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Abstract 

 

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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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%

Hepat ic system 8% 7% 21% 13% 0% 32%

Nervous 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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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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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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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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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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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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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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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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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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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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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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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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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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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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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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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) 

S
e

le
ct

iv
e

 E
T AR

 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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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 







Chapter 4: Selective ETA receptor antagonism in the prevention of axitinib- and lenvatinib-induced hypertension 
in conscious, freely moving rats 

 

 161 

 

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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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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(*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 




























































































