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ABSTRACT 
 

Cardiovascular diseases and hypertension are common in the aging population. 

Nutritional life-style factors can help to reduce and maintain a healthy level of blood 

pressure. Two milk-derived tripeptides, Ile-Pro-Pro and Val-Pro-Pro, have been 

shown to decrease elevated blood pressure in humans and in experimental models. 

They also improve endothelial dysfunction and thus promote vascular health. 

Although their principal blood pressure lowering mechanism is thought to be 

inhibition of the angiotensin-converting enzyme (ACE), other mechanisms are also 

possible. ACE is one of the key enzymes in the renin-angiotensin system (RAS) which 

is linked with bradykinin metabolism.   

  

In this thesis, the two tripeptides’ antihypertensive mechanisms were examined using 

an experimental model of hypertension, spontaneously hypertensive rats (SHR). There 

was a special focus on bradykinin and its role in vascular reactivity in hypertensive 

and ageing animals. Furthermore, we evaluated whether the tripeptides possess other 

mechanism(s) of action in addition to ACE inhibition. We also applied computerized 

modelling to elucidate the possible role of different cis/trans stereoisomers of the 

tripeptides in ACE inhibition. Finally, we investigated transport of the tripeptides 

across cell membrane by modelling this process in caco-2 cells.    

  

Long term feeding of the tripeptides retarded the development of hypertension during 

aging of both SHR and healthy old animals. Bradykinin induced vasorelaxation in 

young healthy normotensive animals; this was abolished in old animals. However, 

pre-incubation in vitro with Ile-Pro-Pro before exposure to bradykinin exerted a 

synergistic effect with bradykinin to induce vasorelaxation even in old animals. Low-

grade inflammation in the vasculature has been shown to occur during ageing as well 

as being present in hypertension.  We suggest that this converts the normal bradykinin 

property to relax blood vessels into a vasoconstrictive effect. Our results show that 

this phenomenon is related to the production of vasoconstrictive prostanoids in the 

endothelium. Tripeptides are able to inhibit and activate also other enzymes than ACE 

at least in in vitro. Our computerized model revealed that cis-trans is the best 

stereoisomer configuration of the tripeptide to inhibit ACE1. Tripeptides penetrated 



across the caco-2 cell monolayer in an intact form using both paracellular and peptide 

transporter 1 (Pept1) mediated routes.  

 

The results of the thesis strongly support the concept that the bioactive tripeptides and 

probably other small molecular peptides from different dietary components such as 

milk and fish, should be investigated in long-term controlled clinical trials in an 

elderly population instead of the previously examined young or middle-aged 

individuals. Special focus should be placed on vascular function which has been a 

poorly investigated area and has been demonstrated to be improved by the tripeptides, 

especially in old animals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. INTRODUCTION 

Almost every second 65-year-old individual suffers from hypertension, which is one 

of the main risk factors leading to serious cardiovascular diseases such as 

atherosclerosis, heart failure or stroke. Cardiovascular diseases are one of the main 

causes of death in Western countries (WHO). Blood pressure regulation is a complex 

system consisting of both neuronal and hormonal regulation involving several 

different organs and systems in the body. The renin-angiotensin system (RAS) is one 

of the major hormonal systems regulating blood pressure (Atlas 2007). The kallikrein-

kinin system (KKS) and its main player bradykinin (BK) are closely related to the 

RAS system, for example, there are several enzymes that function in both systems 

(Rhaleb et al. 2011). 

 

Milk is an excellent source of bioactive peptides due to its high protein content 

(Korhonen et al. 2006). When milk is fermented with certain lactic acid bacteria or 

with specific enzymes, then bioactive tripeptides e.g. Ile-Pro-Pro and Val-Pro-Pro, are 

formed. These tripeptides have been shown to decrease elevated blood pressure in 

humans (Turpeinen et al. 2013) and in experimental animals (Nakamura et al. 1995, 

Sipola et al. 2001, Sipola et al. 2002, Jäkälä et al 2010a)). They also improve 

endothelium-dependent vascular reactivity in dysfunctional arteries. These tripeptides 

are ACE1 inhibitors, however, other mechanisms of action might exist.  

 

The aims of this study were to confirm the antihypertensive actions of these tripeptides 

in experimental models of hypertension and to evaluate possible mechanisms of action 

other than ACE inhibition of tripeptides. In this respect, we focused on different 

enzymes, compounds and receptors which influence blood pressure and vascular 

resistance. One aim was also to examine BK-induced vascular reactivity in young and 

old animals and in hypertension and to clarify whether tripeptides play a role in BK-

induced vascular reactivity. Furthermore, we applied computerized modelling to 

elucidate the possible role of cis/trans isomerization of the tripeptides on ACE 

inhibition. We also investigated how the tripeptides are absorbed by modelling this 

process in Caco-2 cells.  

 



2. REVIEW OF THE LITERATURE 

2.1 Blood pressure regulation 

Cardiovascular diseases such as atherosclerosis, stroke and heart failure are some of 

the most common causes of death all around the world (WHO). Essential hypertension 

is the primary reason for an individual to develop cardiovascular disease. It is 

estimated that 26 % of the adult population suffer from hypertension (Kearney et al. 

2005). Subsequently, it is exceedingly important to treat hypertension not only with 

drug therapies but also by recommending lifestyle changes such as nutrition guidance.  

 

Blood pressure (BP) can be defined using a simple equation: cardiac output times 

peripheral resistance (BP = CO x PR). Even though the formula seems to be simple, 

blood pressure regulation is extremely complex since several homeostatic systems are 

functioning simultaneously. Several factors, such as the elasticity and diameter of 

blood vessels, heart rate and blood volume are involved in determining the level of 

arterial blood pressure.  

 

Blood pressure level varies between the heart beats from maximal arterial pressure 

(systolic pressure) to minimal pressure (diastolic pressure), thus blood pressure is 

composed of systolic and diastolic pressure. Systolic pressure corresponds to the 

pressure level when the heart contracts and diastolic when the heart relaxes. During 

systole in the heart, chambers constrict and blood is forced to aorta and further to the 

arteries. In diastole chambers of the heart relax and fill by blood again. 

 

Blood pressure regulation can be divided into short, intermediate and long-term 

regulation. Short term regulation is regulated by the autonomic nervous system, 

intermediate by hormones and long-term modulation by the renal-body fluid volume 

system.   

2.1.1 Autonomic nervous system  

Two different divisions of efferent nerves in the autonomic nervous system, 

sympathetic (adrenergic) and parasympathetic (cholinergic) nervous system regulate 



blood pressure using parallel but differently regulated pathways (for review, see 

Guyenet 2006, Wehrwein and Joyner 2013).  

 

In short term regulation, BP can be changed rapidly, for instance baroreceptors can 

alter blood pressure level within seconds. Baroreceptors are stretch receptors located 

in the aortic node, carotid sinus and atrial wall (Wehrwein and Joyner 2013). When 

BP rises, the arterial walls are stretched and baroreceptors become activated. They 

signal through efferent nerves which regulate the activity of the sympathetic and 

parasympathetic nerve systems in the heart and vasculature and thus change the blood 

pressure level. Chemoreceptor mechanisms and respiratory mechanisms in lung also 

regulate BP through the sympathetic and parasympathetic nervous systems.  

 

Alpha (α) and beta (β) adrenergic receptors 

 

The key neurotransmitters, two catecholamines, adrenaline released from the adrenal 

medulla and noradrenaline, the neurotransmitter released from the nerve endings of 

sympathetic nerves, target the subtypes of adrenergic alpha (α) and beta (β) receptors 

in the heart and vasculature (Wehrwein and Joyner 2013).  

 

α and β receptors are G-protein coupled receptors; they signal their effects via G-

protein-mediated second messengers which activate target enzymes and ion channels. 

At least six subgroups of α receptors are known: α1A, α1B, α1D, α2A, α2B and α2C 

receptors. For instance, α1A receptors are located in the heart and vasculature and are 

the most predominant smooth muscle cell-constricting receptor of all the α receptors. 

Together with α1B receptors, they can promote cardiac muscle growth. α1B receptors 

can be found in several tissues e.g. in the heart, kidneys, blood vessels and lungs. 

Finally, α1D receptors mediate vasoconstriction in the aorta and coronary arteries. They 

are also found in platelets and other tissues such as the prostate gland and brain. The 

α2 subtype receptors exist widely in different tissues such as the brain, kidney and 

blood vessels. (for review, see Strosberg 1993) 

 

Three subtypes of β receptors exist: β1, β2 and β3 receptors. Already in the 1960s, the 

distinction was made between β1 and β2 receptors (Lands et al. 1967) and selective 



beta-receptor antagonists and agonists were developed (Black et al. 1964). The β1 

receptor is most prominent in the heart, evoking positive inotropic and chronotropic 

effects, and therefore increasing heart rate and contractibility. β1 receptor antagonists 

are used to treat cardiovascular diseases, such as hypertension, heart failure and 

arrhythmia.  β2 receptors are prominent in the vasculature causing vasodilatation of 

smooth muscle cells. However, they are also expressed in cardiac, bronchial and 

gastrointestinal smooth muscle cells. In the lungs, stimulation of β2 receptors triggers 

bronchial smooth muscle cell relaxation and β2 receptor agonists are used to treat the 

symptoms of asthma. β3 receptors were cloned in 1989 (Emorine and Marullo 1989), 

therefore they have been less extensively investigated than the other β receptors and 

the function of the receptor is only partly understood (for review, see Dessy and 

Balligand 2000 and Skeberdis 2004). Initially, it was thought that β3 receptors 

mediated lipolysis in adipocytes, where they are highly expressed. However, 

nowadays the focus has transferred more to cardiovascular research since it seems that 

in the heart, β3 receptors mediate the release of nitric oxide (NO) thus decreasing the 

contracting forces (Gauthier et al. 1998, Kitamura et al. 2000). It also seems that β3 

receptors are upregulated in diseased heart (Cheng et al. 2001). (for review, see 

Cannavo and Koch 2017) 

2.1.2 The kidneys 

The kidneys are the most important organ in the long-term regulation of blood pressure 

although for several years there has been an intense debate on the contribution of the 

autonomic nervous system (for review, see Joyner et al. 2008, Johnson et al. 2015). 

Renal blood pressure regulation is based on two mechanisms: 1) regulation of 

glomerular pressure which ensures fluid homeostasis; and 2) hormonal regulation by 

release of renin and subsequently activation of the renin-angiotensin system (RAS). 

Briefly, when blood pressure is raised, glomerulus urine formation and sodium 

excretion increases in kidneys due to the increased renal perfusion pressure, resulting 

in a reduction in both blood volume and blood pressure. When blood pressure is 

decreased, renin is released from kidney which leads to the formation of angiotensin 

II (Ang II) which evokes vasoconstriction of blood vessels. Furthermore, Ang II also 

stimulates the formation of aldosterone in adrenal cortex which increases renal 



reabsorption of sodium and water and the resulting increased blood volume elevates 

the BP.  

 

Intermediate regulation of BP by hormonal system releases compounds that causes 

either vasoconstriction or vasodilation of blood vessels. These mechanisms will be 

discussed in more detail in section 2.4. 

2.2 Blood pressure classification 

The Finnish classification of blood pressure levels in hypertension follows the 

recommendations of other European Union countries. The current classification is 

divided into two sections where the first three classes are for healthy but possible pre-

hypertensive patients and the latter part designates hypertensive patients (Table 1).  

 
Table 1. Classification of blood pressure levels in hypertension. (Current Care Guidelines, 
2014) 

 
 



The type of hypertension is divided into two classes, essential and secondary 

hypertension. Essential hypertension is more common, it accounts for 95 % of all 

cases, and can be treated by blood pressure lowering medication and life style changes 

(Carretero and Oparil 2000). Secondary hypertension is attributable to other diseases 

or medical conditions such as kidney diseases, endocrine diseases, pregnancy or the 

adverse effects of drugs. Secondary hypertension is usually approached by treating the 

original disease, thus the elevated blood pressure will decline after the primary disease 

has been cured or medicated.  

 
Table 2. Examples for experimental hypertension models (Karppanen et al. 1970, Sarikonda 
et al. 2009, Jauhiainen et al. 2010) 

 
 

Experimental models of hypertension 

 

Examples of experimental models for hypertension are presented in Table 2 (for 

review, see Sarikonda et al. 2009). The models can be divided into four classes: 

genetic models, renal-related models, pharmacological models and environmentally-

induced models. While all models elevate blood pressure, the mechanisms behind the 

elevation vary from model to model. Therefore, one can choose a model based on a 

pathophysiological condition of interest in humans, for instance, the renal clip model 



to study conditions which are related to renal dysfunction in humans or to choose a 

model based on the desired severity level of the hypertension. 

2.3 Ageing and cardiovascular system 

In general, due to cellular ageing, the extent of oxidative damage in cells tends to 

increase and the stability of the nuclear and mitochondrial genome decreases in 

response of genetic and environmental factors. There are many different theories to 

explain why ageing causes these changes e.g. gene mutation, free radicals and 

wrongly-modified protein accumulation in ageing cells (for review, see Volkova et al. 

2005). Whether one or several of these theories explain the mysteries of cellular 

ageing, the truth is that all cells and tissues in the body become damaged with age. 

 

During ageing, the risk for cardiovascular diseases increases and every second 

individual older than 60 years suffers from cardiovascular diseases. Indeed, 

cardiovascular diseases are the most common cause of death in people over 65 years 

old (North and Sinclair 2012). Many kinds of changes in morphology and function of 

the heart and vasculature occur during ageing (Cheitlin et al. 2003, Camici et al. 2015). 

Some of those are linked with gene regulation, however, non-gene-regulated factors, 

such as lifestyle and life environment also associate with age-dependent changes in 

the cardiovascular system (for review, see Volkova et al. 2005, North and Sinclair 

2012). 

 

Lie and Hammond (1988) examined pathological changes in over 90-year-old 

patients’ hearts and noted that the extent of coronary atherosclerosis was similar as in 

younger patients but cardiac amyloidosis and calcification of coronary arteries, mitral 

annulus and aortic valves were increased when compared to younger patients with 

cardiovascular diseases. However, despite the age-associated changes in the heart, 

these patients enjoyed a long lifespan, thus age-associated changes occur whether or 

not an individual suffers from cardiovascular disease. Olivetti et al. (1991) analyzed 

the hearts from non-cardiovascular patients. They reported that the number of 

cardiomyocyte nuclei declined during ageing in both ventricles; in response to the loss 

of these nuclei, myocyte cell volume increased, leading to either preserved wall 

thickness or ventricular wall hypertrophy. Despite the presence of cell hypertrophy, 



total cardiac mass decreased. There are also some other common age-associated 

changes in myocardium e.g. loss of mitochondrial function and fibrosis (Wei 1992, 

North and Sinclair 2012).  

 

In arteries, ageing decreases the elasticity of the vessels by increasing the numbers of 

collagen fibers and decreasing elastin in the walls of arteries (Alvis and Hughes 2015). 

Calcification also decreases the elasticity of vessels. In particular, any thickening of 

aorta increases the work of the heart. When aorta wall thickens and becomes less 

elastic, blood leaving from the left ventricle faces more resistance and the heart needs 

to do more work. Thickening of smaller arteries also increases the resistance of the 

vessels to blood flow. Table 3 summarizes many of the typical effects of ageing on 

the heart and vasculature.  

 

Table 3. Typical effects of ageing on heart and vasculature. 

 
 

In summary, blood pressure regulation is an extremely complex system 

where autonomic nervous system, several tissues and hormonal systems 

function in parallel. Blood pressure is determined as the sum of cardiac 

output and vascular resistance. Hypertension is one of the main risk 

factors for developing cardiovascular diseases. Blood pressure tends to 

rise as the individual grows older. Ageing causes many 

pathophysiological changes in the cardiovascular system which 

increase the burden for cardiovascular diseases. 



2.4 Vasculature 

Vascular smooth muscle cells (VSMC) and the endothelium play a crucial role in the 

regulation of vascular tone. Both cell types contain enzymes and receptors which 

liberate vascular tone-regulating substances, both vasodilators and constrictors. In 

general, the Ca2+ concentration ([Ca2+]) of vascular smooth muscle cells is modulated 

by different factors which either increase [Ca2+] or decrease [Ca2+] thus causing 

vasoconstriction or relaxation of VSMCs, respectively. 

2.4.1 Structure of blood vessels 

Blood vessels are made up of three main layers: tunica intima, media and externa 

(Sandoo et al. 2010) (Figure 1). Tunica intima is the inner layer of vessels consisting 

a single-cell layer of endothelial cells which are separated from VSMCs and 

connective tissues of tunica media by the internal elastic lamina. The tunica media is 

thicker and there are more VSMCs in arteries than veins. The externa is the most 

complex layer of the arteries. It contains typically sympathetic nerve-endings, 

collagen, fibroblasts and elastic fibers. Tunica media and externa are separated by the 

external elastic lamina.  

 

 
Figure 1. Cross-section (left) and sagittal section (right) of artery. 

 



Blood vessels are divided into arteries, arterioles, capillaries, venules and veins 

depending on their location in the body, their functions and lumen diameter. For 

instance, endothelial cells form thicker layer in arteries and veins than in capillaries 

which permits easier exchange of compounds and gases from the circulation to tissues 

and vice versa. Arteries are further divided into conducting arteries, conduit arteries 

and resistance arteries (Sandoo et al. 2010): conducting arteries, such as aorta, carotid 

artery and femoral artery, are the largest arteries in the human body. Conduit arteries 

deliver blood to specific parts of the body, for example, the mesenteric artery supplies 

blood to the intestine and resistance arteries partly form the microcirculation between 

blood and tissues. 

2.4.2 Endothelium dysfunction and atherosclerosis 

A healthy endothelium maintains a balance between vasodilating, anti-thrombotic and 

anti-inflammatory factors in blood vessels. However, endothelium dysfunction may 

lead to the development of atherosclerosis and other cardiovascular diseases. One of 

the main causes of the endothelium dysfunction is oxidative stress which leads to the 

formation of reactive oxygen species (ROS) in the endothelium. The formation of 

ROS and endothelium dysfunction have been linked to several cardiovascular risk 

factors e.g. hypertension, diabetes mellitus, smoking and high LDL cholesterol levels 

(Ellulu et al. 2016). When endothelium dysfunction occurs, the balance between 

vasoactive substances, anti- and pro-inflammatory and thrombotic factors is disturbed. 

For example, one recognized characteristic of endothelial dysfunction is a reduction 

in NO production by endothelial cells. The endothelium also becomes leaky and 

plasma molecules, lipoproteins and white blood cells gain access to the sub-

endothelium. This phenomenon leads to thickening of tunica intima (Otsuka et al. 

2016). VSMCs also accumulate into plaques and create so-called fatty streaks. Fatty 

streaks contain both living and dead cells which stimulate inflammation and later 

calcium becomes crystallized within the plaques.   

 

Atherosclerosis develops slowly and can be asymptomatic for a long time. However, 

unstable, vulnerable plaques may rupture and activate platelets which aggregate and 

induce the formation of a thrombus in the site of rupture. Thrombus eventually either 

occludes arteries or becomes detached and passes into the circulation until it reaches 



the smaller arteries where it forms an occlusion (Ross 1993). Thrombosis impairs 

blood flow to the organs served by the artery i.e. in the brain vessels, it is responsible 

for the pathological event called a stroke whereas atherosclerotic lesions in coronary 

arteries cause heart attacks. 

2.4.3 Mechanism of vascular smooth muscle constriction 

VSMC constriction is dependent on the intracellular concentration of calcium-ions 

([Ca2+]). Ca2+ can enter VSMCs lumen from the extracellular space mainly through 

voltage dependent L-type Ca2+ channels, however other Ca2+-uptake channels exist 

(Brozovich et al. 2016). Ca2+ is liberated into the cell lumen also from sarcoplasmic 

reticulum (SR) which provides Ca2+ storage inside the cells. Ca2+ forms a complex 

with calmodulin which activates myosin light chain kinases (MLCK). Active MLCK 

phosphorylates myosin which interacts with actin and subsequently VSMCs constrict.  

 

As mentioned above, endothelium and VSMC control the balance between vascular 

constricting and dilating factors. Figure 2 presents the main pathways, compounds and 

receptors related to VSMCs’ vasoconstriction (Fig. 2 A) or vasodilatation (Fig. 2 B), 

in other words how the concentration of Ca2+ changes in the cytosol of VSMC.  

2.4.3.1 Vasoconstriction 

Endothelium releases vasoconstricting factors such as endothelin 1 (ET-1), 

endoperoxides and thromboxane (TXA2) which interact with specific receptors in 

VSMCs and lead to the accumulation of Ca2+-ions (Sandoo et al. 2010). The 

endothelial cell surface also contains angiotensin-converting enzyme 1 (ACE1) which 

converts circulating angiotensin I into a vasoconstrictor agent, angiotensin II. This 

pathway is reviewed in more detail in section 2.5. Noradrenaline (NA) activates alpha 

receptors in the surface of VSMCs to induce vasoconstriction. The concentration of 

Ca2+ ions in VSMCs responding to vasoconstricting factors is regulated by Gq-protein 

coupled receptors, such as AT-1 receptor, thromboxane receptor (TX) or alpha-1 

receptor (α1). Receptor stimulation leads to activation of phospholipase C (PLC) 

which forms inositol trisphosphate (IP3) from phosphatidylinositol 4,5-bisphosphate 

(PIP2). IP3 activates its receptors in SR leading to opening of Ca2+-channels. It also 



indirectly modulates opening of Ca2+-channels in the cell membrane. In heart muscle 

cells, Gs-protein coupled receptor activation leads to activation of adenylate cyclase 

which leads to upregulation of cyclic adenosine monophosphate (cAMP). Activation 

of phospholipase A (PLA) by cAMP leads to opening of Ca2+-channels in cell 

membrane. In VSMCs, in contrast to the situation in heart muscle cells, cAMP 

decreases the constriction of cells by inhibiting MLCK. 

 
 

 
Figure 2. Vasoconstricting and dilating factors and their receptors in endothelial and 
vascular smooth muscle cells (VSMC). α1/2=alpha adrenergic receptor type 1 or 2, 
A2=adenosine receptor, AA=arachidonic acid, AC=adenylyl cyclase, ACE-1=angiotensin-
converting enzyme type 1, Ade=adenosine, Ang I/II/(1-7)=angiotensin I/II/(1-7), AT-1/2= 
angiotensin II receptor type 1 or 2, ATP=adenosine triphosphate, BK=bradykinin, 
BR1/2=bradykinin receptor type 1 or 2, cAMP=cyclic adenosine monophosphate, 
cGMP=cyclic guanosine monophosphate, COX=cyclooxygenase, ECE-1=endothelin-
converting enzyme type 1, EDGF=endothelium-derived hyperpolarizing factor, 
eNOS=endothelium nitric oxide synthase, ET-1=endothelin type 1, ETA/B=endothelin receptor 
type A or B, GTP=guanosine triphosphate, GC=guanylate cyclase, IP=prostacyclin receptor, 
IP3=inositol triphosphate, K+ ch=calcium sensitive potassium channel, Mas=mas-receptor, 
NO=nitric oxide, PGI2=prostacyclin, PLC=phospholipase C, TXA2=thromboxane, 
TX=thromboxane receptor.   

 

Cyclooxygenase and thromboxane 

 

Two isoforms of cyclooxygenase enzymes (COX1 and COX2) convert arachidonic 

acid into prostaglandin H2 (PGH2) (Figure 3) (for review, see Ricciotti and FitzGerald 

2011). The reaction is divided into two reactions; initially, arachidonic acid is 



converted to prostaglandin G2 (PGG2) in a cyclooxygenase-mediated reaction and in 

the second reaction, PGH2 is produced from PGG2 by peroxidase. PGH2 is further 

metabolized into different prostaglandins which all have a specific synthase and 

receptor. 

 

The COX-1 isoform is constitutively expressed and it is believed to maintain basal 

levels of prostaglandins (PGs). COX-2 is a highly inducible enzyme and induction is 

activated by certain stimulus such as inflammatory cytokines; normally the enzyme is 

present at a very low density in healthy tissues. PGs have a role in pain, fever and 

inflammation, due to the fact that COX isoenzymes are the target for nonsteroidal anti-

inflammatory drugs (NSAIDs) which are widely used to treat the above conditions. 

(for review, see Vane et al. 1998, Chandrasekharan and Simmons 2004, Rouzer and  

Marnett 2008) 

 

 

 
Figure 3. Biosynthesis of different prostanoid, their receptors and main effects (Patrono et 
al. 1982, Ricciotti and FitzGerald 2011). 

 



Thromboxane (TXA2) induces vasoconstriction in VSMCs. It also causes platelets to 

aggregate. TXA2 is produced from PGH2 by thromboxane synthase and activates its 

receptor (TX) which is located on the surface of VSMCs and platelets (Sandroo et al. 

2010). 

 

Endothelin 

 

Endothelin has three isoforms: endothelin 1, 2 and 3 (ET-1, ET-2 and ET-3). Only 

ET-1 is produced by endothelial cells. ET-1 is formed from its precursor, Iso-ET, by 

endothelin converting enzyme (ECE-1) (Sandoo et al. 2010). It has two known G-

protein coupled receptors, ETA and ETB receptors which are both expressed in 

VSMCs. However, ETB receptors have also been found on the surface of endothelial 

cells. ET-1 is the most potent vasoconstrictor discovered so far (Miyauchi et al. 1990) 

and the vasoconstriction of VSMCs is mediated via ETA receptors. Furthermore, ET-

1 induces vasodilatation via endothelial ETB receptors by enhancing the formation of 

NO (Hirata et al. 1993).  

 

The role of upregulated ET-1 production has been linked to many pathological 

conditions such as hypertension and diabetes mellitus. ET-1 activity is also linked to 

the development of endothelial dysfunction which may represent its connection to the 

pathophysiology of cardiovascular diseases; ET-1 production is increased in situations 

where NO production is decreased such as in dysfunctional endothelium (for review, 

see Böhm and Pernow 2007, Guan et al. 2015).  

2.4.3.2 Vasodilation 

Several vasodilators are produced by endothelium, e.g. nitric oxide (NO), prostacyclin 

(PGI2) and endothelium-derived hyperpolarizing factors (EDHF). They are released 

from endothelium and they stimulate enzymes or receptors in VSMC, leading to a 

decrease in the Ca2+ concentration and thus to vasodilatation. VSMCs relaxation 

occurs at least via two pathways: 1) NO-dependent cyclic guanosine monophosphate 

(cGMP) pathway and 2) activation of the cAMP pathway (Murray 1990, Archer et al. 

1994). Gaseous NO is formed in endothelium and diffuses rapidly into VSMCs where 

it binds to and activates guanylate cyclase (GC). GC produces cGMP from guanosine 



triphosphate (GTP) and cGMP induces VSMCs relaxation by inhibiting Ca2+ entry to 

the cells, activating K+ channels to induce hyperpolarization and activating myosin 

light chain phosphatase to dephosphorylate the myosin light chain. Gs-protein coupled 

receptor activation leads to activation of adenylyl cyclase (AC) which forms cAMP 

and inhibits MLCK. In VSMCs, there are several Gs-protein coupled receptors e.g. 

adenosine receptor (A2), prostacyclin receptor (IP) and β2 receptors (for review, see 

Demoliou-Mason 1998).  

 

Nitric oxide 

 

In 1980, Furchgott and Zawadzki showed that acetylcholine (ACh)-induced vascular 

relaxation was endothelium-dependent and postulated that it was induced by a 

substance that was produced in endothelial cells (Furchgott and Zawadzki 1980). 

Subsequently, this substance was found to be nitric oxide (NO), a gaseous vasodilator 

(for review, see Moncada and Higgs 2006). In addition to the crucial role of NO in 

VSMCs relaxation, the gas has many other functions in the body; NO prevents platelet 

aggregation and leukocyte activation. NO is formed from L-arginine (Palmer et al. 

1988) by the enzyme called nitric oxide synthase (NOS). Four isoforms of NOS exist: 

endothelial NOS (eNOS), neural NOS (nNOS), inducible NOS (iNOS) and 

mitochondrial NOS (mtNOS) (Cebová et al. 2016). eNOS produces NO mainly in 

endothelial cells, nNOS functions in neural tissue and releases NO as a synaptic 

neurotransmitter, iNOS is expressed if there is an inflammatory stimulus and it 

produces NO which activates macrophages in the site of inflammation (Sandoo et al. 

2010). mtNOS, most recently found and still putative isoform of NOS, is believed to 

have role in regulation of mitochondrial respiratory complex (Cebová et al. 2016). 

eNOS activity is dependent on Ca2+ and calmodulin (Fleming and Busse 1999). 

Inactive eNOS is bound to caveolin but when the intracellular [Ca2+] increases, eNOS 

becomes released from caveolin binding and is activated by a Ca+-calmodulin-

complex. eNOS can also be phosphorylated by protein kinases which activate eNOS 

further regulating NO production. Shear stress caused by blood flow also stimulates 

phosphorylation of eNOS. eNOS requires the presence of a co-factor, 

tetrahydrobiopterin (BH4) in order to function correctly (Chatterjee and Catravas 

2008).  



 

The pathogenesis of endothelial dysfunction is defined by reduced production of NO. 

This phenomenon is believed to be a result of the interaction of NO with oxygen-

derived species such as O2
- and ONOO-. This interaction creates ROS which leads to 

the condition called oxidative stress. Oxidative stress has been linked to the formation 

of many cardiovascular diseases. There are some other pathophysiological phenomena 

which can cause decreased NO formation and lead to endothelial dysfunction; these 

are related to the availability of the eNOS substrate L-arginine and the co-factor BH4. 

(For review, see Chatterjee and Catravas 2008, Bolisetty and Jaimes  2013) 

 

Prostacyclin 

 

In contrast to TXA2, prostacyclin (PGI2) induces vasodilatation of VSMCs and 

inhibition of platelet aggregation. PGI2 is formed from endoperoxides by prostacyclin 

synthase and mediates its function via prostacyclin receptors (IP) (Figure 3) (Sandoo 

et al. 2010). PGI2 stimulates renin release in humans in a dose- and time-dependent 

manner apparently in the juxtaglomerular part of the kidney (Patrono et al. 1982). 

 

A recent meta-analysis evaluated 280 trials with respect to the risk of NSAID users to 

experience major cardiac and vascular events (Coxib and traditional NSAID trialists 

2013). Their result showed that the COX-2 selective drugs and diclofenac 

(nonselective COX inhibitor) both increased the risk for major cardiac and vascular 

events and vascular deaths. Ibuprofen increased risk for major coronary events but not 

for other outcomes. In contrast, naproxen did not increase the risk for any of the 

investigated end-points. Not unexpectedly, all of the drugs increased the risk for upper 

gastrointestinal complications. 

 

An imbalance theory has been postulated i.e. there is a change in the ratio of 

thromboxane and prostacyclin levels in vasculature (Marwali and Mehta 2006). It is 

believed that TXA2 in platelets are produced by COX-1 whereas prostacyclin in 

vasculature is synthesized by COX-2. This question stimulated a debate after the 

development of COX-2 specific NSAIDs, since these drugs are reputed to exert fewer 

gastrointestinal side effects; however, it seems that their use increased the risk for 



arterial thrombosis. The imbalance theory might explain the increased risk for 

thrombosis when specific COX-2 inhibitors compared to non-specific COX inhibitors: 

prostacyclin production decreases in the vasculature and TXA2 production remains 

unchanged, the balance shifts towards increased platelet aggregation elevating the risk 

for arterial thrombosis.  

 

EDHF 

 

In addition to the classical vasodilators NO and prostacyclin, endothelial cells can 

produce many other compounds which can activate calcium sensitive K+ channels (Kca 

–channels) in VSMCs (for review, see Busse et al. 2002, Feletou and Vanhoutte 2009). 

There is still no consensus about how many EDHFs exist; several candidates such as 

arachidonic acid metabolites, hydrogen peroxide (H2O2), carbon monoxide (CO) and 

hydrogen sulfide (H2S) have been investigated. It is still a matter of debate whether 

EDHF plays a significant role in the regulation of vascular tone or whether it 

represents a back-up system when the NO and prostacyclin pathways are impaired. It 

is thought to play a greater role in smaller resistant vessels (for review, see Kang 

2014). 

 

Natriuretic peptides 

 

The discovery of natriuretic peptides in the cardiac atrial walls widened the picture of 

regulation of natriuresis and confirmed the heart as an endocrine gland. Today, three 

different natriuretic peptides are known: atrial (ANP), brain (BNP) and C-type (CNP) 

natriuretic peptides. Each is encoded by different genes and they have their own modes 

of action in the circulation (for review, see Suzuki et al. 2001, Gao and Huang 2009). 

ANP and BNP have many effects on the cardiovascular system, not only the above 

mentioned natriuresis but also vasodilation, inhibition of RAS and effects on cardiac 

and endothelial cells. Natriuretic peptide levels are increased during heart failure (HF), 

in fact, their elevated levels are used in the diagnosis of HF (for review, see Pandit et 

al. 2011).  

 

 



Adenosine 

 

Adenosine can be released from many tissues and cell types by metabolic activity. In 

the vasculature and heart, adenosine is metabolically active and its activity is enhanced 

by hypoxia. It can either relax or contract blood vessels depending on vessel location 

and basal tone. There are several different receptors for adenosine; receptor type A2 

induce vasodilatation and A1 and subtype A3 vasoconstriction of VSMCs. (for review, 

see Hori and Kitakaze 1991, Tabrizchi and Bedi 2001) 

 

To summarize, the vascular tree consists of many vessels of different 

sizes, structures and properties. Vascular constriction and relaxation is 

dependent on the intra cellular calcium concentration. Furthermore, 

endothelium and vascular smooth muscle cells can produce and release 

several vasoactive compounds which induce vasoconstriction or 

vasorelaxation. There are several vascular tone regulating compounds 

in vasculature, such as the vasoconstrictors angiotensin II, thromboxane 

and noradrenaline and the vasodilators e.g. nitric oxide and 

prostacyclin. Total vascular tone is regulated locally by the overall 

balance between the vasoconstrictors and vasodilators.  

 

2.5 Renin-angiotensin system 

The renin-angiotensin system (RAS) has an essential role not only in the regulation of 

arterial pressure but also in controlling fluid homeostasis, salt balance, vascular tone 

and cardiovascular cell remodeling. The backbone of RAS is made up of the classical 

angiotensin II/AT-receptor pathway which was described for the first time already in 

the 1950s and is the target for two groups of widely used blood pressure lowering 

medications, ACE inhibitors and AT-receptor antagonists. However, as seen from 

figure 4, RAS is a complex pathway consisting of many newly identified peptides and 

receptors which have widespread effects in the heart, vasculature and kidneys. 

 

 



2.5.1 Classical Ang II/AT receptor pathway 

 

Already in the last years of 19th century, Finnish physiologist, Professor Robert 

Tigerstedt and his student Bergman showed that when kidney extract was injected into 

the circulatory system of a rabbit, there was an elevation of blood pressure (Tigerstedt 

and Bergman 1898). This blood pressure increasing compound was named as renin 

and was one of the first peptide hormones to be identified. The discovery of renin 

represented a foundation for one of the most important blood pressure regulating 

systems in mammals (Basso and Terragno 2001, Persson 2003). Based on Tigerstedt’s 

findings, two independent study groups discovered that renin acted as an enzyme 

which produced blood pressure regulating peptides which were eventually named as 

the angiotensins (Goldblatt et al. 1934, Goldblatt 1937, Freeman and Page 1937). The 

clinical significance of these discoveries, however, was only fully recognized after the 

development of angiotensin-converting enzyme 1 (ACE1) inhibitors, blood pressure 

lowering drugs which inhibit the RAS.  

 

In the kidneys, juxtaglomerular cells in afferent arteries of glomerulus first produce 

and then release renin, an aspartyl protease. Renin is synthesized from a precursor, 

prorenin and stored in granules where it is released as needed (Atlas 2007). The 

regulation of renin secretion is a complex system. However, renin release is one of the 

rate limiting steps in the RAS cascade. In general, renin secretion is regulated by five 

different mechanisms: 1) activation of renal baroreceptors; 2) activation of renal 

sympathetic β receptors; 3) regulation by tubular macula densa; 4) negative feedback 

by angiotensin II (Ang II) levels; and 5) PGI2-induced release (Patrono et al. 1982, 

DiBona and Kopp 1997, Atlas 2007). These mechanisms respond to the changes in 

the kidney’s perfusion pressure and the amount of filtrate present in the kidney. 

Although most of the renin is released into the circulation in its active form, part of it 

is secreted as inactive prorenin (Atlas 2007). Renin is a specific enzyme which creates 

a ten-amino acid-long peptide, angiotensin I (Ang I) by the N-terminal cleavage of 

angiotensinogen, its only known substrate (Atlas 2007) (Figure 4). Angiotensinogen 

is an inactive globulin synthetized mainly in the liver. Recently it has been shown that 

renin can act also as an Ang II-independent player in the regulation of cardiovascular 



pathophysiology. After the discovery of a (pro)renin receptor (Nguyen et al. 2002) 

investigations have been undertaken to elucidate the specific functions of prorenin and 

renin, in addition to the conversion of Ang I. (Pro)renin receptors are expressed in 

several tissues e.g. the heart, placenta, brain, kidney and liver (Nguyen et al. 2002, 

Connelly et al. 2011, Garrido-Gil et al. 2017).  

 

Ang I is an inactive peptide which is further converted to its active form Ang II, a 

vasoconstrictor, by a two amino acid cleavage from C-terminal by many different 

enzymes, however, mostly by angiotensin-converting enzyme 1 (ACE1) (Figure 4). 

ACE1 is a membrane bound zinc metalloproteinase which is expressed in various 

types of epithelial cells such as endothelium cells, proximal tubule epithelium and 

lung capillary cells as well as in intestinal epithelium (Sechi et al. 1993, Fändricks 

2011, Salmenkari et al. 2015). ACE1 is not a specific enzyme, it can degrade many 

different peptides, such as bradykinin, into smaller fragments (Atlas 2007).  

 

Ang II acts via two different receptors, angiotensin II receptor type 1 and 2 (AT-1 and 

AT-2). The AT-1 receptor mediates the classical effects of Ang II-mediated pathways 

such as vasoconstriction of arteries, release of aldosterone and cardiac muscle cell 

hypertrophy. AT-2 receptors, however, act antagonistically to prevent AT-1-mediated 

actions e.g. inducing vasodilatation of arteries and inhibiting the proliferation of 

cardiac cells. AT-1 receptors are expressed throughout the vasculature and are the 

predominant type of Ang II receptors. AT-2 receptors are widely expressed in fetus 

but their expression levels decrease in adults. However, tissue damage and remodeling 

such as hypertension, vascular injury and inflammation seem to upregulate the 

numbers of AT-2 receptors (Ardaillou 1999, Savoia et al. 2011). Although AT-2 

receptors are not expressed as widely as their AT-1 counterparts, they can be detected 

in the adrenals, ovaries, uterus and brain whereas AT-1 receptors are expressed in the 

heart, blood vessels, kidneys, adrenal cortex, lungs and brain (Ardaillou 1999, Allen 

et al. 2000). 

 

Chymase is a protease produced by mast cells. Its role has been investigated as it may 

cause ACE-independent production of Ang II (for review, see Dell’Italia and Husain 

2002). Indeed, the beneficial effects of combined ACE inhibitor and AT-receptor 



blocker treatment compared to ACE inhibitors alone have been linked to chymase-

dependent Ang II formation (Li et al. 2004). ACE-independent Ang II formation has 

been found from many tissues such as the heart, blood vessels and lungs (for review, 

see Liao and Husain 1995).  

2.5.2 Ang(1-7)-related pathways 

In addition to Ang I/II and their receptors, several other peptides and receptors have 

been found to be a part of the RAS cascade (Figure 4). One of the most widely studied 

is a heptapeptide called angiotensin(1-7) (Ang(1-7)), which is formed by cleavage 

from Ang I and Ang II by angiotensin-converting enzyme type 2 (ACE2) (Santos et 

al. 1988) (Figure 4). Angiotensin(1-7) can be formed also from angiotensin(1-9) 

(Ang(1-9)) by ACE1. Ang(1-7) is also counter-regulator against AT-1 receptor-

mediated actions of Ang II. Therefore, it is a vasodilator and anti-proliferative 

compound (Simoes et al. 2013, Santos 2014). Ang(1-7) acts via its own receptor called 

the Mas-receptor (Donoghue et al. 2000). ACE2, Ang(1-7) and Mas-receptors are 

widely distributed in the cardiovascular system such as in the heart, kidneys and blood 

vessels (Donoghue et al. 2000, Ferreira et al. 2011). The newest members of the RAS 

cascade are a peptide alamandine and its receptor, the Mas-related G-protein coupled 

receptor type D (MrgD) (Lautner et al. 2013). Alamandine can be formed from 

angiotensin A from cleavage by ACE2 and from Ang(1-7) by decarboxylation by 

some unknown enzyme (Lautner et al. 2013, Qaradakhi et al. 2016). Alamandine 

functions similarly to Ang(1-7) i.e. it is vasodilatory since it activates the nitric oxide 

(NO) pathway in the vasculature. 

 

Neutral endopeptidase (NEP, Neprylisin) is a zinc-dependent membrane bound 

endopeptidase similar to ACE1 (Bayes-Genis et al. 2016). NEP is expressed widely 

in the heart, kidneys, lungs, brain and the intestinal brush border (Johnson et al. 1985, 

Ronco et al. 1988, Erdös and Skidgel 1989), however, NEP does not seem to be active 

in endothelial cells (Johnson et al. 1985). It can also exist in a soluble form which has 

been found in the circulation, urine and cerebrospinal fluid (Spillantini et al. 1990, 

Yandle et al. 1992). The role of NEP as an Ang(1-7)-forming enzyme has been 

demonstrated in animal models (Yamamoto et al. 1992, Domenig et al. 2016) and in 

humans (Domenig et al. 2016). Thus, it seems that ACE2 is not the only important 



Ang(1-7)-forming enzyme. NEP can also degrade many of the peptides participating 

in cardiovascular regulation such as natriuretic peptides, bradykinin, substance P and 

endothelin-1 (D’Elia et al. 2017). Indeed, the newest drugs to appear for the treatment 

of cardiovascular diseases are NEP inhibitors combined with RAS inhibitors. These 

drugs have reduced blood pressure and atherosclerosis, as well as modifying insulin-

sensitization and conferring renal protection in animal models (for review, see Bayes-

Genis et al. 2016). In clinical studies, treatment with combined NEP/RAS inhibitors 

reduced the incidence of hospitalization, cardiovascular death and all-cause mortality 

(see meta-analysis: Solomon et al. 2016). The first of these novel drugs has been 

approved for treatment against heart failure and its most likely mechanism of action 

is increasing the metabolism of natriuretic peptides (for review, see Hubers and Brown 

2016, Malek and Gaikwad 2017, Chen et al. 2017). 

 

Prolyl oligopeptidase (POP) is highly expressed in the brain and its role has been 

investigated in cognitive disorders (for review, see Männistö et al. 2007). POP has 

been found also in peripheral tissues such as renal cortex, epithelial cells and 

thrombocytes (Goossens et al. 1996). Indeed, a positive correlation between ACE1 

activity and POP activity has been shown in hypertensive patients (Goossens et al. 

1996). POP degrades proline containing peptides. Thus, it can produce Ang(1-7) from 

Ang I and Ang II (Garcia-Horsman et al. 2007) and it also is able to degrade 

bradykinin. For instance, POP inhibition has decreased Ang(1-7) formation in canine 

brain (Welches et al. 1991) and human endothelial cells (Santos et al. 1992). 

 

 



 
Figure 3. Renin-angiotensin system and kallikrein-kinin system. AP-
A/B/N=aminopeptidase A/B/N, ACE1/2=angiotensin-converting enzyme 1/2, 
Ang=angiotensin, AT1/2/4= angiotensin II receptor type 1/2/4, BR1/2=bradykinin receptor 
type 1/2, CP=carboxypeptidase, CAGE=chymostatin-sensitive Ang II generating enzyme, 
MrgD=mas-related G-protein coupled receptor type D, NEP=neutral endopeptidase, 
POP=prolyl oligopeptidase, RR=(pro)renin receptor, t-PA=tissue-type plasminogen 
activator. 



Smaller angiotensin peptides 

 

Smaller peptide fragments of angiotensins are also under investigation (Matsui et al. 

1999).  These smaller fragments such as the dipeptide angiotensin(3-4) (Ang(3-

4)/Val-Tyr) can be detected also from nutritional compounds such as fermented 

products like sardine extract (Matsufuji et al. 1994, Dias et al. 2017). In in vivo Ang(3-

4) can be formed from Ang II and angiotensin III (Ang III) (Axelband et al. 2009) 

(Figure 4). Orally administered Ang(3-4) has decreased the blood pressure of 

hypertensive animals (Matsufuji et al. 1995) and humans (Kawasaki et al. 2000, 

Matsui et al. 2004). Therefore, it seems that the compound can permeate from intestine 

into the circulation (Matsui et al. 1999, Matsui et al. 2004, Pentzien and Meisel 2008). 

It has also improved the vascular condition of animals suffering from vascular 

dysfunction (Tanaka et al. 2006, Vercruysse et al. 2008). 

2.5.3 Local RAS 

In the most recent decades, interest has grown about a so-called local RAS cascade 

when researchers have investigated the non-blood pressure related benefits of RAS 

targeting medications (Danser 2003). A locally active RAS cascade has been found in 

many tissues such as the brain (McKinley et al. 2003), heart (Dostal and Baker 1999), 

kidney (Siragy 2000), placenta (Cooper et al. 1999), epididymis (Leung and Sernia 

2000), adipose tissue (Engeli et al. 2000), intestine (Fändriks 2011) and eyes (Deinum 

et al. 1990, Wagner et al. 1996, Vaajanen et al. 2015, Holappa et al. 2017). In this 

context, especially local Ang II stimulating functions have attracted interest. However, 

some Ang II forming enzymes other than ACE1 may have more important role in local 

Ang II regulation. For instance, chymase is responsible for most of the Ang II 

synthesis in the heart (Urata et al. 1990, Dell’Italia and Husain 2002, Doggrell and 

Wanstall 2005).  

 

Local RAS and diseases other than hypertension 

 

Based on cohort studies, molecular evidence and in vivo studies, antihypertensive 

medication against RAS appears to lower risk of Alzheimer’s disease (Amouyel et al. 

2000, Kehoe and Passmore 2012, Chou and Yeh 2014), cancer (Ager et al. 2008, 



George et al. 2010, Vinson et al. 2012) and ocular diseases (Choudhary et al. 2016). 

These findings have aroused interest in clarifying the pathophysiological role of RAS 

in these diseases. A recent study suggested that angiotensin IV and its receptor AT-4 

mediate the cognitive and cerebrovascular benefits achieved by losartan 

administration in a mouse model of Alzheimer’s disease (Royea et al. 2017). After 

finding components of RAS in human eyes, there has been speculation about the 

possibility of exploiting RAS targeting drugs treatment against ocular diseases such 

as glaucoma (Vaajanen et al. 2008, Vaajanen and Vapaatalo 2011, Choudhary et al. 

2016). However, the specific mechanisms underlying the role of RAS in 

pathophysiology of Alzheimer’s disease, cancer and ocular diseases are far from clear.  

 

The Ang(1-7)/Mas-receptor axis has been reported to enhance glucose homeostasis. 

Therefore, there has been interest in investigating the role of RAS as a treatment for 

type 2 diabetes mellitus (Yuan et al. 2013, Lu et al. 2014, He et al. 2015). However, 

recently Brar et al. 2017 showed that improved glucose-stimulated insulin secretion 

may be activated via angiotensin(1-2) (Ang(1-2)) and not by Ang(1-7) as believed 

before. Since different laboratories are reporting such controversial results, it is 

evident that further evidence is needed to clarify the role of RAS in glucose 

metabolism.  

 

In summary, the renin-angiotensin system is a complex system consisting 

many peptides, enzymes and receptors. The classical pathway of RAS 

consists of the production of angiotensin II and its receptor AT1 which 

induce vasoconstriction, smooth muscle cell proliferation and release of 

aldosterone. The main enzyme which produces angiotensin II is 

angiotensin-converting enzyme 1 (ACE1). However, in addition to the 

classical RAS pathways, alternative pathways have been found; these 

consist of other angiotensin peptides and they counterbalance the 

classical effects of angiotensin II. For instance, angiotensin(1-7) and its 

receptor Mas induce vasodilatation and antiproliferation of cells. 

Angiotensin(1-7) can be formed from angiotensin peptides by several 

enzymes. In recent years, interest has also arisen in clarifying the 

activities of smaller angiotensin peptides. 



2.6 Kallikrein-kinin system and bradykinin  

Rocha e Silva et al. (1949) showed that a substance present in snake venom lowered 

blood pressure and contracted intestine. They named the substance as bradykinin 

(BK). Kallikrein had been found already a few decades earlier and after the isolation 

of bradykinin, the whole picture of the kallikrein-kinin system (KKS) widened in the 

following decades.  

 

Kinins are peptides that are produced from proteins called kininogens by tissue and 

plasma kallikrein. All of these peptides contain the amino acid sequence present in 

bradykinin (BK) (Rhaleb et al. 2011). High and low molecular weight kininogens 

(HK, LK), single chain glycoproteins, are transcribed from the same gene after 

alternative splicing. HK is mainly produced in liver and secreted into plasma (Bryant 

and Shariat-Madar 2009).  

 

Kallikrein is also produced in liver as a precursor, prekallikrein which is secreted into 

plasma and activated into its active form, kallikrein, in endothelial cells after an 

interaction with HK. The activity of plasma kallikrein has been detected in endothelial 

and vascular smooth muscle cells, inflammatory cells, foamy macrophages and 

fibroblasts. Therefore, a role for plasma kallikrein in the development of 

atherosclerosis has been postulated (Cerf et al. 1999). After the activation of kallikrein 

in plasma, it releases BK from HK. It is not fully understood whether the plasma 

kallikrein-kinin system has a role in the regulation of local blood flow and vascular 

functions of ACE inhibitors. However, humans with downregulated HK in plasma 

seem to have normal levels of kinins in their circulation according to a study which 

evaluated only a few patients (Scicli et al. 1982). 

 

Tissue kallikrein (TK) can release kinins from both low and high molecular weight 

kininogens and act as a local modulator near the site of its release. TK is synthetized 

as a preform in many types of epithelial cells and activated by enzymatic cleavage to 

kallikrein after the removal of a small peptide chain. In humans, the TK-produced 

kinin is called kallidin (Lys-BK) whereas in rodents, it is BK (Rhaleb et al. 2011). BK 



can be further modulated to des-Arg-Bradykinin (des-Arg-BK) by kininase 1 (arginine 

carboxypeptidase) (Figure 4) (Marceau et al. 1998).  

 

Kininogens can bind to Ca2+ and to the cell surface where they inhibit the activity of 

cysteine proteinases (Marceau et al. 1998). The kallikrein-kinin system (KKS) plays 

a role in contact-activated blood coagulation pathways, in inflammation reactions, 

vasodilation and the permeability of vasculature as well as involvement in 

cardioprotection (Schmaier 2007, Bryant and Shariat-Madar 2009, Rhaleb et al. 2011). 

However, the role of KKS in the pathophysiology of hypertension is still controversial; 

it seems to have cardio-protective effects, however, KKS knockout animals do not 

develop hypertension. Chronic infusion of bradykinin in experimental hypertensive 

models failed to decrease elevated blood pressure (Pasquie et al. 1999, Chao et al. 

2007, Yin et al. 2008).  However, chronic bradykinin infusion reduced salt-induced 

impaired renal function by preventing renal inflammation, apoptosis and fibrosis 

(Chao et al. 2007) and improved impaired cardiac function in rats after heart infarction 

by decreasing hypertrophy and fibrosis and increasing the formation of NO (Yin et al. 

2007, Yin et al. 2008).  

 

BK and des-Arg-BK bind to bradykinin type 1 and 2 receptors (BK1, BK2), in fact, 

the affinity of BK for B2 is higher than des-Arg-BK, but this order is reversed for 

binding to the BK1 receptor. BK2 receptors are the main receptors which mediate the 

effects of kinins. BK1 receptors are expressed at very low densities in healthy 

conditions, however, their expression is induced by tissue injury and inflammation 

(Rhaleb et al. 2011). For instance, BR1 receptor expression is upregulated after 

myocardial infarction in rats (Tschöpe et al. 2000) and in coronary vessels in failing 

human hearts (Liesmaa et al. 2005). 

 

BR2 receptors can form heterodimers with other endothelial receptors (AbdAlla et al. 

2000, Barki-Harrington et al. 2003). The AT2 and BK2 receptor heterodimer increases 

the release of NO (Abadir et al. 2006). On the other hand, the AT1/BK2 receptor 

heterodimer has been linked to Ang II-hyper-responsiveness in hypertensive rat 

kidneys (AbdAlla et al. 2005). It has been demonstrated that ACE1 and BK2 receptors 



form heterodimers (Chen et al. 2006) which leads to the augmentation of ACE1 

activity (Sabatini et al. 2008).  

 

Based on the present knowledge, it seems that the role of BK receptors can change 

from beneficial to harmful depending on the health status of the individual. Kuoppala 

et al. (2002) reported that the expression of BR2 receptors was decreased in left 

ventricles of patients with end state heart failure and it was associated with decreased 

release of NO. This finding is evidence of the role of BR2 receptors as cardioprotective 

with the phenomenon being related to release of NO (Zhang et al. 1997, Kitakaze et 

al. 1998). Furthermore, Liesmaa et al. (2005) stated that BR1 receptors are 

overexpressed in the endothelium of coronary vessels of humans suffering from 

idiopathic dilated cardiomyopathy or coronary heart disease compared to healthy 

hearts. This finding indicates that BR1 receptors are related to pathophysiology of 

heart diseases. 

 

In experimental models, BK and other kinins have been shown to increase 

myocardium protection in ischemia-reperfusion injuries (Yang et al. 1997), to 

decrease left ventricular hypertrophy (McDonald et al. 1995) and to protect from heart 

failure (Liu et al. 1997, Su et al. 1998).  Helske et al. (2007) showed that in humans, 

BR2 receptors may exert antifibrotic and other protective effects in vessels whereas 

BR1 induced vessel fibrosis. They examined gene expression of BR receptors from 

86 patients having stenotic aortic valves and compared them to the levels present in 

healthy valves. Both receptors were overexpressed in stenotic valves. Groves et al. 

(1995) showed that administration of a BK2 receptor antagonist decreased coronary 

blood flow and increased vascular resistance in humans. This study supports the theory 

that kinins modulate vasomotor activity in healthy human coronaries.  

 

At least three serine proteases, including ACE1, can degrade BK into smaller 

fragments (Figure 4), thus the half-lives of kinins are short (Décarie et al. 1996, Cyr 

et al. 2001). However, ACE1 inhibitors increased half-life of BK in humans (Cyr et 

al. 2001) and increased bradykinin induced vasodilatation (Hornig et al. 1997). 

Décarie et al. (1996) showed that there are differences in serum metabolism of kinins 

between the different species often used in cardiovascular research. The concentration 



of kinins in the circulation is also relatively low, less than 50 fmol/ml (Rhaleb et al. 

2011). Concentrations are somewhat higher in the kidneys, heart and aorta, evidence 

of their role as local-mediating hormones. 

 

Ang(1-7) potentiates the vascular relaxation induced by BK (Paula et al. 1995, 

Oliveira et al. 1999, Fernandes et al. 2001). It seems that prostacyclin production and 

NO are involved in this phenomenon and ACE inhibition further potentiates the 

synergistic effect of BK and Ang(1-7).  

 

To summarize, kinins are peptides that are produced from proteins 

called kininogens by tissue and plasma kallikrein. Most biologically 

active compounds of the system are bradykinin and kallidin (bradykinin 

with additional lysine residue). They activate two receptors, BK1 and 

BK2. BK2 is constitutively expressed and BK1 is highly inducible by 

stimuli such as inflammation or tissue injury. The role of kinins in 

regulation of blood pressure and vascular tone is still most poorly 

understood. However, it seems that they have a role in the context of 

cardiovascular diseases. Recent research has opened new vistas on the 

involvement of bradykinin and its metabolites in the hypertensive 

mechanisms of actions of ACE-inhibitors.   

 

2.7 Dietary factors which influence on blood pressure 

Not only genetic factors influence the levels of blood pressure, many life style-related 

factors such as nutrition, physical inactivity and alcohol consumption affect the blood 

pressure levels and the development of cardiovascular diseases. Dietary changes 

represent a good option for reducing slightly elevated blood pressure or they may 

supplement the benefits of drug therapy. In individuals already receiving drug therapy, 

dietary changes can reduce elevated blood pressure even more and help to restore the 

levels back to normal (for review, see Appel et al. 2006).  

 

The American Heart Association (AHA) has published guidelines for ideal 

cardiovascular health (Lloyd-Jones et al. 2010). The guideline includes both 



behavioral and factorial goals; behavioral goals are nonsmoking, body mass index 

(BMI) under 25 kg/m2, necessary amount of physical activity and diet following 

current guidelines, furthermore, factorial goals are untreated total cholesterol under 

5.2 mmol/l and blood pressure under 120/80 mmHg, and fasting blood glucose under 

5.6 mmol/l. These goals should be monitored and, hopefully, over time will improve 

the cardiovascular health of the population. A recent meta-analysis revealed that 

populations with the best ideal cardiovascular health metrics have the lowest risk to 

suffer cardiovascular diseases and strokes (Fang et al. 2016).  

2.7.1 Salt 

The most potent blood pressure raising individual compound in diet is sodium chloride 

(NaCl). It is a necessary compound to maintain normal physiological conditions in the 

human body. However, an excess intake of dietary sodium is one reason behind the 

rise of arterial blood pressure during ageing. In Finland, the recommendation for daily 

salt intake is less than five grams daily (the National Nutrition Council 2014). Based 

on FinDiet 2012 survey (Helldan et al. 2012), daily salt intake for men seems to be 

8.9 and for women 6.5 grams per day. Hence, Finnish salt intake is above the 

recommendation especially in men. Similar figures can be found in all other Western 

countries. Tuomilehto et al. (2001) followed 1173 working-aged Finnish men and 

1263 women and measured urinary sodium excretion and cardiovascular risk factors. 

They showed that high sodium intake was linked to increased mortality and the risk 

of coronary heart disease, especially among overweight men.  

 

The pathophysiology explaining how salt raises blood pressure is not totally 

understood. It is known that salt increases thirst and the uptake of fluids which 

increases blood volume leading to increased cardiac output. Aldosterone is one of the 

hormones which regulates extracellular water and salt balance. It seems that salt can 

stiffen endothelial cells in an aldosterone-dependent manner (Oberleightner et al. 

2007) which is also a rational explanation for the blood pressure elevating mechanisms 

of dietary salt. When endothelial cells stiffens, they lose ability to regulate vascular 

tone which may lead to increased vascular resistance. Oberleithner et al. (2007) 

showed that salt dose-dependently stiffened cultured endothelial cells in the presence 

of aldosterone. It is believed that endothelial cells express sodium-sensitive ion 



channels which can be stimulated by aldosterone (Chen et al. 2004), which might 

account for the sodium-induced stiffening of endothelial cells. (for review, see Reuter 

et al. 2009) 

 

It is estimated that about 70% of salt intake comes from processed food (Mattes and  

Donnelly 1991). In Finland, about 50% of daily salt intake comes from cereal products 

and manufactured foods (Helldan et al. 2012). Therefore, any strategies to reduce the 

salt intake of the general population must include cooperation with food manufacturers 

and restaurants.  

2.7.2 Other electrolytes 

Not only has sodium consumption been linked to the regulation of blood pressure 

levels. Decreased intake of potassium, calcium and magnesium have been linked to 

the development of hypertension (for review, see Kotchen and McCarron 1998, Pörsti 

and Mäkynen 1995). It also may be that the ratios of these electrolytes in relation to 

sodium concentrations in urine are a better predictor for blood pressure levels than 

measurement of the individual electrolytes (Khaw and Barrett-Connor 1988, Intersalt 

Cooperative Research Group 1988).  However, the role of individual electrolytes, 

other than sodium, in blood pressure regulation is not totally clear, but meta-analyses 

published from several decades ago to recent years have emphasized that 

supplemented potassium (Cappuccio and MacGrego 1991, Whelton et al. 1997, 

Poorolajal et al. 2017), calcium (Bucher et al. 1996, van Mierlo et al. 2006) and 

magnesium (Kass et al. 2012, Zhang et al. 2016) are able to lower elevated blood 

pressure.  

 

In animal models of hypertension, calcium supplementation decreased blood pressure 

in spontaneously hypertensive animals (Mäkynen et al. 1995) and prevented the 

elevation of blood pressure in deoxycorticosterone-salt treated animals (Mäkynen et 

al. 1994). Magnesium supplementation had no effect on blood pressure levels in SHR 

(Mäkynen et al. 1995). However, because calcium supplementation abolished the 

effect of sodium on blood pressure, this indicates that the ratio between sodium and 

other electrolytes may be more important than consumption of individual electrolytes.  



2.7.3 Plant sterols 

Plant sterols and stanols decrease plasma cholesterol levels, however, also 

controversial results exist; a meta-analysis conducted by AbuMweis et al. (2008) 

showed that supplementation with plant sterols had a negative impact on plasma 

cholesterol levels and the meta-analysis published by Talati et al. (2010) concluded 

that plant sterols and stanols have no clinically significant effect on cholesterol levels. 

They also concluded that safety aspects should be considered when selecting used 

sterols and stanols.  

 

Less is known about the impact of plant sterols and stanols on cardiovascular risk 

factors other than cholesterol i.e. their effects on blood pressure and endothelial 

function (for review, see Yue et al. 2015). The meta-analysis conducted by Genser et 

al. (2011) evaluated the association between plant sterols levels in plasma and the risk 

of cardiovascular disease. They concluded that there was no statistically significant 

association. Furthermore, the prospective EPIC-Norfolk Population Study (Pinedo et 

al. 2007) concluded that plant sterols exerted no adverse risks on cardiovascular risk 

factors in healthy adults.  

 

Turpeinen et al. (2012) investigated effects of consumption of a spread containing 

milk-derived tripeptides (see section 2.9) and plant sterols in mildly hypertensive 

subjects and concluded that both blood pressure and plasma cholesterol levels were 

lowered after ten weeks’ intervention. Furthermore, Hautaniemi et al. (2015) 

investigated the effects of similar fermented milk product on patients with the 

metabolic syndrome: they did not observe any decrease in blood pressure, although 

plasma lipids were decreased compared to the baseline.    

2.7.4. Diets 

Many different dietary approaches have been proposed to manage elevated blood 

pressure (for review, see Appel et al. 2006). In Table 5, the most promising and best 

studied diet-related modifications are listed.  

 



Table 4. The most promising diet-related modification to lower elevated blood pressure 
(Adapted from Appel et al. 2006) 

 
 

Overweight and obesity have been linked to elevated blood pressure. A meta-analysis 

of 25 clinical studies revealed that even a slight reduction in weight markedly reduced 

blood pressure: average blood pressure lowering effect per kg of lost weight was -1.05 

mmHg in SBP end -0.95 mmHg in DBP (Neter et al. 2003). The ideal weight to 

prevent weight-associated rise of blood pressure was when the body mass index (BMI) 

was under 25 kg/m2, hence the goal of weight management in overweight hypertensive 

patients should be set to this value.  

 

Dietary approaches to stop hypertension (DASH) diet examined the abilities of 

different dietary patterns to lower blood pressure (Appel et al. 1997). The study 

included both normotensive and hypertensive subjects. First, subjects were fed for 

three weeks with a typical western diet which was low in fruits, vegetables and dairy 

products although the fat content was at the average level. After a run-in period, 

subjects were randomly divided into three groups and study diets were given for eight 

weeks. The control diet was the same diet as consumed during the run-in period. The 

second group received a diet rich in fruits and vegetables and third diet, the so-called 

DASH diet, was rich in fruits and vegetables and low-fat dairy products with reduced 

saturated fat intake. Although blood pressure was reduced in both study diet compared 

to the control diet, the DASH diet lowered blood pressure even more than the diet with 

high fruits and vegetables intake. 

 



The effects of sodium with DASH diet were evaluated after having promising result 

from DASH diet intervention (Sacks et al. 2001). In the sodium-DASH intervention, 

participants were assigned to consume either a typical western diet or a DASH diet 

with three different sodium levels, high (3.3 g/day), intermediate (2.5 g/day) and low 

(1.5 g/day), for 30 days in a random order. After the study period, blood pressure had 

declined in both dietary groups, when sodium intake was reduced. Furthermore, the 

blood pressure levels were lower in participants consuming the DASH diet with all 

sodium levels compared to the control diet.  

 

The International Study of Macro/Micronutrients and Blood Pressure (INTERMAP) 

investigated the effects of how nutritional compounds can influence blood pressure 

levels in over 4000 subjects living in several countries (for review, see Stamler et al. 

2003, Chan et al. 2016). The following nutritional compounds lowered the  blood 

pressure; vegetable proteins, glutamic acid, total and insoluble fiber, total 

polyunsaturated fatty acids, total n-3 fatty acids and the electrolytes, phosphorus, 

calcium, magnesium as well as non-heme iron, whereas increased blood pressure was 

linked to sugars and sugar-sweetened beverages, cholesterol, glycine, alanine and 

oleic acid from animal sources. No effects on blood pressure levels were linked with 

total animal protein and monounsaturated fatty acids.   

2.7.5 Other factors 

Heavy alcohol consumption is associated with the development of hypertension. The 

specific mechanisms behind this phenomenon are still unclear, however, several 

different theories have been postulated (for review, see Husain et al. 2016). Physical 

activity is also associated inversely with the development of hypertension (for review, 

see Arroll and Beaglehole 1992). One meta-analysis evaluated the impact of resistance 

training on blood pressure and concluded that blood pressure could be lowered in 

normotensive and prehypertensive subjects but not in hypertensive subjects 

(Cornelissen et al. 2011). Furthermore, the authors concluded that the mode of training 

might also have an impact on its efficacy.  



2.7.6 Sources of bioactive peptides 

Bioactive peptides have been isolated from many different natural occurring sources, 

such as fermented products (e.g. milk, soy, wheat and fish) and plants (for review, see 

Aluko 2015, Korhonen and Pihlanto 2003, Korhonen and Pihlanto 2006). Bioactive 

peptides can be formed from proteins in three different ways: 1) during gastrointestinal 

digestion; 2) by a fermentation process with certain microbes; and 3) by hydrolysis 

with proteolytic enzymes. Fermentation processes and enzymatic hydrolysis can be 

modified to produce certain peptides by using specific microbes or purified specific 

enzymes, however, gastrointestinal digestion is a spontaneous process which cannot 

be modified to produce peptides of interest.  

 

In the cardiovascular system, small bioactive peptides have been shown to be either 

antihypertensive, antioxidative, antithrombotic or hypercholesterolemic (Korhonen 

and Pihlanto 2006). These properties may influence the health of the cardiovascular 

system. The antihypertensive effects induced by peptides have been linked generally 

to three different mechanisms: inhibition of ACE1, inhibition of renin or stimulation 

of NO production (Aluko 2015).   

 

Milk 

 

Milk contains 3-4% protein of which 20% are whey proteins and 80% casein. Due to 

its high protein content, milk is a rich source of bioactive peptides (Jäkälä and 

Vapaatalo 2010b). Milk-protein-derived peptides have been claimed to stimulate the 

digestion, cardiovascular system, immunity and nervous system (for review, see 

Korhonen and Pihlanto 2006, Nongonierma and FitzGerald 2015). Different milk-

derived peptides have been isolated from several dairy products such as from 

fermented milk drinks, yoghurts and cheeses.  

 

With respect to the regulation of cardiovascular system, many milk-derived peptides 

have been shown to be ACE1 inhibitors. However, other mechanisms of action have 

been investigated, for instance, stimulation of bradykinin and opioid receptor 

activation (Nurminen et al. 2000, Perpetuo et al. 2003). 



 

To summarize, life-style-related factors effect on cardiovascular health. 

Dietary compounds such as electrolytes, sodium, potassium and 

calcium, have been linked to blood pressure regulation. Furthermore 

different dietary patterns with low-salt and high fruit and vegetable 

content have been shown to confer protection against the development 

of hypertension. Bioactive peptides from different sources have been 

linked to cardiovascular health. For instance, milk products are good 

source of peptides due to its high protein content.  

2.9 Milk-derived tripeptides Ile-Pro-Pro, Val-Pro-Pro and Leu-Pro-Pro 

2.9.1 Experimental studies 

Three milk-derived tripeptides, isoleucine-proline-proline (Ile-Pro-Pro), valine-

proline-proline (Val-Pro-Pro) and leucine-proline-proline (Leu-Pro-Pro) are known to 

be ACE1 inhibitors (Nakamura et al. 1995a, Masuda et al. 1996, Lehtinen et al. 2010). 

Administration of these tripeptides has lowered blood pressure in different 

experimental models of hypertension (Table 5).  

 
Table 5. Experimental studies of effects of tripeptide feeding on blood pressure. +p<0.05 

 



Tripeptides have been shown to improve endothelium-dependent vascular reactivity 

(Jäkälä et al. 2009a, Jäkälä et al. 2009b, Ehlers et al. 2011a, Nonaka et al. 2014), 

however, in some studies (Jäkälä et al. 2009c, Jauhiainen et al. 2010, Jäkälä et al. 

2010a) no difference was detected compared to the controls. Tripeptides have 

improved endothelium-dependent vascular dilatation of mesenteric arteries isolated 

from SHR which were incubated with buffers containing tripeptides (Jäkälä et al. 

2009b). An improvement was seen even after 24-hour incubation with Ile-Pro-Pro at 

4 °C. The standard ACE1-inhibitor, captopril, was not as effective as the tripeptides. 

This indicates that the tripeptides might possess other possible antihypertensive 

mechanisms in addition to ACE inhibition. Hirota et al. (2011) showed that Ile-Pro-

Pro and Val-Pro-Pro relaxed rat aortic rings from normotensive animals in an 

endothelium-dependent manner. They also showed that this phenomenon was 

abolished by removal of endothelium, blockade of NO synthase and K+ channels and 

by antagonism of B2 receptors. In the same study, the tripeptides increased NO 

production in endothelium cell culture. Hirota et al. (2011) concluded that tripeptides 

increase the production of NO and thus enhance vascular relaxation.  

2.9.2 Clinical studies 

Several different clinical studies on effects of products containing tripeptides on blood 

pressure have been conducted (see Table 6). Furthermore, three meta-analysis (Xu et 

al. 2008, Cicero et al. 2011, Turpeinen et al. 2013) encompassing studies from all 

around the world and one involving only studies made in Europe (Cicero et al. 2013) 

and one in Japan (Chanson-Rolle et al. 2015) have been published. The first meta-

analysis conducted by Xu et al. (2008) consisted of 12 trials with 632 patients. As a 

result, in both prehypertensive and hypertensive patients, blood pressure was 

significantly decreased (SBP -4.8 mmHg and DBP -2.2 mmHg). They also concluded 

that the effect was greater in hypertensive patients and that the duration of the 

intervention affected the extent of the hypotensive effect. The meta-analysis 

conducted by Cicero et al. (2011) involved 18 trials. The overall blood pressure 

lowering effect was -3.73 mmHg in SBP and -1.97 in DBP. However, the blood 

pressure lowering effect of tripeptide consumption was more evident in Asian subjects 

(SBP -6.39 mmHg, DBP -3.98) than in Caucasian patients (SBP -1.17 mmHg, DBP -

0.52 mmHg). The authors also concluded that age, baseline BP values, dose or length 



of intervention had no impact on the results. The latest meta-analysis (Turpeinen et al. 

2013) involved 19 trials and over 1500 patients. In this analysis, the overall BP 

lowering effect by tripeptides was -4.0 mmHg in SBP and -1.9 mmHg in DBP. 

 

A meta-analysis evaluating only trials made in Europe (Cicero et al. 2013) included 

14 trials with 1300 patients. It estimated that blood pressure was decreased statistically 

significantly also among the European population (SBP -1.28 mmHg, DBP -0.59 

mmHg), despite a few trials where tripeptide feeding exerted no effects on BP. In 

contrast, according to a meta-analysis concentrating only on Japanese trials (Chanson-

Rolle et al. 2015), the blood pressure lowering by tripeptide consumption was more 

prominent (SBP -5.63 mmHg, DBP -2.58 mmHg). However, significant heterogeneity 

was found in the study population which was explained by variations in the baseline 

blood pressure values. When a meta-analysis was conducted by subdividing into 

groups of prehypertensive and hypertensive patients, BP was reduced more in 

hypertensive patients (SBP in hypertensive and prehypertensive, -8.53 and -3.42 

mmHg, respectively).  

 

It is not known why the BP decrease is more prominent among Asian populations, in 

contrast, at least tripeptides from different production methods (enzymatic hydrolysis 

or fermentation with L. helveticus) lowered BP equally in hypertensive animals 

(Jäkälä et al. 2010a). The difference in responses of tripeptide treatment might be 

explained by genetic factors and life-style differences such as diet. 

 

Feeding the tripeptides has decreased arterial stiffness in humans which might also 

explain antihypertensive effects (Jauhiainen et al. 2007, Hirota et al. 2007). Hirota et 

al. (2007) used only one week administration of tripeptides in mildly hypertensive 

men. Arterial blood flow was improved in the tripeptide group compared to control, 

however, blood pressure remained unchanged.  

 



Table 6. Clinical studies of effect of tripeptide feeding on blood pressure. A) Studies with 
beneficial results on blood pressure and B) studies with unclear results on blood pressure. 
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2.9.3 Bioavailability of bioactive peptides 

The first studies examining peptide absorption were published in the 1980s (Gardner 

1982, Gardner et al. 1983) and nowadays it is widely accepted that intact peptides can 

be absorbed from intestine to circulation. Three different pathways are possible: 



paracellular route, intracellular route and transport using specific transporters such as 

peptide transporter 1 (Pept1). Many studies also have investigated the bioavailability 

of two tripeptides i.e. Ile-Pro-Pro and Val-Pro-Pro. 

 

Harmonized static indigestion in vitro model has been used to study whether 

tripeptides are formed from skimmed milk during digestion (Rutella et al. 2016, 

Tagliazucchi et al. 2017). The tripeptides, Ile-Pro-Pro and Val-Pro-Pro, were split 

from proteins and peptides in skimmed milk, and also other ACE-inhibitory peptides 

were found. This may partially explain the antihypertensive potential of dairy products 

(for review, see Beltran-Barrientos et al. 2016). 

 

Kinetics and absorption of tripeptides have been investigated in pigs (van der Pijl et 

al. 2008), rats (Masuda et al. 1996, Jauhiainen et al. 2007, Foltz et al. 2008, Gleeson 

et al. 2017) and cell monolayers (Satake et al. 2002, Foltz et al. 2008 Gleeson et al. 

2017). The elimination half-life of tripeptides was found to be 1.9 to 2.5 min when 

they were injected intravenously but slightly longer after intragastric administration, 

i.e. 9 to 12 min. Absolute bioavailability was around 0.1% when tripeptides were 

mixed in saline (van der Pilj et al. 2008).  

 

Jauhiainen et al. (2007) used radiolabeled Ile-Pro-Pro to investigate the tripeptide’s 

absorption and tissue distribution. After oral administration of Ile-Pro-Pro, 

radioactivity was found in plasma and many tissues such as adrenals, aorta, heart and 

kidneys, organs important with respect to cardiovascular functions. Interestingly, 

radioactivity remained for a rather long time e.g. in aorta at least up to 48 h. In 

addition, accumulation of guanidine-thiocyanate-labeled Ile-Pro-Pro and Val-Pro-Pro 

into rat vascular endothelial cells was found at one hour after a single-dose 

administration of these tripeptides (Kawaguchi et al. 2012). Absorbed tripeptides were 

also detected, in addition to vessels, in descending concentrations in lungs, kidneys 

and plasma. Masuda et al. (1996) investigated the amount of Ile-Pro-Pro and Val-Pro-

Pro from aorta tissue extract six hours after a single oral administration of sour milk 

containing tripeptides. A few micrograms of both tripeptides were detected from tissue 

with a sensitive HPLC detection method. The transport behavior of the tripeptides has 

been evaluated using caco-2 cell monolayer and rat jejunal tissue (Satake et al. 2002, 



Gleeson et al. 2017). Tripeptides were transported from the apical to basolateral side 

in both models. These observations are convincing evidence that there is absorption 

from intestine, and also binding and accumulation slowly into tissues important for 

mediating their antihypertensive effect. This could explain why the blood pressure 

lowering effect appears slowly, being observable first after weeks of treatment both in 

animal and human experiments (see Table 5 and 6). 

 

It also seems that absorption of tripeptides can be increased by co-ingestion with other 

macronutrients (Gleeson et al. 2015, Ten Haven et al. 2015). Ten Haven et al. (2015) 

tested the effects of different food matrixes on the bioavailability of tripeptides in pigs 

and concluded that the absorption could be enhanced by modifying the amount and 

quality of the protein and fibers. They also found out that portal availability, half-life 

and elimination of tripeptides increased with co-ingestion of a casein hydrolyte protein 

matrix. Gleeson et al. (2015) found that Ile-Pro-Pro permeation increased through a 

caco-2 cell monolayer and also through rat intestine with co-incubation of medium 

chain fatty acid. 

2.9.4 Stability and toxicity 

Ile-Pro-Pro was stable against degradation when incubated with rat intestinal washes, 

caco-2 cell brush border peptidases and gastrointestinal peptidases and homogenates 

made from rat intestine and liver (Ohsawa et al. 2008, Gleeson et al. 2015). Proline 

containing chains are known to be more stable against peptidase activity. In fact, there 

are only a few enzymes capable of hydrolyzing proline-containing peptides (Vanhoof 

et al. 1995). In addition, the cytotoxicity of tripeptides has been tested in caco-2 cells 

and Hep G2 cells (Gleeson et al. 2015). No cytotoxicity was found even after chronic 

exposure.  

 

The toxicity of tripeptides has been tested in several studies; none have shown any 

adverse effects attributable to tripeptide feeding (Dent et al. 2007, Bernard et al. 2005, 

Ponstein-Simarro Doorten et al. 2009). Dent et al. (2007) tested toxicity in a 90-day 

repeat-dose oral gavage toxicity test in rats, in the embryo-fetal development test in 

the rabbit and in a pre- and post-natal development test in the rat and found no adverse 



effect of tripeptide feeding even with high doses. In clinical studies, no adverse effects 

of tripeptide consumption has been found compared to placebo. 

 

In summary, milk-derived tripeptides Ile-Pro-Pro and Val-Pro-Pro have 

been shown to decrease elevated blood pressure in humans and in 

experimental models. They also seem to decrease arterial stiffness 

related to endothelium dysfunction. Small amounts of these peptides 

permeate in an intact form from intestine to circulation. They also seem 

to be protected against degradation by proteases in gastrointestinal 

system due to the proline content in their amino acid sequence.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. Aims of the study 

Milk-derived tripeptides, isoleucine-proline-proline (Ile-Pro-Pro) and valine-proline-

proline (Val-Pro-Pro) have been demonstrated to decrease elevated blood pressure in 

humans and in experimental models. These tripeptides can be formed from the casein 

protein during a fermentation process or by enzymatic hydrolysis. Their principal 

blood pressure lowering mechanism is thought to be inhibition of the angiotensin-

converting enzyme (ACE1). However, other mechanisms are also possible. 

Chemically the tripeptides can exist in different cis/trans stereoisomers which can 

influence their binding to different enzymes in the vascular wall and modify vascular 

tone. Current evidence suggests that in hypertension as well as in old age, there are 

signs of low-grade inflammation present in the vasculature and this can modify the 

vascular responses to constricting or dilating agents e.g. the response to bradykinin. It 

has been debated whether bradykinin is only a passive bystander in the effects seen 

after ACE inhibition or an active player. 

 

The aims were: 

 

1) to confirm the antihypertensive action of milk derived bioactive peptides in 

experimental models; 

2) to clarify bradykinin-induced vascular functions with a special focus on aging 

and possible interactions with tripeptides at the receptor level; 

3) to evaluate the tripeptides’ mechanisms of action other than ACE-inhibition in 

the vasculature, focusing on different enzymes, compounds or receptors which 

influence blood pressure and vascular tone; 

4) to analyze possible role of the cis/trans stereoisomerization of the tripeptides 

in ACE-inhibition using computerized modelling; 

5) to investigate the intestinal penetration of the tripeptides across a caco-2 cell 

monolayer as a model of physiological absorption in the intestine.  

 
 
 
 



4. Materials and methods 

4.1 Animal models (study I, IV, V) 

Male spontaneously hypertensive rats (SHR) (study I and V), Wistar-Kyoto rats (study 

V) and Wistar rats (study IV) aged between six to thirty-three weeks were used in the 

experiments. The study protocols were approved by the National Animal 

Experimentation Committee according to EC Directive 86/609/EEC and Finnish 

Experimental Animal Act 62/2006. The animals were housed two to six animals per 

cage depending on the age and weight of the animals with free access to basic rodent 

pellets (Teklad Global 16% Protein Rodent Diet, Harlan Laboratories, 

Cambridgeshire, UK) and tap water or an experimental drink in a standard animal 

laboratory (illumination from 7:00 am to 7:00 pm, temperature 22 ± 2 °C, humidity 

55 ± 15%). 

4.2 Compounds 

The tripeptides, Ile-Pro-Pro, Val-Pro-Pro and Leu-Pro-Pro, substrates dansyl-D-Ala-

Gly-4-Nitro-Phe-Gly-OH (DAGNPG), Z-Gly-Pro-AMC and N-Suc-Ala-Ala-Pro-

Phe-pNA, and bradykinin acetate salt, Ang(1-7), des- Arg9-Leu8-BK, A-779, D-Pro7-

Ang(1–7) were purchased from Bachem (Weil am Rein, Germany). Acetylcholine 

(ACh), (R)-(−)-phenylephrine hydrochloride (PE), L-NG-nitroarginine methyl ester 

(L-NAME), diclofenac sodium salt, sodium nitroprusside (SNP), TRAM-34, 

noscapine and captopril were purchased from Sigma-Aldrich (Munich, Germany). 

Hoe-140 was from Tocris (Bristol, UK). NEP was purchased from Innovative 

Research (Novi, MI, USA). POP (Recombinant Human), ECE-1 (Recombinant 

Human) and MCA-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys-(DNP)OH were from 

R&D Systems (Minneapolis, MO, USA). Cathepsin G (Human neutrophil) was 

purchased from Merck Chemicals (Nottingham, UK). Trizol reagent was from 

InVitrogen, Thermo Fisher Scientific (MA, USA). Pierce BCA protein assay kit from 

Thermo Scientific (IL, USA). Apamin was from Latoxan (Valence, France). 



4.3 Experimental drinks (study I, V) 

All study products and peptide powder were provided and analyzed in mass 

spectrometry by Valio Ltd (Helsinki, Finland) and were administered in the drinking 

water ad libitum.  In study I, three different experimental drinks were used: 

 

1) fermented milk product with a mixture of plant sterols (0.72 ± 0.04 g/100 g drink);  

2) fermented milk product with a mixture of plant sterols (0.80 ± 0.03 g/100 g drink) 

combined with tripeptides (17.6 ± 0.5 mg/l); 

3) fermented milk product without plant sterols and tripeptides.  

 

In study V, test animals were given the study product with a tripeptide-containing 

powder (0.1 mg/ml) in water, with controls receiving tap water.  In all studies, drink 

consumption was measured daily.  

4.4 Blood pressure measurement (study I, V) 

Blood pressure was measured weekly by the tail-cuff method with non-invasive blood 

pressure measurement equipment (Apollo 2AB Blood Pressure Analyzer, model 179-

2AB, IITC Life Science, Woodland Hills, CA USA (study I) and CODA, Kent 

Scientific Corporation, Torrington, CT, USA (study V)) by the same researcher (P. 

Ehlers in study I and A. Siltari in study IV) at the same time of the day (between 8 to 

12 am). Briefly, the animals were warmed to 32 °C for 20 min before the measurement 

to ensure that pulsation of tail artery was detectable. At least three measurements 

without any disturbances of measurement were averaged and the values represented 

systolic blood pressure (SBP) (study I and V) as well as diastolic blood pressure (DBP) 

(study V) of that particular week.  

4.5 Vascular reactivity studies (study I, IV, V) 

Vascular reactivity studies were done using either descending aorta (study IV) and/or 

superior mesenteric artery (study I, IV and V). Arteries were isolated from animals, 

placed on pre-oxygenated (95 % O2/5 % CO2, Aga, Riihimäki, Finland) ice-cold Krebs 

buffer and cleaned from adherent connective tissue under a light microscope, cut into 

2-3 mm rings and hooked using stainless-steel hooks (diameter 0.2 mm for the aorta 



and 0.15 mm for the mesenteric artery). Isolated artery rings with hooks were hanged 

into 10-ml cuvettes in an organ bath chamber-system filled with Krebs buffer (37 °C 

pH 7.4–7.6, composition in mM: NaCl 119.0, NaHCO3 25.0, glucose 11.1, KCl 4.7, 

CaCl2 1.6, KH2PO4 1.2, MgSO4 1.2) with constant gassing (95% O2/5% CO2). 

Cuvettes were connected to a computerized isometric force-displacement transducer 

(EMKA Technologies, Paris, France) which measured the force of contraction. The 

basal tone of contraction was set to 1-1.5 g mechanically and hooked rings were 

equilibrated for one hour before the experimental sets.  

 

The vascular reactivity of the arteries was tested using agonists and antagonists which 

stimulate vasoconstriction or vasodilatation. The compounds used, mechanism of 

action and target are presented in table 7. The used concentrations were based on 

literature data or our preliminary tests. 

4.6 Enzyme activity assays (study II, III, V) 

Renin, chymase, COX-1 and COX-2 activity assays (study II) were conducted using 

commercial available kits (SensoLyte® 520 Renin Assay Kit, AnaSpec, San Jose, CA, 

USA, Chymase activity kit, Sigma-Aldrich, Jerusalem, Israel and COX Fluorescent 

Inhibitor Screening Assay Kit, Cayman Chemical Company, Ann Arbor, MI, USA, 

respectively). ACE1 activity was measured from aorta (study V) and from HUVEC 

cell lysate (study III) using the methods devised by Santos et al. (1985) improved by 

Schwager et al. (2006) with minor modifications. NEP activity (study II) was 

measured using the method of Florentin et al. (1984), POP activity (study II) using the 

method designed by Stanziola et al. (1999) and Atack et al. (1991), Cathepsin G 

activity (study II) was assayed using the method of Barrett (1981) and ECE-1 activity 

(study II) was measured using the Activity Assay Protocol by R&D systems 

(Minneapolis, MO, USA), all with minor modifications.  

 

 



Table 7. Compounds and their targets used in vascular reactivity measurement. 

 
 

4.7 Biochemical measurements (study I, IV, V) 

Biochemical measurements (study I, IV and V) were conducted using commercial 

assay kits following the instructions provided by the manufacturers. Western blotting 

was used in study V. Measurements were done from plasma (total nitrate/nitrite, 

asymmetric dimethylarginine, 8-isoprostane, angiotensin II, C-reactive protein, 

thromboxane A2, IL-12) or total protein isolated from aorta (cGMP, BK2 receptor, 

Ang(1-7)). The Western blot analysis was done using total proteins from kidneys. The 

primary antibodies were COX-1, ACE1, BR1, BR2 and beta-actin as a loading control. 



4.8 Real-time quantitative polymerase chain reaction (RT qPCR) (study I, IV, 

V) 

RT qPCR measurements were done using mRNA isolated from aorta. mRNA was 

isolated with Trizol-reagent according to the manufacturer’s instruction. cDNA 

conversion was performed with a commercial available kit (iScript, BioRad) and 

SYBR Green reagents (BioRad, Agilent or Roche) were used in qPCR reactions. 

Primers were designed by the Primer-BLAST tool (National Center for Biotechnology 

Information) or adapted from previously published studies (Claveau et al. 2003, Xue 

et al. 2012, Sang et al. 2016). The results were calculated using the methods of 

Vandesompele et al. (2002) (study IV and V) or Livak and Schmittgen (2001) (study 

I). 

4.9 Computerized modelling (study III)  

The ACE1 enzyme and tripeptides IPP and VPP were subjected for molecular docking 

calculations. To elucidate the inhibition of ACE1 based on AutoDock 4.2 along with 

AutoDockTools 1.4.5. The calculations were made by using the normal default 

settings of the programs (Morris et al. 2009). ACE1 enzyme 3D-structure solved by 

X-ray method (PDB code 1O8A, Crystal Structure of the Human Angiotensin-

Converting Enzyme-Lisinopril Complex, Natesh et al. 2003) was applied from PDB 

database (www.rcsb.org, Berman et al. 1999). Initial coordinates for the tripeptides 

were constructed using the programs the NAMD 2.6 (University of Illinois, Urbana 

and Champaign, IL, USA) and the DeepView – Swiss-PdbViewer (Swiss Institute of 

Bioinformatics, Lausanne, Switzerland). Active side amino acid residues (His353, 

Glu384, Lys511, His513, Tyr520 and Tyr523) of the ACE1 were selected to be 

flexible residues. Setting of Torsional degrees of freedom in each tripeptide backbone 

(torsion angles ψ and φ) were allowed to be free. 

4.10 Cell culture (study III, unpublished data)  

Human umbilical vein endothelial cells (HUVEC, study III) were cultured in 

endothelial cell basal medium (Lonza) containing 10% fetal bovine serum, 0.1% 

recombinant human epidermal growth factor, 0.1% gentamicin sulfate, 0.1% 

hydrocortisone, and 0.4% bovine brain extract. Caco-2 cells (heterogeneous human 



epithelial colorectal adenocarcinoma cells) (unpublished data) were cultivated in 

culture dishes in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal 

bovine serum. Both cell lines were cultivated at 37°C with 5% CO2, and fresh medium 

was provided every 1–2 days. The HUVEC cells used in the experiments were from 

passage 6 and Caco-2 cells were from passages 50-60. 

4.11 Transport experiment with Caco-2 monolayer (unpublished data) 

Transport experiments of the tripeptides were done using the model of Hong et a. 

(2016). Briefly, Hanks balanced salt solution buffer (HBSS) was used in the 

experiments (composition in mM: NaCl 137, KCl 5, D-glucose 5.5, NaHCO3 4, 

NaHPO4•12H2O 0.8, KH2PO4 0.4, MgSO4•7H2O 0.8, CaCl2•2H2O 1.26, pH in apical 

side 6.0 and basolateral side 7.4). HBSS buffer containing tripeptides (1 mM) with or 

without Gly-Sar (10 mM) or cytochalasin D (0.5 µm/ml) was added in the apical or 

basolateral side of the cell monolayer. Tripeptides, Gly-Sar and cytochalasin D were 

diluted in buffer containing 0.5 % DMSO for ensuring that the compounds remained 

in solution.  Samples were taken from the apical or basolateral side at three time points 

i.e. 15 min, 30 min and 60 min after transport experiment. Transepithelial electrical 

resistance (TEER) values were measured before and after the transport experiment to 

verify the integrity of the monolayers. 

 

Tripeptide quantity analyses were performed using high performance liquid 

chromatography (HPLC, Agilent1200 HPLC) followed by ion trap mass spectrometry 

(IT-MS, Esquire6000 ESI-Ion Trap mass spectrometer) –technique and based on the 

results, the apparent permeability coefficient (Papp) values were calculated. Papp values 

were calculated using the formula: 

 

  Papp = (dC/dt) x V / (A x C0) 

 

where dC/dt is the change in concentration over time (µM/s), V is volume of solution 

(1.5 ml), A is surface area of the membrane (0.9 m2) and C0 is the initial concentration 

of tripeptides (1 mM). 



4.12 Statistical analyses 

The statistical analyses were performed using a commercial available program, 

GraphPad Prism (version 5.0) using appropriate statistical tests depending on the data 

to be analysed and the experimental procedure. Statistical differences were considered 

significant if the p-value was under 0.05. The data are presented as mean ± standard 

error of the mean (SEM) if not mentioned otherwise.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



5. Results 

5.1 Tripeptide intake and weight gain (study I, V) 

Tripeptide consumption varied between studies. In study I, the average daily peptide 

intake was 4.3 mg/kg/day and in study V 14.3-19.6 mg/kg/day. Peptide intake was 

highest in young animals in study V. Young WKY animals were slightly lighter than 

their age-matched SHR at the end of the study. However, in the older animals, weight 

gain was equal (study V). There were no differences between age-matched animals of 

the same strain.  

5.2 Blood pressure (study I, V) 

Systolic blood pressure decreased after tripeptide feeding (Table 8). In study I, 

tripeptide feeding lasted for eight weeks while it was six weeks in study V. However, 

six weeks’ feeding was sufficient to lower blood pressure in old hypertensive animals. 

There was no difference between the blood pressure levels after six weeks’ tripeptide 

consumption in young hypertensive animals in study V. However, in study I, SBP in 

the tripeptide consuming group was lower than in the milk consuming group already 

after six weeks. These animals were two weeks older than those examined in study V.  

 

Table 8. Systolic blood pressure (SBP) before and after long-term tripeptide consumption 
in spontaneously hypertensive animals (SHR). 

  SBP (mmHg, mean ± SEM) change (mmHg) 
study group week 0 week 6 week 8 week 6 week 8 

I peptides 112 ± 3 174 ± 2 169 ± 4 61 57 
I water 113 ± 5 181 ± 3 188 ± 2** 68 75 
I milk 112 ± 3 183 ± 3* 187 ± 5* 72 75 
V peptides young 107 ± 4 134 ± 4  28  
V water young 105 ± 3 132 ± 4  27  

unpublished milk young 106 ± 3 142 ± 2  37  
V peptides old 165 ± 2 170 ± 6  5  
V water old 168 ± 3 190 ± 4*  23  

unpublished milk old 162 ± 5 195 ± 3**   33   
 * p<0.05 compared to peptide group    

 **p<0.01 compared to peptide group    
 

 



BP was also decreased in old normotensive animals after six-weeks’ consumption of 

tripeptides compared to baseline values (study V). 

5.3 Vascular reactivity (study I, IV, V) 

ACh-induced vascular relaxation, which indicates the functionality of endothelium of 

the control groups is presented in Figure 5. Endothelium dysfunction was present in 

the old hypertensive group (study V) and in the old normotensive group (study IV). In 

the young animals, the function of the endothelium was better despite the presence of 

hypertension.  

 

 

 
Figure 4. Endothelium-dependent vascular reactivity in normotensive (Normot.) and 
hypertensive (Hypert.) young and old animals. 

 

The same dysfunction was seen in smooth muscle cell function; the ability of the 

receptor- and non-receptor-mediated vasoconstriction was decreased especially in 

hypertensive old animals (Figure 6 and 7). However, endothelium-independent 

vasorelaxation using a NO-donor, nitroprusside (SNP), was similar in all study groups, 

indicating that a NO-dependent mechanism of VSMC functioned completely even in 

old hypertensive animals. 

 



 
Figure 5. Receptor-mediated vasoconstriction in normotensive (Normot.) and hypertensive 
(Hypert.) young and old animals. 

 

 
Figure 6. Non-receptor-mediated vasoconstriction in normotensive (Normot.) and 
hypertensive (Hypert.) young and old animals. 

 



 
BK induced vasorelaxation only in young normotensive animals in study IV (Figure 

8). In old animals, BK slightly constricted the vessels. The young animals were 6 

weeks of age in study IV and 10 weeks in study V. 

 
Figure 7. Bradykinin-induced vascular reactivity in normotensive (Normot.) and 
hypertensive (Hypert.) young and old animals. 
 

Incubation in vitro with Ile-Pro-Pro improved BK-induced vasorelaxation, especially 

in old normotensive animals (Figure 9). After tripeptide feeding, BK-induced 

vasorelaxation was not improved even in the normotensive groups. In fact, tripeptide 

feeding caused a slight vasoconstriction in the hypertensive study groups. 

 

Pre-incubation with ACE-inhibitor captopril augmented bradykinin-induced 

vasorelaxation in mesenteric artery but interestingly, had no effect on aorta of young 

normotensive animals (study IV). The effects of incubation with Ile-Pro-Pro and 

Ang(1-7) in young animals were similar in mesenteric arteries and improved in aorta 

compared to the controls (study IV). In old normotensive animals, both captopril and 

Ile-Pro-Pro improved the vasorelaxation induced by BK, however, Ile-Pro-Pro seemed 

to be more potent (study IV). This indicates that there are other mechanisms in 

addition to ACE-inhibition. 

 

Bradykinin receptor antagonist inhibited, at least partly, bradykinin-induced vascular 

effects in young animals (study IV and V). However, in old normotensive and 



hypertensive animals, the receptor antagonism did not abolish the constriction induced 

by BK (study V). In young animals, joint Mas-receptor and MrgD receptor antagonist 

abolished all of the relaxation (study IV), however, Mas-receptors antagonism alone 

exerted no effect (study IV, V). 

 

 
Figure 8. Effects of tripeptides on bradykinin-induced vascular reactivity in young and old 
normotensive (Norm.) and hypertensive (Hyper.) animals in vitro and in vivo. 

5.4 Biochemical determinations  

5.4.1 Enzyme activities (study II, III, V) 

ACE was inhibited by the tripeptides in vitro using endothelial cell model (study III). 

However, when ACE activity was measured from extract of aorta tissue, the 

tripeptides showed no effect on the activity (study V). Furthermore, pure Ile-Pro-Pro, 

Val-Pro-Pro and Leu-Pro-Pro inhibited prolyl oligopeptidase (POP) dose-dependently 

in vitro. The tripeptides at a concentration of one millimolar also slightly inhibited 

NEP and renin, however, only a maximal of 10 % inhibition was achieved. 

Unexpectedly, the tripeptides enhanced the activity of catepsin G in vitro (Figure 10 

and 11).  

 



 
Figure 9. Effects of Ile-Pro-Pro incubation (1 mM) on different enzymes in vitro. *p<0.05, 
**p<0.01, ***p<0.001 

 

 
Figure 10. Effects of Val-Pro-Pro incubation (1 mM) on different enzymes in vitro. 
**p<0.01, ***p<0.001. 

 



ACE activity and its protein levels were higher in old animals compared to young 

littermates. The presence of hypertension did not further elevate the activity of the 

ACE enzyme (study V). However, no differences were detected in mRNA levels of 

ACE1 between study groups in any of the studies (Table 9) (study I, IV and V).  

5.4.2 mRNA and protein levels (study I, IV, V) 

The expressions of the investigated genes remained stable in all of the study groups if 

the comparison was made between the young and old animals of the same strain (Table 

9). However, if the comparison was conducted between age-matched hypertensive and 

normotensive animals, COX-2 gene expression was higher in old hypertensive rats. In 

addition, tripeptide feeding decreased COX-2 expression in young hypertensive 

animals (Table 9, study I). There were no statistically meaningful differences in any 

of the other investigated genes. 

 

Table 9. mRNA levels of investigated genes between young and old, normotensive (normot.) 
and hypertensive (hypert.) animals. ↑p-value<0.05, ↓↓p-value<0.01, ↔ no difference, - not 
measured, n=4-8/group 

 
 

The levels of certain proteins, peptides and biochemically-active compounds were 

measured from plasma, aorta or kidney extract. Total nitrite and nitrate (NOx) were 

elevated in old hypertensive animals after feeding of the peptide (study V), however, 

this was not seen in hypertensive young animals (study I and V) (Table 10). 

Interleukin-12 (IL-12) levels were elevated in the young normotensive animals both 

in the peptide and control group; the levels were similar in hypertensive and old 

normotensive groups and tripeptide feeding had no effect (Table 10, study V).  



 
Table 10. Biochemically-active compounds, proteins and peptides level in different studies. 
Normot.= normotensive animals, hypert.=hypertensive animals. ↑p-value<0.05, ↓↓p-
value<0.01, ↔ no difference, - not measured, n=6-8/group. 

 
 

5.5 Kinetics 

5.5.1 Cis/trans stereoisomers (study III) 

Four possible stereoisomers of tripeptides are theoretically possible: trans/trans, 

trans/cis, cis/trans and cis/cis. Based on our molecular docking data, we hypothesize 

that cis bond between the first and second amino acids and trans bond between the 

second and third amino acid in Ile-Pro-Pro or Val-Pro-Pro might be the most potent 

geometrical form for ACE1 inhibition. In Figure 12, Ile-Pro-Pro is illustrated in its 

geometrical cis and trans isoforms.  

 



 
Figure 11. Four possible stereoisomers of Ile-Pro-Pro. Arrows indicate the site of cis/trans 
bond. Courtesy of J. Valjakka from University of Tampere. 
 

5.5.2 Permeability of Ile-Pro-Pro and Val-Pro-Pro across caco-2 monolayer 

(unpublished) 

Both tripeptides permeated through caco-2 monolayer (Table 11). Permeability was 

measured from apical to basolateral (A to B) and basolateral to apical (B to A) for 

calculation of the efflux ratio (B to A/A to B). The efflux ratio for Ile-Pro-Pro was 0.5 

and for Val-Pro-Pro 0.9. If the efflux ratio was under 0.5, this indicates that the main 

pathway for peptide transport was Pept1-mediated whereas values near to 1.0 signify 

that the paracellular route was the main pathway. Since Ile-Pro-Pro and Val-Pro-Pro 

had different efflux ratios, we measured the role of Pept1 using a known substrate, 

Gly-Sar in competitive assay and the role of tight junction using the tight junction 

disrupter, cytochalasin D. Both tripeptides appeared to permeate across the caco-2 

monolayer using both pathways, the paracellular route and Pept1-mediated 

transportation. TEER values remained above 300 Ω/cm2 throughout the experiments, 

indicating that the monolayer was intact. However, the lower TEER values after the 

N
O

H

H

N

O N

O

O

N
O

H

H

N

O N

OO

N
H

H O

N

N

O

O

O

N
H

H O

N

N

O O

O

+

Ile-trans-Pro-trans-Pro
_

+

Ile-trans-Pro-Cis-Pro

_

+

Ile-Cis-Pro-trans-Pro

_

+

Ile-Cis-Pro-Cis-Pro

_



incubation with cytochalasin D are indicative that there had been a disruption of tight 

junctions.   

 
Table 11. Apparent permeability coefficient values (Papp-values) for Ile-Pro-Pro and Val-
Pro-Pro across caco-2 cell monolayer from apical to basolateral (A to B) and basolateral to 
apical (B to A). The role of Pept1 transporter (Gly-Sar) and tight junctions (cytochalasin 
D) were also investigated. N=4-6/group. 

 A to B B to A Gly-Sar Cytochalasin 
D 

Ile-Pro-Pro 13.8 ± 1.7 7.0 ± 0.8* 6.8 ± 1.5* 34.9 ± 3.9** 

Val-Pro-Pro 11.2 ± 1.8 10.0 ± 0.6 6.4 ± 0.3* 30.1 ± 2.6** 

 * p<0.05 compared to A to B (control) 
 **p<0.01 compared to A to B (control) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6. Discussion 

General aspects 

 

This thesis is based on five different publications, four experimental and one 

computerized, and some unpublished data. It was a continuation of earlier studies 

conducted by our research group, where milk casein-derived tripeptides and their 

cardiovascular functions, with a special focus on antihypertensive and vascular 

activities, were studied. In the present series of experiments, we evaluated the 

mechanisms of the long-term feeding with the peptides on blood pressure of different 

rat strains and vascular effects ex vivo and in vitro.  

 

The following important observations were made; in addition to the known ACE-

inhibitory properties, the peptides appeared to influence bradykinin induced vascular 

reactivity. Mas and BK receptors play a part in vasorelaxation and Ile-Pro-Pro might 

be able to activate these receptors. In aged animals, bradykinin-induced relaxation was 

converted to vasoconstriction. This effect was explained by vascular production of 

vasoconstrictive prostanoids, possibly due to aging and hypertension induced low-

grade inflammation in the endothelium. 

 

Tripeptides can have different spatial isomers (cis/trans), which might theoretically 

influence the penetration and binding of the peptide to the ACE protein complex. This 

question was evaluated by computer modelling.  

 

Our research group has shown earlier that the vascular effects of the tripeptides are 

apparently not only based on ACE-inhibition but they may also act as blockers of 

many other enzymes which are known to be active in the regulation of cardiovascular 

events.  

 

Finally, we evaluated how Ile-Pro-Pro and Val-Pro-Pro permeate across the caco-2 

cell monolayer. Tripeptides consist of proline-proline bond which is known to be 

resistant against enzymatic breakdown in the gastrointestinal tract. In the caco-2 cell 



model, the tripeptides permeated in an intact form from the apical to the basolateral 

side using both the paracellular route (tight junctions) and the Pept1 transporter. 

 

Blood pressure  

 

Tripeptide consumption lowered blood pressure of hypertensive animals which has 

been reported previously using different experimental models of hypertension (Table 

5). In vivo effects of tripeptide supplementation did not improve endothelium-

dependent vascular reactivity in this study. In some experiments, also vascular 

relaxation has improved after tripeptide feeding (Jäkälä et al. 2009a, Ehlers et al. 

2011a), but negative results have also been reported (Jäkälä et al. 2009b, Jäkälä et al. 

2010a, Jauhiainen et al. 2010). Peptide doses, duration of the feeding and age of the 

animals differed between studies, which may partly explain the discrepant results.  

 

Most of the studies in experimental models have used rather young animals. Only a 

few studies (Nakamura et al. 1995, Masuda et al. 1996, Ehlers et al. 2011a) have 

investigated the effect of tripeptide feeding on blood pressure using older animals and 

usually the experiments have included only hypertensive animals. A single dose of 

tripeptides (0.4 mg/kg) did not lower the blood pressure of 23 week old normotensive 

rats (Masuda et al. 1996). However, blood pressure was decreased in hypertensive 

animals. We showed that blood pressure was reduced also in old normotensive animal 

after long-term treatment. Ehlers et al. (2011a) showed that long-term tripeptide 

feeding lowered the blood pressure of older SHR, similarly as found in our study. The 

blood pressure of SHR rats starts to increase spontaneously from the normal level after 

four to six weeks of age and blood pressure elevates steadily for several weeks 

(Okamoto and  Aoki 1963). In old SHR, blood pressure has reached steady state level.  

 

Vascular reactivity 

 

Bradykinin-induced vasorelaxation seems to be age-dependent in normotensive 

animals. In old hypertensive animals, BK induced vasoconstriction; this effect was 

abolished by COX inhibition but not by treatment with a BK receptor antagonist. 

Similar results have been reported elsewhere (Fasciolo et al. 1990, Mantelli et al. 1995, 



Hernanz et al. 2004, Rodríguez-Mañas et al. 2009, Erol et al. 2012). One postulated 

mechanism behind the Janus-like vascular effects is the varying amount of BK 

receptors in the vasculature during ageing (Kuoppala et al. 2003, Kintsurashvili et al. 

2005, Nurmi et al. 2012). However, we were not able to detect this phenomenon in 

our experiments, either in normotensive or in hypertensive animals. It also seems that 

BK2 receptor expression is increased in response to heart damage (Kuoppala et al. 

2003), however, with time and during ageing, BK2 receptor expression seems to 

decline (Kuoppala et al. 2003, Nurmi et al. 2012). It also seems that cardiac 

dysfunction and hypertrophy increase in aged BR2-receptor knockout mice compered 

to control mice underlining the cardioprotective role of the BR2 receptors (Maestri et 

al. 2003, Feng et al. 2016). Oeseburg et al. (2009) also showed that bradykinin 

incubation protected endothelial cells from premature ageing.  

 

On the one hand, in old animals the responsiveness to ACh, PE and KCl was also 

impaired, which might reflect the presence of low-grade inflammation in the 

vasculature and, on the other hand, inflammation affected BK-induced vascular 

reactivity. When there is low-grade inflammation, the activity of COX isoenzymes 

increases. Furthermore, it has been shown that BK exposure of the vasculature can 

increase the activity of phospholipase 2 (PLA2) (Briand and Bernier 1996, Kennedy 

et al. 1996, Hecquet et al. 2006). PLA2 releases arachidonic acid from cell membranes 

which represents a source for prostaglandin production by COX. We detected a trend 

that COX enzymes would be over-expressed in old hypertensive animals, which might 

explain the BK-induced vasoconstriction. Tang and Vanhoutte (2008) screened the 

gene expression of prostaglandin synthesis-related compounds in the endothelium and 

vascular smooth muscle cells of young and old normotensive and hypertensive rats. 

They concluded that ageing and hypertension both increased the expressions of COX-

1, COX-2, many prostaglandin synthases and receptors in both cell types. They also 

revealed that both the thromboxane and prostacyclin pathways were upregulated 

during ageing and also in hypertension. Similar results were found in our studies; 

COX-mediated vasoconstriction in aged and hypertensive animals and a trend that 

COX enzymes are overexpressed followed by increased activity of the prostacyclin 

pathway.  



In conclusion, ageing and hypertension induce vascular dysfunction and at least low-

grade inflammation, and this, in turn, switches BK induced vascular activity from 

vasodilation to vasoconstriction. 

 

Mechanisms of action 

 

ACE inhibition prevents the formation of Ang II but also inhibits the degradation of 

BK. In fact, it has been hypothesized that BK is more important for the blood pressure 

lowering effect of ACE inhibitors than has been previously thought (Ceconi et al. 

2007, Taddei and Bortolotto 2016). It has been shown that ACE inhibition increases 

BK-induced vascular reactivity, at least in rats (Hutri-Kähönen et al. 1997). However, 

in our study, Ile-Pro-Pro induced even better vasorelaxation in vitro than seen with 

captopril, a standard ACE inhibitor, when the blood vessels were incubated 10 min 

before exposure to BK. This poses the question if the tripeptides could have some 

other mechanism of action in the vasculature. BK-induced vascular reactivity is 

potentiated by co-incubation with Ang(1-7) (Paula et al. 1995, Oliveira et al. 1999, 

Fernandes et al. 2001) similarly as we observed with incubation with Ile-Pro-Pro 

(Ehlers et al. 2011b). Tripeptides might somehow stimulate the activity of Mas- or 

MrgD-receptors, because we demonstrated that BK-induced vasorelaxation in 

normotensive rats was abolished after treatment with a Mas- and MrgD-receptor 

antagonist. In addition, Mas-receptors were overexpressed in young hypertensive 

animals, which might balance the BK-induced vascular reactivity in hypertensive 

animals.  

 

Tripeptides inhibited POP dose-dependently. Inhibition of POP by tripeptides is a 

double-edged sword; inhibition of formation of Ang(1-7) reduces the beneficial 

properties mediated through RAS, however, also degradation of BK decreases and this 

induces prolonged BK-related effect in the vasculature. Stanziola et al. (1999) 

measured prolyl oligopeptide (POP)-like activity in rats administered chronically with 

an ACE1 inhibitor, enalapril, and found that POP activity increased when ACE1 

activity was reduced. These workers hypothesized that when ACE1-dependent 

bradykinin degradation decreased, additional pathways for inactivation of bradykinin 

became available. In addition, the formation of Ang(1-7) was elevated, which may 



have further increased the beneficial effects of ACE1 inhibition. POP-induced Ang(1-

7) formation is known to occur in the kidneys of ACE2 knock-out mice (Grobe et al. 

2013). These findings indicate that POP may have a greater role in cardiovascular 

tissues as a back-up mechanism for the formation of Ang(1-7). 

 

It seems that POP has a role in the formation of angiotensin peptides in the brain 

(Welches et al. 1991). POP has also a role in the progression and development of 

cognitive disorders in the human brain (Männistö et al. 2007). In theory, tripeptides 

might be inhibitors of POP in the brain in vivo, however, then the tripeptides would 

need to across the blood-brain barrier in an intact form.  

 

We did not observe any evidence of reduced ACE activity in aorta after tripeptide 

feeding. However, ACE activity has been found to be elevated by ageing (Yoon et al. 

2016). Masuda et al. (1996) measured ACE1 enzyme activity from many organs after 

oral administration of a tripeptide-containing drink. ACE1 activity was decreased in 

aorta and lungs by tripeptides in hypertensive animals but not in normotensive. They 

also showed that in aorta and lungs, hypertension increased ACE1 activity compared 

to normotensive controls. This phenomenon was not seen in the other investigated 

organs. In our study, ACE activity and protein levels were increased similarly in both 

hypertensive and normotensive groups by ageing. Interestingly, ACE mRNA levels 

were similar in young and old animals indicating that ACE levels are regulated after 

transcription. It also seems that renin-angiotensin system, at least partly, regulates age-

related endothelial dysfunction (Flavahan et al. 2016).  

  

Cis/trans stereoisomers 

 

The fact that there are four stereoisomers might be one explanation for the discrepant 

results emerging from clinical trials. Different cis/trans isomers might be formed 

during different production processes (e.g. fermentation or enzymatic hydrolysis) or 

at the site of action. The cis/trans stereoisomers of tripeptides might influence not only 

the activity of the tripeptides but also their pharmacokinetic properties such as 

absorption, clearance and metabolism. Computerized modelling for identifying 

possible enzyme-inhibitory peptides may be a useful tool, however, it cannot 



completely replace experimental setups for these purposes. In fact, Pripp (2007) 

docked ACE-inhibitory dipeptides into the ACE1 protein structure and correlated the 

result against existing data from experimental studies. The R2 value was only 0.28, 

however, this result was statistically significant which indicates that computerized 

modelling is a feasible tool, at least for screening of the potential peptide structure. 

 

Intestinal permeability 

 

Satake et al. (2002) measured the absorption behavior of Val-Pro-Pro using the caco-

2 cell monolayer and concluded that the main pathway for absorption was paracellular 

transport with very little being mediated through the Pept1 transporter. On the other 

hand, Gleeson et al. (2017) concluded that Ile-Pro-Pro was transported using both 

pathways, Pept1-mediated and paracellular route in both a caco-2 monolayer and rat 

jejunum. In our study, Ile-Pro-Pro and Val-Pro-Pro utilized both transport pathways, 

however, the Val-Pro-Pro efflux ratio was higher than that of Ile-Pro-Pro indicating 

that the latter makes use of the paracellular route. An efflux ratio under 0.5 indicates 

that the main pathway for transportation is some kind of active transport mechanism 

such as Pept1 mediated transport. Values near and over one are indicative of passive 

transport such as paracellular transport.  

 

In conclusion, Ile-Pro-Pro and Val-Pro-Pro seem to differ slightly in their permeation 

behavior. This may be due to differences in the hydrophobic profile or in the 

conformation of these peptides. 

 

Methodological aspects 

 

Non-invasive blood pressure measurements from conscious animals were used in 

these experimental set-ups. The method is reliable and easy to use, however, 

measurements from awake animals may introduce some error into the measurements. 

In order to avoid bias, measurements were always done by the same individual at the 

same time of the day. If the animals were restless during the measurements, then the 

experiment was repeated later. 

 



We used spontaneously hypertensive animals (SHR) as a model for hypertension. In 

addition, normotensive Wistar and Wistar-Kyoto (WKY) rat strains were used. SHR 

are a good model for investigating the development of hypertension because the rats 

are normotensive when they are born (Okamoto and  Aoki 1963). SHR animals have 

a lower life expectancy than normotensive rats, however, they can survive at least one 

year which makes it possible to compare the effects of different compounds in young 

and old animals. They are also suitable for long-term experiments. For instance, some 

genetically modified animals such as a rat model harboring human angiotensinogen 

and renin genes survive only 7 to 8 weeks (Dehmel et al. 1998, Jauhiainen et al. 2007) 

which makes it impossible to investigate the impact of ageing. SHR also become 

hypertensive spontaneously without any need for pharmacological treatments or 

surgical interventions. 

 

Vascular reactivity studies were conducted using descending aorta (conduit artery) or 

the superior mesenteric artery (resistant artery). In aorta, vascular relaxation is NO-

dependent whereas in the mesenteric artery, NO-independent relaxation phenomena, 

such as that mediated by EDHF, play a greater role. When investigating BK-induced 

vascular reactivity, it is beneficial to use both types of artery, because BK-induced 

vascular reactivity is not well understood. However, when BP regulation is being 

investigated, smaller resistant arteries are better targets for these kinds of experiments 

because smaller arteries regulate vascular resistance. It is possible to use even smaller 

resistant arteries such as branches of the mesenteric arteries, however, then the 

myograph equipment designed for small vessels would be required. We had access to 

myograph equipment suitable for large (aorta) and intermediate (superior mesenteric 

artery) vessels. 

 

Many of the enzyme active assays were conducted using pure enzymes, substrates and 

tripeptides. For this reason, it needs to be kept in mind that different results may be 

obtained when different tissues and in vivo setups are used. However, the use of these 

pure enzymes and compounds are justified for screening, since they provide some 

indication of subsequent in vivo findings and, in fact, are a feasible way to identify 

possible new targets for further evaluation. 

 



We used a cell model to investigate the intestinal permeability of the tripeptides. Even 

though caco-2 cells have originated from human colon cancer, they have been shown 

to differentiate into enterocyte-like cells which behave as epithelial cells in the small 

intestine (for review, see Sun et al. 2008).  They also express tight junctions and Pept-

1 transporter. 

 

Clinical relevance and open questions 

 

Hypertension and cardiovascular diseases are a worldwide burden not only for the 

individual but also for society as a whole. They are more common in the elderly and 

as life expectancy continues to increase, there is a need to discover new strategies and 

treatments to combat cardiovascular diseases. Lifestyle-related changes for the 

prevention and treatment of hypertension and cardiovascular disease as well as new 

medical therapies might be one possible strategy. In addition, an understanding of the 

pathophysiology of development of hypertension and cardiovascular diseases is 

crucial, when new treatments are being sought.  

 

All of the studies in this thesis were preclinical, intended to evaluate the specific 

mechanisms mediated by the two tripeptides and how these are modified by 

cardiovascular ageing and hypertension. These mechanisms cannot be elucidated in 

clinical studies on humans. The cardiovascular effects of bradykinin are still poorly 

understood. In this study, we investigated the role of bradykinin-induced vascular 

effects in health and diseases and during ageing to clarify these poorly understood 

pathways.  

 

The ACE-inhibitory tripeptides also seem to have other mechanisms of action as has 

been postulated before. These additional action mechanisms provide more evidence 

of the potential antihypertensive effects of dietary based compounds. These kinds of 

products could be used before initiating therapy or in addition to drug treatment 

against hypertension and the development of cardiovascular diseases.  

 

Based on our current knowledge, BK seems to exert a different vascular activity in 

health and disease. We used only aged and hypertensive animals. BK-induced vascular 



reactivity should be measured using also different cardiovascular disease models when 

inflammation and endothelial damage are evident. The effects of BK in the vasculature 

can be also investigated using cell models where inflammation is easier to produce 

and which would also be more ethical in general terms. We did not evaluate whether 

some of the BK induced vascular reactivity was endothelium-independent. This 

phenomenon could be evaluated using endothelium intact and denuded vascular 

preparations. 

 

Similarly to the angiotensin peptides, bradykinin is degraded into smaller fragments. 

Very little is known about the possible biological activities of these fragments. More 

reliable methods to measure bradykinin and its fragments from circulation or tissues 

have recently appeared due to advances mass spectrometry based measuring 

techniques. In the future, the distribution and the levels of these BK fragments should 

be measured from different tissues and circulation as well as investigating their 

possible biological properties for instance in vasculature.  

 

We showed that the two tripeptides inhibited purified prolyl oligopeptidase in a dose-

dependent manner. This outcome should be tested also with in vivo setups to clarify 

whether this effect has biological significance.  

 

The role of stereoisomers of tripeptides on ACE inhibition was examined only using 

a computerized model. This should be evaluated also using tripeptides with different 

spatial configurations in both in vitro and in vivo setups. However, based on our 

current knowledge, it is not possible to prepare or order tripeptides with only the 

desired configuration e.g. in either the cis-trans or trans-trans form.  

 

 

 

 

 

 

 

 



7. Conclusion 

In the series of experiments on which this thesis is based, the mechanisms of the long-

term feeding with the antihypertensive tripeptides on blood pressure of different rat 

strains and vascular effects ex vivo and in vitro were examined. There was a special 

focus on the mechanisms of action and whether they would be affected by ageing. We 

also investigated the cis/trans stereoisomerization and intestinal absorption of the 

tripeptides. 

 

The main findings and conclusions were: 

 

Long-term feeding with a tripeptide containing drink lowered the blood 

pressure of young and old and spontaneously hypertensive rats (SHR) as 

well as reduced the blood pressure of old normotensive animals.  

Tripeptide feeding did not modify ACh-induced endothelium-dependent 

vascular relaxation nor did it alter potassium or phenylephrine induced 

contraction, i.e. direct smooth muscle and receptor mediated responses, 

respectively. 

Bradykinin-induced vascular responses seem to be dependent on the age 

and vascular health of the animals: vasorelaxation is converted into 

vasoconstriction during ageing and hypertension. A putative mechanism is 

described in Figure 13. 

Tripeptides improved bradykinin-induced vasorelaxation in vitro possibly 

by the same mechanism as angiotensin(1-7). 

Tripeptides may possess inhibitory and activating effects on other enzymes 

and receptors in the vasculature in addition to ACE1. 

Tripeptides permeated through a caco-2 cell monolayer in an intact form 

exploiting both paracellular and Pept1 mediated pathways. 

Based on computerized modelling, the most potent configuration of a 

tripeptide to achieve ACE inhibition is that there should be a cis bond 

between the first and second amino acid and a trans bond between the 

second and third amino acid. 

 



  
 
Figure 13. Postulated bradykinin induce mechanism of action in healthy (A) and 
inflamed (B) vasculature. BR1/BR2=bradykinin receptor type 1 or 2, NO=nitric oxide, 
GTP= guanosine triphosphate, cGMP= cyclic guanosine monophosphate, GC= guanylate 
cyclase, PLA2=phospholipase 2, AA=arachidonic acid, COX=cyclooxygenase, 
VSMC=vascular smooth muscle cell, eNOS=endothelial nitric oxide synthase. 
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