In the current 

study, the receptor expression in SMC of LAD arteries was investigated by immunohistochemistry 

using a performant confocal microscope Eclipse Ti2 (Nikon Instruments Inc. Tokyo, Japan) with the AR 

package of NIS-elements software to quantify the fluorescence intensity. Using the 

immunohistochemistry technique in this study allowed for the quantification and localisation of the 

specific GPCRs in the SMC of the LAD arteries. However to complete the findings it could be interesting 

to also quantify the expression of the receptor using the western blot technique. 
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In the present study, doxorubicin-induced cardiotoxicity was investigated only on GPCR-mediated 

vasoconstriction. It has been shown by clinical studies that arterial stiffness is increased in patients 

treated with anticancer drugs, both during and after the chemotherapy treatment, including 

doxorubicin (Parr et al., 2020, Mozos et al., 2017, Chaosuwannakit et al., 2010). In future 

investigations, it could be interesting to assess the doxorubicin-induced cardiotoxicity effect on the 

GPCR-mediated vasodilatory response as well, such as β-adrenoreceptors in SMC, which induce the 

artery relaxation through Gs activation and cAMP formation (Itoh et al., 1982) or angiotensin II type 2 

in human RCs from coronary micro-arteries, which activate B2 receptors and NO release (Batenburg 

et al., 2004). 

The current project focused on four specific GPCRs – endothelin ETA/ETB receptors, serotonin 5-HT1B 

receptors and TP receptors – to investigate the doxorubicin-induced vasotoxicity. In further studies, 

the serotonin 5-HT2A receptor would have been an interesting choice, as the serotonin 5-HT2A receptor 

is involved in the vascular tone of coronary arteries (Kaumann et al., 1994). The study of 5-HT2A 

receptors would allow a better understanding of the doxorubicin-induced vasotoxicity effects on the 

post-translational level pathways since 5-HT2A activation leads to the activation of the same signalling 

pathway through the activation of PLC - and thus the intracellular calcium release mediated 

vasocontraction - as observed during ETA, ETB and TP receptors activation and signalling (Nagatomo et 

al., 2004).  

In the miRNA study, the number of cancer patients treated with chemotherapy was low compared to 

other studies, which used a cohort of patients to investigate the miRNAs expression level during CVD 

development. However, since plasma samples are pooled prior to application on the TaqMan miRNA 

Array cards it increases the miRNA detection and specificity of the results. Furthermore, this study 

aimed to underline miRNAs related to chemotherapy-induced vascular injury in patients samples split 

up depending of the development of cardiovascular complications, which unfortunately reduced the 

number of cancer patients further. Further studies with a larger cohort of patients included are 

necessary to determine if the circulating vascular injury-associated miRNAs identified in this study 

could be used as early biomarkers of chemotherapy-induced cardiac- and vascular- injury in circulating 

cancer patient samples. 
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7.3. Conclusion 

This novel study demonstrated that doxorubicin treatment in an in vitro organ culture setting of rat 

LAD arteries altered the ETA, ETB, 5-HT1B and TP-mediated vasocontractile response through 

intracellular mechanisms. Doxorubicin treatment reduced the transcriptional levels of both 

endothelin receptors, while it increases the transcriptional level of serotonin 5-HT1B receptors, while 

the 5-HT1B receptor levels were also increased by doxorubicin treatment. This study suggests that the 

alteration of the vascular tone through ETA, ETB or TP receptors might be induced by intracellular 

transcriptional or post-translational modifications. To the best of our knowledge, this is the first study 

to show that doxorubicin-induced vasotoxicity is associated with altered ETB-, 5-HT1B- and TP-

mediated vasocontractile responses. Furthermore, this study also demonstrated that the MEK/ERK 

1/2 pathway might be interesting to target to attenuate the doxorubicin-meditated vasocontractile 

response. (Figure 7-1). 

 

 

Figure 7-1: Summary of the effect of doxorubicin-induced vasotoxicity on the four studied GPCRs 

(i.e. ETA, ETB, 5-HT1B and TP receptors) and the intracellular pathways leading to vasocontraction. 

Mechanoreceptors and integrins initiate the MEK/ERK signalling pathways in response to physiological 

stress and lead to the activation of growth factors, such as NK-κB and the transcription of GPCRs, and 

thus promote the GPCRs expression on smooth muscle cells (SMC) membrane. However, this 

MEK/ERK pathway is inhibited by a MEK 1/2 receptor: U0126. The activation of the endothelin A and 

B receptors and TP receptors in SMC initiates the same signalling pathway with the activation of the 

phospholipase C (PLC). PLC hydrolyses phosphatidylinositol 4,5-biphosphate (PIP2) to diacylglycerol 

(DAG) and inositol triphosphate (IP3) promoting the protein kinase C (PKC) activation and IP3 

stimulated release of calcium from the sarcoplasmic reticulum, which leads to a strong vasocontractile 

response. The activation of 5-HT1B receptors on the SMC membrane initiates a different signalling 

pathway with the inhibition of the adenylyl cyclase (AC). The AC inhibition reduces the second 
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messenger cAMP formation and protein kinase A (PKA) activity leading to intracellular calcium release 

from the sarcoplasmic reticulum, and thus a strong vasoconstriction. GPCR = G-protein coupled 

receptors, expr = expression 

 

The present study also demonstrated that the expression level of five vascular injury-associated 

miRNAs (i.e. miR-10a, miR-126, miR-143, miR-150 and miR-320a) was down-regulated in cancer 

patients treated with anthracyclines at time points post-chemotherapy compared to baseline. 

Interestingly, the reduced miRNA expression levels of miR-126 and miR-320a were associated with the 

development of cardiovascular complications in the in cancer patients post-chemotherapy, which 

underlines the potential use of miR-126 and miR-320a as biomarkers to assess chemotherapy-induced 

cardiotoxicity at an early stage. 

 

From this study, it is evident that doxorubicin has a vasotoxic effect in the coronary vasculature and 

increases the vascular tone through GPCRs and the MEK/ERK 1/2 pathway activation. Furthermore, 

doxorubicin therapy of cancer patients can result in severe cardiotoxicity and key miRNAs associated 

with vascular injury are altered specifically in doxorubicin treated cancer patients that are diagnosed 

with cardiovascular complications.    
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9. Appendices 

9.1. The pharmacokinetics of the GPCR specific agonists and antagonists used 

in chapters 4 and 5: 

 

Table 9.1: Selectivity of the agonists used to study the GPCRs-mediated vasoconstriction. KD = 

Dissociation constant, which represents the inverse of receptor’s affinity to the ligand when at 

equilibrium, and smaller is KD, higher is the affinity of receptor to the ligand (Salahudeen and Nishtala, 

2017). pEC50 = negative logarithm of the agonist concentration that produces 50 % of the maximal 

contraction, LV = Left ventricle, ETA = Endothelin A receptors, ETB = Endothelin B receptors, 5-HT1B = 

5-hydroxytryptamine receptors 1B, 5-HT2A = 5-hydroxytryptamine receptors 2A, TP = thromboxane 

prostanoid receptors. 

Agonist Receptors Selectivity Receptors localisation Reference 

Sarafotoxin 
6c 

ETB KD 0.06 nM Rat LV 

(Russell and 
Davenport, 1996) 

ETA KD 3.50 µM Rat LV 

ETB KD 0.34 nM Human LV 

ETA KD 2.00 µM Human LV 

Endothelin-1 ETA/B 
KD 0.093 nM Rat Heart 

(Liu et al., 1990) 
KD 12.70 pM Human LV muscle strips 

5-
carboxamido
tryptamine 

5-HT1B pEC50 10-7.9 M 
A7r5* (Rat) (Hoyer et al., 1994) 

5-HT2A pEC50 10-3.5 M 

U46619 TP EC50 7.0 nM Rat aorta (Ko et al., 1995) 

* fibroblast-like cell isolated from the aortic thoracic smooth muscle of an embryonic rat 
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Table 9.2: Selectivity of the antagonists used to study the GPCRs-mediated vasoconstriction. KD = 

Dissociation constant, which represents the inverse of receptor’s affinity to the ligand when at 

equilibrium, and smaller is KD, higher is the affinity of receptor to the ligand (Salahudeen and Nishtala, 

2017). KB = the equilibrium dissociation constant of the antagonist. pA2 = The measure of the affinity 

of a competitive antagonist for specific receptor, pKi = inhibition constant of the antagonist, LV = Left 

ventricle, ETA = Endothelin A receptors, ETB = Endothelin B receptors, 5-HT1B = 5-hydroxytryptamine 

receptors 1B, 5-HT2A = 5-hydroxytryptamine receptors 2A, TP = thromboxane prostanoid receptors. 

Antagonist Receptors Selectivity Receptors localisation Reference 

BQ788 

ETB KD 31 nM Rat LV 

(Russell and 
Davenport, 1996) 

ETA KD 1.39 µM Rat LV 

ETB KD 9.8 nM Human LV 

ETA KD 1.01 µM Human LV 

BQ123 
ETA KD 1.18 nM Rat LV (Peter and Davenport, 

1996) ETB KD 1370 µM Rat LV 

GR55562 
5-HT1B pKi 7.4 Human cerebral arteries (Nilsson et al., 1999a) 

5-HT1B KB ≈100 nm Rat hippocampus (Mlinar et al., 2003) 

Seratrodast TP pA2 8.4 Rat aorta (Zhang et al., 1996) 
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9.2. The difference in vasocontraction between specific groups and the statistical significance (Chapter 4):  

 

Table 9-3: The difference of contraction between 0.25 % DMSO and 5 µM U0126 groups and the p values during the vasocontractile response 

to the cumulative application of sarafotoxin 6c (S6c) (ETB receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD 

arteries. Doxo = doxorubicin, S6c = sarafotoxin 6c. 

 

Log(S6c) 14 13.5 13 12.5 12 11.5 11 10.5 10 9.5 9 8.5 8 7.5 

Vehicle 
group 

versus: 

Doxo 

Difference 
(%) 

3 4 3 6 4 6 5 9 8 -11 -29 -50 -60 -50 

p value > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 0.171 
< 

0.0001 
< 

0.0001 
< 

0.0001 

Doxo + 
U0126 

Difference 
(%) 

0 0 0 2 2 2 2 10 6 -6 -28 -52 -72 -65 

p value > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 0.076 
< 

0.0001 
< 

0.0001 
< 

0.0001 

Vehicle 
+ 

U0126 

Difference 
(%) 

0 2 4 3 5 8 10 15 14 -3 -4 -15 -5 3 

p value > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 

Doxo 
group 

versus: 

Doxo + 
U0126 

Difference 
(%) 

-3 -4 -3 -4 -2 -4 -3 1 -2 5 1 -2 -12 -15 

p value > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 > 0.99 
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Table 9-4: The difference of contraction between 0.5 % DMSO and 10 µM U0126 groups and the p values during the vasocontractile response 

to the cumulative application of sarafotoxin 6c (S6c) (ETB receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD 

arteries. Doxo = doxorubicin, S6c = sarafotoxin 6c. 

 

Log(S6c) 14 13.5 13 12.5 12 11.5 11 10.5 10 9.5 9 8.5 8 7.5 

Vehicle 

group 

Doxorubicin 

Difference 

(%) 6 10 11 18 23 29 32 26 20 -3 -24  -59  -66  -67 

p value > 0.999 > 0.999 > 0.999 0.453 0.162 0.029 0.016 0.073 0.350 > 0.999 0.087 < 0.0001 < 0.0001 < 0.0001 

Doxorubicin 

+ U0126 

Difference 

(%) 
0 2 2 3 5 4 3 0 -9  -38  -79  -109  -123  -124 

p value > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 0.002 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Vehicle + 

U0126 

Difference 

(%) -1 0 0 0 -1 -3 -3 -6 -15 -41 -44 -27 -6 -4 

p value > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 0.001 0.000 0.084 > 0.999 > 0.999 

Doxorubicin 

group 

Doxorubicin 

+ U0126 

% difference -6 -8 -9 -15 -18 -25  -29 -26  -29  -35  -55  -50  -57  -57 

p value > 0.999 > 0.999 > 0.999 0.710 0.363 0.066 0.025 0.052 0.031 0.003 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
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Table 9-5: The difference of contraction between 0.25 % DMSO and 5 µM U0126 groups and the p-values during the vasocontractile response 

to the cumulative application of endothelin-1 (ET-1) (ETA/B receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD 

arteries. Doxo = doxorubicin, ET-1 = Endothelin-1. 

 

Log(ET-1) 14 13.5 13 12.5 12 11.5 11 10.5 10 9.5 9 8.5 8 7.5 

Vehicl
e 

group 

Doxo 

Difference 
(%) 

0 0 -1 0 1 1 4 2 4 4 10 30 8 10 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.0001 

> 
0.999 

0.906 

Doxo 
+ 

U0126 

Difference 
(%) 

0 1 -1 -1 0 0 0 -1 0 0 3 2 -35 -33 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 

< 
0.0001 

< 0 
.0001 

Vehicl
e + 

U0126 

Difference 
(%) 

0 0 0 0 0 0 0 -1 0 -1 0 2 -29 -21 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.001 0.030 

Doxo 
group 

Doxo 
+ 

U0126 

Difference 
(%) 

0 1 0 -1 -1 -1 -4 -3 -4 -4 -7 -28 -43 -43 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.0003 

< 
0.0001 

< 
0.0001 
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Table 9-6: The difference of contraction between 0.5 % DMSO and 10 µM U0126 groups and the p-values during the vasocontractile response 

to the cumulative application of endothelin-1 (ET-1) (ETA/B receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD 

arteries. Doxo = doxorubicin, ET-1 = Endothelin-1. 

 

Log(ET-1) 14 13.5 13 12.5 12 11.5 11 10.5 10 9.5 9 8.5 8 7.5 

Vehicl
e 

group 

Doxo 

Difference 
(%) 

4 2 2 4 4 10 12 11 16 20 0 -10 -44 -32 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.527 0.142 

> 
0.999 

> 0.999 
< 

0.0001 
0.003 

Doxo 
+ 

U0126 

Difference 
(%) 

1 1 0 0 1 1 3 2 4 3 -22 -50 -102 -86 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.081 

< 0 
.0001 

< 0 
.0001 

< 0 
.0001 

Vehicl
e + 

U0126 

Difference 
(%) 

1 0 0 0 0 0 0 -1 0 -1 -28 -43 -3 32 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.016 

< 0 
.0001 

> 0.999 0.010 

Doxo 
group 

Doxo 
+ 

U0126 

% 
difference 

-3 -1 -2 -4 -3 -9 -9 -9 -12 -17 -22 -40 -58 -54 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.985 0.297 0.049 

< 
0.0001 

< 
0.0001 

< 
0.0001 
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Table 9-7: The difference of contraction between 0.25 % DMSO and 5 µM U0126 groups and the p-values during the vasocontractile response 

to the cumulative application of 5-carboxamidotryptamine (5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced 

vasocontraction in rat LAD arteries. Doxo = doxorubicin, 5-CT = 5-carboxamidotryptamine. 

 

Log(5-CT) 12 11.5 11 10.5 10 9.5 9 8.5 8 7.5 7 6.5 6 5.5 

Vehicl
e 

group 

Doxo 

Differenc
e (%) 

1 2 4 3 5 6 7 10 12 14 19 23 39 49 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.944 0.575 0.286 0.046 0.016 0.0003 

< 
0.0001 

< 
0.0001 

< 
0.0001 

Doxo 
+ 

U0126 

Differenc
e (%) 

0 0 1 1 2 3 3 6 6 7 9 13 17 11 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.609 0.140 0.012 0.218 

Vehicl
e + 

U0126 

Differenc
e (%) 

0 0 -1 0 0 0 0 1 0 0 2 1 3 0 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 0.999 > 0.999 > 0.999 

Doxo 
group 

Doxo 
+ 

U0126 

Differenc
e (%) 

-1 -2 -3 -2 -3 -3 -4 -4 -6 -7 -10 -10 -22 -38 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.226 0.260 

< 
0.0001 

< 
0.0001 
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Table 9-8: The difference of contraction between 0.5 % DMSO and 10 µM U0126 groups and the p-values during the vasocontractile response 

to the cumulative application of 5-carboxamidotryptamine (5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced 

vasocontraction in rat LAD arteries. Doxo = doxorubicin, 5-CT = 5-carboxamidotryptamine. 

 

Log(5-CT) 12 11.5 11 10.5 10 9.5 9 8.5 8 7.5 7 6.5 6 5.5 

Vehicl
e 

group 

Doxo 

Differenc
e (%) 

0 1 2 2 4 4 6 6 11 14 16 15 32 22 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.130 0.033 0.007 0.013 

< 
0.0001 

< 
0.0001 

Doxo 
+ 

U0126 

Differenc
e (%) 

-1 0 0 0 2 1 1 2 2 3 3 2 4 -22 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 0.999 

< 
0.0001 

Vehicl
e + 

U0126 

Differenc
e (%) 

-1 0 0 -1 1 0 -1 -1 -1 0 1 -1 -3 -37 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 0.999 

< 
0.0001 

Doxo 
group 

Doxo 
+ 

U0126 

Differenc
e (%) 

-1 -1 -2 -2 -2 -3 -5 -4 -9 -11 -13 -13 -28 -44 

p value 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
> 

0.999 
0.317 0.114 0.046 0.058 

< 
0.0001 

< 
0.0001 
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Table 9-9: The difference of contraction between 0.25 % DMSO and 5 µM U0126 groups and the p-values during the vasocontractile response 

to the cumulative application of U46619 (TP receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries. Doxo 

= doxorubicin. 

 

Log(U46619) 12 11.5 11 10.5 10 9.5 9 8.5 8 7.5 7 6.5 

Vehicle 
group 

Doxo 
Difference (%) -1 -2 -1 0 0 3 1 3 21 47 40 26 

p value > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 0.027 < 0.0001 < 0.0001 0.003 

Doxo + 
U0126 

Difference (%) 0 -2 0 0 -1 1 0 0 6 27 6 -8 

p value > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 0.007 > 0.999 > 0.999 

Vehicle 
+ U0126 

Difference (%) 0 -2 0 0 -1 0 0 -1 1 13 -1 -4 

p value > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 0.620 > 0.999 > 0.999 

Doxo 
group 

Doxo + 
U0126 

Difference (%) 1 0 1 0 -1 -2 -1 -3 -15 -20 -34 -34 

p value > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 0.392 0.076 0.0001 < 0.0001 
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 Table 9-10: The difference of contraction between 0.5 % DMSO and 10 µM U0126 groups and the p-values during the vasocontractile response 

to the cumulative application of U46619 (TP receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries. Doxo 

= doxorubicin. 

 

Log(U46619) 12 11.5 11 10.5 10 9.5 9 8.5 8 7.5 7 6.5 

Vehicl
e 

group 

Doxo 

Difference 
(%) 

-1 -1 -1 -2 1 2 3 5 16 29 29 15 

p value > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 0.194 0.001 0.0004 0.234 

Doxo + 
U0126 

Difference 
(%) 

1 0 0 -1 -2 -2 -2 -1 6 6 -24 -42 

p value > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 0.007 
< 

0.0001 

Vehicle 
+ U0126 

Difference 
(%) 

-1 0 0 -1 -1 -1 -1 -1 1 -12 -51 -44 

p value > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 0.809 
< 

0.0001 
< 

0.0001 

Doxo 
group 

Doxo + 
U0126 

Difference 
(%) 

2 1 1 1 -3 -4 -5 -6 -10 -23 -53 -57 

p value > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 > 0.999 0.005 
< 

0.0001 
< 

0.0001 
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9.3. Results from fresh versus organ cultured-LAD artery molecular studies on 

transcriptional and translational levels of the four GPCRs studied in Chapter 

5:  
(A)                                                                        (B)  
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Figure 9-1: The transcriptional changes induced by organ culture on ETA receptors of LAD arteries. 

(A) The ETA receptors mRNA levels relative to the GAPDH level. Fresh LAD arteries (n=10), Vehicle + 

2.5 µL of DMSO (n=10) and Vehicle + 5 µL of DMSO (n=10). (B) The ETA receptors expression on LAD 

arteries normalised to the fresh group. Fresh LAD arteries (n=3), Vehicle + 2.5 µL of DMSO (n=4) and 

Vehicle + 5 µL of DMSO (n=4). DMSO = Dimethyl sulfoxide. The different group were compared using 

one-way ANOVA and Fisher’s post hoc test (*=p<0.05, **=p<0.01 and ***= p<0.005). 
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Figure 9-2: The transcriptional changes induced by organ culture on ETB receptors of LAD arteries. 

(A) The ETB receptors mRNA levels relative to the GAPDH level. Fresh LAD arteries (n=10), Vehicle + 

2.5 µL of DMSO (n=10) and Vehicle + 5 µL of DMSO (n=10). (B) The ETB receptors expression on LAD 

arteries normalised to the fresh group. Fresh LAD arteries (n=3), Vehicle + 2.5 µL of DMSO (n=4) and 

Vehicle + 5 µL of DMSO (n=4). DMSO = Dimethyl sulfoxide. The different group were compared using 

one-way ANOVA and Fisher’s post hoc test (*=p<0.05, **=p<0.01 and ***= p<0.005). 
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Figure 9-3: The transcriptional changes induced by organ culture on 5-HT1B receptors of LAD arteries. 

(A) The 5-HT1B receptors mRNA levels relative to the GAPDH level. Fresh LAD arteries (n=10), Vehicle 

+ 2.5 µL of DMSO (n=10) and Vehicle + 5 µL of DMSO (n=10). (B) The 5-HT1B receptors expression on 

LAD arteries normalised to the fresh group. Fresh LAD arteries (n=4), Vehicle + 2.5 µL of DMSO (n=3) 

and Vehicle + 5 µL of DMSO (n=4). DMSO = Dimethyl sulfoxide. The different group were compared 

using one-way ANOVA and Fisher’s post hoc test (*=p<0.05, **=p<0.01 and ***= p<0.005). 
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Figure 9-4: The transcriptional changes induced by organ culture on TP receptors of LAD arteries. (A) 

The TP receptors mRNA levels relative to the GAPDH level. Fresh LAD arteries (n=10), Vehicle + 2.5 µL 

of DMSO (n=10) and Vehicle + 5 µL of DMSO (n=10). (B) The TP receptors expression on LAD arteries 

normalised to the fresh group. Fresh LAD arteries (n=4), Vehicle + 2.5 µL of DMSO (n=3) and Vehicle + 

5 µL of DMSO (n=4). DMSO = Dimethyl sulfoxide. The different group were compared using one-way 

ANOVA and Fisher’s post hoc test (*=p<0.05, **=p<0.01 and ***= p<0.005). 
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10. Ethics: 

10.1. Animal experiment: 
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10.2. Human plasma experiment: 
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	In conclusion this study shows for the first time that doxorubicin mediated its vasotoxic and cardiotoxic adverse effect on coronary vessels by targeting specific GPCRs through the MEK/ERK 1/2 pathway, and that doxorubicin-treatment of cancer patients alters key circulating vascular injury-associated miRNAs. Overall, this study has improved the understanding of doxorubicin-mediated cardiovascular adverse effects and the vascular and intracellular mechanisms involved.  
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	Chapter 1:  
	1. Introduction 
	1.1.  Cancer treatment options are improving 
	According to the World Health Organisation (WHO), cancer was one of the leading causes of death in 2019. In 2020, GLOBOCAN reported that worldwide 19.3 million new cancer cases emerged and that approximately 10 million cancer deaths had occurred (Sung et al., 2021). Despite the increase in number of new cancer cases, the cancer survival rate has doubled in UK in the last 40 years (CancerResearchUK). This is due to the development of new treatment options and new screening tools to aid the early detection an
	Different treatment options, including surgery, chemotherapy, radiotherapy and immunotherapy, are used against cancer, depending on the type of cancer, cancer development and risk factors (Sudhakar, 2009). The surgery method is the oldest oncological discipline (Wyld et al., 2015) and new surgical techniques including cryosurgery were developed in the last decade to treat localised tumours, e.g. prostate cancer (Tarkowski and Rzaca, 2014). In the last decades, surgery was used in combination with new cancer
	protein production (Colvin, 2002). Alkylating agents are mostly used to treat gynaecological oncology (Chu and Rubin, 2018). The next type of chemotherapeutic drugs approved by FDA in 1953 were the antimetabolites, e.g. methotrexate and 6-meracptopurine (Dembic, 2020). Antimetabolites family is divided in five types: folate antagonists, pyrimidine antagonists, purine antagonists, sugar-modified analogues and ribonucleotides reductase inhibitors (Sandhu and Maddock, 2014). Antimetabolites inhibit the DNA syn
	the inhibition of T-cells activation by blocking the CD28 signal. PD-1 on T-cells surface binds to PDL-1 expressed on tumour cells and through a negative regulation inhibit the T-cells activation. These three immune checkpoints are overexpressed in the tumour microenvironment, which supress the T-cell activity and increase the tumour resistance (Fan et al., 2021). ICI blocks the IC receptors and allows the tumour-reactive T cells activation, which leads to the effective activation of anti-tumour response (W
	 
	1.2.  Side-effects of cancer-therapy drugs 
	Although the efficiency of anti-cancer treatments improved over the last decades, the rise of the number of cancer survivors was followed by a rise of severe adverse effects. One of the main concerns of radiotherapy treatment is the risk for cancer survivors to develop secondary malignancies in the 10 – 15 years post-therapy. Furthermore, the severe adverse effects observed in cancer survivors treated with radiotherapy are cardiovascular, gastrointestinal and pulmonary adverse effects (Berkey, 2010). Althou
	drugs, however, the main adverse effect of doxorubicin is cardiotoxicity (Sandhu and Maddock, 2014). Doxorubicin-induced cardiotoxicity is induced through several intracellular mechanisms including mitochondrial dysfunction, reactive oxygen species (ROS) production (Gille and Nohl, 1997), oxidative stress (Minotti et al., 2004), apoptosis (Kaufmann and Earnshaw, 2000), and myofibril damage (Ito et al., 1990), all leading to cardiac injury in doxorubicin-treated patients (Suter and Ewer, 2013). Cardiovascula
	Figure 1-1: Cardiac adverse effects of anti-cancer drugs and monitoring techniques used in clinics. Taken from (Huang et al., 2022). 
	 
	1.3.  Assessment of cardiac injury in the clinic 
	Anti-cancer therapy-induced cardiac injury can be assessed by imaging techniques and various circulating myocardial damage biomarkers. Management of the anti-cancer therapy-induced cardiotoxicity starts prior to the anti-cancer treatment with a baseline work-up and continues with a follow-up of the potential cardiac adverse effects development during and after the chemotherapy. Firstly, the baseline work-up includes the cardiac disease history of the patients, clinical examination with imaging techniques, s
	consensus recommends to assess the left ventricular (LV) function after a cumulative dose of anthracycline 250 mg/m2, where m2 is the body surface area, is reached and then after each additional 100 mg/m2, and to periodically measure circulating biomarkers (Curigliano et al., 2020). Furthermore, ESMO suggests that the assessment of cardiotoxicity post-chemotherapy is performed 6 – 12 months post-chemotherapy with cardiac biomarkers and potentially imaging techniques, and then to do a follow-up check-up ever
	The detection of early cardiac injury is commonly assessed by monitoring left ventricular ejection fraction (LVEF), using echocardiography (ECG) or cardiac magnetic resonance imaging (MRI), which are both non-invasive techniques (Thavendiranathan et al., 2013, McKillop et al., 1983). Doppler ECG evaluates LVEF and detects myocardial injury (McKillop et al., 1983). Doppler ECG is a 2-dimensional ECG, which monitors the heart structure and function (Anavekar and Oh, 2009), however, ECG is not highly sensitive
	The cardiotoxicity can also be assessed through circulating biomarkers of cardiac injury such as cardiac troponin I (cTnI) and B-type natriuretic peptide (BNP), or inflammatory biomarkers such as interleukins and C-reactive protein (Berezin and Berezin, 2020). In the present study, cardiac biomarkers used to assess the anti-cancer therapy-induced cardiotoxicity in cancer patients were cardiac troponin T and N-terminal proBNP (NT-pro-BNP). There are two cardiac troponin isoforms: The cTnI expressed in cardia
	1.4.  Anthracyclines 
	Anthracyclines are among the most potent and commonly used chemotherapeutic agents (Hutchins et al., 2017). The anthracycline chemotherapy regimen is used to treat various solid tumours, such as breast cancer, leukaemia, lymphoma, melanoma and uterine cancer. The anthracycline family is composed of antineoplastic agents isolated from bacteria (Martins-Teixeira and Carvalho, 2020). The first anthracycline isolated from Gram-positive Streptomyces paucetius is daunorubicin, in the 1960s, followed by the discov
	Among the several anthracyclines discovered over the last decades, the four most common anthracyclines are daunorubicin, doxorubicin, epirubicin and idarubicin (Table 1-1). Doxorubicin and daunorubicin are both from the first generation of anthracycline and half a century after their discovery, both are still frequently used in clinics. The structure of doxorubicin differs from the structure of daunorubicin through the side chain which contains an alcohol group, while daunorubicin’s side chain contains a me
	Despite their potency, doxorubicin and daunorubicin treatments are limited by cancer resistance and cardiac adverse effects. It is known that some cancer cells develop a resistance to several anti-cancer drugs by altering the membrane transport, which is the primary mechanism against anti-cancer treatment (Chien and Moasser, 2008). Furthermore, anthracycline treatment is associated with cardiotoxicity as the main adverse effect and anthracycline-induced cardiotoxicity is exponentially dose-dependent (Raj et
	 
	Table 1-1: Characteristics of the different types of anthracyclines. Adapted from (Dembic, 2020, Minotti et al., 2004, 2012, Pinedo, 2006, Martins-Teixeira and Carvalho, 2020) 
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	Cancers treated 
	Cancers treated 

	Clinical maximal cumulative dose 
	Clinical maximal cumulative dose 

	Year of approval by FDA 
	Year of approval by FDA 
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	Doxorubicin 
	Doxorubicin 

	 
	 

	Acute leukaemia 
	Acute leukaemia 
	Hodgkins disease and non-Hodgkins lymphomas 
	Sarcoma 
	Solid tumours 

	500 to 550 mg/m2 
	500 to 550 mg/m2 
	(Robert, 1993) 

	1974  
	1974  


	TR
	Span
	Daunorubicin 
	Daunorubicin 

	 
	 

	Acute myeloid leukaemia (AML) 
	Acute myeloid leukaemia (AML) 
	Acute lymphoblastic leukemia (ALL) 

	330 mg/m2 
	330 mg/m2 
	(Pophali and Litzow, 2017) 

	1979 
	1979 
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	Breast cancer 
	Breast cancer 
	Gastric cancer 
	non-Hodgkin lymphoma 

	900 to 1000 mg/m2 (Robert, 1993) 
	900 to 1000 mg/m2 (Robert, 1993) 

	1999 
	1999 
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	Idarubicin 
	Idarubicin 

	 
	 

	Acute myeloid leukemia (AML) 
	Acute myeloid leukemia (AML) 
	 

	/ 
	/ 

	1990 
	1990 
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	The second generation of anthracyclines, including epirubicin and idarubicin, were developed to overcome the resistance and cardiac adverse effects of the first generation. Epirubicin, a doxorubicin analogue is approximately 30 % less cardiotoxic than doxorubicin, but is also less potent than doxorubicin (Martins-Teixeira and Carvalho, 2020). On the other hand, idarubicin shares similar activities with daunorubicin against leukaemia, but is also used to treat some solid cancer (Minotti et al., 2004). The fa
	 
	 Doxorubicin  
	The present study is focused on the investigation of doxorubicin-induced cardiotoxicity. Doxorubicin, also known as Adriamycin, is one of the most efficient chemotherapeutic drugs, widely used in many solid cancers. Unfortunately, it can also lead to severe cardiovascular adverse effects. Indeed, patients treated with doxorubicin have 4 % risk of developing congestive heart failure at a cumulative dose of 500 mg/m2, and the risk increase with the dose with 36 % risk to develop congestive heart failure if th
	 
	 Mechanism of doxorubicin during cancer-therapy 
	Despite many inquisitive studies, the exact doxorubicin-induced cardiotoxicity mechanism of action remains partially unknown (Minotti et al., 2004). However, there are three proposed mechanisms involved: (i) intercalation of doxorubicin into DNA strands, (ii) topoisomerase II (Top2) suppression leading to DNA damage and (iii) generation of free radical species (Figure 1-2) leading to cellular apoptosis (Bhagat and Kleinerman, 2020). 
	 
	 
	Figure
	Figure 1-2: Mechanisms of action of doxorubicin in cancer cells. Taken from (Corremans et al., 2019). Doxorubicin induces cancer cell death through three main mechanisms of action: the formation of a complex Top2-Dox-DNA, the intercalation of Dox into DNA strands and the generation of ROS.  Top2 = Topoisomerase II, ROS = reactive oxygen species, IA = DNA intercalating agent, Dox = doxorubicin. 
	 
	Doxorubicin inhibits DNA synthesis through DNA intercalation into the site containing adjacent guanine-cytosine (GC) base pairs and thus induces the formation of doxorubicin-DNA adducts (Yang et al., 2014). The doxorubicin-DNA adducts can activate the DNA damage responses and thus leads to cancer cell apoptosis (Bhagat and Kleinerman, 2020). In addition to the formation of doxorubicin-DNA adducts, doxorubicin can also inhibit DNA synthesis by suppressing the Top2 activity. DNA topoisomerases are nuclear enz
	Another important anti-tumour mechanism of doxorubicin is the generation of free radical species leading to oxidative stress (Bhagat and Kleinerman, 2020). In the outer mitochondrial membrane, doxorubicin is reduced by the complex I to lipophilic doxorubicin deoxyaglycone. This form of doxorubicin enters into the inner membrane and competes with coenzyme Q10 as an electron acceptor (Nebigil and Desaubry, 2018). The doxorubicin form is oxidised through a one-electron reduction, such as cytochrome P450 reduct
	 
	 Mechanisms of doxorubicin-induced cardiotoxicity 
	Doxorubicin targets cancer cells, however non-malignant cells, including heart cells, can be affected by the cytotoxic effect of doxorubicin as well (Corremans et al., 2019).  Doxorubicin-mediated cardiotoxicity involves various intracellular mechanisms and factors (Thorn et al., 2011). The cardiotoxicity of doxorubicin has been observed to imply different mechanisms, such as oxidative stress, calcium metabolism disorders and systemic inflammation (Podyacheva et al., 2021), presented in Figure 1-3. 
	 
	Figure
	Figure 1-3: Mechanisms of cardiotoxicity induced by doxorubicin (DOX). Adapted from (Corremans et al., 2019). A: Doxorubicin alters transcription through DNA intercalation and Top2 activity suppression. B: Doxorubicin accumulates in mitochondria and forms a complex with cardiolipin leading to mitochondrial dysfunction and apoptosis. C: Doxorubicin is converted in doxorubicin semiquinone through a one-electron reduction leading to ROS generation, DNA damage and cell apoptosis. D: Doxorubicin forms a complex 
	During the anti-cancer treatment, doxorubicin enters through passive diffusion and accumulates in the cardiomyocytes (Corremans et al., 2019). Doxorubicin accumulates in the mitochondrial inner membrane and forms an irreversible complex with cardiolipin, leading to mitochondrial dysfunction (Octavia et al., 2012).  The disruption of the mitochondrial activity leads to the release of reactive oxygen species (ROS) including superoxide radical hydrogen peroxide (H2O2) and superoxide anion (O2.) (Zhou et al., 2
	related free radicals activate the oxidative stress and lipid peroxidation, inducing cardiomyocytes apoptosis and thus leads to the cardiac dysfunction observed in patients treated with chemotherapy (Sritharan and Sivalingam, 2021). 
	Doxorubicin can also interfere with iron metabolism in the cardiomyocyte’s cytosol (Xu et al., 2005). In physiological conditions, ferric ion (Fe3+) is transported from serum to the intracellular compartment by transferrin, a transporter protein. Fe3+-transferrin complex is passed in the cell by endocytosis and ferric ions are reduced into ferrous ions (Fe2+) by a Fenton reaction with ferrireductase (Fang et al., 2023). Then, ferrous ions are, depending on intracellular iron level, either stocked in ferriti
	As in cancer cells, the doxorubicin semiquinone converts back into doxorubicin by releasing superoxide radical (O2.), and will either be converted by superoxide dismutase (SOD) in H2O2 or will initiate lipid peroxidation of cardiomyocytes membranes. The lipid peroxidation induces cell membranes injury, which leads to cell apoptosis (Horenstein et al., 2000). Furthermore, lipid peroxidation is also induced through the Fenton reaction, which activates lipoxygenases during the conversion of Fe2+ into Fe3+ (Wu 
	Doxorubicinol is the primary circulating metabolite of doxorubicin and is the product of the two-electron doxorubicin reduction through carbonyl reductases or aldo-keto reductases activity (Piska et al., 2017). Doxorubicinol cardiac toxicity has been investigated in an isolated rabbit papillary muscles model by Olson et al.et al. in 1988. They measured the contractility responses and resting stress of the right ventricular papillary muscle, which was placed in a muscle bath and fixed to a force transducer a
	reducing the contractility of isolated rabbit papillary muscles. Furthermore, they showed that the highest dose of doxorubicin (700 µM) was slightly altering the myocardial resting stress, whereas doxorubicinol at an 8-fold lower dose than doxorubicin, largely increased the myocardial resting stress, and thus depressed the diastole function (Olson et al., 1988). In addition to the study of doxorubicinol toxicity in papillary muscles, Olson and team investigated the effect of doxorubicinol on ion-pump from t
	The doxorubicin-induced cardiotoxicity associated with intracellular calcium overload leads to an abnormal intracellular calcium homeostasis, and thus cardiac contractile dysfunction (Shinlapawittayatorn et al., 2022). The cardiac contraction is initiated by the release of calcium from the sarcoplasmic reticulum (SR) (Walweel and Laver, 2015). The doxorubicin-induced cardiotoxicity is associated with a dysregulation of receptors localised on the SR membrane and involved in the regulation of calcium homeosta
	stiffness is known to be associated with CVDs, such as hypertension, stroke, and congestive heart failure (Laurent and Boutouyrie, 2020, Sutton-Tyrrell et al., 2005, Chae et al., 1999).  
	Doxorubicin-induced cardiotoxicity is also associated with an increase of the inflammatory markers. Interleukin 9 (IL-9) aggravates doxorubicin-induced cardiac injury by promoting the inflammatory response (Ye et al., 2020). A recent study investigated the potential cardiotoxic effect of doxorubicin treatment (15 mg/kg) on IL-9-mediated inflammation response with in vivo model, C57BL/6 mice. They showed that IL-9 levels were significantly elevated in doxorubicin-treated mice and a recombinant mice IL-9 pre-
	Doxorubicin-induced cardiotoxicity has mainly been investigated and documented on cardiomyocytes in pre-clinical studies and on cancer survivors treated with anthracyclines in clinical studies (Rawat et al., 2021). Conversely, the potential vasotoxicity of doxorubicin had been poorly investigated. Some mechanisms observed in cardiomyocytes could also be involved in the cardiovascular system, such as calcium dysregulation or ROS production. Some studies demonstrated that endothelial cells were altered by dox
	 
	1.5.  Anti-cancer drug, vascular toxicity and new therapeutic strategies 
	 Anti-cancer drug-induced vasotoxicity 
	Chemotherapeutic drugs can induce vasotoxicity through “off-target” effects by targeting not only cancer cells, but also the adjacent cells from the vasculature near cancer cells. Many factors, including cardiovascular risk, genetic predispositions and pre-existing CVDs increase the risk of cancer patients 
	treated with chemotherapy to develop vascular issues (Hsu et al., 2021). Anti-cancer drug-induced vasotoxicity is mainly induced by the alteration of endothelial function (Gao and Galis, 2021). The chemotherapy-mediated vasotoxicity leads to the development of cardiovascular issues, including hypertension, coronary artery disease, atherosclerosis and heart failure (Sandhu and Maddock, 2014, Mahdi et al., 2021, Dhalla et al., 2008, Volkova and Russell, 2011).  
	A large number of chemotherapy treatments, including anthracyclines (key cardiotoxic mechanisms of action described in section 1.4.4), lead to an excessive generation of ROS. The overproduction of ROS disrupts the intracellular functions in vascular cells, including calcium and ferric homeostasis, and alters the proteins, lipids and DNA (Hsu et al., 2021). In endothelial cells (ECs), the nitric oxide synthase (NOS) catalyses the substrate L-arginine in nitric oxide (NO), which is a key mediator of vasodilat
	Chemotherapeutic drugs can also promote the loss of density of arterioles and capillaries by altering the endothelial function leading to thrombosis and thus, microvasculature injury (Hsu et al., 2021). 
	Doxorubicin's adverse effects on small arteries from atrial tissue had been investigated by Hader et al.et al. (2019). They analysed the microvascular dysfunction of small arteries on atrial appendages from children and adults cancer survivors and children and adults healthy controls. The authors showed that doxorubicin impaired the endothelial function in both groups, however, the impairment is more significant in children survivors than in adult cancer survivors. Furthermore, the authors suggest that the 
	 
	 Therapeutic strategies against anti-cancer drug-induced vasotoxicity 
	Recent studies investigated new therapeutic strategies to protect the vascular system without altering the anti-tumour effect of anthracyclines. 
	The endothelin-1 (ET-1) is one of the most potent endogenous vasoconstrictive peptide in the cardiovascular system (Nishiyama et al., 2017) and plasma ET-1 level is elevated in patients suffering of CVDs (Wei et al., 1994). In the vascular system, ET-1 activates both endothelin receptor subtypes, ETA and ETB and regulates the vascular tone, through their activation (Liu et al., 2003). Due to the potent vasoconstriction induced by the ET receptors, which is known to be up-regulated in CVDs (Skovsted et al., 
	After the 8-day treatment, the assessment of the vascular function of isolated iliac artery segments in response to the vasodilator acetylcholine and vasoconstrictors ET-1 and phenylephrine. The authors showed that both selective antagonists were alleviating the elevated sunitinib-induced blood pressure, but this increase of blood pressure was exclusively promoted by ETA receptors. Furthermore, the dual ETA/B receptors antagonist increased the ET-1-mediated vasoconstriction in sunitinib-treated rat artery c
	VEGF-B is involved in coronary angiogenesis and ischaemia resistance (Hsu et al., 2021). 
	VEGF-B is involved in coronary angiogenesis and ischaemia resistance (Hsu et al., 2021). 
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	 et al.et al. investigated the potential cardioprotective effect of the VEGF-B gene therapy against acute and chronic doxorubicin-induced cardiotoxicity in an in vivo rodent model. To investigate the acute cardiotoxicity, they administrated a single dose of doxorubicin at a concentration of 15 mg/kg in C57BI6J mice (killed 20 hrs after), following the VEGF-B pre-treatment (AAV9–mVEGF-B186) or control vector, 7 days prior the doxorubicin injection. To investigate the chronic doxorubicin-induced cardiotoxicit

	Another potential strategy to prevent anti-cancer drug-induced vasotoxicity is to target two prokineticin receptors (PKR1 and PKR2) (Hsu et al., 2021). Both receptors are activated by the neuropeptides prokineticins (PROK1 and PROK2), principally released by macrophages (Nebigil, 2009) and in addition,  PROK2 and PKR1 levels are altered in human patients after acute myocardial infarction (Nguyen et al., 2013). Gasser et al.et al. investigated the involvement of PKR1 in anthracycline-induced cardiovascular t
	apoptosis in cultured cardiomyocytes and in cultured ECs, as well. Furthermore, they showed that IS20, an agonist of PKR1, activated the MAPK (mitogen-activated protein kinase) signalling pathway in ECs and prevents doxorubicin-induced apoptosis. Thus, this study showed that the activation of the PKR1 signalling pathway alleviates the cardiovascular adverse effect of doxorubicin in ECs (Gasser et al., 2019). The recent studies underline new strategies to treat anti-cancer drug-induced vasotoxicity and an in
	 
	1.6.  GPCR pathways involved in cardiovascular disease 
	 General introduction 
	G-protein coupled receptors (GPCR) are the largest family of transmembrane proteins involved in the transduction of signals and central regulators of cardiovascular biology (Drake et al., 2006). Approximately 30% of actual clinical pharmaceutical agents available are ligands of GPCRs (Santos et al., 2017). GPCRs have a similar structure and contain a seven-transmembrane α-helical (7TM) coupled with a G protein, as shown in Figure 1-4. Ligands of GPCR can be hormones, neurotransmitters, ions and other stimul
	 
	Figure
	Figure 1-4: Association of the 7TM GPCRs to the four families of G protein. Figure adapted from (Kamato et al., 2015)  
	 
	GPCRs are widely expressed in the cardiovascular system and are already the main targets of drugs used to treat CVDs, including heart failure. GPCRs play an essential role in the function of various cardiac cells including endothelial cells and vascular smooth muscle cells (VSMCs) (Wang et al., 2018). 
	 
	 Endothelin receptors 
	The plasma ET-1 is the main isoform localised in the cardiovascular system (Wang et al., 2018) and it is established that ET-1 levels are increased in patients with chronic heart failure (Wei et al., 1994). In the vascular system, ET-1 binds two types of endothelin GPCR receptors (ETA and ETB) (Wang et al., 2018). There is two other isoforms, ET-2 and ET-3, which also play a role of vasoconstrictors. Both isoforms, ET-2 and ET-3 can also bind to the ET receptor subtypes, ETA and ETB However, ETA receptors h
	 
	 
	Figure 1-5: ETA and ETB receptors signalling pathways in endothelium and smooth muscle cells leading to vasoconstriction or vasodilatation. Taken from (Enevoldsen et al., 2020). 
	 
	ETA receptors are found in SMCs, while ETB receptors are predominantly found in the endothelium, where ETB receptors are involved in vasodilatation by NO and prostaglandin production (Liu et al., 2003), but traces can be found in SMCs as well (Maguire and Davenport, 2015), as shown in Figure 1-5. However, ETB receptors are overexpressed in SMC in presence of vascular injury and induce vasoconstriction (Johnsson et al., 2008). The ETA receptor has an affinity for ET-1 and ET-2 and is the major receptor subty
	 
	 Serotonin 5-HT1B receptors 
	Serotonin was characterised for the first time in 1948 by Maurice Rapport and Irvine Page (Rapport, 1997), and in 1957 serotonin was described as a neurotransmitter (Brodie and Shore, 1957). Serotonin is a monoamine, synthetised in the central nervous system (CNS) and stored in the presynaptic neurons (Mohammad-Zadeh et al., 2008). Serotonin receptors are clustered in 7 groups, from 5-HT1 to 5-HT7, depending of their molecular structure, signal transduction cascades and pharmacological properties (Hoyer et 
	 
	Figure
	Figure 1-6: Signalling pathway of 5-HT1B receptors in SMC leading to vasoconstriction. Adapted from (Masson et al., 2012).  
	 
	In SMC, the 5-HT1B receptor is involved in vasoconstriction of the human coronary arteries, however, the serotonin vasoconstriction is predominantly induced through 5-HT2A receptors (Nilsson et al., 1999b).  Specific binding to 5-HT1B receptors activates the G-protein of Gαi subunit (Liu et al., 2019). As shown in Figure 1-6, the activation of Gαi subunit associated with 5-HT1B receptors inhibits the adenylyl cyclase, which reduces the cAMP formation and protein kinase A (PKA) activity leading to the 
	intracellular calcium release from the sarcoplasmic reticulum and vasoconstriction (Barnes and Sharp, 1999, Leenders and Sheng, 2005, Tiger et al., 2018).  
	Previous studies with the antimigraine drug and 5-HT1B agonist sumatriptan have shown that some human patients treated with sumatriptan had developed chest pain, myocardial infarction and vasospasm (Ottervanger et al., 1997, Okonkwo and Ojha, 2020). It has been shown that elevated 5-HT1B-mediated vasocontractile responses of cerebral and pulmonary arteries in the rat in vitro model were associated with several CVDs (CVD), including cerebral ischaemia (Sandhu et al., 2011) and hypoxia-induced pulmonary hyper
	 
	 Thromboxane prostanoid receptors 
	Thromboxane A2 (TxA2) is a potent platelet activator and vasoconstrictor (Katugampola and Davenport, 2001). Furthermore, TxA2 is the most potent agonist of the thromboxane prostanoid (TP) receptors and TxA2 binding to the TP receptors leads to vasocontractile responses (Chen, 2018). 
	 
	Figure
	Figure 1-7: The binding of TxA2 to TP receptors activates TP signalling pathway leading to vasoconstriction. Adapted from (Trubacova et al., 2022). 
	 
	Elevated TxA2 levels are observed in the circulation of patients with ischemic heart disease leading to increased vasoconstriction and platelet aggregation observed during CVD (Touchberry et al., 2014).  
	TP receptors are located in human VSMCs (Morinelli et al., 1990), where TP receptors induced vasocontraction (Norel, 2007). As shown in Figure 1-7, TP receptors activate the G protein of the Gq/11 subunit, as ETA and ETB receptors and mediate the activation of PLC (Gao et al., 2001). TP receptor mediates through this signalling pathway various cellular functions: platelet activation, vasoconstriction, EC activation and SMC proliferation (Capra et al., 2014). TxA2 binding to TP receptors mediates an influx o
	 
	1.7.  Adjunct therapy as cardioprotective agents 
	 Adjunct therapy currently used in clinics 
	Few adjuvant therapies are already clinically used as cardioprotective agents against doxorubicin-induced cardiotoxicity (Audebrand et al., 2019). Antioxidants, such as vitamin C Resveratrol and Bicalein, decrease the ROS and reactive nitrogen species (RNS) levels of doxorubicin-treated patients, however, they can also decrease the anti-cancer efficiency of doxorubicin on cancer cells (Arcaro et al., 2016). Dexrazoxane is an iron chelator and detoxifying agent, which reduces the topoisomerase IIβ activity. 
	associated with cancer therapy, with no efficient and robust adjuvant therapy options available. In-depth studies of the GPCRs involvement and function during cardiotoxicity could lead to potentially identifying novel and significant adjuvant therapy options to combat cardiotoxicity as a result of doxorubicin therapy. 
	 
	 The MAPK signalling pathway 
	The mitogen-activated protein kinases (MAPKs) are involved during the regulation process of vascular GPCRs expression (Kacimi and Gerdes, 2003). MAPKs are serine/threonine protein kinases widely expressed in cells (Li et al., 2016). There are four key MAPK signalling pathways: extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), p38 isoform and big MAP kinase (BMK) (Cossa et al., 2013). The ERK cascade was the first MAPK discovered and is known to get preferentially activated by she
	The ERK cascade regulates cell proliferation, differentiation, survival and apoptosis (Shaul and Seger, 2007). In the SMC, AP-1 and NF-κB transcribe the GPCR genes in the nucleus. The GPCR mRNA is then translated in the cytosol, and afterwards exported to the cell membrane (Kacimi and Gerdes, 2003).  
	 
	Figure 1-8: The MEK/ERK signalling pathway activation through RTK and GCRs. Taken from (Saab et al., 2010). 
	 
	Studies have investigated the MAPK signalling as a potential cardioprotective target of doxorubicin-induced cardiotoxicity. A recent study investigates the potential cardioprotective effect of a potent synthetic flavonoid with anti-oxidative properties called 3’,4’-dihydroxyflavonol (DiOHF) at a concentration of 6 mg/kg (daily for 10 days from 3 days before doxorubicin treatment) in in vivo experiments, and 10 µM of DiOHF in the in vitro model administrated either 2 hrs before (preventive effect) or 2 hrs a
	(ii) the therapeutic effect of OEA by injected 5 mg/kg of OEA (every other day for 7 days) during the 4th week after the doxorubicin treatment (Su et al., 2006).  
	 
	 The MEK 1/2 inhibitor, U0126 
	U0126 is a small molecule MEK 1/2 inhibitor. It was synthesised in the late 1950s and discovered in 1998 as a potent inhibitor of MEK1 and MEK2 (Duncia et al., 1998) (Figure 1-9). U0126 acts as a non-competitive inhibitor of MEK 1 (IC50 = 72nM) and MEK 2 (IC50 = 58nM) (Duncia et al., 1998).  
	 
	Figure
	Figure 1-9: Structure of the 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]-butadiene (U0126) 
	 
	Interestingly, U0126 showed a cardioprotective effect against ischaemia/reperfusion (I/R) by attenuating the I/R-induced apoptosis and autophagy of the myocardium in C57BL/6J mice. The I/R was induced in mice by LAD ligature for 30 min, followed by the coronary artery reperfusion to obtain an I/R model and mice were pre-treated with U0126 at 3 mg/kg (i.p.) 30 min before the I/R procedure (Wang et al., 2016). A study investigated the potential cardioprotective effect of U0126 against cerebral ischaemia with 
	 
	1.8.  Detection of cardiac injury through microRNAs 
	MicroRNAs (miRNAs) are small non-coding single-stranded 21 – 25 nucleotide RNA compounds. In mammals, miRNAs play a key role in the regulation of specific target mRNAs and protein expression levels (O'Brien et al., 2018). MicroRNA gene is transcribed from the genome by RNA polymerase II (POL II), resulting in primary miRNA, which is cleaved in precursor miRNAs by the RNase III enzymes Drosha. Precursor miRNA is transported in the cytosol with exportin 5, where it is catalysed by RNA III Dicer in miRNA/miRNA
	 
	Figure
	Figure 1-10: Biogenesis of miRNAs from the nucleus to the cytoplasm. 
	 
	MiRNAs are attractive as biomarkers due to their tissue specificity, high sensitivity of tissue injury, high stability, early and accurate quantification leading to early detection in several disease development and as a non-invasive method (Sandhu and Maddock, 2014). Recently, it has been established that 
	there are different functional miRNA populations in tissues, which are involved in the reshaping of transcriptomes and the cell identity acquisition and maintenance leading to the creation of a tissue-specific localisation data for various miRNAs in mouse, rat, and human tissues (Blazie et al., 2017). Furthermore, tissue-specific miRNAs, such as brain-, muscle- and liver-miRNAs, have been used as plasma biomarkers for brain, muscle and liver injuries (Laterza et al., 2009). Furthermore, accurate tools were 
	Circulating miRNAs as biomarkers have been studied in various diseases, such as cancers, heart diseases, liver diseases and neurological disorders (Szelenberger et al., 2019).  
	Interestingly, approximately 200 miRNAs are expressed in the heart and studies underlined that some of these miRNAs were related to cardiac injury (Dorn, 2011). Recently miRNAs have been explored as potential novel biomarkers to assess cardiotoxicity at an early sub-clinical stage. The miRNAs miR-1 and miR-133 are expressed in cardiac muscle and skeletal muscle, and their expression has been extensively investigated in CVD development. Both miRNAs are involved in heart development and it has been establishe
	Currently, anthracyclines-induced cardiotoxicity can be assessed by various circulating myocardial injury associated biomarkers, including measurement of circulating cTnT and BNP levels and imaging techniques, including MRI (Lipshultz et al., 2012). However, many studies investigated miRNAs as 
	potential biomarkers for anthracycline-induced cardiotoxicity (Freres et al., 2018, Leger et al., 2017). In their study, Leger et al investigated circulating miRNAs expression in child and young adult (>18 years old) cancer patients treated with anthracycline. They showed miR-29b and miR-499 were up-regulated in anthracycline-treated patients. In this study, authors suggest that the acute increase of miR-29b after anthracycline treatment may underline a remodelling process in response to cardiac injury sinc
	 
	1.9.  Summary of the current gaps about the doxorubicin-induced vasotoxicity that this thesis will fill 
	The doxorubicin-induced cardiotoxicity has been widely investigated over the last decades, meanwhile there is a paucity of literature on the doxorubicin-induced vasotoxicity. Most of the studies investigated the mechanisms of doxorubicin effects in the cardiomyocytes, such as the ROS overproduction and intracellular calcium overload (Corremans et al., 2019). Interestingly, the activation of the GPCRs, ETA, ETB, 5-HT1B and TP receptors induces an increase of the intracellular 
	calcium in vascular cells, leading to a vasoconstriction, however, the potential adverse effect of doxorubicin on the vascular tone of coronary arteries through the activation of these four GPCRs has not been investigated. In this study, an in vitro model of CVDs was designed to specifically investigate the doxorubicin-induced vasotoxicity in rat coronary arteries. The in vitro model of this study is the first in vitro model using incubated coronary arteries designed to investigate the vascular function dur
	In this study, the novel doxorubicin-induced vasotoxicity model was used to (i) determine if doxorubicin-induced vasotoxicity is associated with the four studied GPCRs (ETA, ETB, 5-HT1B and TP receptors)-mediated vasocontractile response, (ii) identify the mechanisms involved in the doxorubicin-induced vasotoxicity leading to altered GCPR-mediated vasocontractile responses, and (iii) investigate the effect of the doxorubicin and U0126 co-treatment on altered GPCR-mediated vasocontractile response. This stud
	An interesting pathway to investigate as adjunct therapy is the MAPK signalling pathway, which has already been studied as cardioprotective target of doxorubicin-induced cardiotoxicity. However, the cardioprotective effects of the MEK/ERK pathway on the vascular tone altered by doxorubicin treatment has never been investigated in rat coronary arteries. Thus, in this study, the addition of U0126, the MEK 1/2 inhibitor will underline the MEK/ERK pathway involvement in doxorubicin-induced vasotoxicity and coul
	 
	The early detection of chemotherapy-induced cardiotoxicity can improve the cancer patient survival. However, the current biomarkers, as TnT and BNP, are not enough specific and image techniques are necessary to assess any potential cardiotoxicity (Curigliano et al., 2012). Recently, the use of miRNA as biomarkers for cancer and CVDs has been widely investigated (Szelenberger et al., 2019), however their use as biomarkers of the chemotherapy-induced vasotoxicity has been poorly investigated. In this study, p
	 
	1.10.  Hypothesis and aims of the thesis 
	The aim of this thesis is, firstly, to investigate the doxorubicin-induced cardiotoxicity effects on four vascular GPCRs (ETA, ETB, 5-HT1B and TP receptors), and secondly, to determine the mechanisms involved during the alteration of the GPCRs by doxorubicin-induced cardiotoxicity by investigating the effect of the MEK 1/2 specific inhibitor U0126 on GPCRs-mediated vasocontractile responses. Thirdly, the study aims to study the miRNA profile of cancer patients treated with anthracycline chemotherapy treatme
	The different objectives of this study are to: 
	In rat coronary vasculature: 
	 The incubation of coronary arteries with doxorubicin allow the study of doxorubicin-induced vasotoxicity with a rodent in vitro model. 
	 The incubation of coronary arteries with doxorubicin allow the study of doxorubicin-induced vasotoxicity with a rodent in vitro model. 
	 The incubation of coronary arteries with doxorubicin allow the study of doxorubicin-induced vasotoxicity with a rodent in vitro model. 


	Aim: Set up an organ culture model with isolated rat left anterior descending arteries to study the cardiovascular adverse effects of doxorubicin on vascular tone.  
	 The doxorubicin alters the vasocontractile response of coronary artery, through the activation of four GPCRs.  
	 The doxorubicin alters the vasocontractile response of coronary artery, through the activation of four GPCRs.  
	 The doxorubicin alters the vasocontractile response of coronary artery, through the activation of four GPCRs.  


	Aim: Determine if doxorubicin affects the ETA, ETB, 5-HT1B and TP receptor-mediated vasocontraction.  
	 The doxorubicin alters the GPCR-induced vasoconstriction on the transcriptional and translational levels. 
	 The doxorubicin alters the GPCR-induced vasoconstriction on the transcriptional and translational levels. 
	 The doxorubicin alters the GPCR-induced vasoconstriction on the transcriptional and translational levels. 


	Determine if the GPCR-induced vasocontraction observed is truly specific to the GPCR by application of specific GPCR antagonists.  
	 The MEK/ERK pathway can regulate the elevated GPCR-mediated vasoconstriction induced by doxorubicin. 
	 The MEK/ERK pathway can regulate the elevated GPCR-mediated vasoconstriction induced by doxorubicin. 
	 The MEK/ERK pathway can regulate the elevated GPCR-mediated vasoconstriction induced by doxorubicin. 


	Aim: Investigate the effect of MEK 1/2 specific inhibitor U0126 on doxorubicin-induced vasotoxicity through the different studied receptors on incubated LAD arteries with vehicle or doxorubicin treatment. 
	 The doxorubicin impairs the GPCR-induced vasoconstriction by altering the transcription of the studied GPCRs.  
	 The doxorubicin impairs the GPCR-induced vasoconstriction by altering the transcription of the studied GPCRs.  
	 The doxorubicin impairs the GPCR-induced vasoconstriction by altering the transcription of the studied GPCRs.  


	Aim: Determine the effect of doxorubicin on mRNA levels of the specific GPCRs 
	 The doxorubicin impairs the GPCR-induced vasoconstriction by altering the translation of the studied GPCRs. 
	 The doxorubicin impairs the GPCR-induced vasoconstriction by altering the translation of the studied GPCRs. 
	 The doxorubicin impairs the GPCR-induced vasoconstriction by altering the translation of the studied GPCRs. 


	Aim: Study the effect of doxorubicin on GPCRs expression on LAD vessels. 
	 
	In cancer patient plasma samples: 
	 The chemotherapy-induced cardiotoxicity induce an alteration of specific vascular miRNA in the plasma of cancer patients. 
	 The chemotherapy-induced cardiotoxicity induce an alteration of specific vascular miRNA in the plasma of cancer patients. 
	 The chemotherapy-induced cardiotoxicity induce an alteration of specific vascular miRNA in the plasma of cancer patients. 


	Aim: Analyse the miRNA profiles of cancer patients treated with anthracycline chemotherapy regimens and find a potential correlation of cardiac events with altered vascular injury associated miRNAs. 
	 
	 
	Figure
	 
	Figure 1-11: Diagram of the thesis objectives and the techniques used. 
	  
	Chapter 2: 
	2. Materials and Methods 
	2.1.  Animals and human samples 
	 Animals and ethics 
	Male Sprague-Dawley rats (300 - 350g) were used during the experiments. The animals were purchased from Charles River (Margate, UK) and housed at the University of Warwick. Experiments were conducted in accordance with the Home Office Guidance on the Operation with Animals (Scientific Procedures Act 1986; The Stationary Office, London, UK) and were approved by the Ethics Committee of Coventry University. Rats were delivered to Coventry University each morning and put in a cage with standard pellet chow and 
	 
	 Human plasma samples received from external collaborators Dr Malcolm Walker and Prof Derek Yellon (UCL) 
	Dr Malcom Walker, Prof Derek Yellon and their team at UCL performed a clinical study to investigate the effect of remote ischaemic pre-conditioning on myocardial injury in anthracycline-treated patients. This study was approved by UCL and NHS R&D departments (REC reference: 15/LO/1116) as well as by the London – Chelsea Research Ethics Committee according to all relevant legal rules and ethics guidance, including the Data Protection Act and the Human Tissue Act. The cancer patients were adults treated with 
	 
	2.2.  Consumables and Drugs used: 
	 Consumables and drugs used for rat LAD wire-myography experiments 
	Doxorubicin hydrochloride was purchased from Tocris Biosciences (Bristol, UK) and was dissolved in reverse osmosis (RO) water with a final stock concentration of 1 mM. 
	Serotonin hydrochloride, carbachol, sarafotoxin S6c, endothelin-1, 9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F2α (U46619), 5-carboxamidotryptamine maleate salt were purchased from Sigma-Aldrich (Merck KGaA, US). U46619 was dissolved in methyl acetate with a final stock concentration of 3 mM. All the other drugs were dissolved in RO water. Serotonin hydrochloride and carbachol had a final stock concentration of 10 mM. Sarafotoxin 6c and endothelin-1 had a final stock concentration of 0.1 mM. U46619 and 5
	Dulbecco’s Modified Eagle Medium, DMEM (1 g/L D-Glucose, 4 mM L-Glutamine, 0.11 g/L Sodium pyruvate) and Antibiotic-antimycotic (10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco Amphotericin B) were purchased from ThermoFisher Scientific (Massachusetts, US). 
	All reagents used to prepare the Krebs Henseleit (KH) buffers for the myography experiments were purchased from Fisher Bioreagents (Fisher Scientific, US). 
	 
	 Consumables used for rat or human plasma miRNA quantification 
	miRNeasy mini kit was purchased from Qiagen (Manchester, UK) and used for miRNA extraction from plasma samples. Chloroform (C2432), absolute ethanol, and MS2 RNA 0.8 µg/µL (10165948001) were purchased from Sigma-Aldrich (Merck KGaA, UK). Tris-EDTA (TE) buffer pH 8.0 (1 mM Tris HCl, 0.1 mM EDTA) was purchased from Invitrogen (Thermofisher, UK) and diluted in RNase-free water to obtain a final solution of 0.1 TE buffer pH 8.0. 
	All the following reagents were purchased from Life Technology (Thermofisher, UK). The reverse transcription was performed with TaqMan™ MicroRNA Reverse Transcription Kit (4366597) and Megaplex™ RT Primers, Human Pool A v2.1 (4399966). The pre-amplification reactions were done with TaqMan™ PreAmp Master Mix (4391128) and Megaplex™ PreAmp Primers, Human Pool A v2.1 
	(4399233). The qPCR reaction was performed on TaqMan™ Array Human MicroRNA A Cards v2.0 (4398965) using the TaqMan™ Universal Master Mix II, no UNG (4440049).  
	The reverse transcription for individual miRNA assay analysis was performed with miRNA Reverse Transcription kit from Applied Biosystems and TaqMan™ MicroRNA Assay (4427975) using the individual miRNA assays: hsa-miR-126-002228, hsa-miR-10a-000387, hsa-miR-143-002249, hsa-miR-150-000473, hsa-miR-320-002277 and endogenous control snRNA U6. The qRT-PCR for individual miRNA was performed using the individual TaqMan™ MicroRNA miRNA assays listed above (4427975) with TaqMan Universal PCR Master Mix II, no UNG (4
	 
	 Consumables used for rat LAD mRNA quantification 
	RNeasy Protect mini kit was purchased from Qiagen (Manchester, UK) and used to isolate mRNA from rat LAD vessels. Absolute Ethanol 100% was added to the RNeasy Protect mini kit RPE buffer purchased from Sigma-Aldrich (Merck KGaA, UK). β-Mercaptoethanol was added to the RNeasy Protect mini kit lysis RLT buffer and was purchased from Sigma-Aldrich (Merck KGaA, US). The Superscript IVTM VILO Master Mix for the reverse transcription PCR and the PowerTrack SYBR Green Master Mix for the Real-Time PCR were purchas
	The primers were resuspended in RNAse-free water to obtain a stock concentration of 100 mM and then, diluted to obtain a work concentration of 10 mM. 
	Table 2-1: Primer sequences of Forward and Reverse primers for each specific gene analysed. 
	Table
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	Span
	 
	 

	GenBank ID 
	GenBank ID 

	Forward primers 
	Forward primers 

	Reverse primers 
	Reverse primers 


	TR
	Span
	Endothelin A receptor 
	Endothelin A receptor 

	NM_012550 
	NM_012550 

	ATT GCC CTC AGC GAA CAC 
	ATT GCC CTC AGC GAA CAC 

	CAA CCA AGC AGA CGG TC 
	CAA CCA AGC AGA CGG TC 


	TR
	Span
	Endothelin B receptor 
	Endothelin B receptor 

	NM_017333 
	NM_017333 

	GAT ACG ACA ACT TCC GCT CCA 
	GAT ACG ACA ACT TCC GCT CCA 

	GTC CAC GAT GAG GAC AAT GAG 
	GTC CAC GAT GAG GAC AAT GAG 


	TR
	Span
	5-HT1B receptor 
	5-HT1B receptor 

	NM_022225 
	NM_022225 

	TCC GGG TCT CCT GTG TAC GT 
	TCC GGG TCT CCT GTG TAC GT 

	GGC GTC TGA GAC TCG CAC TT 
	GGC GTC TGA GAC TCG CAC TT 


	TR
	Span
	Thromboxane A2 receptor 
	Thromboxane A2 receptor 

	NM_017054 
	NM_017054 

	ATC TCC CAT CTT GCC ATA GTC C 
	ATC TCC CAT CTT GCC ATA GTC C 

	CGA TGA TCC TTG GAG CCT AAA G 
	CGA TGA TCC TTG GAG CCT AAA G 


	TR
	Span
	Elongation Factor 1 
	Elongation Factor 1 

	NM_175838 
	NM_175838 

	GCA AGC CCA TGT GTG TTG AA 
	GCA AGC CCA TGT GTG TTG AA 

	TGA TGA CAC CCA CAG CAA CTG 
	TGA TGA CAC CCA CAG CAA CTG 


	TR
	Span
	GAPDH 
	GAPDH 

	NM_017008 
	NM_017008 

	GGC CTT CCG TGT TCC TAC C 
	GGC CTT CCG TGT TCC TAC C 

	CGG CAT GTC AGA TCC ACA AC 
	CGG CAT GTC AGA TCC ACA AC 



	 
	 Consumables used for rat LAD immunohistochemistry 
	Vessels were fixed by CellpathTM OCT Embedding Matrix from FisherScientific (Thermofisher, UK). All antibodies and normal donkey serum were purchased from Abcam (Cambridge, UK). The primary antibodies were rabbit anti-endothelin A receptor (ab178454), rabbit anti-endothelin B (ab262700), rabbit anti- serotonin 5-HT1B receptor (ab13896), rabbit anti-thromboxane A2 receptor (ab233288), rabbit anti-ERK1 + ERK2 (ab17942) and mouse anti-actin (ab11003).  The secondary antibodies were donkey anti-rabbit IgG H&L A
	 
	2.3.  Wire-myography on Left Anterior Descending arteries 
	 Background of the wire-myography technique 
	The wire-myography technique was first introduced in 1972 by Bovan and Osher and was used to measure tension changes in small vessels (Bevan and Osher, 1972). In 1977, Mulvany and Halpern refined and developed the wire-myography technique, and their protocol is still applied in labs worldwide until this day. Their aim was to directly measure the mechanical changes in small vessel segments (Mulvany and Halpern, 1977). 
	The wire-myography technique is used to study vascular pharmacology by investigating the pharmacodynamics of small blood vessels (Angus and Wright, 2000). Indeed, using an in vitro technique allows the control of the physiological settings and nullifies the homeostatic mechanisms, such as blood flow or the autonomic nervous system central (Spiers and Padmanabhan, 2005). Moreover, pathological states like CVD can be “reproduced/mimicked” in the myograph chambers (Spiers and Padmanabhan, 2005). 
	The wire-myography allows mechanical measurements of rings/segments of small blood vessels. Mounted vessels are incubated in a physiological solution. Specific drugs are added to the vessel media, and these drugs interact as ligands on specific receptors expressed on the inner membrane of the vessels and this leads to altered vascular tension. Wire-myography, therefore, allows for the analysis of vascular tone through drug-receptor interaction (Angus and Wright, 2000). 
	For this study, rat coronary arteries were mounted on two wire-myograph setups (Multi wire myograph system - 620M, Denmark). Each wire-myograph setup had four chambers where four vessels could be studied simultaneously. All chambers have electronic heating fixed at 37 °C and are continuously gassed with 5 % CO2 and 95 % O2 (pH = 7.4).  
	 
	Figure
	Figure 2-1: In wire-myograph systems, wires are passed through the lumen of a blood vessel and the vessel is stretched to obtain a rest tension as in physiological conditions adapted from (Wenceslau et al., 2021). 
	 
	In each chamber, there are two jaws: one of the jaws is attached to a force-displacement transducer, while the other jaw is connected to a micrometre. As in Figure 2-1, two wires are mounted carefully through the vessel’s lumen and each wire is connected to one of the jaws in the myograph chamber. The data was recorded by the LabChart Pro 8 software (AD Instruments, UK).  
	 
	 Dissection of rat Left Anterior Descending arteries (LAD) 
	Rats were culled by cervical translocation and hearts were immediately removed and put in ice-cold calcium-free KH buffer (NaCl 119 mM, NaHCO3 15 mM, KCl 4.6 mM, NaH2PO4x2H2O 1.2 mM, MgCl2x6H2O 1.2 mM and glucose 5.5 mM) gassed with 5 % CO2 and 95 % O2 (pH = 7.4). Heart vessels and segments were dissected using microscopy (Nikon SMZ 745T) with the left atrium facing upwards. The ice-cold gassed calcium-free KH buffer was replaced at least every 15 min. The main artery is located between the pulmonary artery
	Figure 2-2: Coronary arteries in the rat heart (Buetow and Laflamme, 2018). 
	 
	 The myocardial tissue surrounding the LAD artery was carefully removed. Once the LAD artery was dissected free from surrounding myocardial tissue, it was cut into four segments approximately 2 mm long each, and a 40 µm diameter stainless steel wire was inserted through the lumen of each 2 mm vessel ring. 
	 
	 Acute vascular pharmacology effect of doxorubicin on rat LAD 
	To study the acute vascular pharmacology effect of doxorubicin, rings of LAD vessels were mounted onto the myograph immediately after dissection and immersed in a sodium KH (Na+ KH) (NaCl 119 mM, NaHCO3 15 mM, KCl 4.6 mM, CaCl2x2H2O 1.5 mM, NaH2PO4x2H2O 1.2 mM, MgCl2x6H2O 1.2 mM and glucose 5.5 mM) at 37 °C and gassed with 5 % CO2 and 95 % O2 (pH = 7.4). The mounted vessels were given a stabilisation period of 1 hr where the Na+ KH buffer (continuously gassed with 5 % CO2 in O2 at 37 °C, pH = 7.4) was chang
	 
	 Organ culture of rat LAD 
	The effect of doxorubicin exposure after 24 hrs or 48 hrs incubation was studied by incubating LAD rings in serum-free Dulbecco’s modified Eagle’s medium (DMEM: glucose 1000 mg/L, L-glutamine 4 mM, sodium pyruvate 0.11 mg/ml) supplemented with an antibiotic mix (penicillin 10,000 IU/ml, streptomycin 20mg/ml) for 24 hrs or 48 hrs at 37 °C in an incubator humidified with 5 % CO2 and 95 % O2 (pH = 7.4). Doxorubicin or vehicle was added to the media at the initiation of the incubation. The inhibitor of MEK 1/2,
	 
	 In vitro pharmacology to obtain dose-response curves 
	Vessels were mounted in Ca2+free KH buffer on myograph after the 24 hrs incubation, the buffer was changed to Na+ KH and the vessels were stabilised for 1 hr (see Figure 2-3). 
	 
	Figure
	Figure 2-3: Experimental protocol to study vascular contractility and dilatory capacity of LAD vessels. Na+ = Na+ KH, K+ = K+ KH, 5-HT = serotonin. 
	 
	A pre-tension in the range of 1.16 mN/mm to 1.52 mN/mm was applied during this stabilisation step (Ping et al., 2014). After the stabilisation period, the vessels were exposed to a 60mM K+ KH buffer to measure the maximum contraction. Vessels were washed with Na+ KH buffer for 15 min and a second 60 mM K+ KH buffer contraction was recorded. Vessels were washed with Na+ KH buffer until the vascular tension came back to the baseline level. To measure vasodilatory capacity the vessels were pre-contracted with 
	 
	Figure
	Figure 2-4: Experimental protocol to study dose-response curve of specific GPCR agonists. S6c = sarafotoxin 6c, the agonist of ETB receptors; 5-CT = 5-carboxyamidotryptamine, the agonist of 5-HT1B 
	receptors, ET-1 = endothelin-1, the agonist of ETA and ETB receptors; U46619, the agonist of TP receptors. 
	 
	Once the contractile and dilatory capacity of the vessels was measured, and thus established the function and viability of the vessels, the dose-response curve was determined by applying cumulative doses of the agonists in half-log increments (Figure 2-4). The segments were either stimulated with (i) ETB receptor agonist sarafotoxin 6c (S6c), from 10-14 to 10-7.5 M, followed by Na+ KH buffer washing with 15-minute intervals until the vascular tension came back to the baseline level, where after the second d
	 
	 Data Analysis 
	All data are expressed as means ± S.E.M and n refers to the number of rats. A test of normality, named Shapiro-Wilk test, was firstly done for all the data to determine if they were normally distributed or not and then choose the most relevant statistic test for each data set. The contractile response of each vessel to the agonist was expressed as percentage of the 60mM K+ KH buffer-induced contraction where Cmax is the contraction at the highest dose and contractile responses were compared with Unpaired St
	 
	2.4.  Quantification of mRNA from rat LAD 
	 Real-Time polymerase chain reaction PCR methodology 
	The PCR methodology was developed by K. Mullis in 1985 (Nobel Prize awarded in 1993). The Real-Time PCR is a powerful tool to quantify nucleic acids. This technique allows for the amplification of nucleic acids sequence from a sample, even at a very low level of expression. The amplification is performed by a cyclic process which generates copies of the selected sequence of interest, which can be easily analysed by fluorescence incorporation during the copy process.  
	The cycles are designed in three steps at different temperatures. First, a high temperature to separate strands of cDNA. Then, the temperature is lowered to let primers, designed to flank a specific sequence, anneal to strand. Finally, a temperature is fixed around 72 °C, which is the optimum temperature for polymerase, to extend primers with dNTPs.  
	The quantification is done with a fluorescent reporter. SYBR green is an asymmetric cyanine dye, which has no fluorescence when it is free and becomes brightly fluorescent when it binds to DNA. The fluorescence increases with the amount of double-stranded products, as in Figure 2-5. The quantification is obtained by comparing the number of amplification cycles for the sample’s response curve required to reach a threshold fluorescence level, which is the called CT value (Kubista et al., 2006). 
	 
	Figure
	Figure 2-5: Threshold and CT values on Real-Time PCR amplification curve. The curve shows the amplification of mRNA through the different cycles of the Real-Time PCR, where the X-axis represents the number of cycles and the Y-axis represents the fluorescence emission. (Illustration realised with Biorender website) 
	 
	In the present study, the real-time PCR was used to determine the mRNA expression levels for specific GPCRs and to investigate the possible differential variation of mRNA expression in the different vascular treatment groups.  
	 
	 RNA purification 
	Total cellular RNA was extracted from rat LAD with the RNeasy protect mini kit (Qiagen, UK), after being submerged in protect liquid at -20 °C at least overnight. LAD were lysed in the RLT buffer containing 0.01 % of β-Mercapthoethanol by homogenisation with a rotor-stator homogeniser (Ultra-Turrax T25, IKA-WERKE). Ethanol was added to the lysate to provide an appropriate binding condition. Total RNA was then fixed to the membrane of a RNeasy spin column by centrifugation, while contaminants were washed awa
	Total RNA amount and purity were determined with NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (ThermoFisher, USA). 
	 
	 Reverse Transcription 
	Reverse transcription of total cellular RNA to cDNA was performed with SuperscriptTM IV VILO Master Mix (ThermoFisher, US) using the Eppendorf® Mastercycler® Nexus Thermal Cyclers (Merck, USA). Template RNA was mixed with SuperScript IVTM VILO Master Mix on ice. The mix was incubated (1) at 25 °C for 10 min to anneal primers. Afterwards (2) it was incubated at 50 °C for 10 min to reverse transcribe RNA, followed by incubation (3) at 85 °C for 5 min to inactivate the enzyme. The resulting cDNA product was di
	 
	 Real-Time PCR 
	The quantification of mRNA expression levels was determined with SYBR Green as fluorescence reporter and primers specifically designed for the four GPCRs and two endogenous control genes, EF-1 and GAPDH. The designed sequences of primers are shown in Table 2-1, in section 2.2.3.  
	The cDNA samples were mixed with a SuperscriptTM IV VILO Master Mix “yellow buffer” to visually aid during the plate loading procedure, resulting in a final concentration of 0.5 ng/µL of cDNA, which was mixed with the forward and reverse primers (500 nM), PowerTrack SYBR Green Master Mix (1X) and 
	RNAse-free water. Once each reaction was loaded in each well of a 96-well plate (ThermoScientific, UK), the Real-Time PCR QuantStudio 7 (QS7) was run according to the company protocol. The reaction was as follows: (1) Enzyme was activated at 95 °C for 2 min, (2) cDNA was denatured at 95°C for 15 sec, and (3) primers were annealed and extended at 60 °C for 1 min. Steps (2) and (3) were replicated for 40 cycles. This was followed by a melt curve after the real-time PCR reaction to check for nonspecific amplif
	 Data analysis 
	The mRNA data were analysed using the comparative cycle threshold (ΔCT) method (Heid et al., 1996). The CT values of GAPDH and EF-1 were used as reference genes to quantify the relative amount of ETA, ETB, 5-HT1B and TP receptor mRNA levels. 
	The relative quantification of the GPCRs mRNA compared to CT values of reference genes was determined by using the formula: 𝑋0𝑅0=2𝐶𝑇𝑅−𝐶𝑇𝑋, where X0 is the initial amount of target mRNA, R0 is the initial amount of reference mRNA, CTX is the CT value of the target mRNA and CTR is the CT value of the reference mRNA (Sandhu et al., 2010). 
	All data are expressed as means ± S.E.M and n refers to the number of rats. A shapiro-Wilk test was performed and shown that the data were not normally distributed and then a Kruskal-Wallis’s test was performed for multiple comparisons. All calculations and statistical analysis were carried out using GraphPad Prism 9.0 (GraphPad Software, La Jolla, USA). Statistical significance was determined with p ≤ 0.05. 
	 
	2.5.  Analysis of GPCR protein levels in rat LAD by immunohistochemistry 
	 Principle of the immunohistochemistry 
	Immunohistochemistry (IHC) was first outlined in 1942 by Albert Coons and his team by using a fluorescent-labelled antibody applied on liver tissue sections to localise the pneumococcal antigen (Burry, 2011). The IHC method is a powerful tool to visualize and quantify the distribution and localisation of specific cellular components in cells or tissue samples (Matos et al., 2010). 
	 
	Figure
	Figure 2-6: Immunohistochemistry principle (see description in text). (Illustration realised with Biorender website) 
	 
	This technique has different steps: fixation, permeabilisation, blocking, primary antibodies fixation, secondary antibodies fixation, mounting and revelation.  
	Samples from tissue used for immunohistochemistry can be obtained by different techniques such as Cryosectioning. Sections obtained need to be fixed to slides and frozen sections are often fixed with acetone. Acetone has a span penetrability and dehydration property, which allows it to precipitate sugars and fat. Triton X-100 can also be used to permeabilise the intact membrane of cells. Serum is then used to block nonspecific targets where secondary antibodies could bind and induce false positive results. 
	 
	 Slide preparation and stages evolved for the reaction 
	Vessels were embedded in Cellpath OCT embedding matrix and frozen at -80 °C. Frozen vessels were cryosectioned into 10 µm sections, using the OTF5000 cryostat (Bright Instruments, Huntingdon, UK). Sections were adhered to Superfrost plus adhesion slides and stored at -80 °C until immunohistochemistry staining. 
	Thawed sections were fixed in -20 °C acetone for 10 min and rehydrated in PBS containing 0.25 % of Triton X-100 (PBST) at room temperature for 3x 5 min. The sections were blocked in PBS containing 5 % donkey serum for 1 hr at room temperature. Sections were incubated overnight at 4 °C with the primary antibodies, diluted in PBST containing 1 % Bovine Serum Albumin (BSA) and 3 % donkey serum. Sections were double immunostained with primary antibodies of one protein of interest: ETA (1: 1000), ETB (1: 1000), 
	of actin (1: 500) was used as reference. Sections were rinsed with PBS at room temperature for 2x 15 min. Finally, sections were incubated with secondary antibodies, diluted in PBST containing 1 % Bovine Serum Albumin (BSA) and 3 % donkey serum for 1 hr at room temperature. Sections were “double-stained” with secondary antibodies for both donkey anti-rabbit IgG Alexa Fluor 488 GREEN (1: 500) and donkey anti-mouse IgG Alexa Fluor 594 RED (1: 500). Negative controls were included by omitting the primary antib
	 
	 Interpretation and quantification 
	The Immunofluorescence was visualised with a confocal microscope Eclipse Ti2 (Nikon Instruments Inc. Tokyo, Japan) and photographed with an attached Nikon Orca-Flash4.0v3 camera. Images were analysed and quantified with the AR package of NIS-elements software.  
	The sections from the fresh vessel group were used to determine the optimal wavelength and pinhole size to compare the different incubated groups. The fluorescence intensity was measured on the entire circumference of the vessel section – called the Region of Interest (ROI) - to obtain the ROI mean intensity.  
	All data are expressed as means ± S.E.M and n refers to the number of rats. All data were normally distributed were analysed with Shapiro-Wilk test. Since data were normally distributed, One-way analysis of variance (ANOVA) with Fisher’s post-test was performed for multiple comparisons. All calculations and statistical analysis were carried out using GraphPad Prism 9.0 (GraphPad Software, La Jolla, USA). Statistical significance was determined with p ≤ 0.05. 
	 
	2.6.  Analysis of miRNA expression in human plasma samples 
	 Principle of TaqMan array card 
	TaqMan microRNA Array cards are microfluidic cards containing 384 wells, with individual real-time qPCR reaction per well. It is a high-throughput and accurate tool for quantitative analysis of microRNA (miRNA) or mRNA. TaqMan array cards can be used to obtain a full screen of a transcriptome, identifying potential genes involved in some diseases and toxicological mechanisms (Keys et al., 2010). In this project, the TaqMan Array cards are used to determine which miRNAs could be linked to the cardiotoxicity 
	TaqMan array card from pooled individual group samples, individual samples are analysed with real-time qPCR targeting the key miRNAs to allow a better accuracy and reproducibility of the miRNA assay (Keys et al., 2010). 
	 
	 The patient profile selected for the study 
	Human plasma samples were collected by Dr Malcom Walker and team (UCL: ERICONC study) as described in section 2.1.2.  
	Human plasma samples were collected from 19 patients: 12 men and 7 women. The median age was 53.6 (54 for the women and 51 for the men). Patients had sarcoma (n = 15), lymphoma (n = 3) or breast cancer (n = 1) and were treated with different combinations of anthracyclines, such as doxorubicin ± a Combination of doxorubicin and ifosfamide (IFOS)/Bolus/Cisplatin (n = 14), a combination of 5 fluorouracil, epirubicin and cyclophosphamide (FEC) (n = 1), a combination that includes cyclophosphamide, doxorubicin (
	- At the beginning of the experiment, baseline group (n = 18) 
	- At the beginning of the experiment, baseline group (n = 18) 
	- At the beginning of the experiment, baseline group (n = 18) 

	- At the end of the chemotherapy, Post-Chemo group (n = 13) 
	- At the end of the chemotherapy, Post-Chemo group (n = 13) 

	- 3 months after the treatment, 3 months group (n = 13)  
	- 3 months after the treatment, 3 months group (n = 13)  


	Due to the pandemic, some patient samples were not collected. There were 10 patients with a full set of blood samples (blood collected at all three time points), 6 patients with blood samples collected at two time points, and 3 patients with blood samples collected only at baseline time point. A total of 44 blood samples were obtained toward this study of miRNA expression. 
	 
	 Plasma collection and storage: 
	Plasma was collected by the UCL researchers at three different time points: at baseline, at the end of the chemotherapy and 3 months after the completion of chemotherapy. Blood samples were taken during the routine full blood count, urea and electrolytes tests of the cancer patients. The samples were collected in standard EDTA (purple top) and SST (yellow top) blood sample bottles, where the plasma was isolated and stored at -80°C within one hour of sampling. The samples were shipped to 
	Coventry University on dry ice using same-day delivery. At Coventry University the samples were stored at -80°C. 
	  
	 miRNA extraction of pooled human plasma samples: 
	Patient plasma samples were pooled together per group (i.e. baseline, end of the chemotherapy, and 3 months after chemotherapy) by pooling the same volume from each individual patient sample in that respective group.   
	Total miRNA from plasma samples was extracted using the miRNeasy mini kit (Qiagen). After all debris had been removed from pooled plasma samples, QIAzol from the miRNeasy mini kit containing 0.8 µg/µL MS2 RNA as spike-in was used as lysis buffer. Chloroform was added to the lysate and the aqueous phase was transferred to a new RNAse-free Eppendorf tube.  Absolute ethanol was added to the lysate to provide an appropriate binding condition. Total miRNA was then fixed to the membrane of the RNeasy Mini Spin Co
	 
	 TaqMan miRNA array cards: Reverse Transcription of pooled human plasma samples: 
	Reverse transcription of total miRNA to cDNA was performed using the TaqMan® MicroRNA Reverse Transcription kit components and the human Megaplex RT Primers (ThermoFisher, US) in Eppendorf® Mastercycler Nexus Thermal Cyclers (Merck, USA).  
	Extracted pooled miRNA samples were mixed with MultiscribeTM reverse transcriptase (50 U/µL), Megaplex RT primers, 10X RT buffer, RNase Inhibitor (20 U/µL), MgCl2 (25 mM) and dNTPs with dTTP (100 mM) on ice and the mix was incubated for 5 min on ice. The 3 next steps were processed during 40 cycles. The mix was incubated (1) at 16 °C for 2 min to anneal primers. Then, it was incubated (2) at 42 °C for 1 min and incubated (3) at 50 °C for 1 sec to reverse transcribe RNA.  Steps (1), (2) and (3) were repeated
	The resulting cDNA is processed directly after the reverse transcription reaction with a pre-amplification reaction before loading the cDNA on the miRNA array card. 
	 
	 TaqMan miRNA array cards: Pre-Amplification of pooled human plasma samples:  
	The aim of the pre-amplification reaction is to increase the quantity of the cDNA prior to running the samples on the miRNA arrays. The cDNA from pooled plasma samples were pre-amplified with a PreAmp reaction mix. Template cDNA was mixed with TaqMan® PreAmp Master Mix (2X) and Human MegaplexTM PreAmp Primers (10X) on ice. The mix was incubated at 95 °C for 10 min to activate the enzyme. Then the mix was incubated at 55 °C for 2 min to anneal the primers and at 72 °C for 2 min to extend primer on cDNA. The 
	 
	 TaqMan miRNA array cards: Real-Time PCR reaction of pooled human plasma samples:  
	Human TaqMan® MicroRNA Array A cards were used to run the pooled plasma group cDNA samples. The target cDNA ( pre-amplified product from plasma pools) was mixed with TaqMan® Universal PCR Master Mix No AmpErase® UNG (2X). The mix was loaded on the human TaqMan® MicroRNA Array A cards and the reaction was run on the PCR instrument QuantStudio 7 applying the 384 wells TaqMan Low-Density Array default thermal-cycling conditions. The enzyme was activated at 95 °C for 10 min. Then, the two next steps were repeat
	 TaqMan miRNA array cards: Data analysis of pooled human plasma samples: 
	The miRNA expression cycle thresholds (CT) are measured by the QuantStudio 7 Pro Real-Time PCR System version 1.3 (Applied Biosystems, ThermoFisher Scientific). The differential miRNA expression values were calculated using the Applied Biosystems application RQ (version 3.9) located on the online Thermo Fisher Connect cloud application by normalising the target miRNA CT levels against the endogenous control U6 small nuclear RNA (snRNA). CT levels higher than 35 were excluded from the analysis, due to unspec
	miRNA - CT of U6)post-treatment - (CT value of target miRNA - CT of U6)baseline)), where CT value is generated using the relative threshold algorithm (CRT). An ΔRQ-value > 2 meant a significant increase in expression fold change, and ΔRQ-value < 0.5 meant a significant decrease in expression fold change.  
	 
	2.7.  Analysis of individual miRNA expression in human ERICONC plasma samples 
	 MiRNA extraction of human plasma samples: 
	Key miRNAs associated with vascular injury (i.e. hsa-miR-126, hsa-miR-10a, hsa-miR 143, hsa-miR-150 and hsa-miR-320a) were identified from the TaqMan miRNA array cards data analysis expression of the ERICONC project human plasma (i.e. Baseline group: n = 18; Post-Chemo group: n = 13; 3 months Post-Chemo group: n = 13).  
	Total miRNA from plasma samples was extracted using the miRNeasy mini kit (Qiagen). QIAzol from the miRNeasy mini kit containing 0.8 µg/µL MS2 RNA was used as lysis buffer, after all debris had been removed from plasma samples. Chloroform was added to the lysate and the aqueous phase was collected in a new RNAse-free Eppendorf tube.  Absolute ethanol was added to the lysate to provide an appropriate binding condition. Total miRNA was then fixed to the membrane of the RNeasy Mini Spin Column supplied in the 
	 
	 Individual miRNA expression quantification: Reverse Transcription (human ERICONC plasma) 
	Reverse transcription of specific miRNAs to cDNA was performed using TaqMan® MicroRNA Reverse Transcription kit components and the specific target TaqMan miRNA assays: hsa-miR-126, hsa-miR-10a, hsa-miR 143, hsa-miR-150 and hsa-miR-320, and the U6 snRNA as housekeeping reference (ThermoFisher, US). Individual miRNA samples were mixed with MultiscribeTM reverse transcriptase (50 U/µL), RT miRNA primer assays X5, 10X RT buffer, RNase Inhibitor (20 U/µL), MgCl2 (25 mM) and dNTPs with dNTPs (100 mM) on ice. The 
	anneal primers, (2) 42 °C for 30 min to reverse transcribe RNA, and (3) 85 °C for 5 min to inactivate the enzyme.  The cDNA was diluted 1:1 with RNAse-free water after the reaction. 
	 
	 Individual miRNA expression quantification: Real-Time PCR reaction (human ERICONC plasma) 
	The target cDNA samples were mixed with TaqMan® Universal PCR Master Mix II no UNG and specific miRNA primer assays X20. The mix was loaded on a 96-well plate (ThermoScientific, UK). This plate was run on the real-time PCR instrument QuantStudio 7 according to the manufacturer's protocol: (1) UNG was activated at 50 °C for 2 min, (2) enzyme was activated at 95 °C for 10 min, (3) cDNA was denatured at 95 °C for 15 sec, (4) primers were annealed and extended at 60 °C for 1 min, (5) repeat step (3) and (4) for
	 
	 Individual miRNA expression quantification: Data analysis (human ERICONC plasma) 
	Individual miRNA expression levels were analysed using the ΔΔCt method using the U6 snRNA as endogenous control for the comparisons of the relative amount of specific miRNAs. CT levels higher than 35 were excluded from the analysis, due to unspecific/insignificant annealing. The equation used was: 𝑋0𝑅0=2𝐶𝑇𝑋−𝐶𝑇𝑅𝑋, where X0 is the amount of target miRNA, R0 is the amount of U6 snRNA, CTX is the CT value of the target miRNA and CTR is the CT value of U6 snRNA (Sandhu et al., 2010). Negative control us
	All data are expressed as means ± S.E.M and n refers to the number of patients. Statistical analysis was performed using Kruskal-Wallis’s post-hoc test using GraphPad Prism 9.0 (GraphPad Software, La Jolla, USA). Statistical significance was determined with p ≤ 0.05.  
	Chapter 3:  
	3. Optimisation of an organ culture model to study the doxorubicin-induced vasotoxicity on LAD arteries. 
	 
	3.1.  Introduction 
	The development of new drug testing involved the use of different models to study the pharmacological properties of the drug (Ruggeri et al., 2014). First, the drugs are tested with an in vitro model, such as cell culture or organ culture. Then, the next step is in vivo experiments with animal models, where most of the potential side effects are investigated and finally, the clinical model on humans (Hughes et al., 2011). One of the challenges of animal models and in vitro models is to make them relevant to
	Doxorubicin is one of the most potent chemotherapeutic drugs, widely used in many solid cancers, although it can also lead to severe cardiovascular adverse effects. The doxorubicin-induced cardiotoxicity leads to the use of lower doses or the use of other chemotherapeutic drugs that are less efficient. The cardiotoxicity of doxorubicin has been observed to imply different mechanisms, such as oxidative stress, calcium metabolism disorders and systemic inflammation (Podyacheva et al., 2021). Doxorubicin accum
	mitochondrial activity leads to the release of reactive oxygen species (ROS) (Zhou et al., 2001). Moreover, doxorubicin alters the activity of endothelial nitric oxide synthase (eNOS) and NADPH oxidase (NOX), leading to the reduction of free oxygen in superoxide free radical (Vasquez-Vivar et al., 1997, Deng et al., 2007). The elevation of ROS production by the mitochondrial dysfunction and altered enzymes activate the oxidative stress, inducing apoptosis of cardiomyocytes. Doxorubicin-induced cardiotoxicit
	Doxorubicin-induced cardiotoxicity was mainly investigated and documented on cardiomyocytes in pre-clinical and cancer patients in clinical studies (Rawat et al., 2021). Conversely, the potential vasotoxicity of doxorubicin has been poorly investigated. Some mechanisms observed in cardiomyocytes could also be involved in the cardiovascular system, such as calcium dysregulation or ROS production. Some studies demonstrated that endothelial cells were altered by doxorubicin administration (Luu et al., 2018, He
	Rodent models are widely used to investigate doxorubicin cardiomyopathy. Many in vitro models were created to investigate cardiovascular adverse effects on the cardiovascular system, such as the Langendorff perfusion model (Gharanei et al., 2013b), cardiac cell model (Gharanei et al., 2013a) or vessel model (Murata et al., 2001a, Bosman et al., 2021b). Gharanei used an in vitro Langendorff perfusion model for his experiments and determined that the optimal concentration to study cardiotoxicity was 1 µM of d
	mesenteric arteries were incubated for 7 days with 0.3 µM, 1 µM or 10 µM of doxorubicin, where the two lowest doses are considered to be in the range of plasma levels observed in cancer patients treated with doxorubicin treatment (Murata et al., 2001a). Bosman studied the cardiotoxic effects of doxorubicin on isolated aorta of C57BL/6J mice model. Aorta arteries were incubated for 16 hrs with a doxorubicin concentration of 1 µM to study the effects of doxorubicin on SMC contraction (Bosman et al., 2021b). 
	Given the current findings about doxorubicin-induced cardiotoxicity, the present study aims to set up an organ culture model with isolated rat left anterior descending arteries to study the cardiovascular adverse effects of doxorubicin on vascular tone.  
	  
	3.2.  Material & methods 
	 Acute effect of doxorubicin on fresh LAD 
	Rat LAD was dissected free in ice-cold Ca2+-free KH buffer (pH = 7.4) and divided into rings of 2 mm, and then mounted on the myograph directly. The mounted vessels were given a stabilisation period of 1 hr where the Na+ KH buffer (continuously gassed with 5 % CO2 in O2 at 37 °C, pH = 7.4) was changed every 15 min with a pre-tension fixed at 1.5 mN/mm after 30 min.  
	Determine if the different doses of doxorubicin modified the contractile capacity. 
	The LAD vessels were exposed to a 60 mM K+ KH buffer to measure the contractile capacity (Threshold for minimum contraction set to 1 mN). The viability of the endothelium was investigated by applying K+ KH-induced pre-contraction followed by 10-5 µM carbachol vasodilation. Doxorubicin (0.1 µM) was applied for 30 min, as shown in Figure 3-1. The contractile capacity and the viability of the endothelium was measured again, followed by washout with Na+ KH buffer. The same experiment was repeated three times wi
	 
	Figure
	Figure 3-1: Protocol of the experiment investigating the acute effect of Doxorubicin at different concentrations on LAD vessels. Na+ = Na+ KH, K+ = K+ KH, Doxo = doxorubicin. 
	Determine if the cumulative addition of doxorubicin could impact the contractile capacity 
	The LAD vessels were exposed to a 60 mM K+ KH buffer to measure the contractile capacity (threshold for minimum contraction set to 1 mN). The viability of the endothelium was investigated by applying K+ KH-induced pre-contraction followed by 10-5 M carbachol vasodilation. This was followed by applying doxorubicin in a cumulative dose ranging from 0.001 µM to 10 µM (water – in increasing volumes - was applied as a vehicle/control group). There was a stabilisation period of 15 min between each dose applicatio
	 
	Figure
	Figure 3-2: Protocol of the experiment to observe the acute effect of doxorubicin added at cumulative doses on LAD vessels. Na+ = Na+ KH, K+ = K+ KH, Doxo = doxorubicin. 
	 
	 Determination of the optimal doxorubicin concentration 
	Rat LAD was dissected free in ice-cold Na+ free KH (pH = 7.4) and divided into rings of 2 mm, and then incubated for 24 hrs in 1 mL of DMEM media at 37 °C and humidified with 5 % CO2 and 95 % O2. Doxorubicin (stock solution of 0.1 mM) was added to the media to obtain the final four doses: 0.1 µM, 0.25 µM, 0.5 µM and 1 µM. The milli-Q (mQ) water was added to the media of LAD from the vehicle group. 
	 
	  
	Figure
	Figure 3-3: Experimental protocol to investigate optimal doxorubicin concentration.  Na+ = Na+ KH, K+ = K+ KH, Doxo = doxorubicin, 5-HT = serotonin. 
	After incubation, the LAD vessels were threaded on two 40 µM diameter stainless steel wires and mounted in Ca2+-free KH buffer on the myography setup. The buffer surrounding the vessels was changed to the Na+ KH buffer. The Na+ KH buffer was continuously gassed with 5 % CO2 and 95 % O2 at 37 °C resulting in a physiological pH of 7.4. After the vessels were mounted a pre-tension in the range of 1.16 mN/mm to 1.52 mN/mm was applied (Ping et al., 2014). The mounted vessels were given a stabilisation period of 
	 
	 Determination of the optimal incubation time 
	LAD vessels were incubated in 1 mL DMEM media with 0.5 µM doxorubicin at 37 °C and humidified with 5 % CO2 and 95 % O2 for 24 hrs or 48 hrs to determine which incubation time was optimal. Non-incubated fresh LAD segments were included in this part of the study as well. Fresh or incubated LAD vessels were threaded on two 40 µM diameter stainless steel wires and mounted in Ca2+-free KH buffer on the myography setup. The buffer surrounding the vessels was changed to the Na+ KH buffer. The Na+ KH buffer was con
	 
	 Real-time PCR protocol 
	Total cellular RNA was extracted with the RNeasy Protect liquid mini kit following the supplier’s instructions. LAD arteries were removed from RNA protect reagent and homogenised in RLT buffer containing 0.01 % β-mercaptoethanol using a KIA Ultra-Turrax homogeniser (Sigma-Aldrich, USA). The samples were centrifuged for 3 min at full speed. The supernatant was mixed with 1 volume of ethanol 70 % and transferred to an RNeasy spin column placed in a 2 mL collection tube. After centrifugation 
	for 15 sec at room temperature (RT) at 8,000 xg, total cellular RNA was fixed on the membrane in RNeasy spin column and the flow-through was discarded. Washing buffer RW1 was added to the RNeasy spin column and samples were centrifuged for 15 sec at room temperature at 8,000 xg. The second washing buffer RPE was added to the spin column and centrifuged for 15 sec at room temperature at 8,000 xg. The last washing step was with RPE buffer and samples were centrifuged for 2 min at room temperature at 8,000 xg.
	Reverse transcription of total cellular RNA to cDNA was performed with SuperscriptTM IV VILO Master Mix (ThermoFisher, US) in Eppendorf® Mastercycler® Nexus Thermal Cyclers (Merck, USA).  Total cellular RNA was mixed with SuperScript IVTM VILO Master Mix in a 20 µL reaction volume on ice. The mix was incubated at 25 °C for 10 min to anneal primers. Afterwards, it was incubated at 50 °C for 10 min to reverse transcribe RNA. Finally, the mix was incubated at 85 °C for 5 min to inactivate the enzyme. The cDNA 
	Real-Time PCR was performed in a Real-Time PCR instrument QuantStudio 7 (ThermoScientific, USA) with the PowerTrack SYBR Green Master Mix (1X) with cDNA (at a final concentration of 0.5 ng/µL), with the forward and reverse primers (500 nM), and with RNAse-free water to a final reaction volume of 20 µL. Negative control was added in all experiments. A yellow buffer was mixed with the cDNA to facilitate the plate loading. Elongation factor-1 (EF-1) and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA wer
	 
	 Data Analysis 
	 All data are expressed as means ± S.E.M and n refers to the number of rats. The vasocontractile response to K+ KH was expressed in milliNewton (mN). The carbachol-mediated vasorelaxation was expressed as percentage of the 10-7 M 5-HT-induced contraction. To determine the acute effect of doxorubicin on vascular tension, the optimal concentration of doxorubicin, and the optimal doxorubicin incubation time, Kruskal-Wallis’s tests were performed for multiple comparisons. Unpaired Student T-test was used to com
	 
	3.3.  Results  
	 Acute effect of doxorubicin 
	The acute effect on 60 mM K+ KH vasocontractile response in fresh LAD vessels was studied using four specific doses of doxorubicin (doses 0.1, 0.25, 0.5 and 1 µM) and is summed up in Figure 3-4. Control group (prior to any doxorubicin treatment) had a 60 mM K+ KH vasocontractile response of 4.01 ± 0.28mN (n = 10), while the 0.1 µM, 0.25 µM, 0.5 µM and 1 µM doxorubicin groups, respectively, a had a 60 mM K+ KH vasocontractile response of 3.69 ± 0.30 mN (n = 10), 3.71 ± 0.31 mN (n = 10), 3.78 ± 0.37 mN (n = 1
	 
	 
	InlineShape

	Figure 3-4: 60 mM K+ KH vasocontractile response of LAD vessels investigated prior to and after doxorubicin treatment at various concentrations. The doxorubicin treatment (0.1 µM, 0.25 µM, 0.5 µM, and 1 µM) groups were compared to the vehicle control (prior to Doxorubicin treatment) group using Kruskal-Wallis’ test (n = 9 - 10). Doxo = Doxorubicin. 
	 
	The results from the cumulative application of doxorubicin (0.01 - 10 µM) to fresh LAD vessels are summarised in Figure 3-5. The cumulative application of doxorubicin seems to induce a low statistically insignificant increase in vasocontractility in concentrations 0.01 - 0.35 µM, 1 µM and 10 µM doxorubicin and a low statistically insignificant decrease in vasocontractility in concentrations 0.4 - 0.5 µM and 2.5 - 5 µM doxorubicin. A maximum increase in vasocontractility was observed at 0.01 µM and 0.05 µM d
	 
	 
	InlineShape

	Figure 3-5: LAD vessel vascular tone (mN) after the addition of cumulative doxorubicin at a concentration range of 0.01 µM to 10 µM (n = 6). Control group is the baseline (i.e. prior to applying doxorubicin). The doxorubicin treatment (0.01 µM to 10 µM) groups were compared to the vehicle control (prior to doxorubicin treatment) group using Kruskal-Wallis’ test. 
	 
	The 60 mM K+ KH vasocontractile capacity was analysed prior to (Control) and after the cumulative application of doxorubicin (0.01 - 10 µM) (After doxorubicin group) on the fresh LAD vessels. The control group had a 60 mM K+ KH vasocontractile capacity of 2.94 ± 0.34 mN (n = 6), while the After doxorubicin group had a 60 mM K+ KH vasocontractile capacity of 1.92 ± 0.47 mN (n = 6). There was no statistical significance between the 60 mM K+ KH vasocontractile capacity prior to and after the cumulative applica
	 
	 
	InlineShape

	Figure 3-6: 60 mM K+ KH vasocontractile response of LAD vessels investigated before and after the addition of cumulative doses of doxorubicin. Control group (n = 6) is the baseline (i.e. prior to applying doxorubicin). After-doxorubicin group (n = 6) is the measurement after doxorubicin application. Both groups were compared using Student T-test. 
	 
	 Determination of optimal doxorubicin concentration 
	LAD vessels incubated in DMEM for 24 hrs with vehicle showed an average 60 mM K+ KH vasocontractile capacity of 2.35 ± 0.23 mN (n = 44). The presence of doxorubicin at 0.1 µM, 0.25 µM, 0.5 µM and 1 µM during the incubation induces an average 60 mM K+ KH vasocontractile capacity of, respectively, 3.60 ± 0.31 mN (n = 12), 3.34 ± 0.40 mN (n = 16), 2.05 ± 0.21 mN (n = 32) and 0.89 ± 0.07 mN (n = 2) (figure 3-7). Vessels incubated with 0.1 µM of doxorubicin had a statistically significantly higher vasocontractil
	 
	 
	InlineShape

	Figure 3-7:  60 mM K+ KH vasocontractile response of LAD vessels incubated for 24 hrs with vehicle control (n = 44) or doxorubicin (Doxo) in concentrations 0.01 µM (n = 12), 0.25 µM (n = 16), 0.5 µM (n = 32), and 1 µM (n = 2). The doxorubicin groups were compared to the vehicle control group using One-Way ANOVA Kruskal-Wallis’s test (* = p < 0.05). 
	 
	The viability of the endothelium was determined by applying 3. 10-7 M 5-HT-induced pre-contraction followed by 10-5 µM carbachol vasodilation in LAD vessels incubated for fresh vessels, 24 hrs with vehicle control or 0.5 µM doxorubicin. The carbachol-mediated relaxation was expressed as a percentage of the 3. 10-7 M 5-HT induced vasocontraction. The vehicle control group had an average carbachol-mediated relaxation of 47 ± 4 % (n = 32), while the 0.5 µM doxorubicin group had an average carbachol-mediated re
	 
	 
	 
	InlineShape

	Figure 3-8: Carbachol-mediated vasorelaxation after serotonin (5-HT) pre-contraction in LAD vessels. The fresh group (n = 6) and doxorubicin group (n = 32) were compared to the vehicle control group (n = 33) using Kruskal-Wallis test. Doxo = doxorubicin, OC = organ culture. 
	 
	 Determination of optimal incubation time with 0.5 µM doxorubicin 
	Fresh vessels have a statistically significantly higher 60 mM K+ KH vasocontractile capacity (2.99 ± 0.21 mN; n = 21) compared to LAD vessels incubated with vehicle for 24 hours (2.35 ± 0.23 mN; n = 23) (p = 0.034) or 48 hours 1.78 ± 0.25 mN (n = 13) (p = 0.004) (Figure 3-9). 
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	Figure 3-9: 60 mM K+ KH vasocontractile response of LAD vessels fresh (n = 21) or incubated for 24 hrs or 48 hrs with vehicle control or 0.5 µM doxorubicin treatment. 1) 24 hrs vehicle (n = 23) or 0.5 µM doxorubicin (n = 13) incubated vessels. 2) 48 hrs vehicle (n = 13) or 0.5 µM doxorubicin (n = 10) incubated vessels. Doxo = doxorubicin, OC = organ culture. One-way ANOVA Kruskal-Wallis’s test was used to analyse statistical differences (* = p < 0.05; ** = p < 0.01). 
	 
	Incubation of LAD vessels with vehicle for 48 hrs does not alter the 60 mM K+ KH vasocontractile capacity of the vehicle 48 hr-incubated LAD vessels 1.78 ± 0.25 mN (n = 13) when compared to vehicle 24 hr-incubated LAD vessels 2.35 ± 0.23 mN (n = 23). 
	Incubation of LAD vessels with 0.5 µM of doxorubicin for 24 hrs does not alter the 60 mM K+ KH vasocontractile capacity of the 0.5 µM doxorubicin incubated LAD vessels 2.05 ± 0.21 mN (n = 13) when compared to vehicle incubated LAD vessels 2.35 ± 0.23 mN (n = 23). However, LAD vessels incubated for 48 hrs with 0.5 µM of doxorubicin drastically reduced the 60 mM K+ KH vasocontractile capacity of the 48 hrs 0.5 µM doxorubicin incubated LAD vessels 0.50 ± 0.16 mN (n = 10) compared to vehicle incubated LAD vesse
	Therefore, the time of 24 hours for the incubation of LAD rings was selected as the optimal time for the next experiments based on these results. 
	 
	 Selection of the housekeeping gene for analysis 
	The CT value of EF-1 and GAPDH of the 9 groups were compared to determine the most stable “housekeeping gene” to use as a reference when analysing the mRNA expression of the GPCR receptors. Statistical comparison was performed using the one-way ANOVA with Dunnett’s post-hoc 
	test (GraphPrism 9.0 software). The CT values of GAPDH were similar for the nine groups, while some of the groups had an altered CT value for EF-1 as shown in Figure 3-10. Thus GAPDH was selected as the housekeeping gene/reference gene to investigate the mRNA expression of the studied GPCR receptors in LAD arteries. 
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	Figure 3-10: Comparison of the CT value of the housekeeping genes GAPDH and EF-1. (A) Comparison of the CT value of GAPDH. (B) Comparison of the CT value of EF-1. Multiple comparisons with one-way ANOVA and Dunnett’s post-hoc test: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
	 
	3.4.  Discussion / Conclusion 
	The organ culture of arteries is an interesting in vitro model that mimics cardiovascular diseases 
	Organ culture of arteries is an in vitro model used to mimic CVD progression (Murata et al., 2001a, Alm et al., 2002, Skovsted et al., 2012). In the present study, the incubated LAD vessels had a slight reduction of the contractile capacity when compared to the fresh vessels. Previous studies with organ culture models had shown no difference of the contractile capacity with fresh vessels (Alm et al., 2002, Skovsted et al., 2012, Sandhu et al., 2010). Alm (2002) studied the endothelium dysfunction of isolate
	where an increase of the contractile capacity was observed after 24 hrs incubation and it has been suggested that it was due to the proliferation of SMCs (Johnsson et al., 2008).  
	In animal models, altered blood flow can provoke an acute vasoconstriction response to restore arterial shear stress to physiological homeostasis levels (Kamiya and Togawa, 1980). Circumferential stress and shear stress are two mechanical factors known to be sensitive to altered arterial pressure, as observed during some CVDs, and abnormal circumferential stress and shear stress affect remodelling factors of arteries (Wayman et al., 2008). Shear stress is a mechanical factor which induces the nitric oxide (
	In the present study, the organ culture model was used to study the doxorubicin-induced vasotoxicity and cardiotoxicity effect on coronary artery vascular tone using rat LAD arteries. 
	 
	Doxorubicin treatment can be injected by a single high dose or cumulative low doses in experimental models 
	Doxorubicin as a chemotherapeutic drug is usually administrated by cumulative doses inferior to 360 mg of doxorubicin/m2 during a few weeks to cancer patients (Zamorano et al., 2016). Several pre-clinical studies, using animal models to investigate the doxorubicin-induced cardiotoxicity on cardiac outcomes, administrated a single high dose or cumulative low doses of doxorubicin by intraperitoneal 
	or intravenous injection of doxorubicin, depending on the type of toxicity observed (Podyacheva et al., 2021). In in vivo models, acute and short-term effects of doxorubicin are mostly investigated after the injection of a single high dose of doxorubicin, whereas the chronic doxorubicin-induced cardiotoxicity is investigated by cumulative injections of lowest doses of doxorubicin during weeks or months. The doses of doxorubicin injected in animal models are equivalent to doses injected to doxorubicin-treate
	Moreover, Herman et al.et al. (1998) compared two genetically related Wistar Kyoto rat strains to determine the more suitable model to investigate doxorubicin-induced cardiotoxicity. They compared the cardiac adverse effects of doxorubicin on spontaneous hypertensive rats and on normotensive rats. They observed that both strains developed cardiac issues, however, the hypertensive rats were more sensitive to doxorubicin-induced cardiotoxicity.  They demonstrated that rat models with more sensitive cardiovasc
	 
	 
	Doxorubicin has no acute effect on the contractile capacity of LAD arteries 
	In the present study, the acute effect of doxorubicin on contractile capacity was tested on fresh LAD vessels at four different concentrations: 0.1 µM, 0.25 µM, 0.5 µM and 1 µM after 15 min. The contractile capacity was not compromised due to doxorubicin treatment at any of the concentrations applies. Also, cumulative administration of doxorubicin on fresh LAD vessels at a concentration range of 0.01 µM to 10 µM was conducted to investigate the potential vasocontractile or vasodilatory effect of doxorubicin
	 
	The doxorubicin-induced cardiotoxicity is concentration-dependent 
	Doxorubicin concentration range during 24 hrs incubation was tested by investigating the effect on the 60 mM K+ KH vasocontractile capacity. High potassium exposure induces an increase of the extracellular potassium concentration, which modifies the potassium homeostasis leading to the depolarisation of the SMC membrane and vasoconstriction (Haddy, 1983). The 60 mM K+ KH concentration was in agreement with previous vascular studies (Alm et al., 2002, Skovsted et al., 2012). 
	Based on Gharanei et al.et al. study (Gharanei et al., 2013a), in this study LAD arteries were initially incubated for 24 hrs with 1 µM doxorubicin. However, this concentration of doxorubicin was too high as the contractile capacity of the vessels was almost abolished. A minimum threshold of 1 mN contractile capacity is applied in vascular contractile studies, as a contractile capacity below 1 mN represents a severely compromised nonviable vessel and is thus therefore not included in vascular studies.  
	A lower concentration of doxorubicin was therefore investigated. Murata et al.et al. (2001) used 0.3 µM and 1 µM doxorubicin during rabbit mesenteric artery incubation to investigate doxorubicin-induced vasotoxicity, and the team reported that the contractile response after 1 µM doxorubicin incubation was decreased considerable, which is in agreement with to this study’s results. However, the 0.3 µM concentration of doxorubicin did not affect the contractile capacity compared to the vehicle group (Murata et
	additional lower doxorubicin concentrations were therefore investigated during 24 hrs LAD vessel incubation: 0.1 µM, 0.25 µM, and 0.5 µM. LAD vessels incubated for 24 hrs in the presence of 0.25 µM or 0.5 µM doxorubicin had a similar contractile response as vessels incubated with vehicle. The highest concentration of 0.5 µM doxorubicin that didn’t compromise the LAD vessel contractile capacity was chosen as the optimal doxorubicin concentration for the present experiments. This study’s results demonstrate t
	 
	The doxorubicin-induced cardiotoxicity is time-dependent 
	Hayward et al.et al. (2013) studied the doxorubicin-induced cardiotoxicity in skeletal (with isolated skeletal muscle), cardiac (with isolated perfused heart) and smooth muscle (with isolated aortic rings), after a single injection of 15 mg of doxorubicin/kg on male Sprague-Dawley rats. They studied the doxorubicin effects on day 1, day 3 and day 5 post-injection. The cardiac function was investigated by isolated heart perfusion, and aortic vascular tone was investigated by wire-myography. In vascular smoot
	 
	Conclusion 
	In this chapter, the in vitro organ culture model of doxorubicin-induced vasotoxicity and cardiotoxicity was optimised. The data presented in this chapter showed that acute application of doxorubicin to fresh LAD vessels (from 0.01 µM to 10 µM) did not show any vasocontractile or vasodilatory effects of doxorubicin, nor did the acute application of doxorubicin (from 0.1 µM to 1 µM) to fresh LAD vessels 
	change the contractile or dilatory capacity of the vessels. The optimal conditions to study the vasotoxic and cardiotoxic effects of doxorubicin were narrowed down to a concentration of 0.5 µM of doxorubicin incubated for 24 hrs during organ culture settings. This optimised in vitro organ culture model of doxorubicin-induced vasotoxicity and cardiotoxicity will be used to study the effect of doxorubicin on GPCRs-mediated vasocontraction in the following chapters.  
	Chapter 4 
	4. The effect of doxorubicin on GPCR-mediated vasocontraction in rat coronary arteries, and the influence of GPCR specific antagonists. 
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	4.1.  Introduction 
	Clinical studies have highlighted an increase of arterial stiffness in patients treated with anticancer drugs both during and after the treatment, including doxorubicin (Parr et al., 2020, Mozos et al., 2017, Chaosuwannakit et al., 2010). Arterial stiffness is known to be associated with CVDs, such as hypertension, stroke, and congestive heart failure (Laurent and Boutouyrie, 2020, Sutton-Tyrrell et al., 2005, Chae et al., 1999).  
	However, the doxorubicin-mediated vasotoxicity has been poorly investigated, notably on the VSMCs. A study on human coronary arteriolar function showed that chemotherapeutic treatment could induce a reduction of the endothelial function, however, the mechanisms involved were not clear (Hader et al., 2019). Bosman at al. studied the doxorubicin-induced arterial stiffness in mouse aortic artery in vivo and ex vivo models (Bosman et al., 2021a). Their team showed that doxorubicin could induce arterial stiffnes
	µM). The vasoconstriction was induced by the increase of Ca2+ release from sarcoplasmic reticulum and increase in Ca2+-influx in mouse VSMCs (Shen et al., 2009). The specific mechanisms involved in doxorubicin-induced vasotoxicity on VSMCs remain unclear. 
	The plasma ET-1 level is increased in patients with chronic heart failure (Wei et al., 1994). ET-1 can bind two types of endothelin GPCR receptors (ETA and ETB) in the vascular system (Wang et al., 2018). ETB receptors are found in both endothelium and SMCs. In endothelial cells, ETB receptors are involved in vasodilatation by NO and prostaglandin production, while ETB receptors in SMC are involved in vasocontraction. ETA receptors are found in SMCs and are mainly responsible of the VSMC vasocontraction (Ma
	The 5-hydroxytryptamine 1B (5-HT1B) receptor is a serotonin GPCR receptor, and in human coronary artery SMCs 5-HT1B is involved in vasoconstriction (Nilsson et al., 1999b). A recent study investigated the potential cardioprotective effect of the 5-HT agonist sumatriptan against doxorubicin-induced cardiotoxicity. They administered 2.5 mg/kg of doxorubicin by intra-peritoneal injection, 3 times a week, during two weeks in rats. Sumatriptan (0.1 mg/kg) was administrated 30 min before the doxorubicin injection
	Thromboxane prostanoid (TP) receptor mediates platelet activation, vasoconstriction, EC activation and SMC proliferation (Capra et al., 2014). Thromboxane A2 (TxA2) is the most potent agonist of the TP receptors and TxA2 binding to the TP receptors leads to vasocontractile responses (Chen, 2018). Elevated TxA2 levels are observed in the circulation of patients with ischemic heart disease leading to increased vasoconstriction and platelet aggregation observed during CVD (Touchberry et al., 2014). TxA2 bindin
	increased production of ROS, induced by cumulative incubation (4 min per dose) of H2O2 (1 – 100 µM)  (Garcia-Redondo et al., 2015). 
	Due to their involvement in physiological and pathological changes of the vascular tone during CVDs and risk factor exposure, ETA, ETB, 5-HT1B and TP receptors are interesting mediators to study during doxorubicin-mediated vasotoxicity. Specific agonists (Table 9.1 in Appendices) and antagonists (Table 9.2 in Appendices) can be used to study the vascular function of the four GPCRs mentioned above. ETA and ETB receptor-mediated vasoconstriction in arteries SMC, including coronary arteries SMC, can be investi
	The first aim of the work presented in this chapter is to determine if doxorubicin affects the ETA, ETB, 5-HT1B and TP receptor-mediated vasocontraction. To study the involvement of these GPCRs, the vascular tone of the rat's left anterior descending (LAD) arteries in response to these GPCR agonists was studied using the in vitro vascular force measurement technique by wire-myography. The second aim of this chapter is to determine if the GPCR-induced vasocontraction observed is truly specific to the GPCR by
	 
	 
	 
	4.2.  Material & methods 
	 
	 Animal ethics 
	Male Sprague-Dawley rats (300 – 350 g) were used during the experiments. The animals were purchased from Charles River (Margate, UK) and housed at the University of Warwick. Experiments were conducted in accordance with the Home Office Guidance on the Operation with Animals (Scientific Procedures Act 1986; The Stationary Office, London, UK) and were approved by the Ethics Committee of Coventry University. 
	 
	 Materials 
	Doxorubicin hydrochloride was purchased from Tocris Biosciences (Bristol, UK) and was dissolved in Reverse Osmosis (RO) water with a final stock concentration of 1mM. 
	Serotonin hydrochloride, carbachol, sarafotoxin S6c, endothelin-1, 9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F2α (U46619), 5-carboxamidotryptamine maleate salt were purchased from Sigma-Aldrich (Merck KGaA, US). U46619 was dissolved in methyl acetate with final stock concentration of 3mM. All the other drugs were dissolved in RO water. Serotonin hydrochloride and carbachol had a final stock concentration of 10 mM. Sarafotoxin 6c and endothelin-1 had a final stock concentration of 0.1 mM. U46619 and 5-ca
	Dulbecco’s Modified Eagle Medium, DMEM (1g/L D-Glucose, 4mM L-Glutamine, 0.11g/L Sodium pyruvate) and Antibiotic-antibiotic (10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco Amphotericin B) were purchased from ThermoFisher Scientific (Massachusetts, US). All reagents used to prepare the KH buffers for the myography experiments were purchased from Fisher Bioreagents (Fisher Scientific, US). 
	 
	 Isolated left anterior descending artery (LAD) preparation 
	Sprague-Dawley rats were ethically and humanely sacrificed, and LADs were rapidly dissected free, as described in chapter 2, section 2.3.2. The LAD was cut into 4 rings of approximatively 2 mm in length each and the LAD segments were divided into 2 groups. Vessels were incubated in DMEM low glucose media added either vehicle (vehicle group) or 0.5 µM doxorubicin (Doxo group) at 37 °C and humidified with 5 % CO2 and 95 % O2. The vessels were incubated for 24 hrs as this was determined as the optimal incubati
	 
	 Myography protocol 
	4.2.4.1. GPCRs dose-response protocol of LAD arteries without antagonist inhibition 
	Vessels were mounted in Ca2+free KH buffer on the myograph after 24 hrs of incubation, and afterwards, the buffer was changed to Na+ KH and the vessels were stabilised for 1 hr (see Figure 4-1). 
	 
	Figure
	Figure 4-1: Experimental protocol to study vascular contractility and dilatory capacity of LAD vessels. Na+ = Na+ KH, K+ = K+ KH, 5-HT = serotonin. 
	 
	A pre-tension in the range of 1.16mN/mm to 1.52mN/mm was applied during this stabilisation step (Ping et al., 2014). After the stabilisation period, the vessels were exposed to a 60 mM K+ KH to measure the maximum vasocontraction capacity. The K+ KH buffer maximum vasocontraction is used as reference for the study of the GPCR agonist-mediated dose-response curves, therefore the contractile capacity, determined by K+ KH buffer needs to be above 1 mN or else the vessels were excluded. Vessels were washed twic
	 
	 
	Figure
	Figure 4-2: Experimental protocol to study dose-response curve of specific GPCR agonists. S6c = sarafotoxin 6c, agonist of ETB receptors; 5-CT = 5-carboxyamidotryptamine, agonist of 5-HT1B receptors, ET-1 = endothelin-1, agonist of ETA and ETB receptors; U46619, agonist of TP receptors 
	 
	Once the vasocontractile and vasodilatory capacity of the vessels was measured - and thus established the function and viability of the vessels - the dose-response curve can be measured. As seen in Figure 4-2, cumulative doses of the specific agonists will be added, starting from the lowest dose and then increasing in half-log increments to the highest dose. The segments were either stimulated with (i) ETB receptor agonist sarafotoxin 6c (S6c), from 10-14 M to 10-7.5 M, followed by Na+ KH washing with 15 mi
	 
	4.2.4.2. GPCRs dose-response protocol of LAD arteries with antagonist inhibition 
	 Vessels were stabilized and fixed at selected pre-tension, and their contractile capacity was investigated as in the previous section 4.2.4.1. 
	 
	 
	Figure
	Figure 4-3: Experimental protocol to study dose-response curve of specific GPCR agonists after 30mins antagonists pre-treatment. S6c = sarafotoxin 6c, the agonist of ETB receptors; 5-CT = 5-carboxyamidotryptamine, the agonist of 5-HT1B receptors, ET-1 = endothelin-1, the agonist of ETA and ETB receptors; U46619, the agonist of TP receptors. 
	 
	Once stabilised the vessels were incubated for 30 min with the antagonist, BQ788 (0.1 µM) or GR55562 (1 µM), as shown in Figure 4-3. Then, a dose-response curve was obtained, as described in previous section 4.2.4.1., by adding cumulative application of sarafotoxin 6C (10-14 M to 10-7.5 M) to BQ788 treated vessels or 5-carboxyamidotryptamine (10-12 M to 10-5.5 M) to GR55562 treated vessels. Vessels were washed in Na+ KH for 2x 15 min, where after the vessels were incubated for 30 min with the second antagon
	 
	 Statistical analysis 
	All data are expressed as mean ± SEM and n refers to the number of rats used.  
	Contractile responses to agonists in each vessel were expressed as percentage of the 60 mM K+ KH-induced contraction. Student’s T-test and Two-way ANOVA + Bonferroni were used as statistical tests. All statistical analyses were carried out using SPSS (T-test) or GraphPad Prism (ANOVA) software.  Statistical significance was determined when p < 0.05. 
	“Emax” values represent the maximal contractile response elicited by the agonist and are generated by the software Graph-Pad Prism 9. Cmax values represent the contraction obtained at the highest agonist dose and are applied when the “Emax” couldn’t be determined due to stock concentration constrains. The “pEC50” values represent the negative logarithm of the agonist concentration that produces 50 % of the maximal contractile effect and are generated with Graph-Pad Prism 9, based on the “Emax” value. 
	The calculations were carried out using Graph-Pad Prism 9 (GraphPad Software, La Jolla, USA). “Emax” and “pEC50” values were statistically analysed with Kruskal-Wallis test, using GraphPrism software. 
	 
	4.3.  Results 
	 Doxorubicin alters the sarafotoxin 6c (endothelin B receptor agonist) mediated vasocontraction  
	Vasocontractile responses to sarafotoxin 6c (ETBR agonist) 
	The endothelin ETB receptor specific agonist, sarafotoxin 6c, was used to investigate the effect of doxorubicin treatment of LAD vessels incubated for 24 hrs on ETB receptor-mediated vasocontraction compared to vehicle-treated vessels. The dose-response curve obtained from the ETB receptor-mediated vasocontraction was biphasic. The S6c-induced ETB receptor-mediated vasocontraction values are given as percentage of the maximal contractile response, induced by 60 mM K+ KH. 
	After 24 hrs of organ culture with 0.5 µM doxorubicin, the ETB-mediated vasocontraction was increased in the dose range of 10-13 M to 10-10.5 M (Figure 4-4). The significant increase of contraction observed in the presence of 0.5 µM doxorubicin was from 13.42 ± 2.02 % (p = 0.007) at 10-13 M to 45.83 ± 7.30 % (p = 0.04) at 10-10.5 M compared to 4.71 ± 1.49 % at 10-13 M to 20.93 ± 4.93 % at 10-10.5 M in vehicle-treated vessels. 0.5 µM doxorubicin treatment did not alter the “Emax” of 0.5 µM doxorubicin-treate
	 
	 
	InlineShape

	Figure 4-4: Vasocontractile response to the cumulative application of sarafotoxin 6c (S6c) (ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries. Doxorubicin group (n = 19; Red) was compared to Vehicle group (n = 17; Blue). Doxo = doxorubicin, S6c = Sarafotoxin 6c, K+ = 60mM K+ KH. Values given represent mean ± S.E.M and contractile responses were compared to vehicle group using Unpaired student T-test (* = p value < 0.05. ** = p value < 0.01). 
	 
	Vasocontractile responses of sarafotoxin 6c (ETBR agonist) in presence of BQ788 (ETBR antagonist) 
	Doxorubicin and vehicle-incubated LAD arteries were exposed to an ETB receptor specific antagonist BQ788 (0.1 μM) for 30 min, followed by cumulative application of sarafotoxin 6c to establish the ETB receptor specificity of the sarafotoxin 6c agonist. 
	In 24 hrs organ-cultured vehicle arteries, the significant reduction of ETB-mediated contraction observed after BQ788 pre-treatment of vessels was from 3.9 ± 0.4 % (p = 0.011) at 10-12 M to 62.9 ± 17.4 % (p = 0.030) at 10-8.5 M, compared to 12.4 ± 3.6 % at 10-12 M to 98.0 ± 9.9 at 10-8.5 M in vehicle-treated vessels, i.e. a difference of contraction from 8.4 % to 35.1 % at the S6c dose range 10-12 M to 10-8.5 M (Figure 4-5 (A)). The pre-treatment with BQ788 of vehicle vessels (“pEC502” = 10-8.42 M, p = 0.01
	(“Emax” = 161.56 ± 11.95 %, p = 0.0219) compared to maximal ETB-mediated contraction of the BQ788 naïve vehicle vessels (“Emax” = 127.0 ± 5.6 %)  
	In 24 hrs organ-cultured arteries treated with 0.5 µM doxorubicin, the ETB-mediated contraction was reduced at almost all the S6c doses applied (Figure 4-5 (B)). The vasocontractile difference between BQ788 and BQ788 naïve vessels was significant (p < 0.005) at 10-14 M to 10-13 M sarafotoxin 6c application, however, the reduction of vasocontraction was less than 10 % throughout this range. At the sarafotoxin 6c concentration of 10-12.5 M to 10-10.5 M, the application of BQ788 induced a decrease of the ETB-m
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	Figure 4-5: Vasocontractile response to the cumulative application of sarafotoxin 6c (ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 min of 0.1 µM BQ788 (ETB receptor antagonist). (A) Vasocontractile response to the cumulative application of sarafotoxin 6c to LAD arteries in the vehicle groups. Vehicle group (n = 17; Blue) and vehicle + 0.1 µM BQ788 (n = 8 - 9; Pink). (B) Vasocontractile response to the cumulative application of sarafotoxin 6c to 
	 
	After 24 hrs of organ culture with 0.5 µM doxorubicin and 0.1 µM BQ788 pre-treatment, the ETB-mediated vasocontraction was increased for the range of 10-13 M to 10-9.5 M sarafotoxin 6c compared to vehicle and 0.1 µM BQ788 pre-treatment vessels (Figure 4-6). The significant increase of contraction observed in 0.5 µM doxorubicin-treated arteries was from 10-13 M (6.2 ± 1.0 %, p = 0.020) to 10-9.5 M sarafotoxin 6c (35.7 ± 3.7 %, p < 0.001) and at a range of 4 % - 25 % increase compared to vehicle and 0.1 µM BQ
	p < 0.0001) compared to the maximal ETB-mediated contraction of 0.1 µM BQ788 pre-treatment vehicle vessels (“Emax” of 161.6 ± 12.0 %), while the “pEC50” were not significantly altered (Table 4-1).  
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	Figure 4-6: Vasocontractile response to the cumulative application of sarafotoxin 6c (ETB receptor agonist) normalised to 60 mM K+-induced contraction in rat LAD arteries pre-treated with 30 min of 0.1 µM BQ788 (ETB receptor antagonist). 0.5 µM Doxorubicin + 0.1 µM BQ788 group (n = 14 - 15; Red) was compared to Vehicle + 0.1 µM BQ788 group (n = 8 - 9; Blue) using Unpaired student T-test. Doxo = doxorubicin, S6c = Sarafotoxin 6c. Values given represent mean ± S.E.M and statistical analysis: * = p value < 0.0
	 
	The data were summarised in the Figure 4-7. These results indicate that in the 24 hrs organ-cultured arteries, the observed S6c-induced vasocontraction represents ETB specific receptor-mediated contraction. However, the pre-treatment of BQ788 seems to have highlighted a reduction of ETB-mediated contraction at the highest dose of doxorubicin-treated arteries which was not observed without the antagonist. 
	 
	 
	Table
	TR
	Span
	Groups 
	Groups 

	N 
	N 

	S6c Cmax 
	S6c Cmax 

	S6c “Emax” 
	S6c “Emax” 

	   “pEC501”        “pEC502” 
	   “pEC501”        “pEC502” 


	TR
	Span
	Vehicle  
	Vehicle  

	17 
	17 

	124.4 ± 5.4 % 
	124.4 ± 5.4 % 

	127.0 ± 5.6 % 
	127.0 ± 5.6 % 

	12.30 ± 0.6 
	12.30 ± 0.6 

	8.91 ± 0.11 
	8.91 ± 0.11 


	TR
	Span
	Vehicle  
	Vehicle  
	+ BQ788 (0.1 µM) 

	8-9 
	8-9 

	138.2 ± 9.0 % 
	138.2 ± 9.0 % 

	161.56 ± 11.95 
	161.56 ± 11.95 

	12.41 ± 4.70 
	12.41 ± 4.70 

	8.26 ± 0.11 
	8.26 ± 0.11 


	TR
	Span
	Doxorubicin (0.5 µM) 
	Doxorubicin (0.5 µM) 

	19 
	19 

	106.7 ± 9.1% 
	106.7 ± 9.1% 

	113.3 ± 7.0 % 
	113.3 ± 7.0 % 

	12.27 ± 0.31 
	12.27 ± 0.31 

	8.72 ± 0.20 
	8.72 ± 0.20 


	TR
	Span
	Doxorubicin (0.5 µM)  
	Doxorubicin (0.5 µM)  
	+ BQ788 (0.1 µM) 

	14-15 
	14-15 

	88.3 ± 6.6 % 
	88.3 ± 6.6 % 

	94.54 ± 4.42 
	94.54 ± 4.42 

	11.55 ± 0.24 
	11.55 ± 0.24 

	8.50 ± 0.11 
	8.50 ± 0.11 



	Table 4-1: Cmax, “Emax” and “pEC50” values of BQ788 or BQ788 naïve LAD arteries incubated with vehicle or doxorubicin (0.5 µM). Values given for all agonist experiments as mean ± S.E.M. The n values represent the total amount of animals used. Cmax is the percentage of 60 mM K+ KH maximum contraction at S6c highest dose (10-7.5 M), while “Emax” and “pEC50” values were generated from fitted curves obtained by GraphPad Prism 9. 
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	Figure 4-7: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries alone or pre-treated with 30 min of 0.1 µM BQ788 (ETB receptor antagonist) and 10 µM BQ123 (ETA receptor antagonist). Doxorubicin (n = 19; Red) and vehicle + 10 µM BQ123 + 0.1 µM BQ788 (n = 9 – 10; Green) groups were compared to Vehicle group (n = 18; Blue). Doxorubicin + 10 µM BQ123 + 0.1µM BQ788 (n = 13 - 17; Brown) was c
	 
	 
	  Doxorubicin does not alter the Endothelin-1 (endothelin A and B receptor agonist) mediated vasocontraction  
	 
	Vasocontractile responses to endothelin-1 (ET-1) (ETAR and ETBR agonist) 
	The endothelin ETA and ETB receptors agonist, ET-1, was used to investigate the effect of doxorubicin on the ETA and ETB receptor-mediated contraction. The ET-1 dose-response curve was performed after the ETB receptors desensitisation of LAD arteries with sarafotoxin 6c, which means some of the ETB-mediated contraction might have been abolished and the following ET-1 mediated dose-response curve will mostly summarise the ETA-mediated contraction (Skovsted et al., 2015). The ET-1-induced contraction values a
	The ET-1 dose-response curve is a monophasic curve, which seems to be in agreement with the ETB desensitisation due to Sarafotoxin 6C pre-application argument. The ET-1-mediated vasocontraction did not alter in the vessels treated with 0.5 µM doxorubicin compared to the vehicle-treated vessels (Figure 4-7), with an “Emax” = 132.1 ± 23.8 % and a “pEC50” = 10-8.35 M for the 0.5 µM doxorubicin incubated vessels and an “Emax” = 176.5 ± 5.4 % and a “pEC50” = 10-8.22 M for vehicle incubated vessels, as shown in t
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	Figure 4-8: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries. Doxorubicin group (n = 19; Red) was compared to Vehicle group (n = 18; Blue) using Unpaired student T-test. Doxo = doxorubicin, ET-1 = endothelin-1. Values given represent mean ± S.E.M and statistical analysis: * = p value < 0.05. *** = p value < 0.001. 
	 
	Vasocontractile responses of ET-1 (ETAR and ETBR agonist) in the presence of BQ123 (ETAR antagonist) and BQ788 (ETBR antagonist) 
	Pharmacological characterisation of ET-1 receptors ETA- and ETB-induced vasoconstriction in 24 hrs organ-cultured LAD arteries was investigated by the exposure of LAD arteries to ETA and ETB receptor specific antagonists. The used of both ETA and ETB receptor antagonists was performed in order to inhibit both ET-1 receptors-mediated responses since ETB desensitisation after sarafotoxin 6C application might not completely abolish the ETB-mediated contraction. 
	LAD arteries were exposed to a mixture of the selective ETA receptor antagonist BQ123 (10 µM) and the selective ETB receptor antagonist BQ788 (0.1 μM) for 30 mins, followed by cumulative application of ET-1. 
	In 24 hrs organ-cultured arteries from vehicle group the ET-1 mediated contraction was reduced by 16 %, 35 % and 69 %, respectively at 10-9 M (7.5 ± 0.8 %, p = 0.013), 10-8.5 M (9.4 ± 1.1 %, p < 0.0001) and 10-8 M (39.5 ± 10.0 %, p < 0.001) of ET-1 application, in the presence of 10 µM BQ123 and 0.1 µM BQ788 mix, compared to vehicle vessels naïve from BQ123 and BQ788 pre-treatment (at 10-9 M: 23.1 ± 5.8 %, 10-8.5 M: 44.4 ± 7.6 % and 10-8 M: 107.8 ± 5.1 %) (Figure 4-8 (A)). The BQ123 and BQ788 pre-treatment 
	In 24 hrs organ-cultured arteries treated with 0.5 µM doxorubicin the ET-1-mediated contraction was reduced at the highest doses (10-9 M: 20.5 ± 3.7 %, p = 0.002 to 10-7.5 M: 46.4 ± 11.3 %, p < 0.002) in the vessels pre-treated with 10 µM BQ123 and 0.1 µM BQ788 compared to BQ123 and BQ788 naïve vessels (10-9 M: 40.6 ± 5.6 % to 10-7.5 M: 132.5 ± 10.2 %) (Figure 4-8 (B)). From 10-9 M to 10-7.5 M ET-1 application the ET-1-mediated contraction was significantly reduced with 21 %, 31 %, 88 % and 86 %, respective
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	Figure 4-9: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 0.1 µM BQ788 (ETB receptor antagonist) and 10 µM BQ123 (ETA receptor antagonist). (A) Contractile response to the cumulative application of ET-1 to incubated LAD artery from vehicle groups. Vehicle group (n = 18; Blue) and vehicle + 10 µM BQ123 + 0.1 µM BQ788 (n = 9 - 10; Pink). (B) Contractile response
	 
	After 24 hrs of organ culture with 0.5 µM doxorubicin the ET-1-mediated vasocontraction after 10 µM BQ123 + 0.1 µM BQ788 pre-treatment was increased in the ET-1 range of 10-10 M (16.0 ± 2.7 %, p < 0.001) to 10-8.5 M (27.0 ± 5.1 %, p = 0.001), when compared to vehicle vessels after 10 µM BQ123 + 0.1 µM BQ788 pre-treatment (10-10 M: 5.5 ± 0.6 % and 10-8.5 M: 9.4 ± 1.1 %) (Figure 4-9). The significant increase of contraction observed in 0.5 µM doxorubicin-treated arteries was 11 - 18 % significantly increased 
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	Figure 4-10: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 0.1 µM BQ788 (ETB receptor antagonist) and 10 µM BQ123 (ETA receptor antagonist). Doxorubicin + 10 µM BQ123 + 0.1 µM BQ788 group (n = 13 - 17; Red) was compared to Vehicle + 10 µM BQ123 + 0.1 µM BQ788 group (n = 9 - 10; Blue) using Unpaired student T-test. Doxo = doxorubicin, ET-1 = endothelin-1. Value
	 
	Table 4-2: Cmax, “Emax” and “pEC50” values of BQ123 + BQ788 or BQ123 + BQ788 naive LAD arteries incubated with vehicle or doxorubicin (0.5 µM). Values given as mean ± S.E.M. The n values represent the total amount of animals used. Cmax is the percentage of 60 mM K+ maximum contraction at S6c highest dose (10-7.5 M), while “Emax” and “pEC50” values were generated from fitted curves obtained by GraphPad Prism 9. 
	Table
	TR
	Span
	Groups 
	Groups 

	N 
	N 

	Cmax 
	Cmax 

	ET-1 “Emax” 
	ET-1 “Emax” 

	“pEC50” 
	“pEC50” 


	TR
	Span
	TD
	Span
	Vehicle  

	18 
	18 

	122.85 ± 5.41 % 
	122.85 ± 5.41 % 

	132.06 ± 5.43 
	132.06 ± 5.43 

	8.35 ± 0.04 
	8.35 ± 0.04 


	TR
	Span
	TD
	Span
	Vehicle + BQ123 (10 µM)  
	+ BQ788 (0.1 µM) 

	9-10 
	9-10 

	85.91 ± 15.10 % 
	85.91 ± 15.10 % 

	104.5 ± 29.1 % 
	104.5 ± 29.1 % 

	7.85 ± 0.19 
	7.85 ± 0.19 


	TR
	Span
	TD
	Span
	Doxorubicin (0.5 µM) 

	19 
	19 

	176.54 ± 23.81 
	176.54 ± 23.81 

	152.8 ± 14.6 % 
	152.8 ± 14.6 % 

	8.22 ± 0.20 
	8.22 ± 0.20 


	TR
	Span
	TD
	Span
	Doxorubicin (0.5 µM)  
	+ BQ123 (10 µM) + BQ788 (0.1 µM) 

	13-17 
	13-17 

	31.24 ± 5.34 % 
	31.24 ± 5.34 % 

	39.8 ± 3.6 % 
	39.8 ± 3.6 % 

	8.91 ± 0.19 
	8.91 ± 0.19 



	The data were summarised in the Figure 4-11. These results indicate that in the 24-hr organ-cultured LAD arteries, the observed ET-1-induced contraction represents ET-receptor-mediated contraction. However, to determine which endothelin receptor subtype is specifically involved in the contraction, the ET-1 dose-response curve needs to be performed with each antagonist separately. This will be explored in the following subsections. 
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	Figure 4-11: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries alone or pre-treated with 30 min of 0.1 µM BQ788 (ETB receptor antagonist) and 10 µM BQ123 (ETA receptor antagonist). Doxorubicin (n = 19; Red) and vehicle + 10 µM BQ123 + 0.1 µM BQ788 (n = 9 – 10; Green) groups were compared to Vehicle group (n = 18; Blue). Doxorubicin + 10 µM BQ123 + 0.1µM BQ788 (n = 13 - 17; Brown) was 
	value < 0.0001. α = p value < 0.05. αααα = p value < 0.0001. # = p value < 0.05. #### = p value < 0.0001.  
	Vasocontractile responses of ET-1 (ETAR and ETBR agonist) in the presence of BQ123 (ETAR antagonist)  
	To explore which ET-1 sub-receptor type was responsible for the ET-1 mediated vasocontraction the ETA receptors specific antagonist was applied prior to ET-1 dose-response curve of LAD arteries treated with doxorubicin and vehicle during 24 hrs exposure. LAD arteries were exposed to the ETA receptor selective antagonist BQ123 (10 µM) for 30 mins, followed by cumulative application of ET-1. 
	The addition of BQ123 reduced the ET-1 dose-response curve, which may be attributed to the inhibition of ETA receptor-mediated vasocontraction.  
	In the 24 hrs organ-cultured arteries from the vehicle group, the ET-1-induced contraction was significantly reduced at ET-1 doses of 10-9 M (21 % decrease) (2.0 ± 0.7 %, p = 0.002), 10-8.5 M (35 % decrease) (9.1 ± 3.1 %, p < 0.001), 10-7.5 M (26 % decrease) (97.4 ± 6.0 %, p = 0.018) in the BQ123 pre-treated vessels compared to BQ123 naïve vessels (10-9 M: 23.0 ± 5.8 %, 10-8.5 M: 44.4 ± 7.6 % and 10-7.5 M: 122.9 ± 5.4 %) (Figure 4-10 (A)). Furthermore, BQ123 pre-treatment reduced the “Emax” value from 132.0
	In 24 hrs organ-cultured arteries from the 0.5 µM doxorubicin group pre-treated with BQ123, the ET-1-induced contraction was reduced (14 % decrease) at 10-10 M (3.5 ± 1.1 %, p = 0.001) ET-1 doses, and highly reduced (25 - 80 % decrease) at the highest ET-1 doses 10-9 M (15.6 ± 5.5 %, p = 0.024) to 10-7.5 M (52.6 ± 13.6 %, p < 0.001) compared to BQ123 naïve vessels (10-10 M: 11.2 ± 2.1 % and 10-9 M: 40.6 ± 5.6 % to 10-7.5 M: 132.5 ± 10.2 %) (Figure 4-10 (B)). Additionally, the pre-treatment with BQ123 reduce
	Pre-treatment with BQ123 of vehicle or 0.5 µM doxorubicin treated vessels attenuates the ET-1 dose-response curve, which may be attributed to inhibition of ETA receptor-mediated vasocontraction, and thus ETA receptors may be essential to ET-1-induced vasocontraction of vehicle or 0.5 µM doxorubicin treated LAD arteries.  
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	Figure 4-12: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 min of 10 µM BQ123 (ETA receptor antagonist). (A) Contractile response to the cumulative application of ET-1 to incubated LAD artery from vehicle groups. Vehicle group (n = 18; Blue) and 
	vehicle + 10 µM BQ123 (n = 6 - 7; Pink). (B) Contractile response to the cumulative application of ET-1 to incubated LAD artery with 0.5 µM doxorubicin. Doxorubicin group (n = 19; Blue) and doxorubicin + 10 µM BQ123 (n = 5 - 6; Pink). Values given represent mean ± S.E.M and the comparison of both groups was statistically analysed using unpaired Student T test: * = p value < 0.05. ** = p value < 0. 01. *** = p value < 0.001. 
	 
	The 24 hrs of organ culture with 0.5 µM doxorubicin resulted in reduced ETB-mediated vasocontraction at the highest ET-1 doses 10-8 M (51.1 ± 11.3 %, p = 0.014) to 10-7.5 M (52.6 ± 13.6 %, p = 0.028) in 0.5 µM doxorubicin vessels pre-treated with BQ123 compared vehicle vessels pre-treated with BQ123 at ET-1 doses 10-8 M (96.3 ± 6.7 %) to 10-7.5 M (97.4 ± 6.0 %) (Figure 4-11). The significant decrease of ETB-mediated vasocontraction after pre-treatment with BQ123 was observed in 0.5 µM doxorubicin-treated ar
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	Figure 4-13: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 10 µM BQ123 (ETA receptor antagonist). Doxorubicin + 10 µM BQ123 group (n = 5 - 6; Red) was compared to Vehicle + 10 µM BQ123 group (n = 6 - 7; Blue), using unpaired Student T-test: * = p value < 0.05. Values given represent mean ± S.E.M. 
	 
	Table 4-3: Cmax, “Emax” and “pEC50” values of BQ123 or BQ123 naive LAD arteries incubated with vehicle or doxorubicin (0.5 µM). Values given for all agonist experiments as mean ± S.E.M. The n values represent the total amount of animals used. Cmax is the percentage of 60 mM K+ maximum contraction at S6c highest dose (10-7.5 M), while “Emax” and “pEC50” values were generated from fitted curves obtained by Graph-Pad Prism 9. 
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	The data were summarised in the Figure 4-14. These results indicate that in the 24-hrs organ-cultured arteries, the inhibition of ETA receptor-mediated vasocontraction induced a decrease of the ET receptors-vasocontraction at the highest doses of ET-1 in the presence of 0.5 µM doxorubicin compared to vehicle group. The BQ123 pre-treatment reduces the ET-1-induced contraction in 0.5 µM doxorubicin vessels compared to vehicle vessels, while no changes were observed without BQ123 pre-treatment and thus, sugges
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	Figure 4-14: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries alone or pre-treated with 30 min of 10 µM BQ123 (ETA receptor antagonist). Doxorubicin (n = 19; Red) and vehicle + 10 µM BQ123 (n = 6 - 7; Green) groups were compared to Vehicle group (n = 18; Blue). Doxorubicin + 10 µM BQ123 (n = 5 - 6; Brown) was compared to doxorubicin group (n = 19; Red). Doxorubicin + 10 µM BQ123 (n =
	 
	Vasocontractile responses of ET-1 (ETAR and ETBR agonist) in the presence of BQ788 (ETBR antagonist) 
	To further explore which ET-1 sub-receptor type was responsible for the ET-1 mediated vasocontraction this time the ETB receptor specific antagonist BQ788 was used. ETB was desensitised 
	by application of 10-7.5 M sarafotoxin 6c and the LAD arteries were exposed to the ETB receptor specific antagonist BQ788 (0.1 µM) for 30 min, followed by cumulative application of ET-1. 
	In 24 hrs incubated vehicle vessels, the ET-mediated contraction was reduced by 21 % at the ET-1 concentration of 10-9 M (2.5 ± 0.7 %, p = 0.002) in the vessels pre-treated with BQ788 compared to BQ788 naïve vessels (10-12 M: 2.3 ± 0.4 %, 10-9.5 M: 5.7 ± 1.1 % and 10-9 M: 23.1 ± 5.8 %), which may be attributed to the inhibition of ETB-mediated contraction (Figure 4-12 (A)). The pre-treatment with BQ788 on LAD arteries from the vehicle group did not alter “Emax” or “pEC50” values (Table 4-4).  
	In 24 hrs incubated 0.5 µM doxorubicin-treated vessels, pre-treatment with BQ788 reduced the ET-1-induced contraction with 22 % at the dose of 10-9 M (18.9 ± 2.9 %, p = 0.002) ET-1 when compared to BQ788 naïve vessels (40.6 ± 5.6 %) (Figure 4-12X (B)). Additionally, the pre-treatment with BQ788 did not alter the “Emax” and “pEC50” values in BQ788 pre-treated vessels (“Emax” = 152.77 ± 5.60 % and “pEC50” = 10-8.27 M), compared BQ788 naïve vessels (“Emax” = 176.54 ± 23.81 % and “pEC50” = 10-8.22 M).  
	These results indicate that in the 24-hrs organ-cultured arteries, the inhibition of ETB receptor-mediated vasocontraction induced a slight decrease from 10-12 M to 10-9 M in vehicle-treated vessels and at 10-9 M in 0.5 µM doxorubicin-treated vessels, however, the potency and maximal ET-1-induced contraction remain unchanged in vehicle- or 0.5 µM doxorubicin-treated vessels and thus may be attributed to the ETB receptors desensitisation with S6c application. 
	      (A) 
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	Figure 4-15: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 0.1 µM BQ788 (ETB receptor antagonist). (A) Contractile response to the cumulative application of ET-1 to LAD artery from vehicle groups. Vehicle group (n = 18; Blue) and vehicle + 0.1 µM BQ788 (n = 9 - 10; Pink). (B) Contractile response to the cumulative application of ET-1 to incubated LAD artery wi
	 
	After 24 hrs of incubation with 0.5 µM doxorubicin, the ET-1-induced vasocontraction by ET-1 application (10-9.5 M to 10-9 M) was increased significantly compared to vehicle incubated vessels after 0.1 µM BQ788 pre-treatment (Figure 4-13). The increase in ET-1-induced vasocontraction observed in 0.5 µM doxorubicin-treated arteries was 11 - 17 % increase at the ET-1 doses 10-9.5 M (12.1 ± 2.6 %, p = 0.001) to 10-9 M (18.9 ± 2.9 %, p < 0.001) when compared to vehicle incubated vessels after BQ788 pre-treatmen
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	Figure 4-16: Vasocontractile response to the cumulative application of endothelin-1 (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 0.1 µM BQ788 (ETA receptor antagonist). Doxorubicin + 0.1 µM BQ788 group (n = 8 - 9; Red) was compared to Vehicle + 0.1 µM BQ788 group (n = 9 - 10; Blue) using Unpaired student T-test. Doxo = doxorubicin, ET-1 = endothelin-1. Values given represent mean ± S.E.M and statistical analysis: * = p value < 0
	 
	The data were summarised in the Figure 4-17. These results indicate that in the 24-hrs incubated arteries, the inhibition of ETB receptor-mediated vasocontraction through BQ788 induced a slight increase of the contraction at the low doses of ET-1 and a more significant increase of the maximal ET-1-induced contraction (“Emax” values) in presence of doxorubicin compared to vehicle group. This could indicate that after doxorubicin treatment, the ETB receptors might reduce the ET-1-induced contraction and thus,
	only after BQ788 pre-treatment in 0.5 µM doxorubicin vessels compared to BQ788 pre-treated vehicle vessels.  
	Table 4-4: Cmax, “Emax” and “pEC50” values of BQ788 or BQ788 naive LAD arteries incubated with vehicle or doxorubicin (0.5 µM). Values given for all agonist experiments as mean ± S.E.M. The n values represent the total amount of animals used. Cmax is the percentage of 60 mM K+ maximum contraction at S6c highest dose (10-7.5 M), while “Emax” and “pEC50” values were generated from fitted curves obtained by Graph-Pad Prism 9. 
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	8.27 ± 0.04 



	 
	 
	 
	InlineShape

	Figure 4-17: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries alone or pre-treated with 30 min of 0.1 µM BQ788 (ETB receptor antagonist). Doxorubicin (n = 19; Red) and vehicle + 0.1 µM BQ788 (n = 9 - 10; Green) groups were compared to Vehicle group (n = 18; Blue). Doxorubicin + 0.1 µM BQ788 (n = 8 - 9; Brown) was compared to doxorubicin group (n = 19; Red). Doxorubicin + 0.1 µM BQ788
	In summary, ETB desensitisation by applying 10-7.5 M Sarafotoxin 6c highly reduced the ETB-mediated contraction (“Emax” and “pEC50” were not altered), however, it was not completely abolished (the first phase of ET-1 dose-response curve was decreased after BQ788 pre-treatment in vehicle vessels). The first phase of a biphasic ET-1 dose-response curve will be dependent on the ETB-mediated vasocontraction, followed by the ETA-mediated vasocontraction during the second phase, which indicates that ETA receptor 
	 
	 Doxorubicin alters the 5-carboxamidotryptamine (serotonin 1B receptor agonist) mediated vasocontraction  
	 
	Vasocontractile responses to 5-carboxamidotryptamine (5-HT1B agonist) 
	The serotonin 5-HT1B receptor specific agonist 5-carboxamidotryptamine (5-CT) was applied to the incubated LAD vessels to investigate the effect of doxorubicin on 5-HT1B receptor-mediated vasocontraction. The dose-response curve obtained by applying 5-CT resulted in a biphasic 5-HT1B receptor-mediated vasocontraction curve for the 0.5 µM doxorubicin-treated vessels. The 5-HT1B-induced vasocontraction values are given as percentage of the maximal contractile response, induced by 60 mM K+ KH. 
	After 24 hrs of organ culture with 0.5 µM doxorubicin, the 5-HT1B-mediated vasocontraction was increased for at the 5-CT concentration range of 10-9 M to 10-6 M compared to vehicle incubated vessels (Figure 4-14). The increase of 5-HT1B-mediated vasocontraction starts slowly ( < 7 %) at 10-9 M (5.0 ± 1.0 %, p = 0.002) to 10-8 M 5-CT (10.0 ± 3.0 %, p < 0.001) and progressively increase (12 - 28 %) 
	from 10-7.5 M (15.0 ± 3.0 %, p < 0.001) to 10-6 M 5-CT (35.0 ± 6.0 %, p < 0.001) in 0.5 µM doxorubicin-treated vessels when compared to vehicle incubated vessels (at 10-9 M: 2.0 ± 0.0 % to 10-8 M: 3.0 ± 1.0 % and at 10-7.5 M: 3.0 ± 1.0 % to 10-6 M: 7.0 ± 1.0 %). The 5-CT dose-response curve of both groups did not reach the final plateau at the highest dose due to stock constraints, and therefore final “Emax” and “pEC50” values could not be obtained. However, the vasocontraction obtained at the highest dose 
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	Figure 4-18: Vasocontractile response to the cumulative application of 5-carboxamidotryptamine (5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries. Doxorubicin group (n = 13; Red) was compared to Vehicle group (n = 16; Blue) using unpaired Student T-test: ** = p value < 0.01. *** = p value < 0.001. Doxo = doxorubicin, 5-CT = 5-Carboxamidotryptamine. Values given represent mean ± S.E.M.  
	 
	These results showed that the 5-CT dose response obtained after 0.5 µM doxorubicin incubation was biphasic, while the dose-response curve after vehicle incubation seems to be monophasic, but the absence of “Emax” does not allow the confirmation of a monophasic curve. 
	 
	Vasocontractile responses of 5-CT (5-HT1B agonist) in presence of GR55562 (5-HT1B antagonist)  
	0.5 µM doxorubicin and vehicle incubated LAD arteries were exposed to a 5-HT1B receptor specific antagonist GR55562 (1 µM) for 30 min, followed by cumulative application of 5-CT to establish the 5-HT1B receptor specificity of the 5-CT agonist. 
	In 24 hrs organ-cultured arteries incubated with vehicle, the 5-HT1B-mediated contraction was significantly reduced by 23 % at 10-5.5 M 5-CT (Cmax = 11.0 ± 2.0 %, p = 0.009) after GR55562 pre-treatment, compared to GR55562 naïve vessels (Cmax = 34.0 ± 8.0 %) (Figure 4-15 (A)).  
	In the doxorubicin incubated vessels, the 5-HT1B-mediated contraction was also significantly reduced at 5-CT concentration ranging from 10-7.5 M to 10-6 M after GR55562 pre-treatment, compared to GR55562 naïve vessels (Figure 4-15 (B)). The GR55562 mediated decrease (by 8 %, 11 %, 12 % and 17 %) the 5-CT vasocontraction at 5-CT concentrations of  10-7.5 M (7.0 ± 2.5 %, p = 0.036), 10-7 M (8.0 ± 2.9 %, p = 0.040), 10-6.5 M (11.0 ± 3.4 %, p = 0.037), 10-6 M (18.0 ± 5.5 %, p = 0.029), when compared to GR55562 
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	Figure 4-19: Vasocontractile response to the cumulative application of 5-CT (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 1 µM GR55562 (5-HT1B receptor antagonist). (A) Vasocontractile response to the cumulative application of 5-CT to LAD arteries in the vehicle groups. Vehicle group (n = 16; Blue) and vehicle + 1 µM GR55562 (n = 13 - 14; Pink). (B) Vasocontractile response to the cumulative application of 5-CT to LAD arteries incubat
	 
	After 24 hrs of organ culture with 0.5 µM doxorubicin the 5-HT1B-mediated vasocontraction after GR55562 pre-treatment was increased in the 5-CT concentration range of 10-8 M to 10-5.5 M when compared to vehicle-treated vessels also receiving GR55562 pre-treatment (Figure 4-16). The increase in vasocontraction observed in the 0.5 µM doxorubicin-treated arteries was slight (< 7 %) at 10-8 M (8.0 ± 3.0 %, p = 0.050) to 10-6.5 M (11.0 ± 3.4 %, p = 0.037) 5-CT and higher (26 %)  at 10-6 M (18.0 ± 5.5 %, p = 0.00
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	Figure 4-20: Vasocontractile response to the cumulative application of 5-CT (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 1 µM GR55562 (5-HT1B receptor antagonist). Vasocontractile response to the cumulative application of 5-CT to LAD arteries in the doxorubicin group pre-treated with 1 µM GR55562 (n = 9 - 10; Red) compared to Vehicle group pre-treated with 1 µM GR55562 group (n = 13 - 14; Blue) using unpaired Student T-test: * = p va
	Table 4-5: Cmax values of GR55562 or GR55562 naïve LAD arteries incubated with vehicle or doxorubicin (0.5 µM). Cmax = the contraction obtained at the highest agonist dose and is applied when the “Emax” couldn’t be determined due to stock concentration constrains. Values given as mean ± S.E.M. The n values represent the total amount of animals used. GR55562 pre-treated vessels were compared to GR55562 naïve vessels, using unpaired Student T-test:  
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	The data were summarised in the Figure 4-21. These results indicate that the increase of the 5-CT-induced contraction observed in 0.5 µM doxorubicin-incubated vessels compared to vehicle-incubated vessels, was specific to the 5-HT1B receptors activation. Furthermore, 0.5 µM doxorubicin 
	treatment seems to induce a biphasic 5-HT1B-mediated contraction of 0.5 µM doxorubicin incubated vessels, while the 5-HT1B-mediated contraction of vehicle-incubated vessels was a monophasic contraction. 
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	Figure 4-21: Vasocontractile response to the cumulative application of 5- carboxamidotryptamine (5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries alone or pre-treated with 30 min of 1 µM GR55562 (5-HT1B receptor antagonist). Doxorubicin (n = 13; Red) and vehicle + 1 µM GR55562 (n = 13 - 14; Green) groups were compared to Vehicle group (n = 16; Blue). Doxorubicin + 1 µM GR55562 (n = 9 - 10; Brown) was compared to doxorubicin group (n = 19; Red). Doxorubicin + 
	 
	 Doxorubicin alters the U46619 (thromboxane A2 receptor agonist) mediated vasocontraction  
	 
	Vasocontractile responses to U46619 (Thromboxane A2 agonist) 
	The Thromboxane prostanoid A2 (TP) receptor specific agonist U46619 was applied to incubated vessels to investigate the effect of doxorubicin on TP receptor-mediated vasocontraction. The TP-induced vasocontraction values are given as percentage of the maximal contractile response, induced by 60 mM K+ KH. 
	After 24 hrs of incubation with 0.5 µM doxorubicin, the TP-mediated vasocontraction was increased at U46619 concentrations of 10-8 M to 10-7.5 M compared to vehicle treated vessel (Figure 4-17). The TP-mediated vasocontraction of 0.5 µM doxorubicin treated vessels was significantly increased by 17 % at 10-8 M U46619 (21.0 ± 3.0 %, p = 0.001) and 36 % at 10-7.5 M U46619 (47.0 ± 6.0 %, p = 0.007), when compared to vehicle treated vessels at 10-8 M (4.0 ± 1.0 %) and at 10-7.5 M (10.0 ± 3.0 %). The maximal TP-m
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	Figure 4-22: Vasocontractile response to the cumulative application of U46619 (TP receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries. Doxorubicin group (n = 14; Red) was compared to Vehicle group (n = 15; Blue) using Unpaired Student T-test: *** = p value < 0.001. Doxo = doxorubicin. Values given represent mean ± S.E.M. 
	 
	Vasocontractile responses of U46619 (TP agonist) in the presence of Seratrodast (TP antagonist)  
	Doxorubicin and vehicle incubated LAD arteries were exposed to a TP receptor specific antagonist Seratrodast (1 µM) for 30 mins, followed by cumulative application of U46619 to establish the TP specificity of the U46619 agonist. After incubation with 1 µM Seratrodast, the U46619 dose-response curve of both 0.5 µM doxorubicin and vehicle treated vessels did not reach the final plateau at the highest dose due to stock constraints, however, the maximal vasocontraction at 10-6.5 M U46619 was called Cmax and use
	In 24 hrs vehicle incubated vessels, the TP-mediated contraction was reduced significantly at the highest doses of U46619 in the presence of Seratrodast compared to Seratrodast naïve vehicle vessels (Figure 4-18 (A)). The U46619 dose-response curve of Seratrodast pre-treated vehicle incubated vessels did not reach the final plateau at the highest dose due to stock constraints, however, the TP-mediated vasocontraction was reduced with 44 % decrease at 10-7 M U46619 (6.0 ± 1.0 %)  and 47 % decrease at 10-6.5 
	In 24 hrs 0.5 µM doxorubicin incubated vessels, the TP-mediated contraction was reduced in Seratrodast pre-treated vessels compared with the Seratrodast naïve vessels from U46619 concentrations of 10-8 M and 10-6.5 M (Figure 4-18 (B)). The Seratrodast pre-treatment significantly decreased the TP-mediated vasocontraction in the 0.5 µM doxorubicin-treated vessels at U46619 concentrations from 10-8 M to 10-6.5 M (p < 0.001), compared to the Seratrodast naïve 0.5 µM doxorubicin treated vessels (Figure 4-18 (B))
	mediated vasocontraction after 0.5 µM doxorubicin compared to vehicle-treated vessels was similar in Seratrodast pre-treated and Seratrodast naïve vessels.  
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	Figure 4-23: Vasocontractile response to the cumulative application of U46619 (TP receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 1 µM Seratrodast (TP receptor agonist). (A) Vasocontractile response to the cumulative application of U46619 to LAD artery from vehicle groups. Vehicle group (n = 15; Blue) and vehicle + 1 µM Seratrodast (n = 12 - 13; Pink). (B) Vasocontractile response to the cumulative application of U46619 to incubated LAD artery 
	After 24 hrs of incubation with 0.5 µM doxorubicin or vehicle and Seratrodast pre-treatment of both vessel groups, the TP-mediated vasocontraction was significantly increased in the 0.5 µM doxorubicin treated vessels by 7 %  at U46619 concentrations 10-7.5 M (11.0 ± 3.9 %) and by 18 % at 10-7 M (24.0 ± 7.4 %), compared to the vehicle-treated vessels at 10-7.5 M (4.0 ± 0.5 %, p = 0.030) and 10-7 M (6.0 ± 1.2 %, p = 0.003) (Figure 4-19). The U46619 dose-response curve of both 0.5 µM doxorubicin and vehicle in
	The increase in TP-mediated vasocontraction after 0.5 µM doxorubicin compared to vehicle-treated vessels was similar in Seratrodast pre-treated and Seratrodast naïve vessels.  
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	Figure 4-24: Vasocontractile response to the cumulative application of U46619 (TP receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries pre-treated with 30 mins of 1 µM Seratrodast (TP receptor antagonist). Vasocontractile response to the cumulative application of U46619 to LAD arteries in the doxorubicin group pre-treated with 1 µM Seratrodast (n = 9 - 10; Red) was compared to Vehicle pre-treated with 1 µM Seratrodast group (n = 12 - 13; Blue) using unpaired Student T-test: **
	 
	The data were summarised in the Figure 4-215 These results indicate that in the 24-hr organ-cultured arteries, the observed U46619-induced contraction represents TP receptor-mediated specific vasocontraction.  
	 
	Table 4-6: Cmax, “Emax” and “pEC50” values of Seratrodast or Seratrodast naïve LAD arteries incubated with vehicle or doxorubicin (0.5 µM). Cmax is the percentage of 60 mM K+ maximum contraction at S6c highest dose (10-7.5 M), while “Emax” and “pEC50” values were generated from fitted curves obtained by Graph-Pad Prism 9.  
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	Figure 4-25: Vasocontractile response to the cumulative application of U46619 (TP receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries alone or pre-treated with 30 min of 1 µM Seratrodast (TP receptor antagonist). Doxorubicin (n = 13; Red) and vehicle + 1 µM Seratrodast (n = 12 - 13; Green) groups were compared to Vehicle group (n = 16; Blue). Doxorubicin + 1 µM Seratrodast (n = 9 - 10; Brown) was compared to doxorubicin group (n = 19; Red). Doxorubicin + 1 µM Seratrodast (n =
	 
	4.4.  Discussion / Conclusion 
	The doxorubicin treatment seems to have an effect on the vascular tone of the rat coronary arteries, through specific GPCRs, namely ETA, ETB, 5-HT1B and TP receptors. The application of GPCR specific 
	antagonists BQ123, BQ788, GR55562 and Seratrodast confirms the vascular tone effect observed through the application of the GPCR specific agonist. For a better reading of the discussion, the dose-response curves of each receptor (in the presence of both agonist and antagonist) have been grouped in the same graphs in Figures 4-7, 4-11, 4-14, 4-17, 4-21 and 4-25. 
	 ETB receptors-mediated contraction is enhanced by doxorubicin treatment 
	The endothelin B receptors have 2 subtypes in the cardiovascular system. ETB receptors are located in both endothelial cells and VSMCs; however, the two subtypes have an opposite effect on vascular tone. In the endothelial cells, the  ETB receptors induce vasodilation, through the NO and prostacyclin synthesis (Liu et al., 2003), while the ETB receptors signalling pathway in VSMC results in a vasocontraction, via phospholipase C (PLC), diacylglycerol / inositol trisphosphate (DAG/IP3) pathway activation (Sk
	The present study’s results have shown a strong S6c-induced vasoconstriction of 24-hr organ-cultured LAD arteries incubated with vehicle or 0.5 µM doxorubicin (Figure 4-7), which is similar to Skovsted (2017) findings, which used a different technique to induce CVD with rat LAD arteries model. Skovsted et al.et al. used organ-cultured rat LAD arteries as model to study the up-regulation of ETB receptors related to CVDs, as it was performed in this study. However, the group induced ischaemia by occluding the
	Furthermore, it was shown that the doxorubicin treatment (0.5 µM) seems to induce a further increase of the ETB-mediated contraction from 10-13 M to 10-10.5 M compared to vehicle-incubated LAD arteries (Figure 4-7), which could underline a potential doxorubicin-induced vasotoxicity. However, the “Emax” and “pEC50” values of the vehicle and doxorubicin treated LAD vessels remained unchanged. 
	It has been established that the constant dissociation (KD) of S6c for ETB receptors (0.06 ± 0.02 nM) is 59,400-fold higher than the KD for ETA receptors (3.50 ± 0.26 µM) in rat left ventricle, meaning the S6c-induced vasoconstriction is predominantly mediated through ETB receptors signalling pathways (Russell and Davenport, 1996). Previous studies have shown that sarafotoxin 6c application produces a monophasic curve. Eskesen and her team compared the sarafotoxin 6c-induced vasoconstriction of overnight or
	In contrast to the three studies mentioned above using the same model (i.e. organ-cultured rat LAD arteries), cumulative application of sarafotoxin 6c with concentrations ranging from 10-14 M to 10-7.5 M resulted in biphasic curves in the present study. Here it was shown that the sarafotoxin 6c application to vehicle-incubated LAD arteries reach a first plateau from 10-11.5 M to 10-10.5 M, as shown in Figure 4-7. One explanation to this monophasic versus biphasic curve phenomenon could be explained with the
	In the present results, the presence of a sarafotoxin 6c biphasic curve shows the implication of two different ETB subtype receptors. The first hypothesis (i) is that at the first phase of the sarafotoxin 6c dose-response curve, both ETB subtypes have antagonistic effects and these ETB subtypes' competition leads to the low vasocontraction depending on both ETB subtypes' affinity. For clarification, the ETB 
	subtype from EC will be called ETB1 and the ETB subtype from SMC will be called ETB2. The binding of sarafotoxin 6c to ETB2 receptors induces a vasocontraction while the binding of sarafotoxin 6c to ETB1 receptors induces a vasorelaxation. The interaction between these 2 subtypes with opposite vasocontractile response effects could explain the low vasocontraction at the first phase of the sarafotoxin 6c biphasic curve. The LAD arteries included in this study have an average of 50% of the endothelium left af
	Additionally, upon pre-treatment with the ETB receptor antagonist BQ788, a decrease of the vasocontraction was observed in all of the studied LAD arteries (Figure 4-7). This study’s data showed the BQ788 pre-treatment of both vehicle- and doxorubicin-treated LAD arteries (Figure 4-7) resulted in a significant reduction (p = 0.0002) of the maximal ETB-mediated contraction in doxorubicin-incubated LAD arteries (97 %) compared to vehicle-incubated LAD arteries (154 %). However, it was shown that in vessels inc
	The doxorubicin treatment could (i) modify the structure of the binding site on the ETB receptors leading to an increase of the binding of antagonist BQ788 to the ETB receptors or a decrease of the agonist sarafotoxin 6c affinity to the ETB receptors and thus may explain the reduction of the maximal ETB-mediated vasoconstriction observed in BQ788 pre-treated doxorubicin LAD arteries, compared to BQ788 pre-treated vehicle LAD arteries. The doxorubicin treatment combined with the 30 min 
	antagonist pre-treatment, followed by the cumulative application of sarafotoxin 6c could (ii) desensitise the ETB receptors and thus decrease the number of ETB receptors available for the sarafotoxin 6c binding, leading to the down-regulation of the S6c-induced contraction.  
	Furthermore, in vehicle-treated LAD arteries, the BQ788 pre-treatment failed to inhibit the ETB-mediated vasocontraction at high S6c concentration (Figure 4-7). It is known that ETB receptors are rapidly desensitised by phosphorylation through the G protein-coupled receptor kinase type 2 upon stimulation by the agonist S6c and then internalised from the VSMC membrane at high S6c doses (Russell and Davenport, 1996, Gregan et al., 2004) and thus BQ788 might simply not be able to adequately compete with S6c an
	As shown previously, the organ culture of rat LAD arteries induces a significant up-regulation of ETB receptors in SMC (Skovsted et al., 2017). Doxorubicin is known to interact with DNA (Rawat et al., 2021) and could (iii) potentially have a toxic effect during the ETB receptors transcription leading to a modification of the ETB receptors' properties. 
	The results observed in this chapter showed that ETB-mediated contraction is altered by doxorubicin treatment, however, the mechanisms associated with ETB-mediated vasocontraction observed during the first phase of biphasic S6c dose-response curve of rat LAD arteries are unclear and need more investigation. 
	 
	  Doxorubicin-induced cardiotoxicity is not associated with altered ETA-mediated vasocontractile response, however, BQ123 highlights a potential alteration of ETA receptors.  
	ET-1 is the ligand of ETA and ETB receptors. ETA receptors are expressed in the SMCs and are mainly responsible for the vasoconstriction (Yanagisawa et al., 1988) and blood pressure (Donato et al., 2014) in normal physiological conditions. However, in pathological conditions, ETA and ETB are both involved in vasoconstriction (Skovsted et al., 2015).  
	The present results showed that the doxorubicin treatment (0.5 µM) has no effect on the contractile response of endothelin receptors when applying the endothelin-1 agonist (Figure 4-11). The ET-1 dose-response curve was performed after an ETB receptors desensitisation by applying 10-7.5 M dose of Sarafotoxin 6c.  
	The addition of ETB receptor antagonist BQ788 prior to the ET-1 dose-response curve illustrated a slight reduction of the contraction of LAD arteries from vehicle group (Figure 4-17). These findings demonstrate that ETB-mediated contraction was nearly abolished by applying 10-7.5 M dose of Sarafotoxin 6c, and that the ETB-mediated contraction was observed during the first phase of ET-1 dose-response curve. The addition of the ETA receptor antagonist BQ123 prior to the ET-1 dose-response curve confirmed that
	Based on this study’s results with the addition of either ETA selective antagonist BQ123 or ETB selective antagonist BQ788, it is evident that the ET-1 dose-response curve performed without antagonist corresponds mainly to the ETA-mediated vasocontractile response, which means doxorubicin treatment has no effect on ETA-mediated vasocontractile response.  This study’s findings are in agreement with Skovsted et al.et al. (2017) findings, which showed that ETA-mediated vasocontractile response is not altered i
	Interestingly in the present results, BQ123 pre-treatment showed that the ETA-mediated contraction was significantly reduced in the presence of doxorubicin incubation, from 150.5 % in BQ123-incubated vehicle LAD arteries to 61.8 % in BQ123-incubated doxorubicin LAD arteries (Figure 4-14). Therefore, BQ123 pre-treatment might have highlighted a potential doxorubicin-induced alteration of the ETA receptors. Furthermore, the addition of both ETA and ETB receptors antagonists BQ123 and BQ788 simultaneously iden
	 
	  5-HT1B receptors-mediated contraction is enhanced by doxorubicin treatment 
	The 5-HT1B receptors have been mostly studied in cerebral arteries, where their activation is involved during many disorders, such as migraine (O'Quinn et al., 1999) or memory (Lotfinia et al., 2014). However, 5-HT1B and 5-HT2 are two serotonin receptor subtypes involved in serotonin response in coronary arteries (Longmore et al., 2000, Maassen VanDenBrink et al., 2000, Kaumann et al., 1994). Studies on the anti-migraine drug and 5-HT1B agonist sumatriptan have demonstrated that patients treated with sumatr
	The present study showed that the 5-carboxamidotryptamine dose-response curve performed after doxorubicin treatment resulted in a biphasic dose-response curve, which highlights the potential implication of two different serotonin subtype receptors during the 5-CT-mediated contraction. The current finding is consistent with Hansen-Schwartz et al.et al. (2003) findings, which showed that the agonist 5-CT has a high affinity to 5-HT1B with a pEC50 of 7.7 in rat cerebral arteries and a low affinity to 5-HT2A wi
	The 5-HT1B selective antagonist GR55562 with a pKB of 6.4 for the 5-HT1B receptors in cerebral arteries was used to verify that the present results were specific to the 5-HT1B receptor activation (Hansen-Schwartz et al., 2003), prior to the assessment of 5-CT-mediated vasocontractile response. Addition of 5-HT1B receptor specific antagonist GR55562 demonstrated that the observed 5-CT mediated contractile alteration in doxorubicin-treated coronary arteries was due to the 5-HT1B receptors with a significant d
	Based on the present results, it has been suggested that the affinity of 5-CT binding to 5-HT1B receptors is increased after doxorubicin treatment compared to vehicle in LAD coronary arteries (Figure 4-21). Binding of 5-CT ligand to the 5-HT1B receptors inhibits the adenylyl cyclase, which reduces the cAMP formation and PKA activity leading to the intracellular calcium release from the sarcoplasmic reticulum and thus finally vasoconstriction (Barnes and Sharp, 1999, Leenders and Sheng, 2005, Tiger et al., 2
	To the best of our knowledge, there are no studies on the involvement of doxorubicin-induced vasotoxicity mediated through the 5-HT1B receptors in either human or animal coronary arteries. However, in support of the present study’s findings, previous studies have demonstrated that doxorubicin-induced cardiotoxicity can decrease cAMP formation. cAMP is a second messenger transducing the action of several GPCRs, including 5-HT1B receptors (Gerlo et al., 2011) and 5-HT1B receptors activation induces the reduct
	to the decrease of myocardial contractility in their heart failure model (Calderone et al., 1991). Furthermore, in another study, Efentakis et al.et al. (2020) investigated the potential cardioprotective effect of an inotropic vasodilator Levosimendan (LEVO) on murine cardiomyocytes after a doxorubicin sub-chronic cardiotoxicity (Efentakis et al., 2020). Their data showed that LEVO can be cardioprotective by inhibiting PDE-3, which induces the activation of the cAMP/PKA pathway and leads to abrogate the int
	Thus, these previous studies seem to be in indirect agreement with this study, as doxorubicin treatment increases the 5-HT1B-mediated vasocontractile responses in isolated coronary arteries and targeting the 5-HT1B pathways could be a potential adjuvant therapy for cancer patients.  Doxorubicin-induced cardiotoxicity involves a complex set of mechanisms involved, and the effect through 5-HT1B receptors could be one of the mechanisms of action that the vasotoxicity is developing. However, the exact mechanism
	 
	 Thromboxane A2 receptors-mediated contraction is enhanced by doxorubicin treatment 
	This study’s findings showed the effect of doxorubicin treatment on coronary artery’s vascular tone, through the involvement of TP receptors. The agonist U46619 dose-response curve showed a significant left-shift of the curve, from 10-7.09 M in vehicle-treated LAD arteries to 10-7.40 M in doxorubicin-treated LAD arteries (p = 0.0009), and significant elevation of the maximal TP-mediated contraction after 0.5 µM doxorubicin incubation, from 80.6 % in vehicle-treated LAD arteries to 11.7 % vehicle-treated LAD
	Thromboxane A2 is a potent platelet activator and vasoconstrictor (Katugampola and Davenport, 2001). In SMCs, thromboxane A2 ligand binds to TP receptors leading to PLC activation. PLC hydrolyses PIP2 in DAG and IP3 leading to PKC activation and intracellular calcium accumulation. This pathway induces a strong vasoconstriction and platelet activation, which alter platelets shape, aggregation and secretion (Chen, 2018). Pathological changes of the TP signalling pathways can lead to CVDs, like 
	atherosclerosis, myocardial infarction and hypertension (Neri Serneri et al., 1983, Katugampola and Davenport, 2001, Smyth, 2010, Martin, 1984).  
	The functional effect of doxorubicin treatment on TP receptor-mediated vasocontraction has not been investigated prior, however, a recent study reported that doxorubicin-induced cardiotoxicity involves thrombus formation. An in vivo model using 10-week-old C57BL/6 mice was used to investigate thrombus formation. Doxorubicin was administrated at a concentration of 5 mg/kg/week to the mice for 4 weeks and the platelet activity was analysed. It was shown that chronic treatment of doxorubicin enhanced platelet 
	 
	  Conclusion 
	From this study’s novel findings, it is evident that doxorubicin induces vasotoxicity by increasing the contraction of three of the studied GPCRs, ETB, 5-HT1B and TP receptors. The addition of the GPCR specific antagonist confirmed the specific involvement of each GPCR receptor and suggest a potential doxorubicin-induced alteration of ETA receptors. 
	The molecular mechanisms involved in vasotoxicity remain undefined for these GPCRs. The mRNA expression and receptors density of the GPCRs could underline some of the mechanisms involved in the doxorubicin-induced vasotoxicity and further studies were conducted to investigate the cellular and molecular mechanisms involved in doxorubicin-induced cardiotoxicity which will be discussed in 
	the next chapter. Furthermore, these GPCRs are involved in smooth muscle differentiation via MAPK pathways (Liu et al., 2019, Skovsted et al., 2017, Bolla et al., 2002). Further studies were conducted to investigate the attenuation of the elevated GPCR-mediated vasoconstriction associated with the doxorubicin-induced vasotoxicity by inhibiting the MEK/ERK pathway with a MEK 1/2 inhibitor U0126 which will be discussed in the next chapter.  
	  
	Chapter 5: 
	5. Effect of a MERK 1/2 inhibitor (U0126) on doxorubicin-induced vasotoxicity. 
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	Oral presentation (2022), Coventry: G-protein coupled receptor (GPCR) involvement during anthracycline-induced cardiotoxicity and potential pathways involved.  
	  
	5.1.  Introduction 
	In recent years, research into cancer therapy has taken significant steps towards more effective, precise and less invasive cancer treatment options. New and innovative cancer therapy options include antimicrobial peptides (de la Fuente-Nunez et al., 2017) and immunotherapy (Paz-Ares et al., 2018). Despite the recent advancements, chemotherapy drugs remain the most efficient cancer treatments to treat various cancer types. However, chemotherapy drugs are associated with cardiotoxicity, which is defined as c
	Anthracyclines are among the most potent and commonly used chemotherapeutic agents (Hutchins et al., 2017). Anthracycline chemotherapy regimen is used alone or in combination with other cancer treatments to treat various solid tumours, such as breast cancer, lymphoma or sarcoma, and haematological malignancies (Volkova and Russell, 2011). Anthracycline drugs target cancer cells and non-malignant cells by inducing apoptosis through different mechanisms of action, such as DNA intercalation and topoisomerase I
	Doxorubicin is one of the anthracycline drugs commonly used in solid cancer. Unfortunately, doxorubicin is associated with severe cardiac adverse effects. Doxorubicin-induced cardiotoxicity involves various intracellular mechanisms including mitochondrial dysfunction, reactive oxygen species production (Gille and Nohl, 1997) leading to oxidative stress (Minotti et al., 2004), apoptosis (Kaufmann and Earnshaw, 2000), and myofibril damage (Ito et al., 1990). The efficacy of doxorubicin in treating cancer is l
	The doxorubicin treatment can induce cardiovascular damage via several mechanisms, including oxidative stress, calcium homeostasis dysregulation, iron-related free radicals and systemic inflammation (Podyacheva et al., 2021) (Olson et al., 1988). The doxorubicin accumulates in the mitochondrial inner membrane and disrupts the mitochondrial activity, leading to mitochondria dysfunction (Octavia et al., 2012) and thus overproduction of reactive oxygen species (ROS) production (Zhou et al., 2001). Furthermore,
	The G-protein coupled receptors (GPCRs) are interesting targets to alleviate doxorubicin-induced cardiotoxicity. GPCRs are the largest and most important families of transmembrane proteins (Rosenbaum et al., 2009) and are well-known to be key vasotension regulators in CVDs, such as hypertension and heart failure (Forrester et al., 2018, Audebrand et al., 2019). GPCRs located in SMC membranes play the role of mechanoreceptors (Chen et al., 2020) and stimulation of these GPCRs can lead to vasocontraction (Aud
	predominantly in EC, where ETB receptors are responsible for vasodilatation (Tykocki et al., 2009). Furthermore, ETB receptors located in SMCs are involved in vasocontraction (Haynes et al., 1995). Similarly, both ETA and ETB receptors, located in rodent SMCs, induced VSMC vasocontraction, while ETB receptors, located predominantly in ECs, are responsible of vasodilatation. The ET-1 binding to ETA receptors activates the G protein of the Gq/11 and G12/13 proteins (Gohla et al., 2000), while ET-1 binding to 
	Some studies investigated the potential use of targeting GPCRs as preventive cardioprotective agents. The β-adrenergic receptor blockers reduced the generation of ROS, apoptosis of cardiomyocytes (Oliveira et al., 2005) and have vasodilatory effects (Mason et al., 2005). Other GPCR blockers studied as potential preventive cardioprotective agents include Angiotensin-converting enzyme inhibitors (ACEI) and angiotensin receptor blockers (ARB) (Bosch et al., 2013). Doxorubicin-induced cardiotoxicity remains an 
	The mitogen-activated protein kinases (MAPKs) are involved during the regulation process of vascular GPCRs expression (Kacimi and Gerdes, 2003). The ERK cascade, one of the key MAPK signalling pathways, was the first MAPK discovered and is known to get preferentially activated by shear stress or growth factor stimulation (Boulton et al., 1991). The ERK 1/2 pathway is activated by various extracellular stimulation and by internal processes (Shaul and Seger, 2007) through the activation of receptor tyrosine k
	Studies have investigated the MAPK signalling as a potential cardioprotective target of doxorubicin-induced cardiotoxicity. A recent study investigates the potential cardioprotective effect of a potent synthetic flavonoid with anti-oxidative properties called 3’,4’-dihydroxyflavonol (DiOHF) at a concentration of 6 mg/kg (daily for 10 days from 3 days before doxorubicin treatment) in in vivo experiments, and 10 µM of DiOHF in the in vitro model administrated either 2 hrs before (preventive effect) or 2 hrs a
	U0126 is a small molecule MEK 1/2 inhibitor. U0126 acts as a non-competitive inhibitor of MEK 1 (IC50 = 72nM) and MEK 2 (IC50 = 58nM) (Duncia et al., 1998). Interestingly, U0126 shows a cardioprotective effect against I/R by attenuating the I/R-induced apoptosis and autophagy myocardium in C57BL/6J mice (Wang et al., 2016). A study investigated the potential cardioprotective effect of U0126 against cerebral ischaemia with an in vivo rat subarachnoid haemorrhage model induced by a surgical procedure and show
	Aims of the study in this chapter: 
	Doxorubicin-induced cardiotoxicity will be investigated in LAD arteries, co-administered with the MEK 1/2 inhibitor U0126 to understand the role of MEK/ERK 1/2 involvement during the doxorubicin-induced vascular dysfunction effect on the endothelin ETA and ETB, serotonin 5-HT1B and thromboxane prostanoid TP GPCR receptors. 
	The functional, phenotypic, and genotypic changes on LAD arteries were investigated in vehicle and doxorubicin LAD arteries with or without U0126. 
	The aims of the current study were to investigate: 
	(1) The effect of U0126 on doxorubicin-induced vasotoxicity through the different studied receptors on incubated LAD arteries with vehicle or doxorubicin treatment. 
	(1) The effect of U0126 on doxorubicin-induced vasotoxicity through the different studied receptors on incubated LAD arteries with vehicle or doxorubicin treatment. 
	(1) The effect of U0126 on doxorubicin-induced vasotoxicity through the different studied receptors on incubated LAD arteries with vehicle or doxorubicin treatment. 

	(2) The effect of doxorubicin on mRNA levels of the specific GPCRs 
	(2) The effect of doxorubicin on mRNA levels of the specific GPCRs 

	(3) The effects of doxorubicin on GPCRs expression on LAD vessels. 
	(3) The effects of doxorubicin on GPCRs expression on LAD vessels. 


	 
	 
	 
	 
	5.2.  Materials and methods 
	 
	 Animal ethics 
	Male Sprague-Dawley rats (300 - 350g) were used during the experiments. The animals were purchased from Charles River (Margate, UK) and housed at the University of Warwick. Experiments were conducted in accordance with the Home Office Guidance on the Operation with Animals (Scientific Procedures Act 1986; The Stationary Office, London, UK) and were approved by the Ethics Committee of Coventry University. 
	 Materials 
	Doxorubicin hydrochloride was purchased from Tocris Biosciences (Bristol, UK) and was dissolved in Reverse Osmosis (RO) water with a final stock concentration of 1 mM. 
	Serotonin hydrochloride, carbachol, sarafotoxin S6c, endothelin-1, 9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F2α (U46619), 5-carboxamidotryptamine maleate salt were purchased from Sigma-Aldrich (Merck KGaA, US). U46619 was dissolved in methyl acetate with a final stock concentration of 3 mM. All the other drugs were dissolved in RO water. Serotonin hydrochloride and carbachol had a final stock concentration of 10 mM. Sarafotoxin 6c and endothelin-1 had a final stock concentration of 0.1 mM. U46619 and 5
	Dulbecco’s Modified Eagle Medium, DMEM (1 g/L D-Glucose, 4mM L-Glutamine, 0.11 g/L Sodium pyruvate) and Antibiotic-antibiotic (10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco Amphotericin B) were purchased from ThermoFisher Scientific (Massachusetts, US). All reagents used to prepare the KH buffers for the myography experiments were purchased from Fisher Bioreagents (Fisher Scientific, US). 
	 Isolated left anterior descending artery (LAD) preparation 
	Adult male Sprague-Dawley rats were ethically and humanely sacrificed, and LADs were rapidly dissected free, as described in section 2.3.2. The LAD was cut in 4 rings of approximatively 2 mm in length each (for myography) or in approximatively 4 mm (for PCR and immunohistochemistry). The rings were divided into eight groups and incubated in DMEM low glucose media at 37 °C and 
	humidified with 5 % CO2 and 95 % O2 for 24 hrs. The experiment was first conducted with the addition of 10 µM of U0126 or 0.5 % of DMSO in media and divided into four groups: 
	- Vehicle group (containing 0.5 % of DMSO) 
	- Vehicle group (containing 0.5 % of DMSO) 
	- Vehicle group (containing 0.5 % of DMSO) 

	- 10 µM U0126 group (containing 0.5 % of DMSO) 
	- 10 µM U0126 group (containing 0.5 % of DMSO) 

	- 0.5 µM doxorubicin group (containing 0.5 % of DMSO) 
	- 0.5 µM doxorubicin group (containing 0.5 % of DMSO) 

	- 0.5 µM of doxorubicin and 10 µM of U0126 group (containing 0.5 % of DMSO) 
	- 0.5 µM of doxorubicin and 10 µM of U0126 group (containing 0.5 % of DMSO) 


	Afterwards, the experiment was optimised by the addition of 5 µM of U0126 or 0.25 % of DMSO, and the following groups were included: 
	- Vehicle group (containing 0.25 % of DMSO) 
	- Vehicle group (containing 0.25 % of DMSO) 
	- Vehicle group (containing 0.25 % of DMSO) 

	- 5 µM U0126 group (containing 0.25 % of DMSO) 
	- 5 µM U0126 group (containing 0.25 % of DMSO) 

	- 0.5 µM doxorubicin group (containing 0.25 % of DMSO) 
	- 0.5 µM doxorubicin group (containing 0.25 % of DMSO) 

	- 0.5 µM of doxorubicin and 5 µM of U0126 group (containing 0.25 % of DMSO) 
	- 0.5 µM of doxorubicin and 5 µM of U0126 group (containing 0.25 % of DMSO) 


	 Please note that the vehicle group in this chapter refers to DMEM added DMSO (either 0.25 % or 0.50 %), contrary to DMEM treated with water as in the previous chapter.  
	After 24 hrs of incubation, the vessels used for Real-Time PCR were submerged in 200 µL RNA protect reagent and stored in -20 °C freezer. Vessels for immunohistochemistry were fixed in Cellpath™ OCT Embedding Matrix (Thermofisher, USA) and stored in -80 °C freezer. 
	 Myography protocol 
	Vessels were mounted in Ca2+ free KH buffer on the myograph after 24 hrs of incubation, and afterwards, the buffer was changed to Na+ KH and the vessels were stabilised for 1 hr (see figure 5-1). 
	 
	Figure
	Figure 5-1: Experimental protocol to study vascular contractility and dilatory capacity of LAD vessels. Na+ = Na+ KH, K+ = K+ KH, 5-HT = serotonin. 
	 
	A pre-tension in the range of 1.16mN/mm to 1.52mN/mm was applied during this stabilisation step (Ping et al., 2014). After the stabilisation period, the vessels were exposed to a 60 mM K+ KH to 
	measure the maximum vasocontraction and vessels with a K+ KH vasocontractile response below 1 mN were excluded. Vessels were washed twice with Na+ KH for 15 min and a second 60 mM K+ KH contraction was recorded and used as reference for the study of the GPCR agonist mediated dose-response curves). Vessels were washed with Na+ KH with 15 min intervals until the vascular tension came back to the baseline level (minimum 30 min). To measure vasodilatory capacity the vessels were pre-contracted with 3. 10-7 M se
	 
	Figure
	Figure 5-2: Experimental protocol to study dose-response curve of specific GPCR agonists. S6c = sarafotoxin 6c, the agonist of ETB receptors; 5-CT = 5-carboxyamidotryptamine, the agonist of 5-HT1B receptors, ET-1 = endothelin-1, the agonist of ETA and ETB receptors; U46619, the agonist of TP receptors 
	 
	Once the contractile and dilatory capacity of the vessels was measured - and thus established the function and viability of the vessels - the dose-response curve can be measured. As seen in Figure 5-2, cumulative doses of the specific agonists will be added, starting from the lowest dose and then increased in half-log increments to the highest dose. The segments were either stimulated with (i) ETB receptor agonist sarafotoxin 6c (S6c), from 10-14 M to 10-7.5 M, followed by Na+ KH washing with 15-min interva
	 
	 Real time PCR protocol 
	Total cellular RNA was extracted with the RNeasy protect liquid mini kit following the supplier’s instructions. LAD arteries were removed from RNA protect reagent and homogenised in RLT buffer containing 0.01 % β-mercaptoethanol using a KIA Ultra-Turrax homogeniser (Sigma-Aldrich, USA). The samples were centrifuged for 3 min at full speed. The supernatant was mixed with 1 volume of ethanol 70 % and transferred to an RNeasy spin column placed in a 2 mL collection tube. After centrifugation for 15 sec at room
	Reverse transcription of total cellular RNA to cDNA was performed with SuperscriptTM IV VILO Master Mix (ThermoFisher, US) in Eppendorf® Mastercycler® Nexus Thermal Cyclers (Merck, USA).  Total cellular RNA was mixed with SuperScript IVTM VILO Master Mix in a 20 µL reaction volume on ice. The mix was incubated at 25 °C for 10 min to anneal primers. Afterwards, it was incubated at 50 °C for 10 min to reverse transcribe RNA. Finally, the mix was incubated at 85 °C for 5 min to inactivate the enzyme. The cDNA 
	Real-Time PCR was performed in a Real-Time PCR instrument QuantStudio 7 (ThermoScientific, USA) with the PowerTrack SYBR Green Master Mix (1X) with cDNA (at a final concentration of 0.5 ng/µL), with the forward and reverse primers (500 nM), and with RNAse-free water to a final reaction volume of 20 µL. Negative control was added in all experiments. A yellow buffer was mixed with the cDNA to facilitate the plate loading. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was used as endogenous control. Sp
	nonspecific amplification. Step 1 was at 95 °C for 15 sec, with a ramp rate of 1.6 °C/sec. Step 2 was at 60 °C for 1 min, with a ramp rate of 1.6 °C/sec. Finally, step 3, also named dissociation, was at 95 °C for 15 sec, with a ramp rate of 0.075 °C/sec. 
	 Immunohistochemistry protocol 
	Frozen arteries were cryosectioned in 10 µm sections using the cryostat OTF5000 (Bright instruments, Huntingdon, UK). Sections were collected onto superfrost plus adhesion slides and stored at - 80 °C until immunohistochemistry staining. Thawed sections were fixed in – 20 °C Acetone for 20 min, dried for 5 min at room temperature (RT) and rehydrated in PBS containing 0.25 % of Triton X-100 (PBST) at room temperature for 3 x 5 min. Then, the sections were blocked in PBS containing 5 % donkey serum for 1 hr a
	The Immunofluorescence was visualised with a confocal microscope Eclipse Ti2 (Nikon Instruments Inc.; Tokyo, Japan) and photographed with an attached Nikon Orca-Flash4.0v3 camera. Images were analysed and quantified with the AR package of NIS-elements software.  The wavelengths and pinhole size were fixed with Fresh group’s sections and used on the other groups. The fluorescence intensity was measured on the entire circumference of the vessel section, named the ROI (Region of Interest) to obtain the ROI mea
	 
	 Statistical analysis 
	All data are expressed as mean ± S.E.M. and n refers to the number of animals used.  
	Contractile responses to agonists in each vessel were expressed as percentage of the K+ KH-induced contraction. Vasocontractile responses were analysed with two-way analysis of variance (ANOVA) with Bonferroni’s post-hoc test. “Emax” values represent the maximal contractile response elicited by 
	the agonist and are generated by the software Graph-Pad Prism 9. Cmax values represent the contraction obtained at the highest agonist dose and are applied when the “Emax” couldn’t be determined due to stock concentration constraints. The “pEC50” values represent the negative logarithm of the agonist concentration that produces 50 % of the maximal contractile effect and are generated with Graph-Pad Prism 9, based on “Emax” value. The calculations were carried out using Graph-Pad Prism 9 (GraphPad Software, 
	The mRNA data were analysed using the comparative cycle threshold (ΔCT) method (Hansen-Schwartz et al., 2002). The CT values of GAPDH was used as reference gene to quantify the relative amount of ETA, ETB, 5-HT1B and TP receptors mRNA. The relative quantification of the GPCRs mRNA compared to CT values of reference genes was obtained by using the formula: 𝑋0𝑅0=2𝐶𝑇𝑋−𝐶𝑇𝑅𝑋, where X0 is the initial amount of target mRNA, R0 is the initial amount of reference mRNA, CTX is the CT value of the target mRNA
	 
	5.3.  Results 
	 Endothelin ETB receptor 
	5.3.1.1. Wire-myography: ETB receptors-mediated contraction 
	The endothelin ETB receptor specific agonist sarafotoxin 6c was used to investigate the effect of doxorubicin on ETB receptor-mediated contraction in the presence or absence of the MEK 1/2 inhibitor U0126. The dose-response curves obtained by the ETB receptor-mediated contraction were monophasic after treatment with 0.25 % DMSO vehicle and 5 µM U0126, as shown in Figure 5-3, while they were biphasic in the previous chapter in the absence of 0.25 % DMSO and 5 µM U0126 incubation, as shown in Figure 9-1. The 
	5.3.1.1.1. ETB-mediated contraction in 0.5 µM of doxorubicin with and without 5 µM of U0126 (containing 0.25 % of DMSO) 
	- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):  
	The ETB-mediated contraction was reduced at the three highest concentrations of S6c: a reduction of 50 % for 10-8.5 M (62.70 ± 12.10 %, p < 0.0001) and 10-7.5 M (Cmax = 86.09 ± 12.97 %, p < 0.0001) and 60 % reduction for 10-8 M (80.25 ± 12.88 %, p < 0.0001) on 0.5 µM doxorubicin vessels (n = 8 - 9), when compared to vehicle vessels (n = 7 - 8; 112.81 ± 10.52 % at 10-8.5 M, 135.75 ± 7.85 % at 10-7.5 M (Cmax) and 140.15 ± 10.31 %  at 10-8 M), as observed in Figure 5-3. The 0.5 µM doxorubicin incubation induce
	- The effect of 5 µM U0126 treatment on ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):  
	The incubation of 5 µM U0126 of vehicle-treated LAD vessels did not alter the ETB-mediated contraction of 5 µM U0126-incubated vehicle LAD vessels (n = 8 - 9) when compared to U0126 naïve vehicle-treated LAD vessels (n = 7 - 8), as observed in Figure 5-3. The “Emax” and “pEC50” values of 5 µM U0126-incubated vehicle LAD vessels (“Emax” = 151.17 ± 9.14 %, “pEC50” = 10-8.73 M) were not altered, when compared to U0126 naïve vehicle-treated LAD vessels (“Emax” = 151. 54 ± 7.11 %, “pEC50” = 10-8.87 M), as shown 
	- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in the presence of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):  
	The ETB-mediated contraction was reduced at the three highest concentrations of S6c: a reduction of 52 % for 10-8.5M (61.2 ± 9.7 %, p < 0.0001), of 72 % for 10-8M (68.2 ± 9.2 %, p < 0.0001) and of 65 % at 10-7.5M (Cmax = 70.6 ± 8.7 %, p < 0.0001) on doxorubicin-treated LAD vessels (n = 8 - 9), when compared to vehicle-treated LAD vessels (n = 7 - 8; 10-8.5 M: 112.81 ± 10.52 %, 10-8 M:  140.15 ± 10.31 %  and 10-7.5 M (Cmax): 135.75 ± 7.85 %), as observed in Figure 5-3. The 5 µM U0126 incubation induced a red
	The incubation with 5 µM U0126 did not alter the ETB-mediated contraction of 0.5 µM doxorubicin-treated LAD vessels (n = 8 - 9) when compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (n = 8 - 9). The inhibition effect of U0126 showed a tendency towards lowering the maximal ETB-mediated contraction of 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 75.25 ± 4.77 %), compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 93.28 ± 7.22 %), but the reduction is not statistically si
	 
	 
	InlineShape

	Figure 5-3: Vasocontractile response to the cumulative application of sarafotoxin 6c (S6c) (ETB receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries, after 0.25 % DMSO or 5 µM U0126 incubation. Vehicle group (containing 0.25 % DMSO; n = 7 - 8), 0.5 µM Doxorubicin group (containing 0.25 % DMSO; n = 8 - 9), 0.5 µM doxorubicin and 5 µM U0126 (n = 8 - 9) and 5 µM U0126 group (n = 8 - 9). S6c = sarafotoxin 6c, Doxo = doxorubicin, DMSO = Dimethyl sulfoxide. Contractile responses
	 
	Table 5-2: Cmax, “Emax” and “pEC50” values of vehicle or 0.5 µM doxorubicin incubated LAD arteries with DMSO or MEK 1/2 inhibitor U0126: 0.25 % DMSO and 5 µM U0126 incubation. Values given for all agonist experiments and as mean ± S.E.M. N values represent the total amount of animals used. The “Emax” and “pEC50” values of the different groups are compared to the vehicle-treated LAD vessels (with 0.25 % DMSO) with ANOVA and Dunnett’s post-hoc test, while Cmax is compared using two-way ANOVA with Bonferroni’s
	 
	Table
	TR
	Span
	Groups 
	Groups 

	N 
	N 

	S6c Cmax 
	S6c Cmax 

	S6c “Emax” 
	S6c “Emax” 

	“pEC50” 
	“pEC50” 


	TR
	Span
	Vehicle  
	Vehicle  

	7-8 
	7-8 

	135.75 ± 7.85 % 
	135.75 ± 7.85 % 

	151. 54 ± 7.11 % 
	151. 54 ± 7.11 % 

	8.87 ± 0.09 
	8.87 ± 0.09 


	TR
	Span
	0.5 µM Doxorubicin 
	0.5 µM Doxorubicin 

	8-9 
	8-9 

	86.09 ± 12.97 % **** 
	86.09 ± 12.97 % **** 

	93.28 ± 7.22 % *** 
	93.28 ± 7.22 % *** 

	8.69 ± 0.15 
	8.69 ± 0.15 


	TR
	Span
	0.5 µM Doxorubicin  
	0.5 µM Doxorubicin  
	and 5 µM U0126 

	8-9 
	8-9 

	70.62 ± 8.71 % **** 
	70.62 ± 8.71 % **** 

	 75.25 ± 4.77 % *** 
	 75.25 ± 4.77 % *** 

	8.94 ± 0.13 
	8.94 ± 0.13 


	TR
	Span
	5 µM U0126 
	5 µM U0126 

	8-9 
	8-9 

	139.08 ± 13.95 % 
	139.08 ± 13.95 % 

	151.17 ± 9.14 % 
	151.17 ± 9.14 % 

	8.73 ± 0.11 
	8.73 ± 0.11 



	 
	5.3.1.1.2. ETB-mediated contraction in 0.5 µM of doxorubicin with and without 10 µM of U0126 (containing 0.5 % of DMSO) 
	- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):   
	- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):   
	- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):   


	ETB-mediated vasocontraction of 0.5 µM doxorubicin-treated LAD vessels (n = 10 – 11) was significantly elevated (29 – 32 % increase) from 10-11.5 M (34.77 ± 5.55 %, p = 0.0287) to 10-11 M (38.57 ± 5.88 %, p = 0.016) when compared to vehicle-treated LAD vessels (n = 7 – 8; 10-11.5 M: 5.56 ± 2.14 % %, 10-11 M: 7.42 ± 2.80 %). Conversely, the ETB-mediated contraction of 0.5 µM doxorubicin-treated LAD vessels (n = 10 - 11) was reduced at the three highest concentrations of S6c: a reduction of 59 % at 10-8.5 M (
	- The effect of 10 µM U0126 treatment on ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 10 µM U0126 treatment on ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 10 µM U0126 treatment on ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 


	The 10 µM U0126 incubation of vehicle-treated LAD vessels decreased the ETB-mediated contraction of 10 µM U0126-incubated vehicle LAD vessels (n = 7 - 8) by 41 % at 10-9.5 M (14.04 ± 3.46 %, p = 0.0012) and 44 % at 10-9 M (49.95 ± 10.40 %, p = 0.0003) when compared to LAD vessels with vehicle and 0.5 % DMSO (n = 7 - 8; 10-9.5 M: 55.49 ± 17.72 % and 10-9 M: 93.89 ± 18.47 %). The 10 µM U0126 incubation of vehicle-treated LAD vessels slightly right-shifted the second phase of the biphasic curve from a “pEC502”
	10 µM U0126-incubated vehicle LAD vessels and a mean “Emax” of 180.2 ± 5.8 % for U0126 naïve vehicle-treated LAD vessels. 
	- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):  
	- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):  
	- The effect of 0.5 µM doxorubicin treatment on ETB-mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):  


	The 10 µM U0126 incubation reduced the ETB-mediated vasocontraction of 0.5 µM doxorubicin-treated LAD vessels (n = 7 - 8) by 38 % to 124 % decrease from S6c 10-9.5 M (16.52 ± 4.49 %, p = 0.0016) to 10-7.5 M (Cmax = 47.32 ± 15.19 %, p < 0.0001), when compared to U0126 naïve vehicle-treated LAD vessels (n = 10 - 11) from 10-9.5 M (55.49 ± 17.72 %) to 10-7.5 M (Cmax = 170.69 ± 7.82 %), as shown in Figure 5-3. The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels induced a reduction of the maxima
	Furthermore, the 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels (n = 10 - 11) reduced the ETB-mediated contraction by 29 % to 57 % at 10-11 M (10.20 ± 2.19 %, p = 0.0246) and from 10-10 M (41.78 ± 5.98 %, p < 0.05) to 10-7.5 M (Cmax = 47.32 ± 15.19 %, p = 0.001), when compared to U0126 naïve 0.5 µM doxorubicin LAD vessels (n = 10 - 11) at 10-11 M (38.57 ± 5.88 %) and from 10-10 M (41.78 ± 5.98 %) to 10-7.5 M (Cmax = 104.49 ± 8.15 %). The 10 µM U0126 incubation induced a reduction of the ma
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	Figure 5-4: Vasocontractile response to the cumulative application of sarafotoxin 6c (S6c) (ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, after 0.5 % DMSO or 10 µM U0126 incubation. Vehicle group (0.5 % DMSO; n = 7 - 8); 0.5 µM doxorubicin group (0.5 % DMSO; n = 10 - 11), 0.5 µM Doxorubicin and 10 µM U0126 (n = 7 - 8); 10 µM U0126 (n = 7 - 8). S6c = sarafotoxin 6c, DMSO = Dimethyl sulfoxide. Contractile responses compared to Vehicle group using two-way ANOVA and Bo
	 
	Table 5-2: Cmax, “Emax” and “pEC50” values of vehicle or doxorubicin incubated LAD arteries with DMSO or MEK 1/2 inhibitor U0126: 0.5 % DMSO and 10 µM U0126 incubation. Values given for all agonist experiments and as mean ± S.E.M. N values represent the total amount of animals used. The “Emax” and “pEC50” values of the different groups are compared to the vehicle-treated LAD vessels (with 0.25 % DMSO) with ANOVA and Dunnett’s post-hoc test: *** = p < 0.001. The 10 µM U0126-incubated doxorubicin LAD vessels 
	Table
	TR
	Span
	Groups 
	Groups 

	N 
	N 

	S6c Cmax 
	S6c Cmax 

	S6c “Emax” 
	S6c “Emax” 

	“pEC501”   “pEC502” 
	“pEC501”   “pEC502” 


	TR
	Span
	Vehicle  
	Vehicle  

	7-8 
	7-8 

	170.69 ± 7.82 % 
	170.69 ± 7.82 % 

	180.2 ± 5.8 % 
	180.2 ± 5.8 % 

	12.25 ± 5.02 
	12.25 ± 5.02 

	9.06 ± 0.09 
	9.06 ± 0.09 


	TR
	Span
	0.5 µM Doxorubicin 
	0.5 µM Doxorubicin 

	10-11 
	10-11 

	104.49 ± 8.15 % *** 
	104.49 ± 8.15 % *** 

	108.5 ± 5.4 % *** 
	108.5 ± 5.4 % *** 

	12.34 ± 0.37 
	12.34 ± 0.37 

	8.9 ± 0.16 
	8.9 ± 0.16 


	TR
	Span
	0.5 µM Doxorubicin and 10 µM U0126 
	0.5 µM Doxorubicin and 10 µM U0126 

	7-8 
	7-8 

	47.32 ± 15.19 % ***, ### 
	47.32 ± 15.19 % ***, ### 

	53.0 ± 7.9 % ***, ### 
	53.0 ± 7.9 % ***, ### 

	12.55 ± 1.54 
	12.55 ± 1.54 

	8.57 ± 0.33 
	8.57 ± 0.33 


	TR
	Span
	10 µM U0126 
	10 µM U0126 

	7-8 
	7-8 

	167.19 ± 10.65 % 
	167.19 ± 10.65 % 

	189.6 ± 5.8 % 
	189.6 ± 5.8 % 

	/ 
	/ 

	8.63 ± 0.05 *** 
	8.63 ± 0.05 *** 



	 
	 
	5.3.1.2. Real-Time PCR: quantification of ETB receptor mRNA levels 
	Gene expression of the endothelin ETB receptors was investigated in rat LAD arteries by Real-Time PCR. Negative controls were included for each studied gene. Endothelin ETB receptors mRNA level was expressed as values relative to the endogenous gene, GAPDH and normalised to vehicle-incubated LAD vessels. Both figures, 5-5 (A) and 5-5 (B) showed the same tendency towards reduction or increase of ETB receptors mRNA between the different groups, however, the significant difference was observed only in vessels 
	Figure 5-5 (A) showed the mRNA levels on LAD vessels incubated with 0.25 % DMSO or 5 µM U0126. The 5 µM U0126 treatment does not alter the ETB receptors mRNA level of vehicle-treated LAD vessels (1.536 ± 0.265; n = 10) and 0.5 µM doxorubicin-treated LAD vessels (0.859 ± 0.165; n = 9) compared to U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.150; n = 10) and U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (0.708 ± 0.220; n = 9).  
	Figure 5-5 (B) showed the mRNA levels on LAD vessels incubated with 0.5 % DMSO or 10 µM U0126. Endothelin ETB receptors mRNA level was down-regulated significantly from vehicle-treated LAD vessels (1.00 ± 0.163; n = 10) to 0.5 µM doxorubicin-treated LAD vessels (0.459 ± 0.123, p = 0.006; n = 10) and 10 µM U0126-treated doxorubicin LAD vessels (0.547 ± 0.087, p = 0.041; n = 10). 10 µM U0126-treated 0.5 µM doxorubicin LAD vessels (0.547 ± 0.087; n = 10) showed a tendency towards a reduction of ETB receptors m
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	Figure 5-5: Real-Time PCR of ETB receptors in LAD arteries with DMSO (Vehicle or Doxorubicin) or U0126 (Vehicle + U0126 or Doxorubicin + U0126). (A) Comparison of ETB receptors mRNA levels on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 10), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 9), 0.5 µM doxorubicin + 5 µM U0126 group (containing 0.5 µM doxorubicin and 5 µM U0126; n = 9) and 5 µM U0126 (containing 5 µM U0126; n = 10). (B) Comparison of ETB receptors m
	 
	5.3.1.3. Immunohistochemistry: Quantification of ETB receptor levels 
	The quantification of ETB receptors expression on LAD vessels was obtained by measuring the ROI mean intensity and the intensity was normalised to 24 hrs vehicle-incubated LAD vessels from vehicle group.  
	Figure 5-6 (A) showed both vehicle-treated LAD vessels and doxorubicin-treated LAD vessels incubated with either 0.25 % of DMSO or 5 µM of U0126. The 5 µM U0126 incubation of vehicle-treated LAD vessels (1.150 ± 0.060; n = 4) showed an increase of ETB receptors expression on LAD vessels when compared to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.040, p = 0.048; n = 4). No significant difference was observed between the other groups. The 5 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vess
	Figure 5-6 (B) showed the quantification of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-treated LAD vessels incubated with either 0.5 % DMSO or 10 µM U0126. No statistical difference was observed between the different groups. The 10 µM U0126 incubation of vehicle-treated LAD vessels (1.117 ± 0.064; n = 4) did not alter the ETB receptors expression compared to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.088; n = 4). Similarly, 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD ves
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	Figure
	Figure 5-6: Quantification of the endothelin ETB receptors expression in LAD arteries by immunofluorescence. (A) Comparison of ETB receptors expression on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 4), 0.5 µM doxorubicin + 5 µM U0126 group (containing 0.5 µM doxorubicin and 5 µM 
	U0126; n = 4) and 5 µM U0126 (containing 5 µM U0126; n = 4). (B) Comparison of ETB receptors expression on LAD arteries from Vehicle group (containing 0.5 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.5 % DMSO; n = 4), 0.5 µM doxorubicin + 10 µM U0126 group (containing 0.5 µM doxorubicin and 10 µM U0126; n = 4) and 10 µM U0126 (containing 10 µM U0126; n = 4). Doxo = doxorubicin, ETB = endothelin B, ROI = region of interest. The groups were compared by multiple comparisons usi
	 
	 Endothelin A receptor 
	5.3.2.1. Wire-myography: ETA receptors-mediated contraction 
	The endothelin ETA and ETB receptors specific agonist, endothelin-1 (ET-1), was used to investigate the effect of doxorubicin on ETA and ETB receptor-mediated vasocontraction after DMSO or MEK 1/2 inhibitor U0126 incubation. However, in this study, the dose-response curve was performed after an ETB receptors desensitisation of LAD arteries with sarafotoxin 6c (10-14 M to 10-7.5 M). So, the ETB-mediated vasocontraction is nearly abolished and the ET-1 dose-response curve shows ETA-mediated vasocontraction (S
	 
	5.3.2.1.1. ETA and ETB-mediated contraction in 0.5 µM of doxorubicin with and without 5 µM of U0126 (containing 0.25 % of DMSO) 
	- The effect of 0.5 µM doxorubicin treatment on ETA and ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on ETA and ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on ETA and ETB-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 


	The 0.5 µM doxorubicin treatment induced a vasocontraction (30 % increase) at 10-8.5 M (41.18 ± 8.87 %, p = 0.0001) of 0.5 µM doxorubicin-treated LAD vessels (n = 10 - 11) when compared to vehicle-treated LAD vessels (n = 9 – 10) at 10-8.5 M: 10.88 ± 5.75 % (Figure 5-7). The 0.5 µM doxorubicin incubation did not alter the maximal ET-1-induced vasocontraction of 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 151.64 ± 6.68 %) when compared to vehicle-treated LAD vessels (“Emax” = 137.48 ± 4.53 %). The “pEC5
	- The effect of 5 µM U0126 treatment on ETA and ETB -mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 5 µM U0126 treatment on ETA and ETB -mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 5 µM U0126 treatment on ETA and ETB -mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 


	The incubation of 5 µM U0126 of vehicle-treated LAD vessels reduced by 29 % and 21 %, the ET-1-mediated contraction of 5 µM U0126-incubated vehicle LAD vessels (n = 9 - 10) at 10-8 M (85.00 ± 10.02 %, p = 0.0006) and 10-7.5 M (Cmax = 115.69 ± 12.00 %, p = 0.0298), when compared to U0126 naïve vehicle-treated LAD vessels (n = 9 - 10) at 10-8 M (113.70 ± 11.25 %) and 10-7.5 M (Cmax = 136.60 ± 12.41 %) (Figure 5-7). The 5 µM U0126 incubation reduced the maximal ET-1-induced vasocontraction of vehicle-treated L
	- The effect of 0.5 µM doxorubicin treatment on ETA and ETB -mediated contraction in the presence of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on ETA and ETB -mediated contraction in the presence of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on ETA and ETB -mediated contraction in the presence of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 


	The ET-1-mediated contraction of 0.5 µM doxorubicin-treated LAD vessels, after 5 µM U0126 incubation (n = 10 - 11), was reduced by 35 % at ET-1 10-8 M (78.66 ± 11.24 %, p < 0.0001) and by 33 % at ET-1 10-7.5 M (Cmax = 104.38 ± 14.17 %, p < 0.0001) when compared to U0126 naïve vehicle-treated vessels (n = 9 - 10) at 10-8 M (113.70 ± 11.25 %) and 10-7.5 M (Cmax = 136.60 ± 12.41 %)(Figure 5-7). The inhibition effect of 5 µM U0126 on 0.5 µM doxorubicin-treated LAD vessels reduced the maximal ET-1 -induced contr
	Furthermore, the incubation with 5 µM U0126 of 0.5 µM doxorubicin-treated LAD vessels significantly decreased (by 28 % to 43 %) the ET-1-induced contraction of 5 µM U0126-incubated 0.5 µM doxorubicin LAD vessels (n = 10 - 11), at 10-8.5 M (13.29 ± 3.42 %, p = 0.0003), 10-8 M (78.66 ± 11.24 %, p < 0.0001) and 10-7.5 M (104.38 ± 14.17 %, p < 0.0001), when compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels from 10-8.5 M (41.18 ± 8.87 %), 10-8 M (121.62 ± 9.13 %) and 10-7.5 M (147.18 ± 12.90 %). ET-
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	Figure 5-7: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, after 0.25 % DMSO or 5 µM U0126 incubation. Vehicle group (containing 0.25 % DMSO; n = 9 - 10), 0.5 µM Doxorubicin group (containing 0.25 % DMSO; n = 10 - 11), 0.5 µM doxorubicin and 5 µM U0126 (n = 10 - 11) and 5 µM U0126 (n = 9 - 10). ET-1 = Endothelin-1, DMSO = Dimethyl sulfoxide. Vasocontractile responses were compared
	 
	Table 5-3: Cmax, “Emax” and “pEC50” values of vehicle or doxorubicin incubated LAD arteries with DMSO or MEK 1/2 inhibitor U0126: 0.25 % DMSO and 5 µM U0126 incubation. Values given for all Endothelin-1 experiments and as mean ± S.E.M. N values represent the total amount of animals used. The different groups are compared to the vehicle-treated LAD vessels (containing 0.25 % DMSO) with ANOVA and Dunnett’s post-hoc test: * = p < 0.05, *** = p < 0.001. The 10 µM U0126-incubated doxorubicin LAD vessels were com
	Table
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	N 
	N 

	Cmax 
	Cmax 

	ET-1 “Emax” 
	ET-1 “Emax” 

	 
	 

	“pEC50” 
	“pEC50” 


	TR
	Span
	TD
	Span
	Vehicle  

	9-10 
	9-10 

	136.60 ± 12.41 % 
	136.60 ± 12.41 % 

	137.48 ± 4.53 % 
	137.48 ± 4.53 % 

	 
	 

	8.19 ± 0.03 
	8.19 ± 0.03 


	TR
	Span
	TD
	Span
	0.5 µM Doxorubicin 

	10-11 
	10-11 

	147.18 ±12.90 % 
	147.18 ±12.90 % 
	 

	151.64 ± 6.68 % 
	151.64 ± 6.68 % 

	 
	 

	8.29 ± 0.04 
	8.29 ± 0.04 


	TR
	Span
	TD
	Span
	0.5 µM Doxorubicin and 5 µM U0126 

	10-11 
	10-11 

	104.38 ± 14.17 % ****, #### 
	104.38 ± 14.17 % ****, #### 

	105.76 ± 5.69 % *** 
	105.76 ± 5.69 % *** 

	 
	 

	8.17 ± 0.04 
	8.17 ± 0.04 


	TR
	Span
	TD
	Span
	5 µM U0126 

	9-10 
	9-10 

	115.69 ± 12.00 % * 
	115.69 ± 12.00 % * 

	118.14 ± 4.82 % * 
	118.14 ± 4.82 % * 

	 
	 

	8.15 ± 0.03 
	8.15 ± 0.03 



	 
	5.3.2.1.2. ETA and ETB-mediated contraction in 0.5 µM of doxorubicin with and without 10 µM of U0126 (containing 0.5 % of DMSO) 
	- The effect of 0.5 µM doxorubicin treatment on ETA and ETB -mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):  
	The ET-mediated vasocontraction of 0.5 µM doxorubicin-treated LAD vessels (n = 8 - 10) was reduced by 44 % and 32 % at 10-8 M ET-1 (115.66 ± 10.66 %, p < 0.0001) and at 10-7.5 M (Cmax = 140.23 ± 12.73 %, p = 0.0028) when compared to vehicle-treated LAD vessels (n = 7 - 8) at 10-8 M ET-1 (159.91 ± 7.93 %) and 10-7.5 M ET-1 (Cmax = 172.46 ± 5.64 %) (Figure 5-8). The 0.5 µM doxorubicin incubation did not alter the maximal ET-1-induced contraction and the receptor’s affinity to ET-1 of 0.5 µM doxorubicin-treate
	- The effect of 10 µM U0126 treatment on ETA and ETB -mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 10 µM U0126 treatment on ETA and ETB -mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 10 µM U0126 treatment on ETA and ETB -mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 


	The 10 µM U0126 incubation of vehicle-treated LAD vessels (n = 7 - 8) decreased the ET-1-induced vasocontraction by 28 % at 10-9 M (4.78 ± 0.71 %, p = 0.016), 43 % at 10-8.5 M (17.75 ± 5.08 %, p < 0.0001) and 32 % at 10-7.5 M (Cmax = 204.04 ± 14.61 %, p = 0.0097) when compared to vehicle-treated LAD vessels (respectively, 32.99 ± 15.42 %, 61.12 ± 20.17 % and 172.46 ± 5.64 %) (Figure 5-8). The 10 µM U0126 incubation of vehicle-treated LAD vessels slightly right-shifted the ET-1 dose-response curve from a “pE
	- The effect of 0.5 µM doxorubicin treatment on ETA and ETB -mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on ETA and ETB -mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on ETA and ETB -mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 


	The ET-1-induced contraction was reduced at 10-8.5 M ET-1 (11.29 ± 2.62 %, p < 0.0001) (by 50 %), 10-8 M (57.61 ± 11.04 %, p < 0.0001)  (by 102 %) and 10-7.5 M (86.00 ± 10.39 %, p < 0.0001)  (by 86 %), on 10 µM U0126-incubated 0.5 µM doxorubicin LAD vessels (n = 8 - 9), when compared to U0126 naïve vehicle-treated LAD vessels (10-8.5 M: 61.12 ± 20.17 %, 10-8 M: 159.91 ± 7.93 % and 10-7.5 M: 172.46 ± 5.64 %) (Figure 5-8). The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels highly reduced the
	U0126 naïve vehicle-treated LAD vessels (“Emax” = 184.1 ± 11.0 %). Furthermore, the 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels slightly right-shifted the ET-1 dose-response curve from a “pEC50” of 10-8.38 M (p = 0.0019) for U0126 naïve vehicle-treated LAD vessels to a “pEC50” of 10-8.10 M for 10 µM U0126-incubated doxorubicin LAD vessels. 
	Furthermore, the 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels reduced (by 22 % to 54 %) the ET-1-induced vasocontraction from 10-9 M (10.70 ± 2.64 %, p = 0.0488) to 10-7.5 M (86.00 ± 10.39 %, p < 0.0001) when compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (from 10-9 M: 33.24 ± 6.92 % to 10-7.5 M: 140.23 ± 12.73 %). The 10 µM U0126 incubation did not alter the ET-1-induced vasocontraction of 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 89.4 ± 5.82 %, p = 0.0102) when c
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	Figure 5-8: Vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA and ETB receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, after 0.5 % DMSO or 10 µM U0126 incubation. Vehicle group (0.5 % DMSO; n = 7 - 8); 0.5 µM doxorubicin group (0.5 % DMSO; n = 8 - 10), 0.5 µM doxorubicin and 10 µM U0126 (n = 8 - 9); 10 µM U0126 (n = 7 - 8). ET-1 = Endothelin-1, Dimethyl sulfoxide. Vasocontractile responses compared to vehicle group using two-way ANOVA and 
	 
	Table 5-4: Cmax, “Emax” and “pEC50” values of vehicle or doxorubicin incubated LAD arteries with DMSO or MEK 1/2 inhibitor U0126: 0.5 % DMSO and 10 µM U0126 incubation. Values given for all Endothelin-1 experiments and as mean ± S.E.M. N values represent the total amount of animals used. The “Emax” and “pEC50” values of the different groups are compared to the vehicle-treated LAD vessels (containing 0.25 % DMSO) with ANOVA and Dunnett’s post-hoc test: ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001. Th
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	8.38 ± 0.06 
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	204.04 ± 14.61 % ** 
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	8.16 ± 0.02 ** 
	8.16 ± 0.02 ** 



	 
	5.3.2.2. Real-Time PCR: quantification of ETA receptor mRNA levels 
	Gene expression of the endothelin ETA receptors was investigated in rat LAD arteries by Real-Time PCR. Negative controls were included for each studied gene. Endothelin ETA receptors mRNA level was expressed as values relative to GAPDH and normalised to vehicle-treated LAD vessels.   
	Figure 5-9 (A) showed the mRNA levels of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-treated vessels after the incubation with either 0.25 % DMSO or 5 µM U0126. The 0.5 µM doxorubicin treatment reduced the ETA receptors mRNA level of the 0.5 µM doxorubicin-treated LAD vessels (0.540 ± 0.144; n = 9) when compared to the vehicle-treated LAD vessels (1.00 ± 0.148, p = 0.033; n = 10). Similarly, 5 µM U0126 incubation reduced the ETA receptors mRNA level of the 0.5 µM doxorubicin-treated LAD vessels 
	the ETA receptors mRNA level of 5 µM U0126-treated vehicle LAD vessels (1.009 ± 0.124; n = 10) when compared to the U0126 naïve vehicle LAD vessels (1.00 ± 0.148; n = 10). 
	Figure 5-9 (B) showed the mRNA levels of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-treated vessels after the incubation with either 0.5 % DMSO or 10 µM U0126. The mRNA level of ETA receptors in each group of treated LAD vessels showed a similar tendency as the treated LAD vessel groups from Figure 5-9 (A) but with a higher significance. The 0.5 µM doxorubicin treatment induced a down-regulation of the ETA receptors mRNA level of the 0.5 µM doxorubicin-treated LAD vessels (0.287 ± 0.749, p = 0.
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	Figure 5-9: Real-Time PCR of ETA receptors in LAD arteries with DMSO (Vehicle or Doxorubicin) or U0126 (Vehicle + U0126 or Doxorubicin + U0126). (A) Comparison of ETA receptors mRNA levels on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 10), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 9), 0.5 µM doxorubicin and 5 µM U0126 group (n = 9) and 5 µM U0126 (n = 10). (B) Comparison of ETA receptors mRNA levels on LAD arteries from 
	Vehicle group (containing 0.5 % DMSO; n = 10), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.5 % DMSO; n = 10), 0.5 µM doxorubicin and 10 µM U0126 group (n = 10) and 10 µM U0126 (n = 10). Doxo = doxorubicin, ETA = endothelin A. Data are expressed as mean ± S.E.M. values relative to GAPDH mRNA levels (n = 10) and normalised to vehicle group. The groups were compared by multiple comparisons using one-way ANOVA Kruskal-Wallis’ test (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.000
	 
	5.3.2.3. Immunohistochemistry: Quantification of ETA receptor levels 
	The quantification of ETA receptors was obtained by measuring the ROI mean intensity and the intensity was normalised to LAD vessels from vehicle group. The ETA receptors expression on LAD vessels from most of the groups was widely spread.  
	Figure 5-10 (A) showed the ETA receptors expression of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-treated vessels after the incubation with either 0.25 % DMSO or 5 µM U0126. No statistical difference was observed between the different groups. The 5 µM U0126 incubation of vehicle-treated LAD vessels (1.055 ± 0.023; n = 4) did not alter the ETA receptors expression compared to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.033; n = 4). Similarly, the 5 µM U0126 incubation of 0.5 µM doxorub
	Figure 5-10 (B) showed the ETA receptors expression of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-treated vessels after the incubation with either 0.5 % DMSO or 10 µM U0126. No statistical difference was observed between the different groups. Likely, the 10 µM U0126 incubation of vehicle-treated LAD vessels (0.947 ± 0.044; n = 4) did not alter the ETA receptors expression compared to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.047; n = 4). The 10 µM U0126 incubation of 0.5 µM doxorubi
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	Figure
	Figure 5-10: Quantification of the endothelin ETA receptors expression in LAD arteries by immunofluorescence. (A) Comparison of ETA receptors expression on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.25 % DMSO; n = 4), 0.5 µM doxorubicin and 5 µM U0126 group (n = 4) and 5 µM U0126 (n = 4). (B) Comparison of ETA receptors expression on LAD arteries from Vehicle group (containing 0.5 % DMSO; n = 4), 0.5 µM doxorubicin group (0.5 % DMSO; n = 4), 0.5 µ
	 
	 5-hydroxytryptamine receptor 1B  
	5.3.3.1. Wire-myography: 5-HT1B receptors-mediated contraction 
	The serotonin 5-HT1B receptor specific agonist, 5-CT, was used to investigate the effect of doxorubicin on 5-HT1B receptor-mediated contraction with DMSO or MEK 1/2 inhibitor, U0126. The dose-response curve obtained by the 5-HT1B receptor-mediated contraction was a biphasic curve, as shown in Figures 5-11 and 5-12. The 5-HT1B-mediated contraction values are given as percentage of the maximal contractile response, induced by K+ KH. The 5-CT dose-response curve of LAD vessels did not reach the final plateau a
	5.3.3.1.1. 5-HT1B-mediated contraction in 0.5 µM of doxorubicin with and without 5 µM of U0126 (containing 0.25 % of DMSO) 
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 


	The 0.5 µM doxorubicin treatment induced an elevation (12 % - 49 % increase) of 5-HT1B-mediated vasocontraction of 0.5 µM doxorubicin-treated LAD vessels (n = 14 - 16) from 10-8 M 5-CT (13.47 ± 3.43 %, p = 0.0458) to 10-6 M 5-CT (46.69 ± 7.23 %, p < 0.0001) when compared to vehicle-treated LAD vessels (n = 11 - 12) from 10-8 M 5-CT (2.30 ± 0.45 %) to 10-6 M 5-CT (8.26 ± 2.11 %) (Figure 5-11). The 0.5 µM doxorubicin treatment increased the Cmax value from 25.54 ± 7.18 % for vehicle-treated LAD vessels to 74.
	- The effect of 5 µM U0126 treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 5 µM U0126 treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 5 µM U0126 treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 


	The incubation of 5 µM U0126 of vehicle-treated LAD vessels did not alter the 5-HT1B-mediated vasocontraction of 5 µM U0126-incubated vehicle LAD vessels (n = 10 - 11) when compared to U0126 naïve vehicle-treated LAD vessels (n = 11 - 12) (Figure 5-11). The mean Cmax of 5 µM U0126-incubated vehicle LAD vessels was 25.82 ± 7.46 % and the mean Cmax of U0126 naïve vehicle-treated LAD vessels was 25.54 ± 7.18 %. 
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in the presence of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in the presence of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in the presence of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 


	The 5-HT1B-mediated vasocontraction of 5 µM U0126-incubated 0.5 µM doxorubicin vessels (n = 14 - 16) was not altered when compared to vehicle-treated vessels (Figure 5-11). The 5 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels, showed a tendency to slightly left-shift the 5-CT dose-response curve when compared to U0126 naïve vehicle-treated LAD vessels, but the absence of “pEC50” value did not allow the confirmation of the potential variation of 5-HT1B receptor affinity.  
	Furthermore, the 5 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels reduced (22 % and 38 % decrease) the 5-HT1B-mediated vasocontraction at 10-6 M 5-CT (24.73 ± 7.46 %, p < 0.0001) and 10-5.5 M (Cmax = 36.88 ± 9.33 %, p < 0.0001), compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels at 10-6 M 5-CT (46.69 ± 7.23 %) and 10-5.5 M (Cmax = 74.93 ± 7.82 %) (Figure 5-11). The 5 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels might have slightly right-shifted the 5-CT dose-respo
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	Figure 5-11: Vasocontractile response to the cumulative application of 5-carboxamidotryptamine (5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, after 0.25 % DMSO or 5 µM U0126 incubation. Vehicle group (containing 0.25 % DMSO; n = 11 - 12), 0.5 µM doxorubicin group (containing 0.25 % DMSO; n = 14 - 16), 0.5 µM doxorubicin and 5 µM U0126 (n = 9) and 5 µM U0126 (n = 10 - 11). 5-CT = 5-carboxamidotryptamine, DMSO = Dimethyl sulfoxide. Contractile responses com
	< 0.05, *** = p < 0.001) and compared to 0.5 µM doxorubicin group using two-way ANOVA and Bonferroni’s test (### = p < 0.001). 
	 
	Table 5-5: The Cmax values of vehicle or doxorubicin incubated LAD arteries with DMSO or MEK 1/2 inhibitor U0126: 0.25 % DMSO and 5 µM U0126. Cmax = the contraction obtained at the highest agonist dose and is applied when the “Emax” couldn’t be determined due to stock concentration constraints; Values given for 5-CT experiments and as mean ± S.E.M. N values represent the total amount of animals used Cmax values of the different groups were compared to the vehicle-treated LAD vessels with two-way ANOVA and B
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	25.54 ± 7.18 % 
	25.54 ± 7.18 % 
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	9 
	9 

	36.88 ± 9.33 % 
	36.88 ± 9.33 % 
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	5 µM U0126 

	10-11 
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	25.82 ± 7.46 % 
	25.82 ± 7.46 % 



	 
	 
	5.3.3.1.2. 5-HT1B-mediated contraction in 0.5 µM of doxorubicin with and without 10 µM of U0126 (containing 0.5 % of DMSO) 
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 


	The 0.5 µM doxorubicin treatment induced an increase of 5-HT1B-mediated contraction (by 12 % to 32 %) of 0.5 µM doxorubicin-treated LAD vessels (n = 9 - 10) from the concentrations of 10-7.5 M 5-CT (16.10 ± 3.76 %, p = 0.0325) to 10-6 M (39.85 ± 7.60 %, p < 0.0001), compared to vehicle-treated LAD vessels (n = 8 - 9) from the concentrations of 10-7.5 M 5-CT (2.31 ± 0.41 %) to 10-6 M (7.82 ± 2.91 %) (Figure 5-12). The 0.5 µM doxorubicin treatment significantly increased the 5-HT1B-mediated contraction of 0.5
	- The effect of 10 µM U0126 treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 10 µM U0126 treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 10 µM U0126 treatment on 5-HT1B-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 


	The 10 µM U0126 incubation of vehicle-treated LAD vessels decreased the 5-HT1B-mediated contraction of 10 µM U0126-incubated vehicle LAD vessels (n = 8 - 9) by 37 % at the concentration of 10-5.5 M, with a mean Cmax of 6.99 ± 0.71 % (p < 0.0001), compared to vehicle-treated LAD vessels (n = 8 - 9) with a mean Cmax of 43.53 ± 14.60 % (Figure 5-12).  
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):  
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):  
	- The effect of 0.5 µM doxorubicin treatment on 5-HT1B-mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO):  


	The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels (n = 7 - 8) significantly decreased by 22 % the 5-HT1B-mediated contraction with a Cmax of 22.30 ± 5.60 % (p < 0.0001), when compared to U0126 naïve vehicle-treated LAD vessels with a Cmax of 43.53 ± 14.60 % (n = 9 - 10) (Figure 5-12).   
	The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels reduced (13 % to 44 % decrease) the 5-HT1B-mediated contraction of 10 µM U0126-incubated 0.5 µM doxorubicin LAD vessels at 10-7 M (5.75 ± 2.58 %, p = 0.0457) and from 10-6 M (12.39 ± 3.93 %, p < 0.0001) to 10-5.5 M (Cmax = 22.30 ± 5.60 %, p < 0.0001), when compared to 0.5 µM doxorubicin-treated LAD vessels at 10-7 M (18.75 ± 4.59 %) and from 10-6 M (39.85 ± 7.60 %) to 10-5.5 M (Cmax = 65.58 ± 8.13 %) (Figure 5-12).  
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	Figure 5-12: Vasocontractile response to the cumulative application of 5-carboxamidotryptamine (5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, after 0.5 % DMSO or 10 µM U0126 incubation. Vehicle group (containing 0.5 % DMSO; n = 8 - 9), 0.5 µM doxorubicin group (containing 0.5 % DMSO; n = 9 - 10), 0.5 µM doxorubicin and 10 µM U0126 (n = 7 - 8) and 10 µM U0126 (n = 8 - 9). 5-CT = 5-carboxamidotryptamine, DMSO = Dimethyl sulfoxide. 
	Contractile responses compared to vehicle group using two-way ANOVA and Bonferroni’s test (* = p < 0.05, ** = p < 0.01, **** = p < 0.0001) and compared to 0.5 µM doxorubicin group using on-way ANOVA and Bonferroni’s test (# = p < 0.05, #### = p < 0.0001). 
	 
	Table 5-6:  Cmax values of vehicle or doxorubicin incubated LAD arteries with DMSO or MEK 1/2 inhibitor U0126: 0.5 % DMSO and 10 µM U0126 incubation. Cmax = the contraction obtained at the highest agonist dose and is applied when the “Emax” couldn’t be determined due to stock concentration constrains; Values given for 5-CT experiments and as mean ± S.E.M. N values represent the total amount of animals used. Cmax values of the different groups were compared to the vehicle-treated LAD vessels with Two-way ANO
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	7.0 ± 0.7 % **** 
	7.0 ± 0.7 % **** 



	 
	5.3.3.2. Real-Time PCR: quantification of 5-HT1B receptor mRNA levels 
	Gene expression of the endothelin 5-HT1B receptors was investigated in LAD arteries by Real-Time PCR. Negative controls were included for each receptor. Serotonin 5-HT1B receptors mRNA expression was expressed as values relative to GAPDH and normalised to vehicle-treated LAD vessels. Both figures 5-13 (A) and 5-13 (B) showed the same tendency towards reduction or increase of 5-HT1B receptors mRNA between the different groups, however, a significant difference is observed only after 0.5 % DMSO or 10 µM U0126
	Figure 5-13 (A) showed the mRNA levels of the 0.25 % DMSO or 5 µM U0126 incubation of vehicle-treated or 0.5 µM doxorubicin-treated LAD vessels. The 0.5 µM doxorubicin-treated LAD vessels (1.203 ± 0.093; n = 9) showed a tendency towards an up-regulation of 5-HT1B receptors mRNA, compared to vehicle-treated LAD vessels (1.00 ± 0.094; n = 10), but there is no statistical difference. The 5 µM U0126 incubation of vehicle-treated LAD vessels (1.108 ± 0.090; n = 10) did not alter the 5-HT1B receptor mRNA level co
	HT1B receptors mRNA level compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (1.203 ± 0.093; n = 9). 
	Figure 5-13 (B) showed the mRNA levels of the 0.5 % DMSO or 10 µM U0126 incubation of vehicle-treated or 0.5 µM doxorubicin-treated LAD vessels. The 5-HT1B receptors mRNA level was up-regulated significantly from vehicle-treated LAD vessels (1.00 ± 0.085; n = 10) to 0.5 µM doxorubicin-treated LAD vessels (1.267 ± 0.077, p = 0.041; n = 10). The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels (1.108 ± 0.076; n = 10) showed a tendency towards a down-regulation of 5-HT1B receptor mRNA, compared
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	Figure 5-13: Real-Time PCR of 5-HT1B receptors in LAD arteries with DMSO (Vehicle or Doxorubicin) or U0126 (Vehicle + U0126 or Doxorubicin + U0126). (A) Comparison of 5-HT1B receptor mRNA levels on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 10), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 9), 0.5 µM doxorubicin and 5 µM U0126 group (n = 9) and 5 µM U0126 (n = 10). (B) Comparison of 5-HT1B receptors mRNA levels on LAD arteries from Vehicle group (containing 
	 
	5.3.3.3. Immunohistochemistry:  Quantification of 5-HT1B receptor levels 
	The quantification of serotonin 5-HT1B receptors was obtained by measuring the ROI mean intensity and the intensity was normalised to vehicle-treated LAD vessels average.  
	Figure 5-14 (A) showed the 5-HT1B receptors expression of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-treated vessels after the incubation with either 0.25 % DMSO or 5 µM U0126. The 5-HT1B receptors expressions on LAD vessels of the four groups are widely spread. No statistical difference was observed between the different groups. The 5 µM U0126 incubation of vehicle-treated LAD vessels (0.987 ± 0.019; n = 4) did not alter the 5-HT1B receptors expression compared to the U0126 naïve vehicle-treat
	Figure 5-14 (B) showed the 5-HT1B receptors expression of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-treated vessels after the incubation with either 0.5 % DMSO or 10 µM U0126.  The 0.5 µM doxorubicin treatment of LAD vessels increased the 5-HT1B receptors expression of the 0.5 µM doxorubicin-treated LAD vessels (1.023 ± 0.006; n = 4) when compared to the vehicle-treated LAD vessels (1.00 ± 0.009, p = 0.038; n = 4). The 10 µM U0126 incubation of vehicle-treated LAD vessels (1.009 ± 0.007; n = 3
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	Figure
	Figure 5-14: Quantification of the 5-HT1B receptor expression in LAD arteries by immunofluorescence. (A) Comparison of 5-HT1B receptor expression on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 4), 0.5 µM doxorubicin and 5 µM U0126 group (n = 4) and 5 µM U0126 (n = 4). (B) Comparison of 5-HT1B receptors expression on LAD arteries from Vehicle group (containing 0.5 % DMSO; n = 4), 0.5 µM doxorubicin group (contai
	 
	 Thromboxane prostanoid (TP) receptor 
	5.3.4.1. Wire-myography: Thromboxane prostanoid TP receptors-mediated vasocontraction 
	The thromboxane prostanoid (TP) receptor specific agonist, U46619, was used to investigate the effect of doxorubicin on TP receptor-mediated vasocontraction after 24-hr-incubation with DMSO or MEK 1/2 inhibitor, U0126. The TP-induced vasocontraction values are given as percentage of the maximal contractile response, induced by K+ KH. “Emax” and “pEC50” values of are given in Tables 5-7 and 5-8. The difference of vasocontraction between the groups and the p values are given in Tables 9-9 and 9-10 in Appendic
	 
	5.3.4.1.1. TP receptor-mediated contraction in 0.5 µM of doxorubicin with and without 5 µM of U0126 (containing 0.25 % of DMSO) 
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):   
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):   
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):   


	As shown in Figure 5-15, TP-mediated vasocontraction of 0.5 µM doxorubicin-treated LAD vessels was increased (by 21 % to 47 %) from 10-8 M ( 24.79 ± 6.21 %, p = 0.0265) to 10-6.5 M (Cmax = 106.69 ± 5.98 %, p = 0.0032), when compared to vehicle-treated LAD vessels from 10-8 M (4.26 ± 0.93 %) to 10-6.5 M (Cmax = 81.09 ± 14.83 %) (Table 9-9 in Appendices). The 0.5 µM doxorubicin incubation significantly increased the TP-mediated contraction of 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 116.4 ± 8.1 %, p =
	- The effect of 5 µM U0126 treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 5 µM U0126 treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 
	- The effect of 5 µM U0126 treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.25 % DMSO): 


	The incubation of 5 µM U0126 on vehicle-treated LAD vessels did not alter the TP-mediated contraction of 5 µM U0126-incubated vehicle LAD vessels (n = 13 - 15), when compared to vehicle-treated LAD vessels (Figure 5-15). Furthermore, the 5 µM U0126 incubation of 0.5 µM doxorubicin LAD vessels did not alter the maximal TP-mediated contraction and the TP receptor’s affinity of 5 µM U0126-incubated vehicle LAD vessels (“Emax” = 90.5 ± 16.7 %, “pEC50” = 10-7.06), when compared to U0126 naïve vehicle-treated LAD
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in the presence of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):   
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in the presence of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):   
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in the presence of 5 µM U0126 in 24-hr-incubated LAD vessels (containing 0.25 % DMSO):   


	The TP-mediated vasocontraction increased (27 % increase) at 10-7.5 M (34.07 ± 11.36 %, p = 0.007) in 5 µM U012-incubated 0.5 µM doxorubicin vessels when compared to U0126 naïve vehicle-treated vessels at 10-7.5 M (7.44 ± 2.20 %) (Figure 5-15). The inhibition effect of 5 µM U0126 on 0.5 µM doxorubicin-treated LAD vessels did not alter the “Emax” and “pEC50” values of 5 µM U0126-incubated 0.5 µM doxorubicin LAD vessels (“Emax”= 78.5 ± 13.7 %, “pEC50” = 10-7.36 M) when compared to U0126 naïve vehicle-treated 
	Furthermore, the 5 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels slightly decreased (by 34 %) the TP-mediated vasocontraction of 5 µM U0126-incubated 0.5 µM doxorubicin LAD vessels at 10-7 M (56.92 ± 15.12 %, p < 0.0001) and 10-6.5 M (73.03 ± 13.74 %, p = 0.0001) when compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels at 10-8 M (24.79 ± 6.21 %) and 10-
	6.5 M (106.69 ± 5.98 %) (Figure 5-15). The inhibition effect of 5 µM U0126 on 0.5 µM doxorubicin-treated LAD vessels did not alter the maximal TP-mediated vasocontraction and the TP receptor’s affinity (to U46619) of 5 µM U0126-incubated 0.5 µM doxorubicin LAD vessels (“Emax” = 78.5 ± 13.7 %, “pEC50” = 10-7.36 M) when compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (“Emax” = 83.3 ± 7.4 %, “pEC50” = 10-7.07 M).  
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	Figure 5-15: Vasocontractile response to the cumulative application of 9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F2α (U46619) (TP receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, after 0.25 % DMSO or 5 µM U0126 incubation. Vehicle group (containing 0.25 % DMSO; n = 12 - 13), 0.5 µM doxorubicin group (containing 0.25 % DMSO; n = 13 - 15), 0.5 µM doxorubicin and 5 µM U0126 (n = 9 - 10) and 5 µM U0126 (n = 13 - 15). U46619 = agonist of thromboxane prostanoid receptors, D
	Table 5-7: Cmax, “Emax” and “pEC50” values of vehicle or doxorubicin incubated LAD arteries with DMSO or MEK 1/2 inhibitor U0126: 0.25 % DMSO and 5 µM U0126 incubation. Values given for all Endothelin-1 experiments and as mean ± S.E.M. N values represent the total amount of animals used. The “Emax” and “pEC50” values of the different groups are compared to the vehicle-treated LAD vessels (containing 0.25 % DMSO) with ANOVA and Dunnett’s post-hoc test: * = p < 0.05, *** = p < 0.001. The 10 µM U0126-incubated
	and #### = p < 0.0001, while Cmax is compared using two-way ANOVA with Bonferroni’s post-hoc test: ** = p < 0.01. 
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	N 
	N 

	Cmax 
	Cmax 

	“Emax” 
	“Emax” 

	“pEC50” 
	“pEC50” 


	TR
	Span
	Vehicle 
	Vehicle 

	12-13 
	12-13 

	81.09 ± 14.83 % 
	81.09 ± 14.83 % 

	83.3 ± 7.4 % 
	83.3 ± 7.4 % 

	7.07 ± 0.06 
	7.07 ± 0.06 


	TR
	Span
	0.5 µM Doxorubicin 
	0.5 µM Doxorubicin 

	13-15 
	13-15 

	106.69 ± 5.98 % ** 
	106.69 ± 5.98 % ** 

	116.4 ± 8.1 % * 
	116.4 ± 8.1 % * 

	7.46 ± 0.08 *** 
	7.46 ± 0.08 *** 


	TR
	Span
	0.5 µM Doxorubicin 
	0.5 µM Doxorubicin 
	and 5 µM U0126 

	9-10 
	9-10 

	73.03 ± 13.74 % 
	73.03 ± 13.74 % 

	78.5 ± 13.7 % 
	78.5 ± 13.7 % 

	7.36 ± 0.19 
	7.36 ± 0.19 
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	5 µM U0126 
	5 µM U0126 

	13-15 
	13-15 

	77.38 ± 11.04 % 
	77.38 ± 11.04 % 

	90.5 ± 16.7 % 
	90.5 ± 16.7 % 

	7.06 ± 0.17 
	7.06 ± 0.17 



	5.3.4.1.2. TP receptor-mediated contraction in 0.5 µM of doxorubicin with and without 10 µM of U0126 (containing 0.5 % of DMSO) 
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 


	The 0.5 µM doxorubicin treatment induced a significant increase (29 % increase) of TP-mediated vasocontraction from 10-7.5 M (47.47 ± 6.34 %, p = 0.0005) to 10-7 M U46619 (97.24 ± 5.91 %, p = 0.0004), in 0.5 µM doxorubicin-treated LAD vessels (n = 10 - 11) when compared to vehicle-treated LAD vessels from 10-7.5 M (17.73 ± 10.63 %) to 10-7 M U46619 (68.08 ± 18.70 %) (Figure 5-16). The 0.5 µM doxorubicin incubation seems to induce an increase of the maximal TP-mediated vasocontraction from “Emax” = 104.5 ± 1
	- The effect of 10 µM U0126 treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 10 µM U0126 treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 10 µM U0126 treatment on TP receptor-mediated contraction in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 


	The U46619 dose-response curve of 10 µM U0126-incubated vehicle LAD vessels did not reach the final plateau at the highest dose due to stock constraints, and therefore final “Emax” and “pEC50” values could not be obtained. However, the vasocontraction obtained at the highest dose (10-6.5 M) is mentioned as Cmax. The 10 µM U0126 incubation of vehicle-treated LAD vessels reduced the TP-mediated vasocontraction of 10 µM U0126-incubated vehicle LAD vessels (n = 7 - 8) by 51 % at 10-7 M (17.19 ± 4.34 %, p < 0.00
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 
	- The effect of 0.5 µM doxorubicin treatment on TP receptor-mediated contraction in the presence of 10 µM U0126 in 24-hr-incubated LAD vessels (containing 0.5 % DMSO): 


	The TP-mediated contraction was reduced (24 % and 42 % decrease) at, respectively, 10-7 M (43.83 ± 8.65 %, p = 0.0071) and 10-6.5 M (Cmax = 56.57 ± 9.71 %, p < 0.0001), on 0.5 µM doxorubicin vessels with 10 µM U0126 (n = 10 - 11) when compared to U0126 naïve vehicle-treated vessels at 10-7 M (68.08 ± 18.70 %) and 10-6.5 M (Cmax = 99.10 ± 11.81 %) (Figure 5-16). The inhibition effect of 10 µM U0126 on 0.5 µM doxorubicin-treated LAD vessels reduced the maximal TP-mediated vasocontraction of 10 µM U0126-incuba
	The 10 µM U0126 incubation of 0.5 µM doxorubicin-treated LAD vessels significantly reduced (23 %, 53 % and 57 % decrease) the TP-mediated contraction of 0.5 µM doxorubicin LAD vessels with 10 µM U0126 at 10-7.5 M U46619 (23.78 ± 5.30 %, p = 0.0051), at 10-7 M U46619 (43.83 ± 8.65 %, p < 0.0001) and 10-6.5 M U46619 (56.57 ± 9.71 %, p < 0.0001) when compared to 10 µM U0126 naïve 0.5 µM doxorubicin-treated LAD vessels at 10-7.5 M U46619 (17.73 ± 10.63 %), at 10-7 M U46619 (68.08 ± 18.70 %) and 10-6.5 M U46619 
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	Figure 5-16: Vasocontractile response to the cumulative application of 9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F2α (U46619) (TP receptor agonist) normalised to 60 mM K+ KH-induced contraction in rat LAD arteries, after 0.5 % DMSO or 10 µM U0126 incubation. Vehicle group (containing 0.5 % DMSO; n = 8 - 9), 0.5 µM doxorubicin group (containing 0.5 % DMSO; n = 10 - 11), 0.5 µM doxorubicin and 10 µM U0126 (n = 9 - 10) and 10 µM U0126 (n = 7 - 8). U46619 = agonist of thromboxane prostanoid receptor, DMSO =
	Table 5-8: The Cmax, “Emax” and “pEC50” values of vehicle or doxorubicin incubated LAD arteries with DMSO or MEK 1/2 inhibitor U0126: 0.5 % DMSO and 10 µM U0126 incubation. Cmax = the contraction obtained at the highest agonist dose and is applied when the “Emax” couldn’t be determined due to stock concentration constraints; Values given for U46619 experiments and as mean ± S.E.M. N values represent the total amount of animals used. The “Emax” and “pEC50” values of the different groups are compared to the v
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	8-9 
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	99.10 ± 11.81 % 

	104.5 ± 10.5 % 
	104.5 ± 10.5 % 

	7.13 ± 0.08 
	7.13 ± 0.08 
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	0.5 µM Doxorubicin 
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	10-11 

	113.67 ± 5.45 % 
	113.67 ± 5.45 % 

	122.7 ± 5.6 % 
	122.7 ± 5.6 % 

	7.37 ± 0.05 * 
	7.37 ± 0.05 * 
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	0.5 µM Doxorubicin  
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	56.57 ± 9.71 % ****, #### 
	56.57 ± 9.71 % ****, #### 

	62.3 ± 9.4 %*, ### 
	62.3 ± 9.4 %*, ### 

	7.32 ± 0.16 
	7.32 ± 0.16 
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	10 µM U0126 
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	55.21 ± 16.43 % **** 
	55.21 ± 16.43 % **** 
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	5.3.4.2. Real-Time PCR: quantification of TP receptor mRNA levels 
	Gene expression of the endothelin TP receptors was investigated in rat LAD arteries by Real-Time PCR. Negative controls were included for each receptor. TP receptors mRNA expression was expressed as values relative to GAPDH and normalised to vehicle-treated LAD vessels. Both figures 5-17 (A) and 5-17 (B) showed the same tendency towards increase or reduction of TP receptors mRNA between the different groups. 
	Figure 5-17 (A) showed the mRNA levels on vehicle-treated LAD vessels or 0.5 µM doxorubicin-treated LAD vessels after the incubation with either 0.25 % DMSO or 5 µM U0126. The 0.5 µM doxorubicin treatment of LAD vessels (1.065 ± 0.077; n = 9) did not alter the TP receptors mRNA level compared 
	to vehicle-treated LAD vessels (1.00 ± 0.105; n = 10). The 5 µM U0126 of vehicle-treated LAD vessels (1.005 ± 0.086; n = 10) did not alter the TP receptor mRNA level compared to U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.105; n = 10). The 5 µM incubation of 0.5 µM doxorubicin-treated LAD vessels (1.131 ± 0.057; n = 9) did not alter the TP receptor mRNA level compared to U0126 naïve 0.5 µM doxorubicin-treated LAD vessels (1.065 ± 0.077; n = 9). 
	Figure 5-17 (B) showed the mRNA levels on vehicle-treated LAD vessels or 0.5 µM doxorubicin-treated LAD vessels after the incubation with either 0.5 % DMSO or 10 µM U0126. The 0.5 µM doxorubicin treatment of LAD vessels (1.153 ± 0.094; n = 10) showed a tendency towards an increase of TP receptor mRNA level, compared to vehicle-treated LAD vessels (1.00 ± 0.084; n = 10), but there is no statistical difference.  The 10 µM U0126 incubation of vehicle-treated LAD vessels (0.992 ± 0.069; n = 10) did not alter th
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	Figure 5-17: Real-Time PCR of TP receptors in LAD arteries with DMSO (Vehicle or Doxorubicin) or U0126 (Vehicle + U0126 or Doxorubicin + U0126). (A) Comparison of TP receptor mRNA levels on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 10), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 9), 0.5 µM doxorubicin and 5 µM U0126 group (n = 9) and 5 µM U0126 (containing 5 µM U0126; n = 10). (B) Comparison of TP receptor mRNA levels on LAD arteries from Vehicle group (c
	5.3.4.3. Immunohistochemistry: Quantification of TP receptor levels 
	The quantification of TP receptors was obtained by measuring the ROI mean intensity and the intensity was normalised to vehicle-treated LAD vessels average.  
	Figure 5-18 (A) showed the TP receptors expression of both vehicle-treated LAD vessels and 0.5 µM doxorubicin-treated vessels after the incubation with either 0.25 % DMSO or 5 µM U0126. The 5 µM U0126 incubation of vehicle-treated LAD vessels (1.159 ± 0.054; n = 4) induced an increase of TP receptor expression when compared to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.027, p = 0.0395; n = 4). No significant difference was observed between the other groups.  The TP receptors expression on 0.5 µM 
	Figure 5-18 (B) showed the TP receptor expression of both vehicle-treated LAD vessels and  0.5 µM doxorubicin-treated vessels after the incubation with either 0.5 % DMSO or 10 µM U0126. No statistical difference was observed between the different groups. The 10 µM U0126 incubation of vehicle-treated LAD vessels (0.964 ± 0.065; n = 3) did not alter the TP receptors expression compared to the U0126 naïve vehicle-treated LAD vessels (1.00 ± 0.018; n = 4). The 10 µM U0126 incubation of 0.5 µM doxorubicin-treate
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	Figure
	Figure 5-18: Quantification of the TP receptors expression in LAD arteries by immunofluorescence. (A) Comparison of TP receptors expression on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 4), 0.5 µM doxorubicin and 5 µM U0126 group (n = 4) and 5 µM U0126 (n = 4). (B) Comparison of TP receptor expression on LAD arteries from Vehicle group (containing 0.5 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM
	 
	 pERK quantification in LAD arteries: 
	The efficiency of the MEK 1/2 inhibitor U0126 used in this study can be tested by the quantification of pERK expression by the use of the immunohistochemistry technique. The quantification was obtained by measuring the ROI mean intensity and the intensity was normalised to vehicle group (i.e. vehicle = 1).  
	Figure 5-19 (A) showed the studied groups with 0.25 % of DMSO or 5 µM of U0126. Incubation of LAD vessels with 0.5 µM doxorubicin did not alter the pERK expression of the 0.5 µM doxorubicin-treated LAD vessels 1.025 ± 0.015 (n = 4) when compared to the vehicle-treated LAD vessels 1.00 ± 0.023 (n = 4).  LAD vessels incubated in DMEM with vehicle and 5 µM U0126 (0.901 ± 0.053; n = 4) and with doxorubicin and 5 µM U0126 (0.889 ± 0.0428; n = 4) showed a tendency towards a reduction of pERK expression compared t
	significant reduction of pERK expression compared to 0.5 µM doxorubicin-treated LAD vessels 1.025 ± 0.015 (p = 0.0228; n = 4). pERK expression of vehicle-treated LADs vessels incubated with 5 µM U0126 0.901 ± 0.053 (n = 4) was significantly decreased, compared to 0.5 µM doxorubicin-incubated LAD vessels 1.025 ± 0.015 (p = 0.0433; n = 4). 
	Figure 5-19 (B) showed the quantification of the studied groups with 0.5 % of DMSO or 10 µM of U0126. Incubation of LAD vessels with 0.5 µM doxorubicin did not alter the pERK expression of the 0.5 µM doxorubicin-treated LAD vessels 1.002 ± 0.025 (n = 4) when compared to the vehicle-treated LAD vessels 1.00 ± 0.065 (n = 4). LAD vessels incubated in DMEM with vehicle and 5 µM U0126 (0.781 ± 0.035; n = 3) and with doxorubicin and 5 µM U0126 (0.795 ± 0.033; n = 4) showed a reduction of pERK expression compared 
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	Figure
	Figure 5-19: Quantification of the pERK expression in LAD arteries by immunofluorescence. (A) Comparison of pERK expression on LAD arteries from Vehicle group (containing 0.25 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.25 % DMSO; n = 4), 0.5 µM doxorubicin and 5 µM U0126 group (n = 4) and 5 µM U0126 (n = 4). (B) Comparison of pERK on LAD arteries from Vehicle group (containing 0.5 % DMSO; n = 4), 0.5 µM doxorubicin group (containing 0.5 µM doxorubicin and 0.5 % DMSO; n = 4
	 
	5.4.  Discussion 
	 Summary of the main findings of this chapter:  
	The adverse vascular effects of doxorubicin treatment were investigated on the four studied GPCRs after DMSO (U0126 solvent) incubation of vehicle or doxorubicin-treated LAD arteries during 24 hrs, while the cardioprotective effect of U0126 was investigated on the four studied GPCRs after U0126 incubation of vehicle or doxorubicin-treated LAD arteries during 24 hrs. The U0126 was initially set up at a concentration of 10 µM, but the 5-HT1B and TP-mediated contractions were too highly reduced in the vehicle 
	The present results of this chapter demonstrate that the 0.5 µM doxorubicin treatment alters the ETB, 5-HT1B and TP–mediated vasocontractile responses of LAD vessels. Furthermore, the MEK 1/2 inhibitor U0126 confers cardioprotection by alleviating the elevated ETB, 5-HT1B and TP vasocontractile responses observed in LAD vessels after doxorubicin treatment. 
	It was shown that 5-HT1B-mediated vasocontractile response was significantly increased by the doxorubicin incubation (Figures 5-11 and 5-12). The elevated 5-HT1B-mediated vasocontractile response is related to the significant elevation of 5-HT1B receptors mRNA level (Figure 5-13) and 5-HT1B receptors expression (Figure 5-14) in doxorubicin-treated LAD vessels. The U0126 pre-treatment at both concentrations 5 µM and 10 µM, attenuates the elevated 5-HT1B mRNA level and 5-HT1B receptors expression of LAD vesse
	Similarly, TP receptors function was altered by the doxorubicin treatment of LAD vessels. The TP-mediated vasocontractile response of LAD vessels was significantly increased after doxorubicin treatment (Figures 5-15 and 5-16). However, the doxorubicin treatment did not alter the TP mRNA level and TP receptors expression on the LAD vessels. U0126 pre-treatment at both concentrations 5 µM and 10 µM confers a protection against doxorubicin-induced cardiotoxicity by attenuating the elevated TP-mediated vasocont
	The 10 µM U0126 pre-treatment excessively reduces the 5-HT1B and TP-mediated vasocontractile responses of doxorubicin-treated LAD vessels compared to the vehicle-treated LAD vessels, while the 5 µM U0126 alleviates the 5-HT1B and TP-mediated vasocontractile responses of doxorubicin-treated LAD vessels until a recover of the vasocontractile response observed in vehicle-treated LAD vessels. 
	Interestingly, the doxorubicin treatment significantly reduced the ETA mRNA level (Figure 5-9) without altering the ETA receptor expression (Figure 5-10) and the ETA-mediated vasocontractile responses (Figures 5-7 and 5-8). The U0126 pre-treatment significantly reduced the ETA-mediated vasocontractile response and the ETA receptor mRNA level of doxorubicin-treated LAD vessels while U0126 pre-treatment did not alter the ETA receptor expression on doxorubicin-treated LAD vessels.  
	Doxorubicin treatment induced an increase of the ETB-mediated vasocontractile response, followed by a decrease of the ETB-mediated vasocontractile response (Figures 5-3 and 5-4). Furthermore, the ETB receptor mRNA level was significantly decreased in LAD vessels after doxorubicin treatment which is consistent with the depressed ETB-mediated vasocontractile response. The U0126 pre-treatment 
	reduced the ETB-mediated vasocontractile responses and the ETB receptors mRNA level of U0126 plus doxorubicin-treated LAD vessels compared to U0126 naïve vehicle-treated LAD vessels.  
	 
	 The MEK 1/2 inhibitor U0126 was diluted in DMSO 
	To investigate the cardioprotective effect of 10 µM U0126, the naïve vehicle-treated LAD vessels and naïve U0126 doxorubicin-treated LAD vessels were incubated with 0.5 % of DMSO as control group. Furthermore, the U0126 was also investigated at a lower dose of 5 µM and the LAD vessels used as control groups were incubated with 0.25 % of DMSO. The DMSO is frequently used in pharmacology and toxicology studies to facilitate drug deliveries and no toxic effects were observed at doses ≤ 0.5 % (Sangweni et al., 
	The experiments with 10 µM or 5 µM U0126 were done separately and both experiments followed the same trend for the ETA, TP and 5-HT1B receptors but, the significance differs between both experiments for some results.  
	Indeed, the maximal 5-HT1B-mediated vasocontraction was significantly increased in doxorubicin plus 0.25 % DMSO-incubated LAD arteries compared to vehicle plus 0.25 % DMSO-incubated LAD arteries, while the maximal 5-HT1B-mediated vasocontraction was increased but it was not significant in doxorubicin plus 0.5 % DMSO-incubated LAD arteries compared to vehicle plus 0.5 % DMSO-incubated LAD arteries. Interestingly, The n number of LAD arteries incubated 0.25 % DMSO was ranging from 12 to 16 LAD arteries, while
	The DMSO incubation might have a potential influence on the ETB-mediated vasocontractile response of LAD vessels. The enhanced ETB-mediated contraction of doxorubicin-treated vessels during the first phase of the dose-response curve is observed only with 0.5 % DMSO, while a weak contraction was observed with 0.25 % DMSO but was not significant.  
	A few reasons could explain the difference observed: (i) the concentration of DMSO could influence the LAD arteries' vascular tone or (ii) the number of rats used in this chapter study which is lower than in the previous chapter could explain the reduction of significance.  
	Indeed, the incubation of both vehicle and doxorubicin LAD arteries with 0.25 % DMSO tend towards an increase of ETB-mediated contraction, but the results in this study were not significant. The number of rats used in the study per group was around 7 – 9, while in the previous chapter, it was 17 – 19.  
	The lowest n number could be the reason of the absence of some difference between doxorubicin and vehicle LAD arteries observed in the previous studies. Furthermore, the dose-response curves observed in doxorubicin-treated LAD arteries incubated with 0.5 % DMSO (n = 10 - 11) are similar to the results of the previous chapter. The absence of significance for the enhanced ETB-mediated contraction in the experiment with 0.25 % of DMSO might be attributable to the too-high variability of contraction due to the 
	 
	 The MEK 1/2 inhibitor U0126 reduced the pERK expression on rat LAD arteries, while doxorubicin treatment did not alter the pERK expression. 
	 
	The MEK/ERK signalling pathway is activated by RTK or GPCRs (Sudhesh Dev et al., 2021, Liu et al., 2019). ERK pathway is initiated by Ras, a small G protein, which recruits and activates Raf kinases in the cytosol. Raf phosphorylates MEK 1/2, which has as only substrate, ERK 1/2. MEK 1/2 promotes the dual phosphorylation of ERK 1/2 for ERK activation leading to the activation of AP-1 (Whitmarsh and Davis, 1996) and NF-κB (Xu et al., 2008) in SMC. The inhibition of MEK leads to a reduction of the expression 
	In this study, the cardioprotective potential of MAPK was tested by inhibiting MEK 1/2 with the specific inhibitor, U0126. The present findings confirm the efficiency of U0126 with the significant reduction of pERK expression in vehicle and doxorubicin-treated LAD arteries after U0126 pre-treatment at both concentrations, 5 µM and 10 µM (Figure 5-19). This study’s results are consistent with Sandhu et al.et al. (2010), which showed that U0126 at 10 µM attenuates the pERK expression in isolated cerebral arte
	Additionally, the present results showed that the 0.5 µM doxorubicin treatment did not alter the pERK expression on LAD vessels. Other studies showed a different outcome, but this may be because they used a different in vitro model. Choi et al.et al. (2008) demonstrate that the effects of doxorubicin on 
	pERK expression were dose-dependent, and doxorubicin treatment (0.01-1 µM) increased pERK expression in Human HCC cell lines (HepG2, Hep3B) (Choi et al., 2008). Additionally, another study showed that pERK expression was also increased in rat neonatal cardiomyocytes by doxorubicin treatment at a concentration of 1 µM. This increase promoted p53 upstream leading to apoptosis and the MEK 1/2 inhibitor U0126 (Liu et al., 2008). Both studies were working with cell cultures of rat neonatal cardiomyocytes and hum
	Furthermore, a study with a tumour-bearing mouse model showed that the MEK/ERK signalling pathway can induce doxorubicin-induced drug resistance and tumour growth (Christowitz et al., 2019). Other studies suggested that blocking the MEK/ERK signalling pathways could reduce the resistance and increase the doxorubicin efficiency against cancer cells (Chen et al., 2015, Shukla et al., 2010). Those studies combined with the present results suggest that the inhibition of the MEK/ERK signalling pathway could incr
	 
	 The ETB-mediated vasocontractile response is altered by doxorubicin treatment on transcriptional and potentially post-translational levels and MEK 1/2 inhibitor U0126 alters the depressed doxorubicin-induced ETB-mediated contraction. 
	 
	The ET-1 is involved in many CVDs, including hypertension (Stauffer et al., 2008), coronary vasospasm (Toyo-oka et al., 1991), atherosclerosis (Fan et al., 2000) and myocardial infarction (Kolettis, 2014). Previous studies have shown ETB receptors up-regulation on VSMC occurs as a result of CVD in different in vitro models, including rat cerebral and coronary arteries (Sandhu et al., 2010, Skovsted et al., 2012), and human cerebral arteries (Ansar et al., 2013) and in vivo model as dog coronary arteries (Te
	This study showed that ETB-mediated vasocontractile response is increased on the first phase of the biphasic curve of doxorubicin-treated LAD arteries from 10-12.5 M ET-1 to 10-9.5 M ET-1 (Figure 5-4). This chapter’s finding is consistent with the results from the previous chapter (Chapter 4, section 4.4.1), and Skovsted (2012) and Sandhu (2010) findings, which showed the up-regulation of ETB-
	mediated vasocontraction after vascular injury of isolated cerebral arteries (Sandhu et al., 2010) and of isolated LAD and SCA arteries (Skovsted et al., 2012). 
	Skovsted used an ex-vivo model with rat LAD arteries fresh or incubated for a period of ½ hr, 4 hrs, 7 hrs and 24 hrs and ETB receptors expression and ETB-mediated vasocontraction (with S6c and ET-1 agonists) were analysed. Their data showed an increase of ETB receptors expression leading to the up-regulation of the ETB-mediated vasocontraction of incubated- LAD and SCA arteries, compared to fresh arteries (Skovsted et al., 2012). Furthermore, Sandhu used fresh or 48-hrs-incubated cerebral arteries to study
	However, the present results showed that the maximal ETB-mediated vasocontractile response was alleviated by the doxorubicin treatment (0.5 µM) from 151.5 % in vehicle-treated LAD arteries to 93.3 % in doxorubicin-treated LAD arteries in Figure 5-3 and from 180.2 % in vehicle-treated LAD arteries to 108.5 % in doxorubicin-treated LAD arteries in Figure 5-4. Furthermore, the present study’s findings showed that the depressed ETB-mediated vasocontractile response is related to a reduction of the ETB receptor 
	The present study investigated the transcriptional and translational changes observed in this study’s CVD model, the 24 hrs-cultured LAD arteries compared to fresh arteries (Figure 9-2 in Appendices). It was shown that ETB receptor mRNA levels are highly increased in 24-hrs-cultured LAD arteries compared to fresh isolated vessels (shown in appendices), which correlates to Sandhu and Skovsted’s findings.  
	In the previous chapter (Chapter 4, section 4.4.1), the S6c biphasic curve observed could be due to the duality of action of both ETB receptor subtypes in EC and SMC on vascular tone. In the present study, the biphasic curve is observed on 0.5 µM doxorubicin-treated LAD arteries, but it is not observed on 
	vehicle-treated LAD arteries, which suggests that the doxorubicin treatment could alter the ETB-mediated vasocontractile response through two distinct pathways. 
	This study’s results suggest that doxorubicin treatment initially induces an elevation of the ETB-mediated vasocontraction, followed by a depressed ETB-mediated vasocontractile response. The initial increased ETB-mediated vasocontractile response might be induced by doxorubicin treatment on post-translational levels or the alteration of ETB-activated proteins, as described for the TP receptors (section 5.4.6). The ETB receptor induces vasoconstriction through its association to Gq/11 proteins (Cramer et al.
	However, doxorubicin-induced depressed ETB vasocontractile response might be cardiotoxic for LAD arteries. Indeed, studies showed that the decrease of ETB receptor expression during vascular remodelling could have a negative effect on the vessels. In vivo study on endogenous ETB receptor–knockout (KO) mice investigated the involvement of ET-1-ETB system in vascular remodelling after injury. They induced the vascular remodelling by ligating the carotid artery and used ET receptors antagonists, the ETA recept
	Interestingly, dual actions of doxorubicin treatment on ETB receptors in LAD arteries seem to play opposite roles. The initial ETB-induced vasoconstriction (ranging from S6c 10-11.5 M to 10-11 M) observed after doxorubicin treatment might be associated with cardiotoxicity. However, the depressed maximal vasocontractile response of ETB observed after doxorubicin treatment (Figure 5-4) has an opposite effect by decreasing the ETB transcription, which has been elevated by the organ 
	culture mimicking CVD (Figure 9-8) and thus doxorubicin alleviates elevated ETB-mediated vasoconstriction leading to a decrease of the ETB-induced cardiotoxicity. 
	Furthermore, in the present study’s results, no decrease of the ETB receptor expression was observed following the transcriptional attenuation, which might be because the mRNA level and the ETB expression on LAD arteries were analysed at the same time, 24 hrs after the organ culture initiation and thus, more time might be needed to observe ETB receptor expression alteration on LAD arteries. 
	The main aim of this chapter was to investigate the potential cardioprotective effect of the MEK 1/2 inhibitor U0126 on doxorubicin-induced cardiotoxicity. It is known that ETB receptors are regulated by the MEK/ERK pathway (Chen et al., 2009). Furthermore, there is evidence that MEK/ERK inhibition alleviates the ETB elevated vasocontractile response in isolated rat cerebral arteries (in vitro) after DSP exposure (Sandhu et al., 2010) and in isolated human cerebral arteries (in vitro) after organ culture mi
	In this study, results showed that U0126 pre-treatment at both concentrations 5 µM and 10 µM alleviates the doxorubicin-incubated initial elevated ETB-mediated vasocontractile response and the depressed maximal ETB-mediated vasocontractile response (Figures 5-3 and 5-4). This study’s findings are consistent with Sandhu and Skovsted’s findings, which show that U0126 treatment attenuates ETB-mediated vasoconstriction in isolated rat cerebral arteries (Sandhu et al., 2010) and rat coronary arteries (Skovsted e
	Furthermore, it was shown that U0126 pre-treatment did not alter ETB receptor transcription and translation, which suggests U0126 may alter the ETB vasocontractile response on a post-translational level or by regulating an ETB-activated protein. Skovsted et al.et al. (2012) showed that the strong up-regulation observed in coronary arteries after 24 hrs incubation was alleviated by U0126 treatment (10 µM) on a translational level, while this study’s results suggest U0126 treatment alleviates doxorubicin-indu
	 The ETB-mediated vasoconstriction is negligible in fresh coronary arteries, while ETB-mediated vasocontractile response is strongly increased in 24 hrs-incubated coronary arteries, which is a model mimicking CVD. In the present study, the U0126 pre-treatment alleviates the depressed ETB-mediated maximal vasocontractile response in doxorubicin-treated arteries from 93.2 % in doxorubicin-treated LAD arteries to 75.25 % in 5 µM U0126-incubated doxorubicin LAD arteries (Figure 5-3) and from 108.5 % in doxorubi
	(Figure 5-4). Since it was shown that doxorubicin treatment already attenuates the ETB-mediated maximal vasocontractile response, the U0126 treatment aggravates the depressed ETB-mediated maximal vasocontractile response. However, according to Skovsted’s data, ETB-mediated maximal vasocontractile response should be negligible in normal conditions and thus, the doxorubicin and U0126 co-incubation could confer protection against abnormal elevated ETB vasoconstriction due to the up-regulation of ETB receptors 
	Interestingly, the absence of ETB receptors transcriptional and translational changes after U0126 treatment while the ETB-mediated vasoconstriction is reduced, is consistent with the hypothesis of this study: that doxorubicin treatment alters the ETB-activated protein. 
	 
	 The ETA receptors transcription is reduced by 0.5 µM doxorubicin incubation on LAD arteries, whereas the vasocontractile response, through ETA receptors, remains unchanged and MEK 1/2 inhibitor U0126 alters ETA-mediated vasocontractile response induced by doxorubicin treatment. 
	 
	The ET-1 is involved in many CVDs, including hypertension, atherosclerosis, and congestive heart failure, and ETA receptors blockade had already been investigated as cardioprotective therapy (Nasser and El-Mas, 2014).  
	As in the previous chapter, the ET-1 dose-response curves were performed after ETB receptors desensitisation, which nearly abolish ETB-mediated contraction leading to an ETA-mediated monophasic curve. The present study showed that doxorubicin-induced cardiotoxicity was not altering the ETA-mediated vasocontractile response with unchanged pharmacological parameters, “Emax” and “pEC50”, however, at some doses of ET-1, an increased ETA-mediated contraction in doxorubicin-treated LAD arteries was observed compa
	This study’s results showed that ETA receptor transcription is down-regulated by doxorubicin treatment (0.5 µM), with the attenuation of ETA receptor mRNA level from 1.00 ± 0.148 in vehicle-treated LAD arteries to 0.540 ± 0.144 (p = 0.033) in doxorubicin-treated LAD arteries in Figure 5-9 (A) and 1.00 ± 0.232 in vehicle-treated LAD arteries to 0.287 ± 0.749 (p = 0.0008) in doxorubicin-treated LAD arteries in Figure 5-9 (B). However, this study’s data showed that ETA-mediated vasocontractile response remains
	and BQ123 (ETA receptors specific antagonist) co-incubation induced a reduction of the ETA-mediated contractile response, compared to LAD arteries incubated with only BQ123. It was shown that 0.5 µM doxorubicin treatment could induce either a reduction of ETA receptors expression (a reduction of the transcription or translation) coupled with an elevated vasocontractile response or, by the opposition, the ETA receptors expression was unchanged and coupled to a reduced vasocontractile response.  
	Thus, the absence of the maximal ETA-mediated contractile response alteration coupled with the reduction of ETA receptors mRNA level suggests that doxorubicin treatment might induce post-translational changes of ETA receptors, associated with a reduction of ETA receptors transcription. 
	Therefore, the doxorubicin-induced cardiotoxicity may interfere with ETA receptors through two distinct mechanisms: (i) a reduction of the ETA transcription and (ii) a post-translational change or alteration of ETA-activated protein. Both mechanisms were observed with ETB receptors, however, it seems the mechanism involved in ETA-mediated vasoconstriction has a stronger effect than in ETB-mediated vasoconstriction, which compensates for the reduction of ETA transcription. 
	This study’s model mimics the development of cardiovascular dysfunction at the LAD artery level. The doxorubicin treatment reduces the ETA receptors transcription of doxorubicin-treated LAD arteries, compared to vehicle-treated LAD arteries, while the organ culture did not alter the ETA receptors mRNA level (Figure 9-1 in Appendices). Furthermore, the ETA receptors expression on LAD arteries and ETA receptors mRNA level were both analysed after 24 hrs incubation and thus might be too early to observe ETA re
	This study’s findings showed that doxorubicin reduces both endothelin receptor transcription in coronary arteries and may induce an ETA hyper-responsiveness potentially through post-translational changes or alteration of ETA-activated protein. 
	Interestingly, several studies on animal and human models investigated ETA antagonists to confer cardioprotection against endothelin receptor-mediated cardiotoxicity. Animal studies showed that ETA receptors antagonists BQ123 and BMS 182874 attenuate respectively, the development of hypoxic pulmonary hypertension in Sprague Dawley rats (Bonvallet et al., 1994) and prevent the vascular remodelling in the aorta and mesenteric arteries of aldosterone-infused Sprague Dawley rats (Park and Schiffrin, 2001). Howe
	were also performed to elucidate the potential of ETA receptor blockade as cardioprotective therapy. Sitaxsentan is a selective ETA receptors blockade used to treat pulmonary arterial hypertension (PAH). A 1-year prospective study was performed on PAH patients in an international multicentre trial. It was demonstrated that 1 year after the treatment, the sitaxsentan treatment reduces the risks to develop worsened clinical outcomes and reduces the mortality rate (Benza et al., 2008). However, as in the anima
	These different studies with ETA receptors blockade showed that the inhibition of ETA receptors can be beneficial in hypertension (Gao et al., 2021, Raichlin et al., 2008), however, it can become deleterious when combined to heart failure (Nasser and El-Mas, 2014), which highlight the need of new therapeutic targets to regulate elevated ET-mediated vasoconstriction like MAPK pathway.  
	This study investigated the potential cardioprotective effect of the MEK 1/2 inhibitor U0126 on doxorubicin-induced cardiotoxicity. It is known that ETA receptors are regulated by the MEK/ERK pathway (Chen et al., 2009). Furthermore, there is evidence that MEK/ERK inhibition alleviates the ETA elevated vasocontractile response in isolated rat cerebral arteries after induced cerebral ischaemia (Henriksson et al., 2007) and in isolated human cerebral arteries (in vitro) after organ culture mimicking cerebral 
	In the present results, it was shown that U0126 treatment alleviates the ETA-mediated vasocontractile response from 151.6 % in doxorubicin-treated LAD arteries to 105.8 % in 5 µM U0126-incubated doxorubicin LAD arteries (Figure 5-7) and from 174.3 % in doxorubicin-treated LAD arteries to 89.4 % in 10 µM U0126-incubated doxorubicin LAD arteries (Figure 5-8). This study’s results are consistent with Cao’s findings, which showed that U0126 treatment alleviates the second-hand smoke (SHS)-exposure-induced eleva
	Cao et al.et al. (2016) investigated the effect of cigarette smoke on ET receptors in cerebral arteries by exposing rats to SHS for 12 weeks or 8 weeks, followed by 4 weeks of U0126 (5 mg/kg or 15 mg/kg) injection, twice a day. Their data showed that SHS exposure was inducing an abnormal increase of ETA-mediated vasocontractile response, ETA mRNA level and ETA receptor expression on cerebral arteries 
	and the U0126 treatment alleviates the ETA-mediated vasocontractile response by reducing ETA receptor mRNA level and ETA receptors expression in cerebral arteries. Furthermore, Henriksson et al.et al. (2007) investigated the cardioprotective effect of U0126 when U0126 (100 mg/kg) is injected in rats during transient middle cerebral artery occlusion (MCAO), which mimics cerebral ischaemia. Their data showed that 24 hrs after the MCAO procedure and U0126 injection, the MCAO-induced elevated ETA-mediated vasoc
	Although this study showed that U0126 treatment alleviates the ETA vasocontractile response as observed in the two papers, the present results showed that the U0126 treatment did not interfere on transcriptional and translational levels, which is different from Cao’s findings. However, the different outcomes can be explained by the different cardiotoxic agents used in experiments, doxorubicin-induced cardiotoxicity does not involve the same mechanisms as SHS-exposure-induced cardiotoxicity. Furthermore, the
	Therefore, this study showed that doxorubicin-induced cardiotoxicity is associated with a decrease of ETA receptor transcription and ETA-mediated hyper-responsiveness potentially induces by post-translational change or ETA-activated protein. Furthermore, U0126 treatment confers protection against the doxorubicin-induced ETA hyper-responsiveness, however, it also highlights the depressed ETA transcription which leads to a depressed ETA vasocontractile response. The depressed ETA vasocontractile response migh
	 
	 The MEK 1/2 inhibitor U0126 confers protection against the elevated 5-HT1B-mediated vasocontractile response induced by doxorubicin treatment on transcriptional and translational levels.  
	 
	The 5-HT1B receptors are mostly studied in cerebral arteries (O'Quinn et al., 1999, Lotfinia et al., 2014), but are also localised in coronary arteries with another serotonin receptor, 5-HT2A (Longmore et al., 2000, Maassen VanDenBrink et al., 2000, Kaumann et al., 1994). The activation of 5-HT1B receptors inhibits the adenylyl cyclase, which reduces the cAMP formation and PKA activity leading to the intracellular calcium release from the sarcoplasmic reticulum and vasoconstriction (Barnes and Sharp, 1999, 
	In the present results, it was shown that doxorubicin-induced cardiotoxicity was associated with the 5-HT1B elevated vasocontractile response of rats' LAD arteries (Figures 5-11 and 5-12) with an increase of the Cmax from 25.5 % in vehicle-treated LAD arteries to 74.9 % in doxorubicin-treated LAD arteries. Additionally, the 5-CT dose-response curve of doxorubicin LAD arteries seems to be left-shifted, when compared to vehicle LAD arteries, illustrating the increase of 5-CT potency for 5-HT1B by the doxorubi
	To establish the doxorubicin adverse effects leading to the 5-HT1B elevated vasocontractile response, the potential transcriptional and translational changes of 5-HT1B receptors in LAD vessels were investigated during doxorubicin treatment. Interestingly, this study demonstrated that the 5-HT1B receptor level was increased from 1.00 ± 0.085 in vehicle-treated LAD arteries to 1.267 ± 0.077 (p = 0.041) in doxorubicin-treated LAD arteries (Figure 5-14). Furthermore, the 5-HT1B receptor elevated mRNA level was 
	The 5-HT1B receptors have been further investigated in pulmonary arteries since it has been established that in human pulmonary circulation, the vasoconstriction of small and large pulmonary arteries was mediated by 5-HT1B receptors (Morecroft et al., 1999). In contrast, in animal models as non-hypoxic rats, the pulmonary vasoconstriction to 5-HT is predominantly mediated by the 5-HT2A receptor, while in the chronic hypoxic pulmonary hypertensive rat (CHPHT), the 5-HT1B mRNA level is increased (MacLean et a
	Thus, in the present study, it was established that doxorubicin-treated LAD arteries vasoconstriction involves the 5-HT1B receptors by increasing their transcription leading to the elevation of 5-HT1B receptors expression on LAD vessels and thus enhancing the 5-HT1B-mediated vasocontractile response. Additionally, as mentioned in the previous chapter (chapter 4, section 4.4.3), several studies showed that doxorubicin-induced cardiotoxicity was associated with a decrease of adenylyl cyclase (AC) activity (Ca
	correlated to the studies showing that doxorubicin treatment is associated with a down-regulation of AC and cAMP.  
	The main aim of this chapter was to investigate the potential cardioprotective effect of the MEK 1/2 inhibitor U0126 on doxorubicin-induced cardiotoxicity. There is evidence that MEK/ERK inhibition alleviates the 5-HT1B elevated vasocontractile response in isolated cerebral arteries (in vitro) after cerebral ischaemia (Sandhu et al., 2010) and in rat cerebral arteries (in vivo) after subarachnoid haemorrhage (SAH) (Beg et al., 2006). The U0126, a MEK 1/2 inhibitor is known to have antioxidant properties by 
	In this study, results showed that the U0126 pre-treatment confers cardioprotection by alleviating the 5-HT1B receptor mRNA level in doxorubicin-treated LAD arteries from 1.267 ± 0.077 to 1.108 ± 0.076 in 10 µM U0126-incubated doxorubicin LAD arteries which is not significant but the 5-HT1B receptor mRNA level attenuation allows the recovery of the 5-HT1B receptor mRNA level observed in U0126 naïve vehicle-treated LAD arteries (1.00 ± 0.085) (Figure 5-13). The 5-HT1B receptor mRNA level attenuation by 10 µM
	elevated vasocontractile response of doxorubicin-treated LAD arteries. The different outcomes of the present findings and Sandhu et al.et al. findings may be attributable to the different settings, which are the incubation period (48 hrs in Sandhu’s paper and 24 hrs for the present experiment), the arteries used (cerebral arteries in Sandhu’s paper and coronary arteries for the present experiment) and the studied CVD (Cerebral ischaemia in Sandhu’s paper and doxorubicin-induced cardiotoxicity for the presen
	The present study showed that 10 µM U0126 treatment was alleviating the 5-HT1B receptor transcription leading to the attenuation of the elevated 5-HT1B-mediated vasocontractile response and thus suggests that 10 µM U0126 treatment is an interesting cardioprotective agent against doxorubicin-induced cardiotoxicity. However, this study’s data showed that the U0126 pre-treatment at a concentration of 10 µM has a potentially negative effect on vehicle-treated LAD arteries by reducing the 5-HT1B Cmax from 43.5 %
	Thus, it was demonstrated that the U0126 treatment confers protection against doxorubicin-induced cardiotoxicity by down-regulating the 5-HT1B receptor transcription and the U0126 optimal concentration to regulate 5-HT1B-mediated vasocontractile response is the 5 µM concentration. 
	 
	 The MEK 1/2 inhibitor U0126 confers protection against the elevated TP-mediated vasocontractile response induced by doxorubicin treatment potentially on a post-translational level. 
	 
	Thromboxane A2 is a potent platelet activator and vasoconstrictor (Katugampola and Davenport, 2001). In SMCs, thromboxane A2 binds to TP receptors leading to phospholipase C (PLC) activation. 
	PLC hydrolyses PIP2 in DAG and IP3 leading to PKC activation and intracellular calcium accumulation. This pathway induces vasoconstriction and platelet activation, which alter the platelets’ shape, aggregation and secretion. Pathological changes in TP receptor pathways can lead to CVDs, like atherosclerosis, myocardial infarction and hypertension (Neri Serneri et al., 1983, Katugampola and Davenport, 2001, Smyth, 2010, Martin, 1984).  
	In the results, it was shown that doxorubicin-induced cardiotoxicity was associated with an abnormal elevation of the TP-mediated vasocontractile response. Doxorubicin treatment (at 0.5 µM) was shown to increase the maximal TP-mediated vasocontractile response from 83.3 % in vehicle-treated LAD arteries to 116.4 % in doxorubicin-treated arteries and the TP receptor potency for the agonist U46619 with a “pEC50” value from 10-7.07 M in vehicle-treated LAD arteries to 10-7.46 M in doxorubicin-treated LAD arter
	To underline the molecular mechanisms involved in the doxorubicin-induced TP receptor elevated vasocontractile response, the transcriptional and translational changes of TP receptors in rat incubated-LAD arteries were investigated during doxorubicin treatment (0.5 µM). The present data showed that the doxorubicin treatment did not alter the TP receptor mRNA level or the TP receptors expression on rat incubated-LAD arteries. In this study’s results, it was shown that doxorubicin-induced cardiotoxicity does n
	Interestingly, Sikarwar et al.et al. (2014) showed that the Gαq protein associated with the TP receptor of pulmonary arteries was altered on a post-translational level in hypoxic pulmonary hypertension (Sikarwar et al., 2014), which is similar to this study’s hypothesis that doxorubicin treatment may induce cardiotoxicity on a post-translational level. They exposed new piglets to hypoxia for 72 hrs to provoke hypoxic pulmonary hypertension (HPH) and used the pulmonary arteries to investigate the potential p
	This study’s results could also suggest that the elevated TP-mediated vasocontractile response of doxorubicin-treated LAD arteries is because doxorubicin treatment interferes with other proteins leading to the intracellular calcium release: PLC, PIP2, IP3 or DAG. Interestingly, this study’s hypothesis is consistent with Min’s findings, which investigated the effect of doxorubicin on the protein kinase C-δ (PKCδ) and the potential regulation through JNK. They worked with mouse lymphocytic leukaemia L1210 cel
	Thus, in this study it was suggested that doxorubicin-induced cardiotoxicity is associated with either TP receptor abnormal post-translational change or the alteration of TP-activated proteins, leading to the elevated vasocontractile response observed on doxorubicin-treated LAD arteries, when compared to vehicle-treated LAD arteries.  
	The main aim of this chapter was to investigate the potential cardioprotective effect of the MEK 1/2 inhibitor U0126 on doxorubicin-induced cardiotoxicity. It is known that TP receptors are regulated by the MEK/ERK pathway (Morinelli et al., 1994). Furthermore, there is evidence that MEK/ERK inhibition alleviates the TP elevated vasocontractile response in isolated rat cerebral arteries (in vitro) after DSP 
	exposure (Sandhu et al., 2010) and in isolated human cerebral arteries (in vitro) after organ culture mimicking cerebral ischaemia (Ansar et al., 2013).  
	In this study, it was shown that MEK 1/2 inhibitor U0126 (5 µM) alleviates the doxorubicin-induced TP receptor elevated vasocontractile response from 116.4 % in doxorubicin-treated LAD arteries to 78.5 % in 5 µM U0126-incubated doxorubicin LAD arteries, which is not significant but the TP receptor vasocontractile response attenuation allows the recovery of the TP receptor vasocontractile response observed in U0126 naïve vehicle-treated LAD arteries (83.3 %) (Figure 5-15). Interestingly, this study’s finding
	Sandhu et al.et al. (2010) showed that the 10 µM U0126 treatment, even added 6 hrs after the beginning of the organ culture, down-regulated the TP elevated vasocontractile response in 48 hrs-cultured cerebral arteries compared to fresh cerebral arteries without altering the transcription and translation, which suggest U0126 confers protection against CVD on a post-translational level since their organ culture model was mimicking cerebral ischaemia (Sandhu et al., 2010). Furthermore, Ansar et al.et al. (2013
	Interestingly, the absence of transcriptional and translational changes is consistent with this study’s hypothesis that doxorubicin-induced TP elevated vasocontractile responses might be induced by the alteration of another protein from the TP receptor signalling pathway, for example, the Gq protein as observed in Sikarwar paper (Sikarwar et al., 2014) or the PKC as observed in Min paper (Min et al., 2008). 
	Furthermore, in the present study, the U0126 pre-treatment at a concentration of 10 µM was tested, however, the TP-mediated vasocontractile response observed after 10 µM U0126 pre-treatment was significantly attenuated compared to the U0126 naïve vehicle-treated LAD arteries, from 99.1 % in vehicle-treated LAD vessels to 55.2 % in 10 µM U0126-incubated vehicle LAD arteries and 56.6 % in 10 
	µM U0126-incubated doxorubicin LAD arteries. It was established that the U0126 optimal concentration to regulate the doxorubicin-induced TP elevated vasocontractile response was 5 µM. 
	Interestingly, it was shown that TP receptors expression on rat LAD arteries was significantly up-regulated from 1.00 ± 0.027 U0126 naïve vehicle-treated LAD vessels to 1.159 ± 0.054 (p = 0.0395) on vehicle plus 5 µM U0126-treated LAD vessels (Figure 5-18 (A)). The present finding is consistent with Zhang et al.et al. (2009) findings, which have developed an organ culture model with rat mesenteric arteries to investigate the receptor changes from vascular SMCs in CVD. They investigated the thromboxane A2 re
	Although the up-regulation of TP receptors on 5 µM U0126 plus vehicle-treated LAD arteries correlates with the results of Zhang's study, the present results showed no effect of U0126 (5 or 10 µM) on TP receptors transcription in LAD arteries. The different effects of the U0126 pre-treatment on TP receptors of vehicle and doxorubicin-treated LAD arteries suggest that doxorubicin-induced vasotoxicity promotes the elevated TP-mediated contractile response through post-translational changes or an altered protei
	 Thus, this study’s results showed that MEK 1/2 inhibitor U0126 confers protection against doxorubicin-induced cardiotoxicity by alleviating the TP-mediating vasocontractile response on post-translational level or through the regulation of either PLC, PIP2, PKC.  
	 
	5.5. Conclusion 
	From this chapter novel cellular and molecular analysis of doxorubicin-induced vasotoxicity, it is clear that doxorubicin alters the four studied GPCRs on different intracellular levels. This study’s results showed that the 5-HT1B receptor is altered on transcriptional and translational levels, leading to elevated 5-HT1B vasocontractile response. U0126 alleviates doxorubicin-induced 5-HT1B 
	vasoconstriction by reversing the increased 5-HT1B transcription and translation. Furthermore, it was shown that doxorubicin increases the TP-mediated vasocontractile response via post-translational change or TP-activated protein (Gq/11, PLC, PIP2, Dag, IP3 and PKC) alteration. U0126 alleviates elevated TP vasoconstriction induced by doxorubicin potentially on a post-translational level or TP-activated protein. This study’s results showed that doxorubicin decreases the transcription of both endothelin subty
	Currently, the potential doxorubicin-induced cardiotoxicity cannot be efficiently predicted in cancer patients. Recently, a new biomarker was investigated to detect CVD, the miRNA. The next chapter will investigate the potential role of cardiovascular specific miRNA as biomarkers in the plasma of cancer patients treated with anthracyclines.  
	  
	Chapter 6 
	6. The expression pattern of circulating miRNAs in cancer patients treated with anthracycline 
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	6.1.  Introduction 
	 Doxorubicin-induced cardiotoxicity 
	Anthracyclines are known to be one of the most efficient and commonly used families of chemotherapeutic drugs (Anand et al., 2022). Anthracyclines are used especially in solid cancers, such as sarcoma, lymphoma, and breast cancer (Volkova and Russell, 2011). Cancer was the leading cause of death in 2019 worldwide according to estimates of World Health Organisation (WHO), and this increase in cancer incidents has led to an increase of chemotherapy demand (Sung et al., 2021). Indeed, the rise of patients who 
	Doxorubicin is one of the anthracycline drugs commonly used to treat solid cancers. The doxorubicin-induced cardiotoxicity involves various intracellular mechanisms, including mitochondrial dysfunction, reactive oxygen species production (Gille and Nohl, 1997) leading to oxidative stress (Minotti et al., 2004), apoptosis (Kaufmann and Earnshaw, 2000), and myofibril damage (Ito et al., 1990). Doxorubicin-induced cardiotoxicity is also associated with intracellular calcium overload leading to abnormal intrace
	 
	 Clinical biomarkers of cardiotoxicity 
	Clinicians assess anthracycline-induced cardiotoxicity with various circulating myocardial damage biomarkers and imaging techniques. Cardiac issues can be monitored through the assessment of relevant circulating biomarkers levels (Lipshultz et al., 2012). The high-sensitivity (hs-cTnI) and cTnT are the gold-standard biomarkers for the diagnostic of acute myocardial infarction (Aydin et al., 2019). The elevation of troponin is correlated to cardiac injury severity and is monitored during CVDs, including card
	diagnostic biomarkers for cardiac injury and heart failure widely used are brain natriuretic peptide (BNP) and N-terminal proBNP (NT-proBNP) (Cao et al., 2019). BNP and NT-proBNP are synthesised and secreted by left ventricular myocytes as a response to mechanical stress, systemic ischaemia and hypoxia (Volpe et al., 2014). The elevation of plasma BNP and NT-proBNP is also associated with arrhythmias and cardiomyopathies and is used to assess the severity of CVD (Cao et al., 2019). Cardiac injury can also b
	Over the past years, microRNAs (miRNAs) have been explored as potential novel biomarkers to assess cardiotoxicity. miRNAs are small non-coding single-stranded RNA compounds 21 – 25 nucleotides in length (Szelenberger et al., 2019). Intracellularly in mammals, miRNAs play key roles in the regulation of mRNA and protein levels. Mature miRNAs can also be found in the extracellular microenvironment, such as the plasma, saliva, tears and urine, and are specified as circulating miRNAs (Weber et al., 2010). The ci
	 The ERICONC study 
	Prof Malcolm Walker, Prof Derek Yellon and their team at UCL compared the effect of remote ischaemic pre-conditioning on myocardial injury in a single-center double-blinded randomised placebo-controlled study during the “Effect of Remote Ischaemic Conditioning in ONCology” (ERICONC) project (Chung et al., 2016). Their project was reviewed and approved with a favourable opinion from the United Kingdom National Research Ethics Service (NRES) (London-Chelsea Committee NRES REC reference: 15/LO/1116). The ERICO
	capacity, aged 21.9 – 72.9 years old, treated with anthracycline regimen chemotherapy, who tolerate BP arm cuff inflation and were recruited in the UCL hospital’s Macmillan Cancer Centre. Cardiac injury implications in cancer patients were assessed before chemotherapy with ECG and baseline blood tests, with biomarkers including TnT, NT-proBNP and miRNAs. Patients were excluded if they had a myocardial infarction in the 4 previous weeks of chemotherapy or if they had a defined cardiac diagnosis which may alt
	Due to the onset of the COVID-19 pandemic, the number of patients in ERICONC project was lower than planned. According to the conclusion from the PhD thesis by Dr Michael Mallouppas (UCL), the TnT level was elevated post-chemotherapy, however, no changes were observed when he compared the TnT level of RIC patients to sham patients. Furthermore, the NT-proBNP level was elevated 3 months post-chemotherapy compared to the NT-proBNP level pre-chemotherapy, while no changes were observed when he compared the NT-
	 
	Table 6-1: Representation of the ERICONC patient profile 
	Figure
	 
	6.2.  Methods 
	 Ethics for the Human plasma samples received from external collaborator Prof Malcolm Walker (UCL) 
	The ERICONC study was approved by UCL and NHS R&D departments (London-Chelsea Committee NRES REC reference: 15/LO/1116) as well as by the Research Ethics Committee according to all relevant legal rules and ethics guidance, including the Data Protection Act and the Human Tissue Act. The external collaborators collected plasma at different time-points: at baseline, at the end of the chemotherapy, and 3 months after chemotherapy completion. Blood samples were taken during the routine full blood count, urea and
	 Patient profile of the ERICONC miRNA study 
	Human plasma samples were collected from 19 patients: 12 men and 7 women. The median age was 53.6 years (54 years for women and 51 years for men). Patients had sarcoma (n = 15), lymphoma (n = 3) or breast cancer (n = 1) and were treated with different combinations of anthracyclines, such as doxorubicin ± IFOS/Bolus/Cisplatin (n = 14), FEC (n = 1), CHOP (n = 1), epSSG (n = 1) and 2 unknown treatments. A total of 42 % of the patients developed cardiovascular adverse effects, i.e. Asymptomatic non-sustained VT
	- At the beginning of the experiment, baseline group (n = 18) 
	- At the beginning of the experiment, baseline group (n = 18) 
	- At the beginning of the experiment, baseline group (n = 18) 

	- At the end of the chemotherapy, Post-Chemo group (n = 13) 
	- At the end of the chemotherapy, Post-Chemo group (n = 13) 

	- 3 months after the treatment, 3 months group (n = 13)  
	- 3 months after the treatment, 3 months group (n = 13)  


	Due to the COVID-19 pandemic, some patient samples were not collected. There were 10 patients with a full set of blood samples (blood collected at all three time points), 6 patients with blood samples collected at two time points, and 3 patients with blood samples collected only at baseline time point. A total of 44 blood samples from the ERICONC study were obtained from UCL toward this study of miRNA expression at Coventry University. 
	 
	 
	 Materials: Consumables used for the ERICONC patients plasma sample miRNA assessment  
	The miRNeasy mini kit was purchased from Qiagen (Manchester, UK) and used for miRNA extraction from plasma samples. Chloroform (C2432), absolute ethanol, and MS2 RNA 0.8µg/µL (10165948001) were purchased from Sigma-Aldrich (Merck KGaA, UK). TE buffer pH8.0 (1mM Tris HCl, 0.1mM EDTA) was purchased from Invitrogen (Thermofisher, UK) and diluted in RNase-free water to obtain a final solution of 0.1 TE buffer pH8.0. 
	All the following reagents were purchased from Life Technology (Thermofisher, UK): TaqMan™ MicroRNA Reverse Transcription Kit (4366597) and Megaplex™ RT Primers, Human Pool A v2.1 (4399966), TaqMan™ PreAmp Master Mix (4391128) and Megaplex™ PreAmp Primers, Human Pool A v2.1 (4399233), TaqMan™ Array Human MicroRNA A Cards v2.0 (4398965) and TaqMan™ Universal Master Mix II, no UNG (4440049), miRNA Reverse Transcription kit from Applied Biosystems (4366597), TaqMan™ MicroRNA Assay (4427975), the individual miR
	 
	 Methods: Human miRNA array cards protocol 
	6.2.4.1. MiRNA extraction of pooled human plasma samples 
	Patient plasma samples were pooled together per group (i.e. baseline, end of the chemotherapy, and 3 months after chemotherapy) by adding the same volume from each individual patient sample in that respective group.   
	Total miRNA from plasma samples was extracted using the miRNeasy mini kit (Qiagen). After all debris had been removed from pooled plasma samples, QIAzol from the miRNeasy mini kit containing 0.8 µg/µL MS2 RNA as spike-in was used as lysis buffer. Chloroform was added to the lysate and the aqueous phase was transferred to a new RNAse-free Eppendorf tube.  Absolute ethanol was added to the lysate to provide an appropriate binding condition. Total miRNA was then fixed to the membrane of the RNeasy Mini Spin Co
	6.2.4.2. Reverse transcription of pooled human plasma samples 
	Reverse transcription of total miRNA to cDNA was performed using the TaqMan® MicroRNA reverse Transcription kit components and the Human Megaplex RT Primers (ThermoFisher, US) in Eppendorf® Mastercycler Nexus Thermal Cyclers (Merck, USA).  
	Extracted pooled miRNA samples were mixed with MultiscribeTM reverse transcriptase (50 U/µL), Megaplex RT primers, 10X RT buffer, RNase Inhibitor (20 U/µL), MgCl2 (25 mM) and dNTPs with dTTP (100mM) on ice and the mix was incubated for 5 min on ice. The three next steps were processed during 40 cycles. The mix was incubated (1) at 16 °C for 2 min to anneal primers. Then, it was incubated (2) at 42 °C for 1 min and incubated (3) at 50 °C for 1 sec to reverse transcribe RNA.  Steps (1), (2) and (3) were repea
	The resulting cDNA was processed directly after the reverse transcription reaction with a pre-amplification reaction before loading the cDNA on the miRNA array card. 
	 
	6.2.4.3. Pre-Amplification of pooled human plasma samples 
	The aim of the pre-amplification reaction is to increase the quantity of the cDNA prior to running the samples on the miRNA arrays. The cDNA from pooled plasma samples were pre-amplified with a PreAmp reaction mix. Template cDNA was mixed with TaqMan® PreAmp Master Mix (2X) and Human MegaplexTM PreAmp Primers (10X) on ice. The mix was incubated at 95 °C for 10 min to activate the enzyme. Then the mix was incubated at 55 °C for 2 min to anneal the primers and at 72 °C for 2 min to extend the primer on cDNA. 
	 
	6.2.4.4. TaqMan miRNA human array card protocol using pooled human plasma samples 
	Human TaqMan® MicroRNA Array A cards (version 2.0) were used to run the pooled plasma group cDNA samples. The target cDNA (pre-amplified product from plasma pools) was mixed with TaqMan® Universal PCR Master Mix No AmpErase® UNG (2X). The mix was loaded on the human TaqMan® MicroRNA Array A cards and the reaction was run on the PCR instrument QuantStudio 7 applying the 384 well TaqMan Low-Density Array default thermal-cycling conditions. The enzyme was activated at 
	95 °C for 10 min. Then, the two next steps were repeated for 40 cycles. The cDNA was denatured at 95 °C for 15 sec and primers were annealed and extended at 60 °C for 1 min.  
	 
	6.2.4.5. Data analysis of TaqMan miRNA array card analysis 
	The miRNA expression cycle thresholds (CT) are measured by the QuantStudio 7 Pro Real-Time PCR System version 1.3 (Applied biosystems, ThermoFisher Scientific). The differential miRNA expression values were calculated using the Applied Biosystems application RQ (version 3.9) located on the online Thermo Fisher Connect cloud application by normalising the target miRNA CT levels against the endogenous control U6 small nuclear RNA (snRNA). CT levels higher than 40 were excluded from the analysis, due to unspec
	 
	 Methods: Individual miRNA expression protocol 
	6.2.5.1. miRNA extraction of individual human plasma samples 
	Key miRNAs associated with vascular injury (i.e. hsa-miR-126, hsa-miR-10a, hsa-miR 143, hsa-miR-150 and hsa-miR-320a) were identified from the TaqMan miRNA array cards data analysis expression of the ERICONC project human plasma samples (i.e. Baseline group: n = 18; Post-Chemo group: n = 13; 3 months Post-Chemo group: n = 13). Individual patient plasma samples were extracted using the miRNeasy mini kit (Qiagen) using the same protocol as mentioned in section “6.2.1.1. miRNA extraction of pooled human plasma
	 
	6.2.5.2. Reverse transcription of individual human plasma samples 
	Reverse transcription of specific miRNAs to cDNA was performed using TaqMan® MicroRNA reverse Transcription kit components and the specific target TaqMan miRNA assays: hsa-miR-126, hsa-miR-10a, hsa-miR 143, hsa-miR-150 and hsa-miR-320, and the U6 snRNA as housekeeping reference (ThermoFisher, US). Individual miRNA samples were mixed with MultiscribeTM reverse transcriptase (50 U/µL), RT miRNA primer assays (x5), 10x RT buffer, RNase Inhibitor (20 U/µL), MgCl2 (25 mM) and 
	dNTPs with dNTPs (100 mM) on ice. The reverse transcription reaction run on the Eppendorf® Mastercycler Nexus Thermal Cyclers (Merck, USA) using the following setting: (1) 16 °C for 30 min to anneal primers, (2) 42 °C for 30 min to reverse transcribe RNA, and (3) 85 °C for 5 min to inactivate the enzyme. The cDNA was diluted 1:1 with RNAse-free water after the reaction. 
	 
	6.2.5.3. Individual key miRNA expression quantification by Real-Time PCR of individual human plasma samples 
	The target cDNA samples were mixed with TaqMan® Universal PCR Master Mix II no UNG and specific miRNA primer assays (x20). The mix was loaded on a 96-well plate (ThermoScientific, UK). This plate was run on the real-time PCR instrument QuantStudio 7 according to the manufacturer's protocol: (1) UNG was activated at 50 °C for 2 min, (2) enzyme was activated at 95 °C for 10 min, (3) cDNA was denatured at 95 °C for 15 sec, (4) primers were annealed and extended at 60 °C for 1 min, (5) repeat step (3) and (4) f
	 
	6.2.5.4. Data analysis of individual key miRNA expression levels from individual human plasma samples 
	Individual miRNA expression levels were analysed using the ΔΔCt method using the U6 snRNA as endogenous control for the comparisons of the relative amount of specific miRNAs. The equation used was:  𝑋0𝑅0=2𝐶𝑇𝑋−𝐶𝑇𝑅𝑋, where X0 is the amount of target miRNA, R0 is the amount of U6 snRNA, CTX is the CT value of the target miRNA and CTR is the CT value of U6 snRNA. CT levels higher than 40 were excluded from the analysis, due to unspecific/insignificant annealing. Negative control using water instead of 
	All data are expressed as means ± S.E.M and n refers to the number of patients. Statistical analysis was performed using One-Way ANOVA with Dunnett’s post-hoc test using Graph-Pad Prism 9.0 (GraphPad Software, La Jolla, USA). Statistical significance was determined with p ≤ 0.05. 
	 
	6.3.  Results 
	 miRNA assessment of pooled plasma samples of the ERICONC study with the TaqMan Human miRNA array cards A 
	The effect of anthracycline chemotherapy was observed at three different time points (i.e. baseline, post-chemotherapy and 3 months post-chemotherapy) on circulating miRNA levels in cancer patients. The heatmap in Figure 6-1 showed the down-regulation (in blue, RQ < 0.5) or up-regulation (in red, RQ > 2.0) of miRNAs expression levels in pooled cancer patients plasma samples at time points post-chemotherapy and 3 months post-chemotherapy compared to baseline. From this miRNA array analysis, five key miRNAs a
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	Figure
	Figure 6-1: Heatmap of the miRNA expression in pooled plasma samples from the ERICONC study at the time points post-chemotherapy and three months post-chemotherapy compared to baseline. miRNA expression was determined by quantitative Real-Time PCR using TaqMan Human Array Cards A on QuantStudio 7. Data was internally normalised to U6 as endogenous gene and analysed using RQ app on the ThermoFisher Cloud supplication. The RQ value of miRNAs in plasma of cancer patients at the baseline was set up to 1 and RQ 
	 
	The miR-10a expression at the end of chemotherapy was 4-fold reduced (RQ = 0.224) compared to baseline, while the miR-10a expression at three-month post-chemotherapy was 8-fold reduced (RQ = 0.122) compared to baseline (Figure 6-2 (A)). The miR-126 expression in pooled patients’ plasma samples was not altered after the time point immediately after chemotherapy (RQ = 0.546) compared to the baseline, however, the miR-126 expression was 11-fold reduced at three months following the chemotherapy (RQ = 0.087) co
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	Figure 6-2: Quantification of miR-10a, miR-126, miR-143, miR-150 and miR-320a expression levels in pooled human plasma samples from the ERICONC study using the TaqMan Human miRNA array card A derived RQ values. Comparison of miRNA levels in pooled human plasma samples at different time points: Baseline, post-chemotherapy and three months post-chemotherapy. Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = pla
	 
	 Analysis of individual key miRNA expression profiles in individual human plasma samples from the ERICONC study 
	6.3.2.1. Quantification of miR-10a level in individual human plasma samples 
	The expression of miR-10a was investigated in individual human plasma samples by Real-Time PCR. Figure 6-3 shows the miR-10a levels in individual human plasma samples. The miR-10a plasma levels were not altered at the end of the chemotherapy (0.67 ± 0.20) and three months post-chemotherapy (1.01 ± 0.20), when compared to the miR-10a plasma level at baseline (1.0 ± 0.21). 
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	Figure 6-3: Real-time PCR of miR-10a in individual human plasma samples. Comparison of miR-10a levels in human plasma samples from Baseline group (n = 18), PostChemo (n = 13), 3M_PostChemo (n = 13). Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy. Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 - 18) and normalised to baselin
	 
	To investigate if the miRNA alteration was specific to patients experiencing cardiovascular issues, the plasma samples were divided into two groups: the patients who developed cardiac issues and the patient who did not develop cardiac issues. 
	Figure 6-4 (A) shows the miR-10a levels in plasma from patients with cardiac issues, while Figure 6-4 (B) shows the miR-10a levels in plasma from patients without cardiac issues. The miR-10a plasma levels were not altered at the end of the chemotherapy (0.66 ± 0.47) and three months post-chemotherapy (1.63 ± 0.44) compared to the miR-10a level at baseline (1.00 ± 0.28) in patients with cardiac issues (Figure 6-4 (A)). Similarly, the miR-10a plasma levels were not altered at the end of the chemotherapy (0.64
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	Figure 6-4: Real-time PCR of miR-10a in individual human plasma samples with or without cardiac issues (CI). (A) Comparison of miR-10a levels in plasma samples of anthracycline-treated patients with cardiac issues from Baseline group (n = 8), PostChemo (n = 5), 3M_PostChemo (n = 7). (B) Comparison of miR-10a levels in plasma samples of anthracycline-treated patients without cardiac issues from Baseline group (n = 10), PostChemo (n = 8), 3M_PostChemo (n = 6). Baseline = Plasma was collected at the beginning 
	 
	The miR-10a expression level was investigated in the individual patient samples from patients that were experiencing cardiac issues after anthracycline chemotherapy (Figure 6-5). The miR-10a level 
	was reduced at the end of the chemotherapy for patients R03, R11, R12 and R15, while it was increased in patient R02, compared to the miR-10a level at baseline. 
	The expression pattern of miR-10a level three months post-chemotherapy compared to baseline varied for each patient, and it was reduced in patients R01 and R20, while it was increased in patients R02, R06, R11 and R12. The expression pattern of miR-10a in patient R03 three months post-chemotherapy did not alter compared to baseline. 
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	Figure 6-5: miR-10a levels Post-chemotherapy for each individual patient with cardiac issues. Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy. Post-chemotherapy expression of miR-10a was compared to baseline.  
	 
	6.3.2.2. Quantification of miR-126 level in human plasma 
	The expression of miR-126 was investigated in individual human plasma samples by Real-Time PCR.  
	Figure 6-6 shows the miR-126 levels in individual human plasma samples. The miR-126 level in patients’ plasma samples was decreased at the end of the chemotherapy (0.82 ± 0.52, p = 0.014) compared to the miR-126 level in patients' plasma at the baseline (1.00 ± 0.25). The miR-126 level in patients' plasma samples, three months post-chemotherapy (0.74 ± 0.17) was not altered when compared to the miR-126 plasma level at baseline (1.00 ± 0.25). The miR-126 level in patients’ plasma samples was not altered from
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	Figure 6-6: Real-time PCR of miR-126 in individual human plasma samples. Comparison of miR-126 levels in human plasma samples from Baseline group (n = 18), PostChemo (n = 13), 3M_PostChemo (n = 13). Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy. Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 – 18) and normalised to baselin
	 
	To investigate if the miRNA alteration was specific to patients experiencing cardiovascular issues, the plasma samples were divided into two groups: the patients who developed cardiac issues after the chemotherapy and the patients who did not develop cardiac issues. 
	Figure 6-7 (A) shows the miR-126 levels in plasma from patients with cardiac issues, while Figure 6-7 (B) shows the miR-126 levels in plasma from patients without cardiac issues. The miR-126 level in the plasma of patients with cardiac issues was reduced at the end of the chemotherapy (0.18 ± 0.12, p = 0.035) compared to the miR-126 level observed at baseline (1.00 ± 0.38). Additionally, the miR-126 level in plasma samples of patients with cardiac issues observed three months post-chemotherapy (0.79 ± 0.17)
	from the end of chemotherapy (1.07 ± 0.34) to three months following the chemotherapy (0.74 ± 0.30). 
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	Figure 6-7: Real-time PCR of miR-126 in individual human plasma samples with or without cardiac issues (CI). (A) Comparison of miR-126 levels in plasma samples of anthracycline-treated patients with cardiac issues from Baseline group (n = 8), PostChemo (n = 5), 3M_PostChemo (n = 7). (B) Comparison of miR-126 levels in plasma samples of anthracycline-treated patients without cardiac issues from Baseline group (n = 10), PostChemo (n = 8), 3M_PostChemo (n = 6). Baseline = Plasma was collected at the beginning 
	 
	The miR-126 expression level was investigated in the individual patient samples from patients that were experiencing cardiac issues after anthracycline chemotherapy (Figure 6-8). The miR-126 level at the end of the chemotherapy followed the same trend in all patients (R02, R03, R11, R12 and R15) which was a reduction. The expression pattern of miR-126 level three months post-chemotherapy compared to baseline varied for each patient, as it was reduced in the patients’ plasma samples R01, R03 and R15, while i
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	Figure 6-8: miR-126 levels Post-chemotherapy for each individual patient with cardiac issues. Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy. Post-chemotherapy expression of miR-126 was compared to baseline. 
	 
	6.3.2.3. Quantification of miR-143 level in human plasma 
	The expression of miRNA 143 was investigated in individual human plasma samples by Real-Time PCR.  
	Figure 6-9 shows the miR-143 levels in individual human plasma samples. The miR-143 plasma levels were not altered at the end of the chemotherapy (0.87 ± 0.34) and three months post-chemotherapy (0.61 ± 0.13) compared to the miR-143 plasma level at baseline (1.00 ± 0.25). 
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	Figure 6-9: Real-time PCR of miR-143 in individual human plasma samples. Comparison of miR-143 levels in human plasma from Baseline group (n = 18), PostChemo (n = 13), 3M_PostChemo (n = 13). Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy. Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 – 18) and normalised to baseline group.
	To investigate if miRNA alteration was specific to patients experiencing cardiovascular issues, the plasma samples were divided into two groups: the patients who developed cardiac issues and the patient who did not develop cardiac issues. 
	Figure 6-10 (A) shows the miR-143 levels in plasma from patients with cardiac issues, while Figure 6-10 (B) shows the miR-143 levels in plasma from patients without cardiac issues. The miR-143 levels in the plasma of patients with cardiac issues were not altered at the end of the chemotherapy (0.40 ± 0.20) and three months post-chemotherapy (1.10 ± 0.25) compared to the miR-143 level at baseline (1.00 ± 0.40), in Figure 6-10 (A). Additionally, the miR-143 level in the plasma of patients with cardiac issues 
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	Figure 6-10: Real-time PCR of miR-143 in individual human plasma samples with or without cardiac issues (CI). (A) Comparison of miR-143 levels in plasma samples of anthracycline-treated patients with cardiac issues from Baseline group (n = 8), PostChemo (n = 5), 3M_PostChemo (n = 7). (B) Comparison of miR-143 levels in plasma samples of anthracycline-treated patients without cardiac issues from Baseline group (n = 10), PostChemo (n = 8), 3M_PostChemo (n = 6). Baseline = Plasma was collected at the beginning
	to baseline group. The groups were compared by multiple comparisons using one-way ANOVA Kruskal-Wallis’ test (* = p < 0.05). 
	 
	The miR-143 expression level was investigated in the individual patient samples from patients that were experiencing cardiac issues after anthracycline chemotherapy (Figure 6-11). The miR-143 level was reduced at the end of the chemotherapy for patients R03, R11 and R12 while it was increased in patients R02 and R15 compared to the miR-143 level at baseline. The expression pattern of miR-143 level three months post-chemotherapy compared to baseline varied for each patient, and it was reduced for patients R0
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	Figure 6-11: miR-143 levels Post-chemotherapy for each individual patient with cardiac issues. Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy. Post-chemotherapy expression of miR-143 was compared to baseline. 
	 
	6.3.2.4. Quantification of miR-150 level in human plasma 
	The expression of miRNA 150 was investigated in individual human plasma samples by Real-Time PCR.  Figure 6-12 shows the miR-150 levels in individual human plasma samples. The miR-150 level in patients’ plasma samples was significantly reduced at the end of the chemotherapy (0.21 ± 0.05, p < 0.0001) compared to the miR-150 level in patients plasma’s samples at baseline(1.00 ± 0.18). The miR-150 level in patients’ plasma samples was not altered three months post-chemotherapy (0.54 ± 0.08) compared to the miR
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	Figure 6-12: Real-time PCR of miR-150 in individual human plasma samples. Comparison of miR-150 levels in individual human plasma samples from Baseline group (n = 18), PostChemo (n = 13), 3M_PostChemo (n = 13). Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy. Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 – 18) and normalise
	 
	To investigate if the miRNA alteration was specific to patients experiencing cardiovascular issues, the plasma samples were divided into two groups: the patients who developed cardiac issues after the chemotherapy and the patients who did not develop cardiac issues. 
	Figure 6-13 (A) shows the miR-150 levels in plasma from patients with cardiac issues, while Figure 6-13 (B) shows the miR-150 levels in plasma from patients without cardiac issues. The miR-150 level in the plasma of patients with cardiac issues was significantly reduced at the end of the chemotherapy (0.13 ± 0.05, p = 0.0003) compared to the miR-150 level at baseline (1.00 ± 0.31). Additionally, the miR-150 level in plasma of patients with cardiac issues observed three months post-chemotherapy (0.63 ± 0.13)
	The miR-150 level in the plasma of patients without cardiac issues was also reduced at the end of the chemotherapy (0.26 ± 0.07; p = 0.0007) and three months post-chemotherapy (0.42 ± 0.06; p = 0.047), when compared to the miR-150 plasma level at baseline (1.00 ± 0.22), in Figure 6-13 (B). However, the 
	miR-150 level in patients without cardiac issues was not altered from the end of chemotherapy (0.26 ± 0.07) to three months following the chemotherapy (0.42 ± 0.06). 
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	Figure 6-13: Real-time PCR of miR-150 in individual human plasma samples with or without cardiac issues (CI). (A) Comparison of miR-150 levels in plasma samples of anthracycline-treated patients with cardiac issues from Baseline group (n = 8), PostChemo (n = 5), 3M_PostChemo (n = 7). (B) Comparison of miR-150 levels in plasma samples of anthracycline-treated patients without cardiac issues from Baseline group (n = 10), PostChemo (n = 8), 3M_PostChemo (n = 6). Baseline = Plasma was collected at the beginning
	 
	The miR-150 expression level was investigated in the individual patient samples from patients that were experiencing cardiac issues after anthracycline chemotherapy (Figure 6-14). The miR-150 level at the end of the chemotherapy followed the same trend in five patients (i.e. R02, R03, R11, R12 and R15) which was a reduction. The expression pattern of miR-150 level in plasma samples at three months post-chemotherapy varied for each patient, and it was reduced in patients R01, R03 and R15, while it was increa
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	Figure 6-14: miR-150 levels Post-chemotherapy for each individual patient with cardiac issues. Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy. Post-chemotherapy expression of miR-150 was compared to baseline. 
	 
	6.3.2.5. Quantification of miR-320a level in human plasma 
	The expression of miRNA-320a was investigated in individual human plasma samples by Real-Time PCR. Figure 6-15 shows the miR-320a levels in individual human plasma samples. The miR-320a level in patients’ plasma samples was reduced at the end of the chemotherapy (0.61 ± 0.25; p = 0.039) compared to the miR-320a level in patients plasma samples at baseline (1.00 ± 0.23). The miR-320a level in patients’ plasma at three months post-chemotherapy (0.48 ± 0.08) was not altered when compared to the miR-320a plasma
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	Figure 6-15: Real-time PCR of miR-320a in individual human plasma samples. Comparison of miR-320a levels in individual human plasma samples from Baseline group (n = 18), PostChemo (n = 13), 3M_PostChemo (n = 13). Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was collected three months post-chemotherapy. Data are expressed as mean ± S.E.M. values relative to U6 snRNA levels (n = 13 – 18) and normali
	 
	To investigate if the miRNA alteration was specific to patients experiencing cardiovascular issues, the plasma samples were divided into two groups: the patients who developed cardiac issues after the chemotherapy and the patients who did not develop cardiac issues. 
	Figure 6-16 (A) shows the miR-320a levels in plasma from patients with cardiac issues, while Figure 6-16 (B) shows the miR-320a levels in plasma from patients without cardiac issues. The miR-320a level in plasma samples of patients with cardiac issues at the end of the chemotherapy was reduced (0.25 ± 0.17, p = 0.038) compared to the miR-320a level at baseline (1.00 ± 0.40). Additionally, the miR-320a level in plasma of patients with cardiac issues observed three months post-chemotherapy (0.48 ± 0.13) was n
	The miR-320a level in the plasma of patients without cardiac issues was not altered at the end of the chemotherapy (0.85 ± 0.39) and three months post-chemotherapy (0.47 ± 0.11), when compared to the miR-320a plasma level at baseline (1.00 ± 0.29), in Figure 6-16 (B). Additionally, the miR-320a level in patients without cardiac issues was not altered from the end of chemotherapy (0.85 ± 0.39) to three months following the chemotherapy (0.47 ± 0.11). 
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	Figure 6-16: Real-time PCR of miR-320a in individual human plasma samples with or without cardiac issues (CI). (A) Comparison of miR-320a levels in plasma samples of anthracycline-treated patients with cardiac issues from Baseline group (n = 8), PostChemo (n = 5), 3M_PostChemo (n = 7). (B) Comparison of miR-320a levels in plasma samples of anthracycline-treated patients without cardiac issues from Baseline group (n = 10), PostChemo (n = 8), 3M_PostChemo (n = 6). Baseline = Plasma was collected at the beginn
	 
	The miR-320a expression level was investigated in the individual patient samples from patients that were experiencing cardiac issues after anthracycline chemotherapy (Figure 6-17). The miR-320a level at the end of the chemotherapy followed the same trend in all patients (R02, R03, R11, R12 and R15) which was a reduction. The expression pattern of the miR-320a level at three months post-chemotherapy compared to baseline varied for each patient, and it was reduced in patients R01, R02 and R15, while it was in
	                                                                                                                                                                                                                                                               Figure 6-17: MiR-320a levels Post-chemotherapy for each individual patient with cardiac issues. Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was 
	                                                                                                                                                                                                                                                               Figure 6-17: MiR-320a levels Post-chemotherapy for each individual patient with cardiac issues. Baseline = Plasma was collected at the beginning of the treatment, PostChemo = plasma was collected at the end of the chemotherapy and 3M_PostChemo = plasma was 
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	6.4.  Discussion  
	After pooling the plasma samples from the anthracycline-treated sarcoma patients into three groups at different time points (i.e. baseline, post-chemotherapy and 3 months post-chemotherapy), a miRNA screening analysis using the TaqMan Human miRNA array card A was performed to determine which vascular injury associated miRNAs were potentially altered by the chemotherapy and thus needed further investigation on the individual patient sample level. Analysis revealed that five miRNAs had previously been associa
	During the 3 months follow-up period for the ERICON study, ten patients did not develop cardiac issues, while eight patients develop cardiac issues with a variety of severity, ranging from hypokalaemia and thrombopenia, postural hypotension, asymptomatic non-sustained ventricular tachycardia, fast atrial fibrillation, pulmonary emboli, left arm deep vein thrombosis, portal vein thrombosis to heart failure. The expression pattern of the five miRNAs of interest (i.e. miR-10a, miR-126, miR-143, miR-150 and miR
	 
	Figure
	Figure 6-18: Summary of the expression pattern of miRNAs miR-10a, miR-126, miR-143, miR-150 and miR-320a in each individual anthracycline-treated sarcoma patient with cardiac issues. Samples were taken at three time points: baseline, post-chemotherapy and 3 months post-chemotherapy. PostChemo samples were not measured in patients R01, R06, and R20, while 3 months follow-up PostChemo sample was not measured in patient R20. 
	 
	 Array assays versus individual assays analysis 
	As shown in Table 6-2, the results from the miRNA array cards and the individual assays are similar, however, some miRNA level expressions differ depending of the technique. The difference of both techniques can be attributable to a few reasons: Firstly, the experiment with TaqMan array card has a pre-amplification step, following the reverse transcription step, while the experiment with individual assays does not have this pre-amplification step. The pre-amplification step increases the cDNA concentration 
	Table 6-2: Summary of the miRNAs level alteration in pooled cancer patient plasma samples from the ERICONC study analyses with TaqMan miRNA array cards and individual plasma samples. CI = cardiac issues 
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	Table 6-3: Average of Ct values at the three different time points (i.e. baseline, Post-chemotherapy and 3 month post-chemotherapy) of miRNA TaqMan array cards versus average Ct values of individual samples. Post-chemo = Post-chemotherapy, Ct = cycle threshold 
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	Secondly, to investigate if the five key miRNAs mentioned above were associated with post-chemotherapy cardiac events, the 19 patients were clustered into two groups depending of the clinical events that occurred post-chemotherapy and some patients had their plasma samples collected only at one or two different time points. By splitting the patients into patients with cardiac events group and the patients without cardiac events, the n number of the study was also split, respectively, in n = 5 and n = 8, lea
	array card assays results, however, the individual assays underlined interesting variation for some miRNAs expression (i.e. MiR-126, miR-320a and miR-150) and complete the array assay analysis. 
	 
	 Circulating levels of miR-10a  
	In this study, miR-10a expression is 4-fold reduced post-chemotherapy and 8-fold reduced three months post-chemotherapy compared to miR-10a expression at the baseline in pooled patient plasma samples analysed with TaqMan miRNA array cards (Figure 6-2 (A)). The miR-10a is an anti-inflammatory miRNA and the down-regulation of miR-10a is associated with inflamed ECs (McDonald et al., 2012). MiR-10a was the first mechano-miRNA identified in in vivo endothelium, where miR-10a are involved in the regulation of en
	Interestingly, Fang et al.et al. (2010) investigated the implication of miR-10a in athero-susceptible endothelium in swine arterial tissues in vivo and cultured human aortic endothelial cells (HAEC) in vitro. The authors report that miR-10a level was decreased in the athero-susceptible regions of the inner aortic arch and aorto-renal branches compared to the other regions in adult pigs and that miR-10a down-regulation might contribute to the endothelial pro-inflammatory NF-κB activation (Fang et al., 2010).
	their findings, suggesting that the reduction of circulating miR-10a expression might be related to vascular injury.  
	Furthermore, Desai et al.et al. investigate the miRNAs involved in doxorubicin-induced chronic cardiotoxicity. B6C3F1 mice were exposed to cumulative doses of doxorubicin or saline solution for 2, 3, 4, 6 or 8 consecutive weeks with a doxorubicin concentration of 3 mg/kg administrated weekly by intravenous. Blood samples were collected 1 week following the last dose to mimic the early-onset cardiotoxicity observed in cancer patients. The authors reported that myocardial damage, determined with cardiac bioma
	 
	 Circulating levels of miR-126  
	The array analysis of the present study showed that miR-126 expression was not immediately decreased, but the reduction (11-fold) of miR-126 expression is reported three months post-chemotherapy baseline in pooled patient plasma samples analysed with TaqMan miRNA array cards (Figure 6-2 (B)). Furthermore, the experiment with individual Real-Time qPCR analysis showed that the miR-126 expression was reduced by 6-fold post-chemotherapy in the plasma sample of cancer patients who developed post-chemotherapy car
	It is well established that miR-126 is highly expressed in the cardiovascular system (Romaine et al., 2015), where miR-126 is involved in angiogenesis and vascular integrity maintenance (Wang et al., 2008). In physiological conditions, miR-126 is one of the main endothelial-enriched miRNAs and mediates angiogenesis by inhibiting the intracellular inhibitors of VEGF signalling pathways and thus enhancing VEGF pro-angiogenic activity and vessels formation (Selven et al., 2021). The involvement of miR-126 in t
	(Caporali et al., 2019). Furthermore, several studies showed that depressed miR-126 expression is associated with cardiac injury (Khanaghaei et al., 2016). The miR-126 expression level alteration has been investigated in various CVDs including atherosclerosis (Kin et al., 2012), coronary artery disease (Wang et al., 2017) and heart failure (Seronde et al., 2015), where the miR-126 expression level was decreased in patients who developed CVDs. 
	In agreement with this study’s findings, Wang et al.et al. showed that miR-126 was down-regulated in coronary artery disease (CAD) patients. They investigated miR-126 level by RT-qPCR and placental growth factor (PLGF) level, a member of the VEGF family by ELISA in plasma of 24 healthy control (HC) patients and 60 CAD patients, including 22 patients with acute myocardial infarction (AMI) and 38 patients with angina pectoris (AP). Their data showed that plasma miR-126 expression is decreased in CAD patients 
	Furthermore, a systemic-review underlined the miR-126 down-regulation in the plasma of cancer patients during Epirubicin/cyclophosphamide followed by docetaxel (EC-D) neoadjuvant chemotherapy-induced cardiotoxicity (Pereira et al., 2020). In the studies used in the systematic review, Zhu et al.et al. (2018) showed that both angiogenic miRNAs miRlet-7f and miR-126 were two 
	interesting predictive non-invasive biomarkers of cardiotoxicity in triple-negative breast cancer patients, who are treated with EC-D neoadjuvant chemotherapy (Zhu et al., 2018), while Qin et al.et al. (2018) showed that the plasma miR-126 down-regulation was negatively correlated with cTnI expression in EC-D-induced cardiotoxicity patients (Qin et al., 2018). Therefore, previous studies highlight the reduction of circulating miR-126 expression in several CVDs, including CAD (Wang et al., 2017), atheroscler
	 
	 Circulating levels of miR-143 
	The miR-143 expression was not altered immediately post-chemotherapy, however, 3 months later, miR-143 was 9-fold reduced in the plasma of chemotherapy-treated patients (Figure 6-2 (C)). 
	MiR-143 forms a cluster with miR145 which is involved in VSCM differentiation (Rangrez et al., 2011). The miR cluster 143/145, which comprises miR-143 and miR-145, plays a role in several cellular functions, including vascular muscle cell proliferation and differentiation (Das and Pillai, 2015). It is well established that miR cluster 143/145 targets various genes involved in tumorigenesis and are considered tumour suppressors (Das and Pillai, 2015). Furthermore, miR cluster 143/145 expression is altered by
	Kontaraki et al.et al. investigated the expression levels of miRNAs known to play a role in hypertension and analyses their expression levels in peripheral blood mononuclear cells (PBMCs) in hypertensive patients. For this study, 60 patients suffering of essential hypertension and 29 healthy patients were recruited. The authors showed that the miR-143 expression level in PBMCs of hypertensive patients was 9-fold reduced compared to miR-143 in PBMCs of healthy patients. The authors were able to associate the
	Furthermore, Liu et al.et al. investigate the miR143 and miR145 expression levels in the plasma of patients suffering of carotid artery plaques. They collected blood samples from 55 patients with carotid artery plaques and 45 patients without carotid artery plaques. The authors found that circulating miR-143 and miR-145 expression levels were down-regulated in patients with carotid artery plaques compared to healthy patients (Liu et al., 2017). 
	Therefore, the depressed miR-143 expression level post-chemotherapy might be associated with vascular injury. 
	 
	 Circulating levels of miR-150 
	Plasma miR-150 expression is 6-fold reduced post-chemotherapy and 7-fold reduced 3 months post-chemotherapy compared to the miR-150 expression at the baseline, in cancer patients treated with chemotherapy (Figure 6-2 (D)). Furthermore, according to individual assays, in patients with cardiac issues, the 8-fold decrease observed immediately after chemotherapy compared to baseline was followed by a significant 5-fold increase of plasma miR-150 level observed 3 months post-chemotherapy compared to post-chemoth
	MiR-150 is a hematopoietic cell-specific miRNA, which is preferentially expressed in mature B-cells and T-cells (Vasilatou et al., 2010). MiR-150 is associated with various haematological malignancies including pancreatic, colorectal, oesophageal cancers and solid tumours including gastric, breast, lung and liver cancers (Wang et al., 2015a). Furthermore, miR-150 has been associated with cardiac hypertrophy in a rodent model (van Rooij et al., 2006) and has been suggested as a prognosis biomarker of severe 
	The implication of miR-150 expression in cardiac hypertrophy has been investigated on two established mice models of cardiac hypertrophy by van Rooij et al.et al. (2006). Their first model was obtained by thoracic artic banding, which lead to an overload on the heart and thus cardiac hypertrophy, while their second model was transgenic mice expressing Calcineurin A in the heart, which leads to cardiac hypertrophy. The authors report that miR-150 expression was down-regulated in the heart tissue of both mode
	Devaux et al.et al. investigated the use of 4 miRNAs: miR16, miR27a, miR-101 and miR-150 to predict LV dysfunction after AMI in a cohort of 150 AMI patients. The LV dysfunction was determined by echocardiography and an increase in the markers of myocyte necrosis (CK and TnI) above the normal range.  Furthermore, they evaluated the LV contractility by the LV wall motion index score (WMIS), where a WMIS > 1.2 is associated with impaired LV contractility and WMIS ≤ 1.2 is associated with preserved LV contracti
	Interestingly, Desai et al.et al. (2014) used a cardiotoxicity mouse model to investigate the miRNAs involved in doxorubicin-induced cardiac injury and they showed that miR-150 was down-regulated in doxorubicin-treated mice. The authors treated mice weekly with cumulative doxorubicin doses (6, 8, 12, 18 or 24 mg/kg) or sterile saline and the cardiotoxicity was evaluated by the measurement of plasma cTnT levels and observation of the cardiac lesions with a microscope. The authors report that miR-150 expressi
	Furthermore, radiotherapy can also lead to a decrease of the miR-150 levels in plasma, as shown by Dinh et al.et al. (2016). The authors report that the plasma miR-150 expression was significantly down-regulated in five non-small cell lung cancer patients treated with thoracic radiation therapy, which showed that miR-150 might be a potential biomarker to study radiotherapy toxicity (Dinh et al., 2016). Their findings are consistent with the present findings, where the cancer patients were treated with diffe
	Thus, this study’s results suggest that plasma miR-150 down-regulation is observed in cancer patients treated with chemotherapy, however, the down-regulation might not be selective to the chemotherapy-induced cardiotoxicity. However, more studies are needed to determine if depressed miR-150 expression is either associated with vascular injury or tumour suppression. 
	 
	 Circulating levels of miR-320a 
	The miR-320a expression was 6-fold reduced post-chemotherapy and 8-fold reduced 3 months post-chemotherapy compared to baseline in chemotherapy-treated patients plasma samples, according to the array assays (Figure 6-2 (E)). Furthermore, the plasma miR-320a expression was 4-fold reduced immediately post-chemotherapy compared to baseline in patients with cardiac injury (Figure 6-16 (A)), while miR-320a expression remains unaltered post-chemotherapy compared to baseline in patients without cardiac injury (Fig
	MiR-320a is a tumour-suppressive miRNA and is dysregulated in various cancers, including pancreatic, colorectal, breast cancers and osteosarcoma (Khandelwal et al., 2021). However, miR-320a was first associated with I/R-induced cardiac injury, which underlines the key role of miR-320a in CVDs (Ren et al., 2009). It has been well established that circulating miR-320a is associated with several heart diseases, including arrhythmogenic cardiomyopathy (Sommariva et al., 2017), Thoracic Aortic Dissection (Zou et
	The present study is in agreement with Sommariva et al.et al. (2017) findings, which showed that miR-320a expression is reduced in patients with arrhythmogenic cardiomyopathy (ACM) compared to healthy control (HC) patients and Idiopathic Ventricular Tachycardia (IVT) patients, which a benign condition (Sommariva et al., 2017). ACM is an acquired progressive heart disease which is characterised by substantial ventricular arrhythmias and alteration of ventricular systolic function (Calore et al., 2015, Corrad
	Furthermore, Zou et al.et al. (2017) showed that miR-320a expression is inhibited by hsa-circRNA-101238 increased level in human TAD tissues from six types A TAD patients, compared to thoracic aortic tissues from six healthy control donors (without aortic diseases). Their data showed that hsa-circRNA-101238 up-regulation in human TAD tissues might act as a miRNA sponge leading to the inhibition of miR-320a and thus increasing the Matrix Metalloproteinase 9 (MMP-9) mRNA expression, which is an mRNA associate
	In contrast, studies on STEMI showed that miR-320a expression was up-regulated in STEMI patients, compared to control patients (Jakob et al., 2017, Galeano-Otero et al., 2020). Galeano-Otero et al.et al. (2020) showed that the miR-320a was significantly expressed in human serum during ischaemia-induced failing myocardium (Galeano-Otero et al., 2020), whereas the present study used plasma samples. However, Jakob et al.et al. (2017) showed plasma miR-320a up-regulation was associated with cardiovascular event
	Yin et al.et al. (2016) investigated the miR-320a expression and mechanisms involved in doxorubicin-induced cardiotoxicity. Their data showed that circulating miR-320a was down-regulated in anthracycline-treated patients, which is consistent with this study’s findings. However, miR-320a expression was up-regulated in the heart of doxorubicin-treated mice (Intra-peritoneal injection of 25 mg/kg doxorubicin), which is inversely correlated to their levels in human plasma. Furthermore, their data showed that mi
	Therefore, this study postulates that the decrease of plasma miR-320a level in patients with cardiac issues observed immediately after the chemotherapy may be associated with anthracycline-induced cardiotoxicity in this study, which means miR-320a might be an interesting candidate as anthracycline-induced cardiotoxicity non-invasive biomarkers. 
	 
	6.5. Conclusion 
	In this study’s novel findings, the five vascular miRNAs (i.e. miR-10a, miR-126, miR-143, miR-150 and miR-320a) expression levels were reduced post-chemotherapy. Several studies reported the cross-link of the depressed miRNAs expression level to CVDs. Furthermore, a few studies have investigated these five miRNAs expression level after anti-cancer treatment. According to this study, the key miRNAs are miR-126 and miR-320a, which were reduced post-chemotherapy after analysis with array assays, but both were 
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	7. GENERAL DISCUSSION 
	7.1.  Discussion 
	This thesis focused on the alteration of GPCRs-mediated vascular tone by the anti-cancer treatment doxorubicin and the MEK 1/2 inhibitor U0126, after 24-hr organ culture of LAD arteries, which mimics the doxorubicin-induced cardiotoxicity. Furthermore, this thesis focused principally on the GPCRs signalling pathway and mechanisms in VSMCs, where the four studied GPCRs are mainly involved in vasoconstriction. 
	Resume of the key findings 
	This study has shown that:  
	 Doxorubicin-induced cardiotoxicity can be studied with an organ-cultured model. Doxorubicin effect can be investigated in LAD arteries at a concentration of 0.5 µM with a 24 hrs incubation in DMEM supplemented with antibiotics at 37 °C with a mixture of 5 % CO2 and 95 % O2. 
	 Doxorubicin-induced cardiotoxicity can be studied with an organ-cultured model. Doxorubicin effect can be investigated in LAD arteries at a concentration of 0.5 µM with a 24 hrs incubation in DMEM supplemented with antibiotics at 37 °C with a mixture of 5 % CO2 and 95 % O2. 
	 Doxorubicin-induced cardiotoxicity can be studied with an organ-cultured model. Doxorubicin effect can be investigated in LAD arteries at a concentration of 0.5 µM with a 24 hrs incubation in DMEM supplemented with antibiotics at 37 °C with a mixture of 5 % CO2 and 95 % O2. 

	 This study showed that doxorubicin treatment alters the vascular tone of LAD arteries by altering the vasocontractile responses mediated by ETB, 5-HT1B and TP GPCR receptors: 
	 This study showed that doxorubicin treatment alters the vascular tone of LAD arteries by altering the vasocontractile responses mediated by ETB, 5-HT1B and TP GPCR receptors: 

	o The doxorubicin incubation of LAD arteries leads to an increase of the vasoconstriction during the first phase of the stimulation representing a high affinity of the agonist to the receptor, followed by a decrease of the ETB-mediated vasocontractile responses during the second phase of the stimulation representing a lower affinity of the agonist to the receptor. The depressed ETB-mediated vasocontractile response is correlated with the decrease of ETB mRNA level during doxorubicin treatment, however, the 
	o The doxorubicin incubation of LAD arteries leads to an increase of the vasoconstriction during the first phase of the stimulation representing a high affinity of the agonist to the receptor, followed by a decrease of the ETB-mediated vasocontractile responses during the second phase of the stimulation representing a lower affinity of the agonist to the receptor. The depressed ETB-mediated vasocontractile response is correlated with the decrease of ETB mRNA level during doxorubicin treatment, however, the 
	o The doxorubicin incubation of LAD arteries leads to an increase of the vasoconstriction during the first phase of the stimulation representing a high affinity of the agonist to the receptor, followed by a decrease of the ETB-mediated vasocontractile responses during the second phase of the stimulation representing a lower affinity of the agonist to the receptor. The depressed ETB-mediated vasocontractile response is correlated with the decrease of ETB mRNA level during doxorubicin treatment, however, the 

	o Doxorubicin incubation down-regulates the transcription of ETA receptors in LAD arteries. However, the maximal vasocontractile response “Emax” through ETA receptor-mediated vasocontraction is not altered. The absence of alteration on ETA-mediated vascular tone, although the ETA miRNA is reduced, may be attributable to either (i) the fact that a longer time is needed to observe a change of the  ETA receptors expression on LAD arteries and on ETA-mediated vascular tone or (ii) that a potential 
	o Doxorubicin incubation down-regulates the transcription of ETA receptors in LAD arteries. However, the maximal vasocontractile response “Emax” through ETA receptor-mediated vasocontraction is not altered. The absence of alteration on ETA-mediated vascular tone, although the ETA miRNA is reduced, may be attributable to either (i) the fact that a longer time is needed to observe a change of the  ETA receptors expression on LAD arteries and on ETA-mediated vascular tone or (ii) that a potential 



	doxorubicin-induced post-translational change of ETA receptors increase the ETA receptors affinity to G protein leading to higher vasoconstriction which compensates the reduction of ETA receptors transcription. Similarly to ETB receptors, co-incubation of doxorubicin and U0126 leads to a decrease of the ETA-mediated vasocontractile response without altering the transcription and translation expression levels of ETA mRNA or receptors. 
	doxorubicin-induced post-translational change of ETA receptors increase the ETA receptors affinity to G protein leading to higher vasoconstriction which compensates the reduction of ETA receptors transcription. Similarly to ETB receptors, co-incubation of doxorubicin and U0126 leads to a decrease of the ETA-mediated vasocontractile response without altering the transcription and translation expression levels of ETA mRNA or receptors. 
	doxorubicin-induced post-translational change of ETA receptors increase the ETA receptors affinity to G protein leading to higher vasoconstriction which compensates the reduction of ETA receptors transcription. Similarly to ETB receptors, co-incubation of doxorubicin and U0126 leads to a decrease of the ETA-mediated vasocontractile response without altering the transcription and translation expression levels of ETA mRNA or receptors. 
	doxorubicin-induced post-translational change of ETA receptors increase the ETA receptors affinity to G protein leading to higher vasoconstriction which compensates the reduction of ETA receptors transcription. Similarly to ETB receptors, co-incubation of doxorubicin and U0126 leads to a decrease of the ETA-mediated vasocontractile response without altering the transcription and translation expression levels of ETA mRNA or receptors. 

	o Doxorubicin leads to an increase of the 5-HT1B-mediated vasocontractile responses through the increase of 5-HT1B transcription and translation levels. The co-incubation of doxorubicin with U0126 alleviates the elevation of 5-HT1B-mediated vasocontractile response by reducing 5-HT1B mRNA level and 5-HT1B receptor expression in LAD arteries.  
	o Doxorubicin leads to an increase of the 5-HT1B-mediated vasocontractile responses through the increase of 5-HT1B transcription and translation levels. The co-incubation of doxorubicin with U0126 alleviates the elevation of 5-HT1B-mediated vasocontractile response by reducing 5-HT1B mRNA level and 5-HT1B receptor expression in LAD arteries.  

	o Doxorubicin alters the TP receptor activity by increasing the TP-mediated vasocontractile response without altering the TP receptor transcription or translation expression levels of TP mRNA or receptors. These findings suggest that doxorubicin-induced vasotoxicity alters the TP-mediated vasocontractile response on a post-translational level or alters other proteins involved in the TP receptors signalling pathway. Interestingly, elevated TP-mediated vasocontractile response is alleviated by the co-incubati
	o Doxorubicin alters the TP receptor activity by increasing the TP-mediated vasocontractile response without altering the TP receptor transcription or translation expression levels of TP mRNA or receptors. These findings suggest that doxorubicin-induced vasotoxicity alters the TP-mediated vasocontractile response on a post-translational level or alters other proteins involved in the TP receptors signalling pathway. Interestingly, elevated TP-mediated vasocontractile response is alleviated by the co-incubati


	 TaqMan miRNA array analysis of human cancer patients treated with anthracyclines during the ERICONC study in collaboration with Prof Walker (UCL) showed that the expression levels of five vascular injury-associated miRNAs (i.e. miR-10a, miR-126, miR-143, miR-150 and miR-320a) were reduced after chemotherapy treatment compared to baseline. 
	 TaqMan miRNA array analysis of human cancer patients treated with anthracyclines during the ERICONC study in collaboration with Prof Walker (UCL) showed that the expression levels of five vascular injury-associated miRNAs (i.e. miR-10a, miR-126, miR-143, miR-150 and miR-320a) were reduced after chemotherapy treatment compared to baseline. 

	o The two vascular injury-associated miRNAs miR-320a and miR-126 were down-regulated in the circulation of cancer patients suffering from cardiac issues as a result of the cardiotoxic adverse effect from the chemotherapy compared to cancer patients who did not develop cardiac issues. These interesting findings suggest that miR-320a and miR-126 are potentially involved in chemotherapy-induced cardiac- and vascular- injury, and could potentially be explored as novel biomarkers of therapy-induced vascular inju
	o The two vascular injury-associated miRNAs miR-320a and miR-126 were down-regulated in the circulation of cancer patients suffering from cardiac issues as a result of the cardiotoxic adverse effect from the chemotherapy compared to cancer patients who did not develop cardiac issues. These interesting findings suggest that miR-320a and miR-126 are potentially involved in chemotherapy-induced cardiac- and vascular- injury, and could potentially be explored as novel biomarkers of therapy-induced vascular inju
	o The two vascular injury-associated miRNAs miR-320a and miR-126 were down-regulated in the circulation of cancer patients suffering from cardiac issues as a result of the cardiotoxic adverse effect from the chemotherapy compared to cancer patients who did not develop cardiac issues. These interesting findings suggest that miR-320a and miR-126 are potentially involved in chemotherapy-induced cardiac- and vascular- injury, and could potentially be explored as novel biomarkers of therapy-induced vascular inju



	 
	 The doxorubicin-induced vasotoxicity in vitro model: Organ culture 
	Previous studies have already used organ culture to mimic CVD (CVD) progression in various arteries (Alm et al., 2002, Murata et al., 2001b, Skovsted et al., 2012). However, the doxorubicin-induced vasotoxicity on rat LAD arteries has never been investigated prior to this PhD project. In this study, the 
	in vitro CVD organ culture model was optimised to investigate specifically doxorubicin-induced vasotoxicity.  
	There is an absence of shear- and circumferential- stress in the in vitro organ cultured arteries model. The absence of shear- and circumferential- stress are two mechanical factors involved in physiological homeostasis regulation. In physiological conditions, shear stress is known to induce NO release through eNOS activation and regulate transcription and growth factors in EC (Noris et al., 1995). During in vitro organ culture of arteries, the absence of shear- and circumferential- stress alters the NO rel
	To study the potential alteration of GPCRs-mediated vasocontractile responses by doxorubicin of the LAD arteries, it was necessary to assess the contractile capacity of LAD arteries and confirm that arteries from each group had a similar contractile capacity, thus the experiment’s results are specific to GPCRs-mediated vasocontractile response. Furthermore, the contractile capacity was used as reference for the study of the GPCR agonist-mediated dose-response curves. In this study, the contractile capacity 
	Young et al.et al. showed that plasma concentration of doxorubicin was estimated to reach 1 µM immediately post-treatment and sustained at approximately 0.2 µM throughout the doxorubicin treatment in doxorubicin-treated patients (Young et al., 1981). Previous studies on doxorubicin-induced cardiotoxicity applied various doxorubicin concentrations ranging from 0.3 µM for incubated rabbit mesenteric arteries (Murata et al., 2001a) to 1 µM in isolated rat heart (Gharanei et al., 2013b). During this study, the 
	period time, the range differs depending of the study-, organ-, species- or artery- type investigated during previous studies. In this study incubation times 24 hrs and 48 hrs were investigated. The contractile capacity of LAD arteries incubated with 0.5 µM doxorubicin was severely compromised after 48 hrs incubation, while the contractile capacity was not altered by the 24 hrs incubation with 0.5 µM doxorubicin. The 24 hrs incubation period determined during this study is consistent and in agreement with t
	Furthermore, this experiment showed that doxorubicin treatment has no acute vasocontractile or vasodilatory effect on fresh LAD arteries. This is in agreement with and supported by the findings of Murata et al.et al., which showed that doxorubicin treatment ranging from 0.3 µM to 10 µM had no acute effect on the smooth muscle contractility of isolated doxorubicin incubated rabbit mesenteric arteries (Murata et al., 2001b).  
	Therefore, the optimised in vitro doxorubicin-induced vasotoxicity organ culture model in this study applied 0.5 µM doxorubicin during the incubation period of 24 hrs to mimic severe vascular injury on LAD arteries and investigate the effect of doxorubicin on GPCRs-mediated vasocontractile responses on rat LAD arteries during these doxorubicin incubation specifications.  
	 
	 Doxorubicin and GPCRs-mediated vasocontractile response 
	This project investigated the SMC-mediated vasocontractile responses of LAD arteries mediated by endothelin ETA and ETB receptors, serotonin 5-HT1B receptors and thromboxane TP receptors of LAD arteries incubated for 24 hrs with 0.5 µM doxorubicin. To the best of our knowledge, this is the first study to investigate the doxorubicin-induced vasotoxicity through GPCR specific signalling pathways exploring the involvement of ETA, ETB, 5-HT1B and TP receptors.  
	In the present study, the potential cardioprotective effect of MEK 1/2 specific inhibitor U0126 was also investigated. It is known that U0126 at 10 µM attenuates the pERK expression during organ culture of isolated cerebral arteries (Sandhu et al., 2010). 
	 
	7.1.2.1. The effect of doxorubicin on the endothelin ETB receptor: 
	It is well established that ETB-mediated vasocontractile response in animal in vitro models mimics the CVDs remodelling processes (Eskesen and Edvinsson, 2006, Johnsson et al., 2008). Interestingly, the 
	present study showed a strong ETB-mediated vasocontraction with a biphasic dose-response curve after 24 hrs incubation with either vehicle or  0.5 uM doxorubicin, while S6c dose-response curves of previous studies are monophasic (Eskesen and Edvinsson, 2006, Johnsson et al., 2008, Skovsted et al., 2017). In this study, the presence of an S6c biphasic curve underlines the implication of two different ETB subtype receptors. Different hypotheses have been suggested in this discussion: the first hypothesis is t
	Furthermore, this study showed that ETB-mediated vasocontractile response is increased on the first phase of the biphasic curve of doxorubicin-treated LAD arteries from 10-12.5 M ET-1 to 10-9.5 M ET-1, and this is similar to Skovsted (2012) and Sandhu (2010) findings, which showed the up-regulation of ETB-mediated vasocontraction after vascular injury of isolated cerebral arteries (Sandhu et al., 2010) and of isolated LAD and septal coronary arteries (Skovsted et al., 2012). However, it has been shown that 
	The present study showed that MEK 1/2 specific inhibitor U0126 pre-treatment at both concentrations of 5 µM and 10 µM alleviates the doxorubicin-incubated initial elevated ETB-mediated vasocontractile response and that the attenuated maximal ETB-mediated vasocontractile response when U0126 is co-
	administered with doxorubicin is meditated without altering the ETB receptor transcription or translation. This suggests that U0126 may alter the ETB vasocontractile response in the presence of doxorubicin on a post-translational level or by regulating an ETB-activated protein. In agreement, other studies have shown that U0126 treatment attenuates ETB-mediated vasoconstriction during organ culture incubation which mimics cerebral ischaemia conditions in in vitro experiments with isolated rat cerebral arteri
	 
	7.1.2.2. The effect of doxorubicin on the endothelin ETA receptors: 
	This study showed that the 0.5 µM doxorubicin treatment during 24 hrs of incubation of LAD segments did not affect the contractile response of endothelin receptors when applying the ET-1 agonist. The ET-1 dose-response curves were performed after ETB receptors desensitisation with S6c, which nearly abolished the ETB-mediated contraction leading to a monophasic curve. The addition of ETA selective antagonist BQ123 and ETB selective antagonist BQ788 showed that the ET-1 dose-response curve performed without a
	mediated cardiotoxicity. Most of these studies used ETA receptor antagonist, such as 
	mediated cardiotoxicity. Most of these studies used ETA receptor antagonist, such as 
	darusentan
	darusentan

	, 
	ambrisentan
	ambrisentan

	 and atrasentan to alleviate the elevated ET-1-mediated vasocontractile response, induced by the elevation of ETB receptors expression in SMC during hypertension by blocking ETA receptors vasocontractile response (Gao et al., 2021, Raichlin et al., 2008). However, it was shown that ETA receptors blockade can induce deleterious effects when combined to heart failure (Nasser and El-Mas, 2014), which underlines the need of new therapeutic targets to regulate elevated ET-mediated vasoconstriction such as the ME

	This project showed that MEK 1/2 specific inhibitor U0126 treatment reduces the doxorubicin-induced ETA vasocontractile response compared to vehicle-treated LAD arteries. Interestingly, the U0126 treatment does not alter the ETA receptors transcription in doxorubicin-treated LAD arteries, while the ETA-mediated vasocontractile response is decreased, compared to U0126 naïve doxorubicin-treated LAD arteries. This decrease of vasocontractile response observed only with doxorubicin and U0126 co-treatment suppor
	 
	7.1.2.3. The effect of doxorubicin on the serotonin 5-HT1B receptor: 
	The current study showed that the 5-CT mediated dose-response curve resulted in a biphasic dose-response curve after doxorubicin treatment. This suggests the implication of two different serotonin subtype receptors during 5-CT-mediated vasocontraction. These findings are consistent with Hansen-Schwartz et al.et al. findings, which underlined the implication of 5-HT1B receptors with a high 5-CT affinity (pEC50 = 7.7 in rat cerebral arteries) and 5-HT2A receptors with a low 5-CT affinity (pEC50 = 5.1 in rat c
	vasospasm (Ottervanger et al., 1997, Okonkwo and Ojha, 2020). This study’s findings showed that doxorubicin treatment enhances the 5-HT1B-mediated vasocontractile response through increased 5-HT1B receptor transcription levels, leading to the elevation of 5-HT1B receptors expression in SMC of LAD arteries as well. Some studies have demonstrated that doxorubicin-induced cardiotoxicity was associated with a decrease of adenylyl cyclase (AC) activity (Calderone et al., 1991) and cAMP formation (Efentakis et al
	In previous studies, it has been shown that the MEK/ERK 1/2 inhibition with U0126 alleviates the 5-HT1B elevated vasocontractile response in in vitro experiments with isolated cerebral arteries compared to fresh cerebral arteries to mimic the vascular effects of post-cerebral ischaemia (Sandhu et al., 2010) and in in vivo experiments with rat cerebral arteries after subarachnoid haemorrhage (SAH) (Beg et al., 2006). The current study showed that 5 µM and 10 µM U0126 treatment attenuated the doxorubicin-indu
	 
	7.1.2.4. The effect of doxorubicin on the thromboxane TP receptor: 
	In this study, it was shown that doxorubicin treatment induced an increase of the TP-mediated vasocontractile response. However, the TP receptor transcription and translation levels were not altered suggesting that doxorubicin-induced increase in TP-mediated vasocontraction is associated with post-translational mechanisms where there is either a TP receptor abnormal post-translational change or there is an alteration of the TP-activated proteins. Although the functional effect of doxorubicin treatment on TP
	leading to phospholipase C (PLC) activation. PLC hydrolyses PIP2 in DAG and IP3 leading to PKC activation and intracellular calcium accumulation. This pathway induces vasoconstriction and platelet activation, which alter the platelets' shape, aggregation and secretion. Pathological changes of TP receptor pathways can lead to CVDs, like atherosclerosis, myocardial infarction and hypertension (Neri Serneri et al., 1983, Katugampola and Davenport, 2001, Smyth, 2010, Martin, 1984).  
	Interestingly, Sikarwar et al.et al. (2014) showed that the Gαq protein associated with the TP receptor of pulmonary arteries was altered on a post-translational level in hypoxic pulmonary hypertension (Sikarwar et al., 2014), which is consistent with this study’s hypothesis that doxorubicin treatment may induce increased TP-mediated vasocontraction on either post-translational level or through alteration of the TP-activated proteins. The study by Sikarwar et al.et al. used an in vivo model of hypoxic pulmo
	The present study demonstrated that 5 µM and 10 µM MEK 1/2 inhibitor U0126 treatment attenuated the doxorubicin-induced increase in TP receptor-mediated vasocontraction on a post-translational level or through the regulation of TP-activated proteins. Interestingly, mono-incubation with 5 µM MEK 1/2 inhibitor U0126 increased the TP receptor protein levels compared to vehicle-incubated LAD vessels, however, the TP receptor-mediated vasocontraction through U46619 was unaltered in vehicle and U0126 mono-incubat
	models. The optimal U0126 concentration to attenuate the doxorubicin-increased TP-mediated vasocontraction is 5 µM, because, as for 5-HT1B receptors, the 10 µM U0126 excessively reduces the TP-mediated vasoconstriction of doxorubicin-treated LAD arteries compared to vehicle-treated LAD arteries, while the 5 µM U0126 alleviates the TP–mediated vasoconstriction of doxorubicin-treated LAD arteries until the recovery of the vasocontractile response observed in vehicle-treated LAD arteries. 
	 
	 Expression of vascular injury associated circulating miRNAs in cancer patients treated with anthracycline: 
	In addition to the rat vascular studies with the cardiotoxic chemotherapy drug doxorubicin, this study also investigated the expression of circulating miRNAs in pooled samples of cancer patients treated with anthracycline chemotherapy using the TaqMan miRNA Array card technology, with follow-on emphasis on vascular injury associated miRNA expression in individual samples of cancer patients. The TaqMan miRNA Array card is a high-throughput and accurate tool for quantitative analysis of differential miRNA exp
	In the present study, the circulating miR-10a was significantly reduced in pooled plasma samples of cancer patients at both post-chemotherapy and 3 months post-chemotherapy time points compared to baseline when analysed with the TaqMan miRNA Array card. Studies have shown that circulating miR-10a levels are reduced in CVDs, such as coronary artery disease (Luo et al., 2016) or atherosclerotic disease (Fang et al., 2010, Kuo et al., 2021). The reduction of circulating miR-10a at both post-chemotherapy time p
	A decrease in circulating miR-126 level has been associated with CVDs including atherosclerosis (Kin et al., 2012), coronary artery disease (Wang et al., 2017) and heart failure (Seronde et al., 2015). Furthermore, it was shown that miR-126 is down-regulated in the plasma samples of cancer patients during Epirubicin/cyclophosphamide chemotherapy followed by docetaxel neoadjuvant chemotherapy-induced cardiotoxicity (Pereira et al., 2020), highlighting the potential involvement of circulating miR-126 in drug-
	The circulating miR-143 levels were reduced only at the time point 3 months post-chemotherapy compared to baseline according to the miRNA array card analysis. Reduced levels of circulating miR-143 have been associated with hypertension in patients (Kontaraki et al., 2014), which is in agreement with the findings of this study.  
	Previous studies have shown that circulating miR-150 levels are reduced in AMI patients (Devaux et al., 2013) or during cardiac hypertrophy (van Rooij et al., 2006). In animals, a study using a mice model to assess doxorubicin-induced cardiotoxicity on the miR-150 expression levels showed that a reduction in circulating miR-150 level was observed at low doses of doxorubicin, whereas cTnT levels remained unaltered in the mice. This study suggested that miR-150 might be an interesting target to identify early
	Circulating miR-320a expression levels have been associated with several heart diseases including arrhythmogenic cardiomyopathy (Sommariva et al., 2017), thoracic aortic dissection (Zou et al., 2017) and STEMI(Jakob et al., 2017, Galeano-Otero et al., 2020). In the present study, the miR-320a expression level in pooled cancer patient plasma samples was reduced post-chemotherapy and 3 months post-chemotherapy compared to baseline. Furthermore, analysis of miR-320a expression in individual samples highlights 
	 
	7.2.  Study Limitations / Further suggestions 
	In the current study, the MEK 1/2 inhibitor U0126 was diluted in DMSO, which is known to induce toxic effects at higher doses. DMSO is frequently used in pharmacology and toxicology studies to facilitate drug delivery and no toxic effects have been reported at doses ≤ 0.5 % (Sangweni et al., 2021). The percentage of DMSO used during this study did not exceed 0.5 % in order to minimise the potential negative toxic effect of DMSO on LAD arteries. Although DMSO concentration has no adverse effects in this in v
	Studies with similar GPCR functional vascular experiment layouts have investigated the receptor expression using the western blot technique (Skovsted et al., 2015, Zhang et al., 2008). In the current study, the receptor expression in SMC of LAD arteries was investigated by immunohistochemistry using a performant confocal microscope Eclipse Ti2 (Nikon Instruments Inc. Tokyo, Japan) with the AR package of NIS-elements software to quantify the fluorescence intensity. Using the immunohistochemistry technique in
	In the present study, doxorubicin-induced cardiotoxicity was investigated only on GPCR-mediated vasoconstriction. It has been shown by clinical studies that arterial stiffness is increased in patients treated with anticancer drugs, both during and after the chemotherapy treatment, including doxorubicin (Parr et al., 2020, Mozos et al., 2017, Chaosuwannakit et al., 2010). In future investigations, it could be interesting to assess the doxorubicin-induced cardiotoxicity effect on the GPCR-mediated vasodilator
	The current project focused on four specific GPCRs – endothelin ETA/ETB receptors, serotonin 5-HT1B receptors and TP receptors – to investigate the doxorubicin-induced vasotoxicity. In further studies, the serotonin 5-HT2A receptor would have been an interesting choice, as the serotonin 5-HT2A receptor is involved in the vascular tone of coronary arteries (Kaumann et al., 1994). The study of 5-HT2A receptors would allow a better understanding of the doxorubicin-induced vasotoxicity effects on the post-trans
	In the miRNA study, the number of cancer patients treated with chemotherapy was low compared to other studies, which used a cohort of patients to investigate the miRNAs expression level during CVD development. However, since plasma samples are pooled prior to application on the TaqMan miRNA Array cards it increases the miRNA detection and specificity of the results. Furthermore, this study aimed to underline miRNAs related to chemotherapy-induced vascular injury in patients samples split up depending of the
	 
	  
	7.3. Conclusion 
	This novel study demonstrated that doxorubicin treatment in an in vitro organ culture setting of rat LAD arteries altered the ETA, ETB, 5-HT1B and TP-mediated vasocontractile response through intracellular mechanisms. Doxorubicin treatment reduced the transcriptional levels of both endothelin receptors, while it increases the transcriptional level of serotonin 5-HT1B receptors, while the 5-HT1B receptor levels were also increased by doxorubicin treatment. This study suggests that the alteration of the vascu
	 
	 
	Figure
	Figure 7-1: Summary of the effect of doxorubicin-induced vasotoxicity on the four studied GPCRs (i.e. ETA, ETB, 5-HT1B and TP receptors) and the intracellular pathways leading to vasocontraction. Mechanoreceptors and integrins initiate the MEK/ERK signalling pathways in response to physiological stress and lead to the activation of growth factors, such as NK-κB and the transcription of GPCRs, and thus promote the GPCRs expression on smooth muscle cells (SMC) membrane. However, this MEK/ERK pathway is inhibi
	messenger cAMP formation and protein kinase A (PKA) activity leading to intracellular calcium release from the sarcoplasmic reticulum, and thus a strong vasoconstriction. GPCR = G-protein coupled receptors, expr = expression 
	 
	The present study also demonstrated that the expression level of five vascular injury-associated miRNAs (i.e. miR-10a, miR-126, miR-143, miR-150 and miR-320a) was down-regulated in cancer patients treated with anthracyclines at time points post-chemotherapy compared to baseline. Interestingly, the reduced miRNA expression levels of miR-126 and miR-320a were associated with the development of cardiovascular complications in the in cancer patients post-chemotherapy, which underlines the potential use of miR-1
	 
	From this study, it is evident that doxorubicin has a vasotoxic effect in the coronary vasculature and increases the vascular tone through GPCRs and the MEK/ERK 1/2 pathway activation. Furthermore, doxorubicin therapy of cancer patients can result in severe cardiotoxicity and key miRNAs associated with vascular injury are altered specifically in doxorubicin treated cancer patients that are diagnosed with cardiovascular complications.    
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	9. Appendices 
	9.1. The pharmacokinetics of the GPCR specific agonists and antagonists used in chapters 4 and 5: 
	 
	Table 9.1: Selectivity of the agonists used to study the GPCRs-mediated vasoconstriction. KD = Dissociation constant, which represents the inverse of receptor’s affinity to the ligand when at equilibrium, and smaller is KD, higher is the affinity of receptor to the ligand (Salahudeen and Nishtala, 2017). pEC50 = negative logarithm of the agonist concentration that produces 50 % of the maximal contraction, LV = Left ventricle, ETA = Endothelin A receptors, ETB = Endothelin B receptors, 5-HT1B = 5-hydroxytryp
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	Agonist 
	Agonist 
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	Selectivity 
	Selectivity 

	Receptors localisation 
	Receptors localisation 

	Reference 
	Reference 


	TR
	Span
	Sarafotoxin 6c 
	Sarafotoxin 6c 

	ETB 
	ETB 

	KD 
	KD 

	0.06 nM 
	0.06 nM 

	Rat LV 
	Rat LV 

	(Russell and Davenport, 1996) 
	(Russell and Davenport, 1996) 
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	ETA 
	ETA 

	KD 
	KD 

	3.50 µM 
	3.50 µM 

	Rat LV 
	Rat LV 
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	ETB 
	ETB 

	KD 
	KD 

	0.34 nM 
	0.34 nM 

	Human LV 
	Human LV 
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	ETA 
	ETA 

	KD 
	KD 

	2.00 µM 
	2.00 µM 

	Human LV 
	Human LV 
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	Endothelin-1 
	Endothelin-1 

	ETA/B 
	ETA/B 

	KD 
	KD 

	0.093 nM 
	0.093 nM 

	Rat Heart 
	Rat Heart 

	(Liu et al., 1990) 
	(Liu et al., 1990) 
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	KD 
	KD 

	12.70 pM 
	12.70 pM 

	Human LV muscle strips 
	Human LV muscle strips 
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	5-carboxamidotryptamine 
	5-carboxamidotryptamine 

	5-HT1B 
	5-HT1B 

	pEC50 
	pEC50 

	10-7.9 M 
	10-7.9 M 

	A7r5* (Rat) 
	A7r5* (Rat) 

	(Hoyer et al., 1994) 
	(Hoyer et al., 1994) 
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	5-HT2A 
	5-HT2A 

	pEC50 
	pEC50 

	10-3.5 M 
	10-3.5 M 
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	U46619 
	U46619 

	TP 
	TP 

	EC50 
	EC50 

	7.0 nM 
	7.0 nM 

	Rat aorta 
	Rat aorta 

	(Ko et al., 1995) 
	(Ko et al., 1995) 
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	* fibroblast-like cell isolated from the aortic thoracic smooth muscle of an embryonic rat 
	* fibroblast-like cell isolated from the aortic thoracic smooth muscle of an embryonic rat 



	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Table 9.2: Selectivity of the antagonists used to study the GPCRs-mediated vasoconstriction. KD = Dissociation constant, which represents the inverse of receptor’s affinity to the ligand when at equilibrium, and smaller is KD, higher is the affinity of receptor to the ligand (Salahudeen and Nishtala, 2017). KB = the equilibrium dissociation constant of the antagonist. pA2 = The measure of the affinity of a competitive antagonist for specific receptor, pKi = inhibition constant of the antagonist, LV = Left v
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	BQ788 
	BQ788 

	ETB 
	ETB 

	KD 
	KD 

	31 nM 
	31 nM 

	Rat LV 
	Rat LV 

	(Russell and Davenport, 1996) 
	(Russell and Davenport, 1996) 
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	ETA 
	ETA 

	KD 
	KD 

	1.39 µM 
	1.39 µM 

	Rat LV 
	Rat LV 
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	ETB 
	ETB 

	KD 
	KD 

	9.8 nM 
	9.8 nM 

	Human LV 
	Human LV 
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	ETA 
	ETA 

	KD 
	KD 

	1.01 µM 
	1.01 µM 

	Human LV 
	Human LV 
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	Span
	BQ123 
	BQ123 

	ETA 
	ETA 

	KD 
	KD 

	1.18 nM 
	1.18 nM 

	Rat LV 
	Rat LV 

	(Peter and Davenport, 1996) 
	(Peter and Davenport, 1996) 
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	KD 
	KD 

	1370 µM 
	1370 µM 

	Rat LV 
	Rat LV 
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	GR55562 
	GR55562 

	5-HT1B 
	5-HT1B 

	pKi 
	pKi 

	7.4 
	7.4 

	Human cerebral arteries 
	Human cerebral arteries 

	(Nilsson et al., 1999a) 
	(Nilsson et al., 1999a) 
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	5-HT1B 
	5-HT1B 

	KB 
	KB 

	≈100 nm 
	≈100 nm 

	Rat hippocampus 
	Rat hippocampus 

	(Mlinar et al., 2003) 
	(Mlinar et al., 2003) 
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	Seratrodast 
	Seratrodast 

	TP 
	TP 

	pA2 
	pA2 

	8.4 
	8.4 

	Rat aorta 
	Rat aorta 

	(Zhang et al., 1996) 
	(Zhang et al., 1996) 



	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9.2. The difference in vasocontraction between specific groups and the statistical significance (Chapter 4):  
	 
	Table 9-3: The difference of contraction between 0.25 % DMSO and 5 µM U0126 groups and the p values during the vasocontractile response to the cumulative application of sarafotoxin 6c (S6c) (ETB receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries. Doxo = doxorubicin, S6c = sarafotoxin 6c. 
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	Log(S6c) 
	Log(S6c) 

	14 
	14 

	13.5 
	13.5 

	13 
	13 

	12.5 
	12.5 

	12 
	12 

	11.5 
	11.5 

	11 
	11 

	10.5 
	10.5 

	10 
	10 

	9.5 
	9.5 

	9 
	9 

	8.5 
	8.5 

	8 
	8 

	7.5 
	7.5 
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	Span
	Vehicle group 
	Vehicle group 
	versus: 

	Doxo 
	Doxo 

	Difference (%) 
	Difference (%) 

	3 
	3 

	4 
	4 

	3 
	3 

	6 
	6 

	4 
	4 

	6 
	6 

	5 
	5 

	9 
	9 

	8 
	8 

	-11 
	-11 

	-29 
	-29 

	-50 
	-50 

	-60 
	-60 

	-50 
	-50 


	TR
	Span
	p value 
	p value 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	0.171 
	0.171 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 
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	Difference (%) 
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	2 

	2 
	2 

	2 
	2 

	2 
	2 

	10 
	10 

	6 
	6 
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	-28 
	-28 
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	-52 

	-72 
	-72 

	-65 
	-65 
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	> 0.99 
	> 0.99 
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	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	0.076 
	0.076 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 
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	Vehicle + U0126 
	Vehicle + U0126 

	Difference (%) 
	Difference (%) 

	0 
	0 

	2 
	2 

	4 
	4 

	3 
	3 

	5 
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	8 
	8 

	10 
	10 
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	15 

	14 
	14 

	-3 
	-3 

	-4 
	-4 

	-15 
	-15 

	-5 
	-5 

	3 
	3 
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	p value 
	p value 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 


	TR
	Span
	Doxo group 
	Doxo group 
	versus: 

	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	-3 
	-3 

	-4 
	-4 

	-3 
	-3 

	-4 
	-4 

	-2 
	-2 

	-4 
	-4 

	-3 
	-3 

	1 
	1 

	-2 
	-2 

	5 
	5 

	1 
	1 

	-2 
	-2 

	-12 
	-12 

	-15 
	-15 


	TR
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	p value 
	p value 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 

	> 0.99 
	> 0.99 



	 
	  
	Table 9-4: The difference of contraction between 0.5 % DMSO and 10 µM U0126 groups and the p values during the vasocontractile response to the cumulative application of sarafotoxin 6c (S6c) (ETB receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries. Doxo = doxorubicin, S6c = sarafotoxin 6c. 
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	Span
	Log(S6c) 
	Log(S6c) 

	14 
	14 

	13.5 
	13.5 

	13 
	13 

	12.5 
	12.5 

	12 
	12 

	11.5 
	11.5 

	11 
	11 

	10.5 
	10.5 

	10 
	10 

	9.5 
	9.5 

	9 
	9 

	8.5 
	8.5 

	8 
	8 

	7.5 
	7.5 


	TR
	Span
	Vehicle group 
	Vehicle group 

	Doxorubicin 
	Doxorubicin 

	Difference (%) 
	Difference (%) 

	6 
	6 

	10 
	10 

	11 
	11 

	18 
	18 

	23 
	23 

	29 
	29 

	32 
	32 

	26 
	26 

	20 
	20 

	-3 
	-3 

	-24 
	-24 

	 -59 
	 -59 

	 -66 
	 -66 

	 -67 
	 -67 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.453 
	0.453 

	0.162 
	0.162 

	0.029 
	0.029 

	0.016 
	0.016 

	0.073 
	0.073 

	0.350 
	0.350 

	> 0.999 
	> 0.999 

	0.087 
	0.087 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 


	TR
	Span
	Doxorubicin + U0126 
	Doxorubicin + U0126 

	Difference (%) 
	Difference (%) 

	0 
	0 

	2 
	2 

	2 
	2 

	3 
	3 

	5 
	5 

	4 
	4 

	3 
	3 

	0 
	0 

	-9 
	-9 

	 -38 
	 -38 

	 -79 
	 -79 

	 -109 
	 -109 

	 -123 
	 -123 

	 -124 
	 -124 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.002 
	0.002 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 


	TR
	Span
	Vehicle + U0126 
	Vehicle + U0126 

	Difference (%) 
	Difference (%) 

	-1 
	-1 

	0 
	0 

	0 
	0 

	0 
	0 

	-1 
	-1 

	-3 
	-3 

	-3 
	-3 

	-6 
	-6 

	-15 
	-15 

	-41 
	-41 

	-44 
	-44 

	-27 
	-27 

	-6 
	-6 

	-4 
	-4 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.001 
	0.001 

	0.000 
	0.000 

	0.084 
	0.084 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 


	TR
	Span
	Doxorubicin group 
	Doxorubicin group 

	Doxorubicin + U0126 
	Doxorubicin + U0126 

	% difference 
	% difference 

	-6 
	-6 

	-8 
	-8 

	-9 
	-9 

	-15 
	-15 

	-18 
	-18 

	-25 
	-25 

	 -29 
	 -29 

	-26 
	-26 

	 -29 
	 -29 

	 -35 
	 -35 

	 -55 
	 -55 

	 -50 
	 -50 

	 -57 
	 -57 

	 -57 
	 -57 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.710 
	0.710 

	0.363 
	0.363 

	0.066 
	0.066 

	0.025 
	0.025 

	0.052 
	0.052 

	0.031 
	0.031 

	0.003 
	0.003 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 



	 
	  
	Table 9-5: The difference of contraction between 0.25 % DMSO and 5 µM U0126 groups and the p-values during the vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA/B receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries. Doxo = doxorubicin, ET-1 = Endothelin-1. 
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	Log(ET-1) 
	Log(ET-1) 

	14 
	14 

	13.5 
	13.5 

	13 
	13 

	12.5 
	12.5 

	12 
	12 

	11.5 
	11.5 

	11 
	11 

	10.5 
	10.5 

	10 
	10 

	9.5 
	9.5 

	9 
	9 

	8.5 
	8.5 

	8 
	8 

	7.5 
	7.5 


	TR
	Span
	Vehicle group 
	Vehicle group 

	Doxo 
	Doxo 

	Difference (%) 
	Difference (%) 

	0 
	0 

	0 
	0 

	-1 
	-1 

	0 
	0 

	1 
	1 

	1 
	1 

	4 
	4 

	2 
	2 

	4 
	4 

	4 
	4 

	10 
	10 

	30 
	30 

	8 
	8 

	10 
	10 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.0001 
	0.0001 

	> 0.999 
	> 0.999 

	0.906 
	0.906 


	TR
	Span
	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	0 
	0 

	1 
	1 

	-1 
	-1 

	-1 
	-1 

	0 
	0 

	0 
	0 

	0 
	0 

	-1 
	-1 

	0 
	0 

	0 
	0 

	3 
	3 

	2 
	2 

	-35 
	-35 

	-33 
	-33 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	< 0.0001 
	< 0.0001 

	< 0 .0001 
	< 0 .0001 


	TR
	Span
	Vehicle + U0126 
	Vehicle + U0126 

	Difference (%) 
	Difference (%) 

	0 
	0 

	0 
	0 

	0 
	0 

	0 
	0 

	0 
	0 

	0 
	0 

	0 
	0 

	-1 
	-1 

	0 
	0 

	-1 
	-1 

	0 
	0 

	2 
	2 

	-29 
	-29 

	-21 
	-21 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.001 
	0.001 

	0.030 
	0.030 


	TR
	Span
	Doxo group 
	Doxo group 

	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	0 
	0 

	1 
	1 

	0 
	0 

	-1 
	-1 

	-1 
	-1 

	-1 
	-1 

	-4 
	-4 

	-3 
	-3 

	-4 
	-4 

	-4 
	-4 

	-7 
	-7 

	-28 
	-28 

	-43 
	-43 

	-43 
	-43 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.0003 
	0.0003 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 



	 
	  
	Table 9-6: The difference of contraction between 0.5 % DMSO and 10 µM U0126 groups and the p-values during the vasocontractile response to the cumulative application of endothelin-1 (ET-1) (ETA/B receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries. Doxo = doxorubicin, ET-1 = Endothelin-1. 
	 
	Table
	TR
	Span
	Log(ET-1) 
	Log(ET-1) 

	14 
	14 

	13.5 
	13.5 

	13 
	13 

	12.5 
	12.5 

	12 
	12 

	11.5 
	11.5 

	11 
	11 

	10.5 
	10.5 

	10 
	10 

	9.5 
	9.5 

	9 
	9 

	8.5 
	8.5 

	8 
	8 

	7.5 
	7.5 


	TR
	Span
	Vehicle group 
	Vehicle group 

	Doxo 
	Doxo 

	Difference (%) 
	Difference (%) 

	4 
	4 

	2 
	2 

	2 
	2 

	4 
	4 

	4 
	4 

	10 
	10 

	12 
	12 

	11 
	11 

	16 
	16 

	20 
	20 

	0 
	0 

	-10 
	-10 

	-44 
	-44 

	-32 
	-32 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.527 
	0.527 

	0.142 
	0.142 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	< 0.0001 
	< 0.0001 

	0.003 
	0.003 


	TR
	Span
	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	1 
	1 

	1 
	1 

	0 
	0 

	0 
	0 

	1 
	1 

	1 
	1 

	3 
	3 

	2 
	2 

	4 
	4 

	3 
	3 

	-22 
	-22 

	-50 
	-50 

	-102 
	-102 

	-86 
	-86 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.081 
	0.081 

	< 0 .0001 
	< 0 .0001 

	< 0 .0001 
	< 0 .0001 

	< 0 .0001 
	< 0 .0001 


	TR
	Span
	Vehicle + U0126 
	Vehicle + U0126 

	Difference (%) 
	Difference (%) 

	1 
	1 

	0 
	0 

	0 
	0 

	0 
	0 

	0 
	0 

	0 
	0 

	0 
	0 

	-1 
	-1 

	0 
	0 

	-1 
	-1 

	-28 
	-28 

	-43 
	-43 

	-3 
	-3 

	32 
	32 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.016 
	0.016 

	< 0 .0001 
	< 0 .0001 

	> 0.999 
	> 0.999 

	0.010 
	0.010 


	TR
	Span
	Doxo group 
	Doxo group 

	Doxo + U0126 
	Doxo + U0126 

	% difference 
	% difference 

	-3 
	-3 

	-1 
	-1 

	-2 
	-2 

	-4 
	-4 

	-3 
	-3 

	-9 
	-9 

	-9 
	-9 

	-9 
	-9 

	-12 
	-12 

	-17 
	-17 

	-22 
	-22 

	-40 
	-40 

	-58 
	-58 

	-54 
	-54 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.985 
	0.985 

	0.297 
	0.297 

	0.049 
	0.049 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 



	  
	Table 9-7: The difference of contraction between 0.25 % DMSO and 5 µM U0126 groups and the p-values during the vasocontractile response to the cumulative application of 5-carboxamidotryptamine (5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries. Doxo = doxorubicin, 5-CT = 5-carboxamidotryptamine. 
	 
	Table
	TR
	Span
	Log(5-CT) 
	Log(5-CT) 

	12 
	12 

	11.5 
	11.5 

	11 
	11 

	10.5 
	10.5 

	10 
	10 

	9.5 
	9.5 

	9 
	9 

	8.5 
	8.5 

	8 
	8 

	7.5 
	7.5 

	7 
	7 

	6.5 
	6.5 

	6 
	6 

	5.5 
	5.5 


	TR
	Span
	Vehicle group 
	Vehicle group 

	Doxo 
	Doxo 

	Difference (%) 
	Difference (%) 

	1 
	1 

	2 
	2 

	4 
	4 

	3 
	3 

	5 
	5 

	6 
	6 

	7 
	7 

	10 
	10 

	12 
	12 

	14 
	14 

	19 
	19 

	23 
	23 

	39 
	39 

	49 
	49 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.944 
	0.944 

	0.575 
	0.575 

	0.286 
	0.286 

	0.046 
	0.046 

	0.016 
	0.016 

	0.0003 
	0.0003 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 


	TR
	Span
	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	0 
	0 

	0 
	0 

	1 
	1 

	1 
	1 

	2 
	2 

	3 
	3 

	3 
	3 

	6 
	6 

	6 
	6 

	7 
	7 

	9 
	9 

	13 
	13 

	17 
	17 

	11 
	11 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.609 
	0.609 

	0.140 
	0.140 

	0.012 
	0.012 

	0.218 
	0.218 


	TR
	Span
	Vehicle + U0126 
	Vehicle + U0126 

	Difference (%) 
	Difference (%) 

	0 
	0 

	0 
	0 

	-1 
	-1 

	0 
	0 

	0 
	0 

	0 
	0 

	0 
	0 

	1 
	1 

	0 
	0 

	0 
	0 

	2 
	2 

	1 
	1 

	3 
	3 

	0 
	0 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 


	TR
	Span
	Doxo group 
	Doxo group 

	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	-1 
	-1 

	-2 
	-2 

	-3 
	-3 

	-2 
	-2 

	-3 
	-3 

	-3 
	-3 

	-4 
	-4 

	-4 
	-4 

	-6 
	-6 

	-7 
	-7 

	-10 
	-10 

	-10 
	-10 

	-22 
	-22 

	-38 
	-38 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.226 
	0.226 

	0.260 
	0.260 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 



	  
	Table 9-8: The difference of contraction between 0.5 % DMSO and 10 µM U0126 groups and the p-values during the vasocontractile response to the cumulative application of 5-carboxamidotryptamine (5-CT) (5-HT1B receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries. Doxo = doxorubicin, 5-CT = 5-carboxamidotryptamine. 
	 
	Table
	TR
	Span
	Log(5-CT) 
	Log(5-CT) 

	12 
	12 

	11.5 
	11.5 

	11 
	11 

	10.5 
	10.5 

	10 
	10 

	9.5 
	9.5 

	9 
	9 

	8.5 
	8.5 

	8 
	8 

	7.5 
	7.5 

	7 
	7 

	6.5 
	6.5 

	6 
	6 

	5.5 
	5.5 


	TR
	Span
	Vehicle group 
	Vehicle group 

	Doxo 
	Doxo 

	Difference (%) 
	Difference (%) 

	0 
	0 

	1 
	1 

	2 
	2 

	2 
	2 

	4 
	4 

	4 
	4 

	6 
	6 

	6 
	6 

	11 
	11 

	14 
	14 

	16 
	16 

	15 
	15 

	32 
	32 

	22 
	22 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.130 
	0.130 

	0.033 
	0.033 

	0.007 
	0.007 

	0.013 
	0.013 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 


	TR
	Span
	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	-1 
	-1 

	0 
	0 

	0 
	0 

	0 
	0 

	2 
	2 

	1 
	1 

	1 
	1 

	2 
	2 

	2 
	2 

	3 
	3 

	3 
	3 

	2 
	2 

	4 
	4 

	-22 
	-22 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	< 0.0001 
	< 0.0001 


	TR
	Span
	Vehicle + U0126 
	Vehicle + U0126 

	Difference (%) 
	Difference (%) 

	-1 
	-1 

	0 
	0 

	0 
	0 

	-1 
	-1 

	1 
	1 

	0 
	0 

	-1 
	-1 

	-1 
	-1 

	-1 
	-1 

	0 
	0 

	1 
	1 

	-1 
	-1 

	-3 
	-3 

	-37 
	-37 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	< 0.0001 
	< 0.0001 


	TR
	Span
	Doxo group 
	Doxo group 

	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	-1 
	-1 

	-1 
	-1 

	-2 
	-2 

	-2 
	-2 

	-2 
	-2 

	-3 
	-3 

	-5 
	-5 

	-4 
	-4 

	-9 
	-9 

	-11 
	-11 

	-13 
	-13 

	-13 
	-13 

	-28 
	-28 

	-44 
	-44 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.317 
	0.317 

	0.114 
	0.114 

	0.046 
	0.046 

	0.058 
	0.058 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 



	  
	Table 9-9: The difference of contraction between 0.25 % DMSO and 5 µM U0126 groups and the p-values during the vasocontractile response to the cumulative application of U46619 (TP receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries. Doxo = doxorubicin. 
	 
	Table
	TR
	Span
	Log(U46619) 
	Log(U46619) 

	12 
	12 

	11.5 
	11.5 

	11 
	11 

	10.5 
	10.5 

	10 
	10 

	9.5 
	9.5 

	9 
	9 

	8.5 
	8.5 

	8 
	8 

	7.5 
	7.5 

	7 
	7 

	6.5 
	6.5 


	TR
	Span
	Vehicle group 
	Vehicle group 

	Doxo 
	Doxo 

	Difference (%) 
	Difference (%) 

	-1 
	-1 

	-2 
	-2 

	-1 
	-1 

	0 
	0 

	0 
	0 

	3 
	3 

	1 
	1 

	3 
	3 

	21 
	21 

	47 
	47 

	40 
	40 

	26 
	26 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.027 
	0.027 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 

	0.003 
	0.003 


	TR
	Span
	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	0 
	0 

	-2 
	-2 

	0 
	0 

	0 
	0 

	-1 
	-1 

	1 
	1 

	0 
	0 

	0 
	0 

	6 
	6 

	27 
	27 

	6 
	6 

	-8 
	-8 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.007 
	0.007 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 


	TR
	Span
	Vehicle + U0126 
	Vehicle + U0126 

	Difference (%) 
	Difference (%) 

	0 
	0 

	-2 
	-2 

	0 
	0 

	0 
	0 

	-1 
	-1 

	0 
	0 

	0 
	0 

	-1 
	-1 

	1 
	1 

	13 
	13 

	-1 
	-1 

	-4 
	-4 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.620 
	0.620 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 


	TR
	Span
	Doxo group 
	Doxo group 

	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	1 
	1 

	0 
	0 

	1 
	1 

	0 
	0 

	-1 
	-1 

	-2 
	-2 

	-1 
	-1 

	-3 
	-3 

	-15 
	-15 

	-20 
	-20 

	-34 
	-34 

	-34 
	-34 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.392 
	0.392 

	0.076 
	0.076 

	0.0001 
	0.0001 

	< 0.0001 
	< 0.0001 



	 
	  
	 Table 9-10: The difference of contraction between 0.5 % DMSO and 10 µM U0126 groups and the p-values during the vasocontractile response to the cumulative application of U46619 (TP receptor agonist) normalised to 60 mM K+ KH-induced vasocontraction in rat LAD arteries. Doxo = doxorubicin. 
	 
	Table
	TR
	Span
	Log(U46619) 
	Log(U46619) 

	12 
	12 

	11.5 
	11.5 

	11 
	11 

	10.5 
	10.5 

	10 
	10 

	9.5 
	9.5 

	9 
	9 

	8.5 
	8.5 

	8 
	8 

	7.5 
	7.5 

	7 
	7 

	6.5 
	6.5 


	TR
	Span
	Vehicle group 
	Vehicle group 

	Doxo 
	Doxo 

	Difference (%) 
	Difference (%) 

	-1 
	-1 

	-1 
	-1 

	-1 
	-1 

	-2 
	-2 

	1 
	1 

	2 
	2 

	3 
	3 

	5 
	5 

	16 
	16 

	29 
	29 

	29 
	29 

	15 
	15 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.194 
	0.194 

	0.001 
	0.001 

	0.0004 
	0.0004 

	0.234 
	0.234 


	TR
	Span
	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	1 
	1 

	0 
	0 

	0 
	0 

	-1 
	-1 

	-2 
	-2 

	-2 
	-2 

	-2 
	-2 

	-1 
	-1 

	6 
	6 

	6 
	6 

	-24 
	-24 

	-42 
	-42 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.007 
	0.007 

	< 0.0001 
	< 0.0001 


	TR
	Span
	Vehicle + U0126 
	Vehicle + U0126 

	Difference (%) 
	Difference (%) 

	-1 
	-1 

	0 
	0 

	0 
	0 

	-1 
	-1 

	-1 
	-1 

	-1 
	-1 

	-1 
	-1 

	-1 
	-1 

	1 
	1 

	-12 
	-12 

	-51 
	-51 

	-44 
	-44 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.809 
	0.809 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 


	TR
	Span
	Doxo group 
	Doxo group 

	Doxo + U0126 
	Doxo + U0126 

	Difference (%) 
	Difference (%) 

	2 
	2 

	1 
	1 

	1 
	1 

	1 
	1 

	-3 
	-3 

	-4 
	-4 

	-5 
	-5 

	-6 
	-6 

	-10 
	-10 

	-23 
	-23 

	-53 
	-53 

	-57 
	-57 


	TR
	Span
	p value 
	p value 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	> 0.999 
	> 0.999 

	0.005 
	0.005 

	< 0.0001 
	< 0.0001 

	< 0.0001 
	< 0.0001 



	 
	9.3. Results from fresh versus organ cultured-LAD artery molecular studies on transcriptional and translational levels of the four GPCRs studied in Chapter 5:  
	(A)                                                                        (B)  
	 
	 
	InlineShape

	Figure
	Figure 9-1: The transcriptional changes induced by organ culture on ETA receptors of LAD arteries. (A) The ETA receptors mRNA levels relative to the GAPDH level. Fresh LAD arteries (n=10), Vehicle + 2.5 µL of DMSO (n=10) and Vehicle + 5 µL of DMSO (n=10). (B) The ETA receptors expression on LAD arteries normalised to the fresh group. Fresh LAD arteries (n=3), Vehicle + 2.5 µL of DMSO (n=4) and Vehicle + 5 µL of DMSO (n=4). DMSO = Dimethyl sulfoxide. The different group were compared using one-way ANOVA and 
	 (A)      (B) 
	 
	 
	 
	InlineShape

	Figure
	Figure 9-2: The transcriptional changes induced by organ culture on ETB receptors of LAD arteries. (A) The ETB receptors mRNA levels relative to the GAPDH level. Fresh LAD arteries (n=10), Vehicle + 2.5 µL of DMSO (n=10) and Vehicle + 5 µL of DMSO (n=10). (B) The ETB receptors expression on LAD arteries normalised to the fresh group. Fresh LAD arteries (n=3), Vehicle + 2.5 µL of DMSO (n=4) and Vehicle + 5 µL of DMSO (n=4). DMSO = Dimethyl sulfoxide. The different group were compared using one-way ANOVA and 
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	Figure
	Figure 9-3: The transcriptional changes induced by organ culture on 5-HT1B receptors of LAD arteries. (A) The 5-HT1B receptors mRNA levels relative to the GAPDH level. Fresh LAD arteries (n=10), Vehicle + 2.5 µL of DMSO (n=10) and Vehicle + 5 µL of DMSO (n=10). (B) The 5-HT1B receptors expression on LAD arteries normalised to the fresh group. Fresh LAD arteries (n=4), Vehicle + 2.5 µL of DMSO (n=3) and Vehicle + 5 µL of DMSO (n=4). DMSO = Dimethyl sulfoxide. The different group were compared using one-way A
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	Figure
	Figure 9-4: The transcriptional changes induced by organ culture on TP receptors of LAD arteries. (A) The TP receptors mRNA levels relative to the GAPDH level. Fresh LAD arteries (n=10), Vehicle + 2.5 µL of DMSO (n=10) and Vehicle + 5 µL of DMSO (n=10). (B) The TP receptors expression on LAD arteries normalised to the fresh group. Fresh LAD arteries (n=4), Vehicle + 2.5 µL of DMSO (n=3) and Vehicle + 5 µL of DMSO (n=4). DMSO = Dimethyl sulfoxide. The different group were compared using one-way ANOVA and Fis
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