
Changes in vascular elasticity due to the consumption of high salt: Sex differences  

 

 

by  

 

 

©Eric Abonah Mensah 

 

 

 

 

A thesis submitted to the School of Graduate Studies in partial fulfilment of the 

requirements for the degree of 

Doctor of Philosophy in Medicine 

 

 

 

 

 

 

Division of Biomedical Sciences (Cardiovascular and Renal Sciences) 

Faculty of Medicine 

Memorial University of Newfoundland 

 

October 2024 

 

St. John's, Newfoundland 

 



ii 
 

Abstract 

 

Arterial stiffness and alteration in vascular biomechanics play pivotal roles in circulatory 

dysfunction. Furthermore, the pharmacological responses of vasoactive agents on biomechanics 

are less defined in salt-induced hypertension in males versus females. Therefore, the studies 

undertaken for this thesis investigated the changes in the structure and biomechanics of small 

resistance arteries from salt-sensitive male and female Dahl rats fed regular and high salt diets 

for 6-7 weeks (n=6-8/group). Third-order mesenteric arteries were used, and the effects of 

pharmacological agents on biomechanics were assessed using pressure myography. Rats on a 

high salt diet (H) developed hypertension with elevated pulse wave velocity compared to rats on 

a regular diet (R). Morphometric assessment of the vessel wall indicated the possible 

development of hypertrophy with a significant increase in collagen and smooth muscle cell areas 

in males (H) compared (R) and the corresponding females. While no significant differences in 

composite Young's modulus (CYM) were found between groups, vasoconstriction 

(phenylephrine, 0.3 μM) resulted in significantly higher CYM in males (H) than (R) and the 

corresponding females on a high salt diet or regular diet. In contrast, vasodilation (sodium 

nitroprusside, 0.3 μM) significantly reduced CYM in the male groups (H) compared to the 

corresponding values in females (H). Inhibition of endothelial cell function using (L-NAME 0.3 

μM, Ouabain 100 μM, and BaCl2 100 μM) or by denudation significantly increased CYM in 

male (R), female (R) and female (H) but not in male (H). Immunohistochemical assessment of 

biomechanical markers of arterial stiffness revealed significant sex differences, which may 

contribute to differential mechanisms of arterial stiffness in males versus females. Assessment of 

sex-specific contributions of Piezo 1 channels in vascular biomechanics indicated a differential 

expression of Piezo 1 mechanosensitive ion channels. In intact tissue, Piezo 1 antagonist, 
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GsMTx-4 (2 μM), led to significant increases in CYM in male (R), female (R) and female (H) 

but not male (H).   In contrast, in endothelial denuded vessels, GsMTx-4 produced a significant 

increase in CYM but only in females (R). These findings point to sex-specific changes in the 

ultrastructure and function of these arteries, which seem to alter the biomechanics and, thus, 

ultimately, the integrated function of macro- and micro-circulations. 
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General Lay Summary 

The impact of high salt consumption on health has spurred intensive scientific investigation.  

Eating too much salt has been linked to serious health problems, especially elevated blood 

pressure, heightened cardiovascular morbidity and mortality. Annually, approximately 1.65 

million cardiovascular-related deaths worldwide are attributed to high salt intake, with a majority 

occurring in males compared to females, representing a significant portion of cardiovascular-

related deaths. Reducing dietary salt intake is suggested to have a beneficial effect on the 

cardiovascular system. This is particularly true for older adults, where a high salt intake is 

strongly associated with high blood pressure. Excessive salt intake can impact cardiovascular 

health by influencing vascular biology and hormonal changes, potentially leading to altered 

vascular elasticity. 

 Arterial stiffness indicates how elastic or stiff the arteries are and is an important marker for 

cardiovascular health, closely linked to various vascular disorders like stroke and heart failure. 

Sex differences in arterial stiffness are suggested to be due to biological differences. Studies 

done prior to this research suggested that the markers of arterial stiffness differ between men and 

women and between people with and without high cardiovascular risk factors. Understanding 

these differences and the mechanisms by which a high salt diet influences arterial stiffness is key 

to reducing cardiovascular risk. This study focuses on how high salt intake affects blood vessel 

elasticity, particularly in males and females.  

We used a type of rat sensitive to salt and fed them both normal and high salt diets for 6-7 

weeks. Both male and female rats developed high blood pressure on the high salt diet, which 

affected the structure and function of their blood vessels. Although overall arterial stiffness 

(measured by the Composite Young modulus) did not differ much between groups, the responses 
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to substances(drugs) that cause a change in blood vessel diameter did vary. Male rats on a high 

salt diet had stiffer blood vessels when constricted, but their blood vessels became significantly 

more elastic when dilated than females on the same diet. We also found sex-specific differences 

in biochemical markers of arterial stiffness and specific ion channels that respond to mechanical 

changes in blood vessels. These findings suggest that while males and females experienced 

increased arterial blood pressure due to high salt intake, different changes occur in their blood 

vessel structure and function. 
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Chapter 1 INTRODUCTION 

1.1 Overview of the cardiovascular system 

An essential feature as organisms transitioned from unicellular to more complex 

multicellular organisms is the development of an extensive network of blood vessels and a pump 

referred to as the cardiovascular system (Stefanovska & Bracic, 1999). This system facilitates the 

distribution of blood to the various tissues in the body. The cardiovascular network circulates 

oxygen and provides nutrients, removes carbon dioxide (CO2) and waste products of metabolism 

to the appropriate excretory organs for disposal, and carries antibodies that protects the body 

against infections and diseases (Senior, 2010). In mammals, the cardiovascular system consists 

of a muscular pump (heart) and a closed system of blood vessels that perform specific functions. 

The heart is one of the crucial organs responsible for sustaining life. The heart's primary function 

is maintaining constant blood flow throughout the body. The heart also works with other body 

systems to maintain adequate blood pressure and heart rate (Hall & Hall, 2020; Senior, 2010). 

Two circulatory loops are found in the human cardiovascular system. The systemic 

circulatory loop is the primary circulatory system that transports oxygenated blood to the body's 

organs, tissues and cells and removes CO2 and waste. In contrast, the pulmonary circulatory loop 

transports deoxygenated blood from the right side of the heart to the lungs, where the blood is 

reoxygenated and returned to the left side of the heart (Hall & Hall, 2020). 

The blood vessels that form part of the cardiovascular system perform specific functions 

based on their location in the circulatory system (Tucker et al., 2017). They consist of arteries, 

capillaries and veins. In general, arteries carry oxygenated blood from the heart to other body 

tissues except in the pulmonary trunks of the pulmonary circulatory loop, where arteries carry 
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deoxygenated blood from the heart to the lungs to be oxygenated. Capillaries enable the 

exchange of gases, nutrients and excretory waste products between the circulatory system and 

body cells, while veins return deoxygenated blood to the heart. The venous system serves as the 

body's blood reservoir and contains up to 75 percent of the total blood volume at a given time 

(Peters et al., 2001; Tucker et al., 2017). The intrinsic ability of veins to hold this high blood 

volume is due to their ability to distend and store large volumes of blood at low pressures (high 

capacitance) (Caro et al., 2012; Hall & Hall, 2020; Senior, 2010). 

1.2 Components of the blood vessel wall 

Variations in the functional and mechanical properties of the segments of the arterial tree 

result from the contributions of the different vessel wall components (Shadwick, 1999). The 

arterial wall consists primarily of cellular and extracellular matrix (ECM) components (Figure 

1.1). The cellular components consist mainly of the vascular smooth muscle cells (VSMCs), the 

primary stromal cells of the vascular wall and the endothelial cells (ECs) (Shadwick, 1999). The 

ECM component of the vascular wall consists primarily of the connective tissues, collagen and 

elastin deposited by VSMCs that account for most of the mechanical properties of the arterial 

wall (Wagenseil & Mecham, 2009). Together, connective tissues, matrix fibers and cells of the 

arterial wall are organized into three tunics: intima, media, and adventitia (Figure 1.1) 

(Hassanisaber et al., 2019; Wagenseil & Mecham, 2007; Wagenseil & Mecham, 2009).  

The intima is the innermost luminal layer of the arterial wall, extending from the lumen 

to the internal elastic lamina (a layer of elastic tissue that forms a boundary between the intimal 

and medial layers). It consists of a monolayer of ECs that lines the intimal luminal surface and 

rests on a thin subendothelial extracellular matrix and a basal layer of internal elastic lamina that 

separates the intima from the media (Halper, 2018; Wagenseil & Mecham, 2009).  

https://www.sciencedirect.com/topics/immunology-and-microbiology/extracellular-matrix
https://www.sciencedirect.com/topics/medicine-and-dentistry/basement-membrane
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Figure 1.1 Schematic representation of the constituent component of the arterial wall. The 

arterial wall is composed of three main layers: the intima (internal), the media 

(middle), and the adventitia (external). Figure adapted  from (Bax et al., 2022) 
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The tunica media consists of VSMCs embedded in highly organized elastin, collagen fibers and 

proteoglycans (Halper, 2018). The media is continuous from the internal to the external elastic 

lamina (a layer of elastic tissue that forms a boundary between the medial and adventitia layers).  

The media is the chief determinant of arterial wall mechanical properties at physiological 

pressures (Halper, 2018). The adventitia extends from the external elastic lamina and forms the 

outermost layer of the vessel, usually contiguous with the perivascular connective tissue (Halper, 

2018). Generally, adventitial cells are sparse and consist mainly of fibroblasts. The adventitia 

contains vasa vasorum (a network of microvessels that perfuses the vessel wall itself) providing 

nutrition to the adventitia and media, and nerves that contribute to regulating the medial smooth 

muscle function (Halper, 2018; Heistad & Marcus, 1979). 

1.3 Structural and mechanical properties of the arterial wall 

The transition from an open to a closed circulatory system in multicellular organisms 

required the development of mechanically efficient blood vessels that support blood flow. The 

walls of arteries are thicker, very elastic and muscular compared to the other vessels in the 

circulatory system (Tucker et al., 2017). This structural adaptation defines the mechanical 

properties of the arterial wall. 

1.3.1 Arterial wall elasticity 

The mechanical properties of the arterial wall serve as an essential determinant of 

hemodynamic functions (Humphrey, 1995). According to Hooke's law, elastic materials exhibit a 

linear relation between the applied force (stress) and the deformation (strain) due to the applied 

force (Mooney, 1940; Ugural & Fenster, 2011). The ratio of the stress/strain relationship, 

referred to as the modulus of elasticity, defines the elastic properties of the material (Mooney, 
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1940; Ugural & Fenster, 2011). However, arteries can be described as anisotropic tissues 

exhibiting viscous (or fluid-like) and elastic (or ideal solid-like) properties in a time-dependent 

manner (viscoelasticity) (Humphrey, 1995; Mooney, 1940). As a result, when arteries are 

subjected to deformation, there's a delay in the return to its original form once the applied stress 

is removed within its viscoelastic limit. Beyond the viscoelastic limit, arteries may deform and 

never return to their original form (plastic deformation). The viscoelastic property allows the 

arterial wall to store and dissipate mechanical energy (Bergel, 1960; Humphrey, 1995). 

Compared with other blood vessels, the large arteries close to the heart have a high 

percentage of elastic tissues that allow them to stretch and accommodate the pulsatile pressure 

generated from the heart. As such, these arteries act as elastic reservoirs that enable them to 

undergo significant changes in volume with little changes in pressure, a phenomenon referred to 

as the Windkessel effect (Figure 1.2) (Silva et al., 2019; Westerhof et al., 2009). The Windkessel 

property allows arteries to store some portion of the stroke volume during each systole and 

release this volume during diastole, ensuring a more continuous flow of blood throughout 

circulation rather than the would-be pulsatile flow by the conversion of the stored elastic 

potential energy during systole into kinetic energy during diastole (Caro et al., 2012; Silva et al., 

2019; Westerhof et al., 2009). The Windkessel effect also helps minimize the workload on the 

heart by reducing cardiac afterload (the pressure that the heart must work against to expel blood 

during systole) (Figure 1.2) (Kolh et al., 2000; Silva et al., 2019).  
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Figure 1.2 Schematic illustration of the elastic buffering property of the large elastic arteries 

compared to that of the Windkessel chamber. The Windkessel effect of large elastic 

artery compliance enables energy conversion between blood flow and the elastic 

vessel wall, while resistance arteries contribute to peripheral vascular resistance. 

Figure adapted with permission from (Silva et al., 2019) 
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1.3.2 Hemodynamic forces acting on the arterial wall. 

Hemodynamic forces resulting from blood flow affect the structure and function of the 

arterial wall. The most relevant hemodynamic forces experienced by blood vessels are 

circumferential stress, axial stress and wall shear stress (Patel et al., 1974; Secomb, 2016).  These 

forces are essential for the homeostasis of the arterial wall; changes in these forces can result in 

changes in vessel wall structure and function (remodeling) to normalize these forces (Patel et al., 

1974; Secomb, 2016). Wall shear stress is defined as the tangential force exerted on the luminal 

surface of the blood vessel wall (Patel et al., 1974; Secomb, 2016), while axial stress refers to the 

force acting parallel to the vessel wall that governs length adaptations (Patel et al., 1974; 

Secomb, 2016). Circumferential stress on the other hand, is the force acting perpendicularly to 

the vessel wall (Patel et al., 1974; Secomb, 2016). The magnitude of circumferential stress acting 

on the arterial wall is determined by the diameter, blood pressure, and thickness of the vessel 

wall (Secomb, 2016).  

For a given arterial segment, the circumferential wall stress can be related to the tension, 

blood pressure exerted on the vessel wall and the geometric properties (wall thickness, lumen 

diameter) of the vessel wall using Laplace's law. Laplace's law states that the tension (T) in a 

blood vessel wall is directly proportional to the radius (r) of the vessel lumen and the blood 

pressure (P) exerted by blood on the vessel wall; (T = P * r) (Humphrey, 1995; Secomb, 2016).  

This implies that, for a given blood pressure, an increase in the radius of a blood vessel 

results in a linear rise in wall tension. Therefore, the large arteries close to the heart must have 

thicker walls to withstand the wall tension generated during systole compared to the smaller 

arteries in the periphery. Furthermore,  the circumferential wall stress (σ) experienced in a 

particular segment of the arterial tree is proportional to the wall tension (T) but inversely 
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proportional to two times the wall thickness (h); (σ = T/h = P*r/h) (Humphrey, 1995; Secomb, 

2016). As a result, a distension of the artery (increase in diameter) due to elevated blood pressure 

would subsequently result in vessel wall remodeling (increase in vessel wall thickness) in order 

to withstand the generated wall tension and keep the circumferential stress constant. 

As blood is transported away from the heart to the various tissues, the large elastic 

arteries differentiate into more muscular arteries, which serve primarily as conduits for the 

transport of blood, having the ability to contract or relax to regulate the flow of blood to the 

various part of the body (Caro et al., 2012; Christensen & Mulvany, 2001; Senior, 2010). As the 

lumen diameter of the blood vessels decreases towards a particular organ in systemic circulation, 

the blood flow velocity also declines (Owen & Roberts, 2007). 

The flow of blood throughout the arterial tree from the heart to the various tissues can be 

conceptualized as an electrical circuit based on Ohm’s Law, where the voltage difference in the 

circuit (ΔV) is equal to the product of the current (I) and the resistance provided by the conductor 

to the flow of current (R);  (ΔV =  I * R) (Owen & Roberts, 2007). Based on this analogy, the 

resistance to the flow of blood in systemic circulation can be defined as the ratio of the pressure 

difference between any two points along the length of the vessel (∆P) to the flow rate of blood 

(Q) (Owen & Roberts, 2007).  

More importantly, the resistance to blood flow in the arterial tree depends on the geometrical 

properties of the vessel wall (vessel length and diameter, which is influenced by the contractile 

state of the VSMCs) and the viscosity of blood (Owen & Roberts, 2007; Robertson & Watton, 

2013). According to Poiseuille's law, the resistance (R) is directly proportional to the length (l) of 

the vessel and the viscosity (η) of the blood and inversely proportional to the radius of the fourth 

power (r4);  (R = 
8𝜂𝑙

𝜋𝑟4
 ), thus, slight alterations in arterial lumen diameter, either functional or 
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structural, result in significant changes in arterial resistance (Robertson & Watton, 2013; 

Schiffrin, 1992; Secomb, 2016).  

1.3.3 Resistance arteries 

Resistance arteries are segments of the arterial tree that regulate vascular resistance 

(Christensen & Mulvany, 2001). Resistance arteries provide blood to the microcirculation and 

are defined by the lumen diameter and the number of VSMC layers in the vessel wall (Intengan 

& Schiffrin, 2000; Segal, 2000). Resistance arteries consist of small arteries with two or more 

layers of VSMC and an internal diameter measuring between 100 µm to ≈500 µm in a relaxed 

state (values differ among authors) and arterioles with a single layer of VSMC with an internal 

diameter measuring < 100 µm that serves as a primary site for the generation of peripheral 

vascular resistance (Fronek & Zweifach, 1975; Intengan & Schiffrin, 2000; Segal, 2000; Segal & 

Duling, 1986) 

1.3.4 Macro- and Microcirculation 

Arteries can be further organized into macrocirculation and microcirculation based on 

their structure and function. Macrocirculation refers to the part of the arterial tree involved in 

pulsatile pressure and flow (Nichols et al., 2015; Safar & Struijker‐Boudier, 2010). 

Macrocirculation consists of the proximal large elastic arteries (aorta) that function as a temporal 

buffer for blood during the ejection phase of the heart (Windkessel function), effectively 

reducing the load and ensuring a continuous blood flow during diastole (Christensen & Mulvany, 

2001; Safar & Struijker‐Boudier, 2010). In contrast, microcirculation refers to the part of the 

arterial tree involved with steady pressure and flow. The microcirculation is a segment of the 

vascular tree in which pulsations have almost completely dampened (Safar & Struijker‐Boudier, 

2010). Microcirculation contributes to total peripheral resistance (TPR) and plays a crucial role 
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in regulating blood pressure and the perfusion of the various tissues in the body. (Christensen & 

Mulvany, 2001; Safar & Struijker‐Boudier, 2010). The relationship between TPR, mean arterial 

pressure (MAP), and cardiac output (CO) can be expressed mathematically as TPR = CO / MAP. 

As such, pathological conditions such as hypertension and subsequent vascular remodeling that 

leads to an increase in TPR would result in an elevation in mean arterial pressure. 

1.3.5 Crosstalk between Macro- and Microcirculation 

The different hemodynamic aspects of the arterial tree can be attributed to the 

considerable heterogeneity in the structure and function of the different segments of the arterial 

wall. A crosstalk is suggested to exist between the macrocirculation and the microcirculation, 

where changes in large artery structure and elasticity influences the structure and function of the 

smaller arteries and arterioles while modifications in the small arteries and arterioles affect the 

structure and function of the large arteries. (Nichols et al., 2015; Safar & Struijker‐Boudier, 

2010).  

The structure and function of the small arteries are a significant determinant of TPR. In 

pathological conditions, alterations in the structure and function of the small arteries result in an 

increased MAP and structural remodeling of the large elastic arteries (Nichols et al., 2015; Safar 

& Struijker‐Boudier, 2010). Insidiously, the elevated MAP results in large artery stiffening and 

subsequent remodeling of the small resistance arteries, further increasing TPR and MAP 

(Nichols et al., 2015; Safar & Struijker‐Boudier, 2010). 

The crosstalk between macro- and microcirculation results from the relationship between 

the pulsatile pressure and flow experienced in the large elastic arteries and the impedance to 

blood flow characteristic of the resistance arteries. During systole, ventricular ejection of blood 

into the aorta and large arteries generates a pressure waveform that propagates along the entire 
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length of the arterial tree. The pressure waveform consists of a forward-travelling component 

resulting from ventricular ejection and a backward wave reflected off peripheral arteries at the 

branching origins of arterioles. The velocity at which the pressure waveform propagates through 

the arterial tree is referred to as pulse wave velocity (PWV). The Windkessel property 

characteristic of the large elastic arteries of macrocirculation serves to effectively buffer the 

pulsatile flow of blood and regulate the transmission and timing of both the forward and 

reflected pressure wave (Safar & Struijker‐Boudier, 2010). Furthermore, the resistance arteries of 

microcirculation serve as an important site for the reflection of the forward wave (Safar & 

Struijker‐Boudier, 2010). Hence, a combination of large artery stiffness and changes in the 

geometry, structure and function of resistance arteries results in an elevated PWV and a return of 

the reflected wave during mid-to-late systole (Laurent et al., 2019; Nichols et al., 2015). The 

effect of this interaction is an augmentation of systolic pressure and an increase in pulse pressure 

due to a decrease in diastolic pressure (Nichols et al., 2015; Safar et al., 2009). 

1.4 Structural component of the arterial wall 

The structural components of the arterial wall, primarily collagen and elastin deposited in 

the medial layer by VSMCs, account for the passive mechanical properties of the arterial wall 

(Wagenseil & Mecham, 2009). Along with VSMCs, the structural component of the arterial wall 

determines the blood vessel's viscoelastic properties (ability to exhibit both elastic and viscous 

behavior when deformed) (Bergel, 1960). 

The distensibility of the arterial wall is mainly determined by its elastin component 

(Baltgaile, 2012; Wagenseil & Mecham, 2009). Woven into a three-dimensional interconnected 

lamellar network, elastin behaves mechanically as though it were composed of long, extensive, 

independent chains that allow it to transfer stress throughout the vessel wall (Gundiah et al., 
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2009). Elastogenesis, the production of elastin, occurs within a narrow timeframe (from fetal life 

to the end of adolescence), while elastin lasts for the entire lifespan (Cocciolone et al., 2018). In 

the arterial wall, elastin is produced by VSMCs; however, under pathological conditions, ECs 

and fibroblasts make elastin in response to increased stress on the vessel wall (Xu & Shi, 2014). 

Elastin is produced from the precursor-soluble tropoelastin (Eoh et al., 2017). The final product 

is a complex elastic fiber that consists of elastin and microfibrils (Eoh et al., 2017). The 

expression of the tropoelastin gene is regulated in response to different growth factors, cytokines 

and bioactive molecules (Eoh et al., 2017; Yue, 2014). 

In addition to its structural and mechanical role, elastin also regulates the proliferation 

and migration of VSMCs (Brooke et al., 2003). Its mechanical properties and ability to regulate 

the proliferation of VSMCs make elastin an integral component of the arterial wall. However, 

despite the longevity of elastin in the vascular wall, repair or replacement of elastin during 

injury, stress or age-related calcification is incomplete because elastin expression is switched off 

in adults. Instead, the arterial wall shifts to producing stiff collagen fibers to maintain the 

integrity of the vessel wall (Wagenseil & Mecham, 2012; Xu & Shi, 2014). 

Collagen is a fibrous protein that contributes to vessel mechanics primarily at larger 

distension (higher pressures) (Shadwick, 1999). Collagen fibers are suggested to be only 

minimally engaged at low pressures, while more collagen fibers are recruited to maintain the 

wall tension as the vessel becomes more distensible at higher pressures (Shadwick, 1999; Sokolis 

et al., 2006). The collagen family consists of different subtypes, and at least 13 different subtypes 

are present in the vascular wall (Malfait, 2018). The expression of collagen depends on the 

region of the vascular tree being investigated (Malfait, 2018; Myllyharju & Kivirikko, 2001; 

Wagenseil & Mecham, 2009). Collagen biosynthesis by VSMCs, fibroblasts and ECs is a 
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complex process involving intracellular collagen synthesis and an extracellular maturation of 

collagen into collagen fibers, with the different collagen molecules having the ability to form 

other classes of collagen based on their macromolecular properties (Malfait, 2018; Plant et al., 

2009). Like elastin, collagen interacts with the various vascular cells, providing cues for 

maintaining the vessel wall function.  

1.5 The vascular endothelium 

The vascular endothelium consists of a single layer of ECs that lines the inner walls of 

the vasculature (Figure 1.1)  (Krüger-Genge et al., 2019). The ECs form the inner lining of the 

arteries, veins and capillaries and are in direct contact with the components and cells of the blood 

(Sumpio et al., 2002). The endothelium is not just a barrier but also serves as an endocrine and 

paracrine organ modulating the function of the underlying blood vessel components and 

regulating blood circulation (Krüger-Genge et al., 2019; Sumpio et al., 2002). The vascular 

endothelium is separated from the underlying cell components by a basal lamina (a thin layer of 

ECM proteins), and together, both the ECs and basal lamina constitute the intima of the vessel 

wall anchored to a basement membrane (Krüger-Genge et al., 2019; Sumpio et al., 2002). 

The subendothelial basement membrane (BM) not only serves as the foundation to which 

ECs attach but is also the tissue compartment boundary between the endothelium and vascular 

connective tissue (Eble & Niland, 2009). The ECs are, therefore, luminal cells with a luminal 

membrane exposed to the circulating blood while their basolateral surface is anchored to the 

basal lamina (Eble & Niland, 2009; Krüger-Genge et al., 2019). The ECs are oriented along the 

axis of the vessel wall in order to minimize the forces exerted by circulating blood (Campinho et 

al., 2020). ECs have many functions specific to their location and show considerable phenotypic 

heterogeneity across the vascular bed (Aird, 2007). The endothelium actively controls the degree 
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of vascular relaxation and constriction and the extravasation of solutes, fluids, hormones and 

macromolecules from platelets and blood cells (Krüger-Genge et al., 2019). In addition, ECs 

actively repress the intermediate VSMCs in the underlying tunica media to prevent outgrowth 

into the tunica-intima layer and interfere with normal vascular function (Adams & Alitalo, 2007; 

Krüger-Genge et al., 2019). 

1.6 Vascular smooth muscle cells 

The VSMCs are an essential component of the blood vessel wall. They are located in the 

tunica media of blood vessels (Figure 1.1) (Bacakova et al., 2018) and chiefly regulate the 

diameter of the vessel wall lumen through contraction and relaxation (Bacakova et al., 2018; 

Brozovich et al., 2016). The contractile and relaxation mechanism of the VSMCs are regulated 

by neural innervation from the autonomic nervous system in addition to various hormones, 

autocrine and paracrine agents from the vascular endothelium and other local chemical and 

physical stimuli (Brozovich et al., 2016; Busse et al., 1985; Walsh et al., 1995). VSMCs 

predominantly display a contractile phenotype in the vessel wall, allowing them to maintain 

vascular tone and contribute to viscoelastic properties (Matsumoto et al., 2016; Williams, 1998). 

However, VSMCs can also undergo phenotypic switching a phenomenon that enables VSMCs to 

differentiate into a synthetic phenotype (exhibiting high proliferative and migratory traits) 

characteristic of arterial remodeling in pathological states (Lacolley et al., 2012; Sorokin et al., 

2020). 

The contraction of VSMC can be initiated by a mechanical, electrical, or chemical 

stimulus (Belik & Stephens, 1993; Brozovich et al., 2016; Busse et al., 1985; Yang et al., 2003). 

Furthermore, passive stretching in response to changes in load or length results in contractions 

originating from the VSMC itself, which is referred to as a myogenic response (Davis & Hill, 
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1999; Yang et al., 2003). Myogenic response is a distinctive feature of resistance arteries in 

regulating blood flow (Jackson, 2021). Regardless of the stimulus, VSMCs use cross-bridge 

coupling between actin and myosin filaments to develop the force for contracting, while 

intracellular Ca2+ initiates the contraction (Webb, 2003). The mechanism of contraction and 

relaxation of VSMCs involves different signal transduction pathways specific to the stimulus 

applied (Althoff & Offermanns, 2015; Webb, 2003). Contraction results from an increase in 

intracellular Ca2+ due to either the influx of Ca2+ into the cell via calcium channels, or the release 

of Ca2+ into the cytosol from the internal Ca2+ stores. The free Ca2+ binds to calmodulin (a 

unique calcium-binding protein) (Rembold, 1992; Webb, 2003). The calcium-calmodulin 

complex then activates the myosin light chain kinase, an enzyme that phosphorylates the myosin 

light chains in the presence of adenosine triphosphate (ATP). In contrast, myosin light chain 

(MLC) can be activated independently of calcium through the RhoA-Rho kinase (ROCK) 

signaling pathway (Puetz et al., 2009).  The phosphorylation of the myosin light chain leads to 

cross-bridge formation between the myosin heads and actin filaments, causing smooth muscle 

contraction (Webb, 2003). VSMC relaxation occurs by a reduction in MLC phosphorylation by 

halting the release of Ca2+ by the SR or reduced Ca2+ entry into the cytosol, inhibition of myosin 

light chain kinase (MLCK) action and the activation of myosin light chain phosphatase (MLCP), 

which dephosphorylates MLC (Rembold, 1992; Webb, 2003). 

1.7 Control of Vascular Tone 

Vascular tone is an essential factor that contributes to the vessel wall's mechanics. It 

refers to the degree of constriction or relaxation experienced by the vessel wall related to its 

maximally dilated state (Bevan & Laher, 1991; Davis et al., 2023; Johansson, 1989). Vascular 

tone is primarily determined by the balance of competing vasoconstrictor and vasodilator 
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influences on the underlying VSMCs (Davis & Hill, 1999). In resistance arteries and arterioles, 

the arterial tone contributes to total peripheral resistance, a major determinant of blood pressure 

that regulates tissue blood flow (Jackson, 2017; Magder, 2018; Schiffrin, 2020).  

The vasoactive factors influencing vascular tone can be grouped into extrinsic and 

intrinsic factors. The extrinsic vasoactive factors originate from outside the blood vessel or 

surrounding tissues and modulate blood pressure by altering the total peripheral resistance (Edis 

& Shepherd, 1970). Intrinsic vasoactive factors arise from the vessel wall and are involved in 

local blood flow regulation (Hill & Davis, 2012; Sandoo et al., 2010). 

Extrinsic or neurohumoral factors include neurotransmitters and peptides (Ball, 1989). 

Intrinsic factors include endothelial factors (originating from the endothelium), myogenic 

responses from VSMC stretch, metabolic factors and local hormones or chemicals (Hansen et al., 

1998). The mechanisms by which extrinsic and intrinsic factors influence vascular tone involve 

diverse signal transduction mechanisms that ultimately affect the interaction between actin and 

myosin in the VSMC contraction or relaxation (Edwards, 2013; Orshal & Khalil, 2004). This 

mechanism primarily consists of a signal transduction triad (receptor-transducer-effector) and the 

various second messengers involving calcium, adenylate and guanylate cyclases (cAMP and 

cGMP), inositol 1,4,5 trisphosphate (IP3), diacylglycerol (DAG) and phospholipases (Althoff & 

Offermanns, 2015; Lincoln et al., 2001; Touyz & Schiffrin, 2000). The primary signal 

transduction pathway in regulating vascular tone is through G protein-coupled receptors 

(GPCRs), an integral membrane proteins used by cells to convert extracellular signals into 

intracellular responses (Chachisvilis et al., 2006; Nobles et al., 2005; Vögler et al., 2008). 

In the vascular system, GPCRs are associated with heteromeric G proteins with alpha 

(Gα), beta (Gβ) and Gamma (G γ) subunits (Kaur et al., 2023; Penela et al., 2006; Vögler et al., 
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2008). The activity of GPCR is regulated by an active (GTP) or inactive (GDP) state (Vögler et 

al., 2008). Activation of the GPCR interacts with various downstream enzymes and channels that 

regulate intracellular second messengers catalyzed by their α subunits: Gαs, Gαi and Gαq or Gαo 

(Kaur et al., 2023; Martins et al.; Nobles et al., 2005; Penela et al., 2006). 

1.7.1 Sympathetic regulation of vascular tone 

Neurogenic control of vascular tone and blood pressure plays a role in maintaining 

vascular homeostasis. In particular, the sympathetic nervous system (SNS) modulates vascular 

tone primarily by inducing vasoconstriction (Bruno et al., 2012; Sheng & Zhu, 2018). In 

pathophysiological conditions, sympathetic nerve overactivity results in elevated 

vasoconstriction and increased vascular tone, which affects blood pressure and vessel wall 

mechanics, promoting arterial remodeling (Byrne et al., 2018; Masi et al., 2019; Sauzeau et al., 

2006). Neurogenic control of vascular tone involves neurotransmitters that act on membrane-

bound receptors expressed by  VSMCs and endothelial cells to evoke changes in cellular 

function (Sheng & Zhu, 2018). Vascular sympathetic neurotransmitter activation of the Gq 

protein subunit of the GPCR signal transduction pathway stimulates the release of Ca2+ from 

intracellular Ca2+ stores mediated by IP3 and Ca2+ efflux into the cell via calcium channels 

(Cooper & Dimri, 2021; Masi et al., 2019). Increasing Ca2+ activates Rhokinase, an enzyme that 

inhibits myosin light chain phosphatase, resulting in smooth muscle contraction (Cooper & 

Dimri, 2021; Masi et al., 2019; Perez-Zoghbi et al., 2009; Taylor & Cassagnol, 2022). 

Furthermore, activation of the Gi protein subunit by sympathetic neurotransmitters such 

as norepinephrine or the synthetic catecholamines, including phenylephrine, inhibits adenyl 

cyclase activity, causing a decrease in cAMP (which inhibits MLCK), increasing MLC 

phosphorylation and constricting the VSMCs (Cooper & Dimri, 2021; Gao, 2022; Masi et al., 
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2019; Nausch et al., 2012). On the other hand, activation of the Gs protein subunit by 

neurotransmitters stimulates adenyl cyclase activity, leading to increased levels of cAMP, which 

inhibits MLCK activity, reducing MLC phosphorylation and relaxing VSMCs (Cooper & Dimri, 

2021; Masi et al., 2019). 

1.7.2 Endothelial regulation of vascular tone 

The vascular endothelium plays a vital role in the local regulation of vascular 

homeostasis. The endothelium contributes to the control of vascular tone and blood pressure via 

the release of paracrine signaling molecules to the underlying VSMC that generally act to 

attenuate vascular contraction and promote vasorelaxation (Cooke, 2000; Krüger-Genge et al., 

2019). A healthy endothelium maintains a balance between vasodilation and vasoconstriction by 

the production of several vasoactive factors including vasorelaxing factors such as nitric oxide 

(NO), prostacyclin (PGI2), endothelium-derived hyperpolarizing factor (EDHF) as well as 

vasoconstrictors including endothelin (ET-1) (Cooke, 2000; Krüger-Genge et al., 2019).   

However, there is a switch in pathophysiological conditions, from a decreased vasoconstrictor 

response to an increased vasoconstrictor response and a reduced vasodilator production with 

endothelial dysfunction (Böhm & Pernow, 2007; Daiber et al., 2017; Münzel et al., 1997; 

Yannoutsos et al., 2014). As such, the endothelium can elicit vasoconstrictor and vasodilator 

effects that regulate the vascular tone (Rubanyi, 1991). The primary mechanisms in which the 

endothelium relaxes the blood vessels involve endothelium-derived relaxing factor (EDRF) nitric 

oxide activation of guanyl cyclase and EDHF (Bauer & Sotníková, 2010; Cohen & Vanhoutte, 

1995; Stankevičius et al., 2003). These endothelial-derived vasoactive factors are produced in 

response to physical stimuli such as shear stress, neurotransmitters, hormones, and products from 

metabolism (Inagami et al., 1995; Noori et al., 2007). 
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1.7.2.1 Endothelium-Derived Relaxation Factor 

The EDRF is an endogenous vasodilator produced by vascular ECs in response to a 

number of vessel wall stresses and chemical stimuli (Inagami et al., 1995; Noori et al., 2007). 

Structurally, EDRF is in the form of NO or a compound containing nitric oxide (Myers et al., 

1990). NO is produced from the amino acid arginine by the enzymatic action of nitric oxide 

synthase (NOS), which is dependent on calcium, calmodulin and nicotinamide adenine 

dinucleotide phosphate (NADPH) (Gough, 2008; Myers et al., 1990; Pirahanchi et al., 2019; 

Snyder & Bredt, 1992). Exogenous NO can also be obtained from the organic sodium salt, (e.g., 

sodium nitroprusside), which reacts with sulfhydryl-containing molecules to produce NO 

(Holme & Sharman, 2020). There are two endothelial isoforms of NOS, the constitutive NOS 

(cNOS) and the inducible NOS (iNOS), both of which can be inhibited by arginine analogues, 

such as L-NAME (used in this thesis)  (Griffith & Stuehr, 1995; Pirahanchi et al., 2019). The NO 

produced diffuses into the underlying VSMC, exerting paracrine effects by activating guanyl 

cyclase, which catalyzes GTP's dephosphorylation to cGMP. Intracellular cGMP induces smooth 

muscle relaxation by decreasing intracellular Ca2+ concentration, activating potassium channel 

hyperpolarization of VSMC and stimulating cGMP-dependent protein kinase that activates 

myosin light chain phosphatase (Griffith & Stuehr, 1995; Noori et al., 2007; Pirahanchi et al., 

2019). 

1.7.2.2 Endothelial-derived hyperpolarisation Factor  

The EDHF is another endothelium relaxation factor. EDHF is suggested to cause 

vasorelaxation via VSMC hyperpolarization by activating the ATP-sensitive potassium channels 

and sodium-potassium ATPase in VSMC (Busse et al., 2002; Garland et al., 2011).  
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EDHF is not affected by inhibitors of NO synthase. However, its effects can be blocked by 

agents that target K channels (Doughty et al., 1999; Lacy et al., 2000; Ozkor & Quyyumi, 2011). 

The generally adopted pathway for EDHF to act on VSMC includes: (1) an endothelial-derived 

diffusible substance that crosses the internal elastic lamina into the underlying VSMC and 

activates various ion channels to cause vasorelaxation, and (2) an electrical event that involves 

contact-mediated mechanisms that primarily spreads endothelial hyperpolarization to VSMC 

through inter-cellular coupling (Busse et al., 2002; Félétou & Vanhoutte, 2004; Garland et al., 

2011). A combination of ouabain and BaCl2 used in this thesis is known to block EDHF effects 

in the vascular system (Van de Voorde & Vanheel, 2000). 

Several phenomena have been suggested to trigger EDHF, including: 

I. Synthesis of cytochrome P450 (CYP450) metabolites, 

II. Transmission of endothelial cell hyperpolarization factors to VSMC via gap junctions 

III. K+ derived from endothelial calcium-activated potassium channels that activate 

electrogenic Na+–K+-ATPase followed by hyperpolarization and smooth muscle cell 

relaxation. 

1.7.2.3 The Endothelial Cyclooxygenase Pathway 

The endothelial cyclooxygenase pathway involves cyclooxygenase enzymes that form 

part of the metabolic cascade that converts arachidonic acid into a range of prostanoid lipid 

mediators that cause either vasorelaxation or vasoconstriction of the underlying VSMCs 

(Cipollone et al., 2008; Luo et al., 2016). Prostanoids are fatty acid compounds derived from 

membrane phospholipids primarily in homeostasis and during inflammation but are also 

involved in modulating vascular tone (Luo et al., 2016; Stables & Gilroy, 2011). Endogenous 

arachidonic acid-derived phospholipase A2 breakdown of phospholipids results in three 
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important metabolic pathways; the cyclooxygenase (COX)  pathway, where arachidonic acid is 

metabolized by (COX) 1 and 2 into prostaglandins (PGs) and thromboxane (TX), (inhibited by 

nonsteroidal anti-inflammatory drugs (NSAIDs) (Mitchell et al., 2021; Sanchez et al., 2010; 

Zewde & Mattson, 2004), the lipooxygenase pathway where arachidonic acid is metabolized by 

lipooxygenase to leukotrienes (which can be blocked by inhibitors of lipoxygenase) (Pfister, 

2011; Sasaki et al., 1997) and, by multiple cytochrome P450 enzymes to produce epoxides and 

hydroxyeicosatetraenoic acids (which can be blocked by inhibitors of cytochrome P450) (Chen 

& Cheung, 1996; Ozkor & Quyyumi, 2011; Zygmunt et al., 1996).  

In the vascular endothelium, prostacyclin is the primary by-product of arachidonic acid 

metabolism (Stables & Gilroy, 2011). Prostacyclin increases cAMP in VSMC via the Gs-protein 

pathway, causing vasorelaxation (Orie & Clapp, 2011; Tanaka et al., 2004; Yang et al., 2010). In 

platelets, VSMCs and leukocytes, the production of thromboxane, prostaglandin, and 

leukotrienes such as LTC4, respectively, acts as potent vasoconstrictors acting through the Gq -

protein pathway of the GPCR signal transduction (Malmsten, 1986; Yamaguchi et al., 2022). 

The cyclooxygenase pathway is also a source of superoxide anions, which modulate 

endothelium-dependent increase in vascular tone by the breakdown of nitric oxide or by the 

direct effects on VSMC constriction (Katusic, 1996; Lüscher & Tanner, 1993; Versari et al., 

2009b).  

1.7.2.4 Endothelin 

Endothelin (ET-1) is a 21-amino acid peptide produced by the vascular endothelium from 

an amino acid precursor through the actions of an endothelin-converting enzyme (ECE) located 

on the EC membrane (Davenport et al., 2016). The formation and release of ET-1 is triggered by 

angiotensin II, antidiuretic hormone, thrombin, cytokines, reactive oxygen species, and shear 
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forces acting on the vascular endothelium (Davenport et al., 2016; Marasciulo et al., 2006). In 

contrast, the release of ET-1 is inhibited by prostacyclin, atrial natriuretic peptide, and NO 

(Kuchan & Frangos, 1993; Marasciulo et al., 2006). Once ET-1 is produced, it binds to receptors 

on the target tissues (Marasciulo et al., 2006). There are two basic types of ET-1 receptors: ETA 

and ETB. Both receptors are coupled to a Gq protein and the formation of IP3, which causes 

Ca2+ release from the sarcoplasmic reticulum and subsequent VSMC contraction (Gomez 

Sandoval et al., 2014; Marasciulo et al., 2006). In addition to ETA and ETB receptors found on 

VSMCs, there are also ETB receptors on the endothelium (Gomez Sandoval et al., 2014). Under 

normal conditions, the ETA receptor is the dominant receptor in eliciting ET-1 VSMC 

contraction in blood vessels (Gomez Sandoval et al., 2014; Pollock et al., 1995). However, 

binding of ET-1 to endothelial ETB receptors stimulates NO formation, which causes 

vasodilation in the absence of VSMC ETA and ETB activation (Eguchi et al., 1993; Luscher & 

Barton, 2000).  

 

1.7.3 Ion Channels 

Ion channels in the plasma membrane of vascular cells, primarily VSMC, play an 

important role in regulating vascular tone and the resistance to blood flow. The various 

vasoconstrictor and vasodilator stimuli that modulate the contractile responses of VSMC elicit 

their effects on ion channels; hence, ion channels are involved in all aspects of generating and 

regulating vascular tone (Figure 1.3). The cell membrane is permeable to several ions, the most 

important of which are involved in regulating vascular tone are Na+, K+, Ca2+ and Cl- (Jackson, 

2000; Morgado et al., 2012; Nilius & Droogmans, 2001; Tykocki et al., 2017). The movement of 

ions across the cell membrane is facilitated by specific gated ion channels, which open when 
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activated and are closed in an inactive state (Alberts et al., 2002; Unwin, 1989). These channels 

open and close in response to various stimuli, including membrane voltage changes (voltage-

gated channels), ligand activation of receptors (receptor-gated channels), specific ions, chemical 

ligands and physical stress (Adams et al., 1989; Jackson, 2000; Nilius & Droogmans, 2001; 

Unwin, 1989). In endothelial cells, the activation of ion channels by agonists and mechanical 

forces are responsible for the mechanosensing and vasoregulatory properties of the vascular wall 

(Cheng et al., 2019; Nilius & Droogmans, 2001). Movement of ions across these gated channels 

results in changes to the electrical conductance and intracellular signaling mechanisms that 

regulate the contractile state of VSMCs, which is dependent on the complex interplay of 

vasodilator and vasoconstrictor stimuli (Adams et al., 1989; Alberts et al., 2002; Jackson, 2000; 

Unwin, 1989). The stimuli input modulates the activity of the ion channels that control 

membrane potential and the magnitude of intracellular ion concentration. Among the many ion 

channels, calcium channels, potassium channels, and chloride channels are selective ion channels 

expressed by VSMC and ECs, along with the recently discovered nonselective cation channel, 

Piezo 1, fundamental to transducing mechanical force, establishing membrane potential, and 

regulating vascular tone. 

1.7.3.1 Calcium channels 

Calcium ions play an essential role in the contraction of VSMC. Elevated intracellular 

Ca2+ due to the influx of Ca2+ through the cell membrane and its release from intracellular stores 

determines the degree of vasoconstriction (Figure 1.3)  (Jackson, 2000; Ottolini et al., 2019). In 

endothelial cells, the influx of Ca2+ through calcium channels is crucial for the synthesis and 

release of various vasoactive substances that modulate vascular tone (Cheng et al., 2019; Nilius 

& Droogmans, 2001).VSMC expresses different types of calcium channels (Ghosh et al., 2017; 
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Hughes, 1995). Primarily, voltage-gated calcium channels of the plasma membrane serve as the 

primary source of extracellular Ca2+ in response to changes in cell membrane potential. Calcium 

channels are comprised of a family of structurally related proteins (Cribbs, 2001; Hughes, 1995). 

They are classified as either high voltage-activated (HVA) or low voltage-activated (LVA) and 

can be further subdivided based on their pharmacological properties (Cribbs, 2001; Hughes, 

1995). HVA channels include L, N, P/Q, and R types, and LVA channels are referred to as T 

type (Cribbs, 2001; Ghosh et al., 2017; Hughes, 1995). The L-type calcium channels are a family 

of structurally related proteins that exhibit tissue-specific expression and are the primary calcium 

channels that serve as classic targets of calcium channel blockers (CCBs) (Eid et al., 2018; 

Ghosh et al., 2017). CCBs  including verapamil (used as pharmacological agent that blocks the 

L-type calcium channels  in this thesis), diltiazem and nifedipine exhibit vasodiloatory properties 

by the inhibition of Ca2+ influx through calcium channels (Achike & Dai, 1990; Ashida et al., 

1991; Katz et al., 1985). The T type, along with other calcium channels including store and 

stretch-operated calcium channels further contribute to the intracellular Ca2+ concentration in 

vascular injury and pathological conditions (Ghosh et al., 2017; Hughes, 1995; Iftinca, 2011; 

Laher & Van Breemen, 2012; Morgado et al., 2012; Touyz et al., 2018; Wynne et al., 2009; 

Zamponi et al., 2015). 

1.7.3.2 Potassium Channels 

Potassium channels are the dominant ion conductive pathway in VSMC (Beech, 2007). 

Potassium channels serve as a critical regulator of vascular tone by regulating the membrane 

potential (Figure 1.3) (Beech, 2007; Dogan et al., 2019). As a result of the electrochemical 

gradient of potassium ions, the opening of potassium channels results in the efflux of potassium 

ions out of the cell (Dogan et al., 2019; Jackson, 2017). As such, the activation of potassium 
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channels leads to membrane hyperpolarization and subsequent vasodilation, while inhibiting the 

channel with potassium channel blockers such as Tetraethylammonium chloride (TEA) results in 

membrane depolarization and subsequent vasoconstriction (Dogan et al., 2019; O'Rourke, 1996). 

Different types of potassium channels are expressed in the VSMC, i.e. calcium-activated 

potassium (KCa), voltage-gated potassium channels (VGKC), ATP-sensitive potassium channels 

(KATP), inward rectifier potassium channels (Kir) and tandem two-pore k channels (K2P) 

(Dogan et al., 2019; Jackson, 2017; Kshatri et al., 2018; López‐López et al., 2018). The activity 

and expression of potassium channels are altered in severe vascular diseases such as 

hypertension (Mandegar et al., 2002; Sobey, 2001). Increased potassium channel function and 

expression are suggested to help avert increased abnormal vascular tone (Jackson, 2017; López‐

López et al., 2018). A malfunction of potassium channels is often associated with impaired 

vascular responses, likely resulting in potassium ion dysregulation in vascular diseases (Dogan et 

al., 2019; López‐López et al., 2018). 

1.7.3.3 Chloride Channels 

Chloride ions and transporters have been proposed to regulate vascular tone by 

modulating the membrane potential of vascular cells (Hübner et al., 2015; Li et al., 2009). In the 

VSMC, the electrochemical gradient for chloride is such that opening chloride channels results in 

the efflux of chloride from the cell, thereby triggering vasoconstriction (Goto & Kitazono, 2022; 

Hübner et al., 2015). In contrast, inhibition of chloride channels by chloride channel blockers 

such as indanyloxyacetic acid (IAA-94) and 4,4'-diisothiocyanatostilbene-2,2'-disulphonic acid 

(DIDS) leads to hyperpolarization and VSMC relaxation (Goto & Kitazono, 2022; Hübner et al., 

2015; Li et al., 2009; Nelson et al., 1997). VSMC expresses two types of chloride channels, i.e. 

calcium-activated chloride channels (CaCCs) and volume-regulated chloride channels (CLVR) 
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(Almohanna, 2019; Goto & Kitazono, 2022). CaCCs are activated by an elevation in intracellular 

Ca2+ due to the actions of various vasoconstrictors and are involved in the depolarization 

associated with vasoconstrictor-induced vascular tone (Goto & Kitazono, 2022; Hübner et al., 

2015). An upregulation of CaCC channels contributes to increased vascular contractility and 

elevated blood pressure associated with hypertension (Hübner et al., 2015; Li et al., 2009). 

1.7.3.4 Piezo 1 ion channel 

Piezo 1 ion channels are nonselective mechanosensitive ion channels required for early 

vascular development, and their expression persists in both VSMC and ECs of resistance arteries 

(Davies & Tripathi, 1993; Kefauver et al., 2020; Volkers et al., 2015). They are a class of 

mechanosensory membrane proteins that act as molecular transducers of mechanical stimuli on a 

microsecond time scale (earliest cellular events of vascular mechanotransduction) and convert 

them into intracellular biochemical signals, allowing the movement of ions and solutes across the 

cell membrane when they are open (Davies & Tripathi, 1993; Kefauver et al., 2020). The Piezo 

family of mechanosensitive ion channels consists of two members, Piezo1 and Piezo 2 (Beech & 

Kalli, 2019; Douguet et al., 2019). Piezo 1 is primarily expressed in peripheral tissues, including 

endothelial cells and VSMCs and plays a crucial role in vascular development and homeostasis 

(Beech & Kalli, 2019; Douguet et al., 2019). Piezo 2 is suggested to be predominantly expressed 

in mechanosensory neurons involved in the senses of touch, hearing, and proprioception (Beech 

& Kalli, 2019; Douguet et al., 2019).   

Piezo 1 activation is thought to be involved in the modulation of the myogenic and 

trophic effects of the vessel wall (Endesh, 2018; Garcia Robledo MD, 2019; Robledo, 2019). The 

activation of Piezo 1 channels by stretch or shear stress is suggested to cause the movement of 

ions, primarily Ca2+, across the cell membrane. Furthermore, Piezo 1 can be activated by 
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pharmacological modulators such as Yoda 1 (used in this thesis), Jedi 1 and Jedi 2, as well as 

inhibited by antagonists such as Dooku 1 and the peptide toxin Grammostola mechanotoxin #4 

(GsMTx-4) from Grammostola spatulata spider venom (used in this thesis) (Douguet et al., 

2019). The result is the induction of cell depolarization, hyperpolarization or contraction due to 

the elevation of intracellular Ca2+  depending on the particular vascular cells involved (Davies & 

Tripathi, 1993; Kefauver et al., 2020; Nourse & Pathak, 2017; Volkers et al., 2015). The 

vasoactive effects of Piezo 1 channels depend on its location within the vascular wall. In ECs, 

Piezo 1 channels play an important role in sensing and responding to shear stress by triggering 

the increase in intracellular Ca2+  concentration, leading to activating the calmodulin-binding 

domain of eNOS and the production of endothelial-derived relaxation factors (EDRF) that 

relaxes the underlying VSMCs (Garcia Robledo MD, 2019; Volkers et al., 2015; Wang et al., 

2021). However, the increase in intracellular Ca2+ in VSMC stimulates VSMC contraction as the 

calcium-calmodulin complex activates myosin light chains kinase that increases the tone of the 

vessel wall in response to the stretch (Wang et al., 2021). Furthermore, a likely efflux of K+ from 

VSMC due to the activation of VSMC-Piezo 1 channels would result in hyperpolarization and 

relaxation of the VSMCs (Touyz, 2005; Touyz et al., 2018).  
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Figure 1.3 Contributions of the various ion channels to the regulation of vascular tone. 

Schematic of a cross-section through part of a vascular muscle cell. KIR, KATP, KV, 

and BKCa channels are shown along the top membrane. Also shown are voltage-gated 

Ca2+ channels, 2 types of Cl− channels, SOC channels (SOCC), and SAC channels 

(SACC). Shown in the membranes of the sarcoplasmic reticulum (SR) are ryanodine 

receptors (RyR) and inositol 1,4,5-trisphosphate receptors (IP3R). AC indicates 

adenylate cyclase; PKA, cAMP-dependent protein kinase; sGC, soluble guanylate 

cyclase; PKG, cGMP-dependent protein kinase; EETs, epoxyeicostetraenoic acid 

(epoxides of arachidonic acid); PLC,phospholipase C; DAG,diacylglycerol; 

PKC=protein kinase C; and 20-HETE, 20-OH-arachidonic acid. Figure adapted with 

permission from (Jackson, 2000). 
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1.8 Arterial stiffness and remodeling  

A critical factor in the evolutionary transition from an open to a closed circulatory system 

was the change in the vessel wall's structure and composition, which enabled the large elastic 

arteries to store and release energy during the cardiac cycle (Camasão & Mantovani, 2021; 

Levick, 2013). The Windkessel effect of the large elastic arteries reduces the pressure load on the 

heart during systole. It also ensures a continuous, steady flow of blood in the periphery to the 

various organs rather than the characteristic pulsatile flow of blood in the absence of this 

property (Camasão & Mantovani, 2021; Laurent & Boutouyrie, 2015; Levick, 2013). 

Resistance arteries, on the other hand, play an essential role in controlling blood flow to 

the various organs in the periphery. While resistance arteries are smaller in size and lumen 

diameter compared to large elastic arteries, changes in the lumen diameter of the resistance 

arteries can significantly result in changes in TPR, an essential determinant of blood pressure 

(Camasão & Mantovani, 2021; Laurent & Boutouyrie, 2015). The differences in the mechanism, 

structure and function of these different components of the vascular bed result from the 

considerable heterogeneity in the vessel wall components (Levick, 2013; Xu & Shi, 2014).  

The Windkessel property of the large elastic arteries results from the predominant elastic 

component of the arterial wall, enabling it to distend with changing pressure (Bank & Kaiser, 

2002; Shadwick, 1999). On the other hand, the dominant VSMC component in resistance arteries 

enables it to regulate the lumen diameter and blood flow to various tissues by means of 

contracting or relaxing based on the tissue's needs (Conger, 1994; Lüscher & Tanner, 1993). A 

vital coupling between the ECM and cellular components of the vessel wall maintains proper 

vessel wall function in physiological conditions (Bank & Kaiser, 2002; Shadwick, 1999). 

Arterial stiffness is a pathophysiological condition that occurs when changes in the vessel wall 
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mechanics result in stiffer and less distensible arteries (Shadwick, 1999; Zieman et al., 2005). 

The myriad of structural and functional changes in the arterial wall in response to the chronic 

changes in vessel wall mechanics is referred to as arterial remodeling (Shadwick, 1999; 

Shirwany & Zou, 2010; Zieman et al., 2005). The pathological conditions can ultimately end in 

target organ damage, morbidity, and mortality (Glasser et al., 1997; Shirwany & Zou, 2010). 

Arterial remodeling is facilitated by intrinsic factors such as genetics, changes in the structural, 

cellular and hemodynamic functions of the vessel wall with ageing, as well as by external 

factors, including salt, glucose regulation (diabetes), chronic renal disease, dyslipidemia, changes 

in neurohumoral regulation (Glasser et al., 1997; Zieman et al., 2005). 

Arterial stiffness, an initial adaptive response of the vessel wall to the changes in 

mechanical and hemodynamic stress in order to accommodate higher loading pressures without 

any structural changes, eventually becomes maladaptive, resulting in arterial remodeling 

characterized by alterations in the structure and function of the arterial wall (Shirwany & Zou, 

2010; Zieman et al., 2005). Based on the type and location of the vessel in the vasculature, 

arterial remodeling can be either hypertrophic (thickening of the vessel wall), eutrophic (constant 

wall thickness) or hypotrophic (thinning of the vessel wall) (Feihl et al., 2008; Man & Wang, 

2017; Shirwany & Zou, 2010). Furthermore, the remodeling can be inward or outward (Figure 

1.4). (Feihl et al., 2009; Man & Wang, 2017; Shirwany & Zou, 2010). 

 

 



31 
 

 

Figure 1.4 Classification of the different types of arterial remodeling according to the structural 

changes in the arteries. Starting from the vessel at the center (shaded), arterial wall 

remodeling can be hypertrophic (doubling of cross-sectional area, vessels in right 

column), eutrophic (no change in cross-sectional area, vessels in center column, or 

hypotrophic (halving of cross-sectional area, vessels in left column). These forms of 

remodeling can be inward (e.g., 30% reduction in lumen diameter, vessels in top row), 

or outward (e.g., 30% increase in lumen diameter, vessels in bottom row). Figure 

adapted with permission from (Mulvany et al., 1996) 
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In large elastic arteries, arterial remodeling is characterized by an outward hypertrophic 

remodeling (increased vessel diameter and thickened internal and medial layers of the vessel 

wall), which reduces the wall stress on the vessel wall that accompanies increases in blood 

pressure in accordance with LaPlace's law of wall tension (Laurent, 1995). In peripheral arteries, 

remodeling is characterized by inward eutrophic and hypertrophic remodeling, which results in 

increased peripheral vascular resistance to blood flow depending on the pathological condition 

(Feihl et al., 2008; Méndez-Barbero et al., 2021; Renna et al., 2013). The pathophysiological 

changes that result in arterial stiffness can also be separated into structural and cellular 

remodeling (Feihl et al., 2008; Renna et al., 2013).  

Arterial stiffness is a complex interplay of changes in the arterial wall's structural and 

cellular components involving a highly regulated and interrelated process in response to vessel 

wall stress. The structural changes in arterial stiffness encompass the changes in the composition 

of the ECM components, primarily collagen and elastin (Méndez-Barbero et al., 2021; Renna et 

al., 2013). The elastic lamellae of a typical arterial wall are composed of elastic fibers arranged 

in parallel concentric fenestrated layers, alternating with layers of VSMCs anchored by elastic 

structural fibers of glycoproteins and integrins. (Eble & Niland, 2009; Robertson & Watton, 

2013; van Varik et al., 2012). During arterial remodeling, the normal composition and layer of 

the elastic lamella are lost as they become increasingly fragmented and fibrotic (Cai et al., 2021; 

Robertson & Watton, 2013). Furthermore, the increased pressure on the vessel wall due to elastin 

breakdown stimulates excess collagen production to withstand the increased stress on the vessel 

wall (Cai et al., 2021; Robertson & Watton, 2013). A slow but dynamic process of production 

and degradation normally maintains the relative proportions of these ECM components of the 

vessel wall. However, a combination of decreased elastin content and increased collagen 
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deposition in the vessel wall in response to stress contributes to the stiffening and remodeling of 

the vascular wall (Cai et al., 2021; Robertson & Watton, 2013). A balance of elastin and collagen 

ratio in the vascular wall is regulated primarily by the elastolytic and collagenolytic actions of 

matrix metalloprotease (MMP), which is influenced by the various factors that trigger arterial 

remodeling (Díez, 2007; Jacob, 2003; P. Lacolley et al., 2017). The activity of MMP is 

modulated by various factors that cause arterial remodeling (Chen et al., 2013; Cui et al., 2017). 

MMP activity is upregulated by increased gene expression, post-translational activation by 

changes of the pro-MMP protein, MMP-MMP-interaction, plasmin, thrombin and reactive 

oxygen species (ROS) (Cui et al., 2017; Díez, 2007). The tissue inhibitor of MMP (TIMPs) 

counteracts the activity of MMP (Cabral-Pacheco et al., 2020; Díez, 2007). A balance between 

the MMP and TIMPs is crucial in arterial remodeling (Busti et al., 2010; Cabral et al., 2008; 

Díez, 2007). 

In addition to the changes in the structural components of the arterial wall during 

remodeling, the endothelial layer and the VSMC also contribute to arterial stiffness and 

remodeling (Lemarié et al., 2010; Méndez-Barbero et al., 2021). The VSMC contributes to the 

maintenance of a physiological vessel wall tone in response to various mechanical, physical and 

neurohumoral stimuli as well as local endothelial-derived vasoactive substances (Méndez-

Barbero et al., 2021; Touyz et al., 2013). On the other hand, the endothelium produces a balance 

of both vasoconstrictor and vasodilator substances that maintain homeostasis of the vessel wall 

(Félétou, 2011; Méndez-Barbero et al., 2021). However, a dysfunction of the endothelium in 

pathological conditions results in increased vasoconstrictor substances that increase vascular tone 

and vessel wall stiffness (Félétou, 2011; Vanhoutte et al., 2017; Yannoutsos et al., 2014). The 

endothelial layer also produces various factors that stimulate VSMCs to switch from contractile 
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to synthetic phenotypes and promote the deposition of ECM material (primarily collagen) to 

reinforce the vessel wall in response to stress (Ahmed & Warren, 2018; Frismantiene et al., 

2018; Stegemann et al., 2005).  

1.8.1 Assessment of arterial stiffness 

Arterial stiffness is a complex property of the vessel wall that changes not only with 

acute changes in the vascular tone due to physical, chemical, and neurohumoral stimuli but also 

due to a long-term remodeling of the vessel wall in response to stress (Boyle, 2001; Folkow, 

1987; Tesauro et al., 2017). Characterizing the mechanical properties of the vascular wall and the 

specific factors that cause changes in vessel wall function in physiological and 

pathophysiological states involves both invasive and non-invasive techniques (Chirinos, 2012; 

Palombo & Kozakova, 2016; Quinn et al., 2012). Animal models of arterial stiffness are 

primarily carried out using invasive techniques that allow the estimation of specific or global 

measurements of the arterial tree (Davis et al., 2023). Clinically, arterial stiffness plays a role in 

the pathogenesis of cardiovascular disease, and its assessment involves non-invasive techniques 

(Quinn et al., 2012; Tomiyama & Yamashina, 2010). The conventional clinical method for 

assessing arterial stiffness involves the analysis of the pulse pressure (PP) waveform generated 

by ventricular ejection (Augmentation index and PWV (Chirinos, 2012; Quinn et al., 2012). 

The augmentation index estimates the increase in systolic blood pressure caused by the 

early return of reflected waves to the heart and is quantified by the difference between the second 

and first peak systolic values expressed as a percentage of abnormal PP (Gkaliagkousi & Douma, 

2009; Quinn et al., 2012; Sharman et al., 2009). Although pulse wave analysis is a widely used 

measure of arterial stiffness, it may be confounded by factors related to cardiac function, such as 
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heart rate, stroke volume and ventricular ejection pattern (Gkaliagkousi & Douma, 2009; 

Mitchell, 2009). 

PWV is the most widely used measurement of arterial stiffness clinically and 

experimentally. It is considered the gold standard measure of arterial stiffness because it is a non-

invasive and relatively easy method for estimating arterial stiffness (Covic & Siriopol, 2015; Lim 

& Lip, 2008). PWV is the velocity at which the pressure waves generated by the systolic 

contraction of the heart propagate along the arterial tree. PWV is measured from two pressure 

waveforms, and assessment is usually done in two different arteries (for example, the carotid and 

the femoral arteries) (Covic & Siriopol, 2015; Lim & Lip, 2008; Vermeersch et al., 2009). PWV 

estimates represent the pulse wave's average velocity between the two remote measurement 

locations. The evaluation of the PWV provides additional information about the elastic 

properties (stiffness) of the arterial system. The higher PWV corresponds to a lower distensibility 

of the vessels and, therefore, a higher arterial stiffness (Covic & Siriopol, 2015; Lim & Lip, 

2008; Vermeersch et al., 2009). The velocity at which the pressure waves propagate through the 

arterial tree depends on the mechanical properties of the vessel. Although PWV measurements 

represent the overall properties of the arterial wall, they fail to account for the structural and 

functional changes occurring in a particular segment of the arterial tree (Chirinos, 2012; Ma et 

al., 2018; Townsend et al., 2015) 

Another important measure of arterial wall stiffness is the ability of the vessel wall to 

distend and increase in volume with increasing transmural pressure. The slope of the volume-

pressure relationship of the vessel wall is quantified as arterial compliance, which represents the 

change in volume with pressure (Chirinos, 2012; Shirwany & Zou, 2010). Due to the 

heterogeneity of the vessel wall, different vessel wall components are recruited at different 
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strains with predominantly elastic elastin at lower pressure. In comparison, the less distensible 

collagen is recruited to support wall tension at higher pressure (Patrick Lacolley et al., 2017). As 

such, the compliance of vessels tends to be reduced at higher pressures and volumes (Patrick 

Lacolley et al., 2017; Mayet & Hughes, 2003; Shadwick, 1999). 

The contractile state (tone) of the VSMC also contributes to the compliance of the vessel 

wall. Contraction of VSMC regulates the size of the blood vessel lumen, thereby decreasing 

blood volume and increasing blood pressure in the arterial system (Jaminon et al., 2019). The 

compliance of the vessel wall tends to reduce with increasing wall stiffness (Mayet & Hughes, 

2003; Shadwick, 1999). A shortcoming in using compliance as a measure of arterial stiffness is 

that the compliance of the vessel wall depends on the changes in volume with distending 

pressure, which is influenced by the size of the lumen and the vessel wall (London & Pannier, 

2010). 

In comparison to compliance, which provides information about the stiffness of the artery 

as a hollow material which is dependent on size and geometry, the composite Young’s modulus 

describes the stiffness of a segment of the arterial wall based on the changes in wall stress for a 

given change in strain (Intengan & Schiffrin, 1998; Park & Schiffrin, 2001). Different vessel 

wall components contribute differently to the vessel wall mechanics at various distending 

pressures (Intengan et al., 1999; Park & Schiffrin, 2001). Therefore, the composite Young’s 

modulus is a quantitative measure of the sum contributions of the vessel wall components to the 

arterial stiffness independent of vessel size (Chirinos, 2012; Intengan et al., 1999; Park & 

Schiffrin, 2001; Safar, 2007; Saphirstein & Morgan, 2014). However, since the relationship 

between stress and strain in blood vessels is nonlinear due to the composite material and 
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viscoelastic properties of the arterial wall, the stiffness of the arterial wall segment cannot be 

accurately quantified using a single value of composite Young’s modulus. 

1.9 Changes in vascular elasticity due to the consumption of high salt  

The consumption of high salt as part of a diet has been the subject of intense scientific 

research due to its association with elevated systemic blood pressure, increased cardiovascular 

morbidity and mortality, and, recently, activation of the inflammation by the immune system 

(Aguiar et al., 2017; Rodríguez‐Iturbe et al., 2012; Uetake et al., 2015). Globally, an estimated 

1.65 million cardiovascular-related deaths have been attributed to high sodium intake annually; 

61.9% of deaths occurred in males and 38.1% in females (Mozaffarian et al., 2014). These deaths 

account for 1 of every 10 deaths from cardiovascular-related causes (9.5%). 

In 2010, the estimated mean level of global salt consumption by individuals was 3.95 g 

per day, which is nearly double the WHO’s recommended limit of 2.0g per day with men 

consuming approximately 10% more sodium than women (Powles et al., 2013). The average 

daily salt intake in the population is currently estimated at 2.76 g per day, which is higher than 

the estimated goal of 2.3 g per day. High salt intake has been established to result in elevated 

blood pressure. In a community interest study, it was reported that the threshold intake levels of 

60-70 mmol of sodium daily are a prerequisite for the development of high blood pressure (Safar 

et al., 2009).  

Reducing in dietary salt intake is suggested to benefit the cardiovascular system (Bibbins-

Domingo et al., 2010; Cook et al., 2007; Ha, 2014; He & MacGregor, 2007). Dietary salt 

reduction is suggested to lower intravascular pressure, especially in older populations with 

isolated systolic hypertension, but only modestly affects diastolic blood pressure (Chobanian et 

al., 2003). A consistent correlation between sodium intake and blood pressure has been observed, 
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particularly in the older population (i.e., greater than 65 years of age) (Bibbins-Domingo et al., 

2010; Cook et al., 2007; Ha, 2014; He & MacGregor, 2007; Safar et al., 2009) but little is known 

about the underlying vascular mechanisms responsible for the long term effect of salt.  

Excess sodium intake may influence cardiovascular morbidity and mortality, mainly 

through its contributions to alteration in vascular biology and hormonal changes that could 

ultimately lead to altered vascular elasticity (Benetos et al., 2002; Safar et al., 2009). Elevated 

arterial stiffness is recognized as a surrogate endpoint for cardiovascular diseases due to its 

association with a number of vascular disorders (e.g., stroke and heart failure). Several 

investigations have also established a blood pressure-independent correlation between dietary 

sodium intake and arterial stiffness (Appel et al., 2011; P. Boutouyrie et al., 2011; Safar et al., 

2009).  

Chronic intake of high sodium is suggested to be associated with alteration in vascular 

biology, i.e., hypertrophy of the arterial wall and ECM remodelling independent of elevated 

intravascular pressure (Safar & O'Rourke, 2006). Thus, salt consumption could directly increase 

vascular stiffness. This effect can be moderately reversed by reducing sodium consumption or 

using diuretics to lower body salt content independent of blood pressure (He & MacGregor, 

2007; Safar & O'Rourke, 2006; Safar et al., 2000). 

Arterial stiffness is suggested to result from multiple mechanisms involving reduced 

elastin/collagen ratio, reactive oxygen species–induced inflammation, calcification, VSMC 

stiffness, and endothelial dysfunction. As observed with ageing, arterial stiffness is more 

pronounced in males than females, with estrogen suggested to provide a cardioprotective layer in 

females. However, this cardioprotective effect is lost during menopause as arterial stiffness 

becomes more prominent in females compared to males (Ahimastos et al., 2003; Benetos et al., 
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2002; Kingwell et al., 2001; Lee & Oh, 2010). The sex differences in arterial stiffness are 

suggested to be both intrinsic and influenced by sex steroids (Ahimastos et al., 2003). Markers of 

arterial stiffness, including PWV, PP and central aortic pressure, have been suggested to differ 

between males and females as well as between groups with high cardiovascular risk factors and 

those in normal states (Ahimastos et al., 2003; Benetos et al., 2002; Kim et al., 2014; Kingwell et 

al., 2001; Lee & Oh, 2010). In the Dahl salt-sensitive hypertensive rat model, sex-specific 

quantitative trait loci associated with arterial stiffness have been identified, suggesting a potential 

sex-specific genetic determinant for arterial stiffness (Decano et al., 2016).  

Despite the substantial progress that has been made in narrowing the gaps in our 

knowledge of the detrimental effects of salt on the cardiovascular system, our understanding of 

the mechanistic differences, manifestations and progression of arterial stiffness remains 

incomplete. More importantly, few studies directly compared males and females regarding salt-

induced arterial stiffness. In addition, little is known about the underlying sex-specific factors 

that drive these sex-related differences. Understanding the underlying fundamental mechanisms 

leading to sex-specific differences in arterial stiffness offers the possibility of identifying novel 

selective treatments and therapies to reduce the risk of cardiovascular disease.  

In the current thesis, Dahl salt-sensitive male and female rats fed on a 4% NaCl diet were 

used to investigate sex differences in arterial stiffness due to high salt consumption. This study 

used the Dahl salt-sensitive rat model because of its predisposition to hypertension caused by an 

interaction of genetic and environmental factors (sensitivity to dietary salt) (Abais-Battad et al., 

2019; Rapp, 1982). More importantly, Van Vliet et al. (2006) reported two distinct and separable 

stages of salt-induced hypertension in Dahl salt-sensitive rats fed  4% NaCl.  This makes the 

Dahl salt-sensitive rat model relevant for understanding the long-term effects of salt intake on the 
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vascular system. The changes in the structure and function of the arterial wall due to dietary salt 

were compared between Dahl salt-sensitive male and female rats on a high salt diet and regular 

diet. In addition, using a segment of the arterial wall (third-order mesenteric arteries), some 

mechanisms and sex-related factors contributing to sex differences in arterial stiffness were 

investigated using various vasoactive drugs and antibodies listed in appendix B. 
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1.10 Objectives 

The current research aims to establish how high salt consumption alters blood vessel wall 

stiffness in males and females. The present study will: 

I. Investigate sex-specific effects of high salt consumption and elevation in arterial pressure 

on vascular biomechanics and function in small resistant arteries of Dahl salt-sensitive 

male and female rats.  

II. Examine sex-specific structural changes of the vessel wall and responses to some 

pharmacological agents on the biomechanics of small resistant arteries of Dahl salt-

sensitive male and female rats. 

III. Determine the sex-specific contributions of the mechanosensitive Piezo 1 ion channels in 

regulating blood vessel wall stiffness. 
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1.11 Hypothesis 

There are limited reports on the changes in vascular elasticity due to high salt intake in 

both male and female rats. An attempt was made to address three hypotheses in this thesis. First, 

there would be sex-specific differences in biomechanics and function of small resistant arteries 

of Dahl salt-sensitive male and female rats. Secondly, the behavior of isolated small resistance 

arteries to pharmacological agents will differ in the context of vascular stiffness in normotensive 

versus salt-induced hypertensive state, with associated sex-specific structural and functional 

differences. Finally, I hypothesize that there will be sex-specific differences in the contributions 

of Piezo 1 channels to biomechanics in the resistance arteries of hypertensive males versus 

females. 
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Chapter 2 Differential biomechanics in the resistance arteries of male and 

female Dahl hypertensive rats 

2.1 Abstract 

An increase in vascular stiffness is associated with a higher risk of cardiovascular morbidity and 

mortality and is likely sex-specific.  Our objectives were to compare structural and functional 

alterations in small resistance arteries (3rd order mesenteric) related to vascular stiffness from 

Dahl salt-sensitive male and female rats (n=8, mean ± s.e.m.).  Arterial blood pressure and pulse 

wave velocity assessed in vitro were significantly (p < 0.05) elevated in males (161 ± 3 mmHg; 

6.4 ± 0.2 m s−1) and females (147 ± 2 mmHg; 5.5 ± 0.1 m s−1) on a high (H) salt compared to 

regular (R) diets but were significantly higher in males (H) compared to females.  Significant 

increases in collagen and smooth muscle cell areas were evident in the ultrastructure of 

mesenteric arteries of hypertensive males compared to normotensive or corresponding females.  

There were no significant differences in composite Young’s modulus (CYM) between groups.  

Vasoconstriction (phenylephrine, 0.3 µM) resulted in significantly higher CYM in males (H: 8.6 

± 1 KPa) than R (4.5 ± 0.8 KPa), and the corresponding females (H: 5.6 ± 0.6 KPa and R: 5 ± 0.9 

KPa).  In contrast, vasodilation (sodium nitroprusside, 0.3 µM) significantly reduced CYM in the 

male groups (H: 2.5 ± 0.4 KPa and R: 2.7 ± 0.5 KPa) compared to the corresponding values in 

females (H: 4.2 ± 0.6 KPa and R: 5 ± 0.5 KPa).  Moreover, the slope of the pressure-volume 

curves revealed significantly greater distended vascular compliance in male H than in R and the 

corresponding females.  Our findings are supportive of a link between high salt intake and 

elevated blood pressure as being sex-specific, likely involving sex-dependent changes in the 



45 
 

ultrastructure of the vessels, which ultimately can alter the biomechanics and thus, the 

hemodynamic functions of both macro- and micro-circulations.
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2.2 Introduction 

Arterial stiffness is defined primarily in terms of the changes to the mechanical properties 

(i.e., stress/strain relationships) of the arteries and associated fundamental morphological 

changes to the wall  (Bevan & Bevan, 1984; Khamdaeng et al., 2012).  In addition to the 

substantial changes in elastin and collagen that forms the main load-bearing component of the 

arterial wall, there is also a significant adaptation of both the passive and active components of 

the vessel to accommodate the stresses (Cox, 1975, 1983; Holzapfel et al., 2000; Nagasawa et 

al., 1982).  Arterial stiffness of the large central arteries is the primary determinant of vascular 

impedance influencing the systemic pressure-flow relationship (Adamson, 1999; Cecelja et al., 

2009).  The result of arterial wall stiffness is changes in hemodynamic function such as pulse 

wave velocity (PWV) and arterial pulse pressure.  This is due to the underlying structural 

changes and modifications in large conduit arteries, which can significantly increase 

cardiovascular risk factors and mortality (Cosson et al., 2007; Fitch et al., 2001; Marque et al., 

2001).  Remodeling of the arteries is an initially adaptive response to the stress posed on the 

blood vessel.  Causally, it involves shear stress from the flow of blood across the vessel lumen, 

longitudinal stress from the surrounding tissues, and circumferential stress from the blood 

pressure in response to physiological and pathophysiological changes in the body (Chatzizisis et 

al., 2007; Gibbons & Dzau, 1994; Intengan & Schiffrin, 2001).  The change eventually becomes 

maladaptive as it compromises vessel wall function, contributing to cardiovascular 

complications. 

Arterial stiffness can be considered to have two distinct but interconnected components, 

which are structural and dynamic (Janić et al., 2014).  The structural component consists of 

collagen, elastin fibers, and other associated molecular components of the extracellular matrix, 
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while the dynamic component consists of the smooth muscle tone.  The dynamic component of 

arterial stiffness is tone-dependent and is influenced mainly by the vasoactive substances 

released by the endothelium as well as the nerves innervating the blood vessels (Anderson, 2006; 

Janić et al., 2014). 

Elevated arterial stiffness in large arteries is recognized as a surrogate endpoint for 

cardiovascular diseases due to its association with subclinical atherosclerosis and cardiovascular 

diseases, including angina, myocardial infarction, stroke, and heart failure (Laurent & 

Boutouyrie, 2013).  Chronic high sodium intake is also suggested to be linked to hypertrophy of 

the aorta and extracellular matrix (ECM) development independent of blood pressure (Safar & 

O'Rourke, 2006).  This results in a subsequent increase in vascular stiffness and modified 

secretory populations of vascular smooth muscle cells (VSMCs) (He & MacGregor, 2007; Safar 

& O'Rourke, 2006; Safar et al., 2000).  

There Dahl salt-sensitive rats have been used as a model for hypertension over decades, 

while both abnormal vasoconstriction and vasodilation have been described in blood vessels of 

this strain (McLoone et al., 2009). Distinct rapid (days) and slow phases (5 weeks) for elevation 

in blood pressure in Dahl salt-sensitive rats have been described for this model of hypertension 

(Van Vliet et al., 2006; Zicha et al., 2012). In addition, differential functional responses to 

sympathetic nerve stimulation were found to exist in vasculature such as the mesenteric bed in 

Dahl salt-sensitives rats (Gamoh et al., 2019). Further, morphological and structural changes 

have been also described in blood vessels from this strain (Parai & Tabrizchi, 2005; Sandow et 

al., 2009). 

In general, the evidence in the literature seems to mainly be concerned with stiffness of the 

larger conduit arteries and there is less emphasis on regional and local changes in smaller arteries 
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in hypertension. Nonetheless, there is evidence in the current literature that suggests increased 

stiffness and augmented pressure wave (e.g. abnormal wave reflection) could additively 

contribute to the onset of hypertension (Tomiyama et al., 2018; Tomiyama et al., 2020). It is 

possible that the crosstalk between micro-circulation and macro-circulation and the inter-

connection between them leads to additive detrimental effects on the circulation due to increased 

global vascular stiffness (Pan et al., 2018; Takahashi et al., 2021). There are limited reports on 

the direct relationship between the changes in vascular elasticity due to high sodium intake in 

both males and females. Thus, the primary objectives of this study were to compare the effects of 

high salt consumption and elevation in systemic arterial pressure on vascular biomechanics and 

function in small resistant arteries in males and females, which has not been previously studied. 

Accordingly, in the current study, we made comparisons on the biomechanical and 

pharmacomechanical functions (i.e. composite modules and compliance) and ultrastructure in 

small resistance arteries (150–200 μm) using pressure myography. 

2.3 Materials and Methods 

2.3.1 Animals: 

All procedures on animals were carried out in accordance with the guidelines of the Canadian 

Council on Animal Care, with the approval of the Institutional Animal Care Committee of 

Memorial University of Newfoundland and the Canadian Council of Animal Care (Guide to Care 

and Use of Experimental Animals, Vol 1, 2nd Edition). Male and female Dahl salt-sensitive rats 

(age 5–6 weeks) were purchased from Charles River Laboratories. (Saint Constant, Quebec, 

Canada), housed two per cage and were kept in a temperature-controlled environment (22 ± 2° 

C) on a 12 h-12 h light-dark cycle. They were given access to normal tap water and standard 
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chow (regular) or Japanese style stroke-prone high salt diet containing 4% NaCl (Zeigler Bros., 

Inc. Gardners, Pennsylvania, USA) ad libitum for 6–7 weeks. 

 

2.3.2 Experimental Design: 

At 6–7 weeks, each animal was anesthetized (induction 5% isoflurane in 100% O2, maintenance 

1.5–1.25% isoflurane in 100% O2), and were injected with the analgesic, buprenorphine (0.01 

mg/kg, subcutaneously). The core body temperature was maintained at 37 ± 1° C using a heating 

lamp and monitored with a rectal thermometer. The external iliac and carotid arteries were 

isolated and catheterized using polyethylene tubing [I.D. 0.58 mm, O.D. 0.965 mm (9 cm) 

connected to I.D. 0.28 mm, O.D. 0.61 mm (7 cm)]. The catheters were advanced forward 

(approximately 2 cm) such that the catheter in the femoral artery was just at the distal end of the 

abdominal aorta, while the catheter in the carotid artery was just beyond the aortic arch and in 

the proximal end of the thoracic aorta (Leblanc & Tabrizchi, 2018). All catheters were filled with 

heparinized physiological (0.9% NaCl) saline (25 iu/ml). Central (aortic) and peripheral (femoral 

artery) blood pressure, as well as heart rate were continuously recorded by AcqKnowledge 

(3.9.1.6) software (Biopac Systems Inc., Goleta, California, USA) with a pressure transducer 

(P23XL; Spectramed Statham; Viggo-Spectramed, Oxnard, California, USA) for 20–25 min. The 

signals were amplified (DA 100A; Biopac Systems Inc.), wherein the amplifier was connected to 

a universal interface module (UIM 100; Biopac Systems Inc.), and to an acquisition unit 

(MP100; Biopac Systems Inc.). The analogue output signal was then converted to a digital signal 

(USB1W; Biopac Systems Inc.), and displayed in AcqKnowledge (3.9.1.6). Animals were 

euthanized by anaesthetic overdose and thoracotomy. The mesenteric arteries were removed and 

prepared for functional and histological studies. As well, the heart of each animal was excised, 
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and the right ventricle and left ventricle as well as septum were separated and weighed. In 

addition, the length between the carotid artery catheter and the femoral artery catheter was 

measured at postmortem, and PWV was then calculated with the following formula PWV = d/t 

(Leblanc & Tabrizchi, 2018). 

2.3.3 Pressure Myograph Experiments: 

All chemicals used in the pressure myograph experiments were purchase from Sigma Aldrich 

(Montreal, Canada) unless otherwise stated. The mesenteric bed was placed in a dissecting dish 

containing modified Krebs buffer with the following composition (mmol/l): 120 NaCl, 4 KCl, 

1.2 MgCl2.6H2O, 1.5 CaCl2H2O, 25 NaHCO3, 1.2 KH2PO4 and 0.1 EDTA in an oxygenated 

(95% O2 and 5% CO2) environment. The third-order branch of the mesenteric artery was 

determined to be the third branch off the superior mesenteric artery of the gut. A length of 

approximately 5 mm was isolated and carefully cleaned of surrounding tissues under a dissecting 

microscope as described by (Jadeja et al., 2015).  The mechanical properties of isolated third-

order mesenteric arteries were studied with a pressure myograph. Isolated vessels were mounted 

onto the Single Vessel Chamber component of the Pressure Servo System (Living System 

Instrumentations, Model CH-1-SH/CH-1-QT P100; St. Albans City, Vermont, USA) for the 

pressure myograph studies. In detail, the mesenteric arteries were mounted on two glass 

micropipettes, secured with 0.2 metric (10–0) surgical nylon suture obtained from Covidien 

(Monosof, Covidien LLC, Mansfield, Massachusettss, USA). The vessel length was adjusted so 

that the vessel walls were parallel without stretch. Intraluminal pressure was then set to a 

baseline pressure of 3.9996 KPa (1.0 mmHg = 0.1333 KPa), and allowed to equilibrate for 20 

min at 37 ± 1oC in a modified Krebs buffer gassed with a mixture of 95% O2 and 5% CO2. 

Vascular response was imaged using an inverted microscope and measured using a Video 
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Dimension Analyzer (Living Systems Instrumentation) and the iWORX Data Recording 

Software (Dover, New Hampshire, USA). Three different groups of experiments were 

undertaken in assessment of the mechanical function of the blood vessel using two vasoactive 

agents phenylephrine (0.3 μmol/l), sodium nitroprusside (0.3 μmol/l) or equivalent volume (24 

μl) of vehicle (distilled water). Five minutes after the additions of the vasoactive agents or 

vehicle, intraluminal pressure was raised stepwise at an increasing transmural pressure of 5.3329, 

7.9993, 10.6658 and 13.3322 KPa to obtain a pressure-diameter (D) curves. For each vessel, the 

left wall and right wall thickness was also measured. In another group of experiments without the 

presence of any vasoactive agents, isolated third-order mesenteric arteries were pressure-fixed 

(13.3322 KPa) with Karnovsky fixative at 37 ± 1oC for 30 min for ultrastructure assessment 

using electron microscopy. 

2.3.4 Calculation of mechanical parameters 

The luminal diameter at baseline D0, LW and RW were measured at various intraluminal 

pressures, (5.3, 7.9, 10.6, and 13.3 KPa) using a video frame capture and real-time edge-

detection system available with the Video Dimension Analyzer.  The wall thickness (WT) was 

calculated using the following formula: WT = (LW+RW)/2. 

Vascular compliance (C), which is the ability of a vessel to distend and increase volume with an 

increasing transmural pressure is equal to changes in vessel volume (ΔV= πr2 h), divided by 

changes in transmural pressure (ΔP) (i.e., C = ΔV/ΔP).  

The following mechanical parameters were calculated according to the methods by Intengan and 

Schiffrin (Intengan & Schiffrin, 1998). Circumferential wall strain (ε) = (D - D0)/ D0, where D0 

is the diameter at baseline transmural pressure and D is the observed luminal diameter for a 
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given transmural pressure. Circumferential wall stress (σ) = (PD)/(2WT), where P is the 

intramural pressure, D and WT are the luminal diameter and wall thickness respectively. 

To estimate the arterial stiffness independent of vessel geometry, the composite Young’s 

modulus of the vessel was determined where Ec = stress/strain.  The non-linear nature of the 

stress/strain relationship was compensated for by fitting the stress/strain data from each vessel to 

an exponential curve y = aebx where σ = σ0e
xβ (plots of ln y vs. x), σ0 is the stress at baseline 

transmural pressure and β is a constant directly proportional to Ec, related to the rate of increase 

of the stress/strain curve. An increase in β implies an increase in Ec (increase in stiffness). 

2.3.5 Preparation of tissues for morphometry ultrastructure: 

For transmission electron microscopy (TEM), blood vessels were fixed in Karnovsky fixative at 

4o C overnight (Karnovsky, 1964).  Tissues were then washed in 0.1 M sodium cacodylate buffer 

(pH 7.4), post-fixed in 1% Osmium tetroxide, dehydrated in increasing concentrations of ethanol 

and acetone, followed by infiltration with EPON resin using a modified protocol by Hyam 

(1981).  Resin blocks were polymerized in BEEM capsules (Electron Microscopy Sciences, 

EMS) overnight at 70o C and cut to 100 nm with a diamond knife (Diatome), mounted on 300 

mesh copper grids, stained with uranyl acetate and lead citrate (EMS), and examined using a 

Tecnai Spirit transmission electron microscope (FEI) with an accelerating voltage of 80 kV. 

For light microscopy, the same processing protocol was used, but the sections were 1 µm and 

placed on a glass slide and stained with toluidine blue in 1% sodium borate solution.  Each 

section was examined on an Olympus FV300 microscope with a SC50 5 MP digital color camera 

(Olympus Canada, Richmond Hill, Ontario, Canada). 
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2.3.6 Morphometry 

The morphometric parameters were calculated using a test system (grid) consisting of a coherent 

square lattice of points generated by a JAVA-written stereological tool (STEPanizer) (Tschanz et 

al., 2011).  The cross-sectional area of the various vessel wall components was then estimated as 

the area of the component per unit containing area according to the method described by Lee et 

al. (Lee et al., 1983), cross-sectional area (𝐴𝐴) = (
Σa

ΣA
) 𝑡, where: t = thickness of serial sections, a 

= area of the profiles for a, and A= area of the section.  In order to compensate for eccentricity 

due to sectioning, the correction factor (d1/d2) was used to estimate the true (corrected) cross-

sectional area AC = AA (d1/d2), where d1 = short axial diameter and d2 = long axial diameter. 

2.3.7 Statistical analysis 

All the data (haemodynamics, morphometric, ultrastructure, composite elastic modulus and 

compliance values) were analysed using two-way analysis of variance (ANOVA) followed by 

Bonferroni test and/or one-way ANOVA followed by Bonferroni test. The statistical analysis 

was carried out with the SigmaPlot statistical package (Systat Software, San Jose, California, 

USA). The data are presented as means ± s.e.m., and the sample size is the number of animals 

used in each experiment (n = 5–8). A value of P less than 0.05 was considered significant. 

2.4 Results 

The bodyweight of Dahl salt-sensitive female rats was generally lower than that of the Dahl-salt-

sensitive male rats in both groups (high salt & regular diets), and within both groups (male and 

female), there was no significant difference between the body weights; male regular diet (MRD): 

363.3 ± 7.7 g, male high salt diet (MHS): 373.9 ± 8.6 g, female regular diet (FRD): 241.3± 8.1 g, 

and female high salt diet (FHS): 251.0± 4.7 g. 
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There were significant differences between heart rate of males and females either within or 

between groups on regular compared to high salt diets.  Consumption of high salt diet caused 

significant increases in heart rate in both male and females (Table 2.1).  Moreover, consumption 

of high salt elevated central and peripheral, systolic and diastolic, blood pressures independent of 

sex.  Central and peripheral, systolic, and diastolic, blood pressures of males on high salt diet 

were significantly higher than the corresponding values in females.  However, there were no 

differences in the central and peripheral, systolic, and diastolic, blood pressures of male and 

female on regular diet (Table 2.1).  Central pulse pressure was elevated following high salt 

consumption in male but not female animals.  However, PWV (an index of central vascular 

stiffness) became significantly elevated in both male and female animals on high salt compared 

to those regular diet.  PWV was also found to be significantly higher in males compared to 

corresponding females on high salt diet (Table 2.1). 

 

  



55 
 

Table 2.1: Hemodynamic measurements in Dahl salt-sensitive male and female rats on regular or 

high salt (HS; 4% NaCl) diets for 6-7 weeks.   

 

Hemodynamic SSM (R diet) SSM (HS diet) SSF (R diet) SSF (HS diet) 

     

HR (beats/min) 373 ± 2b 386 ± 3ac 356 ± 5 367 ± 4b 

cSBP (mmHg) 131 ± 2 161 ± 3ac 132 ± 2 147 ± 2b 

cDBP (mmHg) 96 ± 1 117 ± 3ac 99 ± 2 108 ± 2b 

cPP (mmHg) 37 ± 1b 44 ± 1ac 40 ± 1 39 ± 1 

pSBP (mmHg) 130 ± 2 158 ± 3ac 130 ± 2 144 ± 2b 

pDBP (mmHg) 92 ± 1 118 ± 3ac 91 ± 1 104 ± 2b 

pPP (mmHg)  38 ± 1 40 ± 1 39 ± 1 42 ± 1b 

PWV (m/sec) 4.9 ± 06 6.4 ± 0.8ac 4.5 ± 0.1 5.5 ± 0.1b 

 

Each value is expressed as a mean ± s.e.m. (n = 8). cDBP, central DBP; cPP, central pulse 

pressure; cSBP, central SBP; FHS, female high salt diet FRD, female regular diet; HR, heart 

rate; MHS, male high salt diet; MRD, male regular diet; pDBP, peripheral DBP; pPP, peripheral 

pulse pressure; pSBP, peripheral SBP; PWV, pulse wave velocity. 

a Significantly different from SSM R diet; p  0.05 

b Significantly different from SSF R diet; p  0.05 

c Significantly different from SSF HS diet; p  0.05 
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The ratio of the left ventricle and septum to right ventricle of MHS (5.8 ± 0.2) was significantly 

greater than that of the MRD (4.5 ± 0.3), and female groups FRD (4.7 ± 0.1) and FHS (4.7 ± 

0.2). It is apparent that the significant left ventricular hypertrophy found in MHS group is likely 

due to greater increase in systemic arterial pressure as well as vascular stiffness. 

 

2.4.2 Morphometric analysis 

There was a significant increase in the area of media in the 3rd order mesenteric blood vessels of 

males on high salt compared to those on regular diet or the corresponding females.  There were 

no other significant changes in areas of adventitia, intima, internal elastic lamina, or external 

elastic lamina associated with either sex or diet (Table 2.2). 
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Table 2.2: Morphometric analysis from electron microscopy images of third-order mesenteric 

blood vessels fixed at 13.33 KPa (1 mmHg = 0.1333 KPa) obtained from Dahl salt-sensitive 

male and female rats on regular or high salt (4% NaCl) diets for 6–7 weeks 

 

 SSM (R diet) SSM (HS diet) SSF (R diet) SSF (HS diet) 

     

Adventitia (µm2) 39 ± 5 34 ± 4 41 ± 9 41 ± 8 

Media (µm2) 89 ± 18 158 ± 15ab 80 ± 18 86 ± 14 

Intima (µm2) 18 ± 5 21 ± 3 21 ± 6 35 ± 10 

IEL (µm2) 2.4 ± 0.7 4.0 ± 0.7 3.6 ± 1 4.0 ± 0.4 

EEL (µm2) 0.2 ± 0.05 0.3 ± 0.09 0.27 ± 0.1 0.23 ± 0.05 

 

Each value is expressed as a mean ± s.e.m. (n = 5). EEL, external elastic lamina; FHS, female 

high salt diet; FRD, female regular diet; IEL, internal elastic lamina; MHS, male high salt diet; 

MRD, male regular diet. 

aSignificantly different from SSM R diet; p  0.05 

bSignificantly different from SSF HS diet; p  0.05 
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The internal and external elastic laminae demarcating the medial layer of the 3rd order of the 

mesenteric blood vessel were prominent in both male and female groups (Figure 2.1).  However, 

the external elastic lamina was poorly developed in both sexes compared to the well-developed 

internal lamina regardless of diet.  Ultrastructural assessment indicated a distorted, fragmented, 

and discontinuous endothelia cell layer in the arteries of males on a high salt diet.  The medial 

layer of the vessel wall appeared to be thicker in the males on high salt diet with increased layers 

of smooth muscle cells compared to the other groups.  The medial layer consist of mostly smooth 

muscle cell with discontinuous layers of elastic lamina and collagen sparsely distributed in the 

media layer (Figure 2.1). 
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Figure 2.1 Electron micrograph cross-sectional areas (direct mag: x1100) of the third-order 

mesenteric arteries from Dahl salt-sensitive male and female rats on regular or high 

salt (4% NaCl) diets for 6–7 weeks. C, collagen; E, elastin; EL, external elastic 

lamina; En, Endothelium; FHS, female high salt diet; FRD, female regular diet; IL, 

internal elastic lamina; MHS, male high salt diet; MRD, male regular diet. 
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There were significant increases in collagen and smooth muscle cell areas in the 3rd order 

mesenteric blood arteries of males on high salt compared to either males on regular diet or 

corresponding females.  There were no significant changes noted in elastin area for these blood 

vessels within or between any of the experimental groups (Figure 2.2).  Furthermore, no 

significant differences were observed in the ratio of the areas of collagen/elastin, vascular 

smooth muscle/collagen, or vascular smooth muscle/elastin within and between the various 

groups (Table 2.3). 
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Figure 2.2: Morphometric determination from electron microscopy images of content for elastin, 

collagen, vascular smooth muscle cell from third-order mesenteric blood vessels fixed 

at 13.33 KPa [1 mmHg = 0.1333 KPa) obtained from Dahl salt-sensitive] male and 

female rats on regular or high salt (4% NaCl) diets for 6–7 weeks. Each value is 

expressed as a mean ± s.e.m. (n = 5). FHS, female high salt diet; FRD, female regular 

diet; MHS, male high salt diet; MRD, male regular diet. aSignificantly different from 

MRD diet; P < 0.05; bSignificantly different from FRD; P < 0.05; cSignificantly 

different from FHS; P < 0.05. 
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Table 2.3: Morphometric determination from electron microscopy images of content for ratios 

for elastin, collagen and vascular smooth muscle cell (VSMC) from third-order mesenteric blood 

vessels fixed at 13.33 KPa (1 mmHg = 0.1333 KPa) obtained from Dahl salt-sensitive male and 

female rats on regular or high salt (4% NaCl) diets for 6–7 weeks. 

 

 SSM (R diet) SSM (HS diet) SSF (R diet) SSF (HS diet) 

     

Collagen/Elastin 2.68 ± 1.0 2.42 ± 0.6  3.14 ± 0.7 1.86 ± 0.2 

VSMC/Collagen 3.23 ± 0.7 2.75 ± 0.3 2.27 ± 0.5 2.75 ± 0.3 

VSMC/Elastin 6.96 ± 1.7 5.99 ± 0.9 6.18 ± 1.0 5.05 ± 0.8 

 

Each value is expressed as a mean ± s.e.m. (n = 5).FHS, female high salt diet; FRD, female 

regular diet; MHS, male high salt diet; MRD, male regular diet. 
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2.4.3 Vascular Mechanics 

The composite Young’s modulus, a measure of vascular stiffness independent of geometry, was 

found not to be significantly altered in the 3rd order mesenteric blood vessels among the 

experimental groups (Figure 2.3A).  However, in the presence of a vasoconstrictor, 

phenylephrine (0.3 µM), the composite Young’s modulus was significantly higher in blood 

vessels from males on high salt compared to males on regular diets and the corresponding 

females (Figure 2.3B).  The presence of the vasodilator and NO donor, sodium nitroprusside (0.3 

µM), resulted in a significant reduction in the composite Young’s modulus in blood vessels of 

males on regular and high salt diets compared to the corresponding values in females (Figure 

2.3C). 
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Figure 2.3: Calculated values of composite Young's modulus (Kpa) using stress-strain plots in 

isolated third-order mesenteric arteries at various intravascular pressures from Dahl 

salt-sensitive male and female rats on regular or high salt (4% NaCl) diets for 6–7 

weeks. Each value is expressed as a mean ± s.e.m. (n = 8). FHS, female high salt diet; 

FRD, female regular diet; MHS, male high salt diet; MRD, male regular 

diet. aSignificantly different from MRD; P < 0.05; bSignificantly different from 

FRD; P < 0.05; cSignificantly different from FHS; P < 0.05. 
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The evidence from pressure-volume curves in the 3rd order mesenteric arteries revealed 

significant elevation in the volume at the two highest pressures in males on high salt compared to 

males on regular diets and the corresponding values in females (Figure 2.4A).  There were no 

significant differences between pressure-volume curves for females due to diet.  In the presence 

of the vasoconstrictor, phenylephrine (0.3 µM), a significantly higher volume was observed with 

females on high salt diet compared to those on regular diets, at the two higher pressures (Figure 

2.4B).  Also, a significantly higher volume was observed at the highest pressure in males on 

HSD with PE treatment compared to the corresponding females on regular diet and females on 

HSD (Figure 2.4B).  The presence of vasodilator, sodium nitroprusside (0.3 µM), caused 

significant increases of volume in response to the two highest pressures in males on regular diet 

compared to corresponding females on regular diet (Figure 2.4C).  It was evident that at the two 

highest pressures, significant increases in volume were observed in blood vessels from male 

compared to the corresponding females on high salt diet (Figure 2.4C). 
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Figure 2.4: Pressure-volume plots in isolated pressurised third-order mesenteric arteries from 

Dahl salt-sensitive male and female rats on regular or high salt (4% NaCl) diets for 6–

7 weeks. Each value is expressed as a mean ± s.e.m. (n = 8). FHS, female high salt 

diet; FRD, female regular diet; MHS, male high salt diet; MRD, male regular 

diet. aSignificantly different from MRD; P < 0.05; bSignificantly different from 

FRD; P < 0.05; cSignificantly different from FHS; P < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



74 
 

 

The calculated slope from the pressure-volume curves revealed significantly greater distended 

vascular compliance in males on high salt compared to males on regular diets, and the 

corresponding females on high salt diet (Figure 2.5A).  The presence of phenylephrine (0.3 µM) 

did not significantly affect vascular compliance in males on regular compared to high salt diets 

(Figure 2.5B).  In contrast, phenylephrine significantly increased compliance in blood vessels of 

females on high salt compared to regular diets (Figure 2.5B).  The presence of sodium 

nitroprusside (0.3 µM) significantly reduced vascular compliance in males on high salt compared 

to regular diets (Figure 2.5C).  The latter vasodilator also significantly increased vascular 

compliance in males on regular diet compared to the corresponding values in females also 

supporting the differential nature of the pressure-volume relationships in different sexes (Figure 

2.5C). 
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Figure 2.5: Calculated values of compliance from pressure-volume plots in isolated third-order 

mesenteric arteries from Dahl salt-sensitive male and female rats on regular or high 

salt (4% NaCl) diets for 6–7 weeks. Each value is expressed as a mean ± s.e.m. (n = 

8). FHS, female high salt diet; FRD, female regular diet; MHS, male high salt diet; 

MRD, male regular diet. aSignificantly different from MRD; P < 0.05; bSignificantly 

different from FRD; P < 0.05; cSignificantly different from FHS; P < 0.05. 
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2.5 Discussion 

Arterial wall stiffness results from complex interactions that involve structural and cellular 

elements, and whose changes are responsible for maintaining the mechanical properties of the 

arterial wall.  The consequence of the alteration in the properties of load-bearing components of 

the arterial wall is the modifications of its mechanical characteristics which are influenced by 

both intrinsic and extrinsic factors, such as sex differences and nutritional content  (Díez, 2007; 

Grillo et al., 2019; Manrique et al., 2016; Nichols et al., 2007; Zieman et al., 2005).  Arterial 

stiffness and the resultant hemodynamic changes are now considered to be predictors of increase 

in morbidity and mortality; arterial stiffness is positively associated with increased risk of 

cardiovascular disease, including hypertension, myocardial infarction, heart failure, stroke (Kim 

et al., 2019; Mitchell et al., 2010; Said et al., 2018; Vasan et al., 2019; Zoungas & Asmar, 2007).  

Moreover, differential characteristics of the development of arterial stiffness between men and 

women appear to involve sex‐specific mechanisms (Collier et al., 2011; Coutinho et al., 2013; 

DuPont et al., 2019; Guajardo et al., 2018; Nishiwaki et al., 2014). 

Our investigation in Dahl salt-sensitive rats suggests that increased high salt consumption in the 

diet induced a significant increase in both central and peripheral (systolic and diastolic) blood 

pressures, and heart rate of both males and females.  However, the central and peripheral SBP 

and DBPs of the males were significantly higher than the corresponding female groups on high 

salt diet. This difference was absent in the male and female rats on a regular diet. Furthermore, 

the central pulse pressure, a surrogate of arterial stiffness, was elevated with increased salt 

consumption in males but not female animals.  Sex-specific patterns have been reported in the 

association between high salt intake and arterial stiffness measured by PWV (Baldo et al., 2019; 

Coutinho et al., 2013; Wu et al., 2021).  We found the PWV was significantly elevated in both 
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male and females on high salt compared to regular diet.  However, PWV was also significantly 

greater in males than the corresponding females on high salt diet.  Surprisingly, based on 

significant increase in the ratio of left ventricle plus septum to right ventricle in male on high-salt 

compared to all other groups, ventricular hypertrophy seems to only present in hypertensive 

males (Arnal et al., 1993; Kihara et al., 1985; Yuan & Leenen, 1991).  The results suggest the 

significant increase in systemic arterial blood pressure and PWV but not pulse pressure may lead 

to the existence of accommodating circumstance in the circulatory system of females on high salt 

diet that circumvents ventricular hypertrophy. 

Evidence from several studies indicate a direct relationship between sodium intake and systemic 

arterial blood pressure (Grillo et al., 2019; Louis et al., 1971; Vollmer et al., 2001).  Accordingly, 

chronic consumption of high salt has been found to result in a significant increase in systemic 

arterial blood pressure linked to the onset of hypertension and increase morbidity and mortality 

(Meneely et al., 1961; Moreira et al., 2014; Sanders et al., 2005).  In contrast, a decrease in salt 

consumption has been shown to decrease blood pressure, lower incidence of cardiovascular 

complications, and better health outcomes (Kawasaki et al., 1978; Vollmer et al., 2001; Ylitalo et 

al., 1976).  Further, blood pressure responses to salt intake have also been reported to vary with 

sex and age (He et al., 2009; Myers & Morgan, 1983; Weinberger & Fineberg, 1991). 

Vascular changes from the large elastic arteries to microcirculation are known to occur as a 

result of elevated blood pressure (Feihl et al., 2009; Grey et al., 2003; Struijker-Boudier, 2014).  

Several studies have reported thickening of the walls of elastic and muscular arteries, remodeling 

of small muscular resistance arteries causing in an increased wall to lumen ratio, as well as a 

reduction in the number of vessels in the microcirculation associated with elevated systemic 

arterial blood pressure (Lee & Smeda, 1985; Prewitt et al., 2002; Yannoutsos et al., 2014).  Our 
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current findings show that there is structural remodeling in the third-order mesenteric vascular 

bed of the male group i.e., an increase in collagen and smooth muscle component of the vascular 

wall.  An effect that was absent in the parallel female group.  Under normal physiological 

conditions, VSMCs are embedded in an elastin-rich extracellular matrix localized primarily in 

the media of the vascular wall.  In hypertension, there is an increase in collagen synthesis and 

subsequent VSMC proliferation and migration that has been reported in the mesenteric and other 

vascular beds of several rat strains in response to increased stress on the vessel wall (Briones et 

al., 2006; Nissen et al., 1978; Robert et al., 1994). 

In contrast to the increased deposition of collagen due to the elevation of arterial blood pressure, 

collagen fibers are engaged over time at higher intravascular pressures to support passive tension 

resulting in increased vessel wall stiffening.  Evidence in the literature also suggest that during 

elevated blood pressure, VSMCs undergo hyperplasia and hypertrophy, which is crucial for 

vascular remodeling and subsequent increase in the total peripheral resistance in response to 

stress from higher blood pressure (Brown et al., 2018).  In our present investigation, the increase 

in vessel wall media thickness, cross-sectional area, and increased media/lumen ratios suggest 

the possible development of hypertrophy and eutrophic remodeling associated with elevated 

blood pressure due to the consumption of high salt diet.  The consequence of such modifications 

is an alteration of the stress/strain characteristics of the vessel wall, compliance, and composite 

Young’s modulus, which may predispose the circulatory tree to abnormal behavior and hence, 

risks related to cardiovascular morbidity and mortality. 

Morphological and physiological (functional) changes in the vasculature have been reported to 

occur during hypertension (Barbaro et al., 2015; Linde et al., 2012).  Salt-induced changes in 

vascular function is a consequential and/or contributing factor to the remodeling of the arterial 
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wall that underlies elevated blood pressure.  Our results from the pressure-volume curves reveal 

significantly greater distended vascular compliance in hypertensive (high salt diet) than 

normotensive (regular diet) males and the corresponding females on high salt diet.  Our finding 

in these small resistance arteries is in contrast to other studies in large conduit vessels that 

suggest a decrease in compliance with hypertension due to the intake of high salt diet (Engberink 

et al., 2015; Intengan & Schiffrin, 1998; Kanbay et al., 2011; Kusche-Vihrog et al., 2015).   

Sympathetic neural control is involved in the modulation of large artery function and vasomotor 

control of small resistance arteries.  The influence of sympathetic nervous system as well as 

those of the local vasoactive mediators on vascular function are crucial elements in the 

development hypertension and related cardiovascular events.  

In our current investigation, vasoconstriction due to the action of phenylephrine did not 

significantly affect vascular compliance in males on a regular compared to high salt diets.  In 

contrast, phenylephrine significantly increased compliance in vessels of females on high salt 

compared to regular diets, likely due to the initial smaller lumen size diameter in males.  

Vasodilation using a NO donor, sodium nitroprusside, significantly reduced vascular compliance 

in males on high salt compared to regular diets.  Furthermore, vasodilation significantly 

increased vascular compliance in males compared to females on regular diet. However, there was 

a significant decrease in vascular compliance in male compared with female on salt diet in the 

presence vasodilator, sodium nitroprusside, supporting the view that initial lumen diameter is 

likely responsible for the observed differences in vascular compliance over the pressure range in 

our investigation. The observed results may be due to differences in salt sensitivity and NO 

regulation between sexes as a result of the impact of hormonal regulation of endothelial function 

(Eisenach et al., 2012). 
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The composite elastic Young’s modulus, a measure of vascular stiffness independent of 

geometry, was not significantly altered in the 3rd order mesenteric blood vessels among the 

experimental groups under baseline conditions.  This is perhaps not surprising as we noted that 

the ratios of the various components (i.e., collagen/elastin, VSM/collagen, VSMC/elastin) of 

vascular wall were significantly different in animals fed regular versus high salt diets.  However, 

in the presence of a vasoconstrictor (phenylephrine), the composite Young’s modulus was 

significantly higher in blood vessels from males on high salt than males on regular diets and the 

corresponding females.  This can likely be attributed to the combination of functional (i.e., 

pharmacomechanical coupling) and morphological changes (VSMC proliferation ) in blood 

vessels of male animals on high salt diet (Anderson et al., 1989; Carlson et al., 2000; Velez-Roa 

et al., 2004). 

In our studies, the presence of the exogenous nitric oxide donor, sodium nitroprusside, resulted 

in a significant reduction in the composite Young's modulus in blood vessels of males on regular 

and high salt diets compared with the corresponding values in females. Accordingly, such a 

response would be expected to mask the role of the active component of the vascular wall in 

modulating vascular function. The outcome may support the view that vascular tone is 

elevated in vivo due to reduction in endothelial cell function with increased salt consumption. 

The latter alteration in function may accentuate vascular stiffness due to the presence of 

vasoconstrictors even though under baseline condition composite Young's modulus was noted to 

be unchanged in animals fed a high salt diet. Moreover, this is an effect that seems to be 

suppressed in females perhaps due to the presence of other vasculoprotective factors such as sex 

steroid hormones. 
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In summary, our findings suggest the link that exits between high salt diet and elevated blood 

pressure is sex specific. It likely involves sex-dependent changes in the ultrastructure of the 

blood vessel which ultimately could alter the biomechanics. Moreover, it is likely that both high 

salt intake and pressure play a role in the vascular remodelling, and the combination seem to 

produce a greater effect in male compared with female animals in our study. It is also possible 

that the haemodynamic functions of both micro-circulation and macro-circulation may lead to 

additive detrimental outcomes, and this is a novel concept that requires systematic clinical 

investigation. 
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2.6 Perspective 

The Windkessel property of the large arteries is a fundamental determinant of the relationship 

between the pulsatile pressure and flow, enabling a steady flow in the microcirculation for 

efficient perfusion of organs and tissues.  It is recognized that the resistance vessels serve not 

only as the site for vascular resistance, but also as an origin of wave reflections generating 

increased central systolic pressure.  Accordingly, increase in vascular stiffness is an adaptive 

response to an increase in hemodynamic stress, and the comparative study of the structural and 

mechanical alterations of resistance vessels in males and females are essential for a better 

understanding and insight of sex differences in the circulatory system.  The increase in arterial 

stiffness of large arteries results in a combination of reduced storage capacity of the arteries 

during systole and wave propagation along the arterial tree.  The consequence is an increase in 

ventricular load and hypertrophy and elevated blood pressure, pulse pressure and PWV.  The 

downstream effect is a reduction in tissue perfusion by the resistance arteries, which are 

predictors of cardiovascular morbidity and mortality.  Crosstalk between the micro- and macro-

circulation plays a vital role in regulating vascular hemodynamics.  A disruption in function of 

the microvascular circulation can trigger a change in structural and mechanical alterations of the 

microcirculation, which can be corrected with certain pharmacological agents that produce 

vasodilation to reduce workload and dampen wave reflection, but such an approach may need to 

be different based on sex.
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Chapter 3 Effects of vasoactive substances on the biomechanics of small 

resistance arteries of male and female Dahl salt-sensitive rats 

3.1 Abstract 

Changes in vascular biomechanics leading to increase in arterial stiffness play a pivotal role in 

circulatory dysfunction. Our objectives were to examine sex-specific pharmacological changes 

related to the biomechanics and any structural modifications in small resistance arteries of Dahl 

salt-sensitive male and female rats. The composite Young modulus (CYM) was determined 

using pressure myograph recordings, and immunohistochemistry was used for the evaluation of 

any structural changes in the third-order mesenteric arteries (n = 6). Animals on high-salt diet 

developed hypertension with significant elevation in central and peripheral blood pressures and 

pulse wave velocity compared to those on regular diet. There were no significant differences 

observed in the CYM between any of the groups (i.e., males and females) in vehicle-treated 

time-control studies. The presence of verapamil (0.3 μM) significantly reduced CYM in 

hypertensive males without changes within females compared to vehicle. This effect was 

abolished by phenylephrine (0.3 μM). BaCl2 (100 μM), ouabain (100 μM), and L-NAME 

(0.3 μM) combined significantly increased CYM in vessels from in normotensive males and 

females but not in hypertensive males compared to vehicle. The increase in CYM was abolished 

in the presence of phenylephrine. Sodium nitroprusside (0.3 μM), in the presence of 

phenylephrine, significantly reduced CYM in male normotensive versus hypertensive, with no 

differences within females. Significant differences were observed in immunohistochemical 

assessment of biomechanical markers of arterial stiffness between males and females. Our 
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findings suggest sex possibly due to pressure differences to be responsible for adaptive changes 

in biomechanics, and varied pharmacological responses in hypertensive state.
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3.2 Introduction 

Alterations in the mechanical characteristics of the arterial wall occur when an initial adaptive 

mechanism becomes maladaptive with resulting vascular complications (Cecelja & 

Chowienczyk, 2012; Mozos et al., 2017; Veerasamy et al., 2014).  The interactions between 

structural and dynamic components of the vessel wall are vital in providing the structural and 

mechanical properties required for proper vascular function (Intengan & Schiffrin, 2000; 

Ribeiro-Silva et al., 2021), with the dysregulation of each component being crucial to the vessel 

wall remodeling process.  Hence, alterations in the biomechanics and the ensuing malfunction of 

the arterial wall have emerged as an important risk factor for future cardiovascular events in 

males and females (Cecelja & Chowienczyk, 2012; Mozos et al., 2017; Veerasamy et al., 2014).  

There are, however, sex-specific differences in arterial stiffness, which are suggested to be 

intrinsic and influenced by many factors, including sex hormones (Colafella & Denton, 2018; 

DuPont et al., 2019; Rossi et al., 2011).  Although several mechanisms have been suggested to 

be involved in the development of arterial stiffness, there remains many gaps in our knowledge 

of the mechanistic differences and factors involved in arterial remodeling in males versus 

females.  We recently reported structural alterations to the vessel wall with increased collagen 

and vascular smooth muscle cell (VSMC) in the small mesenteric arteries of hypertensive male 

rats compared to normotensive or their corresponding female rats (Mensah et al., 2022).  Our 

findings from assessing the vessel wall mechanics using phenylephrine (vasoconstrictor) and 

sodium nitroprusside (vasodilator) suggest sex-specific mechanisms is likely involved in changes 

in the ultrastructure of the vessels.  These sex-specific structural alterations alter biomechanics 

and hemodynamics (Mensah et al., 2022). 
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 Resistance arteries serve as a crucial site for blood pressure regulation, and this effect 

depends on the contractile state of the arterial VSMCs (W. F. Jackson, 2021; Jiang et al., 2016).  

Moreover, L-type voltage-operated Ca channels play an important role in the development of 

blood vessel tone, making them an important target in regulating vasoconstriction and peripheral 

resistance (Thompson & Khalil, 2003; Tykocki et al., 2017).  Accordingly, sex-differences may 

exist in vascular biomechanics due to functional alterations in voltage-operated calcium channels 

that have yet to be investigated.  Furthermore, arterial remodeling seems to be initiated by 

myriad of complex mechanisms that affect the structural, as well as the dynamic components of 

the arterial wall (e.g., endothelial cells), where sex-differences may exist (Cecelja & 

Chowienczyk, 2012; Mozos et al., 2017).  Several marker proteins, including matrix 

metallopeptidase 9 (MMP-9), nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

and β1 integrin, have been reported to modulate the mechanisms involved in the development 

and progression of arterial stiffness through alterations in extracellular matrix (ECM), oxidative 

stress, endothelial permeability and adherence and VSMC stiffening (Hays et al., 2018; Sanchez 

et al., 2006; Yasmin et al., 2005; Yun et al., 2016).  The possibility that changes in vascular 

biomechanics due to sex differences are associated with alterations in MMP-9, NADPH and/or 

β1 integrin levels in small resistance arteries is yet to be determined. 

 Thus, our working hypothesis was that differential changes of biomechanics in small 

mesenteric resistance arteries (~220 µm) of male compared to female salt-hypertensive animals 

will be of both structural and functional nature.  Therefore, the primary aim of our investigation 

was to examine whether males and females differ in response to salt-induced hypertension in 

terms of the degree of hypertension produced and whether this is reflected in pharmacological 
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responses in isolated blood vessels.  The secondary goal was to determine any underlying 

structural alterations using immunohistochemistry.  

3.3 Materials and Methods 

3.3.1 Animals: 

All procedures on animals were carried out in accordance with the guidelines of the Canadian 

Council on Animal Care, with the approval of the Institutional Animal Care Committee of 

Memorial University of Newfoundland and the Canadian Council of Animal Care (Guide to care 

and Use of Experimental Animals, Vol 1, 2nd Edition).  Male and female Dahl salt-sensitive rats 

(age 5–6 weeks) were purchased from Charles River Laboratories (Saint Constant, QC, Canada), 

housed two per cage, and were kept in a temperature-controlled environment (22 ± 2°C) on a 

12 h–12 h light–dark cycle. They were given access to normal tap water and standard chow 

(regular) or high-salt diet containing 4% NaCl (Zeigler Bros., Inc. Gardners, PA, USA) 

ad libitum for 6–7 weeks (approximately 84–91 days of life). 

3.3.2 Experimental Design: 

Each animal (age 12–14 weeks) was anesthetized (induction 5% isoflurane in 100% O2, 

maintenance 1.25%–1.5% isoflurane in 100% O2), and was injected with the analgesic, 

buprenorphine (0.01 mg/kg, s.c.). The core body temperature was maintained at 37 ± 1°C using a 

heating lamp and monitored with a rectal thermometer. The external iliac and carotid arteries 

were isolated and catheterized using polyethylene tubing (I.D. 0.58 mm, O.D. 0.965 mm [9 cm] 

connected to I.D. 0.28 mm, O.D. 0.61 mm [7 cm]). The catheters were advanced forward 

(approximately 2 cm) such that the catheter in the femoral artery was just at the distal end of the 

abdominal aorta while the catheter in the carotid artery was just beyond the aortic arch and in the 
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proximal end of the thoracic aorta (Leblanc & Tabrizchi, 2018). All catheters were filled with 

heparinized normal saline (25 iu/mL). Central (aortic) and peripheral (femoral artery) blood 

pressure, as well as heart rate, were continuously recorded by AcqKnowledge (3.9.1.6) software 

(Biopac Systems Inc., Goleta, CA, USA) with a pressure transducer (P23XL; Spectramed 

Statham; Viggo-Spectramed, Oxnard, CA, USA) for 20–25 min. The signals were amplified (DA 

100A; Biopac Systems Inc., Goleta, CA, USA), where the amplifier was connected to a universal 

interface module (UIM 100; Biopac Systems Inc., Goleta, CA, USA), and to an acquisition unit 

(MP100; Biopac Systems Inc., Goleta, CA, USA). The analog output signal was then converted 

to a digital signal (USB1W; Biopac Systems Inc., Goleta, CA, USA), and displayed in 

AcqKnowledge (3.9.1.6). Animals were euthanized by anesthetic overdose and thoracotomy. 

The mesenteric arteries were removed and prepared for functional and histological studies. The 

heart of each animal was excised, and the right ventricle and left ventricle plus septum were 

separated and weighed. In addition, the length between the carotid artery catheter and the 

femoral artery catheter was measured at post-mortem, and pulse wave velocity (PWV) was then 

calculated with the following formula PWV = d/t (Leblanc & Tabrizchi, 2018). 

3.3.3 Pressure Myograph Experiments: 

All chemicals used in the pressure myograph experiments were purchase from Sigma Aldrich 

(Montreal, Canada) unless otherwise stated.  The mesenteric bed was placed in a dissecting dish 

containing modified Krebs buffer with the following composition (mM): 120 NaCl, 4 KCl, 1.2 

MgCl2.6H2O, 1.5 CaCl2H2O, 25 NaHCO3, 1.2 KH2PO4, and 0.1 EDTA in an oxygenated (95% 

O2 and 5% CO2) environment. The third-order branch of the mesenteric artery was determined to 

be the third branch off the superior mesenteric artery of the gut.  A length of approximately 5 
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mm was isolated and carefully cleaned of surrounding tissues under a dissecting microscope as 

described by Jadeja et al (Jadeja et al., 2015).   

The mechanical properties of isolated third-order mesenteric arteries were studied with a 

pressure myograph.  Isolated vessels were mounted onto the Single Vessel Chamber component 

of the Pressure Servo System (Living system instrumentations, Model CH-1-SH/CH-1-QT P100, 

St. Albans City, VT, USA) for the pressure myograph studies. In detail, the isolated third -order 

mesenteric artery were mounted on two glass micropipettes, secured with 0.2 metric (10-0) 

surgical nylon suture obtained from CovidienTM . The vessel length was adjusted so that the 

vessel walls were parallel and without stretch.  Intraluminal pressure was then set to a baseline 

pressure of 3.9 KPa (30 mmHg) and allowed to equilibrate for 20 min at 37 ± 1°C in a modified 

Krebs buffer gassed with a mixture of 95% O2 and 5% CO2.   

Vascular response was imaged using an inverted microscope Accu-Scope 3032 (Accu-Scope 

INC, NY, USA) and measured using a Video Dimension Analyzer (Living Systems 

Instrumentation, VT, USA) and the iWORX Data Recording Software (Dover, NH, USA). Six 

different groups of experiments were undertaken in assessment of the mechanical function of the 

blood vessel with different interventions:  (i) equivalent volume (24 µL) of vehicle (distilled 

water) time-control, (ii) verapamil (0.3 µM), (iii) phenylephrine (0.3 µM) plus verapamil (0.3 

µM), (iv) BaCl2, (100 µM), ouabain (100 µM) and L-N-Nitro arginine methyl ester (0.3 µM) 

combined, (v) phenylephrine (0.3 µM) plus BaCl2, (100 µM), ouabain (100 µM) plus L-N-Nitro 

arginine methyl ester (0.3 µM) combined, and (vi) phenylephrine (0.3 µM) plus sodium 

nitroprusside (0.3 µM).  Five minutes after the additions of the vasoactive agents or vehicle, 

intraluminal pressure was raised stepwise at an increasing transmural pressure of 5.3, 7.9, 10.6, 

and 13.3 Kpa to obtain a pressure-diameter (D) curve.  For each vessel, the thickness of the left 
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wall (LW) and right wall (RW) were also measured.  In another group of experiments isolated 

third order mesenteric arteries were pressure-fixed (7.9 KPa), without the presence of any 

vasoactive agents, with Karnovsky fixative at 37 ± 1°C for 30 min for immunohistochemistry 

studies. 

3.3.4 Tissue immunofluorescence 

Isolated third-order mesenteric vessels were pressure-fixed in formalin and embedded in the 

paraffin wax. The paraffin-embedded vessels were sliced into 6 μm sections using a cryotome 

(Fisher Scientific, Pittsburgh, PA, USA), placed on charged slides (4–6 slices/slide), and stored 

at −20°C until processed for immunofluorescence (IF) studies. The expression of the following 

proteins was tested: MMP9 (Anti-MMP9 antibody [EP1254] ab76003 (1:200); Abcam, MA, 

USA), NADPH (Anti-NADPH oxidase 4 antibody [UOTR1B493] ab133303 (1:100); Abcam, 

MA, USA), and integrin beta 1 (Anti-Integrin beta 1 antibody [EPR16895] ab179471 (1:250); 

Abcam, MA, USA). For day 1 of testing, the slides were thawed, deparaffinized using, two 

washes of xylene (10 min each), 1:1 Xylene:100% Ethanol, 100% ethanol, 95% ethanol, 70% 

ethanol, 50% ethanol, and washed in 1 × PBS (5 min each). All antibody staining required heat-

mediated antigen retrieval with citrate buffer pH 6.0 at 100°C for 30 min (for anti-MMP9 and -

NADPH oxidase 4 antibodies) and Tris/EDTA buffer pH 9.0 at 100°C for 30 min (for Anti-

Integrin beta 1 antibody) and allowed to cool down at room temperature for 20 min and washed 

in 1 × PBS (5 min each at room temperature) before tissue permeabilization and blocking. The 

blocking solutions consisted of 10% normal goat serum (NGS) with 0.1% Triton-X in 1 × PBS, 

incubated for 1 h at room temperature. Following the wash step (2 × PBS for 10 min at room 

temperature), the samples were incubated with the primary antibodies for the proteins of interest 

at the concentrations indicated above. 
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For day 2 of testing, after five washes (2 × PBS for 10 min at room temperature), sections were 

incubated with secondary antibody [Cy5-Goat Anti-Rabbit (1:200) for Anti-MMP9; Cy5-Goat 

Anti-Rabbit (1:250) for NADPH oxidase 4 and Cy5-Goat Anti-Rabbit (1:200) for Anti-Integrin 

beta 1; all Cy5 conjugated antibodies were from Jackson Immunoresearch, PA, USA]. 4′,6-

diamindino-2-phenylindole [DAPI (1:1000); ThermoFisher Scientific, ON, CAN] was used as a 

nuclear counterstain. 

For all the immunofluorescence staining, stacks of images at 1 μm increments (a total of 10 

slices) were collected for a Z-stack using Zeiss LSM900 with airyscan 2 with Zen Blue software. 

Semi-quantitative analysis of the images was done using ImageJ software (US National Institutes 

of Health), and a step-by-step protocol outlined by (Crowe & Yue, 2019) was used to determine 

the mean gray value (MGV) of the vessel for the various antibodies used as the average pixel 

intensity of the IHC threshold image (Mean). 

3.3.5 Calculation of mechanical parameters 

The luminal diameter at baseline D0, left LW and RW were measured at various intraluminal 

pressures, (5.3329, 7.9993, 10.6658, and 13.3322 KPa) using a video frame capture and real-time 

edge-detection system available with the Video Dimension Analyzer.  The wall thickness (WT) 

was calculated using the following formula: WT = (LW+RW)/2. 

Vascular compliance (C), which is the ability of a vessel to distend and increase volume with an 

increasing transmural pressure is equal to changes in vessel volume (ΔV= πr2 h), divided by 

changes in transmural pressure (ΔP) (i.e., C = ΔV/ΔP).  

The following mechanical parameters were calculated according to the methods by Intengan and 

Schiffrin (Intengan & Schiffrin, 1998). Circumferential wall strain (ε) = (D - D0)/ D0, where D0 
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is the diameter at baseline transmural pressure and D is the observed luminal diameter for a 

given transmural pressure. Circumferential wall stress (σ) = (PD)/(2WT), where P is the 

intramural pressure, D and WT are the luminal diameter and wall thickness respectively. 

To estimate the arterial stiffness independent of vessel geometry, the composite Young’s 

modulus of the vessel was determined where Ec = stress/strain.  The non-linear nature of the 

stress/strain relationship was compensated for by fitting the stress/strain data from each vessel to 

an exponential curve y = aebx where σ = σ0e
xβ (plots of ln y vs. x), σ0 is the stress at baseline 

transmural pressure and β is a constant directly proportional to Ec, related to the rate of increase 

of the stress/strain curve. An increase in β implies an increase in Ec (increase in stiffness). 

3.3.6 Statistical analysis 

The hemodynamics, composite Young’s modulus, and compliance values, 

immunohistochemistry was analyzed using two-way analysis of variance (ANOVA) followed by 

Bonferroni test and/or one-way analysis of variance followed by Bonferroni test.  The statistical 

analysis was carried out with the SigmaPlot statistical package (Systat Software, San Jose, CA, 

USA).  The data are presented as means ± s.e.m., and the sample size is the number of animals 

used in each experiment (n = 6).  A value of P < 0.05 was considered significant. 

3.4 Results 

The body weight of Dahl salt-sensitive female rats was significantly lower than that of the Dahl-

salt-sensitive male rats in both groups (high salt & regular diets).  There were no significant 

differences between the body weights within the groups (i.e., males and females); male regular 

diet: 318.3 ± 17.4 g, male high salt diet: 357.7 ± 26.7 g, female regular diet: 233.3 ± 6.1 g, and 

female high salt diet: 242.3 ± 4.8 g. 
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 Hemodynamic values for the groups are presented in Table 3.1.  Animals that consumed 

a high salt diet had a significantly elevated central, peripheral, systolic, and diastolic, blood 

pressures, independent of sex.  There were no differences in the central and peripheral, systolic, 

and diastolic, blood pressures of male versus female on regular diet.  The central and peripheral 

pulse pressures were significantly elevated following high salt consumption in males but not.  

PWV (an index of the large central arteries stiffness) became significantly elevated in both male 

and female animals on high salt compared to those on regular diet.  However, we did find that 

PWV was significantly greater in males compared to corresponding females on high salt diet 

(Table 3.1). 
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Table 3.1: Hemodynamic measurements in Dahl salt-sensitive male and female rats on regular 

(R) or high salt (HS; 4% NaCl) diets for 6-7 weeks.  Each value is expressed as a mean ± s.e.m. 

(n = 6) 

 

Hemodynamic Male (R diet) Male (HS diet) Female (R diet) Female (HS diet) 

     

HR (beats/min) 361 ± 14 387 ± 6 351 ± 14 362 ± 7 

cSBP (mmHg) 131 ± 0.6  164 ± 2.4ac 134 ± 2.7 145 ± 1.0b 

cDBP (mmHg) 95 ± 0.6 118 ± 3.1ac 96 ± 2.2 105 ± 0.7b 

cPP (mmHg) 36 ± 0.3 46 ± 2.6ac 36 ± 0.9 40 ± 0.6  

pSBP (mmHg) 128 ± 1.3  158 ± 2.5ac 131 ± 2.9 143 ± 0.8b 

pDBP (mmHg) 92 ± 0.5 115 ± 2.2ac 93 ± 2.7 102 ± 0.7b 

pPP (mmHg)  36 ± 1.2 43 ± 1.8a 37 ± 1.4 41 ± 1.3 

PWV (m/sec) 4.8 ± 0.2 6.7 ± 0.4ac 4.4 ± 0.4 5.5 ± 0.3b 

 

Abbreviations: cDBP, central diastolic blood pressure; cPP, central pulse pressure; cSBP, central 

systolic blood pressure; HR, heart rate; pDBP, peripheral diastolic blood pressure; pPP, 

peripheral pulse pressure; pSBP, peripheral systolic blood pressure; PWV, pulse wave velocity. 

a Significantly different from Male R diet; p  0.05 

b Significantly different from Female R diet; p  0.05 

c Significantly different from Female HS diet; p  0.05 
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The ratio of the left ventricle plus septum to right ventricle of males on high salt diet (6.0 ± 0.3), 

was significantly greater than that of the males on regular diet (4.8 ± 0.3), or female groups 

either on regular (4.6 ± 0.3) or high salt diets (4.5 ± 0.2).  It is likely that the significant left 

ventricular hypertrophy found in males on high salt diet is due to greater increase in systemic 

arterial pressure as well as vascular stiffness (Table 3.1).  
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3.4.2 Vascular mechanics 

There were no significant differences observed in the CYM between any of the groups (i.e., 

males and females) in vehicle-treated time-control studies (Figure 3.1A).  The presence of 

verapamil (0.3 µM) significantly reduced the CYM in vessels from male animals on high salt 

compared to regular diets while no changes were noted in the corresponding female groups 

(Figure 3.1B).  In addition, verapamil also significantly changed the CYM of blood vessels in 

male compared to the corresponding female animals on regular diet (Figure 3.1B).  The presence 

of the vasoconstrictor, phenylephrine (0.3 µM), completely reversed the effects of verapamil in 

vessels from male animals leading to no significant differences among the groups (Figure 3.1C).  

A comparison of the percent changes of CYM in the presence of vasoactive agents to vehicle-

treated tissues revealed that verapamil significantly decreased blood vessel stiffness in vessels 

from male on high salt compared to males or regular diet and females on high salt diet (Table 

3.2). 
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Figure 3.1: Calculated values of composite Young's modulus using stress–strain plots 

in isolated third-order mesenteric arteries at various intravascular pressures from Dahl 

salt-sensitive male and female rats on regular or high-salt (4% NaCl) diets for 6–

7 weeks; time-control (A) presence of vehicle (B) verapamil (0.3 μM) and (C) 

phenylephrine (0.3 μM) plus verapamil (0.3 μM). Each value is expressed as a 

mean ± s.e.m. (n = 6). aSignificantly different from Male RD; p < .05; bSignificantly 

different from Female RD; p < .05. HS, high-salt diet; RD, regular diet. 
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Table 3.2: Percent changes in composite Young's modulus (CYM) from vehicle-treated 

mesenteric arteries from Dahl salt-sensitive male and female rats on regular (R) or high-salt (HS; 

4% NaCl) diets for 6–7 weeks. 

 

Treatment SSM (R diet) SSM (HS diet) SSF (R diet) SSF (HS diet) 

     

Verapamil -7.3 ± 6% 14.0 ± 2.5%a 2.8 ± 2.8% 2.5 ± 2.4% 

PE+Verapamil 8.3 ± 12% 9.9 ± 4.7% 10.2 ± 4.9% 11.9 ± 8.6% 

BOL 77.2 ± 16% 9.4 ± 2%ab 120 ± 33% 73 ± 8.5% 

PE+BOL -15.5 ± 3.7% -53.5 ± 6.8%ab -24.2 ± 6% -22.9 ± 2.5% 

PE+SNP 23.5 ± 2.8 -7.4 ± 8.9%a 23.2 ± 6.6% 8.6 ± 3% 

 

The percent values were calculated from the respective mean average of vehicle-treated time-

control group. Each value is expressed as a mean ± s.e.m. (n = 6). Verapamil (0.3 μM); 

Phenylephrine (PE) (0.3 μM); BaCl2 (B) (100 μM) + Ouabain (100 μM) (O) + L-Nω-nitro 

arginine methyl ester (L) (0.3 μM) (BOL); Sodium Nitroprusside (SNP) (0.3 μM). 

 

a Significantly different from SSM R diet; P  0.05 

b Significantly different from SSF HS diet; P  0.05 
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The presence of BaCl2 (100 µM), ouabain (100 µM) and L-N-nitro arginine methyl ester (0.3 

µM) combined, (i.e., attenuation of endothelia cell basal relaxing function), resulted in an 

increase in CYM in blood vessels from males on regular and females on regular and high salt 

diets but not males on high salt diet (Figure 3.2A).  The presence of the vasoconstrictor, 

phenylephrine (0.3 µM), completely reversed the effects of BaCl2, ouabain and L-N-nitro 

arginine methyl ester, resulting in no significant differences in the CYM in blood vessels of any 

of the groups, males or females (Figure 3.2B).  In comparison, the addition of NO 

donor/vasodilator, sodium nitroprusside (0.3 µM), in the presence of the vasoconstrictor, 

phenylephrine (0.3 µM), caused significant reductions in the CYM in blood vessels within males 

on regular compared to high salt diets while no differences were found within females on regular 

and high salt diets (Figure 3.2C).  Further, the CYM was significantly larger in males on high 

salt compared to females on high salt diet while no differences were noted between males versus 

females on regular diet, in the presence of phenylephrine and sodium nitroprusside combined 

(Figure 3.2C).  In addition, inhibition of basal endothelial cell function by the presence of BaCl2, 

ouabain and L-N-nitro arginine methyl ester resulted in significant increase in the stiffness of 

vasculature in males on regular diet and females on regular and high diets but not males on high 

salt diet (Table 3.2). 
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Figure 3.2: Calculated values of composite Young's modulus using stress–strain plots in isolated 

third-order mesenteric arteries at various intravascular pressures from Dahl salt-

sensitive male and female rats on regular or high-salt (4% NaCl) diets for 6–7 weeks 

in the presence of (A) BaCl2 (100 μM) + ouabain (100 μM) + L-Nω-nitro arginine 

methyl ester (L) (0.3 μM), (B) phenylephrine (0.3 μM) plus BaCl2 (100 μM) + ouabain 

(100 μM) + L-Nω-nitro arginine methyl ester (0.3 μM) and (C) phenylephrine (0.3 μM) 

plus sodium nitroprusside (0.3 μM). Each value is expressed as a mean ± s.e.m. 

(n = 6). aSignificantly different from Male RD; p < .05; bSignificantly different from 

Female HS; p < .05. HS, high-salt diet; RD, regular diet. 
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Calculation of compliance values in these vessels from pressure-volume curves indicates a 

significantly higher compliance of vessels in males on high salt diet compared to males on 

regular and the corresponding females on high salt diets (Figure 3.3A).  Moreover, the presence 

of verapamil negated the greater level of compliance noted in males on high salt diet, while the 

presence of vasoconstrictor, phenylephrine, was able to reverse the effects of verapamil in 

vessels from males on high salt diet (Figure 3.3C). 
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Figure 3.3: Calculated values of compliance from pressure–volume plots in isolated third-order 

mesenteric arteries from Dahl salt-sensitive male and female rats on regular or high-

salt (4% NaCl) diets for 6–7 weeks; time-control (A) presence of vehicle (B) 

verapamil (0.3 μM) and (C) phenylephrine (0.3 μM) plus verapamil (0.3 μM). Each 

value is expressed as a mean ± s.e.m. (n = 6). aSignificantly different from Female 

HS; p < .05. HS, high-salt diet; RD, regular diet. 
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The presence of BaCl2, ouabain and L-N-nitro arginine methyl ester reduced vascular 

compliance.  A significant reduction was found between blood vessels of male on regular 

compared to males on high salt diets (Figure 3.4A).  However, there were no difference between 

females on regular versus high salt diets (Figure 3.4A).  The concomitant presence of 

vasoconstrictor, phenylephrine, and BaCl2, ouabain and L-N-nitro arginine methyl ester 

resulted in significant reductions of vascular compliance in males on high salt compared to males 

on regular diet.  In contrast, an increase in vascular compliance was found in blood vessels of 

females on high salt compared to females on regular diet (Figure 3.4B).  The addition of sodium 

nitroprusside in the presence the vasoconstrictor, phenylephrine, resulted in an increase in the 

vascular compliance in males on regular and high salt diets that were comparable, as well as in 

females on high salt diet but not females on regular diet (Figure 3.4C). 
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Figure 3.4: Calculated values of compliance from pressure–volume plots in isolated third-order 

mesenteric arteries from Dahl salt-sensitive male and female rats on regular or high-

salt (4% NaCl) diets for 6–7 weeks; (A) BaCl2 (100 μM) + ouabain (100 μM) + L-Nω-

nitro arginine methyl ester (L) (0.3 μM), (B) phenylephrine (0.3 μM) plus 

BaCl2 (100 μM) + ouabain (100 μM) + L-Nω-nitro arginine methyl ester (0.3 μM) (C) 

phenylephrine (0.3 μM) plus sodium nitroprusside (0.3 μM). Each value is expressed 

as a mean ± s.e.m. (n = 6). aSignificantly different from Female 

HS; p < .05; bSignificantly different from Female RD; p < .05. HS, high-salt diet; RD, 

regular diet. 
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3.4.3 Immunohistochemistry 

 MMP-9 is expressed in both VSMCs and endothelial cells.  In the third-order mesenteric 

arteries fixed at 7.9 KPa pressure, there was an elevated expression of MMP-9 in the intima, 

media and adventitia in males on high salt compared to the other groups.  A semi-quantitative 

analysis of the changes in MMP-9 indicated a significant increase in its levels of expression in 

males on high salt compared to males on a regular diet, without any changes in the 

corresponding female groups (Figure 3.5). 
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Figure 3.5: Representative photographs of immunohistochemical staining of MMP-9 in the 

third-order mesenteric arteries from Dahl salt-sensitive male and female rats on 

regular or high-salt (4% NaCl) diets for 6–7 weeks, fixed under 7.9993 kPa pressure. 

Inset plot of semi-quantitative assessment of the gray area for MMP-9. Each value is 

expressed as a mean ± s.e.m. (n = 6). aSignificantly different from Male RD; p < .05. 

HS, high-salt diet; RD, regular diet. 
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NADPH was expressed in the intima and predominantly in the media of the vessel wall towards 

the adventitia.  Comparison of NADPH in blood vessels revealed a significant increase of 

expression in males on high salt compared to males on a regular diet, but no significant changes 

in the corresponding female groups (Figure 3.6). 
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Figure 3.6: Representative photographs of immunohistochemical staining of NADPH in the 

third-order mesenteric arteries from Dahl salt-sensitive male and female rats on 

regular or high-salt (4% NaCl) diets for 6–7 weeks, fixed under 7.9993 kPa pressure. 

Inset plot of semi-quantitative assessment of the gray area for NADPH. Each value is 

expressed as a mean ± s.e.m. (n = 6). aSignificantly different from Male RD; p < .05. 

HS, high-salt diet; RD, regular diet. 
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 β1-Integrin was found to be expressed in the intima and adventitia of all the groups and 

predominantly expressed in the media of the high salt diet groups (Figure 3.7).  A semi-

quantitative analysis revealed significant increases in the levels of β1-integrin in blood vessels of 

male and female animals on high salt diet when compared to their corresponding group on 

regular diets (Figure 3.7). 
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Figure 3.7: Representative photographs of immunohistochemical staining of β1-integrin in the 

third-order mesenteric arteries from Dahl salt-sensitive male and female rats on 

regular or high-salt (4% NaCl) diets for 6–7 weeks, fixed under 7.9993 kPa pressure. 

Inset plot of semi-quantitative assessment of the gray area for β1-integrin. Each value 

is expressed as a mean ± s.e.m. (n = 6). aSignificantly different from Male 

RD; p < .05; bSignificantly different from Female RD; p < .05. HS, high-salt diet; RD, 

regular diet. 
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3.5 Discussion 

 In our current investigation, using small resistance arteries, the presence of L-type Ca 

channel antagonist, verapamil, resulted in reductions in CYM in the male hypertensive animals 

with no changes in female groups.  In addition, inhibition of endothelial cell function by 

treatment with BaCl2, ouabain and L-N-nitro arginine methyl ester, led to significant increases 

in blood vessel stiffness (i.e., increase in CYM) in the male normotensive and both female 

groups but not in the male hypertensive group.  Immunohistochemical assessments of the 

biochemical properties of the arterial wall showed significant differential expressions of MMP-9, 

NADPH, and β1-integrin between sexes. 

 Alterations in wall structure of blood vessels leading to the elevation in arterial stiffness 

are accompanied by an increase in CYM (Bank et al., 1996; Lee & Oh, 2010; Messas et al., 

2013; Wagenseil & Mecham, 2009).  We have previously reported sex-specific changes in CYM 

in small resistance arteries between male and female hypertensive rats due to high salt 

consumption following exposure to phenylephrine (vasoconstrictor) and sodium nitroprusside 

(vasodilator) (Mensah et al., 2022).  At baseline, we found no differences in CYM among the 

experimental groups in our current study, and as we had previously reported (Mensah et al., 

2022).  However, when treated with verapamil, there were significant changes in CYM within 

the males but not the female groups.  Moreover, pre-constriction with phenylephrine completely 

abolished the vascular actions of verapamil on CYM in males without affecting females.  These 

findings indicate a sex-specific sensitivity in the L-type calcium channels to verapamil that can 

significantly influence arterial biomechanics in males but not females. 

 Inhibition of endothelial cell function revealed significant increases in CYM from 

baseline in all groups except the male hypertensive group, unmasking endothelial dysfunction in 
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the male hypertensive rats that could contribute to increased arterial stiffness in the latter group 

but not in any other group (Gallo et al., 2021; Guo et al., 2014).  Furthermore, the increase in 

CYM in females on high salt supports the functionality of the endothelial cell layer despite 

significant elevation in blood pressure, heart rate and PWV.  Here, we have demonstrated the 

potential for a sex-specific vasculoprotective phenomenon that may oppose, and possibly delay 

or prevent, the progression of arterial remodelling and function in females.  Our current findings 

are consistent with our previous publication, where the electron micrograph images of the third 

order mesenteric arteries in the male hypertensive group had revealed damaged, discontinuous 

and fragmented endothelial cell layer, a feature which was absent in the male and female 

normotensives, and female hypertensive rats (Mensah et al., 2022).  Pre-constriction of these 

arteries with phenylephrine before treatment with sodium nitroprusside (NO donor) increased 

CYM in the male hypertensive group compared to the normotensive and female hypertensive 

groups.  This would suggest that this increase in CYM results from a possible reduction in NO 

bioavailability, an increase in sensitivity to the effects of phenylephrine vasoconstriction and 

possibly the structural alterations in the male hypertensive group due to high salt intake and 

elevation in blood pressure. 

 Several mechanisms have been suggested to account for the development and progression 

of arterial stiffness (Avolio, 2013; DuPont et al., 2019; Luft, 2012; Palombo & Kozakova, 2016; 

Zieman et al., 2005).  However, the sex-specific mechanisms contributing to arterial stiffness 

that we have described in our current studies were unknown, and not studied.  Arterial 

remodeling is a complex pathophysiological adaptation involving the structural and dynamic 

components of the arterial wall (Lemarié et al., 2010; van Varik et al., 2012).  Structural 

alterations involve the enhanced deposition of collagen and increased elastin turnover/breakdown 
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of the ECM.  Matrix metalloproteinases (MMP) are zinc-dependent endopeptidases that degrade 

various ECM proteins, including collagen and elastin, and influence endothelial cell and VSMC 

function.  MMP is regulated by endogenous tissue inhibitors of metalloproteinases (TIMPs).  A 

balance between MMP and TIMP is crucial in pathophysiological conditions serving as a 

biomarker in arterial remodeling (Díez, 2007; Lemarié et al., 2010). 

 The current study in male and female rats demonstrated sex-specific change in the 

expression of MMP-9 in the vascular wall, with males being more susceptible after the 

consumptions of a high salt diet.  Elevated MMP-9 expression in the hypertensive males 

suggests there is more remodeling of the resistance artery wall in response to increased 

hemodynamic stress (Kalani et al., 2016; Yasmin et al., 2005).  The molecular mechanisms 

underlying ECM remodeling in mesenteric resistance arteries have not been studied extensively.  

The increase in the expression of MMP-9 is a clear indication of ECM turnover from increased 

salt consumption, which is consistent with our ultrastructure findings (Mensah et al., 2022).  

Furthermore, the subsequent increase in the expression of MMP-9 in the male hypertensive 

group compared to the female group suggests a different possible timeline in the initiation and 

progression of arterial remodeling between males and females.  Moreover, the present studies on 

MMP-9 expression in the cardiovascular system report a significant increase of MMP-9 

expression in males compared to females with an underlying cardiovascular diseases suggesting 

a sex disparity of MMP-9 expression, which could account for the sex-specific differences in 

functional response and arterial remodeling (Kobayashi et al., 2011; Sokolis & Iliopoulos, 2014; 

Sullivan et al., 2018). 

 Evidence from several studies suggests that VSMCs directly contribute to elevated 

arterial stiffness as a consequence of the alterations in the cytoskeleton and integrin complex 
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within the ECM (Gao et al., 2014; Hays et al., 2018; Kajuluri et al., 2021; Patrick Lacolley et al., 

2017; Qiu et al., 2010).  A direct interaction between the arterial wall (i.e., ECM) and VSMCs 

components involves the ECM integrin-cytoskeleton complex.  The ECM integrin-cytoskeleton 

complex is a mechanosensing apparatus allowing VSMCs to detect and respond to intraluminal 

stress on the vessel wall (Hill et al., 2007; Lacolley et al., 2012).    In our current study, the 

increased expression of β1-integrin in male and female hypertensive groups is consistent with 

increased VSMCs/wall ratio in our previous morphometric analysis of the vascular wall (Mensah 

et al., 2022).  Thus, we suggest that β1-integrin is involved in cellular hypertrophy in response to 

high salt intake and/or elevated blood pressure.  This is also aligned with a higher value of CYM 

in response to phenylephrine in the male hypertensive group due to the vessel wall/VSMC ratio 

(Mensah et al., 2022).  Moreover, it is also possible that increase in β1-integrin occurs with 

inflammation, and it will affect cytoskeletal tension and alters cell-cell junctions (Pulous & 

Petrich, 2019). 

 However, these changes are not consistent with the change of CYM in female 

hypertensive rats in response to phenylephrine, suggesting a protective mechanism that regulates 

the vessel wall tone and VSMC proliferation in females despite the increased expression of β1-

integrin (Turlo et al., 2013).  Our results point to the concept that β1-integrin could be an early 

marker in the induction and progression of arterial remodeling and stiffness in small resistance 

arteries, an interesting finding that requires further investigation. 

 The increased expression of NADPH in the hypertensive group may suggest an increased 

endogenous superoxide anion production, and possibly reduced NO bioavailability. These results 

support the view of an intact endothelial cell layer as reported in our previous studies in male and 

female normotensive, and female hypertensive groups (Mensah et al., 2022). It also points to an 
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important functional role for intrinsic sex-specific mediators such as estrogen in the maintenance 

of a functional endothelium and bioavailability of endothelium-dependent 

relaxing/hyperpolarizing factors in small resistance arteries of females despite the elevated salt 

consumption and hypertension. 

 Treatment of blood vessels with verapamil did not affect compliance in either male or 

female groups.  However, after pre-constricting the vessels with phenylephrine before verapamil, 

there was a significant increase in compliance in the male hypertensive compared to the 

normotensive group.  In contrast, verapamil did not affect the compliance of the female groups.  

The observed result suggests a difference in sensitivity to verapamil in the males versus females, 

which is unmasked under elevated vessel tone.  The changes in the compliance in the rat 

phenotypes when the endothelial function was inhibited also unmask the contributions of 

vascular endothelium to the vessel wall compliance and how a dysfunctional endothelium 

impacts compliance.  Furthermore, the overall increase in compliance in the males compared to 

the females when vessels were treated with sodium nitroprusside after pre-constriction with 

phenylephrine reinforces the differences NO bioavailability and regulation of vascular tone 

between males and females (Huang et al., 1998; Sader & Celermajer, 2002; White et al., 2000). 

 Our findings suggest multiple differential mechanisms involved in altering wall 

biomechanics, which is sex-specific in salt-induced hypertension.  Thus, understanding how sex-

specific effects influence these mechanisms could present a gender-specific therapeutic approach 

to lessen cardiovascular risk.
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Chapter 4 The role of Piezo 1 channels in vascular stiffness in isolated small 

resistance arteries of male and female Dahl salt-sensitive hypertensive rats 

 

4.1 Abstract 

Piezo are mechanosensitive non-selective cation channels that are suggested to be involved in 

vascular development and function. The aim of our study was to determine any sex-specific 

contributions of the mechanosensitive Piezo 1 channels on blood vessel wall stiffness. 

Composite Young modulus (CYM) was determined using pressure myograph experimental 

approach using third-order mesenteric arteries (intact and denuded) from Dahl salt-sensitive male 

and female normotensive and hypertensive rats (n = 6–8). The effects of Piezo 1 agonist (Yoda 1; 

10 μM), and antagonist (GsMTx-4; 2 μM) were studied in intact and denuded vessels. The 

distribution of Piezo 1 was identified using immunohistochemistry. In intact blood vessels, there 

were no differences in CYM between the experimental groups, however, removal of the 

endothelium unmasked significant increases in CYM in normotensive males and female groups 

compared to hypertensive males. The presence of Yoda 1 did not affect CYM in any groups. In 

the intact tissues, GsMTx-4 led to significant increases in CYM in hypertensive females, and 

normotensive males and females, but not in hypertensive males. In the denuded vessels, GsMTx-

4, produced a significant increase in CYM but only in the female normotensives. Differential 

expression of Piezo 1 were found in male versus female blood vessels. Our findings support a 

greater contribution of Piezo 1 mechanoceptors to vascular biomechanics of male hypertensive 

compared to male normotensive or female groups. The evidence also points to a possible 
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differential vasoregulatory role for Piezo 1 in endothelial versus vascular smooth cells, with a 

greater contribution in males than females. 
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4.2 Introduction 

  

Piezo are mechanosensitive non-selective cation channels that are involved in vascular 

development and function (Kefauver et al., 2020; Volkers et al., 2015).  These channels allow the 

passage of cations across the cell membrane and detect mechanical stress (Kefauver et al., 2020; 

Nourse & Pathak, 2017; Wang et al., 2021).  Activation of Piezo 1 is suggested to influence 

myogenic activity of blood vessels as well have trophic effects (Robledo, 2019; Wang et al., 

2021). Ion channels in the membrane of vascular endothelial and vascular smooth muscle cells 

(VSMCs) play a crucial role in maintaining and regulating vascular tone in resistance arteries, 

which are pivotal for generating vascular resistance (Jackson, 2000).  This essential function 

ensures blood flow to vital organs while maintaining vascular reserve (Jacob et al., 2016).  

 Chronic elevation in blood pressure is characterized by the structural remodeling of the 

arterial wall (Humphrey & Schwartz, 2021; Touyz et al., 2018).  Elevated intravascular pressure 

can lead to increased mechanical stress on the vessel wall components, which can significantly 

impact vascular development (Humphrey & Schwartz, 2021; Jacob et al., 2016).  Hypertensive 

state can lead to endothelial dysfunction, possibly damage, and increased stress on the blood 

vessel wall (Humphrey & Schwartz, 2021; Martinez-Quinones et al., 2018).  Endothelial cells 

and VSMCs have the ability to detect changes in pressure and its related stress on the vessel wall 

(i.e., mechanosensing) (Davis et al., 2023; Humphrey & Schwartz, 2021).  This process requires 

unique proteins (mechanotransducers) that convert the mechanical forces generated by blood 

pressure and flow on the vessel walls into biochemical signals primarily via mechanically 

activated ion channels such as Piezo 1 (Davies & Tripathi, 1993; Davis et al., 2023; Humphrey 
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& Schwartz, 2021). As such, the presence of Piezo 1 channels have been reported in both 

VSMCs and endothelial cells (Beech, 2018; Fels & Kusche-Vihrog, 2020). 

 Piezo 1 has been suggested to be involved in arterial wall remodeling in different models 

of hypertension (i.e., angiotensin II infused, and deoxycorticosterone acetate salt-

induced/uninephrectomized) (Retailleau et al., 2015).  A decrease in blood vessel lumen 

diameter and an increase in wall thickness in the mentioned hypertensive states can be reversed 

in Piezo 1 knockout animals (Beech, 2018; Retailleau et al., 2015).  However, there is very 

limited information describing the functional contributions of Piezo 1 in the mechanics of 

resistance arteries in a hypertensive state.  In addition, no studies have examined sex differences 

for Piezo 1 in relation to vascular pharmacology. Moreover, in recent studies, we had suggested 

that sex differences could be responsible for adaptive changes in biomechanics, and varied 

pharmacological responses in Dahl hypertensive animals (e.g., the presence of verapamil reduced 

composite Young modulus (CYM) in the male hypertensive animals with no changes in females) 

(Mensah et al., 2022, 2024). Therefore, our working hypothesis is that there are differences in the 

contributions of Piezo 1 mechanoreceptors to biomechanics in the resistance arteries of 

hypertensive males versus females.  Accordingly, the aim of our current study was to describe 

the sex-specific contributions of the mechanosensitive Piezo 1 channels in resistance artery 

biomechanics in normotensive and a hypertensive rat model and define the role of these channels 

in the pathophysiology of salt-induced hypertension as an emerging pharmacological target. 
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4.3 Materials and Methods 

4.3.1 Animals: 

All procedures on animals were carried out in accordance with the guidelines of the Canadian 

Council on Animal Care, with the approval of the Institutional Animal Care Committee of 

Memorial University of Newfoundland and the Canadian Council of Animal Care (Guide to care 

and Use of Experimental Animals, Vol 1, 2nd Edition).  Male and female Dahl salt-sensitive rats 

(age 5-6 weeks) were purchased from Charles River Laboratories (Saint Constant, QC, Canada), 

housed two per cage, and were kept in a temperature-controlled environment (22 ± 2° C) on a 

12h-12h light-dark cycle. They were given access to normal tap water and standard chow (0.65% 

NaCl) or a high salt diet containing 4% NaCl (Zeigler Bros., Inc. Gardners, PA, USA) ad libitum 

for 6-7 weeks. 

4.3.2 Experimental Design: 

Each animal (age 12–14 weeks) was anesthetized (induction 5% isoflurane in 100% O2, 

maintenance 1.5%–1.25% isoflurane in 100% O2) (Fresenius Kabi ON, Canada), and were 

injected with the analgesic, buprenorphine (0.01 mg/kg, s.c.). The core body temperature was 

maintained at 37 ± 1°C using a heating lamp and monitored with a rectal thermometer. The 

external iliac and carotid arteries were isolated and catheterized using polyethylene tubing (I.D. 

0.58 mm, O.D. 0.965 mm [9 cm] connected to I.D. 0.28 mm, O.D. 0.61 mm [7 cm]). The 

catheters were advanced forward (approximately 2 cm) such that the catheter in the femoral 

artery was just at the distal end of the abdominal aorta while the catheter in the carotid artery was 

just beyond the aortic arch and in the proximal end of the thoracic aorta.19 All catheters were 

filled with heparinized normal saline (25 IU/mL). Central (aortic) and peripheral (femoral artery) 

blood pressure, as well as heart rate were continuously recorded by AcqKnowledge (3.9.1.6) 
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software (Biopac Systems Inc., Goleta, CA, USA) with a pressure transducer (P23XL; 

Spectramed Statham; Viggo-Spectramed, Oxnard, CA, USA) for 20–25 min. The signals were 

amplified (DA 100A; Biopac Systems Inc., Goleta, CA, USA), where the amplifier was 

connected to a universal interface module (UIM 100; Biopac Systems Inc., Goleta, CA, USA), 

and to an acquisition unit (MP100; Biopac Systems Inc., Goleta, CA, USA). The analog output 

signal was then converted to a digital signal (USB1W; Biopac Systems Inc., Goleta, CA, USA), 

and displayed in AcqKnowledge (3.9.1.6). Animals were euthanized by anesthetic overdose and 

thoracotomy. The mesenteric arteries were removed and prepared for functional and 

immunofluorescence studies. The heart of each animal was excised, and the right ventricle and 

left ventricle plus septum were separated and weighed. In addition, the length between the 

carotid artery catheter and the femoral artery catheter was measured at post-mortem, and pulse 

wave velocity (PWV) was then calculated with the following formula PWV = d/Δt (Leblanc & 

Tabrizchi, 2018). 

4.3.3  Pressure Myograph Experiments: 

All chemicals used in the pressure myograph experiments were purchase from Sigma Aldrich 

(Montreal, Canada) unless otherwise stated.  The mesenteric bed was placed in a dissecting dish 

containing modified Krebs buffer with the following composition (mM): 120 NaCl, 4 KCl, 1.2 

MgCl2.6H2O, 1.5 CaCl2H2O, 25 NaHCO3, 1.2 KH2PO4, 0.1 EDTA  and 11 glucose in an 

oxygenated (95% O2 and 5% CO2) environment. The third-order branch of the mesenteric artery 

was determined to be the third branch off the superior mesenteric artery of the gut.  A length of 

approximately 5 mm was isolated and carefully cleaned of surrounding tissues under a dissecting 

microscope as described by (Jadeja et al., 2015).  The mechanical properties of isolated third-

order mesenteric arteries were studied with a pressure myograph.  Isolated vessels were mounted 
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onto the Single Vessel Chamber component of the Pressure Servo System (Living system 

instrumentations, Model CH-1-SH/CH-1-QT P100, St. Albans City, VT, USA) for the pressure 

myograph studies. In detail, the isolated third -order mesenteric artery were mounted on two 

glass micropipettes, secured with 0.2 metric (10-0) surgical nylon suture obtained from 

CovidienTM . The vessel length was adjusted so that the vessel walls were parallel and without 

stretch.  Intraluminal pressure was then set to a baseline pressure of 3.9 KPa (30 mmHg) and 

allowed to equilibrate for 20 min at 37 ± 1°C in a modified Krebs buffer gassed with a mixture of 

95% O2 and 5% CO2.  Vascular response was imaged using an inverted microscope Accu-Scope 

3032 (Accu-Scope INC, NY, USA) and measured using a Video Dimension Analyzer (Living 

Systems Instrumentation, VT, USA) and the iWORX Data Recording Software (Dover, NH, 

USA).  The isolated blood vessels were either assigned as endothelial intact or denuded.  The 

arteries were denuded by slowly passing of air bubbles through the lumen of the isolated vessels 

for 2 minutes.  The absence of endothelium was confirmed after the completion of the protocols 

as each vessel was contracted with phenylephrine (0.3 µM), followed by the addition of 

methacholine (3 µM).  An absence of relaxation in response to methacholine was taken as a 

measure of denudation of the blood vessels. Six different groups of experiments were undertaken 

in assessment of the mechanical function of the blood vessel with different interventions: (i) 

vehicle treatment (24 µL) of DMSO, (ii) Yoda (10 µM) (Bio-Techne Canada (Tocris 

Bioscience), ON, Canada), (iii) phenylephrine (0.3 µM) plus Yoda (10 µM) (iv) Grammostola 

Mechanotoxin 4 (GsMTx-4) (2 µM) (Alomone labs, JBP, Israel).  Five minutes after the 

additions of the vasoactive agents or vehicle, intraluminal pressure was raised stepwise at an 

increasing transmural pressure of 2.6, 5.3, 7.9, 10.6, and 13.3 Kpa to obtain pressure-diameter 

(D) curves.  For each vessel, the left wall (LW) and right wall (RW) thickness was also 
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measured.  In another group of experiments isolated third order mesenteric arteries were 

pressure-fixed (7.9 KPa), without the presence of any vasoactive agents, with Karnovsky fixative 

at 37 ± 1°C for 30 minutes for immunohistochemistry (IHC) studies. 

 

4.3.4 Immunofluorescence Studies 

The isolated third-order mesenteric vessels were pressure-fixed in formalin and embedded in 

paraffin wax.  The paraffin-embedded vessels were sliced into 6 µm sections using a cryotome 

(Fisher Scientific, Pittsburgh, PA, USA), placed on charged slides (4-6 slices/slide), and stored at 

-20° C until processed for immunofluorescence studies.  The expression of the following Piezo 1 

proteins was tested using Anti-Piezo1 Antibody (#APC-087) (1: 200); Alomone labs, JBP, 

Israel).  For day 1 of testing, the slides were thawed, deparaffinized using; two washes of xylene 

(10 minutes each), 1:1 Xylene:100% Ethanol, 100% ethanol, 95% ethanol, 70% ethanol, 50% 

ethanol and washed in 1 x phosphate-buffered saline (PBS) (5 minutes each).  Antibody staining 

required heat-mediated antigen retrieval with citrate buffer pH 6.0 at 100o C for 30 minutes and 

allowed to cool down at room temperature for 20 mins and washed in 1 x PBS (5 minutes each at 

room temperature) before tissue permeabilization and blocking.  The blocking solutions 

consisted of 10% normal goat serum (NGS) with 0.1% Triton-X in 1X PBS, incubated for 1 hr at 

room temperature.  Following the wash step (2 x PBS for 10 minutes at room temperature), the 

samples were incubated with the primary antibodies for the proteins of interest at the 

concentrations indicated above. 

For day 2 of testing, after five washes (2 x PBS for 10 minutes at room temperature), sections 

were incubated with secondary antibody [Cy5-Goat Anti-Rabbit (1:250); Cy5 conjugated 

antibodies were from Jackson Immunoresearch, PA, USA]. 4' 6-Diamindino-2-phenylindole 
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[DAPI (1:1,000); ThermoFisher Scientific, ON, CAN] was used as a nuclear counterstain.  For 

all the immunofluorescence staining, stacks of images at 1μm increments (a total of ten slices) 

were collected for a Z-stack using Zeiss LSM900 with Airyscan 2 with Zen Blue software. Semi-

quantitative analysis of the images was done using ImageJ software (U. S. National Institutes of 

Health), and a step-by-step protocol outlined by (Crowe & Yue, 2019) was used to determine the 

mean gray value (MGV) of the vessel for the various antibodies used as the average pixel 

intensity of the immunohistochemistry (IHC) threshold image (Mean). 

4.3.5 Calculation of mechanical parameters 

The luminal diameter at baseline D0, LW and right wall RW were measured at various 

intraluminal pressures, (5.3329, 7.9993, 10.6658, and 13.3322 KPa) using a video frame capture 

and real-time edge-detection system available with the Video Dimension Analyzer.  The wall 

thickness (WT) was calculated using the following formula: WT = (LW+RW)/2. 

Vascular compliance (C), which is the ability of a vessel to distend and increase volume with an 

increasing transmural pressure is equal to changes in vessel volume (ΔV= πr2 h), divided by 

changes in transmural pressure (ΔP) (i.e., C = ΔV/ΔP).  

The following mechanical parameters were calculated according to the methods by Intengan and 

Schiffrin (Intengan & Schiffrin, 1998). Circumferential wall strain (ε) = (D - D0)/ D0, where D0 

is the diameter at baseline transmural pressure and D is the observed luminal diameter for a 

given transmural pressure. Circumferential wall stress (σ) = (PD)/(2WT), where P is the 

intramural pressure, D and WT are the luminal diameter and wall thickness respectively. 

To estimate the arterial stiffness independent of vessel geometry, the composite Young’s 

modulus of the vessel was determined where Ec = stress/strain.  The non-linear nature of the 
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stress/strain relationship was compensated for by fitting the stress/strain data from each vessel to 

an exponential curve y = aebx where σ = σ0e
xβ (plots of ln y vs. x), σ0 is the stress at baseline 

transmural pressure and β is a constant directly proportional to Ec, related to the rate of increase 

of the stress/strain curve. An increase in β implies an increase in Ec (increase in stiffness). 

4.3.6 Statistical analysis 

The data (hemodynamics, composite Young’s modulus, and compliance values, 

immunohistochemistry) were analyzed using two-way analysis of variance (ANOVA) followed 

by Bonferroni test and/or one-way analysis of variance followed by Bonferroni test.  The 

statistical analysis was carried out with the SigmaPlot statistical package (Systat Software, San 

Jose, CA, USA).  The data are presented as means ± SEM, and the sample size is the number of 

animals used in each experiment (n =8). A value of P < 0.05 was considered significant. 

 

4.4 Results 

The body weight of Dahl salt-sensitive female rats were significantly lower than that of the 

males in both groups (regular and high salt diets).  There were no significant differences between 

the body weights within the groups (i.e., males and females); male regular diet (MRD): 342.2 ± 

20.1 g, male high salt diet (MHS): 374.0 ± 10.8 g, female regular diet (FRD): 232.3 ± 7.1 g, and 

female high salt diet (FHS): 242.7 ± 5.7 g. 

 The animals that consumed the high salt diet had a significantly higher heart rate, central, 

peripheral, systolic, and diastolic blood pressures, independent of sex (Table 4.1).  There were 

also significant differences observed in the central and peripheral, systolic pressures of males 

versus females on a regular diet.  The central and peripheral pulse pressures were also 
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significantly elevated following high salt diet consumption within groups, and between males 

versus females on a high salt diet.  PWV (an index of systemic arterial stiffness) was 

significantly elevated in males and females on the high salt compared to those on a regular diet.  

However, we found that PWV was significantly greater in males compared to females on a high 

salt diet (Table 4.1). 
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Table 4.1: Hemodynamic measurements in Dahl salt-sensitive male (M) and female (F) rats on 

regular (R) or high salt (HS; 4% NaCl) diets for 6-7 weeks.   

 

Hemodynamics M (R diet) M (HS diet) F (R diet) F (HS diet) 

     

HR (beats/min) 369 ± 3** 391± 7* ***  337± 10 366± 11** 

cSBP (mmHg) 133± 0.8** 161± 3.3* *** 124± 2.5 140± 2.6** 

cDBP (mmHg) 94± 1.0** 113± 3.7* *** 88± 1.6 97± 1.6** 

cPP (mmHg) 39± 1.6 47± 2.3* *** 35± 1.8 43± 2.6** 

pSBP (mmHg) 129± 0.7** 150± 4* *** 119± 1.5 139± 2.6** 

pDBP (mmHg) 89± 1.3 105± 4.1* *** 83± 2.2 96± 2.5** 

pPP (mmHg)  39± 1.2 44± 6.1 35± 2.6 42± 1.8** 

PWV (m/s) 4.6± 0.2 8.3± 1.0* *** 4.9± 0.2 5.6± 0.5** 

 

Each value is expressed as a mean ± SEM. (n = 8) 

Abbreviations: cDBP, central diastolic blood pressure; cPP, central pulse pressure; cSBP, central 

systolic blood pressure; HR, heart rate; pDBP, peripheral diastolic blood pressure; pPP, 

peripheral pulse pressure; pSBP, peripheral systolic blood pressure; PWV, pulse wave velocity. 

*  Significantly different from M (R diet); P < 0.05 

** Significantly different from F (R diet); P < 0.05 

*** Significantly different from F (HS diet); P < 0.05 
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The ratio of the left ventricle plus septum to the right ventricle, of males (5.8 ± 0.2) on a high salt 

diet was significantly greater than males (4.4 ± 0.3) on a regular diet and the females (4.4 ± 0.6) 

on a high salt diet.  However, there were no significant changes within the female groups (female 

regular diet (4.3 ± 0.2)).  It is likely that the larger left ventricular hypertrophy found in males on 

a high salt diet was due to a greater increase in systemic arterial pressure as well as vascular 

stiffness compared to the other groups (Table 4.1).  
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4.4.2 Vascular mechanics 

In vehicle-treated time-control studies, there were no significant differences in the composite 

Young's modulus (CYM) value in any of the groups (i.e., both sexes) in arteries with the 

endothelium intact (Figure 4.1A).  In contrast, in the denuded vessels, the CYM value was 

significantly lower in males on high salt compared to males on a regular diet, while no 

differences were found within the female groups (Figure 4.1B).  In addition, CYM values were 

significantly higher in males compared to females on a regular diet (Figure 4.1B).
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Figure 4.1: Composite Young’s modulus (KPa) values calculated using stress–strain plots in 

isolated third-order mesenteric arteries at various intravascular pressures from Dahl 

salt-sensitive male and female rats on regular or high salt (4% NaCl) diets for 6–

7 weeks; time-control (A) intact endothelium and (B) denuded endothelium. Each 

value is expressed as a mean ± SEM (n = 8). aSignificantly different from male regular 

diet; p < .05; bSignificantly different from female regular diet; p < .05. Significance 

reported is within denuded groups. HS, high-salt diet; RD, regular diet. 
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4.4.3 Effect of Yoda and GSMTx-4 on CYM in third order mesenteric arteries 

There were no significant differences in CYM values between any groups (i.e., males and 

females groups) in the intact or denuded vessels in the presence of the putative Piezo 1 agonist, 

Yoda 1 (10 µM)(Syeda et al., 2015) (Figure 4.2AB).  The percent change in CYM from vehicle-

treated time-controlled, to those treated with Yoda 1, revealed no significant differences in either 

the intact or the denuded tissues with the exception of a significant difference in denuded vessels 

of males (-3.2 ± 3.7%) versus females (-16.2 ± 3.7%) on the regular diet (Table 4.2). 
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Figure 4.2: Composite Young’s modulus (KPa) values calculated using stress–strain plots in 

isolated third-order mesenteric arteries at various intravascular pressures from Dahl 

salt-sensitive male (M) and female (F) rats on regular or high salt (4% NaCl) diets for 

6–7 weeks in presence of Yoda 1 (10 μM). (A) intact endothelium, (B) denuded 

endothelium. Each value is expressed as a mean ± SEM. (n = 8). 
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Table 4.2: Percent changes in composite Young’s modulus (CYM) from vehicle-treated time-

controlled experiments in mesenteric arteries from Dahl salt-sensitive male (M) and female (F) 

rats on regular (R) or high salt (HS; 4% NaCl) diets for 6–7 weeks. 

Treatment M (R diet) M (HS diet) F (R diet) F (HS diet) 

Yoda 1 (intact) 4.9 ± 4.0% 28.3 ± 6.7% 2.8 ± 2.8% 12.0 ± 7.7% 

Yoda 1 (denuded) -3.2 ± 3.7% 5.1 ± 3.6% -16.2 ± 3.7%* -6.6 ± 5.6% 

GsMTx-4 (intact) -19.0 ± 6.7% -0.2 ± 3.3%* *** -43.9 ± 7.9%* -26.6 ± 4.1%** 

GsMTx-4 (denuded) -26.0 ± 7.6% -33.2 ± 7.1% -69.1 ± 9.0%* -27.3 ± 9.7%** 

PE+Yoda 1 (intact) 11.1 ± 7.9% 52.6 ± 4.6%* *** 6.6 ± 8.2% 17.2 ± 12.3% 

PE+Yoda 1 (denuded) -17.6 ± 9.3 13.3 ± 11.6% -15.1 ± 8.8% 1.5 ± 12.5% 

 

Note: The percent values were calculated from the respective mean average of vehicle treated 

time-control groups. Each value is expressed as a mean ± SEM. (n = 8). Yoda 1 (10 μM); 

GsMTx-4 (2.0 μM); Phenylephrine (PE) (0.3 μM). 

* Significantly different from M (R diet); p < .05. 

** Significantly different from F (R diet); p < .05. 

*** Significantly different from F (HS diet); p < .05. 
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The presence of the Piezo 1 channel blocker, GsMTx-4 (2 µM), resulted in a significant 

reduction in the CYM value of intact vessels from male animals on high salt compared to regular 

diets (Figure 4.3A).  In contrast, no changes were noted within the female groups.  In addition, 

GsMTx-4 also significantly increased the CYM of intact blood vessels in females compared to 

the corresponding male animals on a high salt diet (Figure 4.3A).  In the endothelium-denuded 

group, GsMTx-4, resulted in a significant increase in CYM value in females on a regular diet 

compared to a high salt diet, with no significant changes within the male group.  Furthermore, 

GsMTx-4, caused a significant increase in CYM in denuded blood vessels of females compared 

to males on a regular diet (Figure 4.3B).  The percent change in CYM in the presence of GsMTx-

4 from vehicle-treated time-controlled, intact blood vessels, was found to be significantly 

different between males and females, within the groups and, the respective groups, on regular 

and high salt diets (Table 4.2).  In denuded blood vessels, there were no significant differences in 

the per cent change in CYM within the males, while significant differences were found between, 

the respective, males versus females on regular compared to high salt diets (Table 4.2). 
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Figure 4.3: Composite Young’s modulus (KPa) values calculated using stress–strain plots in 

isolated third-order mesenteric arteries at various intravascular pressures from Dahl 

salt-sensitive male and female rats on regular or high salt (4% NaCl) diets for 6–

7 weeks in presence of GsMTx-4 (2 μM). (A) intact endothelium, (B) denuded 

endothelium. Each value is expressed as a mean ± SEM (n = 8). aSignificantly different 

from male regular diet; p < .05; bSignificantly different from female regular 

diet; p < .05; cSignificantly different from female high-salt diet; p < .05. Significances 

reported are within intact and denuded groups. HS, high-salt die; RD, regular diet. 
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In the intact blood vessels pre-constricted with the α1-adrenoceptor agonist, phenylephrine (0.3 

µM), the addition of Yoda (10 µM) caused significant reductions in the CYM within males on 

high salt compared to regular diets and the corresponding females on a high salt diet, while no 

differences were found within females (Figure 4.4A).  The removal of the endothelium abolished 

any significant differences as was noted in the intact vessels (Figure 4.4B).  In intact blood 

vessels pre-constricted with phenylephrine, and exposed to Yoda, the per cent change in CYM 

from vehicle-treated time-controlled indicated significant differences between males and females 

within the groups but no differences between, the respective, males versus females on regular 

compared to high salt diets (Table 4.2).  In contrast, no significant differences were found in the 

parallel denuded blood vessels (Table 4.2). 
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Figure 4.4: Composite Young’s modulus (KPa) values calculated using stress–strain plots in 

isolated third-order mesenteric arteries at various intravascular pressures from Dahl 

salt-sensitive male and female rats on regular or high salt (4% NaCl) diets for 6–

7 weeks in presence of phenylephrine (0.3 μM) plus Yoda 1 (10 μM). (A) intact 

endothelium, (B) denuded endothelium. Each value is expressed as a mean ± SEM 

(n = 8). aSignificantly different from male regular diet; p < .05; bSignificantly different 

from female high-salt diet; p < .05. Significances reported are within intact and 

denuded groups. HS, high-salt diet; RD, regular diet. 
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4.4.4   Vascular Compliance in third-order mesenteric arteries 

Calculation of vascular compliance in these vessels were made using the pressure-volume 

curves.  There were no significant differences in compliance between any groups (i.e., males and 

females) in vehicle-treated time-control, intact vessels (Figure 4.5A).  However, in the denuded 

vessels, a significant increase in compliance was found within the male groups, but there were no 

differences within the females (Figure 4.5B). 
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Figure 4.5: Compliance (µm3 KPa-1) calculated from pressure–volume plots in isolated third-

order mesenteric arteries from Dahl salt-sensitive male and female rats on regular or 

high salt (4% NaCl) diets for 6–7 weeks; time-control (A) intact endothelium, (B) 

denuded endothelium. Each value is expressed as a mean ± SEM. 

(n = 8). aSignificantly different from male regular diet; p < .05. Significance reported is 

within denuded groups., HS, high-salt diet; RD, regular diet. 
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4.4.5 Effects of Yoda and GSMTx-4 on compliance in the third order mesenteric arteries 

The presence of Yoda (10 µM) resulted in no significant changes in compliance among any on 

the groups (i.e., males and females) in the intact blood vessels (Figure 4.6A).  In the denuded 

blood vessels, Yoda caused a significant increase in compliance within the male groups, without 

any changes in the female groups (Figure 4.6B).  There was also a significant increase in 

compliance among the males in high salt compared to the corresponding females (Figure 4.6B). 
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Figure 4.6: Compliance (µm3 KPa-1) calculated from pressure–volume plots in isolated third-

order mesenteric arteries from Dahl salt-sensitive male and female rats on regular or 

high salt (4% NaCl) diets for 6–7 weeks in presence of Yoda 1 (10 μM). (A) intact 

endothelium, (B) denuded endothelium. Each value is expressed as a mean ± SEM 

(n = 8). aSignificantly different from male regular diet; p < .05; bSignificantly different 

from female regular diet; p < .05. Significance reported is within denuded groups. 

RD = regular diet, HS = high-salt diet. 
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In the intact blood vessels, the presence of GsMTx-4 (2 µM) significantly reduced compliance of 

the vessels from the respective females compared to males on a high salt diet, while no changes 

were noted within either the male or female groups (Figure 4.7A).  In the denuded vessels, the 

presence of GsMTx-4, resulted in a significant increase in compliance in the males on a high salt 

diet compared to males on a regular diet and females on a high salt diet.  However, there was no 

significant difference in compliance noted within the female groups (Figure 4.7B). 
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Figure 4.7: Compliance (µm3 KPa-1) calculated from pressure–volume plots in isolated third-

order mesenteric arteries from Dahl salt-sensitive male and female rats on regular or 

high salt (4% NaCl) diets for 6–7 weeks in presence of GsMTx-4. (2 μM). (A) intact 

endothelium, (B) denuded endothelium. Each value is expressed as a mean ± SEM. 

(n = 8). aSignificantly different from male regular diet; p < .05; bSignificantly different 

from female high-salt diet; p < .05. Significances reported are within intact and 

denuded groups. HS, high-salt diet; RD, regular diet. 
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The addition of Yoda in blood vessels pre-constricted with, the α1-adrenoceptor agonist, 

phenylephrine, revealed no significant differences in compliance between any of the groups (i.e., 

males and females) in either intact or denuded tissues (Figure 4.8AB). 
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Figure 4.8: Compliance (µm3 KPa-1) calculated from pressure–volume plots in isolated third-

order mesenteric arteries from Dahl salt-sensitive male and female rats on regular or 

high salt (4% NaCl) diets for 6–7 weeks in presence of phenylephrine (0.3 μM) plus 

Yoda 1 (10 μM). (A) intact endothelium, (B) denuded endothelium. Each value is 

expressed as a mean ± SEM (n = 8). HS, high-salt diet; RD, regular diet. 
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4.4.6 Immunohistochemistry 

In the third order mesenteric arteries fixed under a pressure of 7.9993 Kpa (60 mmHg), Piezo 1 

was found to be expressed in both VSMCs, endothelial cells and adventitia (Figure 4.9).  The 

expression of Piezo 1 was greater in the intima, media and adventitia in males on high salt 

compared to the other groups.  A semi-quantitative analysis indicated a significant increase in the 

expression of Piezo 1 in males on high salt, predominantly in the media of the vessel wall 

towards the adventitia (VSMCs), compared to males on a regular diet, without any significant 

changes in the corresponding female groups (Figure 4.9). 
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Figure 4.9: Representative photographs of immunohistochemical staining of Piezo 1 antibody in 

the third-order mesenteric arteries from Dahl salt-sensitive male and female rats on 

regular or high salt (4% NaCl) diets for 6–7 weeks, fixed under 7.9993 kPa pressure. 

Inset plot of semi-quantitative assessment of the gray area for Piezo 1 antibody. Each 

value is expressed as a mean ± SEM (n = 6). aSignificantly different from male regular 

diet; p < .05. Male regular diet; male high-slat diet; female regular diet; female high-

salt diet. 
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4.5 Discussion 

 The current investigation demonstrates, for the first time, the expression of Piezo 1 

mechanosensitive ion channels in small mesenteric arteries. We have also found that antagonism 

and/or stimulation of Piezo 1 channels can unmask a functional role for the mechanoreceptors in 

controlling blood vessel wall stiffness.  Moreover, the outcomes from our studies support a 

greater contribution of Piezo 1 to the biomechanics of male hypertensive compared to male 

normotensive and female hypertensive animals. 

 Vascular mechanotransduction is the conversion of mechanical forces into biochemical 

signals.  Such mechanical forces play a pivotal role in vascular development and physiology 

(Volkers et al., 2015).  In the vasculature, mechanical (hemodynamic) forces generated by blood 

flow and changes in transmural pressure can significantly influence vessel wall function and 

mechanics, especially in diseased states such as hypertension (Humphrey & Schwartz, 2021; 

Lemarié et al., 2010; Pries et al., 1996).  The ensuing response to this mechanical stress involves 

the exchange of critical mechanical cues between the cellular and structural components of the 

vessel wall, facilitated by multiple ion channels (Humphrey & Schwartz, 2021; Lemarié et al., 

2010).  Hemodynamic forces are suggested to activate the vascular mechanosensitive channels 

that modulate blood vessel tone and remodeling (Humphrey & Schwartz, 2021; Pries et al., 

1996). 

 Piezo 1 and 2 are nonselective mechanosensitive ion channels that are involved in early 

vascular development (Davies & Tripathi, 1993; Honoré et al., 2015; Volkers et al., 2015).  Their 

expression are suggested to persist in both VSMCs and endothelial cells of the resistance arteries 

(Davies & Tripathi, 1993; Kefauver et al., 2020; Volkers et al., 2015).  These ion channels are a 

class of mechanosensory membrane proteins that serve as molecular transducers of mechanical 
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stimuli on a microsecond time scale (earliest cellular events) and convert them into intracellular 

biochemical signals that allow the movement of ions and solutes across the cell membrane 

(Davies & Tripathi, 1993; Kefauver et al., 2020).  Activation of the Piezo 1 channels by stretch 

or shear stress is suggested to cause the movement of Na+, K+ and Ca2+ across the cell 

membrane.  The result could be the induction of either depolarization or hyperpolarization due to 

the elevation of intracellular of cations (e.g., Ca2+) (Davies & Tripathi, 1993; Kefauver et al., 

2020; Nourse & Pathak, 2017; Volkers et al., 2015).  For example, in the endothelial cells, the 

increase in intracellular Ca2+ concentration can lead to the activation of the calmodulin-binding 

domain of eNOS and the production of endothelial-derived relaxation factors (Robledo, 2019; 

Volkers et al., 2015; Wang et al., 2021).  In contrast, an increase in intracellular Ca2+ in the 

VSMC stimulates the Ca-calmodulin complex activation of the myosin light chains kinase 

leading to contractions that increases the tone of the vessel wall in response to the stretch 

(Robledo, 2019; Wang et al., 2021). 

 Consistent with our previous findings (Mensah et al., 2022), the arterial blood pressure 

and PWV, an index of arterial stiffness of the large central arteries, were significantly elevated in 

hypertensive compared to normotensive males and females.  In the current investigation, while in 

intact blood vessels (i.e., vehicle treated time control), we found no differences in CYM between 

the experimental groups, while the removal of the endothelium unmasked significantly higher 

CYM in normotensive males and corresponding females compared to the hypertensive male in 

denuded vessels.  The latter findings aligns with our previous histological evidence of 

endothelial cell damage in the third order mesenteric arteries of the Dahl male hypertensive but 

not male normotensive and female hypertensive or normotensive (Chapter 2).  Thus, the 

observed increase in CYM in the denuded blood vessels reinforces the importance of a functional 
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endothelium in control of the blood vessel wall stiffness.  Accordingly, this could perhaps 

suggest, (a) adaptive change in the vasculature of male hypertensive animals so as to curtail 

increases in the blood vessel wall stiffness in intact vessels, and/or (b) that endothelial cells play 

a greater functional role in the management of arterial stiffness in normotensive males, and 

females (i.e., normotensive and hypertensive). 

 While it is recognized that Piezo1 are nonselective cation channels in the endothelial cells 

and VSMCs (Robledo, 2019; Volkers et al., 2015), there is little known about the vascular cell-

specific regulation of these channels and their vasoregulatory role in physiological and 

pathological conditions in blood vessels.  Here in the intact tissues, we found that Yoda 1, a 

putative Piezo1 agonist, had no effect on the CYM.  In contrast, GsMTx-4, an antagonist of 

Piezo 1 produced an increase in CYM in hypertensive females and normotensive males and 

females.  This lack of effect due to actions of Yoda could be due to a possible constitutive 

activity of the Piezo 1 channels (Rode et al., 2017), and this view is supported in part by the 

effects of GsMTx-4.  While the concertation of GsMTx-4 used in our current studies was well 

within the IC50 (23), this compound has been found to block other channels.  Nonetheless, the 

calculated percent changes in CYM from vehicle treated time-controlled experiments also 

revealed sex-specific differences of functionally of Piezo 1 channels in the intact vessels within 

the normotensive groups and between hypertensive groups.  Taken together, the outcome suggest 

a different vasoregulatory function for these channels in physiological versus pathological 

conditions. 

 The findings from intact tissues also suggest that GsMTx-4 exhibits a vascular-cell-

specific effect on vascular tone by blocking the activation of endothelial Piezo 1 channels with 

minimal effect on VSMC-related Piezo 1 channel.  This effect could account for the observed 
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reduction of CYM in the male hypertensive group compared to the normotensive males and 

hypertensive females in the intact vessels when treated with GsMTx-4.  Therefore, the attenuated 

effect of GsMTx-4 on the CYM as observed in blood vessels of the hypertensive males could 

possibly be due to an impaired endothelial function.  This is in accord with evidence from our 

laboratory where electron micrograph images of the third order mesenteric arteries indicated 

damaged, discontinuous and fragmented endothelial cell layer in male hypertensive but not in the 

male and female normotensives, or female hypertensive rats (Mensah et al., 2022). 

 More importantly, pre-constriction of the intact tissues with phenylephrine led to the 

unmasking of the vasodilatory effects of Yoda via the activation of Piezo 1 channels.  The 

reduction in CYM in the male hypertensive group confirms the possible vasodilatory actions of 

VSMC Piezo 1 channels in pathological conditions.  Furthermore, the significant reduction in 

CYM in the males compared to female hypertensive groups suggests sex-specific contributions 

of the Piezo 1 channels in the modulation of vascular tone in pathological conditions (Dogan et 

al., 2019).  We have also demonstrated increased expression of Piezo 1 especially in the tunica 

media of the hypertensive groups compared to the normotensive groups from our IHC analysis.  

Furthermore, the activation of Piezo 1 channels by Yoda in our experimental setting requires an 

applied mechanical force or a change in vascular tone (i.e., vasoconstriction due the actions of 

phenylephrine). 

 In the denuded vessels Yoda 1 also produced no effects on CYM in any groups.  

However, in the denuded vessels, GsMTx-4, produced a significant increase in CYM but only in 

the female normotensive compared to female hypertensive.  It is possible that combined actions 

of endothelial relaxing and hyperpolarizing, factors and Piezo 1 channel activity could account 

for the sex-specific cardiovascular protection noted in females.  Taken together, these 
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observations support the view of a role for the Piezo-1 channels in VSMCs in the modulation of 

blood vessel stiffness.  Collectively, our findings seem to indicate that Piezo 1 channel activity 

may well influence blood vessel wall stiffness in small resistance arteries in the presence and/or 

absence of functional endothelial cells. 

 The significant increase in vascular compliance observed in the male hypertensive groups 

compared to the other groups in the various treatments was consistent with our previous studies 

(Chapter 2).  This is likely due to the initial baseline lumen size of the male hypertensive groups 

to other groups despite the effects of the various pharmacological interventions.  The difference 

in the volume-pressure relationship of the vessel wall, quantified as compliance, suggests a 

structural and mechanical adaptive response in the hypertensive male group to maintain 

functional distensibility in response to increasing vessel wall stress in pathological conditions. 

 In summary, we have shown for the first time that there are sex-specific contributions of 

Piezo 1 mechanoreceptors to the biomechanics of resistance arteries.  The results demonstrate an 

increase in Piezo-1 expression in pathological conditions in male hypertensive rats.  

Furthermore, our findings suggest a different vasoregulatory role of Piezo 1 mechanoreceptors 

that is either endothelium-specific or VSMC-specific, with a more significant impact in males 

than females.  Taken together, this indicates that blocking Piezo 1 mechanoreceptors results in 

increased stiffness in resistance arteries, an effect that may in part be endothelium-dependent, 

and this could be a potential pharmacological target in the modulation and exploration of 

vascular stiffness. 
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Appendix B 

 

There was no significant difference between the baseline lumen diameter (µm) of the third-order 

branch of the mesenteric artery within the male and female groups (Table 1.1 of appendix B). 

However, there were significant differences in lumen diameter (µm) between the male groups 

compared to corresponding female groups on either regular diet or high salt diet. Baseline lumen 

diameters (µm) of the third-order mesenteric arteries measured at the initial pressure of 3.9 KPa 

(30 mmHg) can be found in Table 1.1 of the appendix B. 

 

In endothelium intact groups, there was no significant differences between baseline diameter 

(µm) within the male and female groups (Table 1.2 of appendix B). However, there were 

significant differences in lumen diameter (µm) between the male groups compared to 

corresponding female groups on either regular diet or high salt diet. Endothelial denudation 

resulted in a significant difference in lumen diameter (µm) between the male groups (Table 1.2 

of appendix B). Furthermore, there were significant differences in lumen diameter (µm) between 

the male groups compared to corresponding female groups on either regular diet or high salt diet.  

Baseline lumen diameters (µm) of the third-order mesenteric arteries measured at the initial 

pressure of 1.99 KPa (15 mmHg) can be found in Table 1.2 of the appendix B.
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Chapter 5 Final Summary 

The studies in this thesis focused on investigating the sex differences in arterial wall elasticity 

caused by high salt consumption. The relationship between high salt consumption and 

cardiovascular adverse effects has been well established (Cappuccio, 2013; Chrysant, 2016; 

Susic & Frohlich, 2012). However, the mechanisms by which the high salt intake triggers 

elevated blood pressure and arterial stiffness have not been well defined. Furthermore, the 

nature, extent, or pattern of sex-related differences in arterial stiffness seem poorly understood, 

and the underlying mechanisms responsible for the sex-specific differences in arterial stiffness 

remain to be determined. Therefore, the studies undertaken for this thesis investigated the 

changes in the structure and biomechanics of mesenteric resistance arteries from salt-sensitive 

male and female Dahl rats fed with high salt diets. Specifically, third-order mesenteric arteries 

were used for the studies. The third-order mesenteric arteries are resistance arteries that 

contribute significantly to total peripheral resistance, acting as one of the regulatory sites for the 

distribution of cardiac output.  

5.1 Effects of high salt consumption 

High salt consumption is linked with elevated blood pressure (Liao et al., 1999; Safar & 

O'Rourke, 2006). Reduction in dietary salt intake is suggested not only to lower blood pressure 

and the incidence of hypertension but is also associated with reducing morbidity and mortality 

from cardiovascular diseases (Frisoli et al., 2012; Grillo et al., 2019; Ha, 2014; He et al., 2013; 

Pechère-Bertschi & Burnier, 2004). The available evidence from this work confirms the 

relationship between salt intake and elevated blood pressure. High salt intake increased systolic 

blood pressure and pulse pressure in salt-sensitive Dahl rat models in all three studies (Table 2. 
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1, 3.1 and 4.1). An important observation from our hemodynamic measurements was the 

significant increases in the systolic blood pressure, pulse pressure and PWV in the male group 

compared to the female group on a high salt diet, suggesting a possible protective factor in the 

females that delays the progress of hypertension in females. The observed hemodynamic 

differences could be attributed to sex-specific mechanisms that are responsible for the sex 

differences in the manifestation and progression of hypertension (Ahimastos et al., 2003; Gilbert 

& Nijland, 2008; Kim et al., 2015). 

The mechanisms underlying arterial wall stiffness resulting from a high salt diet are somewhat 

unclear (Agbaje, 2022; Daemen, 2013; Shirwany & Zou, 2010). Furthermore, studies examining 

the factors involved in mechanistic sex differences have remained limited (DuPont et al., 2019; 

Ogola et al., 2018; Rossi et al., 2011). In general, a decline in arterial wall elasticity is suggested 

to develop from a complex interaction between the structural and cellular elements of the arterial 

wall (Arribas et al., 2006; Patrick Lacolley et al., 2017; Shirwany & Zou, 2010). The structural 

changes involve an increase in collagen (fibrosis) and the fragmentation and degradation of 

elastin that confers elasticity (Arribas et al., 2006; Díez, 2014; Shirwany & Zou, 2010). The 

cellular factors include changes in EC signaling and function and an increase in VSMC tone and 

proliferation (Patrick Lacolley et al., 2017; Shirwany & Zou, 2010; Zieman et al., 2005). 

Additionally, vascular stiffness is suggested not to be uniformly distributed and characteristically 

different within different sections of the arterial tree. In large elastic arteries, stiffness of the 

arterial wall is characterized by an outward hypertrophic remodeling while remodeling in 

resistance arteries, consistent with the observation in this study, is characterized by an inward 

eutrophic and hypertrophic remodeling (Patrick Lacolley et al., 2017; Savoia, 2019; Schiffrin & 

Hayoz, 1997). 
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5.2 Changes within the vascular wall 

Ultrastructure and morphometric analysis of pressure-fixed third-order mesenteric arteries 

revealed an abnormal, damaged, fragmented, discontinuous and disarranged endothelial cell only 

in the male rats on a high salt diet (Figure 2.1), suggesting a potential diminishment or loss of 

function in the vascular endothelial layer. Furthermore, we reported increased collagen in the 

vessel wall of males on a high salt diet with no structural changes in the female counterparts 

(Figure 2.2). In contrast to the findings from other studies in the literature indicating a 

degradation of elastin component associated with arterial stiffness, the observation from our 

ultrastructural analysis in chapter 2 suggests a different pathophysiology of salt-induced-high 

blood pressure changes in arterial wall elasticity, which is as a result of increased collagen 

deposition and changes in the cellular components in the arterial wall with no significant changes 

in elastin composition. 

An important factor in the development of hypertension and arterial wall stiffness is the cross-

talk between macrocirculation and microcirculation and how the functional and structural 

abnormalities in one of these circulatory components induce functional and structural 

abnormalities in another, thus maintaining a vicious cycle (Laurent et al., 2022; Laurent & 

Boutouyrie, 2020; Safar & Struijker‐Boudier, 2010). The increased collagen and smooth muscle 

cell areas evident in the ultrastructure of mesenteric arteries of hypertensive males compared to 

normotensive or corresponding females align with the observed difference in hemodynamic and 

PWV measurements, suggesting how changes in vessel wall components impact overall 

circulatory function. A remodelling of the arterial wall as a result of increased collagen and 

smooth muscle cells, an initial adaptive response to increased hemodynamic stress, eventually 

becomes maladaptive and plays a crucial role in increased vascular resistance. Furthermore, the 
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results from morphometric and ultrastructure analysis in Chapter 2 may reinforce the presence of 

a protective factor in the female group, resulting in sex-specific differences in the remodeling of 

the arterial wall due to salt-induced elevation of blood pressure.  

5.3 Vascular stiffness and its indices 

Arterial stiffness is an important prognostic biomarker for the prevention of cardiovascular 

disease. Therefore, effective assessment of arterial wall stiffness identifies cardiovascular risks 

and provides elastic indices for developing potential therapeutic interventions. Various methods 

have been used to assess arterial stiffness in both local and specific arterial beds (O'Rourke & 

Mancia, 1999; Rhee et al., 2008). While elastic indices derived from compliance and PWV 

provide insights into vascular stiffness and cardiovascular health, the composite elastic Young’s 

used in this study defines the elastic properties of the artery wall and quantifies the intrinsic 

changes in wall stress for a given change in strain, taking into account all vessel wall 

components (i.e., structural and cellular components that contribute to the viscoelasticity of the 

artery wall) (Shadwick, 1999).  

The suggested consequence of salt-induced structural and cellular modifications are changes in 

the functional and mechanical properties of the vessel wall. Overall, our results also showed an 

increase in vascular compliance in the male groups on a higher salt than the female group (Figure 

2.5). The differences in vessel wall compliance were likely influenced by vascular-specific 

intrinsic factors such as smaller lumen size in the female blood vessels compared to the male 

counterpart.  

The study in Chapter 2 emphasizes using the composite elastic Young’s as a better index in the 

quantitative measurement of wall stiffness. This is particularly important because the composite 

Young’s modulus encompasses changes in all the different components of the vessel wall as a 
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result of arterial remodeling. The CYM was not significantly altered among the experimental 

groups in the third-order mesenteric blood vessels at baseline conditions (Figure 2.3). The reason 

for this observation most probably relates to the vessel wall's structural and functional coupling, 

as discussed in Chapter 2. 

5.4 Effect of high salt diet on vascular tone 

High salt consumption is not only linked to an increase in blood pressure but is also suggested to 

contribute to an increase in systemic peripheral resistance, alterations in endothelial function and 

the elevation of  sympathetic nerve activity (Simmonds et al., 2014; Simon et al., 2003; Sofola et 

al., 2002). Alterations in sympathetic nerve function is integral to the establishment and 

progression of many cardiovascular diseases, including hypertension. Females are suggested to 

be relatively more resistant to salt-induced hypertension than males (Belanger et al., 2020; Grillo 

et al., 2019; Nakano & Pollock, 2009). However, the mechanisms involved are not fully 

understood. Using the α1-adrenergic receptor agonist, phenylephrine, we observed a significantly 

higher CYM in the males on a high salt diet than their corresponding females. The greater value 

observed for CYM in the presence of the sympathomimetic agent in the blood vessels from male 

hypertensive animals could be attributed to a combination of functional (i.e., 

pharmacomechanical coupling) and morphological changes observed in the male animals on a 

high salt diet (Figure 2.3). This effect was absent in female hypertensive animals and may be an 

essential factor in the initiation and development of salt-induced hypertension and vascular 

remodeling. The absence of altered sympathetic nerve activity in the females could also be 

linked to the proposed protective factor(s) that inhibit or delay the occurrence of hypertension 

and vascular remodeling in females on a high salt diet. The study in Chapter 2 of this thesis 

provides insights into the sex-specific differences in resistance artery biomechanics, which could 
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contribute to identifying novel selective treatments and therapies to reduce the risk of 

cardiovascular disease. 

5.5 Vascular endothelium 

Endothelial dysfunction is an impairment in the ability of vascular endothelial cells to produce 

balanced vasodilator and vasoconstrictor factors that modulate vessel wall tone and vascular 

remodeling. The relationship between endothelial dysfunction and elevated blood pressure 

remains a chicken or egg dilemma, where endothelial dysfunction could be a product of elevated 

intravascular pressure. Accordingly, a dysfunction in the endothelial could lead to elevated blood 

pressure. The differences in mechanical responses to the various pharmacological inhibitors of 

nitric oxide synthase & EDHF (Figures 2.4 and 3.2), endothelial denudation (Figure 4.1, 4.2, 4.3 

and 4.4) and exogenous NO donor (Figure 2.4 and 3.2) between male and female groups on a 

high salt diet suggest a possible differential pathological effect of salt between males and females 

and the mechanisms at play in the development of wall stiffness. The results from this thesis 

emphasize the impact of high salt consumption on endothelial function.  Results from this study 

suggest that high salt consumption negatively influences NO bioavailability and increases 

sensitivity to vessel constrictor effects in male Dahl salt-sensitive rats. This observation is 

consistent with previous studies suggesting that EDHF plays an important role in females 

compared to males, with EDHF compensating for loss or reduced NO bioavailability in females 

(McCulloch & Randall, 1998; Scotland et al., 2005). 

Arterial wall stiffness is a maladaptive response of the vessel to the changes in mechanical and 

hemodynamic stress characterized by alterations in the structure and function of the arterial wall. 

The pathophysiological changes that result in arterial wall stiffness can also be separated into 

structural and cellular remodeling (Feihl et al., 2008; Renna et al., 2013). The structural changes 
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in arterial wall stiffness encompass the changes in the composition of the ECM components, 

primarily collagen and elastin (Méndez-Barbero et al., 2021; Renna et al., 2013), while cellular 

changes involve a dysfunction of the endothelium and the proliferation and switch from a 

contractile to a synthetic phenotype of the underlying VSMCs (Félétou, 2011; Lemarié et al., 

2010; Méndez-Barbero et al., 2021; Vanhoutte et al., 2017; Yannoutsos et al., 2014). Although 

several mechanisms are thought to be involved in both the structural and cellular changes that 

result in the development of wall stiffness, the contributions of MMP-9 (Busti et al., 2010; 

Cabral et al., 2008; Díez, 2007), NADPH (Canugovi et al., 2019; Drummond et al., 2011; 

Fortuno et al., 2005) and beta-integrin (Pierre Boutouyrie et al., 2011; Louis et al., 2007; Safar, 

2010) are suggested to be central to the remodeling of the arterial wall. Immunohistochemical 

analysis from this study indicates sex-specific differences in the various biomarkers of arterial 

remodeling (Figures 3.5, 3.6, 3.7 and 4.9).  

The results from the second study emphasize the contributions of MMP-9 in arterial remodeling 

with an increased expression of MMP-9 and ECM turnover in the male groups on a high salt diet 

compared to the corresponding females (Figure 3.5). The mechanisms involved in the induction 

and related expression of MMP-9 remain unclear but seem to suggest both humoral and local 

responses to the vessel wall stress due to a high salt diet and elevated blood pressure.  

Furthermore, our results suggest a possible negative influence of salt intake on endothelial 

function via increases in oxidative stress, resulting in a reduction in NO bioavailability and 

endothelial damage in the male groups, which could account for these differences. Oxidative 

stress resulting from an imbalance between producing and removing reactive oxygen species 

(ROS) is a crucial factor contributing to arterial wall remodeling. As an essential mediator of 

vascular cell physiology modulating the activity of several signaling molecules, ROS are also 
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involved in endothelial dysfunction, vascular inflammation, and arterial remodeling in 

pathophysiological conditions (Montezano et al., 2015; Paravicini & Touyz, 2008; Touyz & 

Schiffrin, 2004; Wind et al., 2010). NADPH serves as the primary source of ROS in the vascular 

system. NADPH is involved in several cellular functions, including growth, proliferation, 

differentiation, fibrosis, cytoskeletal regulation, apoptosis and contraction of the vascular wall. 

Furthermore, NADPH is involved in hypertension, inflammation, restenosis and other vascular 

pathologies (Chen et al., 2018). Increased oxidative stress due to NAPDH oxidase-derived ROS 

released from vascular cells under stress and pathophysiological conditions is associated with 

arterial remodeling (Fortuno et al., 2005; Montezano et al., 2015; Touyz & Schiffrin, 2004).  

A reduced NO bioavailability characterizes endothelial dysfunction. Results from the first study 

using SNP, an endogenous NO donor, resulted in a significant reduction in CYM, indicating the 

vital role of NO in modulating vascular tone, especially in males compared to females (Figure 

2.4). Endothelium-dependent relaxation is attenuated by increased levels of endogenous 

superoxide anions that convert NO into peroxynitrite, thereby impairing the eNOS-dependent 

relaxation. Elevated blood pressure has been reported to induce the production of superoxide 

anions via the membrane NADPH. Increased superoxide production resulting in endothelial 

dysfunction has been observed in hypertensive animal models of hypertension (Jiménez et al., 

2007; Murdoch et al., 2011; Sanchez et al., 2006; Wind et al., 2010). This observation is 

consistent with our current findings that suggest elevated NADPH expression with hypertension, 

especially in males compared to females (Figure 3.6). 

The results from Chapter 3 also implicate the role of VSMC as a source of the mechanistic 

differences in arterial stiffness via alterations in the cytoskeleton and integrin interactions with 

the ECM. The ECM-integrin-cytoskeleton interactions play an essential role in mechanosensing, 
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allowing VSMCs to sense and respond to changes in intraluminal pressure and maintain vascular 

wall tone. In response to increased wall stress in pathological conditions, integrin expression 

triggers downstream signals in the myogenic response of resistance arteries that protect vital 

organs or promote synthetic VSMC phenotypes involved in VSMC proliferation and migration 

(Goldschmidt et al., 2001; Ojha et al., 2022; Yip et al., 2010). Increased expression of β1-

Integrin in Chapter 3 emphasizes the role of VSMC in salt-induced wall stiffness via alterations 

in ECM-integrin-cytoskeleton interaction observed in males and females on high salt 

consumption (Figure 3.7). Furthermore, this observation aligns with the greater increase in CYM 

in the presence of phenylephrine in male versus female hypertensive animals, and normotensive 

males observed in Chapter 2. 

The study in Chapters 3 and 4 highlights the role of ion channels in regulating vascular tone and 

arterial stiffness via the activation of both the established conventional vascular ion channels (L-

type Ca channels) and the novel mechanosensitive ion channels (Piezo 1). For the first time, we 

have shown the sex-specific roles of these channels in both endothelial and VSMCs of Dahl salt-

sensitive rats fed on a high salt diet. Verapamil caused significant changes in CYM within the 

males but not the female groups (Figure 3.1). These findings indicate a sex-specific sensitivity in 

the L-type calcium channels that can significantly influence arterial biomechanics in males but 

not females, as discussed in Chapter 3. 

5.6 Piezo 1 mechanosensitive ion channels 

Piezo 1 mechanosensitive ion channels are primarily found in peripheral tissues, including 

endothelial cells and VSMCs and play a crucial role in vascular development and homeostasis 

(Beech & Kalli, 2019; Douguet et al., 2019). Activation of Piezo 1 mechanosensitive ion 

channels is thought to be involved in the modulation of the myogenic and trophic effects of the 
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vessel wall (Endesh, 2018; Garcia Robledo MD, 2019; Robledo, 2019). The study in Chapter 4 

reports a differential expression of Piezo 1 mechanosensitive ion channels in small mesenteric 

arteries in males and females on high salt, suggesting an elevated Piezo-1 channel expression in 

pathological conditions (Figure 4.9). More importantly, results from the functional studies in 

endothelium intact and denuded vessels using Yoda and GsMTx-4 suggest a different 

vasoregulatory role of Piezo 1 channels that is either endothelium-specific (originating from 

Piezo 1 channels expressed by the endothelium) or VSMC-specific (originating from Piezo 1 

channels expressed by the VSMC) (Figure 4.2, 4.3 and 4.4), with a more significant impact in 

males than females as discussed in Chapter 4. Further studies would be required to assess the 

contributions of the endothelium-specific and VSMC-specific Piezo 1 channels as a potential 

pharmacological target in the modulation of vascular stiffness. 

5.7 Control of vascular tone on arterial wall remodeling 

A vicious cycle of events between structural alterations and loss of endothelial cell function has 

been suggested to occur in small mesenteric arteries in a hypertensive state (Versari et al., 2009a; 

Yannoutsos et al., 2014). Modifications in mesenteric artery walls due to elevated blood pressure 

alter the vascular reserve and blood flow vital to organs (Christensen & Mulvany, 2001; Takala, 

1996). Factors that influence the structure and function of the arterial wall contribute to the 

stiffness and progression of wall remodeling (De Meyer & Herman, 1997; Drexler, 1998; 

Gibbons, 1997; Nagao & Vanhoutte, 1993; Rubanyi, 1991; Su, 2015). Arterial wall elasticity is 

modulated by VSMC tone. The loss of vasodilatory effects from the endothelium and increased 

levels of vasoconstriction due to factors released from endothelial cells, sympathetic nerves, and 

humoral sources results in the initiation and progression of arterial wall remodeling.  
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5.8 Limitations 

There are some limitations associated with the investigation that require discussion. While 

pressure myography allows the biomechanics of an arterial wall segment to be assessed in vitro, 

the function is evaluated without perivascular tethering, circulating factors, sympathetic nerve 

input and, importantly, blood flow, which induces shear stress, when compared with in vivo. In 

addition, while the effects of a number of pharmacological agents were examined in the current 

thesis, other interventions could have been used with other vasoactive drugs.  

As previously discussed, due to the complex nature of the vessel wall, the various indices used to 

estimate arterial stiffness present some limitations. A shortcoming in the use of compliance as a 

measure of arterial stiffness is that the compliance of the vessel wall depends on the changes in 

volume with distending pressure, which is influenced by the size of the lumen and the vessel 

wall. Furthermore, despite the compensation of the non-linear curve observed from the 

stress/strain relationship of the arterial wall defined as the slope (CYM), a limitation to using 

CYM is that the slope does not accurately define the viscoelastic properties of the vessel wall. 

Regardless of this limitation, CYM provides a static measure of the elastic contributions from all 

the components of the blood vessel wall, providing a single number for defining arterial wall 

stiffness. 

Likewise, other analytical techniques, such as Western blots, could have been used to explore 

further the various biochemical markers of arterial stiffness and Piezo 1 channels to quantify any 

differences between normal and diseased states in males versus females.  

Regardless of these limitations, these studies provide insights into understanding the functional 

(i.e., pharmacomechanical coupling) and morphological changes in blood vessels of male and 
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female animals on high salt diet and the function of the various pharmacological agents in 

arterial wall biomechanics.   

5.9 Conclusion 

Arterial stiffness and remodeling is a leading marker of cardiovascular risk and mortality. This 

thesis examined the contributions of a high salt diet to arterial stiffness and some of the possible 

mechanisms involved. The data presented in Chapters 2 - 4 emphasizes significant sex-specific 

differences in the manifestation of arterial wall stiffness due to high salt consumption and the 

complex pathophysiological mechanisms that are closely interrelated and could influence the 

arterial wall's structure (Figure 5.1). Furthermore, this thesis established the role of the various 

sex-specific mechanisms responsible for the differences in vascular stiffening in males and 

females. Additionally, this work highlighted the differential expression and role of vascular 

mechanosensitive channels in regulating resistance artery biomechanics in physiological and 

pathophysiological conditions, thus providing insights that could be used to develop novel sex-

specific cardiovascular-related therapies and treatments.  
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Figure 5.1: Overview of the structural modification and loss of EC function due to high salt 

intake as a proposed factor in the crosstalk between micro-and-macro-circulation. 
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Appendix A 

 

 

Ethics approval 

 All procedures on animals were carried out in accordance with the guidelines of the 

Canadian Council on Animal Care, with the approval of the Institutional Animal Care 

Committee of Memorial University of Newfoundland (Protocol No. 20-22-RT) and the Canadian 

Council of Animal Care (Guide to Care and Use of Experimental Animals, Vol 1, 2nd Edition).   
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Appendix B 

 

Baseline lumen diameters (µm) of the third-order mesenteric arteries measured at the 

initial pressure of 3.99967 KPa. 

Table 1.1.  Baseline blood vessel diameters (µm) at the pressure of 3.99967 KPa in isolated 

third-order mesenteric arteries of Dahl salt-sensitive male (M) and female (F) rats on regular (R) 

or high salt (HS; 4% NaCl) diets for 6-7 weeks. Each value is expressed as a mean ± SEM (n = 

14).  Complied data of the values from experiments of Chapter 2 and Chapter 3. 

 

M (R diet) M (HS diet) F (R diet) F (HS diet) 

 

234.4±5.3a 

 

272.0±9.5b 

 

191.6±1.7 

 

190.6±1.5 

 

aSignificantly different from F (R diet); P < 0.05 

bSignificantly different from F (HS diet); P < 0.05 
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Baseline lumen diameters (µm) of the third-order mesenteric arteries measured at the 

initial pressure of 1.99984 KPa. 

Table 1.2.  Baseline blood vessel diameters (µm) at the pressure of 1.99984 KPa in the isolated 

third-order mesenteric arteries of Dahl salt-sensitive male (M) and female (F) rats on regular(R) 

or high salt (HS; (4% NaCl) diets for 6-7 weeks for each experimental group in intact and 

denuded vessels.  Each value is expressed as a mean ± SEM (n = 8). 

 

Groups (Intact 

Vessels) 

M (R diet) M (HS diet) F (R diet) F (HS diet) 

Vehicle 221.6±10.0b 242.9±13.0c 190.3±4.0 195.5±20.0 

Yoda 214.5±9.1b 249.8±12.9c 184.8±2.3 186.3±3.0 

GsMTx-4 211.0±4.3b 234.9±10.8c 190.1±2.4 198.0±5.0 

PE+Yoda 221.1±3.2b 243.6±10.9c 184.8±2.6 190.3±8.3 
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Groups 

(Denuded 

Vessels) 

M (R diet) M (HS diet) F (R diet) F (HS diet) 

Vehicle 213.5±8.0b 237.9±7.8ac 193.4±5.6 194.4±2.4 

Yoda 202.0±4.8 244.3±13.0ac 191.8±6.1 192.1±4.1 

GsMTx-4 215.4±2.7b 242.6±12.2ac 187.1±2.4 186.8±3.9 

PE+Yoda 206.7±3.3b 237.0±6.2ac 187.3±2.3 194.3±2.3 

 

aSignificantly different from M (R diet); P < 0.05 

bSignificantly different from F (R diet); P < 0.05 

cSignificantly different from F (HS diet); P < 0.05 

 

PE; Phenylephrine 

GsMTx-4; Grammostola mechanotoxin. 
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Appendix C 

 

Table 2.1: Drugs/Compounds used in this study. 

 

Drug/Compounds Supplier Solvent Bath concentration 

Phenylephrine 

hydrochloride 

Sigma Aldrich 

(Montreal, Canada) 

Distilled 

water 
 

0.3 µM 

L-N-Nitro arginine 

methyl ester 

Sigma Aldrich 

(Montreal, Canada) 

Distilled 

water 

0.3 µM 

Verapamil Sigma Aldrich 

(Montreal, Canada) 

Distilled 

water 

0.3 µM 

BaCl2 Sigma Aldrich 

(Montreal, Canada) 

Distilled 

water 

100 µM 

Ouabain Sigma Aldrich 

(Montreal, Canada) 

Distilled 

water 

100 µM 

Sodium nitroprusside Sigma Aldrich 

(Montreal, Canada) 

Distilled 

water 

0.3 µM 

Yoda Bio-Techne Canada 

(Tocris Bioscience), 

ON, Canada 

DMSO 10 µM 

Grammostola 

Mechanotoxin 4 

(GsMTx-4) 

Alomone labs, JBP, 

Israel 

DMSO 2 µM 

 

Equivalent volumes of the vehicles:  

I. ddH2O (double distilled water) 

II. DMSO 
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Table 2.2: Antibodies used in this study. 

 

Product name Supplier Description Concentration 

Anti-MMP9 antibody 

[EP1254] ab76003 

Abcam, MA, USA Rabbit monoclonal 

[EP1254] 

1: 200 

Anti-Integrin beta 1 

antibody [EPR16895] 

ab179471 

Abcam, MA, USA Rabbit monoclonal 

[EPR16895] 

1: 250 

Anti-NADPH oxidase 

4 antibody 

[UOTR1B493] 

ab133303 

Abcam, MA, USA Rabbit monoclonal 

[UOTR1B493] 

1: 100 

Anti-Piezo1 Antibody 

(#APC-087) (1: 200) 

Alomone labs, JBP, 

Israel 

Polyclonal 1: 200 
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Table 2.3: Composition of solutions used in this study. 

 

Solution Chemicals Concentration (mM) 

 NaCl 120 

 KCl 4 

 MgCl2.6H2O 1.2 

Modified Krebs Buffer CaCl2H2O 1.5 

 NaHCO3 25 

 KH2PO4 1.2 

 Glucose 11 

 EDTA 0.1 
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Appendix D 

 

Table 3.1: 2018 Teklad Global 18% Protein Rodent Diet (Teklad Diets, Madison, WI, USA)  

 

Ingredients: inclusion)- Ground wheat, ground corn, wheat middlings, dehulled soybean meal, 

corn gluten meal, soybean oil, calcium carbonate, dicalcium phosphate, brewers dried 

yeast, iodized salt, L-lysine, DL-methionine, choline chloride, magnesium oxide, vitamin 

E acetate, menadione sodium bisulfite complex (source of vitamin K activity), 

manganous oxide, ferrous sulfate, zinc oxide, niacin, calcium pantothenate, copper 

sulfate, pyridoxine hydrochloride, riboflavin, thiamin mononitrate, vitamin A acetate, 

calcium iodate, vitamin B12 supplement, folic acid, biotin, vitamin D3 supplement, 

cobalt carbonate. 

Macronutrients Minerals 

Crude Protein % 18.4  

Fat (ether extract) a % 6.0  

Carbohydrate (available) b % 44.2  

Crude Fiber % 3.8  

Neutral Detergent Fiber c % 14.7  

Ash % 5.5  

Energy Density d kcal/g (kJ/g) 3.1 (13.0)  

Calories from Protein % 24  

Calories from Fat % 18  

Calories from Carbohydrate % 58 

Calcium % 1.0  

Phosphorus % 0.7  

Non-Phytate Phosphorus % 0.4  

Sodium % 0.2  

Potassium % 0.6  

Chloride % 0.4  

Magnesium % 0.2  

Zinc mg/kg 70  

Manganese mg/kg 100  

Copper mg/kg 15  

Iodine mg/kg 6  

Iron mg/kg 200  

Selenium mg/kg 0.23 

Amino Acids Vitamins 

Aspartic Acid % 1.4  

Glutamic Acid % 3.4 

Alanine % 1.1 

Glycine % 0.8 

Threonine % 0.7 

Proline % 1.6 

Serine % 1.1 

Leucine % 1.8 

Isoleucine % 0.8 

Valine % 0.9 

Phenylalanine % 1.0 

Vitamin A e, f IU/g 15.0 

Vitamin D3 e, g IU/g 1.5 

Vitamin E IU/kg 110 

Vitamin K3 (menadione) mg/kg 50 

Vitamin B1 (thiamin) mg/kg 17 

Vitamin B2 (riboflavin) mg/kg 15 

Niacin (nicotinic acid) mg/kg 70 

Vitamin B6 (pyridoxine) mg/kg 18 

Pantothenic Acid mg/kg 33 

Vitamin B12 (cyanocobalamin) 

mg/kg 0.08 
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Tyrosine % 0.6 

Methionine % 0.4 

Cystine % 0.3 

Lysine % 0.9  

Histidine % 0.4  

Arginine % 1.0  

Tryptophan % 0.2 

Biotin mg/kg 0.40 

Folate mg/kg 4 

Choline mg/kg 1200 

Fatty Acids Other 

C16:0 Palmitic % 0.7 

C18:0 Stearic % 0.2 

C18:1ω9 Oleic % 1.2 

C18:2ω6 Linoleic % 3.1 

C18:3ω3 Linolenic % 0.3 

Total Saturated % 0.9 

Total Monounsaturated % 1.3 

Total Polyunsaturated % 3.4 

Cholesterol mg/kg -- 
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Table 3.2: Calculated nutrient composition of stroke prone rodent diet (Zeigler Bros., Inc. 

Gardners, PA, USA) 

 

Ingredients: Wheat Middlings, Corn, Rice Bran, Dehulled Soybean Meal, Wheat Bran, 

Fishmeal, Dried Sflim Milfl, Soy Oil, Salt, Limestone, Ferrous Sulfate, Magnesium 

Oxide, Manganese Oxide, Copper Sulfate, Cobalt Carbonate, Potassium Iodide, Choline 

Chloride, Vitamin D3 Supplement, dl-Alpha Tocopheryl Acetate (Vitamin E 

Supplement), Inositol, Niacin, Menadione Sodium Bisulfite Complex (Source of Vitamin 

K Activity), Riboflavin, Calcium Pantothenate, Vitamin A Acetate, Pyridoxine 

Hydrochloride, Thiamine Mononitrate, Biotin, Vitamin B12 Supplement, Folic Acid. 

Amino Acid 

Concentration

 (% of total diet) 

Mineral Concentration Vitamin Concentration 

Arginine 0.75 

Lysine 0.70 

Methionine 0.23 

Cystine 0.18 

Tryptophan 0.15 

Glycine 0.58 

Histidine 0.28 

Leucine 0.97 

Isoleucine 0.55 

Phenylalanine 0.52 

Tyrosine 0.39 

Threonine 0.46 

Valine 0.61 

Calcium  

Phosphorous  

Potassium  

Sodium  

Magnesium  

Iron  

Zinc  

Manganese  

Copper  

Cobalt  

Iodine  

%  

%  

%  

%  

%  

ppm  

ppm  

ppm  

ppm  

ppm  

ppm  

0.86 

0.50 

0.55 

0.39 

0.15 

178.00 

24.00 

75.95 

8.36 

2.54 

2.72 
 

Vitamin A IU/g 10.41 

Vitamin D 

3 IU/g 2.02 

Alpha-Tocopherol IU/kg 62.17 

Thiamine ppm 12.07 

Riboflavin ppm 12.47 

Niacin ppm 84.93 

Pantothenic Acid ppm 22.47 

Choline ppm 1711.89 

Pyrodoxine ppm 12.71 

Folic Acid ppm 1.29 

Biotin ppm 0.24 

Vitamin B12 Mcg/kg 11.63 

Vitamin K ppm 5.04 

 


