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1. Introduction 

1.1. Cardiovascular diseases epidemiology and hypertension 

Cardiovascular diseases (CVDs) are classified among the top 10 leading causes of death globally according to 

the statistics reported by the World Health Organization (WHO), despite tremendous research and advances in 

medications developed over decades (1). This creates a continuous need to explore new signalling pathways 

related to the pathogenesis of heart and vessels. The new pathways will help improve therapeutic modalities to 

maximize efficacy and minimizing side effects, which can further burden patients with CVDs. 

Hypertension is a prevalent cardiovascular disease and a major risk factor for other diseases like heart failure, 

myocardial infarction, stroke, and chronic kidney disease (2). Hypertension is classified into primary 

hypertension if there is no underlying cause or secondary hypertension if there is a specific cause induce the 

hypertension. Primary hypertension is a heterogeneous disorder caused by genetic components and other 

factors such as obesity, high salt intake, smoking, excess alcohol consumption and sedentary lifestyle. 

Pathogenesis of hypertension is complex and involves endocrine, neural, and paracrine systems, in which renin-

angiotensin-aldosterone system (RAAS) and sympathetic nervous system (SNS) are the two major causal 

systems. Activation of RAAS and SNS leads to an increase in vascular resistance, as well as sodium and water 

retention, which collectively contribute to elevated blood pressure. (3). Additionally, inflammation, oxidative 

stress, and immunity trigger vascular dysfunction and are thought to contribute to hypertension pathogenesis 

(4, 5). Management of hypertension includes both lifestyle modifications and antihypertensive drugs. The well-

established lifestyle modifications are weight loss, regular physical activity, decrease sodium intake, and 

smoking cessation. The main pharmacological therapies for hypertension are angiotensin-converting-enzyme 

inhibitors, angiotensin receptor blockers, calcium channel blockers, thiazide/thiazide-like diuretics and beta-

blockers (2, 6). 

The two major determinants controlling blood pressure are cardiac output and total peripheral resistance.            

The peripheral resistance is dependent on the vasodilatory capacity of blood vessels (3, 7). Blood vessels are 

composed of three layers: intima, media, and adventitia. The intima mainly composed of endothelial cells that 

acts as sensors of various stimuli and control the degree of vascular relaxation and contraction. The media 

contains vascular smooth muscle cells that regulate vascular tone. The adventitia contains fibroblasts, 

extracellular matrix, adipocytes, lymphocytes, nerves, progenitor cells, and immune cells (4). Healthy 

endothelium is accountable for several biological processes including regulation of vascular tone, repairing of 

vascular injury, mechanotransduction, and serves as a semipermeable barrier (8). Endothelium dysfunction is    

a hallmark for hypertension, where the balance between vasoconstrictors [angiotensin II, endothelin, 

prostanoids] and vasodilators [nitric oxide (NO), prostacyclin, bradykinin, endothelium derived hyperpolarizing 

factor (EDHF)] is impaired (9, 10).  

There is a constant need for gaining new insights about the signalling pathways that are regulating vasculature 

functions. One of these pathways which is anticipated to play a beneficial role in blood pressure regulation, yet 

overlooked, is the bradykinin pathway. 
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1.2. Bradykinin  

Bradykinin was first discovered by a Brazilian group in 1949, they gave the name bradykinin (brady: slow, kinin: 

movement) based on their observation of slow smooth muscle contractions upon stimulation with bradykinin 

in gut of guinea pigs (11). Bradykinin is a nine amino acids peptide that is physiologically active (12). 

1.2.1. Production, metabolism, and receptors 

Bradykinin is formed from high molecular weight kininogen by plasma kallikrein that is produced from 

prekallikrein by activated factor XII (13). Bradykinin can be also transformed via aminopeptidase from kallidin 

which is formed from high and low molecular weight kininogen by tissue kallikrein. Carboxypeptidases convert 

bradykinin and kallidin into des-Arg9-bradykinin and des-Arg10-kallidin respectively (14) (Figure 1). Bradykinin, 

kallidin, des-Arg9-bradykinin, and des-Arg10-kallidin are called kinins (15). 

Bradykinin has a very short half-life in plasma (about 20-30 seconds) (15, 16). Thirteen plasma and tissue 

peptidases were recognized to degrade bradykinin such as: angiotensin-converting enzyme (ACE), neutral 

endopeptidase (Neprilysin, NEP), dipeptidyl peptidase IV, aminopeptidases, carboxypeptidases, prolyl 

endopeptidase, and prolyl carboxypeptidase (17). Increasing knowledge about bradykinin degrading enzymes 

helped to improve plasma collection handling and methods used for measuring bradykinin levels in plasma 

which represents an analytical dilemma since the bradykinin discovery. Bradykinin and other active and 

inactive peptides were identified in human blood and urine (18). Kinins, kallikreins, kininogens and kininases 

collectively constitute the components of Kallikrein-Kinin system (KKS) (14). The production of bradykinin is 

mainly controlled by C1 esterase Inhibitor (C1-INH). Bradykinin levels are approximately 3 fmol/mL and are 

higher in tissues compared to plasma (12).  

The actions of kinins are mediated through two G-protein-coupled receptors (GPCRs): bradykinin type-I 

receptors (B1R) and bradykinin type-II receptors (B2R). The main actions of KKS occurr via B2R which are 

constitutively found in tissues, whereas B1R is inducible in certain conditions like injury, inflammation, and 

myocardial infarction (15, 19-22). Bradykinin and kallidin are agonists on B2R, while des-Arg9-bradykinin and 

des-Arg10-kallidin are agonists on B1R (Figure 1). 

B2R is a seven-helix transmembrane receptor and composed of 391 amino acids; the gene encoding for B2R 

(BDKRB2) in the human genome is located on chromosome 14q32 (23-25). B2R has been identified in most cell 

types such as endothelial cells, smooth muscle cells, immune cells, epithelial cells, fibroblast, sensory neurons, 

monocytes, and cardiomyocytes (26-30). The B2R can be phosphorylated or glycosylated (25). B2R undergo 

desensitization upon agonist stimulation, which means that attenuation of the response occurs with 

continuous or repeated agonist stimulation (31). Desensitization occurs through phosphorylation of B2R by 

GPCR kinases (GRKs) followed by binding to ß-arrestin. GRK-2 is one of the GPCR kinases which phosphorylates 

B2R, and its inhibition enhances response to bradykinin (32). The B2R signalling is considered transient in nature 

due to the rapid desensitization and internalization of B2R. Interestingly it takes 1-3 hours for B2R to be recycled 

and returned to the cell surface after being endocytosed. In contrast, B1R is resistant to desensitization and 
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their degradation is agonist independent. Since B1R are inducible, the half-life is 2-4 hours, and they are not 

recycled (26). 

 

Figure 1: Schematic diagram showing production and breakdown of agonists of bradykinin type-II receptors and bradykinin 

type-I receptors (B2R and B1R). Bradykinin (BK) is produced from cleavage of high molecular weight kininogen (HMWK) by 

plasma kallikrein. Kallidin (Lys-bradykinin) is another B2R agonist which is produced from cleavage of HMWK or low 

molecular weight kininogen (LMWK) by tissue kallikrein. Kallidin can be transformed into BK via aminopeptidases (APP). 

Des-Arg9-BK and Des-Arg10-kallidin are B1R agonists that are produced via carboxypeptidases (CPN) from BK and KD, 

respectively. BK, kallidin, Des-Arg9-BK and Des-Arg10-kallidin are degraded into inactive peptides via angiotensin-converting 

enzyme (ACE), neutral endopeptidase (NEP), dipeptidyl peptidase IV (DPP-IV), prolyl endopeptidase (PREP), and prolyl 

carboxypeptidase (PRCP). Arg: arginine, Pro: proline, Gly: glycine, Phe: phenylalanine, Ser: serine, Lys: lysine. 

1.2.2. Bradykinin downstream signalling 

B2R are coupled to Gi, Gq, G12/13, and Gs proteins but the main actions of B2R occurred through Gq. Upon binding 

of bradykinin to B2R, Gαq subunit dissociates from Gq protein. Gαq activates phospholipase C (PLC) which cleaves 

phosphatidylinositol (4,5) bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). 

DAG activates protein kinase C (PKC) which in turn activates phosphorylation steps that eventually 

phosphorylates phospholipase A2 (PLA2). IP3 binds to receptors on endoplasmic reticulum and induces the 

release of calcium ions (Ca2+), the increase in intracellular calcium concentration leads eventually to the release 

of mediators of vasodilation: NO, prostaglandins and EDHF (15, 19, 26, 33). Ca2+ binds to calmodulin and 

activates endothelial nitric oxide synthase (eNOS) which catalyzes the production of NO, where NO moves into 

vascular smooth muscle cells and activates soluble guanylate cyclase (sGC) that converts guanosine 

triphosphate (GTP) to cyclic guanosine monophosphate (cGMP) (34). Ca2+ can also directly activate small- and 
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intermediate-conductance Ca2+ sensitive potassium channels (SKCa and IKCa), the increase of potassium ions (K+) 

in the myo-endothelial space induces smooth muscle hyperpolarization and relaxation (35). Arachidonic acid is 

produced from membrane phospholipids by the activated PLA2 (activated by Ca2+ and PKC) and acts as                

a substrate for cyclooxygenase enzymes (COX) and cytochrome P450 epoxygenases to produce prostaglandins 

and epoxyeicosatrienoic acids (EETs) respectively (36). Prostaglandins activate adenylate cyclase (AC) that 

converts adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP) (37). cAMP and cGMP are 

intracellular second messengers that trigger vascular smooth muscle cell relaxation (38). EETs are considered 

EDHF as they open large-conductance Ca2+ sensitive K+ channels (BKCa) channels and increase K+ levels. The 

increase in K+ levels by opening SKCa, IKCa and BKCa leads to hyperpolarization which cause smooth muscle 

relaxation and this pathway is termed EDHF (35) (Figure 2). Worth mentioning, the abovementioned described 

downstream signalling is the one reported for the vasodilatory effect of bradykinin, for other bradykinin-

induced effects the underlying mediators should be thoroughly studied. For instance, the bradykinin-induced 

tissue plasminogen activator (t-PA) release is independent of NOS and COX pathways (39) but rather mediated 

by EDHF pathway (40, 41). 

Some differences were reported between B2R and B1R signalling. For instance, in endothelial cells B2R 

stimulation resulted in transient NO release (approximately 5 minutes) while in cytokine-treated endothelial 

cells B1R activation led to a prolonged NO release (approximately 90 minutes). The B1R induced NO release is 

mediated via Ras/Raf/MEK/ ERK/iNOS pathway (42). 

Several biological processes beyond vasodilation have been identified for the B2R signalling such as 

angiogenesis, cell migration, pain, inflammation, autophagy, and apoptosis. Knowledge about B2R signalling 

downstream mediators evolved over years and still under study, recently Rex et al. developed a pathway map 

to summarize the proteins which are known to be involved in B2R signalling (43). B2R downstream signalling 

and the involved mediators in angiogenesis were explored over years. A combination of increase in vascular 

endothelial growth factor (VEGF) expression, and epidermal growth factor receptor (EGF-R) stimulation 

through S-nitrolysation by NO were proposed to be involved in B2R induced angiogenesis (44). Further 

intercellular mediators were explored, where it was found that NO nitrolysated the protein tyrosine 

phosphatase SHP-1 and p21Ras. SHP-1 activates the EGF-R and p21Ras activates signal–regulated kinases1/2 

(ERK1/2) that further activates EGF-R and increases VEGF levels. Another study showed an upregulation of 

fibroblast growth factor-2 (FGF-2) by bradykinin in human endothelial cells, FGF-2 promotes vascular 

permeability and cell migration as a part of the angiogenic process. Bradykinin transactivates FGF receptor-1 by 

phosphorylation of FGF receptor substrate, ERK1/2, and signal transducer and activator of transcription 3 

(STAT3) (45). 
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Figure 2: Schematic diagram showing downstream signalling and mediators of bradykinin-induced vasodilation. Activation 

of bradykinin type-II receptors with bradykinin leads to Gαq subunit dissociation from Gq coupled protein. Gαq subunit 

activates phospholipase C (PLC) that cleaves phosphatidylinositol (4,5) bisphosphate (PIP2) into inositol 1,4,5-trisphosphate 

(IP3) and diacylglycerol (DAG). IP3 bind to their receptors (IP3R) on endoplasmic reticulum triggering calcium ions (Ca2+) 

release. The increase in Ca2+ concentration stimulates cascades that end with the production of vasodilation mediators: 

nitric oxide (NO), prostaglandins (PG), and endothelium-derived hyperpolarizing factor (EDHF). NO is produced from L-

arginine by nitric oxide synthase (eNOS) that is activated by calcium calmodulin. NO passes across vascular smooth muscle 

cells and activates soluble guanylate cyclase (sGC) that catalyses the cyclic guanosine monophosphate (cGMP) release from 

guanosine triphosphate (GTP). Additionally, phospholipase A2 (PLA2) is activated by both Ca2+ and phosphorylation reactions 

that triggered by protein kinase C (PKC). PKC is activated by DAG. Arachidonic acid (AA) is formed from membrane 

phospholipids by PLA2. AA is a substrate of cyclooxygenase (COX) enzymes and cytochrome p450 epoxygenases to produce 

PG and epoxyeicosatrienoic acids (EET), respectively. PG pass across vascular smooth muscle cells and activate adenylate 

cyclase (AC) that catalyses the production of cyclic adenosine monophosphate (cAMP) from adenosine triphosphate (ATP). 

cGMP and cAMP mediate vascular smooth muscle relaxation. Actions of EET on large-conductance calcium sensitive 

potassium channels (BKCa) and of Ca2+ on small and intermediate-conductance calcium sensitive potassium channels (SKCa 

and IKCa respectively) lead to increase in the potassium levels (K+) in the myo-endothelial space. The increase of K+ causes 

hyperpolarization and consequently smooth muscle relaxation occurs.  
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1.2.3. Bradykinin functions  

Bradykinin exerts several beneficial actions via B2R on blood vessels, kidney, and heart (Figure 3); targeting this 

pathway can hold promises in treatment of hypertensin, coronary artery disease and peripheral arterial 

disease.  

1.2.3.1 Blood pressure lowering effect of bradykinin 

Bradykinin showed blood pressure lowering effect since it was first discovered (11). It is regarded as 

endothelial autacoid that provokes protective effects on endothelium through vasodilatory effect on vessels 

(46, 47). Notably, bradykinin acts in autocrine and paracrine mechanisms rather than an endocrine way (48). 

Both intravenous and intra-arterial bradykinin administration resulted in a decrease in blood pressure in 

anaesthetized mice, rats and rabbits. The decrease in blood pressure was more prominent after intra-arterial 

administration (49). Inhibition of endogenous bradykinin degradation led to decrease in blood pressure in 

spontaneously hypertensive rats and not in rats with normal blood pressure, suggesting that endogenous 

bradykinin affects blood pressure only in hypertension (50). Importantly the rats in this study underwent 

binephrectomy to eliminate the effect of renin-angiotensin system (RAS). Moreover, concurrent blocking of B1R 

and B2R caused a profound decrease in blood pressure in rats, whereas blocking of either B2R or B1R alone did 

not significantly decreased blood pressure (51). It is well-recognized that the vasodepressor effects of KKS 

counterbalance the well-described vasopressor effects of RAS (47). However, it is thought that the KKS 

becomes activated and starts to buffer the deleterious effects of RAS only in pathological conditions but under 

normal conditions KKS does not contribute substantially in blood pressure regulation (52).  

Another known effect of bradykinin is its ability to cause diuresis and natriuresis, which may also contribute to 

its blood pressure-lowering ability (15). Chronic overexpression of bradykinin in rat’s kidney led to increase in 

urine and sodium excretion (53). Administration of B2R antagonist decreased urinary volume and secretion of 

both sodium and potassium (54). Mamenko et al. reviewed the detailed mechanisms by which bradykinin 

induces natriuresis and showed that bradykinin inhibits the renal epithelial sodium channels through the 

released mediators (NO, EET and PIP2) (55). Zhang et al. demonstrated that bradykinin increases both sodium 

and potassium secretion by inhibiting inwardly rectifying potassium channel and sodium-chloride cotransporter 

in the distal convoluted tubule. They also showed an increase in urine volume in mice after 60 minutes of 

bradykinin infusion (56). 

Despite the proof of presence of local KKS in kidney (57), the effect of bradykinin on renal blood flow and its 

implications on blood pressure are questionable. Local infusion of bradykinin in kidney medulla improves renal 

medullary blood flow but has no effect on arterial blood pressure (58). It has been shown that the effect of 

bradykinin is differential across different zones of the kidney. Infusion of bradykinin into the renal artery or 

directly into the renal cortex or medulla resulted in a sustained increase only in medullary perfusion, without 

affecting renal blood flow or cortical perfusion (59). Besides, it was shown that the bradykinin-induced increase 

in medulla perfusion is dependent on NO and Ca2+ sensitive K+ channels (59). In angiotensin II infused rats, 

bradykinin abolished the renal vasoconstrictor effect of angiotensin II but couldn’t abolished angiotensin II 

hypertension (60). There is a consensus that bradykinin plays a minor role in renal blood flow regulation under 
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physiological conditions. However, when bradykinin degradation is inhibited or when the kidney is challenged 

by changes in volume or different salt diets, the role of bradykinin becomes prominent (52, 61).  

1.2.3.2 Bradykinin effects on coronary arteries, heart and hindlimb ischemia  

Coronary arteries The identification of local KKS in heart (57) and the well-described vasodilator effect of 

bradykinin inspired the study of bradykinin effects on heart and myocardial ischemia. Administration of B2R 

antagonist in left main coronary artery of patients pointed out a role of endogenous B2R in improving coronary 

blood flow (62). Interestingly, the bradykinin induced-coronary vasodilation was not deteriorated by twelve 

weeks streptozotocin-induced diabetes in rats (63). It has been shown that the bradykinin-induced vasodilation 

in coronary arteries as an example of resistance arteries is dependent on cytochrome P450 products and 

calcium sensitive potassium channels (63). A recent study demonstrated porcine and human intramyocardial 

coronary arteries in three-dimensional imaging to investigate the underlying signalling of bradykinin-induced 

vasodilation. This study showed that bradykinin induced vasodilation via calcium release with subsequent 

stimulation of calcium sensitive potassium channels (64). Besides, it was demonstrated that the communication 

between endothelial cells and smooth muscle cells cause the propagation of vasodilation along the vessel 

length (64).  

Myocardial ischemia and heart failure Expression of B2R and B1R increased after induction of myocardial 

infarction in rats (65). Possible benefits of bradykinin after myocardial ischemia could be improving coronary 

blood flow, reducing infarct size, minimizing the decrease of cardiac contractility and lessening left ventricular 

(LV) remodelling (66). Continuous subcutaneous administration of bradykinin in myocardial infarction model in 

rats attenuated LV dysfunction, fibrosis, and autophagy. PI3K/Akt was shown to be the underlying pathway of 

bradykinin protective effect against cardiomyocyte autophagy (67). In vitro, bradykinin demonstrated an 

antiapoptotic effect via enhancing Bcl-2 expression and reducing cleaved caspase 3 and Bax expression (68). 

B2R expression increased in compensated LV hypertrophy and are thought to elicit cardioprotective effects. 

However, in heart failure the expression decreased which might indicate loss of the protective effect of 

bradykinin on the heart (69). Heart tissues from heart failure patients showed lower B2R expression than 

healthy hearts (70). Bradykinin infusion preserved vascular endothelial function, cardiac systolic and diastolic 

function in heart failure model in dogs (71).  

Angiogenesis and hindlimb ischemia Another reported effect of bradykinin is the ability to promote 

angiogenesis, this effect was thoroughly studied in hindlimb ischemia rather than myocardial ischemia. In 

hindlimb ischemia rat model, administration of kinin and kallikrein increased blood perfusion and capillaries 

and arterioles density in ischemic limb (72). While diabetes impairs the post-ischemic neovascularization, B2R 

stimulation restored neovascularization in hindlimb ischemia diabetic mice model. VEGF levels and 

CD34+/VEGFR2+ progenitor cells were increased and mediate the neovascularization induced by B2R stimulation 

(73). It has been shown that B2R are expressed on circulating progenitor cells CD34+. The progenitor cells play a 

role in vascular repair after myocardial infarction, and it is thought that B2R signalling contributes to this 

protective role which includes cell proliferation and angiogenesis (74). In another study, expression of B2R was 
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demonstrated on CD34+ and CD133+; bradykinin increased the recruitment of these progenitor cells, which play 

a role in neovascularization following ischemia (75). 

 

Figure 3: Summary of bradykinin benefits on blood vessels, kidney, and heart. LV: left ventricle. 

1.2.4. Regulation of bradykinin type-II receptors expression  

Previous finding from our working group showed that B2R expression is not affected by NO, bradykinin or B2R 

antagonist icatibant (76). However, B2R expression could be affected by some drugs or changed in some 

conditions or diseases. An early study in hypertensive rats, administration of 1% potassium chloride in drinking 

water resulted in an increase in renal B2R expression after 6 weeks, suggesting that KKS may contribute to the 

blood pressure lowering effect of potassium supplements (77). In human coronary artery endothelial cells, a 

cholesterol lowering drug lovastatin increased the B2R expression (78). In rats with endothelium-specific B1R 

overexpression, B2R expression was increased suggesting that B1R may induce B2R upregulation (79).  

B2R expression is upregulated in some diseases or pathological conditions. Hypoxia (5% oxygen) induced B2R 

upregulation, this upregulation may be responsible for proper cell migration and angiogenesis in LV 

remodelling after myocardial infarction (80). Angiotensin II and inflammatory mediators such as tumour 

necrosis factor alpha (TNF-α) and interleukin-1 (IL-1) enhanced B2R expression (42, 81). B2R is implicated in 

diabetic retinopathy by increasing retinal vascular permeability via vascular endothelial cadherin 

phosphorylation, and an increase of B2R expression was demonstrated in the retina of diabetic rats (82). 

Moreover, B2R was found to be highly expressed in several types of cancers such as cervical cancer, 

hepatocellular carcinoma, and head and neck squamous cell carcinoma. In these studies, it was proposed that 

B2R is responsible for tumour cells migration, invasion, proliferation and angiogenesis; in addition, EGF-R,    
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COX-2, VEGF, and matrix metalloproteinases were found to mediate these actions via B2R (83-88). N-myc (and 

STAT) interactor, a protein that play a role of tumour growth in hepatocellular carcinoma was shown to be an 

upstream target of B2R expression (89).  

1.3. Drugs that interfere with bradykinin signalling  

1.3.1. Drugs increasing bradykinin effects 

Drugs that increase bradykinin levels due to decrease of bradykinin metabolism were investigated for possible 

beneficial effects of bradykinin via B2R. Although most therapeutic agents which decrease catabolism of 

bradykinin showed angioedema as a side effect (90, 91), the beneficial actions of bradykinin reported over 

years may open the door for designing new candidate entities to act as B2R agonists.  

Angiotensin-Converting Enzyme Inhibitors (ACEI) ACEI (drug class ending with -pril such as captopril, ramipril, 

enalapril, perindopril) are well-known therapeutic agents in treatment of hypertension, heart failure, chronic 

kidney diseases, and in secondary prevention of stroke in patients who experienced previous stroke of 

transient ischemic attack (2, 92-94). The main mechanism of actions of ACEI is the inhibition of production of 

angiotensin II via inhibition of ACE which is responsible for conversion of angiotensin I to angiotensin II (95). 

Another mechanism of action of ACEI is the increased bradykinin levels, as a consequence of inhibition of their 

degradation enzymes ACE (96). In vitro incubation of healthy volunteers’ plasma with 100 nM bradykinin and 

ACEI increased half-life of bradykinin from 34 seconds into 7.1 minutes (97). The increased bradykinin levels is 

thought to elicit beneficial functions in endothelium through increasing NO, prostacyclin, EDHF and t-PA (98).  

Experimental evidence pointed out that bradykinin activity through B2R plays a role in therapeutic actions of 

ACEI on blood pressure, heart, and kidney. An early study on acute administration of captopril and B2R 

antagonist partially abolished the decrease of mean arterial pressure (MAP) caused by administration of 

captopril (99). A gene polymorphism association study in 106 hypertensive patients received enalapril for 60 

days showed an association between BDKRB2 gene polymorphism and MAP response to enalapril suggesting a 

role of B2R in the antihypertensive effect of enalapril (100). PERTINENT, a sub-study of the EUropean trial on 

Reduction Of cardiac events with Perindopril in stable coronary Artery disease (EUROPA) study, provided 

evidence about beneficial actions of perindopril on endothelial function through increasing bradykinin and 

eNOS protein levels (101).  

Studies of the ACEI-induced neovascularisation revealed that B2R signalling partially underlying this effect in 

models of hindlimb ischemia with or without diabetes. Administration of perindopril led to an improvement in 

post ischemic neovascularization only in wild-type (WT) or diabetic mice and not in bradykinin type-II receptor 

knockout (B2R-KO) mice (102, 103). The ACEI induced neovascularisation in hindlimb ischemia was proven even 

in angiotensin II type-1 receptors (AT1R) knockout mice and this effect was moderately attenuated by B2R 

antagonist (104). Collectively, these results suggested that B2R partially contributes to the ACEI-induced 

benefits in neovascularisation. 
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Improvement of cardiac functions and LV remodelling after myocardial infarction induced by ACEI was partially 

attenuated in B2R-KO mice (105, 106). The attribution of bradykinin for beneficial effects on heart was further 

investigated in heart failure model in dogs and in isolated hearts from rats after induction of ischemia followed 

by reperfusion (107, 108). Not only the role of bradykinin signalling, as a part of mechanisms of action of ACEI, 

on blood vessels and heart were studied but also on kidney. In diabetic obese mice, oral administration of 

ramipril for 20 weeks protected against diabetic nephropathy, this effect was abolished by administration of 

B2R antagonist (109). 

Angiotensin Receptor Blockers (ARBs) ARBs (sartans) are alternative therapeutic agents with similar 

indications to ACEI. They act by blocking of deleterious effects of angiotensin II on AT1R (110). In contrast to 

ACEI, these agents are not acting directly on ACE, therefore, few beneficial actions via B2R were reported (111, 

112). Some assumptions have been raised regarding indirect mechanism of action of ARB on bradykinin, where 

ARBs displace the binding of angiotensin II on AT1R, angiotensin II levels increase which in turn stimulate 

angiotensin II type-2 receptors (AT2R). Stimulation of AT2R, may reduce ACE activity and consequently increases 

bradykinin levels (91). Particularly, losartan may act as a partial agonist of B2R (113) and was shown to increase 

bradykinin levels in a small clinical study (114). 

Angiotensin receptor-neprilysin inhibitor (ARNi) ARNi is a complex of a neprilysin inhibitor and ARB. Neprilysin 

is a neutral endopeptidase that cleaves natriuretic peptides, bradykinin, adrenomedullin, so inhibition of 

neprilysin increase bradykinin levels (115). In endothelial cells, neprilysin inhibitor promoted proliferation that 

contributes to collateral formation via B2R pathway (116). 

Statins Although not extensively studied for their effect on bradykinin, few studies showed that statins 

increased NO production at least partially via B2R (117, 118).  

B2R agonists The concept of developing B2R agonists is under study. Increasing the knowledge about B2R 

signalling can help to optimize the structure requirements for effective B2R agonists. Labradimil is a synthesized 

B2R agonist with longer half-life than bradykinin. Labradimil developed to increase the blood brain permeability 

of chemotherapeutic agents to treat brain tumours (119). In rats, labradimil administration showed decrease in 

mean arterial pressure (120, 121). In preclinical study in mice, a synthesized B2R agonist showed more potent 

hypotensive and profibrinolytic effects than bradykinin (122).  

1.3.2. Drugs decreasing bradykinin effects 

C1 esterase Inhibitor (C1-INH), B2R antagonist, and kallikrein inhibitor are three therapeutic options used for 

decreasing bradykinin effects. These drugs are approved for treatment of hereditary angioedema, a condition 

characterized by oedema that is caused by increase production of bradykinin (123). C1-INH is a serine protease 

inhibitor that inactivates factor XIIa and inhibits kallikrein thus decrease production of bradykinin (13). Icatibant 

is a specific competitive B2R antagonist that has a short half-life (1.5-2 hours) and the maximum plasma 

concentration for 30 mg or 90 mg doses was achieved in less than 1 hour (124). Some clinical trials were 

conducted to discover other indications for icatibant, for instance, icatibant prevented intradialytic 

hypotension in a small randomized clinical trial in patients receiving haemodialysis (125). Recently, few small 
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studies were conducted in covid-19 patients to evaluate the efficacy of icatibant on improving patients’ 

symptoms and oxygen requirements, however, the results were inconsistent (126). 

1.4. Interaction of bradykinin pathway and renin-angiotensin system 

RAS is the major interacting system with bradykinin pathway and the interaction between the two systems can 

occur on several levels (47). Bradykinin counteracts the deleterious effects of hyperactive RAS in CVDs and loss 

of B2R functions resulted in a counter activation of Angiotensin-(1−7)/Mas and AT2R to maintain homeostasis 

(127). B2R activation increased renin gene expression in mouse kidney cortical collecting duct cell line via PKC 

and NO release (128). Moreover, in B2R-KO mice renin gene expression was decreased but ACE, AT1R and 

angiotensinogen expression were not changed suggesting a role of B2R on renin secretion (129). ACE is 

regarded as a connection point between RAS and KKS through production of angiotensin II and inactivation of 

bradykinin (47). 

B2R can form functional heterodimers with receptors of RAS (AT1R, AT2R and Mas receptors) with a consequent 

change in the net signalling. For instance, in studies on preeclampsia, B2R-AT1R heterodimer leads to enhanced 

G-protein coupling and activation of the AT1R that was manifested as an increase in blood pressure and 

oxidative stress (130, 131). AT2R and Mas receptor are the receptors in RAS which are responsible for beneficial 

effects on blood vessels like vasodilation and decreasing thrombosis (127). Some studies showed that AT2R can 

stimulate the release of bradykinin and some of the beneficial functions of AT2R are mediated via B2R (132, 

133). In addition, B2R forms heterodimers with AT2R and with Mas receptor, this heterodimerization enhances 

the beneficial effects from each receptor separately (134, 135). 

1.5. Polymorphism studies of bradykinin type-II receptor gene  

Clinical studies on polymorphisms of the human BDKRB2 gene and their associations with blood pressure 

strengthen the evidence about human B2R gene for being a candidate gene in blood pressure regulation. One 

commonly studied gene polymorphism is the BDKRB2-58T/C gene polymorphism in the promoter region of 

BDKRB2 gene, where a cytosine (C) to thymidine (T) transition occurs 58 bp upstream of the putative 

transcription start site (136). The different alleles (T or C) at this site can lead to difference in the B2R 

transcription rate and hence affect the number of B2R. Three metanalysis addressed the association of different 

alleles of this polymorph with blood pressure and reported an association between BDKRB2-58T/C gene 

polymorphism and the risk of hypertension. -58T allele carriers showed a protective effect on hypertension, 

whereas -58C allele carriers are susceptible to hypertension (Table 1). 

Another common polymorphism in human BDKRB2 gene is the presence (+9) or absence (-9) of nine bp repeat 

in exon 1 (BE1), +9 allele has been associated with decreased B2R gene transcription and messenger ribonucleic 

acid (mRNA) expression in comparison to the -9 allele (136, 137). Pretorius et al. showed an association 

between BE1 +9/+9 genotype and increased systolic blood pressure (sBP) and pulse pressure in white 

Americans and increased flow vascular resistance in black Americans (138). Later on, this association was 

demonstrated in children as well (139), and in this study BE1 +9/+9 genotype was associated with 

microvascular dysfunction. In normotensive healthy males, BE1 +9/+9 genotype was associated with higher LV 
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growth response after 10-week physical training program (140). Similar findings was shown in hypertensive 

patients, where BE1 +9/+9 genotype carrier showed lower improvement in response to antihypertensive 

medications in comparison to BE1 -9/-9 genotype carrier (141). BE1 +9/-9 and BE1-9/-9 carriers who received 

ACEI showed higher forearm blood flow and lower forearm vascular resistance in response to bradykinin in 

comparison to BE1 +9/+9 carriers (142). 

Table 1: Meta-analysis of BDKRB2 gene polymorphism studies, number of studies included in each meta-
analysis and publication year. 

Site of polymorphism  Number of studies in meta-analysis Publication year, 

references 

 

Promoter region, -58 T/C polymorphism 

4 studies  2010, (143) 

11 studies 2012, (144) 

13 studies  2016, (145) 

C: cytosine, T: thymidine 

1.6. Genetically modified models of kallikrein-kinin system  

An essential approach to explore the physiological functions of KKS is the generation of genetically modified 

animal models in which specific gene is disrupted or inserted. B2R-KO mice models were generated on 129Sv/J 

genetic background (81, 105, 146-152) or C57BL/6 genetic background (153-157). However, the obtained 

results from the B2R-KO models regarding the blood pressure outcome of those mice were inconsistent 

(Appendix 1). The discrepancy of the obtained results from B2R-KO models can be largely attributed to several 

variations such as using mice with different genetic background, age, or gender. Besides, the reported 

heterogenicity in methodological approaches among different studies. An additional crucial aspect to be 

considered is the compensation from the other types of receptors such as the increase of B1R, Mas receptor 

and AT2R expression when BDKRB2 gene were knocked out (106, 158).  

Studies on mice with double knockout of B1R and B2R mice were conducted (159-161) and these mice exhibited 

normal blood pressure. Likewise, tissue kallikrein-deficient mice did not show change in blood pressure (162, 

163). In contrast, mice with conditional B2R-KO of collecting duct and mice with deletion of kininogen1 and 

kininogen2 genes (in which LMWK was decreased) showed elevated blood pressure (164, 165). 

The other strategy in the genetically modified animal models is the insertion of target gene in which 

overexpression of a protein or a receptor occurs. Insertion of human tissue kallikrein in rats led to a decrease in 

blood pressure (166). Likewise, insertion of human B2R in mice resulted in the same effect (167). The studies on 

B2R overexpression models are scarce and the cardiovascular outcomes are not fully studied in these models. 

The model description, main findings, and publication year of the genetically modified models that are 

described in this section are summarized in appendix 1. 
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1.7. Aim of the work  

The B2R pathway, discovered several years ago, has been associated with numerous beneficial effects. These 

effects observed either through direct administration of bradykinin or indirectly via studies on ACEI. Despite 

these findings, there remains a gap in our understanding of the vascular and cardiac effects of the B2R pathway 

under basal conditions. To address this knowledge gap, a mouse model with endothelium-specific 

overexpression of human B2R was utilized to investigate the following research questions: 

• Does B2R play a role in the regulation of blood pressure? 

• What are the mediators responsible for the vasodilatory effects of bradykinin on B2R? 

• Does B2R influence cardiac function? 

• Does B2R affect flow-mediated dilation? 

• What candidate proteins mediate the effects of B2R signalling on endothelial function? 
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2. Materials and Methods 

2.1. Buffers and reagents 

Ultrapure grade chemicals and reagents were purchased mainly from Merck (Darmstadt, Germany), Roth 

(Karlsruhe, Germany), VWR (Darmstadt, Germany) and Sigma-Aldrich (Munich, Germany), otherwise, the 

company will be mentioned in the specified section. Buffers were prepared using fresh ultra-pure water 

produced by Milli-Q® EQ 7000 water purification system (Merck, Darmstadt, Germany). The pH of buffers was 

measured by pH-Meter (HI 2210 pH Meter, Hanna Instruments, Vöhringen, Germany). Required pH was 

achieved by gradually adding 1M hydrochloride (HCl) or 1M sodium hydroxide (NaOH) aqueous solutions. 

Lysis buffer for ear biopsies for genotyping (pH 8.0) 

Tris-HCl                                 40 mM 

EDTA                                     100 mM 

NaCl                                      100 mM 

SDS                                        0.1%  

50x TAE buffer for agarose gel preparation (pH 8.3) 

Tris                                         2 M 

EDTA                                      50 mM 

Acetic acid                            20 mM 

Sample loading buffer for genotyping  

Glycerol                                  30% 

Bromophenol blue                q.s. 

Krebs-HEPES buffer (pH 7.4) 

NaCl                                         99 mM 

KCl                                            4.7 mM 

CaCl2 · 2 H2O                         1.9 mM 

MgSO4 · 7 H2O                      1.2 mM 

NaHCO3                                   25 mM 

KH2PO4                                   1.0 mM 

Na-HEPES                                20 mM 

D-Glucose · H2O                     11.1 mM 
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Modified Krebs- Henseleit buffer (pH 7.4, achieved by carbogen bubbling) 

NaCl                                         118.07 mM 

KCl                                            4.70 mM 

CaCl2                                       1.60 mM 

MgSO4                                    1.18 mM 

NaHCO3                                  25.0 mM 

K2HPO4                                  1.18 mM 

D-glucose                               5.55 mM 

Radioimmunoprecipitation assay buffer (RIPA) buffer for protein lysate preparation 

Triton X                                   1% 

SDS                                          0.1% 

Sodium deoxycholate          0.1% 

EDTA                                       1 mM 

PBS                                          25 ml 

2x Lammeli buffer protein preparation (pH 6.8) 

Tris                                           125 mM 

SDS                                           4% 

Glycerol                                   20% 

2-Mercaptoethanol               10%  

Bromophenol blue                 q.s. 

4x separating gel buffer (pH 8.8) 

Tris                                            1.5 M 

SDS                                            0.4%  

4x stacking gel buffer (pH 6.8) 

Tris                                             0.5 M 

SDS                                             0.4%  

10x tank buffer for sodium dodecyl sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Tris                                             0.25 M 

Glycine                                      1.9 M 
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SDS                                             1%  

10x transfer buffer for SDS-PAGE 

Tris                                              0.25 M 

Glycine                                        1.9 M 

Methanol                                    20% 

Tris-Buffered Saline (TBS, pH 7.6) 

Tris                                                200 mM 

NaCl                                              1500 mM 

TBST 

Tween® 20                                 0,1%  

TBS as solvent 

Phosphate-buffered saline with tween (PBST) 

Tween® 20                                 0,1%  

PBS as solvent 

Casein blocking buffer 

Casein                                          1% 

PBS as solvent 

Bovine serum albumin (BSA) blocking buffer 

Bovine serum albumin              5% 

TBS as solvent  
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2.2. Laboratory mice 

2.2.1. Description of mice 

All conducted animal experiments were approved by State Office for Nature, Environment and Consumer 

Protection (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, LANUV), approval ID: 

81-02.04.2018.A354. Experiments were conducted according to article 8 of the German Animal Welfare Act 

(“Tierschutzgesetz”) and ARRIVE guidelines for the use of experimental animals (168). 

In this study a transgenic mouse line with endothelium-specific overexpression of human B2R was used (B2
tg) 

(Figure 4). The generation of this mouse line is fully described in the PhD thesis of Dr. rer. nat. Vu Thao-Vi Dao 

(Dao, 2011) and was designed in cooperation with Oliver Lieven and Ulrich Rüther (Institute for Animal 

Developmental and Molecular Biology, Heinrich-Heine-University). The deoxyribonucleic acid (DNA) construct 

that was inserted in this line consists of human B2R cDNA (1.3 Kb), murine Tie-2 promoter (2.1 Kb), and Tie-2 

enhancer which is a fragment of Tie-2 intron (10 Kb). Tie-2 promoter is important for endothelial-specific gene 

expression. The B2
tg mouse line was established and backcrossed with C57BL/6J more than 20 times. 

 

Figure 4: Schematic diagram describing transgenic mouse line with endothelium-specific overexpression of human B2R 

(B2
tg), where human B2R are introduced and expressed on endothelium together with murine B2R that are naturally 

expressed. B2R: bradykinin type-II receptors. 

Mice were housed and bred in the local animal facility (Zentrale Einrichtung für Tierforschung und 

wissenschaftliche Tierschutzaufgaben (ZETT), Universitätsklinikum Düsseldorf, Düsseldorf, Germany), where 

they were under veterinary control and were tested for any possible infections and other diseases at regular 

intervals. Mice were housed in groups (3-6 mice per cage) and kept in specific pathogen free environment with 

12-hour light/dark cycle. They had free access to food (10 mm, ssniff Spezialdiäten GmbH, Soest, Germany) and 

acidified water (pH=3), and bedding (straw) was changed 1-2x weekly. Room temperature and relative 

humidity were kept at 24-26 ◦C and 55±5% respectively. 

Mice of age 12-16 weeks and body weight 24-32 g were used in experiments. Male mice only were used unless 

mentioned that female mice were used for sake of study of sex-specific effects. In some experiments C57BL/6J 

mice were used which were purchased from Janvier Labs (Le Genest-Saint-Isle, France) and an adaptation 
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phase of at least 1 week was allowed for mice to acclimatize to the new environment before they were used in 

experiments.  

2.2.2. Organ harvesting 

Mice were euthanized by carbon dioxide inhalation using GasDocUnit® (Medres, Cologne, Germany) and fixed 

on a Styrofoam plate using needles. The fur was sanitized with 70% ethanol or isopropanol and the chest cavity 

was dissected to expose the internal organs. Lungs, oesophagus and inferior vena cava were removed, a 24 G 

butterfly needle was inserted into LV to perfuse organs with cooled Krebs-Hepes buffer to clear blood from 

circulation. The heart was dissected, and LV tissues were cut. The aorta was dissected and cleaned from 

surrounding fibrous tissues. Skeletal muscles (gastrocnemius muscle) were dissected from posterior side of 

legs. Dissected tissues were quickly washed in cold Krebs-Hepes buffer and flash frozen in liquid nitrogen. 

Tissues were stored in -80 ◦C until further analysis (real-time quantitative polymerase chain reaction or western 

blot). 

2.3. Genotyping  

2.3.1. DNA isolation and purification 

DNA was isolated from ear tissues that were punched out from ears of mice at 3 weeks of age, mice were 

identified according to the position and number of ear pierces. DNA was first extracted from tissues by 

incubation in 1.5 ml Eppendorf tubes (Eppendorf, Hamburg, Germany) with 750 µl lysis buffer and 17.5 µl 

proteinase K (Qiagen, Hilden, Germany) at 56 ˚C and 600 rpm overnight in Thermocycler (Eppendorf, Hamburg, 

Germany). 250 µl saturated sodium chloride solution was added and incubated at the same conditions for 5 

minutes. Samples were then centrifuged at 4 ˚C and 10,000 x g for 15 minutes and 700 µl of supernatants 

containing DNA were transferred into new 1.5 ml Eppendorf tubes. DNA was then purified by adding 500 µl 

precooled absolute ethanol, Eppendorf tubes were gently inverted up and down twice. Samples were stored at 

-20 ˚C for at least 30 minutes to allow precipitation of DNA, then centrifuged at 4 ˚C and 10,000 x g for at least 

30 minutes. Supernatants were discarded and pellets were washed with precooled 70% (v/v) ethanol and 

centrifuged again at 4 ˚C and 10,000 x g for 10 minutes. Supernatants were discarded and Eppendorf tubes 

were left to dry completely from ethanol for at least 2 hours. Pellets were then dissolved in 80 µl ultra-pure 

water and stored overnight at room temperature. Polymerase Chain Reaction (PCR) was done on the following 

day or samples were stored at 4 ˚C until analysis. The quantity and purity of DNA were checked using NanoDrop 

one Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, Meerbusch, Germany) using 1 µl of 

sample. Purity of DNA were accepted if the ratio of absorbance at 260 nm and 280 nm is around 1.8. 

2.3.2. Polymerase Chain Reaction  

Routine genotyping was done for every mouse to distinguish between transgenic mice (B2
tg) and negative 

littermates (B2
n) by using the PCR technique followed by separation of PCR products by agarose gel 

electrophoresis. For identification of B2
tg two primer pairs (P1+P2 and R+S) were used as shown in Table 2. 

Reaction mixture (25 µl) was prepared for each primer pair separately from Master Mix (Taq DNA-Polymerase 
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2x Master Mix, VWR, Darmstadt, Germany), Q-solution (Qiagen, Hilden, Germany), primers (Thermo Fisher 

Scientific, Meerbusch, Germany), ultra-pure water and DNA (200-400 ng). PCR was done on the prepared 

reaction mixtures using Mastercycler pro S vapo.protect (Eppendorf, Hamburg, Germany) according to a 

specified temperature and time profile as follows:  

Step 1: initial denaturation at 95 °C for 5 minutes 

Step 2: amplification (35X) 

Denaturation at 95 °C for 30 seconds 

Annealing at 60 °C for 30 seconds  

Elongation at 72 °C for 30 seconds  

Step 3: final extension at 72 °C for 5 minutes 

Step 4: stop at 4 °C  

The amplified DNA were then mixed with 6 µl loading buffer and separated on 2% agarose gel containing 0.004 

µL/ml GelRed Nucleic Acid Stain® (Biotium, Hayward, USA) at 90 volts for 45 minutes. 100 bp DNA ladder 

(Invitrogen, Karlsruhe, Germany) was used to identify the size of the detected bands. Finally, bands were 

displayed under ultraviolet (UV) light using UVP ChemStudio (Analytik Jena, Jena, Germany) and image 

acquisition was optimized using VisionWorks® Software. The PCR was designed to give two bands in B2
tg and no 

bands in B2
n. A sense primer binds to Tie-2 promoter and the antisense primer binds to coding sequence of 

human B2R giving a PCR product of size 497 bp which indicated the presence of Tie2 promoter and human B2R. 

Another sense primer binds to another region inside the coding sequence of human B2R and the antisense 

binds to non-coding sequence of human B2R giving a PCR product of size 855 bp. Since there are neither Tie-2 

promoter nor human B2R in B2
n, then no bands will be detected in B2

n (Figure 5). 
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Figure 5: Example of agarose gel visualized under ultraviolet (UV) light showing two bands at 497 bp (indicating the 

presence of Tie-2 promoter and human B2R) and 855 bp (indicating the presence of human B2R) in B2
tg. No bands were 

detected in B2
n. 100 bp DNA ladder is shown in the middle. 

Table 2: Primers and reaction mixture components used for genotyping of B2
tg mice. 

 

 

 

Primers 

Sense (P2): 5`-CCAAAGAGCCAGTCGAAGTT-3` Inside coding sequence (CDS) of 

human B2R 

Antisense (P1): 5`-AACAAGAGCGAGTGGACCAT-3` Inside Tie-2 promoter 

Sense (R): 5`-CAGCACAACCAGGACTAGCA-3` Inside CDS of human B2R 

Antisense (S): 5`-CACATCCCACTCTGAGTCCA-3` outside CDS of human B2R 

Reaction 

mixture for PCR 

Master Mix 12,5 µL  

Q-solution 6,3 µL 

Primer sense (50 µM) 0,1 µL 

Primer antisense (50 µM) 0,1 µL  

Ultrapure water 4 µl 

DNA (100-200 ng/µL) 2,0 µL  

 

2.4. Preparation and analysis of RNA 

2.4.1. RNA isolation and purification 

RNA was isolated from different tissues and organs using RNeasy Protect Mini Kit (Qiagen, Hilden, Germany). 

This kit is based on spin column technology and reagents optimized for RNA isolation via centrifugation. Briefly 

following the kit protocol, skeletal muscles (gastrocnemius muscle) and aortae were lysed in 700 µl and 300 µl 

RLT lysis buffer respectively where ß-mercaptoethanol (1:100) was added. Samples were homogenized by 

TissueRuptor II (Qiagen, Hilden, Germany) which was washed by 0.1% NaOH followed by nuclease-free water 

between samples. 590 µl RNase free water and 10 µl Proteinase K (Qiagen, Hilden, Germany) were then added 

and incubated at 55°C for 10 minutes.  After centrifugation at 10000 x g for 3 minutes, the supernatant was 

added to 0.5 volume of absolute ethanol and then transferred to mini spin column and centrifuged at 10000 x g 

for 30 seconds. The spin columns were then washed with 350 µl RW buffer and centrifuged at 10000 x g for 30 

seconds. A mixture of 10 µl DNase I stock solution and 70 µl buffer RDD (RNase-free DNase set, Qiagen, Hilden, 

Germany) was added directly on spin column membrane and incubated at room temperature for 15 minutes 

and then washed again with 350 µl RW buffer and centrifuged at 10000 x g for 30 seconds. Afterwards the spin 

columns were washed twice with 500 µl RPE buffer and centrifuged at 10000 x g for 30 seconds and 2 minutes 

and then the spin columns were placed in to new 2 ml Eppendorf tubes and centrifuged at full speed to 
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eliminate any buffer residuals. Finally, RNA was eluted by adding 50 µl RNase-free water over the spin column 

in 1.5 ml Eppendorf tubes and centrifuged at 10000 x g for 1 minute. 

2.4.2. RNA Quantification 

The quantity and purity of RNA samples were checked using NanoDrop one Microvolume UV-Vis 

Spectrophotometer (Thermo Fisher Scientific, Meerbusch, Germany) using 1 µl of sample. Purity of RNA 

samples are accepted if the ratio of absorbance at 260 nm and 280 nm is between 1.8-2. 

2.4.3. Complementary DNA (cDNA) synthesis  

cDNA was reversely transcribed from RNA by using QuantiTect® Reverse Transcription kit (Qiagen, Hilden, 

Germany) following the kit protocol as follows: 2 µl genomic DNA (gDNA) wipeout buffer was added to 500-

1000 ng template RNA and incubated at 42°C for 2 minutes to remove gDNA. Afterwards samples were put 

immediately on ice and 6 µl Master Mix (composed of 1 µl Quantiscript reverse transcriptase, 4 µl Quantiscript 

reverse transcriptase buffer and 1 µl reverse transcriptase primer mix) was added and incubated for 30 

minutes at 42 °C. To inactivate the reverse transcriptase, samples are then incubated for 3 minutes at 95 °C. 

cDNA samples are then stored in -20°C until Real-time quantitative polymerase chain reaction measurements. 

2.4.4. Real-time quantitative polymerase chain reaction 

Theory Real-time quantitative polymerase chain reaction (RT-qPCR) is a sensitive method for gene expression 

quantification through which increase or decrease in particular gene expression could be investigated. 

Quantification was done by measuring intensity of fluorescence emitted from fluorescent reporter molecule. 

RT-qPCR based on TaqMan™ chemistry was used in this work. TaqMan probes contain reporter dye (such as 

FAM™, VIC®) that is linked to the 5′ end of the probe, nonfluorescent quencher (NFQ) at the 3′ end and minor 

groove binder (MGB) moiety attached to the NFQ. MGBs increase the melting temperature without need for 

increasing probe length, thus allows the design of shorter probes. The idea beyond TaqMan chemistry, as 

shown in Figure 6, is that the oligonucleotide probe remains intact due to the proximity of the quencher which 

reduces the fluorescence emitted by the reporter dye by fluorescence resonance energy transfer through 

space. If the target sequence is present, the probe anneals between primer sites and is cleaved by the 5′ 

nuclease activity of the taq DNA polymerase during extension. As a result of separation of the reporter dye 

from the quencher, the reporter dye fluorescence signal increases. With each cycle, additional reporter dye 

molecules are cleaved from their respective probes, hence, increasing fluorescence intensity that is 

proportional to the amount of produced amplicon. The higher the starting copy number of the nucleic acid 

target, the sooner a significant increase in fluorescence is observed. 
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Figure 6: Diagram explaining the concept of TaqMan chemistry. 1. Polymerization: A fluorescent reporter dye (R) and a 

quencher (Q) are attached to the TaqMan probe at 5’ and 3’ respectively. 2. Strand displacement: when the probe is intact, 

the reporter dye emission is intact because of the proximity to quencher and the action of Fluorescence Resonance Energy 

Transfer. 3. Cleavage: During each extension cycle, the DNA polymerase cleaves the reporter dye from the probe, as the 

proximity between the reporter dye and the quencher is not found, the dye starts to emit its fluorescence. 4. 

Polymerization completed: once separated from the  quencher, the reporter dye emits its characteristic fluorescence which 

is directly proportional to the amount of DNA (169).  

RT-qPCR experiments Reaction mixtures of 20x TaqMan gene expression assay (applied biosystems/life 

technologies, Weiterstadt, Germany) and 2x TaqMan Fast Advanced Master Mix (applied biosystems/life 

technologies, Weiterstadt, Germany) were prepared for the specified gene of interest (Table 3). Murine 

Hypoxanthine Guanine Phosphoribosyltransferase (Hprt1) was used as housekeeping gene (endogenous 

control) to compensate for pipetting errors and any occasional differences of introduced cDNA. In 96-well PCR 

plate (applied biosystems/life technologies, Weiterstadt, Germany), 10 ng cDNA template was pipetted 

followed by addition of prepared reaction mixtures. Samples were pipetted in duplicates and nuclease-free 

water was used as non-template (negative) control. The plate was then introduced to StepOnePlus™ Real-Time 

PCR System (applied biosystems, Weiterstadt, Germany) with the following run: 

stage 1: 95°C 20 seconds 

stage 2 (40 cycles): Denature at 95°C 1 second  

                                   Anneal/extend at 60°C 20 seconds 
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Table 3: TaqMan gene expression assays and reaction mixtures components for genes measured by RT-qPCR. 

Assay ID Gene Reference 

sequence  

Assay design  Amplicon 

length  

Hs00176121 

 

Human bradykinin type-II receptor 

(BDKRB2) 

NM_000623.3 Probe spans exons 2-3 99 

Mm01339907 

 

Murine bradykinin type-II receptor 

(Bdkrb2) 

NM_009747.2 Probe spans exons 1-2 72 

Mm00435217 Murine endothelial nitric oxide 

synthase (eNos) 

NM_008713.4 Probe spans exons 22-

23 

71 

Mm01957722 Murine angiotensin II receptor, type 

1a (Agtr1a) 

NM_177322.3 Probe spans exon 3 138 

Mm03024075 Murine Hypoxanthine 

Phosphoribosyltransferase 1 (Hprt1) 

NM_013556.2 Probe spans exons 2-3 131 

Reaction mixture (10 µl) 

20x TaqMan gene expression assay 0.5 µl 

2x TaqMan Fast Advanced Master Mix 5 µl 

10 ng cDNA template 4.5 µl 

cDNA: complementary DNA 

Relative gene expression analysis Cycle threshold (Ct) values, defined as the number of cycles required for the 

fluorescent signal to exceed background level, were calculated for both the gene of interest and housekeeping 

genes using StepOne v2.3 analysis software. Samples were measured in duplicates and then average values 

were calculated. Comparative Δ∆Ct method was used to calculate relative gene expression according to the 

following equations (170): 

1. Ct gene of interest - Ct internal control = ΔCt  

2. ΔCt transgenic mice - ΔCt wild-type mice = ΔΔCt  

Since DNA concentration doubles with each cycle, the relative gene expression was calculated as follows: 

3. Relative gene expression = 2–ΔΔCt 

As human B2R were found only in B2
tg mice and not in wild-type, relative gene expression could not be 

calculated, and expression was calculated by: 2-ΔCt  
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2.5. Preparation and analysis of proteins 

2.5.1. Protein isolation  

Proteins were prepared from flash frozen tissues or organs (aorta, LV, skeletal muscles (gastrocnemius muscle) 

by pulverization in a precooled metal mortar that was thoroughly washed and dried between samples. The 

powder was added to cold RIPA buffer (150-1000 µl) supplemented by Protease Inhibitor Cocktail Set III 

(Merck, Darmstadt, Germany) and Phosphatase Inhibitor Cocktail Set V, 50x (Merck, Darmstadt, Germany). 

Samples was immediately homogenized by Ultra-Turrax® T8 (IKA Labortechnik, Staufen, Germany) for 30-45 

seconds on ice. Samples were added in ultrasound bath for 10 minutes at 4 °C followed by centrifugation for 15 

min at 4 °C, 10,000 x g or 1500 x g when cytoplasmic or membrane bound proteins were needed to be detected 

respectively. Supernatants were collected and proteins were further quantified. 

2.5.2. Protein quantification 

Protein concentrations were determined by Bradford Protein Assay Kit (Thermo Fisher Scientific, Meerbusch, 

Germany). This is a colorimetric assay based on binding coomassie Brilliant Blue G-250 dye with proteins that 

leads to shift in maximum absorption from 465 nm to 595 nm. A colour change from brown to blue occurs 

(171). Samples of unknown concentrations were diluted (1:5/1:10/1:20) and serial dilutions of standards of 

bovine serum albumin (125-2000 µg/ml) were prepared freshly for each set of measurements.  5 µL of each 

standard or unknown sample or blank was pipetted in duplicates into 96-Well microplate with flat bottom 

(Thermo Scientific™ Pierce™, Thermo Fisher Scientific, Meerbusch, Germany). 250 µL of the Reagent was added 

to each well and the plate was wrapped in aluminium foil and incubated for 10 minutes at room temperature. 

The absorbance was measured at 595 nm with Synergy Mx microplate reader (Biotek, Vermont, USA). The 

average measurement for two Blank replicates was subtracted from the average measurements of standards or 

unknown sample replicates. A standard curve was obtained by plotting the known concentrations of prepared 

standards versus the corresponding absorbance and equation is generated by linear regression fit to calculate 

the unknown samples’ protein concentrations (Figure 7).  
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Figure 7: Example of standard curve obtained by Bradford method. Known concentrations of serial dilution of standards are 

plotted on x-axis versus the obtained absorbance measured at wavelength=595 nm on y-axis. An equation was generated 

by linear regression fit, from which unknown concentrations of samples were calculated by substitution of obtained 

absorbance. Y-axis: absorbance, X-axis: concentration, R2 is the regression coefficient, OD: optical density. 

2.5.3. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

After protein concentration determination, lammeli buffer and 2-mercaptoethanol (reducing agent) were 

added to samples and heated at 95 °C for 5 minutes, so that the proteins would be in reduced and denaturated 

form. Then the proteins were separated based on their molecular weight with gel electrophoresis (172). For 

that, polyacrylamide gels were hand casted using acrylamide/bisacrylamide (37.5:1), 10 µg/ml ammonium 

persulfate (APS) and 1 µl/ml tetramethylethylenediamine (TEMED). 10% acrylamide/bisacrylamide separating 

gel solution was poured in Mini-PROTEAN Tetra Cell Casting Stand & Clamps (Bio-Rad, Feldkirchen, Germany) 

followed by 1 ml isopropanol. After 30 minutes, isopropanol was discarded and 4% acrylamide/bisacrylamide 

stacking gel solution was poured over it. Gels were stored at 4 °C until use. Electrophoresis gel chambers were 

filled with SDS-PAGE running buffer and gels were inserted, equal amounts of proteins (20-60 µg) were loaded 

into the wells. Pre-stained protein marker (PageRuler/PageRuler Plus Prestained Protein Ladder; Thermo Fisher 

Scientific, Meerbusch, Germany) was loaded in a separate pocket, to identify the expected molecular weight of 

the proteins of interest. The chamber was closed and connected, first the voltage was adjusted at 100 volts for 

20 minutes until all proteins were stacked at one line and then at 150 volts for 60 minutes until the blue line 

reached the end of the gel. Mini-PROTEAN Tetra Cell and PowerPac HC Power Supply (Bio-Rad, Feldkirchen, 

Germany) were used for gel electrophoresis. 
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2.5.4. Western Blot 

Theory the development of western blot started in end of 1970s and beginning of 1980s (173-175). Among 

decades western blot became a popular technique for protein identification and quantification. This technique 

depends on transfer of proteins that first separated on SDS-PAGE to a membrane on which highly specific 

antibodies are applied to bind to specific proteins. Finally, substrate conjugated, or IR dye bound secondary 

antibodies are applied for visualization of target proteins bound by primary antibodies. 

Wet/tank transfer after protein separation by SDS-PAGE, a transfer-sandwich was prepared. Nitrocellulose 

membrane (pore size 0.45 µm Millipore, Schwalbach, Germany), sponges and filter papers were soaked in cold 

transfer buffer. In a cassette, the transfer-sandwich was arranged from downward (anode) to upward 

(cathode) in the following direction: sponge, 2 filter papers, gel, membrane, 2 filter papers and sponge. The 

cassette was inserted to into transfer-apparatus filled with cold transfer buffer and ice pack. 90 volts was 

applied for 90 minutes at 4 ◦C under slow stirring. Proteins attained negative charges from SDS should move to 

positively charged membrane by applying electric current. Mini Trans-Blot Electrophoretic Transfer Cell (Bio-

Rad Laboratories, Feldkirchen, Germany) including all instruments needed for transfer-sandwich assembly and 

protein transfer from gel to membrane was used. PowerPac HC Power Supply (Bio-Rad, Feldkirchen, Germany) 

were used for power supply. 

Immunodetection after successful transfer, membranes were briefly rinsed in distilled water to remove any 

remaining buffer and then incubated in blocking buffer (1% casein or 5% BSA) at room temperature for 1 hour 

on shaker (12 rpm). Membranes were then incubated with prespecified primary antibodies (Table 4) at 4 ◦C 

overnight on shaker (12 rpm), blocking buffer was used as diluent and 0.1% tween was added. ß-ACTIN or 

GAPDH were used as endogenous controls, so membranes were co-incubated with primary antibodies against 

ß-ACTIN or GAPDH. On the following day, membranes were washed by PBST or TBST for 5 minutes on shaker 

(12 rpm) 4 times. Membranes were then incubated with appropriate secondary antibodies (Table 4) at room 

temperature on shaker (12 rpm) for 1 hour, boxes were wrapped with aluminium foil since fluorescent 

antibodies were used.  Membranes were then washed by PBST or TBST for 5 minutes on shaker (12 rpm) 2 

times followed by washing with PBS or TBS for 5 minutes on shaker (12 rpm) 2 times. Membranes were 

scanned with Odyssey® Infrared Imager (LI-COR Biosciences, Nebraska, USA) and captured images were 

quantified by Image Studio™ Lite software Ver 5.2 (LI-COR Biosciences, Nebraska, USA). 
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Table 4: List of primary and secondary antibodies with species, clones, catalogue no, dilutions and companies. 

                                                                        Primary antibodies 

Name  Species, clone Catalogue no Dilution  Company  

Anti-BDKRB2 Mouse, monoclonal MAB9434 1:500 R&D, Minneapolis, 

USA 

Anti-BDKRB2 Rabbit, monoclonal MA5-34627 1:1000 Invitrogen, Rockford, 

USA 

Anti-eNOS Mouse, monoclonal  610297 1:1000 BD  Transduction 

Laboratories 

Anti-ERK1/2 Rat, monoclonal 686902 1:1000 Biolegend,  San 

Diego, California, 

USA 

Phospho-p44/42 MAPK  (ERK1/2) 

(Thr202/Tyr204) antibody  

Rabbit, monoclonal 4370 1:2000 Cell Signaling  

Technology, 

Danvers, 

Massachusetts, USA 

Anti-GAPDH Rabbit, monoclonal  2118 1:10000 Cell Signaling  

Technology, 

Danvers,  

Massachusetts, USA 

Anti-ß-ACTIN Rabbit, monoclonal A2066 1:20000 Sigma-Aldrich, 

Munich 

                                                                           Secondary antibodies 

IRDye 680LT anti-Mouse IgG   Goat, polyclonal 926-68020 1:20000 (LI-COR  Biosciences, 

Nebraska, USA) 

IRDye 800CW anti-Rabbit IgG Goat, polyclonal 926-32211 1:15000 (LI-COR Biosciences, 

Nebraska, USA) 

IRDye® 680RD anti-Rat IgG Goat, polyclonal 925-68076 1:15000 (LI-COR Biosciences, 

Nebraska, USA) 

Abberviations: BDKRB2: bradykinin type-II receptor, eNOS: endothelial nitric oxide synthase, ERK1/2: Extracellular signal-

regulated kinase 1/2, MAPK: Mitogen-Activated Protein Kinase, GAPDH: Glyceraldehyde 3-phosphate dehydrogenase. IR: 

infrared, IgG: immunoglobulin G. 

https://en.wikipedia.org/wiki/San_Diego,_California
https://en.wikipedia.org/wiki/San_Diego,_California
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2.6. Proteome analysis 

To explore new proteins that could be related to B2R signalling, proteomic analysis was done on aortic tissues 

from B2
tg and wild-type mice. Aortic tissues were chosen for the proteomic analysis to simplify interpretation 

because they don’t contain too many cell types like other tissues from heart or skeletal muscles. 

2.6.1. Background/theory proteome analysis is an advanced high throughput technique to assess the 

proteins’ fingerprint of cells/tissues/organs and hence can provide an insight about change of protein 

expression under specific conditions such as diseases (176). Workflow for proteomic analysis is summarized in 

Figure 8. Briefly, protein lysate is prepared from tissues or organs and then digested into peptides, these 

peptides are identified by liquid chromatography coupled with mass spectrometry (LC–MS). Generated data 

are inserted into specific software, where identification and quantification of proteins are obtained. 

Comparison of protein abundance can reflect differential increase or decrease in protein expression (177). 

Several databases can show relevant pathways for measured proteins and perform protein enrichment 

analysis.  

 

 

Figure 8: Simplified workflow of proteomic analysis. 

2.6.2. Tissue harvesting and lysis 

Aortae were harvested as previously described in section 2.2.2. and flash frozen in liquid nitrogen, transferred 

to local facility in Heinrich-Heine-University (Biologisch-Medizinisches Forschungszentrum, BMFZ) where 
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sample preparation and analysis was carried out. Frozen aortae were firstly weighed, then urea buffer (1M Tris 

Base, Urea 7 M, Thiourea 2M, 3-[(3-Cholamidopropyl)dimethylammonio]- 1-propanesulfonate (CHAPS) 4% 

(w/v), pH 8.5) was added (3 times the weight (mg) in µl). Tissues were homogenized by Tissue Lyser and 

samples were then sonicated in ice cold ultrasonic bath 6 times for 10 seconds followed by centrifugation for 

15 min at 4°C at 16,000g, supernatants were transferred to new Eppendorf tubes. Protein concentration was 

determined by Pierce Bicinchoninic acid (BCA) Protein Assay (Thermo Fisher Scientific, Meerbusch, Germany) 

2.6.3.Mass spectrometry sample preparation 

1) 20 µg protein lysate were diluted to 40 µL with sample buffer (7.5% glycerol, 3% SDS, 37.5 mM Tris-Hcl pH 

7.0) to a final concentration of 0.5µg/µl. 

2) Reduction/Alkylation: 10 μl 100 mM Dithiothreitol (DTT) (final 20 mM DTT) was added and incubated for 20 

min, 56 ◦C, 1000 rpm with aluminum foil on top of the Eppendorf tubes to avoid condensation in the lids, 

followed by addition of 13,34 μl 300 mM IAA and incubation for 15 min at room temperature, in the dark. 

Finally,10 μl 100 mM DTT was added and incubated for 15 min at room temperature.  

3) Protein precipitation: 10 μl 20 mg/ml single-pot solid-phase enhanced sample preparation (SP3) bead mix 

was added and homogenized. An equal volume of absolute ethanol was added to achieve 50% ethanol 

concentration and incubated for 15 minutes at 24 ◦C and 1000 rpm. Beads were collected with the caproMag (a 

device for handling magnetic beads) and washed three times with 200 μl 80% ethanol and once with 200 μl 

acetonitrile HPLC grade. 

4) On-bead digestion: beads were resuspended in 20 μl 50 mM Triethylammonium bicarbonate (TEAB) in HPLC 

grade H2O with final 0.4 μg trypsin/LysC (1:50 μg Trypsin/LysC to μg protein) and incubated overnight at 37 ◦C 

and 1000 rpm with aluminium foil on top of the Eppendorf tubes to prevent condensation in the lids. Then 

samples were shortly centrifugated and 2 μl 50mM TEAB in HPLC grade H2O with final 0.4 μg Trypsin/LysC was 

added and incubated for 3 hours at 37 ◦C and 1000 rpm with aluminium foil on top of the Eppendorf tubes. 

Afterwards, samples were shortly centrifugated and beads were collected with the caproMag, supernatants 

were transferred into new PCR tubes, and beads were discarded. Samples were dried in SpeedVac vacuum 

concentrators and peptides were collected in 0.1% Trifluoroacetic acid (TFA). 1µg peptides solubilized in 15 µL 

was used for LC-MS analysis. 

2.6.4. Liquid chromatography-mass spectrometry analysis  

For the LC-MS acquisition an Orbitrap Fusion Lumos Tribrid Mass Spectrometer coupled to an Ultimate 3000 

Rapid Separation liquid chromatography system equipped with an Acclaim PepMap 100 C18 column (75 µm 

inner diameter, 25 cm length, 2 mm particle size) as separation column and an Acclaim PepMap 100 C18 

column (75 µm inner diameter, 2 cm length, 2 mm particle size) as trap column were used. A LC-gradient of 

180 min was applied and the mass spectrometer operated in positive mode with a scan range of 200 – 2000 

m/z at a resolution of 120,000. The capillary temperature was set to 275 °C, the source voltage to 1.5 kV, the 

normalized AGC target was set to 62.5% and the maximum injection time was 60 ms. HCD fragmentations were 

carried out within a cycle time of 2 seconds. 
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2.6.5. Data analysis  

Proteome Discoverer (version 2.4.1.15, Thermo Fisher Scientific) was used for data analysis. All RAW files were 

searched against the mouse Swissprot database (UP000000589, 55341 entries, 18.01.2022) and the Maxquant 

Contaminant database, using SequestHT integrated in the Label-free quantification (LFQ) Tribrid processing 

workflow from Thermo Fisher Scientific. The digestion enzyme was trypsin, the maximum number of missed 

cleavages was set to two and the peptide length was 6–144 amino acids. Precursor mass tolerance was set to 

10 parts per million (PPM) and the fragment mass tolerance was 0.6 daltons (Da). As dynamic modifications: 

methionine oxidation, N-terminal acetylation, N-terminal methionine loss and N-terminal methionine loss 

combined with acetylation were used in the workflow settings. Static modification was carbamido-methylation 

of cysteines. Analysis was performed by Dr. Anja Stefanski in BMFZ, Heinrich-Heine-University, Düsseldorf, 

Germany. 

2.7. Vascular reactivity studies  

2.7.1. Preparation of aorta 

Mice were euthanized by carbon dioxide inhalation using GasDocUnit® (Medres, Cologne, Germany). Mice 

were fixed on Styrofoam plate using needles. The fur was sanitized with 70% (v/v) ethanol or isopropanol and 

the chest cavity was dissected to expose the internal organs. Lungs, oesophagus, and inferior vena cava were 

removed. The surrounding area in chest cavity was frequently flushed with cold Krebs-Hepes buffer to rinse 

away the blood and make the aorta clearly visible. Using forceps to raise the heart, small and straight cuts were 

made to separate the aorta from the surrounding tissues till reaching the diaphragm. Special care was taken to 

avoid stretching aorta to keep the functionality of vessel. Heart with attached aorta were then placed in cold 

Krebs-Hepes buffer, heart was separated, and aorta was carefully cleaned from surrounding adipose and 

connective tissues. Thoracic aorta was cut into 3-4 mm rings and each ring was inserted between two metal 

triangles (Figure 9). 

 

Figure 9: Photos showing aortic rings preparation for vascular reactivity studies. 
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2.7.2. Organ bath experiments 

Wire mounted aortic rings (3-4 mm) were hanged over hooks in organ bath vessel filled with 10 ml Krebs-

Henseleit buffer (PH=7.4) supplied with 95% O2/5% CO2 and kept at 37 ˚C using water filled glass vessels         

(Figure 10). Tension was recorded during the whole experimental flow by force transducers which were 

connected to amplifiers. The recordings were measured on charts by pens connected to amplifiers. Each ring 

was subjected to an initial resting tension (1 g) followed by equilibration period of 60-90 minutes with washing 

interval every 20 minutes, all vascular rings were exposed to KCl 80 mM to check the vascular smooth muscle 

integrity and to use the value of maximum contraction to KCl for normalization to account for different ring 

lengths. Endothelium integrity was checked by calculating maximum relaxation to acetylcholine, rings with less 

than 80% relaxation to acetylcholine were excluded from analysis. After pre-constriction with phenylephrine 

(0.2 µM) and at the steady state of maximal contraction, cumulative concentration response curves were 

obtained for acetylcholine (1 nM – 100 µM) and bradykinin (1 nM – 10 µM). Concentration response curve of 

NO donor [Diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEA NONOate) 1 nM–10 µM] 

was obtained after pipetting increasing concentrations of phenylephrine and reaching maximum phenylephrine 

induced constriction. DEA NONOate is an exogenous NO donor with half-life of approximately 2 min (at 37 °C, 

pH 7.4) and can rapidly self-decompose when dissolved in aqueous solution releasing 2 molecules of NO (178). 

In some experiments different inhibitors were used as summarized in Table 5, rings were incubated with 

inhibitors for 20 minutes before pre-constriction with phenylephrine. All substances except DEA NONOate used 

were purchased from Sigma Aldrich (Munich, Germany). DEA NONOate was purchased from Enzo Life Sciences 

(Lörrach, Germany). 

Table 5: Inhibitors used in vascular reactivity studies. 

Substance  Function  Final concentration in 

organ bath 

Nω-Nitro-L-arginine methyl ester hydrochloride 

(L-NAME) (Sigma Aldrich, Munich, Germany) 

Nitric oxide synthase inhibitor 100 µM 

Diclofenac sodium  (Sigma Aldrich, Munich, 

Germany) 

Cyclooxygenase inhibitor 10 µM 
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Figure 10: A. Organ bath setup for vascular reactivity studies. B. Schematic diagram illustrating organ bath vessel where 

aortic ring is incubated inside Henseleit buffer with carbogen gas. Warm water supplied from water bath run inside double 

wall glass vessel to keep temperature at 37 ˚C. 

2.8. Aortic incubation experiments 

Aortae were isolated as described in section 2.7.1. and hanged in organ bath apparatus filled with 10 ml 

henseleit buffer (PH=7.4) supplied with 95% O2/5% CO2 and kept at 37 ˚C. Buffer was replaced with fresh one 

every 15 minutes for 1 hour. Aortae were then either stimulated with 10 µM bradykinin or PBS (vehicle) for 15 

minutes and then rings were quickly collected, and flash frozen in liquid nitrogen. Samples were stored in -80 ◦C 

until downstream analysis by western blot for p-ERK1/2 at Tyr204/187 and Thr202/185 and ERK1/2. 

2.9. Blood pressure and heart rate measurements 

2.9.1. Theoretical background of tail-cuff method 

Systolic blood pressure (sBP) and heart rate (HR) were measured in conscious mice using non-invasive tail-cuff 

method (179). This method measures sBP in tail of restrained conscious mice using transmission 

photoplethysmography. Mice were gently restrained in a tunnel which was fixed by a magnet to a plate and 

then the tail was inserted into a cuff and then lied into a V-groove between led light source and light sensor. 

Tails were taped to keep mice still during measurements. When measurements started, pulse should be first 

detected and then inflation of cuff started. Systolic blood pressure is calculated from the amount of light 

transmitted through the tail and analysed by software installed on laptop connected to the instrument. BP-

2000 series II Blood Pressure Analysis System™ (Visitech Systems, Apex, USA) was used, which enabled the 

measurement of six mice in parallel (Figure 11). The plate where the mice sit during the measurements was 

heated at 35-36 ˚C to enhance blood flow to the tail. 
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Figure 11: Photos of blood pressure machine. A. Mice are restrained on a warm sitting table that is connected to a machine 

for cuff inflation and a laptop for data acquisition. B. Tail-cuff and V-groove where mice tail lied inside. C. Position of the tail 

between led light and light sensor. D. Taping of tail is necessary to avoid movements. E. Led light cable is closed over mouse 

tail. 

2.9.2. Protocol of measurements  

Adaptation phase ranged from 7-10 days was done for all mice to get accustomed to the procedure and 

minimize stress during actual measurements. During this phase, mice were brought to a quiet measurement 

room at least 1 hour before measurements. They were placed on the heated plate 5 minutes before starting 

the measurements. Adaptation phase measurement sets were not used in baseline sBP calculation. Baseline 

values were a summary of measurements of several days to ensure reproducibility, minimize day to day 

variations and reflect actual blood pressure values. Measurements were done at the same time every day and 

for every mouse, a set of 10 consecutive measurements were done three times per day and average of these 

readings was calculated. To get baseline values, an average of 3-7 days of measurements was calculated for 
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every mouse. Depending on the objective of the experiment, different drugs were given to mice (Table 6). If 

the drug was given in drinking water, dose was calculated on average water intake (2 ml per day) and average 

mice weight (30 g). Drinking water was changed daily based on the duration of treatment. Mice underwent an 

adaptation phase to intraperitoneal (i.p.) injections with the vehicle in case the drug was given i.p. The percent 

change of sBP or HR after drug administration was calculated as follows: percent change (%) = [(sBP or HR after 

drug administration- sBP or HR at baseline)/ sBP or HR at baseline]*100. 

Table 6: Drugs used during blood pressure experiments. 

Drug  Dose Duration  

Diclofenac sodium  (Sigma Aldrich, Munich, Germany) 10 mg/kg, oral in drinking 

water. 

3 days 

Icatibant (Firazyr®, Shire Orphan Therapies GmbH, Berlin, 

Germany) 

1 mg/kg, i.p. 2 days 

Nω-Nitro-L-arginine methyl ester hydrochloride (L-NAME) (Sigma 

Aldrich, Munich, Germany) 

100 mg/kg, oral in 

drinking water. 

7 days 

 

2.10. Transthoracic echocardiography 

Echocardiography, a powerful tool for heart imaging in mice (180-182), was performed to assess LV function of 

B2
tg and B2

n mice. Transthoracic echocardiography was done under slight mask anaesthesia by an inhaled 

mixture of 1.5–2.0% isoflurane and 100% oxygen. Hair was gently removed from thorax by hair removal cream 

(Veet, Reckitt Benckiser Deutschland GmbH, Heidelberg, Germany). Aquasonic 100 gel (Parker Laboratories, 

Hellendoorn, The Netherlands) was applied to the thorax to optimize the visibility of the cardiac chambers. 

Electrocardiogram (ECG) was obtained via built-in ECG electrode contact pads. The body temperature was 

maintained at 36.5–37.5 °C by a heating pad and infrared lamp. Heart rate was kept in a range of 450-550 beats 

per minute (bpm) and respiration rate at 80-120 breaths per minute. 

Cardiac imaging was performed by using a high-resolution ultrasound transducer MX400 (20-46 MHz; Vevo 

3100, Visual Sonics Inc., Toronto, Canada), and the manufacturer's analysis software. Parasternal long- and 

short-axis views, a four-chamber view and an aortic view of ascending aorta were acquired. 

LV volume during systole (volume;s) and LV volume during diastole (volume;d), stroke volume (SV), cardiac 

output (CO), fractional shortening (FS) and ejection fraction (EF) were calculated from B-mode images by 

identification of maximal and minimal cross-sectional area. LV mass, LV posterior wall thickness in systole 

(LVPW;s) and LV posterior wall thickness in diastole (LVPW;d) were calculated from parasternal long axis view 

of the heart acquired in M-mode. LV mass, LVPW;s and LVPW;d were further normalized for body weight. 

Diastolic function was measured by analysing the characteristic flow profile of the mitral valve Doppler, which 

https://www.sciencedirect.com/topics/medicine-and-dentistry/cardiac-imaging
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/heart-ejection-fraction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/heart-left-ventricle-mass
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/body-weight
https://www.sciencedirect.com/topics/medicine-and-dentistry/diastolic-function
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was visualized in apical four-chamber view. Myocardial performance index (MPI) was calculated as follows: 

[(isovolumetric contraction time +isovolumetric relaxation time)/aortic ejection time]. A Pulsed Wave Doppler 

spectrum in the ascending aorta was used to measure the velocity and gradient of aortic flow. Analysis of 

images was done using Vevo Lab software version 5.7.1 (Visual Sonics, Toronto, Canada). Cardiac Imaging was 

performed by PD Dr. Tatsiana Suvorava.  

2.11. Flow-mediated dilation 

Flow-mediated dilation (FMD) is a commonly used research tool for non-invasive assessment of endothelial 

function of conduit vessels (e.g brachial artery) in humans since it was established in 1992 (183). FMD is the 

dilation of blood vessel (i.e increase in diameter) that resulted from wall shear stress after ischemia (184). 

Diameter normally increases in non-diseased blood vessels due to increase of NO production from endothelium 

(185).  

Mice underwent the same procedures as described in section 2.10. Imaging of the external iliac artery was 

performed using Vevo 3100 with a 29-71 MHz transducer MX700 (VisualSonics Inc, Toronto, Ontario, Canada). 

The artery was identified by its characteristic blood flow pattern using colour and pulsed wave doppler. A 

vascular occluder (8 mm diameter, Holly Specialty Product, California, USA) was placed around the lower limb. 

For measurements of FMD, first baseline B-mode images and pulse wave Doppler signal of the external iliac 

artery were recorded, afterwards the cuff was inflated to 200 mmHg, and pressure was kept constant for 5 min 

to occlude the artery. Then, the occluder was deflated to induce an increased blood flow and FMD. The images 

were captured every 30 seconds during artery occlusion. After cuff deflation, images were captured every 20 

seconds for 2 minutes and every 30 seconds for another 3 minutes during FMD. Vessel diameter was measured 

for every time point using Brachial Analyzer software version 6 (Medical Imaging Applications LLC, Coralville, 

USA). Changes in vessel diameter were calculated as percent ratio (%) = [(diameter at each time point - 

diameter baseline) / diameter baseline] x 100. Mean flow velocity in the artery was calculated from average of 

three values at each time point using Vevo Lab software version 5.7.1 (Visual Sonics, Toronto, Canada). 

Acquiring of vascular images was performed by PD Dr. Tatsiana Suvorava. 

2.12. Statistical analysis  

Data analysis was done by GraphPad Prism software version 8.0.2 (San Diego, USA). Data were summarized as 

mean ± standard error of mean (SEM), and number of biological replicates (n) that represents number of 

different mice. Comparison between two groups was done by unpaired t-test. D'Agostino & Pearson test, 

Shapiro-Wilk test or Kolmogorov-Smirnov test were used to test the normal distribution of data. Rout test was 

used to identify outliers. Comparison within one group after intervention or among time, was done by paired t-

test. Comparison between more than two groups was done by one-way ANOVA followed by post-hoc Sidak’s 

multiple comparisons test if P-value was significant. Two-way repeated measures ANOVA was used for 

comparisons between groups across different drug concentrations or time followed by post-hoc Tukey’s or 

Dunnett’s multiple comparisons test if P-value was significant. For correlation between two parameters, 
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Pearson correlation was used. Adjusted p-value in proteomic analysis was calculated using the Benjamini-

Hochberg method. P-value < 0.05 was considered statistically significant. 
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3. Results 

3.1. Gene expression levels 

3.1.1. Gene expression levels of human and murine bradykinin type-II receptors in B2
tg 

mice 

Since human BDKRB2 gene was introduced in the B2
tg model, RT-qPCR was done to both confirm the expression 

of the inserted human gene and to evaluate whether the insertion of the human gene affect the expression of 

the murine Bdkrb2 in B2
tg mice. Aortic tissues were used as a representation of conductive blood vessels. As 

expected, mRNA of human BDKRB2 were exclusively found in B2
tg mice (0.53±0.11, n=6 per group, P<0.0001) 

and were not detected in WT mice (Figure 12). In addition, the insertion of the human BDKRB2 gene did not 

affect the mRNA expression of the constitutive murine Bdkrb2 (WT: 0.03±0.005 B2
tg: 0.05±0.01, n=6 per group, 

P=ns; Figure 12). Of note, human BDKRB2 (0.53±0.11) mRNA expression was significantly higher than the 

murine Bdkrb2 (0.05±0.01) mRNA expression in B2
tg mice (n=6 per group, P<0.0001; Figure 12). Collectively, 

these data provide evidence for both the B2R overexpression in B2
tg mice only and the specificity of primers for 

human. 

 

Figure 12: RT-qPCR data showing human BDKRB2 and murine Bdkrb2 mRNA expression in aorta of B2
tg and wild-type (WT) 

mice. Human BDKRB2 mRNA were found only in B2
tg mice (0.53±0.11) and were not detectable in WT mice (n= 6 per group, 

****P<0.0001). There was no significant difference in constitutive murine Bdkrb2 mRNA expression between B2
tg and WT 

mice (WT: 0.03±0.005 B2
tg: 0.05±0.01, n= 6 per group, P=ns). In B2

tg mice, human BDKRB2 mRNA (0.53±0.11) expression was 

significantly higher than the murine Bdkrb2 mRNA (0.05±0.01) expression (n=6 per group, ****P<0.0001). Statistical 

analysis was done by Sidak’s multiple comparisons test following one-way ANOVA. ND: not detected. 
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Skeletal muscle tissues were also analysed as a representation of resistance vessels. Similar results were 

shown, where human BDKRB2 were exclusively found in B2
tg mice (0.02±0.002, n=6 per group, P<0.0001) and 

the mRNA expression of the constitutive murine Bdkrb2 was not changed in B2
tg mice (WT: 0.007±0.002, B2

tg: 

0.007±0.001, n=6-7 per group, P=ns; Figure 13). Human BDKRB2 mRNA expression (0.02±0.002) was 

significantly higher than the murine Bdkrb2 mRNA expression (0.007±0.001) in B2
tg mice (n=6-7 per group, 

P<0.0001; Figure 13). 

 

Figure 13: RT-qPCR data showing human BDKRB2 and murine Bdkrb2 mRNA expression in skeletal muscle tissues of B2
tg and 

wild-type (WT) mice. Human BDKRB2 mRNA were found only in B2
tg mice (0.02±0.002) and were not detectable in WT ones 

(n=6 per group, ****P<0.0001). There was no significant difference in the constitutive murine Bdkrb2 mRNA expression 

between B2
tg and WT mice (WT: 0.007±0.002, B2

tg: 0.007±0.001, n=6-7 per group, P=ns). In B2
tg mice, human BDKRB2 mRNA 

expression (0.02±0.002) was significantly higher than the murine Bdkrb2 mRNA expression (0.007±0.001), n=6-7 per group, 

****P<0.0001. Statistical analysis was done by Sidak’s multiple comparisons test following one-way ANOVA. ND: not 

detected. 

3.1.2. Gene expression levels of angiotensin II type-1 receptors in B2
tg mice 

AT1R (Agtr1 gene) form heterodimers with B2R (130, 186), thus investigating Agtr1 mRNA expression was 

necessary. Agtr1 plays crucial roles in blood pressure regulation as well as heart functions. There are two 

subtypes of Agtr1 (Agtr1a and Agtr1b), from which Agtr1a is the most important (187). Measuring the protein 

levels of AGTR1a is challenging due to the lack of specificity of commercially available antibodies (188), 

therefore, the gene expression levels were measured. There was no significant change in Agtr1a mRNA 

expression neither in skeletal muscles (0.93±0.06, n=6-7 per group, P=ns) nor in aorta (0.78±0.14, n=6 per 

group, P=ns) in B2
tg mice (Figure 14). These data indicate that the insertion of human BDKRB2 gene did not 

influence the constitutive gene expression levels of Agtr1a. 
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Figure 14: RT-qPCR data showing Agtr1a mRNA expression in skeletal muscle and aortic tissues of B2
tg and wild-type (WT) 

mice. The Agtr1a mRNA expression was not changed in B2
tg mice neither in (A) skeletal muscles (0.93±0.06, n=6-7 per 

group, P=ns) nor (B) in aorta (0.78±0.14, n=6 per group, P=ns). Statistical analysis was done by unpaired t-test. 

3.2. Bradykinin type-II receptors protein expression  

3.2.1. Mouse monoclonal anti-bradykinin type-II receptors antibody 

BDKRB2 protein expression can be detected by western blot either in glycosylated form where the band 

appears around 70 kDa or in the non-glycosylated form where the band appears around 43 kDa (189). Mouse 

monoclonal BDKRB2 antibody showed multiple bands between 55 and 70 kDa in murine tissues from kidney, 

lung, and aorta (Figure 15). However, these bands were not representative of BDKRB2, as the incubation of the 

membranes with the secondary anti-mouse antibody alone (i.e without prior incubation with the primary 

antibody) showed multiple bands in the same molecular weight levels as well (Figure 15). From these findings, 

it was concluded that using mouse primary antibodies is not a good choice when the molecular weight of 

protein of interest lies between 50 and 70 kDa. Because this demands the use of anti-mouse secondary 

antibody which binds non-specifically to immunoglobulins in the murine tissues. Rabbit or rat primary 

antibodies would be rather recommended.  
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Figure 15: Images of membranes from western blot in different tissues (aorta, lung, and kidney) after incubation with goat 

anti-mouse secondary antibody with or without previous incubation of mouse monoclonal anti-BDKRB2 primary antibody. 

(A) Signals obtained with mouse monoclonal anti-BDKRB2 primary antibody and goat anti-mouse secondary antibody in 

kidney, lung (upper panel) and aortic tissues (lower panel). (B) Signals obtained with goat anti-mouse secondary antibody 

without incubation with primary antibody in kidney, lung (upper panel) and aortic tissues (lower panel). None of the signals 

appeared to be specific, visualized in red colour at 700 nm channel and depicted in black and white. 

3.2.2. Bradykinin type-II receptors protein expression using rabbit monoclonal antibody 

To avoid the nonspecific binding of the secondary anti-mouse antibody, rabbit monoclonal primary antibody 

was used to detect the BDKRB2 protein expression. The antibody was first tested in human and murine 

endothelial cells.  

One band around 70 kDa was detected in the human dermal microvascular endothelial cells, while two bands 

was detected in the brain murine endothelial cells. Similarly, two bands were detected in aortic tissues from 

mice (Figure 16). The presence of two isoforms of murine B2R which consists of 392 amino acids and 366 amino 

acids could explain the presence of two bands in the murine samples (190). It has been shown that 

alternatively spliced mRNAs of B2R exist, and they may be responsible for the presence of these isoforms (191). 

Alternative splicing is a process in which various mRNA are produced from a single gene generating isoforms of 

proteins (192). 

The detected bands lied between 70 and 100 kDa which suggest that this antibody detected the glycosylated 

BDKRB2. This antibody showed different signals between human and murine cells which might indicate the 

antibody’s ability to differentiate between species. Nevertheless, this was not helpful in the B2
tg mice model as 

the antibody detected both human and murine B2R in the tissues from B2
tg mice (Figure 17). As it was not 

possible to quantify the human BDKRB2 protein expression separately from the murine BDKRB2, the 

quantification of the two bands was done to assess the total BDKRB2 protein expression. A significant increase 

in BDKRB2 protein expression in myocardial tissues of left ventricle (1.36±0.08, n=6 per group, P=0.01; Figure 

18A) and in aortic tissues (1.59±0.20, n=6 per group, P=0.03; Figure 18B) of B2
tg mice was observed. No change 

was observed in skeletal muscle tissues of B2
tg mice (P=ns; Figure 18C). 
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Figure 16: Western blot membranes showing BDKRB2 in murine brain endothelial cells and human dermal microvascular 

endothelial cells versus aortic tissues from mice using rabbit monoclonal anti-BDKRB2 antibody (invitrogen®). Red arrows 

refer to the two bands of the murine BDKRB2 detected between 70 and 100 kDa. Blue arrow refers to one band of human 

BDKRB2 detected around 70 kDa. Goat anti-rabbit was used as secondary antibody and GAPDH was used as endogenous 

control and detected at 38 kDa. Bands’ signals were visualized in green colour at 800 nm channel and depicted in black and 

white.  

 

Figure 17: Images of membranes from western blot of BDKRB2 in B2
tg and wild-type (WT) mice. (A) Myocardial tissues from 

left ventricle, (B) aortic tissues, and (C) skeletal muscle tissues. Two bands of the B2R detected between 70 and 100 kDa, 

GAPDH was used as endogenous control and detected at 38 kDa in aortic and myocardial tissues. ß-ACTIN was used as 

endogenous control and detected at 42 kDa. Bands were visualized in green colour in 800 nm channel using goat anti-rabbit 

secondary antibody and depicted in black and white. 
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Figure 18: Quantification of immunodetection signals of BDKRB2 protein expression in different tissues of B2
tg and wild-type 

(WT) mice. BDKRB2 protein expression was significantly increased in (A) left ventricle (1.36±0.08, n=6 per group, *P=0.01) 

and in (B) aorta (1.59±0.20, n=6 per group, *P=0.03) of B2
tg mice. No change in BDKRB2 protein expression was detected in 

(C) skeletal muscles (0.63±0.09, n=10 per group, P=ns). Statistical significance was checked by unpaired t-test. 
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3.3. Effect of endothelium-specific bradykinin type-II receptors overexpression on 

bradykinin signalling 

3.3.1. Protein expression of endothelial nitric oxide synthase in B2
tg mice 

The enzyme eNOS is a key regulator of vasomotor tone initiating vasodilation (193). B2R stimulation increases 

eNOS activity with the subsequent synthesis of the vasodilator NO (15). Therefore, it appeared to be important 

to determine eNOS protein expression in B2
tg mice. Signal of eNOS was detected by western blot as a single 

band at 140 kDa and normalization was done either to GAPDH (38 kDa) for aorta and left ventricle or ß-actin 

(42 kDa) for skeletal muscles (Figure 19). Protein expression of eNOS was significantly decreased in aorta of B2
tg 

in comparison to B2
n mice (0.62±0.13, n=8 per group, *P=0.04), but weren’t changed either in left ventricle 

(0.87±0.17, n=5 per group, P=ns) or in skeletal muscles (0.86±0.15, n=12 per group, P=ns; Figure 20). The 

observed decrease in eNOS protein expression in the aorta may reflect a compensatory mechanism, perhaps 

due to the stimulation of the increased number of B2R in B2
tg. Importantly, the 0.38-fold reduction in protein 

expression had no impact on eNOS-dependent vasodilation induced by acetylcholine in B2
tg as shown later in 

section 3.5.1. Another aspect to consider is the change in eNOS protein expression was observed in aorta and 

not in skeletal muscles nor in left ventricle. This could be attributed to the presence of many different cell types 

found in tissues of skeletal muscles and left ventricle or maybe the regulatory mechanisms varying across 

different vascular beds that is, for example, conduit and resistance blood vessels. 

 

Figure 19: Images of membranes from western blot of eNOS protein in different tissues of B2
tg and B2

n mice. A single band 

of eNOS was detected at 140 kDa and visualized in red colour in 700 nm channel using goat anti-mouse secondary antibody 

and depicted in black and white. In (A) aorta and (B) left ventricle, GAPDH was used as endogenous control and detected at 

38 kDa. GAPDH signals were visualized at 800 nm channel using goat anti-rabbit secondary antibody and depicted in black 

and white. In (C) Skeletal muscles, ß-actin was used as endogenous control and detected at 42 kDa. ß-actin signals were 

visualized at 800 nm channel using goat anti-rabbit secondary antibody and depicted in black and white. 
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Figure 20: Quantification of immunodetection signals of eNOS in different tissues of B2
tg and B2

n mice. Protein expression of 

eNOS was significantly decreased in (A) aorta of B2
tg mice (0.62±0.13, n=8 per group, *P=0.04) and wasn’t change either in 

(B) left ventricle (0.87±0.17, n=5 per group, P=ns) or in (C) skeletal muscles (0.86±0.15, n=12 per group, P=ns). Statistical 

significance was checked by unpaired t-test. 

3.3.2. Protein expression of phosphorylated ERK1/2 in aorta 

Extracellular signal-regulated kinase (ERK)1/2 belong to the mitogen-activated protein kinase (MAPK) signalling 

pathway. ERK1 (p44) and ERK2 (p42) are the dominate forms of ERK and activated via phosphorylation on both 

tyrosine (Tyr204/187) and threonine (Thr202/185) residues (194). Phosphorylated ERK1/2 is a part of 

downstream signalling in many cellular processes like proliferation, migration, and apoptosis (194).  

Phosphorylation of ERK1/2 was studied in aortic tissues upon stimulation with 10 µM bradykinin for 15 minutes 

as described in section 2.8. The first set of experiments was done in C57BL/6J wild-type mice to validate 

whether stimulation with 10 µM bradykinin enhances phosphorylation of ERK1/2 in aortic tissues ex vivo. As 

shown in Figure 21, p-ERK1/2 was detected as two bands at 44 kDa and 42 kDa which correspond to 

phosphorylated ERK1 and ERK2. Total ERK1/2 was also detected simultaneously with p-ERK1/2 by multiplex 
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western blot and appeared as two bands at the same band sizes as p-ERK1/2. p-ERK1/2 was increased upon 

stimulation with bradykinin (bradykinin vs vehicle control: 1.57±0.05, n=2-3 per group; Figure 21). A second set 

was conducted to confirm this effect in B2
tg mice. As expected, a significant increase of p-ERK1/2 upon 

stimulation with 10 µM bradykinin was observed in B2
tg mice (bradykinin vs vehicle control: 1.30±0.01, n=3 per 

group, p=0.0006; Figure 22). 

 

Figure 21: Images from western blot and quantification of immunodetection signals of p-ERK1/2 relative to total ERK1/2 in 

aortic tissues of C57BL/6J wild-type mice. Stimulation of aortic rings for 15 minutes with 10 µM bradykinin increased p-

ERK1/2 expression (bradykinin vs vehicle control: 1.57±0.05, n=2-3 per group), statistical analysis was not conducted 

because of low number of samples in one group. Two bands were detected for total ERK1/2 (ERK1 at 44 kDa and ERK2 at 42 

kDa) and signals were visualized in red colour at 700 nm channels using secondary goat anti-mouse antibody and depicted 

in black and white. Two bands were detected for p-ERK1/2 (p-ERK1 at 44 kDa and p-ERK2 at 42 kDa) and signals were 

visualized in green colour at 800 nm using secondary goat anti-rabbit antibody and depicted in black and white. Overlay 

between red and green was visualized as yellow colour. 

 



Results 

Page | 46  
 

 

Figure 22: Images from western blot and quantification of immunodetection signals of p-ERK1/2 relative to total ERK1/2 in 

aortic tissues of B2
tg mice. Stimulation of aortic rings for 15 minutes with 10 µM bradykinin significantly increased p-ERK1/2 

expression (bradykinin vs vehicle control: 1.30±0.01, n=3 per group, ***p=0.0006), unpaired t-test. Two bands were 

detected for total ERK1/2 (ERK1 at 44 kDa and ERK2 at 42 kDa) and signals were visualized in red colour at 700 nm channels 

using secondary goat anti-mouse antibody and depicted in black and white. Two bands were detected for p-ERK1/2 (p-ERK1 

at 44 kDa and p-ERK2 at 42 kDa) and signals were visualized in green colour at 800 nm using secondary goat anti-rabbit 

antibody and depicted in black and white. Overlay between red and green was visualized as yellow colour. 

3.4. Vascular reactivity studies 

3.4.1. Effect of endothelium-specific bradykinin type-II receptors overexpression on 

endothelium-dependent relaxation  

It was important to investigate if endothelium-dependent relaxation of thoracic aortic rings was changed due 

to the endothelium-specific B2R overexpression in B2
tg mice. The endothelium-dependent relaxation was 

checked by adding cumulative concentrations of acetylcholine (final concentration in organ bath:                          

1 nM–100 µM) after pre-constriction with 0.2 µM phenylephrine. As shown in Figure 23, the maximum 

acetylcholine-induced relaxation was not statistically different between B2
n (84.8%±2.2) and B2

tg (87.1%±3.0), 

n=8, P=ns. Likewise, negative logarithm of concentration that produce half maximal effect (pD2) was not 

different between groups (B2
n: 6.7±0.18, B2

tg: 6.6±0.14, P=ns, unpaired t-test).  
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Figure 23: Concentration response curve of acetylcholine-induced relaxation obtained from aortic rings reactivity studies. 

Increasing concentrations of acetylcholine (final concentration in organ bath: 1 nM – 100 µM) were added to aortic rings 

pre-constricted with 0.2 µM phenylephrine. There was no significant difference in endothelium-dependent relaxation 

between B2
n and B2

tg (n=8 per group, P=ns). Statistical significance was checked by two-way repeated measures ANOVA. 

3.4.2. Mediators of endothelium-dependent relaxation in B2
tg mice 

It is known that the endothelium-dependent relaxation of C57BL/6 thoracic aorta is dependent on NO that is 

produced by eNOS enzymes. To determine whether the endothelium-dependent relaxation of B2
tg mice is 

totally or partially dependent on NO, aortic rings were preincubated with NOS inhibitor L-NAME 100 µM for 20 

minutes. Rings were then constricted with 0.2 µM phenylephrine and cumulative concentrations of 

acetylcholine (1 nM – 100 µM) were added. As expected, L-NAME totally abolished acetylcholine induced 

relaxation in B2
n (n=5 per group, P<0.0001 vs vehicle; Figure 24). Similar results were shown in B2

tg (n=5 per 

group, P<0.0001 vs vehicle; Figure 24). In addition, there was no significant difference between B2
n and B2

tg 

after preincubation with L-NAME (n=5 per group, P=ns; Figure 24). 
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Figure 24: Concentration response curve of acetylcholine-induced relaxation obtained from aortic rings reactivity studies 

after incubation with 100 µM L-NAME or vehicle for 20 minutes. Increasing concentrations of acetylcholine (final 

concentration in organ bath: 1 nM – 100 µM) were then added to aortic rings pre-constricted with 0.2 µM phenylephrine. L-

NAME totally abolished acetylcholine-induced relaxation in both B2
n (n=5 per group, ****P<0.0001 vs vehicle) and B2

tg (n=5 

per group, ****P<0.0001 vs vehicle). There was no significant difference between B2
n and B2

tg after addition of L-NAME (n=5 

per group, P=ns). Statistical significance was checked by Tukey’s multiple comparisons test following two-way repeated 

measures ANOVA. 

3.4.3. Effect of endothelium-specific bradykinin type-II receptors overexpression on 

phenylephrine-induced vasoconstriction 

Regarding the evaluation of phenylephrine induced vasoconstriction, no significant difference was found 

between groups (maximum contraction 73.49±8.22% in B2
n and 76.38±11.21% in B2

tg, n=4 per group, P=ns; 

Figure 25). Likewise, pD2 was similar between groups (B2
tg: 6.7±0.13, B2

n: 6.6±0.12, P=ns, unpaired t-test). 
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Figure 25: Concentration response curve of phenylephrine-induced constriction obtained from aortic rings reactivity 

studies. Increasing concentrations of phenylephrine (1 nM – 10 µM) were added to aortic rings. There was no significant 

difference in phenylephrine-induced constriction between B2
n and B2

tg (n=4 per group, P=ns, two-way repeated measures 

ANOVA).  

3.4.4. Effect of endothelium-specific bradykinin type-II receptors overexpression on 

endothelium-independent relaxation  

After reaching maximal phenylephrine constriction, the effect of exogenous NO (i.e not dependent on NO that 

is produced in endothelium) on aortic relaxation was evaluated. DEA NONOate, a spontaneous NO-donor 

releasing NO rapidly (178), was used as a source of exogenous NO. Aortic rings from B2
n and B2

tg relaxed 

similarly in response to DEA NONOate (n=3 per group, P=ns, two-way repeated measures ANOVA), pD2 values 

were 7.01±0.12 in B2
tg and 6.88±0.12 in B2

n, P=ns, unpaired t-test (Figure 26). 

 

Figure 26: Concentration response curve of DEA NONOate-induced relaxation obtained from aortic rings reactivity studies. 

Increasing concentrations of DEA NONOnate were added to aortic rings (final concentration in organ bath: 1 nM – 3 µM). 

There was no significant difference in DEA NONOate-induced relaxation between B2
n and B2

tg (n=3 per group, P=ns, two-

way repeated measures ANOVA).  
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3.4.5. Effect of endothelium-specific bradykinin type-II receptors overexpression on 

bradykinin mediated vasoconstriction 

To prove the functional B2R overexpression, effect of bradykinin was evaluated in aortic rings of B2
tg mice. 

Previous work showed bradykinin-induced concentration-dependent vasoconstriction in aortic rings of WT 

mice (76, 195), which was abolished by diclofenac. Similar results were observed in this investigation as shown 

in Figure 27 (maximum vasoconstriction in WT: 9.6±3.0, n=4-5 per group, P=ns vs diclofenac). In contrast, 

bradykinin induced a concentration-dependent vasorelaxation in B2
tg mice confirming functional 

overexpression of B2R (maximum vasorelaxation: -31.23±2.48%, n=5-6 per group, P<0.0001 B2
tg vs WT). 

Moreover, this vasorelaxation wasn’t affected by addition of diclofenac (n=6 per group, P=ns).  

 

Figure 27: Concentration response curve of bradykinin obtained from aortic rings reactivity studies. Preincubation with     

10 µM diclofenac was done in some rings 20 minutes before pre-constriction with 0.2 µM phenylephrine. Bradykinin 

induced concentration-dependent vasoconstriction in wild-type (WT) mice which is abolished by addition of diclofenac 

(n=4-5 per group, P=ns), while bradykinin induced concentration-dependent vasorelaxation in B2
tg mice (n=5-6 per group, 

****P<0.0001 vs WT) that is not affected by diclofenac (n=6 per group, P=ns). Statistical test: Tukey’s multiple comparisons 

test following two-way repeated measures ANOVA. 

Another set of experiments was conducted in B2
tg mice to identify which mediators were responsible for 

bradykinin-induced vasorelaxation. Aortic rings were preincubated with 100 µM L-NAME or vehicle for 20 

minutes before pre-constriction with 0.2 µM phenylephrine. L-NAME totally abolished bradykinin-induced 

vasorelaxation and even showed vasoconstriction (n=8, P<0.0001; Figure 28), suggesting that the bradykinin-

induced vasorelaxation is eNOS-dependent. The vasoconstrictive effect seen after inhibition with L-NAME could 

be due to the constrictive effect of COX products, as shown to occur in WT mice (Figure 27), which was likely 

masked by NO-mediated vasorelaxation.  
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Figure 28: Concentration response curve of bradykinin obtained from aortic rings reactivity studies. Bradykinin-induced 

concentration-dependent relaxation in B2
tg. L-NAME abolished bradykinin-induced vasorelaxation and turned it to 

vasoconstriction (n=8 per group, ****P<0.0001, two-way repeated measures ANOVA). Preincubation with 100 µM L-NAME 

was done in some rings for 20 minutes before pre-constriction with 0.2 µM phenylephrine. 

3.5. Systolic blood pressure and heart rate measurements  

3.5.1. Effect of endothelium-specific bradykinin type-II receptors overexpression on 

systolic blood pressure and heart rate 

Studies of B2R signalling revealed that these receptors play a crucial role in blood pressure regulation and 

activation of B2R leads to vasodilation and decrease in blood pressure (section 1.2.3.1). Early generations of B2
tg 

mice showed significant reduction in systolic blood pressure as compared to B2
n (195). Surprisingly, in a series 

of sets in later generations, systolic blood pressure was not different between B2
n and B2

tg (B2
n: 104.5±5.4 

mmHg, n=10 and B2
tg: 104.8±3.2 mmHg, n=10-15, P=ns; Figure 29). These measurements were done on mice 

from generation N=27, F=7, where ‘N’ refers to number of backcrossing with C57BL/6J and ‘F’ refers to number 

of siblings breeding (196). In one set of measurements, B2
tg was compared to WT strain and systolic blood 

pressure was significantly reduced in B2
tg (102.9±2.2 mmHg, n=6) vs WT (119.9±3.1 mmHg, n=3), P=0.003 

(Figure 30). B2
n mice are the siblings of B2

tg that do not carry the genetic modification (i.e, the human B2R cDNA, 

the murine Tie-2 promoter, and the Tie-2 enhancer). Whereas WT mice are the standard mice that possess the 

naturally occurring alleles of all genes. Remarkably, the difference in systolic blood pressure was evident when 

B2
tg mice were compared to WT mice, but not when compared to B2

n, suggesting that genetic drift might have 

occurred. Therefore, a refreshment of the line with backcrossing to the parental strain C57BL/6J was initiated. 
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Figure 29: Systolic blood pressure (sBP) measurements using tail-cuff method in conscious B2
tg and B2

n mice. No significant 

difference was shown between B2
tg and B2

n mice (B2
tg: 104.8±3.2, n=15 and B2

n 104.5±5.4, n=10, P=ns, unpaired t-test). 

 

Figure 30: Systolic blood pressure (sBP) measurements using tail-cuff method in conscious B2
tg and wild-type (WT) mice. sBP 

was significantly reduced in B2
tg (102.9±2.2 mmHg, n=6) vs WT (119.9±3.1 mmHg, n=3), **P=0.003, unpaired t-test.  

B2
tg mice were backcrossed with parental strain C57BL/6J two times sequentially. To verify the reduction of sBP, 

a new set of measurements was carried out. As expected, sBP was significantly lower in B2
tg (120.6±2.1 mmHg, 

n=15) in comparison to B2
n (126.4±1.6 mmHg, n=14), P=0.03 (Figure 31A). Interestingly, HR was as well 

significantly lower in B2
tg mice (555.3±13.5 bpm, n=15) than B2

n (600.6±13.8 bpm, n=14), P=0.02 (Figure 31B). 

Only in B2
tg there was a significant strong correlation between sBP and HR (B2

tg: r=0.73, P=0.002, B2
n: r=0.13, 

P=ns; Figure 32). 
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Figure 31: Systolic blood pressure (sBP) and heart rate (HR) data using tail-cuff method in conscious B2
n and B2

tg mice after 

refreshing the line by backcrossing with parental strain C57BL/6J mice. (A) sBP was significantly lower in B2
tg than B2

n (B2
tg: 

120.6±2.1 mmHg vs B2
n: 126.4±1.6 mmHg, n=14-15, *P=0.03, unpaired t-test). (B) HR was significantly lower in B2

tg than B2
n 

(B2
tg: 555.3±13.54 bpm vs B2

n: 600.6±13.89 bpm, n=14-15, *P=0.02, unpaired t-test). 

 

Figure 32: Pearson correlation between systolic blood pressure (sBP) and heart rate (HR) in B2
tg and B2

n mice. (A) B2
n mice 

showed no correlation between sBP and HR (n=14, r=0.13, P=ns). (B) B2
tg mice showed significant strong correlation 

between sBP and HR (n=15, r=0.73, P=0.002). 
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3.5.2. Effect of cyclooxygenase inhibitor on blood pressure and heart rate in B2
tg mice 

One of the important mediators of bradykinin-induced vasorelaxation are the products of COX enzymes (15). 

Diclofenac, a non-selective inhibitor of COX enzymes, was used to assess if the decrease in blood pressure 

observed in B2
tg is dependent on COX pathway. After baseline measurements, diclofenac (10 mg/kg/day) was 

added to drinking water for 3 days. As shown in Figure 33A, at baseline before diclofenac administration sBP 

was significantly lower in B2
tg (125.0±1.6 mmHg) in comparison to B2

n (129.9±1.1 mmHg), n=9 per group, 

P=0.02. Likewise, HR was significantly lower in B2
tg (567.0±17.7 bpm) in comparison to B2

n (614.7±11.4 bpm), 

n=9 per group, P=0.03 (Figure 33B). Although not statistically significant, administration of diclofenac slightly 

reduced sBP in both B2
n (from 129.9±1.1 into 125.5±2.4 mmHg, n=9, P=0.09; Figure 34A) and B2

tg (from 

125.0±1.6 into 119.8±2.8 mmHg, n=9, P=0.12; Figure 34B). Mild non-significant reduction of sBP presumed that 

COX signalling may be involved in blood pressure regulation in mice. Percent change of sBP in B2
tg (-4.0±2.4%) 

was not significantly different from B2
n (-3.3±1.7%), n=9, P=ns (Figure 34C). These data suggest that sBP 

reduction in B2
tg is not dependent on COX pathway. Regarding heart rate, there was no change from baseline 

after diclofenac administration (B2
n: from 617.7±11.45 into 598.1±13.03 bpm, n=9, P=ns, B2

tg: from 567.0±17.7 

into 553.3±16.0 bpm, n=9, P=ns; Figure 35). 

 

Figure 33: Systolic blood pressure (sBP) and heart rate (HR) data using tail-cuff method in conscious B2
n and B2

tg mice after 

refreshing the line by backcrossing with parental strain C57BL/6J mice. (A) sBP was significantly lower in B2
tg than B2

n (B2
tg: 

125.0±1.6 mmHg vs B2
n: 129.9±1.1 mmHg, n=9, *P=0.02, unpaired t-test). (B) HR was significantly lower in B2

tg than B2
n (B2

tg: 

567.0±17.7 bpm vs B2
n: 614.7±11.4 bpm, n=9, *P=0.03, unpaired t-test). 
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Figure 34: Systolic blood pressure measurements (sBP) using tail-cuff method in conscious B2
tg and B2

n mice after refreshing 

the line by backcrossing with parental strain C57BL/6J mice. After diclofenac administration, there was a non-significant 

decrease in sBP in both (A) B2
n (from 129.9±1.1 into 125.5±2.4 mmHg, n=9, P=0.09, paired t-test) and (B) B2

tg (from 

125.0±1.6 into 119.8±2.8 mmHg, n=9, P=0.12, paired t-test). (C) The percent change of sBP in B2
tg (-4.0±2.4%) was the same 

as in B2
n (-3.3±1.7%), n=9, P=ns, unpaired t-test. BL: baseline. 
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Figure 35: Heart rate (HR) data measured by tail-cuff method in conscious B2
tg and B2

n after refreshing the line by 

backcrossing with parental strain C57BL/6J mice. Diclofenac administration did not affect HR in (A) B2
n (from 617.7±11.45 

into 598.1±13.03 bpm, n=9 per group, P=ns, paired t-test) and in (B) B2
tg (from 567.0±17.7 into 553.3±16.0 bpm, n=9, P=ns, 

paired t-test). 

3.5.3. Effect of bradykinin type-II receptor antagonist on blood pressure and heart rate in 

B2
tg mice 

To verify that the decrease in sBP was related to endothelium-specific B2R overexpression, the same group of 

mice was administrated i.p. icatibant, a B2R antagonist, on two days. A washout period of one week was 

implemented to ensure that the diclofenac effect completely disappeared. During the washout period, one 

mouse per each group died after stopping diclofenac treatment. After that, an adaptation phase of 4 days of i.p 

PBS injection was carried out to rule out any effects of i.p. injection per se on sBP and HR. During adaptation 

phase, i.p. PBS was injected once per day and after 30 minutes of injection, sBP and HR were measured. No 

change in sBP was observed after the adaptation phase as compared to baseline values in B2
n (127.3±2.9 vs 

129.9±1.1 mmHg, P=ns), and in B2
tg (123.4±2.5 vs 125±1.6 mmHg, P=ns) (Figure 36A,B). Likewise, no change in 

HR was observed in B2
n ( 626.7±13.7 vs 614.7±11.4 bpm, P=ns), and in B2

tg (571.4 ±20.8 vs 567.0±17.7 bpm, 

P=ns) (Figure 36C,D). 
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Figure 36: Systolic blood pressure (sBP) and heart rate (HR) data using tail-cuff method in conscious B2
n and B2

tg mice after 

refreshing the line by backcrossing with parental strain C57BL/6J mice. In both groups, the i.p. injections did not affect 

neither the (A), (B) sBP (B2
n: 127.3±2.9 vs 129.9±1.1 mmHg, n=8 per group, P=ns, paired t-test; B2

tg: 123.4±2.5 vs 125±1.6 

mmHg, n=8 per group, P=ns, paired t-test) nor (C), (D) HR (B2
n: 626.7±13.7 vs 614.7±11.4 bpm, n=8 per group, P=ns, paired 

t-test; B2
tg: 571.4 ±20.8 vs 567.0±17.7 bpm, n=8 per group, P=ns, paired t-test) 

Icatibant administration did not affect sBP in B2
n (from 127.3±2.9 into 128.6±4.6 mmHg, P=ns; Figure 37A), and 

slightly increased sBP in B2
tg (from 123.4±2.5 into 128.3±2.0 mmHg, P=ns; Figure 37B), and The sBP difference 

between groups abolished after icatibant administration (B2
n: 128.6±4.6 vs B2

tg: 128.3±2.0 mmHg, P=ns; Figure 

37C) suggesting a role of B2R overexpression in sBP reduction. Interestingly, icatibant administration 

significantly increased HR in both B2
n (from 626.7±13.7 into 685.5±16.4 bpm, P=0.02; Figure 38A), and B2
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(from 571.4 ±20.8 into 630.8±21.8 bpm, P=0.01; Figure 38B). The increase in HR after icatibant administration 

together with the lower HR in B2
tg in comparison to B2

n suggest a role of B2R in HR regulation. In addition, the 

B2R-induced decrease in HR might point to the underlying mechanism in sBP reduction in B2
tg. The significant 

difference in HR between groups was abolished after administration of icatibant (B2
tg:  630.8±21.8 bpm vs B2

n: 

685.5±16.4 bpm, P= ns; Figure 38C), which indicates that B2R overexpression is responsible for the difference in 

HR between groups. 

 

Figure 37: Systolic blood pressure data (sBP) using tail-cuff method in conscious B2
n and B2

tg mice after refreshing the line 

by backcrossing with parental strain C57BL/6J mice. Measurements were done 30 minutes after icatibant administration. 

(A) In B2
n, icatibant administration did not affect sBP (from 127.3±2.9 into 128.6±4.6 mmHg, P=ns, paired t-test), and slightly 

increased sBP in (B) B2
tg (from 123.4±2.5 into 128.3±2.0 mmHg, P=ns, paired t-test). (C) The sBP difference between groups 

abolished after icatibant administration (B2
n: 128.6±4.6 vs B2

tg: 128.3±2.0 mmHg, P=ns, unpaired t-test). BL: baseline. 
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Figure 38: Heart rate data (HR) using tail-cuff method in conscious B2
n and B2

tg mice after refreshing the line by backcrossing 

with parental strain C57BL/6J mice. Measurements were done 30 minutes after icatibant administration. Icatibant 

administration significantly increased HR in both (A) B2
n (from 626.7±13.7 into 685.5±16.4 bpm, *P=0.02, paired t-test), and 

(B) B2
tg (from 571.4 ±20.8 into 630.8±21.8 bpm, *P=0.01, n=8 per group, paired t-test). (C) The significant difference in HR 

between groups was abolished after administration of icatibant (B2
tg:  630.8±21.8 bpm vs B2

n: 685.5±16.4 bpm, P= ns, n=8 

per group, unpaired t-test). BL: baseline. 

3.5.4. Effect of nitric oxide synthase inhibitor on blood pressure and heart rate in B2
tg mice 

It is known that eNOS plays a role in blood pressure regulation and is one of the downstream signalling proteins 

through which bradykinin causes vasodilation (15, 193). In one set of mice, the NOS-inhibitor L-NAME was 

administrated in drinking water for one week to investigate if eNOS is responsible for the decrease in sBP in 

B2
tg. As expected, inhibition of eNOS resulted in significant increase in sBP in both B2

n (131.4±1.6 mmHg, n=6, 
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P=0.002; Figure 39A) and B2
tg (138.7±2.9 mmHg, n=6, P=0.003; Figure 39B). However, the effect of L-NAME was 

comparable between the two groups as the percent of increase in sBP after L-NAME administration in B2
tg 

(11.3±2.2%) was not statistically different from B2
n (7.1±1.3%), n=6 per group, P=ns (Figure 39C). Therefore, it is 

unlikely that eNOS is responsible for the reduction of sBP observed in B2
tg mice. Moreover, heart rate 

decreased significantly in both B2
n (443.9±17.6 bpm, n=6, P=0.0009; Figure 39D) and B2

tg (476.7±22.9 bpm, n=6, 

P=0.001; Figure 39E). Percent of decrease in HR after L-NAME administration in B2
tg (-19.1±3.1%) was not 

statistically different from B2
n (-23.4±2.9%), n=6, P=ns, (Figure 39F). 

 

Figure 39: Systolic blood pressure (sBP) and heart rate (HR) data using tail-cuff method in conscious B2
n and B2

tg mice after 

refreshing the line by backcrossing with parental strain C57BL/6J mice. Nω-Nitro-L-arginine methyl ester hydrochloride       

(L-NAME) administration led to significant increase in sBP in (A) B2
n (131.4±1.6 mmHg, n=6, **P=0.002, paired t-test), and in 

(B) B2
tg (138.7±2.9 mmHg, n=6, **P=0.003, paired t-test). (C) The percent change of sBP in B2

tg (11.3±2.2%) was the same as 

in B2
n (7.1±1.3%), n=6 per group, P=ns, unpaired t-test. Additionally, heart rate decreased significantly in both (D) B2

n 

(443.9±17.6 bpm, n=6, ***P=0.0009, paired t-test) and in (E) B2
tg (476.7±22.9 bpm, n=6, **P=0.001, paired t-test). (F) The 

percent change of HR in B2
tg (-19.1±3.1%) was the same as in B2

n (-23.4±2.9%), n=6 per group, P=ns, unpaired t-test.               

BL: baseline. 
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3.6. Assessment of flow-mediated dilation in B2
tg mice 

In vivo, vascular function of B2
tg mice was further explored through flow-mediated dilation analysis of external 

iliac artery. Blood flow pattern was visualized by doppler imaging, where the diastolic component was clearly 

seen at baseline as shown in Figure 40A. During cuff inflation, absence of diastolic component indicates 

occlusion of the artery (Figure 40B). After cuff release, the diastolic component reappears indicating the 

reperfusion of the artery (Figure 40C). 

 

Figure 40: Representative photos of doppler flow of external iliac artery. Red arrows refer to systolic and diastolic 

components of blood flow inside the artery which is shown at baseline (A). The diastolic component disappeared during 

cuff inflation (B) and reappeared after deflation of cuff (C). ECG and respiratory pattern were shown below the doppler 

flow. Vertical line (on the right) shows velocity in mm/sec and horizontal line (at the bottom) shows time in seconds. 
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As expected, the mean flow velocity increased significantly after 20 seconds of cuff release in both B2
n (from 

54.21±5.79 into 111.75±11.96 mm/sec, n=7, P= 0.03) and B2
tg (from 53.37±5.81 into 111.12±9.60 mm/sec, n=9, 

P=0.0003) (Figure 41). After 5 minutes, the mean flow velocity values returned nearly to baseline values (B2
n: 

52.51±4.62, B2
tg: 51.27±3.95 mm/sec). Importantly, there was no difference in mean flow velocity between B2

n 

and B2
tg at all time points, P=ns (Figure 41). Worth mentioning, the blood flow velocity returned to baseline 

levels by the end of five minutes. However, the increase in vessel diameter persisted even after the flow 

velocity returned to baseline values (Figure 42). This implies that the released mediators exert a sustained 

effect on vessel diameter. 

 

Figure 41: Mean flow velocity in external iliac artery in B2
tg and B2

n mice. No significant difference was shown between B2
tg 

and B2
n mice, P=ns, two-way repeated measures ANOVA. Mean flow velocity increased significantly after cuff release at 20, 

40, 60, 80, 100, 120 in B2
tg (n=9, P=0.0002, P=0.0001, P=0.0003, P=0.001, P=0.006, P=0.02 respectively vs baseline) and in 

B2
n (n=7, P=0.02, P=0.0003, P=0.0004, P=0.001, P=0.01 respectively vs baseline). Mean flow velocity returned nearly to 

baseline values after 5 minutes. Statistical analysis was done using Dunnett's multiple comparisons test following two-way 

repeated measures ANOVA. 
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The diameter of the artery was measured from the marked region of interest at baseline and different time 

points (Figure 42A). No change in FMD was observed in B2
tg mice (n=7-9 per group, P=ns vs B2

n; Figure 42B). 

This data indicates that the vascular B2R overexpression per se doesn’t affect the ability of conduit arteries to 

dilate in response to an increase in blood flow. 

 

 

Figure 42: Flow-mediated dilation (FMD) data in B2
tg and B2

n mice. (A) Representative photo of analysis of diameter of 

external iliac artery. Pink dots marked the internal diameter of the artery as shown by red arrows and the green square 

represents the region of interest (ROI), where the diameter of artery is measured. (B) Baseline was recorded before cuff 

inflation, represented as zero time (i.e. baseline). No significant difference was shown in FMD between B2
tg and B2

n mice, 

n=7-9 per group, P=ns, two-way repeated measures ANOVA. 
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3.7. Effect of endothelium-specific bradykinin type-II receptors overexpression on 

cardiac function 

To explore the effect of endothelium-specific B2R overexpression on cardiac function, non-invasive 

transthoracic echocardiography was done in anesthetized B2
tg and B2

n mice. LV volumes during systole and 

diastole were calculated from B-mode of LV parasternal long axis view (Figure 43A,B). Ejection fraction, 

fractional shortening, stroke volume, cardiac output are calculated from LV volumes. LV diameters, LV mass 

and posterior wall thickness during systole and diastole were calculated from M-mode of LV parasternal long 

axis view (Figure 43C). Early to late diastolic transmitral flow velocity (E/A), isovolumetric contraction time 

(IVCT), isovolumic relaxation time (IVRT), deceleration time of the E wave (MV DT), and aortic ejection time 

(AET) were calculated form doppler images of mitral flow valve (Figure 44A) and aortic valve velocities were 

calculated from doppler aortic valve flow (Figure 45A,B). 

 

Figure 43: Representative photos of analysis of echocardiographic parameters related to left ventricular systolic function. 

(A) B-mode of parasternal longitudinal axis of heart, red colour frame represents maximum cross-sectional area during 

diastole. (B) B-mode of parasternal longitudinal axis of heart, green colour frame represents minimum cross-sectional area 

during systole. (C) Parasternal longitudinal axis view (upper panel) and M-mode tracing (lower panel) of the left ventricle. 

Yellow arrow indicates the focus depth of the transducer.   
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As shown in Table 7, parameters of LV function in B2
tg were comparable to those in B2

n as no significant 

differences were found in ejection fraction, fractional shortening, stroke volume and cardiac output. The LV 

mass was significantly larger in B2
tg (123.1±8.9 mm) than in B2

n (99.9±5.5 mm), n=10 per group, P=0.04. 

Similarly, LV posterior wall thickness in systole (LVPW;s) was significantly larger in B2
tg (0.8±0.04 mm) than in 

B2
n (0.7±0.03 mm), n=10 per group, P=0.03, as well as non-significant higher LV posterior wall thickness in 

diastole (LVPW;d) in B2
tg (1.1±0.05 mm) versus B2

n (0.9±0.05 mm), n=10 per group, P=ns. However, after 

normalization to body weight, no significant differences were shown for these parameters. These observations 

indicate that B2R overexpression did not affect the LV cardiac function. 

Moreover, parameters of cardiac diastolic function in B2
tg were comparable to those in B2

n as no significant 

differences were found in passive early diastolic filling to atrial contraction ratio, deceleration time of passive 

early diastolic filling, and isovolumic relaxation time (Table 7). Interestingly, MPI was significantly higher in B2
tg 

(0.6±0.03) than in B2
n (0.5±0.02), n=9 per group, P=0.017; and AET was significantly lower in B2

tg (39.2±1.8 ms) 

than in B2
n (45.8±1.1 ms), n=9-10 per group, P=0.009 (Figure 44). Since IVCT and IVRT in B2

tg were similar to B2
n, 

the increase in MPI is attributed to the decrease in AET. Notably, an increase in aortic valve mean velocity was 

shown in B2
tg (898.58±38.72 mm/sec) as compared to B2

n mice (779.02±41.5 mm/sec), n=10 per group, P=0.049 

(Figure 45C). In addition, non-significant increase in aortic valve peak velocity was found in B2
tg (1387.09±72.43 

mm/sec) as compared to B2
n (1194.99±68.37 mm/sec), n=9-10 per group, P=ns (Figure 45D). Collectively, these 

findings exclude any effects of B2R overexpression on cardiac diastolic function but introduced a possible 

contribution of B2R in regulation of aortic valve functions. 
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 Table 7: Echocardiographic parameters values and p-values of B2
tg and B2

n mice. 

Parameter  B2
n, n=9-10 B2

tg, n=10 P-value 

Age, weeks 12-14 12-14 ns 

Weight, g 28.3±0.3 29.3±0.4 ns 

Heart Rate, bpm 463.8±13.1 494.6±15.8 ns 

Volume;s, µL 28.8±1.3 30.4±2.0 ns 

Volume;d, µL 62.2±2.1 67.1±4.6 ns 

Stroke Volume, µL 33.4±1.2 36.6±2.7 ns 

Ejection Fraction, % 53.8±1.2 54.51±0.8 ns 

Fractional Shortening, % 10.0±0.6 9.5±1.4 ns 

Cardiac Output, ml/min 15.6±0.8 17.9±1.2 ns 

Diameter;s, mm 3.2±0.1 3.1±0.12 ns 

Diameter;d, mm 4.3±0.07 4.3±0.1 ns 

LV mass, corrected, mg 99.9±5.5 123.1±8.9 0.04 

LV mass/BW, mg/g 3.5±0.1 4.1±0.2 ns 

Heart weight/BW, mg/g 5.2±0.13 5.1±0.15 ns 

LVPW;d, mm 0.9± 0.05 1.1±0.05 ns 

LVPW;d, mm/g 0.03±1.91 0.04±1.59 ns 

LVPW;s, mm 0.7±0.03 0.8±0.04 0.03 

LVPW;s, mm/g 0.026±0.0 0.029±0.0 ns 

Cardiac Index, ml/min/g 0.5±0.02 0.6±0.03 ns 

IVCT, ms 10.7±0.4 11.5±0.4 ns 

IVRT, ms 14.7±0.9 14.5±0.5 ns 

E/A 1.3±0.07 1.2±0.05 ns 

MV DT, ms 24.72±1.3 26.2±1.6 ns 

MPI 0.5±0.02 0.6±0.03 0.017 

AET, ms 45.8±1.1 39.2±1.8 0.009 

LV: left ventricular, LVPW;d: left ventricular posterior wall thickness in diastole, LVPW;s: left ventricular posterior wall 

thickness in systole, s: systole, d: diastole, IVCT: isovolumic contraction time, interval between mitral valve closure and 

aortic valve opening, BW: body weight, IVRT: isovolumic relaxation time, interval between aortic valve closure and mitral 

valve opening, E/A: early to late diastolic transmitral flow velocity (ratio of peak velocity blood flow in passive early diastolic 

filling ‘E wave’ to peak velocity flow in late diastole caused by the atrial contraction ‘A wave’), MV DT: deceleration time of 

the E wave, MPI: myocardial performance index, AET: aortic ejection time. ms: milliseconds. Statistical analysis was done 

using unpaired t-test. 
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Figure 44: Cardiac parameters calculated from mitral flow doppler from echocardiography. (A) Representative photo of 

analysis of mitral valve flow parameters (E/A, MV deceleration time, IVCT, IVRT, and aortic ejection time). (B) MPI was 

significantly higher in B2
tg (0.6±0.03) than B2

n (0.5±0.02), *P=0.017. (C) AET was significantly shorter in B2
tg (39.2±1.8 ms) 

than in B2
n (45.8±1.1 ms), **P=0.009. (D) IVCT (B2

n: 10.7±0.4, B2
tg: 11.5±0.4 ms) and (E) IVRT (B2

n:14.7±0.9, B2
tg:14.5±0.5 ms) 

were comparable between B2
n and B2

tg, n=9-10 per group, P=ns. Statistical test: unpaired t-test. MPI: myocardial 

performance index, AET: aortic ejection time, IVCT: isovolumetric contraction time, IVRT: isovolumetric relaxation time, ms: 

millisecond. 
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Figure 45: Aortic valve parameters from aortic valve flow doppler from echocardiography. (A) and (B) Representative 

photos of analysis of aortic valve flow in B2
n and B2

tg mice, respectively. (C) Aortic valve mean velocity was significantly 

higher in B2
tg mice (898.58±38.72 mm/sec) as compared to B2

n mice (779.02±41.5 mm/sec), n=10 per group, *P=0.049. (D) 

Non-significant increase in aortic valve peak velocity was found in B2
tg mice (1387.09±72.43 mm/sec) as compared to B2

n 

mice (1194.99±68.37 mm/sec), n=10 per group, P=ns. Statistical analysis was done using unpaired t-test. 

3.8. Effect of endothelium-specific bradykinin type-II receptors overexpression on 

expression of different proteins: Proteomic analysis 

The primary objective of the proteomic analysis was to investigate the alterations in the proteome profile of 

aortic tissue in B2
tg mice compared to wild-type mice, given that overexpression of the B2R in the endothelium 

was expected to influence the expression of various proteins. Specifically, the analysis aimed to identify 

changes in proteins associated with blood pressure regulation, to help elucidate the mediators responsible for 

the observed reduction in sBP in B2
tg mice. Additionally, the proteomic analysis sought to provide an overview 

of the protein profile modifications that could explain the observed changes in aortic valve velocity and the lack 

of effect in the FMD study in B2
tg mice. Overall, 4,240 proteins were detected in the murine aortic tissues, from 

which 47 proteins were identified as contaminants and therefore were excluded from analysis.                          

For quantification, only proteins with solid values in at least five biological replicates per group were 

considered. In B2
tg mice, there was a significant change in expression of 148 proteins (3.79%) out of 3,896 



Results 

Page | 69  
 

totally identified proteins in aorta. A full list of the significantly modified proteins in B2
tg mice relative to WT (p 

< 0.05) along with their accession numbers, protein symbols, abundance ratio, log2 abundance ratio and P-

values are summarized in appendix 2. Thirty-seven proteins (25%) were differentially upregulated, and 111 

proteins (75%) were differentially downregulated (Figure 46). The hierarchical clustering of the significantly 

changed proteins‘ profiles for each replicate in B2
tg and WT groups were visualized in heat map (Figure 47). 

 

Figure 46: Volcano plot showing the distribution of -log P-values vs log2 abundance ratio of proteins obtained from 

proteomic analysis of aortic tissues of B2
tg relative to wild-type (WT). Solid line shows the significance cutoff value which is 

equivalent to –log (p-value=0.05) = 1.3. Red dots represent 37 significantly upregulated proteins (log2 abundance ratio > 0.5 

and P-value < 0.05). Green dots represent 111 significantly downregulated proteins (log2 abundance ratio < -0.5 and P-

value < 0.05). Black dots represent proteins that were not statistically significant changed (P-value > 0.05). N=5-7 per group, 

statistical analysis was done by Benjamini-Hochberg method. 
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Figure 47: Heat map showing hierarchical expression of 148 proteins that were significantly (i.e differentially) up-/down- 

regulated in aortic tissues of B2
tg relative to wild-type (WT). The down-regulated proteins are represented in blue, while the 

up-regulated proteins are represented in red. Colour intensity that represents the degree of protein expression was 

generated by z-score calculation. Symbols of proteins were listed on rows, and numbers of replicates per group were listed 

on columns. R1-R7_B2
tg and R1-R7_WT refer to replicate numbers in B2

tg and wild-type groups respectively. Horizontal 

dendrogram shows clustering of the proteins and vertical dendrogram shows clustering of the samples with each other. 
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Endothelial cell markers such as. platelet endothelial cell adhesion molecule and von Willebrand factor (197) 

were identified in all samples. As shown in Table 8, the expression of both proteins was comparable between 

groups (P=ns) confirming the presence of a comparable number of endothelial cells between groups. 

Table 8: Protein expression of endothelial cells markers obtained from proteomic analysis of aortic tissues of 

B2
tg mice relative to wild-type mice. 

Protein  Symbol Abundance Ratio: 

B2
tg/wild-type 

B2
tg group Wild-type group P-value 

Platelet endothelial cell 

adhesion molecule 

PECAM1 0.82 n=7 n=7 ns 

von Willebrand factor VWF 0.92 n=7 n=7 ns 

Statistical analysis was done by Benjamini-Hochberg method. 
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Proteins related to bradykinin production, such as kininogen 1 and plasma kallikrein, were identified in the 

aortic tissues. Kininogenin 1 is responsible for the production of high molecular weight kininogen, the 

precursor of bradykinin (198). Plasma kallikrein is involved in the production of bradykinin from high molecular 

weight kininogen (14). Additionally, some enzymes involved in bradykinin breakdown, such as: angiotensin-

converting enzyme, carboxypeptidase N subunit 2, and prolyl endopeptidase, were identified (breakdown of 

bradykinin is described in section 1.2.1.). The presence of proteins involved in bradykinin production and 

metabolism confirms the presence of a local KKS in the aorta. As shown in Table 9, there were no significant 

changes in these proteins (P=ns), indicating that the production and metabolism of bradykinin were unlikely to 

be influenced by B2R overexpression. 

Table 9: Expression of proteins relevant to bradykinin production or metabolism obtained from proteomic 
analysis of aortic tissues of B2

tg mice relative to wild-type mice. 

Protein  Symbol Abundance Ratio: 

B2
tg/wild-type 

B2
tg group Wild-type group P-value 

Kininogen-1 KNG1 0.93 n=7 n=7 ns 

Plasma kallikrein KLKB1 0.61 n=4 n=7 ns 

Angiotensin-converting 

enzyme 

ACE 0.92 n=7 n=7 ns 

Carboxypeptidase N 

subunit 2 

CPN2 0.78 n=6 n=6 ns 

Prolyl endopeptidase PREP 0.87 n=7 n=7 ns 

Statistical analysis was done by Benjamini-Hochberg method 

  



Results 

Page | 73  
 

The data were screened for the mediators, enzymes, and receptors involved in B2R signalling, as described in 

detail in section 1.2.2. None of these proteins were changed in B2
tg mice (P=ns; Table 10). 

Table 10: Protein expression of mediators involved in bradykinin signalling via bradykinin type-II receptors 

obtained from proteomic analysis of aortic tissues of B2
tg mice relative to wild-type mice. 

Protein  Symbol Abundance Ratio: 

B2
tg/wild-type 

B2
tg group Wild-type group P-value 

Adenylate cyclase type 5 ADCY5 1.12 n=7 n=7 ns 

Adenylate cyclase type 7 ADCY7 0.82 n=6 n=6 ns 

Adenylate cyclase type 9 ADCY9 1.06 n=6 n=6 ns 

Beta-arrestin-1 ARRB1 1.11 n=7 n=7 ns 

Calmodulin-2 CALM2 0.99 n=7 n=7 ns 

Calcium/calmodulin-

dependent protein 

kinase 

CAMK2D 1.10 n=7 n=7 ns 

Cytosolic phospholipase 

A2 

PLA2G4A 0.84 n=7 n=7 ns 

Guanylate cyclase 

soluble subunit beta-1 

GUCY1B1 0.81 n=7 n=7 ns 

Guanylate cyclase 

soluble subunit alpha-1 

GUCY1A1 1.01 n=7 n=7 ns 

Inositol 1,4,5-

trisphosphate receptor 

type 1 

ITPR1 1.01 n=7 n=7 ns 

Prostaglandin G/H 

synthase 1 

PTGS1 0.94 n=7 n=6 ns 

Protein kinase C delta PRKCA 1.18 n=7 n=7 ns 

Statistical analysis was done by Benjamini-Hochberg method. 
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Regarding the proteins that might be related to blood pressure regulation, a significant reduction in carbonic 

anhydrase 1 (abundance ratio=0.41, P=4.65E-07) and carbonic anhydrase 2 (abundance ratio=0.48, P=0.00024) 

was found in B2
tg mice (Table 11). Accumulating evidence demonstrated that carbonic anhydrase enzymes are 

present in vascular cells and their inhibitors enhance blood flow to many organs through a vasodilatory effect 

(199). The observed reduction in carbonic anhydrase enzymes might be a contributor to the reduction in 

systolic blood pressure seen in B2
tg mice. 

Table 11: Expression of proteins that may be related to blood pressure regulation obtained from proteomic 

analysis of aortic tissues of B2
tg mice relative to wild-type mice. 

Protein  Symbol Abundance Ratio: 

B2
tg/wild-type 

B2
tg group Wild-type group P-value 

Carbonic anhydrase 1  CA1 0.41 n=7 n=5 4.65E-07 

Carbonic anhydrase 2 CA2 0.48 n=7 n=6 0.00024 

Statistical analysis was done by Benjamini-Hochberg method 

The Database for Annotation, Visualization and Integrated Discovery (DAVID) was used for gene ontology (GO) 

annotation of the proteins for biological processes (200, 201). This database provides functional annotation to 

facilitate the biological interpretation of large lists of proteins by showing enriched proteins in the dataset and 

their most relevant GO terms. GO annotation could be done for biological processes, molecular functions, and 

cellular components. According to the required depth of GO, levels from 1 to 5 can be chosen. Due to our 

interest in biological processes, GO was done only for biological processes with level 3. Functional GO 

annotation showed significant enrichment (i.e. specifically associated) of proteins related to 77 biological 

processes in B2
tg mice (Table 12). Notably, some of these biological processes are related to endothelial 

functions such as electron transport chain, cellular lipid metabolic process, reactive oxygen species (ROS) 

metabolic process, cell migration, and angiogenesis (8, 202). This suggests that B2R can influence endothelial 

functions through these processes  

The significantly changed proteins associated with electron transport chain were generally downregulated in 

B2
tg mice (Figure 48). These proteins include NADH-ubiquinone oxidoreductase chain 4, succinate 

dehydrogenase [ubiquinone] cytochrome b small subunit, cytochrome c oxidase subunit 6A1, and cytochrome 

b-c1 complex subunit 10, which are related to complex I, complex II; complex III, and complex IV, respectively. 

These complexes comprise the electron transport chain (203). As shown in Figure 49, most of the significantly 

changed proteins that are associated with lipid metabolic process were down regulated in B2
tg mice. This 

includes proteins involved in fatty acid oxidation, a secondary source of energy fuel in endothelial cells, such as 

carnitine O-palmitoyltransferase 2 and very long-chain specific acyl-CoA dehydrogenase (204), which were 

significantly down regulated. Out of the proteins enriched in the ROS metabolic process, superoxide dismutase 

[Mn] (SOD2) and mitochondrial brown fat uncoupling protein 1 (UCP1) were significantly downregulated in B2
tg 
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mice (Figure 50). SOD2 is a mitochondrial antioxidant enzyme (205), and UCP1 is a marker of thermogenesis 

(206). A common protein enriched in both cell migration and angiogenesis, hyaluronidase 1, was significantly 

upregulated in B2
tg mice (Figure 51, Figure 52). Hyaluronidase 1 is a hyaluronan processing enzyme (207). 

Interestingly, the hyaluronan receptor CD44 (208) was also significantly upregulated in B2
tg mice and enriched 

in cell migration (Figure 51). 

The proteomic data introduced several proteins that might be newly connected to B2R signalling.in the 

endothelium Further investigations into each biological process and the associated proteins should be 

conducted to explore novel mechanisms for B2R signalling. 

Table 12: Functional GO annotation of significantly changed proteins from the proteomic analysis using the 

Database for Annotation, Visualization and Integrated Discovery. For each GO term, the number of enriched 

proteins, and P-value are stated. 

GO term based on biological process 

Number of 

proteins P-value 

Electron transport chain 19 2.4E-20 

Generation of precursor metabolites and energy 29 1.1E-19 

Small molecule metabolic process 54 9.1E-18 

Oxidation-reduction process 28 6.3E-17 

Energy derivation by oxidation of organic compounds 23 6.8E-17 

Organophosphate metabolic process 35 1.3E-13 

Organonitrogen compound metabolic process 50 2.3E-12 

Nucleobase-containing small molecule metabolic process 26 6.4E-12 

Carbohydrate derivative metabolic process 32 8.5E-11 

Single-organism biosynthetic process 35 2.9E-10 

Sulfur compound metabolic process 16 3.8E-8 

Phosphorus metabolic process 50 1.2E-7 

Organic acid metabolic process 26 1.9E-7 

Cofactor metabolic process 16 3.8E-7 

Cellular lipid metabolic process 25 5.5E-7 

Lipid metabolic process 29 1.3E-6 

Reactive oxygen species metabolic process 12 3.8E-6 
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Cellular oxidant detoxification 5 1.4E-5 

Single-organism catabolic process 21 1.4E-5 

Single-organism cellular localization 22 2.7E-5 

Single-organism transport 43 3.1E-5 

Transport 57 4.6E-5 

Response to oxidative stress 13 7.1E-5 

Response to cold 5 7.7E-5 

Thioester metabolic process 6 8.6E-5 

Cellular ketone metabolic process 9 1.3E-4 

Age-dependent general metabolic decline 2 1.5E-4 

Cellular catabolic process 30 3.9E-4 

Cellular component disassembly 10 7.3E-4 

Response to antibiotic 4 8.1E-4 

Intracellular transport 25 9.9E-4 

Macromolecular complex subunit organization 27 1.2E-3 

Establishment of localization in cell 30 1.3E-3 

Organelle organization 47 1.4E-3 

Response to toxic substance 6 1.9E-3 

Tricarboxylic acid cycle 3 2.0E-3 

Organic substance biosynthetic process 63 2.3E-3 

Positive regulation of cell motility 12 2.3E-3 

Organic substance catabolic process 27 2.9E-3 

Positive regulation of cellular component movement 12 3.0E-3 

Positive regulation of locomotion 12 3.0E-3 

Protein complex biogenesis 18 3.8E-3 

Cellular modified amino acid metabolic process 6 3.8E-3 

Response to inorganic substance 12 4.5E-3 

Cellular biosynthetic process 61 4.9E-3 
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Single-organism carbohydrate metabolic process 10 5.1E-3 

Maintenance of location 8 5.3E-3 

Regulation of cell motility 16 5.4E-3 

Maintenance of protein location 4 5.7E-3 

Response to oxygen-containing compound 26 6.0E-3 

Response to organonitrogen compound 16 6.4E-3 

Carbohydrate metabolic process 11 7.7E-3 

Cellular carbohydrate metabolic process 7 9.0E-3 

Regulation of locomotion 16 9.7E-3 

Regulation of cellular component movement 16 1.1E-2 

Response to ischemia 3 1.2E-2 

Cell motility 22 1.3E-2 

Maintenance of location in cell 4 1.4E-2 

Response to temperature stimulus 5 1.6E-2 

Response to oxygen levels 8 1.6E-2 

Cellular component assembly 33 1.7E-2 

Regulation of sequestering of calcium ion 4 1.9E-2 

Cellular nitrogen compound metabolic process 63 1.9E-2 

Cell migration 19 1.9E-2 

Positive regulation of lipid metabolic process 5 1.9E-2 

Positive regulation of vasculature development 5 2.2E-2 

Response to nitrogen compound 16 2.4E-2 

Angiogenesis 9 2.5E-2 

Regulation of localization 32 2.6E-2 

Blood vessel morphogenesis 10 2.8E-2 

Blood vessel development 11 3.0E-2 

Organic cyclic compound metabolic process 58 3.1E-2 

Cellular aromatic compound metabolic process 56 3.2E-2 
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Cellular response to stress 23 3.9E-2 

Movement of cell or subcellular component 24 4.0E-2 

Homeostatic process 23 4.1E-2 

Negative regulation of developmental process 15 4.3E-2 

Fisher exact test was used to check the significance that the differentially expressed proteins are specifically associated 

(enriched) to the GO terms. 

 

Figure 48: Log2 abundance ratio of proteins enriched to electron transport chain. Red bars indicate upregulation and green 

bars indicate downregulation. 
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Figure 49: Log2 abundance ratio of proteins enriched to cellular lipid metabolic process. Red bars indicate upregulation and 

green bars indicate downregulation. 

 

Figure 50: Log2 abundance ratio of proteins enriched to reactive oxygen species metabolic process. Red bars indicate 

upregulation and green bars indicate downregulation. 
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Figure 51: Log2 abundance ratio of proteins enriched to cell migration. Red bars indicate upregulation and green bars 

indicate downregulation. 

 

Figure 52: Log2 abundance ratio of proteins enriched to angiogenesis. Red bars indicate upregulation and green bars 

indicate downregulation. 
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3.9. Sex-specific effects of bradykinin signalling 

3.9.1. Vascular reactivity studies 

In order to explore the sex-specific effects of vascular bradykinin signalling, aortic rings from male and female 

mice were stimulated with increasing concentration of bradykinin using organ bath apparatus as explained in 

section 2.7.2. A set of experiments was conducted in B2
n, where aortic rings from female mice showed non-

significant lower concentration-dependent constriction than those of male mice in response to bradykinin, 

P=ns (Figure 53).  

 

Figure 53: Concentration response curve of bradykinin obtained from aortic rings reactivity studies in male and female B2
n. 

Aortic rings from female B2
n showed slight lower concentration-dependent contraction than those from male mice, P=ns, 

two-way repeated measures ANOVA. 

Another set of experiments was then conducted in B2
tg, where aortic rings from female mice showed a higher 

concentration-dependent relaxation than those of male mice in response to bradykinin, P=0.013 (Figure 54).    

L-NAME abolished the relaxation and even turned it to constriction in both female (P=0.002) and male mice 

(P=0.003) (Figure 54), indicating that the bradykinin-induced concentration-dependent relaxation in both aortic 

rings of female and male mice is fully dependent on NOS enzymes. 
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Figure 54: Concentration response curve of bradykinin obtained from aortic rings reactivity studies in male and female B2
tg 

mice.  Aortic rings from female B2
tg showed more concentration-dependent relaxation than those from male mice, 

*P=0.013, two-way repeated measures ANOVA. Preincubation with 100 µM L-NAME was done in some rings for 20 minutes 

before pre-constriction with 0.2 µM phenylephrine. L-NAME abolished bradykinin-induced vasorelaxation and turned to 

vasoconstriction in male (***P=0.003) and female (***P=0.002) B2
tg mice, two-way repeated measures ANOVA. 

3.9.2. Bradykinin type-II receptors and endothelial nitric oxide synthase gene expression 

levels in aorta of B2
tg mice 

Based on the differential response to bradykinin between male and female B2
tg mice which was abolished by  

L-NAME, gene expression levels of human BDKRB2, murine Bdkrb2 and eNos was measured in aortic tissues of 

male and female B2
tg mice. No significant difference was observed in human BDKRB2 (male: 1.0±0.17, female: 

0.6±0.19, n=5-6 per group, P=ns; Figure 55A) and murine Bdkrb2 (male: 1.2±0.35, female: 0.6±0.09, n=5-6 per 

group, P=ns; Figure 55B) mRNA expression between male and female. These data may suggest that the 

differential response in vascular reactivity in response to bradykinin is related to a difference in bradykinin 

downstream signalling per se rather than number of receptors.  

Vascular reactivity studies showed that the bradykinin-induced concentration-dependent relaxation in both 

aortic rings of female and male B2
tg mice is mediated by NOS enzymes (section 3.9.1.). No difference was 

observed in eNos mRNA expression between male and female B2
tg mice (male: 1.0±0.12, female: 1.0±0.12, n=5-

6 per group, P=ns; Figure 55C). Although eNos expression did not change at the transcriptional level, changes 

might still occur at the translational and post-translational levels. Further studies are needed to investigate the 

sex-specific differences in eNos expression across various levels. 
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Figure 55: RT-qPCR data in aortic tissues of male and female B2
tg mice. (A) mRNA expression of human BDKRB2 was not 

statistically different between male and female mice (male: 1.0±0.17, female: 0.6±0.19, n=5-6 per group, P=ns). (B) mRNA 

expression of murine Bdkrb2 was not statistically different between male and female mice (male: 1.2±0.35, female: 

0.6±0.09, n=5-6 per group, P=ns). (C) mRNA expression of eNos was not statistically different between male and female 

mice (male: 1.0±0.12, female: 1.0±0.12, n=5-6 per group, P=ns). Statistical analysis was done by unpaired t-test. 
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4. Discussion 

Experimental evidence, clinical studies and evidence from ACE inhibitors’ activity on bradykinin metabolism 

have demonstrated beneficial effects of bradykinin signalling via B2R. However not all the effects of bradykinin 

are fully understood, and many underlying mechanisms remain to be elucidated. Thus, the aim of this work is 

to gain new insights and have a better understanding of the bradykinin actions via B2R and the underlying 

mediators. To accomplish this, cardiac and vascular characterization of endothelium-specific B2R 

overexpression mice model was performed. The vascular characterization of B2
tg mice was done at different 

levels ranging from conductive arteries to resistance arteries. Aorta and external iliac arteries which represent 

conductive arteries were evaluated by vascular reactivity studies and FMD, respectively. Since total peripheral 

resistance is one of the determinants of blood pressure regulation, sBP measurements were done to 

investigate changes in resistance arteries which control the total peripheral resistance (3, 7). The role of 

endothelial B2R in cardiac functions under basal conditions was assessed by echocardiography and by changes 

in heart rate. On the molecular level, proteomic analysis and western blot were used. In this work, evidence of 

B2R overexpression was shown by RT-qPCR and western blot data. Functional B2R overexpression was proven 

by aortic reactivity studies with bradykinin stimulation.  

The main results of this work strongly suggest that endothelial B2R play a role in regulating sBP and HR. The 

observed reduction in sBP does not appear to be dependent on COX and NOS pathways. In contrast, NOS-

dependent vasodilation induced by bradykinin could be demonstrated ex vivo in aortic rings, while in vivo 

endothelial B2R overexpression itself didn’t change FMD of external iliac artery. Likewise, endothelial B2R didn’t 

affect systolic and diastolic cardiac functions but increased aortic flow velocity under basal conditions. 

Increased B2R expression led to a decrease in eNOS protein expression in conductance arteries but not in 

resistance arteries. Investigation of differential protein expression in aortic tissues revealed proteins that were 

not yet known to be associated with B2R signalling, namely CD44, HYAL 1 and UCP-1.  

4.1. Quantification of bradykinin type-II receptors 

B2R overexpression was quantified on both translational level using western blot and transcriptional level using 

RT-qPCR. The RT-qPCR data confirmed the presence of human B2R exclusively in B2
tg mice among various 

tissues, including aorta and skeletal muscles. Moreover, it was demonstrated that the constitutive murine B2R 

levels in B2
tg

 mice remained unaffected by the insertion of human BDKRB2 gene, thus verifying the 

overexpression of B2R. The later finding is in contrast to transgenic mice with endothelium-specific eNOS 

overexpression, where the introduction of bovine eNOS decreased the murine eNOS expression (209). The RT-

qPCR primers targeting B2R are species-specific, enabling differentiation between human and murine B2R. In 

contrast, commercially available antibodies used for western blot to detect B2R proteins are not species-

specific.  

The detection of B2R by western blot represents a scientific dilemma for several reasons. First, studies on some 

commercially available antibodies for GPCRs (such as angiotensin II type-1 receptors, angiotensin II type-2 

receptors, histamine H₄-receptor, and cannabinoid CB2 receptor) have demonstrated a lack of antibody 
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specificity (188, 210-212). Second, finding a species-specific antibody capable of distinguishing between human 

and murine B2R is highly challenging due to the nearly 80% homology (calculated using NCBI Blast alignment 

tool) between murine and human B2R (uniport accession IDs: P32299, P30411). Third, there is inconsistency in 

the reported number of bands detected for B2R via western blot, with some studies reporting a single band and 

others reporting multiple bands (78, 213-216). 

To overcome the challenges mentioned above, two monoclonal B2R antibodies (one from mouse and one from 

rabbit) were analysed. Polyclonal antibodies were generally avoided to minimize nonspecific binding. These 

antibodies were tested on different cells and mouse tissues. The mouse monoclonal antibody was excluded 

because anti-mouse secondary antibody bound to proteins in murine tissues and resulted in multiple bands 

suggesting non-specific binding. Therefore, the rabbit monoclonal antibody was selected for further validation. 

In human dermal microvascular endothelial cells, a single band was detected, while in murine brain endothelial 

cells and various tissues from mice, two bands were observed. These observations suggest that the rabbit 

monoclonal antibody may be species-specific. Of note, both murine and human B2R are present in B2
tg mice, 

thus the two bands of murine B2R most probably overshadow the single band corresponding to human B2R. 

This could explain the difficulty of differentiation between human and murine B2R via western blot in B2
tg mice.  

4.2. Vascular effects of endothelium-specific bradykinin type-II receptors 

overexpression 

4.2.1. Aortic reactivity studies in B2
tg mice 

Although B2R-KO mice showed impaired aortic relaxation in response to acetylcholine (217), no additional 

beneficial effect on endothelial function could be demonstrated in B2
tg mice as the concentration-dependent 

vasorelaxation in response to acetylcholine was similar in B2
tg and B2

n mice. Given that NO mediates 

acetylcholine-induced endothelium-dependent relaxation in murine aorta (218), it was important to explore 

whether the endothelium-dependent relaxation in response to acetylcholine is eNOS-dependent or the 

overexpression of B2R alters the signalling pathway in endothelium. Inhibition of NOS by L-NAME abolished the 

acetylcholine-induced concentration-dependent relaxation in B2
tg mice, confirming that endothelium-

dependent relaxation in aorta is eNOS dependent. 

In early generations of B2
tg, bradykinin-induced concentration-dependent vasoconstriction was lower in B2

tg 

than B2
n (195). However, in this work where later B2

tg generations were investigated, the effect was shifted to a 

marked vasorelaxation. A plausible explanation for this observation is the elevation in human B2R expression 

over generations which might shift the signalling toward vasorelaxation. This finding validates the vasodilatory 

effect of bradykinin ex vivo and confirms the functional human B2R overexpression in aortic vessels of B2
tg. 

Bradykinin exerted different vascular reactivity effects across different species in ex vivo studies. In agreement 

to the finding from B2
tg model with human B2R overexpression, rats with B2R overexpression showed 

concentration-dependent relaxation to bradykinin stimulation (219). Moreover, bradykinin-induced 

vasodilation was shown in rabbit aortic rings and in human and porcine coronary arteries (220-222). While in 

this work and in previous publications, it was shown that bradykinin elicited concentration-dependent 
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vasoconstriction in wild-type mice (76, 195), no response in aorta of rats was demonstrated (223). The 

response to bradykinin-induced vasoreactivity is not only variable across species, but also across vascular beds. 

In mesenteric arteries of mice, bradykinin elicited vasorelaxant effect (224), whereas in thoracic and abdominal 

segments of aorta bradykinin elicited vasoconstrictive effect (76, 225, 226). Furthermore, no effect was 

detected in murine coronary arteries in response to bradykinin (227). In the same manner, bradykinin-induced 

concentration-dependent vasodilation was shown in mesenteric arteries from rats, while in thoracic aorta from 

rats no response to bradykinin was noted (223). In porcine coronary arteries and in sheep pulmonary arteries, 

bradykinin-induced concentration-dependent vasodilation was reported (228-230). Stimulation of porcine 

aortic endothelial cells with bradykinin induced NO release confirming that endothelium-dependent 

vasorelaxation by bradykinin is mediated via NO (231). Age also plays a role in vasoreactivity to bradykinin as 

shown in human and rat mesenteric arteries (223, 232). This may be attributed to a decrease in B2R expression 

with age as shown in a study by Nurmi et al. (233), where it was demonstrated that the senescence process of 

endothelial cells is associated with downregulation of B2R expression. In addition, a decrease in B2R expression 

in myocardial tissues was shown in C57BL/6J mice at 12 and 18 months of age (234), and in rats at 24 months 

of age (235). 

The bradykinin-induced vasorelaxation in B2
tg mice is dependent on eNOS because the NOS inhibitor L-NAME 

abolished vasodilation and even vasoconstriction was shown. This observed vasoconstriction after L-NAME 

pointing out that bradykinin-induced vasoconstriction can occur via other mediators (such as COX products) in 

murine aorta (76). To this point, bradykinin appears to exert both vasoconstriction and vasorelaxation and the 

net observed effect will be attributed to the dominating mediator. In B2
tg mice, NO is the dominating mediator 

and therefore aortic vasorelaxation was observed. Conversely, when NOS signalling pathway is blocked with L-

NAME, only then the contractile mediators become dominant exerting vasoconstriction. In line with this 

finding, bradykinin-induced relaxation was abolished in isolated human mesenteric microvessels pretreated 

with L-NAME. Additionally, a contractile response, that was reduced by nonspecific inhibition of COX, was 

observed (232). 

4.2.2. Systolic blood pressure measurements 

Studies in rodents and humans, in which bradykinin injections reduced blood pressure, pointed out the blood 

pressure lowering effect of bradykinin (49, 236). To elucidate this effect and to study the molecular 

mechanisms in detail, B2R-KO and overexpression models were developed. However, the obtained results from 

these models were contradictory (summarized in section 1.6, Appendix 1.). In this work, sBP of endothelium-

specific human B2R overexpression mice was evaluated to study the effect of B2R specifically overexpressed in 

endothelial cells on sBP. In the early generations of this mice model, sBP was studied using tail-cuff method by 

Bisha et al., and there was a profound decrease in sBP in B2
tg which was not dependent on eNOS enzymes 

(195). Whereas in later generations when this work begins, this phenotype was not shown which raised the 

possibility of presence of genetic drift in the model. Genetic drift refers to the constant tendency of genes to 

evolve even in the absence of selective forces, this drift is powered by spontaneous neutral mutations that may 

disappear or become fixed in a population at random (237). This phenomenon was demonstrated in some 
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models, for instance, loss of previously observed phenotype in a knockout mice model due to spontaneous 

genetic variations was reported by Ji et al. (238). Compensatory mechanisms were reported in some transgenic 

mice models, for example, transgenic mice of B2R overexpression mice showed compensatory increase of 

angiotensinogen but no changes in ACE and renin levels (239). In transgenic mice overexpressing endothelin-1, 

an increase of NO occurred which counteracted the contractile effect of elevated endothelin-1 levels (240). 

These mice showed comparable sBP to wild-type mice and showed higher sBP only when backcrossed with 

eNOS knockout mice (241). In this study that was conducted in 2007, the endothelin-1 overexpression/eNOS 

knockout mice showed higher sBP than eNOS knockout mice, but this effect disappeared with time as reported 

in another study by the same group in 2015 (242). Adaptive mechanisms in eNOS knockout mice were also 

reported (243).  

To resolve the genetic drift phenomenon, the B2
tg mice were backcrossed to the parental strain (C57BL/6J) for 

two consecutive generations (196, 244). Successfully, the phenotype of decrease in sBP reappeared after that 

backcross procedure. Worth to mention that the sBP of B2
n is about 10 mmHg above the average physiological 

values (i.e 120 mmHg) which is likely attributed to the variability related to the tail-cuff method (245, 246). To 

minimize this variability, measurements were done over many days in both groups simultaneously to improve 

the accuracy of measurements.  

The reduction in sBP observed in B2
tg mice is around 5-7 mmHg, which is similar to the decrease in sBP 

following intravenous administration of 1 nmol/kg bradykinin, but less than the decrease seen after intra-

arterial administration of the same dose (49). Importantly, our B2
tg model differs from studies examining the 

pharmacological effects of bradykinin, as in our model, only the number of B2R was increased without elevating 

endogenous bradykinin levels. 

Icatibant administration normalizes the sBP difference between groups, confirming that the decrease in sBP in 

B2
tg mice is related to B2R overexpression. Similar finding was reported in the transgenic mice model 

established by Wang et al (167). It was shown that icatibant does not influence blood pressure in rats and mice 

(51, 247). However, icatibant could block the blood pressure lowering effect of bradykinin (109, 248). The i.p. 

dose of 1 mg/kg of icatibant had been previously administered in mice, demonstrating safety (249). 

Mice were administrated the non-selective COX inhibitor diclofenac for three days to study the underlying 

mechanisms of sBP reduction in B2
tg mice. Surprisingly, diclofenac administration showed a non-significant 

decrease of sBP in both B2
tg and B2

n. Due to the mild sBP decrease after diclofenac administration and the 

similar percent change of sBP decrease from baseline in both B2
tg and B2

n mice, it is unlikely that COX-enzymes 

products play a role in B2R mediated decrease of sBP in mice. Results of COX-1 gene deficient mice models 

regarding effect on BP were heterogeneous. Scotland et al. showed no difference in sBP between male COX-1 

gene deficient and wild-type mice (250), while Athirakul et al. reported a trend of lower sBP in COX-1 gene 

deficient than wild-type mice (251) and Kawada et al. reported high MAP in COX-1 gene deficient during sleep 

time (252). Considering the other COX isoform, a mice model with reduced COX-2 expression did not show any 

changes in blood pressure (253). In general, complete disruption of the COX-2 gene led to renal abnormalities 

and reduced mice viability (254-256). Yang et al. developed three COX-2 gene deficient mice models with 
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different genetic background strains (129/Sv, C57BL/6, and Balb/C). Elevated sBP was observed in 129/Sv COX-

2 gene deficient male mice, but no change in sBP was demonstrated in C57BL/6 COX-2 gene deficient and 

Balb/C COX-2 gene deficient mice (257).  

In our work, inhibition of COX enzymes using diclofenac showed a mild non-significant decrease of blood 

pressure in mice. A plausible rationale for this observation might be the inhibited generation of vasoconstrictor 

prostanoids which could play a role in maintaining normal blood pressure in mice. This is in line with the 

previous finding of our working group that diclofenac inhibited bradykinin-induced vasoconstriction in aorta 

which suggested that COX enzymes mediated murine aortic constriction (76). Further support for this idea is a 

study of endothelial-specific COX-1 knockout mice where the authors observed that COX-1 driven products can 

drive vasoconstriction in vitro (258). These observations are different from what is known about human 

physiology since evidence from clinical trials stated that diclofenac administration causes an increase in sBP 

(around 5-10 mmHg) especially in hypertensive patients or elderly (259-261).  

The contribution of eNOS pathway to sBP decrease in B2
tg was studied by giving NOS inhibitor L-NAME in 

drinking water for seven days. As anticipated, the administration of L-NAME led to elevated sBP in both B2
n and 

B2
tg mice. These findings are consistent with hypertensive outcomes observed in studies involving eNOS 

knockout mice (262) and L-NAME administration studies (263, 264). Moreover, this observation aligns with 

results from eNOS overexpression mice models, where transgenic mice exhibited a decrease in blood pressure 

(209, 265). However, inhibition of endogenous NO synthesis induced a comparable percentage increase of sBP 

in B2
tg and B2

n suggesting that the decrease in sBP in B2
tg mice is likely not mediated by the increase of NOS 

activity. The decrease in HR after L-NAME administration was expected as shown in a previous study by Kojda 

et al. (266) and is likely attributed to the effect of NO on the sinoatrial node (267). 

Bradykinin did not decrease the MAP in male eNOS/COX-1 double KO mice (250) which suggests that the 

bradykinin-induced decrease in blood pressure might be dependent on these two pathways. However, the 

results from sBP measurements of B2
tg mice in our work and from previous work (195) did not support this 

finding.  

The findings obtained from the B2
tg mice pointed out that the underlying mediators vary depending on 

bradykinin-elicited effect. For example, in the present work, we demonstrated that bradykinin-induced aortic 

relaxation in B2
tg mice is NOS-dependent, unlike bradykinin-induced angioedema (268). Despite the B2R 

mediated sBP decrease in B2
tg mice was not dependent on COX-derived products, it was proven that COX-

derived products play an important role in bradykinin-induced angioedema (269). Furthermore, the bradykinin-

induced contraction in murine aorta is dependent on COX-derived products as demonstrated by Khorsavani et 

al. (76). Among these COX-derived products, thromboxane A2, prostaglandin H2, prostaglandin F2α, and 

prostaglandin E2 were identified as endothelium-derived contractile factors (270). These findings suggest that 

the effects of bradykinin on resistance vessels and conduit vessels are regulated in distinct manners.  

In the proteomic analysis of aortic tissues, a significant downregulation of carbonic anhydrase enzymes was 

observed in B2
tg mice. Given that inhibiting carbonic anhydrase lowers blood pressure and exhibits vasodilatory 

properties through the activation of vascular calcium-activated potassium channels, as demonstrated in studies 
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on the carbonic anhydrase inhibitor acetazolamide (271-273). Therefore, the downregulation of carbonic 

anhydrase enzymes could contribute to the decrease in sBP in B2
tg mice. Furthermore, this finding suggests a 

possible link between B2R signalling and carbonic anhydrase enzymes, which warrants further investigation. 

Generally, blood pressure in mice can be measured either by tail-cuff system, fluid-filled catheter system, Millar 

catheter or telemetry (274). In this work, sBP was measured by the tail-cuff photoplethysmography method 

which offers several advantages (245). Firstly, it enables non-invasive recording of sBP, ensuring the safety of 

mice as it eliminates the risks associated with surgical procedures, thereby minimizing the mortality rate. 

Secondly, it allows for the continuous monitoring of the response to drugs over extended periods. Thirdly, 

measurements are conducted in conscious mice, mitigating any potential influence of anaesthesia on 

hemodynamics, and ensuring more accurate physiological representation. It is reported that anaesthetics 

caused reduction in heart rate, blood pressure and cardiac index (275). However, the tail-cuff method 

measures peripheral and not central arterial pressure in conductance arteries as measured by other methods. 

Another aspect is that the blood pressure recordings are done in restrained mice which may add some stress 

on mice during measurements. Therefore, at least 5 adaptation days were included before the actual sBP 

measurements were recorded (245, 274). Radiotelemetry is considered the gold standard of blood pressure 

measurements because it gives a continuous blood pressure measurement over the 24 hours and can be used 

to monitor blood pressure for many days. On the other hand, the need of surgical procedures to implement the 

transmitters is associated with a documented failure rate which, together with the high costs, represent 

limitation for this method. Additionally, the mice need to be housed individually in special housing conditions 

which are not provided in every animal facility (246).  

4.2.3. Flow-mediated dilation 

Brachial FMD is considered a valuable non-invasive tool for evaluating arterial endothelial function in diseases 

and the response to drugs in clinical trials (184). Likewise, FMD is measured in the femoral artery to assess 

endothelial function in transgenic mice models (276). The idea of FMD measurements is based on assessing the 

ability of the vascular endothelium to elicit an increase in vessel diameter after a period of ischemia induced by 

cuff occlusion of conduit arteries namely brachial or femoral arteries. The vasodilation that occurs after cuff 

release is caused by the increase of blood flow velocity and the subsequent increase of shear stress (185, 277). 

The main mediator for FMD in brachial and femoral arteries is NO which is generated by flow-dependent 

activation of eNOS (278, 279). Some studies reported that EDHF may play a role in FMD, but COX-mediated 

products are presumably not involved (280-282).  

Shear stress has been reported to activate mechanosensors on endothelial cells promoting FMD and GPCRs are 

proposed endothelial mechanosensors (283). Interestingly, shear stress can stimulate GPCRs independently of 

ligand binding (284, 285). B2Rs in endothelial cells were identified as mechanosensitive GPCRs, where 

stimulation of B2Rs by fluid shear stress led to conformational changes in the receptors (285). Bradykinin exerts 

protective effects on endothelial function endogenously via NO and prostacyclins (46, 286). In healthy 

volunteers, infusion of bradykinin in the radial artery preserved endothelial function against ischemia-

reperfusion injury, which was induced by occluding the brachial artery with a pressure tourniquet for 20 
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minutes followed by its release. The endothelial function was assessed by FMD, and the observed protective 

effect of bradykinin was attributed to its ability to inhibit vasospasm and thrombus formation (287). 

Intracoronary administration of bradykinin increased both epicardial coronary diameter and coronary blood 

flow. Interestingly, these effects on coronary blood flow were positively correlated to brachial FMD which was 

measured in the same patients with suspected coronary artery disease (288, 289). These data highlighted that 

brachial FMD can be viewed as a surrogate parameter for the bradykinin-induced vasomotor response on 

coronary endothelial function. In addition to the beneficial effects of bradykinin on endothelial function in 

ischemia-reperfusion and coronary blood flow, bradykinin can promote angiogenesis in hindlimb ischemia as 

shown in a number of studies (72, 73, 290, 291). 

In this study, FMD values were comparable between B2
tg and B2

n. The maximum increase in FMD was found at 

80 seconds after cuff deflation, coinciding with the reported peak of NO, which occurs approximately 45–90 

seconds after cuff deflation (292). Based on the knowledge that bradykinin can cause arterial dilation via Gαq 

signalling (19), as well as the identification of B2R as flow mechanosensors (285), it was expected that FMD 

would be enhanced in the B2
tg mice model. However, no improvement of FMD was observed in this mice 

model, thus the role of B2R as mechanosensors is most likely refuted. Several reasons might be suitable to 

explain this rather unexpected finding. For example, compensatory mechanisms might have happened over 

time, leading to a change in endothelial mechanosensors and consequently altering the net effect of FMD. 

Proteomic data showed an increase in expression of CD44 antigen which plays a role in FMD (293) and a 

decrease in expression of SOD2 which might have affected vasodilatory effect of B2R (detailed explanation in 

section 4.4.1). Additionally, it is possible that heterodimers of different receptors might have been formed, 

thereby modifying the vascular reactivity to mechanical stimulation (131). It is important to note that the 

reported beneficial effects of bradykinin were demonstrated after pharmacological administration of 

bradykinin. In contrast, this study focused on the effect of endothelium-specific B2R overexpression, which 

unlikely increases endogenous bradykinin levels. 

4.3. Cardiac effects of endothelium-specific bradykinin type-II receptors 

overexpression 

4.3.1. Heart rate 

A significant decrease of HR in B2
tg mice was observed using the tail-cuff method. In addition, administration of 

the B2R antagonist icatibant resulted in an increase in HR in both B2
tg and B2

n, indicating a potential influence of 

B2R activity on HR. Furthermore, icatibant abolished the HR difference between B2
tg and B2

n. Taken together, 

these findings imply a role of B2R in HR regulation. The effect of bradykinin on HR via B2R is an area of study 

over years because from its name, bradykinin should elicit bradycardia, as shown after intracarotid injection of 

bradykinin in dogs (294), and direct injection in lung parenchyma in rabbits (295). Moreover, there was a 

tendency toward bradycardia after intravenous injection in cats (296). Notably, bradykinin has been identified 

as a mediator of ischemic preconditioning, contributing to a reduction in the number of ventricular premature 

beats, and the incidence of ventricular tachycardia and ventricular fibrillation during myocardial ischemia (297). 

Furthermore, some studies utilizing B2R-KO models showed an increase in HR in those mice (151, 154), and the 
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B2R disruption was responsible for an alteration of the autonomic control of HR (298). These findings 

strengthen the evidence of the role of B2R in HR regulation. Turning to evidence from clinical studies, a series of 

a few patients with hereditary angioedema were described by vagal hyperactivity during the prodromal phase 

of an acute attack. Since bradykinin is the known main mediator of the hereditary angioedema, the authors 

justified this increased vagal modulation directed to the sinus node as a possible reflection of the localized 

bradykinin-mediated vasodilation (299). Nevertheless, some studies in B2R-KO mice did not show an effect of 

B2R signalling on HR. For example, in one study lower HR was reported in B2R-KO mice (163) and in other study 

no change in HR was demonstrated in B2R-KO mice (152). 

Some studies were conducted to explore the possible mechanisms underlying bradykinin-mediated decrease in 

HR, which could be mediated by cardiac vagal tone modulation. The first findings were reported from studies 

on isolated hearts from rabbits showing that the negative chronotropic action of bradykinin was mediated by 

intrinsic cardiac cholinergic neurons (300). Later on, it was found that stimulation of B2R in the nucleus 

ambiguus, which include preganglionic parasympathetic neurons innervating postganglionic parasympathetic 

neurons in the heart, elicited bradycardia in rabbits (301). In another study in dogs, a negative chronotropic 

effect of bradykinin related to a direct effect on the sinus node was reported. Of note, the animals were 

vagotomised and pretreated with a beta blocker to exclude any baroreceptors mediated effects (302). The 

results of these studies are in line with our finding that endothelial overexpression of B2R directly affect the HR 

and manifested as bradycardia in B2
tg. 

Although in some studies icatibant did not affect HR (248, 303), in our study icatibant increased HR in mice 

regardless the B2R overexpression. In agreement with this, intravenous icatibant administration in conscious 

rats and intra-arterial icatibant administration in conscious spontaneously hypertensive rats led to an increase 

in HR (304, 305). In humans, intravenous icatibant infusion for 6 hours enhanced the increase in HR that was 

already observed after 1 month administration of AT1R antagonist valsartan (306). The discrepancy on the 

effect of icatibant on HR may be related to differences in routes of administration, doses, use of anaesthesia, 

and studied species. Therefore, the role of B2R in HR regulation should not be rejected. 

Noteworthy, the decrease in HR in B2
tg mice was not evident in echocardiographic measurements. An 

explanation for this discrepancy is the HR lowering effect of isoflurane used for anaesthesia (275, 307) which 

most likely influenced the HR results. It is recommended during the echocardiographic measurements in mice 

that the heart rate should be kept over 450 bpm to avoid cardio-depression effect of anaesthesia (181). It 

would have been appropriate to confirm these results with telemetry in conscious mice, however several 

aspects such as the costs, the necessity for special technical skills and the invasive nature of device 

implantation precluded the use of telemetry in this work (246). 

4.3.2. Echocardiography 

Data regarding the cardiac effects of B2R specifically expressed in endothelium is scarce. The use of the B2
tg 

model enabled us to study the impact of endothelium-specific B2R on both systolic and diastolic function, as 

well as aortic valve flow parameters, using non-invasive echocardiography in anesthetized mice. Under basal 

conditions, no changes were observed in systolic and diastolic functions of 3-4 months old B2
tg mice. These 
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findings are in line with results from B2R-KO models in which normal systolic and diastolic functions was 

demonstrated after disruption of BDKRB2 gene (105, 157, 163). However, this evidence does not rule out the 

potential benefits of B2R pathway on heart functions. It could be that possible protective effects of B2R will 

manifest only in advanced age as seen in 6, 12 and 18 months old B2R-KO, which exhibited impairment in 

cardiac structure and functions (151, 234). Additionally, induction of myocardial ischemia may accelerate the 

demonstration of the cardioprotective role of B2R as shown in the experimental models of myocardial 

infarction (308-310). In these studies, myocardial ischemia was induced by ligation of left anterior descending 

coronary artery followed by reperfusion and B2R signalling showed protective effects such as reduction of 

infarct size, decrease in apoptosis of cardiomyocytes and minimizing the impairment in LV systolic function. 

Moreover, part of the cardioprotective effects of ACEI in heart failure and after myocardial infarction have 

been attributed to bradykinin via B2R because of the decrease in bradykinin breakdown (107, 311, 312). Taken 

together, the evidence from models of myocardial infarction and studies on ACEI suggests a beneficial impact 

of B2R pathway in pathological conditions. However, in the basal state, the B2R overexpression per se didn’t 

show additional benefits on the heart functions in the B2
tg model. 

Surprisingly, a lower aortic ejection time and a higher aortic valve mean flow velocity were observed in B2
tg 

mice in comparison to B2
n. The decrease in aortic ejection time was reflected as an increase in myocardial 

performance index. Myocardial performance index, the overall cardiac performance index, usually increases 

when there are changes in LV contractility and/or relaxation, as indicated by an increase in isovolumic 

contraction time and isovolumic relaxation time respectively (313, 314). The aortic ejection time, also known as 

LV ejection time, is the time interval from aortic valve opening to aortic valve closure, during which LV ejects 

blood into aorta (315). Given that all parameters of systolic and diastolic functions are within the normal range, 

the rise in myocardial performance index is most likely attributable to the decrease in aortic ejection time. 

Generally, potential causes of decrease in aortic ejection time are an acute decrease in preload, an increase in 

afterload or an impaired systolic function as in heart failure with reduced ejection fraction (315). It is highly 

probable that the decrease in aortic ejection time is associated with the increase in aortic flow velocity. Two 

possible explanations can account for the observed rise in aortic flow velocity. First one is that the 

endothelium-specific B2R overexpression led to structural changes in the aortic valve, that subsequently 

affected the aortic ejection time and the blood flow velocity through the valve. Another less likely explanation 

is that the overexpression of B2R directly impacts blood flow velocity without affecting the valve's structure. 

Valvular cusps are enveloped by an endothelial layer composed of valvular endothelial cells. The calcification of 

valves occurs due to dysfunction of this layer, resulting in endothelial to mesenchymal transition (EndMT) of 

valvular endothelial cells to myofibroblastic cells and endothelial-derived valvular interstitial cells (316). The 

response of the endothelial layer in aortic valves to bradykinin stimulation has been demonstrated in human 

and porcine valve allografts (317, 318), where prostacyclin levels increased with bradykinin stimulation. An 

increase in angiotensin-converting enzyme expression (319), and in neutral endopeptidase activity (320) which 

are responsible for bradykinin breakdown, were reported in studies investigating pathophysiologic mechanisms 

of aortic valve calcification. Furthermore, an increase in B2R expression was shown in aortic valves obtained 

from patients with aortic valve stenosis during valvular replacement therapy (320). Interestingly, in the same 
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study, stimulation of isolated myofibroblasts with bradykinin led to a decrease in the expression of collagen I 

and III, suggesting an antifibrotic effect of bradykinin. 

An important aspect to mention is that the observed increase in mean aortic blood flow velocity falls within the 

physiological range that is totally distant from the values reported in pathological aortic stenosis models (2000-

4000 mm/sec) (321-323). These findings only pointed out a potential role of endothelial B2R in regulation of 

aortic valve functions, and therefore, it could be a target in calcific aortic valve disease, as reviewed by 

Peltonen et al. (324). To further investigate the role of B2R in aortic valve functions, it would be beneficial to 

apply the aortic stenosis model using B2
tg mice. Additionally, the age of the mice should be taken into 

consideration, as more prominent effects may be manifested in advanced age (18 months old) (325) which 

match the elderly population in which aortic valve diseases are most commonly occurring (326). 

4.4. Expression of proteins relevant to bradykinin type-II receptors signalling 

4.4.1. Proteomics data 

Proteomic analysis conducted on aortic tissues from B2
tg mice did not introduce additional knowledge about 

changes in proteins related to blood pressure regulation. However, it revealed changes in several proteins 

associated with various endothelial functions such as angiogenesis, cell migration, cellular lipid metabolic 

process, reactive oxygen species metabolic process and electron transport chain (Figure 56). These findings 

could be directly associated to endothelial B2R signalling because of endothelium-specific B2R overexpression in 

B2
tg mice. 

Kininogenin  1 and plasma kallikrein, proteins involved in bradykinin production, were not significantly changed 

in B2
tg mice. This finding did not denote unchanged bradykinin levels in B2

tg mice but might indicate that the 

production of bradykinin was unlikely to be influenced by B2R overexpression. 
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Figure 56: Diagram summarizing potential relation between bradykinin type-II receptors (B2R) signalling and biological 

processes (and exemplary proteins) related to endothelial functions based on proteomic data analysis. 

Angiogenesis and cell migration  

Angiogenesis and cell migration are closely related processes that often occur simultaneously in the context of 

endothelial function and cardiovascular disease. Endothelial cells undergo migration and proliferation, which 

are fundamental processes for the formation of new blood vessels (327). Bradykinin has been shown to 

promote angiogenesis via VEGF in tumours such as prostate and cervical cancer (87, 88, 328). Furthermore, 

bradykinin is known to promote cell migration (83, 329, 330), although its precise role in regulating endothelial 

functions is not fully understood. 

Proteomic data revealed changes in proteins that could be associated with B2R mediated angiogenesis and cell 

migration, one of these proposed proteins is a hyaluronan processing enzyme, HYAL1. Increased expression of 

HYAL1 has been shown to promote angiogenesis in tumours by providing hyaluronan oligomers (207, 331). 

Another promising protein which was significantly upregulated in B2
tg mice is CD44, a receptor for several 

extracellular matrix components, including hyaluronan. CD44 mediates various effects in both physiological and 

pathological conditions. CD44 plays a role in angiogenesis, cell migration and heart repairing mechanisms after 

myocardial infarction (208, 332, 333). While CD44 has been implicated in the development of atherosclerosis 

(208), a recent study reported that hyaluronan/CD44 interaction contributes to collateral artery formation after 

hindlimb ischemia (293). Therefore, the observed change in CD44 levels in B2
tg mice would be better 

interpreted within the context of specific pathological conditions.  
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Cellular lipid and reactive oxygen species metabolic processes 

Proteomic data showed enrichment of proteins associated with reactive oxygen species and cellular lipid 

metabolic processes in B2
tg. Alteration of these processes can improve endothelial function or lead to 

endothelial dysfunction (8). Therefore, these findings argue for the association of B2R signalling and modulation 

of endothelial function.  

The association between bradykinin and lipid metabolism has not received much attention, except for few 

studies like that conducted by Mount et al. that suggested that bradykinin may have an impact on endothelial 

lipid metabolism, opening a new pathway for B2R on endothelial cell function (334). Carnitine O-

palmitoyltransferase 2 (CPT2), an enzyme that plays a role in fatty acid oxidation, was differentially 

downregulated in B2
tg mice. Fatty acid oxidation is a secondary source of energy fuel in endothelial cells and it 

was demonstrated that fatty acid oxidation is an important process maintaining endothelial cell functions and 

can affect the endothelial to mesenchymal transition and heart valves thickening (335). The differential 

downregulation of CPT2 may indicate an initial deleterious structural change in the aortic valve. This could 

justify the observed increase in aortic valve mean velocity. However, further investigations are required to 

confirm these findings. 

The observed changes in expression of several proteins related to ROS metabolic process  in B2
tg mice is not 

unexpected as the effect of bradykinin on ROS was previously investigated in many studies. Overall, the effect 

of bradykinin on ROS regulation appears to be contradictory in different types of cells. In rat aortic smooth 

muscle cells, an increase in oxidative stress proteins was demonstrated after stimulation with bradykinin (336). 

In contrast, upregulation of ROS scavenging enzymes (SOD) and downregulation of ROS generation enzymes 

(NADPH oxidases) were observed after stimulation of rat cardiomyocytes with bradykinin (337). Moreover, 

increased oxidative stress was shown in the hearts of 18 months old and 2-3 months old B2R-KO mice, 

suggesting a role of B2R against ROS (234, 338). In our work, a differential downregulation in SOD2 was found in 

B2
tg mice. This finding is in line with the increase in ROS production in Apo-E KO/ B2R overexpression mice (339). 

The finding from the ApoE-KO/ B2R overexpression mice may indicate that the role of B2R on ROS modulation is 

disease-dependent. This is due to the overexpression of B2R in the ApoE-KO model, which serves as a model of 

atherosclerosis, resulted in an increase of the ROS production rather than a decrease. 

A plausible explanation behind the decrease in SOD2 protein expression in B2
tg mice could be an increase in 

heterodimerization of B2R with AT1R which might enhance AT1R signalling and consequently resulted in a 

decrease in SOD2. This heterodimerization might be triggered by the increased of number of B2R in B2
tg mice. It 

is known that heterodimers of B2R and AT1R sensitize and enhance the AT1R signalling, and the dimer formation 

between these receptors was evident in pre-eclampsia and upon stimulation with endotoxin (131, 186, 340, 

341). Importantly, the decrease in SOD2 protein expression might partially explain the unexpected absence of 

improvement in FMD in B2
tg mice, as it has been shown that inhibition of SOD impairs bradykinin-induced 

relaxation (342). 

Another associated protein with ROS metabolic process that was significantly downregulated in B2
tg mice is 

UCP1. UCP1 is highly expressed in mitochondria of brown adipocytes and mediates heat production (206).        
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A recent study found that bradykinin induces brown adipose tissue thermogenesis via B2R and increases UCP1 

expression in adipose tissue (249).  

The observed decrease in protein expression of SOD2 and UCP1 in B2
tg mice might indicate a potentially 

adverse impact on endothelial function rather than a beneficial one. It's crucial to interpret these findings 

cautiously, considering that this effect resulted from increase of B2R activity in B2
tg rather than a direct 

pharmacological effect of bradykinin. Nevertheless, these results contribute to our understanding of the 

putative role of B2R signalling in modulating oxidative stress. 

Electron transport chain 

Mitochondrial respiratory chain complex comprised of NADH dehydrogenase (complex I), succinate 

dehydrogenase (complex II), cytochrome c reductase (complex III), cytochrome c oxidase (complex IV), and ATP 

synthase (complex V) (203). Through this chain a series of electron transfer reactions occur to generate ATP via 

oxidative phosphorylation and ROS as a byproduct (343). Decrease in oxidative phosphorylation and 

mitochondrial dysfunction is linked to atherosclerosis and cardiac hypertrophy (344, 345). Surprisingly, 

proteomic data showed a decrease in proteins related to electron transport chain in B2
tg which might be a sign 

of mitochondrial dysfunction. It has been shown that bradykinin induces an increase of calcium concentration 

in mitochondria of bovine endothelial cells (346) and the elevation of intramitochondrial calcium concentration 

with depletion of cellular ATP was further increased by bradykinin and led to loss of mitochondrial membrane 

potential (347). In addition, bradykinin modulates mitochondrial permeability transition pore opening (348). 

Deletion of BDKRB2 gene led to an increase in mitochondrial oxidative phosphorylation genes in skeletal 

muscles (349) and promoted age-induced mitochondria structural changes and dysfunction in cardiomyocytes 

(234). It is worth mentioning that changes in proteins relevant to the electron transport chain may have 

prevented the beneficial effects of B2R in the heart from being demonstrated. However, this did not result in 

any deleterious effects as the systolic and diastolic functions were preserved in B2
tg and were comparable to 

those of the negative littermates. Moreover, these findings are related to changes of proteins in the aorta and 

not reflecting protein changes in heart. 

In general, proteomic data is exploratory rather than conclusive. It sheds light on new proteins that might be 

related to B2R signalling pathway and the associated biological processes which are known to be regulated by 

B2R. Moreover, proteomic analysis was done in aortic tissues under basal conditions and without bradykinin 

stimulation. It is worthwhile to evaluate each pathway separately with its relevant proteins in B2
tg model under 

pathological conditions to get deeper insight into the benefits of B2R and, consequently, the modulation of B2R 

activity as a therapeutic target. 

4.4.2. Protein expression of endothelial nitric oxide synthase  

Despite the established role of bradykinin in inducing an increase in eNOS activity (42, 350), the detailed 

regulation of B2R on eNOS protein expression is still under study. On molecular basis, bradykinin increases 

eNOS activity via increase intracellular calcium in endothelial cells by activation of calcium/calmodulin-

dependent kinase II, increase calcium/calmodulin association, increase in Ser1177 phosphorylation and Thr497 

dephosphorylation of eNOS (351-353). In line with this, stimulation of B2R using bradykinin or Maximakinin       
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(a potent B2R agonist), increased phosphorylation of eNOS at Ser1179 (bovine sequence) and Ser1177 

respectively via activation of PI3K/AKT (354, 355). Furthermore, in an in vitro vascular cell co-culture model 

(combined human coronary artery endothelial cells, vascular smooth muscle cells, and myoendothelial 

junctions), stimulation of endothelial cells with 10 µM bradykinin increased phosphorylation at ser1177 

position of eNOS found on apical side of endothelial cells. However, no effect was observed on eNOS found on 

basal side of endothelial cells which is related to myoendothelial junctions (356). 

Increase in forearm blood flow in response to bradykinin infusion in humans is partially mediated by NOS (357, 

358). NO mediates several bradykinin-induced effects such as protection of the arterial endothelial function in 

ischemic/reperfusion injury, recruitment of progenitor cells in angiogenesis, and stimulation of cell uptake of 

glucose (75, 287, 359). Not all the bradykinin-provoked vascular effects are mediated via NO, some studies 

showed that bradykinin-induced angioedema is not mediated by eNOS (76, 268). An ex vivo study showed that 

bradykinin-induced relaxation of efferent arterioles from rabbit kidneys is not NO mediated (360). Moreover, 

when NOS and COX enzymes were inhibited in porcine coronary artery segments, bradykinin relaxation was 

mediated by EDHF (361). In our work, it has been shown that bradykinin induced aortic relaxation via eNOS 

enzymes, whereas the decrease in sBP observed in B2
tg mice was not eNOS dependent.  

A significant reduction of eNOS protein expression in aortic tissues of B2
tg mice was detected, while the eNOS 

protein expression was not changed in either myocardial or skeletal muscle tissues of B2
tg mice. Difference in 

findings among various tissues can be attributed to the difference of eNOS expression in different vascular beds 

(362). The decrease of eNOS protein expression in aortic tissues of B2
tg mice may represent a compensatory 

physiological response triggered by stimulation of overexpressed B2R. In line with this finding, Vaziri et al. 

showed that sustained activation of human coronary endothelial cells with bradykinin for 24 hours resulted in 

decrease of eNOS expression (363). In addition, aortic nitrate levels were lower in ApoE-KO/B2R overexpression 

mice in comparison to ApoE-KO mice suggesting that B2R overexpression has an impact on nitric oxide 

bioavailability (339).  

Although the 0.38-fold reduction of eNOS protein expression in the aorta of B2
tg mice was statistically 

significant, its impact on functional outcomes are likely limited, as numerous post-translational modifications of 

eNOS exist and can either enhance or diminish the enzyme activity (193). The preserved function of aortic 

endothelium was confirmed by acetylcholine-induced concentration-dependent relaxation in aortic reactivity 

studies (section 3.4.1.). Similar findings were reported recently in arginase-1 deficient mice, where the 

downregulation of aortic eNOS protein expression did not affect the endothelial function (364). Furthermore, 

in a transgenic mice model expressing eNOS only in the vascular endothelium (eNOS-Tg/KO), that was 

generated by endothelial-specific targeting of bovine eNOS in eNOS-deficient mice, a reduction in aortic eNOS 

expression did not reduce the endothelium-dependent relaxation in aortic rings (365). 

4.4.3. Protein expression of p-ERK1/2/ERK1/2 

Bradykinin induced an increase in the phosphorylation of ERK1/2 in aortic tissues of both wild-type and B2
tg 

mice. This finding aligns with previous cell culture studies, which suggested that phosphorylation of ERK1/2 

plays a role in various bradykinin effects, including migration, inflammation, permeability, proliferation, 
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angiogenesis, and vasodilation (45, 291, 354, 366, 367). Most studies investigating the p-ERK1/2 pathway have 

focused on one specific cell type such as endothelial cells and smooth muscle cells (366, 368, 369). In contrast, 

in our study stimulation with bradykinin was done ex vivo on aortic tissues encompassing both endothelial cells 

and smooth muscle cells (370). This argues for the presence of this downstream pathway in aortic tissues that 

represent different types of cells. This finding demonstrates that phosphorylation of ERK1/2 is one of the 

downstream signalling mechanisms for some of the bradykinin effects via B2R in the aortic tissues in B2
tg. 

4.5. Sex-specific difference in response to bradykinin 

Although there isn't much knowledge on the sex-specific vascular effects of bradykinin, one study showed a 

difference in pituitary B2R expression. The authors reported that the difference in B2R expression had an impact 

on prolactin secretion (371), suggesting that B2R signalling might have differential effects in males and females. 

Aortic reactivity in response to bradykinin was studied in aortic rings from male and female mice. In B2
tg, 

bradykinin-induced vasorelaxation was more prominent in aortic rings of females than males, additionally in 

B2
n, rings of females showed lower bradykinin-induced vasoconstriction than those from males. These findings 

are consistent with results from omental tissue and subcutaneous fat vessels that showed more vasodilation to 

bradykinin in premenopausal women than men (372). Importantly, the measured B2R mRNA expression was 

comparable between males and females which refutes the speculations that the underlying cause in variability 

between genders in response to bradykinin stimulation is related to difference in B2R expression. Moreover, 

the eNos mRNA expression was comparable between males and females; however, this finding couldn’t 

exclude post-translational changes that might have occurred. This sex-specific effect might be related to 

oestrogen effects which is known to increase the release of NO and decreasing ACE-induced degradation of 

bradykinin (373).  

4.6. Limitations and future recommendations 

In the present study a unique mice model with endothelium-specific B2R overexpression was used to gain new 

insights about the effects of B2R on various cardiovascular and endothelial functions. To provide a 

comprehensive understanding of the endothelial B2R pathway, various techniques were employed, including 

echocardiography, FMD, tail-cuff method, vascular reactivity studies, and proteomic analysis. However, it is 

important to emphasize that the scope of this work was limited to studying the role of B2R in the basal 

conditions, rather than the pathophysiological ones. It would be useful to crossbreed the B2
tg mice with 

knockout models of various genes related to vascular functions or to induce pathological conditions such as 

myocardial infarction, LV hypertrophy, heart failure, or hypertension. These models would provide an 

opportunity to gain novel insights into the interactions among multiple pathways and may provide knowledge 

about potential benefits of B2R in CVDs.  

It is worth mentioning that the accurate quantification of bradykinin levels is difficult due to the presence of 

various preanalytical variables that may compromise measurement accuracy (374). Therefore, bradykinin levels 

were not measured in this study. However, data from proteomic analysis may provide an indication that a 

change in bradykinin production was unlikely. To increase bradykinin levels in B2
tg mice and evaluate the 
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consequences of chronic B2R activation, a study using ACEI should be conducted. The present work focused on 

investigating the NOS and COX signalling, rather than the EDHF signalling, of the B2R pathway due to the 

difficulty in addressing the EDHF signalling. Investigating the EDHF signalling is challenging due to insufficient 

evidence about the safety and efficacy of EDHF inhibitors in vivo.  
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Summary and Conclusions 

This study investigated the role of endothelium-specific B2R on various cardiovascular functions using 

endothelium-specific B2R overexpression mice. The following conclusions were driven: 

• Endothelium-specific B2R overexpression decreases systolic blood pressure and heart rate. The reduction in 

systolic blood pressure is potentially attributed to the decrease in heart rate. 

• Endothelium-specific B2R overexpression does not affect systolic and diastolic functions but is associated 

with an increase in aortic flow velocity under basal conditions.  

• Endothelium-specific B2R overexpression doesn’t have a favourable effect on flow-mediated dilation under 

basal conditions. 

• Difference in response to bradykinin between male and female mice in aortic reactivity studies suggests 

sex-specific effects in bradykinin signalling. 

• Endothelium-specific B2R signalling is involved in various biological process related to endothelial functions 

such as angiogenesis, cell migration, ROS modulation, electron transport chain, and lipid metabolism in B2
tg 

mice. Further studies are required to elucidate the specific underlying mechanisms and mediators.  

• Bradykinin-induced relaxation in aorta is eNOS-dependent. 

Despite several differences observed in isolated tissues, in vivo only blood pressure and heart rate were 

significantly reduced. These data confirm that activation of endothelial B2R signalling, as accomplished by 

endothelium-specific overexpression of B2R, contributes to blood pressure regulation. Further studies should 

be carried out to determine whether the other changes in the cardiovascular system observed in B2
tg mice may 

have a positive impact on the progression of hypertension, coronary artery disease or heart failure. 
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Summary 

Cardiovascular diseases (CVDs) continue over many years now to be one of the leading causes of death 

worldwide. Exploring new pathways in pathogenesis of CVDs is necessary to guide the development of new 

therapeutic agents to decrease mortality and morbidity among patients with CVDs. Hypertension is a 

prominent risk factor for most CVDs.  

Bradykinin is an endogenous peptide exerting vasodilation on blood vessels through acting on bradykinin type-

II receptors (B2R). This vasodilatory effect is thought to be mediated by nitric oxide (NO), prostacyclin and 

endothelium derived hyperpolarizing factor (EDHF). Evidence about role of B2R in blood pressure control came 

from bradykinin administration in vivo, B2R knockout (B2R-KO) models and studies on Angiotensin-Converting 

Enzyme Inhibitors (ACEI) where bradykinin levels increased following ACEI administration. However, results 

from B2R-KO models weren’t confirmatory and the B2R effects remains incompletely characterized.  

Therefore, B2R signalling, particularly in endothelium, was thoroughly investigated in this work to get new 

insights about vascular and cardiac effects of B2R pathway, in addition to the underlying mediators for these 

effects. To achieve this, an endothelium-specific human B2R overexpression mice model (B2
tg) was used.  

Vascular reactivity studies were done with the aim of testing the responsiveness to bradykinin of aortic tissues 

to illustrate its vasodilatory effects and to understand the underlying mechanisms. Hemodynamic 

measurements [systolic blood pressure (sBP) and heart rate (HR)] of B2
tg mice were measured by the tail-cuff 

method to investigate the systemic effects of B2R overexpression. A flow-mediated dilation (FMD) study was 

conducted to assess endothelial function in conduit blood vessels, to explore the proposed role of B2R as 

mechanosensors and their ability to induce vasodilation in response to increased blood flow. Cardiac systolic 

and diastolic functions under basal conditions were assessed by echocardiography. To gain new insights about 

novel proteins and biological processes related to B2R signalling, proteomic analysis was performed on aortic 

tissues. 

Bradykinin-induced vasodilation was shown ex vivo in aortic rings of B2
tg mice confirming the overexpression of 

human B2R and validating the vasodilatory effect of bradykinin. This effect was dependent on the nitric oxide 

synthase enzyme (NOS). B2R overexpression affected the hemodynamics demonstrated as a decrease in sBP 

and HR in B2
tg mice. The decrease in sBP was not mediated by cyclooxygenase (COX)-derived products, or NOS. 

FMD data did not show a significant effect of endothelial B2R overexpression. Likewise, under basal conditions 

endothelium-specific B2R has no particular effects on systolic and diastolic functions, but an increase in aortic 

valve mean velocity was observed that warrant further investigations. In B2
tg mice, proteomic analysis revealed 

change in expression of proteins that are related to reactive oxygen species metabolic process, electron 

transport chain, cellular lipid metabolic process, cell migration, and angiogenesis. Furthermore, several 

proteins e.g. CD44, hyaluronidase 1 and uncoupling protein 1 that are most likely related to endothelial B2R 

signalling, were newly reported. 

These findings increase the current knowledge on the role of B2R signalling in blood pressure regulation and 

provide new aspects about vascular and cardiac effects of the endothelial B2R under basal conditions. Using 



Summary 

Page | 102  
 

different methods in this study, the vasodilatory effect of bradykinin and the role of B2R in vascular reactivity 

was investigated at various levels, from molecular signalling pathways to systemic cardiovascular responses. 

Finally, this work provides new questions regarding the role of B2R in aortic valve functions and reported new 

proteins which might be regulated by B2R pathway. 
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Appendix 1: Model description, main findings, publication year and references of genetically 

modified models of kallikrein-kinin system. 

Model description Main findings Publication  
year and 
reference. 

Knockout models 

B2R-KO mice on a 129/J genetic 
background. 

-The blood pressure response to bradykinin 
was completely abolished in B2R-KO. The 
hypertensive response to high sodium 
intake increased in B2R-KO mice but not to 
angiotensin II. 

-Increased heart weight. 

1996, (147) 

B2R-KO mice on a 129Sv/J mice background. -B2R-KO mice showed elevated sBP, 
increased blood pressure sensitivity to salt 
and angiotensin II. No effect to B2R 
stimulation but increased sensitivity to B1R 
stimulation. Lower sensitivity to NOS 
inhibition. 

-Increased heart weight. 

1997, (148) 

B2R-KO mice on a 129Sv/J mice background. -Under basal conditions, sBP and heart rate 
(HR) were higher in B2R-KO mice. 

-B2R-KO mice showed accelerated 
renovascular hypertension. 

1998, (149) 

B2R-KO mice on a 129Sv/J mice background. In heterozygous B2R-KO mice, sBP was like 
WT mice until 5 months old, then it raised 
to the elevated levels of knockout mice at 7 
months of age. 

1999, (150) 

B2R-KO mice on a 129/J mice background. 

 

-sBP of B2R-KO mice was normal at 50 days 
of age and gradually increased, reaching a 
plateau at 6 months.  

-In heterozygous B2R mice, sBP elevation 
was elevated after 6 months of age.  

-Intra-arterial measurements confirmed the 
elevated blood pressure at 360 days. 

-Tachycardia was observed in B2R-KO and 
heterozygous mice since the early phases of 
life through adulthood.  

-LV end-diastolic pressure increased in B2R-
KO at 180 days and increased even more at 
360 days. 

1999, (151) 

B2R-KO mice on C57BL/6 mice background. -B2R-KO mice on high salt diet showed 
elevated sBP at 2,3, and 4 months of age.  

-MAP was elevated when measured at 4 
months of age. 

1999, (153) 

B2R-KO mice on a 129Sv/J mice background. B2R-KO mice showed normal blood 
pressure, HR, and renal functions on normal 
or high salt diet. 

2001, (152) 



Appendix 

Page | 129  
 

Model description Main findings Publication  
year and 
reference. 

B2R-KO mice on a 129Sv/J mice background. -B2R-KO mice showed comparable blood 
pressure and cardiac function to WT mice.  

-After induction of myocardial infarction, 
development of heart failure and 
remodelling were also comparable between 
B2R-KO and WT mice. 

2001, (105) 

B2R-KO mice on a 129Sv/J mice background. -B2R-KO mice showed comparable blood 
pressure to WT mice at baseline and after 
infusion of Ang-II.  

-B1R expression levels was higher in B2R-KO 
mice at baseline and after infusion of Ang-II. 

2001, (81) 

Tissue kallikrein-deficient mice -Decrease in LV functions. 

-Decrease in flow-Induced dilatation in 
isolated perfused carotid arteries. 

-Normal systolic blood pressure and heart 
rate. 

2001, (162) 

Comparative study of female B2R-KO mice 
and tissue kallikrein–deficient mice on 
C57BL/6 genetic background. 

-B2R-KO and tissue kallikrein–deficient mice 
showed comparable sBP and dBP to WT 
mice. 

-Only B2R-KO showed lower heart rate, 
renal and coronary blood flow than WT. 

-Cardiac functions were comparable to WT 
mice. 

-B2R-KO showed higher increase of blood 
pressure to angiotensin II and 
norepinephrine injections. 

-Response to bradykinin was absent in B2R-
KO but was totally preserved in tissue 
kallikrein–deficient mice. 

-Increase in renal renin mRNA in B2R-KO 
mice. 

2002, (163) 

B2R-KO mice on C57BL/6 background. -B2R-KO mice showed higher sBP than WT 
mice through 6 to 12 months of age. 

-B2R-KO mice showed higher HR than WT 
mice at 8 and 12 months of age. 

-At 12 months of age, B2R-KO mice showed 
mild impairment in cardiac structure and 
functions. 

2003, (154) 

B2R-KO mice on C57BL/6J background -Blood pressure, HR, renal plasma flow, 
glomerular filtration rate, and renal vascular 
resistance were comparable between WT 
and B2R-KO mice. 

2003, (155) 
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Model description Main findings Publication  
year and 
reference. 

Double knockout of B1R and B2R mice on 
C57BL/6J background 

-B1R/B2R double knockout mice have similar 
blood pressure to WT mice and lower HR. 

-Normal heart function even at mice of 15-
18 months of age. 

-Showed lower decrease in blood pressure 
in response to bacterial lipopolysaccharide 
injection. 

2007, (159) 

B2R-KO mice and double knockout of B1R 
and B2R mice on C57BL/6J background 

Blood pressure was comparable among WT, 
B2R-KO, and B1R/B2R double knockout mice. 

2007,(160) 

Double knockout of B1R and B2R on 
C57BL/6J background 

Loss of both B1R and B2R did not further 
deteriorate the cardiac dysfunction in mice 
model with type-1 diabetes. 

2010, (161) 

B2R-KO mice on C57BL/6J background. Ex vivo studies on B2R-KO mice showed 
impairment in cardiomyocytes functions. 

2010,(156) 

B2R-KO mice on C57BL/6J background. B2R-KO mice showed normal cardiac 
functions. 

2013, (157) 

Conditional knockout of collecting duct 
B2R. 

-Mice lacking collecting duct B2R showed 
higher increase in blood pressure than WT 
mice only after intake of 8% salt diet and 
angiotensin II infusion. 

2016, (164) 

Mice in which B2R gene has been 
specifically deleted from the endothelium 
(B2

flox/flox.Tie2Cre)  

-Normal blood pressure readings compared 
to the WT. 

-Lower body temperature (by about 1.5 °C) 
compared to WT mice. 

2020, 
unpublished 
observation 
documented in 
(61) 

Mice in which CRISPR/Cas9 method to 
delete kininogen1 and kininogen2 genes. 

Both mice models had about 50% 
reductions in plasma low molecular weight 
kininogen, significantly elevated systolic 
blood pressure and normal heart rate 
compared to WT mice.  

2023, (165) 

Overexpression models 

Transgenic mice with human B2 receptor 
overexpression under the control of the 
Rous sarcoma virus long terminal repeat 
promoter. 

-Transgenic mice showed significant 
reductions in systolic blood pressure. 

-Intra-aortic injections of bradykinin 
resulted in decrease in mean blood pressure 
in both transgenic and control mice with 
more pronounced decrease in transgenic 
mice. 

1997, (167) 

 

 

 

 

 

 

 

Transgenic mice with human B2 receptor 
overexpression under the control of the 
Rous sarcoma virus long terminal repeat 
promoter. 

-Enhanced renal function through activation 
of NO-cGMP and cAMP signal transduction 
pathways. 

2000, (239) 
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Model description Main findings Publication  
year and 
reference. 

Adenovirus-mediated human tissue 
kallikrein gene delivery in B2R-KO mice on 
J129Sv background and B2R overexpression 
mice on C57BL/6 background. 

-Adenovirus-mediated human tissue 
kallikrein gene reduced neointima 
formation which is responsible for artery 
restenosis after angioplasty. 

-The protective action of Adenovirus-
mediated human tissue kallikrein gene on 
neointima formation was reduced in B2R-KO 
mice and amplified in transgenic mice 
overexpressing human B2R. 

2000, (375) 

Transgenic rat harboring the human tissue 
kallikrein gene under the control of the 
zinc-inducible metallothionein promoter. 

-Transgenic rats had a lower MAP in 
comparison with control rats.  

-Upon induction of cardiac hypertrophy 
with isoproterenol, transgenic rats showed 
less fibrosis and hypertrophy. 

2000, (166) 

Transgenic rat harboring the human tissue 
kallikrein gene under the control of the 
zinc-inducible metallothionein promoter. 

Transgenic rats conferred extra protection 
against LV contractile dysfunction and 
extracellular matrix remodelling in 
comparison to WT rats after induction of 
diabetic cardiomyopathy by streptozotocin. 

2004, (376) 

Transgenic rat harboring the human tissue 
kallikrein gene under the control of the 
zinc-inducible metallothionein promoter 

Transgenic rats showed better LV function 
and less LV remodelling than WT rats after 
induction of myocardial infarction. 

2006, (377) 

Endothelium-specific human B2R 
overexpression mice. Tie-2 promoter was 
used to specifically target the construct to 
the vascular endothelium. 

Transgenic mice showed lower sBP than 
negative littermates. 

2018, (195) 

Transgenic rats with overexpression of 
bradykinin in the proximal convoluted 
tubules in kidney. Kidney androgen 
regulated protein promoter was used to 
direct the expression of the construct 
specifically in proximal tubules. 

Transgenic rats showed: 

-increase in sBP and HR. 

-no change in MAP. 

-increase in LV mass, cardiac output, and 
decrease in renal artery blood flow. 

-decrease in plasma renin and increase in 
plasma angiotensinogen.  

-increase in B2R mRNA expression in outer 
cortex of kidney. 

2018, (53) 

Human kallikrein overexpression rats.  Human kallikrein overexpression protected 
against aging-induced cardiac dysfunction. 

2019, (378) 

Endothelium-specific overexpression of 
B2R in rats. Vascular endothelial cadherin 
promoter was used to specifically target the 
construct to the vascular endothelium. 

No data about cardiovascular 
characterization. 

2019, (219) 

Abbreviations: B2R-KO: bradykinin type-II receptor knockout, B2R: bradykinin type-II receptor, B1R: bradykinin type-I 
receptor, WT: wild-type, NO: nitric oxide, NOS: nitric oxide synthase, sBP: systolic blood pressure, HR: heart rate, MAP: 
mean arterial pressure, dBP: diastolic blood pressure, mRNA: messenger ribonucleic acid, cAMP: Cyclic adenosine 
monophosphate, cGMP: Cyclic guanosine monophosphate, LV: left ventricular. 
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Appendix 2: Proteins that were significantly changed in B2
tg mice, uniprot accession, 

description, symbol, abundance ratio, Log2 (abundance ratio), and adjusted P-value are 

described for every protein.  

Uniprot 
Accession 

Description Symbol Abundance 
Ratio: 
(B2

tg)/(wild- 
type) 

Log2 
(abundance 
ratio) 

Adjusted 
P-value 

Q9JK42 [Pyruvate dehydrogenase (acetyl-
transferring)] kinase isozyme 2, 
mitochondrial  

PDK2 0.64 -0.65 4.31E-02 

Q9DAK9 14 kDa phosphohistidine 
phosphatase  

PHPT1 2.03 1.02 1.84E-02 

G3X9M0 28S ribosomal protein S29, 
mitochondrial 

DAP3 0.55 -0.87 3.04E-02 

Q61733 28S ribosomal protein S31, 
mitochondrial  

MRPS31 0.45 -1.15 2.03E-03 

Q6P3A8 2-oxoisovalerate dehydrogenase 
subunit beta, mitochondrial  

BCKDHB 0.53 -0.91 1.85E-03 

Q3UK02 39S ribosomal protein L9, 
mitochondrial  

MRPL9 0.44 -1.19 4.20E-02 

Q91WT7 3-alpha-hydroxysteroid 
dehydrogenase type 1  

AKR1C14 2.42 1.27 3.62E-02 

Q91VT4 3-oxoacyl-[acyl-carrier-protein] 
reductase  

CBR4 0.61 -0.71 1.80E-02 

P62281 40S ribosomal protein S11  RPS11 1.56 0.64 2.19E-02 

A0A140LIF0 5-demethoxyubiquinone 
hydroxylase, mitochondrial  

COQ7 0.41 -1.29 3.16E-05 

P62830 60S ribosomal protein L23  RPL23 1.89 0.92 9.26E-05 

A0A1W2P7X0 ABRA C-terminal-like protein 
(Fragment)  

ABRACL 0.44 -1.20 3.57E-06 

Q14DH7 Acyl-CoA synthetase short-chain 
family member 3, mitochondrial  

ACSS3 0.60 -0.75 8.31E-03 

Q8VHQ9 Acyl-coenzyme A thioesterase 11  ACOT11 0.50 -1.00 4.84E-04 

Q9CQR4 Acyl-coenzyme A thioesterase 13  ACOT13 0.56 -0.83 7.94E-03 

J3QP56 Acyl-protein thioesterase 1  LYPLA1 0.54 -0.89 3.49E-03 

A2BDX3 Adenylyltransferase and 
sulfurtransferase MOCS3  

MOCS3 1.61 0.68 4.35E-03 

Q9CQW2 ADP-ribosylation factor-like 
protein 8B  

ARL8B 0.54 -0.89 1.32E-03 

Q91VB8 Alpha globin 1  HBA-A1 0.59 -0.75 4.33E-02 

A0A0G2JE03 Anaphase-promoting complex 
subunit 5  

ANAPC5 0.36 -1.49 1.61E-02 

P14824 Annexin A6  ANXA6 0.60 -0.75 3.82E-02 

Q06185 ATP synthase subunit e, 
mitochondrial  

ATP5ME 1.80 0.85 2.04E-03 

P97450 ATP synthase-coupling factor 6, 
mitochondrial  

ATP5PF 2.47 1.30 1.45E-03 

Q6P542 ATP-binding cassette sub-family F 
member 1  

ABCF1 0.45 -1.14 2.19E-06 

K3W4Q8 Basigin  BSG 0.57 -0.81 1.67E-02 

Q61335 B-cell receptor-associated protein 
31  

BCAP31 1.53 0.61 3.61E-02 

A8DUK4 Beta-globin  HBB-BS 0.55 -0.85 1.36E-02 

Q9DBL7 Bifunctional coenzyme A 
synthase 

COASY 0.56 -0.83 2.19E-03 
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Uniprot 
Accession 

Description Symbol Abundance 
Ratio: 
(B2

tg)/(wild- 
type) 

Log2 
(abundance 
ratio) 

Adjusted 
P-value 

Q6GQS1 Calcium-binding mitochondrial 
carrier protein SCaMC-3  

SLC25A23 2.05 1.04 1.89E-05 

A0A0G2JFI6 Calponin-3 (Fragment)  CNN3 0.27 -1.91 5.66E-04 

P31324 cAMP-dependent protein kinase 
type II-beta regulatory subunit  

PRKAR2B 0.54 -0.89 3.23E-03 

P13634 Carbonic anhydrase 1  CA1 0.42 -1.26 4.65E-07 

P00920 Carbonic anhydrase 2  CA2 0.49 -1.04 2.44E-04 

P52825 Carnitine O-palmitoyltransferase 
2, mitochondrial  

CPT2 0.59 -0.76 4.11E-02 

A2APM3 CD44 antigen  CD44 2.91 1.54 5.66E-04 

Q91WS0 CDGSH iron-sulfur domain-
containing protein 1  

CISD1 0.61 -0.72 4.31E-02 

Q924Z4 Ceramide synthase 2  CERS2 1.77 0.82 2.73E-02 

Q6IRU5 Clathrin light chain B  CLTB 3.07 1.62 1.16E-06 

P60824 Cold-inducible RNA-binding 
protein  

CIRBP 0.54 -0.90 2.18E-02 

A0A087WS16 Collagen, type VI, alpha 3  COL6A3 1.51 0.60 4.41E-02 

Q3U898 COP9 signalosome complex 
subunit 9  

COPS9 0.18 -2.45 8.97E-08 

P63254 Cysteine-rich protein 1  CRIP1 0.58 -0.78 5.63E-03 

Q9CPX8 Cytochrome b-c1 complex 
subunit 10  

UQCR11 0.34 -1.57 3.16E-04 

Q9CR68 Cytochrome b-c1 complex 
subunit Rieske, mitochondrial  

UQCRFS1 0.50 -1.01 1.42E-03 

P43024 Cytochrome c oxidase subunit 
6A1, mitochondrial  

COX6A1 0.51 -0.96 1.01E-04 

P56392 Cytochrome c oxidase subunit 
7A1, mitochondrial  

COX7A1 0.42 -1.26 4.14E-07 

O35459 Delta(3,5)-Delta(2,4)-dienoyl-CoA 
isomerase, mitochondrial  

ECH1 0.57 -0.82 1.96E-02 

O08749 Dihydrolipoyl dehydrogenase, 
mitochondrial  

DLD 0.54 -0.89 8.23E-03 

D3YUZ8 Disks large homolog 2  DLG2 0.41 -1.27 2.29E-02 

Q9D0M5 Dynein light chain 2, cytoplasmic  DYNLL2 0.46 -1.12 2.69E-04 

F8WJ93 Echinoderm microtubule-
associated protein-like 4  

EML4 0.60 -0.73 2.07E-02 

Q921G7 Electron transfer flavoprotein-
ubiquinone oxidoreductase, 
mitochondrial  

ETFDH 0.56 -0.83 1.89E-02 

A0A0R4J2D2 Extracellular sulfatase Sulf-1  SULF1 0.46 -1.11 2.01E-02 

P11404 Fatty acid-binding protein, heart  FABP3 0.56 -0.83 1.80E-02 

F6SJM7 Fucose mutarotase (Fragment)  FUOM 0.17 -2.59 1.03E-08 

Q8R3R8 Gamma-aminobutyric acid 
receptor-associated protein-like 1  

GABARAPL
1 

0.15 -2.77 1.65E-08 

Q7TMG8 Glioblastoma amplified sequence  NIPSNAP2 0.63 -0.67 4.51E-02 

Q64516 Glycerol kinase  GK 0.63 -0.66 3.30E-02 

P13707 Glycerol-3-phosphate 
dehydrogenase [NAD(+)], 
cytoplasmic  

GPD1 0.53 -0.91 6.36E-03 

Q9ET01 Glycogen phosphorylase, liver 
form  

PYGL 0.60 -0.74 4.97E-02 

P02089 Hemoglobin subunit beta-2  HBB-B2 0.48 -1.05 2.72E-05 
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Uniprot 
Accession 

Description Symbol Abundance 
Ratio: 
(B2

tg)/(wild- 
type) 

Log2 
(abundance 
ratio) 

Adjusted 
P-value 

Q9JMG7 Hepatoma-derived growth factor-
related protein 3  

HDGFL3 1.50 0.59 2.68E-02 

O08528 Hexokinase-2  HK2 0.57 -0.80 2.40E-02 

A2AWS5 Histone deacetylase  HDAC5 2.31 1.21 2.99E-03 

P10922 Histone H1.0  H1-0 1.91 0.94 1.29E-03 

P15864 Histone H1.2  H1-2 1.71 0.77 1.59E-03 

P43274 Histone H1.4  H1-4 1.92 0.94 7.35E-04 

P43276 Histone H1.5  H1-5 1.94 0.95 6.50E-03 

Q8BFU2 Histone H2A type 3  H2AC25 3.44 1.78 2.67E-14 

D3YXU8 Hyaluronidase  HYAL1 4.35 2.12 5.76E-05 

Q61425 Hydroxyacyl-coenzyme A 
dehydrogenase, mitochondrial  

HADH 0.44 -1.18 7.53E-05 

Q2TPA8 Hydroxysteroid dehydrogenase-
like protein 2  

HSDL2 0.57 -0.82 1.12E-02 

P01837 Immunoglobulin kappa constant  IGKC 1.53 0.61 1.90E-02 

A0A0B4J1H8 Immunoglobulin kappa variable 
1-133 (Fragment)  

IGKV1-133 2.27 1.18 4.96E-02 

Q91UZ5 Inositol monophosphatase 2  IMPA2 0.34 -1.56 1.23E-05 

P85094 Isochorismatase domain-
containing protein 2A  

ISOC2A 0.39 -1.36 1.89E-06 

P58044 Isopentenyl-diphosphate Delta-
isomerase 1  

IDI1 0.50 -1.01 8.90E-03 

Q3UV17 Keratin, type II cytoskeletal 2 oral  KRT76 1.98 0.98 5.90E-06 

O89017 Legumain  LGMN 0.47 -1.08 1.77E-03 

E9QP62 LIM and senescent cell antigen-
like-containing domain protein  

LIMS1 0.56 -0.83 5.68E-03 

A0A1L1SRE8 Low-density lipoprotein receptor  LDLR 0.33 -1.59 6.47E-03 

Q62190 Macrophage-stimulating protein 
receptor  

MST1R 6.48 2.70 4.83E-07 

A0A1Y7VJZ2 Maleylacetoacetate isomerase  GSTZ1 0.59 -0.76 2.20E-02 

Q9D1I5 Methylmalonyl-CoA epimerase, 
mitochondrial  

MCEE 0.58 -0.78 2.41E-02 

Q8R404 MICOS complex subunit MIC13  MICOS13 0.57 -0.81 6.53E-03 

Q9CQ20 Mid1-interacting protein 1  MID1IP1 0.28 -1.82 8.52E-04 

P12242 Mitochondrial brown fat 
uncoupling protein 1  

UCP1 0.44 -1.20 5.73E-05 

Q9Z2Z6 Mitochondrial 
carnitine/acylcarnitine carrier 
protein  

SLC25A20 0.52 -0.93 4.56E-03 

Q9D6M3 Mitochondrial glutamate carrier 1  SLC25A22 0.62 -0.69 2.11E-02 

Q5HZI9 Mitochondrial nicotinamide 
adenine dinucleotide transporter 
SLC25A51  

SLC25A51 0.29 -1.79 7.60E-07 

P63030 Mitochondrial pyruvate carrier 1  MPC1 0.55 -0.87 1.07E-02 

Q9DAM5 Mitochondrial thiamine 
pyrophosphate carrier  

SLC25A19 0.50 -1.00 2.42E-02 

Q9CXT8 Mitochondrial-processing 
peptidase subunit beta  

PMPCB 0.58 -0.80 3.74E-02 

Q99LC3 NADH dehydrogenase 
[ubiquinone] 1 alpha subcomplex 
subunit 10, mitochondrial  

NDUFA10 0.59 -0.76 3.78E-02 
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Uniprot 
Accession 

Description Symbol Abundance 
Ratio: 
(B2

tg)/(wild- 
type) 

Log2 
(abundance 
ratio) 

Adjusted 
P-value 

Q9D8B4 NADH dehydrogenase 
[ubiquinone] 1 alpha subcomplex 
subunit 11  

NDUFA11 0.59 -0.76 4.27E-02 

Q9CPU2 NADH dehydrogenase 
[ubiquinone] 1 beta subcomplex 
subunit 2, mitochondrial  

NDUFB2 0.52 -0.94 1.13E-03 

Q3UIU2 NADH dehydrogenase 
[ubiquinone] 1 beta subcomplex 
subunit 6  

NDUFB6 0.61 -0.72 2.23E-02 

Q9CR61 NADH dehydrogenase 
[ubiquinone] 1 beta subcomplex 
subunit 7  

NDUFB7 0.56 -0.84 1.60E-03 

Q91WD5 NADH dehydrogenase 
[ubiquinone] iron-sulfur protein 
2, mitochondrial  

NDUFS2 0.57 -0.81 2.31E-02 

Q9CXZ1 NADH dehydrogenase 
[ubiquinone] iron-sulfur protein 
4, mitochondrial  

NDUFS4 0.59 -0.76 3.40E-02 

P03911 NADH-ubiquinone 
oxidoreductase chain 4  

MTND4 0.51 -0.97 5.47E-03 

P03921 NADH-ubiquinone 
oxidoreductase chain 5  

MTND5 0.32 -1.64 4.64E-12 

Q9QZ23 NFU1 iron-sulfur cluster scaffold 
homolog, mitochondrial  

NFU1 0.60 -0.74 4.20E-02 

Q9D0J8 Parathymosin  PTMS 1.68 0.75 1.77E-02 

Q8BJ56 Patatin-like phospholipase 
domain-containing protein 2  

PNPLA2 0.46 -1.12 6.22E-05 

Q99KR7 Peptidyl-prolyl cis-trans 
isomerase F, mitochondrial  

PPIF 0.55 -0.87 1.36E-02 

Q8R2Y8 Peptidyl-tRNA hydrolase 2, 
mitochondrial  

PTRH2 0.48 -1.06 1.09E-03 

Q9R0M4 Podocalyxin  PODXL 0.45 -1.15 2.03E-03 

Q99NF7 Ppm1b protein  PPM1B 3.33 1.74 3.55E-04 

Q9JIG8 PRA1 family protein 2  PRAF2 1.77 0.82 1.60E-02 

Q61823 Programmed cell death protein 4  PDCD4 0.42 -1.25 2.39E-02 

Q9D1T5 Proline-rich protein 15  PRR15 0.23 -2.14 6.63E-06 

Q8BWM0 Prostaglandin E synthase 2  PTGES2 0.61 -0.71 1.66E-02 

Q8BGC4 Prostaglandin reductase-3  PTGR3 0.62 -0.68 4.51E-02 

A0A0A6YW06 Protein enabled homolog  ENAH 0.34 -1.57 4.00E-08 

Q3TDD9 Protein phosphatase 1 regulatory 
subunit 21  

PPP1R21 0.19 -2.41 1.72E-06 

Q61074 Protein phosphatase 1G  PPM1G 1.84 0.88 2.98E-03 

Q91V77 Protein S100  S100A1 0.43 -1.20 1.67E-07 

P50543 Protein S100-A11  S100A11 0.48 -1.05 7.23E-05 

Q9QVP9 Protein-tyrosine kinase 2-beta  PTK2B 0.40 -1.34 2.66E-05 

P60603 Reactive oxygen species 
modulator 1  

ROMO1 0.45 -1.17 6.71E-04 

Q9DCV4 Regulator of microtubule 
dynamics protein 1  

RMDN1 0.59 -0.76 2.35E-02 

A0A0R4J0S3 Reticulon-4-interacting protein 1, 
mitochondrial 
  

RTN4IP1 0.58 -0.78 3.30E-02 
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Uniprot 
Accession 

Description Symbol Abundance 
Ratio: 
(B2

tg)/(wild- 
type) 

Log2 
(abundance 
ratio) 

Adjusted 
P-value 

 
Q9DD06 

 
Retinoic acid receptor responder 
protein 2  

 
RARRES2 

 
3.54 

 
1.82 

 
7.28E-04 

Q9Z0J1 Reversion-inducing cysteine-rich 
protein with Kazal motifs  

RECK 0.49 -1.03 2.29E-03 

Q9CQE8 RNA transcription, translation 
and transport factor protein  

RTRAF 1.67 0.74 4.41E-02 

O88632 Semaphorin-3F  SEMA3F 0.34 -1.56 1.91E-03 

O35326 Serine/arginine-rich splicing 
factor 5  

SRSF5 1.94 0.96 2.62E-02 

Q62086 Serum paraoxonase/arylesterase 
2  

PON2 0.51 -0.97 7.96E-03 

Q9D8T7 SRA stem-loop-interacting RNA-
binding protein, mitochondrial  

SLIRP 0.48 -1.07 1.38E-02 

Q9CXV1 Succinate dehydrogenase 
[ubiquinone] cytochrome b small 
subunit, mitochondrial  

SDHD 0.53 -0.92 3.26E-02 

Q8K2B3 Succinate dehydrogenase 
[ubiquinone] flavoprotein 
subunit, mitochondrial  

SDHA 0.60 -0.74 4.86E-02 

P09671 Superoxide dismutase [Mn], 
mitochondrial  

SOD2 0.59 -0.76 4.14E-02 

A0A087WQS0 Tensin 1  TNS1 1.94 0.96 4.10E-02 

A0A1L1SUX8 Thy-1 antigen (Fragment)  THY1 1.58 0.66 1.25E-02 

P20065 Thymosin beta-4  TMSB4X 2.54 1.34 2.57E-08 

Q62264 Thyroid hormone-inducible 
hepatic protein  

THRSP 0.61 -0.71 2.32E-02 

Q9D289 Trafficking protein particle 
complex subunit 6B 

TRAPPC6B 0.43 -1.20 4.97E-02 

Q9DBB8 Trans-1,2-dihydrobenzene-1,2-
diol dehydrogenase  

DHDH 0.54 -0.88 9.47E-04 

F6V6T4 Transmembrane emp24 domain-
containing protein 2 (Fragment)  

TMED2 0.43 -1.22 1.45E-04 

Q78IS1 Transmembrane emp24 domain-
containing protein 3  

TMED3 0.43 -1.23 2.02E-06 

D3Z0I8 Transmembrane protein 109 
(Fragment)  

TMEM109 1.71 0.77 4.30E-02 

Q9CQN6 Transmembrane protein 14C  TMEM14C 0.38 -1.38 7.74E-06 

Q99LG2 Transportin-2  TNPO2 0.37 -1.45 1.54E-02 

D3Z325 Tumor necrosis factor alpha-
induced protein 8  

TNFAIP8 0.28 -1.82 1.89E-04 

Q8VE95 UPF0598 protein C8orf82 
homolog  

NA 0.49 -1.04 6.00E-04 

P50544 Very long-chain specific acyl-CoA 
dehydrogenase, mitochondrial  

ACADVL 0.54 -0.90 7.61E-03 

F2Z471 Voltage-dependent anion-
selective channel protein 1  

VDAC1 1.53 0.61 2.38E-02 

NA: not available 
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