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I. Abstract  

The identification of the vascular endothelial growth factor (VEGF) as a crucial determinant 

in neoangiogenesis, as well as the role of its overexpression in tumour growth and 

dissemination, have provided an attractive target for more specific cancer treatments. In 

particular, since the clinical approval of the first receptor tyrosine kinase inhibitor (RTKI) in 

2001, several agents targeting vascular endothelial growth factor receptor (VEGFR) signalling 

have been approved for the treatment of a variety of malignancies. However, the improved 

clinical outcomes associated with these therapeutics have been accompanied by 

unanticipated cardiovascular toxicities, in particular hypertension, resulting in both acute- 

and long-term cardiovascular dysfunctions, which still represent a major cause of morbidity 

and mortality in cancer survivors. As a result, cardiovascular safety of VEGFR inhibitors 

remains a major challenge in oncology, since unanticipated and poorly controlled 

cardiovascular toxicities induced by these therapeutics often result in a reduction of 

therapeutic dosage or treatment interruption, therefore influencing cancer management. To 

that end, this project aimed to comprehensively characterise the cardiovascular safety 

liabilities associated with two VEGFR-2 inhibitors, in particular axitinib and lenvatinib, as well 

as investigate the involvement of endothelin-1 (ET-1) system in the development of RTKI-

induced hypertension. Combining diverse in vitro, ex vivo and in vivo approaches, the 

purpose of this study was also the identification of sensitive approaches to readily detect 

cardiovascular risk of these novel targeted therapies in preclinical settings.  

 

As the incidence of hypertension seems to be correlated to the potency of these therapeutics 

against VEGFR-2, we first quantified the inhibitory activity of a spectrum of RTKIs on VEGFR-

2 mediated responses. The five RTKIs targeting VEGFR-2 tested in this study (axitinib, 

linifanib, vatalanib, SU-14813 and lenvatinib) showed a potent inhibition of VEGF165a-

stimulated nuclear factor of activated T-cell (NFAT) response with IC50 values in nanomolar 

range, with axitinib and lenvatinib showing highest relative potency for the receptor. These 

two RTKIs were then selected for the characterisation of their haemodynamic effects in 

conscious and freely moving rats. Both axitinib and lenvatinib caused a significant 

hypertensive response, which was associated with an increased vascular tone in hindquarters 

and mesenteric arteries. Additionally, given the onset time for hypertension in the animal 

model used (24-48 hours), this in vivo model has proven to be a sensitive and translational 
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approach for the prediction and early detection of haemodynamic effects of these novel 

targeted anticancer therapies.  

 

Second, we investigated the role of dual ETA/ETB receptor blockade with bosentan and 

selective ETA receptor antagonism with sitaxentan in the prevention of axitinib- and 

lenvatinib-induced hypertension. In conscious and freely moving rats, sitaxentan completely 

prevented the hypertensive response to axitinib and lenvatinib. These findings established 

the contribution of ET-1 to RTKI-induced hypertension. In particular, our results have 

demonstrated that such increase in BP is purely regulated by ETA receptors. The simultaneous 

evaluation of the role of endothelin receptors antagonism in preventing the RTKI-mediated 

alterations of vascular tone in regional vascular beds showed that axitinib- and lenvatinib-

induced increase of mesenteric vascular tone could be independent of their hypertensive 

effect, and it may be mainly mediated by ETB receptors. 

 

Third, ex vivo studies were used to investigate the effect of axitinib and lenvatinib on vascular 

reactivity and endothelial function, while also assessing the role of arterial stiffness in the 

haemodynamic responses associated with these agents. Experiments on isolated mouse 

aortic segments showed that the treatment with axitinib and lenvatinib was not associated 

with endothelial dysfunction, as reported by the unaltered endothelium-dependent 

relaxation in response to acetylcholine (ACh). Endothelium-independent relaxation in 

response to nitric oxide (NO) donor was not affected by both axitinib and lenvatinib, 

suggesting a preserved vascular smooth muscle cells (VSMCs) function. In addition, the 

rodent oscillatory set-up to study arterial compliance (ROTSAC) was used to investigate the 

effect of axitinib and lenvatinib on arterial stiffness; no evidence was found that these agents 

affect arterial compliance in the time period evaluated in this study.  

 

Finally, in vivo experiments were performed to assess cardiac functional and structural 

changes induced by axitinib and lenvatinib in a mouse model. Echocardiographic 

measurements and pressure-volume loops analysis revealed an impairment of systolic 

function in response to lenvatinib. The treatment with this RTKI was also associated with 

structural changes of the left ventricle (LV), including left ventricular wall thinning and cavity 

enlargement, suggestive of drug-induced dilated cardiomyopathy. 
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Cancer represents a leading cause of death worldwide (Nagai & Kim, 2017; Bray et al., 2021), 

with an incidence that increased from 12.7 to 19.3 million new cancer cases in the period 

from 2008 to 2020 (Ferlay et al., 2010; Sung et al., 2021). Globally, new cancer cases are 

expected to rise to 28.4 million by 2040 (Hulvat, 2020; Sung et al., 2021). However, the 

mortality rate among cancer patients has significantly reduced in the last 20 years, primarily 

as a result of considerable advances in terms of tumour prevention, diagnosis and treatment 

(Barac et al., 2015; Miller et al., 2022). In the past decade, a growing understanding of the 

biological processes underlying cancer initiation and progression has redefined the 

therapeutic approach in the oncology field (Lee et al., 2018; Malone et al., 2020). In 

particular, the introduction of novel cancer treatments targeting the VEGF pathway has led 

to a considerable reduction in morbidity and mortality among cancer patients (Bhargava & 

Robinson, 2011; Vasudev & Reynolds, 2014; Iacovelli et al., 2015; Lee et al., 2018). Indeed, 

VEGF, by binding its receptor tyrosine kinase (RTK), acts as a proangiogenic factor, whose 

overexpression correlates with tumour invasive growth and metastasis (Shibuya, 2011; Apte 

et al., 2019; Elebiyo et al., 2022). Given the implication of VEGF and RTKs in the pathogenesis 

of several types of malignancies, new therapeutics, which inhibit functional activity of these 

proteins, have shown improvements both in terms of progression-free survival (PFS) and 

overall survival (OS) (R. Siegel et al., 2012; Vasudev & Reynolds, 2014; Iacovelli et al., 2015; 

Roviello et al., 2017; Baek Moller et al., 2019), although variable results have been obtained 

depending on the type of cancer, the stage of malignancy and the combination with 

traditional antineoplastic treatments (Vasudev & Reynolds, 2014; Melincovici et al., 2018). 

Nevertheless, along with these improved clinical outcomes, soon after the introduction of 

VEGF inhibitors in clinical practice, unanticipated cardiotoxicities emerged, leading to both 

acute and long term cardiovascular dysfunctions (Zuppinger & Suter, 2010; Guha et al., 2019), 

which still represent a major cause of morbidity and mortality in cancer survivors (Barac et 

al., 2015; Mohammed, Parekh, et al., 2021). Even if from clinical practice it is clear that VEGF 

inhibition strongly affects the haemodynamic balance in patients treated with RTKIs (Bair et 

al., 2013; Mäki-Petäjä et al., 2021), the molecular mechanisms underpinning these 

cardiovascular toxicities are still largely unknown. Many hypotheses have been proposed but 

a clear understanding of the cardiovascular biology of VEGF and the processes by which its 

inhibition impairs cardiovascular function remains to be elucidated (Dhaun & Webb, 2010; 

Small et al., 2014; Touyz et al., 2018; Dorst et al., 2021). The lack of clarity regarding the 

mechanisms and the extent to which VEGF inhibition affects cardiovascular function 

complicates the therapeutic management of cancer patients who develop such adverse 
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effects (Steingart et al., 2012; Dobbin et al., 2018). In particular, the severity of cardiovascular 

toxicities associated with VEGFR inhibitors often requires a dose reduction, temporary 

discontinuation or permanent interruption of these potentially lifesaving therapies (Copur & 

Obermiller, 2011; Mellor et al., 2011; Small et al., 2014; Mohammed, Parekh, et al., 2021). 

Identifying the specific mechanisms of RTKIs-related cardiovascular toxicities can strongly 

contribute to develop novel targeted cancer therapies which do not alter the signalling 

pathway responsible for such complications. Moreover, a clear comprehension of the 

pathophysiology of RTKI-induced cardiovascular diseases would represent a key point in the 

therapeutic management of these cardiovascular events in cancer population. Indeed, 

antihypertensive strategies currently used in in the cancer patients who develops RTKI-

induced hypertension are generic and not pathophysiologically targeted (Lankhorst, Saleh, 

et al., 2015b; Dorst et al., 2021). Presently, evidence for an effective approach to assess and 

treat RTKIs-related cardiovascular dysfunctions is limited and specific guidelines for the 

management of cardiovascular events in RTKI-treated patients are lacking (Dorst et al., 2021; 

Mohammed, Parekh, et al., 2021). The majority of data relative to cardiovascular adverse 

effects of VEGFIs derives from clinical trials or retrospective meta-analyses (Bair et al., 2013). 

This phenomenon sheds light on the urgent need to identify strategies to assess 

cardiovascular safety of VEGFR inhibitors during preclinical studies and to detect potential 

cardiovascular impairment during drug development, in addition to clearly defining the 

effects of these therapies on the cardiovascular system. In the field of safety pharmacology, 

these three aspects represent both the theoretical and practical knowledge gaps that this 

PhD project aims to address. In this context, the vision of the INSPIRE programme (INnovation 

in Safety Pharmacology for Integrated cardiovascular safety assessment to REduce adverse 

events and late-stage drug attrition) (Guns et al., 2020), within which my project is supported, 

is to identify and mitigate cardiovascular complications in an early-stage of the drug 

development, thus contributing to a substantial progress within the context of the safety 

pharmacology. Indeed, drug-induced changes in haemodynamic, as well as structural and 

functional cardiovascular toxicities, represent an emerging problem in safety pharmacology, 

requiring an unequivocal and urgent identification of predictive preclinical models to define 

the cardiovascular safety profile of novel anticancer therapeutics, as well as a better 

understanding of the mechanistic basis of their cardiovascular liabilities, by means of in vitro, 

ex vivo and in vivo approaches. Combining all these strategies, this project has a key role in 

the refinement of cardiovascular safety pharmacology assays. This research, aiming to 

identify the relationship between VEGF signalling inhibition and cardiovascular dysfunctions, 
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plays a critical role in the future prediction and prevention of cardiovascular risk in patients 

treated with RTKIs. Considering the success of these drugs in cancer treatment, fully 

understanding the pathophysiological events behind their cardiovascular toxicity, as well as 

identifying more sensitive predictive tools to identify and/or reduce their cardiovascular risk, 

may have a significant impact in the cardiovascular safety of cancer patients. Indeed, the 

inadequacy to readily detect cardiovascular risk of these novel targeted therapies in 

preclinical settings resulted in unanticipated adverse effects both during clinical trials and 

post-marketing phase, leading to a reduced translational value of the existing investigating 

approaches (Laverty et al., 2011; Bhatt et al., 2019). 

1.1 SAFETY PHARMACOLOGY 

Starting from the 1970s, it became clear that the standard studies to preclinically evaluate 

the toxicity of therapeutics were not sufficient to adequately identify pharmacodynamic 

adverse effects on physiological functions (Williams, 1990; Bass et al., 2004; Bass et al., 2015). 

In particular, preclinical safety studies carried out until that period failed to appropriately 

predict the safety endpoint in humans. From this urgent need to examine the impact of drugs 

on vital functions prior to human exposure (Pugsley, 2015), safety pharmacology has 

emerged as a new field, the aim of which is to investigate any functional adverse effect of 

therapeutics on critical organ systems (e.g. cardiovascular, respiratory and central nervous 

systems), as officially defined in the International Conference on Harmonization (ICH) S7A 

(Anon, 2001e). The assessment of pharmacologically based toxicity from the evaluation of 

drug effects, both on intended therapeutic target and on target distinct from the primary 

one, represents therefore the major goal of safety pharmacology itself (Anon, 2001e; 

Pugsley, 2015). As a result, along with preclinical toxicology studies, safety pharmacology 

plays an essential role within the non-clinical safety profiling of new therapeutics (Claude & 

Claude, 2004; Morimoto et al., 2015). In the context of drug development, this new approach 

is seen as an essential strategy to ensure both drug safety and effectiveness, reducing safety-

related attrition rate both in preclinical, clinical and post-marketing phase (Bowes et al., 

2012; Trame et al., 2016).  

 

Cardiovascular safety liabilities represent the leading cause of drug attrition from preclinical 

development to post-approval phase (Laverty et al., 2011; Ferri et al., 2013; Weaver & 

Valentin, 2018), where the incidence of cardiovascular-related attrition may reach up to 45% 

(Redfern WS, 2010; Valentin, 2010) (Figure 1). The major concern is represented by the 

subtle, but high-risk, cardiovascular complications which emerge when therapeutics are 
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clinically used on large scale and for long periods of time, without being either preclinically 

anticipated or defined as clinically significant during non-clinical and clinical evaluation 

(Redfern WS, 2010). This phenomenon often results in the temporary or permanent 

treatment interruption in order to limit cardiovascular toxicities (Laverty et al., 2011). 

Complications in cardiovascular function are linked to the administration of both 

cardiovascular and non-cardiovascular therapeutics and include alterations in terms of blood 

pressure (BP), cardiac function and vascular system (Laverty et al., 2011; Belcik et al., 2012; 

Ancker et al., 2017; Versmissen et al., 2019). An emerging challenge is represented by 

cardiovascular toxicity related to novel molecular targeted therapies used in oncology, with 

particular reference to RTKIs (Barac et al., 2015; Campia et al., 2019). However, the 

relationship between these drugs and the impairment of cardiovascular status is still far from 

being clearly understood (Small et al., 2014; Camarda et al., 2022). As a result, predicting and 

managing cardiovascular adverse effects associated with RTK inhibitors is not only relevant 

to reduce drug attrition, development times and costs, but it is also essential to improve 

patient safety (Laverty et al., 2011; Yang & Papoian, 2018). Characterising their impact on 

cardiovascular physiology, as well as improving the predictive and translational value of 

existing preclinical investigations, is fundamental in order to determine and limit 

cardiovascular safety liabilities of these drugs (Laverty et al., 2011; Yang & Papoian, 2012; 

Chaar et al., 2018). 

 

 

Figure 1. Prevalence of safety liabilities relating to the cardiovascular, hepatic, nervous and 

respiratory systems from the preclinical stage to the post-approval phase and their impact in terms of 

drug attrition. ADRs = adverse drug reactions; CDs = candidate drugs. Information was compiled from 

0% 1-10% 10-20% >20%

Phase Non-clinical Phase I Phase I-III Approval Post-approval Post-approval  .

Information Cause of attrition Serious ADRs Cause of attrition ADRs on label Serious ADRs
Withdrawal from 

sale

Source Car (2006) Sibille et al (1998) Olson (2000) Krejsa (2003)
Budnitz et al 

(2006)

Stevens & Baker 

(2008)

Sample size 88 CDs stopped 1015 subjects 82 CDs stopped 1138 drugs 21298 patients 47 drugs

Cardiovascular 

system
27% 9% 21% 36% 15% 45%

Hepatic system 8% 7% 21% 13% 0% 32%

N ervous system 14% 28% 21% 67% 39% 2%

Respiratory 

system
2% 0% 0% 32% 8% 2%

0% 1-10% 10-20% >20%
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published articles (Sibille et al., 1998; Olson et al., 2000; Krejsa et al., 2003; Budnitz et al., 2006; Car, 

2006; Stevens & Baker, 2009). Adapted from (Redfern WS, 2010) 

 

1.1.1 Haemodynamic assessment in Safety Pharmacology 

Significant attention in cardiovascular safety assessment has been dedicated on drug-

induced alterations of the electrocardiogram (ECG) and proarrhythmic potential, mainly via 

the evaluation of human ether-a-go-go related gene (hERG) potassium channel blockade and 

in vivo assessment of QT interval prolongation potential (Pollard et al., 2010; Valentin, 2010; 

Pugsley, 2015). An alteration of hERG, which is responsible for encoding for the subunit of 

one of the most important channel involved in the repolarization of the ventricular 

cardiomyocyte action potential, leads to an excessive prolongation of the action potential 

and to an increased dispersion of ventricular repolarization (Sanguinetti & Keating, 1997; 

Monitillo et al., 2016). A prolongation of the QT interval, representative of a delayed 

ventricular repolarization, is a critical safety issue in drug development, being in fact 

associated with an increased risk for potentially fatal ventricular tachyarrhythmia, also 

known as torsade de pointes (Finlayson et al., 2004; Kannankeril et al., 2010; Sheng et al., 

2016; Li & Ramos, 2017). To implement the prediction of clinical proarrhythmic risk, a 

comprehensive proarrhythmia assay paradigm has been established through an extensive 

cooperation between industries, regulatory agencies and academia (Colatsky et al., 2016). 

However, the situation is much less definite when it comes to other cardiovascular 

alterations such as hypertension and left ventricular dysfunction (LVD) (Valentin, 2010; 

Pugsley et al., 2015). Indeed, the unclear clinical relevance of elevated BP and changes in 

cardiac function detected by the existing preclinical models reduces the predicting power of 

such non-clinical strategies (Valentin, 2010; Pugsley et al., 2015). Specifically, considering 

that hypertension is the major risk factor for stroke and cardiovascular diseases, a more 

precise prediction of prohypertensive risk in preclinical models and its clinical implications 

should be pursued (Authier et al., 2015; Pugsley et al., 2015). Indeed, the relationship 

between elevated BP and cardiovascular impairment makes arterial BP an essential 

parameter within safety pharmacology (Valentin, 2010; Authier et al., 2015). A number of 

methods are available to detect changes in arterial BP in preclinical studies. In particular, 

significant alterations in BP can be readily detected in preclinical setting and their clinical 

meaning is easily translatable (Valentin, 2010). Conversely, the major challenge is 

represented by small alterations in BP, which cannot always be accurately identified in 

preclinical setting and, when they are detected, their clinical translatability remains difficult 
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to be interpreted (Valentin, 2010; Authier et al., 2015; Pugsley, 2015). This highlights the 

need for more sensitive and translational preclinical approaches to assess the hypertensive 

potential of therapeutics in safety pharmacology studies. 

 The VEGF signalling inhibitors represent a good example of drugs that have a significant 

impact on BP, which became evident only when they were used widely within the general 

population (Minotti et al., 2010; Small et al., 2014). Moreover, the mechanisms by which they 

cause such hypertensive effect is still unclear (Kamba & McDonald, 2007; Mohammed, 

Parekh, et al., 2021; Camarda et al., 2022). Using preclinical safety pharmacology models for 

the haemodynamic assessment of VEGFR-TKIs represents a valuable opportunity to develop 

new tools able to identify and predict haemodynamic changes associated with these drugs 

(Belcik et al., 2012; Pugsley, 2015; Bhatt et al., 2019), in addition to permitting the 

understanding of the mechanisms responsible for RTKIs-related cardiovascular toxicities.  

 

1.1.2 Cardiovascular safety assessment of cancer therapies: the need for cardio-

oncology 

During the last decade, cancer treatment has undergone a revolutionary progress, moving 

from non-selective cytotoxic therapies to novel targeted drugs, specifically addressed to 

cellular pathways overexpressed in cancer cells but not in normal cells (Gerber, 2008). In 

particular, novel targeted anticancer treatments can be mainly categorized as small molecule 

(e.g., RTK inhibitors) and large molecule drugs (cytokines, monoclonal antibodies and 

antibody-drug conjugates) (Martin, 2015; Lee et al., 2018; Zhong et al., 2021). If the high 

selectivity of large molecule biopharmaceuticals reduces their likelihood of binding 

unintended targets or exerting toxicity directly related to their mechanism of action (Scott et 

al., 2012), small molecules, not being characterised by the same elevated specificity, have an 

increased potential for cross-reactivity with other targets (Davis et al., 2011). As a result of 

this lack of specificity, low molecular weight therapeutics may lead to complications  both 

related to their mechanism of action (“on-target” toxicity) as well as not linked to their 

primary target (“off-target” toxicity) (Schmidinger, 2013; Martin, 2015; Touyz et al., 2018; Lin 

et al., 2019). In this context, RTK inhibitors targeting VEGFRs are a good example of drugs 

which have been shown to determine cardiovascular impairment although it is not yet clear 

whether this toxicity results from an “on-target” effect on the intended kinase target (i.e., 

VEGFR-2) and/or “off-target” interaction with additional kinases (Mellor et al., 2011; Baek 

Moller et al., 2019). These small molecules, inhibiting VEGF signalling via blockade of VEGFR-

2, suppress the pro-angiogenic response associated with this signalling pathway, preventing 
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the vascularisation and the growth of the primary tumour and metastases (Ferrara, 2004a; 

Ellis & Hicklin, 2008). Whilst these therapeutics have significantly improved cancer prognosis 

and survivorship, multiple cardiovascular complications have been identified as associated 

to these agents, without being anticipated in preclinical studies (Barac et al., 2015; Li et al., 

2015; Sheng et al., 2016). This discrepancy draws attention to the lack of predictive and 

sensitive preclinical strategies to anticipate the cardiovascular liabilities of these therapies, 

which mainly include severe hypertension, heart failure and thromboembolism (Sheng et al., 

2016; Arjun K Ghosh, 2017; Touyz et al., 2018; Camarda et al., 2022). Indeed, within the 

toxicological assessment of these drugs, the standard repeated-dose studies have not been 

able to predict and detect these cardiotoxicities (Martin, 2015). As a result of these cardiac 

and vascular sequelae associated with novel anticancer target therapies, the new 

translational discipline of cardio-oncology has emerged (Bellinger et al., 2015; Campia et al., 

2019; Kostakou et al., 2019; Tan & Lyon, 2021). This multidisciplinary field is focused on 

limiting and predicting cardiovascular complications in cancer patients and survivors (Yeh & 

Bickford, 2009; Guha et al., 2019), with the dual aim of reducing both short- and long-term 

risk for cardiovascular diseases in cancer population, as well as improving our understanding 

of signalling events implicated in these events (Campia et al., 2019; Versmissen et al., 2019; 

Tan & Lyon, 2021).  

 

Multitarget tyrosine kinase inhibitors, notably sunitinib and sorafenib, have been reported 

to produce hypertension and other cardiovascular impairments, such as LVD and heart failure 

(Chu et al., 2007; Force et al., 2007; Khakoo et al., 2008; Choueiri et al., 2010; Abdel-Rahman 

& Fouad, 2014). Among cancer patients treated with VEGFR inhibitors, 30% to 80% of them 

developed hypertension, and a quarter of patients experienced an asymptomatic LVD, 

resulting in symptomatic heart failure for 4-8% of them (Wu et al., 2008; Yeh & Bickford, 

2009; Richards et al., 2011; Chaar et al., 2018; Chung et al., 2020; Mäki-Petäjä et al., 2021). 

Nevertheless, the inadequacy of primary literature about the cardiovascular adverse events 

rate of novel anticancer treatments, with particular reference to the most recent RTK 

inhibitors, represents an additional relevant issue within cardio-oncology (Dong & Chen, 

2018; Baek Moller et al., 2019; Chung et al., 2020). These drugs, as inhibitors of the vascular 

endothelial growth factor (VEGF) signalling pathway, provide an effective strategy in 

oncology, and are used to treat several malignancies, such as breast, colorectal, lung, 

pancreatic and hematologic cancer, as well as renal cell and hepatocellular carcinoma 

(Markman & Markman, 2018; Versmissen et al., 2019; Liu et al., 2022). Even if highly effective 
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in treating cancer, VEGFR inhibitors have a significant limitation due to their detrimental 

impact on cardiovascular function (Markman & Markman, 2018; Dobbin et al., 2021). In this 

regard, the aim of cardio-oncology is therefore to identify new strategies to early detect and 

appropriately manage alterations on cardiac function and haemodynamic parameters in 

cancer patients and survivors (Yeh & Bickford, 2009; Barac et al., 2015; Kostakou et al., 2019).  

 

1.2 VEGF SIGNALLING 

VEGFs play a key role in regulating a wide range of physiological and pathological responses 

in different tissues, being master regulators of blood vessel growth and development (Nieves 

et al., 2009; Shibuya, 2011). The pathways activated by VEGFs mediate both vascular 

development from precursor cells during embryogenesis (vasculogenesis) and the formation 

of new blood vessels from pre-existing vasculature (angiogenesis) (Ferrara et al., 2003; Koch 

& Claesson-Welsh, 2012; Melincovici et al., 2018; Wiszniak & Schwarz, 2021). Along with the 

regulation of vascular development and angiogenesis, the binding between VEGFs and their 

cognate receptors, with the contribution of several co-receptors, controls metabolic 

homeostasis, cell proliferation, migration, survival and permeability (Smith et al., 2015; Apte 

et al., 2019; di Somma et al., 2020; Wiszniak & Schwarz, 2021). All these responses are the 

result of a refined and complex signal transduction pathway activated by ligand-mediated 

VEGFR dimerization and co-receptors recruitment, namely neuropilins (NRPs), heparan 

sulphate proteoglycans (HSPGs) and integrins (Figure 2) (Jakobsson et al., 2006; Grünewald 

et al., 2010; Chiodelli et al., 2011; Koch & Claesson-Welsh, 2012; M. Simons et al., 2016). In 

particular, five different VEGF ligands, and their related splice isoforms, interact in an 

overlapping manner with three diverse VEGF receptors, which belong to the family of 

tyrosine kinase receptors (Olsson et al., 2006; Shibuya, 2011; M. Simons et al., 2016). In 

addition to modulate physiological outcomes, VEGF signalling, if upregulated, has also a role 

in the pathogenesis of several diseases, including cancer, where uncontrolled angiogenesis 

and metastatic spreading support tumour growth and invasion  (Smith et al., 2015; Apte et 

al., 2019; Wang et al., 2020). As a result, considering the involvement of VEGFs in vascular 

development both in health and disease, it is crucial to understand their biology, as well as 

the events associated with their pathways in physiological and pathological conditions (E. M. 

Siegel et al., 2012; Smith et al., 2015; Wang et al., 2020; Qi et al., 2022).  
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Figure 2. Interaction between the members of the VEGF family and their cognate receptors. VEGF-A 

isoforms act as ligands both for VEGFR-1 and VEGFR-2, whereas VEGF-B interact selectively with 

VEGFR-1. VEGF-C and VEGF-D bind to VEGFR-3 and, if proteolytically processed, bind also VEGFR-2. In 

addition, VEGFA165, VEGFA189 and VEGFA206, heparin-binding isoforms of VEGF-A, additionally interact 

with heparan sulphate proteoglycans (HSPG), for a finer modulation of VEGF-A activity. VEGFR-2 can 

form homodimer or heterodimers with both VEGFR-1 and VEGFR-3. VEGFR-2 homodimer-mediated 

signalling is finely modulated through the interaction with various co-receptors, in particular HSPG 

and neuropilins (NRP-1/2). Adapted from (Matsumoto & Claesson-Welsh, 2001; Olsson et al., 2006). 

Figure created with BioRender.com 

 

1.2.1 VEGF isoforms 

VEGFs are secreted dimeric glycoproteins of 45 kDa (Ferrara & Davis-Smyth, 1997). In 

mammals, the VEGF family consists of five diverse members: VEGF-A, VEGF-B, VEGF-C, VEGF-

D and PlGF (placental growth factor) (Olsson et al., 2006; Shibuya, 2011; Shibuya, 2012). 

Structurally related to platelet-derived growth factors (PDGFs), VEGFs are characterized by a 

cysteine knot motif, where interchain and intrachain disulphide bonds occur between eight 

cysteine residues (Muller et al., 1997; Olsson et al., 2006; Iyer & Acharya, 2011). VEGFs exert 

their biological activities as dimers, preferentially as homodimers, with VEGF-A and PlGF 

which are active even as heterodimers (Olsson et al., 2006; Koch et al., 2011; Shibuya, 2011; 

Shaik et al., 2020).  
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1.2.1.1 VEGF-A  

VEGF-A, also denoted VEGF, is the prototype member of VEGF family, whose activation 

stimulates endothelial cells (ECs) proliferation and migration, apoptosis inhibition, 

vasodilation and enhances vascular permeability, leading to a potent proangiogenic response 

(Ferrara & Adamis, 2016; Melincovici et al., 2018). The human Vegf-A gene comprises eight 

exons and seven introns (Robinson & Stringer, 2001). Alternative splicing results in several 

isoforms with diverse biological activity (Figure 3) (Holmes & Zachary, 2005; Olsson et al., 

2006), including pro-angiogenic isoforms (VEGF121a, VEGF145a, VEGF148a, VEGF165a, 

VEGF183a,VEGF189a, VEGF206a) and anti-angiogenic isoforms (VEGF121b, VEGF145b, VEGF165b, 

VEGF183b, VEGF189b) (Bates et al., 2002; Woolard et al., 2009; Smith et al., 2015) where the 

three-digit number indicates the number of amino acids after signal sequence cleavage 

(Tischer et al., 1991). In all these variants, exons 1-5 (also called “constitutive exons”) are 

maintained and are responsible for encoding the signal sequence (exon1), the N-terminus 

dimerization domain (exon 2), the VEGFR1-binding and N-glycosylation (exon 3), the VEGFR2-

binding site (exon 4) and the plasmin cleavage site (exon 5) (Smith et al., 2015; Stevens et al., 

2019). By contrast, the other exons may be missing in the different isoforms, therefore 

determining their biological properties (Figure 3). Exons 6a, 6b, 7a and 7b encode the 

heparin-binding domain and determine the binding with neuropilin and extracellular matrix 

(ECM). Exons 6a and 7 mediate the interaction with electronegative heparan sulphate in the 

ECM, defining a diverse bioavailability for each isoform (Peach et al., 2018). Those isoforms 

lacking exons 6 and 7, such as VEGF111 and VEGF121, do not bind ECM and are therefore highly 

diffusible, whereas VEGF145, VEGF189 and VEGF206, where exons 6a and 7 are maintained, 

remain bound to the ECM (Houck et al., 1991). Another important site of alternative splicing 

is represented by exon 8, given its crucial function in physiological and pathological 

angiogenesis (Dehghanian et al., 2014). Indeed, isoforms containing exon 8b, identified as 

VEGFxxxb, have been defined as anti-angiogenic, due to their ability to negatively regulate 

VEGFxxxa-mediated pro-angiogenic activity (Woolard, Wang, et al., 2004; Olsson et al., 2006). 

This event on exon 8 plays a key role in determining the balance between anti-angiogenic 

isoforms and those with pro-angiogenic function (Dehghanian et al., 2014). In particular, 

downregulation of VEGFxxxb isoforms has been shown in several malignancies, where, by 

contrast, VEGFxxxa is highly expressed, leading to a pathological pro-angiogenic switch. 

(Woolard, Wang, et al., 2004; Nowak et al., 2008). However, it is worth noting that there is 

some controversy over whether VEGF-Axxxb isoforms exist in vivo (Bridgett et al., 2017). 
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Figure 3. Alternative splicing in VEGF-A isoforms and their corresponding properties. Adapted from 

(Peach et al., 2018). Figure created with BioRender.com 

 

VEGF-A is produced by ECs, but under hypoxic conditions is also secreted by other cells, 

including cancer cells, macrophages, platelets, keratinocytes, activated T-cells, renal 

mesangial cells, astrocytes and osteoblasts (Klagsbrun & D'Amore, 1996; Yamazaki & Morita, 

2006; Al Kawas et al., 2022). Notably, under low oxygen conditions, stabilized hypoxia-

inducible factors (HIFs) interact with specific elements on promoter region of VEGF-A, 

resulting in an increased transcription and expression of this ligand (Pugh & Ratcliffe, 2003; 

Déry et al., 2005; Ziello et al., 2007). In terms of receptors, VEGF-A binds both to VEGFR-1 

and VEGFR-2, although it shows a 10-fold higher affinity for VEGFR-1 (Shibuya, 2011; 

Melincovici et al., 2018; Shaik et al., 2020). VEGF-A has also been shown to bind platelet-
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derived growth factor receptor alpha (PDGFR-) and beta (PDGFR-β), promoting both 

recruitment and proliferation of mesenchymal stem cells (Ball et al., 2007). 

1.2.1.2 OTHER ISOFORMS 

VEGF-B, abundantly expressed in the myocardium and skeletal muscle, is mainly involved in 

the embryological development of cardiovascular system and vascular survival, although its 

contribution in adult angiogenesis is limited (Hoeben et al., 2004; Li et al., 2009; F. Zhang et 

al., 2009; Räsänen et al., 2021). Two isoforms have been identified as a result of alternative 

splicing (VEGF-B167 and VEGF-B186), both interacting with VEGFR-1 (Lal et al., 2018; 

Melincovici et al., 2018). 

Through their interaction with VEGFR-3 on endothelial lymphatic cells, VEGF-C and VEGF-D 

control the formation of new lymphatic vessels (lymphangiogenesis), playing only a marginal 

role in angiogenesis (Shibuya, 2011; Deng et al., 2015).  

Placental growth factor (PlGF), mainly secreted by placental tissues and uterine mucosa, is 

crucial in regulating trophoblast development and blastocyst implantation (De Falco, 2012; 

Binder et al., 2016). In addition, a specific synergism with VEGF-A determines the pro-

angiogenic function of PlGF in pathological conditions (Ziche et al., 1997; Carmeliet et al., 

2001; Shibuya, 2011). 

 

1.2.2 VEGF receptors 

VEGF-induced biological responses are the result of the interaction between VEGF ligands 

and specific tyrosine kinase receptors (Smith et al., 2015; Park et al., 2018), precisely denoted 

as VEGFR-1 (Fms-like tyrosine kinase 1 or Flt-1), VEGFR-2 (kinase insert domain receptor or 

KDR in human; fetal liver kinase 1 or Flk-1 in mouse) and VEGFR-3 (Fms-like tyrosine kinase 4 

or Flt-4) (Melincovici et al., 2018; Stevens & Oltean, 2019). VEGFR-1 and VEGFR-2 are 

primarily expressed on vascular ECs, although they have been also detected in non-ECs, 

including cancer cells (Duffy AM, 2000–2013; Matsumoto & Claesson-Welsh, 2001; Olsson et 

al., 2006). During early embryonic development, VEGFR-3 is expressed both on blood ECs and 

lymphatic ECs, becoming essentially confined to the lymphatic ECs at later stages 

(Matsumoto & Claesson-Welsh, 2001; Norgall et al., 2007; Deng et al., 2015).  

Structurally related, these membrane-bound receptors consist of an extracellular ligand-

binding domain (ECD) with a seven immunoglobulin (Ig)-like domain, a transmembrane 

domain, a juxtamembrane domain, an intracellular domain with tyrosine kinase domains split 

by a kinase insert domain and a carboxy-terminal domain (Neufeld et al., 1999; Smith et al., 
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2015). Following the receptor dimerization due to the interaction between VEGFs and the 

extracellular receptor domain, the cytoplasmatic kinase domain is activated, leading to the 

phosphorylation of the tyrosine residues both on the receptor dimer and on downstream 

signal transducers, thus activating various signalling pathways (Lemmon & Schlessinger, 

2010; Koch & Claesson-Welsh, 2012).  

 

1.2.2.1 VEGFR-1  

VEGFR-1 interacts with VEGF-A, VEGF-B and PlGF (Figure 4), whose binding sites have been 

identified on the second Ig-like domain, responsible for both ligand binding and initiation of 

signal transduction cascade (Ferrara et al., 2003; Ye et al., 2021). VEGFR-1 shows a lower 

tyrosine kinase activity in comparison with VEGFR-2 (Shibuya, 2011; Koch & Claesson-Welsh, 

2012). Indeed, the interaction between VEGFR-1 and its ligands triggers a weak kinase 

activity, resulting in a reduced phosphorylation of intracellular tyrosine residues (Rahimi, 

2006; Smith et al., 2015). Due to its high affinity for VEGF-A but weak tyrosine kinase activity, 

VEGFR-1 is also described as a decoy receptor that negatively regulates VEGF-A signalling 

amplitude (Boucher et al., 2017). Specifically, the tyrosine residues which can be subjected 

to autophosphorylation are: Y794, Y1169, Y1213, Y1242, Y1309, Y1327 and Y1333 (Figure 4) 

(Vieira et al., 2010; Smith et al., 2015). In addition to ECs, VEGFR-1 is also expressed on 

inflammatory cells, monocytes, macrophages, hematopoietic stem cells, trophoblastic cells, 

mesangial renal cells, vascular smooth muscle cells and tumour cells (Neufeld et al., 1999; 

Autiero et al., 2003; Yao et al., 2011). Whilst VEGFR-1 has a marginal role in vasculogenesis, 

it is largely involved in several pathological conditions, including inflammatory process and 

tumour growth (Melincovici et al., 2018). In this regard, the tyrosine kinase domain of this 

receptor has been identified as crucial in determining pathological formation of new blood 

vessels (Murakami et al., 2008; Koch & Claesson-Welsh, 2012). Indeed experiments on 

animals which did not express VEGFR-1 tyrosine kinase region showed a reduced metastatic 

process compared to wild-type group (Ferrara, 2004b). Furthermore, once activated, VEGFR-

1 releases proteolytic enzymes into the ECM, such as matrix metalloproteinase-9 (MMP-9), 

facilitating tumour dissemination (Melincovici et al., 2018). A proteolytic cleavage of VEGFR-

1 mRNA gives rise to a soluble isoform namely sVEGFR-1 (sFlt-1) (Olsson et al., 2006), which 

lacks both the transmembrane domain and the intracellular region typical of VEGFR-1 

(Melincovici et al., 2018). This soluble form of VEGFR-1 is responsible for a negative 

regulation of VEGFR-2 activity (Koch & Claesson-Welsh, 2012). Indeed sVEGFR-1 inhibits the 
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interaction between VEGF family members and VEGFR-2, thus exerting an anti-angiogenic 

effect (Ferrara, 2004b).  

 

Figure 4. VEGFR-1: schematic structure, phosphorylation sites and biological activity. EC = endothelial 

cell. Adapted from (Olsson et al., 2006). Figure created with BioRender.com 

 

Additional biological responses induced by VEGFR-1 signalling pathway comprise monocyte 

migration,  fatty acid uptake and control of pathological angiogenesis (Koch & Claesson-

Welsh, 2012). In particular, by binding to VEGFR-1 and NRP-1, VEGF-B determines fatty acid 

recruitment in ECs, whereas the binding between VEGFR-1 and PlGF is mainly involved in 

pathological formation of new blood vessels (Koch & Claesson-Welsh, 2012). By intensifying 

bone marrow-derived macrophage recruitment, VEGFR-1 signalling also promotes 

lymphangiogenesis, as well as indirectly controlling EC migration (Murakami et al., 2008; 

Smith et al., 2015). 

 

1.2.2.2 VEGFR-2  

VEGFR-2, the most expressed VEGF receptor, has a high affinity for VEGF-A, resulting in a 

potent pro-angiogenic response (Hoeben et al., 2004; Niu & Chen, 2010). Proteolytically 

processed forms of VEGF-C and VEGF-D also bind VEGFR-2, resulting in a subsequent 
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stimulation of lymphangiogenesis (Olsson et al., 2006; Bui et al., 2016). Extracellular Ig-like 

domains 2 and 3 have been identified as VEGF-A binding sites on VEGFR-2 (Fuh et al., 1998; 

Wang et al., 2020). The interaction between VEGFR-2 and its ligands leads to the activation 

and autophosphorylation of several tyrosine residues: Y801, Y951, Y1054, Y1059, Y1175, 

Y1214, Y1223, Y1305, Y1309 and Y1319 (Figure 5) (Smith et al., 2015; Wang et al., 2020). This 

receptor is predominantly expressed on ECs of blood vessels and lymphatic vessels, in 

addition to being detected also on embryonic tissues, hematopoietic cells, retinal stem cells, 

megakaryocytes, neurons, pancreatic ductal cells, osteoblasts and tumour cells (Neufeld et 

al., 1999; Takahashi & Shibuya, 2005; Smith et al., 2010). VEGFR-2 expression is 

downregulated in quiescent blood vessels, in order to minimize its pro-angiogenic signal 

(Smith et al., 2015). Conversely, under hypoxic conditions, increased levels of HIFs result in 

an upregulation of its expression (Pugh & Ratcliffe, 2003; Shibuya, 2011). Together with its 

role in the embryonic development of the vascular system (Ferrara, 2004b; Haigh, 2008), the 

predominant function of VEGFR-2 is associated with a crucial control of angiogenesis, both 

in physiological conditions and during pathological processes, including tumour angiogenesis 

(Hoeben et al., 2004; Koch & Claesson-Welsh, 2012). By promoting EC differentiation, 

proliferation, migration, survival, vascular permeability and tubulogenesis, VEGFR-2 is the 

primary mediator of all VEGF-A-related effects, such as pro-angiogenic response, mitogenic 

activity and increased permeability (Ferrara et al., 2003; Wang et al., 2020). Alternative 

splicing of VEGFR-2 gene produces a soluble VEGFR-2 (sVEGFR-2), expressed in plasma, heart, 

skin, ovary, kidney and spleen (Pavlakovic et al., 2010; Smith et al., 2015). By binding VEGF-C 

with high affinity, sVEGFR-2 prevents the interaction between this ligand and VEGFR-3, 

exerting a negative control both on lymphatic ECs proliferation and lymphangiogenesis 

(Hoeben et al., 2004; Pavlakovic et al., 2010). In addition, it has been observed that VEGFR-2 

is also activated by PDGFs (Mamer et al., 2017), therefore reinforcing the hypothesis about a 

possible VEGF/PDGF cross-family interaction (Ball et al., 2007; Mamer et al., 2017).  
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Figure 5. VEGFR-2: schematic structure, phosphorylation sites and biological activity. DAG = 

diacylglycerol; eNOS = endothelial nitric oxide synthase; ERK 1/2 = Extracellular signal-regulated 

kinase 1/2; HSP27 = heat-shock protein 27; MAPK = Mitogen-activated protein kinases; MEK = 

Mitogen-activated protein kinase kinase; PI3K = phosphatidylinositol 3-kinases; Akt/PKB = protein 

kinase B or Akt; PKC = protein kinase C; PLCγ = Phospholipase C gamma; Sck = Shc-like protein; Shb = 

SH2 Domain Containing Adaptor Protein B; TSAd = T cell–specific adapter protein. Adapted from 

(Olsson et al., 2006). Figure created with BioRender.com 

 

Following the activation of VEGFR-2 by VEGF-A, the phosphorylation of Y951 in the kinase 

insert domain allows this epitope to bind T cell-specific adapter molecule (TSAd) with the 

subsequent formation of a complex between TSAd and Src (proto-oncogene tyrosine-protein 

kinase Src), which mediates vascular permeability and EC migration (Figure 5) (Olsson et al., 

2006; Wang et al., 2020). In the tyrosine kinase 2 domain, phosphorylated Y1054 and Y1059 

represent crucial regulators of kinase activity, determining phosphorylation of other tyrosine 

kinase residues (Koch & Claesson-Welsh, 2012; Smith et al., 2015). In the carboxy-terminal 

domain, phosphorylation of Y1175 promotes the recruitment of phospholipase C gamma 

(PLCγ), with consequent production of diacylglycerol (DAG) and activation of protein kinase 

C (PKC), in turn responsible for the release of endothelial NO synthase (eNOS) and 

subsequent increase of vascular permeability (Smith et al., 2015; Wang et al., 2020). In 

addition, PKC also promotes the activation of MAPK (mitogen-activated protein kinase)-

ERK1/2 (extracellular signal-regulated kinase 1/2) cascade, resulting in cell proliferation 

(Smith et al., 2015; Song & Finley, 2020; Wang et al., 2020). Phosphorylated Y1175 activates 
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the adaptor proteins Shb and Sck, leading to phosphatidylinositol 3-kinase (PI3K) production 

and consequent activation of protein kinase B (PKB, also known as Akt) and eNOS, which 

respectively control cell survival and vascular permeability (Olsson et al., 2006; Smith et al., 

2015; Wang et al., 2020). In the carboxy-terminal domain, phosphorylated Y1214 activates 

p38 MAPK, thereby regulating vascular permeability (Olsson et al., 2006; Koch & Claesson-

Welsh, 2012; Wang et al., 2020). Activation of p38 MAPK determines the phosphorylation of 

heat-shock protein 27 (HSP27), which modulates cell migration and actin remodelling 

(Kobayashi et al., 2006; Smith et al., 2015). VEGFR-2 also mediates cell migration and focal 

adhesion turnover via focal-adhesion kinase (FAK) and its substrate paxillin (Olsson et al., 

2006; Koch & Claesson-Welsh, 2012).  

 

1.2.2.3 VEGFR-3  

This receptor is mainly expressed in lymphatic ECs, where regulating their differentiation, 

proliferation, migration and survival plays a crucial role in the formation of lymphatic vessels 

(Hoeben et al., 2004; Olsson et al., 2006; Zhang et al., 2010; Monaghan et al., 2021), as well 

as being identified in non-ECs, including macrophages and osteoblasts (Koch & Claesson-

Welsh, 2012). VEGFR-3 mainly acts as a crucial regulator of lymphangiogenesis, both during 

embryonic stage and in adult life (Figure 6) (Takahashi & Shibuya, 2005; Shibuya, 2011). 
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Figure 6. VEGFR-3: schematic structure, phosphorylation sites and biological activity. LEC = lymphatic 

endothelial cells. Adapted from (Olsson et al., 2006). Figure created with BioRender.com 

 

1.2.3 Regulation of VEGF receptors signal transduction  

In addition to being predominantly modulated by availability of VEGF ligands, VEGFR activity 

is also regulated by a variety of additional elements (Koch & Claesson-Welsh, 2012; Sarkar et 

al., 2022), such as different dimerization patterns, formation of complexes with specific 

proteins, as well as  receptor internalisation, therefore resulting in a specific biological 

response (Koch & Claesson-Welsh, 2012). First of all, the diverse ability of forming 

homodimers and/or heterodimers contributes to define the final cellular response mediated 

by VEGFRs (Mac Gabhann & Popel, 2007; Koch & Claesson-Welsh, 2012). In this context, both 

VEGFR-1/VEGFR-2 heterodimers and VEGFR-2 homodimers promote angiogenic signal, 

whereas VEGFR-1 homodimers have not been associated with such a pro-angiogenic 

response (Carmeliet & Jain, 2011; Sarkar et al., 2022). Furthermore, the formation of VEGFR-

2/VEGFR-3 heterodimers, consequent to the binding of VEGF-C or VEGF-D, is critical in the 

modulation of specific mechanisms, such as lymphangiogenesis (Alam et al., 2004; Koch & 

Claesson-Welsh, 2012). The interaction between VEGFR-2 and its co-receptor NRP-1  has also 
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a crucial role in the modulation of VEGF-induced cellular responses (Soker et al., 1998; Herzog 

et al., 2011; Koch & Claesson-Welsh, 2012). NRP-1, expressed by arterial ECs, selectively binds 

to exon 7-containing VEGF-A isoforms (e.g. VEGF-A165), leading to the formation of a ternary 

complex with VEGFR-2, essential for the promotion of anti-apoptotic and pro-angiogenic 

responses (Olsson et al., 2006; Lyu et al., 2020). In addition to acting as co-receptor for 

VEGFR-2, NRP-1 is also able to modulate VEGFR-1 signalling (Fuh et al., 1998; Fuh et al., 2000). 

By contrast, NRP-2, expressed on ECs in veins and lymphatic vessels, acts as co-receptor for 

VEGFR-3 (Fuh et al., 1998). In resting ECs, VEGFR-2 is retained in intracellular Rab4- and 

Rab11- negative vesicles (Koch & Claesson-Welsh, 2012). Following stimulation with NRP-1-

binding VEGF-A, the internalised receptor is delivered to the plasma membrane, where its 

activity is restored (Ballmer-Hofer et al., 2011). Conversely, in absence of NRP-1, VEGFR-2 

undergoes lysosomal degradation via Rab7-positive vesicles (Ballmer-Hofer et al., 2011; 

Peach et al., 2018). As a result of this elaborate interaction between VEGFRs and these 

transmembrane proteins, the overexpression or disruption of NRP-1 and NRP-2 is associated 

with pathological processes, such as tumour angiogenesis, cancer growth and metastasis  

(Koch & Claesson-Welsh, 2012). Moreover, VEGFR signalling is also modulated by the 

interaction with transmembrane heterodimers, namely integrins (e.g., collagen, fibronectin, 

vitronectin and laminin), which potentiate VEGF-mediated responses (Byzova et al., 2000; 

Koch & Claesson-Welsh, 2012). In particular, VEGFR-2 forms a complex with integrin v3, 

resulting in an enhanced angiogenic signal, as well as the binding between VEGF-A and 

integrin 91 has been associated with pathological angiogenesis (Vlahakis et al., 2007; 

Somanath et al., 2009; Koch & Claesson-Welsh, 2012). Finally, internalisation of VEGFRs, 

especially VEGFR-2 and VEGFR-3, is significantly involved in the modulation of their pro-

angiogenic activity (Koch & Claesson-Welsh, 2012; Lessen et al., 2015; Basagiannis et al., 

2016). More specifically, following the binding with VEGF-A, VEGFR-2 dissociates from 

caveolin-1 or VE-cadherin, thus passing from its inactive conformation to an active form, 

which is thus internalised into endosomes (Lampugnani et al., 2006; Koch & Claesson-Welsh, 

2012). Receptor signalling is not terminated with its internalisation; indeed, the internalised 

VEGFR-2 undergoes phosphorylation, therefore continuing to signal from endosomes 

(Lampugnani et al., 2006; Koch & Claesson-Welsh, 2012). As a result, internalisation plays an 

important role in promoting the pro-angiogenic activity mediated by VEGFR-2 (Koch & 

Claesson-Welsh, 2012; Basagiannis et al., 2016). 
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1.3 VEGF IN HEALTH AND DISEASE 

As previously described, VEGF acts on vascular ECs with high specificity and potency (Dvorak 

et al., 1995; Rosen, 2002), controlling several processes, such as vascular growth, 

permeability, EC mitogenesis and angiogenesis (Dvorak et al., 1995; Shibuya, 2011). A variety 

of physiological outcomes are associated with VEGF signalling, starting with the 

differentiation of blood islands into ECs during embryonic development (Ferrara, 2004b; 

Takahashi & Shibuya, 2005). In postnatal development, VEGF induces EC proliferation, 

migration and survival, as well as acting as a promoter both of tubulogenesis and vascular 

permeability, which is the result of VEGF-mediated fenestration in ECs (Neufeld et al., 1999; 

Takahashi & Shibuya, 2005; Bates, 2010). In adult life, VEGF maintains its crucial role as a pro-

angiogenic factor in diverse processes, such as wound healing and the menstrual cycle 

(Ferrara, 2004b; Eelen et al., 2020). However, in addition to mediating these physiological 

responses, VEGF signalling alterations are heavily involved in the pathogenesis of several 

diseases, including preeclampsia, diabetic retinopathy and cancer (Ferrara & Davis-Smyth, 

1997; Bergers & Benjamin, 2003). 

 

1.3.1 Physiological angiogenesis 

Our complex network of blood vessels is the result of two processes, namely vasculogenesis 

and angiogenesis, which both begin during embryogenesis and persist in adult life, even if at 

a reduced level (Ferrara, 2004a; Lugano et al., 2020; Barrasa-Ramos et al., 2022). Indeed, in 

physiological conditions, the adult vascular network generally remains quiescent and 

angiogenesis rarely occurs, being essentially associated with maintenance of such 

vasculature (Welti et al., 2013; Eelen et al., 2020). The inner wall of arteries, veins and 

capillaries is defined by a monolayer of ECs, whose junctional integrity is highly maintained 

by specific molecules, such as VE-cadherins and claudins (Viallard & Larrivee, 2017; Duong & 

Vestweber, 2020). Mural cells, specifically smooth muscle cells and pericytes, interacting 

with ECs, keep them in contact with the basal membrane and, preventing excessive vascular 

permeability and vascular leakage, support long-term stabilisation of the vasculature 

(Armulik et al., 2011; Viallard & Larrivee, 2017). If the de novo formation of blood vessels 

from endothelial precursors is defined as vasculogenesis, angiogenesis represents the 

formation of blood vessels from existing vasculature (Carmeliet & Jain, 2011). In particular, 

angiogenesis requires a complex synergism between ECs and the extracellular environment 

and it is the result of elaborate steps, which include EC activation, basement membrane 

degradation, EC migration, ECM invasion, EC proliferation and lumen formation (Ucuzian et 



Chapter 1: General Introduction 

 39 

al., 2010; Senger & Davis, 2011; Welti et al., 2013). The major stimulus for angiogenesis is 

represented by hypoxia, even if other conditions, such as hypertension, inflammation, 

hypoglycaemia, metabolic acidosis  and mechanical stress, may also trigger the expansion of 

vascular network (Rosen, 2002; Carmeliet & Jain, 2011; Cheng & Ma, 2015). These pro-

angiogenic stimuli, among which VEGF plays a predominant role, determine the activation of 

ECs and mural cells, resulting in vasodilation and structural alterations of existing vasculature 

(Welti et al., 2013; Melincovici et al., 2018; Lugano et al., 2020). Specifically, upon VEGF 

stimulation, activated ECs migrate into the ECM, thus initiating the sprouting process 

(Lamalice et al., 2007; Raza et al., 2010; Song & Finley, 2022).  

In physiological angiogenesis, the formation of growing sprouts is initiated by a particular 

phenotype of ECs, known as tip cells, which, being invasive and motile, lead the growing 

blood vessels (Phng & Gerhardt, 2009; Elorza Ridaura et al., 2021). By contrast, stalk cells, 

other ECs which follow the tip cells, proliferate and are responsible for the integrity of the 

nascent sprout and the lumen formation (Phng & Gerhardt, 2009; Viallard & Larrivee, 2017; 

Elorza Ridaura et al., 2021). The Notch signalling pathway has a key function in the 

morphogenesis of new vessels, being involved in the differential conversion of ECs in tip or 

stalk phenotype (Phng & Gerhardt, 2009; Blanco & Gerhardt, 2013; Viallard & Larrivee, 2017). 

The potential of an EC to switch into the tip or stalk phenotype primarily relies on VEGF 

expression, VEGFR-2 availability and Dll4 (Delta like canonical Notch ligand 4) expression 

(Jakobsson et al., 2010; Herbert & Stainier, 2011; Elorza Ridaura et al., 2021). On the tip cell, 

the binding between VEGFR-2 and VEGF-A upregulates the expression of Dll4 ligand, which 

interacts with Notch 1 receptor in neighbouring cells (stalk cells) (Phng & Gerhardt, 2009; 

Blanco & Gerhardt, 2013; Welti et al., 2013; Chen et al., 2019). The low levels of Dll4 and the 

increased Notch activity on stalk cells, determining an upregulation of VEGFR-1 and a 

downregulation of VEGFR-2, makes them less responsive to VEGF, therefore suppressing the 

tip cell phenotype (Phng & Gerhardt, 2009; Jakobsson et al., 2010; Chen et al., 2019). In turn, 

stalk cells, due to reduced level of Dll4, cannot activate Notch signalling on tip cells, which 

therefore maintain higher expression of VEGFR-2 and NRP-1 (Chen et al., 2019). The 

activation of Notch signalling pathway reduces VEGFR-2 expression on stalk cells, resulting in 

their stabilisation and in the inhibition of excessive conversion of stalk cells into tip cells (Chen 

et al., 2019).  

Endothelial tip cells, through their filopodia responsive to pro-angiogenic mediators, guide 

the vasculature expansion (Phng & Gerhardt, 2009; Welti et al., 2013; Lugano et al., 2020). 
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The consequent lumen formation and vasculature stabilisation complete the sprouting 

process (Iruela-Arispe & Davis, 2009; Ucuzian et al., 2010; Blanco & Gerhardt, 2013). ECs 

internalise pinocytic vesicles of the plasma membrane, which coalesce, hence creating the 

novel vascular lumen (Iruela-Arispe & Davis, 2009; Carmeliet & Jain, 2011). Under 

physiological conditions, a functional vasculature requires mature and stable blood vessels 

(Welti et al., 2013). In this context, a key role is played by PDGF-/PDGFR- pathway (Sounni 

et al., 2011), which, activated by membrane type-1 matrix metalloproteinase (MT1-MMP), 

promotes pericytes migration, recruitment of mural cells, as well as stabilisation of 

intercellular adhesion (Sounni et al., 2011; Viallard & Larrivee, 2017). This process is also 

supported by adhesion molecules (e.g., VE-cadherins) which reinforce adhesion among ECs, 

therefore preventing vascular hyperpermeability (Welti et al., 2013; Viallard & Larrivee, 

2017).  

Furthermore, during physiological angiogenesis, VE-cadherins maintain vascular quiescence 

by inducing the dephosphorylation of VEGFR-2 (Giannotta et al., 2013; Viallard & Larrivee, 

2017). The appropriate balance between pro-angiogenic and anti-angiogenic mechanisms, as 

well as cessation of all the pro-angiogenic stimuli, are the essential prerequisites of 

physiological formation of new quiescent blood vessels (Ferrara, 2004a; Lugano et al., 2020). 

1.3.2 Tumour angiogenesis 

In addition to being a physiological requirement, a new vascular network is also essential in 

the context of pathological conditions, such as cancer (Viallard & Larrivee, 2017; Lugano et 

al., 2020; Wang et al., 2020). The hypoxic environment typical of cancer cells allows them to 

grow up to 1 mm3, at which point their high proliferative rate requires a vascular supply of 

oxygen and nutrients (Bergers & Benjamin, 2003; Ferrara, 2004a; Sebestyén et al., 2021). The 

formation of a tumour vasculature, also defined neoangiogenesis, is characterized by a 

critical upregulation of pro-angiogenic factors (angiogenic switch), as well as by oncogene 

activation and mutation of tumour suppressor genes (Bergers & Benjamin, 2003; Lugano et 

al., 2020; Saman et al., 2020).  
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Figure 7. Tumour-induced angiogenesis. Pro-angiogenic stimuli, such as hypoxic conditions and pro-

angiogenic factors, promote the activation of endothelial cells and mural cells, with consequent 

disruption of the vascular barrier and the  formation of new vessels guided by tip and stalk cells. 

Adapted from (García-Caballero et al., 2022). Figure created with BioRender.com 

 

Insufficient supply of oxygen is the main stimulus for tumour angiogenesis (Figure 7) (Emami 

Nejad et al., 2021). Indeed, hypoxia-induced HIF-1 stabilisation and its subsequent binding 

with hypoxia response elements (HREs) promote the transcription of multiple pro-angiogenic 

and anti-apoptotic genes (Viallard & Larrivee, 2017; Rodriguez et al., 2021). Moreover, the 

activation of oncogenic signalling pathways (e.g., ERK/MAPK pathway) also contributes to 

enhance HIF-1 transcriptional activity (Semenza, 2002), further switching the balance in 

favour of pro-angiogenic factors (Bergers & Benjamin, 2003; Liu et al., 2023). However, 

significant differences exist between tumour angiogenesis and normal angiogenesis, the first 

being characterized by atypical morphological organization, impaired EC-pericytes 

interactions, hyperpermeability and abnormal blood flow (Figure 8) (Folkman, 1995; Lugano 

et al., 2020). First of all, the tumour vascular network is not quiescent and undergoes ongoing 

angiogenesis (Bergers & Benjamin, 2003; Lugano et al., 2020). Even the architecture of 

tumour vasculature, presenting a chaotic arrangement, with dilated, tortuous and aberrant 

structures, differs from that of normal blood vessels (Folkman, 1995; Nagy et al., 2009). In 

addition, tumour blood vessels appear haemorrhagic and characterized by excessive 
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permeability, due the overexpression of VEGF and impaired connection between 

perivascular cells (Viallard & Larrivee, 2017; Lugano et al., 2020). Indeed, high levels of VEGF 

promote the formation of a VEGFR-2/PDGFR- complex, resulting in a reduced barrier 

integrity, also supported by the secretion of metalloproteinases (MMPs) from cancer cells 

(Greenberg et al., 2008; Yuan et al., 2023). Moreover, under pathological conditions and in 

presence of VEGF and HIF-1, angiopoietin-2 causes a further impairment of EC interactions, 

leading to disorganized and instable blood vessels (Ucuzian et al., 2010; Rodriguez et al., 

2021). Once initiated, tumour angiogenesis plays a fundamental role not only in the 

progression of the primary tumour but also in the metastatic dissemination (Ferrara, 2004a; 

Baghban et al., 2020). An high vascular density and the metastatic process have been 

associated with a poor prognosis (Rosen, 2002), making angiogenesis an important target of 

the newly introduced antineoplastic drugs (Carmeliet & Jain, 2011; Rajabi & Mousa, 2017; 

Saman et al., 2020; Qi et al., 2022). 

 

 

Figure 8. Main differences between normal and tumour vasculature. Tumour vasculature is 

characterised by excessive branching and flow patterns. Tumour endothelial cell basement 

membrane is disrupted, as well as the interaction between pericytes and endothelial cells is altered in 

tumour vasculature. Adapted from (Magnussen & Mills, 2021). Figure created with BioRender.com 

 

1.3.2.1 ROLE OF VEGF IN CANCER GROWTH AND METASTASES 

In the complex formation of new blood vessels to support cancer growth and progression, 

VEGF exerts a crucial role (Ferrara, 2004a; Lugano et al., 2020). Overexpression of this factor 
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has been associated with tumorigenesis, angiogenesis and metastasis (Rosen, 2002; Goel & 

Mercurio, 2013; Matsumoto & Ema, 2014; Ceci et al., 2020). As previously described, VEGF 

is crucial in determining the specification of tip/stalk cells in tumour tissues, stimulating the 

upregulation of Dll4 ligand in tip cells and Jagged 1 ligand mainly in stalk cells (Matsumoto & 

Ema, 2014; Michael Simons et al., 2016; Chen et al., 2019). In addition to controlling the 

mechanisms involved in tumour neovascularization, VEGF also acts as an anti-apoptotic 

mediator, enhancing the survival of cancer cells by upregulating the antiapoptotic factors Bcl-

2 and survivin (Harmey & Bouchier-Hayes, 2002; Ferrara, 2004a; Masoumi Moghaddam et 

al., 2012). Moreover, VEGF has been associated with inhibition of dendritic cell 

differentiation, leading to the hypothesis that its pathological overexpression may have a role 

in the suppression of tumour immune surveillance (Gabrilovich et al., 1996; Ferrara, 2004a; 

Li et al., 2016). Indeed, dendritic cells have a decisive function in promoting immune response 

against pathogens, including cancer cells (Banchereau et al., 2000; Marciscano & 

Anandasabapathy, 2021). Tumour-released VEGF prevents the formation of mature dendritic 

cells, leading to an inadequate presentation of tumour antigens and consequent immune 

tolerance of cancer cells (Gabrilovich et al., 1996; Del Prete et al., 2023). This VEGF-mediated 

immune deficiency, preventing the host immune system from attacking tumour cells, has 

been correlated with tumour growth and poor prognosis in several types of malignancies 

(Saito et al., 1998; J.-W. Kim et al., 2013; de Aguiar & de Moraes, 2019). Given that VEGF 

expression is significantly increased in a variety of malignancies, its levels are used as 

prognostic factor in defining the clinical outcome of cancer patients (Poon et al., 2001; Guo 

& Lu, 2018). In particular, high levels of VEGF are associated with a poor prognosis in several 

malignancies, such as breast cancer, ovarian cancer, non-small cell lung cancer, colon cancer, 

acute myeloid leukaemia and hepatocellular carcinoma (Seo et al., 2000; Poon et al., 2001; 

Ferrara, 2004a; Sopo et al., 2019). As a result of its implications in several aspects of 

carcinogenesis, VEGF signalling pathway has been evaluated as an antineoplastic target, and 

its inhibition has become an effective therapeutic strategy in oncology (Ferrara & Alitalo, 

1999; Ferrara, 2004a; Matsumoto & Ema, 2014; Lugano et al., 2020; Patel et al., 2023). 

 

1.4 VEGF AS A TARGET FOR CANCER THERAPY 

The identification of the VEGF signalling as a crucial determinant in neoangiogenesis, as well 

as the role of its overexpression in tumour growth and metastasis, have provided an 

attractive target for more specific cancer treatments (Ferrara, 2004a; Ellis & Hicklin, 2008; 

Marmé, 2018). In particular, molecular targeted therapies against the VEGF pathway include 
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small molecules tyrosine kinase inhibitors, monoclonal antibodies and immunotherapy (Lee 

et al., 2018; Min & Lee, 2022). Among these, several VEGFR inhibitors have shown a 

considerable clinical success in effectively treating a variety of malignancies (Lee et al., 2018; 

Liu et al., 2022). In addition to being used as single agents, VEGF-targeted drugs are often 

used in conjunction with conventional therapies (e.g., cisplatin, gemcitabine, fluorouracil and 

paclitaxel) (Ellis & Hicklin, 2008; Ansari et al., 2022). Indeed, chemotherapy and radiotherapy 

often promote VEGF upregulation mainly through stabilisation and upregulation of HIF-1, 

thus contributing to antineoplastic resistance (Ferrara, 2004a; Moeller et al., 2004; Riedel et 

al., 2004; Zips et al., 2005; Xia et al., 2018; Kanthou & Tozer, 2019). In addition, even VEGFR-

2 inhibitors have been associated with resistance, whose mechanisms of action mainly 

include the activation of alternative proangiogenic pathways (e.g., angiopoietin, platelet 

derived growth factor β, fibroblast growth factor, matrix metalloproteinases), as well as 

recruitment of bone marrow-derived cells and stromal cells to override VEGF-induced 

angiogenesis (Abdullah & Perez-Soler, 2012; Haibe et al., 2020). In this context, 

coadministration of traditional therapeutic strategies and VEGF inhibitors ensures maximum 

effectiveness of both treatments (Moeller et al., 2004; Ellis & Hicklin, 2008; Kanthou & Tozer, 

2019). Nevertheless, cardiovascular safety of VEGFR inhibitors remains a major challenge in 

oncology, since unanticipated and poorly controlled cardiovascular toxicities induced by 

these therapeutics often result in a reduction of therapeutic dosage or treatment 

interruption, therefore influencing cancer management (Mellor et al., 2011; Jiang et al., 

2020). 

1.4.1 VEGF inhibitors 

Since the clinical approval of the first TKI imatinib in 2001 (Savage & Antman, 2002), a variety 

of agents aimed at inhibiting VEGFR signalling have been developed and several of them have 

been approved to be clinically used in the treatment of numerous malignancies (Ellis & 

Hicklin, 2008; Zhong et al., 2021). All the inhibitors of the kinase activity of VEGFRs currently 

approved by FDA and EMA are listed in Table 1 (Roskoski, 2020; Zhong et al., 2021), whereas 

many others (e.g., cediranib, vatalanib, brivanib, zanzalintinib, ningetinib and golvatinib) are 

in phase I, II or III of clinical development (Scott et al., 2007; Lindsay et al., 2009; 

Schlumberger et al., 2009; Molife et al., 2014; Chan et al., 2017; Zhao et al., 2020; Sharma et 

al., 2022). The efficacy of VEGFR-2 inhibitors, in particular when used as single-agents, may 

differ depending on the specific mechanism that VEGFR inhibitors exert on different 

malignancies (Ellis & Hicklin, 2008). Indeed, it has been observed that in certain type of 

cancer, such as renal cell carcinoma (RCC) and colorectal cancer (CRC) and neuroendocrine 
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tumours, the clinical efficacy of VEGF-RTKIs is particularly relevant, whereas it seems limited 

in other malignancies (Ellis & Hicklin, 2008; Sitohy et al., 2012; Vasudev & Reynolds, 2014; 

Haibe et al., 2020). This may be attributed to the fact that cancers with a high responsiveness 

to anti VEGF therapy rely on a highly VEGF-dependent angiogenesis, while tumours that are 

dependent on angiogenic factors other than VEGF show a reduced susceptibility to VEGF 

inhibition (e.g., pancreatic cancer, breast cancer and prostate cancer)  (Casanovas et al., 

2005; Ellis & Hicklin, 2008; Haibe et al., 2020).  

 

The inhibition of the VEGFR signalling pathway and the consequent impact on tumour growth 

have been proposed as the result of multiple mechanisms, not necessarily mutually exclusive 

(Ellis & Hicklin, 2008; Lugano et al., 2020). In particular, VEGF-targeted therapies exert a 

cytostatic effect on blood vessels, thus resulting in the blockade of neovascularization 

(Folkman, 1971; Niu & Chen, 2010). Additionally, as VEGF promotes a variety of cell survival 

pathways in ECs, including the activation of anti-apoptotic factors like Bcl-2, Akt, survivin and 

inhibitor of apoptosis proteins (IAPs), its inhibition through these novel therapeutics has 

been associated with tumour ECs apoptosis (Gerber et al., 1998; Dimmeler & Zeiher, 2000; 

Ellis & Hicklin, 2008; Apte et al., 2019). When combined with chemotherapeutic agents, the 

reduction of survival signalling in tumour ECs due to RTKIs also makes these cells more 

susceptible to chemotherapy-induced apoptosis (Ellis & Hicklin, 2008; Ansari et al., 2022). 

Tyrosine kinase inhibitors targeting VEGFRs also act on the heterogenous tumour 

vasculature, restoring a more structurally and functionally normal vascular network (Goel et 

al., 2011; Shibuya, 2011; Viallard & Larrivee, 2017; Wu et al., 2018). In this regard, VEGFR 

inhibitor-induced vascular normalisation re-establishes a balance between pro- and anti-

angiogenic factors, resulting in an attenuation of vascular hyperpermeability, stabilisation of 

pericyte coverage and reduction of basement membrane thickness (Winkler et al., 2004; Goel 

et al., 2011; Viallard & Larrivee, 2017). VEGFR signalling being crucial in the expression of 

vasodilating factors, such as NO and prostacyclin (Dvorak et al., 1995; Niu & Chen, 2010), its 

blockade has been associated with vascular constriction and a decreased tumour perfusion 

(Ellis & Hicklin, 2008; Wu et al., 2018). In addition, the expression of VEGFR not only on ECs 

but also on tumour cells extends its contribution in tumorigenesis, going beyond 

angiogenesis and vascular permeability  (Tian et al., 2001; Goel & Mercurio, 2013; Mercurio, 

2019). Specifically, autocrine and paracrine VEGFR signalling pathways within cancer cells 

have also been associated with several aspects of tumorigenesis, including cancer cell 

stemness (Goel & Mercurio, 2013; Yamagishi et al., 2013). As a result, some of the 
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therapeutic effects observed with VEGFRs inhibitors have been also ascribed to a direct 

apoptotic effect on tumour cells (Harmey & Bouchier-Hayes, 2002; Yamagishi et al., 2013; Li 

et al., 2016). VEGF-A also inhibits dendritic cell maturation and enhances the expression of 

immune suppressive checkpoints (e.g., programmed cell death protein 1 or PD-1), thus 

having an immunosuppressive role (Voron et al., 2015). The blockade of its signalling pathway 

could also promote antitumour immunity by improving dendritic cell function and immune 

recognition of cancer cells (Ellis & Hicklin, 2008; Ribatti, 2022). All these pharmacological 

responses are the result of a complex interaction between RTK inhibitors and VEGF receptors 

(Gotink & Verheul, 2010). In particular, the majority of VEGFR-TKIs exerts its activity by 

competing with adenosine triphosphate (ATP), thus blocking catalytic activity of VEGF 

receptor (Gotink & Verheul, 2010; Modi & Kulkarni, 2019). According to the kinase 

conformation which they recognise, RTK inhibitors are classified as type I, type II and type III 

inhibitors (Gotink & Verheul, 2010; Modi & Kulkarni, 2019). Type I inhibitors, also called ATP 

competitive inhibitors, bind to the active conformation of the kinase in the ATP-binding 

pocket and include sunitinib, pazopanib, vandetanib, axitinib and lenvatinib (Gotink & 

Verheul, 2010; Modi & Kulkarni, 2019). Those RTKIs interacting with the inactive 

conformation of the kinase are classified as type II inhibitors and include sorafenib, 

cabozantinib and regorafenib (Gotink & Verheul, 2010; Modi & Kulkarni, 2019; Liu et al., 

2022). They indirectly compete with ATP by occupying the allosteric pocket region adjacent 

to the ATP-binding site (Gotink & Verheul, 2010; Ghorab et al., 2017; Zhao, 2020; Liu et al., 

2022). Type III inhibitors (e.g., vatalanib), also known as covalent inhibitors, irreversibly bind 

to cysteine residue at specific sites on the kinase (Wood et al., 2000; Ghorab et al., 2017; 

Modi & Kulkarni, 2019; Abdeldayem et al., 2020; Liu et al., 2022). 
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Table 1. FDA- and EMA-approved VEGFR inhibitors, their primary targets and therapeutic indications. 

BCRP = breast cancer resistance protein; CDK8 = cyclin dependent kinase 8; CDK19 = cyclin dependent 

kinase 19; CRC = colorectal carcinoma; CSF1R = colony-stimulating factor 1 receptor; DDR2 = discoidin 

domain receptor tyrosine Kinase 2; DTC = differentiated thyroid carcinoma; EC= endometrial 

carcinoma; EGFR = epidermal growth factor receptor; FGFR-1/2/3 = fibroblast growth factor receptor 

1/2/3; FLT3 = FMS-like tyrosine kinase 3; GIST = gastrointestinal stromal tumour; HCC = 

hepatocellular carcinoma; MDR1 = multidrug resistance protein 1; MTC = medullary thyroid cancer; 

NETs = pancreatic neuroendocrine tumours; NSCLC = non-small cell lung cancer; PDGFR-α/β = platelet 

derived growth factor receptor α/β; PLK4 = Polo-like kinase 4; Raf = rapidly accelerated fibrosarcoma; 

RCC = renal cell carcinoma; STSs = soft-tissue sarcomas; VEGFR-1/2/3 = vascular endothelial growth 

factor receptor 1/2/3. 
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1.4.1.1 “MULTI-KINASE” INHIBITORS: SELECTIVITY RATHER THAN SPECIFICITY 

Given that their primary site of action is within the cell, small molecule RTK inhibitors, 

including those targeting VEGF pathway, have the advantage of being able to cross biological 

membranes (Ellis & Hicklin, 2008; Zhong et al., 2021). Although RTKIs are designed to inhibit 

a particular kinase, they have been shown to exert their activity even on unintended targets 

(Ghoreschi et al., 2009; Davis et al., 2011). Understanding their potential targets, as well as 

their affinity both for intended and unintended pathways, is essential for a clear assessment 

of their safety (Martin, 2015; Pugsley, 2015). The majority of antiangiogenic RTKIs designed 

to target VEGFRs interacts with several different kinases, being therefore also defined as 

multi-kinase inhibitors (Ellis & Hicklin, 2008; Knight et al., 2010). Tyrosine kinases show a high 

similarity within their kinase domain, where the ATP-binding site, essential for their activity, 

is in fact largely conserved across the kinome (Gotink & Verheul, 2010). Considering that 

most RTKIs bind to the ATP-binding site of their target, their specificity is therefore limited, 

establishing a cross-reaction with related kinases (Wellstein et al., 2018; Pottier et al., 2020). 

It has been observed that type I RTK inhibitors, binding to the highly-conserved adenine 

region in the ATP-binding site, tend to be less selective in comparison with type II RTK 

inhibitors, which, interacting with a more variable and kinase-specific region adjacent to the 

ATP-binding site, show a relatively higher selectivity (Davis et al., 2011). However, there are 

some exceptions, so the development of type II inhibitors does not guarantee the desired 

selectivity (Davis et al., 2011). In addition, a quantitative analysis of the overall selectivity of 

RTKIs, as well as of their selectivity across kinases closely related to the intended kinase, 

showed that even if some compounds are group-selective, revealing a large selectivity for a 

particular kinase subfamily, they also exhibit a selectivity outside the primary group (Davis et 

al., 2011). As a result, the evaluation of the RTKIs selectivity for kinases which belong to the 

same group of the intended kinase proved not to be a reliable means to determine the overall 

selectivity (Davis et al., 2011). In light of their way of interacting with ATP-binding site, RTKIs 

are therefore defined as selective rather than specific for a precise kinase (Ellis & Hicklin, 

2008; Karaman et al., 2008; Pottier et al., 2020). As an example, sorafenib and sunitinib, both 

targeting VEGFRs, show a significant interaction even with other receptor tyrosine kinases, 

such as PDGFR-, fibroblast growth factor receptor (FGFR), FMS-like tyrosine kinase 3 (FLT3), 

KIT and colony-stimulating factor 1 receptor (CSF1R) (Karaman et al., 2008; Gotink & Verheul, 

2010). This extended activity on additional targets, such as PDGFRs, may lead to a more 

effective treatment, but it also increases the likelihood for unintended toxicities (Ellis & 
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Hicklin, 2008). Identifying the full range of kinases targeted by a RTK inhibitor, as well as 

where they are expressed, plays a crucial role in the prevention of potential toxicities (J. 

Zhang et al., 2009). In this regard, besides any “on-target” cardiovascular complications 

associated with primary pharmacology, a safety concern about promiscuity of RTKIs includes 

also the “off-target”-associated cardiovascular risks, which lead to parallel toxicities (Mellor 

et al., 2011). 

1.4.1.2 AXITINIB 

Axitinib (AG-013736), commercially known as Inlyta, is an oral ATP-competitive tyrosine 

kinase inhibitor of VEGFR-1/2/3, PDGFR-β, KIT and Polo-like kinase 4 (PLK4 ) (Rini et al., 2005; 

Rini et al., 2011). Developed by Pfizer and fully approved by EMA and FDA in 2012, axitinib is 

clinically used for second-line treatment of adult patients with advanced renal cell carcinoma 

(Rixe et al., 2007; Tyler, 2012; Bellesoeur et al., 2017; Zarrabi et al., 2017). The recommended 

starting dose is 5 mg twice a day (bis in die, BID), which can be further increased up to 10 mg 

BID, based on individual patient response and tolerability (van Geel et al., 2012). The main 

inhibitory activity of this RTKI is against VEGFR-1/2/3, with IC50 values ranging from 0.06 to 

0.3 nM while showing a 10-fold lower potency for the inhibition of PDGFR-β and KIT (Hu-

Lowe et al., 2008; Bukowski, 2012). Axitinib-induced blockage of VEGFRs phosphorylation, 

including the inhibition of downstream elements such as Akt and eNOS signalling pathways, 

results in a diminished ECs proliferation and migration, reduced sprouting and lumen 

formation and consequent decrease of tumour permeability and vascularisation (Agency, 

2012). Safety pharmacology screenings did not reveal any notable functional effect of axitinib 

on central nervous, respiratory and gastrointestinal systems (Agency, 2012). In terms of 

cardiovascular safety studies, axitinib was not associated with remarkable alterations of QT 

interval and ECG (Agency, 2012). Secondary pharmacology studies investigated the binding 

activity of axitinib against almost 40 receptors and ion channels, revealing weak binding 

activity for adenosine A2A, muscarinic M2 and neuropeptide Y2 receptors, which was not 

however associated with functional antagonism for the screened targets (Inlyta., 24 May 

2012; Agency, 2012). 

Following oral administration in humans in the fed state, axitinib achieves peak plasma levels 

withing 2-6 hours, depending on the dose given, which decline with a terminal plasma half-

life ranging from 2 and 5 hours (Rugo et al., 2005; van Geel et al., 2012; Chen et al., 2013). 

This RTKI shows linear pharmacokinetics with a steady state reached withing 15 days (Rugo 

et al., 2005). It has an apparent volume of distribution of 129-263 l, with a plasma clearance 

between 20 and 113 l.h-1 (Rugo et al., 2005; van Geel et al., 2012). The binding of axitinib to 



Chapter 1: General Introduction 

 50 

human plasma proteins is >99% and it preferentially binds albumin, although discrete binding 

occurs also on α1-acid glycoprotein (Chen et al., 2013). The major pathway of axitinib 

metabolism is via CYP3A4, followed by CYP2C19 and CYP1A2, with additional metabolism via 

uridine diphosphate glucuronosyltransferase-mediated glucuronidation (Rugo et al., 2005; 

van Geel et al., 2012). The N-glucuronide and sulfoxide are the predominant metabolites of 

axitinib and are both inactive (Rugo et al., 2005; van Geel et al., 2012). The plasma elimination 

half-life is between 2 and 5 hours, with faecal elimination via hepatobiliary excretion being 

the major elimination pathway, with renal elimination accounting for around 20% (Rugo et 

al., 2005; van Geel et al., 2012). Being predominantly metabolised by CYP3A4, 

coadministration of axitinib and compounds that induce or inhibit this subfamily of drug-

metabolising enzymes is not recommended (Rugo et al., 2005; van Geel et al., 2012).  

The most reported adverse effects associated with axitinib include hypertension, diarrhoea, 

fatigue, nausea, weight loss, dysphonia, proteinuria and hypothyroidism (Inlyta., 24 May 

2012; Agency, 2012; Geller et al., 2018). Hypertension is one of the most common 

complications reported in cancer patients treated with axitinib (40.4%), with 15.3% 

developing severe (grade 3 or higher) hypertension, defined as systolic BP (SBP)  180 mmHg 

and/or diastolic BP (DBP)  120 mmHg (Rini et al., 2011; Abdel-Rahman & Fouad, 2014; Rini 

et al., 2015; Kadowaki et al., 2021). Among those patients, hypertension led to treatment 

interruption (12%), dose reduction (5%) and discontinuation (<1%) (Rini et al., 2015). The 

median time to onset for grade 1-2 and grade ≥ 3 hypertension associated with axitinib is 16 

days and 24 days, respectively, although increased DBP was already occurring  after 4 day of 

treatment (Agency, 2012; Rini et al., 2015; Geller et al., 2018). 

 

1.4.1.3 LENVATINIB 

Lenvatinib (E 7080), sold under the brand name Lenvima, is a small molecule tyrosine kinase 

inhibitor developed by Eisai (Agency, 2021a). It is an orally active multi-kinase inhibitor that 

targets VEGFR-1/2/3, FGFR-1/2/3/4, PDGFR-α and proto-oncogenes RET and KIT (Tohyama 

et al., 2014; Hussein et al., 2017; Goel & Singla, 2021). With a recommended daily dose of 24 

mg, lenvatinib was first approved by FDA and EMA in 2015 for the treatment of radioiodine-

refractory differentiated thyroid cancer (DTC), before its use being subsequently extended 

to metastatic renal cell carcinoma (mRCC) (2016), unresectable or advanced hepatocellular 

carcinoma (2018) and advanced, recurrent or metastatic endometrial carcinoma (2019) 

(Killock, 2015; Ikeda et al., 2016; Hussein et al., 2017; Goel & Singla, 2021; Makker et al., 

2022).  
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Lenvatinib primarily binds to VEGFR-1/2/3 with IC50 values of 4.7, 3.0, 3.3 nM, respectively; 

in addition, it also binds with different potencies at RET (IC50 = 6.4 nM), FGFR-1 (IC50 = 61 nM), 

FGFR-2 (IC50 = 27 nM) FGFR3 (IC50 = 52 nM), FGFR4 (IC50 = 43 nM), PDGFR-α (IC50 = 29 nM) and 

KIT (IC50 = 85 nM) (Hussein et al., 2017). 

The binding activity of lenvatinib (10 μmol.L-1) against a panel of 50 non-kinase receptors was 

assessed as part of secondary pharmacology studies, revealing no significant binding to any 

receptor, with the exception for the 5-hydroxytryptamine receptor 1B (5-HT1B), which 

mediates coronary artery vasoconstriction, and NET (norepinephrine transporter), 

responsible for the reuptake of extracellular norepinephrine (Kaumann & Levy, 2006; 

Mandela & Ordway, 2006; Agency, 2021a). Considering the total Cmax at the therapeutic dose 

of 24 mg.day-1 (573 ng.ml-1) and protein binding (>98%), free Cmax reaches 7.9 ng.ml-1, 

therefore no secondary pharmacodynamic effects on these targets were expected (Agency, 

2021a). Safety pharmacology studies did not reveal significant alterations of QT interval, 

indicating a lack of potential QT prolongation at clinically relevant doses (Agency, 2021a). 

After oral administration in humans, lenvatinib reaches peak plasma concentration within 1-

4 hours, with a complex absorption described as mixed and simultaneous first- and zero-

order kinetics (Hussein et al., 2017; Goel & Singla, 2021). With a protein binding range of 

98%-99%, lenvatinib is extensively bound to human plasma proteins, primarily to albumin 

(Gupta et al., 2016; Hussein et al., 2017). The apparent volume of distribution of lenvatinib 

varies from 50.5 to 163 l, with a plasma clearance ranging between 4.2 and 7.1 l.h-1, while its 

terminal half-life is 28 hours (Gupta et al., 2016; Hussein et al., 2017). Lenvatinib mainly 

undergoes a CYP3A-mediated metabolism, but a non-enzymatic metabolism via aldehyde 

oxidase also occurs (Gupta et al., 2016; Hussein et al., 2017; Goel & Singla, 2021). The biliary 

route, accounting for 64%, is the main excretion mechanism, while 25% of the drug is 

eliminated through renal excretion (Gupta et al., 2016; Hussein et al., 2017; Goel & Singla, 

2021). The main metabolites of lenvatinib derives from decyclopropylation, demethylation, 

N-oxidation and O-dearylation (Hussein et al., 2017).  

The most common adverse effects reported with lenvatinib include hypertension, fatigue, 

diarrhoea, nausea, decreased appetite, proteinuria, liver events and hypocalcaemia, 

hyperbilirubinemia and palmar-plantar erythrodysesthesia syndrome (Ikeda et al., 2016). 

Hypertension is the most reported toxicity reported in cancer patients treated with lenvatinib 

(72.8%), with 44.4% of them reaching grade 3 or higher, leading to dose interruption, 

reduction and premature discontinuation in 13%, 13.4% and 1.1% of the cases, respectively 

(Agency, 2021a). The median time to onset for this cardiovascular adverse effect was 16 days 
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(Agency, 2021a). In addition, 7% and 2% of thyroid cancer patients receiving lenvatinib 

experienced cardiac dysfunction and severe (grade 3 or higher) cardiac dysfunction, 

respectively (Killock, 2015). 

 

1.4.2  Cardiovascular toxicity associated with VEGFR-2 inhibitors 

According to a recent meta-analysis, RTKIs targeting VEGFR-2 considerably increased the risk 

of hypertension with an odds ratio (OR; a measure of association between exposure and an 

event) of 5.28 and a number needed to harm (NNH; defined as number of individuals that 

must be treated in order for one individual to experience an adverse outcome accountable 

to the treatment) of 6, severe hypertension (OR 5.59; NNH 22), arterial thromboembolism 

(OR 1.52; NNH 140) and cardiac dysfunction (OR 1.35; NNH 139) (Abdel-Qadir et al., 2017). 

Even if from clinical practice it is clear that VEGF inhibition strongly affects the 

haemodynamic balance in patients treated with RTKIs (Bair et al., 2013), the molecular 

mechanisms behind these cardiovascular toxicities are still unknown. Many hypotheses, 

including the role of NO and endothelin system, have been proposed but we are still far from 

clearly understanding the cardiovascular biology of VEGF and the mechanisms by which its 

inhibition impairs cardiovascular function (Small et al., 2014; Dobbin et al., 2021; Camarda et 

al., 2022). This uncertainty about the mechanism of action makes it difficult to find an 

adequate therapeutic scheme (Bair et al., 2013; Dobbin et al., 2018). Therefore, it is 

fundamental to define the pathophysiology of RTKIs-induced cardiovascular toxicities, 

especially hypertension, in order to get a more effective therapeutic management of these 

adverse effects (Copur & Obermiller, 2011; Camarda et al., 2022). Identifying the specific 

mechanisms of VEGFIs-related cardiovascular complications can strongly contribute to 

develop new targeted cancer therapies which do not alter the signalling pathway responsible 

for the cardiotoxicity (Dobbin et al., 2018). Moreover, considering the multiplicity of 

molecular targets of these antiangiogenic drugs (Fabian et al., 2005; Force et al., 2007), it is 

essential to discriminate the “on-target” and “off-target” cardiovascular effects associated 

with their clinical use (Bellinger et al., 2015; Dobbin et al., 2021). The “on-target” toxicity 

derives from the expression of targeted kinases both in cardiovascular structures and tumour 

environment (Cheng & Force, 2010; Brown et al., 2020). Nevertheless, the promiscuity of 

VEGFR-TKIs may also be responsible for “off-target” toxicity due to the alteration of 

unintended pathways (e.g., PDGFRs), which have a crucial role in cardiovascular function 

(Moslehi, 2016; Dobbin et al., 2021). Given the considerable impact that these targeted 

therapies have on the prognosis and survival of cancer patients (Yeh & Bickford, 2009; 



Chapter 1: General Introduction 

 53 

Vasudev & Reynolds, 2014; Iacovelli et al., 2015), cardiovascular safety of VEGFR inhibitors 

represents an emerging challenge in oncology. The severity of cardiovascular events 

associated with these therapeutics often requires dose adjustments or treatment 

interruption (Abdel-Qadir et al., 2017; Parmar & Bjarnason, 2019). Along with the 

detrimental impact of dose reduction on cancer patient outcomes, the clinically relevant 

increase in the risk of cardiovascular events (i.e., hypertension, severe hypertension, cardiac 

dysfunction and thromboembolism) requires a better understanding of the mechanisms 

driving such complications to improve both the cardiovascular and the cancer outcomes 

within this patients population (Abdel-Qadir et al., 2017; Camarda et al., 2022). Additionally, 

establishing preclinical models able to recapitulate key characteristics of anticancer 

treatment-associated cardiovascular toxicities in patients will be crucial for a better 

prediction, early detection and improved translatability of such cardiovascular complications 

observed with the current drug safety testing paradigms (Savoji et al., 2019; Asnani et al., 

2021). 

 

1.4.2.1 VEGFR-2 INHIBITORS AND LEFT VENTRICULAR DYSFUNCTION 

The clinical spectrum of VEGFR inhibitor-induced cardiac toxicities ranges from 

asymptomatic LVD to symptomatic heart failure and cardiogenic shock (Force et al., 2007; 

Bair et al., 2013; Ghatalia et al., 2015; Dobbin et al., 2021). The pathophysiological events 

driving such cardiotoxic manifestations in response to antiangiogenic therapies are still 

scarcely identified, as well as is not yet clear if these complications are the direct result of 

their impact on the heart or they are secondary to alterations in the peripheral or coronary 

circulation (Chen et al., 2008; Dobbin et al., 2021). Moreover, as VEGF has a crucial role in 

maintaining myocardial capillary density in response to pressure overload, VEGFR inhibitors-

induced cardiotoxicity is suggested to be the result of on-target effects of such compounds 

(Izumiya et al., 2006; Dobbin et al., 2021). Indeed, inhibition of VEGFR signalling pathway may 

lead to reduced myocardial capillarisation and impaired contractility, therefore accelerating 

the shift from compensated cardiac hypertrophy to heart failure (Izumiya et al., 2006; Rhian 

M. Touyz et al., 2017). However, due to the limited selectivity of these antiangiogenic 

therapies, off-targets mechanisms have also been proposed to explain the cardiac 

impairment observed with these compounds (Touyz & Herrmann, 2018; Dobbin et al., 2021). 

VEGFRIs-mediated downregulation of adenosine monophosphate-activated protein kinase 

(AMPK), with consequent disruption of cardiac energy production, is one of the off-target 

mechanisms of cardiotoxicity attributed to RTKIs targeting VEGFRs (Rhian M. Touyz et al., 
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2017; Dobbin et al., 2021). In this regard, sunitinib-induced alteration of cardiac function has 

been associated with the inhibition of AMPK pathway, resulting in ATP depletion and 

alteration of cardiac homeostasis (Kerkela et al., 2009; Yang et al., 2019). An underexplored 

mechanism underlying cardiotoxicity associated with the use of targeted antiangiogenic 

drugs is represented by the interaction of these compound with adenosine receptors (Mellor 

et al., 2011). Under hypoxic conditions and cardiac ischemia, the increased levels of 

adenosine and the activation of adenosine A1 and A3 receptors have shown to exert a 

cardioprotective effect (Parsons et al., 2000), leading to investigate the activation of A3 

receptors as a strategy to prevent RTKI-induced cardiac impairment (Sandhu et al., 2017).  

 

The off-target inhibition of the pro-survival factor Raf-1 (rapidly accelerated fibrosarcoma 1) 

has also been implicated in the development of cardiac dysfunction following antiangiogenic 

treatment (Cheng et al., 2011; Dobbin et al., 2021). Indeed, sorafenib has shown to inhibit 

Raf-1 signalling pathway, whose activity is associated with cardiomyocyte survival and the 

prevention of cardiac hypertrophy (Harris et al., 2004; Cheng et al., 2011; Franczyk et al., 

2023). Additional preclinical and clinical investigations are required to fully elucidate the 

pathophysiological events underlying RTKI-induced cardiac toxicity. Indeed, although the 

cardiotoxic manifestations associated with these drugs appear to be at least partially 

reversible with dose adjustment and conventional heart failure therapies (Chu et al., 2007; 

Narayan et al., 2017), a considerable gap in the mechanistic understanding of such 

complications still remains, therefore limiting the implementation of preventive strategies 

and treatment (Dobbin et al., 2021). The unintended targets of antiangiogenic therapies must 

be better identified to design more selective compounds with limited off-target effects, while 

a comprehensive insight of the cardiovascular role of the intended kinases will assist in 

predicting and managing those cardiac complications associated with on-target effects (Chen 

et al., 2008; Dobbin et al., 2021). 

 

1.4.2.2 VEGFR-2 INHIBITORS AND ARTERIAL THROMBOEMBOLISM 

As reported from a recent meta-analysis and systematic review, cancer patients treated with 

VEGFRs inhibitors showed a significantly increased risk of arterial thromboembolic events 

(Choueiri et al., 2010; Qi et al., 2014; D. Zhang et al., 2016; Abdel-Qadir et al., 2017). Such 

cardiovascular complications have been associated with the alteration of endothelium 

integrity due to the inhibition of VEGF pathway with RKIs, whose use may further exacerbate 

the hypercoagulable state of tumour microenvironment (Albini et al., 2010; Dobbin et al., 
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2021). In this context, promoting platelet activation and the coagulation cascade (Albini et 

al., 2010; Carmeliet & Jain, 2011), the downregulation of adhesion molecules, as well as the 

disruption of EC connections may be implicated in thrombotic complications (Bair et al., 

2013). Indeed, suppressing the role of VEGF in promoting vascular integrity and EC survival 

(Ferrara et al., 2003), RTK inhibitors may predispose to the exposure of procoagulant factors 

(i.e., von Willebrand factor and tissue factor), in turn responsible for such impaired 

thrombotic status (Kamba & McDonald, 2007). In addition, the reduced levels of NO and 

prostaglandin I2 (PGI2), potent inhibitors of platelet aggregation, may have a role in 

thromboembolic complications associated with VEGFR-TK inhibitors (Kamba & McDonald, 

2007). Although all these hypotheses try to explain the mechanisms by which RTK inhibitors 

evoke the activation of a prothrombotic status, the real causes of such complication are not 

yet fully clear (Bair et al., 2013). 

 

1.4.2.3 VEGFR-2 INHIBITORS AND HYPERTENSION 

Hypertension, being observed in up to 80% of cancer patients treated with anti-VEGF RTKIs, 

is the prevalent cardiovascular adverse effect evoked by these novel targeted therapeutics, 

(Bair et al., 2013; Small et al., 2014; Abdel-Qadir et al., 2017; Dobbin et al., 2021). Both 

functional and structural alterations of the endothelium seem to have a role in the VEGFR-2 

inhibitor-induced hypertension (Lankhorst, Saleh, et al., 2015b). In particular, due to the role 

of VEGF in increasing the expression of eNOS, one of the first hypotheses to explain the 

hypertension observed with targeted antiangiogenic treatments involved an impairment of 

NO bioavailability and consequent suppression of the NO-dependent vasodilator tone 

(Lankhorst, Kappers, van Esch, Danser, et al., 2014; Camarda et al., 2022). In a rodent model, 

the hypertensive response to sunitinib treatment was associated with reduced urinary 

excretion of NO metabolites (M. H. Kappers et al., 2011; Camarda et al., 2022). In addition, a 

polymorphism in the eNOS gene, resulting in functional changes in eNOS activity and reduced 

NO production, was associated with an increased risk of severe hypertension (grade 3) in 

sunitinib-treated patients (Eechoute et al., 2012). Although these studies corroborate the 

involvement of an impaired NO production pathway in RTKIs-induced hypertension, 

additional experimental and clinical investigations have produced conflicting results, making 

the role of NO in the development of antiangiogenic drug-induced hypertension 

controversial and not well-established (Lankhorst, Kappers, van Esch, Danser, et al., 2014; 

Lankhorst, Saleh, et al., 2015a). In particular, patients receiving vandetanib showed an 
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increased, rather than a decreased, flow-mediated vasodilation, a measure of NO-mediated 

vascular function (Mayer et al., 2011). In another study, despite a decrease in flow-mediated 

vasodilation observed after administration of telatinib, the vasodilatory response to 

nitroglycerine, an NO-independent vasodilator, was similarly affected (Steeghs et al., 2008; 

Lankhorst, Saleh, et al., 2015a). Similarly, in the Langendorff isolated rat heart model, 

sunitinib altered the coronary flow responses both to bradykinin (an endothelium-dependent 

vasodilator) and to sodium nitroprusside (an endothelium-independent vasodilator) 

(Kappers et al., 2010), hence implying a wider microvascular dysfunction rather than an 

exclusive endothelial dysfunction induced by sunitinib. Moreover, the co-treatment with 

sunitinib and sildenafil (a phosphodiesterase type 5 inhibitor) was not able to show a 

reduction of BP in rats (Lankhorst, Kappers, et al., 2014a). Altogether, there is currently 

insufficient evidence to conclude that RTKI-induced hypertension primarily results from a 

dysregulation of NO pathway (Neves et al., 2020; Camarda et al., 2022).  

A reduction in the density of microvessels (also known as capillary rarefaction), by altering 

peripheral vascular resistance, has been proposed as a plausible mechanism leading to 

antiangiogenic drugs-induced hypertension (van der Veldt et al., 2010; Dobbin et al., 2021; 

Camarda et al., 2022; Noble et al., 2023), although  this hypothesis is not consistent with the 

rapid rise in BP observed with these compounds (Lankhorst, Saleh, et al., 2015b). In a clinical 

study involving cancer patients treated with telatinib, the hypertensive response was 

accompanied by functional and structural microvascular rarefaction after 5 weeks of 

treatment (Steeghs et al., 2008). In a first phase, a functional reduction in microvessel density 

may be the result of the profound vasoconstrictive responses associated with these 

therapeutics, although a structural rarefaction of capillaries may develop at a later stage as 

a consequence of the apoptotic effect of RTKIs on ECs and smooth muscle cells, further 

aggravated by the prolonged vasoconstriction (Neves et al., 2020; Dobbin et al., 2021; 

Camarda et al., 2022). VEGF controls EC survival, migration and reorganization, therefore its 

inhibition may contribute to EC apoptosis and remodelling of microvascular beds (Gerber, 

2008; van der Veldt et al., 2010). In this contest, a reduced skin capillary density has been 

observed in clinical studies in patients treated with VEGFIs (van der Veldt et al., 2010; Mourad 

& Levy, 2011). However, whether microvascular rarefaction is a cause, or a long-term 

consequence, of RTKI-induced hypertension remains to be clarified (Versmissen et al., 2019; 

Camarda et al., 2022).  
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Meanwhile, the ET-1 axis has emerged as an important mediator of the hypertensive effect 

consequent to the administration of RTKIs targeting VEGFR-2 (Kappers et al., 2010; Neves et 

al., 2020; Camarda et al., 2022). According to a preclinical study carried out by Kappers and 

colleagues, the hypertensive response due to the administration of RTKIs targeting VEGF 

signalling is associated with increased plasma levels of ET-1 (Kappers et al., 2010). ET-1 is a 

potent vasoconstrictor peptide, whose biological activity is mediated by its binding with two 

G protein-coupled receptors, ETA (endothelin receptor type A) and ETB (endothelin receptor 

type B), both expressed on vascular smooth muscle cells. ETB receptors are also expressed on 

ECs, where the interaction with ET-1 promotes NO synthesis and prostacyclin production 

(Kohan et al., 2011). Clinical studies revealed that cancer patients treated with sunitinib show 

a significant increase in circulating levels of ET-1 (Kappers et al., 2010; Markó et al., 2022), 

therefore reinforcing the hypothesis that the activation of the endothelin axis and the 

upregulation of ET-1 may have a prominent role in the pathogenesis of RTKI-induced 

hypertensive response. To investigate the involvement of ET-1 in the BP rise during the 

treatment with VEGFR-TKIs, the efficacy of dual ETA and ETB receptor antagonists and 

selective ETA receptor antagonists in preventing such complication was tested in several 

preclinical studies. In conscious telemetry-instrumented rats pre-treatment with atrasentan, 

a selective ETA receptor antagonist, was able to abolish the hypertensive response due to the 

administration of linifanib (Banfor et al., 2009). Likewise, radiotelemetry studies in rats 

exposed to sunitinib showed that macitentan, a non-selective ETA and ETB receptor blocker, 

attenuated the rise in BP induced by RTK inhibition (Lankhorst, Kappers, et al., 2014a). 

However, it should be taken into account that macitentan exhibits a 50-fold selectivity for 

the ETA receptor (Iglarz et al., 2008). Moreover, in chronically instrumented awake swine, the 

administration of tezosentan, a dual ETA and ETB receptor antagonist, suppressed the 

sunitinib-induced hypertensive response, without lowering baseline BP (Kappers et al., 

2012), reinforcing the hypothesis that the upregulation of the endothelin system mediates 

the vasoconstrictive response involved in RTKIs-induced hypertension (Kappers et al., 2012). 

However, the agents which antagonise the ET system range from those with a dual ETA/B 

antagonism (e.g., bosentan) to those with a selective ETA blockade (e.g., sitaxentan) 

(MacIntyre et al., 2010; Kohan et al., 2011; Enevoldsen et al., 2020). Their difference in terms 

of receptor selectivity should be carefully considered when it comes to their ability to prevent 

RTKI-induced hypertension. In this context, bosentan, an agent with combined ETA and ETB 

receptor blockade, did not prevent cediranib-induced rise in BP in conscious freely moving 

rats (Carter et al., 2017), therefore introducing the hypothesis that hypertensive effects due 
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to RTKIs may be mainly mediated by ETA receptor rather than ETB receptor. Even if several 

mechanisms have been proposed, the events involved in the activation of ET axis due to the 

antiangiogenic therapies are still unclear. VEGF promotes the expression of preproET-1 

mRNA in ECs via VEGFR-2, as well as enhancing the secretion of ET-1 (Matsuura et al., 1998). 

However, if VEGF determines the production of ET-1 by ECs, a reduction of ET-1 would be 

expected during the treatment with VEGF-RTK inhibitors. The fact that increased levels of ET-

1 have been observed during antiangiogenic treatments led to the hypothesis that the rise in 

ET-1 is due to the activation of ECs as a result of VEGF signalling inhibition (Lankhorst, Saleh, 

et al., 2015b; Lankhorst et al., 2016). Considering the role of NO in inhibiting the ET-1 

production in ECs (Boulanger & Lüscher, 1990), a reduced bioavailability of NO may also be 

responsible for the upregulation of ET-1 (Thorin & Webb, 2010).  

In addition to NO, VEGFR signalling is involved in promoting the release of another vasoactive 

molecule, namely PGI2, which, interacting with prostacyclin (IP) receptors, elicits vasodilation  

via adenylyl cyclase (AC)-cyclic adenosine monophosphate (cAMP)-protein kinase A (PKA) 

pathway (Neagoe et al., 2005; Reid & Kinsella, 2015). The vasodilatory activity of PGI2 is also 

mediated by inhibition of ET-1 production (Prins et al., 1994; Razandi et al., 1996; Mirabito 

Colafella et al., 2020). Although the inhibition of VEGFRs is expected to determine a reduction 

of PGI2 levels (R. M. Touyz et al., 2017; Touyz et al., 2018), increased urinary and plasma levels 

of this have been detected in rats treated with sunitinib (Mirabito Colafella et al., 2020). The 

rise in PGI2 production following antiangiogenic treatment may be due to the interaction of 

ET-1 and ETA receptors, resulting in the stimulation of PGI2 expression (Kappers et al., 2012; 

Mirabito Colafella et al., 2020). In support of this hypothesis, co-treatment with sunitinib and 

a selective ETA receptor antagonist was associated with a reduction of circulating and urinary 

levels of PGI2 (Mirabito Colafella et al., 2020). A possible mechanism proposed to explain the 

relationship between enhanced release of PGI2 and VEGFR inhibitors-induced hypertension 

includes the interaction of prostacyclin with thromboxane A2 (TXA2) receptor, therefore 

acting as a vasoconstrictive agent (Mirabito Colafella et al., 2020). Overall, although the few 

experimental studies available suggest a possible role for PGI2 in the hypertensive response 

observed with antiangiogenic therapies, further investigations are needed to clarify the 

contribution of prostanoids in the pathophysiology of RTKIs-related hypertension (Mirabito 

Colafella et al., 2020; Camarda et al., 2022). 

 

The renin angiotensin system has also been evaluated for its potential involvement in BP 

elevation evoked by RTKIs targeting VEGFR-2, but conflicting results have been obtained 
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(Lankhorst, Kappers, et al., 2014a; Carter et al., 2017). Indeed, in some rodent models RTK 

inhibition determined increased levels of Ang II, with an improvement after administration 

of ramipril, an ACE inhibitor (Lankhorst, Kappers, et al., 2014a). Whereas, studying the effect 

of RTKIs on haemodynamic parameters of conscious rats and the impact of antihypertensive 

drugs on these values, it has been shown that losartan (an angiotensin II type 1 receptor 

blocker) was not able to blunt the hypertensive and vasoconstrictive responses to cediranib 

(Carter et al., 2017). In line with these data, clinical studies have not reported the activation 

of the renin angiotensin system as a potential cause of hypertension induced by RTKIs 

(Kappers et al., 2010).  

 

1.5 PROJECT AIMS 

This thesis aimed to investigate the cardiovascular safety liabilities of VEGFR-2 inhibitors, in 

particular axitinib and lenvatinib. Using ex vivo and in vivo approaches to study the impact of 

other therapeutics on the cardiovascular system, this work aimed to characterise the 

haemodynamic profile of these antiangiogenic agents and to investigate potential 

mechanisms underlying RTKI-induced cardiovascular alterations. 

 

First, this project aimed to quantify the potency of a panel of RTKIs against VEGFR-2 to then 

proceed with the characterisation of their haemodynamic profile in animal models. In 

particular, the project aimed to recapitulate the hypertensive effect of VEGFR-2 inhibitors in 

conscious and freely moving rats, in addition to evaluating the susceptibility of regional 

vasculature to the pressor effect associated with these therapeutics (Chapter 3). Second, the 

role of dual versus selective endothelin receptor antagonism in the development of the 

haemodynamic changes induced by VEGFR-2 inhibitors was interrogated (Chapter 4). Finally, 

this project explored the effect of these anticancer agents on vascular reactivity and 

remodelling, as well as their impact on cardiac performance, by combining isolated tissue 

bath approaches with echocardiography and pressure-volume loops analysis (Chapter 5). The 

work described in the following chapters aimed to: 

 

• Aim 1. Quantify the potency of a variety of RTKIs against VEGFR-2 (axitinib, erlotinib, 

linifanib, vatalanib, SU-14813 and lenvatinib) by using a nuclear factor of activated 

T-cell (NFAT) luciferase reporter gene assay in HEK293 cells expressing the human 

VEGFR-2 and a firefly luciferase reporter gene regulated by NFAT response elements. 
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• Aim 2. Investigate the effect of axitinib and lenvatinib on chronotropism, arterial 

pressure and regional vascular conductance in unanaesthetised rats by using the 

pulsed Doppler flowmetry model. 

• Aim 3. Elucidate the role of endothelin receptor antagonism in preventing the 

haemodynamic changes associated with axitinib and lenvatinib. 

• Aim 4. Assess the effect of axitinib and lenvatinib on endothelial function and 

vascular reactivity, while also defining their impact on arterial stiffness, on isolated 

mouse aortic segments by combining two different tissue bath approaches. 

• Aim 5. Investigate morphological and functional cardiac changes in response to 

axitinib and lenvatinib using transthoracic echocardiography in mice. 

• Aim 6. When echocardiographic alterations are present, assess the effect of VEGFR-

2 inhibitors on cardiac mechanics, contractility and haemodynamic via pressure-

volume loop analysis. 
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2.1 MATERIALS & METHODS: IN VITRO 

2.1.1 NFAT luciferase reporter gene assay in RE-luc2P VEGFR-2 HEK293 cells 

The NFAT reporter gene assay was used to evaluate the potency of selected RTKIs targeting 

VEGFR-2. The binding between VEGFR-2 and its ligands initiates several intracellular 

signalling cascades, such as the phosphorylation of PLCγ with the subsequent increase of 

intracellular calcium (via DAG and inositol-1,4,5-trisphosphate (IP3)) and the activation of 

calcineurin. Activated calcineurin dephosphorylates NFAT, thus triggering its translocation to 

the nucleus where it promotes the transcription of pro-angiogenic and pro-inflammatory 

genes (M. Simons et al., 2016). By using cells transfected with the firefly luciferase reporter 

gene under the control of a NFAT response element, the NFAT reporter gene assay permits 

the quantification of the VEGFR-2 transcriptional activity through the measurement of the 

luminescent signal due to the NFAT-luciferase response (Hill et al., 2001; Carter et al., 2015). 

Indeed, the mono-oxygenation of 5’-fluoroluciferin catalysed by firefly luciferase results in 

the emission of a yellow-green light (550-570 nm) used to quantify the extent of VEGFR-2-

mediated Ca2+-calcineurin-NFAT signalling activation. Here, the NFAT reporter gene assay has 

been used to quantitatively determine the potency of RTKIs targeting VEGFR-2. The inhibition 

of VEGFR-2 signalling elicited by these drugs results in a reduction of the NFAT-luciferase 

activity, thus producing a decrease of luminescence (Figure 9).  

 

 

Figure 9. Schematic illustration of the NFAT reporter gene assay used to evaluate the potency of 

RTKIs targeting VEGFR-2. VEGF binding to VEGFR-2 causes the autophosphorylation of specific 
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tyrosine residues in the kinase domain. Phosphorylated VEGFR-2 initiates the Ca2+/PLCγ cascade, 

resulting in the activation of calcineurin which, dephosphorylating NFAT, promotes its nuclear 

translocation and the consequent transcription of firefly luciferase, whose enzymatic activity can be 

quantified, providing a quantitative measure of the receptor activation. Upon VEGFR-2 inhibition due 

to RTKIs, the consequent blockage of receptor autophosphorylation results in a reduction of the 

NFAT-luciferase activity, therefore producing a decrease of luminescence. Figure created with 

BioRender.com 

 

2.1.1.1 MATERIALS 

HEK293 (Human Embryonic Kidney 293) cells were chosen for this functional assay since they 

have proved to be a reliable cell line for the production of recombinant proteins of interest 

due to their ease of transfection, high efficiency of protein expression and robust cell growth 

(Tan et al., 2021). The NFAT-RE-luc2P HEK293 cell line, a clonal derivative of HEK293 cells 

expressing the firefly luciferase reporter gene (luc2P) under the control of NFAT response 

elements (NFAT-REs) and stably transfected with the expression vector containing the KDR 

gene (human gene encoding for VEGFR-2) (Promega pGL4.30, E8481), were purchased from 

Promega Corporation (Madison, USA), and are referred as VEGFR-2/NFAT-ReLuc2P HEK293 

cells hereafter. Dulbecco’s Modified Eagle’s Media (DMEM), Dulbecco’s phosphate buffered 

saline (PBS), foetal calf serum (FCS), dimethyl sulfoxide (DMSO), trypsin (0.25% w/v in EDTA 

solution) and poly-D-lysine (PDL) hydrobromide were purchased from Sigma-Aldrich 

(Gillingham, UK). 

Axitinib, erlotinib, lenvatinib, linifanib, SU-14813 and vatalanib were purchased from 

Stratech Scientific Ltd (UK). ONE-Glo™ Luciferase Assay System was purchased from Promega 

Corporation (Madison, USA). VEGF165a was provided by R&D (Abingdon, UK). Other tissue 

culture reagents were purchased from Sigma-Aldrich (Gillingham, UK). Unless otherwise 

stated, cell culture reagents, laboratory equipment and chemical stocks were supplied by 

Sigma-Aldrich (Gillingham, UK). Cell culture consumables were purchased from Fischer 

Scientific (Loughborough, UK).  

 

2.1.1.2 CELL LINE 

The VEGFR-2/NFAT-RE-luc2P HEK293 cell line, allowing a rapid and convenient analysis of any 

cellular response resulting in a modulation of the NFAT transcriptional activity, was used for 

the in vitro experiments presented in Chapter 3 of this thesis. Derived from human embryonic 

kidney cells, HEK293 cells express adenovirus genes (Ad5 E1A and E1B) which, interfering 
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with cell cycle control pathways, prevent apoptosis, as well as allowing for high-level 

expression of recombinant proteins (Graham et al., 1977; Louis et al., 1997). In addition, 

HEK293 cells are characterised by an easy reproduction and maintenance, making them a 

versatile and robust cell line with several applications in molecular biology (Thomas & Smart, 

2005).  

 

2.1.1.3 CELL CULTURE 

VEGFR-2/NFAT-RE-luc2P cells were grown in DMEM (supplemented with 10% FCS to provide 

additional nutrients) and maintained in T75 flasks within a humidified 5% CO2 atmosphere in 

incubators at 37°C. All media were stored at 4C and warmed to room temperature before 

use so as not to create excessive stress to the cells. All sterile cell culture techniques were 

performed in a class II Microbiological Safety Cabinet (TriMAT; Contained Air Solutions, UK) 

to prevent contamination. 

 

2.1.1.4 PASSAGING 

Cell were checked daily to monitor culture health and degree of confluency using an inverted 

microscope (Primovert, Zeiss) fit with a Pan Apochromat 10X objective. The VEGFR-2/NFAT-

RE-luc2 cell line was used as an adherent monolayer for the experiments reported in this 

thesis. Cell passaging was performed when cells reached 80-90% confluency to maintain log 

phase growth and maximum viability. In order to passage the cells, medium was removed 

from the T75 flask and 3-4 ml of PBS were added to rinse cell monolayer and remove traces 

of old medium and any non-adherent cells. Subsequently, adherent cells were detached from 

the flask surface by 5-min incubation at room temperature with 1 ml of 1x trypsin-EDTA 

solution (diluted from a 10x solution using PBS). Trypsin, as proteolytic enzyme, digests 

adhesion molecules and detaches cells, allowing easy resuspension of the cells. Since trypsin 

is inactivated by the bivalent ions (Ca2+ or Mg2+) present in culture media, the chelating agent 

EDTA was added to weaken cell-cell adhesion, thus improving the enzymatic activity of 

trypsin. Detached cells were then washed off into 10 ml growth medium and the resulting 

cell suspension was then transferred into a 25 ml universal tube and centrifuged at 1000 rpm 

for 5 min. After discarding the supernatant, the pellet was resuspended in 10 ml of growth 

medium, and the appropriate volume of cell suspension to achieve the desired split ratio 

(typically 1:5, 1:10 or 1:20) was then added into a new T75 flask containing 20 ml of growth 

medium. 
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2.1.1.5 FREEZING 

Multiple passages of VEGFR-2/NFAT-RE-luc2 HEK293 cell line were stored at -80°C or in liquid 

nitrogen dewars for long-term storage (Isothermal V3000- EHAB/C, Custom Biogenic System, 

USA). To allow good cell recovery after the freeze-thaw process, cells were frozen in FCS 

containing 10% of the cryoprotectant DMSO to prevent cell lysis upon freezing. Before use, 

the cryopreservation medium was sterilised by filtration using a 0.22 μm filter to remove 

potential contaminants. Cells were passaged as described in 2.1.1.4 until the centrifugation 

step, after which cell pellet weas resuspended in cryopreservation medium and aliquoted 

into cryogenic storage vials. A constant cooling rate of -1°C.min-1 is crucial to maximise cell 

viability and integrity. For this reason, cell-containing cryovials were placed in a Mr Frosty 

freezing container (Nalgene, Thermo Fisher Scientific, UK) and placed at -80°C for 24 h, before 

being transferred to the liquid nitrogen vapour phase for long-term storage.  

To recover cryopreserved cells, a previously frozen cell-containing cryovial was removed 

from liquid nitrogen storage and rapidly thawed. Once defrosted, the aliquot was suspended 

in 10 ml growth medium, centrifuged at 1000 rpm for 5 min and the resulting pellet was 

resuspended in 1 ml of growth medium and seeded into a T75 flask. After 24 h, the medium 

was replaced with 10 ml of fresh growth medium to remove dead cells and any remaining 

traces of DMSO. 

2.1.1.6 LIGAND STOCKS 

 Axitinib, erlotinib, lenvatinib, linifanib, SU-14813 and vatalanib stock solutions of 10-2  M 

were prepared by dissolving each individual compound, provided as powder, in DMSO, then 

aliquoted onto Eppendorf tubes and stored at -20°C until use. Recombinant human VEGF-

A165a stock solutions of 10-6 M were prepared by resuspending the protein in PBS with 0.1% 

protease-free bovine serum albumin (BSA) (as per the manufacturer's instructions to prevent 

interactions with the plasticware), aliquoted into Eppendorf tubes and stored at -20°C until 

use.  

2.1.1.7 EXPERIMENTAL PROTOCOL 

Prior to seeding cells, white 96-well plates were coated with PDL, a chemically synthesised 

extracellular matrix used to facilitate cell adhesion to plastic surfaces, therefore allowing 

removal of medium during the assay without dislodging the cells. PDL hydrobromide was 

diluted with PBS to make 5 mg.ml-1 aliquot stocks (40 μl), which were stored at -20°C. On the 

day of use, a PDL aliquot was diluted in 20 ml PBS to a final concentration of 10 μg.ml-1 and 
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filter sterilised using a sterile syringe filter (0.22 μm pore size). 50 μl of 10 μg.ml-1 PDL was 

added to each well of the plate and incubated at room temperature for 30 min to allow 

adherence to the bottom of the wells, before being aspirated off. 

 

VEGFR-2/NFAT-RE-luc2 cells were grown in a T75 flask until approximately 80% confluent 

before being washed, detached from the flask, resuspended, and centrifuged as described 

previously (Methods 2.1.1.4). The resulting pellet was resuspended in 10 ml cell culture 

medium. To ensure experiments used cells at optimal confluency, the cell density was 

determined using the average cell count calculated with a haemocytometer (BRAND 

counting chamber, BLAUBRAND  Neubauer improved, BR717805, Sigma-Aldrich, UK). Cells 

were diluted in culture medium and seeded 100 μl/well at the required density (20,000 

cells/well) in the white 96-well pre-treated with PDL. Cells were left to grow for 24 h at 

37°C/5% CO2. After that time, growth medium was replaced with FCS-free medium to prevent 

growth factors in the serum from interfering with the assay and cell were incubated at 

37°C/5% CO2 for a further 24 h.  

 

2.1.1.7.1 VEGF165a CONCENTRATION-RESPONSE CURVE  

For the VEGF165a concentration-response curve, on the day of the assay, medium was 

removed and 90μl/well serum-free DMEM/0.1% protease-free BSA was added. Increasing 

concentrations of VEGF165a (final concentrations: 10-12 M - 10-8 M) were added in 10 μl to the 

appropriate wells in triplicate replicates and cells were then incubated for 5 h at 37°C/5% 

CO2. After the incubation period has lapsed, assay medium was removed and replaced with 

50 μl/well serum-free DMEM and 50 μl/well ONE-Glo™ Luciferase reagent, containing 

luciferin as a substrate for the luciferase (Promega Corporation, USA). A white plate back seal 

was applied, and luminescence was measured by a TopCount plate reader (Perkin Elmer, 

Llantrisant, UK) with a 5-min delay to allow reagent to react with transcribed luciferase and 

to allow the attenuation of background luminescence.  

 

2.1.1.7.2 INHIBITION OF VEGF165a RESPONSE USING RTKIS 

For the competition assay, on the day of the experiment FCS-free medium was removed and 

80μl/well serum-free DMEM/0.1% protease-free BSA was added. Vehicle (serum-free 

DMEM/0.1% protease-free BSA) was added in 10 μl to the control wells. Then 10 μl of 

increasing concentrations of RTKIs (final concentrations: 10-11 M - 3x10-7 M for erlotinib, 
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axitinib and SU-1483; 3x10-11 M - 10-6 M for vatalanib and linifanib) were added to the 

appropriate wells in triplicate replicates and cells were then incubated for 1 h at 37°C/5% CO2 

prior to addition of VEGF165a. VEGF165a (1 nM) was added to each well and cells were then 

incubated for 5 h at 37°C/5% CO2. After the incubation period lapsed, assay medium was 

removed and replaced with 50μl/well serum-free DMEM and 50μl/well ONE-Glo™ Luciferase 

reagent (Promega Corporation, USA). A white plate back seal was applied, and luminescence 

was measured by a TopCount plate reader (Perkin Elmer, Llantrisant, UK) with a 5-min delay 

to allow reagent to react with transcribed luciferase and to allow the attenuation of 

background luminescence.  

 

2.1.1.8 DATA ANALYSIS 

All data are presented as mean ± S.E.M. and were analysed using non-linear regression in 

Prism 10 (GraphPad Software, San Diego, CA, USA). The n in the text refers to the number of 

independent experiments. Statistical analysis was determined by unpaired t-test and p<0.05 

was considered statistically significant.  

 

2.1.1.8.1 VEGF165a CONCENTRATION-RESPONSE CURVE 

The VEGF165a concentration-response curve was fitted with a non-linear regression (variable 

slope) using the following equation:  

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =  
𝐸𝑚𝑎𝑥 × [𝐴]𝑛

[𝐴]𝑛 +  𝐸𝐶50
 

 

Where [A] is the VEGF165a concentration, Emax is the maximal response of an agonist, n is the 

Hill coefficient and EC50 is the molar concentration of the agonist required to induce 50 % of 

the Emax. 

 

2.1.1.8.2 INHIBITION OF VEGF165a RESPONSE USING RTKIs 

All data obtained from NFAT luciferase reporter gene assays were normalised to responses 

to 1nM VEGF165a, then fitted with a non-linear regression (variable slope) using the following 

equation:  

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑡𝑜 𝑉𝐸𝐺𝐹165𝑎 =  
100 × 𝐼𝐶50

[𝐼] + 𝐼𝐶50
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Where IC50 is the molar concentration of RTKI required to inhibit 50 % of the response to 

VEGF and [I] is the concentration of RTKI.  

 

2.2 MATERIALS & METHODS: IN VIVO 

2.2.1 Pulsed Doppler flowmetry 

The Doppler Flowmetry model has been used in this project to assess the haemodynamic 

effects of selected RTKIs (i.e., axitinib and lenvatinib) in conscious and freely moving rats. This 

approach allows measurement of the effects of therapeutics on arterial BP, as well as the 

changes in the haemodynamic responses in different vascular beds, in unanaesthetised 

animals, providing an effective way to study physiological parameters without the 

interference of anaesthetic agents (Gardiner & Bennett, 1988; S.M. Gardiner et al., 1990). 

Indeed, general anaesthesia can alter animal’s physiology, affecting in particular BP, oxygen 

saturation, cerebral metabolism and other electrophysiological signals (Claassen, 2013). In 

addition, the use of this in vivo model provides an exquisite way to evaluate drug-induced 

responses in the presence of intact autoregulatory systems, thus maintaining physiological 

neurohormonal interactions and autonomic nervous system responses (i.e., baroreceptor 

reflex). In this regard, to ensure that the drug-induced cardiovascular effects are not modified 

or biased by anaesthetics and to have a better comprehension of integrated cardiovascular 

effects in vivo, the use of conscious and freely moving animals is fundamental.   

In order to investigate the regional haemodynamic impact of antiangiogenic therapies with 

this model, the Doppler effect (2.2.1.1) was applied to derive blood flow velocity by 

chronically implanting ultrasonic pulsed Doppler flow probes (2.2.1.5.1) in rats. Essentially, 

the implantation of miniaturised pulsed Doppler flow probes around the vessels of interest 

allowed for measurement of the frequency difference (in Hz) between the transmitted and 

received sound waves (Doppler shift), thus enabling calculation of blood flow velocity, as 

described in greater detail in the section below (2.2.1.1). In addition, rats were implanted 

with intraarterial catheters to derive BP and heart rate (HR) measurements and intravenous 

catheters to minimise animal discomfort during drug administration by using intravenous 

route. This is discussed in more details in 2.2.1.5.1 and 2.2.1.5.2. 

 

2.2.1.1 THE PULSED DOPPLER FLOWMETRY METHOD 

First developed for the measurements of blood flow in dogs, the pulsed Doppler approach 

revealed its main advantage in the adoption of a single ultrasonic crystal compared to the 
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previously-used bulky electromagnetic or continuous wave Doppler probes (Hartley & Cole, 

1974). It was in 1981 that this model was applied in rats, to be then further improved by the 

Haemodynamics group of Gardiner and Bennett at the University of Nottingham, which was 

able to reduce signal “aliasing” by using a modified high pulse repetition frequency (PRF) 

mainframe (Haywood et al., 1981; S.M. Gardiner et al., 1990; S. M. Gardiner et al., 1990). 

Indeed, the PRF must be twice the frequency of the expected maximum Doppler shift (2D)  

in order to avoid aliasing of the real signal. The condition when PRF equals to 2D is also 

known as Nyquist limit (S. M. Gardiner et al., 1990). If sampling rate is over the Nyquist limit, 

the sampling will be adequate, while if the sampling rate is below this limit, the resultant 

frequency is an artefact (Figure 11). 

 

Figure 11. Aliasing is the major artifact of the Doppler method and occurs when PRF is less than twice 

the maximum Doppler shift. Two sine waves and the relative samplings at different sampling rate are 

represented. The arrows indicate the sampling time, while the dotted red lines are the resultant of 

the sampling. On the left side, the PRF is below the Nyquist limit, resulting in aliasing of the signal. On 

the right, the sampling rate is over the Nyquist limit, resulting in a sampling representative of the real 

signal. PRF = pulse repetition frequency. Figure created with BioRender.com 

 

When connected to a flowmeter, the piezoelectric crystal embedded in a probe (details of 

probe construction are reported in section 2.2.1.2) emits short pulses of ultrasonic energy 

(20 MHz). When this ultrasonic energy comes into contact with a moving element (i.e., an 

erythrocyte) it is reflected back towards the crystal, time-delayed and with a slightly different 

frequency than the one emitted (Figure 12). This change in frequency, also known as Doppler 

frequency shift (DFS or Δ), equals the difference between the transmitted and received 
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frequencies and is directly related to the velocity of the moving element (Hartley & Cole, 

1974). The DFS (MHz) depends on blood flow velocity (V, m/s), transmitted frequency (t, 

MHz), speed of sound in blood (c, m/s) and the angle between the crystal and the direction 

of blood flow (, constant at 45o ): 

 

∆𝑓 =  
2 ×  𝑓𝑡 ×  𝑉

𝑐
 × cos 𝜃 

 

In the probe, the angle of the crystal () remains constant at 45°. The frequency of the 

transmitted signal (t) and velocity of sound in the blood (c) are also constants, therefore the 

Doppler frequency shift (Δ) is directly proportional to blood flow velocity.  

 

The time between probe implantation and catheterisation allowed a fibrous capsule to grow 

around the cuff and the vessel, preventing vessel diameter changes beneath the probe. 

Therefore, as the vessel diameter remains constant, blood flow velocity is directly 

proportional to blood flow and a change in the Doppler shift is an index of changes in blood 

flow in the vascular bed downstream of the probe (Hartley & Cole, 1974; Haywood et al., 

1981). 

 

The measurement of Doppler shift in conjunction with mean arterial pressure (detailed in 

2.2.1.3) allows vascular conductance (VC) to be derived (S. M. Gardiner et al., 1990): 

 

% Δ Vascular Conductance = % Δ 
Doppler shift

Mean arterial pressure
 

 

An increase in vascular conductance indicates vasodilation in the vascular bed downstream 

of the probe, while a decrease is representative of vasoconstriction. 
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Figure 12. Schematic representation of the Doppler flowmetry principle. Figure created with 

BioRender.com 

 

2.2.1.2 CONSTRUCTION OF DOPPLER FLOW PROBES 

Pulsed Doppler flow probes were constructed according to the method described by 

Haywood et al (Figure 13) (Haywood et al., 1981). Piezoelectric crystals (1 mm in diameter) 

attached to insulated silver-plated copper wires were purchased from Crystal Biotech Inc 

(USA). The crystal was placed into a medical grade silicon tubing (3-4 mm in length), one side 

of which was then cut at a 45° angle to allow the piezoelectric crystal, when implanted, to 

have the correct orientation to the vessel. The paired probe wires of the crystal were then 

pulled through the other side of the silicon tubing, ensuring that the crystal was facing the 

angled side of the tubing. At that point, the crystal was stabilised with sticky dental wax, 

before being permanently fixed. Polystyrene foam, which was used as an acoustic baffle to 

prevent the detection of flow from surrounding areas, was spread with a needle over the 

silicon tubing and left to set for 24 h. To create the lumen space where the blood vessel will 

be placed, the resulting subunit was then mounted onto a needle, appropriate in size to the 

diameter of the vessels of interest (Table 2), by melting the dental wax on the crystal and 

then surrounded by a cuff created with soft Silastic material, which will be sutured around 

the vessel. The probe was then left overnight to allow the soft silastic cuff to settle. Finally, 

the encapsulate probe was removed from the needle by cutting the cuff parallel to the needle 

in the opposite side of the crystal. Silk sutures (6/0) were then put in place at the top of the 

resulting two flaps, to allow the probe to be secured around the vessel at the stage of the 

surgical implantation. Refinements have been made in the construction of the probes, with 

the result of smaller and lighter units. This allowed not only to implant multiple probes in a 
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single animal, but also to minimise tissue damage during and after the implantation 

procedures. 

 

 

Figure 13. Representation of the in-house made miniaturised pulsed Doppler flow probe. Figure 

created with BioRender.com 

 

 

Table 2. Approximate size and lumen diameter of the vessels of interest. These values were used as a 

reference for the construction of the pulsed Doppler flow probes.  

 

2.2.1.3 MEASURING BLOOD PRESSURE  

While monitoring regional blood flow, this model allows the simultaneous measurement of 

BP by using a fluid-filled arterial catheter connected to a pressure transducer (Figure 14). The 

arterial catheter, also known as PE50/PE10 catheter, was made up of two tubing (Braintree 

Scientific), which differed in terms of size and material (S. M. Gardiner et al., 1990). The 

portion of the arterial catheter that was inserted into the distal abdominal aorta via the 

ventral caudal artery consisted of a short (approximately 7.0 cm), flexible and small-diameter 

polyethylene tubing (PE10) (internal diameter: 0.28 mm), which was welded to a longer (100 

cm), wider (internal diameter: 0.58 mm) and thicker nylon tubing (PE50). Catheter design has 

a substantial influence on its performance and dynamic response, in particular influencing 

catheter natural frequency and damping ratio (Gardiner et al., 1980; Schenk et al., 1992). The 

Blood vessel Approximate size Lumen diameter

Left renal artery 3 mm x 4 mm 1 mm

Superior mesenteric artery 3 mm x 4 mm 1.2 mm

Descending aorta 3 mm x 5 mm 1.7 mm
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appropriate damping ratio is crucial to correct pressure measurements obtained with a low 

natural frequency catheter (Schenk et al., 1992). Damping (or internal impedance) is inversely 

proportional to catheter diameter. Therefore, the combination of different internal diameter 

obtained with PE50/PE10 catheter, compared to a catheter exclusively made from PE50, results 

in an increased damping ratio and consequent attenuation of pressure signal to an 

acceptable level (Schenk et al., 1992). To have a reliable measure of BP, a catheter exclusively 

made from PE10 is also not ideal, since the excessively small diameter can lead to a reduced 

dynamic sensitivity of the pressure measurements and the signal would be drastically 

dampened (Van Vliet et al., 2000). As a result, the PE50/PE10 catheter has been demonstrated 

to have the natural frequency and damping characteristics necessary for the accurate 

acquisition of BP (Schenk et al., 1992). This catheter system has been tested and verified to 

accurately measure pressure at the frequencies of the signal generated by a rat heart (around 

6 Hz at rest, 360 beats per minute (bpm)) (Gardiner et al., 1980). 

 

The arterial catheter was connected to a pressure transducer via a stainless-steel needle and 

a 3-way tap. The pressure transducer system consisted of a Bell and Howell type 4-42 

pressure transducer incorporated into a displacement dome filled with degassed double-

distilled water. The whole system was connected to a transducer amplifier (model 13-4615-

50; Gould, Cleveland, Ohio, USA), which was associated to a computer running customised 

software (Instrument Development Engineering Evaluation, IdeeQ version 2.5; Maastricht 

Instruments, Maastricht, The Netherlands). The 3-way tap allowed enabled temporarily 

disconnection of the transducer in order to flush the arterial line with heparinised saline (40 

Industrial Units (IU).ml-1, ~0.2 ml). This step was essential to maintain arterial catheter 

patency, preventing the formation of blood clots.  When no pressure measurement was 

performed, the arterial catheter was connected to a fluid-filled swivel (Figure 15), made in-

house as described in Brown et al (Brown et al., 1976), which was in turn connected to a 

pump providing constant infusion of heparinised saline (20 IU.ml-1, 0.4 ml.hr-1). 
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Figure 14. Photograph of the intraarterial catheter and pressure-transducer. 

 

 

Figure 15. Photograph of the in-house made fluid-filled swivel. 
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2.2.1.4 ANIMALS 

Adult male Sprague-Dawley rats (Charles River Laboratories and Envigo, UK) weighing 

between 350 and 500 g were used to perform the pulsed Doppler flowmetry studies 

described in Chapter 3 and Chapter 4 of this thesis. Animals arrived at the animal house at 

least 7 days before any surgical procedure and were housed in a temperature-controlled (21-

23°C) room with a 12 h light/dark cycle (lights on at 6:00 am) and ad libitum access to food 

(18% Protein Rodent Diet; Envigo, Madison WI, USA) and drinking water. Rats were housed 

in pairs prior to the surgical implantation of the Doppler flow probes, at which point they 

were singularly housed overnight and housed in pairs again the following day till the surgical 

implantation of intraarterial and intravenous catheters. Post-catheterisation, animals were 

individually housed in the experimental room with free access to food and drinking water. 

All surgical and experimental procedures were conducted with approval of the University of 

Nottingham Animal Welfare and Ethical Review Board (establishment license: X653228F4) 

and performed in conformity with the Animals (Scientific Procedures) Act (1986), under UK 

Home Office approved Project Licence (PF0F2A6EC) and Personal License (PIL) authority 

(I95023042).  

For the studies mentioned in this thesis, 96 rats were used, and all animal experiments are 

reported in compliance with the ARRIVE guidelines and the editorial on reporting animal 

studies (Kilkenny et al., 2010; McGrath & Lilley, 2015).  

 

Animals were subjected to two rounds of surgeries: the first surgery consisted of the 

implantation of the Doppler flow probes, while the second procedure was carried out to 

insert intraarterial and intravenous catheters. Pharmacological agents used during the 

surgical procedures and the relative doses were chosen according to the recommendations 

described in the fourth edition of Laboratory Animal Anaesthesia (Flecknell, 2015).  

 

The surgical success rates and humane endpoints were in keeping with the Home Office 

licence. 
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2.2.1.5 SURGICAL PROCEDURES 

2.2.1.5.1 IMPLANTATION OF DOPPLER FLOW PROBES 

Rats were initially anaesthetised with intraperitoneal injection of 300 µg.kg-1 fentanyl citrate 

(synthetic opioid acting as full agonist of μ opioid receptors; Jansen-Cilac Ltd) mixed with 300 

µg.kg-1 Domitor (medetomidine, selective α2-adrenergic agonist; Pfizer). Prior to starting the 

surgery, animals also received 1 mg.kg-1 meloxicam (injected subcutaneously) as 

supplementary analgesia. If required, supplementary anaesthesia was provided throughout 

the surgery to maintain appropriate anaesthetic depth. Once animals were fully 

anaesthetised (toe pinch was used for anaesthetic depth assessment), weight was recorded 

and the abdominal midline, cervical region and left flank above the hind limb were shaved. 

After cleaning the shaved areas, paws and tail with Clinell skin wipes (2% chlorhexidine in 

70% isopropyl alcohol; Gama Healthcare Ltd.), the rat was wrapped in a clear surgical drape 

(cling film; Glad, USA) and then placed on a heated surgical table (37°C) in the supine position.  

A 5-inch midline laparotomy incision was made down the middle of the abdomen along the 

linea alba. The contents of the abdomen were then wrapped in sterile, saline-saturated 

tissue and held on one side, allowing the exposure of the vasculature underneath. Using a 

microscope, the vessels of interest were identified and cleared of adipose and connective 

tissue using blunt dissection techniques. A suitable pulsed Doppler probe, with an internal 

diameter equivalent to the diameter of the vessel of interest, was selected for each vessel 

and was then connected to a Doppler flowmeter to check if the signal detection was 

appropriate, before being sutured and secured around the vessel (Haywood et al., 1981; S. 

M. Gardiner et al., 1990). 

Probe wires were secured to the left abdominal wall with 3/0 Mersilk suture (Ethicon, UK) 

and tunnelled via the left flank to the posterior of the neck, where a second verification of 

the signals was performed. The extra wire length was coiled and anchored subcutaneously 

at the left flank. Wire ends were then secured with Mersilk suture and sterile tape to the 

nape of the neck, leaving their ends (about 0.5 cm long) protruding from the skin. The 

abdominal contents were carefully repositioned, the abdominal wall was reapproximated 

using 2/0 Vicryl (Ethicon, UK) and then the skin was closed with subcuticular sutures using 

4/0 Vicryl (Ethicon, UK). An absorbent and antibacterial powder (Battle, Hayward and Bower 

Ltd, UK) was applied over the wounds for optimum healing. 5 ml of warmed saline were 

administered subcutaneously to provide postoperative hydration. 0.02 mg.kg-1 Vetergesic 

(buprenorphine, opioid partial agonist; Alstoe Animal Health, UK) and 1 mg.kg-1 Antisedan 

(atipamezole hydrochloride, α2-adrenergic antagonist; Pfizer) were provided as 
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postoperative analgesia and reversal agent, respectively. Supplementary analgesia 

(Meloxicam, 1 mg.kg-1.day-1, s.c) was given for 3 days after surgery. Animals, individually 

housed, were closely monitored post-surgery, with welfare checks carried out every 15 min. 

After a minimum of 3 h of observations, on confirmation that the rats had fully recovered, 

the animals were taken to the holding room and housed in pairs the following day. As part of 

animal welfare assessment, rats were checked daily in the period between Doppler flow 

probes implantation and the surgery to implant intravenous and intraarterial catheters. 

 

2.2.1.5.2 IMPLANTATION OF INTRAVENOUS AND INTRAARTERIAL CATHETERS 

A second surgical procedure, performed at least 10 days after probe implantation and after 

an appropriate welfare check from the Named Veterinary Surgeon, was conducted to implant 

catheters into the right jugular vein (for drug administration) and into the distal abdominal 

aorta, via the caudal artery (to record BP and HR).  

 

Venous catheters consisted of polyethylene tubing (150 cm in length with internal diameter 

of 0.28 mm and outer diameter of 0.61 mm, total lumen dead-space 0.1 ml; Braintree 

Scientific). The arterial line consisted of polyethylene tubing (6 cm in length with internal 

diameter of 0.28 mm and outer diameter of 0.61 mm; Braintree Scientific) heat-sealed to 

nylon tubing (85 cm in length with internal diameter of 0.58 mm and outer diameter of 1.02 

mm; Portex, Sims, UK). All catheters were packed and sterilised with ethylene oxide prior to 

their surgical implantation. In addition, before surgery all catheters were flushed and 

prefilled with 20 IU.ml-1 heparinised saline (Wockhardt UK Ltd, UK) 

 

Local anaesthetic (lidocaine hydrochloride, 2% stock solution; Hameln Pharma Ltd, UK) was 

applied dropwise to all vessels exposed during the procedures described in this section. 

 

After being anaesthetised (as previously described in 2.2.1.5.1), rats were weighed and the 

anterior of the neck (between the larynx and sternum) and right flank were shaved and 

cleaned with Clinell skin wipes. 

Before starting the catheterisation, the Doppler probe wires were released from the skin at 

the back of the neck and stripped of insulation to check the signals before soldering them 

into a 6-way miniature plug (Omnetic Connector Corporation, USA). Animals were then 

wrapped in a clear surgical drape (cling film; Glad, USA) and placed on the operating table in 

the supine position.  
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2.2.1.5.2.1 Intravenous catheters 

An incision, approximately 1 cm in length, was made on the anterior of the neck and the 

incision was deepened using blunt dissection, taking care to preserve the surrounding 

structures. Before isolating the vein and proceeding with catheterisation, the catheters were 

tunnelled subcutaneously to the back of the neck. Afterwards, the right jugular vein was 

isolated and its rostral end ligated, before a small incision was made into the vessel. At that 

stage, two venous catheters were inserted (approximately 1.5 cm) through the jugular vein 

and secured to the vessel using 3/0 Mersilk suture, flushed with heparinised saline (20 

IU.ml-1) and sealed with a wire spigot. The incision on the neck was then sutured using 4/0 

Vicryl (Ethicon, UK) and absorbent and antibacterial powder (Battle, Hayward and Bower Ltd, 

UK) was applied over the wound.  

 

2.2.1.5.2.2 Intraarterial catheters 

A 2 cm incision was made on the ventral side of the tail, beginning approximately 1.5 cm from 

its base, and the ventral caudal artery was then exposed. Using closed forceps beneath the 

artery, the vessel was elevated until flow was obstructed before being ligated. A small 

incision was made into the vessel and arterial catheter was then inserted 6 cm into the distal 

aorta and secured to the vessel using 3/0 Mersilk suture. The catheter was then flushed with 

heparinised saline (20 IU.ml-1) and sealed with a wire spigot before being tunnelled 

subcutaneously via the dorsal end of the tail to the nape of the neck, where the probe wires 

and venous catheters exited. The tail incision was then sutured using 4/0 Vicryl (Ethicon, UK). 

 

2.2.1.6 PULSED DOPPLER FLOWMETRY: EXPERIMENTAL SET-UP  

Upon completion of the surgical implantation of the intraarterial and intravenous catheters, 

rats were transferred in the experimental room where they were prepared for the following 

day’s experimental procedure, before being individually housed. Firstly, they were fitted with 

a custom-designed harness (Figure 16) and catheters were passed through a protective 

spring secured to the harness and attached to a counterbalance. A miniature 6-way plug 

(Omnetic connector corporation, USA) soldered to the probe wires was also mounted on the 

harness, before being plugged into the connector to check the Doppler flow signals. Any 

exposed wires were protected with tape. The arterial catheter was then connected to a 

fluid-filled swivel, which was in turn connected to a pump infusing heparinised saline (20 

IU.ml-1, 0.4 ml.h-1) throughout the day and overnight to preserve patency (as described above 
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in 2.2.1.3). Animals were free to move within the cage and had free access to food and water. 

Wooden chew blocks and cardboard tubes were also placed into the cage as enrichment 

items. 

 

 

Figure 16. Photographs of the custom-designed harness and 6-way plug connector. 

 

A satisfactory welfare check was carried out every 15 min to monitor the animals and ensure 

their adequate recovery. Approximately 4.5 h after the surgery, an additional dose of 

analgesia was administered (buprenorphine, 15 μg.kg-1, s.c.). 

Experiments began 24 h after the catheter implantation, following an appropriate check by 

the Named Animal Care and Welfare Officer (NACWO).  

 

2.2.1.7 PULSED DOPPLER FLOWMETRY: CARDIOVASCULAR RECORDINGS 

HR, BP, renal, mesenteric and hindquarters Doppler shifts, which are an index of blood flow 

downstream of the implanted probe, were measured by a transducer amplifier (13-4615-50; 

Gould, Cleveland, OH, USA), a Doppler flowmeter (Crystal Biotech, Holliston, MA, USA), and 

a VF-1 mainframe (pulse repetition frequency 125 kHz) fitted with high-velocity (HVPD-20) 

modules. Raw data were recorded and sampled by a customised computer software (IdeeQ; 

Maastricht Instruments, Maastricht, The Netherlands) every 2 ms, averaged, and stored to 

disc every cardiac cycle. Changes in vascular conductance (VC) in the renal (RVC), mesenteric 

(MVC), and hindquarter (HVC) vascular beds, respectively, were derived from the changes in 

mean arterial pressure (MAP) and Doppler shift. Pulse pressure (PP) was also derived as the 

difference between SBP and DBP (Homan et al., 2022). At the end of each experiment, 
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animals were euthanised by an Animals (Scientific Procedure) Act 1986 Schedule one 

procedure, with Dolethal overdose (200 mg.ml-1) and exsanguination.  

 

2.2.1.8 EXPERIMENTAL PROTOCOLS 

Hydroxypropyl β-cyclodextrin (HPβCD) and ET-1 were acquired from Sigma-Aldrich 

(Gillingham, UK). Axitinib and lenvatinib were obtained from Stratech (Ely, UK). 

 

2.2.1.8.1 SERIES 1 

This series of experiments was run for 4 days; the contemporaneous control group was 

administered vehicle (40% HPβCD in sterile saline). Experiments were run with treatment 

groups of 8 to 10 rats.  

Two groups of rats were used to assess the cardiovascular responses to axitinib. On day 1 of 

the experiment, after a period of baseline recordings, rats were dosed with axitinib (3 (low) 

mg.kg-1 or 6 (high) mg.kg-1) as an intravenous bolus (0.2 ml administered over 10 s) followed 

by a 1-h intravenous infusion (0.4 ml.h-1) at the same dose (3 or 6 mg.kg-1.h-1) (Carter et al., 

2017). 

Three groups of rats were used to evaluate the cardiovascular changes induced by lenvatinib. 

On day 1 of the experiment, after a period of baseline recordings, rats were dosed with 

lenvatinib (1 (low) mg.kg-1, 3 (mid) mg.kg-1 or 6 (high) mg.kg-1) as an intravenous bolus (0.2 

ml administered over 10 s) followed by a 1-h intravenous infusion (0.4 ml.h-1) at the same 

dose (1, 3 or 6 mg.kg-1.h-1). 

Contemporaneous control group received vehicle as an intravenous bolus (0.2 ml 

administered over 10 s) followed by a 1-h intravenous infusion (0.4 ml.h-1).  

The intravenous bolus followed by intravenous infusion dosing regimen allowed to rapidly 

achieve and maintain plasma concentration plateau. 

Haemodynamic recordings were continued for a further 5 h after completion of the axitinib, 

lenvatinib or vehicle intravenous infusion period. The same treatment regimen was followed 

on days 2-4 after a baseline recording period on each day. 

 

2.2.1.8.2 SERIES 2 

This series of experiments was run for 2 days. Experiments were run with treatment groups 

of 7 to 8 rats. Three groups of rats were used for each RTKI, namely axitinib and lenvatinib, 

to assess the role of endothelin antagonism in the prevention of the cardiovascular responses 



Chapter 2: Materials & Methods 

 

 81 

associated with these agents. Rats were randomly assigned to one of three treatment groups: 

axitinib or lenvatinib in the presence of vehicle (40% HPβCD in sterile saline), axitinib or 

lenvatinib in the presence of a dual ETA and ETB receptor antagonist (bosentan), axitinib or 

lenvatinib in the presence of a selective ETA receptor antagonist (sitaxentan). On day 1 of the 

experiment, after a period of baseline recordings, rats were dosed with bosentan (15 mg.kg-

1) or sitaxentan (5 mg.kg-1) as an intravenous bolus (0.2 ml administered over 10 s) followed 

by a 5-h (for axitinib groups) or 6-h (for lenvatinib groups) intravenous infusion (0.4 ml.h-1) at 

the same dose (15 mg.kg-1.h-1 for bosentan and 5 mg.kg-1.h-1 for sitaxentan). The 

contemporaneous control group received vehicle (40% HPβCD in sterile saline) as an 

intravenous bolus (0.2 ml administered over 10 s) followed by a 5-h (for axitinib groups) or 

6-h (for lenvatinib groups) intravenous infusion (0.4 ml.h-1).  

After 1-h infusion of the endothelin antagonists or vehicle, axitinib (3 mg.kg-1) or lenvatinib 

(1 mg.kg-1) was administered to all animals as an intravenous bolus (0.2 ml administered over 

10 s) followed by a 1-h intravenous infusion (0.4 ml.h-1) at the same dose (3 mg.kg-1.h-1 for 

axitinib and 1 mg.kg-1.h-1 for lenvatinib) (Carter et al., 2017). The same treatment regimen 

was followed on day 2 after a baseline recording period. The intravenous bolus followed by 

intravenous infusion dosing regimen allowed to rapidly achieve and maintain plasma 

concentration plateau. At the end of day 2, all groups received ET-1 (administered as 0.1 ml 

bolus in 1% bovine serum albumin/saline) at the following concentrations: 0.1 M, 0.3 M 

and 1 M, 3 min per concentration. 

 

To explain the different infusion time between axitinib and lenvatinib groups, the occurrence 

of neck swelling during experiments with axitinib-treated animals required the shortening of 

the infusion time to be sure that the swelling was not caused by the prolonged infusion. This 

adjustment for animal welfare was supported by licence approval. 

 

2.2.1.9 STATISTICAL ANALYSIS 

Power calculations were carried out by Professor Jeanette Woolard (the PPL holder) to 

estimate the sample size required to measure clinically relevant changes in BP (>10 mmHg) 

and in regional blood flows (>10%) (80%, p = 0.05, effect size of 10 mmHg, SD=8.48, paired t-

test), as well as to minimise the number of animals used. Combining previous experience 

from the Haemodynamics group with the results of the NC3R’s Experimental Design Assistant 

tool, eight animals per group were found to be appropriate.  
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In some cases, one or two Doppler probe signals were lost during the experiment. This was 

either due to direct damage to the probe or its wires, or to positional changes relative to the 

blood vessel. For each group, a minimum of 5 signals for each vascular bed measured was 

required. As a result of this requirement and attrition due to the nature of the research, each 

experiment had an n number per group varying from 7 to 10. 

 

All data were analysed offline using IdeeQ software (Maastricht Instruments, Maastricht 

University, NL). For all experiments, time-averaged data are shown as changes from baseline 

[HR (beats.min-1); MAP (mmHg); VC (%); SBP (mmHg); DBP (mmHg); PP (mmHg)]. 

Nonparametric tests were performed for all the in vivo data reported in Chapter 3 and 

Chapter 4 since they did not satisfy the assumption of normality, which means that the 

sample means of these data cannot be assumed to be normally distributed (Nahm, 2016; 

Gosselin, 2019). Statistical comparisons between groups of animals were performed on the 

integrated changes over specified time periods. A Friedman’s test, which is a nonparametric, 

repeated-measures analysis of variance was used for within-group comparisons to baseline; 

this data analysis was performed on the first 2 days of the experimental period due to 

changes in sample size (n) after day 2. A Mann-Whitney U test for integrated area under or 

above curve analysis was used for comparisons between groups. A Mann-Whitney U test was 

also performed for comparisons between groups at a specific time point. Vascular 

conductances were calculated from the MAP and Doppler shift (flow) data. PP was calculated 

from SBP and DBP. A value of p<0.05 was considered significant.   

 

2.2.2 Echocardiography 

Echocardiography in animal models is a valuable non-invasive approach to visualise 

cardiovascular structures in order to quantitatively and qualitatively assess cardiac function. 

In this context, although telemetry is extensively used in rodent and non-rodent studies as a 

sensitive and accurate method to evaluate drug-induced alterations of haemodynamic 

parameters, it provides limited information related to cardiac function (Chui et al., 2009; 

Bhatt et al., 2019).  

 

Although the use of echocardiographic evaluation in preclinical safety assessment has been 

limited by a lack of sufficient background studies from a regulatory perspective, several basic 

science studies on various animal species demonstrated that echocardiography is a reliable 

and sensitive approach to detect RTKI-induced cardiac dysfunction (Chui et al., 2009; French 
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et al., 2010; Klaeboe & Edvardsen, 2019; Smiseth et al., 2023). Indeed, mild to moderate LV 

dysfunction was observed in monkeys following treatment with sunitinib (FDA, 2006), as well 

as sorafenib-receiving rats showed abnormal echocardiographic parameters when compared 

to animals treated with sunitinib or pazopanib (French et al., 2010). As a result, 

echocardiography may represent a routine tool to screen and evaluate these novel 

anticancer therapeutics for their potential effects on cardiac function. All the 

echocardiographic parameters evaluated in this thesis are described in more details in 

section 2.2.2.4. 

 

2.2.2.1 MATERIALS 

Echocardiography was performed using a Vevo 2100 ultrasound system (FUJIFILM 

VisualSonics, Amsterdam, the Netherlands). The linear UHF 57 transducer used had a 

frequency between of 57 MHz and an imaging depth of 18 mm. Images were taken at a frame 

rate ranging between 50 and 300 frames per sec (fps). 

Aquasonic ultrasound gel was purchased from Van Houdt Medical (Antwerp, Belgium). 

Isofluorane was supplied by IsoFlo (Zavantem, Belgium). Everflow Oxygen generator was 

purchased by Phillips (Belgium). HPβCD was acquired from Sigma-Aldrich (Belgium). Axitinib 

and lenvatinib were obtained from Stratech (Ely, UK). 

 

2.2.2.2 ANIMALS AND EXPERIMENTAL PROTOCOL 

Male 10-week-old C57BL/6J mice (Charles River Laboratories, France) weighing between 25 

and 30 g were used to perform the experiments. Animals were housed in standard cages in 

the animal facility at the University of Antwerp, with a 12 h light/dark cycle and ad libitum 

access to food (ssniff® Complete feed for rats & mice, Germany) and water. 

 

Three groups of mice were used to assess the structural and functional impact of axitinib and 

lenvatinib on the cardiovascular system. Animals were dosed with axitinib (12 mg.kg-1) or 

lenvatinib (4 mg.kg-1) as an intravenous injection for 4 consecutive days; contemporaneous 

control group was administered vehicle (40% HPβCD in sterile saline). On day 2 of the 

treatment period, echocardiography was performed on all the groups (details reported in 

Methods 2.2.2.3 and 2.2.2.4).  
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On day 4 animals were randomly divided into two clusters: cardiac function was assessed in 

anaesthetised animals via PV-loop experiments (described in 2.2.3), whereas vascular 

reactivity was investigated ex vivo using isolated tissue baths (described in 2.3.4 and 2.3.5). 

 

All surgical and experimental procedures were conducted with approval of the Ethical 

Committee for Animal Testing of the University of Antwerp (Code 2022-40, date of approval: 

08-07-2022) and all experiments were performed in accordance with Directive 2010/63/EU, 

the ARRIVE guidelines (Kilkenny et al., 2010) and the Guide for the Care and Use of Laboratory 

Animals published by the US National Institutes of Health (National Research Council 

Committee for the Update of the Guide for the & Use of Laboratory, 2011). 

 

All the work described in Methods 2.2.2, 2.2.3, 2.3 and Chapter 5 was part of a 6-month 

secondment at the University of Antwerp. 

  

2.2.2.3 ANIMAL PREPARATION 

Mice were anesthetised in an induction chamber with isoflurane at a concentration of 3-5% 

v/v combined with O2 generated by Everflow Oxygen generator (Phillips, Belgium). To verify 

the appropriate depth of anaesthesia, the loss of the righting reflex was checked by gently 

rolling the induction chamber until the mouse was placed on its back. Upon confirmation that 

the righting reflex was absent, the mouse was positioned in a supine position on a heating 

table (FUJIFILM VisualSonics, Amsterdam, Netherlands) to maintain the body temperature at 

37°C for the whole procedure. The head of the mouse was positioned inside a cylindric mask, 

suppling isoflurane (1-3 % v/v for maintenance). The paws were taped on four 

electrocardiography leads to allow ECG recording to monitor HR and respiratory rate (RR). By 

adjusting the anaesthetic concentration, the HR and RR were maintained for the whole 

imaging period between 400-500 bpm and 60-120 breaths per minute, respectively. Hair 

remover lotion was used to shave the chest of the animal and subsequently removed by 

wiping the area with a water-moistened cotton bud. Ultrasound gel was applied on the 

shaved chest of the mouse and the heart was then imaged with a linear transducer.  

Two-dimensional (2D) imaging (also called B-mode) and one-dimensional (1D) imaging (also 

known as M-mode) of the LV parasternal long-axis (PLAX) was obtained by placing the 

transducer with an angle of 80° to the head-tail axis of the mouse, before rotating the 

transducer clockwise by 90° to obtain parasternal short-axis (PSAX) view of the LV. The 

schematic representation of the positions and directions of the transducer for B-mode and 
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M-mode imaging views is shown in Figure 17. Maintaining the short-axis rotation of the 

transducer and placing it below the diaphragm oriented toward the right shoulder of the 

mouse, the apical four-chamber view was obtained to measure competency and pressure 

gradients across the mitral valve (MV) using colour Doppler imaging. Details about the 

echocardiographic measurements are described in the section below (2.2.2.4). Upon 

completion of the imaging acquisition, the residual ultrasound gel was removed and the 

animal was returned to the cage for recovery. 

 

To obtain consistent and reliable echocardiographic data, animal body temperature was 

maintained between the interval specified above. In addition, since cardiac function is 

dependent on HR, this parameter was monitored and maintained within a similar range for 

all the animals, with a variation of ± 100 bpm considered acceptable in this study. Finally, the 

timing of echocardiographic measurements after anaesthesia was kept constant among the 

animals to minimise the effect of different anaesthetic. 

 

 

 

Figure 17. Schematic representation showing position and direction of the ultrasound transducer to 

capture LV parasternal long-axis projection (PLAX) (Panel A) and short-axis projection (PSAX) (Panel 

B). AO= aorta; LA = left atrium; LV = left ventricle. Figure created with BioRender.com 
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2.2.2.4 ECHOCARDIOGRAPHIC MEASUREMENTS 

For echocardiographic measurements, 2D (B-Mode) images of the heart were acquired in 

parasternal long-axis and short-axis projections, as well as 1D (M-mode) images were taken 

in the mid-ventricular region, at the level of the posteromedial papillary muscle in both PLAX 

and PSAX views. Apical four-chamber view was also obtained to visualise the LV with an 

accurate angle for the colour Doppler imaging of the MV. Image depth, width and gain 

settings were used to optimise image quality.  

 

All the echocardiographic parameters were measured during at least three heart beats and 

averaged. 

 

2.2.2.4.1 B-MODE IMAGING  

B-mode (brightness mode) was used to acquire 2D images of the heart, both in PLAX and 

PSAX views, allowing for visualisation of cardiac anatomical structures (i.e., papillary muscles 

and cardiac valves) and for evaluation of cardiac chambers dimension and cardiac physiology. 

This imaging mode also served as an orientation guideline to further assess cardiac structures 

with other imaging modes, such as M-mode and colour Doppler mode.  

 

2.2.2.4.2 M-MODE IMAGING  

M-mode (motion mode) was used to obtain 1D images of the heart, both in PLAX and PSAX 

views, in real time. Indeed, by placing the ultrasound line along the cardiac structures of 

interest identified with the B-mode view, the M-mode provided a succession of images along 

that line over time, allowing to quantify the mobility of those structures (i.e., contractility 

during systole and diastole), as well as their thickness and internal diameter. Parameters such 

as LV anterior wall thickness in diastole and systole (LVAWd, LVAWs), LV posterior wall 

thickness in diastole and systole (LVPWd, LVPWs), LV internal diameter in diastole and systole 

(LVIDd, LVIDs) were measured from PSAX images acquired with M-mode (Figure 18). 
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Figure 18. Echocardiographic measurements for assessment of LV function from M-mode imaging.  

 LVAW = left ventricular anterior wall; LVPW = left ventricular posterior wall; LVID = left ventricular 

internal diameter; HR = heart rate; RR = respiratory rate.  

 

2.2.2.4.3 PULSED WAVED (PW) DOPPLER IMAGING  

This imaging mode applies the Doppler shift principle (previously described in 2.2.1.1) to 

determine blood flow velocity and direction (PW colour Doppler M-mode) and the velocity 

of myocardial tissue motion (PW tissue Doppler M-mode). In the colour Doppler, the moving 

target is represented by blood cells (moving parallel to the ultrasound beam), while in the 

tissue Doppler the moving target is the myocardium. Blood flow velocities across the MV 

were assessed via the four-chamber view. Colour Doppler M-mode uses a colour-coded 

representation of blood flow velocity superimposed onto a 2D image. Blood flowing toward 

the ultrasound transduces is depicted in red (increased frequency), while blood flowing away 

is represented in blue (decreased frequency).  

 

The Doppler imaging mode is particularly useful to assess diastolic function, as it allows to 

measure mitral E-wave and A-wave, both representative of transmitral blood flow velocities 

(Figure 19). In particular, MV E-wave is an index of peak mitral inflow velocity during early 

diastole (also known as early diastolic filling velocity) and reflects passive blood flow from 

the left atrium to the left ventricle (Mottram & Marwick, 2005). A pressure gradient between 

these two structures is generated by the closure of aortic valve and the start of diastole. As 

a consequence of LV relaxation, ventricular pressure drops rapidly. When LV pressure falls 

Ultrasound line

LV cavity

LV posterior 
wall

LV anterior 
wall

HR and RR
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below the atrial pressure, the resultant is the opening of MV to allow blood to flow from the 

atrium into the ventricle. The left atrium-to-left ventricle pressure gradient and LV 

compliance are the main determinant of E-wave velocity. MV A-wave represents the blood 

flow actively generated by atrial contraction and its amplitude is determined by both LV 

compliance and atrial contractility. E’-wave (early diastolic mitral annulus velocity) and A’-

wave (mitral annulus velocity during active atrial contraction) can also be derived by the 

Doppler imaging mode and reflect the same event described for E-wave but related to mitral 

annulus rather than mitral valve. 

 

2.2.2.5 LEFT VENTRICULAR SYSTOLIC FUNCTION  

LV systolic function was assessed by measuring LVEF and FS. If LV geometry is maintained 

and no regional abnormalities in LV contractile function are present (e.g., in case of ischaemic 

heart disease), LVEF and FS are strongly correlated (Rottman et al., 2007). 

 

FS was obtained by measuring the percentage change in LV diameter during systole in PSAX 

view using M-mode imaging to derive left ventricular internal diameter during systole (LVIDs) 

and left ventricular internal diameter during diastole (LVIDd). LVEF, represented by the 

percentage change in LV volume ejected during systole and LV volume at the end of diastole, 

was derived by measuring left ventricular volume during systole (LVVs) and left ventricular 

volume during diastole (LVVd) in PLAX view using M-mode imaging:  

 

Fractional shortening (%) = 
LVIDd - LVIDs

LVIDd
 × 100 

 

Ejection fraction (%) = 
𝐿𝑉𝑉𝑑 −  𝐿𝑉𝑉𝑠

𝐿𝑉𝑉𝑑
 × 100 

 

2.2.2.6 LEFT VENTRICULAR DIASTOLIC FUNCTION  

Echocardiographic assessment of diastolic function is more complex than the evaluation of 

systolic function (Gaasch & Little, 2007; Rottman et al., 2007). In this context, due to the ease 

and unambiguousness in the interpretation of the ejection fraction values, the percentage 

change in the volumetric fraction of blood ejected by the LV with each heartbeat is 

recognised as well-validated echocardiographic measure for the clinical evaluation of systolic 

function (Gaasch & Little, 2007). A clinical ejection fraction (EF) range between 50% and 70% 
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is classified as normal, while any values below 50% are representative of mild (EF 40-49%), 

moderate (EF 30-39%) or severe (EF ≤ 30%) LV systolic dysfunction (Kosaraju et al., 2023). 

The lack of an analogous easy-to-interpret clinical standard for diastolic dysfunction makes 

the diagnosis and evaluation of such event less straightforward (Gaasch & Little, 2007). 

However, transmitral blood flow velocities and mitral annular blood flow velocities obtained 

via Doppler mode are indicative of diastolic function (Nagueh et al., 2016). In particular, 

measuring the blood flow pattern across the mitral valve by using pulsed wave Doppler, two 

waves can be identified: one representing passive LV filling (E-wave) and one corresponding 

to the active LV filling (A-wave) (Figure 19). The ratio of peak mitral inflow velocity during 

early diastole due to LV relaxation to peak mitral inflow velocity during late diastole due to 

atrial contraction, also known as E/A ratio, is used as a marker of diastolic dysfunction (Mitter 

et al., 2017). In healthy conditions, E-wave velocity is greater than A-wave velocity (Panesar 

& Burch, 2017). In case of impaired LV relaxation and consequent reduction of passive LV 

filling (decreased E-wave velocity), a larger volume of blood is left in the atrium to be ejected 

during atrial contraction (increased A-wave velocity), resulting in a reduced E/A ratio, 

representative of diastolic dysfunction (Mottram & Marwick, 2005). 

 

 

Figure 19. Echocardiographic measurements of Doppler mode waveform of mitral valve inflow for 

assessment of diastolic function by measuring E-wave and A-wave from four-chamber view. 

Measuring blood flow from the left atrium to the left ventricle through mitral valve (so directed 

toward the ultrasound transducer), the pulsed wave Doppler signal is recorded as upward deflection. 

E-wave:
passive LV filling 

propelled by the left 
atrium-to-left ventricle 
gradient at the closure 

of the aortic valve 
(start of diastole)

A-wave:
active LV filling due to 

atrial contraction
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In addition to E/A ratio, dividing peak E-wave velocity by peak E’-wave velocity provides an 

indicator of LV end-diastolic pressure (LVEDP). Indeed, measuring the mitral annulus motion 

during diastole by using pulsed wave tissue Doppler, two waves can be identified: one 

representing mitral annulus movement during passive LV filling (E’-wave) and one 

corresponding to the mitral annulus movement during active LV filling (A’-wave) (Figure 20). 

The resultant E/E’ ratio is also used as an index to estimate LV filling pressure (M. K. Kim et 

al., 2013). With diastolic dysfunction, impaired LV relaxation results in a reduced E’-wave 

velocity. In contrast, progressive impairment of LV relaxation leads to elevated filling 

pressure which is associated with an increased E-wave velocity. As a result, an increased E/E’ 

ratio is observed in the case of diastolic dysfunction (Mottram & Marwick, 2005).  

 

 

Figure 20. Echocardiographic measurements of pulsed wave tissue Doppler mode waveform of mitral 

annulus motion from four-chamber view. Measuring mitral annulus movement, the pulsed wave 

tissue Doppler signal results in a downward deflection, as during diastole the mitral annulus is 

directed away from the ultrasound transducer due to its expansion to allow blood to fill the left 

ventricle. 

 

Progressive diastolic dysfunction results both in an impaired LV relaxation and increased 

atrial and end-diastolic pressures (Mottram & Marwick, 2005). This leads to opposing effects 

on E-wave velocity. If at the early stage of diastolic dysfunction, impaired relaxation and LV 

compliance lead to a reduced E-wave-velocity, progressive diastolic dysfunction causes 

E’-wave:
mitral annulus motion 
during early diastole 

(passive LV filling) 

A’-wave:
Mitral annulus 
motion during 

active atrial 
contraction
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elevated filling pressures, which in turn result in an increased E-wave velocity. Therefore, 

increasing filling pressures trying to compensate and overcompensate the effect of diastolic 

function on E-wave velocity result in a non-linear association between this index and the 

progression of diastolic dysfunction (Mottram & Marwick, 2005). 

 

2.2.2.7 LEFT VENTRICULAR REGIONAL FUNCTION  

LV wall thickness is used as a basic index of regional systolic and diastolic function (Grossman 

et al., 1974; Dong et al., 1994). Regional function in terms of systolic and diastolic wall 

thickening was evaluated by measuring LV anterior wall and posterior wall both during 

systole and diastole. 

 

2.2.2.8 DATA ANALYSIS 

The acquired digital images of the areas of interest were manually analysed off-line using the 

Vevo 2100 workstation software.  

 

The first echocardiographic evaluation (n=8 per group) was performed to assess the impact 

of axitinib and lenvatinib on cardiac function and structure. Due to the absence of axitinib-

induced changes in the echocardiographic parameters, the pressure-volume loops analysis 

was only performed on vehicle- and lenvatinib-treated animals. As a result, the 

echocardiographic evaluation for the pressure-volume loop cohort of animals was only 

carried out on vehicle and lenvatinib. 

 

All data were analysed using Prism 10 (GraphPad Software, La Jolla, CA, USA) and expressed 

as mean ± SEM, with n representing the number of mice used. Statistical comparisons of 

echocardiographic parameters between three groups (vehicle, axitinib and lenvatinib) were 

made using ordinary one-way ANOVA with Tukey’s multiple comparisons test. Statistical 

comparisons of echocardiographic parameters between two groups (vehicle and lenvatinib) 

were made using unpaired t-test with Welch’s correction. Statistical significance was defined 

as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 

 

2.2.3 Pressure-volume loops 

Firstly described for the assessment of ventricular function in a canine model (Kass et al., 

1986) and subsequently improved for its application in rodents (Georgakopoulos et al., 1998), 
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simultaneous measurements of pressure and volume signals is the gold standard approach 

to quantify cardiac function (Pacher et al., 2008).  

 

The insertion of a pressure and conductance catheter along the long axis of the ventricle 

allows real-time acquisitions of both volume and pressure (Pacher et al., 2008). To derive 

ventricular volume from changes in conductance detected by the PV catheter, the Ohm’s law 

was applied: 

 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)  =  𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝐼)  ×  𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑅) 

 

Since conductance (G) is the reciprocal of resistance, Ohm’s law can be also expressed as: 

 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)  =  
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝐼)

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 (𝐺)
 

 

The catheter has four equidistant conductance electrodes with a pressure sensor in the 

middle of the electrode array (Figure 21). A high-frequency constant-amplitude alternating 

current passes through the outer pair of electrodes (E1 and E4), also known as excitation 

electrodes, generating an electrical field in the ventricle from the aortic valve to the apex. 

Voltage changes (proportional to changes in resistance) are then measured by the inner pair 

of electrodes (E2 and E3), also called recording electrodes. The potential difference between 

the excitation and recording electrodes is inversely proportional to the amount of conductive 

material in the ventricle, allowing for the derivation of ventricular blood volume. Although 

blood is the main conductor, the conductivity of myocardium must be taken into account to 

derive the absolute ventricular volume, as described in detail in section 2.2.3.4.  
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Figure 21. Illustration (A) and photograph (B) of the Millar SPR-839 mouse pressure-volume 

catheter’s tip, combining four electrodes (E1-4) for conductance (volume) recordings with a central 

sensor for pressure measurements. Top figure (A) created with BioRender.com 

 

The pressure-volume (PV) loops method was used in this project to assess the functional 

impact of lenvatinib on ventricular performance independently from loading conditions. Such 

methodology allows to derive a loop, representative of one cardiac cycle, defined by LV 

pressure on the y axis and LV volume on the x axis, providing a powerful approach to 

characterise the effect of RTKIs on cardiac mechanics, contractility and haemodynamics.  

 

Each PV loop is defined by four segments, corresponding to the four phases of the cardiac 

cycle: passive ventricular filling during diastole (Phase I), isovolumetric contraction (Phase II), 

ventricular ejection (Phase III) and isovolumetric relaxation (Phase IV) (Figure 22) (King et al., 

2019). Phase I is characterised by mitral valve opening and consequent large increase in 

ventricular volume due to passive ventricular filling with only a small increase in pressure. 

The closure of mitral valve defines the Phase II, where systole begins and a rapid increase in 

pressure is observed. No changes in ventricular volume occur at this stage since both mitral 

A 

B 
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and aortic valve are closed. When the aortic valve opens (Phase III), ejection causes a rapid 

drop in ventricular volume, while ventricular pressure continues to increase. The closure of 

the aortic valve determines the Phase IV of the cardiac cycle, represented by rapid fall in 

ventricular pressure with no changes in volume (isovolumetric relaxation). 

 

A unique advantage of pressure-volume loop technique is the possibility to measure load-

independent parameters of ventricular contractility, derived by end-systolic pressure-volume 

relationship (ESPVR) and end-diastolic pressure-volume relationship (EDPVR). Preload, also 

known as LVEDP, is a measure of the degree of ventricular stretch at the end of diastole, just 

prior to the systolic contraction (King & Lowery, 2023). Representing the end-diastolic length 

of sarcomeres, preload determines the force of contraction and is usually derived by 

measuring ventricular pressure and volume just before isovolumetric contraction. By varying 

loading conditions via obstruction of venous return (as detailed in 2.2.3.5) and the 

consequent derivation of ESPVR and EDPVR, PV loop approach allows to quantify 

haemodynamic changes in response to different loading conditions. 

 

Figure 22. Representation of pressure-volume loop for one cardiac cycle and description of its phases. 

The red line describes the diastole, while the purple line represents the systolic component. Adapted 

from (Bastos et al., 2020). Figure created with BioRender.com 
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2.2.3.1 MATERIALS 

Left ventricular PV loops were recorded using Millar 1.4 F SPR-839 miniaturised mouse 

pressure-volume catheter (Millar, Huston, USA). The tip of the catheter consists of two 

proximal and two distal conductance electrodes and a central pressure sensor to record real-

time measurement of volume and pressure, respectively. The catheter was connected to a 

PV extension cable (Ventri-Cath to MPVS Ultra) (ADInstruments, Oxford, UK), which was 

associated with a PowerLab 4/35 analog-to-digital converter (sampling data 2 kHz) 

(ADInstruments, Oxford, UK), suitable for the downstream software (LabChart 8, 

ADInstruments, Oxford, UK). The anaesthetic agent sevoflurane was purchased from (Abbive, 

Belgium). 

 

2.2.3.2 ANIMALS 

All the details about animals used for assessing cardiac performance via PV loop were 

described in section 2.2.2.2. 

 

2.2.3.3 SURGICAL PROCEDURES  

2.2.3.3.1 INDUCTION AND SURGICAL PREPARATION 

Mice were placed in an induction chamber and anesthetised by inhalation of sevoflurane at 

a concentration of 8% v/v combined with O2 generated by Everflow Oxygen generator 

(Phillips, Belgium). To confirm the appropriate level of anaesthetic induction, loss of the 

righting reflex was assessed by gently rolling the induction chamber until the mouse was 

placed in a dorsal position. Once the righting reflex was lost, the animal was positioned in a 

supine position on a heating platform (Kent Scientific, CT, USA) to maintain the appropriate 

body temperature (37°C) and its paws were fixed to the heating table with surgical tape. The 

head of the mouse was positioned inside a cylindric mask, suppling sevoflurane (4-5 % v/v 

for maintenance). A piece of yarn was positioned around the upper incisors and its 

extremities taped down to the operating table to pull the head back slightly in order to allow 

maximal extension of the neck and facilitate the surgical procedures. A stereoscopic 

microscope was used for the whole surgical procedure. Following a suprasternal notch 

incision, skin was pulled away from surrounding tissues and underlying muscular structures. 

To expose the trachea, parotid, sublingual and submandibular salivary glands were gently 

pulled apart with forceps. The carotid artery was identified to the right of the trachea, while 

the external jugular vein was identified further lateral to the right, below the right salivary 
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gland (Figure 23). Oral intubation was performed by inserting an endotracheal tube (20-

gauge catheter) into the trachea. Upon insertion, ventilatory excursions were evident, 

confirming the correct positioning of the tube and appropriate ventilation settings (Penlon 

Sigma Delta, Massachusetts, USA). Specifically, tidal volume (VT, ml) and RR (min-1) were 

calculated from the weight of the mice (M, kg) according to the following formulae: 

 

Tidal volume (ml) = 6.2 × M1.01 

Respiratory rate (min-1) = 53.5 × M-0.26 

 

The adequate VT and RR for a 30-g mouse were 179.6 μl and 122 min-1, respectively. 

Once oral intubation was completed and the depth of anaesthesia checked, the venous 

catheter and the pressure-volume catheter were surgically placed in the jugular vein and in 

the LV, respectively, as described in sections below (2.2.3.3.2 and 2.2.3.3.3). 

 

 

Figure 23. Illustration of the surgical incision to expose the trachea, the right carotid artery (for PV 

catheter insertion) and the external jugular vein (for venous catheter insertion). Figure created with 

BioRender.com 

 

2.2.3.3.2 PLACEMENT OF THE CATHETER IN THE JUGULAR VEIN 

A venous catheter (2FR, 0.69 mm outer diameter) connected to a microliter syringe (C20PU-

MJV1301, INSTECH, Leipzig, Germany) was inserted into the jugular vein to allow the 

administration of hypertonic saline (15% NaCl). Hypertonic saline bolus injections were 

performed during the experimental procedure for calculation of parallel conductance (or 
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parallel volume, Vp) and consequent estimation of the absolute ventricular volume (detailed 

in 2.2.3.4). 

 

The external jugular vein was separated by the surrounding sternomastoid muscle with blunt 

dissection, before the cranial end of the vessel was ligated with a 6/0 silk suture to occlude 

blow flow. An additional 6/0 silk loose suture was placed around the caudal section of the 

external jugular vein and a small incision was made to introduce the venous catheter by using 

a bent hypodermic needle to facilitate the insertion. Once properly positioned, the catheter 

was secured by tightening the loose knot at the caudal site of the vein. 

 

During the whole procedure, warm saline (37°C) was regularly applied to the wound to 

prevent fluid loss. 

 

2.2.3.3.3 PLACEMENT OF PRESSURE-VOLUME CATHETER IN THE LEFT VENTRICLE 

The pressure-volume catheter was inserted into the LV via the right carotid artery, using a 

closed-chest approach. Once identified, the carotid artery was separated from the parallel 

vagus nerve via blunt dissection and the cranial end of the artery was ligated to occlude blood 

flow. Another loose piece of yarn was placed around the caudal area of the vessel. A clamp 

was used to occlude the carotid artery caudally to ensure that this section of the vessel is not 

perfused. An incision was made, and the pressure-volume catheter (pre-soaked into warm 

physiological saline solution) was introduced into the artery by lifting the incision with a bent 

hypodermic needle. After securing the catheter into the carotid with the caudal yarn, the 

clamp was then removed, and the catheter was advanced into the aorta and subsequently 

into the left ventricle. The optimal placement of the PV catheter was monitored via the 

recorded pressure signal. Figure 24 shows typical aortic and left ventricular pressure 

recordings during the placement of the pressure-volume catheter. Once the catheter was 

placed and its position secured, cardiac pressure and volume were electronically calibrated 

by recording pre-set pressure and volume tracings. Tracings of 0 mmHg and 100 mmHg were 

recorded, and voltages were assigned to all the pressure tracings. Similarly for the volume, 

to convert conductance to relative value units (RVUs), volume tracings of 5 RVU and 50 RVU 

were recorded and voltages were assigned.  
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Figure 24. Transition from aortic to ventricular pressure recordings, confirming the proper placement 

of the PV catheter in the ventricle during the surgical insertion. 

 

During the whole procedure, warm saline (37°C) was regularly applied to the wound to 

prevent fluid loss. 

 

After stabilisation of pressure and volume signals, baseline measurements of cardiac function 

were performed both at a steady state and at varying preload conditions.  

 

2.2.3.4 SALINE CALIBRATION  

LV pressure-volume recordings are derived from a pressure transducer and the use of blood 

conductance to measure LV volume (Pacher et al., 2008). To obtain LV volume, blood 

conductance is converted to volume using Baan’s equation: 

 

𝑉𝑜𝑙 =  
1

𝛼
 𝜌𝐿2(𝐺𝑥 − 𝐺𝑝) 

 

Where α (alpha factor) represents Baan’s stroke volume (SV) correction factor (SV 

conductance/SV reference) and is assumed to be 1 in mice (Porterfield et al., 2009), ρ is the 

specific resistance of blood, L is the distance between the recording electrodes, Gx represents 

measured total conductance value and Gp is the Baan’s parallel conductance (also known as 

Vp). Gx results from two components: blood conductance (Gb) and parallel conductance (Gp) 

(Figure 25). 

 

As is evident from this formula, the measured total conductance derives from blood 

conductance and parallel conductance.  

Aortic pressure Ventricular pressure
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Figure 25. Representation of the blood conductance (Gb) and parallel conductance (Gp) as the two 

components describing the total conductance measured via PV catheter. Figure created with 

BioRender.com 

 

Conductance is inversely related to voltage, which is measured by four electrodes placed at 

the tip of the catheter. The LV volume is derived by changes in the electric field generated 

and detected by these electrodes. In particular, the two excitation electrodes of the PV 

catheter create an electric field inside the LV, specifically from the aortic valve to the LV apex, 

whose voltage or conductance changes (proportional to change in resistance) are then 

measured by the two recording electrodes (Pacher et al., 2008). 

Although the conduction though blood constitutes the primary contributor to the 

conductance signal measured by the catheter, this signal derives also from a second 

component, represented by the conduction through and along the ventricular wall. This 

second component, also called parallel conductance (Gp) or parallel volume (Vp), may result 

in an overestimation of the LV volume, and therefore must be removed in order to obtain 

the absolute ventricular volume (Pacher et al., 2008; Abraham & Mao, 2015). Given that 

parallel conductance remains essentially constant (Georgakopoulos & Kass, 2000), changes 

in conductance signal are associated with time-varying changes in ventricular volume (Pacher 

et al., 2008; Bastos et al., 2020). 
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To measure the parallel conductance and subsequently correct the absolute ventricular 

volume, the injection of hypertonic saline (15% NaCl), also known as saline calibration, was 

performed. Indeed, this bolus injection transiently changes blood conductance, while the 

conductivity of the ventricular wall remains unchanged, allowing for the measurement of the 

conductance signal effectively deriving from the blood (Gb) or from the ventricular wall (Gp) 

(Abraham & Mao, 2015). In particular, 10 μl of hypertonic saline solution were administered 

through bolus injection using the venous catheter placed in the jugular vein and a visible 

rightward shift of the PV loops (representative of change in blood conductance) was 

observed, with no significant alterations of the pressure signal. During this procedure, 

ventilation was paused. Due to possible variability, saline calibration was performed three 

times, allowing the stabilisation of the volume signal after each injection before repeating 

the next one (Abraham & Mao, 2015; Townsend, 2016). 

The value at the intersection of the saline calibration line and the Ved = Ves line, derived by 

solving a system of linear equations (Pacher et al., 2008), represented the parallel volume 

and was calculated by the PV analysis program in PowerLab. 

 

2.2.3.5 VARYING PRELOAD USING TRANSIENT INFERIOR VENA CAVA OCCLUSION (IVCO)  

To determine load-independent parameters of cardiac contractility, transient alterations in 

the cardiac loading conditions (i.e., reduction in preload) were performed by obstructing the 

venous return to the heart via inferior vena cava occlusions (IVCOs). In particular, a midline 

incision was made below the xiphoid process to access inferior vena cava. The occlusion was 

performed by compressing the vessel with a forceps (no more than 2-3 sec), resulting in a 

leftward shift of the PV loops (Pacher et al., 2008). During these measurements, ventilation 

was paused to reduce haemodynamic artefacts due to respiratory dependent alterations of 

LV preload (i.e., reduced preload due to positive pressure ventilation). This procedure was 

repeated until three optimal recordings (at least six PV loops and a steady decrease in LVEDP) 

were obtained.  

 

The ESPVR, characterised by its slope (Ees) and volume axis intercept (V0), was derived by 

performing a linear regression from the end systolic PV points that were modulated by 

reduced preload from IVCOs (detailed description of the ESPVR is reported in 2.2.3.8.1). 
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2.2.3.6 CUVETTE CALIBRATION  

To convert volume signal from RVUs to units of true volume (μl), volume signal was calibrated 

at the end of the experimental procedure by using an insulator-type calibration cuvette (P/N 

910-1049, Millar, Huston, USA) of known diameters filled with blood. Specifically, after 

removing the PV catheter, blood was aspirated with a syringe containing EDTA and placed 

into cuvette wells of known volumes. PV catheter was then dipped into each cuvette well 

with all the four electrodes submerged into the blood and hold in that position for 10-20 sec. 

Cuvette conductance outputs were recorded in RVUs. Each cuvette well conductance and its 

respective known volume were then entered into the PV analysis program in PowerLab, 

which generated a calibration equation to convert RVUs into μl. 

 

Upon completion of the experimental protocol, the animal was euthanised by exsanguination 

following transection of the vena cava. 

 

2.2.3.7 LOAD-DEPENDENT MEASURES OF CARDIAC FUNCTION 

Arterial elastance (Ea), an index of LV afterload (Kelly et al., 1992), was derived as the ratio 

between left ventricular end-systolic pressure (Pes) and SV, where SV is defined as the 

difference between end-diastolic volume (EDV or Ved) and end-systolic volume (ESV or Ves) 

(Figure 26): 

 

𝑆𝑉 = 𝐸𝐷𝑉 − 𝐸𝑆𝑉 

 

𝐸𝑎 =
𝑃𝑒𝑠

𝑆𝑉
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Figure 26. Arterial elastance (Ea) and stroke volume (SV) derived from pressure-volume loops 

analysis. Ea is represented by the slope of the line that intercepts the volume axis at the end-diastolic 

volume and goes through the end-systolic pressure-volume point on the loop. Stroke volume, as the 

difference between end-diastolic volume and end-systolic volume is the width of the pressure-volume 

loop. Ped = end-diastolic pressure; Pes = end-systolic pressure; Ved = end-diastolic volume; Ves = end-

systolic volume. Figure created with BioRender.com 

 

Another load-dependent measure of cardiac function derived from pressure-volume loops 

analysis is the isovolumic relaxation constant (Tau) (Pacher et al., 2008). This parameter 

represents the decay of LV pressure between the closure of the aortic valve and the opening 

of the mitral valve, providing information about active relaxation of the ventricle and, 

therefore, diastolic function (Pacher et al., 2008). The minimum derivative of change in 

diastolic pressure during isovolumic relaxation (dP/dtmin) was also derived to evaluate 

diastolic function (Pacher et al., 2008). In terms of systolic function, the maximum derivative 

of change in systolic pressure during isovolumic contraction (dP/dtmax) was used as index of 

ventricular contractility. 
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2.2.3.8 LOAD-INDEPENDENT MEASURES OF CARDIAC FUNCTION 

2.2.3.8.1 END-SYSTOLIC PRESSURE-VOLUME RELATIONSHIP 

End-systolic pressure volume relationship, a reliable index of LV contractility, is defined as 

the maximal pressure that LV can develop at any ventricular volume. This linear relationship 

(Figure 27) is described by a slope, also known as end-systolic ventricular elastance (Ees), and 

a volume axis intercept (V0), which are derived experimentally by performing IVCOs, so that: 

𝑃𝑒𝑠 =  𝐸𝑒𝑠 × (𝑉𝑒𝑠 − 𝑉0) 

Where Pes and Ves represent end-systolic pressures and volumes, respectively. 

An increased Ees slope, resulting in an upward shift of the ESPVR, is representative of 

increased contractility of the left ventricle, whereas a decreased Ees slope reflects a reduced 

ventricular inotropic response. 

2.2.3.8.2 END-DIASTOLIC PRESSURE-VOLUME RELATIONSHIP 

Contrary to the ESPVR, the EDPVR is a curvilinear relationship derived from downward shift 

of PV loops during preload reduction via IVCOs (Figure 27). The EDPVR describes the 

compliance of the ventricle. As a result, a rightward shift of EDPVR is representative of 

ventricular remodelling, while a leftward shift of EDPVR, describing a decreased compliance, 

reflects ventricular stiffness and diastolic dysfunction. 

 



Chapter 2: Materials & Methods 

 

 104 

 

Figure 27. Left ventricular pressure-volume relationships and rightward shift of pressure-volume loop 

during inferior vena cava occlusions. EDPVR = end-diastolic pressure-volume relationship; Ees = end-

systolic elastance; ESPVR = end-systolic pressure-volume relationship; Ped = end-diastolic pressure; Pes 

= end-systolic pressure; V0 = volume at Pes of 0 mmHg; Ved = end-diastolic volume; Ves = end-systolic 

volume. Figure created with BioRender.com 

 

2.2.3.9 STATISTICAL ANALYSIS 

All data were analysed using Prism 10 (GraphPad Software, La Jolla, CA, USA) and expressed 

as mean ± SEM, with n representing the number of mice. Statistical comparisons of cardiac 

functional parameters between groups were made using unpaired t-test with Welch’s 

correction. Statistical significance was defined as *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001. 

 

2.3 MATERIALS & METHODS: EX VIVO 

Isolated tissue bath systems have been extensively used as a valuable approach in 

pharmacology research to investigate contractile and relaxation processes in a variety of 

contractile tissues in response to physiological and pharmacological stimuli (Jespersen et al., 

2015). The main advantage of isolated tissue baths is to quantify concentration-dependent 

changes during isometric contraction. Evaluating tissue behaviour in a controlled 

environment, without the systemic influences of the intact animal, allows for a better 
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comprehension of the effect of a therapeutic specifically on tissue function; at the same time, 

maintaining the integrity of the tissue, it allows for a more complete understanding of the 

physiological outcome (contraction or relaxation) than a cellular setting (Jespersen et al., 

2015). This project, combining the use of isometric tissue bath and the ROTSAC, aimed to 

define the effect of selected RTKIs on vascular reactivity, as well as investigating the role of 

arterial stiffness in the haemodynamic responses associated with these therapeutics. 

 

2.3.1 Animals  

All the details about animals used for isolated tissue bath experiments were described in 

section 2.2.2.2.  

 

At the end of day 4, animals used for isolated tissue bath assays were euthanised with 

overdose of anaesthesia via intraperitoneal injection of 200 mg.kg-1 Dolethal (sodium 

pentobarbital, VetCompendium, Brussels, Belgium).  

 

2.3.2 System preparation and set-up 

Water-jacketed reservoirs (250 ml capacity) and 10-ml bath chambers of both isometric and 

ROTSAC set-up were preheated at 37°C with recirculating heating water (Pura Water Baths, 

Julabo, Germany).  

 

Both systems were connected to a 95% O2 / 5% CO2 medical grade gas cylinder (Air Liquide 

Belbe NV, Belgium) to ensure constant solution aeration and the motion of the compounds 

that were added in the tissue bath. 

 

Krebs-Ringer solution, a physiological salt solution containing (in mM): NaCl 118, KCl 4.7, 

CaCl2 2.5, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25, CaEDTA 0.025, and glucose 11.1 (Sigma-Aldrich, 

Belgium), was prepared and used to fill reservoirs and bath chambers, where it was 

continuously aerated with a 95% O2/5% CO2 gas mixture and maintained at a temperature of 

37°C, resulting in the optimal physiological pH value of 7.4. 

 

After launching data acquisition software (PowerLab 8/30 and LabChart 8, ADInstruments, 

Oxford, UK), force transducers were calibrated prior to tissue placement.  
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To establish cumulative concentration-response curves for the isometric tissue bath 

experiments, increasing concentrations of each agonist (20 μl) were added into the bath (10 

ml) (1:500 dilution factor) taking into account the concentration of agonist already present 

in the bath. Distilled water was the solvent used to prepare dilutions of ACh, phenylephrine 

(PE) and ATP; NaOH was the solvent used to prepare dilutions of diethylamine NONOate 

(DEANO).  

 

2.3.3  Tissue preparation and mounting 

After euthanising the mice, an incision was made along the diaphragm at the bottom of the 

rib cage, then proceeding to the sternum to bisect the animal. After placing aside the 

abdominal and thoracic organs situated above the spinal cord, the aorta was exposed. The 

thoracic and infrarenal aorta was excised and placed in a dissection dish containing Krebs-

Ringer solution, where it was cleaned of perivascular fat and tissue before being cut into 

segments of 2 mm length. The resulting segments were placed in a dish containing Krebs-

Ringer solution to maintain their function in between their preparation and their mounting 

on the system.  

The aortic rings were mounted on the upper hook by using forceps to gently slide the 

segment onto the hook. Once the upper part of the segment was in place, the second hook 

was also inserted into the ring. After completing the mounting, the rod and the mounted 

aortic segments were placed into the tissue bath chamber filled with Krebs-Ringer solution 

(Figure 28). 
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Figure 28. Schematic representation of tissue bath. The tissue segment was placed between two 

hooks and submerged with physiological solution in a double-wall water-jacketed bath. Inflow from 

reservoir and outflow to waste collection were regulated by a 3-way stopcock on the base of the 

chamber. Figure created with BioRender.com 

 

2.3.4 Rodent Oscillatory Set-up to Study Arterial Compliance (ROTSAC) 

The Rodent Oscillatory Set-up to Study Arterial Compliance (ROTSAC) tissue bath developed 

by Leloup et al. (Leloup et al., 2016) was used to evaluate the effect of axitinib and lenvatinib 

on aortic stiffness. 

 

Stiffening of aorta is the leading cause of increased PP, which, in turn, has been associated 

with an increased risk for cardiovascular events (Benetos et al., 1998; Homan et al., 2022). A 

compliant aorta, buffering arterial pulsatility due to intermittent LV ejection, exerts a crucial 

cushioning function, therefore limiting detrimental fluctuations in BP and flow and 

preventing microvascular complications (Chirinos et al., 2019). Arterial compliance (CA), 

derived as the ratio of SV to PP (Homan et al., 2022), can be quantified from the relationship 

between lumen area (A) and arterial pressure (P) and defined as the slope to the pressure-

lumen area curve (Figure 29): 
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𝐶𝐴 =  
𝛥𝐴

𝛥𝑃
 

 

Where 𝛥𝐴 defines the lumen area change, while 𝛥𝑃 represents change in arterial pressure. 

Arterial compliance can be calculated at any pressure levels, with the derived pressure-lumen 

area curve showing a nonlinear pressure-dependent behaviour, where maximal arterial 

compliance is observed in the low-pressure range to then rapidly decrease at high-pressure 

range (Chirinos et al., 2019). This nonlinear relationship is due to the composition of arterial 

wall, with elastin accommodating the load changes at low pressures and collagen fibres being 

recruited at high pressures, therefore resulting in a stiffer aorta and reduced arterial 

compliance (Chirinos et al., 2019). Although structural components, such as elastin and 

collagen, have a crucial role in defining arterial compliance, dynamic elements (i.e., VSMCs 

and endothelium-released factors) are also important contributors to arterial stiffness 

(Wilkinson & McEniery, 2004). 

 

Despite isolated tissue bath approaches allow for the evaluation of vascular reactivity, the 

lack of cyclic stretch does not reflect the in vivo situation and may interfere with eNOS activity 

and the release of endothelium-derived factors (Peng et al., 2003; Leloup et al., 2016). In 

addition, HR being an important determinant of arterial stiffness (Tan et al., 2018), it should 

be taken into account in the evaluation of vascular behaviour. Stretching aortic segments at 

physiological frequencies and amplitudes (Leloup et al., 2016), the ROTSAC set-up represents 

a powerful tool to study arterial stiffness. In this study, this set-up was used to assess arterial 

stiffness at the same pressure levels and to evaluate the pressure sensitivity of arterial 

stiffness in response to axitinib and lenvatinib. 
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Figure 29. Arterial compliance described by the relationship between arterial pressure and lumen 

area. Arterial compliance (CA) (red line) is tangent to the pressure-area relationship and can be 

calculated at any pressure level. Figure created with BioRender.com 

 

2.3.4.1 AORTIC SEGMENTS SET-UP AND CALIBRATION 

Thoracic and infrarenal aortic segments were mounted between two parallel wire hooks in 

10-ml tissue baths. Force and displacement of the upper hooks were acquired at 1 kHz by a 

force length transduced connected to a PowerLab 8/30 analog-to-digital converter 

(ADInstruments, Oxford, UK), suitable for the downstream software (LabChart 8, 

ADInstruments, Oxford, UK) (Figure 30). 
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Figure 30. Schematic representation of ROTSAC set-up. To mimic HR of mice (600 bpm), aortic 

segments were mounted between two parallel hooks. The upper hook was connected to the 

aluminium lever, whose displacement was measured by a photo-electric system (Brutsaert et al., 

1971), associated to a force-length transducer (Brutsaert et al., 1971), whose distension force and 

clamp frequency (10 Hz) were controlled by a current source. The transducer was connected to 

PowerLab 8/30 analog-to-digital converter, suitable for the downstream software. Figure created 

with BioRender.com 

 

Using a 10 Hz frequency to mimic the physiological HR of mice (600 bpm), segments were 

continuously stretched between alternating preloads, representing diastolic and systolic 

pressures. To estimate the transmural pressure at a given distension force and dimensions, 

the following formula was used:  

 

𝑃 =
𝐹

𝑙 ×  𝐷
 

 

Current source
Distension force and clamp frequency (10 Hz) were applied  to mimic 

physiological heart rate and to stretch the segments between alternating 

preloads (diastolic and systolic pressures)

Force-length transducer

PowerLab 
analog-to-digital converter

Downstream software

Upper hook displacement used to derive diameter
Distension force used to derive pressure
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Where 𝐹 is the distension force (preload), 𝑙 the length and 𝐷 the diameter of the segment 

derived from the displacement of the upper hook.  

 

Prior to starting the experimental procedure, width (𝑤) and length (𝑙) of the segments were 

measured at six different preloads (10, 20, 30, 40, 50, and 60 millinewton (mN)) (Figure 31), 

using a stereomicroscope and calibrated image software. Being 𝑤 the outer distance 

between the two hooks, it was used to approximate the inner circumference of the vessel. 

Indeed, since the aortic segments were stretched between the two hooks, the diameter of 

the segment (𝐷) at a given preload was derived from the displacement of the upper hook, 

which is directly proportional to the inner circumference: 

 

𝐷 =  2 ×  
𝑤

𝜋
 

 

At any given pressure, a stretch amplitude of 40 mmHg was chosen to derive the Peterson’s 

elastic modulus (Ep), with 𝐷0 being the minimal (“diastolic”) diameter, ∆𝑃 being the pressure 

difference (kept constant at 40 mmHg) and ∆𝐷 being the difference between systolic and 

diastolic diameter: 

 

𝑃𝑒𝑡𝑒𝑟𝑠𝑜𝑛′𝑠 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 (𝐸𝑝) =  𝐷0 ×  
𝛥𝑃

𝛥𝐷
 

 

2.3.4.2 EXPERIMENTAL PROTOCOL  

Arterial stiffness was evaluated in isobaric conditions, both under increasing and decreasing 

pressures, also defined as “loading” and “unloading” conditions, respectively. In particular, 

the Peterson’s elastic modulus, as a measure of arterial stiffness, was evaluated at different 

pressures (i.e., 60–100 mmHg until 180–220 mmHg with 20 mmHg incremental intervals) 

and performed under physiological conditions (Krebs-Ringer solution), as well as following 

contraction with α1-adrenergic receptor agonist PE (Sigma-Aldrich, Belgium) and relaxation 

with DEANO (Sigma-Aldrich, Belgium) (Figure 31). The α1-adrenergic receptor agonist PE was 

used to maximally stimulate VSMCs in order to evaluate their contribution (and the 

contribution of the active components that modulate VSMCs) to the mechanical response of 

aorta (Leloup et al., 2016; Mozafari et al., 2019). Using DEANO as exogenous donor of NO, 

the purpose was to maximally relax VSMCs in order to assess the role of passive components 

(collagen and elastin) in the mechanical response of aorta (De Munck et al., 2020). 
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Aortic segments were subjected to increasing and decreasing pressures under physiological 

conditions (Krebs-Ringer solution). After loading/unloading pressure steps under 

physiological condition, aortic segments were then treated with L-Nitro-L-arginine methyl 

ester hydrochloride (L-NAME) (300 μM) to inhibit eNOS and remove the influence of NO. 

Thereafter, 2 μM PE was added to the tissue bath and the loading/unloading pressure steps 

where repeated. 3 washes were then performed before treatment with DEANO (2 μΜ) and 

subsequent increase and decrease of pressure conditions. 

 

 

Figure 31. Schematic representation of the experimental protocol used for the role of axitinib and 

lenvatinib on arterial stiffness. Different pressure steps per each condition were shown. DEANO = 

diethylamine NONOate; L-NAME = L-Nitro-L-arginine methyl ester hydrochloride; PE = 

phenylephrine. Figure created with BioRender.com 

 

2.3.4.3 STATISTICAL ANALYSIS 

All data were analysed using Prism 10 (GraphPad Software, La Jolla, CA, USA) and expressed 

as mean ± SEM, with n representing the number of mice. Two-way ANOVA with Dunnett’s 

post-hoc test was used for comparison of arterial stiffness between control and treated 

groups. Statistical significance was defined as p<0.05. 

 

2.3.5 Isometric organ bath 

At the end of the 4-day treatment period, vascular function was assessed under isometric 

conditions in response to the vasodilators ACh (Sigma-Aldrich, Belgium), DEANO and ATP 

(Sigma-Aldrich, Belgium) or to the vasoconstrictor PE in isolated thoracic artery segments as 

described in more details in 2.3.5.2.  
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Passive tension was measured isometrically with a Statham UC2 force transducer (Gould, 

Cleveland, OH), and the data were captured by an analog-to-digital converter (Powerlab 

8/30, ADInstruments, Oxford, UK). A suitable software (LabChart 8, ADInstruments, Oxford, 

UK) was then used to visualise and analyse the recordings. Isometric force was expressed in 

mN. 

 

2.3.5.1 SETTING PASSIVE TENSION AND EQUILIBRATION 

Vascular smooth muscle cells (VSMCs) function at their best when at their optimal length for 

tension development (L0), also known as resting length, where actin-myosin interactions are 

maximal, resulting in maximum force development (Wilson, 2011). If the resting length of 

sarcomere falls below L0, filaments overlap with each other, reducing cross-bridge formation 

and leading to reduced tension. Conversely, when VSMCs are stretch beyond their optimal 

resting length, the excessive overlapping of actin-myosin filaments also results in their 

inability to maintain or generate maximum force (Wilson, 2011). Preliminary experiments 

determined the optimal preload for mice thoracic aortic segments, which provides the 

maximal contraction by both non-receptor and receptor-mediated stimulation (De Moudt et 

al., 2017). As a result, a constant preload of 20 mN was applied to all the aortic segments. 

This caused an initial plateau of the tension, followed by a drop in the passive tension as the 

segment relaxed due to stretch-induced hyperpolarization. Passive tension was then 

adjusted till all the aortic rings reached a stable plateau, corresponding to 20 mN. After 

applying passive tension, aortic segments were allowed to equilibrate for 60 min prior to 

starting the experimental protocol to minimize the effect of NO in a time-dependent manner 

and to ensure optimal stabilisation of the segments. During the equilibration phase, tissues 

were washed once with Krebs-Ringer solution flowing from temperature-controlled 

reservoirs to remove any residual debris from the dissection.  

 

2.3.5.2 EXPERIMENTAL PROTOCOL 

After 60-min equilibration period, segments were randomly assigned into two groups: 

 

Protocol A 

L-NAME was administered to abolish the influence of NO (Figure 32). Cumulative 

concentrations of PE (3x10-9 M till 3x10-6 M) were added to assess vascular smooth muscle 

cells contraction in all the segments. Afterwards, endothelium-independent relaxation was 
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evaluated by adding cumulative concentrations of DEANO (3x10-10 M till 10-5 M). At the end 

of the relaxation curve, all segments should have a passive tension of 20 mN. After washing 

3 times with warm Krebs-Ringer solution, a Ca2+-free environment (0Ca2+) was prepared by 

using a Ca2+-free Krebs-Ringer solution and adding ethylene glycol-O, O'-bis(2-aminoethyl)-

N,N,N',N'-tetraacetic acid (EGTA) (Alfa Aesar) as a Ca2+-chelating agent. Subsequently, phasic 

contraction was determined by α1-adrenergic receptor stimulation with PE (2 μM), before 

restoring normal conditions by adding 1.75 nM CaCl2 to induce tonic contraction in response 

to PE.  

 

Figure 32. Schematic representation of the experimental protocol used for group 1. Vascular 

reactivity was investigated in presence of eNOS inhibition by adding L-NAME at the beginning of the 

experimental protocol and endothelium-independent relaxation was assessed by adding cumulative 

concentrations of DEANO. DEANO = diethylamine NONOate; L-NAME = L-Nitro-L-arginine methyl 

ester hydrochloride; PE = phenylephrine. Figure created with BioRender.com 

 

Protocol B 

In this group of segments, cumulative concentrations of PE (3x10-9 M till 3x10-6 M; 20 μl 

added for each concentration) were added to assess VSMCs contraction (Figure 33). After 

that, endothelium-dependent relaxation responses were assessed by adding cumulative 

concentrations of the muscarinic receptor agonist ACh (3x10-9 M till 10-5 M; 20 μl added for 

each concentration). Following 3 washes with warm Krebs-Ringer solution and maximum 

contraction due to addition of 20 μl PE (2 μM), endothelium-dependent relaxation responses 

were also assessed by adding cumulative concentrations of ATP (10-8 M till 10-4 M; 20 μl 

added for each concentration), a purinergic receptor agonist. 
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Figure 33. Schematic representation of the experimental protocol used for group 2. Vascular 

reactivity was investigated in absence of eNOS inhibition and endothelium-dependent relaxation was 

investigated both in response to ACh and to ATP. ACh = acetylcholine; ATP = adenosine triphosphate; 

PE = phenylephrine. Figure created with BioRender.com 

 

2.3.5.3 STATISTICAL ANALYSIS 

All data were analysed using Prism 10 (GraphPad Software, La Jolla, CA, USA) and expressed 

as mean ± SEM, with n representing the number of mice used. Two-way ANOVA with 

Dunnett’s post-hoc test was used for comparison of vascular reactivity between control and 

treated groups. Statistical significance was defined as p<0.05. 

 

2.3.6 Histology 

After dissection, aortic and cardiac tissues were cleaned in Krebs-Ringer solution, 

immediately submerged in buffered 4% formaldehyde (Merck, Overijse, Belgium) and stored 

at room temperature for 24 h, after which both tissues were transferred in 60 % isopropanol 

and stored at 4°C for 24 h. Subsequently, the tissues were embedded in paraffin (Leica 

Biosystems, Diegem, Belgium) and transversely cut in 5 µm segments. Sirius red staining was 

used to determine total collagen content, while immunohistochemical staining using with 

primary antibody against laminin (1:1000; lmNB300-144 Novus Biologicals, Abingdon, UK) 

was used to quantify cardiomyocyte hypertrophy. In this case, following visualization using a 

goat anti-rabbit biotinylated secondary antibody (1:200; Vector Laboratories, Burlingame, 

USA), cardiac tissues were stained with 3,3′-diaminobenzidine tetrahydrochloride hydrate 

solution (Sigma-Aldrich, Overijse, Belgium).  

The Olympus BX40 microscope and Universal Graph 6.1 software were used to acquire 

images, which were quantified using the ImageJ software.  
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2.3.7 Vascular mRNA expression (qRT-PCR) 

Real-time quantitative polymerase chain reaction (qRT-PCR) was performed to determine 

vascular mRNA expression of thrombospondin-1 (TSP-1), P2Y2 and P2Y6 purinergic receptors 

using TaqMan™ probes (Thermo Fisher Scientific) and the TaqMan™ Fast Advanced Master 

Mix (Applied Biosystems™, Thermo Fisher Scientific). RNA was extracted from thoracic aortic 

segments by using the ISOLATE II RNA Micro Kit (Bioline) in accordance with the 

manufacturer's instructions and reverse transcribed into cDNA using an AMV cDNA synthesis 

kit (TaqMan™ Reverse Transcription Reagents, Invitrogen, Thermo Fisher Scientific). In 

particular, the reaction Master Mix was prepared first according to the manufacturer’s 

manual for a total volume of 20 μl per reaction. The concentration for one reaction included: 

10 µL TaqMan™ Fast Advance Master Mix (2x), 1 µL of the TaqMan™ assay (20x) and 7 µL 

nuclease free water (total volume 18 µL). This mixture was multiplied by the samples needed 

for the reaction. 18 μl of Master Mix was then added to each well of a 96 well plate, before 

adding 2 µL of cDNA per well. Afterwards, the reaction plate was sealed with an optical 

adhesive film and gently centrifuged for 5 sec. To start the reaction, the plate was placed in 

the real time PCR-system (QuantStudio™ 3, Applied Biosystems™) and the program was 

initiated. To activate the polymerase the plate was heated to 95°C for 20 sec. The PCR was 

performed for 40 cycles. One cycle consists of 1 sec denaturation (95°C), followed by 20 sec 

annealing (60°C). Each cDNA samples was run in duplicates and a no template control (NTC) 

consisting of nuclease free water was run for every assay. From the extracted data, the 

relative mRNA expression (target gene/β-actin reference gene) of thrombospondin, P2Y2 and 

P2Y6 was reported as fold-change calculated using the ΔΔCT method. 

 

Thrombospondin-1 is a matricellular protein that inhibits NO-mediated activation of soluble 

guanylate cyclase (sGC), thereby limiting NO-mediated relaxation of VSMCs (Isenberg et al., 

2009; N. M. Rogers et al., 2014). By altering the VSMCs responses to NO, increased vascular 

levels of TSP-1 may indicate an impaired NO signalling (Isenberg et al., 2009; Roberts et al., 

2012). As a result, the assessment of aortic expression of this protein aimed to define if 

elevated vascular levels of TSP-1 were contributing to the haemodynamic responses 

observed with axitinib and lenvatinib.  

 

P2Y2 and P2Y6 purinergic receptors have a crucial role in the control of VSMCs function and 

vascular reactivity (Martin-Aragon Baudel et al., 2020). Indeed, P2Y2R modulates vascular 

tone in response to shear stress, while both P2Y2R and P2Y6R promote the release of pro-
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inflammatory cytokines (Wu et al., 2023). In this context, their overexpression has been 

associated with EC dysfunction (Wu et al., 2023). For this reason, the vascular expression of 

these purinergic receptors was also studied, in order to integrate the ex vivo investigation of 

the vascular responses observed after treatment with axitinib and lenvatinib. 
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3.1 INTRODUCTION 

The development of a tumour vascular network (neoangiogenesis) is a fundamental event in 

the process of cancer progression and metastatic spread (Introduction 1.3.2) (Folkman, 1995, 

2002; Ferrara, 2004a). VEGFR-2 has been shown to be the dominant mediator of VEGF-A-

induced cellular responses involved in the complex formation of new vasculature to support 

cancer growth, therefore providing an important therapeutic target in oncology (Introduction 

1.3.2.1) (Lee et al., 2018). Indeed, dysfunctional VEGF/VEGFR-2 signalling pathway results in 

uncontrolled pro-angiogenic stimuli, impaired ECs proliferation, hyperpermeability and 

abnormal blood flow (Viallard & Larrivee, 2017). The first antiangiogenic agent to be 

approved from FDA (2004) and EMA (2005) was bevacizumab, a human monoclonal antibody 

that, by binding to circulating VEGF, prevents the interaction with its cell surface receptors 

(Yang et al., 2003; Agency, 2023). The complexity of the VEGF signalling, with multiple 

isoforms of VEGF (Introduction 1.2.1) and three variants of VEGFR (Introduction 1.2.2), has 

led to the development of small molecule inhibitors that competitively bind to the ATP 

binding site of VEGFRs and block the functional activity of this protein (Bhullar et al., 2018; 

Lee et al., 2018). Considering the genetic stability and quiescence of mature ECs, these 

therapeutics, targeting the immature phenotype of tumour ECs, were expected not to be 

associated with major toxicities (Verheul & Pinedo, 2007; Liang et al., 2021). Nevertheless, 

the clinical use of these agents revealed acute and long-term cardiovascular sequalae that 

were not anticipated based on the current preclinical safety testing and which still remain a 

leading cause of morbidity and mortality among cancer survivors (Mellor et al., 2011; Yang & 

Papoian, 2012; Barac et al., 2015; Guha et al., 2019). The severity of RTKI-induced 

cardiovascular complications, especially hypertension, often necessitates a dose reduction, 

temporary discontinuation or permanent interruption of potentially lifesaving therapy 

(Copur & Obermiller, 2011; Small et al., 2014; Cohen et al., 2023). Although the clinical 

cardiovascular manifestations of antiangiogenic therapies in cancer patients are now well-

defined (Albini et al., 2010; Li et al., 2015), the pathophysiological mechanisms by which 

these therapeutics impair cardiovascular system are still largely unknown (Small et al., 2014; 

Camarda et al., 2022), thus making it difficult to find an effective therapeutic approach to 

manage cancer patients who develop such complications (Copur & Obermiller, 2011; Dobbin 

et al., 2018). As a result, characterising the RTKI-induced cardiovascular consequences and 

their underlying mechanisms in preclinical models, as well as improving the predictive and 



Chapter 3: Characterisation of the haemodynamic profile of VEGFR-2 inhibitors axitinib and lenvatinib 

 

 120 

translational value of the current preclinical methodologies, is crucial in order to adequately 

assess and limit cardiovascular safety liabilities of these therapeutics (Laverty et al., 2011).  

 

Even though hypertension is the most common cardiovascular toxicity associated with 

antiangiogenic drugs targeting VEGFR-2, its incidence varies considerably amongst different 

VEGFR-2 inhibitors (Versmissen et al., 2019). In addition, the incidence of RTKI-induced 

hypertension observed in clinical studies appears to be related to the potency of these agents 

against VEGFR-2 (Bhargava, 2009; Dirix, 2010). RTKIs with higher potency against this subtype 

of VEGFR have been associated with a higher incidence of hypertension (Bhargava, 2009). 

For this reason, the in vitro quantification of the potency of a variety of RTKIs targeting 

VEGFR-2 is important to better understand the mechanism behind such cardiovascular 

complication and to proceed with the in vivo characterisation of their cardiovascular profile.  

 

Recent studies have demonstrated that the hypertensive effect of RTKIs targeting the VEGF 

pathway can also be confirmed in animal models (Kappers et al., 2010; Blasi et al., 2012; 

Carter et al., 2017). However, the majority of these investigations were carried out by using 

telemetry or ex vivo methods, providing information about the impact of angiogenic 

inhibitors on HR, BP, as well as cardiac function and structure (Kappers et al., 2010; M. H. 

Kappers et al., 2011; Blasi et al., 2012; Collins et al., 2018), without any or little insight about 

the consequences of these drugs on systemic vasculature and its role in eliciting the 

hypertensive response. For this reason, there is still a knowledge gap related to the 

susceptibility of peripheral vasculature to VEGFR inhibitors and its relationship with the 

alteration of arterial BP observed with these drugs. The Doppler flowmetry model, measuring 

VC in different vascular beds while also deriving BP and HR, has proven to be an exquisite 

approach to explore drug-induged changes on regional and systemic haemodynamics 

(Haywood et al., 1981; S. M. Gardiner et al., 1990; Carter et al., 2017; Cooper et al., 2022; 

Wragg et al., 2022). Using this model for the haemodynamic assessment of axitinib and 

lenvatinib, the purpose of this study was to investigate not only their consequences in terms 

of HR and BP, but also their impact in regional vasculature and whether the onset of the 

pressor effect induced by these drugs coincides with alteration of vascular tone in specific 

vascular beds. Simultaneously measuring arterial pressure and blood flow to kidney, 

mesentery and hindquarters for a 4-d period of time, we characterised whether certain 

vascular beds were more vulnerable to BP changes, in addition to defining the time course 

of hypertension and/or alterations in regional VC after the treatment with the selected RTKIs. 
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Among the currently approved VEGFR-2 inhibitors (Introduction 1.4.1, Table 1), the 

pharmacological and cardiovascular profile of sorafenib, pazopanib and vandetanib has been 

previously investigated (Carter et al., 2015; Carter et al., 2017).  As a result, the choice to 

characterise the haemodynamic impact of axitinib and lenvatinib in vivo was informed not 

only by the in vitro quantification of the potency of a spectrum of RTKIs against VEGFR-2, but 

also by the incidence of hypertension reported in cancer patients for the most recently 

approved VEGFR-2 inhibitors. Indeed, lenvatinib and axitinib have been associated with the 

highest incidence of overall hypertension (67.8% and 40.1%, respectively) (Rini et al., 2011; 

Abdel-Rahman & Fouad, 2014; Rini et al., 2015; Agency, 2021a; Kadowaki et al., 2021), 

compared to the other recent VEGFR-2 inhibitors (regorafenib 36.8%, cabozantinib 27.8% 

and nintedanib 15.4%) (X. Zhang et al., 2016; Bronte et al., 2017; Chen & Wang, 2018). 

 

3.2 AIMS 

The work described in Chapter 3 aimed to: 

1. Determine the potency of selected RTKIs against VEGFR-2 by using an NFAT luciferase 

reporter gene assay in HEK293 cells. 

2. Characterise the pressure effects induced by axitinib and lenvatinib, while 

simultaneously evaluating their effect on distinct vascular beds, in conscious and 

freely moving rats using the Doppler flowmetry model.  

 

3.3 METHODS 

3.3.1 In vitro: NFAT luciferase reporter gene assay in RE-luc2P VEGFR-2 HEK293 

cells 

The NFAT reporter gene assay (Methods 2.1.1) was used as a cell-based approach to quantify 

the VEGF165a-stimulated NFAT-luciferase response (Methods 2.1.1.7.1) and to subsequently 

determine the potency of a spectrum of RTKIs against VEGFR-2 (Methods 2.1.1.7.2).  

In brief, VEGFR-2/NFAT-RE-luc2 cells were plated into 96-well plates at the required density 

(20,000 cells/well) and left to grow for 24 h. After that time, growth medium was replaced 

with FCS-free medium cell were incubated for a further 24 h (Methods 2.1.1.7). For the 

VEGF165a concentration-response curve (Methods 2.1.1.7.1), medium was replaced with 

serum-free DMEM/0.1% protease-free BSA. Increasing concentrations of VEGF165a were 

added to the appropriate wells and, after the incubation period has lapsed, assay medium 

was replaced with serum-free DMEM and ONE-Glo™ Luciferase reagent, containing luciferin 
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as a substrate for the luciferase. Luminescence was then measured by a TopCount plate 

reader with a 5-min delay to allow reagent to react with transcribed luciferase and to allow 

the attenuation of background luminescence (Methods 2.1.1.7.1).  

For the competition assay (Methods 2.1.1.7.2), medium was replaced with serum-free 

DMEM/0.1% protease-free BSA. Vehicle (serum-free DMEM/0.1% protease-free BSA) was 

added to the control wells. Increasing concentrations of RTKIs (final concentrations: 10-11 M 

- 3x10-7 M for erlotinib, axitinib and SU-1483; 3x10-11 M - 10-6 M for vatalanib and linifanib) 

were added to the appropriate wells and cells were then incubated for 1 h prior to addition 

of VEGF165a. VEGF165a (1 nM) was added to each well and cells were then incubated. After a 

5-h incubation period, assay medium was replaced with serum-free DMEM and ONE-Glo™ 

Luciferase reagent. Luminescence was measured by a TopCount plate reader with a 5-min 

delay to allow reagent to react with transcribed luciferase and to allow the attenuation of 

background luminescence (Methods 2.1.1.7.2). 

 

3.3.2 In vivo: Pulsed Doppler flowmetry in conscious and freely moving rats 

3.3.2.1 ANIMALS AND SURGICAL PROCEDURES 

All surgical and experimental procedures were conducted with approval from the UK Home 

Office and the University of Nottingham, as previously described (Methods 2.2.1.4).  

 

Adult male Sprague-Dawley rats weighing between 350 and 500 g were used to perform the 

pulsed Doppler flowmetry studies described in this chapter (Methods 2.2.1.4). Animals were 

subjected to two rounds of surgeries (Methods 2.2.1.5): the first surgery consisted of the 

implantation of the Doppler flow probes (Methods 2.2.1.5.1), while the second procedure 

was carried out to insert intraarterial and intravenous catheters (Methods 2.2.1.5.2).  

3.3.2.2 CARDIOVASCULAR RECORDING  

Detailed information on the cardiovascular recordings and statistical analysis can be found in 

the general methodology (Methods 2.2.1.7, 2.2.1.9). 

 

Briefly, rats were indirectly connected to the data acquisition programme (IdeeQ) during the 

monitoring periods via a tether system (Methods 2.2.1.7). HR, BP, renal, mesenteric and 

hindquarters Doppler shifts were measured and changes in VC in the renal, mesenteric, and 

hindquarter vascular beds were derived from the changes in MAP and Doppler shift (Methods 

2.2.1.7). PP was also derived as the difference between SBP and DBP (Methods 2.2.1.7).  
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For all experiments, time-averaged data are shown as changes from baseline [HR (beats.min-

1); MAP (mmHg); VC (%); SBP (mmHg); DBP (mmHg); PP (mmHg)] (Methods 2.2.1.9). A 

Friedman’s test was used for within-group comparisons to baseline; this data analysis was 

performed on the first 2 days of the experimental period due to changes in sample size (n) 

after day 2 (Methods 2.2.1.9). The reduction in sample size over the 4 days was due either to 

the loss of all Doppler probe signals, blockage of intravenous catheters or in case adverse 

effects were observed that could not be controlled within the severity limit. A Mann-Whitney 

U test for integrated area under or above curve analysis was used for comparisons between 

groups (Methods 2.2.1.9). A Mann-Whitney U test was also performed for comparisons 

between groups at a specific time point. A value of p<0.05 was considered significant 

(Methods 2.2.1.9). 

 

3.3.2.3 EXPERIMENTAL PROTOCOL 

This series of experiments was run for 4 days. Experiments were run with treatment groups 

of 8 to 10 rats (Methods 2.2.1.8.1). 

 

Two groups of rats were used to assess the cardiovascular responses to axitinib. On day 1 of 

the experiment, after a period of baseline recordings, rats were dosed with axitinib (3 (low) 

mg.kg-1 or 6 (high) mg.kg-1) as an intravenous bolus followed by a 1-h intravenous infusion at 

the same dose (Methods 2.2.1.8.1). 

 

Three groups of rats were used to evaluate the cardiovascular changes induced by lenvatinib. 

On day 1 of the experiment, after a period of baseline recordings, rats were dosed with 

lenvatinib (1 (low) mg.kg-1, 3 (mid) mg.kg-1 or 6 (high) mg.kg-1) as an intravenous bolus 

followed by a 1-h intravenous infusion at the same dose (Methods 2.2.1.8.1).  

 

Contemporaneous control group received vehicle (40% HPβCD in sterile saline) as an 

intravenous bolus followed by a 1-h intravenous infusion (Methods 2.2.1.8.1).  
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Haemodynamic recordings were continued for a further 5 h after completion of the axitinib, 

lenvatinib or vehicle intravenous infusion period. The same treatment regimen was followed 

on days 2-4 after a baseline recording period on each day (Methods 2.2.1.8.1). 

 

3.4 RESULTS 

3.4.1 In vitro: Quantitative analysis of the effect of selected RTKIs on VEGF165a-

stimulated NFAT-luciferase response  

3.4.1.1 CHARACTERISATION OF THE VEGF165a-STIMULATED NFAT-LUCIFERASE RESPONSE 

In HEK293 cells stably expressing VEGFR-2 and NFAT-RE-luc2P, VEGF165a produced a 

concentration-dependent increase (pEC50 9.73 ± 0.11, n = 5) in NFAT-luciferase production 

(Figure 34). The pEC50 obtained was in close agreement with that reported from previous 

work (Carter et al., 2015). 

 

Figure 34. The effect of VEGF165a on NFAT-mediated gene transcription in VEGFR-2/NFAT-ReLuc2P 

HEK293 cells. Normalised data from five independent experiments expressed as a percentage (mean 

± SEM) of the response to 10 nM VEGF165a (100%). Each individual experiment was performed in 

triplicate.  

 

3.4.1.2 INHIBITION OF VEGF165a-STIMULATED NFAT-LUCIFERASE RESPONSE BY RTKIs 

Previous studies used the NFAT luciferase reporter gene assay to evaluate the effect of 

several RTKIs (e.g., cediranib, sorafenib, pazopanib, vandetanib, sunitinib and motesanib) on 
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VEGF165a-stimulated NFAT-luciferase response (Carter et al., 2015; Van Daele et al., 2023). To 

extend this investigation to a wider range of RTKIs and to better inform the choice of VEGFR-

2 inhibitors to be used for the further characterisation of their cardiovascular profile in animal 

models, the inhibition of the response to 1 nM VEGF165a was tested for six different RTKIs, 

namely axitinib, erlotinib, linifanib, vatalanib, SU-14813 and lenvatinib (Figure 35 and 36). 

 

In HEK293 cells stably expressing VEGFR-2 and NFAT-RE-luc2P, a concentration-dependent 

reduction in VEGF165a-stimulated NFAT-luciferase production was observed in response to all 

of the RTKIs tested, with the exception of erlotinib (Figure 35 and 36). Indeed, this drug 

targets EGFR, showing a marginal affinity for VEGFR-2 (pKd 5.24) (Davis et al., 2011). The pIC50 

values obtained from all the other RTKIs were consistent with those reported in previous 

studies (Table 3). It is worth noting that no inhibition below basal levels was recorded even 

at the highest concentration used (Figure 35A-F), suggesting that the potential interactions 

between these RTKIs and other kinases did not significantly affect the responses observed. 

In addition, even though SU-14813 was shown to be one of the least potent inhibitors of 

VEGFR-2 (pIC50 8.00 ± 0.23) among those tested, its inhibition curve reached a plateau above 

baseline values  (Figure 35E). This observation is consistent with its affinity for VEGFR-2 (pKd 

8.64) (Davis et al., 2011), that is one of the highest among those reported for the studied 

RTKIs (Table 3) (Davis et al., 2011; Okamoto et al., 2014).  
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RTKIs 

pIC50 for inhibition of 

VEGF165a-induced 

NFAT response 

n 
Reported pIC50 from 

literature 
pKd for VEGFR-2 

Axitinib 9.28 ± 0.13 5 

9.6  

(Lee et al., 2010) 

8.22 

(Davis et al., 2011) 

Lenvatinib 8.88 ± 0.13 4 

8.4  

(Musumeci et al., 2012) 

8.68 

(Okamoto et al., 2014) 

Linifanib 8.34 ± 0.19 5 

8.4  

(Albert et al., 2006) 

8.09 

(Davis et al., 2011) 

SU-14813 8.00 ± 0.23 5 

7.3  

(Patyna et al., 2006) 

8.64 

(Davis et al., 2011) 

Vatalanib 7.36 ± 0.26 6 

7.7  

(Kiselyov et al., 2006) 

7.21 

(Davis et al., 2011) 

Erlotinib NI 6 

NI 

 

5.24 

(Davis et al., 2011) 

 

Table 3. pIC50 values obtained from the inhibition of 1 nM VEGF165a-stimulated NFAT-luciferase 

activity due to selected RTKIs. pIC50 values are mean ± SEM of n independent experiments performed 

in triplicate. pIC50 and pKd values for VEGFR-2 from previous studies are also reported. NI = no 

inhibition at the highest concentrations used (3x10-7 M). 
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Figure 35. Inhibition of VEGF165a-induced (1nM) NFAT reporter gene transcription in HEK293 cells 

expressing VEGFR-2/NFAT-ReLuc2P by erlotinib (A), axitinib (B), lenvatinib (C), linifanib (D), SU-14813 

(E) and vatalanib (F). Data were normalised as a percentage of the response to 1nM VEGF165a 

(100%), with basal levels set at 0%. Data are shown as mean ± SEM of n independent experiments 

(Table 3). Each experiment was performed using triplicate wells.  
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Figure 36. Schematic representation of tested RTKIs based on their potency in inhibiting VEGFR-2. The 

potency of the compounds decreases from left to right. 

 

3.4.2 In vivo: Assessment of the haemodynamic profile of axitinib and lenvatinib 

To comprehensively characterise the haemodynamic impact of axitinib and lenvatinib, the 

pulsed Doppler flowmetry was used in conscious and freely moving rats, allowing the 

simultaneous evaluation of their effects on chronotropism, arterial pressure and regional VC. 

The doses of axitinib and lenvatinib were chosen based on previous experimental results on 

other RTKIs (Carter et al., 2015; Carter et al., 2017). In particular, the evaluation of the 

potency of cediranib against VEGFR-2 showed that this agent inhibits VEGF165a-stimulated 

NFAT-luciferase response with a similar potency to axitinib and lenvatinib (pIC50 cediranib: 

9.13; pIC50 axitinib: 9.28; pIC50 lenvatinib: 8.88). The same compound was then investigated 

in vivo, where a low dose of 3 mg.kg-1 and an high dose of 6 mg.kg-1 showed a sustained 

hypertensive effect over the experimental period, while also being well-tolerated (Carter et 

al., 2015; Carter et al., 2017). As a result, 3 mg.kg-1 and 6 mg.kg-1 were selected for the 

assessment of axitinib- and lenvatinib-induced haemodynamic changes in this study. As to 

lenvatinib, the introduction of a lower dose was needed to characterise its submaximal 

effects on haemodynamics (Chapter 3, section 3.5). 

 

Baseline cardiovascular parameters taken before the administration of axitinib, lenvatinib or 

vehicle control are shown in Table 4.  

 

 

  

Axitinib Lenvatinib Linifanib SU-14813 Vatalanib
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Vehicle Axitinib 

3 mg.kg-1 

Axitinib 

6 mg.kg-1 

Lenvatinib 

1 mg.kg-1 

Lenvatinib 

3 mg.kg-1 

Lenvatinib 

6 mg.kg-1 

 Mean  SEM n Mean  SEM n Mean  SEM n Mean  SEM n Mean  SEM n Mean  SEM n 

HR 

(beats.min-1) 
344  9 9 346  8 10 357  13 8 342  12 8 340  14 9 343  10 8 

MAP 

(mmHg) 
103  3 9 101  4 10 99  6 8 98  3 8 96  3 9 95  3 8 

DBP 

(mmHg) 
84  3 9 84  3 10 82  5 8 83  3 8 79  2 9 79  3 8 

SBP 

(mmHg) 
142  4 9 136  6 10 135  8 8 135  4 8 136  4 9 130  4 8 

RVC (U) 92  6 7 94 5 10 67  5 8 97  7 8 74  12 8 85  6 7 

MVC (U) 98  9 9 84  10 10 109  11 8 85  7 8 104  11 8 104  9 8 

HVC (U) 55  4 9 51  10 10 52  7 8 53  8 8 59  8 8 50  3 8 

Table 4. Baseline cardiovascular variables prior to administration of vehicle or RTKIs. Values are mean ± SEM. Units of vascular conductance (VC) are kHz. mmHg-1 x 103. U, 

units.
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3.4.2.1 ASSESSMENT OF AXITINIB-INDUCED HAEMODYNAMIC CHANGES 

Administration of vehicle did not elicit significant cardiovascular effects, despite some 

sporadic reduction in MVC and HVC at the end of day 2 (#p<0.05, Friedman’s test; Figure 37 

and 38). Axitinib, at both 3 mg.kg-1 and 6 mg.kg-1, evoked a consistent increase of MAP, which 

was evident from day 1 of the experimental period (#p<0.05, Friedman’s test; Figure 37 and 

38), with no corresponding alteration in HR. Treatment with low or high dose of axitinib led 

to maximal increases in MAP on day 4 of 29% and 37%, respectively (Figure 37 and 38). Such 

hypertensive response was associated with a significant vasoconstriction in the mesenteric 

and hindquarters vasculature at both doses used (#p<0.05, Friedman’s test; Figure 37 and 

38). In particular, a maximal reduction of 50% and 62% in MVC occurred on day 4 of 

treatment with low or high dose of the drug, respectively (Figure 37 and 38). HVC was 

maximally reduced on day 4 by 61% (following the administration of low-dose axitinib) and 

69% (following the administration of high-dose axitinib) (Figure 37 and 38). However, a 

sustained renal vasoconstriction was only observed with the low and the high dose of axitinib 

on day 2. This was more marked in the group receiving the 6 mg.kg-1 dose (Figure 38). DBP 

and SBP were significantly increased (#p<0.05, Friedman’s test) after the administration of 

axitinib 3 mg.kg-1 and 6 mg.kg-1, whereas no appreciable alteration was detected in PP (Figure 

37 and 38).  

 

Considerable differences in BP and vascular responses were observed between the axitinib-

receiving groups and vehicle group over the 4-day recording period (θp<0.05, Mann-Whitney 

U test, integrated area under curve, 0–78 h; Figure 37 and 38). An additional Mann-Whitney 

test was conducted between treated and control groups at each time point to determine the 

time of onset of the cardiovascular effects (*p<0.05, Mann-Whitney U test; Figure 37 and 

38). In both the low dose- and high dose-treated groups, the pressor effect and the vascular 

changes, particularly in the mesentery and hindquarters, showed a striking difference from 

the vehicle group for almost all points of analysis (*p<0.05, Mann-Whitney U test; Figure 37 

and 38). Although the renal integrated responses to both doses of axitinib over the 78-h 

recording period were significantly different from the vehicle (θp<0.05, Mann-Whitney U 

test, integrated area under curve, 0–78 h; Figure 37 and 38), only specific time points on day 

2 in the group receiving high dose of axitinib showed a significant difference in the reduction 

of RVC (*p<0.05, Mann-Whitney U test; Figure 38). When compared to vehicle, low dose of 

axitinib induced a sporadic increase of PP throughout the experimental period, while a 

consistent increase of PP was observed on day 4 in response to the high dose of the drug 
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(*p<0.05, Mann-Whitney U test; Figure 37 and 38). Comparing the differential impact of 

axitinib on SBP and DBP, this agent appeared to significantly increase and equally affect the 

two components of BP (Figure 39A-B). In this context, a maximal increase of 24% in DBP was 

observed on day 3 of treatment with the low dose of axitinib, while systolic pressure peaked 

on day 4 (31%) (Figure 39A). On day 4 of treatment with the high dose of the drug, the 

increase in DBP and SBP reached a maximum of 37% and 42%, respectively (Figure 39B). 
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Figure 37. Cardiovascular responses to axitinib in conscious, freely moving rats. Animals were dosed 

with 3 mg.kg-1, intravenously (initial bolus followed by 3 mg.kg-1.h-1, intravenous infusion for 1 h). 

Vehicle controls were administered 40% HPβCD in sterile saline as described in Methods 2.2.1.8.1. 

The same dose regimen was repeated on day 2,3 and 4. Data points are means; vertical bars 
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represent SEM. Friedman’s test was performed on the first 2 days of the experimental period 

(#p<0.05 vs. baseline). Mann-Whitney U test was conducted between treated and vehicle control 

groups for a comparison of area under/over the curve (p<0.05, 0–78 h) and to determine differences 

at each time point (*p<0.05, Mann-Whitney U test).  
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Figure 38. Cardiovascular responses to axitinib in conscious, freely moving rats. Animals were dosed 

with 6 mg.kg-1, intravenously (initial bolus followed by 6 mg.kg-1.h-1, intravenous infusion for 1 h). 

-80

-60

-40

-20

0

20

0
10
20
30
40
50

-80

-60

-40

-20

0

20

-80

-60

-40

-20

0

20

0 6

-80

-60

-40

-20

0

20

24 30 48 54 72 78

 Δ
 V

a
s
c
u

la
r 

c
o

n
d

u
c
ta

n
c
e
 (

%
)

 Δ
 m

m
H

g
 (

%
)

B
e
a
ts

 m
in

-1

Vehicle  [day 1 n=9, day 2 n=9; day 3 n=9; day 4 n=9]

Axitinib 6mg.kg-1; 6mg.kg-1.h-1 [day 1 n=8; day 2 n=8; day 3 n=8; day 4 n=8] 

Mean arterial pressure

Renal

Mesenteric

Hindquarters

Heart rate

Time (h)

q

q

q

q

q

* * * * * **

*
* * * * *

*
* * * * * *

*

*
* *

*
* *

* * *
* * * * *

* * * * * * *
* * * * * * *

* *
* * * * * * * * * * * * * * * * * *

* * * * * * *

*

*
*

* * * * * *
* *

*
* *

#

#

#
#

# # #

#
#

#
# # #

#

# # # # #

#

#
#

# #
# # #

# # #

# #
# # #

#
# # #

# # # # #

0

20

40

60

#

# #

#
# #

0 6

0

20

40

60

24 30 48 54 72 78

Δ
 m

m
H

g
 (

%
)

Δ
 m

m
H

g
 (

%
) Systolic Pressure

End Diastolic Pressure

Time (h)

θ

θ

* * * * * * *
* * * * * *

*
*

* * * * * * *
* * * * *

*
* * **

* * **
* * *

* * * *
* *

*
* * * * *

* * *
# # #

# # # # ##
##

0 6

-15

-10

-5

0

5

10

15

24 30 48 54 72 78

Pulse Pressure

Time (h)

θ

* *

* *

 Δ
 m

m
H

g
 (

%
)



Chapter 3: Characterisation of the haemodynamic profile of VEGFR-2 inhibitors axitinib and lenvatinib 

 

 135 

Vehicle controls were administered 40% HPβCD in sterile saline as described in Methods 2.2.1.8.1. 

Same dose regimen was repeated on day 2,3 and 4. Data points are means; vertical bars represent 

SEM. Friedman’s test was performed on the first 2 days of the experimental period (#p<0.05 vs. 

baseline). Mann-Whitney U test was conducted between treated and vehicle control groups for a 

comparison of area under/over the curve (p< 0.05, 0–78 h) and to determine differences at each 

time point (*p<0.05, Mann-Whitney U test).  

 

 

Figure 40. Axitinib-induced changes in SBP and DBP in conscious, freely moving rats. Animals were 

dosed with either 3 mg.kg-1, intravenously (initial bolus followed by 3 mg.kg-1.h-1, intravenous 

infusion for 1 h) (A) or 6 mg.kg-1, intravenously (initial bolus followed by 6 mg.kg-1.h-1, intravenous 

infusion for 1 h) (B) of axitinib. Same dose regimen was repeated on day 2,3 and 4. Data points are 

means; vertical bars represent SEM. Friedman’s test was performed on the first 2 days of the 

experimental period (#p<0.05 vs. baseline). A Mann-Whitney U test was conducted between groups 

for a comparison of area under/over the curve (p<0.05, 0–78 h) and to determine differences at 

each time point (*p<0.05, Mann-Whitney U test). 

 

3.4.2.2 ASSESSMENT OF LENVATINIB-INDUCED HAEMODYNAMIC CHANGES 

Lenvatinib, at 1 mg.kg-1, 3 mg.kg-1 and 6 mg.kg-1, significantly increased MAP when compared 

to baseline values (#p<0.05, Friedman’s test; Figure 41, 42 and 43), without consistently 

affecting HR. Low dose and high dose of lenvatinib were associated with maximal increases 

in MAP of 32% and 55 % on day 4 (Figure 41 and 43), while mid dose of the drug determined 

a peak in MAP on day 3, with a rise of 38% when compared to baseline (Figure 42). The 

lenvatinib-induced hypertensive effect was accompanied by significant reductions in MVC 
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and HVC, which were observed with all doses of the compound (#p<0.05, Friedman’s test; 

Figure 41, 42 and 43). MVC was maximally reduced by 59% (on day 3 of low-dose lenvatinib), 

69% (on day 4 of mid-dose lenvatinib) and 77% (on day 3 of high-dose lenvatinib) (Figure 41, 

42 and 43). A sustained elevation of SBP and DBP was also detected (#p<0.05, Friedman’s 

test) in all lenvatinib-treated groups; however, neither dose of lenvatinib produced a notable 

change in PP over the first 2 days (Figure 41, 42 and 43).  

 

Comparing the integrated responses over the 78-h recording period, the pressor effects and 

the vascular responses observed in lenvatinib-receiving animals were significantly different 

from vehicle group (θp<0.05, Mann-Whitney U test, integrated area under curve, 0–78 h; 

Figure 41, 42 and 43). Comparison of each time point showed a significant difference in MAP, 

MVC, HVC, SBP and DBP between the lenvatinib-treated groups and vehicle-receiving group 

for almost all time points of the analysis (*p<0.05, Mann-Whitney U test; Figure 41, 42 and 

43). However, the vasoconstrictive response in renal vasculature was sustained only in the 

groups receiving the mid and the high dose of lenvatinib and was mainly evident on day 2 

(*p<0.05, Mann-Whitney U test; Figure 42 and 43). The integrated increase in PP was 

detected in the groups treated with the low and the high dose of lenvatinib (θp<0.05, Mann-

Whitney U test, integrated area under curve, 0–78 h; Figure 41 and 43), reaching statistical 

significance for almost all time points after 72 hours (*p<0.05, Mann-Whitney U test; Figure 

41 and 43). There was no marked difference between the effects in SBP and DBP evoked by 

all doses of lenvatinib (Mann-Whitney U test; Figure 44A-C). In particular, with the low dose 

of the drug, SBP and DBP increased to a maximum of 40% and 35%, respectively, on day 4 of 

the experimental period (Figure 44A). The mid dose was associated with a maximal increase 

of 40% in DBP and 35% in SBP on day 3 (Figure 44B). The high dose led to a maximal increase 

in DBP of 54% and SBP of 63% on day 4 (Figure 44C). 
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Figure 41. Cardiovascular responses to lenvatinib in conscious, freely moving rats. Animals were 

dosed with 1 mg.kg-1, intravenously (initial bolus followed by 1 mg.kg-1.h-1, intravenous infusion for 1 
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h). Vehicle controls were administered 40% HPβCD in sterile saline as described in Methods 2.2.1.8.1. 

Same dose regimen was repeated on day 2,3 and 4. Data points are means; vertical bars represent 

SEM. Friedman’s test was performed on the first 2 days of the experimental period (#p<0.05 vs. 

baseline). Mann-Whitney U test was conducted between treated and vehicle control groups for a 

comparison of area under/over the curve (p<0.05, 0–78 h) and to determine differences at each 

time point (*p<0.05, Mann-Whitney U test).  
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Figure 42. Cardiovascular responses to lenvatinib in conscious, freely moving rats. Animals were 

dosed with 3 mg.kg-1, intravenously (initial bolus followed by 3 mg.kg-1.h-1, intravenous infusion for 1 
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h). Vehicle controls were administered 40% HPβCD in sterile saline as described in Methods 2.2.1.8.1. 

Same dose regimen was repeated on day 2,3 and 4. Data points are means; vertical bars represent 

SEM. Friedman’s test was performed on the first 2 days of the experimental period (#p<0.05 vs. 

baseline).  Mann-Whitney U test was conducted between treated and vehicle control groups for a 

comparison of area under/over the curve (p<0.05, 0–78 h) and to determine differences at each 

time point (*p<0.05, Mann-Whitney U test).  
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Figure 43. Cardiovascular responses to lenvatinib in conscious, freely moving rats. Animals were 

dosed with 6 mg.kg-1, intravenously (initial bolus followed by 6 mg.kg-1.h-1, intravenous infusion for 1 
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h). Vehicle controls were administered 40% HPβCD in sterile saline as described in Methods 2.2.1.8.1. 

Same dose regimen was repeated on day 2,3 and 4. Data points are means; vertical bars represent 

SEM. Friedman’s test was performed on the first 2 days of the experimental period (#p<0.05 vs. 

baseline). Mann-Whitney U test was conducted between treated and vehicle control groups for a 

comparison of area under/over the curve (p<0.05, 0–78 h) and to determine differences at each 

time point (*p<0.05, Mann-Whitney U test). 

 

 

Figure 44. Lenvatinib-induced changes in SBP and DBP in conscious, freely moving rats. Animals were 

dosed with either 1 mg.kg-1, intravenously (initial bolus followed by 1 mg.kg-1.h-1, intravenous 

infusion for 1 h) (A), 3 mg.kg-1, intravenously (initial bolus followed by 3 mg.kg-1.h-1, intravenous 

infusion for 1 h) (B) or 6 mg.kg-1, intravenously (initial bolus followed by 6 mg.kg-1.h-1, intravenous 

infusion for 1 h) lenvatinib (C). Same dose regimen was repeated on day 2,3 and 4. Data points are 

means; vertical bars represent SEM. Friedman’s test was performed on the first 2 days of the 

experimental period (#p<0.05 vs. baseline). A Mann-Whitney U test was conducted between groups 

for a comparison of area under/over the curve (p<0.05, 0–78 h) and to determine differences at 

each time point (*p<0.05, Mann-Whitney U test).
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3.5 DISCUSSION 

The NFAT reporter gene assay was used to define the effect of selected RTKIs on VEGF165a-

stimulated NFAT-luciferase response in HEK293T cells. VEGF signalling is a crucial target for 

anticancer therapies. As a result, the development and approval of RTKIs targeting VEGFR-2 

have provided an important therapeutic strategy in the oncology field. However, new onset 

or worsening all-grade hypertension has been described in 17-80% of RTKI-treated patients 

(Small et al., 2014; Chung et al., 2020; Mohammed, Singh, et al., 2021), representing a major 

challenge for the overall prognosis of these patients and for their therapeutic management, 

especially since it is not yet clear whether such adverse effect is the result of an “on-target” 

activity of these agents on the intended kinase target or “off-target” interaction with other 

kinases. Considering that the incidence of hypertension appears to be correlated to the 

potency of these agents against VEGFR-2, an NFAT reporter gene assay was used to monitor 

the inhibitory effects of a spectrum of RTKIs on VEGFR-2 mediated responses. The resulting 

pIC50 values provided information about their potency, which were essential for the 

subsequent in vivo characterisation of the cardiovascular consequences of these drugs. 

Indeed, RTKIs that inhibit VEGFR-2 with a higher potency have been associated with a higher 

incidence of hypertension in clinical studies (Bhargava, 2009; Dirix, 2010). In addition, 

although the main hypothesis is that the cardiovascular toxicities associated with VEGFR-2 

inhibitors are the result of an “on-target” effect, an “off-target” toxicity may also contribute 

to the altered cardiovascular function observed with these antiangiogenic therapeutics 

(Schiller et al., 2009; Cabanillas & Habra, 2016; Matsuki et al., 2018; Lamore et al., 2020). For 

this reason, understanding the effect of RTKIs on VEGF165a-stimulated NFAT response 

informed about the choice of the compounds to be characterised in vivo. It is worth noting 

that all the RTKIs evaluated, with the exception of erlotinib (used as a negative control, given 

its negligible affinity for VEGFR-2), did not show inhibition of the VEGF165a-stimulated NFAT 

response below basal levels, which may indicate the absence of interactions with other 

tyrosine kinases even at the highest concentrations required to inhibit VEGFR-2 with these 

RTKIs. The pIC50 values obtained were similar to the pKd values reported from previous 

binding studies (Davis et al., 2011; Okamoto et al., 2014). The 5 RTKIs targeting VEGFR-2 

tested here (axitinib, linifanib, vatalanib, SU-14813 and lenvatinib) showed a potent VEGFR-

2 inhibitory activity with IC50 values in nanomolar range. Among the RTKIs evaluated, axitinib 

and lenvatinib showed the highest relative potency for VEGFR-2. Based on this data, and 

considering that, among the most recently developed RTKIs, axitinib and lenvatinib exhibit 
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the highest rates of hypertension in cancer patients (Rini et al., 2011; Abdel-Rahman & 

Fouad, 2014; Rini et al., 2015; Agency, 2021a; Kadowaki et al., 2021), these two agents were 

selected to be characterised in vivo. Combining the VEGFR-2 inhibitory activity of axitinib and 

lenvatinib in vitro with their haemodynamic profile in animal models allowed to further 

explore the role of VEGFR-2 signalling in the hypertensive response associated with these 

agents.  

 

In the present study, we have demonstrated that both axitinib and lenvatinib cause a 

hypertensive response in conscious rats. In addition, the rise in BP induced by these 

antiangiogenic agents coincided with regionally selective changes in vasculature. The 

hypertensive response was indeed mainly associated with a reduction in HVC and MVC, 

representative of an increased vascular tone in such vascular beds. For both RTKIs, renal 

vascular flow was least compromised, and mainly affected at the highest doses with a more 

marked vasoconstriction on the second day of treatment. These findings are consistent with 

the hypertensive and vascular effects previously observed with the same model for other 

RTKIs targeting VEGFR-2 (Carter et al., 2017). Indeed, cediranib, sorafenib, pazopanib and 

vandetanib showed a hypertensive effect that occurred concurrently with the hindquarters 

vasoconstriction (Carter et al., 2017). Similarly to our results, the renal vasculature exhibited 

the least susceptibility to treatment with these RTKIs (Carter et al., 2017). However, a greater 

variability was reported for their effects on mesenteric vascular bed, where cediranib and 

pazopanib were able to produce a sustained vasoconstriction, which was less marked in 

response to sorafenib and vandetanib (Carter et al., 2017). Interestingly, cediranib elicited 

the most marked vasoconstriction in this vascular bed when compared to pazopanib, 

sorafenib and vandetanib. This is in accordance with the effect observed for axitinib and 

lenvatinib. Considering that cediranib showed a potency against VEGFR-2 similar to axitinib 

and lenvatinib (pIC50 cediranib: 9.13; pIC50 axitinib: 9.28; pIC50 lenvatinib: 8.88), this may 

suggest that not only the hypertensive effect but also the vascular responses may be 

dependent on the potency of RTKIs for VEGFR-2.  

 

Axitinib and lenvatinib produced a striking elevation in BP within 24 hours of experimental 

period, which became even more marked on the second day of treatment, when the pressure 

values essentially reached a plateau. A similar trend was also reported for cediranib, 

sorafenib, pazopanib and vandetanib, indicating a similar timeline for the onset of 

hypertension following treatment with RTKIs (Carter et al., 2017). As to lenvatinib, the 
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introduction of a lower dose was needed to characterise its submaximal effects on 

haemodynamics since the two doses chosen at the beginning (3 mg.kg-1 and 6 mg.kg-1) were 

shown to elicit a severe vasoconstriction, particularly in the mesenteric artery, in addition to 

determining a drastic increase in MAP of 55mmHg versus baseline values, compared with the 

37mmHg-increase observed with the high dose of axitinib. It is worthy of note that the 

median time to onset of all-grade hypertension in axitinib-treated patients was within one 

month from the first dose, with hypertensive episodes observed already after 4 days of 

treatment (Agency, 2012; Rini et al., 2015); in cancer patients receiving lenvatinib, the 

median interval from the first dose to the development of hypertension was 16 days (Agency, 

2021a). Given the onset time for RTKI-induced hypertension in the animal model used (24-

48 hours), this in vivo approach has proven to be a sensitive and translational model for the 

prediction and early detection of haemodynamic effects of these novel anticancer therapies.  

 

Angiogenetic pathways have a crucial role in the pathogenesis of RCC (Zarrabi et al., 2017), 

where the loss of tumour suppressor function of von Hippel-Lindau protein promotes a 

hypoxic status and the consequent overexpression of VEGF, resulting in uncontrolled 

angiogenesis, tumour progression and metastatic dissemination (Folkman, 1995; Zarrabi et 

al., 2017). As a result, RTKIs blocking the activity of VEGFR-2 have positively redefined the 

therapeutic approach in patients with mRCC, for which both axitinib and lenvatinib represent 

the recommended second-line treatment options (Choueiri & Motzer, 2017; McKay et al., 

2018). Despite an overall improvement of clinical outcomes, safety concerns have arisen 

from the use of these drugs, particularly in terms of the hypertensive response associated 

with these agents (Bair et al., 2013; Small et al., 2014). The characterisation of the 

haemodynamic profile of these two RTKIs allowed us to concomitantly evaluate their effect 

on BP and provided important insights into the vascular beds mainly affected by these drugs. 

Interestingly, for both axitinib and lenvatinib, the major vascular changes were observed in 

the hindquarters and mesenteric arteries, whose vasoconstrictive responses generally 

occurred over the same time course as the elevation in MAP, with the only difference in the 

magnitude of the vasoconstriction among the diverse doses of the two RTKIs. These findings 

indicate the changes in these vascular beds as major causal factors in the development of 

hypertension observed with these agents. However, further investigations are needed to 

evaluate whether these regionally specific changes in the vascular tone are primary causative 

factors or rather secondary adaptive responses put in place to compensate the reduction in 

renal blood flow in the context of RTKI-induced hypertension.  
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Moreover, both axitinib and lenvatinib have shown a less consistent effect on renal vascular 

bed, whose vasoconstriction was only evident with the high doses of the compounds and at 

a specific time point, precisely on day 2, of the recording period. This may indicate a 

compensatory adaptation of renal vasculature in response to hypertensive conditions, in 

addition to suggesting that renal vasoconstrictive response is minimal even in case of severe 

increase in BP due to axitinib and lenvatinib. Considering the role of these drugs in the 

treatment of mRCC, constricted renal arteries and consequent disruption of blood flow in 

this vasculature might limit the delivery of these therapeutics to the kidney, therefore 

restraining their efficacy. The absence of a major vasoconstriction of renal vasculature 

observed in this study is consistent with their maintained optimum efficacy in clinical 

management of patients with mRCC, also of those patients who develop hypertension (Rini 

et al., 2015; Liu et al., 2019), suggesting that the onset of hypertension and the associated 

vascular changes in response to these drugs do not alter their ability to reach the target 

organ.  

 

Even though RTKIs are designed to block the functional activity of a particular kinase, they 

have been shown to bind additional targets, the inhibition of which may be associated with 

unintended cardiovascular toxicities (Ellis & Hicklin, 2008; Mellor et al., 2011). With regard 

to the antiangiogenic drugs evaluated in this study, they do not only interfere with VEGFRs 

signalling (Schiller et al., 2009; Matsuki et al., 2018). Indeed, axitinib extends its activity to 

platelet-derived growth factor receptor-, KIT and polo-like kinase 4 (Schiller et al., 2009), 

while lenvatinib shows a significant interaction with fibroblast growth factor receptor 1–4, 

platelet-derived growth factor receptor-α, RET and KIT (Matsuki et al., 2018) (Table 5). 

However, although the drugs used are multi-kinase inhibitors, the similarity of the 

haemodynamic profiles observed with this study, along with the results from the in vitro 

evaluation of their VEGFR-2 inhibitory activity, where no inhibition of NFAT activity below 

basal levels was observed, suggest that the cardiovascular sequelae induced by these drugs 

are mainly the result of their “on-target” activity on VEGFR-2 rather than the consequence 

of their “off-target” interactions with other kinases, which are different for axitinib and 

lenvatinib (Schiller et al., 2009; Cabanillas & Habra, 2016; Matsuki et al., 2018). The similar 

haemodynamic profile of cediranib, sorafenib, pazopanib and vandetanib reported in a 

previous study further reinforces the hypothesis that the haemodynamic effects of RTKIs are 

primarily related to their “on-target” activity on VEGFR-2 (Carter et al., 2017). Identifying the 
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main kinase(s) associated with cardiovascular complications induced by these therapeutics is 

crucial not only to prevent such toxicities but also to better understand the mechanisms by 

which its inhibition impairs cardiovascular system.  

 

RTKI Targets Reference 

Axitinib VEGFR-1/2/3, PDGFR-β, KIT, PLK4 (Schiller et al., 2009; Rini et 

al., 2011) 

Lenvatinib VEGFR-2/3, PDGFR-α, FGFR-

1/2/3/4, RET, KIT 

(Cabanillas & Habra, 2016; 

Matsuki et al., 2018) 

Table 5. Summary of kinases targeted by axitinib and lenvatinib. 

 

In addition to monitoring the impact of antiangiogenic drugs on the steady component of 

blood pressure, specifically MAP, we also investigated the implications of these agents on 

the dynamic component, namely PP. Despite MAP being a good predictor of overall 

cardiovascular risk, PP has a better predictive value for coronary heart disease, atrial 

fibrillation and congestive heart failure (Vlachopoulos & O'Rourke, 2000; Safar & Laurent, 

2003; Homan et al., 2022). This study has demonstrated that both axitinib and lenvatinib 

were associated with an increase in PP on day 4 of experimental period when compared to 

the vehicle group. Considering PP is the result of SV divided by arterial compliance (Homan 

et al., 2022), the raised PP observed in this study may be due either to an increased arterial 

stiffness or to an augmented SV over the 4-day period of treatment. Understanding the 

differential impact of these RTKIs on DBP and SBP is also crucial to define which form of 

hypertension is mainly associated with these drugs and, consequently, the 

pathophysiological responses underlying such condition. Hypertension is defined as  a 

combined elevation of SBP (≥ 140 mmHg) and DBP (≥ 90 mmHg), while isolated systolic 

hypertension is characterised by a rise of SBP with normal or low DBP values (Williams et al., 

2018). The first form of hypertension is the result of augmented systemic vascular resistance, 

arterial stiffening and increased SV, while isolated systolic hypertension is mainly due to 

reduced arterial compliance (Vlachopoulos & O'Rourke, 2000). In addition, alterations of 

vascular resistance are generally associated with changes in DBP (Vlachopoulos & O'Rourke, 

2000). This study has shown that axitinib and lenvatinib strongly influence both SBP and DBP, 

which were actually affected to the same extent, suggesting a combination of augmented 

peripheral vascular resistance, arterial stiffness and increased SV as mechanisms potentially 

involved in the RTKIs-induced hypertensive response. Further investigations are needed to 
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clarify the prevalent mechanisms underlying the changes in the pulsatile component of BP in 

response to these antiangiogenic drugs, as well as their effects on SBP and DBP.  

 

In summary, the quantification of the inhibitory activity of a spectrum of RTKIs for VEGFR-2 

allowed to define the most potent agents for this receptor, informing about the choice of 

which compounds to further investigate in vivo. This study has demonstrated that the pulsed 

Doppler flowmetry model represents an outstanding and effective in vivo approach to predict 

and evaluate the hypertensive response induced by RTKIs, also providing crucial information 

about the regionally selective vasoconstrictive effects associated with such condition. 

Indeed, as previously demonstrated, therapeutics can determine a distinct, regionally 

selective and sometimes opposing effect in different vascular beds (Woolard, Bennett, et al., 

2004; Carter et al., 2017). Characterising the correlation between hypertension and specific 

changes in vascular flow due to these drugs has also a key role in the identification of the 

most affected vascular beds, with important implications for the ability of these anticancer 

therapeutics to reach the target site. Finally, the haemodynamic profile of RTKIs obtained 

from this study is crucial for the future investigation of the complex mechanisms behind the 

haemodynamic effects induced by these antiangiogenic agents. 

 

 
 
 
  



Chapter 4: Selective ETA receptor antagonism in the prevention of axitinib- and lenvatinib-induced hypertension 
in conscious, freely moving rats 

 

 149 

4 Chapter 4. Selective ETA receptor 

antagonism in the prevention of 

axitinib- and lenvatinib-induced 

hypertension in conscious, freely 

moving rats 

 

 

  



Chapter 4: Selective ETA receptor antagonism in the prevention of axitinib- and lenvatinib-induced hypertension 
in conscious, freely moving rats 

 

 150 

 

4.1 INTRODUCTION 

Hypertension, affecting up to 80% of cancer patients treated with VEGFR-2 inhibitors, 

represents the predominant cardiovascular toxicity associated with these therapeutics 

(Abdel-Qadir et al., 2017; Dobbin et al., 2021; Cohen et al., 2023). Due to the severity of the 

hypertensive response evoked by RTKIs, reduction or early discontinuation of treatment are 

often required, with detrimental impact on cancer patient survival (Cohen et al., 2023). The 

exact molecular events contributing to RTKI-induced hypertension are still not clear, 

compromising the prevention and proper management of such complication (Yeh & Bickford, 

2009; Steingart et al., 2012). Among the various hypotheses, the activation of the ET-1 axis 

seems to play a key role in the development of hypertension associated with antiangiogenic 

therapies (Kappers et al., 2012; Lankhorst, Kappers, van Esch, Danser, et al., 2014; Camarda 

et al., 2022). ET-1 is a potent endogenous vasoconstrictive peptide which, when released by 

ECs, predominantly stimulates VSMCs in a paracrine manner by binding ETA and ETB receptors 

(Schiffrin, 1999; Thorin & Webb, 2010). This interaction mediates vasoconstrictive and 

hypertrophic responses (Schiffrin, 1999; Schneider et al., 2007). In addition, ET-1 also acts in 

an autocrine loop by interacting with endothelial ETB receptors, resulting in a vasorelaxant 

action via the production of NO and PGI2 (Schiffrin, 1999; Thorin & Webb, 2010). Treatment 

with VEGFR-2 inhibitors has been associated with increased circulating ET-1 levels in cancer 

patients and animal models (Kappers et al., 2010; Markó et al., 2022). Such increase in plasma 

ET-1 is dose-dependent, consistently with the elevation of blood pressure (Lankhorst, Baelde, 

et al., 2015; Versmissen et al., 2019). Previous preclinical studies explored the possible 

involvement of ET-1 in RTKI-induced hypertension by investigating the role of ET-1 receptor 

antagonism in preventing such side effect. In particular, the linifanib-mediated hypertensive 

response was abolished by atrasentan, a selective ETA receptor antagonist, in telemetered 

rats (Banfor et al., 2009). However, the dual ETA/ETB receptor antagonist bosentan did not 

prevent the hypertensive response to cediranib in conscious freely moving rats (Carter et al., 

2017). Macitentan, a non-selective ETA/ETB receptor blocker, hampered the rise in BP in 

sunitinib-treated rats (Lankhorst, Kappers, et al., 2014a). In this context, it should be noted 

that macitentan is 50-fold more selective for ETA receptors than for ETB receptors (Iglarz et 

al., 2008). Indeed, endothelin receptor antagonists have a spectrum of selectivity ranging 

from those with a dual ETA/ETB receptor antagonism (bosentan, macitentan and tezosentan) 

to those with a selective ETA blockade (ambrisentan, atrasentan, avosentan, clazosentan, 

darusentan, and sitaxsentan) (Table 6) (Battistini et al., 2006; MacIntyre et al., 2010; Kohan 
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et al., 2011). Their difference in terms of receptor selectivity should be carefully considered 

when it comes to their ability to prevent RTKI-induced hypertension. In this regard, the 

different results obtained with antagonists having distinct selectivity for ETA and ETB 

receptors suggest that the hypertensive effects associated with VEGFR-2 inhibitors may be 

primarily due to ETA receptor rather than ETB receptor (Banfor et al., 2009; Lankhorst, 

Kappers, et al., 2014a; Carter et al., 2017; Mirabito Colafella et al., 2020).  

 

 

Drug 
Approval 

status 

ETA:ETB 

blockade 

ratio 

pA2 References 

 

ETAR ETBR 

D
u

a
l E

T A
/E

T B
R

 a
n

ta
g

o
n

is
ts

 

Bosentan Approved 20:1 7.2 6.0 

(Clozel et al., 

1994; Battistini 

et al., 2006) 

Macitentan Approved 50:1 7.6 5.9 
(Iglarz et al., 

2008) 

Tezosentan Investigational 30:1 9.5 7.7 
(Merkus et al., 

2003) 

Se
le

ct
iv

e 
ET

A
R

 a
n

ta
g

o
n

is
ts

 

Ambrisentan Approved 4000:1 7.7b 5.9b 

(Bolli et al., 

2004; Martínez-

Díaz et al., 2023) 

Atrasentan Phase 3 1200:1 10.5a 6.9a 
(Winn et al., 

1996) 

Avosentan Phase 1 300:1 7.3b  
(Davenport et 

al., 2016) 

Clazosentan Approved 1300:1 9.5 6.4 
(Kirkby et al., 

2008) 

Darusentan Investigational 1000:1 8.2a 6a 
(Kirkby et al., 

2008) 

Sitaxentan Withdrawn 6500:1 8.9b 5.0b 
(Kirkby et al., 

2008) 

Table 6. List of ET receptor antagonists in clinical use or clinical development. a denotes pKi rather 

than pA2; b denotes pIC50. 
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Understanding the pathophysiological events contributing to RTKIs-induced hypertension is 

crucial for the development of appropriate mechanism-based treatment options and for the 

prevention of such cardiovascular complication. As a result, this study aimed to investigate 

the efficacy of dual ETA/ETB receptor antagonism and selective ETA receptor antagonism in 

the prevention of the hypertensive response mediated by two VEGFR-2 inhibitors (i.e., 

axitinib and lenvatinib). In order to clarify the involvement of ETA and/or ETB receptors in the 

development of RTKI-induced hypertension, the choice of bosentan and sitaxentan in this 

study was based on the selectivity of these agents for endothelin receptors. Indeed, 

bosentan, firstly approved in 2001 for the treatment of pulmonary arterial hypertension, 

represents the dual ETA/ETB receptor antagonist with the lowest selectivity for ETA (20:1 

ETA/ETB selectivity ratio), while sitaxentan, with a 6500:1 ETA/ETB selectivity ratio, is the most 

selective ETA receptor antagonist available (although it was withdrawn from clinical use in 

2010 due to liver toxicity) (Battistini et al., 2006; Maguire & Davenport, 2015). In particular, 

the use of the Doppler flowmetry model allowed for the study of the impact of dual and 

selective endothelin receptor antagonists on the pressor effect associated with RTKIs, as well 

as to simultaneously evaluate the role of this antagonism in preventing the RTKI-mediated 

alterations of vascular tone in regional vascular beds previously reported (Chapter 3).  

 

4.2 AIMS 

The work described in Chapter 4 aimed to: 

1. Define whether the activation of endothelin axis has a role in axitinib- and lenvatinib- 

induced hypertension and the contribution of dual ETA/ETB receptor antagonism and 

selective ETA receptor antagonism in preventing such response in conscious and 

freely moving rats. 

2. Investigate the efficacy of non-selective ETA/ETB receptor blockade and selective ETA 

receptor blockade in preventing the changes in regional vascular conductance 

associated with axitinib and lenvatinib. 

4.3 METHODS 

4.3.1 In vivo: Pulsed Doppler flowmetry in conscious and freely moving rats 

4.3.1.1 ANIMALS AND SURGICAL PROCEDURES 

All surgical and experimental procedures were conducted with approval from the UK Home 

Office and the University of Nottingham, as previously described (Methods 2.2.1.4).  
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Adult male Sprague-Dawley rats weighing between 350 and 500 g were used to perform the 

pulsed Doppler flowmetry studies described in this chapter (Methods 2.2.1.4). Animals were 

subjected to two rounds of surgeries (Methods 2.2.1.5): the first surgery consisted of the 

implantation of the Doppler flow probes (Methods 2.2.1.5.1), while the second procedure 

was carried out to insert intraarterial and intravenous catheters (Methods 2.2.1.5.2).  

4.3.1.2 CARDIOVASCULAR RECORDING  

Detailed information on the cardiovascular recordings and statistical analysis can be found in 

the general methodology (Methods 2.2.1.7, 2.2.1.9). 

 

Briefly, rats were indirectly connected to the data acquisition programme (IdeeQ) during the 

monitoring periods via a tether system (Methods 2.2.1.7). HR, BP, renal, mesenteric and 

hindquarters Doppler shifts were measured and changes in VC in the renal, mesenteric, and 

hindquarter vascular beds were derived from the changes in MAP and Doppler shift (Methods 

2.2.1.7). PP was also derived as the difference between SBP and DBP (Methods 2.2.1.7).  

 

For all experiments, time-averaged data are shown as changes from baseline [HR (beats.min-

1); MAP (mmHg); VC (%); SBP (mmHg); DBP (mmHg); PP (mmHg)] (Methods 2.2.1.9). A 

Friedman’s test was used for within-group comparisons to baseline; this data analysis was 

performed on the first 2 days of the experimental period due to changes in sample size (n) 

after day 2 (Methods 2.2.1.9). A Mann-Whitney U test for integrated area under or above 

curve analysis was used for comparisons between groups (Methods 2.2.1.9). A Mann-

Whitney U test was also performed for comparisons between groups at a specific time point. 

A value of p<0.05 was considered significant (Methods 2.2.1.9). 

 

4.3.1.3 EXPERIMENTAL PROTOCOL 

This series of experiments was run for 2 days. Experiments were run with treatment groups 

of 7 to 8 rats (Methods 2.2.1.8.2). 

 

Three groups of rats were used for each RTKI, namely axitinib and lenvatinib, to assess the 

role of endothelin antagonism in the prevention of the cardiovascular responses associated 

with these agents. Rats were randomly assigned to one of three treatment groups: axitinib 

or lenvatinib in the presence of vehicle (40% HPβCD in sterile saline), axitinib or lenvatinib in 

the presence of a dual ETA and ETB receptor antagonist (bosentan), axitinib or lenvatinib in 
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the presence of a selective ETA receptor antagonist (sitaxentan). On day 1 of the experiment, 

after a period of baseline recordings, rats were dosed with bosentan (15 mg.kg-1) or 

sitaxentan (5 mg.kg-1) as an intravenous bolus followed by a 5-h intravenous infusion (for 

axitinib groups) or a 6-h infusion (for lenvatinib groups) at the same dose (Methods 2.2.1.8.2). 

The contemporaneous control group received vehicle (40% HPβCD in sterile saline) as an 

intravenous bolus followed by a 5-h (for axitinib groups) or 6-h (for lenvatinib groups) 

intravenous infusion at the same dose (Methods 2.2.1.8.2). 

After 1-h infusion of the endothelin antagonists or vehicle, axitinib (3 mg.kg-1) or lenvatinib 

(1 mg.kg-1) was administered to all animals as an intravenous bolus followed by a 1-h 

intravenous infusion at the same dose (Methods 2.2.1.8.2). The same treatment regimen was 

followed on day 2 after a baseline recording period. At the end of day 2, all groups received 

ET-1 (administered as bolus) at the following concentrations: 0.1 M, 0.3 M and 1 M (3 

min per concentration) (Methods 2.2.1.8.2). 

 

4.4 RESULTS 

To investigate the role of dual ETA/ETB or selective ETA receptor blockade in the prevention 

of axitinib- and lenvatinib-induced haemodynamic changes, the pulsed Doppler flowmetry 

model was used in conscious and freely moving rats.  

 

Baseline cardiovascular parameters taken before the administration of vehicle, dual ETA and 

ETB receptor antagonist (bosentan) or selective ETA receptor antagonist (sitaxentan) are 

shown in Table 7 (axitinib-treated animals) and Table 8 (lenvatinib-treated animals). 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4: Selective ETA receptor antagonism in the prevention of axitinib- and lenvatinib-induced hypertension 
in conscious, freely moving rats 

 

 155 

 

 

 Vehicle Bosentan  Sitaxentan 

 Mean  SEM n Mean  SEM n Mean  SEM n 

HR 

(beats.min-1) 
358  15 8 364  17 7 372  12 7 

MAP 

(mmHg) 
112  5 8 116  5 7 109  6 7 

DBP 

(mmHg) 
98  4 8 98  4 7 92  5 7 

SBP 

(mmHg) 
146  7 8 149  6 7 146  9 7 

RVC (U) 66  14 8 43  5 7 77  14 6 

MVC (U) 67  8 8 61  8 7 65  4 7 

HVC (U) 44  6 5 35  4 7 39  6 7 

Table 7. Baseline cardiovascular variables prior to administration of vehicle or dual ETA and ETB 

receptor antagonist (bosentan) or selective ETA receptor antagonist (sitaxentan) in axitinib-treated 

rats. Values are mean ± SEM. Units of vascular conductance (VC) are kHz. mmHg-1 x 103. U, units. 

 

 Vehicle Bosentan  Sitaxentan 

 Mean  SEM n Mean  SEM n Mean  SEM n 

HR 

(beats.min-1) 
353  8 8 353  17 7 355  14 7 

MAP 

(mmHg) 
106  2 8 99  5 7 97  5 7 

DBP 

(mmHg) 
90  2 8 85  5 7 83  4 7 

SBP 

(mmHg) 
139  3 8 129  6 7 127  6 7 

RVC (U) 63  8 6 81 14 6 76  13 7 

MVC (U) 74  11 8 94  16 7 92  14 7 

HVC (U) 42  8 5 45  8 7 47  7 7 

Table 8. Baseline cardiovascular variables prior to administration of vehicle or dual ETA and ETB 

receptor antagonist (bosentan) or selective ETA receptor antagonist (sitaxentan) in lenvatinib-
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receiving rats. Values are mean ± SEM. Units of vascular conductance (VC) are kHz. mmHg-1 x 103. U, 

units. 

 

4.4.1 Role of dual versus selective endothelin receptor antagonists in the 

prevention of axitinib-induced haemodynamic changes 

Administration of axitinib in animals pre-treated with vehicle caused a significant rise in MAP, 

resulting in a maximal increase of 23% on day 2 (#p<0.05, Friedman’s test; Figure 45B and 

47A). Such a pressor effect was not accompanied by corresponding changes in HR (Figure 

45A and 47A). The axitinib-induced hypertensive response in vehicle-treated animals was 

associated with a consistent reduction in MVC (#p<0.05, Friedman’s test; Figure 45D and 

47D), while no significant alterations in RVC and HVC were observed during the experimental 

protocol (Figure 45C-E and 47C-E). Specifically, a maximal reduction of 37% and 35% in MVC 

was reached on day 1 and day 2, respectively (Figure 45D and 47D). Axitinib treatment also 

increased DBP and SBP, which reached significance on day 2, where also a rise of PP was 

observed (#p<0.05, Friedman’s test; Figure 46A-C and 48A-C).  

 

The co-treatment with bosentan (dual ETA and ETB receptor antagonist) completely 

prevented the axitinib-induced increase in MAP (θp<0.05, Mann-Whitney U test, integrated 

area under curve, 0–28 h; *p<0.05, Mann-Whitney U test  to determine differences at each 

time point; Figure 45B). In addition, the axitinib-induced mesenteric vasoconstrictive 

response was consistently abolished by the co-treatment with the dual ETA and ETB receptor 

antagonist (*p<0.05, Mann-Whitney U test  to determine differences at each time point; 

Figure 45D). Bosentan counteracted the effect of axitinib on HVC on day 1, yet this reached 

statistical significance only at the 3-h time point post treatment with this RTKI (*p<0.05, 

Mann-Whitney U test  to determine differences at each time point; Figure 45E). However, 

the dual antagonism did not elicit any notable effect on RVC (Figure 45C). The axitinib-

induced rise in DBP and SBP was abolished by bosentan, while no alteration of PP was 

detected with this agent (*p<0.05, Mann-Whitney U test  to determine differences at each 

time point; Figure 46A-C).  

 

In an attempt to confirm that endothelial ETB receptors were blocked by bosentan and not 

by sitaxentan, ET-1 was administered by intravenous infusion at the end of day 2 at 0.1 μM, 

0.3 μM and 1 μM. In vehicle-receiving animals, the low dose of ET-1 (0.1 μM) did not cause 

alteration of MAP, HR or vascular conductances (Figure 45). The mid dose of ET-1 (0.3 μM) 
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was associated with a small initial and transient depressor effect on BP and tachycardia, 

although both did not reach significance (Figure 45A-B and 47A-B). These responses were 

accompanied by a significant increase in HVC (within 1 min) and a reduction of MVC (at 3-

min time point), with no alterations in the renal vasculature (#p<0.05, Friedman’s test; Figure 

45C-E and 47C-E). The high dose of ET-1 (1 μM) elicited an initial and transient (within 1 min) 

drop in MAP and a tachycardic effect, accompanied by an increase in HVC at the same time 

point (#p<0.05, Friedman’s test; Figure 45A-B-E and 47A-B-E). Reductions in RVC and MVC 

also occurred in response to high dose of ET-1 (#p<0.05, Friedman’s test; Figure 45C-D and 

47C-D).  

 

The pressor and tachycardic effects of ET-1 were abolished in the group co-treated with 

bosentan, for which an increase in MAP was only observed at the last time point of the high 

dose of ET-1 (#p<0.05, Friedman’s test; Figure 45A-B). In presence of bosentan, the 

mesenteric vasoconstriction was inhibited both in response to the low and mid dose of ET-1 

(*p<0.05, Mann-Whitney U test  to determine differences at each time point; Figure 45D), 

although a significant reduction of MVC was still observed at the high dose of ET-1 (#p<0.05, 

Friedman’s test; Figure 45D). The co-treatment with bosentan, fully prevented the effect of 

ET-1 on DBP and SBP, although no alterations were observed on PP (*p<0.05, Mann-Whitney 

U test  to determine differences at each time point; Figure 46A-B). 
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Figure 45. Role of dual ETA and ETB receptor antagonist (bosentan) in axitinib-induced cardiovascular 

responses in conscious, freely moving rats. Animals were dosed with bosentan (15 mg.kg-1) or vehicle 
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as an intravenous bolus followed by a 5-h intravenous infusion. One hour after commencement of the 

endothelin receptor antagonist or vehicle infusion, axitinib (3 mg.kg-1) was administered to all 

animals as an intravenous bolus followed by a 1-h intravenous infusion. Same dose regimen was 

repeated on day 2, at the end of which ET-1 was administered as bolus at increasing concentrations 

Details of the experimental protocol are described in Methods 2.2.1.8.2. Data points are means; 

vertical bars represent SEM. Friedman’s test was performed for within-group comparisons to baseline 

(0h time point was used as a baseline for the entire 28h period prior to the administration of ET-1, 

while 28h time point was used as a baseline for ET-1 dose-response (#p<0.05 vs. baseline). Mann-

Whitney U test was conducted between treated and vehicle control groups for a comparison of area 

under/over the curve (p< 0.05) and to determine differences at each time point (*p<0.05, Mann-

Whitney U test).  

 

 

 

Figure 46. Role of dual ETA and ETB receptor antagonist (bosentan) in axitinib-induced changes in 

DBP, SBP and PP  in conscious, freely moving rats. Animals were dosed with bosentan (15 mg.kg-1) or 

vehicle as an intravenous bolus followed by a 5-h intravenous infusion. One hour after 
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commencement of the endothelin receptor antagonist or vehicle infusion, axitinib (3 mg.kg-1) was 

administered to all animals as an intravenous bolus followed by a 1-h intravenous infusion. Same 

dose regimen was repeated on day 2, at the end of which ET-1 was administered as bolus at 

increasing concentrations Details of the experimental protocol are described in Methods 2.2.1.8.2. 

Data points are means; vertical bars represent SEM. Friedman’s test was performed for within-group 

comparisons to baseline (0h time point was used as a baseline for the entire 28h period prior to the 

administration of ET-1, while 28h time point was used as a baseline for ET-1 dose-response (#p<0.05 

vs. baseline). Mann-Whitney U test was conducted between treated and vehicle control groups for a 

comparison of area under/over the curve (p< 0.05) and to determine differences at each time point 

(*p<0.05, Mann-Whitney U test).  

 

The co-treatment with sitaxentan (selective ETA receptor antagonist) fully abolished the 

axitinib-induced increase in MAP (θp<0.05, Mann-Whitney U test, integrated area under 

curve, 0–28 h; *p<0.05, Mann-Whitney U test  to determine differences at each time point; 

Figure 47B). The selective ETA receptor antagonism also attenuated axitinib-induced 

mesenteric vasoconstrictive response (*p<0.05, Mann-Whitney U test  to determine 

differences at each time point; Figure 47D). No significant effects were observed on RVC in 

response to sitaxentan in axitinib-treated animals, while HVC was significantly improved by 

selective ETA receptor antagonism exclusively on day 1 and at a specific time point (3h) 

(Figure 47C-E). The selective ETA receptor antagonist completely abolished the RTKI-induced 

rise in DBP and SBP, while also  preventing the effect of axitinib on PP (*p<0.05, Mann-

Whitney U test  to determine differences at each time point; Figure 48A-C).  

 

The cardiovascular changes following  ET-1 administration in vehicle-treated animals have 

been described above. In keeping with its better selectivity for ETA receptors, the co-

treatment with sitaxentan did not prevent the vascular changes induced by ET-1 when 

compared to the vehicle group (Figure 47A-E and 48A-C). 
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Figure 47. Role of selective ETA receptor antagonist (sitaxentan) in axitinib-induced cardiovascular 

responses in conscious, freely moving rats. Animals were dosed with sitaxentan (5 mg.kg-1) or vehicle 
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as an intravenous bolus followed by a 5-h intravenous infusion. One hour after commencement of the 

endothelin receptor antagonist or vehicle infusion, axitinib (3 mg.kg-1) was administered to all 

animals as an intravenous bolus followed by a 1-h intravenous infusion. Same dose regimen was 

repeated on day 2, at the end of which ET-1 was administered as bolus at increasing concentrations 

Details of the experimental protocol are described in Methods 2.2.1.8.2. Data points are means; 

vertical bars represent SEM. Friedman’s test was performed for within-group comparisons to baseline 

(0h time point was used as a baseline for the entire 28h period prior to the administration of ET-1, 

while 28h time point was used as a baseline for ET-1 dose-response (#p<0.05 vs. baseline). Mann-

Whitney U test was conducted between treated and vehicle control groups for a comparison of area 

under/over the curve (p< 0.05) and to determine differences at each time point (*p<0.05, Mann-

Whitney U test).  

 

 

 

Figure 48. Role of selective ETA receptor antagonist (sitaxentan) in axitinib-induced changes in DBP, 

SBP and PP  in conscious, freely moving rats. Animals were dosed with sitaxentan (5 mg.kg-1) or 

vehicle as an intravenous bolus followed by a 5-h intravenous infusion. One hour after 
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commencement of the endothelin receptor antagonist or vehicle infusion, axitinib (3 mg.kg-1) was 

administered to all animals as an intravenous bolus followed by a 1-h intravenous infusion. Same 

dose regimen was repeated on day 2, at the end of which ET-1 was administered as bolus at 

increasing concentrations Details of the experimental protocol are described in Methods 2.2.1.8.2. 

Data points are means; vertical bars represent SEM. Friedman’s test was performed for within-group 

comparisons to baseline (0h time point was used as a baseline for the entire 28h period prior to the 

administration of ET-1, while 28h time point was used as a baseline for ET-1 dose-response (#p<0.05 

vs. baseline). Mann-Whitney U test was conducted between treated and vehicle control groups for a 

comparison of area under/over the curve (p< 0.05) and to determine differences at each time point 

(*p<0.05, Mann-Whitney U test).  

 

4.4.2 Role of dual versus selective endothelin receptor antagonists in the 

prevention of lenvatinib-induced haemodynamic changes 

In presence of vehicle, lenvatinib evoked a significant elevation in MAP on day 2, where a 

maximal increase of 24% was observed (#p<0.05, Friedman’s test; Figure 49B and 51B), 

without notable alteration of HR (Figure 49A and 51A). In vehicle-treated animals lenvatinib 

caused a significant reduction in MVC (#p<0.05, Friedman’s test; Figure 49D and 51D). In 

particular a maximal reduction of 36% and 42% in MVC was reached on day 1 and day 2, 

respectively (Figure 49D and 51D). Except a reduced HVC at 27h time point, no other marked 

alterations of RVC and HVC were reported during the experimental protocol (Figure 49C-E 

and 51C-E). Lenvatinib caused a rise of both DBP and SBP, reaching a statistical significance 

on day 2 (#p<0.05, Friedman’s test; Figure 50A-B and 52A-B). No alteration of PP was 

detected in response to this RTKI during the experimental period (Figure 50C and 52C).  

 

The co-treatment with bosentan did not prevent the lenvatinib-induced hypertensive effect, 

except a significant reduction of MAP at 4h time point (θp<0.05, Mann-Whitney U test, 

integrated area under curve, 0–29 h; *p<0.05, Mann-Whitney U test  to determine 

differences at each time point; Figure 49A-B). Nevertheless, the dual ETA and ETB receptor 

antagonist bosentan was able to ameliorate the effect of lenvatinib on MVC, particularly on 

day 1 (θp<0.05, Mann-Whitney U test, integrated area under curve, 0–29 h; *p<0.05, Mann-

Whitney U test  to determine differences at each time point; Figure 49D). The dual 

antagonism did not evoke any notable effect on RVC and HVC in lenvatinib-treated rats when 

compared to control group (Figure 49C-E). Bosentan did not show any significant role in 

preventing lenvatinib-induced increase in DBP, SBP and PP (Figure 50A-C).  
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As before, we evaluated whether endothelial ETB receptors were adequately blocked by 

bosentan and not by sitaxentan by administering ET-1 by intravenous infusion at the end of 

the experimental period. Thus, ET-1 was administered at the end of d 2 at 0.1 μM, 0.3 μM 

and 1 μM (3 min per concentration). In animals co-treated with vehicle and lenvatinib, the 

effect of ET-1 were comparable to those already reported for vehicle and axitinib co-treated 

rats. The only difference was in a more sustained reduction of RVC in response to both mid 

and high dose of the peptide (#p<0.05, Friedman’s test; Figure 49C and 51C).  

 

In the presence of bosentan, low dose of ET-1 did not elicit any effect on MAP, while the mid 

dose (at 3-min time point) and the high dose of ET-1 were associated with a significant 

pressor effect (#p<0.05, Friedman’s test; Figure 49A-B). However, the effects of ET-1 on MAP 

observed in the vehicle group were still prevented in presence of bosentan at specific time 

points (*p<0.05, Friedman’s test; Figure 49B). The tachycardic response to high dose of ET-1 

observed in the vehicle group was also prevented in the bosentan-treated rats (#p<0.05, 

Friedman’s test; Figure 49A). In addition, co-treatment with bosentan improved MVC, mainly 

at the low and mid dose of ET-1, while also preventing the increased HVC associated with 

high dose of ET-1 (*p<0.05, Friedman’s test; Figure 49C-E).  The co-treatment with bosentan 

abolished the effect of ET-1 on DBP and SBP only at specific time points and no alterations 

were observed on PP (*p<0.05, Mann-Whitney U test  to determine differences at each time 

point; Figure 50A-C). 
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Figure 49. Role of dual ETA and ETB receptor antagonist (bosentan) in lenvatinib-induced 

cardiovascular responses in conscious, freely moving rats. Animals were dosed with bosentan (15 
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mg.kg-1) or vehicle as an intravenous bolus followed by a 6-h intravenous infusion. One hour after 

commencement of the endothelin receptor antagonist or vehicle infusion, lenvatinib (1 mg.kg-1) was 

administered to all animals as an intravenous bolus followed by a 1-h intravenous infusion. Same 

dose regimen was repeated on day 2, at the end of which ET-1 was administered as bolus at 

increasing concentrations Details of the experimental protocol are described in Methods 2.2.1.8.2. 

Data points are means; vertical bars represent SEM. Friedman’s test was performed for within-group 

comparisons to baseline (0h time point was used as a baseline for the entire 29h period prior to the 

administration of ET-1, while 29h time point was used as a baseline for ET-1 dose-response (#p<0.05 

vs. baseline). Mann-Whitney U test was conducted between treated and vehicle control groups for a 

comparison of area under/over the curve (p< 0.05) and to determine differences at each time point 

(*p<0.05, Mann-Whitney U test).  

 

 

 

Figure 50. Role of dual ETA and ETB receptor antagonist (bosentan) in lenvatinib-induced changes in 

DBP, SBP and PP  in conscious, freely moving rats. Animals were dosed with bosentan (15 mg.kg-1) or 

vehicle as an intravenous bolus followed by a 6-h intravenous infusion. One hour after 
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commencement of the endothelin receptor antagonist or vehicle infusion, lenvatinib (1 mg.kg-1) was 

administered to all animals as an intravenous bolus followed by a 1-h intravenous infusion. Same 

dose regimen was repeated on day 2, at the end of which ET-1 was administered as bolus at 

increasing concentrations Details of the experimental protocol are described in Methods 2.2.1.8.2. 

Data points are means; vertical bars represent SEM. Friedman’s test was performed for within-group 

comparisons to baseline (0h time point was used as a baseline for the entire 29h period prior to the 

administration of ET-1, while 29h time point was used as a baseline for ET-1 dose-response (#p<0.05 

vs. baseline). Mann-Whitney U test was conducted between treated and vehicle control groups for a 

comparison of area under/over the curve (p< 0.05) and to determine differences at each time point 

(*p<0.05, Mann-Whitney U test).  

 

Sitaxentan completely attenuated the lenvatinib-induced hypertensive effect (θp<0.05, 

Mann-Whitney U test, integrated area under curve, 0–29 h; *p<0.05, Mann-Whitney U test  

to determine differences at each time point; Figure 51B). Co-treatment with sitaxentan was 

also associated with a significant reduction of HR on d2 of experimental period (#p<0.05, 

Friedman’s test; Figure 51A), although no difference was observed when compared to the 

control group. As observed for axitinib, the selective ETA receptor antagonist was able to 

prevent the lenvatinib-induced mesenteric vasoconstriction mainly on day 1, although a 

significant attenuation was also reported  at the last time point on day 2 (θp<0.05, Mann-

Whitney U test, integrated area under curve, 0–29 h; *p<0.05, Mann-Whitney U test  to 

determine differences at each time point; Figure 51D). In presence of sitaxentan, no 

significant effects were observed on RVC in lenvatinib-treated animals, while a significant 

improvement of HVC was reached exclusively at specific time points, specifically 5h and 28h 

(Figure 51C-E).  

 

As reported for axitinib, the lenvatinib-induced increase in DBP and SBP was prevented by 

selective ETA receptor antagonism (*p<0.05, Figure 52A-B). Similarly, the co-treatment with 

sitaxentan was also associated with a reduction of PP in response to lenvatinib (θp<0.05, 

Mann-Whitney U test, integrated area under curve, 0–29 h; *p<0.05, Mann-Whitney U test  

to determine differences at each time point; Figure 52C). 

 

The haemodynamic effects due to ET-1 administration in vehicle-treated animals have been 

previously outlined. During the administration of low and mid doses of ET-1, the co-

treatment with sitaxentan was still able to attenuate the hypertensive response to lenvatinib, 

while at the high dose of ET-1 such effect was reduced, except for the 3-min time point 
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(*p<0.05, Mann-Whitney U test  to determine differences at each time point; Figure 51B). 

Consistent with its selectivity for ETA receptors, sitaxentan did not prevent the ET-1-mediated 

responses in terms of HR and VCs under any dose of the peptide (Figure 51A-C-D-E).  
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Figure 51. Role of selective ETA receptor antagonist (sitaxentan) in lenvatinib-induced cardiovascular 

responses in conscious, freely moving rats. Animals were dosed with sitaxentan (5 mg.kg-1) or vehicle 
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as an intravenous bolus followed by a 6-h intravenous infusion. One hour after commencement of the 

endothelin receptor antagonist or vehicle infusion, lenvatinib (1 mg.kg-1) was administered to all 

animals as an intravenous bolus followed by a 1-h intravenous infusion. Same dose regimen was 

repeated on day 2, at the end of which ET-1 was administered as bolus at increasing concentrations 

Details of the experimental protocol are described in Methods 2.2.1.8.2. Data points are means; 

vertical bars represent SEM. Friedman’s test was performed for within-group comparisons to baseline 

(0h time point was used as a baseline for the entire 29h period prior to the administration of ET-1, 

while 29h time point was used as a baseline for ET-1 dose-response (#p<0.05 vs. baseline). Mann-

Whitney U test was conducted between treated and vehicle control groups for a comparison of area 

under/over the curve (p< 0.05) and to determine differences at each time point (*p<0.05, Mann-

Whitney U test).  

 

 

 

Figure 52. Role of selective ETA receptor antagonist (sitaxentan) in lenvatinib-induced changes in 

DBP, SBP and PP  in conscious, freely moving rats. Animals were dosed with sitaxentan (5 mg.kg-1) or 

vehicle as an intravenous bolus followed by a 6-h intravenous infusion. One hour after 

commencement of the endothelin receptor antagonist or vehicle infusion, lenvatinib (1 mg.kg-1) was 
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administered to all animals as an intravenous bolus followed by a 1-h intravenous infusion. Same 

dose regimen was repeated on day 2, at the end of which ET-1 was administered as bolus at 

increasing concentrations Details of the experimental protocol are described in Methods 2.2.1.8.2. 

Data points are means; vertical bars represent SEM. Friedman’s test was performed for within-group 

comparisons to baseline (0h time point was used as a baseline for the entire 29h period prior to the 

administration of ET-1, while 29h time point was used as a baseline for ET-1 dose-response (#p<0.05 

vs. baseline). Mann-Whitney U test was conducted between treated and vehicle control groups for a 

comparison of area under/over the curve (p< 0.05) and to determine differences at each time point 

(*p<0.05, Mann-Whitney U test).  

 

4.5 DISCUSSION 

The activation of endothelin axis has been identified as a crucial determinant in the 

hypertensive effect associated with antiangiogenic therapies (Banfor et al., 2009; Kappers et 

al., 2010; M. H. Kappers et al., 2011; Kappers et al., 2012; Lankhorst, Kappers, et al., 2014a; 

Mirabito Colafella et al., 2020). The present study unequivocally established the contribution 

of ET-1 to RTKIs-induced hypertension. In particular, our results have demonstrated that such 

increase in BP is purely mediated by ETA receptors, as axitinib- and lenvatinib-induced 

hypertension was consistently prevented by the selective ETA receptor antagonist. 

Additionally, sitaxentan at a dose of 5 mg.kg-1 did not prevent the vascular responses due to 

the administration of ET-1, suggesting that at the dose at which sitaxentan prevented the 

axitinib- and lenvatinib-induced hypertensive effect ETB receptors have not been inhibited. 

The detection of elevated ET-1 plasma levels in patients and animals treated with sunitinib, 

as well as the observation that such increase shows the same dose-dependency as the rise in 

BP during antiangiogenic treatment, were the first evidence of an implication of the 

endothelin system in the hypertensive response associated with VEGFR-2 inhibitors (Kappers 

et al., 2010; Lankhorst, Baelde, et al., 2015). Subsequent studies revealed that linifanib-

induced hypertension was suppressed by co-treatment with the selective ETA receptor 

antagonist atrasentan in telemetered Sprague-Dawley rats (Banfor et al., 2009). Analogously, 

dual ETA/ETB receptor antagonism with tezosentan prevented the rise in BP in response to 

sunitinib in chronically instrumented swine (Kappers et al., 2012). In addition, the dual 

ETA/ETB receptor antagonist macitentan abolished the effect of sunitinib on BP in Wistar 

Kyoto rats (Lankhorst, Kappers, et al., 2014b) suggesting a crucial role of ET-1 in the 

pathogenesis of hypertension in presence of VEGFR-2 inhibition. However, bosentan, an 

antagonist with non-selective affinity for ETA/ETB receptor, was not associated with a 

suppression of the hypertensive response to cediranib in conscious and freely moving rats 
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(Carter et al., 2017). This finding support the hypothesis that the hypertensive effects due to 

VEGFR-2 inhibitors may be predominantly associated with the activation of ETA receptor 

rather than the ETB subtype (Mirabito Colafella et al., 2020). Although the dual ETA/ETB 

receptor antagonists atrasentan, tezosentan and macitentan attenuated the RTKI-induced 

hypertension, it is worth noting that they all display an higher selectivity for ETA receptor than 

bosentan (Merkus et al., 2003; Battistini et al., 2006; Iglarz et al., 2008; Martínez-Díaz et al., 

2023). While bosentan exhibits an ETA:ETB blockade ratio of 20:1, atrasentan, tezosentan and 

macitentan show an ETA:ETB blockade ratio of 1200:1, 30:1 and 50:1, respectively (Merkus et 

al., 2003; Battistini et al., 2006; Iglarz et al., 2008; Martínez-Díaz et al., 2023). As a result, in 

order to fully characterise the net contribution of ETA and ETB receptors in the regulation of 

BP and regional vascular tone in response to axitinib and lenvatinib in conscious and freely 

moving animals, the present study used bosentan as a clinically approved ETA/ETB receptor 

antagonist with the lowest selectivity for ETA receptor and sitaxentan as the most selective 

ETA receptor antagonist clinically developed (ETA:ETB blockade ratio of 6500:1) (Battistini et 

al., 2006).  

Sitaxentan fully prevented the hypertensive response to axitinib and lenvatinib, while the 

dual ETA/ETB receptor antagonism with bosentan abolished the axitinib-induced 

hypertension but did not cause any significant reduction in the lenvatinib-induced pressor 

effect. The same effects described for MAP in response to bosentan and sitaxentan were also 

observed for DBP and SBP, where both of these components were strongly influenced by 

axitinib and lenvatinib and their increase was effectively prevented by the selective ETA 

receptor antagonism. In addition, the co-treatment with the selective ETA receptor 

antagonist significantly reduced the PP in axitinib- and lenvatinib-treated rats. These findings 

strongly suggest that the hypertensive effect of axitinib and lenvatinib is due to an activation 

of the ET-1 axis and that such response is exclusively regulated by the activation of ETA 

receptors. The effects observed in response to ET-1 seem to confirm this. Indeed, as ET-1 was 

administered intravenously, it is unlikely that it was able to reach VSMCs and exert its effect 

on both ETA and ETB receptors at this level. More likely, the responses observed following ET-

1 administration are rather due to the activation of endothelial ETB receptors. In this regard, 

the vascular effects due to the intravenous administration of ET-1 were prevented by the co-

treatment with bosentan but not by the co-treatment with sitaxentan, showing that ETB 

receptor antagonism was absent during the co-treatment with sitaxentan. 

These data suggest that the reduction of MVC is independent of axitinib- and lenvatinib-

induced hypertensive effect and it may be mainly mediated by ETB receptors. Indeed, 
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although both bosentan and sitaxentan fully attenuated axitinib-induced hypertension, only 

bosentan was able to consistently abolish the reduction of MVC observed with this RTKI. As 

for lenvatinib, bosentan was associated with a significant attenuation of its effect on MVC on 

day 1, which was not accompanied by alteration of BP. At the same time, sitaxentan, although 

abolishing the lenvatinib-induced pressor effect throughout all the experimental period, was 

associated with an attenuation of mesenteric vasoconstriction only on day 1, therefore 

reinforcing the hypothesis that the effect of RTKIs on BP occurs independently from their 

effect on mesenteric vascular tone. This in vivo data, suggesting that mesenteric vascular 

tone during VEGFR-2 inhibition is mainly mediated by ETB receptors, is conflicting with 

previous studies performed in vitro or on isolated mesenteric arteries, which were supportive 

of an ETA receptor-mediated mesenteric vasoconstriction (D'Orléans-Juste et al., 1993; Deng 

et al., 1995). On the contrary, a subsequent study from Mickley et al. clarified that the dual 

blockade of both ETA and ETB receptor blockade was necessary to fully inhibit the 

vasoconstrictive effect of ET-1 in rat isolated mesenteric arteries, while the selective ETA 

antagonism alone only led to an incomplete inhibition of the ET-1 induced mesenteric 

vasoconstriction (Mickley et al., 1997). In line with this ex vivo observation, the mesenteric 

vasoconstriction induced by ET-1 was found to be unaffected by ETA receptor-antagonism 

both in conscious rats and anaesthetised ganglion-blocked rats (Gardiner et al., 1994; Allcock 

et al., 1995), thus supporting our findings and a possible ETB receptor-mediated mesenteric 

vasoconstriction. This hypothesis may appear in contradiction with the vasodilating role of 

ETB receptors. However, it should be noted that this subtype of endothelin receptor is not 

only present in the endothelium, where it mediates vasodilation by promoting the release of 

several endothelium-derived relaxing factors, but also on VSMCs, where it evokes a 

contractile response via different mechanisms, including PKC and MAPK pathways, as well as 

a rise in intracellular Ca2+ concentration (White et al., 1993; Mazzuca & Khalil, 2012). This 

would explain why bosentan, by simultaneously antagonising ETB receptors (both on 

endothelium and VSMCs) and ETA receptors, resulted in a more marked vasodilation of 

mesenteric artery than the selective ETA receptor blockade with sitaxentan. However, to 

adequately establish the involvement of ETB receptors in the RTKI-induced mesenteric 

vasoconstriction, additional studies with an antagonist selective for ETB receptor would be 

necessary. 

Axitinib and lenvatinib did not elicit any notable effect on RVC over the experimental period. 

Both the co-treatment with bosentan and sitaxentan did not interfere with such response. 

Although no renal vasoconstriction was observed with the two RTKIs tested, a vasodilatory 
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effect in the renal vascular bed in response to sitaxentan was expected (Gardiner et al., 1994). 

Indeed, although ETA receptors are the prevalent subtype in the medial smooth muscle layer 

of all vessels, ETB receptors are more abundant than ETA receptors in endothelium-cell rich 

organs such as kidney, lungs and liver (Maguire & Davenport, 2015). In addition, ETB receptors 

act also as clearance receptors for circulating ET-1, especially in the pulmonary, splanchnic 

and renal circulation (Fukuroda et al., 1994; Lüscher & Barton, 2000).  As a result, a selective 

blockade of ETA receptors with sitaxentan was expected to determine a vasodilatory 

response potentially due to a predominant activity of endothelial ETB receptors and increased 

ET-1 clearance. A downregulation of endothelial ETB receptors has been observed in a rat 

model of preeclampsia (Mazzuca et al., 2014), suggesting that a loss of ETB receptor-

mediated vasodilation may occur under pathological conditions such as hypertension. 

Whether this is also the case for the hypertensive status occurring during treatment with 

RTKIs needs to be clarified and further investigations in this direction are required. 

In this study, the reduction of HVC in response to axitinib and lenvatinib was mild and not 

significant. This is in contrast with the results from Chapter 4, where axitinib and lenvatinib 

showed a significant vasoconstriction in the hindquarters vascular bed. The variability of the 

response of this vascular bed to the hypertensive condition associated with axitinib and 

lenvatinib may suggest that the rise in BP associated with these agents is independent of the 

changes on HVC. Although the dual ETA/ETB receptor antagonism showed a modest 

improvement of the hindquarters vascular tone on day 1 of treatment with axitinib, this does 

not seem to correlate with the pressor effect associated with this agent. This may also 

suggest that the reduction of hindquarters vascular tone may be mainly associated with ETB 

receptors. However, the attenuation of the reduction in HVC in response to bosentan was 

not observed in lenvatinib-treated rats, making it difficult to formulate such hypothesis. The 

absence of an effect on HVC under the co-treatment with the selective ETA receptor 

antagonist may support the hypothesis that the hypertensive response to VEGFR-2 inhibitors 

is independent of the reduction on HVC.  

Our data may support the use of endothelin receptor antagonists, in particular those 

selective for ETA subtype, as effective approach based on pathophysiology to prevent and 

manage the hypertensive response to RTKIs. Although ETA receptor appears as promising 

target, none of the selective antagonists for this receptor are currently approved for the 

treatment of hypertension. Among the selective ETA receptor antagonists developed, only 

ambrisentan and clazosentan have been approved for use in pulmonary arterial hypertension 
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and aneurysmal subarachnoid haemorrhage-induced vasospasm, respectively (Rivera-

Lebron & Risbano, 2017; Lee, 2022). Sitaxentan was firstly approved for pulmonary arterial 

hypertension, but the association with hepatic injury led to its withdrawal in 2010 (Galiè et 

al., 2011). Interestingly, targeting the endothelin system may also be beneficial in terms of 

cancer treatment. Indeed ET-1 has been identified as pro-angiogenic mediator, which 

supports tumour angiogenesis directly via an effect on endothelial and perivascular cells and 

indirectly by stimulating the release of VEGF (Bagnato & Spinella, 2003; Knowles et al., 2005; 

Russignan et al., 2020; Tocci et al., 2021). In this regard, the use of endothelin antagonists 

may be supportive of the antiangiogenic effect of RTKIs, while preventing the hypertensive 

response associated with these therapeutics. 
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5.1 INTRODUCTION 

VEGFR-2 inhibitor-induced hypertension appears to be mediated by both structural and 

functional changes of the vascular endothelium (Lankhorst, Saleh, et al., 2015a). Considering 

the role of VEGFR-2 in controlling BP via regulation of NO synthase expression (Facemire et 

al., 2009), a reduction in the endothelium-dependent vasodilation, primarily via impairment 

of NO availability, was initially hypothesised as the principal event involved in the 

hypertensive effect observed with RTKIs (Lankhorst, Kappers, van Esch, Danser, et al., 2014; 

Camarda et al., 2022). Although several investigations, both in animal models and in patients, 

corroborate the implication of endothelial dysfunction and reduced NO production in such 

cardiovascular complication (Introduction 1.4.2.3) (M. H. Kappers et al., 2011; Eechoute et 

al., 2012; Camarda et al., 2022), further experimental and clinical studies have shown 

conflicting results, demonstrating that the role of NO and endothelial dysfunction in the 

development of RTKI-induced hypertension is still controversial (Introduction 1.4.2.3) 

(Steeghs et al., 2008; Kappers et al., 2010; Mayer et al., 2011; Lankhorst, Kappers, van Esch, 

Danser, et al., 2014; Lankhorst, Saleh, et al., 2015b). As a result, the aim of this study was to 

assess the contribution of axitinib and lenvatinib to endothelial dysfunction and whether the 

hypertensive effect observed with these agents reflects an alteration in vascular reactivity.  

 

Secondly, the results from Chapter 3 demonstrated that both axitinib and lenvatinib, two 

RTKIs strongly associated with hypertension (Agency, 2012; Rini et al., 2015; Shah & 

Morganroth, 2015b; Agency, 2021a), also resulted in an increased PP (defined as the ratio of 

SV to arterial compliance). This evidence, coupled with a comparable effect in terms of rise 

of SBP and DBP observed with these two agents, suggested that RTKI-induced hypertension 

may be the result of augmented peripheral vascular resistance, arterial stiffness and 

increased SV (Chapter 3). Arterial stiffness, defined as a reduced distensibility of the arterial 

wall and an impaired capacity of the aorta to buffer the cardiac pulsatile fluctuation 

generated by LV contraction, has a major role in the increase of PP (Benetos et al., 1998; 

Chirinos, 2012; Homan et al., 2022). The haemodynamic consequences of increased arterial 

stiffness include not only an augmented PP in the large arteries, but also an hyperpulsatility 

in the small peripheral arteries, resulting in organ damage (Chirinos, 2012; Laurent & 

Boutouyrie, 2020). As a result, this work investigated the possible contribution of arterial 

stiffness to the PP alterations observed in response to axitinib and lenvatinib. 
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In addition, although the regulation of BP is the product of a fine interaction between the 

vasculature and the heart (Mayet & Hughes, 2003), whether the development of 

hypertension associated with VEGFR-2 inhibitors derives primarily from vascular changes or 

cardiac alterations is not yet clear. Although cardiac dysfunction is considered to be 

secondary to the detrimental impact of RTKIs on vasculature (Maurea et al., 2016; Mihalcea 

et al., 2023), a direct cardiotoxic effect of these therapeutics may not be excluded (Dobbin 

et al., 2018). Cardiomyocytes not only express VEGFR-1 and VEGFR-2 but are a source of the 

angiogenic factor VEGF-A, which acts as a paracrine and autocrine effector (Giordano et al., 

2001; Zentilin et al., 2010). Cardiomyocyte-specific deletion of VEGF-A in mice resulted in 

ventricular wall thinning and depression of contractile function (Giordano et al., 2001; Hsieh 

et al., 2006), highlighting the importance of VEGF-A/VEGFR signalling in cardiac function 

(Giordano et al., 2001; Braile et al., 2020). VEGF-A also delays progression to hypertrophy 

and decline in ventricular function (Friehs et al., 2006; Dobbin et al., 2021). In this regard, 

RTKIs targeting VEGFR-2 have been associated with cardiac decompensation and 

hypertrophy (Izumiya et al., 2006; Dobbin et al., 2018; Mihalcea et al., 2023). Four of the 

clinically available VEGFR-2 inhibitors, specifically sorafenib, sunitinib, pazopanib and 

lenvatinib, have been shown to cause cardiac dysfunction (Jin et al., 2020). Among them, 

lenvatinib has been reported to induce cardiac dysfunction in 7% of patients, with 2% 

experiencing grade 3 or higher LVD (Costa et al., 2016; Agency, 2021a). Although the clinical 

profile of the cardiotoxic events due to these agents is well defined (Jin et al., 2020), there is 

a lack of investigations concerning the cardiac consequences of VEGFR-2 inhibitors in 

preclinical models. As a result, this Chapter aimed to comprehensively characterise the 

impact of axitinib and lenvatinib on cardiac function in mice, combining the use of 

echocardiography and pressure-volume loops. By using these gold standard techniques for 

diagnosis of cardiotoxicity, the purpose of this study was also to assess whether these 

approaches were able to early detect the cardiac sequalae associated with VEGFR-2 

inhibitors. 

 

Anti-VEGF monoclonal antibodies  or RTKIs targeting VEGFR-2 have been mainly 

characterised in rat models (Kappers et al., 2010; M. H. W. Kappers et al., 2011; Lankhorst, 

Kappers, van Esch, Danser, et al., 2014; Lankhorst, Kappers, et al., 2014a; Lankhorst, Saleh, 

et al., 2015a; Carter et al., 2017). However, some studies have been also performed in mice, 

revealing similar cardiovascular sequelae as observed in rats and humans (Belcik et al., 2012; 

Liang et al., 2023). In particular, BP measurements via tail-cuff plethysmograph in conscious 
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C57BL/6J mice revealed hypertension in response to lenvatinib (Liang et al., 2023). The same 

study also showed an impaired cardiac function, in particular reduced EF and FS, in mice 

treated with this RTKI (Liang et al., 2023). Similarly, treatment with anti-VEGF monoclonal 

antibody  was associated with increased BP and echocardiographic alterations (Belcik et al., 

2012). As hypertension and cardiac dysfunction have been largely reported in rat models and 

in cancer patients (Kappers et al., 2010; M. H. Kappers et al., 2011; Abdel-Rahman & Fouad, 

2014; Lankhorst, Kappers, van Esch, Danser, et al., 2014; Abdel-Qadir et al., 2017; Baek Moller 

et al., 2019), these findings suggest that the inhibition of VEGF-A/VEGFR-2 signalling results 

in similar cardiovascular toxicities in mice as those found in rats and humans, supporting the 

use of a murine model in the experiments described in this Chapter. 

 

5.2 AIMS 

The work described in Chapter 5 aimed to: 

3. Assess axitinib- and lenvatinib-induced changes on echocardiographic parameters. 

4. Define the impact of lenvatinib on ventricular mechanics via intracardiac pressure-

volume loops analysis.  

5. Investigate the effect of axitinib and lenvatinib on vascular reactivity and endothelial 

function. 

6. Determine the role of arterial stiffness in axitinib- and lenvatinib- induced 

haemodynamic changes. 

 

5.3 METHODS 

5.3.1 Animals and experimental protocol 

All surgical and experimental procedures were conducted with approval of the Ethical 

Committee for Animal Testing of the University of Antwerp, as previously described (Methods 

2.2.2.2). 

 

Male 10-week-old C57BL/6J mice weighing between 25 and 30 g were used to perform the 

experiments (Methods 2.2.2.2). Briefly, three groups of mice were used to assess the 

structural and functional impact of axitinib and lenvatinib on the cardiovascular system. 

Animals were dosed with axitinib (12 mg.kg-1) or lenvatinib (4 mg.kg-1) as an intravenous 

injection for 4 consecutive days; contemporaneous control group was administered vehicle 
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(40% HPβCD in sterile saline). On day 2 of the treatment period, echocardiography was 

performed on all the groups (details reported in Methods 2.2.2).  

 

On day 4 animals were randomly divided into two clusters: cardiac function was assessed in 

anaesthetised animals via PV-loop experiments (described in Methods 2.2.3, whereas 

vascular reactivity was investigated ex vivo using isolated tissue baths (described in Methods 

2.3.4 and 2.3.5). 

 

5.3.1.1 ECHOCARDIOGRAPHY 

Detailed information on the echocardiographic measurements can be found in the general 

methodology (Methods 2.2.2).  

 

Briefly, 2D (B-Mode) and 1D (M-mode) images of the heart were acquired to measure 

markers of systolic function (EF and FS), as well as LVAWd, LVAWs, LVPWd, LVPWs, LVIDd 

and LVIDs (Methods 2.2.2.4, 2.2.2.5, 2.2.2.7). Apical four-chamber view was also obtained for 

the colour Doppler imaging of the MV and to measure markers of diastolic function (MV E/E’ 

ratio and MV E/A ratio) (Methods 2.2.2.6).  

 

Satisfactory echocardiographic images could be captured in all animals and 

echocardiographic examination time was around 30 min per animal (Methods 2.2.2.3).  

 

A first echocardiographic evaluation (n=8 per group) was performed to assess the impact of 

axitinib and lenvatinib on cardiac function and structure. Due to the absence of axitinib-

induced changes in the echocardiographic parameters, the pressure-volume loops analysis 

was only performed on vehicle- and lenvatinib-treated animals, for which echocardiography 

was still performed on day 2 of experimental protocol. For this reason, the echocardiographic 

data of vehicle and lenvatinib are combined data from different studies which have the same 

condition on day 2, resulting in a greater sample size, specifically n=22 for lenvatinib group 

and n=23 for vehicle group. 

 

All data were analysed using Prism 10 (GraphPad Software, La Jolla, CA, USA) and expressed 

as mean ± SEM, with n representing the number of mice used. Statistical comparisons of 

echocardiographic parameters between three groups (vehicle, axitinib and lenvatinib) were 

made using ordinary one-way ANOVA with Tukey’s multiple comparisons test. Statistical 
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comparisons of echocardiographic parameters between two groups (vehicle and lenvatinib) 

were made using unpaired t-test with Welch’s correction. Statistical significance was defined 

as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 

 

5.3.1.2 PRESSURE-VOLUME LOOPS 

Detailed information on the cardiac measurements and surgical procedures can be found in 

the general methodology (Methods 2.2.3). This series of experiments was run with treatment 

groups of 9 to 13 mice. 

 

Real-time measurements of volume and pressure were obtained through the insertion of a 

pressure-volume catheter in the LV of the animal (Methods 2.2.3). Ea, Tau, dP/dtmin and 

dP/dtmax were derived as load-dependent measures of ventricular function (Methods 

2.2.3.7). To determine load-independent parameters of cardiac contractility (i.e., ESPVR and 

EDPVR), transient alterations in the cardiac loading conditions were performed by 

obstructing the venous return to the heart via inferior vena cava occlusions (Methods 

2.2.3.8). 

 

All data were analysed using Prism 10 (GraphPad Software, La Jolla, CA, USA) and expressed 

as mean ± SEM, with n representing the number of mice. Statistical comparisons of cardiac 

functional parameters between groups were made using ordinary one-way ANOVA, while 

the exponential function for EDPVR slope and ESPVR slope were analysed using unpaired t-

test with Welch’s correction. Statistical significance was defined as *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. 

 

5.3.1.3 ROTSAC 

Detailed information on arterial compliance measurement can be found in the general 

methodology (Methods 2.3.4). This series of experiments was run with groups of 7 mice. 

 

 

Briefly, the Peterson’s elastic modulus, as a measure of arterial stiffness, was evaluated at 

different pressures and performed under physiological conditions (Krebs-Ringer solution), as 

well as following contraction with α1-adrenergic receptor agonist PE and relaxation with 

DEANO) (Methods 2.3.4.2). 
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Infrarenal and thoracic aortic segments were subjected to increasing and decreasing 

pressures under physiological conditions (Krebs-Ringer solution). After loading/unloading 

pressure steps under physiological condition, aortic segments were then treated with L-

NAME (300 μM) to inhibit eNOS and remove the influence of NO. Thereafter, 2 μM PE was 

added to the tissue bath and the loading/unloading pressure steps where repeated. 3 washes 

were then performed before treatment with DEANO (2 μΜ) and subsequent increase and 

decrease of pressure conditions. 

 

All data were analysed using Prism 10 (GraphPad Software, La Jolla, CA, USA) and expressed 

as mean ± SEM, with n representing the number of mice. Two-way ANOVA with Dunnett’s 

post-hoc test was used for comparison of arterial stiffness between control and treated 

groups. Statistical significance was defined as p<0.05. 

 

5.3.1.4 ISOMETRIC TISSUE BATH 

Detailed information on the assessment of vascular function by using isometric tissue bath 

can be found in the general methodology (Methods 2.3.5). This series of experiments was 

run with groups of 6 mice. 

 

After 60-min equilibration period, thoracic aortic segments were randomly assigned into two 

groups: 

 

Protocol A 

L-NAME was administered to abolish the influence of NO. Cumulative concentrations of PE 

(3x10-9 M till 3x10-6 M) were added to assess vascular smooth muscle cells contraction in all 

the segments. Afterwards, endothelium-independent relaxation was evaluated by adding 

cumulative concentrations of DEANO (3x10-10 M till 10-5 M). At the end of the relaxation 

curve, all segments should have a passive tension of 20 mN. After washing 3 times with warm 

Krebs-Ringer solution, a Ca2+-free environment (0Ca2+) was prepared by using a Ca2+-free 

Krebs-Ringer solution and adding EGTA as a Ca2+-chelating agent. Subsequently, phasic 

contraction was determined by α1-adrenergic receptor stimulation with PE (2 μM), before 

restoring normal conditions by adding 1.75 nM CaCl2 to induce tonic contraction in response 

to PE.  
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Protocol B 

In this group of segments, cumulative concentrations of PE (3x10-9 M till 3x10-6 M; 20 μl 

added for each concentration) were added to assess VSMCs contraction. After that, 

endothelium-dependent relaxation responses were assessed by adding cumulative 

concentrations of the muscarinic receptor agonist ACh (3x10-9 M till 10-5 M; 20 μl added for 

each concentration). Following 3 washes with warm Krebs-Ringer solution and maximum 

contraction due to addition of 20 μl PE (3x10-6 M), endothelium-dependent relaxation 

responses were also assessed by adding cumulative concentrations of ATP (10-8 M till 10-4 M; 

20 μl added for each concentration), a purinergic receptor agonist. 

 

All data were analysed using Prism 10 (GraphPad Software, La Jolla, CA, USA) and expressed 

as mean ± SEM, with n representing the number of mice used. Two-way ANOVA with 

Dunnett’s post-hoc test was used for comparison of vascular reactivity between control and 

treated groups. Statistical significance was defined as p<0.05. 

 

5.3.1.5 HISTOLOGY 

Detailed information about the aortic and cardiac tissue sample preparation can be found in 

the general methodology (Methods 2.3.6).  

 

 

Sirius red staining was used to determine total collagen content, while immunohistochemical 

staining using primary antibody against laminin was used to quantify cardiomyocyte 

hypertrophy (Methods 2.3.6).  

 

5.3.1.6 VASCULAR mRNA EXPRESSION (qRT-PCT) 

qRT-PCR was performed to determine vascular mRNA expression of TSP-1, P2Y2 and P2Y6 

purinergic receptors. Detailed information can be found in the general methodology 

(Methods 2.3.7). 
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5.4 RESULTS 

5.4.1 In vivo: Assessment of axitinib- and lenvatinib-induced effects on cardiac 

function and structure 

5.4.1.1 ECHOCARDIOGRAPHIC EVALUATION OF AXITINIB- AND LENVATINIB-INDUCED 

EFFECTS ON CARDIAC PERFORMANCE  

The systolic measurements (LVEF% and FS%) did not show significant changes in the axitinib-

treated mice when compared to the vehicle group, while lenvatinib induced a significant loss 

of systolic function at day 2 of treatment, with a drop of 24% and 28% for LVEF and FS, 

respectively (***p<0.001, ****p<0.0001, Figure 53A-B, Figure 54A-B and 55). The evaluation 

of diastolic function by measuring intracardiac flows in Doppler mode (i.e., MV E/A ratio and 

MV E/E’ ratio) did not reveal significant alterations of LV filling pressure among the groups 

(Figure 53C-D and Figure 54C-D). 

 

The left ventricular internal diameter at diastole and systole (LVIDd and LVIDs) of lenvatinib-

treated mice was significantly enlarged when compared to the vehicle-receiving animals 

(7.3% increase for LVIDd and 18.6% increase for LVIDs) (Figure 53E-F and Figure 54E-F), while 

no difference was observed in the axitinib group (*p<0.05, **p<0.01, Figure 53E-F). Although 

no alteration of the thickness of the left ventricular anterior and posterior wall during 

diastole (LVAWd and LVPWd) was detected both in the vehicle and in the treated groups 

(Figure 53G-I and 54G-I), the left ventricular anterior and posterior wall systolic (LVAWs and 

LVPWs) thickness was significantly reduced in the lenvatinib-treated mice, with a reduction 

of 17.3% for LVAWs and 22.3% for LVPWs (*p<0.05, ***p<0.001, Figure 53H-J and 54H-J). 

The systolic LVPW was significantly thinner also in the axitinib group, with a decrease in 

LVPWs thickness accounting for 21.5% when compared to the vehicle (*p<0.05, Figure 53J).
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Figure 53. Echocardiographic changes in mice following 2-day treatment with vehicle (40% HPβCD), 

axitinib (12 mg.kg-1) and lenvatinib (4 mg.kg-1) as described in Methods 2.2.2.2. (A) LVEF = left 

ventricular ejection fraction; (B) FS = fractional shortening; (C) MV E/A =  mitral valve E/A ratio; (D) 

MV E/E’ = mitral valve E/E’ ratio; (E) LVIDd = left ventricular internal diameter during diastole; (F) 

LVIDs = left ventricular internal diameter during systole; (G) LVAWd = left ventricular anterior wall 

during diastole; (H) LVAWs = left ventricular anterior wall during systole; (I) LVPWd = left ventricular 

posterior wall during diastole; (J) LVPWs = left ventricular posterior wall during systole. Data points 

are means; vertical bars represent SEM. N = 8 per group. Ordinary one-way ANOVA with Tukey’s 

multiple comparisons test was conducted for between-group comparison (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001).  
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Figure 54. Echocardiographic changes in mice following 2-day treatment with vehicle (40% HPβCD) 

and lenvatinib (4 mg.kg-1) as described in Methods 2.2.2.2 (A) LVEF = left ventricular ejection fraction; 

(B) FS = fractional shortening; (C) MV E/A =  mitral valve E/A ratio; (D) MV E/E’ = mitral valve E/E’ 

ratio; (E) LVIDd = left ventricular internal diameter during diastole; (F) LVIDs = left ventricular internal 

diameter during systole; (G) LVAWd = left ventricular anterior wall during diastole; (H) LVAWs = left 

ventricular anterior wall during systole; (I) LVPWd = left ventricular posterior wall during diastole; (J) 

LVPWs = left ventricular posterior wall during systole. Data points are means; vertical bars represent 

SEM. N = 22 for lenvatinib and N = 23 for control. Unpaired t-test with Welch’s correction was 

conducted for between-group comparison (*p<0.05, **p<0.01, ****p<0.0001).  
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Figure 55. Representative images of echocardiographic measurements with M-mode to assess LV 

systolic function in mice receiving (A) vehicle (40% HPβCD), (B) axitinib (12 mg.kg-1) and (C) lenvatinib 

(4 mg.kg-1) as described in Methods 2.2.2.2. LVIDd = left ventricular internal diameter during diastole; 

LVIDs = left ventricular internal diameter during systole; LVAWd = left ventricular anterior wall during 

diastole; LVAWs = left ventricular anterior wall during systole; LVPWd = left ventricular posterior wall 

during diastole; LVPWs = left ventricular posterior wall during systole.  

 

5.4.1.2 INVESTIGATING THE EFFECT OF LENVATINIB ON CARDIAC FUNCTION VIA 

PRESSURE-VOLUME LOOPS 

The assessment of lenvatinib-induced effects on haemodynamic parameters via pressure-

volume loops did not show a significant difference between vehicle and lenvatinib in terms 

of end-diastolic pressure (EDP), end-systolic pressure (ESP) and arterial elastance (Ea) (Figure 

56A-C). In addition, lenvatinib did not affect ventricular relaxation, as reported by the 

absence of variations in the time constant of LV isovolumic relaxation (Tau) and on the peak 

rate of pressure increase (dP/dtmin) between the vehicle and the lenvatinib group (Figure 

56D-E). LV diastolic function was preserved in both groups, as indicated by the slope of the 

end-diastolic pressure volume relationship (EDPVR), where no notable difference was 

detected (Figure 56F-G). Lenvatinib did not significantly alter the maximum rate of increase 

of left ventricular pressure (dP/dtmax), although it was associated with LV systolic dysfunction 

as indicated by the significant increase in the slope of the end-systolic pressure volume 

relationship (ESPVR) (**p<0.01, Figure 56H-I). 
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Figure 56. Haemodynamic parameters (A, B, C) and indices of diastolic (D, E, F, G) and systolic 

function (E, H, I) derived from PV loops analysis in mice following 4-day treatment with vehicle (40% 

HPβCD) and lenvatinib (4 mg.kg-1) as described in Methods 2.2.3. EDP = end-diastolic pressure; ESP = 

end-systolic pressure; Ea = arterial elastance; Tau = isovolumetric relaxation constant; dP/dtmin = 

peak rate of pressure decrease in the ventricle (corrected for HR); dP/dtmax = peak rate of pressure 

rise in the ventricle (corrected for HR); ESPVR = end-systolic pressure-volume relationship; EDPVR = 

end-diastolic pressure-volume relationship. Data points are means; vertical bars represent SEM. N = 9 

for lenvatinib and N = 13 for control. Unpaired t-test with Welch’s correction was performed for 

between-group comparison (**p<0.01).  
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5.4.2 Ex vivo: Effect of axitinib and lenvatinib on vascular reactivity and arterial 

stiffness 

5.4.2.1 DEFINING THE IMPACT OF AXITINIB AND LENVATINIB ON VASCULAR REACTIVITY 

Vascular reactivity was evaluated ex vivo to investigate whether the treatment with axitinib 

or lenvatinib was associated with endothelial dysfunction. Neither axitinib nor lenvatinib 

altered the PE-induced contraction, both in the absence and in the presence of L-NAME 

(Figure 57A-B). Both ACh-induced endothelium-dependent relaxation and DEANO-induced 

endothelium-independent relaxation were not affected by axitinib and lenvatinib, while the 

vasodilator response to ATP was significantly increased after treatment with axitinib and 

lenvatinib (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, Figure 57C-E). To specifically 

evaluate whether the PE-induced phasic contraction phase, caused by intracellular Ca2+ 

release from sarcoplasmic reticulum (SR), was affected by axitinib and lenvatinib, the PE 

contraction (2 μM) was repeated in the absence of extracellular Ca2+ in the groups receiving 

L-NAME, to prevent the potential influence of NO. The PE-induced phasic contraction phase 

was not altered in the thoracic aortic segments (Figure 58A-B). and the evaluation of the 

amplitude (A) and the time course (t) of the PE-mediated phasic contraction did not report 

significant differences among the groups (Figure 59A-D). 
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Figure 57. Contraction and relaxation of thoracic aortic segments of mice following 4-day treatment 

with vehicle (40% HPβCD), axitinib (12 mg.kg-1) and lenvatinib (4 mg.kg-1 ) as described in Methods 

2.3.5. VSMC contraction elicited by increasing concentrations of PE was evaluated in the absence (A) 

and in the presence of 300 μΜ L-NAME (B). Following maximal contraction with PE,  VSMC relaxation 

was assessed in response to increasing concentrations of ACh (C), ATP (D) or DEANO (E). Data points 

are means; vertical bars represent SEM. N = 6 per group. Two-way ANOVA with Dunnett’s post-hoc 

test was performed (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  
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Figure 58. Isometric contraction by PE (2 μM) in the absence of external Ca2+ (A) was assessed in 

thoracic aortic segments of mice following 4-day treatment with vehicle (40% HPβCD), axitinib (12 

mg.kg-1) and lenvatinib (4 mg.kg-1) as described in Methods 2.3.5. Area under the curve (AUC) for the 

cumulative change in isometric force in thoracic aortic segments (B). Data points are means; vertical 

bars represent SEM. N = 6 per group. Two-way ANOVA with Dunnett’s post-hoc test was performed. 
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Figure 59. Kinetic analysis of the isometric contraction induced by PE. The inositol 1,4,5-trisphosphate 

(IP3)-mediated phasic contraction is characterised by two phases: a first rising phase which 

represents the release of Ca2+ from the sarcoplasmic reticulum and a second phase which corresponds 

to the active removal of Ca2+  from the cytoplasm. Both phases are defined by an amplitude (Aon and 

Aoff) and a time constant (ton and toff). Effect of axitinib and lenvatinib on the time constant (A, B) and 

amplitude (C, D) of IP3-mediated phasic contraction on the thoracic aortic segments. Data points are 

means; vertical bars represent SEM. N = 6 per group. Two-way ANOVA with Dunnett’s post-hoc test 

was performed.  
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5.4.2.2 EVALUATING THE ROLE OF ARTERIAL STIFFNESS IN THE HAEMODYNAMIC 

RESPONSES ASSOCIATED WITH AXITINIB AND LENVATINIB  

The contribution of axitinib and lenvatinib to arterial stiffness was evaluated on thoracic and 

infrarenal aortic segments under physiological conditions, where neither axitinib and 

lenvatinib showed alteration of aortic stiffness (Figure 60A and 60D). The contribution of 

VSMCs to arterial stiffness following treatment with axitinib and lenvatinib was explored 

after α1-adrenoreceptor stimulation with PE (2 μM) in the presence of L-NAME (300 μM) to 

inhibit basal NO release. Even in this case, no difference in active vascular stiffness was 

observed between the vehicle and the treated animals (Figure 60B and 60E). The assessment 

of structural arterial stiffness under maximal VSMCs relaxation induced by DEANO (2 μM) did 

not show changes in the thoracic aortic segment, while a small but significant increase was 

observed in the lenvatinib-treated group at a mean pressure of 180 mmHg (*p<0.05, Figure 

60C and 60F). 

 

 

Figure 60. Peterson’s elastic modulus (Ep) as index of arterial stiffness was determined in mouse 

aortic segments following 4-day treatment with vehicle (40% HPβCD), axitinib (12 mg.kg-1) and 

lenvatinib (4 mg.kg-1) as described in Methods 2.3.4. Pressure dependency of Peterson’s elastic 

modulus was measured in infrarenal (A, B, C) and thoracic (D, E, F) aortic segments under 

unstimulated conditions (A, D), after stimulation with 2 μM PE in the presence of 300 μM L-NAME (B, 

E) or after relaxation with 2 μM DEANO (C, F). Data points are means; vertical bars represent SEM. N 

= 7 per group. Two-way ANOVA with Dunnett’s post-hoc test was performed (*p<0.05).  
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5.4.3 Histology 

Cardiomyocyte cell size was assessed by staining the heart cross-sections for the ubiquitous 

non-collagenous connective tissue glycoprotein laminin. Five images from different cross-

sectional areas were recorded for each heart. 20 cardiomyocytes were randomly selected 

from each image and the area of these cell was measured (Figure 61B-G). Both the treatment 

with axitinib and lenvatinib was associated with cardiomyocyte hypertrophy, with an 

increase of the cross-sectional cardiomyocyte area of 10.3% for axitinib and 62% for 

lenvatinib compared to the control group (****p<0.0001, Figure 61A).  

 

In addition to cardiomyocyte cell size, the total collagen content and coronary microvessel 

size were measured in mice cardiac cross-sections stained with Sirius red (Figure 62A-I). For 

this measurement, between 2 and 4 coronary microvessels per cardiac cross-section were 

examined. Coronary microvessel wall thickness was analysed by measuring intima-media 

thickness from four different regions equally distributed around the vessel and the average 

was then calculated over the four measurements. The treatment with axitinib and lenvatinib 

was not associated with alterations of the total collagen content (Figure 62A-B). However, an 

increased lumen size of coronary microvessels was observed in the lenvatinib-treated 

animals compared to the control group (0.005 µm2 ±0.0008 vs 0.002 µm2 ±0.0005, 

respectively) (**p<0.01, Figure 62C). Nevertheless, neither the wall area nor the wall 

thickness of the coronary microvessels were affected by the treatment (Figure 62D-E).  
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Figure 61. Laminin immunohistochemical staining of mice hearts to quantify cardiac hypertrophy by 

evaluation of cardiomyocyte cross-sectional area (A). This measurement was performed by recording 

five images from different cross-sectional areas of each heart and measuring the cross-sectional area 

of 20 cardiomyocytes per image (final average of 100 measurements). Representative images of 

cardiomyocyte cross-sectional area following 4-day treatment with vehicle (40% HPβCD) (B, E), 

axitinib (12 mg.kg-1) (C, F) and lenvatinib (4 mg.kg-1) (D, G). Scale bar = 0.05 mm. Data points are 

means; vertical bars represent SEM. Ordinary one-way ANOVA with Dunnett’s post-hoc test was 

performed (****p<0.0001).  
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Figure 62. Sirius red staining of mice cardiac tissue to quantify collagen network alterations in the 

heart and in the coronary microvessels (A, B). Coronary microvessel lumen area (C), wall area (D) and 

wall thickness (E) were also analysed. Representative images of cross-sectional areas of mice hearts 

following 4-day treatment with vehicle (40% HPβCD) (F, H) and lenvatinib (4 mg.kg-1) (G, I) as 
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described in Methods 2.3.6. Scale bar = 0.05 mm. Data points are means; vertical bars represent 

SEM. Ordinary one-way ANOVA with Dunnett’s post-hoc test was performed (**p<0.01).  

 

5.4.4 Vascular mRNA expression (qPCR) 

To integrate the ex vivo assessment of the axitinib- and lenvatinib-induced vascular effects, 

the aortic expression of TSP-1 and P2Y2 and P2Y6 purinergic receptors were also studied. As 

previously discussed in section 2.3.7, increased vascular levels of TSP-1 may describe 

compromised NO signalling (Isenberg et al., 2009; Roberts et al., 2012). For this reason, 

measuring the aortic expression of this protein aimed to define its role in the vascular 

responses associated with axitinib and lenvatinib. As for P2Y2 and P2Y6 receptors, they have 

a key role in the regulation of vascular tone (2.3.7) (Wu et al., 2023). Therefore, assessing 

whether axitinib and lenvatinib affect the vascular expression of these receptors may help in 

defining the vascular changes associated with these RTKIs and whether these purinergic 

receptors may have a role in the vascular effects due to these two RTKIs. 

 

Axitinib and lenvatinib did not alter the vascular mRNA expression of thrombospondin, while 

the vascular mRNA expression of the genes encoding for P2Y2 and P2Y6 receptors was 

significantly increased in the lenvatinib-treated group (*p<0.05, Figure 63A-C).  

 

 

Figure 63. Aortic mRNA expression of thrombospondin (A), P2Y2 receptor (B), P2Y6 receptor (C) in 

mice following 4-day treatment with vehicle (40% HPβCD), axitinib (12 mg.kg-1) and lenvatinib (4 

mg.kg-1) as described in Methods 2.3.7. Vascular mRNA expression is normalised to the internal 

reference gene β-actin and is expressed relative to the vehicle-treated group. Data points are means; 

vertical bars represent SEM. Data were analysed using a Kruskal-Wallis one-way ANOVA (*p<0.05).  
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5.5 DISCUSSION 

One of the purposes of this Chapter was to define the impact of axitinib and lenvatinib on 

endothelial function and VSMC reactivity in order to establish the possible contribution of 

these components in the cardiovascular events associated with VEGF inhibition. The 

contractile response of thoracic aortic segments to PE following a 4-day period of treatment 

in C57BL/6J mice did not reveal any differences between the treated groups and the control 

sample. The same observation applied for the segments pre-treated with L-NAME. The 

isometric measurements of ACh concentration-response vasodilation in aortic rings pre-

contracted with PE, where no difference were reported between control and treated 

samples, suggest the absence of endothelial dysfunction in response to the treatment. No 

differences in PE-induced contraction in presence and absence of eNOS inhibitor L-NAME 

further confirmed this scenario. As the vasodilatory and vasoconstrictive responses are not 

only influenced by the functional status of endothelium but also by the sensitivity of VSMCs 

to NO, exogenous NO donor DEANO was used in this study to define whether axitinib and 

lenvatinib were associated with a decreased responsiveness of VSMCs to NO. Endothelium-

independent relaxation in response to DEANO was unaltered for both the RTKIs tested, 

indicating a preserved reactivity of VSMCs to NO and intact VSMCs function. Several studies 

associate the development of RTKI-induced hypertension with reduced NO bioavailability 

and endothelial dysfunction (M. H. Kappers et al., 2011; Eechoute et al., 2012; Neves et al., 

2018). In particular, a reduced urinary excretion of NO metabolites was reported in rats 

treated with sunitinib (M. H. Kappers et al., 2011). In addition, vatalanib showed a reduced 

production of NO and impaired phosphorylation of eNOS in human aortic ECs (Neves et al., 

2018). Although some investigations support the hypothesis that vascular complications in 

response to RTKIs are mediated by impaired endothelial function and NO deficiency, our 

findings indicate that the exposure to axitinib and lenvatinib is not associated with alteration 

of endothelial function or reduced reactivity of VSMCs to NO. This is in agreement with 

previous studies where sunitinib treatment did not show any alteration of ACh-mediated 

vasodilation in iliac artery segments of rats (Mirabito Colafella et al., 2020; Mirabito Colafella 

et al., 2022). Despite vatalanib-receiving patients showing increased levels of plasma NO 

metabolites, flow-mediated dilation as index of NO bioavailability remained unchanged 

(Neishi et al., 2005). In this context, the study from Neves et al. described an up-regulated 

ROS generation concomitantly with the reduced activation of NO pathways (Neves et al., 

2018). Considering that NO bioavailability is dependent on oxidative stress (Touyz, 2004; 

Lubos et al., 2008), the reduction of NO observed in these studies may be secondary to RTKI-
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mediated oxidative stress rather than due to a direct toxic effect on the endothelium. 

Altogether, the current conflicting evidence do not allow us to conclude whether RTKI-

induced hypertension primarily derives from endothelial dysfunction. The dissimilarities 

among these studies may be due to  differences in the models used (C57Bl/6 mice in the 

current study, male Wistar Kyoto rats (M. H. Kappers et al., 2011; Mirabito Colafella et al., 

2020), human aortic ECs (Neves et al., 2018)), in the treatment dose and duration of 

treatment period (4-day treatment with axitinib 12 mg.kg-1 and lenvatinib 4 mg.kg-1 as an 

intravenous injection in the present study, 8-day treatment with sunitinib 14 mg.kg-1.day-1 

(Mirabito Colafella et al., 2020), 8-day treatment with sunitinib 26.7 mg.kg-1.day-1 as oral 

gavage (M. H. Kappers et al., 2011), human aortic ECs stimulated with vatalanib 100 nmol.L-

1 and mice treated for 2 weeks with vatalanib 100 mg.kg-1.day-1 (Neves et al., 2018)), as well 

as in the RTKIs investigated and their relative cardiovascular risk profile when used in human 

patients (Abdel-Rahman & Fouad, 2014; Rini et al., 2015; Shah & Morganroth, 2015a; Motzer 

et al., 2022). 

 

Both lenvatinib and axitinib have shown a concentration-dependent increase in the ATP-

mediated relaxation, therefore suggesting a potential role of P2Yx receptors in the vascular 

response associated with these RTKIs. Interestingly, Gast et al. showed that ATP and VEGF165a 

act synergistically on ECs and the resulting complex, leading to a conformational change of 

the growth factor structure, determines an increased interaction with P2Yx receptors 

(Rumjahn et al., 2009; Gast et al., 2011). Although the exact nature of this conformational 

change is still unknown (Gast et al., 2011), this may explain the augmented ATP-induced 

relaxation observed in our study. Indeed, the increased VEGF165a levels, due to the VEGFR-2 

inhibition by axitinib and lenvatinib, forming a synergistic complex with ATP, would 

determine a stronger response to the nucleotide via P2Yx receptor signalling. Moreover, the 

increased mRNA expression of both P2Y2 and P2Y6 receptors in the aortic segments of 

lenvatinib-treated mice may support the role of the purinergic signalling in the vascular 

responses associated with this RTKI. 

Additionally, the effect of axitinib and lenvatinib on intracellular Ca2+ release was investigated 

by stimulating aortic rings with α1-adrenoceptor agonist PE in absence of external Ca2+. Under 

this condition, PE causes a transient contraction, also known as phasic contraction, while the 

subsequent reintroduction of Ca2+ by adding CaCl2 determines a tonic (permanent) 

contraction (Fransen et al., 2015). In particular, PE-induced phasic contraction is due to IP3-

mediated Ca2+ release from SR (Kim et al., 2014; Fransen et al., 2015). In this context, the PE-
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induced phasic contraction is the sum of two phases (Fransen et al., 2015). A first upward 

phase describes the rapid removal of Ca2+ from SR via IP3 receptor (Gorski et al., 2017), while 

the second phase (downward) corresponds to the active removal of Ca2+ from cytoplasm 

mainly via plasma membrane Ca2+ ATPase (PMCA) and the plasma membrane 

Na+/Ca2+exchanger (NCX) (Brini & Carafoli, 2011). In this context, axitinib and lenvatinib did 

not alter the area under the curve (AUC), amplitude of the contraction phase (Aon), and time 

constant of the relaxation phase (τoff) of the SR-mediated contractions, suggesting that 

intracellular Ca2+ storage and SR-mediated phasic contractions are not affected by these 

RTKIs. Further research would be necessary to fully define the role of Ca2+ signalling in RTKI-

induced vascular effects. 

Hypertension can also be the result of arterial remodelling and stiffness, which have been 

described as independent predictors of cardiovascular mortality in hypertensive patients 

(Laurent et al., 2001; Safar et al., 2003). Increased arterial stiffness was observed in sorafenib-

treated patients within around 4 weeks of treatment and was still present after 10 months 

of therapy (Veronese et al., 2006). Similarly, sunitinib has been associated with hypertension 

and increased arterial stiffness after 3.5 weeks of therapy in patients with mRCC (Catino et 

al., 2018). These clinical data suggest that vascular stiffness may have a role in VEGFR-2-

induced hypertension, although the relationship between the rise in BP and vascular 

remodelling remains controversial (Veronese et al., 2006). Indeed, despite the fact that 

arterial stiffness has been speculated to be the result of a hypertensive status, vascular 

remodelling may actually be the cause instead of the consequence of the pathological 

changes that occur in the vascular structure in hypertension (Kaess et al., 2012). Mechanisms 

of arterial stiffness not only include chronic events, such as fibrosis, reduced elastin-collagen 

ratio, extracellular matrix calcification and VSMC phenotype switching (van Varik et al., 

2012), but also acute changes in VSMC contractility or EC stiffness due to increased activity 

of endothelial sodium channel (Dumor et al., 2018; De Moudt et al., 2021; Camarda et al., 

2022). Although the pathophysiological events underlying VEGFR-2-induced arterial stiffness 

have not been investigated, the rapid onset of vascular stiffness observed in patients 

suggests an acute component rather than structural remodelling as potential cause of the 

loss of arterial compliance (Camarda et al., 2022). The present study, comparing the 

Peterson’s elastic modulus as index of arterial stiffness, evaluated arterial compliance in 

response to axitinib and lenvatinib after 4-day treatment in a rodent model. The assessment 

of arterial compliance was performed under physiological conditions, as well as following 
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contraction with α1-adrenergic receptor agonist PE and relaxation with DEANO. Both the 

infrarenal and thoracic aortic segment did not show any differences among the treated 

groups and the vehicle, suggesting that these RTKIs and the relative cardiovascular changes 

are not due to aortic stiffness, at least not in the time period evaluated in this study. In 

addition, the unaltered mRNA expression of TSP-1 in mice aortic segments observed in this 

study indicates the absence of alterations on vessel flow dynamic. Indeed, this matricellular 

protein has been associated with shear-mediated arterial stiffening and its expression level 

increases under disturbed flow conditions (Natasha M. Rogers et al., 2014; Kim et al., 2017). 

 

Hypertension is not the only cardiovascular event correlated with RTKIs targeting VEGFR-2. 

Left ventricular dysfunction and cardiomyocyte hypertrophy have been reported in patients 

receiving these therapeutics (Chu et al., 2007; Shah & Morganroth, 2015a), although their 

effects on cardiac function is generally inadequately screened during drug development 

(Force & Kerkelä, 2008). By using echocardiography, this study aimed to comprehensively 

characterise the cardiac consequences of axitinib and lenvatinib in mice. These RTKIs have 

both been largely associated with hypertension (Baek Moller et al., 2019), but they differ in 

terms of their impact on heart (Shah & Morganroth, 2015a). Indeed, although the label for 

axitinib has been recently revised to incorporate a new association with cardiac events, 

lenvatinib has been associated with a more significant impact on cardiac function (0.3% vs 

7% of patients experiencing cardiac dysfunction with axitinib and lenvatinib, respectively) 

(Killock, 2015; Agency, 2021b). Echocardiographic evaluation performed in this study 

revealed a marked systolic dysfunction in response to lenvatinib, as indicated by the 

significant decline of fractional shortening and ejection fraction. By measuring intracardiac 

flows, no alterations in the echocardiographic markers of diastolic function were detected, 

therefore indicating a preserved ventricular filling. These findings were confirmed by 

pressure-volume loop analysis, where all the diastolic indices (i.e., Tau, dP/dtmin and EDPVR) 

were preserved. In addition to evaluating systolic and diastolic performances, this study also 

used echocardiography to measure cavity size and ventricular wall thickness, providing 

further insights about the effect of these RTKIS on cardiac haemodynamic. A significant 

enlargement of the left ventricle was observed in lenvatinib-treated mice, along with a 

considerable reduction of systolic ventricular wall thickness. These echocardiographic 

features are suggestive of lenvatinib-induced dilated cardiomyopathy (Faggiano et al., 2021). 

Clinical data about lenvatinib-associated cardiomyopathy are rather limited. In this context, 

Takotsubo cardiomyopathy with severe left ventricular dysfunction has been reported in a 
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patient receiving lenvatinib for the treatment of thyroid cancer (Chae et al., 2018). Lenvatinib 

has also been associated with non-ischemic cardiomyopathy in a case report (Matsuo et al., 

2020). In order investigate whether these echocardiographic alterations were correlated 

with changes at a cellular level, histology was performed to quantify both total collagen 

content and cardiomyocyte hypertrophy. Despite no variations were observed in terms of 

total collagen content, a larger cardiomyocyte cross-sectional area in lenvatinib-treated 

animals supports the presence of cardiac hypertrophy. The cardiomyocyte enlargement in 

response to lenvatinib can be hypothesised as an adaptive response to compensate the 

reduced ejection fraction by trying to increase wall thickness and preserve systolic function, 

according to Laplace relationship (Diwan & Gerald W. Dorn, 2007). The resultant 

hypertrophic remodelling, characterised by an initial reactive increase in wall thickness, may 

then become maladaptive (Diwan & Gerald W. Dorn, 2007). This progression would 

ultimately result in ventricular dilation and wall thinning, as indicated by the findings from 

the echocardiographic measurements. In addition, the pressure-volume loop analysis for 

lenvatinib revealed an enhanced inotropic state of the ventricle, defined by the increased 

slope of ESPVR observed in the treated mice. This event may be the result of a compensatory 

mechanism. Specifically, the Frank-Starling mechanism, along with a potential 

neurohormonal regulation, could be activated to counterbalance the effects of the reduced 

ejection fraction and dilated cardiomyopathy by increasing myocardial contractility (Delicce 

& Makaryus, 2023). The cardiomyocytes hypertrophy observed in axitinib was not correlated 

with any alteration of the echocardiographic parameters, except for a reduction of the 

posterior ventricular wall during systole. This suggests an initial stage of cardiac remodelling, 

where cardiac function is still preserved.  

 

Contrary to expectations, the present study did not show any alteration of BP as shown from 

pressure-volume loops data. It should be noted that echocardiographic assessment and PV 

loop analysis were conducted under inhalation anaesthesia. Anaesthetics, both injectable 

and inhalation, have been associated with vasodilation and increased blood flow, as well as 

alterations on circulating hormones and metabolic processes (Constantinides et al., 2011). 

Although isoflurane has been shown to preserve cardiac function better than other 

anaesthetics, a reduction of mean arterial pressure and heart rate has been associated with 

this agent (Janssen et al., 2004). As a result, anaesthetic-related vasodilatory effects might 

explain the absence of hypertension in response to RTKI-treatment observed in this study. 
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6.1 RESEARCH SUMMARY AND CONCLUDING REMARKS 

The cardiovascular safety of VEGFR-2 inhibitors remains a major challenge in oncology, since 

unanticipated and poorly controlled cardiovascular toxicities induced by these therapeutics 

often result in a reduction of therapeutic dosage or treatment interruption, therefore 

influencing cancer management (Introduction 1.4). To that end, this project aimed to 

comprehensively characterise the cardiovascular safety liabilities associated with two VEGFR-

2 inhibitors (i.e., axitinib and lenvatinib), as well as investigate the involvement of ET-1 

system in the development of RTKI-induced hypertension. Combining diverse in vitro, ex vivo 

and in vivo approaches, the purpose of this study was also the identification of sensitive 

approaches to readily detect cardiovascular risk of these novel targeted therapies in 

preclinical settings.  

 

Although the hypertensive effect of VEGFR-2 inhibitors can be confirmed in animal models, 

the majority of previous studies was carried out by using telemetry or ex vivo methods, 

investigating the impact of RTKIs on HR, BP, and cardiac function, without any or little insight 

about the consequences of these agents on systemic vasculature and its role in the 

development of the associated hypertensive response (Introduction 1.4.2.3). In addition, 

considering that the incidence of hypertension appears to be correlated to the potency of 

these agents against VEGFR-2, quantifying the inhibitory effects of six RTKIs (axitinib, 

erlotinib, linifanib, vatalanib, SU-14813 and lenvatinib) on VEGFR-2 mediated responses 

would be essential for the subsequent in vivo characterisation of the cardiovascular 

consequences of these drugs. 

Chapter 3 aimed to assess the susceptibility of peripheral vasculature to VEGFR-2 inhibitors 

and its relationship with the alteration of arterial BP observed with these agents. The five 

RTKIs targeting VEGFR-2 tested in this study showed a potent inhibitory activity on VEGF165a-

stimulated NFAT response with IC50 values in nanomolar range, with axitinib and lenvatinib 

showing highest relative potency for VEGFR-2 (3.4.1.2). Based on these data and considering 

the high rates of hypertension reported in clinic for these two RTKIs (3.1 and 3.5), axitinib 

and lenvatinib were selected to be characterised in an animal model. The in vivo evaluation 

showed that both RTKIs cause a striking hypertensive response in conscious rats (3.4.2.1 and 

3.4.2.2). Such elevation in BP occurred within 24 hours of the start of the experimental period 

to then become even more marked on the second day of treatment, when the pressure 

values essentially reached a plateau (3.4.2.1 and 3.4.2.2). This study also demonstrated a 
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correlation between axitinib- and lenvatinib-induced hypertension and regionally selective 

changes in vasculature, which was consistent with previous studies on different VEGFR-2 

inhibitors (Carter et al., 2017) (3.4.2.1 and 3.4.2.2). In particular, the elevation of BP was 

associated with an increased vascular tone in hindquarters and mesenteric arteries. The 

impairment of renal vascular flow was less consistent, with this vascular bed showing a 

vasoconstrictive response to both RTKIs only on the second day of treatment and with the 

highest doses tested (3.4.2.1 and 3.4.2.2). This may suggest a compensatory adaptation of 

renal vasculature in response to the hypertensive conditions induced by both RTKIs, in 

addition to demonstrating that renal vasoconstrictive response is minimal even in case of 

severe rise in BP. Moreover, although the agents used are multi-kinase inhibitors, the 

similarity of their haemodynamic profiles reported in this study suggest that the 

cardiovascular alterations induced by these therapeutics are mainly the result of their “on-

target” activity on VEGFR-2 rather than the consequence of their “off-target” interactions 

with other kinases, which are different for axitinib and lenvatinib (3.5). This was also 

supported by the in vitro evaluation, where no inhibition of NFAT activity below basal levels 

was observed, suggesting that no other RTKs with constitutive NFAT activity have been 

blocked (3.4.1.2). Finally, the median time to onset of all-grade hypertension in patients 

treated with axitinib (5 to 10 mg twice a day) was within one month from the first dose, with 

hypertensive episodes observed already after 4 days of treatment (Agency, 2012; Rini et al., 

2015), and patients receiving lenvatinib (24 mg per day) showed a median interval from the 

first dose to the development of hypertension of 16 days (Agency,2021a). Considering these 

onset times in clinics and the onset time for RTKI-induced hypertension in the animal model 

used (24-48 hours), this in vivo approach has proven to be a sensitive and translational model 

for the prediction and early detection of haemodynamic effects of these novel anticancer 

therapies. 

 

Hypertension, reported in up to 80% of cancer patients treated with VEGFR-2 inhibitors, 

represents the predominant cardiovascular toxicity associated with these agents 

(Introduction 1.4.2.3). The exact pathophysiological events contributing to such complication 

are still unclear, compromising the prevention and proper management of this adverse effect 

(Introduction 1.4.2). Among the various hypotheses (Introduction 1.4.2.3), the activation of 

ET-1 axis seems to play a key role in the development of hypertension associated with 

antiangiogenic therapies (Introduction 1.4.2.3). Previous studies supported this scenario, 

although different results were obtained with antagonists displaying distinct selectivity for 
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ETA and ETB receptors (Introduction 1.4.2.3). This introduces the hypothesis that the 

hypertensive effects associated with VEGFR-2 inhibitors may be primarily due to ETA receptor 

rather than ETB receptor (Introduction 1.4.2.3). Understanding the pathophysiological events 

contributing to RTKIs-induced hypertension is crucial for the development of appropriate 

mechanism-based treatment options and for the prevention of such cardiovascular 

complication.  

Chapter 4 aimed to investigate the efficacy of dual ETA/ETB receptor antagonism and selective 

ETA receptor antagonism in the prevention of the hypertensive response mediated by VEGFR-

2 inhibitors. Sitaxentan, as selective ETA receptor antagonist, fully prevented the 

hypertensive response to axitinib and lenvatinib, while the dual ETA/ETB receptor antagonist 

bosentan abolished the axitinib-induced hypertension but did not cause any significant 

reduction in the lenvatinib-induced pressor effect (4.4.1 and 4.4.2). These findings reinforced 

the hypothesis that the hypertensive effect of VEGFR-2 inhibitors is due to an activation of 

the ET-1 axis and also indicated that such response is purely regulated by the activation of 

ETA receptors (4.4.1 and 4.4.2). The simultaneous evaluation of the role of endothelin 

receptors antagonism in preventing the RTKI-mediated alterations of vascular tone in 

regional vascular beds revealed that axitinib- and lenvatinib-induced increase in mesenteric 

vascular tone is independent of their hypertensive effect, and may be mainly mediated by 

ETB receptors (4.4.1 and 4.4.2). 

 

Due to conflicting results in support of endothelial dysfunction and reduced NO production 

as mechanism involved in RTKI-induced cardiovascular alterations (Introduction 1.4.2.3), the 

role of NO and endothelial dysfunction in the development of RTKI-induced hypertension is 

still controversial (Introduction 1.4.2.3). In the context of vascular changes in response to 

antiangiogenic treatment, the contribution of arterial stiffness in the pathogenesis of RTKI-

induced haemodynamic changes remains unclear (Veronese et al., 2006) (5.5). Hypertension 

is not the only cardiovascular event correlated with RTKIs targeting VEGFR-2 (Introduction 

1.4.2.1). Left ventricular dysfunction and cardiomyocyte hypertrophy have been reported in 

patients receiving these therapeutics (Introduction 1.4.2.1), although their effects on cardiac 

function are generally inadequately screened during drug development (Introduction 5.1). 

Characterising the impact of axitinib and lenvatinib on cardiac function in mice by using 

diverse existing preclinical approaches (i.e., echocardiography and pressure-volume loops), 

was important to define whether these models were able to early detect the cardiac sequalae 

associated with VEGFR-2 inhibitors.  
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Chapter 5 aimed to assess the contribution of axitinib and lenvatinib to endothelial 

dysfunction and whether these agents are associated with alterations in vascular reactivity 

(5.4.2.1). The isometric measurements in response to vasoconstrictive agents, as well as 

endothelium-dependent and endothelium-independent vasodilatory compounds, revealed 

the absence of endothelial dysfunction and a preserved VSMC reactivity in response to the 

treatment with axitinib and lenvatinib (5.4.2.1). However, a concentration-dependent 

increase in the ATP-mediated relaxation was observed following treatment with these RTKIs, 

suggesting a potential role of P2Yx receptors in the vascular response associated with these 

agents, further supported by the increased mRNA expression of both P2Y2 and P2Y6 receptors 

in the aortic segments of lenvatinib-treated mice (5.4.2.1 and 5.4.4). This study also 

evaluated the impact of axitinib and lenvatinib on arterial compliance (5.4.2.2). No 

alterations were observed, suggesting that these RTKIs and the relative cardiovascular 

changes are not directly due to aortic stiffness (5.4.2.2). To define the effect of RTKIs on 

cardiac function, echocardiographic evaluation and pressure-volume loop analysis were 

performed (5.4.1.1 and 5.4.1.2). A marked systolic dysfunction was observed in response to 

lenvatinib, while no alterations in the echocardiographic markers of diastolic function 

indicated a preserved ventricular filling (5.4.1.1). A significant enlargement of the left 

ventricle was observed in lenvatinib-treated mice which, along with a considerable reduction 

of systolic ventricular wall thickness, were suggestive of lenvatinib-induced dilated 

cardiomyopathy (5.4.1.1 and 5.5). In confirmation of this, cardiomyocyte hypertrophy was 

also reported in lenvatinib-treated animals (5.4.3). 

 

In summary, this thesis highlighted that Doppler flowmetry represents a sensitive and 

translational model in the early detection of haemodynamic liabilities due to antiangiogenic 

therapeutics (Chapter 3). In particular, results from this work demonstrated a RTKI-induced 

hypertensive response which was accompanied by a consistent vasoconstriction in the 

mesenteric vascular bed (Chapter 3 and Chapter 4). The mechanistic investigation of the role 

of ET-1 receptors antagonism revealed that such hypertensive effect is primarily mediated 

by ETA receptors, while also suggesting that the RTKI-induced hypertension is independent of 

the regional vasoconstrictive responses observed with these agents (Chapter 4). Additionally, 

experiments in this thesis reported the absence of endothelial dysfunction and arterial 

stiffness following treatment with axitinib and lenvatinib. However, the in vivo investigation 

of their effect on cardiac performance revealed for the first time in a preclinical model that 

lenvatinib is associated with systolic impairment, structural remodelling of the LV and 
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cardiomyocytes enlargement, all suggestive of drug-induced dilated cardiomyopathy 

(Chapter 5). Additional work should be performed to further investigate the underlying 

signalling events associated with lenvatinib-induced cardiac dysfunction. Finally, future 

studies could assess the role of selective ETA receptor antagonists as an effective mechanism-

based approach to manage RTKI-induced cardiovascular side effects. 

 

6.2 FUTURE DIRECTIONS 

6.2.1 Use the Pulsed Doppler flowmetry to study axitinib and lenvatinib in rat 

cancer models  

In order to fully delineate the cardiovascular profile of RTKIs, the role of tumour 

microenvironment should be considered in the investigation of the mechanisms underlying 

the cardiovascular sequalae due to VEGFR-2 inhibition. In this context, the Doppler flowmetry 

(Methods 2.2.1, Chapter 3 and Chapter 4) could be used to assess the haemodynamic 

consequences of axitinib and lenvatinib in rat model of renal cell carcinoma, as both of these 

agents represent a clinical strategy in patients with this malignancy. The most appropriate 

oncogenic animal models to study the role of tumour environment during VEGFR-2 inhibition 

in rats are syngeneic models and cell-derived xenograft (CDX) models (Sobczuk et al., 2020). 

Syngeneic animal models are based on animal-derived tumour cells transplanted into a 

genetically identical host animal with an intact and functional immune system (Sobczuk et 

al., 2020). Among syngeneic models, Eker rats (Long-Evans rats bearing the Eker mutation) 

develop a renal tumour that shows some biological similarities with human renal cancer cells, 

including overexpression of hypoxia inducible factor 2α (HIF-2α) and upregulation of VEGF 

(Sobczuk et al., 2020), being therefore one of the most suitable model for the investigation 

of RTKI-induced cardiovascular toxicity via the Doppler flowmetry approach in a disease 

model. An alternative option to study cardiovascular toxicity of antiangiogenic therapies in a 

rat cancer model that better reflects human cancer pathophysiology is represented by CDX 

models. They are based on the implantation of human tumour cells into immunodeficient 

animals, thus having the benefit of closely mimicking human carcinogenesis (Sobczuk et al., 

2020).  

 

As previously discussed (Chapter 4), due to its pro-angiogenic activity, the ET-1 axis is also 

involved in cancer development (Russignan et al., 2020). As a result, studying the impact of 

endothelin antagonists in a cancer model would help not only to fully characterise their role 
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in preventing RTKI-induced haemodynamic toxicities, but also to define the contribution of 

such antagonism in supporting the antiangiogenic effect of VEGFR-2 inhibitors.  

 

In addition, sex differences influence both pharmacokinetic and pharmacodynamic profiles, 

resulting in different responses to therapeutics between females and males (Soldin & 

Mattison, 2009; Gochfeld, 2017). For this reason, the inclusion of female rats would be 

advisable in order to evaluate possible sex differences in the development of RTKI-induced 

cardiovascular complications  

 

6.2.2 In vivo investigation of RTKI-induced arterial stiffness  

Although our results (5.4.2.2) did not show vascular remodelling and arterial stiffness in 

response to axitinib and lenvatinib in isolated aortic segments, increased arterial stiffness 

was reported in cancer patients treated with sorafenib and sunitinib (Veronese et al., 2006; 

Catino et al., 2018). Even if clinical observations suggest that VEGFR-2 inhibition may also 

result in vascular remodelling and stiffness (Chapter 5), the relationship between RTKI-

induced hypertension and aortic stiffness remains controversial (Veronese et al., 2006). For 

this reason, future studies assessing the impact of RTKIs on arterial stiffness in vivo would be 

crucial not only to fully understand the correlation between RTKI and vascular stiffness but 

also to identify a preclinical model to early detect such drug-induced vascular changes. In this 

context, pulse wave velocity (PWV), a surrogate marker for arterial stiffness, could be 

measured non-invasively via applanation tonometry or ultrasound-based pulse wave imaging 

(PWI) in anesthetised animals treated with RTKIs (Li et al., 2013; Butlin et al., 2020). Also, 

considering that in cancer patients vascular stiffness increased after a period of about 3-4 

weeks, while our measurements of arterial stiffness were performed after a 4-day treatment, 

future in vivo experimental research should consider a longer treatment period. 

 

6.2.3 Characterise the mechanisms underlying lenvatinib-induced cardiac 

dysfunction 

In addition, this work has demonstrated a significant cardiac impairment following treatment 

with lenvatinib (5.4.1.1 and 5.4.1.2). Although this RTKI has been associated with cardiac 

toxicity in cancer patients, preclinical evidence about lenvatinib-induced cardiac dysfunction 

is either limited or non-existent (Chapter 5). Consequently, management of cancer patients 

who develop cardiac events in response to lenvatinib is difficult and often inadequate 
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(Chapter 5). The early detection of lenvatinib-induced cardiac dysfunction with this study 

represents an important step towards a better understanding of the cardiac profile of this 

agent and laid the foundations for future mechanistic studies. In particular, the reported 

cardiomyocyte hypertrophy, systolic dysfunction, ventricular dilation and wall thinning are 

all suggestive of drug-induced dilated cardiomyopathy (Chapter 5). However, the 

mechanisms underlying cardiac toxicity associated with this RTKI are still unknown. For this 

reason, future work should be performed to clarify the mechanistic events responsible for 

the detrimental cardiac effect of lenvatinib. Ex vivo Langendorff isolated heart, as well as 

acute and chronic in vivo studies, represent potential preclinical approaches that could be 

used in parallel to achieve a comprehensive overview of RTKI-induced cardiac dysfunction. 

In this regard, implanted telemetric ECG monitoring could represent an appropriate strategy 

to investigate the impact of RTKIs on cardiac electrophysiology in vivo both acutely and over 

a prolonged period of time. This work should be supported by the use of isolated retrograde 

perfused rat heart model to measure the impact of RTKIs on the mechanical activity of the 

myocardium, left ventricular pressure, end-diastolic pressure, maximal contraction or 

relaxation velocity (dP/dtmax or dP/dtmin), atrioventricular conduction time and ECG 

parameters, in addition to either coronary flow or coronary perfusion pressure. Collecting 

the perfusate from the heart or the organ itself could also be of help to assess possible 

lenvatinib-induced changes in protein and/or gene expression. Biomarkers of cardiac injury 

that could be investigated include cardiac troponin I (TnI) T (TnT), highly specific for 

myocardial damage, as well as brain natriuretic peptide (BNP), an indicator of increased 

ventricular wall stretch, haemodynamic overload and cardiac remodelling (Kerkelä et al., 

2015). In addition, tumour necrosis factor alpha (TNF-α), interleukin 6 (IL-6), and insulin-like 

growth factor 1 (IGF-1) have been identified as early biomarkers of load-induced cardiac 

hypertrophy (Palmieri et al., 2002). As a result, measuring mRNA and protein expression of 

these cytokines and growth factors in response to lenvatinib in rat heart and heart perfusate 

would also contribute to further define the relationship between this RTKI and cardiac 

hypertrophy (Chapter 5). Moreover, ET-1 has been found to support hypertrophic 

remodelling of cardiomyocytes (Larivière et al., 1995; Higazi et al., 2009; Archer et al., 2017). 

Due to the implications of ET-1 in the haemodynamic changes observed with axitinib and 

lenvatinib (Chapter 4), assessing ET-1 gene expression in the rat heart and perfusate may 

clarify whether this peptide has also a role in the cardiac consequences of VEGFR-2 inhibition, 

and specifically in the lenvatinib-induced ventricular hypertrophy. 
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6.2.4 Define the role of ET-1 axis in the pathogenesis of RTKI-induced hypertension 

Results from Chapter 4 highlight the role of ETA receptors in the hypertensive effect 

associated with VEGFR-2 inhibitors, in addition to suggesting that such pressor effect is 

independent of the regional vasoconstriction observed with these agents. However, the 

vascular implications of ETA and/or ETB receptors in the RTKI-induced haemodynamic changes 

are still not clear. Work investigating the role of ET-1 and its receptors in the cardiovascular 

liabilities observed with antiangiogenic therapeutics should be continued. In particular, the 

Doppler flowmetry approach used in this thesis (Methods 2.2.1, Chapter 3 and Chapter 4) 

could be repurposed to investigate the role of selective ETB antagonism in RTKI-induced 

vascular changes in conscious rats. This would provide important mechanistic insight about 

the involvement of ETB receptors in the vascular responses to VEGFR-2 inhibitors, while also 

clarifying the relationship between hypertension and regional vasoconstriction during 

antiangiogenic treatment.  

 

In addition, the downregulation of endothelial cell-specific ETB receptors reported in a rodent 

model of preeclampsia leads to the hypothesis that a loss of ETB receptor-mediated 

vasodilation may occur also during treatment with RTKIs (4.5). Due to the involvement of ETB 

receptors in the clearance of ET-1, a deletion of this receptor subtype may further explain 

the increased circulating levels of ET-1. To establish whether the increased levels of ET-1 are 

due to an augmented production of the peptide or to an impairment of ETB receptor-

mediated clearance, it would be crucial to quantify the vascular mRNA expression of the 

genes encoding ETA and ETB receptors following treatment with axitinib and lenvatinib.  

 

Future work should combine the quantification of endothelin receptors expression with the 

investigation of mRNA expression of the genes encoding endothelin converting enzyme-1 

(ECE-1) and ET-1 in the vasculature, heart and kidney. Indeed, even if several mechanisms 

have been proposed, the events involved in the activation of ET axis due to the antiangiogenic 

therapies are still unclear. VEGF promotes the expression of preproET-1 mRNA via VEGFR-2, 

as well as enhancing the secretion of ET-1 (Matsuura et al., 1998). However, if VEGF 

determines the production of ET-1 by ECs, a reduction of ET-1 would be expected during the 

treatment with VEGFR-2 inhibitors. The fact that increased levels of ET-1 have been observed 

during antiangiogenic treatments led to the hypothesis that the rise in ET-1 is due to the 

activation of ECs as a result of VEGF signalling inhibition (Lankhorst, Saleh, et al., 2015b; 

Lankhorst et al., 2016). In this regard, although vascular endothelium is the main source of 
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ET-1, this peptide is also produced by VSMCs, macrophages, cardiomyocytes and fibroblasts 

(Kirkby et al., 2008), which may corroborate the hypothesis of a non-endothelial origin of the 

ET-1 rise (Kappers et al., 2010). Briefly, ET-1 is produced in a three-step process, starting with 

the gene encoding for the precursor preproET-1 (Davenport et al., 2016). Once secreted into 

the cytoplasm, this protein is cleaved by furin to form BigET-1. The final conversion of BigET-

1 into ET-1 is then mediated intracellularly by ECE-1. However, some BigET-1 escapes this 

cleavage within ECs and is then converted to ET-1 by ECE-1 present also on vascular smooth 

muscle cells (Maguire et al., 1997; Seed et al., 2012; Davenport et al., 2016). Since increased 

expression and activity of ECE-1 on VSMCs was observed in endothelium-denuded 

atherosclerotic arteries (Maguire & Davenport, 1998), it would be important to investigate 

whether non-endothelial ECE-1 may also have a role in RTKI-induced hypertension. This 

would also define whether the vascular effects of RTKIs are due to enhanced activity of ECE-

1 on smooth muscle cells or to an augmented response to ET-1 itself, in addition to clarifying 

whether the conversion of BigET-1 to ET-1 by smooth muscle ECE-1 has a role in the increased 

levels of ET-1 observed during treatment with VEGFR-2 inhibitors.  

 

Finally, with its main secretion occurring in the basolateral compartment of ECs, ET-1 is 

predominantly released abluminally and act in an autocrine and paracrine way on ECs and 

underlying VSMCs, respectively (Wagner et al., 1992). As a result, circulating levels of this 

peptide may just be representative of an excess of the locally produced ET-1 and not 

necessarily being associated with its effect on vascular tone or with pathological relevance 

(Wagner et al., 1992). For this reason, locally produced ET-1 may be more relevant than the 

circulating peptide in the pathogenesis of RTKI-induced hypertension. Indeed, VEGFR-2 

inhibition may determine a pathological increase in local ET-1 secretion, without being 

necessarily associated with a considerable rise in its plasma levels. As a result, assays 

investigating the effect of axitinib and lenvatinib on abluminal ET-1 production in primary 

human ECs should be conducted to define the pathological relevance of increased abluminal 

production of ET-1 versus the rise of circulating peptide in the vascular responses to these 

agents. To support this in vitro work, plasma concentrations of immunoreactive ET-1 in rats 

and immunoreactive ET-1 distribution on vessel sections should be measured to fully define 

the role of locally produced ET-1 in RTKI-induced haemodynamic changes both in vitro and in 

vivo.  
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6.2.5 Investigate the effect of selective ETA vs dual ETA/B receptor antagonists on 

other RTKI-induced cardiovascular toxicities  

VEGFR-2 inhibitors have been also associated with nephrotoxicity, in particular proteinuria 

(Zhang et al., 2014; Meiracker & Danser, 2016). Among the several hypotheses to explain the 

kidney impairment observed with these agents, an overactivation of the ET-1 system, 

reflecting an increased renal production of this peptide, has been proposed (Meiracker & 

Danser, 2016). As a result, investigating the antiproteinuric effect of selective ETA and dual 

ETA/B receptor antagonists in presence of VEGFR-2 inhibition would contribute to define 

whether endothelin antagonism may be the optimal treatment approach to manage both 

RTKI-induced hypertension and proteinuria in cancer patients. Additionally, axitinib and 

lenvatinib have some of the highest rates of all-grade proteinuria among RTKIs, with an 

incidence of 22.7% and 31%, respectively, making them the ideal candidates for future 

investigations to better understand the relationship between RTKIs and kidney injury and to 

assess the role of endothelin receptor antagonism in the management of such toxicity (Kuei 

& Wu, 2013; Zhang et al., 2014).  
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