
 
 
 
 
 
 
 
Boder, Philipp Simon  (2024) Characterising the mechanisms of uromodulin 
secretion and trafficking with salt loading from the thick ascending limb in 
hypertension. PhD thesis. 
 
 
 
 
https://theses.gla.ac.uk/84163/  
 
 
 

Copyright and moral rights for this work are retained by the author 

A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge 

This work cannot be reproduced or quoted extensively from without first 
obtaining permission from the author 

The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the author 

When referring to this work, full bibliographic details including the author, 
title, awarding institution and date of the thesis must be given 

 
 
 
 
 
 

Enlighten: Theses 
https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

https://theses.gla.ac.uk/84163/
mailto:research-enlighten@glasgow.ac.uk


Characterising the mechanisms of 

uromodulin secretion and 

trafficking with salt loading from 

the thick ascending limb in 

hypertension 

 

Philipp Simon Boder 

BSc (Hon), MRes 

 

Thesis submitted in fulfilment of the requirements for 

the Degree of Doctor of Philosophy (PhD) 

 

 

School of Cardiovascular and Metabolic Health 

College of Medical, Veterinary & Life Sciences 

University of Glasgow 

October 2023 

© P S Boder



ii 

 

Summary 

Uromodulin (UMOD) is a complex glycoprotein that is to a large extent secreted by renal 

epithelial cells lining the thick ascending limb (TAL) and is the most abundant protein 

found in the urine of healthy individuals. A number of functions have been associated with 

urinary UMOD, including regulation of salt transport and ion homeostasis, protection 

against urinary tract infections and kidney stones, kidney injury, and innate immunity. 

UMOD undergoes a number of conformational changes and post-translational 

modifications, including glycosylation, during its maturation and intracellular trafficking. 

UMOD secretion is polar by the fact that it can be secreted apically into the urine, or 

basolaterally into the serum. Importantly, altered urinary UMOD excretion and 

intracellular retention of UMOD have been linked to various kidney-related pathologies, 

including chronic kidney disease (CKD). Variants in the UMOD promoter have been 

associated with hypertension by genome-wide association studies. Hypertension is one of 

the main drivers of cardiovascular disease risk and is intricately linked to kidney function, 

with the kidneys playing a major role in blood pressure regulation. Increased salt intake is 

strongly linked to a number of detrimental cardiovascular outcomes, including renal end-

organ damage and hypertension. Previously, studies have focused on the role of UMOD in 

salt reabsorption. However, the reverse (i.e., the effect of salt on UMOD) remained 

unexplored. In this thesis, the main aim was to investigate the influence of salt on UMOD 

excretion in order to gain a better understanding of the relationship between salt handling, 

blood pressure/hypertension, and kidney physiology. To model normotensive and chronic 

hypertensive conditions, Wistar-Kyoto (WKY) and Stroke-Prone Spontaneously 

Hypertensive (SHRSP) rats were utilised, respectively. These rats were administered 1% 

NaCl/salt in their drinking fluid, which is at a physiological concentration, thereby more 

closely replicating human conditions.  

Initial dissection of the role of dietary salt in renal UMOD excretion rate was achieved by 

exposing WKY and SHRSP rats to a 3-week continuous 1% salt loading phase. Salt 

loading in the chronic hypertensive SHRSP led to increased blood pressure and expression 

of kidney injury markers kidney injury marker-1 (KIM-1) and neutrophil gelatinase-

associated lipocalin (NGAL). Excretion of urinary UMOD was decreased by 26 % in 

WKY rats and 55% in SHRSP rats. It was hypothesized that the addition of anti-

hypertensive drug nifedipine (calcium channel blocker) would assist in separating the 

blood pressure component from salt-induced effects on UMOD urinary excretion rate. 

Nifedipine treatment of salt-loaded rats did not inhibit the reduction in urinary UMOD 
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excretion rate in SHRSP, even with reduced blood pressure. Following this, the aim was to 

gain insights into the kidney physiology and intracellular mechanisms that may occur with 

salt loading. Examination of total kidney lysates from salt loaded WKY and SHRSP 

revealed a lack of UMOD protein and mRNA levels. Immunofluorescence and co-

localization studies revealed increased intracellular UMOD retention in both WKY and 

SHRSP, specifically in the endoplasmic reticulum (ER). This was further corroborated by 

ex-vivo incubations with isolated medullary TAL (mTAL) tubules, the region with a high 

UMOD content in rats, incubated with mannitol (an osmotic control) and salt, whereby 

salt-incubated TAL showed greater UMOD retention, especially in the SHRSP. This 

highlighted the importance of salt in regulating urinary UMOD excretion and trafficking, 

and potential exacerbations in chronic hypertension and kidney injury. However, the 

dynamics and exact mechanisms behind the influence of salt on UMOD excretion and 

trafficking were not clear. 

To explore the dynamics of salt loading on UMOD excretion rate, WKY rats were exposed 

to an intermittent salt loading regime whereby they received 1% salt in an on-off-on 

pattern over 3 weeks (1 week of salt loading, 1 week of normal water, 1 week of salt 

loading). The normotensive model was chosen to remove hypertension as a confounding 

factor and therefore provide mechanistic insight into a normal physiological setting. It was 

hypothesized that the salt-induced lowering of UMOD excretion rate would be reversible, 

and this would be apparent in UMOD trafficking. Intermittent salt loading resulted in an 

acute lowering of UMOD urinary excretion rate and a reversal to almost normal levels 

upon salt removal. Although there were differences in electrolyte levels, especially sodium 

and chloride levels, there was no change in intracellular UMOD accumulation in the 

normotensive background. This provided further proof of the acute influence of salt on 

UMOD excretion and suggested that UMOD accumulation occurs over a longer timescale.  

Given that salt loading lowers UMOD excretion acutely and results in significant 

intracellular accumulation in the chronic hypertensive model, the next aim was to 

characterize the effects of long-term salt loading on UMOD excretion and trafficking. It 

was hypothesized that long-term salt loading would result in a “chronic hypertensive-like” 

phenotype in the normotensive models, with intracellular accumulation of UMOD and a 

change in renal physiology. Salt loading over a period of 3 months showed increased 

intracellular accumulation of UMOD in the ER of the epithelial cells in the TAL region. 

Moreover, this was paralleled by the upregulation of ER stress marker Binding 

Immunoglobulin Protein (BiP). This novel finding suggests a mechanism whereby long-

term salt loading may trigger early deleterious processes in the kidneys of normotensive 
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WKY. These lead to accumulation of UMOD, which may contribute to renal injury as seen 

in the chronic hypertensive SHRSP. Only after continued salt exposure over a longer 

period of time, in combination with ER accumulation, is an ER stress response triggered. 

Whether this is related to increased UMOD processing times in the ER and the exact 

mechanistic contributions of UMOD to blood pressure, and ultimately the chronic 

hypertensive phenotype, remains to be characterized.  

Given the evidence presented of the profound effect of salt on UMOD urinary excretion 

and trafficking, a suitable model was required to untangle the molecular mechanisms 

involved in the process. This would also assist in the discovery of novel therapeutic targets 

for the treatment of hypertension, as well as other UMOD-related diseases such as CKD, 

especially with regard to UMOD retention and ER stress. Previous models include primary 

mTAL cells. However, these lose UMOD expression during subculturing and undergo 

significant changes in morphology with salt incubation. To overcome this, a transgenic cell 

model is presented in this thesis expressing UMOD with a Yellow Fluorescent Protein tag 

(UMOD-YFP 293 FT cells). This model offers the advantage of inducible UMOD 

expression via a tetracycline promoter at a user-defined time point. Moreover, the YFP-tag 

would enable live cell imaging, which would help with understanding the kinetics of 

UMOD trafficking, to immunoprecipitation assays, which would greatly assist in 

identifying the interactors of UMOD and by extension the signalling pathways involved 

with salt loading. This thesis also therefore offers a novel resource for future molecular 

studies of UMOD.  

Taken together, this thesis provides novel evidence for the salt-driven lowering of UMOD 

urinary excretion in both normotensive and chronic hypertensive models. In the chronic 

hypertensive model particularly, there is an increase in intracellular retention of UMOD 

and ER stress, paralleled by kidney injury. In the normotensive model, this accumulation 

and retention of UMOD in the medullary TAL only occurs after long-term salt loading, 

which provides a novel avenue of investigation: does salt induce ER stress which leads to 

retention of UMOD, or does the retention of UMOD induce ER stress? And importantly, 

how does this tie in with renal end-organ damage and the progression of hypertension? 

Further molecular characterisation is required in this regard and may eventually inform 

new therapies for the treatment of hypertension.   
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Chapter 1: Introduction 

1.1 The Cardiovascular System 

1.1.1 The Circulatory System 

The cardiovascular system is a complex network of interactions between different organ 

systems that work together to ensure the proper functioning of the circulatory system. It 

involves the heart, blood vessels, and blood, as well as interactions with the respiratory, 

brain, and other organ systems (Chaudhry et al., 2023). It plays a key role in maintaining 

homeostasis and delivering oxygen, nutrients, and hormones to various tissues and organs 

throughout the body. The system consists of the heart, which acts as a pump, and a 

network of blood vessels, including arteries, veins, and capillaries. The heart pumps 

oxygenated blood from the lungs to the rest of the body through systemic circulation, while 

deoxygenated blood is returned to the heart through pulmonary circulation to be 

reoxygenated (Pollock et al., 2023). The blood vessels serve as conduits for transporting 

blood and nutrients to the tissues and organs, as well as removing waste products (Pollock 

et al., 2023) (Figure 1.1). 

A key aspect of the cardiovascular system is its interaction with the respiratory system, 

which includes the lungs and airways. This is responsible for the exchange of oxygen and 

carbon dioxide between the body and the environment. The cardiovascular system delivers 

oxygenated blood to the tissues, while the respiratory system removes carbon dioxide, a 

waste product of cellular metabolism, from the body (Moore et al., 2003). The 

cardiovascular system also interacts with the brain and the nervous system. This mediates 

cardiovascular function through the autonomic nervous system, which controls heart rate, 

blood pressure, and blood vessel constriction or dilation (Moore et al., 2003). The brain 

receives information from the cardiovascular system and sends signals to regulate its 

activity, ensuring that the body's needs are met (Moore et al., 2003). Additionally, the 

cardiovascular system has multiple interactions with other organ systems, such as the 

musculoskeletal system, which includes the muscles and bones, and the immune system. 

For instance, the musculoskeletal system is involved in physical activity and exercise, 

which can have a significant impact on cardiovascular health (Slater et al., 2011). 

Similarly, the immune system has long-term impacts on the cardiovascular system, with 

inflammation and immune responses influencing blood vessel integrity and the 

development of cardiovascular conditions (Lazzerini et al., 2019).  



2 

 

The interactions between these different organ systems within the cardiovascular system 

are complex and involve both linear and nonlinear interactions (Parati et al., 2019). These 

interactions can be described as closed loops with feed-forward and feedback mechanisms 

(Parati et al., 2019). The cardiovascular system exhibits multiscale, multiorgan, and 

multivariate complexity, emphasizing the interconnectedness and interdependence of its 

components (Pittman, 2011). Understanding the complex network of interactions within 

the cardiovascular system is crucial for studying its function, as well as for diagnosing and 

treating cardiovascular diseases. Advances in technology, such as mathematical modelling, 

network analysis, and imaging techniques, have provided insights into the dynamics and 

interactions of the cardiovascular system (MacLellan et al., 2012) (Niederer et al., 2019). 

Cardiac output (CO) is a fundamental parameter that represents the volume of blood 

ejected by one ventricle in one minute (King and Lowery, 2023). It is calculated by 

multiplying the stroke volume (SV), which is the volume of blood ejected per heartbeat, by 

the heart rate (HR), the number of heart beats per minute (King and Lowery, 2023). The 

cardiac output is a dynamic measure that varies based on the oxygen demand of the body 

(King and Lowery, 2023). This means that during periods of increased physical activity or 

stress, the cardiac output increases to meet the higher oxygen requirements of the tissues. 

Conversely, during periods of rest or relaxation, the cardiac output decreases. 

The movement of blood through the cardiovascular system is driven by a pressure gradient 

(Grassi et al., 1998). Blood pressure, which is measured in millimetres of mercury (mmHg) 

above atmospheric pressure, plays a crucial role in maintaining blood flow (Huang et al., 

2013). Blood pressure is influenced by various factors, including cardiac output, peripheral 

resistance, and blood volume. During systole, when the left ventricle contracts, the 

pressure in the systemic arterial circulation is approximately 120 mmHg above 

atmospheric pressure. This pressure decreases to approximately 80 mmHg during diastole 

(Huang et al., 2013). The standard measurement of blood pressure is expressed as systolic 
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pressure over diastolic pressure, such as 120/80 mmHg (Huang et al., 2013). This is 

considered within the normal range of blood pressure (Charkoudian and Rabbitts, 2009).  

Figure 1.1. Design of the cardiovascular system (CVS).  

The CVS consists of two main loops, systemic circulation (represented in red) and pulmonary circulation (in blue). The 

systemic circulation provides oxygenated blood and nutrients to the body, whereas the pulmonary circulation ensures the 

oxygenation of the blood. The two systems are connected in series through four chambers of the heart, pumping blood 

from the left ventricle into systemic organs and then back to the right ventricle and into the lungs. The consequences of 

this system are as follows, 1) the stroke volume ejected from the left ventricle is split among various organs before 

entering the venous outflow of the specific organ, 2) the blood in the systemic circulation provides the same composition 

to each organ, 3) the blood pressure entering each organ is identical, and 4) blood flow to each organ can be controlled 

locally and independent of one another. The illustration was made in BioRender. Adapted from (Chaudhry et al., 2023).  

1.1.2 Blood Vessels 

The cardiovascular system, which includes the heart and blood vessels, is responsible for 

pumping blood throughout the body. The heart pumps blood into the arteries, which carry 

oxygenated blood to the tissues. The blood vessels, particularly the arteries, play a crucial 

role in blood pressure regulation. The constriction and dilation of blood vessels, known as 

vasoconstriction and vasodilation, respectively, can significantly affect blood pressure. 

Vasoconstriction increases blood pressure, while vasodilation decreases it (Boedtkjer et al., 

2011, Nyberg et al., 2012).  

Both arteries and veins have the same three distinct tissue layers, the tunica intima, the 

tunica media, and the adventitia. Arteries and arterioles have thick walls that help them 

withstand and maintain large pressures. The functions and composition of each artery and 

vein type are described in Table 1.1. Blood flow through a vessel is determined by two 

main factors, (1) the pressure difference between the two ends of the vessel (ΔP) and (2) 



4 

 

the resistance to blood flow through the vessel (R). The Poiseuille equation can be used to 

describe blood flow (Mayet and Hughes, 2003): 

𝐹 =  ΔP/R 

Radius is the main factor for control of the resistance by the cardiovascular system as it 

controls the conductance of blood flow, with resistance mainly being located in the 

arterioles. Smaller arterioles need a larger difference in pressure to drive blood flow. This 

can be expressed as the resistance index, which measures the difference in pressure 

required to drive blood flow. The main resistance vessels in humans, i.e. precapillary 

sphincters, arterioles, and small arteries regulate up to 90% of peripheral vascular 

resistance (Lee et al., 2017).  

Table 1.1. Structure and function of vessels in the circulatory system.  

Feature  Arteries Arterioles Capillaries  Veins 

Number Several 

hundred 

500,000 10 billion Several hundred 

Special Features Thick, highly 

elastic walls, 

large radius 

Highly 

muscular, 

well-

innervated 

walls, small 

radius 

Very thin-

walled, large 

total cross-

sectional area 

Thin walled 

compared to 

arteries, highly 

distensible, 

large radius 

Functions The 

passageway 

from the heart 

to organs, 

pressure 

reservoir 

Primary 

resistance 

vessels, 

determine the 

distribution of 

cardiac output 

Site of 

exchange, 

determine the 

distribution of 

extracellular 

fluid between 

plasma and 

interstitial 

fluid 

The passageway 

to the heart 

from the organs, 

blood reservoir 

Structure Endothelium, 

Elastin fibres, 

Smooth 

muscles, 

Connective 

tissue coat 

(mostly 

collagen 

fibres) 

Endothelium, 

Smooth 

Muscle, 

Connective 

Tissue Coat 

(mostly 

collagen 

fibres)  

Endothelium Venous Valves, 

Endothelium, 

Smooth 

muscle/elastin 

fibres, 

connective 

tissue (mostly 

collagen fibres) 

Relative thickness of 

layers 

Smooth 

muscle is the 

thickest, 

followed by 

elastin fibres, 

collagen 

fibres, and 

endothelium  

Smooth 

muscle is the 

thickest, 

followed by 

collagen fibres 

and 

endothelium 

The 

endothelium 

is the thickest 

Smooth muscle 

is the thickest, 

followed by 

collagen fibres, 

endothelium, 

and elastin 

fibres.  
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The table summarises the features and structure of the blood vessels in the cardiovascular system. The thickness of each 

layer comprising each layer is also included, which is important in determining resistance and ultimately blood pressure. 

The table was adapted from (Tucker et al., 2023).  

1.1.3 Blood Pressure Control Mechanisms 

Blood pressure regulation is a complex physiological process that involves the 

coordination of various systems in the body. The maintenance of blood pressure within a 

normal range is crucial for the proper functioning of organs and tissues. Several systems, 

including the nervous system, the renin-angiotensin-aldosterone system (RAAS), and the 

cardiovascular system, work together to regulate blood pressure (Armando et al., 2011, 

Crowley et al., 2005, Gangel et al., 2017, Beard et al., 2013). For the purposes of this 

thesis, the term “blood pressure” will be used as an umbrella term for systemic arterial 

blood pressure. There are both short- and long-term mechanisms of blood pressure 

regulation, which are often dynamic and vary with age, race, gender, circadian rhythm, and 

transient environmental factors. Blood pressure is calculated by multiplying CO by total 

peripheral resistance (TPR), which is the amount of force exerted on circulating blood by 

the vasculature of the body (BP = CO x TPR). The Poiseuille equation as described in 

section 1.1.2 applies here, whereby F is CO, ΔP is the mean arterial pressure (MAP) minus 

the right atrial pressure (RAP), and R is the TPR. As the RAP is close to zero and 

negligible in comparison to MA, the equation approximates to MAP = CO x TPR. Short-

term mechanisms of blood pressure regulation are mainly geared towards controlling TPR, 

whereas longer-term mechanisms involve adjusting CO.  

1.1.3.1 The Nervous System 

The nervous system plays a vital role in blood pressure regulation (Figure 1.2). The 

autonomic nervous system, which consists of the sympathetic and parasympathetic 

branches, controls the constriction and dilation of blood vessels and the heart rate. The 

sympathetic nervous system increases blood pressure by constricting blood vessels and 

increasing heart rate, while the parasympathetic nervous system has the opposite effect 

(Ewing, 2010, Gangel et al., 2017). Cardioaccelerator (sympathetic) and cardioinhibitory 

areas (parasympathetic) are components of the paired cardiac centres located in the 

medulla oblongata of the brain Both centres provide slight stimulation to the heart during 

rest, thereby contributing to autonomic tone.  

The cardiovascular centre receives input from a series of visceral receptors, the chief of 

which are baroreceptors. Baroreceptors control short-term fluctuations in blood pressure 

and are located in the carotid sinuses proximal to the glossopharyngeal nerve, 

(sympathetic, increases heart and force of contraction) as well as the aortic arch which 
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joins to the vagus nerve (parasympathetic, decreases hear rate) (Levick, 2010). They 

control blood pressure as a negative feedback loop, whereby increases in arterial blood 

pressure will result in an increased rate of impulse firing. The resulting increased 

stimulation of the nucleus tractus solitarius by the arterial baroreceptors leads to inhibition 

of sympathetic outflow to peripheral vasculature, ultimately leading to vasodilation and 

decreased TPR. The opposite occurs in decreases in blood pressure, whereby 

vasoconstriction and increases in TPR occur (Armstrong et al., 2023). Cardiopulmonary 

baroreceptors on the other hand will increase their rate of firing as a response to increased 

blood volume and blood pressure, which triggers sympathetic outflow to the sinoatrial 

node and decreased HR and CO. Sympathetic outflow to the kidneys increases, thereby 

increasing renal blood flow and urine production, resulting in lower fluid volume of the 

body (Armstrong et al., 2023).  

Carotid and aortic bodies, the key peripheral chemoreceptors, are located at the bifurcation 

of the common carotid arteries and aortic arch, respectively. They detect changes in arterial 

blood oxygen (O2), carbon dioxide (CO2), and pH and hyperkalaemia, and are as such 

potent regulators of blood pressure (Prabhakar et al., 2015). These increase blood pressure 

through tachycardia and vasoconstriction, increasing stroke volume and TPR. 
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Figure 1.2 Short-term blood pressure regulatory mechanisms of the autonomic nervous system.  

The arterial baroreceptors are found in the aortic arch and the carotid sinuses. The cardiopulmonary baroreceptors are 

located in the atria, ventricles, vena cava, and pulmonary vessels. On the other hand, chemoreceptors are found 

peripherally (carotid bodies and aortic arch) and centrally. The medulla oblongata in the brainstem contains the 

vasomotor centre, which regulates circulation. It receives signals from the sensory nerves known as the glossopharyngeal 

and the vagus nerve (represented by green lines). The sympathetic nerves (represented as blue lines) originate from the 

medulla oblongata and emerge from the upper spinal cord and end up in the sympathetic ganglia in the direction of their 

target organs, including the heart, the vessels, and the adrenal glands. A portion of sympathetic nerves also activate the 

adrenal medulla, which induces adrenaline and noradrenaline secretion (dashed blue lines) into the bloodstream. In 

contrast, the parasympathetic nerves also originate from the brainstem as neurones in the vagal nerve and terminate on 

the parasympathetic cardiac ganglia. During hypotension, vagal centres are inhibited, and the sympathetic pathway is 

stimulated. Figure generated in BioRender. Adapted from (Carrara et al., 2021).  

1.1.3.2 The Renin Angiotensin Aldosterone System and other 

peptide/hormonal systems 

The RAAS is another important system involved in blood pressure regulation (Figure 1.3). 

It is responsible for maintaining fluid and electrolyte balance in the body. The renin 

enzyme is released by the kidneys in response to low blood pressure or low blood volume. 

Renin then converts angiotensinogen, a protein produced by the liver, into angiotensin I. 

Angiotensin I is further converted into angiotensin II by the action of the angiotensin-

converting enzyme (ACE). Angiotensin II is a potent vasoconstrictor that increases blood 

pressure by constricting blood vessels. It also stimulates the release of aldosterone, which 

promotes sodium and water retention, further increasing blood pressure via systemic 

vasoconstriction and stimulation of the hypothalamus (Crowley et al., 2005, Beard et al., 

2013). Aldosterone is synthesized primarily in the zona glomerulosa of the adrenal cortex. 

It mediates its effects by binding to renal mineralocorticoid receptors on principal 



8 

 

epithelial cells in the cortical collecting duct (Fountain et al., 2023). Sodium is reabsorbed 

via the epithelial sodium channel (ENaC) on the apical membranes of principal cells in the 

collecting tubules. Moreover, aldosterone triggers Na-K ATPase activation at the 

basolateral membrane of the apical cells, resulting in sodium transport into the 

extracellular space and increased potassium uptake into apical cells.  

Vasopressin is a nonapeptide, produced primarily in the supraoptic nucleus and 

paraventricular nucleus of the hypothalamus (Lozic et al., 2018). It is a key contributor to 

hydromineral homeostasis and induces vasoconstriction via three distinct subtypes of 

receptors: V1a, V1b, and V2 receptors. The V1a receptors are located in the periphery, 

specifically the blood vessels, kidneys, and adrenal glands, where they induce the 

production of aldosterone and glucocorticoids and renin production. They also work to 

regulate sympathetic outflow and baroreflex function. On the other hand, V1n receptors 

and corticotrophin-releasing factor (CRF) mediate the secretion of adrenocorticotropic 

hormone (ACTH) and catecholamines from the adrenal gland. The V2 receptors are highly 

expressed in the kidneys and act to control water retention, thereby maintaining plasma 

volume and osmolality (Lozic et al., 2018). At lower blood pressure, vasopressin acts to 

induce systemic vasoconstriction and lowering urine output from the kidney.  

Another form of blood pressure regulator are the natriuretic peptides, specifically atrial 

natriuretic peptide (ANP) and B-type natriuretic peptide (BNP). Both ANP and BNP are 

expressed and stored as prohormones in granules of the atrial myocytes a in mammalian 

hears and released into the bloodstream upon distension of atrial or ventricular 

cardiomyocytes (Zois et al., 2014). They have various functions, one of the most important 

being blood pressure regulation. Increasing circulating concentrations of ANP and BNP are 

associate with lower blood pressure and reduced risk of hypertension (Zois et al., 2014). 

ANP has the highest levels physiologically compared to BNP, although increased 

circulating concentration of the latter is found in patients with advanced essential 

hypertension (Macheret et al., 2012). These peptides reduce plasma volume by 

vasodilation and increasing salt and fluid excretion in the kidneys (Harris et al., 1987). 

They also act as physiological antagonists of the RAAS (Kuhn, 2016). Furthermore, 

natriuretic peptides also attenuate sympathetic nervous system activity in part through 

interaction with central vasopressin pathways.  
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Figure 1.3. Illustration of the components and function of the renin-angiotensin aldosterone system (RAAS). 

The RAAS is chiefly involved in regulating salt and water balance, and by extension blood pressure. Renin catalyses the 

conversion of angiotensinogen into angiotensin I, which is in turn converted to angiotensin II by the angiotensin-

converting enzyme (ACE). Angiotensin II has been associated with a host of different functions, including sodium 

retention and water retention by inducing secretion of antidiuretic hormones. High sodium intake and plasma 

volume/osmolality increases trigger negative feedback on renin secretion. Also, high sodium decreases aldosterone 

concentration, therefore lowering sodium reabsorption and promoting sodium excretion. More “novel” components of the 

RAS and particularly those deriving from ACE2 are not depicted here. Image generated in BioRender. Adapted from (de 

Almeida and Coimbra, 2019).  

1.1.3.3 Reactive Oxygen Species 

Reactive oxygen species, including superoxide (O2
•−) and hydrogen peroxide (H2O2), are 

signalling molecules that are important in a variety of physiological processes, including 

blood pressure control. Reactive Oxygen Species (ROS) are produced from cellular 

respiration and metabolic processes as byproducts via the activation of enzymes such as 

xanthine oxidoreductase, uncoupled NO synthase (NOS), mitochondrial respiratory 

enzymes, as well as nicotinamide adenine dinucleotide phosphate (NADPH) oxidases 

(Nox). The Noxs are one of the most important sources of O2
•− and H2O2 in the 

cardiovascular system. The association of ROS and blood pressure was proven initially in a 

rat model, whereby Angiotensin II induced hypertension in rats increased vascular ROS 

production via non-phagocytic NADPH oxidase activation (Rajagopalan et al., 1996). 

Since then, it has been demonstrated that most experimental models of hypertension 

exhibit some degree of oxidative stress (Montezano and Touyz, 2014). Mice models with 

reduced antioxidant enzyme systems and those with deficient NADPH oxidase exhibit 

higher blood pressures than the respective wild-type animals. ROS have been directly 
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implicated in blood pressure increases via the kidney, wherein they induce sodium 

retention (Sedeek et al., 2013). The exact mechanisms by which ROS influence blood 

pressure remain unclear. Excess or unmitigated ROS production promotes oxidative stress, 

which can cause damage to DNA, proteins, and lipids, leading to cell injury and 

cytotoxicity (Montezano and Touyz, 2014). In the vascular system, since ROS control 

endothelial function and vascular tone, oxidative stress leads to endothelial dysfunction, 

inflammation, and vascular remodelling, all of which are hallmarks of hypertension (Al 

Ghouleh et al., 2011, Bir et al., 2012, Tabet et al., 2008, Ushio-Fukai et al., 1998) 

1.1.3.4 Environmental Factors 

In addition to these systems, environmental stressors can also influence blood pressure. 

One such stressor is NaCl (referred to as “salt” hereafter). High salt intake has been 

associated with increased blood pressure in individuals with essential hypertension 

(Nyberg et al., 2012). The World Health Organization defines over 5 grams of sodium per 

day as excessive sodium consumption (Mente et al., 2021). In contrast, a reduction in 

sodium intake has been demonstrated to decrease blood pressure and hypertension 

incidence (Whelton and He, 2014). The mechanisms by which salt affects blood pressure 

are not fully understood, but it is believed to involve the regulation of fluid balance and the 

renin-angiotensin system (Van Vliet and Montani, 2008). One proposed mechanism 

postulates that increased salt intake induces water retention, thus leading to a condition of 

higher flow in arterial vessels. This can also influence vascular resistances. Salt sensitivity, 

which refers to an individual’s blood pressure response to changes in salt intake, varies 

among individuals. Some individuals are more sensitive to the blood pressure-raising 

effects of salt than others (Tomiyama et al., 1992, Yamasue et al., 2006), known as salt-

sensitive individuals.  

1.2 Hypertension 

Hypertension is a prevalent and significant health condition that affects a large proportion 

of the global population. It is a major risk factor for cardiovascular diseases, including 

stroke, coronary artery disease, and heart failure. Hypertension is characterized by 

persistently elevated blood pressure levels, typically defined as systolic blood pressure 

(SBP) of 140 mmHg or higher and/or diastolic blood pressure (DBP) of 90 mmHg or 

higher (Flack and Adekola, 2020), but values below this can be called “high normal”. 

Approximately 95% of hypertensive cases are known as essential hypertension, which is 

defined as having an unknown cause resulting from mixed interactions of genetic and 
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environmental factors. The remaining 5% of cases are classed as secondary hypertension, 

of which 1% are monogenic disorders (Cowley, 2006). 

Statistics indicate that hypertension is a global public health concern. According to the 

World Health Organization (WHO), approximately 1.13 billion people worldwide have 

hypertension, and this number is projected to increase to 1.56 billion by 2025 (Anthony, 

2019). In Scotland, around a quarter of the population aged 16 years and over had raised 

blood pressure in 2019 (Observatory, 2022). Furthermore, hypertension is responsible for a 

significant burden of disease, contributing to approximately 7.6 million deaths annually). 

Rather surprisingly, over a third of hypertensive patients remain undiagnosed (Arima et al., 

2011). 

The development and progression of hypertension involve a complex interplay of various 

factors. Lifestyle factors, such as unhealthy diet, physical inactivity, tobacco use, and 

excessive alcohol consumption, contribute to the development of hypertension (Flack and 

Adekola, 2020). Genetic factors also play a role, as there is evidence of a hereditary 

component to hypertension (Natekar et al., 2014). Additionally, other medical conditions, 

such as obesity, diabetes, and CKD, are closely associated with hypertension (Choi et al., 

2005, Hall et al., 2014). 

1.2.1 The Role of Genetics in High Blood Pressure 

Genetic factors are a key challenge for causal studies of hypertension. Twin and family-

based studies have demonstrated that 30-50% of the variance in blood pressure readings 

may be heritable. Blood pressure data acquired across three generations in the Framingham 

Heart Study indicated that higher blood pressure in grandparents is `associated with a 

higher risk of reoccurrence in third-generation offspring (Niiranen et al., 2017). Genetics 

as a contribution to hypertension was recognized in Page’s “Mosaic Theory of 

Hypertension” (Olczak et al., 2021), which contained evidence from multiple familial 

studies and rare disorders that have contributed to the discovery of causal Mendelian 

mutations (Ehret and Caulfield, 2013). The polygenic nature of hypertension was first 

argued by Pickering, who theorised that Gaussian distribution of blood pressure throughout 

the population is determined by a collection of genes (Brown, 2012). In this regard, 

hypertension is a quantitative trait with a normal distribution. In fact, later studies 

estimating the heritability of hypertension supported this, with clinical SBP and DBP at 15-

40% and 15-30%, respectively (Havlik et al., 1979). 
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Gene mapping techniques enabled by The Human Genome Project hugely assisted in 

linkage analysis, which helped provide chromosomal locations of genes for traits. Studies 

of monogenic disorders of hypertension allowed identification of blood pressure associated 

genes and highlighted the importance of the kidneys and adrenal glands in blood pressure 

control (Raina et al., 2019). For instance, research on patients with Liddle syndrome 

uncovered gain-of-function mutations in SCNN1B and SCNN1G genes that encode 

subunits of ENaC. This underlined the role of sodium reabsorption in the regulation of 

blood pressure. However, monogenic disorders only account for a small percentage of 

hypertensive patients. 

Polygenic forms of hypertension were analysed using candidate linkage studies in cohorts 

including large families (Olczak et al., 2021). A linkage analysis of 63 White European 

families identified variants of the AGT gene encoding angiotensinogen, which showed 

variation between different ethnic populations in subsequent studies (Gurdasani et al., 

2019). However, the nature of these studies was inherently underpowered and lacked 

reproducibility. To this extent, the advent of genome-wide association studies (GWAS) 

helped identify loci across the entire genome without bias. These studies helped discover 

numerous quantitative trait loci (QTLs), which are regions of DNA linked to variations in a 

phenotype, linked with hypertension (Ehret et al., 2009, Munroe et al., 2006, Chang et al., 

2007). However, the interpretation of such data is limited as QTLs span broad regions of 

DNA and thus identification of variants with smaller effect sizes or single genes difficult 

(Cowley, 2006). Functional studies in animal models and bioinformatic analysis can assist 

greatly in this matter (Ehret et al., 2011, Bai et al., 2013). 
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1.2.2 Immune System 

The role of the immune system in the pathogenesis of hypertension has been firmly 

established by numerous studies (Figure 1.4). The immune system contributes significantly 

to hypertension development by inducing inflammation in the nervous system, the 

cardiovascular and the renal systems, all of which are pivotal to blood pressure regulation 

(Singh et al., 2014). There are various experimental models of hypertension that have 

linked specific cytokines and lymphocytes to the development of hypertension and 

hypertensive organ injury, such as the spontaneously hypertensive rat (SHR), 

deoxycorticosterone acetate (DOCA)-salt, and angiotensin II and renal damage, to name a 

few (Singh et al., 2014). 

Figure 1.4. A summary of the two branches of the immune system and their role in hypertension.  

The two main branches of the immune system are the adaptive and innate immune system. They both contribute to 

establishing inflammation in the kidney, arteries, and the autonomic nervous system. In the adaptive immune system, 

antigens are recognised and presented by antigen-presenting cells (APC) to naïve T lymphocytes (specifically, the T-cell 

receptor) via the major histocompatibility complex (MHC). This induces stimulation of the antibody producing B cells 

and helper (CD4+) and cytotoxic (Cd8+) T cells. The CD4+ T-cells produce a proinflammatory cytokine response via 

Th1, Th2, and IL-17, as well as T regulatory cells (Tregs) to modulate the inflammation. In contrast, the innate immune 

system is triggered by danger-associated molecular patterns (DAMPs) which are identified by pattern recognition 

receptors (PRR), mainly via the toll-like receptors (TLR). The TLR stimulate the inflammasome complex, which is the 

main driver of the innate immune response. The most important innate immune cells involved in this process are 

monocytes, macrophages, neutrophils, dendritic cells, as well as natural killer cells and the complement system. The 

black arrows represent stimulation, whereas an arrow with a solid dash at the end symbolises inhibition. This illustration 

was generated in BioRender. Adapted from (Rodriguez-Iturbe et al., 2017).  

1.2.2.1 An Overview of the Types of Immune Responses 

There are two main components of the immune system, innate immunity, and adaptive 

immunity. The innate immune system is responsible for the acute response to antigens and 

is often referred to as the “first line of defence”. The two main pattern of antigens 
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recognised by the innate immune system are those generated by pathogenic 

microorganisms, known as pathogen-associated molecular patterns (PAMPs), or produced 

by endogenously expressed cellular stress signals, or danger-associated molecular patterns 

(DAMPs). These signals are recognised by pattern recognitions receptors (PRRs) that 

induce caspase-1acgtivating complexes referred to as inflammasomes. The inflammasomes 

initiate signalling that leads to the processing and secretion of proinflammatory cytokines, 

which ultimately induce cell death via pyroptosis (Schroder and Tschopp, 2010). There are 

four main inflammasome complex (NLRP1, NLRC4, NLRP3, and AIM2), of which the 

most interesting is NLRP3 which has been shown to be activated during hypertension. 

Toll-like receptors (TLRs) are a group of PRR that are expressed by T and B lymphocytes, 

monocytes, dendritic cells, as well as somatic cells. They also activate the inflammasome 

pathways, which leads to the upregulation of a variety of inflammatory factors such as NF-

κB, AP-1, and interferon-regulatory factors, as well as Il-1β and IL-18. Furthermore, the 

inflammasome plays an important role in activating the acquired immune response (or 

adaptive immunity) by presenting antigens to T-cells (Martinon and Tschopp, 2004). 

The adaptive immune response is characterized by its specificity towards exogenous and 

endogenous antigens. The system functions primarily through effectors cells known as T 

and B lymphocytes. The activation of T-cells typically requires presentation of antigens by 

antigen-presenting cells (APC) via a major histocompatibility complex (MHC). This 

interaction involves interactions of the antigen with a specific T-cell receptor (TCR), co-

stimulation with CD80 or CD86 which link to CD28 on the T-cell. Depending on proper 

activation, this may then lead to clonal expansion (Curtsinger and Mescher, 2010). Also, 

the adaptive immunity has the capability of memory, or more specifically an accelerated 

response to subsequent to a repeat antigen, which is provided by memory T-cells. Finally, 

cytokines generated by CD4+ T cells generate and maintain B-cell humoral immune 

responses, which are responsible for antibody production.  

1.2.2.2 Cytokines and Hypertension 

The key cytokines relevant to hypertension are generated by T-cells, B cells, mast cells, 

macrophages, and dendritic cells. Importantly, the balance of cytokines will determine the 

impact on hypertension. For example, angiotensin-induced hypertensive renal damage is 

associated with upregulation of Th1 cytokine interferon gamma (IFN-γ) and a decrease in 

Th2 cytokine IL-4 (Shao et al., 2003). However, it should be noted that cytokines often 

have overlapping functions, which needs to be considered when evaluating the effects of 

individual cytokines on hypertension progression (Crowley and Jeffs, 2016). 
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One of the most important cytokines involved in hypertension development is Tumour 

Necrosis Factor-α (TNFα). It is produced by macrophages, natural killer (NK) cells, and T-

cells and has been proven to activate endothelial cells and neutrophils, as well as causing 

catabolism of fat and muscle. TNFα-/-mice were shown to have increased endothelial nitric 

oxide synthase (eNOS) production and were guarded from hypertension progression, as 

well as sodium and water retention, induced by Angiotensin II infusions (Sriramula et al., 

2008, Zhang et al., 2014a). Interestingly, since TNFα reduces renal blood flow and inhibits 

NKCC2 activity, it has been postulated that blood pressure effects of TNFα are most likely 

dependent on the balance between vasoconstriction and renal sodium balance (Rodriguez-

Iturbe et al., 2017). Another critical example of cytokines involved in hypertension is 

Transforming Growth Factor Beta (TGFβ), which is primary produced by regulatory T-

cells and macrophages. It has roles in fibrosis, stimulating collagen production by 

fibroblasts, and inhibits activation and proliferation of several immune cells, such as T and 

B-cells. In the Dahl salt-sensitive rat model, administration of anti-TGFβ (effectively 

neutralising its effects) was associated with reduced renal and cardiac fibrosis (Dahly et al., 

2002, Murphy et al., 2012). Cytokines do not only induce hypertension but play a key 

protective role as well. For instance, Interleukin (IL)-10 has anti-inflammatory properties 

and is produced by monocytes, Th2 lymphocytes, mast cells, B cells, and regulatory T-

cells. In experimental models of preeclampsia, IL-10 administration was shown to 

attenuate hypertension and albuminuria (Tinsley et al., 2010). Alternatively, a deficiency in 

IL-10 promotes endothelial dysfunction and ROS production, highlighting its 

immunosuppressive role (Didion et al., 2009). 

1.2.2.3 Innate Immunity and Hypertension 

As mentioned earlier, the key complex involved in the innate immune response in 

hypertension is NLRP3 inflammasome. Lowering of TLR4 levels ameliorates or entirely 

prevent hypertension (Bomfim et al., 2012, Dange et al., 2015, Sollinger et al., 2014). 

Several components have been linked to the activation of inflammasome in hypertension, 

such as soluble and crystalline urate, reactive oxygen species, and ATP-induced activation 

of the P2X7 receptor (Rodriguez-Iturbe et al., 2017). The latter is an ion-gated channel that 

generates potassium efflux, which is key to inflammasome activation. Angiotensin II 

infusion in Dahl salt-sensitive rats leads to overexpression of P2X7 and hypertension, 

which can be ameliorated by its inactivation (Vonend et al., 2004, Ji et al., 2012). The 

binding of inflammasome end products, IL-1β and Il-18, to their specific receptors is 

critical for regulating activity of lymphocytes, monocytes, vascular endothelial cells, 

vascular smooth muscle cells, and renal epithelial tubular cells. Their activation triggers 
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downstream signalling of transcription factors such as NF-κB. Rat resistance arteries 

stimulated with IL-1β and IL-18 have increased ROS and impaired vasodilation (Jiménez-

Altayó et al., 2006). Moreover, administration of IL-1β via osmotic pump to SHRSP 

animals led to increased hypertension and incidence of stroke (Chiba et al., 2012). Another 

significant aspect to consider in the innate immune system is the complement system, 

which is a network of proteins involved in inflammatory and cytolytic responses. 

Although, it remains poorly studied in the context of hypertension, one study showed that 

that deficiency of C3, a key complement factor, prevented hypertension and renal injury by 

preventing activation of RAAS and renal fibrosis (Zhou et al., 2013). 

1.2.2.4 Adaptive Immunity in Hypertension 

There are a plethora of studies highlighting the role of adaptive immunity in hypertension. 

As discussed earlier, antigen presentation is a key aspect to priming the adaptive immune 

system and in hypertension, this process is exacerbated. For example, it has been 

demonstrated that isoketal-modified proteins and overexpression of Heat Shock Protein 70 

(HSP70) are antigens involved in hypertension activated immune reactivity (Kirabo et al., 

2014, Ishizaka et al., 2002). B-cell activation has been shown to be critical to development 

of Angiotensin II-induced hypertension (Chan et al., 2015). Furthermore, the central 

nervous system and sympathetic nervous system are triggered by oxidative stress when 

induced by angiotensin I, thus triggering the release of activated T cells from the spleen 

and infiltration of immune cells into target (Carnevale et al., 2014, Xiao et al., 2015). Co-

stimulation is another important factor in antigen presentation, which is underlined by the 

studies with DOCA-salt and angiotensin II-induced hypertensive models that demonstrated 

amelioration of hypertensive phenotype following blockade of the B7 costimulatory 

pathway or genetic deletion of CD80 and CD86 ligands (Vinh et al., 2010). 

1.2.2.5 Pathophysiology of Inflammation and Renal Hypertension 

The outcome of elevated blood pressure is a consequence of many factors, including 

activated immune cells, oxidative stress, angiotensin II induced inflammation of the 

kidney, arteries, and nervous system. Oxidative stress induced pro-inflammatory 

transduction pathways (JNK, p38 MAPL) and transcription factors such as NFκB, whereas 

inflammation is a strong amplificatory of oxidative stress by inducing increased ROS 

generation (Los et al., 1995). Angiotensin II interacts with both oxidative stress and 

inflammatory components, with increased circulating RAAS and intrarenal RAS activation 

contributing significantly to hypertension (Navar, 2004, Navar et al., 2002). Further 

experiments involving expression of the angiotensin-type I receptor have a supressed Th1 
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inflammatory response and protect kidneys from angiotensin-II induced injury (Navar et 

al., 2002, Szabo et al., 2000). On different immune cells, specifically LysM macrophages, 

supressing the angiotensin-type I receptor led to increased tubulointerstitial fibrosis, 

suggesting activation of the receptor normally attenuates the expression of 

proinflammatory macrophages (Zhang et al., 2014b). 

Renal inflammation impacts the pressure-natriuresis response, i.e. maintenance of sodium 

balance, and elevation of blood pressure, indicating a key role in pathogenesis of 

hypertension (Guyton et al., 1972). In the kidney, renal infiltration of immune cells in 

spontaneous hypertensive rats (SHRs) occurs prior to development of hypertension 

(Rodríguez-Iturbe et al., 2004). Moreover, there is a direct correlation of intensity of 

immune cell infiltration in the kidneys with severity of hypertension in this model 

(Rodríguez-Iturbe et al., 2002). Interestingly, in salt-sensitive hypertension, the 

accumulation of immune cells in tubulointerstitial areas is inversely correlated with 

fractional sodium excretion (Franco et al., 2013). With regards to RAAS activity, renal 

inflammation has been linked to increased angiotensin II activity which impairs pressure-

natriuresis. Also, chronic hypertension requires persistent renal RAAS activation and 

studies with inbred mice deficient renal ACE showed that renal ACE is key to salt 

sensitive hypertension development as a result of inflammatory injury (Franco et al., 2007, 

Franco et al., 2013).  

1.2.3 Environmental Influences and Salt 

Factors that determine an individual’s risk of developing hypertension often involve a 

complex set of interactions between multiple genes as well as environmental factors 

(Kunes and Zicha, 2009). There is significant evidence for the involvement of the 

“modern” diet and lifestyle in driving the continued epidemics in obesity, hypertension, 

diabetes, atherosclerosis, and other symptoms of metabolic syndrome (Eaton and Eaton, 

2003). This process is mostly exacerbated by a shift in diet from unprocessed food to one 

high in fat, sugar, and salt. Moreover, sedentary lifestyle and the resulting excess weight 

have been linked to subsequent increased cardiovascular event risks, such as non-fatal 

arrhythmia, myocardial infarction, spontaneous cardiac death (Myers et al., 2002). These 

are all modifiable risk factors that can prevent and treat cardiovascular disease progression. 

For instance, moderate physical activity (aerobic exercise) has been associated with 

significant blood pressure reductions (Kunes and Zicha, 2009). Additionally, there is an 

increased understanding that some environmental factors, such as stress, diet (e.g. salt), 

and temperature can be causal of certain diseases, including hypertension, if present in 
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critical development windows of an organism (Kunes and Zicha, 2006). For example, the 

association of low birth weight and onset of raised blood pressure later in life has led to the 

“programming hypothesis”, which states that impairment of the intrauterine environment 

leads to greater risk of cardiovascular disease later in life, including hypertension (Eriksson 

et al., 2007). Although, controversy exists as to the underlying mechanisms involved in 

this process.  

One important environmental factor that has been extensively studied in relation to 

hypertension, and is of particular interest in this thesis, is salt intake (Figure 1.5). Salt is an 

ionic compound consisting of 40% sodium and 60% chloride. The recommended daily salt 

intake for adults is less than 5 grams of salt per day (Grillo et al., 2019). Excess dietary salt 

has been identified as a major contributor to the development and severity of hypertension 

(Elijovich et al., 2016). High salt intake can lead to an increase in blood volume, resulting 

in elevated blood pressure (Graudal et al., 2011). In numerous epidemiologic, clinical, and 

experimental studies, dietary sodium has been linked to hypertension, with some patients 

being particularly salt-sensitive (He and MacGregor, 2010, Freis, 1992, Whelton et al., 

1998, He et al., 1999, Sacks et al., 2001a, O'Donnell et al., 2014a). These patients exhibit a 

difference in mean arterial pressure that is 10mmHg greater when salt balance is altered by 

a combination of diet and loop diuretics (Elijovich et al., 2016). However, there are also 

studies suggesting a less prominent role for salt in hypertension (Stolarz-Skrzypek et al., 

2011), with persons able to consume large amounts of salt without substantial rises in 

arterial pressure. A Cochrane review showed that dietary salt restriction attenuates blood 

pressure by 0.5mmHg in normotensive individuals, and by 4mmHg in hypertensive 

patients (Graudal et al., 2011). Therefore, reducing salt intake is often recommended as a 

lifestyle modification to manage and prevent hypertension (Graudal et al., 2011). However, 

dissecting the individual effects of salt intake on blood pressure is challenging due to high 

variability.  

The kidneys play a crucial role in regulating sodium balance, and any dysfunction in this 

process can contribute to the development of hypertension (Grillo et al., 2019). Nearly 

known monogenic disorders of blood pressure affect kidney salt metabolism (Lifton et al., 

2001). For instance, loss of function of the thiazide-sensitive NaCl cotransporter (NCC) 

expressed predominantly in the distal convoluted tubule, known as Gitelman’s syndrome, 

leads to salt wasting and hypotension despite RAAS activation (Lifton et al., 2001). 

Moreover, excess salt and water retention are characteristic of certain forms of salt 

sensitivity, such as CKD (Vidal-Petiot et al., 2018). It is therefore prudent to consider 
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kidney physiology when analysing the mechanisms responsible for salt-sensitive 

hypertension. 

Figure 1.5. Illustration of pathways involved in pathogenesis of various diseases as a result of excessive salt intake.  

Excess salt diet induces multiple pathophysiological mechanisms that over time lead to end organ damage and chronic 

diseases. Together, this accounts for 3 million deaths a year worldwide. Figure made in BioRender. Adapted from (He et 

al., 2020). l 

1.3 Kidney Physiology 

1.3.1 Kidney Function 

The kidneys are vital organs responsible for maintaining fluid and electrolyte balance, 

regulating blood pressure, and filtering waste products from the blood. They play a crucial 

role in maintaining homeostasis in the body. The structure and function of the kidneys are 

intricately linked, allowing them to perform their essential tasks efficiently (Denic et al., 

2016, Ogobuiro and Tuma, 2023). They have a rich blood supply, whereby the renal artery 

brings oxygenated blood to the kidneys, which is then filtered by the nephrons. The filtered 

blood is collected by the renal veins and returned to the systemic circulation. The kidneys 

receive approximately 20% of the cardiac output, highlighting their importance in 

maintaining overall cardiovascular health (Dalal et al., 2023). In addition to their filtration 

and excretory functions, they produce hormones and bioactive molecules such as 

erythropoietin, a hormone that stimulates the production of red blood cells, and renin (Kurt 

and Kurtz, 2015). 

The structure and function of the kidneys can be influenced by various factors. Ageing, for 

example, can lead to structural and functional changes in the kidneys, including a decline 

in GFR and changes in tubular reabsorption and secretion capacities (Denic et al., 2016). 

Environmental stressors, such as heat stress, can also affect kidney structure and function 
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(Chang et al., 2023). Additionally, certain diseases and conditions, such as CKD and 

diabetes, can cause detrimental alterations that ultimately result in loss of function 

(Nordheim and Geir Jenssen, 2021). 

1.3.2 Kidney Structure 

The basic structural unit of the kidney is the nephron (Figure 1.6). Each kidney contains 

millions of nephrons, which are responsible for filtering the blood and producing urine. 

The nephron consists of a renal corpuscle, which includes the glomerulus and Bowman’s 

capsule, and a tubule system, which includes the proximal tubule, loop of Henle, distal 

tubule, and collecting duct (Preuss, 1993). The glomerulus is a network of capillaries 

surrounded by Bowman’s capsule. It is responsible for the filtration of blood and the 

formation of the primary urine. The glomerular filtration rate (GFR) is a measure of the 

amount of blood filtered by the glomerulus per unit of time and is an important indicator of 

kidney function (Kaufman et al., 2023). The tubule system of the nephron is involved in 

the reabsorption and secretion of various substances. The proximal tubule is responsible 

for the reabsorption of water, electrolytes, and nutrients from the filtrate back into the 

bloodstream. The loop of Henle plays a crucial role in the concentration of urine by 

creating a concentration gradient in the medulla of the kidney. The distal tubule and 

collecting duct are involved in the final adjustment of urine composition and volume 

(Madsen et al., 1988). 
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Figure 1.6. Basic Structure of the Kidney Nephron. 

The nephron is the basic structural and functional unit of the kidney. In humans, there are approximately 1,200,000 

nephrons (Feher, 2017). The nephron comprises of the glomerulus, Bowman’s capsule, the proximal convoluted tubule, 

the loop of Henle, the distal convoluted tubule, and the collecting duct. The nephron can be classified into two main 

types: cortical nephrons and juxtamedullary nephrons. The former has a glomerulus located near the outer parts of the 

cortex and have relatively short loops of Henle. In contrast, the juxtamedullary nephrons have a glomerulus near the 

junction of the cortex and medulla, and their loops of Henle are longer, thus penetrating deeper into the medulla. In 

humans, 85% of nephrons are cortical nephrons, whereas 15% are juxtamedullary nephrons (Feher, 2017). In rats, this is 

72% and 28%, respectively (Ichii et al., 2006). Urine formation begins in the Bowman’s capsule inside the Bowman’s 

space, whereby an ultrafiltrate of plasma is formed together with the glomerulus. The ultrafiltrate then flows along the 

tube of the nephron, firstly in the proximal convoluted tubule, wherein absorption of water, salt, amino acids, glucose, 

and bicarbonate. From here, the urine travels to the loop of Henle which acts as a countercurrent multiplier, establishing 

an osmotic gradient that runs from 300 mOsm in the cortex to as high as 1200 mOsm in the inner medullary interstitium. 

The point of interaction between thick ascending limb, afferent arteriole, and efferent arteriole is the juxtaglomerular 

apparatus. This is where the distal convoluted tubule starts, which is responsible for further reabsorption of water and 

salt. The distal convoluted tubule connects to the collecting duct where the final concentration of urine occurs. This 

greatly contributes to the concentration of the urine. Structures are not drawn to scale. Figure produced in BioRender. 

1.3.2.1 The Thick Ascending Limb 

The thick ascending limb (TAL) of the loop of Henle is a crucial segment of the nephron in 

the kidney. It plays a vital role in the reabsorption of sodium, potassium, and chloride ions, 

as well as the regulation of urine dilution. The epithelial cells that line the TAL are 

specialized for these functions and express specific transport proteins (Zacchia et al., 

2018).  
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The TAL is responsible for the reabsorption of approximately 25% of filtered sodium and 

chloride ions. This reabsorption occurs through the activity of the Na+-K+-2Cl- 

cotransporter (NKCC2), which is highly expressed on the luminal membrane of the renal 

tubular epithelial cells in the TAL (Mount, 2014). NKCC2 is essential for the normal 

reabsorption of sodium, potassium, chloride, calcium, and magnesium ions (Castrop and 

Schießl, 2014). The transport of ions in the TAL is driven by the electrochemical gradient 

established by the basolateral Na-K ATPase, which pumps sodium out of the cell and 

potassium into the cell. The NKCC2 cotransporter uses the energy from this sodium 

gradient to transport sodium, potassium, and chloride ions into the cell (Castrop and 

Schießl, 2014). The reabsorption of sodium, potassium, and chloride ions in the TAL is 

critical for the generation of a concentration gradient in the medulla of the kidney. This 

gradient is essential for the reabsorption of water in the collecting ducts and the production 

of concentrated urine (Sands and Layton, 2009). In addition to ion transport, the TAL is 

also involved in the regulation of acid-base balance by reabsorbing bicarbonate ions and 

secreting hydrogen ions (Kim et al., 1999). Furthermore, TAL can contribute to the 

regulation of blood pressure through the production of vasoactive substances, such as 

prostaglandins (Gonzalez-Vicente et al., 2019).  

The epithelial cells that line the TAL have unique characteristics that enable them to 

perform their specialized functions. These cells have a high density of mitochondria, which 

provide the energy required for active ion transport (Ohsaki et al., 2012). They also express 

specific transport proteins, such as NKCC2, that are essential for ion reabsorption (Ares et 

al., 2011). Additionally, the cells of the TAL express specific markers, such as uromodulin 

(also known as Tamm-Horsfall protein, abbreviated to UMOD hereafter), which is the 

most abundant urinary protein in healthy humans (Boder et al., 2021).  

1.3.3 Kidneys and Blood Pressure Regulation 

As mentioned earlier, the kidneys play a crucial role in the regulation of blood pressure, 

ensuring that it remains within a normal range to maintain proper organ and tissue 

function. The intricate interplay between the kidneys and various physiological systems 

allows for the fine-tuning of blood pressure control. The kidneys contribute to blood 

pressure regulation through several mechanisms, including RAAS, sodium and water 

balance, and the regulation of renal blood flow (Wadei and Textor, 2012).  

The kidneys are pivotal to the maintenance of sodium and water homeostasis, which is 

essential for blood pressure regulation (Graham et al., 2017, Graham et al., 2018, Ares et 

al., 2011). The reabsorption of sodium and water from the renal tubules back into the 
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bloodstream helps to maintain blood volume and, consequently, blood pressure. The 

transport of sodium and water is tightly regulated by various transporters and channels in 

the renal tubules, such as NKCC2 in the TAL of the loop of Henle (Stanton and Kaissling, 

1989). 

Renal blood flow is another important factor in blood pressure regulation. The kidneys 

receive approximately 20% of the cardiac output, highlighting their significance in 

maintaining overall cardiovascular health (Ljungman et al., 1980, Dalal et al., 2023). 

Changes in renal blood flow can affect blood pressure through the regulation of sodium 

and water reabsorption and the release of vasoactive substances (Anderson et al., 1976, 

Van Beusecum and Inscho, 2015). Furthermore, the kidneys are involved in the regulation 

of blood pressure through the excretion of waste products and the control of fluid and 

electrolyte balance. The filtration of waste products, such as urea and creatinine, from the 

blood helps to maintain the composition of body fluids. This is linked to the balance of 

electrolytes, such as sodium, potassium, and calcium, which are essential for proper 

cellular function and fluid balance (Shrimanker and Bhattarai, 2023). 

Several studies have provided molecular evidence supporting the role of the kidneys in 

blood pressure regulation. For example, the inhibition of soluble epoxide hydrolase (sEH), 

an enzyme involved in the metabolism of epoxyeicosatrienoic acids (EETs), has been 

shown to lower arterial blood pressure in animal models (Imig et al., 2002). Mutations in 

genes involved in renal sodium transport, such as WNK kinases, have been associated with 

hypertension (Wilson et al., 2003). Additionally, studies have demonstrated the impact of 

renal dysfunction on blood pressure control and the development of hypertension (Zbroch 

et al., 2012, Pugh et al., 2019).  

1.4 Kidney Disease and Hypertension 

Kidney disease and hypertension are closely intertwined, with hypertension being a major 

risk factor for the development and progression of kidney disease. Kidney disease 

encompasses a range of conditions that affect the structure and function of the kidneys, 

leading to impaired renal function and potential complications. Understanding the 

relationship between kidney disease and hypertension is crucial for effective management 

and prevention strategies (Jankowski et al., 2021). Prolonged elevation of blood pressure 

can damage the blood vessels in the kidneys and impair their ability to filter waste products 

and excess fluid from the body (Luyckx et al., 2013). This can lead to the development of 

CKD and increase the risk of cardiovascular events Dysregulation of the RAAS can 

contribute to the pathophysiology of hypertension and kidney disease (Ma et al., 2022, 
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Siragy and Carey, 2010). Medications that target the RAAS, such as ACE inhibitors and 

angiotensin receptor blockers (ARBs), are commonly used to manage hypertension and 

slow the progression of kidney disease (Zhang et al., 2020, Momoniat et al., 2019). 

1.4.1 Diabetes 

Diabetes is another profound risk factor for kidney disease, and hypertension often coexists 

with diabetes (Pyram et al., 2012, Long and Dagogo-Jack, 2011). Diabetic kidney disease, 

also known as diabetic nephropathy, is a common complication of both type 1 and type 2 

diabetes. The combination of diabetes and hypertension can have a synergistic effect on 

kidney damage, leading to accelerated progression of kidney disease (Wang et al., 2017). 

Strict glycaemic control and blood pressure management are essential in managing diabetic 

kidney disease and reducing the risk of further renal damage. 

1.4.2 Chronic Kidney Disease 

CKD is a progressive condition characterized by a gradual loss of kidney function over 

time. It can result from various causes, including hypertension, diabetes, 

glomerulonephritis, and other systemic diseases (Webster et al., 2017). Hypertension is a 

common comorbidity in individuals with CKD and can contribute to the progression of 

kidney damage (MacRae et al., 2021). Effective management of hypertension is crucial in 

slowing the progression of CKD as well as preventing cardiovascular complications (Pugh 

et al., 2019). 

1.4.3 Other important factors 

Other important diseases, such as HIV infection, can also impact kidney health. HIV-

infected individuals are at an increased risk of kidney disease, including HIV-associated 

nephropathy and immune-complex kidney disease (Peck et al., 2014). The management of 

kidney disease in HIV-positive individuals requires a comprehensive understanding of the 

unique factors associated with HIV infection (Peck et al., 2014). Further research is needed 

to explore novel treatment approaches and interventions that can effectively mitigate the 

impact of kidney disease and hypertension on global health. 

1.5 The Study of Hypertension: Animal Models 

1.5.1 Animal Models 

One of the main challenges of establishing the mechanisms underlying the pathogenesis of 

hypertension is the lack of a model that appropriately emulates the complexity of the 

phenotype of hypertension (Lin et al., 2016). Animal models have enabled researchers to 
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elucidate multiple factors that regulate blood pressure, including environmental, genetic, 

physiological, and microbial factors (Lin et al., 2016). These animals often have varying 

mechanisms of blood pressure control. A key question is therefore, how do you capture the 

multifactorial nature of hypertension in a single model to study disease mechanisms?  

Given the rise in gene-editing tools, such as CRISPR/Cas9, knockout rodent models have 

become key to decipher gene functions in hypertension (Jama et al., 2022). The application 

of this technology to larger animals is still limited, therefore rodent models still offer a 

significant advantage in hypertension modelling. Global or cell-specific knockout models 

of single or multiple genes can be generated, thereby enabling the investigation of specific 

genes and molecular pathways. Another advantage of using rodent models is the range of 

availability of assay and reagent tools for molecular techniques, including flow cytometry 

and immunohistochemistry, which are lacking in large animal models (Jama et al., 2022). 

Furthermore, rodent models offer reliable and accurate blood pressure measurements, such 

as via non-invasive tail-cuff plethysmography (Jama et al., 2022). These closely resemble 

intra-arterial blood pressure and are highly reproducible. Additionally, rodent models are 

advantageous in respect to their short life span and fast breeding capabilities, producing 

relatively large litters, which allows for intergenerational studies. As a result, these models 

are inbred and often have the same genetic background, which can be advantageous with 

regards to consistency of results but a disadvantageous when comparing to human 

populations which stem from diverse genetic backgrounds (Jama et al., 2022). 

1.5.2 Rodent Models of Hypertension 

There is a plethora of rodent models of hypertension, with different applications depending 

on the type of research being conducted. There are genetic models, which can be further 

subdivided into monogenic, transgenic models, and polygenic models. There also induced 

models. A summary of these models is provided in Table 1.2.  
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Table 1.2. Summary of Rodent Models of Hypertension and their Clinical Relevance 

Model  Species   Organ Contribution Relevance to 

clinical 

hypertension  

Ang II   Rats or 

Mice 

Renal, Vascular, Immune 

and Neurogenic 

RAAS-

dependent 

hypertension, 

respond to 

ACEi and 

ARBs 

DOCA-salt Mice or 

Rats 

Renal, Vascular, and 

Immune 

Low-renin 

hypertension, 

resistant to 

ACEi and 

ARBs 

Dahl Salt-Sensitive Rats Renal, Vascular, and 

Immune 

Genetically 

salt-sensitive, 

low-renin 

hypertension, 

resistant to 

ACEi and 

ARBs 

L-NAME Rats or 

Mice 

Renal, Vascular, and 

Immune 

NOS-

deficient 

hypertension, 

respond to 

ACEi and 

ARBs 

SHR Rats Renal, Vascular, Immune, 

and Neurogenic 

Genetic 

model of 

hypertension, 

respond to 

ACEi and 

ARBs 

SHRSP Rats Renal, Vascular, Immune, 

and Neurogenic 

Genetic 

model of 

chronic 

hypertension, 

respond to 

ACEi and 

ARBs 

Schlager BPH Mice Kidney and Neurogenic Genetic 

white-coat 

hypertension, 

respond to 

ACEi 

The most significant organ systems contributing to hypertension in these models are summarised under the “Organ 

Contribution” column. The clinical significance of this model and translatability to humans is summarised in the final 

column. (AngII, angiotensin II; DOCA, deoxycorticosterone acetate; RAAS, renin angiotensin aldosterone system; SHR, 

spontaneously hypertensive; SHRSP, stroke-prone spontaneously hypertensive rats; L-NAME, NG-nitro-L-arginine 

methyl ester; ACEi, angiotensin-converting-enzyme inhibitor; ARBs, angiotensin II receptor blockers). The table was 

adapted from (Jama et al., 2022). 
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1.5.2.1 Stroke Prone Spontaneously Hypertensive Rat Model 

Of particular interest for this thesis is the stroke-prone spontaneously hypertensive rat 

(SHRSP), which is a unique genetic model of severe hypertension and cerebral stroke 

(Nabika et al., 2012). The SHRSP model was established from a substrain of 

spontaneously hypertensive rats (SHR), which was obtained by selective inbreeding of 

Wistar-Kyoto (WKY) rats in 1974 by Okamoto et al (Okamoto et al., 1986). The SHRSP 

were generated under the following conditions: 1) the selection started using a 24th 

generation SHR, 2) a high risk of stroke was fixed after 3 generations of selective 

breeding, 3) which was co-existent with severe hypertension. This strain exhibited high 

incidence of stroke (80%) and severe hypertension (220-240mmHg) in adults, in contrast 

to SHR (10% and 180-120mmHg, respectively). In fact, SHRSP exhibit a rapid onset of 

hypertension over the first 5 weeks (Yamori et al., 1974). It should be noted that there is a 

large strain difference in the genome of WKY and SHR/SHRSP which does not contribute 

to hypertension. This is because WKY were established independently from another pair of 

ancestral rats in the same closed colony (Nabika et al., 2012). Before being established as 

fully inbred strains, the SHR, SHRSP, and WKY were distributed to multiple laboratories 

which has contributed to further genetic variation between strains. Thus, the SBP varies for 

the Glasgow sub strain of SHRSP used in this thesis compared to the general sub-strain, 

whereby values are around 190-200mmHg (Graham et al., 2007).  

The SHRSP, unlike the WKY, are salt-sensitive, whereby administering 1%NaCl (or 

hereafter “1% salt”, also known as salt loading) solution produces a 30mmHg rise in blood 

pressure and increases risk of stroke (Yamori et al., 1981). The male SHRSP have a shorter 

lifespan (52-64 weeks) or 14-20 weeks with salt loading relative to the WKY, which live 

approximately 3 years (Nagura et al., 1995) (Doggrell and Brown, 1998). Due to its salt-

sensitivity and well-defined cardiovascular phenotype, the SHRSP are an ideal model for 

studying human hypertension. The pathology of hypertension in SHRSP aligns with that 

found clinically in humans, including increased blood pressure rises with age, endothelial 

dysfunction, left ventricular hypertrophy, renal dysfunction, and sex differences in blood 

pressure (Clark et al., 1996, Kerr et al., 1999, Jeffs et al., 2000).  

1.6 Uromodulin: Physiology and Disease 

Uromodulin (UMOD), often referred to as Tamm-Horsfall protein, is a protein that is 

mostly produced by thick ascending limb (TAL) epithelial cells of the loop of Henle in the 

kidney (Rampoldi et al., 2011, Chabardes-Garonne et al., 2003) and, to a lesser extent, by 

the early part of the distal convoluted tubule (DCT1) (Tokonami et al., 2018b). It is the 
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protein that is secreted into the urine of healthy people in the greatest amounts (Kumar and 

Muchmore, 1990). The TAL is made up of an intricate system of parts that cooperate to 

control ion homeostasis. Due to the interdependence of this system, none of its functions 

are solely performed by UMOD; rather, UMOD works in concert with these other 

elements. The UMOD protein's expected functions in ion transport physiology and its 

participation in the development of the hypertension condition are the main focus of this 

thesis. 

1.6.1 Gene 

The UMOD gene consists of around 20kb and is located on chromosome 16p12.3-

16p13.11 (Pennica et al., 1987, Pook et al., 1993). The primary mature structure of human 

uromodulin, a 616-amino acid, 85-kilodalton glycoprotein with in vitro 

immunosuppressive properties, was determined through isolation and characterization of 

complementary DNA and genomic clones. The amino acid sequence encoded by one of the 

exons of the uromodulin gene has homology to the low-density-lipoprotein receptor and 

the epidermal growth factor. It comprises 11 exons, of which exons 2-11 are coding, and is 

highly conserved across multiple species (Pennica et al., 1987, Devuyst et al., 2017). 

UMOD expression has been found in kidneys of all placental mammals, specifically the 

TAL, distal tubule of amphibians, but not in birds and reptile (Badgett and Kumar, 1998). 

UMOD expression is considered a marker of differentiation for TAL, appearing at 8 weeks 

of gestation in human foetal kidneys (Wallace and Nairn, 1971). It is most abundant 

transcript found in the rat kidney, accounting for 0.8% of the total transcriptome (Lee et 

al., 2015). Segmentation analysis of the rat nephron demonstrated that Umod expression 

was 10-fold higher in the cortical region compared to medullary TAL (Lee et al., 2015). 

The factors involved in controlling and mediating UMOD expression are not well 

explored. Both in vivo chromatin immunoprecipitation and in silico prediction analysis 

have identified two binding sites for hepatocyte nuclear factor 1-β (HNF1), which a master 

regulator of transcriptional activity in the kidneys (Gresh et al., 2004). Transgenic kidney 

specific Hnf1b knockout mice showed a significant reduction in Umod mRNA levels, 

highlighting the importance of this transcription factor in UMOD expression. Further in 

silico phylogenetic footprinting analyses and protein-protein interactions studies indicate a 

large network of transcription factors that could regulate uromodulin expression, however, 

further validation is needed (Srivastava et al., 2014). Interestingly, common single 

nucleotide polymorphisms in a linkage disequilibrium (LD) covering the human UMOD 

promoter are associated with varying gene expression levels. For example, homozygous 
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subjects for major alleles exhibit a 2-fold higher renal UMOD transcript level compared to 

homozygotes for a minor allele combination (Trudu et al., 2013a). This is of particular 

importance in the context of disease, as will be discussed in section 1.6.6. Furthermore, 

more recent evidence suggests that UMOD expression may depend on the entire locus, 

with a genotype at a variant in the flanking region of PDILT showing association with 

varying urinary UMOD levels (Troyanov et al., 2016). 

1.6.2 Protein and Structure 

UMOD pre-cursor protein consists of a 640 amino acid composed of an N-terminal signal 

sequence (SP); 4 epidermal growth factor (EGF)-like domains (2 of which are calcium 

binding) which function in adhesion and receptor-ligand interactions; a cysteine-rich 

domain (D8C); a zona pellucida (ZP) domain; a C-terminal glycosylphosphatidylinositol 

(GPI) anchoring site (S614); and 8 potential N-linked glycosylation sites (Figure 1.7) 

(Micanovic et al., 2020). Endoplasmic reticulum (ER)-based SP cleavage results in 

substantial glycosylation of UMOD, which contributes to around 30% of its molecular 

weight, which ranges from 80 to 105 kDa (Serafini-Cessi et al., 2003). Before being sorted 

to the apical membrane of the TAL cells, facing the lumen of the tubule, UMOD continues 

to mature within the Golgi apparatus. Unknown trafficking proteins are involved in the 

movement of UMOD via different cellular compartments. Different isoforms of the non-

muscle myosin II (NM2) motor proteins exhibit distinct distribution in the tubules and 

have been linked to vesicle formation at the Golgi (Miserey-Lenkei et al., 2010). In a 

preliminary investigation using conditional genetic knockout mice for the NM2 isoforms 

Myh9 and Myh10 in the TAL, the UMOD protein initially localised abnormally before 

steadily declining in quantities (Otterpohl et al., 2019). 

Figure 1.7. The structure and domains of Uromodulin (UMOD). 

The structure of UMOD contains four N-terminal epidermal growth factor (EGF)-like domains, a cysteine rich region 

(D8C), a C-terminal Zona Pellucida (ZP) module containing ZP-N and ZP-C domains, an internal hydrophobic patch 

(IHP) within the ZP linker region, an external hydrophobic patch (EHP), and a glycosylphosphatidylinositol (GPI) 

anchoring site. The hexagon shapes sticking out from the main sequence symbolise N-glycosylation sites. The serine 

protease hepsin cleaves UMOD at residues 586-589 at the C-terminal for release into the urine. This results in a 

membrane-attached peptide coloured in red. The numbers in bold indicate location in the structure with regards to amino 

acid number. Figure taken from (Boder et al., 2021). 
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1.6.3 Molecular Trafficking/Secretory Pathway 

A polymerization-inhibitory motif that is created by hydrophobic interactions between the 

external hydrophobic patch (EHP) at the C-terminal of UMOD and the internal 

hydrophobic patch (IHP) within the ZP linker region keeps UMOD in a polymerization-

incompetent state during its maturation and intracellular trafficking (Schaeffer et al., 2009, 

Bokhove et al., 2016). The active, polymerization-competent UMOD is released into the 

urine after proteolytic cleavage between the ZP domain and EHP, but the fragment 

containing the EHP most likely stays anchored to the membrane via the GPI anchor. The 

transmembrane type II serine protease hepsin (Brunati et al., 2015), which cleaves at a 

conserved location located within residues 586-589 at the C-terminal, is thought to be the 

enzyme responsible for the proteolytic cleavage of UMOD (Figure 1.8). Cryo-electron 

microscopy research has more recently provided in-depth understanding of this process, in 

which the UMOD develops a one-start helix with 180-degree twists between subunits 

(Stsiapanava et al., 2020, Weiss et al., 2020). The filament core is made up of zigzag 

modules with a length of 8.5 nm (Weiss et al., 2020). The activation of the ZP-C end and 

the ZP-N domain of the succeeding subunit interact with each other in a head-to-tail 

method during polymerization, resulting in significant conformational changes in the 

interdomain linker region of the ZP module (Stanisich et al., 2020, Stsiapanava et al., 

2020). 
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Figure 1.8. The physiology of the thick ascending limb and its involvement in ion homeostasis.  

The TAL is bipolar in the sense that it has basolateral (blood) and apical (urine) compartments, which is key to ion 

homeostasis. The apical transporters are Na+/H+ exchanger type 3 (NHE), renal outer medullary K+ channel (ROMK), 

and Na+-K+-2Cl− cotransporter type 2 (NKCC2). The basolateral transporters include KCl cotransporter, Na+-K+-

ATPase, K+ channels, and the Chloride Channel Kb (CLC – Kb). Together these transporters drive the paracellular 

reabsorption of divalent cations by producing a lumen-positive transepithelial potential. This occurs through the Claudin 

16/19 complex (in the outer stripe of the outer medulla) and Na+ via Claudin-10b (in the inner stripe of the outer 

medulla). The arrows symbolise the direction of ion movement. The secretory pathway of UMOD is also illustrated here. 

UMOD is co-translationally inserted into the endoplasmic reticulum (ER), before extensive modification of glycan 

changes in the Golgi, and final cleavage of the polymerisation-incompetent form of UMOD by hepsin. The UMOD 

monomer is released into the urine in a polymerisation-competent form. Here it polymerises into macromolecules. 

UMOD is also secreted via the basolateral membrane, in the form of serum/circulating UMOD. CaSR, calcium-sensing 

receptor. Figure taken from (Boder et al., 2021) 

Through the TAL's basolateral membrane, UMOD is also released into the serum (El-

Achkar et al., 2013). The relationship between serum UMOD and cardiovascular disease 

and CKD has recently attracted more attention (Steubl et al., 2020b). Through inactivating 

the transient receptor potential melastin 2 (TRPM2) channel, which is expressed in the 

brain, bone marrow, spleen, heart, liver, pancreas, lung, stomach, intestine, skeletal 

muscle, adipose, blood vessel, and placenta, serum UMOD functions as a renal and 

systemic oxidative stress inhibitor (LaFavers et al., 2019, Ru and Yao, 2014). In type 1 

diabetic teenagers, it was discovered to be inversely correlated with aortic stiffness 

(Wiromrat et al., 2019b). We concentrate on how serum UMOD interacts with other TAL 

components in this article because the significance of serum UMOD in hypertension is 

largely unexplored. It should be emphasised that the concentrations of monomeric UMOD 

in the blood are 100–1000 times lower than those in the urine, and as a result, nothing is 

known about the biochemical characteristics of circulating UMOD (Scherberich et al., 

2018). Serum UMOD is especially intriguing as a biomarker and has been the focus of in-
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depth research elsewhere (Scherberich et al., 2018, Delgado et al., 2017, Lv et al., 2018, 

Wiromrat et al., 2019b).  

1.6.4 Function and Role in Diseases 

The urinary UMOD protein has been the subject of a huge number of biochemical 

research, although its specific physiological role is still unclear. It is known that urinary 

UMOD secretion varies greatly across and between persons (Delgado et al., 2017, Pruijm 

et al., 2016b). The involvement of UMOD in water homeostasis and urine concentration 

has been shown by research using conventional knockout mice (Umod-/-) (Bachmann et al., 

2005). It creates a 3D gel-like network and is thus thought to serve as a seal, preserving 

counter-current gradients in the interstitium, thereby preventing water leakage into the 

TAL (Devuyst et al., 2017). The apical NKCC2 is principally involved in the reabsorption 

of 30% of the filtered Na+ by the TAL, which dilutes the urine and consequently creates a 

sufficient osmolality gradient for the vasopressin-dependent absorption of water in the 

collecting duct (Devuyst et al., 2017). The negative charge of UMOD in urine may prevent 

calcium oxalate and calcium phosphate from aggregating, hence preventing kidney stone 

formation (Mo et al., 2004). In addition to exhibiting immunomodulatory effects by 

preventing viral hemagglutination (Tamm and Horsfall, 1950) and suppressing in-vitro T-

cell proliferation by interacting with tumour necrosis factor (TNF) and IL-1 (Devuyst et 

al., 2017), UMOD has also been linked to the prevention of urinary tract infections (Weiss 

et al., 2020, Bates et al., 2004). 

1.6.5 Measuring UMOD and Clinical Relevance 

It is important to take into account the different historical approaches used to assess 

UMOD in biological tissues or fluids when interpreting results. Early studies (Brunisholz 

et al., 1986) defined specific antibodies for human urine UMOD, and these antibodies have 

since been employed in other research (Akesson et al., 1978, Kobayashi and Fukuoka, 

2001, Uto et al., 1991).Although, as discussed in more detail by Youhanna et al.(Youhanna 

et al., 2014), who have established a gold standard for UMOD ELISA, the concentration of 

UMOD reported varied due to differences in storage and processing of the urine prior to 

analysis, such as centrifugation, vortexing, choice of diluent, and freezing-thawing. 

Additionally, current research normalises UMOD levels from spot urine samples to 

creatinine in order to correct for variations in urine collection time, concentration, and flow 

rate (Tang et al., 2015). Utilising high pressure liquid chromatography (HPLC) and mass 

spectrometry (MS) is another way to quantify UMOD in urine. UMOD is typically 

enriched (e.g. with molecular weight cut-off columns (Matafora et al., 2014), salt 
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precipitation (Argade et al., 2009), diatomaceous earth (Argade et al., 2015), before 

analysis by mass spectrometry (MS) techniques, such as capillary electrophoresis-MS (CE-

MS) (Carty et al., 2011, Mary et al., 2017, Krochmal et al., 2017b), liquid 

chromatography-mass spectrometry (LC-MS) (LaFavers et al., 2019, Matafora et al., 2014, 

Van et al., 2020), and matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-TOF) (Wu et al., 2010, Banach et al., 2019). The UMOD peptides 

discovered by these MS analyses will vary based on the type of disease and are helpful in 

identifying specific cohorts. The differential expression of UMOD peptides between cases 

and normotensive controls was discovered by peptidomics in the urine of preeclamptic 

women (Carty et al., 2011), and this finding was confirmed in studies in animals (Mary et 

al., 2017) and patients with moderate and severe preeclampsia (Kononikhin et al., 2016).  

In clinical research, urine UMOD measurement is important for understanding renal 

pathophysiology. Numerous common and uncommon renal disorders have been linked to 

UMOD (Devuyst et al., 2017). Autosomal Dominant Tubulointerstitial Kidney Disease 

Related to UMOD (ADTKD-UMOD), a Mendelian condition brought on by uncommon 

UMOD mutations, results in CKD (Hart et al., 2002, Dahan et al., 2003). Glomerulocystic 

kidney disease (GCKD), medullary cystic kidney disease type 2 (MCKD2), familial 

juvenile hyperuricemia nephropathy (FJHN), and uromodulin-associated kidney disease 

(UAKD) are all included in the ADTKD-UMOD (Eckardt et al., 2015). Common UMOD 

mutations have been associated to renal function and CKD susceptibility in the general 

population by genome-wide association studies (GWAS) (Köttgen et al., 2009, Pattaro et 

al., 2016). These variations have an impact on gene expression and correspond to the 

UMOD promoter region (Trudu et al., 2013a). Any protein-coding mutation has no linkage 

disequilibrium (Köttgen et al., 2010). Figure 1.9 provides an overview of all the 

phenotypic connections of variations in and near the UMOD genomic region. Furthermore, 

independent of renal excretory function, UMOD promoter variations have been associated 

to hypertension (Trudu et al., 2013a). More thorough analysis of this was done in the past 

by Padmanabhan et al. (Padmanabhan et al., 2010). 
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Figure 1.9. Links between different phenotypes and the genomic UMOD locus. 

This figure illustrates the SNPs within UMOD and associated loci and their associations as uncovered by genome-wide 

association studies (GWAS). The threshold for inclusion was p<10-6. The GWAS data was obtained from GWAScatalog 

(PMID: 30445434) and monogenic syndromes from OMIM (https://omim.org/). The figure demonstrates the multitude of 

functions and pathologies related to UMOD, some of which still require functional testing. ADTKD-UMOD, Autosomal 

dominant tubulointerstitial kidney disease caused by UMOD mutations; CKD, chronic kidney disease; GFR, glomerular 

filtration rate; PDILT gene (Protein Disulfide Isomerase Like, Testis Expressed); GP2 gene (Glycoprotein 2); CHR, 

chromosome. This figure was generated with the help of Prof Sandosh Padmanabhan. Figure taken from (Boder et al., 

2021). 

1.6.6 UMOD and Hypertension 

It is generally well known that the TAL regulates blood pressure and has a role in the 

pathophysiology of hypertension; more recent reviews have gone into deeper detail on this 

(Gonzalez-Vicente et al., 2019). The part played by UMOD in hypertension, however, is 

less well understood. GWAS have been and remain crucial resources for identifying links 

between the UMOD gene and the risk of hypertension (Table 1.3). The minor G allele of a 

particular single nucleotide polymorphism (SNP) (rs13333226) in the 5' region of UMOD 
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was found to be associated with a lower risk of hypertension, decreased urinary UMOD 

secretion, and a higher estimated glomerular filtration rate (eGFR) in a GWAS based on 

data from hypertensive patients (Padmanabhan et al., 2010). This signal, which was still 

present after adjusting for eGFR (Padmanabhan et al., 2010), implies that UMOD may 

control renal excretion to affect hypertension. Carriers of the minor T-allele related with 

GFR but not blood pressure regulation were revealed by GWAS analysis of the 

rs12917707 variant-G>T, which is in linkage disequilibrium with rs13333226 (Algharably 

et al., 2017). Analysis of nephrectomy samples from patients homozygous for either the 

risk or protective alleles at variants rs12917707 (G and T, respectively) and rs4293393 (T 

and C, respectively) revealed that expression of UMOD was two times higher in patients 

with risk variants in the UMOD promoter. This information helped to clarify the biological 

effect of these variants (Trudu et al., 2013a). The rs12917707 risk allele (G) is strongly 

associated with renal function, and carriers of this variant had higher urinary UMOD levels 

than non-carriers, according to a meta-analysis of urinary UMOD levels in the general 

population (Olden et al., 2014). In addition, KCNJ1, SORSL1, and CAB3 gene variations 

that are expressed in the TAL are strongly correlated with urine UMOD (Olden et al., 

2014). All things considered, this shows that UMOD's genetic and biochemical impacts on 

blood pressure are intricate.  

It should be noted that due to variations in cohort composition, they are distinct GWASs 

and cannot be directly compared. GWAS are helpful, but they cannot identify the 

underlying molecular pathways at play. Given that UMOD is the most abundant protein 

generated in the TAL and that numerous studies have linked its expression and secretion 

levels to renal function and illnesses, indicating that it serves a crucial function in the 

kidney, more research into those mechanisms is necessary. Preclinical and clinical research 

support the hypothesis that salt, UMOD, and hypertension are related due to the intricate 

interactions in the TAL.  
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Table 1.3. Risk variants of the UMOD and allele frequency.  

UMOD 

variant  

Allele

  

GWAS 

Risk  

Disease 

Association  

Urinar

y 

UMOD 

levels  

Frequency (%) $  

References

  
Africans

  

Europeans

  

East-

Asians

  

rs13333226

  
A  Risk  

Hypertension

  

High  67  82  93  
(Padmanabha

n et al., 2010) 
  G  

Protective

  
Low  33  18  7  

rs12917707

  
G  Risk  

CKD  

High  96  83  99  (Köttgen et 

al., 2009), 

(Olden et al., 

2014)   T  
Protective

  
Low  4  17  1  

rs4293393  T  Risk  
CKD, 

Hypertension

  

High  70-80  70-80  90  
(Trudu et al., 

2013a), 

(Devuyst and 

Pattaro, 2018),     

(Gudbjartsson 

et al., 2010)  

  C  
Protective

  
Low  20-30  20-30  10  

$Data for allele frequency sourced from the National Library of Medicine dbSNP database. UMOD, uromodulin. CKD, 

chronic kidney disease. Table taken from (Boder et al., 2021). 

1.6.6.1 Clinical Studies 

Based on risk alleles discovered by GWAS, UMOD has been linked to hypertension. To 

find variations in 24h urine UMOD concentrations (mg/g of creatinine), a genotyping 

study of the Swiss Kidney Project on Genes and Hypertension (SKIPOGH) cohort was 

conducted (Trudu et al., 2013a). Comparing the protective variants (CT and CC) to the 

homozygous risk variation (TT), urine UMOD secretion was highest in the latter group 

(Trudu et al., 2013a). This coincided with the kidney samples with the risk haplotype 

showing a two-fold rise in UMOD transcript levels (Trudu et al., 2013a). In fact, patients 

homozygous for the risk allele had heightened natriuresis and blood pressure responses to 

the loop diuretic furosemide (Trudu et al., 2013a) Direct associations between blood 

pressure and urine UMOD secretion have also been found in clinical investigations that do 

not take genetic risk factors for hypertension into account. An increase in diastolic blood 

pressure was linked to a decrease in UMOD secretion, according to a cross-sectional 

investigation on random spot urine samples taken from 943 adults in a Canadian cohort 

(CARTaGENE) (Troyanov et al., 2016). A case-control study of incident CKD cases and 

matched controls was conducted on the Systolic Blood Pressure Intervention Trial 

(SPRINT) trial, a randomized controlled trial undertaken in non-diabetic patients with a 

high cardiovascular risk and a SBP of ≥130 mmHg that demonstrated a reduction in major 

cardiovascular events and death from any cause in patients receiving in the intensive SBP 

therapy arm (targeting a SBP of <120 mmHg) compared to those that received standard 

therapy (target SBP of < 140 mmHg) (Zhang et al., 2018, Wright et al., 2015). Patients in 

the intensive arm had a reduced incidence of new CKD during the study and had lower 
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UMOD in spot urine samples than those in the conventional arm after a year of therapy 

(Zhang et al., 2018). This would indicate that a higher SBP causes a rise in UMOD 

secretion. There was no discernible change in UMOD levels in 24-hour urine samples in a 

small investigation of non-diabetic normotensive and hypertensive subjects (Torffvit et al., 

1999). In 24-hour, urine samples, it has been demonstrated in the past that urinary UMOD 

production declines with age (Pruijm et al., 2016b). However, it has also been noted that in 

healthy normotensive participants, but not in hypertension patients, the 24-hour urine 

UMOD secretion declines with age (Duława et al., 1998). Compared to old normotensive 

patients, elderly hypertension patients were shown to have a higher urine UMOD that was 

favourably linked with mean arterial blood pressure (Duława et al., 1998).  

According to a study, there is no difference between baseline 24-hour urinary UMOD 

levels in hypertensive and control patients (Duława et al., 1992). The loop diuretic 

furosemide, nifedipine, or propranolol was given to these hypertensive patients for a 10-

day treatment period, and only the furosemide group showed a significant rise in urine 

UMOD (Duława et al., 1992). A connection between UMOD and dietary salt intake has 

already been noted by a small population research (Torffvit et al., 2004). In this study, 

hypertension individuals were given a low-salt diet (10 mmol of sodium per day) for one 

week before switching to a high-salt diet (240 mmol of sodium per day), and urine samples 

were taken at 12 hours (overnight) and 24 hours (Torffvit et al., 2004). In comparison to 

the change from a low salt diet to a high salt diet, when UMOD levels increased, UMOD 

levels declined in 12-hour urine samples of low salt diet patients. In contrast, the 24-hour 

urine samples revealed no statistically significant difference between the baseline and low- 

or high-salt meals in urinary UMOD (Torffvit et al., 2004). As would be predicted in salt-

sensitive hypertension, these patients' SBP dropped on a low-salt diet in comparison to 

baseline and the high-salt diet (Torffvit et al., 2004). Water intake is reduced overnight, 

which may impact urine concentration and volume, which may help explain the 

discrepancies between 12h and 24h urine samples (De Wardener and Herxheimer, 1957, 

Lynn et al., 1982). The SKIPOGH study's research of the effects of urinary UMOD levels 

on salt-induced blood pressure variations in 24-hour urine samples more recently revealed 

a tendency for greater SBP with higher sodium intake in people with high UMOD 

abundance (Ponte et al., 2021). When hypertensive patients were further separated into 

salt-sensitive and salt-resistant groups, a quantitative proteomics investigation indicated no 

difference in the levels of UMOD in the urine of hypertensive patients compared to healthy 

individuals (Matafora et al., 2014). However, those patients homozygous for the UMOD 
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risk variable PDILT_UMOD_rs4293393 emitted more urine UMOD, regardless of the 

presence of hypertension (Matafora et al., 2014). 

Together, the clinical reports implicating UMOD in hypertension show significant 

disparities (Table 1.4 summarises these differences). The lack of a defined method for 

reporting urinary UMOD levels, which would take into account factors like whether to 

correct for creatinine levels, the kind of urine sample taken (spot, 12h, or 24h), and the 

applicability of risk alleles, may account for these discrepancies. There is little knowledge 

of the variables that control UMOD secretion in the general population. There is debate 

concerning the link between urinary UMOD secretion and eGFR, with some research 

finding a positive correlation and others not (O'Seaghdha et al., 2013). In SKIPOGH and 

Cohorte Lausannoise (CoLaus), two Swiss population cohorts, urine UMOD levels were 

examined in a cross-sectional investigation (Pruijm et al., 2016b). The SKIPOGH trial 

revealed a favourable connection between 24h urinary UMOD and eGFR. A positive 

connection between UMOD and eGFR was also observed in the CoLaus study, which 

examined spot morning urine UMOD concentrations adjusted for creatinine clearance 

(Pruijm et al., 2016b). More specifically, when eGFR is below 90 mL/min per 1.73m2, 

there is a positive correlation between UMOD and eGFR (Pruijm et al., 2016b). The levels 

of urine UMOD, however, plateau and adopt Michaelis-Menten kinetics when eGFR is 

greater than 90 mL/min per 1.73m2, as is the case in healthy individuals (Pruijm et al., 

2016b). As a result, relationships at higher eGFRs might be less precise. Additionally, it 

emphasises how crucial a proper cohort structure is for population studies. It is noteworthy 

that processing and storage conditions for UMOD samples have a significant impact on 

UMOD concentrations and should be taken into account when interpreting results 

(Youhanna et al., 2014). This is particularly significant in light of the fact that it is not 

immediately obvious how UMOD was determined in these clinical investigations. 

Regarding urinary UMOD measurements, present and future studies should be open and 

adhere to a clear standard. Finally, little is known about how hypertension affects the 

alteration of the UMOD protein. When vitamin E was added, the level of oxidative 

modification of UMOD returned to normal in a study of 24-hour urine samples from 

hypertension patients compared to healthy controls (Sumitra et al., 2005). Further study is 

necessary since it is likely that UMOD experiences diverse post-translational changes in 

various illnesses.  
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Table 1.4. Clinical factors influencing urinary UMOD secretion. 

Clinical Factors  Urine 

Sample   

Urinary UMOD levels 

with respect to Controls  

References  

Age (SKIPOGH study 45±17 

years and CoLaus study 

53±11 years)   

Spot and 

24h  

Lower  (Pruijm et al., 

2016b) 

Hypertension (>60 years)  24h  Higher  (Duława et 

al., 1998) 

Salt-Sensitive Hypertension 

vs. Salt-Resistant  

Hypertension  

Spot  No change (non-

significant)  

(Matafora et 

al., 2014) 

High DBP  Spot  Lower  (Troyanov et 

al., 2016) 

Intensive SBP therapy (<120 

mmHg) vs. Standard SBP 

therapy (<140mmHg)  

Spot  Lower  (Zhang et al., 

2018) 

Loop diuretic furosemide  24h  Lower  (Duława et 

al., 1992) 

High Salt-Intake vs. Low 

Salt-intake  

12h  Higher (high salt)  (Torffvit et 

al., 2004) 

  24h  No change (non-

significant)  

(Torffvit et 

al., 2004) 

High Salt-Intake vs. Low 

Salt-Intake  

24h  Higher (high salt)  (Ponte et al., 

2021) 

UMOD, uromodulin; SBP, systolic blood pressure; DBP, diastolic blood pressure. Table adapted 

from (Boder et al., 2021). 

1.6.6.2 Preclinical Studies 

Animal studies have contributed significantly to our present understanding of the role of 

UMOD in hypertension. 129/sv, C57Bl/6, and Black Swiss mice were used in the breeding 

process to produce typical knockout Umod-/- mice, which do not exhibit any morphological 

abnormalities in their kidneys (Raffi et al., 2006). In healthy settings, these Umod-/- mice 

have lower SBP than wild-type (WT) mice (Graham et al., 2014). Similar to this, 

transgenic FVB mice's blood pressure was raised in a dose-dependent manner by tissue-

specific Umod overexpression in TAL, and differences were noticeable as early as 2 

months of age (Trudu et al., 2013a). At 16 months old, these mice display salt-sensitive 

hypertension and renal damage, mirroring the phenotypes seen in geriatric individuals 

homozygous for UMOD risk alleles (Trudu et al., 2013a). This may be explained by salt 

transport in the TAL via the NKCC2, which showed increased levels of activity in TAL 

cells from tissue-specific Umod-overexpressing animals compared to WT controls, despite 

NKCC2 transcript levels being unaltered (Trudu et al., 2013a). The latter suggests that 

rather than occurring at the genetic level, UMOD's functional impact on blood pressure 

happens at the level of protein interactions. As they recapitulate the effects observed in 

individuals with UMOD risk variations, these mice models remain useful for the 

investigation of UMOD (Trudu et al., 2013a, Köttgen et al., 2010). 
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Regarding the impact of salt, male Sprague-Dawley rats were fed a high-salt diet for 15 

days, and the kidneys produced more UMOD mRNA and protein (Ying and Sanders, 

1998). This was supported by a more recent investigation, in which WT C57/BL6 mice 

exposed to high salt levels for 2 months had increased urine UMOD secretion beginning on 

day 7; this increase continued at the 2-month timepoint (Olinger et al., 2019). Their SBP 

also rose in response to this. Urinary TNF levels were raised in ordinary Umod-/- knockout 

mice after salt loading (Graham et al., 2014). Additionally, it has been demonstrated that 

TNF can lower NKCC2 mRNA levels in primary TAL cells, which was made more 

effective by the absence of UMOD (Graham et al., 2014). According to a recent study, 

UMOD accumulation in the TAL at baseline, specifically in the ER, was increased in 

C57BL/6J mice with worldwide hepsin deficiency caused by ENU mutagenesis (Olinger et 

al., 2019). No increase in blood pressure or urine UMOD was seen in these hepsin-

deficient mice when they were fed a high-salt diet for two months; instead, there was a rise 

in intracellular UMOD accumulation and more urinary salt waste than in the WT mice. 

Although poorly understood, abnormal UMOD secretion and increased ER stress brought 

on by its buildup in TAL cells may have a significant impact on how salt is handled, and 

blood pressure is controlled in hypertension.  

Pregnancy-related hypertension is one condition that has not yet received much research. 

In the urine of normotensive WKY and SHRSP, my group have previously demonstrated 

that UMOD proteins exist in both polymerization-competent and incompetent forms, with 

levels of the latter rising during pregnancy in SHRSP (Mary et al., 2017). This would 

imply that UMOD and its polymerization play a part in pregnancies with high blood 

pressure. Given that cells lacking this protease only release UMOD that is incapable of 

polymerization, it is tempting to link this to the decreased or suppressed action of hepsin 

(Brunati et al., 2015).  

1.7 Uromodulin Interactions with the Major Components 

of the Thick Ascending Limb 

1.7.1 Direct interactions 

1.7.1.1 Na+-K+-2Cl-cotransporter type 2 

The TAL area concentrates the urine by uptaking around 30% of the Na+ burden in the 

kidney through NKCC2 while remaining impermeable to water (Figure 1.10) (Bennett et 

al., 1968). The apical surface of the TAL expresses both NKCC2A and NKCC2F isoforms, 

which regulate Na+ influx accompanied by Cl- and K+ uptake and exhibit different Cl- 
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affinities (high and low, respectively). As demonstrated by biochemical analyses of Dahl 

salt-sensitive rat models (Haque et al., 2011, Kirchner, 1992, Kirchner et al., 1995, Ares et 

al., 2012), genetic (Glorioso et al., 2001) and clinical (Jung et al., 2011) research in 

humans, NKCC2 is essential for blood pressure regulation and has been connected to salt-

sensitive hypertension. Recently, this was thoroughly reviewed (Ares et al., 2011). Loop 

diuretics can increase Na+ excretion by targeting NKCC2, which can help lower blood 

pressure (Shankar and Brater, 2003). 

Figure 1.10. The network of interactions occurring between UMOD and various signalling components within the 

thick ascending limb (TAL).  

Black arrows indicate stimulation and red T-lines indicate inhibition. Dashed lines indicate that the complete signalling 

cascade is unknown and are thus a prediction. Circular structures with a dashed circumference represent vesicles and the 

associated black arrows indicate exocytosis. The yellow circles with a red “P” in the centre indicate phosphorylation. AA, 

arachidonic acid; AC, adenylate cyclase; βarr, β-arrestin; cAMP, cyclic adenosine monophosphate; CaSR, calcium-

sensing receptor; COX2, cyclooxygenase-2; CYP450, cytochrome P450; DAG, diacylglycerol; 20-HETE, 20-

Hydroxyeicosatetraenoic acid; IP3, inositol triphosphate; MAPK, mitogen-activated protein kinase; NFAT, nuclear factor 

of activated T-cells (NFAT); miR, microRNA; NKCC2, Na+-K+-2Cl− cotransporter type 2; OSR1, oxidative stress 

response 1 kinase; PGE2, prostaglandin E2; PKA, protein kinase A; PKC, protein kinase C (PKC); PLA2, phospholipase 

A2; PLC, phospholipase C; ROMK, renal outer medullary K+ channel; SPAK, SPS1-related proline-alanine-rich kinase; 

TNFα, tumour-necrosis factor alpha; UMOD, uromodulin. Figure taken from (Boder et al., 2021). 

The co-localization of UMOD and NKCC2 in studies suggests a possible biochemical 

interaction between the two proteins (Nielsen et al., 1998). Studies with standard Umod-/- 

knockout mice showed that these animals' urine concentration abilities were decreased and 

that NKCC2 expression was enhanced (Bachmann et al., 2005). This suggests that 

UMOD's direct impact on NKCC2 function is an adaptation to insufficient Na+ 

reabsorption. These mice specifically displayed an elevated level of subapical vesicular 

intracellular NKCC2 (Mutig et al., 2011b). This shows that UMOD influences the 
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intracellular trafficking of NKCC2 to enhance its activity in TAL. In response to the loop 

diuretic furosemide, which particularly targets NKCC2, transgenic FVB mice 

overexpressing HA-tagged Umod in a TAL-specific manner showed enhanced natriuresis 

and blood pressure decrease (Trudu et al., 2013a). This supports the link between UMOD 

and NKCC2 in terms of function. 

The phosphorylation of threonine and serine residues on the protein's N-terminus controls 

the function of NKKC2 (Trudu et al., 2013a). SPS1-related proline-alanine-rich kinase 

(SPAK) and oxidative stress response 1 (OSR1) kinase are the enzymes that specifically 

target these phosphorylation sites (Richardson and Alessi, 2008). These become active in 

hypotonic and low Cl-environments. SPAK and ORS1 are activated by the upstream With 

No Lysine Kinases (WNK1 and WNK3) (Moriguchi et al., 2005, Ponce-Coria et al., 2008). 

NKCC2 phosphorylation has also been linked to PKA and AMPK in addition to this 

signalling cascade (Ares et al., 2011). Reductions in NKCC2 phosphorylation were found 

in immunodetection experiments performed on standard Umod-/- knockout mice (Mutig et 

al., 2011b). It is probable that UMOD's GPI anchor domain, which is frequently identified 

in membrane trafficking proteins, directs NKCC2 to the apical TAL membrane and serves 

as a scaffold to encourage the cotransporter's phosphorylation by SPAK and OSR1. In 

TAL-specific Umod over-expressing FVB mice, the levels of active SPAK and OSR1 are 

much higher, pointing to UMOD's potential promoter function in this kinase network 

(Trudu et al., 2013a). It is still unclear how exactly UMOD affects signalling pathways and 

NKCC2 regulation.  

1.7.1.2 Renal outer medullary potassium channel 

The apical membrane of the TAL contains the renal outer medullary potassium channel 

(ROMK), specifically the ROMK2 isoform, which is essential for maintaining K+ 

homeostasis there (Boim et al., 1995). It creates two different types of K+ channels in the 

TAL, 30pS and 70pS (Welling and Ho, 2009). K+ ions are recycled by ROMK back into 

the tubular lumen after being taken up by NKCC2 or Na+-K+-ATPase at the apical or 

basolateral membrane, respectively. This causes the lumen-positive voltage that drives 

TAL's selective paracellular reabsorption of cations to be generated, as well as the K+ 

conductance for NKCC2 activity. Type II Bartter's syndrome, marked by salt loss and 

dehydration, is brought on by ROMK channel mutations in humans and conditional 

ROMK knockout mice (Wang, 2012, Dong et al., 2016). Additionally, research has shown 

a link between polymorphisms in the ROMK gene and protection against hypertension at 

the age of 60 (Ji et al., 2008, Simon et al., 1996).  
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Factors affecting ROMK channel gating and molecular trafficking are the most notable 

regulators of ROMK channel activity. PKA phosphorylation and PIP2 binding enable 

ROMK to be activated and kept in a high open probability state, respectively (Xu et al., 

1996, Huang, 2007). Cell surface expression of ROMK is dependent on phosphorylation of 

the N-terminal cytoplasmic residue S44, which suppresses an ER retention signal and 

encourages ROMK's apical migration (Yoo et al., 2005). The exact mediators are still 

unknown. However, yeast-2-hybrid, co-immunoprecipitation, and colocalization 

investigations have suggested a connection between ROMK2 and UMOD (Renigunta et 

al., 2011). The membrane trafficking machinery involved in this process has not yet been 

discovered. ROMK vesicular accumulation was enhanced in conventional Umod-/- 

knockout mice (Renigunta et al., 2011). Bartter-type 2 patients with KCNJ1 inactivating 

mutations and tissue-specific and global ROMK knockout (Kcnj1-/-) mice both 

demonstrated impaired urine UMOD secretion (Schiano et al., 2019). Reduced trafficking 

to the apical membrane and increased intracellular accumulation of UMOD were the 

results of the in-vitro pharmacological inhibition and deletion of ROMK in TAL (Schiano 

et al., 2019). These two findings imply that UMOD and ROMK's interaction is necessary 

for their apical trafficking. Surprisingly, K+ squandering is present in Umod-/- mice 

compared to wild-type (WT) mice (Graham et al., 2014). 

1.7.1.3 The calcium-sensing receptor 

The Calcium-Sensing Receptor (CaSR), a G-protein coupled receptor, is widely expressed 

along the nephron with TAL expressing it at the highest levels (Riccardi et al., 1995, Graca 

et al., 2016). It is situated on the TAL's basolateral surface. Contrary to the medullary 

TAL, the cortical TAL reabsorbs the majority of the calcium (Blaine et al., 2015). In 

hypertension models, it is well known that increasing dietary calcium decreases blood 

pressure (Hatton and McCarron, 1994). Calcimimetics, but not normotensive animals, have 

been demonstrated to lower blood pressure in spontaneously hypertensive rats (Ogata et 

al., 2003). Angiotensin II (AngII) levels are lowered and blood pressure is consequently 

reduced as a result of CaSR activation (Maillard et al., 2009). To pinpoint its precise 

function in TAL blood pressure regulation, more research is required.  

The secretion of UMOD in TAL has been linked to CaSR signalling [121]. More 

particular, mice carrying global CaSR activating mutations (CasrNuf/Nuf) displayed reduced 

urinary UMOD secretion, whereas mice carrying global CaSR inactivating mutations 

(CasrBCH002/+) displayed increased UMOD secretion (Tokonami et al., 2018a). In CaSR 

agonist tests with TAL cells, calindol inhibited apical UMOD secretion, further supporting 
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these findings (Tokonami et al., 2018a). The cAMP levels dropped in calindol-treated 

cells, which is consistent with the CaSR-induced inhibition and active breakdown of 

cAMP, which reduced apical UMOD secretion (Tokonami et al., 2018a). Alternately, 

raising UMOD secretory levels by inducing 1-desamino-8-D-arginine vasopressin 

(dDVAP) elevated cAMP levels, which is blocked by concomitant calindol therapy 

(Tokonami et al., 2018a). This shows that by regulating cAMP signalling, the CaSR is 

essential for the control of UMOD trafficking in TAL. Since there are no alterations in 

total mRNA levels accompanying these changes in UMOD protein levels, this suggests 

that CaSR signalling predominantly affects UMOD trafficking (Tokonami et al., 2018a). 

Further research is needed to understand the signalling actions that follow cAMP 

inhibition, specifically with regard to how they affect UMOD trafficking. The study 

hypothesises that PKA may be involved (Tokonami et al., 2018a). To mediate its signalling 

actions, the CaSR uses a number of heterotrimeric G-proteins (Gi/o, Gq/11, and β-arrestin), 

which include promoting intracellular calcium release, activating mitogen-activated protein 

kinase (MAPK), ruffling membranes, and inhibiting cAMP (Gorvin, 2018). Expanding the 

study of biased CaSR G-protein signalling in response to different agonists to UMOD 

trafficking would be intriguing. 

1.7.1.4 Direct interaction of uromodulin with distal convoluted tubule 

components: transient receptor potential melastatin 6, transient 

receptor potential cation channel subfamily V member 5 and transient 

receptor potential cation channel subfamily V member 6 

A key location for controlled Mg2+ homeostasis is the kidney. The TAL reabsorbs around 

70% of urine Mg2+ and the proximal tubule about 10% to 20% of it (Blaine et al., 2015). 

As previously mentioned, the paracellular pathway—where ROMK and NKCC2 help to 

create a positive lumen potential—is used by the TAL to reabsorb Mg2+. It has been 

suggested that increasing dietary magnesium lowers blood pressure (Dyckner and Wester, 

1983). Hypertension and elevated blood pressure have both been linked to 

hypomagnesemia, a low serum magnesium content (Guerrero-Romero et al., 2016, 

Hirschler et al., 2017).  

The apical epithelial magnesium channel transient receptor potential melastin 6 (TRPM6), 

which is mostly expressed in DCT2, is used by the DCT to regulate the urinary magnesium 

absorption through an active transcellular route (Voets et al., 2004). Indicating the 

importance of renal Mg2+ homeostasis in blood pressure regulation and the 

pathophysiology of hypertension, a magnesium-deficient diet enhances TRMP6 expression 
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(Rondón et al., 2008). Recent research has shown that UMOD is critical for maintaining 

TRPM6 magnesium homeostasis [128]. Physically interacting with the receptor, secreted 

UMOD increases TRPM6 cell surface abundance and current density (Nie et al., 2018). 

Conventional Umod-/-knockout animals exhibit decreased TRPM6 staining in the DCT. It 

was discovered using UMOD construct expression tests that TRPM6 up-regulation may 

not require membrane anchoring but may require all three UMOD domains (EGF-like 

domain, D8C cysteine-rich sequence, and ZP domain) (Nie et al., 2018). This is caused, in 

part, by UMOD inhibiting TRPM6's dynamin-2-dependent endocytosis in HEK293 cells 

(Nie et al., 2018). These findings were further supported by the observation of increased 

urine UMOD secretion in WT 129/SeEv mice fed low-Mg2+ (Nie et al., 2018).  

The transient receptor potential cation channel subfamily V member 5 and 6 (TRPV5/6), 

Ca2+-selective channels expressed in the apical membrane of the second section of the 

DCT (DCT2) and connecting tubules (CNT) manage transcellular Ca2+ reuptake from the 

urine (Nijenhuis et al., 2003). TRPV5 apical expression on DCT2 was shown to rise in 

response to urinary UMOD synthesised in TAL and DCT1 (Wolf et al., 2013). 

Immunostaining studies revealed that TRPV5 labelling was significantly less in the DCT 

of conventional Umod-/- knockout mice than in WT mice (Wolf et al., 2013). Additionally, 

it has been demonstrated that extracellular UMOD increases TRPV5 surface abundance by 

reducing caveolin-mediated endocytosis (Wolf et al., 2013). It is intriguing to notice that 

UMOD seems to affect TRPM6 in the same cell it is synthesised in for DCT1, but in 

separate cells for TRPV5/6 (DCT2), indicating it may behave in a manner that is both 

autocrine and paracrine. 

1.7.1.5 Tumour Necrosis Factor α 

The proinflammatory and immunoregulatory effects of the TNF cytokine, as well as its 

modulation of ion and protein transport systems, are just a few of the many activities that 

the TNF cytokine performs in the renal system. TNF is expressed in TAL and has been 

linked to altered ion transport in the past (Ramseyer and Garvin, 2013). Through the 

activation of AT-1 receptors, AngII stimulation of TAL enhances TNF production (Ferreri 

et al., 1998). TNF seems to regulate blood pressure in a context-dependent manner. In 

some experimental models based on inflammation, it causes hypertension, whereas in other 

models, it might have protective effects (Graham et al., 2017). 

More specifically, CaSR signalling via Gq and Gi proteins, which results in elevations in 

intracellular Ca2+, activation of phospholipase C (PLC), and subsequent activation of 

nuclear factor of activated T cell (NFAT) by calcineurin, has been linked to TNF 
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generation in TAL (Abdullah et al., 2006, Abdullah et al., 2008). Nuclear factor-B (NF-B) 

and activator protein-1 (AP-1) are two transcription factors that are most likely involved in 

a PKC-dependent pathway that induces TNF production, according to studies on cardiac 

myocytes (Kalra et al., 2002). 

In general, traditional TNF-/- knockout mice, TNF was demonstrated to reduce NKCC2 

expression and function (Battula et al., 2011). On the other hand, protein tyrosine 

phosphatase signalling causes acute TNF addition to TAL cells to boost ROMK channel 

function (Wei et al., 2003). Though the molecular underpinnings of this relationship have 

not yet been clarified, it is known that UMOD directly interacts with TNF (Sherblom et al., 

1988, Wu et al., 2012b). Increased urine TNF levels and higher NKC22 mRNA 

downregulation are seen in Umod-/- mice (Graham et al., 2014). According to studies, 

NFAT5 activation by NKCC2 is a component of a signalling pathway that causes the 

generation of TNF, which in turn inhibits NKCC2 activity through a negative feedback 

loop (Hao et al., 2013). This shows that TNF regulates NKCC2 function to maintain Na+ 

homeostasis. 

1.7.1.6 Hepatocyte Nuclear Factor 1β 

Control of TAL function is governed by a sophisticated transcriptional network. A 

transcription factor called HNF1 that has a homeodomain interacts to DNA to trigger 

transcription. It has been established that the HNF1 transcription factor directly regulates 

the expression of the UMOD gene, and that kidney-specific conditional HNF1 inactivation 

in mice decreases Umod expression (Gresh et al., 2004). HNF1 is one of the most 

significant transcriptional regulators in TAL because of the several genes it interacts with 

that are involved in signalling pathways, receptors, and transporters.  

In mice fed a low Mg2+ diet, renal HNF1 expression increased (Nie et al., 2018). Mg2+ 

reabsorption in TAL depends on the Na+-K+-ATPase-generated transepithelial electrical 

gradient. ATP1A1, which encodes the 1-subunit of Na+-K+-ATPase, was upregulated in 

patients with HNF1 mutations, although CLDN16 expression was unaffected (Faguer et 

al., 2012). A HNF1 knockdown immortalised mouse TAL cell line and kidney-specific 

conditional Ksp-cre HNF1 knockout mice have both shown that HNF1 regulates the 

expression of CaSR, Cldn14, Cldn19, Cldn10b, Cldn3 and Cldn14 genes (Kompatscher et 

al., 2018).  
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1.7.2 Indirect Interactions 

1.7.2.1 Claudins and transcellular cation transport 

The primary proteins that make up cellular tight junctions, claudins (CLDNs), are essential 

for maintaining paracellular permeability in the nephron. They are impermeable to water 

and primarily function as a selective barrier for tiny ions, such as Mg2+, Ca2+, and Na+ 

(Olinger et al., 2018). The two primary isoforms of CLDN that are present in TAL are 

CLDN16 and CLDN19, which work together to produce pores (Hou et al., 2008). 

Increased Ca2+ and Mg2+ urine waste was seen in studies using TAL-specific Cldn16 and 

Cldn19 siRNA knockdown mice, indicating the significance of this complex for ion 

reabsorption (Hou et al., 2009). Although CLDN16/19 have not been specifically 

examined in relation to blood pressure, their participation in cation handling and salt 

balance would indicate they may have a role in some aspect of blood pressure regulation. 

TAL is known to express a different isoform, CLDN14 (Gong et al., 2012). By interacting 

with CLDN16, it has been demonstrated that this isoform lowers the CLDN16/CLDN19 

complex's cation selectivity (Gong et al., 2012). lowering the permeability of the calcium 

and magnesium paracellular membrane. A high Ca2+ diet can initiate CaSR-calcineurin- 

NFAT signalling, which in turn increases the expression of the Cldn14 gene (Dimke et al., 

2013) by suppressing microRNAs (miR-9 and miR-374) (Gong and Hou, 2014). It is 

significant that changes in dietary Ca2+ are related to changes in CLDN14 expression 

(Gong et al., 2012). Through PKA phosphorylation, the CaSR also inhibits CLDN16 (Ikari 

et al., 2008). The CaSR was demonstrated to diminish UMOD secretion (Tokonami et al., 

2018a), which would be consistent with CLDN14's effects to lessen calcium reabsorption. 

The fact that conventional Umod-/-knockout mice secreted more urine calcium and 

magnesium demonstrates this even more (Nie et al., 2018). Uncertainty surrounds the 

specific mechanism behind this connection. It will take more investigation to support these 

hypothesised roles for UMOD in relation to claudins. 

1.7.2.2 Angiotensin II receptor 

As mentioned earlier, one of the most important regulatory systems for blood pressure and 

fluid balance is the RAAS (Sparks et al., 2014). Basolateral cell surface transmembrane 

receptors AT1 and AT2 support the biological effects of AngII in the TAL. 

In vitro microperfusion flux studies using isolated rat TAL tubules, AngII reduces Cl- 

reabsorption, but when noradrenaline or cAMP are added, transport is stimulated (Bouby et 

al., 1997, Miyata et al., 1999). It has been demonstrated that 20-HETE and NO inhibit 
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NKCC2 via AngII signalling (Ramseyer et al., 2016). But AngII boosts PKC activity, 

which in turn promotes superoxide generation and ultimately stimulates NKCC2 (Herrera 

et al., 2010, Wu et al., 2013). Although AngII is crucial for TAL and hypertension 

physiology, it remains unclear how AngII affects the production of urine UMOD. Patients 

with essential hypertension have been shown to experience less UMOD secretion when 

taking ACE medications (Guidi et al., 1998). Two urine peptides of UMOD 

(VIDQSRVLNLGPITR and SVIDQSRVLNLGPITR), which were found at lower levels 

than those seen in individuals with normoalbuminuria, were discovered by CE-MS analysis 

in patients with macroalbuminuria (Rossing et al., 2005).  

Additionally, it was discovered that one peptide (SVIDQSRVLNLGPITR) increased in a 

dose-dependent manner in response to the AngII receptor blocker candesartan (Rossing et 

al., 2005). Together, these findings imply that the effect of the AngII signalling arm on 

UMOD secretion is complex and calls for additional study. 

1.7.2.3 Prostaglandins 

Prostaglandins have a key role as lipid mediators in the kidney and regulate a variety of 

TAL processes. Prostaglandin E2 (PGE2) is the primary renal prostaglandin metabolite. 

The PGE2 production pathway's rate-limiting inducible enzyme, the COX-2 enzyme, is 

expressed in the TAL (Li et al., 2018). Prostaglandins are well known to play a significant 

part in controlling blood pressure (Hao and Breyer, 2008). According to clinical research, 

patients with hypertension who experience a COX-2-selective inhibition show Na+ 

retention (Bresalier et al., 2005, Zhang et al., 2006). This suggests that prostaglandins play 

a function in preserving sodium homeostasis and normotension. Most research on PGE2 

has focused on how it affects how vasopressin (AVP) works. Vasopressin 2 receptor 

(V2R)-mediated activation of the G-S protein results in an increase in cAMP synthesis, 

which in turn increases Na+ absorption by TAL via NKCC2 (Li et al., 2018). However, 

CaSR-TNF pathway-induced intracellular PGE2 synthesis reduces NKCC2 activity 

(Abdullah et al., 2008).  

About the interaction between PGE2 and UMOD, not much is known. Patients with 

hyperprostaglandin E-syndrome, a disease in which PGE2 synthesis is substantially 

increased, were reported to have lower levels of urine UMOD (Schröter et al., 1993). This 

would indicate that extracellular PGE2 typically inhibits the release of UMOD. On the 

other hand, mice lacking COX-2 globally exhibited reduced urine UMOD secretion and 

had lower intracellular PGE2 levels (Dou et al., 2005).  
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1.8 Hypothesis and Aims 

1.8.1 Hypothesis 

The overarching hypothesis of this thesis is that salt loading significantly alters UMOD 

urinary excretion and, by extension, trafficking. Specifically, it explores the axis of the 

influence of salt on UMOD, which remains largely unexplored. For UMOD specifically, it 

should be stated that “secretion” refers to secretion of UMOD from cells, whereas 

“excretion” refers to rate of secretion of UMOD in the urine. This will be applicable 

throughout the thesis. Given the association of UMOD and hypertension, it is postulated 

that salt loading will significantly impact UMOD secretion in kidneys from chronic 

hypertensive background, specifically the SHRSP. Analysing the differences in UMOD 

trafficking in normotensive WKY and chronic hypertensive SHRSP rat models will allow 

for discovery of novel mechanisms regulating these processes in the context of salt 

loading. Moreover, these will be of clinical relevance as they will help in understanding the 

pathogenesis of salt-induced hypertension and serve as novel research avenues for 

discovering therapeutic interventions.  

1.8.2 Aims 

The general aims that will be addressed in this thesis are: 

• Characterise the effects of salt loading on UMOD urinary excretion and trafficking 

within the kidney in both normotensive WKY and chronic hypertensive SHRSP 

rodent models. 

• Identify long-term impacts of salt loading on UMOD trafficking and renal 

physiology of normotensive models as an insight into potential pathophysiological 

changes that occur in hypertension.  

• Establish and characterise animal and transgenic cell models for the study of 

molecular mechanisms of UMOD trafficking. 
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Chapter 2: General Materials and Methods 

This Chapter outlines laboratory practices and methods common to more than one Chapter. 

Each subsequent results Chapter has a specific materials and methods section. 

2.1 General Laboratory Practices 

Laboratory equipment and reagents were of high-quality grade and commercially available. 

Reagents were assessed and dealt with appropriately if hazardous as described in the relevant 

control of substances hazardous to health regulations forms. Please see Appendix 8.1.1 for 

all laboratory reagents that were not obtained commercially. Reagents were weighed using 

a Mettler Toledo (0.001g) or Ohaus Adventurer Balance AR1530 (0.1g). Sterile disposable 

plastic ware or standard laboratory glassware was used to prepare reagents. Glassware was 

washed using Decon 75 detergent, rinsed with distilled H2O (dH2O) and placed in a drying 

cabinet (at 37°C). RNase free disposable plastic ware (ThermoFisher Scientific, UK) was 

used when appropriate. Volumes (1 μL – 1mL) were measured using Rainin pipettes and 

disposable tips or RNase free filter tips (ThermoFisher Scientific, UK) wherever appropriate. 

Water used for experiments was either dH2O (milliQ-purified distilled water (Millipore, 

UK)) or High-Performance Liquid Chromatography (HPLC)-grade, unless specified 

otherwise. To dissolve solutions, a Jenway 1000 Hotplate and Stirrer was used. Solutions 

were mixed with Stuart Autovortex Mixer. Samples with a smaller volume (<2mL) were 

centrifuged using Eppendorf Centrifuge 5415R. Samples with larger volumes were 

centrifuged using a Mega Star 3.0R. A Fisherbrand Heating Water Bath Model FB60305 

was used for experiments or samples requiring incubations from 37°C to 65°C, or an 

Eppendorf ThermoMixer was used for experiments requiring temperatures ranging from 4°C 

to 95°C, as appropriate. The pH of solutions was measured using a ThermoFisher Scientific 

Orion Star AIII pH meter calibrated with pH 4.0, 7.0 and 10.0 standards (ThermoFisher 

Scientific, UK).  

2.2 Animals 

2.2.1 Ethical Statement 

All procedures were performed in accordance with Home Office regulation and with the 

United Kingdom Animals Scientific Procedures Act 1986 (PPL No. 70/9021, PPL No. 

PP0895181, PIL IBF0A9650) and ARRIVE guidelines and were approved by the 

institutional ethics review committee and performed at the CVRU unit at the University of 

Glasgow. 
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2.2.2 Animal Strains 

The strains of animals used in this thesis are the chronic hypertensive stroke prone SHRSP 

and the normotensive WKY rat. These inbred strains have been maintained at the CVRU 

unit at the University of Glasgow since 1991 when 6 males and 7 females of each strain 

were gifted to Prof A.F. Dominiczak from Dr D.F. Bohr from the University of Michigan, 

USA. These animals were previously sourced from the National Institutes of Health, 

Bethesda, USA. The Glasgow strain of SHRSP (SHRSP/Gcrc) have slightly lower blood 

pressures than the original strain (16-week-old males: Glasgow 190-200 mmHg, original 

strain 230-250mmHg). The SHRSP are considered a chronic hypertensive model 

throughout this thesis.  

2.2.3 Animal House 

All animals were housed under controlled lighting (from 0700-1900 hours) and 

temperature (21±3°C) and received a normal diet (rat and mouse no. 1 maintenance diet; 

Special Diet Services, Grangemouth, United Kingdom).  

2.3 Animal Procedures 

2.3.1 Metabolic Cage 

The metabolic cage allows individual housing of an animal to collect information on water 

intake and urine output over 24 hours. The metabolic cage has a gridded bottom to allow 

passage of urine and faeces. These are separated via a funnel to allow individual collection. 

A fixed amount of water (250mL) was given, and food was available ad libitum over the 

24-hour period. Animals were acclimatized for 2 hours, 3 days before the first 

measurement. Urine samples were collected over 24 hours and then aliquoted and stored at 

-80°C until further use, no more than 4 occasion over any study period. Individual study 

collection details will be further elucidated under the appropriate corresponding chapter.  

2.3.2 Blood Pressure Measurement 

SBP was monitored weekly by tail-cuff plethysmography in an operator blinded fashion 

(Evans et al., 1994). The rats were warmed in a separate enclosure under lamps, which act 

as a heat source. During the measurement, animals are kept on preheated heating pads (at 

33-35°C). The animals were restrained, before a cuff was attached on the tail and 

inflated/deflated via a computer to account for pressure differences. The sensor cuff 

detected changes in the tail volume as the blood returned to the tail during the occlusion 

cuff deflation. Piezoceramic transducers were then used to detect a pulse in the rat’s tail. 
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The occlusion cuff was inflated to 250mmHg and deflated over 20s. Each recording 

session consisted of 10 inflation and deflation cycles per set, of which the first cycle was 

considered “acclimation” cycle and was not used in the analysis. Rats were habituated at 

least 2 days prior to baseline blood pressure measurements. Recordings were taken on a 

weekly basis for all studies described in this thesis.  

2.3.3 Blood Collection 

Heparinized blood was collected by tail vein puncture under isoflurane anaesthesia (2.5% 

isoflurane in 1.5L/min oxygen). Timepoint collection details will be elucidated as part of 

the chapter-specific methods. At the end of a study, heparinized and EDTA blood samples 

were collected by cardiac puncture and rats were killed by exsanguination under terminal 

general anaesthesia. Haematocrit was determined using a A14 Jouan Centrifuge at 

13,800xg for 5 minutes at room temperature. Biochemical plasma and urinary analyses for 

electrolyte, albumin and creatinine concentration were performed using Roche Cobas C311 

Analyzer and commercially available rodent kits (Roche, Sussex, UK). 

2.3.4 Tissue Collection and Processing Protocols 

Animals were sacrificed under terminal general anaesthesia (2.5 % isoflurane). The 

thoracic cavity was cut open and blood collected via cardiac puncture of the left ventricle 

using a disposable 5mL syringe and 23-gauge needle. Blood was transferred into 

heparinised and EDTA Vacuette 5mL tubes (BD, UK). These were kept immediately on 

ice and then centrifuged at 3500xg for 15 minutes at 4°C to obtain plasma in the resulting 

supernatant. This was then aliquoted on ice and stored in -80°C before further use. Tissues 

from the animals were harvested and then fixed in 10% formalin for histological 

processing or snap frozen in liquid nitrogen. Specifically, the heart, liver, spleen, pancreas, 

aorta, kidney, and adrenal gland. Both kidneys were cut out and weighed separately. The 

renal capsule was manually removed, and the two kidneys divided into multiple sections; 

one of the kidneys was put away in Phosphate Buffered Saline (PBS) on ice (Appendix 

8.1.1.1). This was later dissected separately into 3 fractions of the kidney, the papilla, the 

medulla and the cortex, before being snap frozen and stored for later usage at -80°C. The 

second kidney was cut in half along the sagittal plane. One half was immediately placed in 

fixative solution, whereas the other half was cut into half along the transverse plan. The 

resulting two sections of the kidney were allocation for RNA and protein extraction 

separately and snap frozen in liquid nitrogen. Snap frozen tissues were stored in -80°C 

until further use. In order to establish good laboratory practice, reproducibility, and record 

keeping, a tissue harvest protocol worksheet was generated (Appendix 8.2). 
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2.4 Gene expression 

2.4.1 Ribonucleic Acid (RNA) extraction 

All tissue was homogenised mechanically using the Qiagen 85210 TissueLyser Universal 

Laboratory Mixer-Mill Disruptor (Qiagen, UK) in 2mL Eppendorf tubes. Samples were 

homogenised in 500μL or 700µL of Qiazol (Qiagen, UK) depending on the size of the 

tissue. The lyser was set at a frequency of 30 Hertz for 20 seconds at a time in the presence 

of a stainless-steel bead to assist in breaking down the tissue. This was repeated twice or 

thrice until a homogenise solution is obtained. For kidney tissue, the tissue-Qiazol mix was 

snap frozen on dry ice prior to homogenisation to prevent excess foaming. Tissue 

homogenisation was continued until all the tissue had dissolved in Qiazol. RNA was 

extracted using the RNeasy Mini kit (Qiagen, UK). To summarise the protocol, 140μL of 

chloroform was added to tissue homogenate. This was then inverted by hand until the 

solution became opaque. Following this, the solution was incubated at room temperature 

for 2 minutes before undergoing centrifugation at 10,000xg for 15 minutes at 4°C. The 

RNA remains in the clear aqueous phase which was then collected into a new tube. These 

are precipitated with the addition of 1.5 volumes of ethanol. The resulting solution was 

then filtered through the RNeasy Mini Column, with the charged RNA sticking on the 

silica-membrane of the spin columns. The solution underwent a number of washing steps 

using ethanol-based wash buffer: RWT and RPE. The RNA was finally eluted using 30µL 

of nuclease free H2O and centrifugation at 8000xg for 2 minutes at room temperature. An 

additional through-flow of the column was performed in certain cases to maximise RNA 

extraction (i.e., if RNA concentration readings were low). The resulting eluate was 

immediately placed on ice before reading concentrations, and stored in -80°C.  

2.4.2 RNA quantification 

Total RNA concentration (ng/μL) was determined by NanoDrop ND1000 (ThermoFisher, 

UK). A ratio of 2 for 260/280nm wavelengths and 2.0-2.2 for 260/230nm wavelengths was 

used to indicate purity of RNA (DNA/phenols and thiocyanate and protein contamination, 

respectively). RNA was stored in -80°C until use.  

2.4.3 Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

RT-PCR allows conversion and amplification of RNA to produce complimentary DNA 

(cDNA). For this thesis, the High-Capacity RNA to cDNA kit (Applied Biosystems, UK) 

was used. In this one-step reaction, a master mix was generated containing a mix of 

random primers. These annealed to the template mRNA strand and provided RT enzymes a 



54 

 

starting point for synthesis. The RT enzyme offered high thermal stability to ensure cDNA 

synthesis at higher temperatures thereby ensuring higher yields. 1μg of RNA input diluted 

in RNase free water was used in a 20uL reaction volume (Table 2.1).  

Table 2.1 Reaction set-up for the RT-PCR reactions to produce cDNA from RNA. 

Component Volume (µL) 

10X RT Buffer Mix 2 

25X dNTP Mix (100mM) 0.8 

10X RT Random Primers 2 

20mX RT Enzyme (MultiScribe) 1 

RNase inhibitor 1 

MgCl2 1.4 

Nuclease-free H2O 1.8 

Total per reaction 10 

 

Reactions were set up in a 96 well skirted plate (Starlab, Germany) and sealed with an 

adhesive sealing sheet to prevent evaporation (ThermoFisher Scientific, UK). The reaction 

was run on a Multi block System Satellite 0.2 Thermo Cooler (ThermoFisher Scientific, 

UK) using the settings described in Table 2.2. The cDNA was stored in -20°C until further 

use, directly in the sealed plate.  

Table 2.2 Optimum temperatures and times for each reaction step in the High-Capacity RNA to cDNA Kit.  

Setting Step 1 Step 2 Step 3 Step 4 

Temperature (°C) 25 37 85 4 

Time 10 min 120 min 5 sec ∞ 

 

2.4.4 Quantitative Polymerase Chain Reaction (qPCR) 

qPCRs were performed in order to quantify the expression of genes of interest in a sample 

based on cDNA synthesised in section 2.4.3. Specifically, we utilised fluorescence-based 

qPCR which utilises a fluorescence reporter in a PCR reaction to quantify production of 
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DNA. In the log linear phase of the PCR reaction, fluorescence from the generated DNA 

was higher than the background, which could be expressed as a threshold cycle (Ct). The 

primary probes used in this thesis were bought from ThermoFisher Scientific (TaqManTM), 

which were based on a probe directly conjugated to a fluorophore. Due to the variety of 

fluorophores that can be attached to the probe of interest, TaqManTM assays allow for 

multiplexing – i.e., allowing the expression of multiple genes to be measured in one 

reaction.  

Housekeeping genes with a VIC labelled probe were run in duplex. These genes were 

selected from a series of validation experiments, whereby their Ct value was monitored 

across multiple different samples, specifically kidney lysate or ex vivo TAL tubule 

incubations from salt loading or salt-incubated groups, respectively, as well as controls. 

The gene with the least amount of Ct variation between sample within groups was chosen 

as the final housekeeping gene for analysis. The reaction set up with reagents can be seen 

in Table 2.3.  

Table 2.3 Reagent volumes for TaqManTM qPCR reactions 

Reagent Volume (µL) 

2x TaqMan Mastermix 2.5 

FAM-labelled probe 0.25 

VIC labelled probe if duplex/appropriate 

volume of nuclease-free water if singleplex 

0.25 

cDNA (1µg) 2 

Total 5 

 

A 384 well plate (ThermoFisher Scientific, UK) was used as the reaction vessel and this 

was sealed with an optical adhesive sealing sheet (ThermoFisher Scientific, UK).Gene 

expression were run on a QuantStudio 12K Flex (version 1.3) (ThermoFisher Scientific, 

UK) with the following settings: 95°C for 15 minutes, 40 cycles of 95°C for 15s, and then 

60°C for 1 minute. Ct values were analysed using the 2-ΔΔCt method, whereby ΔCt pertains 

to normalisation to the housekeeper. Calculations of ΔCt and fold change (FC) were 

performed manually in Microsoft Excel (Microsoft, USA) and the graphs were created in 

GraphPad Prism version 9 (GraphPad Software, USA). All the probes and housekeeping 

genes used in this thesis are listed in Table 2.4.  
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Table 2.4 List of TaqManTM probes and their designation 

Gene Full Name Probe/Category 

number 

Hprt1 Hypoxanthine 

phosphoribosyltransferase 

1 

C102626258 

Ubc Ubiquitin C Rn01789812, 

Hs00824723 

Tnf Tumor necrosis factor Rn99999017, 

Hs01113624 

Gapdh Glyceraldehyde-3-

phosphate dehydrogenase 

Rn01462661, 

Hs02786624, 

Rn01462661, 

Rn99999916 

18S 18S Ribosomal RNA Hs9999901 

Havcr1 Kidney Injury Molecule-1 Rn00597703, 

Hs00930379 

Adrb2 Beta-2-adrenergic 

receptor 

Rn04219332 

Umod Uromodulin Rn00567186, 

Rn01507237, 

Hs00358451, 

Hs00358451, 
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Aqp1 Aquaporin-1 Rn005652834 

Lcn2 Neutrophil gelatinase-

associated lipocalin 

Rn00590612, 

Hs01008571 

Casr Calcium-sensing receptor Rn01462661 

Rplp0 60S acidic ribosomal 

protein P0 

Rn03302271 

Actb Β-actin Rn00667869 

Ednra Endothelin Receptor 

Type A 

Rn00581137 

Nfat6 Nuclear Factor of 

Activated T cell 6 

Rn01762487 

Slc12a1 Sodium-potassium-

chloride cotransporter 

Rn00692576, 

Hs00165731 

Kcnj1 Potassium Inwardly 

Rectifying Channel 

Subfamily J Member 1 

Rn00566732, 

Hs04906030 

Aqp2 Aquaporin-2 Rn00563755 

Hspa5 Heat Shock Protein 

Family A Member 5 

Hs00607129 

Nfat5 Nuclear Factor of 

Activated T cell 5 

Hs00232437 

 

2.5 Western blots 

2.5.1 Protein Extraction 

2.5.1.1 Kidney/Tissue 

Kidney tissues were lysed with Cell Extraction Buffer 5X at 1X (from Rat Uromodulin 

ELISA kit, Abcam, UK) or RIPA (Appendix 8.1.1.5) for total protein extraction and lysed 
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as explained in section 2.4.1. In other cases, a Qiagen user-developed protocol was used 

for extraction of proteins from the Qiazol Lysis Reagent (Qiagen, UK) after or without 

RNA extraction. Briefly, all traces of the aqueous phase after the chloroform phase 

separation step in the RNA extraction protocol are removed. After which, 0.3mL of 100% 

isopropanol was added to the remaining interphase and phenol phases. These are mixed by 

inversion and left at room temperature for 2 minutes. The solution was then centrifuged at 

2000xg at 4°C for 2 minutes to precipitate the DNA. The phenol supernatant was then 

transferred to a new 1.5mL Eppendorf reaction tube and stored in guanidine-ethanol 

solution (0.3M guanidine-hydrochloride in 95% ethanol) for 20 minutes at room 

temperature or at 4°C (for at least 1 month). Following this, the samples were centrifuged 

at 7500xg for 5 minutes at room temperature and the supernatant removed. The remaining 

pellet was allowed to air dry for 5 minutes and dissolved in 500µL of urea/DTT solution 

(10M urea, 50mM DTT). The pellet was manually broken apart using a needle and then 

incubated at 95°C for 3 minutes to aid dissolving. The solution was then immediately 

placed on ice to avoid foaming and sonicated 10 times for short bursts (5 seconds). Finally, 

the sample was centrifuged at 10,000xg for 10 minutes at room temperature and the 

supernatant stored in a new 1.5mL Eppendorf tube. 

2.5.1.2 Cells 

For cells, RIPA lysis buffer pH 8.8 (Appendix 8.1.1.5) was used to extract protein. The 

cells were lysed by manual pipetting several times. Homogenates were centrifuged at 

10,000xg for 10 minutes and the resulting supernatant collected and stored. In all cases, 

extraction buffers were supplemented with 2% Octyl β-D-1-thioglucopyranoside, 

cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail (Merck, Germany), and 

PhosSTOP Inhibitor (Merck, Germany) according to the manufacturer’s instructions as to 

inhibit protein degradation by proteases and loss of phosphorylation patterns by 

phosphatases, respectively. Protein lysates were stored in -80°C until further processing.  

2.5.1.3 Urine 

Urine samples were concentrated with the use of molecular weight cut-off (MWCO) 

columns prior to protein quantification. These allow concentration of proteins by 

separating components in biological and environmental samples by molecular weight, as 

well as desalt and dialyze proteins. In this work, 500µL or 2mL of urine volumes were 

used which were concentrated using 3kDa MWCO columns with Amicon Ultra 15-

Centrigugal Unit and Amicon Ultra-0.5mL centrifugal filters (Sigma-Aldrich, UK), 

respectively, to final volumes of 100µL (5X or 20X concentration factor). For the Amicon 
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Ultra-0.5mL centrifugal filters, samples were centrifuged in a fixed angle rotor at 14,000xg 

at room 4°C. For the Amicon Ultra 15-Centrigugal Unit, samples were centrifuged in a 

swinging bucket rotor at 3000xg at room temperature. 

2.5.1.4 Membrane and Cytosolic Fraction 

Membrane and cytosolic protein fractions were extracted from kidney medulla sections or 

cells using Mem-PERTM Plus Membrane Protein Extraction Kit (ThemoFisher Scientific, 

UK) as per manufacturer’s instructions. This kit enabled the extraction of integral 

membrane proteins and plasma membrane-associated proteins from cultured mammalian 

cells or tissues. Briefly, the kit utilized a mild detergent to selectively extract membrane 

proteins without phase separation (Figure 2.1). Initially, the cells were permeabilized to 

extract soluble cytosolic proteins. A secondary detergent was then applied to extract 

plasma membrane proteins.  

 

Figure 2.1. Diagrammatic representation of the Mem-PERTM Plus Membrane Protein Extraction Kit 

(ThermoFisher Scientific, UK) 

The protocol involves lysing the cell in an initial centrifugation step that isolates only the cytosol (e.g., organelles, 

cytosolic proteins, etc.) in the supernatant while maintaining the cell’s plasma membrane. The plasma membrane is 

maintained in the pellet and extracted with a membrane-specific buffer after another centrifugation step, whereafter the 

plasma membrane fraction can be obtained from the supernatant. Image generated in BioRender.  

For the medulla, the frozen tissue was kept on dry ice throughout the procedure as to 

minimize protein degradation. Tissue pieces equivalent to half a kidney were kept in a 

2mL Eppendorf tube and washed with Cell Wash Solution (component of Mem-PER Plus 

Membrane Protein Extraction Kit). The pieces were then transferred to a 1.5mL Eppendorf 

tube and cut into small 1-2mm2 chunks using sterilised surgical scissors. These were then 

transferred to a fresh 2mL Eppendorf tube for another wash step with gentle vortexing for 

5 seconds. The cell wash solution was then aspirated before adding 300µL of 

permeabilization buffer. A stainless-steel bead was then added to the tube before 

homogenisation with the 85210 TissueLyser Universal Laboratory Mixer-Mill Disruptor 

(Qiagen, UK) at 30 Hertz for 30s intervals until an even suspension was obtained. The 

remaining homogenate was transferred to a new 1.5mL Eppendorf tube for incubation at 
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4°C for 5 minutes at constant mixing (300 rpm). The tube was then centrifuged at 

14,000xg for 15 minutes at 4°C to pellet the permeabilized cells. The supernatant was 

stored in a separate 1.5mL Eppendorf tube and contains the cytosolic proteins. The 

remaining pellet was then resuspended in 150µL of Solubilization buffer. This was then 

gently pipetted until a homogenous suspension is achieved. The tube was kept at 4°C with 

constant mixing at 300rpm. A final centrifugation step at 14,0000xg for 15 minutes at 4°C 

was performed and the resulting supernatant stored in a 1.5mL Eppendorf tube as the 

membrane protein fraction. To all buffers, proteinase and phosphatase inhibitors were 

added as described in section 1.5.1.2. Aliquots were stored in -80°C. This protocol was 

adapted for cells, whereby 200µL of Permeabilization Buffer and 50µL of Solubilization 

buffer were used instead. Also, all homogenisation was performed using pipetting. 

2.5.2 Electrophoresis  

Protein concentration was determined using QuickStart Bradford assay (Bio-Rad, UK), 

according to manufacturer’s instructions. The following 7 concentrations of BSA standard 

were used to determine relative protein concentrations: 2, 1.5, 1, 0.75, 0.5, 0.25, 0.125 

mg/mL (Bovine Serum Albumin Standard Set, Bio-Rad, UK). The concentration was 

determined at 595nm using a Viktor X3 Plate Reader (Perkin Elmer, USA). The standard 

curve was calculated using Microsoft Excel (Microsoft, USA) and fitted to an R2 value of 

0.99. Protein samples were diluted in SDS sample buffer (Appendix 8.1.1.8) to a final 

concentration of 1X and will be defined on a chapter-by-chapter basis. Samples were 

incubated at 85°C for 10 minutes. Proteins were resolved according to their molecular 

weight using pre-cast BoltTM Bis-Tris Plus gels (4-12% or 10%, depending on the type of 

sample) (ThermoFisher Scientific, UK) for separation by electrophoresis in 1X Bolt MOPS 

SDS Running Buffer (ThermoFisher Scientific, UK) at 125V for 1 hour using a PowerEase 

Touch 350W Power Supply (ThermoFisher Scientific, UK). As a protein ladder, 2µL of 

PageRuler Plus Prestained Protein Ladder (10 to 250kDa) was loaded in the first lane 

(furthest left) to determine protein size. 

2.5.3 Blotting 

Following separating, proteins were transferred using semi-dry transfer technique whereby 

no buffer tanks or gel cassettes are required. For this, the semi-dry Thermo Scientific 

Pierce Power Blotter system was utilised (ThermoFisher Scientific, UK) in Pierce 1-step 

transfer buffer. If one blot was transferred, this was for 20 minutes at 1.3A using the high 

molecular weight setting. For 2 blots, 14 minutes at 2.5A using the high molecular weight 

setting was used. For 3 or more blots, 12 minutes at 2.5A using the high molecular weight 
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setting was used. Proteins were transferred to Immobilon-FL PVDF 0.45µm membranes 

with 9cm x 6cm dimensions. These had been activated in methanol (VWR International, 

UK) for 5 minutes at room temperature, as well as 1X Pierce 1-step transfer buffer for 5 

minutes.  

2.5.4 Blocking and Antibody Incubation 

Membranes were blocked with 5% Bovine Serum Albumin (BSA) (Merck, UK) in 

Phosphate-Buffered Saline with 0.1% Tween-20 (PBST) for all non-phosphorylated 

proteins and Tris-Buffered Saline with Tween-20 (TBST) (Appendix 8.1.1.4) for all 

phosphorylated proteins. This was followed by incubation with the respective primary 

antibody (in 2% BSA/PBST) overnight at 4℃. Membranes were then washed in PBST or 

TBST, depending on the type of antibody, three times for 15 minutes at room temperature. 

The membranes were then incubated with the appropriate secondary fluorescence-

conjugated antibody in 5% BSA in PBST or TBST at room temperature for 1 hour. 

Specific details for the type of antibody used, type of secondary antibody, and their 

dilutions can be found in Table 2.5. Validation work was conducted on primary antibodies 

used for detection of proteins of interest in this thesis with regards to loading to establish 

linearity and positive controls for detection. For UMOD, it was determined that loading of 

1µg of urine sample provided optimum UMOD band detection (Abcam UMOD antibody). 

The validity of UMOD detection by the Abcam UMOD antibody was confirmed by 

running of a positive control alongside urine samples, mainly purified mouse or human 

recombinant UMOD protein. For kidney and cell lysate samples, a loading of 20µg of 

protein provided the optimum band signal on the Western blot for UMOD antibodies, and 

40µg for the remaining antibodies provided in Table 2.5. The detection of UMOD in this 

context was again confirmed with purified mouse or human recombinant UMOD protein as 

a positive loading control. No positive controls were used for the remaining primary 

antibodies.  

2.5.5 Detection and Analysis 

Imaging of proteins was performed on the Odyssey Clx (at 700 and 800nm). For total 

protein detection, revert 700 Total Protein Stain (LI-COR Biotechnology, UK) protocol 

was performed. After transfer was completed, the PVDF membrane was rinsed in dH2O for 

5 mins at room temperature. The membrane was then incubated with 5mL of Revert 700 

Total Protein Stain for 5 minutes at room temperature with gentle shaking, ensuring that 

blot itself was covered in the dark. The solution was then decanted, and the membrane 

briefly rinsed in dH2O. After this, 5mL of Revert 700 Wash Solution (.7% (v/v) glacial 
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acetic acid, 30% (v/v) methanol) was added to membrane two times for 30 seconds at room 

temperature with gentle shaking. The Revert 700 Wash Solution was then decanted and 

briefly rinsed with dH2O. The membrane was then immediately imaged with the Odyssey 

Clx (at 700nm). Following this, the membrane was washed in dH2O briefly before 5 mL of 

Revert Destaining Solution (0.1 M sodium hydroxide, 30% (v/v) methanol) was added for 

10 minutes while continuous shaking until the stain is no longer visible by eye. Finally, the 

membrane was briefly rinsed in dH2O before proceeding to immediately blocking and 

immunodetection. 

Analysis of the Western blots was performed on ImageStudio v5.0 (LI-COR 

Biotechnology, UK). The relative intensity of the bands was determined using Shapes tool, 

by drawing the rectangle around each of the bands (or in the case of Revert 700 Total 

Protein Stain, the total blot). Rectangle size was maintained constant for each of bands on 

the same blot. An additional rectangle was drawn outside the band region, as a background 

value, a subtracted from all protein bands. For normalization of bands, loading controls 

were used (see individual figures for details). A series of optimisation experiments were 

performed prior to individual experiments and analyses conducted in each chapter to 

determine the optimum loading control for each sample type. Samples from across 

different salt loading conditions were used for comparison. The primary antibody showing 

the least amount of variation in band signal intensity across these groups was chosen as the 

loading control. In case of comparison of signals between multiple blots, the sum of 

replicate methodology was utilised (Degasperi et al., 2014). In this method, each data point 

on a replicate is divided by the sum of the values of all data points in that replicate. This 

way the data in each replicate becomes relative to this sum.  

2.5.6 Stripping Protocol 

In some cases, blots underwent a stripping protocol to remove prior antibodies with 0.2M 

NaOH for 10 minutes at room temperature (under constant shaking). This was followed by 

blocking and re-incubation with another set of primary and secondary antibodies.  

2.6 Histology 

2.6.1 Tissue Preparation for Histology 

Tissues were fixed in for 24 hours in 10% formalin/4 % paraformaldehyde (PFA) at room 

temperature. These were then washed three times in PBS with continuous shaking on a 

rotational platform shaker. Tissues were then placed in 4°C until further use. For histology 

purposes, tissues were placed in histology cassettes (ThermoFisher Scientific, UK) and 
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placed in a Citadel 1000 processor (Fisher Scientific, UK) at the following settings: 70% 

ethanol 30 minutes, 95 % ethanol 30 minutes, 100% ethanol 30 minutes, 100% ethanol 30 

minutes, 100% ethanol 45 minutes, 100% ethanol 60 minutes, 100% ethanol/xylene 30 

minutes, xylene 30 minutes, xylene 30 minutes, wax 30 minutes, wax 30 minutes, wax 45 

minutes, wax 45 minutes. The total running time was 8 hours and 30 minutes. Tissues were 

embedded with the Shandon Histocentre 3 embedding centre (Fisher Scientific, UK) and 

Histoplast paraffin (ThermoFisher, UK). Kidneys were cut transversely and placed face 

down. Paraffin sections of 2, 3 or 5µm were cut using a Leica Finese 325 Microtome 

(Fisher Scientific, UK) and baked on silanised slides (Clarity Microscope Slides C360) at 

65°C overnight. Slides were the stored at room temperature until use. Paraffin blocks were 

stored at 4℃. Prior to staining, the slides underwent a deparaffinisation and antigen 

retrieval protocol. This involved deparaffinisation in Xylene-substitute (Sigma-Aldrich, 

UK) 2 x 10 minutes and then rehydrated through an ethanol gradient (100%, 95%, and 

70%, 10 minutes each) before a final distilled H2O step for 10 minutes. 

Deparaffinised slides initially underwent an antigen retrieval step (heat-induced epitope 

retrieval) to allow for binding of the various antibodies to allow for immunofluorescence 

imaging. This involved boiling the slides in a microwave (100% power) for 2 minutes in 

pre-heated (95℃) citrate buffer (Appendix 8.1.1.6). After this, a series of heating steps are 

performed (2 x 4 minutes at 80% power) ensuring the evaporated buffer is topped with 

citrate buffer when required. Finally, the slides are transferred to new citrate buffer and left 

to cool at room temperature for 30 minutes. After this, the slides were washed twice in 

distilled H2O for 5 minutes and once in 1X TBS at room temperature.  

2.6.2 Immunofluorescence Staining 

The kidney section was circled with a hydrophobic pen (ThermoFisher Scientific, UK) and 

incubated with 200µL of 1X Carbo-Free Blocking Solution (1X, Vector Laboratories, 

USA) for 1 hour at room temperature in a humidified chamber. 

For cells, the samples were fixed in neutral buffered formalin at room temperature for 1 

hour after 3 x 5-minute washes in 1X PBS. Cells were then permeabilised with PBS 

containing 0.1% Triton X-100 for 10 minutes at room temperature. Blocking occurred as 

for tissues mentioned above, with 1X Carbo-Free Blocking Solution. 

Following the blocking step, primary antibody and secondary antibodies were added in a 

sequential manner (1 hour at room temperature in a dark, humidified chamber) separated 

by 3 x 5-minute washes in 1X TBST. Primary antibodies are the same used in Western 
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blotting (see Table 2.5), secondary antibodies used for immunofluorescence analysis can 

be found in Table 2.5. All antibody solutions were made in 1X Carbo-Free Blocking 

Solution (Vector Laboratories, USA). After the final antibody incubation, the sections were 

incubated with Mounting Medium with DAPI – Aqueous, Fluoroshield (Abcam, UK) and 

covered with High precision Cover glasses (24x25mm No 1.5). The edges were sealed 

with transparent nail polish.  

2.6.3 Immunofluorescence Imaging and Analysis 

Images were acquired with the Zeiss LSM 900 Axio Observer.Z1/7 confocal microscope 

equipped with a Plan-Apochromat 63x/1.40 Oil DIC M27 objective or Plan-Apochromat 

40x/0.95 DIC M/N2 operating with Zen Blue software version 3.3.89.0004 (Carl Zeiss, 

Germany). For Z-stack images, optimal interval slices were used according to the optimum 

calculated by the software. The analyst was blinded for imaging and analysis of sections.  

2.7 Enzyme-linked Immunosorbent Assay 

UMOD protein concentration levels in urine and total kidney lysate were quantified using 

the one-step Rat Uromodulin ELISA kit (ab274405) according to manufacturer’s 

instructions. The range of detection for UMOD standards was 625-40000 pg/mL. The 

method used a 7-point standard curve. Validation work was performed for the primary 

antibodies used for the UMOD ELISAs. Signal linearity was established for both kidney 

lysates and urine samples over a range of different dilutions as recommended by the 

supplier. A range of 1:1000 to 1:8000 was chosen for urine samples and 12.5 to 200 ng/μl 

for kidney lysates. Urine samples and kidney lysate samples were diluted 1 in 4000 and 

25µg/mL, respectively. For assessment of kidney UMOD protein, the kidney was chopped 

into smaller pieces and washed in PBS before homogenization in cell extraction buffer 

provided by the kit. Homogenisation was carried out as described in section 2.4.1. The 

relative concentration of total kidney protein per sample was determined by QuickStart 

Bradford assay (Bio-Rad, UK) to enable equal loading of protein in each well. This was 

not applicable for urine samples, due to the low protein concentrations in the undiluted 

urine which could not be detected by the Quick Start Bradford assay. Urine samples were 

diluted 1:4000 and volumes kept constant. Sample protein extraction and quantification 

was performed on the same day to minimize batch variation. The analyst was blinded to 

sample details during experiments and analysis.  



65 

 

2.8 Statistical analysis 

Statistical analyses were performed on GraphPad Prism version 9 (GraphPad Software, 

USA). The sample numbers per group were determined on power calculations based on 

previous blood pressure studies in rats. By examining the mean systolic blood pressure, it 

may be estimated that 8 rats per group will allow 80% power at α = 0.05 to detect 

differences in 15 mmHg. Student’s t-test, Welch’s t-test or Mixed-effects analysis were 

performed as appropriate. The effect of two factors was tested by two-way ANOVA (or 

mixed model). Figure legends denote the type of test used for all analyses. All statistical 

tests were two-tailed and P-value <0.05 was considered significant. Values are expressed 

as mean ± standard error of the mean (SEM). For ELISA analysis, four-parameter curve fit 

(4PL) without constraints was used to determine the curve fit for standard values in 

GraphPad Prism. For PCR, the Ct values obtained from QuantStudio 12K Flex software 

version 1.3 (ThermoFisher Scientific, UK) were used for calculation of ΔCt and fold 

change (FC) manually in Excel, and the graphs were created in GraphPad.  

2.9 Antibodies 

Table 2.5 List of primary and secondary antibodies used in the thesis.  

Antibody Supplier/Catalogue 

Number 

Dilution 

Vinculin Sigma-

Aldrich/SAB4200729 

1:10,000 

Calnexin ThermoFisher 

Scientific/PA5-77839, 

Abcam/Ab192439, 

Abcam/Ab22595 

1:1000 

NKCC2 ThermoFisher 

Scientific/PA5-88905, 

Abcam/Ab171747 

1:1000 

Hepsin Novus Biologicals/NBP1-

86931, Abcam/Ab189246 

1:5000 

GAPDH Abcam/Ab1811602 1:10,000 
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Flotillin-1 Abcam/Ab41927 1:2000 

Flotillin-2 ThermoFisher 

Scientific/PA5-79268 

1:1000 

EGF Abcam/Ab184265 1:1000 

B-actin loading 

control 800 

ThermoFisher 

Scientific/MA5-15739 

D800 

1:10,000 

CHOP Novus Biologics/NB600-

1335 

1:200 

ERO1L Novus Biologics/NB100-

2525 

1:500 

eIF2 Novus Biologics/NB2-

02669 

1:500 

IRE1a Santa-Cruz/Sc390960 1:250 

HSPA1B ThermoFisher 

Scientific/PA5-28369 

1:1000 

PDI Cell Signalling/3501S 1:1000 

BiP Cell Signalling/31835 1:1000 

pIRE1 ThermoFisher 

Scientific/PA5-105424 

1:500 

eIF2a Novus Biologics/NBP2-

67353 

1:1000 

UMOD Novus 

Biologics/NBP233393, 

R&D Systems/AF5144, 

Abcam/Ab207170. 

1:1000 

GFP Cell Signalling/2955S 1:1000 
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Anti-mouse 680 ThermoFisher 

Scientific/A21057 

1:10,000 

Anti-mouse 700 ThermoFisher 

Scientific/A21036 

1:10,000 

Anti-mouse 800 ThermoFisher 

Scientific/A32735 

1:10,000 

Anti-sheep 680 ThermoFisher 

Scientific/A21102 

1:10,000 

Anti-goat 800 ThermoFisher 

Scientific/A232930 

1:10,000 

Anti-rabbit 800 ThermoFisher 

Scientific/A21109 

1:10,000 

Goat anti-rabbit 

647 

ThermoFisher 

Scientific/A21244 

1:500 

Donkey anti-goat 

546 

ThermoFisher 

Scientific/A11056 

1:500 

Donkey anti-goat 

488 

ThermoFisher 

Scientific/A11055 

1:500 

 

The primary antibodies used for UMOD detection varied depending on sample type and 

analysis. The UMOD antibody supplied by Novus Biologics was used for detecting 

UMOD bands in Western blots with kidney lysate samples. The UMOD antibody supplied 

by R&D Systems was utilised in the N-deglycosylation assays for UMOD for determining 

glycosylated and non-glycosylated bands in Westerns blots for urine samples. The UMOD 

antibody provided by Abcam had the widest application set, including Westerns blots for 

urine, cell, and kidney lysate, as well as immunofluorescence staining of kidney sections. 

For Western blots, certain antibodies produced non-specific banding which were excluded 

from the final analysis. For transparency, this thesis will include example blots of these 

antibodies and highlight the bands which were chosen for relative quantification of protein 

expression. The main antibodies of concern are UMOD (Abcam/Ab207170) used on 
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kidney medulla protein lysates in Figure 2.2 and NKCC2/pNKCC2 in total kidney lysates 

shown in Figure 2.3.  

Figure 2.2. Example of non-specific bands on a Western blot using the UMOD primary antibody provided by 

Abcam (Ab207170) on kidney medulla samples. 

A total of 20μg of kidney medulla lysate was loaded onto the gel. The top band (85kDa) highlighted in red is UMOD, 

whereas the bottom band (78kDa) is considered to be non-specific binding and excluded in the final analysis. Also shown 

on the same blot is the β-actin loading control (42kDa) which was used for normalising the UMOD signal.  

Figure 2.3. Example of non-specific bands on a Western blot using the NKCC2 primary antibody provided by 

ThermoFisher Scientific (PA5-88905) on total kidney samples. 

A total of 40μg of total kidney lysate was loaded onto the gel. The top band (121kDa) highlighted in red is NKCC2, 

whereas the other bands are considered to be non-specific binding and therefore excluded in the final analysis. 
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Chapter 3: Salt loading decreases urinary 

excretion and increases intracellular accumulation 

of uromodulin in stroke-prone spontaneously 

hypertensive rats 

Alternative Format Thesis Declaration: 

Significant portions of this chapter have been published in Clinical Science (Mary et al., 

2021). The following is a list of my specific contributions to this publication: 

• Conceptualisation: Contributed to the formulation and evolution of the main 

research goals of the paper: 1) investigating the influence of salt on UMOD 

excretion and 2) the effect of salt on UMOD excretion in the context of blood 

pressure.  

• Data Curation: A significant portion of the managing and maintaining data was 

carried out by me, including maintaining shared drives (i.e. on OneDrive and local 

J-drives) and appropriate labelling of data for initial use and later re-use.  

• Formal Analysis: I was involved in and carried out most of the statistical and 

analytical techniques that generated the study data. This includes Western blot 

analyses, analysis of UMOD quantitation by ELISA, immunofluorescence analysis, 

qPCR analysis, and all the associated statistical evaluation using GraphPad Prism. 

• Investigation: Most of the investigation and data/evidence collection was carried 

out by me, including the animal work, tissue collection and urine analysis, Western 

blots and ELISAs, immunofluorescence imaging, RNA extraction and qPCR 

analysis, and mTAL tubule isolation and incubations.  

• Methodology: I contributed to the design and development of most of the 

methodology, including optimisation of Western blots for analysis of UMOD, 

optimisation of the immunofluorescence incubation and imaging, ELISA linearity 

determination and analysis with UMOD, and animal sample collection.  

• Project Administration: I was responsible, in part, for the planning and coordination 

of the research activity and execution. Timelines for animal work, as well as 

experimental procedures such as Western blotting and ELISAs, were all planned 

and executed by me.  

• Visualisation: I provided significant contributions to the preparation and 

presentation of the manuscript. This included figure generation of Western blots, 
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ELISA graphs, and immunofluorescence images. Panel layout was also facilitated 

by me.  

• Writing – original draft: I contributed significantly to the writing of the original 

manuscript, including the introduction, results, methods, and discussion sections. 

• Writing – review & editing: I contributed to additional experiments suggested by 

reviewers and contributed to a number of edits in the manuscript, including the 

addition of the clinical perspectives section. 

• Validation: Verification of reproducibility of the results was carried out by me, 

whereby I ensured sample numbers were appropriate across experiments/animal 

studies. 

3.1 Introduction 

There is increasing consensus that UMOD is key to sodium homeostasis in the kidneys and 

by extension, blood pressure regulation (Graham et al., 2014, Trudu et al., 2013b). 

Transgenic mouse models overexpressing UMOD in an FVB/N background strain showed 

increased renal injury as well as hyperactivation of NKCC2 (Trudu et al., 2013b). This led 

to salt-sensitive hypertension in these models. In another study, a global UMOD knockout 

mouse model exhibited resistance to salt-sensitive blood pressure changes (Graham et al., 

2014). With regards to the effects on UMOD secretion, a study with salt-sensitive and 

resistant hypertensive patients demonstrated greater UMOD secretion compared to healthy 

control individuals (Matafora et al., 2014). This is inversely associated with urinary 

sodium excretion in these individuals. More importantly, UMOD seems to be an important 

cardiovascular health marker, whereby both serum and urinary UMOD excretion are 

inversely associated with CVD as well as progressive kidney disease in humans (Steubl et 

al., 2020c, Garimella et al., 2019, Garimella et al., 2015). This would suggest that lowering 

urinary UMOD has cardiovascular protective effects, which makes the findings that it is 

overexpressed in salt-sensitive hypertension and kidney damage paradoxical (Graham et 

al., 2014, Matafora et al., 2014). Therefore, more research is warranted in deciphering the 

association between sodium and UMOD.  

Multiple animal models have been utilised to study the role of UMOD in hypertension, 

including UMOD or hepsin knockouts, or via transgenic overexpression of UMOD 

(Graham et al., 2014, Matafora et al., 2014, Olinger et al., 2019). Of note, all of these 

models lack an underlying genetic predisposition to hypertension. A retrospective analysis 

of the DASH-sodium trial concluded that higher urinary UMOD levels were not associated 

with higher systemic blood pressure in the context of greater dietary salt intake (Bakhoum 
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et al., 2021). In another more recent interventional study involving a Chinese cohort, high 

dietary salt intake was significantly associated with increased plasma and urinary UMOD 

concentrations (Du et al., 2021). These human clinical studies pose interesting questions: 

to what extent does salt itself influence UMOD from expression to excretion? And if so, is 

there a difference between normotensive and chronic hypertensive settings? 

This chapter aims to offer novel perspectives to these questions and a greater 

understanding of the effects of salt on UMOD, a previously not well explored axis. To do 

this, we used the SHRSP rat, a polygenic model of chronic hypertension. In fact, it has 

been rated to have the highest SBP when compared to 179 rat strains (Mashimo et al., 

2005). This well-studied model has multiple aetiologies contributing to cardiovascular 

disease, including stroke (Yamori et al., 1977), chronic hypertension (Houston, 2011), 

vascular dysfunction (Harvey et al., 2017), and renal end-organ injury (Churchill et al., 

2002). The SHRSP model is of particular interest for this study, in that it is genetically 

predisposed to develop renal damage, with salt supplementation accelerating this process 

and magnitude of hypertension (Churchill et al., 2002). 

The main hypothesis of this chapter is that salt regulates UMOD expression and secretion 

in both normotension and hypertension. This chapter will address (i) how salt influences 

UMOD excretion in medullary TAL; (ii) potential differences in the effects of dietary salt 

loading on UMOD urinary excretion in normotensive WKY and chronic hypertensive 

SHRSP models; (iii) whether the influence of salt on UMOD excretion is blood pressure 

dependent. The final aim is specifically addressed through the use of calcium channel 

blocker nifedipine, an anti-hypertensive (blood pressure lowering) drug which has been 

shown to alleviate salt-induced hypertension in SHRSP (Nito et al., 1995, Kyselovic et al., 

2001). This will therefore separate blood pressure and salt components. This work has 

been published in Clinical Science (Mary et al., 2021). 

3.2 Materials and Methods 

General Materials and Methods can be found in Chapter 2.   

3.2.1 Animals and acute salt loading 

In this chapter, we utilised male and female SHRSP (n =54) and WKY (n =32) at 11 weeks 

of age (referred to as “baseline”). At 12 weeks of age, littermates were randomized into 

groups of n = 8 per sex and per group. The following groups were assigned: normal 

drinking water (normal salt, NS) and 1 % NaCl (hereafter: 1% salt) in the drinking water 

(high salt, HS) for 3 weeks. A subset of SHRSP on HS (n=8/sex) was administered the 
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calcium channel blocker nifedipine (Sigma-Aldrich, UK), which was provided daily for 3 

weeks at 10 mg/kg/day in 1mL of baby food (Heinz Custard, UK) as well as 15mg/kg/day 

in their drinking water, as previously reported (Small et al., 2016). To maintain 

consistency, all groups were fed baby food (with or without nifedipine). Urine and blood 

samples, as well as SBP readings, were collected every week, as detailed in the General 

Methods Section. 

3.2.2 N-Deglycosylation assay 

UMOD was N-deglycosylated with PNGase F (New England Biolabs, USA) under 

reducing conditions. 2µg of UMOD was denatured with the buffer provided by the 

manufacturer and then incubated with PNGase F at 37°C for 1 hour. The samples were 

then separated on 4-12% Bis-Tris NuPAGE gels and transferred on PVDF membranes 

prior to imaging, as described in General Methods Chapter.  

3.2.3 Histology 

Paraffin-embedded kidneys were sectioned (2μm) for histological staining and 

immunofluorescence (n =8 per group (4/sex) kidneys were evaluated and scored in a 

blinded fashion. Periodic acid-Schiff (PAS) staining was used to assess morphological 

differences. The PAS stain was based on oxidation of certain tissue elements to aldehydes 

by periodic acid. This allowed documentation of polysaccharides, neutral mucosubstances, 

and basement membranes. The tissues are initially deparaffinized and hydrated as 

mentioned in the General Materials and Methods chapter. Following this, sections were 

placed in 0.5% Periodic Acid solution (Sigma-Aldrich, UK) for 15 minutes at room 

temperature. These were then washed in distilled water prior to incubation with Schiff 

reagent (Sigma-Aldrich, UK) for 15 minutes. To develop the full colour, the sections were 

then washed under tepid water for 1-2 mins. The slides were then counterstained with 

Haematoxylin-Eosin staining solution (Sigma-Aldrich, UK). After further washing in 

distilled water, the sections were dehydrated in 95% ethanol for 5 minutes, followed by a 

5-minute clearing step with xylene-substitute.  

3.2.4 Immunofluorescence Imaging and Analysis 

At least 5 images were taken per sample and processed and analysed using Zen Blue 

software. Co-localisation analysis was conducted by cutting out TAL regions where 

overlap of UMOD and calnexin were visible. All images underwent background 

subtraction and Gauss smoothening. For quantification of co-localization of UMOD and 

calnexin, the open source ImageJ plug-in EzColocalization was used (Stauffer et al., 2018). 



73 

 

3.2.5 Ex vivo incubations of mTAL tubules 

Kidneys of WKY and SHRSP at age 15 ± 1 weeks were used for mTAL tubule isolation. 

The kidney was cut along the corticopapillary axis, to allow isolation of the inner stripe of 

the outer medulla. This dissected region was then cut in 0.1% collagenase solution 

prepared in HBSS and incubated at 37°C for 10 minutes. The cell suspension was 

sedimented on ice and mixed with HBSS containing 2% (w/v) to neutralise the collagenase 

enzyme activity. This crude suspension of tubules was then centrifuged at 1000rpm for 10 

minutes and resuspended in basal HBSS. This solution was then filtered through a 52µm 

nylon mesh membrane (Fisher Scientific, UK). The nylon mesh would therefore trap 

tubules on the surface based on their size. These tubules were washed off with HBSS into a 

new 50mL collection tube, which was centrifuged at 500 rpm for 5 minutes at room 

temperature. The resulting supernatant was resuspended with DMEM (with sodium 

pyruvate and glutamine) and contained the free-floating tubules in suspension. These were 

then aliquoted into separate 2mL Eppendorf tubes for incubation with the following 

DMEM solutions: 1) with nifedipine (10mM) or 2) an additional 154mM of NaCl to the 

pre-existing NaCl present in the media (salt stress study). The tubule suspensions were 

incubated for 4 hours at 37°C in a rotating incubator. Following this, the tubule suspension 

was centrifuged to 1000rpm for 10 minutes at room temperature and the supernatant 

collected, before being stored at -80℃. The tubule pellet was lysed with either 1) Qiazol 

for RNA or 2) Mem-PER Plus membrane protein extraction kit (as described in General 

Methods). The yield of tubules isolated from each kidney was low and therefore tubules of 

several kidneys were pooled per strain and incubations performed in triplicate per 

experiment. The results are representative of two experiments (biological replicates) 

performed in each of WKY (n=4) and SHRSP (n=6).  

3.3 Results 

3.3.1 Blood pressure and kidney structure changes with salt loading 

The 11-week-old control SHRSP had significantly higher SBP than aged-matched WKY 

(Figure 3.1), which matches with previous studies (Kim et al., 1992). Male SHRSP 

demonstrated a higher SBP than females, while WKY showed no significant difference 

(Figure 3.1).  
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Figure 3.1. SHRSP at baseline have higher systolic blood pressure (SBP) compared to WKY. 

SBP was measured using tail-cuff plethysmography in 11-week-old animals. Each single dot in the scatter 

plot represents the mean of 6-10 consecutive weekly SBP measurements. The graph shows the difference in 

SBP between WY (n=32) and SHRSP (n=54). ****p<0.0001 (Welch’s t-test). Male rats are represented as 

circular dots for WKY and triangles for SHRSP with no fill. Female rats are represented as circular dots for 

WKY and triangles for SHRSP with a shaded grey fill. A sexual dimorphism in SBP was observed in 

SHRSP. Bars indicate mean ± S.E.M.  

Salt loading resulted in a gradual increase in SBP in SHRSP, suggesting salt-induced 

hypertension (Figure 3.2). After 3 weeks of salt loading, SBP was significantly increased 

in SHRSP, unlike in WKY (Figure 3.2). To alleviate the rise in blood pressure, a group of 

salt loaded SHRSP were given anti-hypertensive nifedipine. This resulted in a significant 

reduction in SBP (Figure 3.2).  
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Figure 3.2. Salt loading for 3 weeks increases SBP in SHRSP rats.  

SBP was measured using tail-cuff plethysmography. The scatter plot shows differences in SBP (ΔSBP) 

between baseline (11-week-old) and after 3 weeks of 1% salt loading. WKY were split into two groups 

(n=16/group): normal salt (NS; drinking water only) and high salt (HS; 1% salt in drinking water). SHRSP 

were split into 3 groups (n=16/group): NS, HS, and high salt with nifedipine (HS-Nif). Shaded grey fill 

indicates female rats, whereas no fill represents male rats. Nifedipine significantly lowered SBP in salt 

loaded SHRSP to control NS levels. ** p<0.01, *** p<0.001 (Brown-Forsythe Welch ANOVA test). Bars 

indicate mean ± S.E.M.  

Analysis of the renal histology with PAS staining revealed little or very mild abnormalities 

in the WKY and SHRSP. A set of scoring criteria was used to assess for acute tubular 

injury in these strains, specifically for glomerular ischemia and arterial intimal thickening 

(Table 3.1, Figure 3.3, Figure 3.4). There was no significant difference between the groups. 

The male SHRSP salt-loaded group with increases in SBP exhibited arteriolar hyalinosis 

(Figure 3.3). Comparing proximal and distal tubule injury, the former showed no acute 

injury in any groups while the latter demonstrated mild flattening and loss of occasional 

tubular epithelial nuclei specifically in the SHRSP (Figure 3.5). Notably, salt loading at 1% 

(physiological salt concentration) for 3 weeks did not result in severe histological kidney 

damage in the chronic hypertensive SHRSP.  
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Table 3.1. Histological scoring of kidney sections.  

The columns represent the scoring of kidney sections (2µm) (n=8 per group, 4 per sex) after Period Acid Schiff staining. 

This was used to assess morphological differences. g: Glomerular perfusion; 0 = glomeruli all normal, 1 = mild ischaemia 

(moderately shrunken outer glomeruli, mild or normal inner glomeruli), 2 = severe ischaemia (severely shrunken outer 

glomeruli, moderate or mild inner glomeruli). cv: Arterial fibrointimal thickening; 0=absent, 1=present. ah: Arteriolar 

Hyalinosis; 0=absent, 1=present. All scoring and evaluation were performed in a blinded fashion.  

Figure 3.3. SHRSP rats after salt loading demonstrate arteriolar hyalinosis.  

Representative images of kidney sections (2µm) after Period Acid Schiff stain images. These animals also exhibited 

increases in SBP after 3 weeks of salt loading (SHRSP-HS). Black arrows represent areas of focus.  
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Figure 3.4. Scoring criteria for glomeruli of kidney sections. 

The three-point scale was used to determine glomerular injury or abnormalities in kidney sections (2µm) of salt-loaded 

WKY and SHRSP animals. This was performed in a blinded fashion. 

 

Figure 3.5. SHRSP rats after salt loading demonstrate mild distal tubule injury.  

The top half of the figure demonstrates the scoring criteria used to assess the acute tubule injury. The kidney sections 

(2µm) were analysed in a blinded fashion. The lower half of the figure demonstrates the analysis of acute kidney injury. 

Kidney scoring was conducted for (n=8 per group, 4 per sex). SHRSP exhibit very mild flattening and occasional loss of 

tubular epithelial nuclei in distal tubules.  
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3.3.2 Variations in adjustment to salt stress between WKY and SHRSP  

To determine differences in renal adaption to salt stress in WKY and SHRSP rats, sodium 

and water homeostasis were measured in kidneys harvested from these groups at baseline 

and after 3 weeks of 1% salt loading. At baseline, no discernible differences were noticed 

between groups (Table 3.2).  

Table 3.2. Renal parameters of WKY and SHRSP rats prior to salt loading (at 11 weeks, baseline).  

Strain WKY SHRSP 

 Condition NS HS NS HS HS-CC 

n 16 16 16 16 16 

Body weight (BW, g) 203.0 ± 

13.6 

202.5 ± 

13.9 

190.7 ± 

8.7 

186.4 ± 

8.6 

193.5 ± 

10.5 

Water intake (ml/h) 1.4 ± 0.1 1.4 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 

Urine output (ml/h) 0.5 ± 0.1 0.7 ± 0.1 0.4 ± 0.1 0.4 ± 0.0 0.3 ± 0.0 

u-Na+ excretion 

(mmol/day) 

0.7 ± 0.1 0.9 ± 0.1 0.9 ± 0.2 0.8 ± 0.1 0.7 ± 0.1 

The table shows metabolic cage data collected from WKY and SHRSP at 11 weeks of age prior to 1% salt loading for 3 

weeks. NS: normal salt (drinking water), HS: high salt (1% salt) and HS-CC: high salt with nifedipine. Data are 

expressed as mean ± SEM.  

Salt-loaded rats of both strains exhibited significantly increased water intake, matched by 

increased 24-hour urine and sodium excretion (Table 3.3). Nifedipine treatment partially 

reversed these effects, with 24-hour urine and sodium excretion returning to control levels. 

Plasma levels of sodium remained unaffected in the different groups. Calculation of net 

balance demonstrated an increased retention of water (p = 0.046 vs. control SHRSP) and 

sodium (p = 0.002 vs the null hypothesis of even intake and output) in salt loaded SHRSP 

(Table 3.3). The unmeasurable water losses for absolute balance calculation could not be 

assessed. These were remedied by treatment with nifedipine (p<0.001 and p=0.011, 

respectively).  
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Table 3.3. Renal parameters of WKY and SHRSP rats after 3 weeks of salt loading. 

Parameters WKY SHRSP 2-way 

ANOVA 

NS HS NS HS HS-Nif Strain HS 

n 16 16 16 16 16     

Body weight (BW, 

g) 

261.6 ± 13.2 267.2 ± 

13.6 

222.5 ± 

10.1$ 

223.3 ± 

10.3 

225.8 ± 11.0 *** ns 

Water intake 

(ml/h) 

1.28 ± 0.11 2.61 ± 

0.30*** 

1.45 ± 

0.12 

2.78 ± 

0.19*** 

1.63 ± 

0.10### 
ns *** 

Urine output 

(ml/h) 

0.56 ± 0.06 1.80 ± 

0.22*** 

0.53 ± 

0.06 

1.57 ± 

0.13*** 

1.01 ± 

0.10***,## 
ns *** 

Water intake-

urine output 

(ml/h) 

0.72 ± 0.07 0.82 ± 

0.13 

0.91 ± 

0.09 

1.21 ± 

0.11* 

0.63 ± 

0.08*,### 
** 0.05 

p-Na+ (mmol/L) 135.1 ± 1.27 136.7 ± 

0.90 

136.3 ± 

1.04 

136.0 ± 

1.59 

137.5 ± 0.98 ns ns 

u-Na+ excretion 

(mmol/day) 

0.83 ± 0.13 10.86 ± 

1.18*** 

0.71 ± 

0.10 

10.64 ± 

0.79*** 

7.28 ± 

0.54***,## 
ns *** 

Excess Na+ 

balance 

(mmol/day) 

- 0.27 (-

0.65 to 

2.51) 

- 1.60 (0.74 

to 2.50)† 

0.13 (-1.04 

to 0.31) # 
- - 

p-creatinine 

(mmol/L) 

26.44 ± 1.39 25.25 ± 

1.59 

18.47 ± 

1.21 $$$ 

20.07 ± 

1.26 

20.13 ± 1.24 *** ns 

u-creatinine 

(µmol/day) 

73.39 ± 4.72 84.41 ± 

3.89* 

59.37 ± 

3.54 $ 

67.65 ± 

3.40 

64.51 ± 2.42 ** * 

The table shows metabolic cage data collected from WKY and SHRSP after 3 weeks of 1% salt loading. . NS: normal salt 

(drinking water), HS: high salt (1% salt) and HS-CC: high salt with nifedipine. Excess sodium (Na+) balance was 

calculated for salt-loaded groups as follows: sodium from solid food (estimated by average 24-hour sodium urinary 

excretion from NS animals) + sodium in drinking water – urinary sodium excretion. The results were compared to 0 by 

Wilcoxon Signed Rank test, under the null hypothesis of a net sodium balance. * p<0.05 vs same strain NS; $ p<0.05 

SHRSP-NS vs WKY-NS; # p<0.05 vs SHRSP-HS. * p<0.05, ** p<0.01, *** p<0.001 for group comparison and 2-way 

ANOVA results; same for $ and #. † ≠ 0, p<0.05. Data are expressed as mean ± SEM.  

To determine any kidney injury, we examined total kidney weight in both strains which 

showed a greater weight of SHRSP kidneys compared to WKY (Figure 3.6). This implied 

a degree of functional hypertrophy in SHRSP. After salt loading, there was a mild but 

significant increase in kidney weight in both strains and was unaffected by treatment with 

nifedipine in salt loaded SHRSP. 
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Figure 3.6. Salt loading increased kidney weight in both WKY and SHRSP rats after salt loading. 

Data are shown as a scatter plot with the following groups: NS: normal salt, HS: high salt (1% salt) and HS-Nif: high salt 

with nifedipine, n = 16 per group. Symbols with grey fill symbolise female sex. The bars indicate mean and error bars 

mean ± SEM. **p<0.01, ***p<0.001, **** p<0.0001 (ANOVA with Bonferroni multiple comparison test). 

To test for albuminuria, we measured the albumin-to-creatinine ratio (ACR) in WKY and 

SHRSP. There was no significant difference between the strains without salt loading, 

however salt loading led to a significant rise in ACR in SHRSP compared to baseline and 

all other groups (Figure 3.7). This was entirely ameliorated by nifedipine treatment (Figure 

3.7).  

 

Figure 3.7 Salt loading increased the albumin-to-creatine ratio (ACR) in salt-loaded SHRSP rats. 

Data are shown as a scatter plot with the following groups: NS: normal salt, HS: high salt (1% salt) and HS-Nif: high salt 

with nifedipine, n = 16 per group. Symbols with grey fill symbolise female sex. The increase in ACR ratio in the SHRSP 

rats is corrected by treatment with nifedipine. *p<0.05 (Students t-test). The bars indicate mean and error bars mean ± 

SEM. 

We next investigated early molecular tubular injury markers to further understand renal 

damage occurring under salt stress. Specifically, we examined the expression of KIM-1 

(proximal tubule injury marker) and NGAL (TAL and distal tubule marker). Both KIM-1 

(fold change, 3.4; p = 0.003) and NGAL (fold change, 2.0; p -= 0.012) were significantly 

upregulated in salt-loaded SHRSP compared to the respective normal salt controls. 
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Nifedipine treatment significantly lowered the expression of KIM-1 in the salt-loaded 

SHRSP rats, whereas NGAL remained highly upregulated.  

Figure 3.8. Expression of early tubule injury markers are increased in SHRSP after salt loading. 

The panel represents the mRNA expression of (A) kidney injury marker-1 (KIM-1) and (B) neutrophil gelatinase-

associated lipocalin (NGAL). Data are shown as a scatter plot with the following groups: NS: normal salt, HS: high salt 

(1% salt) and HS-Nif: high salt with nifedipine, n = 16 per group. Symbols with grey fill symbolise female sex. *p<0.05, 

** p<0.01, **** p<0.0001 (Brown-Forsythe Welch ANOVA test). The bars indicate mean and error bars mean ± SEM. 

3.3.3 Urinary UMOD excretion is decreased in WKY and SHRSP after 
24 hours of salt loading 

To examine the effects of salt loading on urinary UMOD excretion rate, the concentration 

of UMOD in 24-hour urine samples of WKY and SHRSP rats was analysed. At baseline, 

the urinary UMOD excretion rate in SHRSP was significantly higher than in WKY of the 

same age (Figure 3.9).  

 

Figure 3.9. Increased Urinary UMOD Excretion Rate in SHRSP rats at baseline.  

The scatter plot illustrates 24-hour urine samples collected from rats in metabolic cages at 11 weeks of age (baseline). 

The urinary UMOD (uUMOD) concentrations were determined using ELISAs. The values are normalised to the total 

urinary volume over 24 hours. WKY (n=32) and SHRSP (n=54). * p<0.05 (Mann Whitney test). Data are expressed as 

mean ± SEM. Symbols with grey fill symbolise female sex. 
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After 3 weeks of salt loading, there was a significant and gradual decrease in urinary 

UMOD excretion rate in both WKY and SHRSP, starting in week 1. 

 

 

Figure 3.10. Timeline of gradual decrease in urinary UMOD (uUMOD) excretion with salt loading in WKY and 

SRHSP.  

The graph represents urine samples collected from salt-loaded WKY and SHRSP rats in metabolic cages on weekly basis. 

The urinary UMOD (uUMOD) concentrations were determined using ELISAs. The values are normalised to the total 

urinary volume over 24 hours. Data are expressed as mean ± SEM. NS: normal salt, HS: high salt (1% salt) and HS-Nif: 

high salt with nifedipine, n = 16 per group. * p<0.05 (Mixed Model ANOVA with repeated measures, comparisons are 

with respective NS group of each strain).  

At week 3, the urinary UMOD excretion rate was significantly lower than the respective 

normal salt controls for both WKY (fold change, 0.5; p=0.028) and SHRSP (fold change, 

0.6; p=0.018) rats (Figure 3.11).  
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Figure 3.11. Salt loading of 3 weeks significantly lowers urinary UMOD excretion rate in SHRSP rats.  

The graph represents 24 hours urinary UMOD (uUMOD) samples collected from salt-loaded WKY and SHRSP after 3 

weeks. The uUMOD concentrations were determined using ELISAs. The values are normalised to the total urinary 

volume over 24 hours. Data are expressed as mean ± SEM. NS: normal salt, HS: high salt (1% salt) and HS-Nif: high salt 

with nifedipine, n = 16 per group. p<0.05, ** p<0.01, *** p<0.001 (Brown-Forsythe Welch ANOVA test). A 

representative Western blot for UMOD is shown for pooled samples from each group. Symbols with grey fill symbolise 

female sex. 

When analysed with regards to percentage change from baseline, after 3 weeks the WKY 

exhibited a 26% while SHRSP showed a 55% reduction in urinary UMOD excretion after 

salt loading (Figure 3.12). Given that even the WKY showed a decrease in urinary UMOD 

excretion with salt loading, without any structurally or functionally impacted tubules, it is 

unlikely that the structural tubule damage we demonstrated with renal histology in the 

SHRSP is the cause of this decrease in UMOD excretion.  
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Figure 3.12. A percentage decrease in urinary UMOD excretion rate occurs in WKY and especially in SHRSP.  

The graph represents percentage change of urinary UMOD (uUMOD) after 3 weeks of salt loading compared to baseline 

values in samples collected from WKY and SHRSP. The uUMOD concentrations were determined using ELISAs. Data 

are expressed as mean ± SEM. NS: normal salt, HS: high salt (1% salt) and HS-Nif: high salt with nifedipine, n = 16 per 

group.  

With regards to sodium excretion, upon salt loading and regardless of group or treatment, 

urinary UMOD excretion rate was inversely associated with absolute (Spearman ρ=-0.502, 

p=0.0005) and fractional (Spearman ρ=-0.368, p=0.016) excretion of sodium (Figure 3.13). 

To test whether sodium reabsorption was affected via NKCC2, we measured NKCC2 

abundance (both protein and mRNA expression) as well as the abundance of 

phosphorylated NKCC2 as a surrogate of activity. There was no significant difference in 

total abundance or activity of NKCC2 (Figure 3.14).  

Figure 3.13. Sodium and urinary UMOD excretion show an inverse relationship after salt loading.  

Fractional excretion of sodium excretion is the percentage of sodium filtered by the kidney which is excreted in the urine 

and was calculated as follows: serum creatinine (µmol/L) × urinary sodium (mmol/L)/serum sodium (mmol/L) × urinary 

creatinine (µmol/L) × 100. Graphs showing Spearman correlation showing inverse association of urinary UMOD with 

urinary (left-hand side, r= 0.502, p=0.0005) and fractional (right-hand side, r=-0.368, p=0.016) excretion of sodium after 

salt loading (combined WKY and SHRSP, irrespective of group). NS; normal salt, HS: high salt (1% salt).  

0.1 1 10 100
0.1

1

10

100

UMOD (mg/h)

u
ri

n
a
ry

 N
a

+
 e

c
re

ti
o

n
 (

m
m

o
l/
d
a
y
)

NS

HS

0.1 1 10 100
0.01

0.1

1

10

UMOD (mg/h)

F
ra

c
ti

o
n

a
l 
E

x
c
re

ti
o

n
 o

f 
N

a
+
 (

%
)

NS

HS



85 

 

 

Figure 3.14. NKCC2 abundance do not change with salt loading in WKY or SHRSP.  

Total kidney lysates were used to assess NKCC2 activity via Western blotting for total NKCC2 and phosphorylated 

NKCC2 (pNKCC2), which was represented as a ratio. A representative Western blot is shown on the left-hand side of the 

figure panel. Individual blot results and signals are shown for pNKCC2 and total NKCC2 in the middle and right-hand 

side scatter graphs. The NKCC2 and pNKCC2 signals were normalised to β-actin as a loading control. NKCC2 gene was 

measured by qPCR (bottom right of the panel) and expressed as delta CT (difference from housekeeping β-actin gene). n 

= 9 for Western blotting and n = 18 for mRNA (gene expression) for each of the following groups: NS: normal salt, HS: 

high salt (1% salt) and HS-Nif: high salt with nifedipine. Data are expressed as mean ± SEM. Symbols with grey fill 

symbolise female sex. 

 

To dissect the effects of blood pressure on urinary UMOD excretion rate, we assessed 

whether nifedipine influences the salt-induced decrease in urinary UMOD excretion. 

Nifedipine resulted in a further decrease in urinary UMOD excretion rate in salt-loaded 

SHRSP compared to respective control rats (fold change, 0.5; p 0.004) (Figure 3.11) as 

well as a 67% total reduction from baseline (Figure 3.12). This implied that salt reduces 

urinary UMOD excretion regardless of a chronic hypertensive background or blood 

pressure-lowering treatments.  

3.3.4 UMOD mRNA and total kidney proteins levels do not match 
changes in urinary UMOD excretion 

In order to determine the underlying cause of the decrease in urinary UMOD excretion rate 

following salt loading, we analysed UMOD transcription, translation, and post-translation. 

In whole kidneys extracted from WKY and SHRSP, UMOD protein levels were higher in 

the latter strain at baseline. Notably, total kidney UMOD protein levels did not alter after 

salt loading in either strain (Figure 3.15).  
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Figure 3.15. Total kidney intracellular UMOD levels are unchanged with salt loading in WKY and SHRSP. 

Total kidneys were isolated from WKY and SHRSP rats and cut along the sagittal plane, before being cut into two halves 

again, to yield one fourth of kidney. This was subsequently used to isolate total protein, which was used for an ELISA 

(top half of the figure) and Western blotting (bottom half of the figure, representative image shown) for UMOD. The 

ELISA was normalised to total protein whereas the Western blot was normalised to the β-actin loading control. NS: 

normal salt, HS: high salt (1% salt) and HS-Nif: high salt with nifedipine (n = 16 per group). Data are expressed as mean 

± SEM. Symbols with grey fill symbolise female sex. *p<0.05 (Brown-Forsythe Welch ANOVA test).  

With regards to UMOD mRNA levels, there was a slight decrease after salt loading in 

WKY and SHRSP, although this was only statistically significant in the SHRSP (relative 

fold change to the normal salt control, p<0.001) (Figure 3.16 and Figure 3.17). Given the 

lack of changes in UMOD protein and mRNA expression levels suggested that salt loading 

is impacting UMOD cellular secretion. 

Figure 3.16. The total kidney UMOD mRNA levels slightly decrease in salt loaded SHRSP.  

Total kidneys were isolated from WKY and SHRSP rats and cut along the sagittal plane, before being cut into two halves 

again, to yield one fourth of kidney. This was subsequently used to isolate RNA, which was analysed by qPCR for 

UMOD gene expression. Shown is the comparison of delta Ct Umod normalised to β-actin within strains. NS: normal 

salt, HS: high salt (1% salt) and HS-Nif: high salt with nifedipine (n = 16 per group). Data are expressed as mean ± SEM. 

Symbols with grey fill symbolise female sex. **p<0.01, ****p<0.0001 (Brown-Forsythe Welch ANOVA test).  
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Figure 3.17. The total kidney UMOD mRNA fold-change remained unchanged in both WKY and SHRSP with salt 

loading.  

Total kidneys were isolated from WKY and SHRSP rats and cut along the sagittal plane, before being cut into two halves 

again, to yield one fourth of kidney. This was subsequently used to isolate RNA, which was analysed by qPCR for 

UMOD gene expression. Shown is the fold-change of salt-loaded rats relative to the normal salt controls for each strain. 

NS: normal salt, HS: high salt (1% salt) and HS-CC: high salt with nifedipine (n = 16 per group). Data are expressed as 

mean ± SEM.  

In salt loaded SHRSP treated with nifedipine, UMOD mRNA levels remained unchanged 

however total kidney UMOD protein levels increased by 32% (p=0.027) compared to 

controls (Figure 3.15). This would suggest a compensatory mechanism, whereby salt 

loading increases UMOD intracellularly to adjust for the decrease in UMOD excretion rate 

seen in these SHRSP. It should be noted that as WKY rats can become hypotensive when 

administered nifedipine (Rakusan et al., 1994, Lemay et al., 2001), none of the WKY 

groups were given nifedipine in this study.  

To test whether nifedipine had any direct effects on TAL tubules, we isolated TAL tubules 

from kidneys in WKY and SHRSP for ex-vivo incubations with nifedipine. Looking at 

UMOD protein levels in the media to assess secretion, we found no changes with 

nifedipine incubation in either strain (Figure 3.18). Similarly, cell lysate (intracellular) 

UMOD protein levels showed no significant difference with nifedipine for WKY or 

SHRSP tubules (Figure 3.19). This data indicates that while nifedipine has blood pressure 

lowering effects in the salt loaded SHRSP, it does not appear to have any direct effects on 

UMOD trafficking in TAL tubules. This is in line with that fact that there is a lack of L-

type calcium channels in the TAL (Zhou and Greka, 2016).  
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Figure 3.18. Nifedipine has no direct effect on UMOD secretion from isolated medullary TAL tubules in WKY and 

SHRSP.  

Western blots for UMOD were performed on media isolated from an ex-vivo medullary TAL tubule experiments. The 

tubules were isolated from kidneys of WKY and SHRSP rats at 12 ± 3 weeks old). These were then incubated in 10mM 

nifedipine (Nif) for 6 hours or basal media (control; ctrl) at 37°C. Representative Western blots are shown for UMOD, 

with the graphs representing two experimental replicates (WKY, n =4; SHRSP, n = 6). Data are expressed as mean 

percentage change to control group of each strain ± SEM.  

 

 

Figure 3.19. Nifedipine does not directly affect UMOD intracellular protein levels in isolated medullary TAL 

tubules from WKY and SHRSP.  

Western blots for UMOD were performed on cell lysates isolated from an ex-vivo medullary TAL tubule experiments. 

The tubules were isolated from kidneys of WKY and SHRSP rats at 12 ± 3 weeks old). These were then incubated in 

10mM nifedipine (Nif) for 6 hours or basal media (control; ctrl) at 37°C. Representative Western blots are shown for 

UMOD, with the graphs representing two experimental replicates (WKY, n =4; SHRSP, n = 6). Data are expressed as 

mean percentage change to control group of each strain ± SEM. 

Given that total kidney UMOD protein levels remained unchanged with salt loading 

despite a lower excretion rate, we hypothesized that there should be a compensatory 

mechanism for maintaining stable intracellular UMOD levels. After intracellular 

maturation of UMOD, it is anchored to the apical membrane of TAL via a 

glycosylphosphatidylinositol region. This is later cleaved via the serine protease hepsin 

prior to secretion into urine (Brunati et al., 2015). In the context of salt loading, a recent 

study demonstrated that hepsin cleaving of UMOD is key to salt sensitivity using hepsin-

inactive HpnHlb320/Hlb320 mice (Hlb320) (Olinger et al., 2019). Therefore, we measured renal 

hepsin in both WKY and SHRSP. The WKY rats had significantly higher levels of hepsin 

compared to SHRSP at baseline (fold-change=1.4, p 0.010), however salt loading did not 
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alter hepsin expression in either strain (Figure 3.20). These findings led to the conclusion 

salt is not influencing hepsin in these rat models and that lowering of UMOD excretion 

rate cannot be explained by altered hepsin expression levels.  

 

Figure 3.20. Salt loading does not significantly alter hepsin expression in kidneys isolated from WKY and SHRSP 

rats. 

Total kidneys were isolated from WKY and SHRSP rats and cut along the sagittal plane, before being cut into two halves 

again, to yield one fourth of kidney. This was subsequently used to isolate total protein, which was used for Western 

blotting for hepsin. This was normalised to the β-actin loading control. NS: normal salt, HS: high salt (1% salt) and HS-

Nif: high salt with nifedipine (n = 9 per group). There is a significant strain difference, with SHRSP controls showing 

higher expression of hepsin compared to WKY controls. Data are expressed as mean ± SEM. Symbols with grey fill 

symbolise female sex. *p<0.05 (Brown-Forsythe Welch ANOVA test). 

3.3.5 Salt loading increases the renal intracellular accumulation of 
UMOD in SHRSP 

UMOD consists of a complex tertiary structure consisting of multiple disulphide bonds and 

undergoes heavy glycosylation along its maturation process. In this regard, the rate limiting 

step in the maturation of UMOD is its release from the endoplasmic reticulum (ER) 

(Rampoldi et al., 2011). Therefore, we postulated that UMOD accumulates in cellular 

compartments of TAL upon salt loading. To investigate this and understand the 

distribution of UMOD in the medullary TAL, we conducted co-localization 

immunofluorescence analysis using calnexin, an ER marker. Analysis of UMOD in the ER 

of SHRSP showed increased accumulation at baseline compared to WKY (Figure 3.21 and 

Figure 3.22). This is further exacerbated with salt loading. Nifedipine treatment of salt 

loaded SHRSP did not lower ER accumulation of UMOD, in fact it was similar to the 

accumulation seen in normal salt and high salt SHRSP groups (Figure 3.22). Interestingly, 

looking at individual cellular compartments in the WKY and SHRSP revealed a higher 

UMOD intensity on the luminal membrane rather than ER accumulation in salt loaded 

WKY (Figure 3.21).  
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Figure 3.21. Salt loading increases intracellular accumulation of UMOD in both WKY and SHRSP. 

Panel showing immunofluorescence analysis of UMOD (red) and ER marker calnexin (green) in rat kidney sections 

(2µm) from WKY and SHRSP, with a specific focus of medullary TAL tubules. Yellow foci represent areas of co-

localization of UMOD and calnexin. Nuclei are stained with DAPI (blue). Scale bar represents 20µm. The following 

groups are shown NS: normal salt, HS: high salt (1% salt) and HS-Nif: high salt with nifedipine. 

 

Figure 3.22. SHRSP have higher UMOD in the ER compared to WKY rats.  

Pearson’s correlation coefficient was calculated from immunofluorescence images obtained from WKY and SHRSP rat 

kidney sections stained for UMOD and calnexin, as described in Figure 3.21. The data was calculated for four 

representative tubules by defining a region of interest (ROI) and taking fluorescence intensity values from eight samples 

per group. One-way ANOVA was used to determine statistical significance between groups. *P<0.05, **P<0.01 and 

***P<0.001. Data is represented as mean ± SEM. Symbols with grey fill symbolise female sex. 

Next, to further validate these findings, medullary TAL tubules isolated from WKY and 

SHRSP were incubated with 154mM NaCl (in addition to the basal NaCl in the media) in 

an ex-vivo experiment. Subcellular fractionation of these tubules revealed a decrease in 

UMOD in the membrane fraction and an increase in the cytosolic fraction of salt loaded 

SHRSP (Figure 3.23). In contrast, WKY tubules showed an increased membrane UMOD 

levels. As mentioned earlier, UMOD exists in an immature form in the ER before 

undergoing multiple modifications and glycosylation. In our Western blot images, we 

observed a second, lower molecular weight band consistent with the immature (precursor) 

UMOD (<80kDa) in salt incubated TAL of both strains (Figure 3.23). The UMOD 

precursor band existed in the tubule lysate after salt stress which would suggest that salt 

has some part to play in regulating UMOD maturation and trafficking in the TAL.  
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Calnexin was highly expressed in the medullary TAL tubules of SHRSP relative to the 

WKY tubules from the colocalization results. Given that UMOD is a GPI-anchored and N-

glycosylated protein it must go through the calnexin-calreticulin cycle for proper folding in 

the ER as would other proteins of this nature (Ma et al., 2012). We hypothesised that 

changes in the expression of calnexin and calreticulin would be indicative of any changes 

in the maturation (i.e.) folding of UMOD. There was a strain difference in calnexin, with a 

higher expression of calnexin in SHRSP relative to WKY (Figure 3.25). Expression of 

calnexin also increased significantly with salt loading in SHRSP (p = 0.04). Protein levels 

of calreticulin levels in WKY and SHRSP, however, remained unchanged with or without 

salt loading (Figure 3.26).  

Increased ER accumulation of UMOD in salt loaded SHRSP, led us to investigate whether 

UMOD is misfolded. An ER matured properly folded glycosylated UMOD reaches the 

membrane in polymerization incompetent form, where it is cleaved by hepsin (by cleaving 

the polymerization inhibitory motif) to form the polymers. To check this, we 

deglycosylated urinary UMOD from salt-loaded animals, and observed that both strains 

showed increased levels of polymerization-incompetent UMOD (Figure 3.27). 

Altogether, it would imply that salt is affecting UMOD maturation and trafficking through 

yet to be explored signalling pathways in the TAL.  

Figure 3.23. Salt loading altered membrane and cytosolic levels of UMOD in WKY and SHRSP medullary TAL 

tubules. 

Medullary TAL tubules were isolated from WKY and SHRSP rats and incubated with an additional 154mM of NaCL in 

the basal media (Salt) or basal media only (Ctrl) for 6h at 37°C. The cell lysate was then fractionated into membrane and 

cytosolic fractions. Western blotting was performed for UMOD, and representative images are shown. WKY; n = 4 and 

SHRSP; n = 4. Flotillin was used as a plasma membrane marker and UMOD signals were normalised to total protein 

intensity using Revert 700 staining. ns: non-significant, *P<0.05 and **P<0.01 (Student’s t test). Data is expressed as 

mean ± SEM.  
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Figure 3.24. Calnexin expression is increased in medullary TAL tubules expressing UMOD after salt loading.  

Immunofluorescence images of medullary TAL tubules in kidney sections (2µm) extracted from WKY and SHRSP rats. 

There is staining of ER calnexin (green) and UMOD (red). The following groups are present: NS: normal salt, HS: high 

salt (1% salt) and HS-Nif: high salt with nifedipine. In total, 4 rats per group were analysed with n = 8 tubules per kidney 

section. The scale bar represents 50µm. Yellow indicates areas of calnexin and UMOD overlap.  

Figure 3.25. Calnexin protein expression is increased in kidneys of salt loaded WKY and SHRSP.  

Total kidney lysates were extracted from WKY and SHRSP rats. Western blotting was performed for calnexin and 

protein signal normalised to β-actin. Representative images of the Western blots are shown. The following groups are 

present on the scatter plots: NS: normal salt, HS: high salt (1% salt) and HS-Nif: high salt with nifedipine. n = 8 per 

group. Brown-Forsythe Welch ANOVA was used to determine statistical significance between groups. *P<0.05. Data is 

represented as mean ± SEM. Symbols with grey fill symbolise female sex. 
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Figure 3.26. Calreticulin protein expression remains unchanged with salt loading in WKY and SHRSP. 

Total kidney lysates were extracted from WKY and SHRSP rats. Western blotting was performed for calreticulin and 

protein signal normalised to β-actin. Representative images of the Western blots are shown. The following groups are 

present on the scatter plots: NS: normal salt, HS: high salt (1% salt) and HS-Nif: high salt with nifedipine. n = 8 per 

group. Brown-Forsythe Welch ANOVA was used to determine statistical significance between groups. *P<0.05. Data is 

represented as mean ± SEM. Symbols with grey fill symbolise female sex. 

 

Figure 3.27. Salt loading increases the polymerisation incompetent form of UMOD in both WKY and SHRSP. 

Representative Western blots of N-glycosylated and deglycosylated urinary UMOD of salt-loaded WKY and SHRSP (n = 

3; each pool of three rats) are shown. Labels: PIU: polymerization incompetent UMOD, PCU: polymerization competent 

UMOD, NS: normal salt, HS: high salt (1% NaCl) and HS-Nif: high salt with nifedipine. 

3.4 Discussion 

The findings presented in this chapter demonstrate the role of salt as a regulator of UMOD 

excretion and expression in both a normotensive WKY and chronic hypertensive SHRSP 

background. We have previously published work on renal salt homeostasis and dietary salt 

intake (Rossitto et al., 2021). With this work, we specifically focus on the role of UMOD 

and the medullary TAL region. We show salt loading lowers the urinary UMOD excretion 

rate (that is to say, over 24 hours) and leads to ER retention (i.e., a change in UMOD 

trafficking) in the chronic hypertensive model. Furthermore, we highlight the reduced 
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ability to handle salt and increased renal injury in chronic hypertensive models upon salt 

stress compared to normotensive models.  

In the present study, we establish that salt loading lowers UMOD excretion despite any 

concomitant blood pressure changes. Previous studies have demonstrated an association of 

high salt intake with increased activity of NKCC2 on the TAL, which leads to greater 

reabsorption of sodium (Trudu et al., 2013b). Moreover, UMOD plays an important role in 

enhancing the activity of NKCC2 (Mutig et al., 2011a). It may therefore be postulated that 

under conditions of high salt, lowering UMOD excretion serves a protective role in that it 

reduces sodium reabsorption. This is further corroborated by studies in global UMOD 

knockout mice (UMOD-/-), which show higher urinary sodium excretion (Graham et al., 

2014). The close interaction between UMOD and salt becomes more evident by the fact 

that blood pressure does not directly impact it. This is highlighted by the fact that 

nifedipine treatment mitigated a high blood pressure after salt loading in SHRSP yet failed 

to reverse the lowering of UMOD excretion. This matches results seen in the WKY, 

whereby UMOD excretion is lowered after salt loading without any change in blood 

pressure.  

There has been a limited number of studies focusing on the salt-UMOD interaction in rat 

models. Previously it has been reported in kidneys of male Sprague-Dawley (SD) rats, that 

when administered with 8% dietary salt, there was increased UMOD mRNA and protein 

levels (Ying and Sanders, 1998). Urinary UMOD excretion levels were never published, 

however. In the context of our results, UMOD mRNA and protein levels were not 

impacted by 1% salt loading in either normotensive or chronic hypertensive rat models. It 

should be mentioned that the study with SD rats utilised protein obtained from membrane 

fractions of isolated medulla (Ying and Sanders, 1998), whereas here we used total kidney 

lysates which encompass all intracellular UMOD proteins (both plasma membrane and 

cytosolic).  

A potential hint towards the mechanisms underlying the effect of salt on UMOD lies in 

that trafficking of UMOD. It is well understood that high dietary salt intake increases 

vascular oxidative stress and worsens renal damage via increased inflammation in the 

kidney (Di Castro et al., 2013, Sironi et al., 2001, Gigante et al., 2003). The renal response 

to salt stress varies in WKY and SHRSP, which is reflected by differences in UMOD 

maturation, folding, and trafficking. Aberrant UMOD trafficking is a hallmark of disease, 

such as in the case of uromodulin-associated kidney diseases (UAKD) whereby mutant 

UMOD is retained in the ER (Rampoldi et al., 2011, Bernascone et al., 2006). If 
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unchecked, the increased UMOD ER retention leads to ER stress which is a key proponent 

in UMOD-related autosomal dominant tubulointerstitial kidney disease (ADTK-UMOD) 

(Schaeffer et al., 2017). A possible hypothesis would thus be that salt-induced UMOD 

accumulation in the ER, in combination with ER stress, could lead to renal tubular cell 

death and ultimately kidney dysfunction as well as progressive renal failure. This would tie 

in with the development of hypertension, as ER stress is a known contributor to this 

disease (Young, 2017, Hasty and Harrison, 2012). Salt supplementation has been reported 

to be key to renal ER stress processes in multiple animal studies (Xu et al., 2014, Yum et 

al., 2017, Griffin et al., 2001, Hye Khan et al., 2013a). In SHRSP specifically, prior studies 

have demonstrated the important of ER stress, oxidative stress, and inflammation in the 

development of vascular dysfunction (Kerr et al., 1999, Collett et al., 2015, Camargo et al., 

2018). Furthermore, proteinuria and NGAL upregulation following increases in blood 

pressure and salt supplementation have been associated with induction of ER stress in 

kidneys (Yum et al., 2017, Ying and Sanders, 1998). Together, they begin to provide a 

molecular mechanism wherein salt induced UMOD accumulation in the ER could 

contribute to hypertension progression and warrants further investigation.  

It should be stated that the studies described in this chapter contain a number of limitations 

that require addressing. While the acute impact of salt loading (with 1 % NaCl) is a 

significant reduction in UMOD excretion rate, it remained unclear what the long-term 

effects of salt loading would be on UMOD and the kidney function. This will be explored 

in the following chapter. This would also more closely follow human patterns of salt intake 

and provide relevant translational results. Long-term UMOD accumulation in the ER with 

continuous salt loading may have detrimental effects on renal physiology, even in a 

normotensive setting. In the current model discussed here, we have not elaborated on how 

systemic or renal ER stress can culminate in high blood pressure and the degree to which 

this may occur (i.e., primary or secondary outcome). This requires more research. 

To conclude, it was demonstrated that salt loading decreases UMOD excretion and 

increases its ER retention in a chronic hypertensive rat model. This reveals a novel role of 

salt as a modulator of UMOD trafficking. This finding is of clinical importance, given that 

hypertensive patients with high-risk UMOD alleles will be overexpressing UMOD and 

therefore are more predisposed to ER stress induced by accumulation of UMOD if exposed 

to environmental stressors such as increased dietary salt. An early intervention for these 

patients could be of great benefit to their health. This would involve a urine screen for 

UMOD in these patients, followed by prescription of drugs that target ER secretion and 
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therefore, in theory, alleviation of the potential UMOD accumulation-induced kidney 

damage. This would occur alongside normal anti-hypertensive treatment regimes.  
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Chapter 4: Effects of Intermittent Salt Loading on 

UMOD Trafficking 

4.1 Introduction 

The relationship between salt and UMOD has been explored in only a handful of models, 

mostly in mice and at high salt concentrations (Ying and Sanders, 1998, Olinger et al., 

2019, Graham et al., 2014). Although these studies are useful in teasing out the effects of 

UMOD on renal salt handling, the salt concentrations do not match physiological 

concentrations found in humans and would hinder studying the reverse; the effects of salt 

on UMOD. Moreover, if transgenic animals are used, the influence of salt on UMOD 

would be impacted by confounding factors such as hypertension. Our own study (Mary et 

al., 2021) and the findings of our previous chapter demonstrate that salt loading at a 

physiological concentration of 1% salt reduces UMOD urinary excretion rate in 

normotensive WKY rats after 3 weeks of salt loading. The normotensive WKY rats are an 

ideal model for studying the effects of salt on UMOD, as there are no background genetic 

factors or pre-disposition to kidney damage that would modulate results (Mary et al., 

2021). To this extent, it lends itself as a model for studying whether salt has a direct and 

reversible effect on UMOD secretion from the TAL. This would provide further molecular 

understanding of the interactions between sodium and salt, as well as how these processes 

may become aberrant in pathophysiological settings such as in chronic hypertension.  

From our earlier study (Chapter 3), we identified that salt lowers urinary UMOD excretion 

rate independent of blood pressure changes. We next wanted to analyse in closer detail the 

acute effects of salt on UMOD excretion by performing intermittent salt loading on 

normotensive WKY rats to remove hypertension as a confounding factor. To investigate 

this, we performed an intermittent salt loading study whereby WKY rats were given 1% 

salt in an on-off-on pattern over 3 weeks (1 week of salt loading, 1 week of normal water, 

1 week of salt loading). This chapter hypothesizes that salt has a reversible effect on 

UMOD secretion and that this would be reflected in its altered trafficking in the TAL cell. 

A point of terminology should be reiterated here, whereby “secretion” refers to secretion of 

UMOD from cells, whereas “excretion” refers to rate of secretion of UMOD in the urine.  

4.2 Materials and Methods 

General Materials and Methods can be found in Chapter 2.  
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4.2.1 Animals and intermittent salt loading 

This chapter utilized male WKY rats (n=10) at 11 weeks of age (hereafter referred to as 

‘baseline’). At 12 weeks of age, littermates were randomized into groups of normal 

drinking water and salt-loaded (n=4 control, and n=6 for salt), whereby the salt-loaded 

group received 1% salt intermittently in a 1 week on, 1 week off, and 1 week on pattern 

(hereafter referred to as the intermittent salt study). Urine (24 hour) and blood samples, as 

well as SBP readings, were collected every week, as detailed in the General Material and 

Methods Section. Tissue kidney samples were collected at the end point of the study.  
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4.3 Results 

4.3.1 Blood pressure and overall physiology of salt-loaded animals is 
unaffected 

In order to explore the effects of intermittent salt loading on the physiology and systemic 

health of the WKY rats, we characterised a number of parameters associated with 

hypertension and renal health. Systolic blood pressure was not significantly increased or 

altered on any salt loading week (Figure 4.1). This would be expected with salt insensitive 

normotensive WKY.  

Figure 4.1. Systolic blood pressure was not significantly altered with intermittent salt loading.  

Systolic Blood Pressure (SBP) was assessed by tail -cuff measurements. The graph shows the difference in SBP in WKY 

from baseline measurements in control (n=4) and intermittent salt-loaded groups (n=6). Data is represented as mean ± 

S.E.M. 

To assess any gross morphological changes upon intermittent salt loading in the WKY rats, 

body weight was measured every week. We observed a gradual increase in body weight 

with time, as would be expected with age Figure 4.2. However, there was no significant 

difference between control and salt-loaded groups at any time point.  
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Figure 4.2. Body weight of WKY rats gradually increases but is unaffected by intermittent salt loading.  

Data are shown for each group over the 3 weeks of intermittent salt loading. Body weight measured each week during 

salt loading and normal drinking water weeks (control n=4, salt n=6). Data are expressed as mean ± S.E.M. 

Since kidneys are a major site of sodium handling and reabsorption, and UMOD is 

synthesised by TAL cells, we measured kidney weight of the rats at the end of the 

intermittent salt loading study. There was a trend towards increased kidney weight in the 

salt loaded WKY rat group (Figure 4.3). Notably, there was some batch variability within 

each group.  

 

Figure 4.3. Kidney weight is unchanged with intermittent salt loading in WKY rats. 

The weight of both kidneys was measured at the end of the intermittent salt-study period. The total kidney weight was 

normalised to body weight. The mean kidney weight is shown for each group ± S.E.M. 

In order to examine hydration status of the WKY rats, we analysed the proportion of red 

blood cells in each animal via haematocrit during each week of the study (via tail-vein 

puncture), as well as at the end (cardiac puncture). This is indicated by the packed cell 

volume (PCV). As these rats do not have any specific form of anaemia, changes in PCV 

directly represent changes in extracellular volume. There was no significant difference in 

the proportion of red blood cells between control and salt-loaded groups at any one time 

point (Figure 4.4A and B).  
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Figure 4.4. The percentage of red blood cells is unaffected after intermittent salt loading period. 

Data from (A) tail-vein blood collection during the intermittent study and (B) cardiac puncture at the end of the study. 

Collected 10% of plasma from each animal prior to cull. Packed Cell Volume (PCV) to show percentage of red blood 

cells. Data shown as mean ± S.E.M (control n=4, salt n=6). 

Taken together, these characterisation findings suggest that intermittent salt loading with 

1% salt do not lead to major morphological or physiological changes.  

4.3.2 Intermittent salt loading does not significantly alter electrolyte 
homeostasis or renal parameters 

To better understand the effects of intermittent salt loading on renal excretion and 

physiology in the WKY rats, we analysed a series of parameters relevant to sodium (Na+) 

and water homeostasis. After 1 week of salt loading, a significant increase in urinary 

output was observed in the WKY rats receiving 1% salt compared to the baseline (Figure 

4.5). Upon return to normal water, the urinary output decreased to baseline levels, before 

increasing again with salt loading in the final week. This behaviour closely matched the 

water intake values, which increased significantly after salt loading compared to the 

baseline, decreased in the wash-out week, and increased again upon continuation of salt 

loading (Figure 4.6).  
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Figure 4.5. Urinary output increases during salt loading week in WKY.  

Urinary output of WKYs as measured by metabolic cages at every week of intermittent salt loading period. Urinary 

output increased significantly during salt loading period (“Salt on”) and decreased in the wash out period with normal 

water (“Salt off”). Data expressed as mean ± S.E.M (control n=4, salt n=6). *p<0.05 (Mixed-effects analysis with Šídák's 

multiple comparisons test). 

e 

 

 

Figure 4.6. Water intake increases during salt loading week in WKY. 

Water intake of WKYs as measured by metabolic cages at every week of intermittent salt loading period. Water intake 

increased significantly during salt loading period (“Salt on”) and decreased in the wash out period with normal water 

(“Salt off”). Data expressed as mean ± S.E.M (control n=4, salt n=6). **p<0.01 (Mixed-effects analysis with Šídák's 

multiple comparisons test). 

Given the importance of kidneys in electrolyte handling and the role of UMOD in sodium 

reabsorption (Zacchia and Capasso, 2015), we analysed plasma and urinary electrolyte 

levels. With regards to salt, plasma sodium was significantly higher in the salt-loaded 

group after the final week of salt loading compared to the control group (2.0 ± 1.2 vs. 0.2 ± 

0.6 mmol/L, p<0.05) (Table 4.1). Equally, plasma chloride was also increased in the salt-

loaded group (2.0 ± 1.8 and 0.2 ± 0.7 mmol/L, p<0.05). The amount of sodium secreted 

into the urine was also increased after the first week of salt loading compared to controls 
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(11.1 ± 1.6 vs 1.0 ± 0.1, p<0.01) as well as to the baseline (11.1 ± 1.6 vs 1.0 ± 0.1, p<0.01). 

This difference equalised during the wash out period, and again was higher after a week of 

salt loading when compared to controls (10.2 ± 1.3 vs 0.9 ± 0.1, p<0.01) and baseline (10.2 

± 1.3 vs 1.0 ± 0.1, p<0.01). The fractional excretion of sodium was also higher as 

measured in the final week (the difference between plasma and urine excretion) compared 

to controls (2.0 ± 0.2 vs 0.2 ± 0.0, p<0.05). Chloride urinary excretion followed a similar 

pattern, increasing in the first week of salt loading compared to controls (14.55 ± 1.5 vs 2.0 

± 0.1, p<0.01) and baseline (14.55 ± 1.5 vs 1.8 ± 0.1, p<0.01). And again, in the second 

week of salt loading relative to controls (13.7 ± 1.3 vs 1.8 ± 0.2, p<0.01) and baseline (13.7 

± 1.3 vs 1.8 ± 0.2, p<0.01). Fractional chloride excretion was also higher in the salt-loaded 

groups compared to controls (3.8 ± 0.2 vs 0.86± 0.0, p<0.05).  

Table 4.1. Plasma and urine electrolyte levels before and after intermittent salt loading. 

Data collected from metabolic cage study. p: plasma, u: urine, ACR: albumin-creatinine ratio, FE: fractional excretion. 

Data represented as mean ± S.E.M. Performed 2-way ANOVA or Welch’s t-test as appropriate. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.001 compared to baseline for control or salt groups. #p<0.05, ##p<0.01, ###p<0.001, ####p<0.001 

control group compared to salt group. Due to unavailability of plasma at baseline (10% of body weight collected at end of 

study, could not obtain at baseline due to ethical issues), only end-point plasma was collected (marked by “&”). Packed 

Cell Volume (PCV) to show percentage of red blood cells from each group derived from cardiac puncture at the end of 

the study. Data shown as mean ± S.E.M (control n=4, salt n=6). 

 

Control Salt Control Salt Control Salt Control Salt

n 4 6 4 6 4 6 4 6

Body weight (BW, g) 264.0 ± 8.9 258.7 ± 6.5 274.8 ± 11.9 269.3 ± 7.0 293.0 ± 10.8** 291.7 ± 6.9*** 310.7 ± 10.8*** 293.9 ± 10.1

Water intake (mL/h) 1.6 ± 0.1 1.7 ± 0.2 1.7 ± 0.3 3.1 ± 0.5 1.7 ± 0.2 1.7 ± 0.2 1.2 ± 0.0 2.3 ± 0.4

Urine output (mL/h) 0.4 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 1.8 ± 0.3* 0.7 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 1.8 ± 0.3*

p-urea (mmol/L) 4.2 ± 0.3 4.2 ± 0.2 3.9 ± 0.1 3.1 ± 0.2*,# 4.4 ± 0.3 4.4 ± 0.1 4.2 ± 0.4 3.1 ± 0.4*

p-creatinine (mmol/L) 24.3 ± 2.6 24.5 ± 1.7 22.5 ± 1.2 22.2 ± 0.8 24.3 ± 1.8 26.2 ± 1.3 22.0 ± 0.7 20.3 ± 0.5

p-calcium (mmol/L) 2.4 ± 0.0 2.4 ± 0.0 2.4 ± 0.0 2.4 ± 0.0 2.4 ± 0.0 2.4 ± 0.0 2.4 ± 0.0 2.1 ± 0.1

p-magnesium (mmol/L) 0.8 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.7 ± 0.0 0.6 ± 0.0

p-phosphate (mmol/L) 1.8 ± 0.2 1.8 ± 0.0 1.7 ± 0.1 2.3 ± 0.1## 1.6 ± 0.0 1.7 ± 0.1 1.5 ± 0.0 1.6 ± 0.1

p-albumin (mg/L) 12.3 ± 0.5 11.9 ± 0.1 12.5 ± 0.1 12.2 ± 0.1 12.7 ± 0.4 12.1 ± 0.2 9.7 ± 0.8 8.9 ± 0.4**

p-potassium (mmmol/L) 7.6 ± 0.4 7.0 ± 0.4 7.1 ± 0.3 6.9 ± 0.4 7.2 ± 0.6 6.7 ± 0.4 5.8 ± 0.5 5.1 ± 0.2*

p-sodium (mmol/L)& 0.2 ± 0.6 2.0 ± 1.2#

p-chloride (mmmol/L)& 0.2 ± 0.7 2.0 ± 1.8#

u-urea (mmol/day) 3.9 ± 0.5 4.1 ± 0.4 4.4 ± 0.4 4.5 ± 0.2 4.9 ± 0.4 3.2 ± 0.8 5.1 ± 0.3 4.9 ± 0.3

u-creatinine (mmol/day) 51.9 ± 7.3 59.5 ± 2.5 66.5 ± 3.1 67.5 ± 11.2 66.5 ± 16.9 47.9 ± 4.6 67.5 ± 0.1 75.3 ± 0.1

u-albumin (mmol/day) 54.7 ± 4.9 67.4 ± 14.2 61.9 ± 5.6 45.4 ± 9.4 61.9 ± 5.2 43.5 ± 14.8 45.4 ± 15.4 59.1 ± 16.2

u-sodium (mmol/day) 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 11.1 ± 1.6**,
##

1.0 ± 0.0 0.9 ± 0.2 0.9 ± 0.1 10.2 ± 1.3**,
##

u-potassium (mmol/day) 1.7 ± 0.3 1.8 ± 0.2 1.9 ± 0.2 2.0 ± 0.1 1.9 ± 0.0 1.4 ± 0.3 2.0 ± 0.1 2.3 ± 1.3

u-calcium (mmol/day) 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0* 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.1 0.2 ± 0.0

u-magnesium (mmol/day) 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.2 ± 0.1 0.3 ± 0.0 0.4 ± 0.0

u-phosphate (mmol/day) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

u-chloride (mmol/day) 1.8 ± 0.3 1.8 ± 0.1 2.0 ± 0.1 14.55 ± 1.5**,## 2.0 ± 0.1 1.5 ± 0.4 1.8 ± 0.2 13.7 ± 1.3**,##

u-ACR (mmol/day) 1.2 ± 0.1 1.4 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.1 1.0 ± 0.2 1.0 ± 0.1 0.8 ± 0.2

FE_calcium 2.2 ± 0.3 2.1 ± 0.4 2.7 ± 0.6 2.9 ± 0.5 2.7 ± 0.4 3.5 ± 0.2 2.9 ± 0.5 2.7 ± 0.3

FE_magnesium 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0

FE_phosphate 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.1 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1

FE_urea 44.3 ± 5.7 45.9 ± 3.1 40.2 ± 3.8 44.8 ± 1.4 40.2 ± 2.8 41.8 ± 3.1 44.8 ± 10.4 46.6 ± 6.3

FE_water 0.5 ± 0.1 0.7 ± 0.1 0.6 ± 0.1 0.6 ± 0.3 0.6 ± 0.0 0.6 ± 0.1 0.6 ± 0.1 1.0 ± 0.1

FE_potassium 10.5 ± 1.8 12.8 ± 2.1 10.4 ± 0.8 11.9 ± 1.2 10.4 ± 1.6 11.6 ± 1.0 11.9 ± 1.2 12.4 ± 0.4

FE_sodium
&

0.2 ± 0.0 2.0 ± 0.2
#

FE_chloride& 0.6 ± 0.0 3.8 ± 0.2#

Packed Cell Volume (PCV) % 41.45 ± 1.7 40.73 ± 0.80

Parameters

Baseline Salt on Salt off Salt on

Intermittent Salt Study
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Other electrolytes and proteins also showed significant variations after intermittent salt 

loading. Plasma phosphate levels were significantly higher than controls in the first week 

of salt loading relative to controls (2.3 ± 0.1 vs 1.7 ± 0.1, p<0.01). Interestingly, it did not 

rise again after the wash-out period and the second salt loading week. Plasma albumin 

decreased in the salt-loaded group after the final week of salt loading compared to baseline 

(8.9 ± 0.4 vs 11.9 ± 0.1, p<0.01). Plasma urea levels were also decreased in the first week 

of salt loading compared to controls (3.1 ± 0.2 vs 3.9 ± 0.1, p<0.05) and baseline values 

(3.1 ± 0.2 vs 4.2 ± 0.2, p<0.05), as well as the second week of salt loading relative to 

controls (3.1 ± 0.4 vs 4.2 ± 0.4, p<0.05). In summary, urinary excretion of sodium and 

chloride showed the most amount of variation; both increasing after salt loading and 

decreasing during the wash out period.  

4.3.2.1 KIM-1 and NGAL kidney injury markers expression is not 

significantly altered with intermittent salt loading 

Next, we assessed for the expression of kidney injury markers (KIM-1; proximal tubule) 

and neutrophil gelatinase-associated lipocalin (NGAL; TAL and distal tubule) in the 

intermittent salt-loaded WKY rats. KIM-1 expression was significantly decreased by 

approximately 50% compared to controls in the total kidney (1.02 fold-change ± 0.11 vs 

0.56 fold-change ± 0.06, p<0.05) (Figure 4.7). The fold-change expression of NGAL 

(Figure 4.8) showed no biologically significant differences relative to controls. In 

combination with the lack of change in kidney weight (Figure 4.3), it would suggest that 

intermittent salt loading is not detrimental to kidney health in normotensive animals. 
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Figure 4.7. Intermittent salt loading does not significantly influence KIM-1 expression.  

Gene expression was measured in total kidneys of WKYs after intermittent salt loading. Gene expression is represented 

as fold change to mean of control ± S.E.M of kidney injury marker-1 (KIM-1) (n=4 control, n=6 for salt). This is a 

marker of proximal tubule injury. mRNA levels were normalised to Ubiquitin C (Ubc) expression. *p<0.05 (Welch’s t-

test). 

Figure 4.8.  Intermittent salt loading does not significantly influence NGAL expression. 

Gene expression was measured in total kidneys of WKYs after intermittent salt loading. Gene expression is represented 

as fold change to mean of control ± S.E.M of neutrophil gelatinase-associated lipocalin (NGAL) (n=4 control, n=6 for 

salt). This is a marker of distal tubule injury. mRNA levels were normalised to Ubiquitin C (Ubc) expression. 

4.3.3 Intermittent salt loading lowers urinary UMOD excretion rate 

Given that salt loading significantly lowered urinary UMOD excretion after 3 weeks of salt 

loading in WKY (see Chapter 3), we next investigated the impact on UMOD excretion 

after intermittent salt loading (i.e., a week-by-week basis) to better understand whether salt 

has a direct and reversible effect on UMOD. The urinary UMOD excretion rate is 

significantly lower than control rats at all time points following salt loading (Figure 4.9). 

Even after the wash out week (“Salt off”), the UMOD excretion rate did not return to 
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control levels and remained significantly lower than the respective controls. This would 

suggest that the effect of salt loading on UMOD excretion rate is acute.  

 

Figure 4.9. Intermittent salt loading-acutely decreases urinary UMOD excretion rate. 

Urine samples were collected over 24 hours over 4 time points in the study using metabolic cages. Urinary UMOD 

concentration was quantified by ELISA. Urinary UMOD was normalised to 24-hour output and represented as excretion 

rate (mg/h). Graph represents urinary UMOD excretion rate for the intermittent salt study (n=4 control, n=6 salt). Data is 

shown as mean ± S.E.M. **p<0.01 (Mixed-effects analysis), comparison between control and salt groups at each time 

point.  

4.3.4 Trafficking of UMOD is not altered with intermittent salt loading 

The acute effect of salt loading on UMOD excretion led us to investigate whether this is a 

reflection of its trafficking within the kidneys. To do this, we aimed to characterise 

potential changes in UMOD at a transcriptional and translational level. After intermittent 

salt loading, there was no significant change in UMOD mRNA expression relative to 

control in the total kidney (Figure 4.10). Similarly, total kidney UMOD protein expression 

as measured by Western blotting did not show any significant differences between salt-

loaded and control groups (Figure 4.11). This would suggest that the salt-induced lowering 

effect on UMOD excretion is occurring at a trafficking level, which would align with the 

findings from the previous chapter (Chapter 3).  
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Figure 4.10. Total Kidney UMOD mRNA levels did not change with intermittent salt loading. 

Total kidney (cortex and medulla) was used for analysis of UMOD mRNA levels. UMOD mRNA levels were expressed 

as a scatter plot of fold change relative to the mean of the control (± S.E.M). (n=4 control, n=6 salt). mRNA levels were 

normalised to Ubiquitin C (Ubc) expression. 

 

Figure 4.11. Total kidney UMOD protein levels were not altered with intermittent salt loading. 

Total kidney (cortex and medulla) lysate was utilised for measuring UMOD protein levels. Total kidney UMOD protein 

levels and representative Western blot of each group of the intermittent study (n=4 control, n=6 salt). β-actin was utilised 

as a loading control. Data expressed as mean ± S.E.M.  

The TAL are the primary site of UMOD excretion in the medulla of the kidneys (Devuyst 

et al., 2017) and thus the region of interest for salt and UMOD interactions. We therefore 

investigated the levels of UMOD protein in the TAL by isolating the medullary region 

from the kidneys of the intermittent salt-loaded and control WKY rats. Analysis of UMOD 

protein expression demonstrated no statistically significant difference between salt-loaded 

and control groups (Figure 4.12).  
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Figure 4.12. The medullary UMOD levels were not significantly different compared to controls after intermittent 

salt loading. 

The medulla region was isolated from total kidneys of WKY rats from the intermittent salt study. UMOD protein levels 

and representative Western blot of each group of the intermittent study (n=4 control, n=6 salt) are shown. β-actin was 

utilised as a loading control. Data expressed as mean ± S.E.M. The second lower molecular weight band in the Western 

blots for UMOD is non-specific. 

In order to further interrogate potential changes in localisation of UMOD in the TAL after 

intermittent salt loading, we performed subcellular fractionation on the medullary region of 

these rats. There was no change in the membrane fraction (Figure 4.13) and a trend 

towards decreased UMOD levels in the cytosolic fraction (Figure 4.14). Flotillin-1 was 

used as a marker of the plasma membrane and only was detectable in the membrane 

fraction (Figure 4.13), indicating that isolation of individual fractions was successful.  
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Figure 4.13. Membrane UMOD protein levels in the medullary region were not changed with intermittent salt 

loading.  

The medulla region was isolated from total kidneys of WKY rats from the intermittent salt study. These regions were 

subfractionated into plasma membrane compartments of the cells. Isolation of membrane fraction was confirmed with 

membrane marker Flotillin-1. UMOD protein levels and representative Western blots are shown from control (n=4) and 

salt-loaded groups (n=6). Data expressed as mean ± S.E.M. The second lower molecular weight band in the Western 

blots for UMOD is non-specific. 

 

Figure 4.14. There was a trend towards decreased cytosolic UMOD levels in intermittent salt loaded WKY rats.  

The medulla region was isolated from total kidneys of WKY rats from the intermittent salt study. These regions were 

subfractionated into cytosolic compartments of the cells. To confirm isolation of the pure cytosolic fraction, we used the 

plasma membrane marker Flotillin-1. Lack of bands present for Flottilin-1 on Western blots demonstrates purity of 

isolated cytosolic fraction. UMOD protein levels and representative Western blots are shown from control (n=4) and salt-

loaded groups (n=6). Data expressed as mean ± S.E.M. The second lower molecular weight band in the Western blots for 

UMOD is non-specific. 

4.4 Discussion 

In this chapter, we found that salt influences UMOD excretion acutely and it may 

potentially be reversible. This is accompanied by disturbances in urine and plasma 
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electrolytes balances, especially with sodium and chloride levels. We demonstrated that 

intermittent salt loading, over a shorter time period, does not lead to intracellular UMOD 

accumulation in a normotensive background. These findings will be explored in greater 

detail in the following chapter in the context of long-term salt loading.  

Here we establish that UMOD excretion rate is acutely lowered with salt loading, 

highlighting the importance of UMOD in maintaining kidney homeostasis. It is well 

understood that UMOD plays a key role in salt reabsorption along the TAL (Zacchia and 

Capasso, 2015). Key to sodium reabsorption in the nephron is NKCC2, which facilitates 

20-25% of reuptake of the total filtered NaCl load (Castrop and Schiessl, 2014), and its 

activity is regulated by UMOD (Mutig et al., 2011a). In this regard, a quick response to salt 

loading, and by extension UMOD excretion, is critical for maintenance of kidney 

physiology. Failure to regulate UMOD urinary excretion could lead to hyperosmolarity and 

a limited ability to concentrate urine (Pruijm et al., 2016a, Segar, 1966). This is a hallmark 

of kidney damage, which is prevalent in the chronic hypertensive SHRSP model after 3 

weeks of salt loading (Chapter 3). There appears to be some reduction in KIM-1 

expression in the WKY rats, which may be a protective effect of the kidney to prevent 

early kidney damage. Studying the kinetics of continued intermittent salt loading on KIM-

1 expression would provide further insights into physiology of kidney salt-handling. There 

remain challenges, however, in interpreting the effect of intermittent salt loading on 

UMOD excretion due to instability in the control group. A potential contributor to this 

variation could be the fact that urinary UMOD excretion naturally increases with age 

(Ollier-Hartmann et al., 2008, Duława et al., 1998). Also, the large standard error may be 

explained by the relatively low sample number (n = 4) in the control group compared to 

the salt-loaded group (n =6). It is reasonable to presume that increasing sample number 

would help limit this variability. Nonetheless, the WKY model used here is suitable for 

exploring salt-induced effects on UMOD outside of any blood pressure effect and will be 

key to unravelling the molecular mechanisms underlying this process in future 

investigations.  

The acute changes in urinary UMOD excretion combined with the wide effect on urinary 

and plasma electrolyte levels following short-term salt loading demonstrates the 

importance of UMOD in renal electrolyte handling. Outside its regulation of NKCC2, 

UMOD has also been associated with the activity of renal outer medullary potassium 

(ROMK) channel (Renigunta et al., 2011), which is expressed along the TAL and the distal 

convoluted tubule (DCT). It plays a key role in potassium secretion, to maintain a potential 

difference to allow transepithelial current flow and paracellular Na+ and Ca2+ reabsorption 
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(Welling and Ho, 2009). Together, it would explain the differences in urinary and plasma 

sodium and chloride seen in the salt loaded WKY rats. Interestingly, salt loading altered 

plasma urea and albumin levels, especially in the final week after the wash out period. This 

may be an early stress marker, as Umod knockout mice also exhibit increased plasma urea 

levels, alongside impaired urinary concentration, reduced fractional excretion of uric acid 

and neuropathological alterations similar to the Uromodulin-associated kidney disease 

(UAKD) phenotype seen in humans (Kemter et al., 2013). We postulate that the response 

of TAL to reduce UMOD secretion is a protective effect, which is staggered to enable 

kidney electrolyte homeostasis to return to equilibrium. This would explain why the 

urinary UMOD excretion rate was still significantly lower compared to controls, even after 

a week of receiving normal water. It would be reasonable to assume that UMOD excretion 

rates would return to normal after longer periods of time without salt loading (e.g., after 1 

month), however this would require further validation.  

The intermittent salt loaded WKY rats demonstrated a trend towards greater UMOD 

protein levels at the membrane, similar to the WKY rats under 3 weeks of salt loading in 

Chapter 3. Direct imaging of salt effects on the lipid bilayer showed that sodium penetrates 

deeply into the headgroup region and binds to the lipids (Ferber et al., 2011). Lipid 

molecules were shown to re-order non-isotropically under the influence of sodium (Ferber 

et al., 2011). The altered molecular structure of the lipid bilayer in salt-loaded rats at the 

plasma membrane of the TAL caused by sodium interactions in the urine may be a natural 

mechanism by which UMOD is retained and secretion reduced. Further experiments with 

UMOD at a sub-molecular resolution, together with its interaction with sodium, would be 

needed to prove this. Nonetheless, our findings indicate that UMOD trafficking has more 

sites of regulation than previously known and that this ties in with the normal functioning 

of the kidneys.  

The strength of this study lies in the fact that it provides proof of the acute influence of salt 

on UMOD secretion from the TAL, without the background of chronic hypertension, as 

described in the previous chapter. It describes a model that may be used to unravel the 

precise molecular mechanisms of the influence of salt on renal physiology. That being 

said, there are a few limitations to the conclusions of this chapter. We are presuming that 

the effect of salt is reversible on UMOD secretion, however further experimentation with 

longer wash out periods are required to prove this. Also, it would be interesting to expand 

the investigation to cover long-term intermittent salt loading and what effects this has on 

kidney function. This would more closely match human diets, which usually vary in salt-
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load over time (Meneton et al., 2005). This would also increase translatability of our 

findings.  

To conclude, this chapter demonstrate the intermittent effects of salt loading on the 

secretion of UMOD in the TAL. The short response time for changing of UMOD secretion 

by the kidney, highlights the importance of UMOD in regulating normal renal function. 

This increases the need for the discovery of regulatory mechanisms behind salt induced 

UMOD trafficking alterations, as these will be significantly aberrant in diseases such as 

hypertension.  
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Chapter 5: Long-term Effects of Salt Loading on 

UMOD trafficking  

5.1 Introduction 

Dietary sodium has been linked to cardiovascular disease risk and hypertension, with 

certain cohorts being particularly salt-sensitive (He and MacGregor, 2010, MacGregor, 

1985, Freis, 1992, Whelton et al., 1998, He et al., 1999, Sacks et al., 2001b, O'Donnell et 

al., 2014b). However, high salt is a risk factor for many other pathologies, including 

kidney diseases such as CKD (Borrelli et al., 2020). Moreover, it is known that salt has an 

impact on function of immune cells with negative effects in onset and progression of 

diseases like obesity, cancer, metabolic syndrome, and autoimmune diseases (Willebrand 

and Kleinewietfeld, 2018). It is reasonable to postulate that higher salt-intake would 

therefore contribute to kidney injury, although the mechanisms behind this relationship are 

complex. There is growing evidence that UMOD is strongly associated with sodium 

homeostasis and hypertension (Trudu et al., 2013b, Graham et al., 2014). Therefore, 

UMOD is an optimal candidate to help elucidate, at least in part, the molecular link 

between salt, kidney injury and hypertension.  

A key process to the maturation of UMOD along its secretory pathway is its correct 

folding in the ER. ER stress is the process by which the inward flux of nascent 

polypeptides into the ER can overwhelm the protein-folding machinery, leading to an 

imbalance and the accumulation of misfolded protein, which is toxic for the cell. There are 

several factors that contribute to ER stress, including deficiencies in post-translational 

modifications, aberrations in calcium levels and redox homeostasis, aberrant ER-associated 

degradation (ERAD), lipid biolayer stress, and hypoxia (Adams et al., 2019). ER 

accumulation of UMOD is intrinsic to certain disease pathologies. The protein coding 

mutations driving autosomal dominant tubulointerstitial kidney disease cause misfolding in 

UMOD and subsequently it accumulates in the ER, causing increased intracellular 

accumulation, ER-stress, and reduced UMOD excretion (Rampoldi et al., 2003). High salt 

intake has been associated with renal damage and oxidative stress, whereby inflammation 

is accelerated in the kidneys (Di Castro et al., 2013, Sironi et al., 2001, Gigante et al., 

2003). Moreover, ER stress has been highlighted as a significant contributor to the 

pathogenesis of hypertension (Hasty and Harrison, 2012, Young, 2017). High dose salt 

supplementation has been demonstrated to induce kidney ER stress (Xu et al., 2014, Yum 

et al., 2017, Griffin et al., 2001, Hye Khan et al., 2013b). Further, the association of 
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proteinuria and NGAL with increased SBP and salt intake, together with ER stress in the 

kidney highlights the important role of salt balance by the kidneys to maintain normal 

physiology. We hypothesised that salt would influence processes related to ER release, 

including kidney damage, and ultimately secretion of UMOD from the TAL cell (Yum et 

al., 2017, El Karoui et al., 2016). 

In the Chapter 3 it was demonstrated that salt loading with 1% salt for 3 weeks 

significantly lowers urinary UMOD excretion in normotensive WKY rats and to a greater 

extent in chronic hypertensive SHRSP. This physiologically relevant concentration of salt 

did not lead to kidney injury and blood pressure differences in the WKY rats, and for this 

reason, this concentration of salt was chosen for the current study. A difference in UMOD 

trafficking with salt loading accompanied by its intracellular retention in the TAL in 

SHRSP rats was noted in Chapter 3. This suggested a pathophysiological mechanism 

involving UMOD, whereby salt loading is exacerbating the impacts of hypertension. In this 

chapter, it was hypothesized that long-term salt loading would significantly alter renal 

physiology and UMOD trafficking to an extent that may match the phenotype seen in the 

chronic hypertensive SHRSP model. Thus, the main aim of this study was to investigate 

effects of long-term salt exposure on WKY rats. 

5.2 Materials and Methods 

General Materials and Methods can be found in Chapter 2.  

5.2.1 Animals and long-term salt loading 

This chapter utilized male WKY rats (n=12) at 11 weeks of age (hereafter referred to as 

‘baseline’). At 12 weeks of age, littermates were randomized into groups of normal 

drinking water and salt-loaded (n=6 control, and n=6 for salt), whereby the salt-loaded 

group received 1% Salt (Sigma, Dorset, UK) continuously over a period of 3 months 

(referred to as long-term salt study). Kidney tissue, 24-hour urine, blood samples, as well 

as systolic blood pressure readings, were collected as detailed in the General Material and 

Methods Section. Blood and urine were collected at four time points (at baseline, 1-month, 

2-month, and 3-month times points).  

5.2.2 UMOD GFP MDCK Cells 

Madin-Darby Canine Kidney (MDCK) cells stably expressing human uromodulin fused 

with green fluorescent protein (GFP) were gifted by Prof. Luca Rampoldi (Schaeffer et al., 

2017). These are referred hereafter as UMOD-GFP MDCK cells. Cells were cultured in 
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Dulbecco’s Modified Eagle’s Medium (DMEM) (ThermoFisher Scientific, Paisley, UK) 

supplemented with 10% foetal bovine serum (FBS, ThermoFisher Scientific, Paisley, UK) 

and 1% Penicillin/Streptomycin (ThermoFisher Scientific, Paisley, UK) at 37°C and 5% 

CO2. After confluency, the cells were incubated in DMEM supplemented with 60mM salt 

or 120mM mannitol (as osmotic control) and incubated for 18h at 37°C, 5% CO2. Media 

and cells were collected for UMOD quantification. 

5.2.3 Immunofluorescence analysis of UMOD-GFP MDCK cells 

Cells were fixed in neutral buffered formalin at room temperature for 1 hour after washes 

in PBS. Cells were then permeabilised with PBS containing 0.1% Triton X-100 for 10 

minutes, before being blocked with 1X Carbo-Free Blocking Solution (Vector 

Laboratories, Oxfordshire, UK) supplemented with 0.1% Tween-20 for 1h at room 

temperature. These were then directly mounted with Mounting Medium with DAPI – 

Aqueous, Fluoroshield (Abcam, Cambridge, UK). For antibodies used, image acquisition, 

and post-imaging analysis, refer to the General Materials and Methods chapter. 

5.3 Results 

5.3.1 Long-term salt loading results in only minor blood pressure and 
systemic physiological changes in the WKY rats 

To gain an understanding of systemic changes that may occur during long-term salt 

loading, we assessed blood pressure, body weight, and renal health of the WKY rats. There 

was no significant change in systolic blood pressure when compared to group baseline 

values in either the control or salt-loaded groups after the 3 months (Figure 5.1). This 

further highlights that these rats are not sensitive to salt-induced blood pressure changes, as 

seen for the previous chapter.  
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Figure 5.1. Systolic Blood Pressure was not significantly different after 3 months of salt loading compared to 

controls.  

Systolic Blood Pressure (SBP) was assessed by tail -cuff measurements. The difference in SBP is shown for each 

respective group from baseline measurements to the end of the study (at the 3 months timepoint) in control (n=6) and 3-

month (n=6) salt-loaded groups. The comparison is being made between experimental groups at these two time points. 

Data are represented as mean ± S.E.M. 

Body weight was monitored throughout the 3-month salt loading period as a measure of 

health of the WKY rats. There was no significant difference between control and salt-

loaded groups at a given timepoint with regards to body weight (Figure 5.2). Although, 

body weight did increase with age of the animals, as would be expected. 

 
Figure 5.2. Body weight increased with age in WKY rats in both control and salt-loaded groups.  

Body weight was measured every week for each group over 3 months of salt loading (starting at week: 11-week-old rats). 

There are no significant differences between experimental groups at any given timepoint. Each data point represents 

mean ± S.E.M (n=6 per group). 

As for the previous chapter, kidney weight was measured at the end of the study due to 

their importance in electrolyte handling and being the site of UMOD production and 

secretion. The salt-loaded WKY rats exhibited a trend towards increased kidney weight 

after 3 months compared to controls, although this was not statistically significant (Figure 

5.3).  
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Figure 5.3. Kidney weight remained unchanged in WKY rats after 3 months of salt loading.  

Kidney weight of both kidneys from WKY rats at the end of the 3-month salt loading period for both groups (n=6). There 

is no significant difference between experimental groups at this timepoint. Data shown as mean ± S.E.M.  

Next, the haematocrit of each of the WKY rats was analysed to understand changes in 

hydration status, which is to say differences in extracellular volume, during and after long-

term salt loading periods. There was no statistically significant difference in PCV between 

control and salt-loaded groups at any time point throughout (Figure 5.4) and at the end of 

study Figure 5.5). Although, a crossover occurs at week 9 where PCV appears to be higher 

in the week 9 salt-loaded WKY rats compared to controls at the same timepoint, and this is 

maintained until the end of the 3 month study (Figure 5.4). This may suggest a 

physiological adjustment of extracellular volume as a result of increased plasma sodium 

content due to the long period of salt exposure in the long-term salt loaded WKY rats.  
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Figure 5.4. The percentage of red blood cells is unchanged during long-term salt loading 

Data collected from tail-vein blood collection and after haematocrit. Collected 250μL of plasma from each animal 

throughout the study, in line with ethical guidelines. Packed Cell Volume (PCV) to show percentage of red blood cells. 

There are no significant differences in PCV between experimental groups at any given time point. Data shown as mean ± 

S.E.M (control n=6, salt n=6). 
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Figure 5.5. There is no statistically significant difference in percentage of red blood cells in WKY after 3 months of 

salt loading.  

Data collected from cardiac puncture and after haematocrit at the end of the long-term salt study. Collected 10% of 

plasma from each animal prior to cull. Packed Cell Volume (PCV) to show percentage of red blood cells. There are no 

significant differences in PCV between experimental groups at this timepoint. Data shown as mean ± S.E.M (control n=6, 

salt n=6). 

As for the previous chapters, these findings further highlight that 1% salt loading is a 

suitable physiological concentration for the WKY rats without inducing any gross salt 

stress injuries or blood pressure.  

5.3.2 There is a considerable impact on electrolyte balances in long-
term salt loaded WKY rats 

Given the lack of gross morphological changes with 1% salt loading, the next assessment 

involved characterising potential differences in renal outputs and sodium handling. Salt 

loading significantly increased urinary output compared to baseline and relative to control 

animals at all timepoints (Figure 5.6). It should be noted that “baseline” refers to 

comparisons within the same groups relative to week 1 timepoint whereas “controls” refers 

to comparisons between groups at one timepoint. Similarly, water intake was also 

significantly higher after 3 months of salt loading compared to controls at the same 

timepoint (Figure 5.7). Water intake was not significantly higher than controls in week 9, 

although there was a trend towards higher intake in the salt-loaded group (Figure 5.7).  
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Figure 5.6. Urinary output is significantly increased after 3 months of salt loading both between control groups 

and compared to week 1.  

Urinary output was measured by metabolic cages over 4 time points throughout the long-term salt loading period. 

Urinary output WKY rats were significantly increased during 3 months of salt loading. Data represent mean ± S.E.M. 

(control n=6, salt n=6). ****p<0.0001 (Mixed-effects analysis with Šídák's multiple comparisons test). Comparisons 

shown are between salt and control groups (asterisks next to vertical line), as well as intra-salt group comparisons 

(asterisks above data point) to baseline values (at week 1).  

 

Figure 5.7. Water intake increased significantly in WKY after 3 months of salt loading.  

Water intake was measured by metabolic cages over 4 time points throughout the long-term salt loading period. Water 

intake for WKY rats was significantly increased after 3 months of salt loading. Data represent mean ± S.E.M. (control 

n=6, salt n=6). *p<0.05 (Mixed-effects analysis with Šídák's multiple comparisons test). Comparisons shown are between 

salt and control groups (asterisks next to vertical line), as well as intra salt group comparisons (asterisks above data point) 

to baseline values (at week 1).  

In order to explore the effects of long-term salt loading on renal excretion and physiology 

in the WKY rats, we characterised parameters relevant to Na+ and water homeostasis. The 

salt-loaded rats were provided with 1% salt which equivalates to 1.22g of NaCl per day or 
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0.48g of sodium per day (based on an average water intake of 122mL/day). The rats 

receiving long-term salt loading secreted 0.463g of NaCl per day. My group have 

previously demonstrated that sodium accumulates in the skin and other organs (Rossitto et 

al., 2021). Also, roughly 10% of sodium is excreted via the faeces (Armanini et al., 2019). 

These sodium losses have not been accounted for here as the focus is on urinary UMOD. 

To compare this to humans, several blood pressure guidelines recommend low sodium 

intake (<2.3g of sodium intake, or 5.8g/day of NaCl) (O'Donnell et al., 2020). Biochemical 

analysis revealed a significant increase in urinary sodium excretion in the long-term salt 

loaded WKY rats compared to controls when looking within experimental groups (change 

from baseline values, salt: 12.8 ± 2.20 and control: 1.47 ± 0.52 mmol/day, p<0.001) 

(Figure 5.8 and Table 5.1).  

 

Figure 5.8. Urinary sodium excretion was significantly increased in the salt-loaded group after long-term salt 

loading.  

Urinary sodium was measured in urine samples collected by metabolic cage. This represents the final urine sample taken 

from control and salt-groups at the end of the study. Data are represented as the delta change from baseline values for 

control and 3-month salt-loaded groups (n=6) (± S.E.M) (i.e. comparison between experimental groups at these two 

timepoints). ***p<0.001 (Unpaired t-test). 

Examination of plasma sodium also revealed an increase in the salt-loaded group relative 

to controls at the 3-month timepoint (136.3 ± 0.3 vs. 134.3 ± 8.3 mmol/L, p<0.05) (Table 

5.1). Similarly, urinary and plasma chloride was significantly higher in salt-loaded groups 

compared to controls at the 3-month timepoint (urinary: 15.3 ± 3.9 vs. 1.8 ± 0.6 mmol/day, 

p<0.01; plasma: 10.2.0 ± 0.5 vs. 99.7 ± 5.9 mmol/L, p<0.05). Additionally, other major 

electrolytes were also analysed to determine any major disturbances in renal electrolyte 

handling post long-term salt loading. The excretion of potassium into the urine was 

significantly higher in the long-term salt-loaded group when compared to baseline (i.e. 

week 1) (3.5 ± 0.6 vs. 1.7 ± 0.2 mmol/day, p<0.05) and to controls (3.5 ± 0.6 vs. 2.0 ± 0.5 

mmol/day, p<0.05) (Table 5.1). For plasma potassium, there was a significant difference 

between salt and control groups at baseline (5.8 ± 0.4 vs. 7.6 ± 0.3 mmol/L, p<0.01), 

although this significance was lost after 3 months. Urinary magnesium excretion was 
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upregulated in the long-term salt loaded groups both relative to baseline (0.5 ± 0.1 vs. 0.2 ± 

0.0 mmol/day, p<0.01) and to control groups at that timepoint (0.5 ± 0.1 vs. 0.3 ± 0.1 

mmol/day, p<0.01). The levels of magnesium in the plasma were significantly higher in 

the long-term salt-loaded group compared to controls at the 3-month timepoint (0.8 ± 0.0 

vs. 0.7 ± 0.0 mmol/L, p<0.05). Also, the control group had lower plasma magnesium after 

3 months compared to its corresponding baseline values (0.7 ± 0.0 vs. 0.8 ± 0.0 mmol/L, 

p<0.05). Furthermore, urinary phosphate excretion levels were increased in the salt-loaded 

group when compared to baseline (0.207 ± 0.057 vs. 0.017 ± 0.014 mmol/day, p<0.01) and 

control groups at the 3-month timepoint (0.207 ± 0.057 vs. 0.0 ± 0.013 mmol/day, p<0.01). 

While plasma levels of phosphate remained unchanged, the fractional excretion of 

phosphate was significantly higher in the long-term salt-loaded group relative to baseline 

values (1.93 ± 0.01 vs. 0.24 ± 0.03, p<0.05) and controls at the 3-month timepoint (1.93 ± 

0.01 vs. 0.01 ±0.01, p<0.05). While urinary calcium levels were not significantly affected, 

plasma calcium levels in the long-term salt loaded group were higher in the salt-loaded 

group compared to baseline (2.5 ± 0.0 vs. 2.3 ± 0.2 mmol/L, p<0.05) and controls at the 3-

month timepoint (2.5 ± 0.0 vs. 2.2 ± 0.2 mmol/L, p<0.01). Also, fractional excretion of 

calcium was altered with lower values in the salt-loaded group after 3 months relative to 

baseline values (1.1 ± 0.3 vs. 3.6 ± 0.9, p<0.05). Finally, urinary urea levels were also 

altered with long-term salt loading, showing increased values compared to baseline (12.0 ± 

2.4 vs. 3.8 ± 0.5 mmol/day, p<0.05) and controls at the 3-month timepoint (12.0 ± 2.4 vs. 

5.1 ± 1.7 mmol/day, p<0.05).   
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Long-term Salt Study 

Parameters 

Baseline 3 months 

Control Salt Control Salt 

n 6 6 6 6 

Body weight (BW, g) 252.7 ± 5.3 252.5 ± 6.7 
383.9 ± 
30.5**** 374.8 ± 18.6**** 

Water intake (mL/h) 1.6 ± 0.3 1.5 ± 0.1 2.1 ± 0.2 5.1 ± 0.6****,#### 

Urine output (mL/h) 0.8 ± 0.2 0.8 ± 0.1 1.0 ± 0.1 3.6 ± 0.5****,#### 

p-urea (mmol/L) 4.2 ± 0.4 4.3 ± 0.3 4.2 ± 3.7 4.7 ± 2.9 

p-creatinine (mmol/L) 24.3 ± 1.4 22.0 ± 2.1 25.7 ± 1.2 25.2 ± 2.2 

p-calcium (mmol/L) 2.4 ± 0.0 2.3 ± 0.0 2.2 ± 0.2 2.5 ± 0.0*,## 

p-magnesium (mmol/L) 0.8 ± 0.0 0.8 ± 0.0 0.7 ± 0.0* 0.8 ± 0.0# 

p-phosphate (mmol/L) 1.8 ± 0.1 1.9 ± 0.1 1.5 ± 0.1 1.7 ± 0.1 

p-albumin (mg/L) 12.3 ± 0.3 11.5 ± 0.3 9.7 ± 0.9* 10.6 ± 0.2 

p-potassium (mmol/L) 7.6 ± 0.3 5.8 ± 0.4## 5.8 ± 0.4* 5.6 ± 0.2 

p-sodium (mmol/L)&     134.3 ± 8.3 136.3 ± 0.3# 

p-chloride (mmol/L)&     99.7 ± 5.9 102.0 ± 0.5# 

u-urea (mmol/day) 3.9 ± 0.1 3.8 ± 0.5 5.1 ± 1.7 12.0 ± 2.4*,# 

u-creatinine (mmol/day) 51.9 ± 9.6 56.7 ± 6.5 50.6 ± 25.8 185.4 ± 38.1**,# 

u-albumin (mmol/day) 54.7 ± 23.1 40.7 ± 7.3 45.4 ± 19.7 241.8 ± 98.9 

u-sodium (mmol/day) 1.0 ± 1.4 3.9 ± 1.5 0.9 ± 0.6 12.6 ± 3.3## 

u-potassium (mmol/day) 1.7 ± 0.1 1.7 ± 0.2 2.0 ± 0.5 3.5 ± 0.6*,# 

u-calcium (mmol/day) 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 

u-magnesium (mmol/day) 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.1 0.5 ± 0.1**,## 

u-phosphate (mmol/day) 
0.003 ± 
0.051 

0.017 ± 
0.014 0.000 ± 0.013 

0.207 ± 
0.057**,## 

u-chloride (mmol/day) 1.8 ± 1.6 5.8 ± 2.1 1.8 ± 0.6 15.3 ± 3.9,## 

u-ACR 1.2 ± 0.2 0.8 ± 0.1 1.0 ± 0.9 1.2 ± 0.3 

FE_calcium 2.2 ± 0.9 3.6 ± 0.9 2.9 ± 0.3 1.1 ± 0.3* 

FE_magnesium 0.11 ± 0.02 0.15 ± 0.03 0.14 ± 0.01 0.09 ± 0.01 

FE_phosphate 0.07 ± 0.02 0.24 ± 0.03 0.01 ± 0.01 1.93 ± 0.01*,# 

FE_urea 44.32 ± 0.02 41.80 ± 0.03 44.75 ± 0.01 35.28 ± 0.01 

FE_water 0.50 ± 0.11 0.92 ± 0.18 0.58 ± 0.42 1.31 ± 0.23 

FE_K 10.1 ± 0.1 14.4 ± 0.2 9.5 ± 0.4 9.1 ± 0.2 

FE_Na&     1.7 ± 1.0 1.8 ± 0.6 

FE_Cl&     2.6 ± 1.4 2.9 ± 0.9 

Packed Cell Volume (PCV) %     40.28  ± 0.56 41.83 ± 1.3 
Table 5.1. Plasma and urinary electrolyte levels before and after long-term salt loading.  

Data collected from metabolic cage study. p: plasma, u: urine, ACR: albumin-creatinine ratio, FE: fractional excretion. 

Data represented as mean ± S.E.M. Performed 2-way ANOVA or Welch’s t-test as appropriate. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.001 refer to comparisons to baseline values for  within each experimental group. p<0.05, 

##p<0.01, ###p<0.001, ####p<0.001 refer to comparisons made between controls and salt groups at a given timepoint (in 

this case at 3 months). Due to unavailability of plasma at baseline (10% of body weight collected at end of study, could 

not obtain at baseline due to ethical issues), only end-point plasma was collected (marked by “&”). Packed Cell Volume 

(PCV) representing percentage of red blood cells from each group derived from cardiac puncture at the end of the 3-

month salt loading period. Data shown as mean ± S.E.M (control n=6, salt n=6).). 
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5.3.3 Long-term salt loading does not induce kidney damage in the 
normotensive WKY rats 

To examine whether long-term salt loading has any negative impacts on the kidneys with 

regards to injury, a gene expression analysis of kidney injury markers KIM-1 (proximal 

tubule marker) and NGAL (TAL and distal tubule marker) was performed on total kidneys 

isolated from long-term salt-loaded WKY rats. Both KIM-1 (Figure 5.9) and NGAL 

mRNA expression (Figure 5.10) was unchanged with long-term salt loading relative to 

controls at the 3-month timepoint. Notably, there was considerable batch variation within 

each group. 

 

Figure 5.9. Long-term salt loading does not significantly influence kidney KIM-1 expression. 

Gene expression represented as fold change to control ± S.E.M of kidney injury marker-1 (KIM-1). Total kidneys were 

isolated from control and salt-loaded groups at the 3-month timepoint. n=6 per group. mRNA levels were normalised to 

Ubiquitin C (Ubc) expression. 

 

Figure 5.10. Long-term salt loading does not significantly influence kidney NGAL expression. 

Gene expression represented as fold change to control ± S.E.M of neutrophil gelatinase-associated lipocalin (NGAL). 

Total kidneys were isolated from control and salt-loaded groups at the 3-month timepoint. n=6 per group. mRNA levels 

were normalised to Ubiquitin C (Ubc) expression. 
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5.3.4 Long-term salt loading directly and consistently lowers the 
urinary UMOD excretion rate 

It has been established that salt loading lowers urinary UMOD excretion rate on an acute 

basis in WKY rats (Chapter 3) and to some extent this is reversible (Chapter 4). Here the 

effects of long-term salt loading (i.e., over 3 months) on the urinary UMOD excretion were 

characterised by performing UMOD ELISA. Long-term salt loading significantly 

attenuated urinary UMOD excretion rate over 3 months (Figure 5.11). Urinary UMOD 

levels were significantly lower in the first month of salt loading compared to baseline (4.06 

x 10-4 ± 1.45 x 10-4 vs. 0.002 ± 0.001 mg/h, p<0.01) and relative to control at the same time 

point (4.06 x 10-4 ± 1.45 x 10-4 vs. 0.003 ± 0.0004 mg/h, p<0.01). Likewise, at month 2 of 

salt loading, urinary UMOD excretion rate was lower compared to baseline (week 1 

timepoint) (0.001 ± vs. 1.42 x 10-4 vs. 0.002 ± 0.001 mg/h, p<0.01) and the control group 

at the 3-month timepoint (0.001 ± vs. 1.42 x 10-4 vs. 0.002 ± 0.0005 mg/h, p<0.01). The 

final month also showed significantly attenuated levels of urinary UMOD excretion in the 

salt-loaded groups, relative to both baseline values at week 1 within each experimental 

group (0.001 ± 1.88 x 10-4 vs. 0.002 ± 0.001 mg/h, p<0.01) and controls at the 3-month 

time point (0.001 ± 1.88 x 10-4 vs. 0.004 ± 0.0005 mg/h, p<0.01). This suggests salt is 

consistently lowering urinary UMOD excretion rate.  

 

Figure 5.11. Long-term salt loading consistently lowers urinary UMOD excretion rate.  

Urine samples were collected over 24 hours over 4 time points in the study using metabolic cages. Urinary UMOD 

concentration was quantified by ELISA. Urinary UMOD was normalised to 24-hour output for urine and represented as 

excretion rate (mg/h). Graph represents urinary UMOD excretion rate for the long-term salt study (n=6 control, n=6 salt). 

Data are shown as mean ± S.E.M. **p<0.01, ****p<0.0001 (Mixed-effects analysis). 

To determine whether this change in urinary UMOD excretion rate is reflected in the 

serum UMOD levels, we analysed serum UMOD using an ELISA. This demonstrated that 

there was no significant difference in protein levels of serum UMOD between control and 

salt loaded WKY groups at the 3-month timepoint (Figure 5.12).  

 aseline    

     

     

     

     

     

     

 
r
in
a
r
 
  
 
 
D
  
 
 
 h
 

 o trol

 alt

      

    

    

  

 onths



125 

 

 

Figure 5.12. Serum UMOD levels were unaltered after 3 months of salt loading compared to controls.  

Blood was collected at the end of the study by cardiac puncture. Serum UMOD concentration was quantified by ELISA. 

Serum UMOD levels after 3 months in WKY rats of the long-term salt study are unchanged (n=6 control, n=6 salt). Data 

are shown as mean ± S.E.M. 

To confirm whether this effect of salt on reduction in urinary excretion rate is specific to 

UMOD, the levels of excretion of Epidermal Growth Factor (EGF) protein was assessed, 

another glycosylated protein known to be excreted by the TAL, with the same molecular 

weight as UMOD, and secreted into the urine (Salido et al., 1991). EGF levels in the urine 

did not alter significantly following 3 months of salt loading when compared to controls 

(Figure 5.13). Likewise, when EGF protein expression was analysed in total kidneys from 

WKY rats, there was no statistically significant difference between control and salt-loaded 

groups (Figure 5.14). In summary, these data suggest salt is influencing UMOD directly at 

the excretion level.  

 

 ontrol  alt

 

    

     

     

 
e
r
u
 
  
 
 
D
 c
o
n
c
e
n
tr
a
ti
o
n

  
 
  

 
 



126 

 

 

Figure 5.13. The urinary excretion of epidermal growth factor (EGF) after long-term salt loading were 

unchanged. 

EGF protein levels were quantified in urine samples after 3 months of salt loading using Western blotting for urine 

samples. (n=6 control, n=6 salt). Data are shown as mean ± S.E.M. Urine samples were normalised to total protein stain 

revert 700. 

 

Figure 5.14. The intracellular levels of epidermal growth factor (EGF) in TAL region of kidneys from WKY rats 

after long-term salt loading were unchanged. 

EGF protein levels were quantified after 3 months of salt loading using Western blotting for total kidney lysates from 

WKY rats in the long-term salt study. (n=6 control, n=6 salt). Data are shown as mean ± S.E.M. The data were 

normalised to β-actin.  

5.3.5 UMOD accumulates in the ER of long-term salt loaded WKY rats 

UMOD trafficking was impacted significantly in the salt loaded SHRSP after 3 weeks 

(Chapter 3), however this was not the case with intermittent salt loading in WKY rats 
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(Chapter 4). To test whether salt impacts UMOD trafficking in the normotensive models in 

the long-term, transcriptional, translational, and post-translational changes in UMOD were 

analysed in kidneys of the 3-month salt-loaded WKY rats. Gene expression analysis 

revealed no statistically significant difference in UMOD mRNA expression in total 

kidneys of the salt-loaded group compared to controls (Figure 5.15). However, total kidney 

UMOD protein levels were considerably upregulated in the salt-loaded group relative to 

controls (120.7 ± 8.16 vs 89.08 ± 9.89 relative intensity, p<0.05) (Figure 5.16). This 

indicated that slower UMOD excretion rate in long-term salt-loaded animals may be due to 

the intracellular accumulation.  

 

Figure 5.15. Total kidney UMOD mRNA levels did not change significantly after 3 months of salt loading.  

Total kidney (cortex and medulla) UMOD mRNA expression of long-term salt-loaded group (expressed as a scatter plot 

of fold change relative to the mean of the control (± S.E.M) n=6 control, n=6 salt. mRNA levels were normalised to 

Ubiquitin C (Ubc) expression. 

 

Figure 5.16. Total kidney UMOD protein levels significantly increased in the long-term salt loading group.  

Total kidney UMOD protein levels and representative Western blot of each group in long-term study (n=5 control, n=5 

salt), showing increased UMOD and intracellular accumulation. Data represented as mean ± S.E.M. *p<0.05 (Welch’s t-

test). β-actin was used as a loading control. 
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To further interrogate the processes occurring with UMOD trafficking under long-term salt 

loading, medullary regions were isolated from total kidneys of the WKY rats. These 

regions contain the majority of TAL cells, which express and secrete a high proportion of 

UMOD found in the urine (Rampoldi et al., 2011, Chabardes-Garonne et al., 2003). A 

significant increase in UMOD protein levels was observed in the medullary regions of salt 

loaded WKY rats compared to controls (202.3 ± 19.55 vs 97.32 ± 20.18 relative intensity, 

p<0.01) (Figure 5.17).  

 

Figure 5.17. Long-term salt loading significantly increased UMOD protein levels in the kidney medullary region.  

UMOD protein levels and representative Western blots from control (n=5) and salt-loaded groups (n=5) of the long-term 

study in the medullary fraction of their kidneys. UMOD protein levels were significantly increased in the salt-loaded 

group. Data represented as mean ± S.E.M. **p<0.01 (Welch’s t-test). β-actin was used as a loading control. 

Next, in order to study the precise location of UMOD within the TAL cells after long-term 

salt loading, a subcellular fractionation analysis was conducted on the medullary regions 

from kidneys isolated from WKY rats. The plasma membrane fraction showed no 

significant difference after 3 months of salt loading (Figure 5.18A). In contrast, cytosolic 

levels of UMOD were significantly higher in the salt-loaded group relative to controls 

(4.74 ± 0.43 vs 3.52 ± 0.28 relative intensity, p<0.05) (Figure 5.18B). This implied UMOD 

is being retained intracellularly in TAL cells after long-term salt exposure.  
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Figure 5.18. Membrane and Cytosolic UMOD protein levels in the medullary region were not changed with long-

term salt loading. 

Kidneys of control and salt-loaded animals (n=6, per group) from the long-term study were isolated. After subcellular 

fractionation, UMOD protein levels and representative Western blots in (A) membrane fractions and cytosolic (B) 

isolated from the medullary region of the control (n=6) and salt-loaded groups (n=6). Data represented as mean ± S.E.M. 

The plasma membrane (referred to as membrane fraction) was validated by the presence of membrane marker Flotillin-1. 

The cytosolic fraction contains the contents of all intracellular organelles (e.g., ER, Golgi apparatus, etc.) and the 

cytoplasm as confirmed by presence of ER chaperone calnexin, and Flotillin-2 as a marker of the cytosol. Vinculin was 

used as a loading control. *p<0.05, and **p<0.01 (Welch’s t test). 

Since UMOD is being retained intracellularly, and the rate-limiting step in UMOD 

secretion is its release from the ER, we looked at UMOD levels in the ER. Co-localization 

immunofluorescence analysis was performed using calnexin as an ER marker to 

understand the distribution of UMOD in TAL tubules of the kidney. Salt-loaded WKY 

TAL regions had significantly higher co-localisation with the ER compared to controls 

(0.398 ± 0.01 vs 0.362 ± 0.007 Spearman’s coefficient, p<0.01) (Figure 5.19).  
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Figure 5.19. Long-term salt loading leads to increased co-localization of UMOD with the ER marker calnexin in 

the medullary TAL of WKY rats.  

Top: Representative immunofluorescence analysis showing UMOD (green) and ER marker calnexin (red) in from 

medulla of rat kidney sections. Co-localization of UMOD and calnexin is represented by yellow. Nuclei are stained in 

blue with DAPI. Scale bar represents 20 µm. Bottom: The scatter plot represents Pearson’s correlation coefficients which 

were calculated for four representative tubules (ROI, regions of interest) from 5 samples per group. Error bars represent 

mean ± S.E.M. **p<0.01 (Welch’s t test). Images were evaluated in a blinded fashion. 

UMOD undergoes a number of glycan modifications along its secretory pathway, and this 

can be utilised to differentiate between different stages of UMOD maturation. To this 

extent, an Endo H enzymatic assay was conducted on UMOD protein isolated from the 

medullary region of kidneys harvested from WKY rats. The Endo H enzyme cleaves 

simple N-glycans but cannot cleave complex N-glycans. There was a significant increase 

in the ER (immature) form of UMOD (consisting of simple N-glycans) in the salt-loaded 

group compared to the membrane (mature) form (Endo-H resistant containing complex N-

glycans) (1.19 ± 0.12 vs 1.00 ± 0.03 signal ratio to control, p<0.05) (Figure 5.20). The 

significant UMOD accumulation in the ER of the long-term salt-loaded animals, suggests 
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that salt regulates the maturation of UMOD in TAL cells and leads to its retention if 

continued for longer periods of time. 

 

Figure 5.20. There is an accumulation of immature UMOD in the ER of medullary TAL of WKY rats.  

Endo H assay of the medulla samples from the control (n=6) and long-term salt-loaded (n=6) animals. Western blot 

shows representative bands of the endo H-resistant UMOD with complex glycans (mature, top band represented by “*”) 

and the ER form of UMOD (immature, bottom band). The data is expressed as a comparison of the average ER-form 

UMOD band signal to the average mature UMOD band signal, shown as a single ratio value. Error bars represent mean ± 

S.E.M. *p<0.05. (Welch’s t test). β-actin was used as a loading control. 

5.3.6 The reduction in UMOD secretion is a result of salt-induced 
effects rather than changes in osmotic pressure 

As to further evaluate the direct effects of on UMOD trafficking in the WKY kidneys, an 

in vitro model of constitutively expressing human UMOD-GFP MDCK cells was used. 

Since there is no current TAL cell model available, UMOD-GFP MDCK cells served as a 

suitable replacement model. To account for potential osmotic influences provided by salt 

on the cells, we used the inert molecule mannitol as an osmotic control. Since osmotic 

pressure could not be controlled in the in vivo experiments, this cell model allows for the 

study of whether salt-driven effects on UMOD secretion by TAL are due to salt itself or 

osmotic pressure differences. Therefore, the UMOD-GFP MDCK cells were incubated 

with 60mM salt (in addition to an existing 110mM in DMEM media) or 120mM of 

mannitol (as an osmotic control) for 18 hours. This more closely replicates conditions for 

WKY exposed to intermittent salt loading conditions in Chapter 4, rather than the long-

term salt-study. The 18-hour incubation time was chosen as it more closely reflects the 24 

hour urinary UMOD excretion rate reported in the animal models used in this thesis. Also, 

a significant reduction in UMOD secretion is observed in cells incubated with salt 

compared to mannitol controls at this 18-hour time point (0.0958 ± 0.0158 vs 0.174 ± 

0.026 relative intensity, p<0.05) (Figure 5.21). In contrast, no significant changes were 

observed in the intracellular UMOD protein levels (Figure 5.22) or UMOD mRNA 

expression (Figure 5.23).  
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Figure 5.21. MDCK cells have decreased secretion of UMOD into the media with salt incubation for 18 hours. 

UMOD-GFP MDCK cells were incubated with DMEM media with additional 60mM salt or 120mM mannitol (osmotic 

control) for 18 hours. Secreted UMOD protein levels in the media and representative Western blots. Media samples were 

normalised to total protein stain revert 700. Data are represented as mean ± S.E.M. (n=5 mannitol, n=5 salt). *p<0.05. 

(Welch’s t test). 

 

Figure 5.22 Intracellular levels of UMOD remain unchanged in MDCK cells after salt incubation for 18 hours. 

UMOD-GFP MDCK cells were incubated with DMEM media with additional 60mM salt or 120mM mannitol (osmotic 

control) for 18 hours. UMOD protein levels in the cell lysate and representative Western blots. UMOD was normalised to 

Vinculin. Data are represented as mean ± S.E.M. (n=5 mannitol, n=5 salt). 
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Figure 5.23 The expression of UMOD mRNA levels remains unchanged in MDCK cells after salt incubation for 18 

hours. 

UMOD-GFP MDCK cells were incubated with DMEM media with additional 60mM salt or 120mM mannitol (osmotic 

control) for 18 hours. UMOD mRNA expression is shown as fold change relative to mean of control ± S.E.M. Expression 

was normalised to HPRT housekeeping gene. (n=6 mannitol, n=6 salt). 

As to identify any changes in UMOD trafficking in the salt incubated MDCK cells, 

immunofluorescence analysis for UMOD was conducted. Specifically, cells were either 

permeabilised or not permeabilised as to allow differentiation between intracellular and 

cell surface compartments (i.e., intracellular and membrane UMOD), respectively. There 

was a significant decrease in the surface membrane UMOD compared to mannitol controls 

(0.762 ± 0.071 vs 1.190 ± 0.106 relative intensity, p<0.05) (Figure 5.24). In contrast, 

intracellular UMOD levels showed no statistically significant differences (Figure 5.24).  
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Figure 5.24. There is a reduction in UMOD on the membrane surface of MDCK cells after 18 hours of salt 

loading.  

Immunofluorescence analysis of UMOD in UMOD-GFP MDCK cells after incubation with 60mM salt or 120mM 

mannitol as an osmotic control for 18 hours at 40X magnification. Representative images of non-permeabilized and 

permeabilized cells with UMOD (green) are shown and associated relative fluorescence units (RFU) (non-permeabilized 

(“Non-perm”) and permeabilized (“Perm”) calculated from the images displayed as scatter plots. White dashed boxes and 

arrows represent zoomed in regions of interest. Data are represented as mean ± S.E.M (n=6 images per group) 

**p<0.01(Welch’s t-test). Scale bar represents 20μm. DAPI used as a nuclear stain (blue). Images were evaluated in a 

blinded fashion. 

5.3.7 Long-term salt exposure induces a medulla-specific ER stress 
response 

Salt is a known inducer of ER stress in kidney tissues (Khadive et al., 2021), which can 

lead to kidney damage. To examine whether long-term salt loading influences ER 

environment in the total kidneys (cortex and medulla) of WKY rats, an immunoblot 
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analysis was performed for common ER stress markers Binding Immunoglobulin Protein 

(BiP) and Protein Disulphide Isomerase (PDI). There was no statistically significant 

difference between control and salt-loaded groups in BiP (Figure 5.25) or PDI (Figure 

5.26) protein levels in total kidneys of these animals.  

 

Figure 5.25. BiP protein levels in total kidneys were unchanged after long-term salt loading in WKY rats. 

Total kidneys were extracted from WKY rats after the long-term salt study. UMOD protein levels and representative 

Western blots for Binding Immunoglobulin Protein (BiP) for total kidney lysates are shown. Data expressed as mean ± 

S.E.M. n=6 kidney (per group). Data was normalised to Vinculin. 
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Figure 5.26. PDI protein levels in total kidneys were unchanged after long-term salt loading in WKY rats. 

Total kidneys were extracted from WKY rats after the long-term salt study. UMOD protein levels and representative 

Western blots for Protein Disulphide Isomerase (PDI) for total kidney lysates are shown. Data expressed as mean ± 

S.E.M. n=6 kidney (per group). Data was normalised to Vinculin. 

Given that the majority of UMOD is produced in the TAL, which are concentrated in the 

medulla of the kidney, the next analysis was focused on determining protein expression of 

these ER stress markers in this region. There was a significant increase in BiP in the 

medulla of salt-loaded rats compared to controls (0.00781 ± 0.00101 vs 0.00496 ± 0.00042 

relative intensity, p<0.05) (Figure 5.27). Similarly, medullary PDI levels were also 

significantly upregulated in the salt-loaded relative to controls (4.618 ± 0.367 vs 3.181 ± 

0.321 relative intensity, p<0.05) (Figure 5.28). 
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Figure 5.27. BiP protein levels in the medullary region of the kidneys were increased after long-term salt loading 

in WKY rats. 

The medullary lysate was extracted from total kidneys of WKY rats after the long-term salt study. UMOD protein levels 

and representative Western blots for Binding Immunoglobulin Protein (BiP) are shown. Data expressed as mean ± S.E.M. 

n=6 kidney (per group). Data was normalised to β-actin. 
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Figure 5.28. PDI protein levels in the medullary region of the kidneys were increased after long-term salt loading 

in WKY rats. 

The medullary lysate was extracted from total kidneys of WKY rats after the long-term salt study. UMOD protein levels 

and representative Western blots for Protein Disulphide Isomerase (PDI) are shown. Data expressed as mean ± S.E.M. 

n=6 kidney (per group). Data was normalised to β-actin. 

To understand whether this increase in ER stress marker levels is a phenomenon of 

prolonged salt exposure, we compared expression levels of BiP in the long-term salt study 

to that of the 3-week acute salt study (Chapter 3). BiP was not significantly increased after 

3 weeks of salt loading in total kidneys of WKY rats (Figure 5.29). Additionally, when 

compared to the chronic hypertensive SHRSP model, there was no significant difference in 

expression of BiP (Figure 5.29). This would suggest that activation of ER stress is 

localised to the medulla and only occurs after long-term salt loading, as is the case for 

WKY rats after 3 months.  
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Figure 5.29. Acute salt loading did not significantly alter BiP protein expression in chronic hypertensive SHRSP 

rats. 

The total kidneys of NS: normal salt and HS: high salt (1% salt) loaded animals (n=9, per group) in both WKY and 

SHRSP. Total kidney Bip signal intensity and representative Western blots for BiP and β-actin (loading control) are 

shown. Bars indicate mean ± S.E.M. The kidneys were collected from the previous study outlined in chapter 3. Animals 

were administered 1% salt over 3 weeks continuously at 11 weeks of age, for an in-depth methodology refer to chapter 3.  

5.4 Discussion 

The aim of this chapter was to identify the long-term effects of salt on UMOD retention in 

a normotensive background. We hypothesized and confirmed that long-term salt loading 

induces intracellular accumulation of UMOD, specifically within the ER of the epithelial 

cells in the TAL region. Further, we found markers of early-stage ER stress to be 

upregulated after long-term salt exposure. This finding highlights the potential of salt to 

induce ER stress and UMOD accumulation. 

The pathophysiology of UMOD accumulation via salt, and whether this contributes to the 

development of hypertension, remains to be elucidated. One of the main hypotheses of this 

study was that long-term salt loading substantially impacts UMOD trafficking, which 

ultimately would cause aberrations in renal physiology. There was also the unanswered 

question from Chapter 3 and 4, as to whether UMOD accumulation impacts renal ER 

stress? To remove confounding factors that stem from hypertension, such as kidney injury 

found in SHRSP (Mary et al., 2021), the present study opted for a salt-resistant and 

normotensive WKY rat model. Although, it is important to note that the aim of this study 

was not assess which animal model is most suitable for studying the relationship between 

salt and UMOD. Given that the focus is on unravelling mechanisms underlying the effects 
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of salt on UMOD, rather than any specific disease (e.g., hypertension), the WKY rats 

provide an ideal model in this context. Moreover, this study makes critical use of 24-hour 

urine sample, which is considered the gold standard for analysing UMOD excretion rates 

(Youhanna et al., 2014). This removes the need for normalisation to creatinine, as is 

required for spot urine samples, as was used in other studies of UMOD (Graham et al., 

2014, Trudu et al., 2013b). Furthermore, although it may be argued that sex-based 

differences exist in the effects of salt on UMOD excretion rate, it was demonstrated in 

Chapter 3 that no discernible differences in UMOD excretion rate exist between male and 

female rats after salt loading. Therefore, the use of primarily male WKY rats in the present 

study is justified.  

The current scope of research focusing on dietary salt and UMOD excretion in rats is 

restricted (Ying and Sanders, 1998). Previous studies have demonstrated that higher salt 

intake leads to increased reabsorption of salt in TAL via NKCC2 activity, and that UMOD 

regulates this activity (Mutig et al., 2011a). It may be postulated that with higher salt 

concentrations, the reduction of UMOD secretion by the TAL is a homeostatic response 

that acts to prevent excess sodium reabsorption. A study with C57/BL6 mice showed 

demonstrated that high salt loading (2% salt) over 2 months resulted in increased urinary 

UMOD excretion in the wild-type rats (Olinger et al., 2019). In contrast, in Chapter 3 and 

Chapter 4 WKY and SHRSP rats exhibited a distinct decrease in urinary UMOD excretion 

rate following salt loading with 1% salt. In this chapter, it was demonstrated that UMOD 

excretion rate remains consistently low during longer-term salt loading periods. The key 

difference between the present study and the study with C57/Bl6 mice (Olinger et al., 

2019) is the concentration of salt used. The concentration of 1% salt was chosen as it is 

more physiologically relevant and those not induce severe kidney damage (demonstrated in 

Chapter 4). Moreover, there is a lack of influence of this salt concentration on systolic 

blood pressure in the WKY rats. Albeit the difference in effects of salt on UMOD 

excretion may be species-dependent. However, it would be prudent to reduce urinary 

UMOD levels from a physiological standpoint as a form of negative feedback, as a way to 

reduce hyperosmolarity in the urine caused by higher NaCl concentrations as a result of 

consistent salt loading.  

It may be expected that the extent of reduction of urinary UMOD excretion rate may differ 

between long-term salt loading carried out in the present chapter and intermittent salt 

loading in the previous chapter (Chapter 4). UMOD excretion in the salt group of the 

intermittent salt study was 0.001mg/h (0.024mg/day) compared to controls (0.003 mg/h or 

0.072mg/day). Interestingly, when compared to the long-term salt study, rats of the same 
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age (14-weeks old) showed an identical reduction in urinary UMOD excretion rate in the 

salt group (0.001mg/h or 0.024mg/day) compared to control rats (0.003 mg/h or 

0.072mg/day). In both cases, this is a 66.6% reduction in the urinary UMOD excretion 

rate. From this, it may be concluded that a reduction of this magnitude for the most 

abundant protein found in the urine of healthy individuals must impact renal physiology in 

a considerable way. And thus, highlighting the importance of studying UMOD as a marker 

of effects of salt loading on the kidneys.  

The fact that the reduction in urinary UMOD excretion rate is a specific effect of salt is 

underlined by the lack of change in the secretion of another TAL protein, specifically EGF 

(Zeng et al., 2009). The exact molecular mechanisms that are influenced by salt in the TAL 

are not yet understood. However, it is likely that this an NKCC2-independent mechanism 

as the UMOD-GFP MDCK cells studied here demonstrate a decrease in UMOD secretion 

even though they lack NKCC2 expression. The factors involved in retaining UMOD in the 

ER require further investigation. However, it may still be argued that osmotic pressure 

changes as a result of variations in NaCl concentrations could be responsible for lowering 

UMOD secretion by the TAL. The data on the UMOD-GFP MDCK cells indicates 

otherwise, whereby osmolarity was controlled with mannitol, which showed no influence 

on the secretion of UMOD. The quick action of salt on UMOD secretion in these cells, 

with a difference found after 18 hours, could reflect the importance of sodium handling by 

cells and the role UMOD plays in this. It seems more logical, therefore, that reduction in 

UMOD excretion observed in the normotensive setting is a result of a direct effect of salt 

on the epithelial cells of the TAL and occurs irrespective of blood pressure or kidney 

injury factors. This further supports the findings discussed in Chapter 3 and 4. Of note is 

the unilateral effect of salt on UMOD trafficking (i.e., an apical trafficking rather than a 

basolateral), given that serum UMOD levels were unaffected. It may also suggest a 

different trafficking pathway for basolateral secretion of circulating UMOD. Circulating 

UMOD has a consistent inverse relationship with hypertension (Wang et al., 2021). It may 

be hypothesised that serum UMOD excretion will only be changed as a protective measure, 

as would be prevalent in a pathophysiological scenario (e.g., with kidney injury). However, 

this is not the case with the WKY rats studied here.  

High dietary salt intake increases vascular oxidative stress and contributes to renal damage 

via increased inflammation (Di Castro et al., 2013, Sironi et al., 2001, Gigante et al., 2003). 

Since sodium loading influences the pH and redox potential, and these are critical in the 

correct folding of proteins in the ER (Merksamer et al., 2008). Therefore, it may be 

proposed that prolonged sodium-loading is a contributor to the misfolding of UMOD. In 
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normal physiological conditions, these proteins are degraded by ER-associated degradation 

system (Meusser et al., 2005). However, in periods of continued exposure to sodium, as 

would be the case for the long-term salt study rats, this system may be overwhelmed. ER 

chaperone BiP recognises misfolded proteins derived from ribosomes during translation 

causing their degradation through the ERAD pathway (Cesaratto et al., 2019). The increase 

in BiP in the WKY exposed to long-term salt loading may be a protective response, as to 

prevent negative effects of UMOD accumulation. It stands to reason that were this 

accumulation of misfolded UMOD to continue, under continued salt stress, that this would 

contribute to overwhelming of the system and eventual kidney damage.  

Another major hypothesis of this study postulated that long-term salt loading would change 

the phenotype of normotensive models to that of the hypertensive SHRSP seen in our 

previous study with 3 weeks of salt loading (Chapter 3). The oxidative environment of the 

ER is primed for the formation of disulphide bonds, and UMOD with 24 disulphide 

linkages requires these conditions for its proper folding. PDI is reduced following the 

acceptance of electrons form cysteine residues and is known to accumulate during ER 

stress (Tu et al., 2000). The data exhibited here appears to indicate early signs of transition 

into this state by the long-term salt loaded WKY rats. PDI has been reported to act as a 

redox-dependent switch, by functioning as a chaperone rather than a disulphide isomerase 

in its reduced state, which occurs during ER stress (Tsai et al., 2001). The increasingly 

reduced ER environment in the long-term salt exposed animals may act as a switch for PDI 

towards chaperone activity in order to regulate misfolded UMOD. Studies in hepsin-

deficient mice treated with high salt for 2 months with increased misfolded UMOD in the 

ER also reported higher BiP and PDI expression (Olinger et al., 2019). A possible outcome 

of long-term salt loading may be a trigger of early deleterious processes in the kidneys of 

normotensive WKY. These processes accumulate to the point of renal injury, as seen in the 

chronic hypertensive SHRSP (Chapter 3). This is a novel perspective on renal disease 

mechanisms that might occur in hypertensive patients. Although blood pressure remained 

unaffected by salt in the normotensive models, UMOD may be indirectly contributing to 

blood pressure increases in salt-loaded chronic hypertensive models. Chronic hypertensive 

models may have increased UMOD retention and greater lag periods in ER processing. 

Real-time imaging of UMOD in both normotensive and hypertensive cells exposed to salt 

would be key to the molecular understanding of UMOD trafficking in these conditions.  

There are a number of caveats to the findings of this chapter that require addressing. It is 

still unclear which molecular signalling pathways are involved in regulating UMOD 

trafficking and how exactly salt is impacting them. Further mechanistic studies using the 
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normotensive WKY rat model in combination with the UMOD-GFP UMOD expressing 

cell line will be crucial to uncovering the molecular detail behind the interaction of salt and 

UMOD. There is also availability for further investigation with regards to reversibility of 

long-term salt loading effects. The phenotype of ER-accumulated UMOD may be 

rescuable, as was seen to some extent in the intermittent salt study (Chapter 4). This would 

also have implications for therapeutic interventions in hypertension. While there were salt-

induced functional changes in the form of attenuated UMOD excretion, there are no 

obvious renal structural changes, highlighting the dynamic regulation of UMOD in 

response to salt. A speculation of a possible sequence of events are: Salt → (ER stress → 

UMOD accumulation)/ (UMOD accumulation → ER stress) → Kidney damage. Further 

experiments defining the relationship between ER stress and UMOD will be necessary. 

This will involve further use of the UMOD-GFP UMOD-expressing cell model, to inhibit 

certain parts of the ER stress pathways using toxins and small molecular inhibitors. 

Finally, the findings are somewhat limited by lack of access to human cohorts, which 

would greatly improve translatability. To this date, however, no such clinical trial is 

available.  

To summarise, this chapter highlights the progressive effect that salt has on UMOD and 

renal physiology in a normotensive background. Only after continued salt exposure over a 

longer period of time, in combination with ER accumulation, is an ER stress response 

triggered. Importantly, UMOD is only one of many points of impact following long 

exposure of salt, even at a physiological concentration. These need to be considered when 

considering multifactorial diseases such as hypertension. Unravelling the signalling 

components involved in salt and UMOD trafficking would hold great promise for future 

therapeutic targets, not only in hypertension but also other kidney-related diseases such as 

CKD. 
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Chapter 6: Cell Culture Models for Studying UMOD 

Expression 

6.1 Introduction 

The secretion of UMOD from TAL cells is a complex process that involves several 

molecular mechanisms, including intracellular trafficking, post-translational modification, 

and exocytosis (Boder et al., 2021, LaFavers et al., 2022). However, the molecular 

mechanisms involved in UMOD secretion from TAL cells are not fully understood, and 

one of the main challenges in studying this process is the lack of suitable cell models. 

Currently, there are limited options for studying TAL cell biology in vitro, and many 

studies have relied on primary cultured cells or immortalized cell lines that may not fully 

recapitulate the complexity of the in vivo system (Grunewald et al., 2001, Olinger et al., 

2019, Bourgeois et al., 2003, Glaudemans et al., 2014). 

Recent studies have attempted to address this challenge by generating more 

physiologically relevant in vitro model systems, such as by using organoids or co-culture 

systems (Garreta et al., 2018, Ward et al., 2011). These model systems have the potential 

to provide a more accurate representation of the in vivo TAL cell microenvironment and 

may therefore help to elucidate the molecular mechanisms of UMOD secretion. Despite 

these recent advancements, further research is needed to fully understand the molecular 

mechanisms involved in UMOD secretion from TAL cells. Improved in vitro models, 

along with advances in imaging and molecular biology technologies, will be critical in 

advancing our understanding of this process and its role in kidney function. 

In this chapter, the aims were to characterize and assess two cell models for the molecular 

mechanistic study of UMOD trafficking and secretion from TAL cell: 1) primary mTAL 

cells and 2) immortalized UMOD-YFP expressing 293FT cells. It was hypothesized that 

primary mTAL cell epithelial cells isolated from kidneys of WKY rats would express and 

secrete UMOD. It was postulated that salt incubation can influence UMOD trafficking in 

the primary mTAL cells, similar to what was observed in vivo in previous chapters. In 

addition to this, this chapter aimed to generate a novel inducible cell line based on 293FT 

cell line (based on a human embryonic kidney cell background) that expresses UMOD 

tagged with YFP as a fusion protein. Production of the plasmid expression vector 

expressing UMOD-YFP and expression patterns in the 293FT cells are outlined sand 

characterized here.  
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6.2 Materials and Methods 

General Materials and Methods can be found in Chapter 2.  

6.2.1 Medullary Thick Ascending Limb Tubules 

6.2.1.1 Dissection and culture of primary mTAL cells 

mTAL tubules were isolated from kidneys harvested from 5-week old male WKY rats. The 

kidneys were immediately stored in filtered HEPES-Buffered Hank’s Balanced Salt 

Solution (pH 7.4, GIBCO HBSS, ThermoFisher Scientific, UK) supplemented with 

NaHCO3 (25mM) and kept on ice. For each kidney, the medulla region was excised and 

placed into filtered Collagen Type IV Collagenase (Sigma-Aldrich, UK) dissolved in 

HBSS pH 8.4 (ThermoFisher Scientific, UK) where it was cut into smaller pieces using 

surgical blades to assist digestion and cell detachment. This solution was incubated at 37°C 

using a water bath for 10 minutes. The supernatant was removed and added to cell culture 

grade BSA pH 7.4 (Sigma-Aldrich, UK) dissolved in HBSS. Collagenase incubation was 

repeated until the medulla pieces were fully digested. The tubule suspension was then 

centrifuged at 200xg for 10 minutes and the pellet resuspended in HBSS. This solution was 

the filtered through a 53µm nylon mesh (Cole-Parmer, USA) using HBSS for size 

exclusion of the TAL tubules. The TAL tubules on the nylon mesh were then washed with 

HBSS, and the subsequent solution centrifuged at 500xg for 10 minutes. The resulting 

pellet was then resuspended in Renal Epithelial Growth Medium (REGM) (Lonza, UK) 

with 10% Foetal Bovine Serum (FBS). The cells were cultured on 6-well plates coated in 

Poly-D-Lysine (ThermoFisher Scientific, UK). Primary cells were incubated at 37ºC at 5% 

CO2 for five days or three days, respectively, until a confluent primary mTAL epithelial 

cell monolayer was formed. A media change was conducted every 48 hours, whereby the 

media was extracted at stored at -80ºC. 

6.2.1.2 Imaging of mTAL Primary Cells 

Primary mTAL cell cultures were imaged using the EVOS XL Core Cell Imaging System 

(Thermo Fisher Scientific) with a 20X objective. Acquisition parameters were kept 

identical for all cultures. Images were processed using ImageJ software.  

6.2.2 Transgenic UMOD expressing FT-293 Cells 

6.2.2.1 Cell Line Culture 

All cell culture experiments were performed in a Biological Safety Class II vertical laminar 

flow cabinet using sterile techniques. A phase contrast inverted microscope was used to 
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examine cultures to confirm the absence of contamination and check the confluence. Flp-

In™ T-REx™ 293 cells (293FT, based on Human Embryonic Kidney 293 cells, Thermo 

Fisher Scientific, UK) were generously provided by Prof William Fuller (University of 

Glasgow). 293FT cells were maintained between passages 5 and 30 in T75 flasks in a 

humidified incubator (37°C and 5% CO2). Cells were passaged between 80-90% 

confluence to prevent contact inhibition by aspirating the media and washing with pre-

warmed sterile phosphate buffered saline (PBS). Cells were passaged by incubation with 

0.05% Trypsin-EDTA for 2 minutes. The flasks were gently tapped to dislodge the cells 

and the trypsin was neutralised by addition of the cell culture medium (Dulbecco’s 

Modified Eagle Medium (DMEM), 10% foetal bovine serum (FBS), 1% 

penicillin/streptomycin). The cells were then centrifuged for 3 minutes at 1000 rpm, before 

the remaining supernatant was aspirated, and the pellet suspended in fresh cell culture 

medium. This was to enable transfer of cells to new flasks or plates. After experimentation, 

plates were washed with PBS before RIPA lysis buffer (Appendix 8.1.1.5) for each 

experiment was added. For freezing, the pellet of the cells was resuspended in freezing 

medium (90% cell culture medium, 10% dimethyl sulfoxide (DMSO) and kept in -80°C.  

6.2.2.2 Primer Design 

The primers used in a PCR reaction can be used to replicate DNA. It is utilised in this 

study to amplify the UMOD-Yellow Fluorescent Protein (YFP) plasmid. The primers were 

designed by Prof William Fuller and prepared by Eurofins (Table 6.1). Primers were 

designed using Takara’s In-Fusion primer design tool which incorporates overlapping ends 

to the primers to allow the plasmid to be re-circularised or two products to be fused 

together. These are resuspended in nuclease free water to a stock concentration of 100 µM 

and used with CloneAmp HiFi PCR kit (Takara Bio, EU).  
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 Table 6.1 Primers for production of the UMOD-YFP plasmid. 

 

6.2.2.3 Production of the UMOD-YFP plasmid 

The cloning strategy for the final UMOD-YFP plasmid product was as follows; the human 

UMOD transcript 1 is inserted into the backbone of the pcDNA5 FRT/TO Flp-In 

expression vector (Invitrogen), specifically between bases 970 and 1335. The In-Fusion 

HD Cloning Kit (Takara Bio, EU) was used to ligate all these products together after 

Oligo 

Name 

Sequences Length 

(Bp) 

GC% Tm (°C) Gene-Specific Tm 

(°C) 

pcDNA5-F CTCGAGTCTA

GAGGGCCCG 

19 68 63.3 63.3 

pcDNA5-R AACGCTAGA

GTCCGGAGG

CT 

20 60 65.2 65.2 

UMOD-F AGCCTCCGG

ACTCTAGCGT

TGCAGAAAG

GATGGGGCA

GC 

39 62 77.3 63.8 

UMOD-R TGCTCACCAT

CTGAAAAGT

CAGGGTCAA

GGTGG 

33 52 72.3 63.3 

YFP-F GACTTTTCAG

ATGGTGAGC

AAGGGCGAG

G 

29 55 70.7 64.8 

YFP-R ACGGGCCCT

CTAGACTCG

AGTTATCTAG

ATCCGGTGG

ATCCCGG 

44 59 72.2 64.9 
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separate PCR amplification. The human UMOD transcript 1 (NM_03361.3) was obtained 

from GeneScript (OHu21261; in the pcDNA3.1-C-(k)DYK plasmid backbone. The YFP 

transcript was encoded in the pEYFP-C1 plasmid. The final ligated UMOD-YFP pcDNA5 

FRT/TO plasmid encodes the UMOD-YFP fusion protein.  

In all cases, the plasmid DNA was linearized using forward and revere primers (see Table 

6.1) and CloneAmp Hifi PCR premix (containing dNTPs and DNA polymerase). This was 

run on the Thermal Cycler on the following programme (Table 6.2). 

Table 6.2 Thermal Cycler Programme for DNA amplification of UMOD-YFP products. 

Step Temperature Time Cycle 

Hot start 98°C 2 minutes 1 

Denaturation 98°C 10 seconds  

35 Annealing 65°C 15 seconds 

Extension 72°C 5 seconds per kb of 

plasmid 

Cooling 4°C Hold ∞ 

 

Following the PCR reaction, the mix was incubated with DpnI enzyme (37°C, > 3 hours) 

to remove parental DNA. A PCR Clean Up Kit (Qiagen, UK) was used to remove excess 

buffer, enzymes, and primers from the reaction mix. The purified, linearized PCR product 

was then re-circularised to produce a functional plasmid by incubation of 200ng of PCR 

product (combined with a molar excess of each insert according to the manufacturer’s 

instructions) with In-Fusion HD Enzyme Premix at 50°C for 15 minutes. This is then kept 

on ice before transformation. Combination of the PCR products with the In-Fusion HD 

Enzyme Premix allows fusion of the products into one circularised plasmid product (Figure 

6.1).  
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Figure 6.1 The UMOD-YFP insert in the pcDNA5-FRT/TO backbone vector.  

The pcDNA FRT/TO backbone plasmid contains the human UMOD transcript 1 open reading frame (ORF) with a 

Yellow-Fluorescent Protein (YFP) ORF at its C-terminal. Within this 7415 basepair (bp) plasmid are also encoded, 

ampicillin resistance gene (AmpR) and the Hygromycin resistance gene (HygrR). The tetracycline inducible operator 

(tet) is present to induce expression of UMOD-YFP fusion. The various available sites for restriction enzymes are shown. 

This image was created using SnapGene visualisation software. 

6.2.2.4 Bacterial Cultures 

All bacterial work was carried out under sterile conditions by keeping items under close 

proximity to a Bunsen flame. Tips, stripettes, and spreaders were sterilised where possible 

before use. For cultural maintenance Ampicillin (100µg/mL) and Kanamycin (50µg/mL) 

were thawed on ice. These were added to L-Agar and Luria-Bertani (LB) broth. Plates and 

cultures were stored at 4°C. 

6.2.2.5 Transformation of chemically competent cells 

Stellar (Takara Bio) chemically competent cells were thawed on ice prior to incubation 

with the plasmid DNA. The cells and DNA were gently mixed and incubated for 30 

minutes on ice, gently agitating every few minutes. The cells were incubated at 42°C for 

30 seconds to encourage DNA uptake (transformation), after which cells were given a 

recovery period on ice for 5 minutes. The transformed cells were grown in S.O.C. medium 
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(ThermoFisher Scientific, UK) and incubated at 37°C with orbital shaking at 200xg for 1 

hour. These cells were then spread onto Agar plates with the respective antibiotic before 

inverted overnight incubation at 37°C.  

Positively transformed cells were selected by the presence of clear, individual colonies. 

These were isolated with sterile pipette tips and used to inoculate 5mL of Luria-Bertani 

(LB) (ThermoFisher Scientific, UK) broth with the respective antibiotic for 18 hours in a 

shaking incubator (200xg, 37°C). After inoculation, bacteria were either harvested for mini 

prep and/or transferred to a larger culture for midi prep (see Plasmid Preparation). 

Overnight cultures were stored as glycerol stocks (1mL of culture suspension in 50% 

glycerol in sterile water) and snap frozen with dry ice. These were then stored in -80°C for 

long-term storage.  

6.2.2.6 Plasmid Preparation 

To amplify plasmid DNA, DNA from individual bacterial colonies was prepared using 

Qiagen Plasmid Mini/Midi Prep Kits (Qiagen, UK). The bacterial culture was pelleted in a 

high-speed centrifuge (3200xg for 20 minutes) followed by lysis, neutralisation and 

precipitation with appropriate buffers provided by the kit. The lysate containing the 

plasmid DNA is cleared by centrifugation. The supernatant is then collected and 

transferred to a resin that binds the plasmid DNA. The subsequent bound DNA is washed 

via vacuum manifold before it was eluted in Tris-EDTA buffer (10mM Tris-Cl, 1mM 

EDTA; pH 8.0). The concentration of DNA and the purity was determined by NanoDrop 

2000 spectrophotometer (Denovix) by measuring absorbance at 260nm. This was used to 

calculate the concentration in ng/µL and the DNA purity with A260/A280 ratio. These 

were then stored at -20°C.  

6.2.2.7 Agarose gel electrophoresis 

In order to check the ligation products and successful amplification of DNA, the samples 

were resolved according to their size. Also, the products were compared to the parental 

plasmids to check proper ligation. The agarose gels (1% w/v) were prepared in Tris-

acetate-EDTA buffer (40mM Tris-Base, 20mM Acetic Acid, 1mM EDTA in dH2O, pH 

8.5) and boiled until dissolved. To visualise the products, double-stranded DNA was 

stained with addition of SYBR Green 1 Nucleic Acid Gel Stain (0.1µL/mL). The gel was 

set at room temperature for 10 minutes, after which the sample were added (final 

concentration of 150-300ng). The gels were run at 100V for 1 hour (BioRad, UK). The 

gels were visualised using the BioRad Imaging System and Quantity One software 
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(BioRad, UK). Plasmids were sequenced using gene specific primers and Eurofins 

TubeSeq Service to confirm sequence ligation.  

6.2.2.8 Stable cell generation 

Flp-In™ T-REx™ 293 (293FT) Cell Lines (Thermo Fisher Scientific, UK) were 

transfected with the FRT/TO-UMOD-YFP the day after plating using Lipofectamine 2000 

Reagent (Invitrogen, #10696153) according to manufacturer’s instructions in 6-well plates. 

This is achieved via the Flp-In system and Flp-mediated recombination (Figure 6.2). The 

pCDNA5-FRT/TO expression vector with UMOD-YFP is cotransfected with the pOG44 

plasmid into the Flp-In FT-293 cell lines at 3 different ratios (high: 12μg pOG44 + 1µg 

pcDNA5-FRT/TO, medium: 9μg pOG44 + 1µg pcDNA5-FRT/TO, and low: 5μg pOG44 + 

1µg pcDNA5-FRT/TO). The Flp recombinase from pOG44 catalyses homologous 

recombination event between the FRT sites in the host cells and the pcDNA5/FRT 

expression vector. This integration confers Hygromycin resistance and Zeocin sensitivity. 

The Lipofectamine 2000 Reagent was added at a volume of 3µL to a 12-well plate to Opti-

MEM. In a separate 1.5 mL Eppendorf tube, 1µg of plasmid DNA was added to 125μL of 

Opti-MEM. These were incubated at room temperature for 5 minutes, before the 

combining both solutions in the wells of the 12-well plate. This was left to incubate at 

room temperature for 30 minutes. The resulting transfection mixture was added to the FT-

293 cell culture in the 6-well plates in a dropwise manner and left to incubate for 24 hours 

at 37°C.  
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Figure 6.2 Diagrammatic Representation of The Flp-In System 

Diagram of explaining the key steps in the Flp-In System (ThermoFisher Scientific, UK). In this system, the 

pFRT/lacZeo site is transfected into the HEK-293 cells the generate the stably expressing Flp-In™ T-REx™ 293 Cell 

Lines (ThermoFisher Scientific, UK). Following this, the pcDNA5/FRT expression vector containing the gene of interest 

(GOI), in this case: UMOD-YFP) is co-transfected alongside pOG44 into the Flp-In™ T-REx™ 293 Cell Line. The Flp 

recombinase enzyme expressed in the pOG44 catalyses the homologous recombination of FRT sites between the host cell 

and expression vector. Integration of this plasmid construct into the host genome confers hygromycin resistance and 

ZeocinTM sensitivity following transcription of the gene of interest (GOI). PSV40, mutated SV40 early promoter that 

controls expression of hygromycin resistance; ATG, initiation codon of the InvitrogenTM lacZ-ZeocinTM fusion gene; 

FRT, Flp Recombination Target; Amp, Ampicillin Resistance Gene; pUC ori, origin of replication; BGH pA, BGH 

polyadenylation signal; pCMV, CMV promoter that controls stable expression of the GOI. Image was adapted from 

ThermoFisher Scientific, UK. 

The ratio of pcDNA5 and pOG44 that shows the most viability under an inverted 

microscope is then subcultured into a T25 flask using Trypsin/EDTA. Successfully 

transfected FT-293 cells were grown in DMEM media (as mentioned earlier) and selected 

for by addition of 50µL of Hygromycin stock (100mg/mL) after 4-5 days. Growth is 

monitored daily under phase contrast inverted microscope. Once visible colonies form, 

75µL of Blasticidin stock (10 mg/mL) is added to the DMEM with Hygromycin 

(concentration 50μg/mL).  

For induction of UMOD-YFP expression, cells were administered 1:1000 tetracycline 

HCL (10mg/mL stock) to the working DMEM once cells had reached 80% confluence. 

This was maintained for 24 hours at 37°C. See individual chapter methods for further 

analyses performed on these cells. 
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6.3 Results 

6.3.1 Characterisation of primary TAL cell lines 

A series of optimisation experiments were performed to ensure optimum growth of 

primary mTAL cells in culture. We observed that primary mTAL cells cannot grow in 

culture flasks and prefer growth on 6-well or 12-well plates coated with a poly-D-lysine 

substrate. In addition, these cells cannot be subcultured, whereby conditions of 

trypsinisation causes cell death. In terms of conditions of growth, it was observed that 

these cells prefer growth on a poly-d-lysine substrate. The cells grow into a confluent 

monolayer after 3-5 days in culture, with an optimum concentration of 10% FBS. The 

speed of confluency may be influenced by the type of media used, specifically REGM 

media produced by PromoCell was found to be most efficient, with cells reaching 

confluency in 3 days. Overnight or 2-hour starvation periods prior to salt loading is 

impossible due to increased stress of cells and was thus discontinued. The primary mTAL 

culture begins as individual tubules in suspension (Figure 6.3), before outward expansion 

of epithelial cells and dome structure formation at day 2 (Figure 6.3), and ultimately 

resulting in confluent monolayers by joining of dome structures at days 3-5 (Figure 6.3).  

Figure 6.3. Characterisation of the growth of primary mTAL epithelial cell cultures over 5 days.  

Inverted phase-contrast microscope images of mTAL primary cell cultures at various stages (day 1 to day 5) of their 

growth in vitro. At day 0, white arrows highlight the individual tubules floating in suspension after isolation from the 

medullary region in kidneys of 5-week-old WKY rats. Day 2 shows the expansion of epithelial cells growing outwards 

from the initial tubules and forming characteristic dome structures. Day 3-5 exhibits the joining of these dome structures 

and reaching of confluency of the mTAL epithelial cells. At day 5, the cells have reached 90-100% confluency and form 

a monolayer. At this stage, cells would be incubated with compounds, such as NaCl or calcium, for testing. Images are 

taken at 20X magnification and scalebar is equivalent to 100µm. 

It has previously been demonstrated that calcium and the G-protein coupled receptor 

calcium-sensing receptor (CaSR) plays a key role in the excretion of uromodulin by the 
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TAL (Tokonami et al., 2018a). To determine optimum composition of calcium in the 

media for growth of the primary mTAL cells, we performed optimisation experiments with 

a range of extracellular calcium concentrations. An initial characterisation study revealed 

no major changes in mTAL cell morphology following NaCl loading with no calcium 

(0mM), physiological calcium (1mM) or higher calcium levels (3mM) compared to pre-

incubation images Figure 6.4 Given that 1mM of calcium is considered the typical 

physiological concentration (Bagur and Hajnóczky, 2017), this concentration was chosen 

for future experiments.  

 

Figure 6.4. Calcium at varying concentrations does not influence the morphology of primary mTAL epithelial cell 

cultures.  

Inverted phase-contrast microscope images of mTAL primary cell cultures incubated with calcium (0, 1, and 3mM) for 4 

hours. There are no major differences in the cells after the calcium incubation period. Images are taken at 20X 

magnification and scalebar is equivalent to 100µm. 
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6.3.2 Effect of salt stress on UMOD secretion from primary TAL cells 

To determine the effects of salt stress on mTAL primary cells, confluent primary mTAL 

cells were exposed to media with an increased salt content (+154mM NaCl) for 4 hours 

and compared to controls that received basal media. An increased salt concentration 

resulted in gross morphological changes in the cell monolayer relative to controls, with 

large gaps present between cells and increased cell debris (Figure 6.5). This would suggest 

that the cells are undergoing significant stress.  

 

Figure 6.5. Salt stress alters the morphology of primary mTAL epithelial cells.  

Inverted phase-contrast microscope images of mTAL primary cell cultures incubated with salt (an additional 154mM to 

the NaCL found in the basal media) for 4 hours. The control received only basal media. The salt-incubated cells show a 

change from a typical polygonal shape with a centrally located nucleus (cuboidal epithelial cells) observed in the controls 

to stretched out cells with large gaps in the monolayer. This is indicative of stress in the cells. Images are taken at 20X 

magnification and scalebar is equivalent to 100µm. 

To analyse the effects of salt stress on UMOD protein expression and trafficking, mTAL 

primary cells were subfractionated into membrane and cytosolic fractions. There was no 

statistically significant difference in UMOD protein levels in the membrane fraction after 

salt stress (Figure 6.6). However, the proportion of UMOD in the cytosol was significantly 

lower in the salt exposed cells compared to the controls (26.82 ± 7.14 vs. 68.70 ± 4.02, 

p<0.05) (Figure 6.7). This would suggest a retention of UMOD in the cells of the salt-

stressed mTAL cells.  
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Figure 6.6. Salt incubation does not alter UMOD protein levels in the plasma membrane of primary mTAL 

epithelial cells.  

Primary mTAL epithelial cell cultures were subjected to 4 hours of higher salt concentrations in the media (+154mM 

NaCl on top of basal content, Salt) or basal media (Control). Cells were lysed and subfractionated into plasma membrane 

portions of the cells. Representative Western blot images are shown for immunoblots for UMOD. The UMOD signal was 

normalised to total protein stain (Revert700).  
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Figure 6.7. Salt incubation lowers UMOD protein levels in the cytosol of primary mTAL epithelial cells.  

Primary mTAL epithelial cell cultures were subjected to 4 hours of higher salt concentrations in the media (+154mM 

NaCl on top of basal content, Salt) or basal media (Control). Cells were lysed and subfractionated into cytosolic portions 

of the cells. Representative Western blot images are shown for immunoblots for UMOD. The UMOD signal was 

normalised to total protein stain (Revert700).  

To characterise the suitability of primary mTAL cells as a model for the molecular study of 

UMOD, the expression of UMOD was monitored over several passages. There was a 

considerable reduction in the expression of UMOD with the higher passage number, 

reaching to almost undetectable delta Ct values at p8 (Ct 34 (Figure 6.8). This would imply 

that UMOD expression is lost during subculturing. 
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Figure 6.8. Primary mTAL epithelial cells have reduced UMOD mRNA expression with increasing passage 

number. 

The graph shows UMOD mRNA expression levels in primary mTAL epithelial cells at varying subculturing stages 

(p=passage number). UMOD mRNA expression is normalised to GAPDH housekeeping expression. 

6.3.3 Characterisation of HEK UMOD-YFP cell line 

Since the primary mTAL cell line was not suitable for the molecular study of UMOD, a 

separate cell model was required with stable expression of UMOD. For this reason, a 

transgenic UMOD expressing 293FT cell line was generated. The details of the generation 

of the UMOD expressing 293FT cells can be found in the methods section (Section 6.2.2). 

Following amplification of YFP, UMOD, and pcDNA5 FRT/TO Flp-In expression vectors, 

the appropriate products was confirmed by band size on agarose gels (Figure 6.9). The 

UMOD band size corresponded to 2kb, whereas YFP at 0.8kb (Figure 6.9). The pcDNA5 

FRT/TO vector corresponded to approximately 5500kb (Figure 6.9). These all aligned with 

their expected sizes.  
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Figure 6.9. Agarose gel confirming PCR products of YFP, UMOD, and pcDNA5 FRT/TO expression vectors.  

A 1% agarose gel was used for the separation of the PCR products by size, with the ladder on the left-hand side 

representing markers in base pairs (bp). Gel was stained with SYBR Green 1 Nucleic Acid Gel Stain. The FRT/TO 

plasmid band corresponds to 5500 bp, the UMOD cDNA is 2000 bp in size, and the YFP band is 800 bp.  

 

Following amplification of the vectors and inserts, as well as In-Fusion ligation of the 

resulting PCR products, the ligated UMOD-YFP vector was amplified using E. coli 

StellarTM competent cells after transformation. After confirmation of correct plasmid 

amplification with colony PCR, whereby DNA is extracted from the E. coli and resolved 

on an agarose gel (resulting band is 3 kilo basepairs (kbp) larger than the pcDNA5 

FRT/TO vector), the DNA was further amplified using Mini and Midi Prep. Next, the 

UMOD-YFP plasmid was transfected into 293FT cells, which allow transient expression of 

the human UMOD-YFP fusion protein upon tetracycline induction. To test for successful 

transformation of 293FT cells, an immunoblot for UMOD was conducted and the 
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appropriate size band at 115kDa was detected (Figure 6.10). Similarly, to check that the 

YFP was indeed fused to UMOD, an immunoblot was performed and the band size of 

115kDa observed (Figure 6.10). This would suggest that UMOD-YFP was being 

successfully expressed from the 293FT cells.  

 

Figure 6.10. Confirmation of expression of UMOD-YFP fusion protein in 293FT lysate after induction with 

tetracycline.  

Western blot for UMOD (labelled “umod”) and YFP (labelled “gfp”) using protein lysate of UMOD-YFP expressing 

293FT cells after induction by 24 hours incubation with tetracycline. Protein marker and relative sizes in kDa are shown 

in the centre of the image. Blue arrows point to the band that represents UMOD-YFP.  

To further confirm successful transfection and induction of UMOD-YFP expression in the 

293FT cells, an immunofluorescence analysis for YFP fluorescence was performed (Figure 

6.11). There were roughly 40% successfully transfected cells based on fluorescence 

analysis alone (Figure 6.11), which is to be expected for transient transfection. Therefore, 

the next stage was to generate stably expressing UMOD-YFP 293FT cells.  
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Figure 6.11. Immunofluorescence analysis confirms UMOD expression in tetracycline-induced UMOD-YFP 

293FT cells after transient transfection.  

Representative immunofluorescence image showing YFP (green) representing UMOD expression in tetracycline-induced 

293FT cells after transfection with the UMOD-YFP expression vector. Image at 40X magnification and scale bar 

represents 50μm.  

The Flp-InTM recombination system was utilised and is detailed in the methods section 

(Section 6.2.2). Briefly, the system uses homologous recombination to integrate the 

UMOD-YFP expression vector into the genome of the 293FT cells, as well as conferring 

Hygromycin antibiotic resistance to the cells to allow for selection. Immunofluorescence 

analysis for UMOD was performed after tetracycline induction for 24 hours on positively 

selected 293FT cells. There was a clear pattern of expression of UMOD in the cytosol of 

the cells and near the ER, as proven by overlap with the ER marker calnexin (Figure 6.12). 

The negative control without tetracycline induction showed no UMOD expression, which 

suggests UMOD expression is selective and inducible.  
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Figure 6.12. Stable expression of UMOD in 293FT cells after Flp-InTM recombination of the UMOD-YFP vector. 

Confocal imaging of 293FT cells that are stabling expressing the integrated UMOD-YFP expression vector under a 

tetracycline promoter. UMOD (green), the ER marker calnexin (red), nuclear DAPI staining (blue) and an overlay of both 

UMOD + calnexin (yellow) signals are shown. Representative images are shown of cells incubated with tetracycline for 

24 hours (“Tetra(+)”) and without (“Tetra(-)”). Images were taken at 40X magnification and scale bar represents 50µm.  

 

6.4 Discussion 

The previous chapters focused on establishing the relationship between UMOD trafficking 

and salt but lacked a suitable cell model for further molecular studies. The characterisation 

studies with primary mTAL epithelial cells in this chapters have demonstrated the 

challenges stemming from their culture and the stability of their expression of UMOD. 

Exposure of salt to primary mTAL cells has an opposite effect on UMOD compared to in 

vivo findings shown in earlier chapters, whereby its trafficking to the membrane is 

increased. This is paralleled by significant changes in cell morphology. The fact that 

UMOD expression is lost with subculturing of primary mTAL cells makes them unsuitable 

models for the molecular mechanistic studies of UMOD. Instead, a transgenic cell model 

was generated: UMOD-YFP expressing 293FT cells. This model offers the ability to 

induce UMOD expression via tetracycline at user-defined timepoint. Moreover, YFP-tag 

enables multiple experimental advantages, from live cell imaging to immunoprecipitation 

assays. 

Our study has started to unravel the effect of extracellular regulators on UMOD secretion, 

in this case calcium. We demonstrate that calcium has no effect on mTAL cell 

morphology. Prior studies have associated apical calcium-sensing receptor (CasR) 
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signalling has with the secretion of uromodulin in mTAL (Tokonami et al., 2018a). More 

specifically, mice with activating mutations in CaSR showed a lower urinary secretion of 

UMOD, whereas mice with inactivating mutations in the receptor had enhanced UMOD 

secretion (Tokonami et al., 2018a). Therefore, further investigations into the CaSR 

signalling mechanisms and their involvement in the UMOD secretory pathway will be 

necessary using the primary mTAL cell model. It will be important to consider and 

regulate calcium levels in media compositions of cell models for the molecular study of 

UMOD secretion. 

The drastic changes in mTAL morphology upon salt incubation clearly demonstrates stress 

and does not match physiological conditions. Salt stress can cause significant damage to 

renal cells by disrupting homeostasis and inducing apoptosis. Exposing renal cells to high 

salt concentrations induces oxidative stress, leading to cellular damage, apoptosis, and 

inflammation  (Araujo and Wilcox, 2014). Other studies have shown that high salt 

concentrations also affect the cellular functions of renal cells, such as ion transport and 

protein synthesis (Barnett et al., 2022, Wang et al., 2016). (It is likely for these reasons that 

drastic changes in mTAL primary cell morphology are observed, even within the short 

time frame of 4 hours. Although, TAL tubules are exposed to higher osmotic pressures in 

vivo, reaching up to 1200 mOsm/kg in TAL at the tip of the medulla in humans (Zacchia et 

al., 2018) compared to the 600 mOsm in the cell culture experiments performed in this 

chapter . It is likely that the 3D environment and tissue organisation are contributing to the 

higher osmotic pressure resistance in vivo (Kourouklis et al., 2023). In this regard, the 2D 

primary mTAL cell model are not suitable for the molecular mechanistic studies of the 

effects of salt on UMOD trafficking.  

A significant disadvantage to primary mTAL cells is the loss of UMOD expression with 

passaging. The transgenic UMOD-YFP expressing 293FT cell model generated here offers 

a suitable solution to this challenge. The cell model is inducible and UMOD is 

fluorescently-tagged, which would lend itself to live cell tracking experiments 

(Wiedenmann et al., 2009). This would greatly enhance the understanding of UMOD 

trafficking from the ER to the plasma membrane, and the dynamics of retention with salt 

loading as shown in previous chapters. In addition, the YFP tag will allow for co-

immunoprecipitation assays with GFP-trap beads to determine protein-protein interactions 

of UMOD and whether these change with salt loading (Yilmazer et al., 2023). There is a 

current lack of understanding of UMOD interactors and regulators in the TAL, as well as 

signalling components involved. For these reasons, this cell model would be the most ideal 

model for studying the relationship between salt and UMOD trafficking.  
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There are, however, a number of limitations associated with the UMOD-YFP 293FT cell 

model presented in this chapter that require addressing. For one, the limitations of a 2D 

cell model still apply, including the lack of understanding of the effects of salt and UMOD 

on the cells other than TAL in the nephron. To this extent, a 3D kidney cell model would 

be more beneficial as it takes into account the microenvironment of the whole kidney, as 

well as replicating certain disease conditions more closely (Kourouklis et al., 2023). Next, 

while the cells are based on kidney cells, they are not TAL epithelial cells. This makes it 

difficult to make one-to-one comparisons, as signalling systems and mechanisms may 

differ slightly. A potential solution to this may be to transfect the UMOD-YFP plasmid 

generated here into the primary mTAL epithelial cells, thereby overcoming the loss of 

endogenous UMOD expression with subculturing.  

In conclusion, this chapter presents a novel transgenic UMOD cell model for the molecular 

study of UMOD. This cell model holds several advantages over primary mTAL cells, the 

prime benefit being the inducible nature of UMOD expression. The model will not only be 

useful for unravelling the interactions of salt with UMOD, but also has the potential to 

uncover several other signalling components and interactors for many disease contexts, 

including hypertension. Future experiments will need to focus on characterising the effects 

of various salt concentrations on the UMOD 293FT cells and whether they undergo similar 

stress effects as seen for the primary mTAL cells. 
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Chapter 7: General Discussion 

Understanding the relationship between salt, UMOD, and hypertension is of growing 

interest to kidney research (Mary et al., 2022). However, studies are often contradictory 

and lack mechanistic insights. The work detailed in this thesis identified novel effects of 

salt loading at a physiologically relevant concentration on UMOD excretion and blood 

pressure in chronic hypertensive SHRSP rat models. There is a distinct decrease in urinary 

UMOD excretion with salt loading independent of blood pressure changes, which is 

paralleled by retention of UMOD in the ER of the TAL region in hypertensive animals. 

Previously, only the reverse had been studied; the effect of UMOD on sodium homeostasis 

(Graham et al., 2014, Pruijm et al., 2016a, Trudu et al., 2013b). Clinical studies 

investigating the relationship between salt and UMOD excretion are currently limited and 

would greatly enhance the translatability of the findings discussed in this thesis. An 

interventional study in a family-based Chinese cohort reported that a high salt intake (7g of 

salt for 7 days, followed by 18g for an additional 7 days) resulted in a reduction in 24-hour 

urinary UMOD excretion (Du et al., 2021). Future studies should be conducted in more 

diverse participants, exposed to longer salt loading periods. Also, both normotensive and 

hypertensive individuals should be analysed to identify any notable differences in urinary 

UMOD excretion. 

The importance of salt in regulating urinary UMOD excretion 

This thesis provides further insights into the changes in UMOD excretion without the 

confounding effects of blood pressure, specifically with intermittent and long-term salt 

loading in normotensive WKY models. Regulating UMOD urinary excretion rate is one of 

the first points of influence for salt, and this is reversible to an extent. This is especially 

pertinent given that previous studies have utilised very high, non-physiological 

concentrations of salt (>1%) that would often be accompanied by significant kidney 

damage (Ying and Sanders, 1998, Olinger et al., 2019). In this regard, it would be 

reasonable to assume that the use of 1% NaCl in experiments reported in this thesis is more 

accurate to regular human salt intake and therefore a better representation of the UMOD 

excretion patterns.  

A critical point of influence for salt on UMOD is retention in the ER, although the precise 

molecular dynamics and components involved in this process remain unknown. The fact 

that urinary UMOD excretion is occurring also in high-salt conditions, but at a reduced 

rate, suggests that salt is directly impacting release of UMOD from the ER, the rate-
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limiting step in UMOD secretion. The fact that BiP and PDI expression were upregulated 

in long term salt loaded WKY indicates the importance of the chaperone and folding 

systems in UMOD retention times. This is highlighted by studies with immortalised mouse 

TAL cells expressing ADTKD-UMOD, which contains mutations that results in ER 

accumulation of UMOD (Schaeffer et al., 2017). In this case, BiP and PDI expression was 

also significantly increased (Schaeffer et al., 2017). It may be postulated that UMOD 

enters the calnexin cycle to be properly folded (Ellgaard and Helenius, 2003). In the 

calnexin cycle, proteins carrying monoglucosylated glycans bind to lectin chaperones 

calnexin and calreticulin, which recruit a variety of function-specific chaperones to 

mediate protein disulphide formation, proline isomerisation, and general protein folding 

(Kozlov and Gehring, 2020). By directly binding the N-glycan on proteins, calnexin has 

been demonstrated to retain GPI-anchored proteins such as UMOD in the ER until they are 

correctly folded (Guo et al., 2020). It may be hypothesised that increased sodium within 

the TAL cells, resulting from salt loading, is directly interacting with the components of 

the calnexin cycle thereby retaining UMOD as a natural homeostatic mechanism to prevent 

salt stress damage. However, with continued exposure to salt stress this overwhelms the 

folding system resulting in ER stress and ultimately kidney damage. Intracellular 

molecular imaging would provide nanometre resolution of UMOD trafficking dynamics in 

the ER following salt exposure and precise retention times (Crivat and Taraska, 2012), 

which would greatly be facilitated by the UMOD-YFP 293FT cell model generated as part 

of my studies. 

The influence of salt on circulating UMOD 

Although it is well established that salt influences UMOD urinary excretion, the role of salt 

in regulating serum UMOD is still unclear. It has previously been reported that higher 

serum UMOD levels are associated with a lower risk of mortality and CVD in older adults 

(Steubl et al., 2020a). It may be that the lack of change in serum UMOD in the long-term 

salt-loaded normotensive rats in this work may be due to the low severity of the phenotype, 

unlike in the chronic hypertensive SHRSP rats. This is also apparent in human populations, 

whereby severe disease phenotypes show significant changes in serum UMOD; such as the 

inverse association of serum UMOD with aortic stiffness reported in type 1 diabetic 

adolescent individuals (Wiromrat et al., 2019a). It is clear that serum UMOD has key 

protective roles in renal physiology, given that renal transplant recipients with lower 

circulating UMOD levels face higher risk of organ failure or rejection (Bostom et al., 2018, 

Steubl et al., 2017). It has also been demonstrated to act as a kidney and systemic oxidative 

stress inhibitor through the inactivation of the TRPM2 channel (LaFavers et al., 2019). It is 
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highly possible that the answer to the relationship between serum UMOD and urinary 

UMOD lies within its intracellular trafficking within the TAL epithelial cells and 

unravelling potential mechanisms will be paramount to future investigations. Glycosylation 

is likely to play a critical role in the polarised trafficking UMOD, given that 30% of the 

molecular mass of UMOD is made of glycan residues (van Rooijen et al., 1999). In fact, N-

glycans are responsible for the apical targeting of GPI-anchored proteins in polarised 

epithelial cells (Pang et al., 2004). A study using aptamer-based assays reported enzymes 

that write glycan marks on UMOD that may be related to its complex glycosylation pattern 

and clearance (Li et al., 2022). It is conceivable that these glycan marks differ between 

serum and urine forms of UMOD and could be recognised by differing receptors. 

Deciphering these glycan signals on UMOD will require proteomic analyses to identify 

individual glycan chains, and following this, cell mutagenic experiments expressing 

different forms of the glycan chains on UMOD to understand the function of each glycan 

chain. 

The limitations of the WKY model 

The normotensive WKY rat by definition is salt-insensitive (Clark et al., 1996) and does 

not fully recapitulate the chronic hypertensive SHRSP model. Microarray expression 

profiling and qPCR experiments identified a 6-Mbp region harbouring genes responsible 

for salt-sensitive blood pressure regulation specific to the SHRSP compared to WKY, 

including physiological candidate genes Edg1 and Vcam1 (Graham et al., 2007). WKY rats 

were chosen in this thesis to remove blood pressure as a confounding factor to uncover 

mechanisms involved in salt and its influence on UMOD trafficking and secretion. 

However, what are the other background factors that may be present in the chronic 

hypertensive background of the SHRSP that could influence UMOD trafficking? To 

further elaborate on the long-term salt loading findings presented in this work, an 

untargeted proteomic approach should be undertaken to uncover novel molecular 

components that may differ between WKY and SHRSP models, and by extension drive the 

SHRSP phenotype (Sobsey et al., 2020). Moreover, advancements in mass spectrometry 

technologies have enabled untargeted approaches on single-cells, meaning that individual 

TAL epithelial cells could be isolated from WKY and SHRSP kidneys before and after salt 

loading to reveal novel biological systems involved in UMOD trafficking (Beck and 

Geiger, 2022). A key example of the power of this approach is the peptidome analyses that 

have uncovered a range of UMOD peptides in the urine of various diseases (Mary et al., 

2017, Krochmal et al., 2017a, Van et al., 2020, Wu et al., 2010, Pejchinovski et al., 2018). 
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Similarly, mass-spectrometry approaches will be paramount to discovering molecular 

regulators of UMOD trafficking and interactors with salt.  

The role of inflammation and UMOD trafficking 

The importance of inflammation in hypertension and vascular disease has been appreciated 

for decades (De Miguel et al., 2015) and TNFα production, a cytokine with 

proinflammatory and immunoregulatory effects, is increased in kidneys with salt loading 

(Ferreri et al., 2012) and attenuates levels of NKCC2 and UMOD mRNA in the TAL 

(Graham et al., 2014, Heitmeier et al., 2014). This thesis highlights ER stress as a potential 

driver of UMOD retention that underpins the chronic hypertensive phenotype. Importantly, 

ER stress is a known an activator of inflammation (Chipurupalli et al., 2021). A subsequent 

question that remains to be answered: what is the role of inflammation in salt loading, 

UMOD trafficking and ER retention, ER stress, and ultimately the progression of 

hypertension? It is understood that UMOD directly interacts with TNFα, though the 

molecular basis of such interaction is yet to be elucidated (Sherblom et al., 1988, Wu et al., 

2012a). Studies have shown that NKCC2-dependent activation of NFAT5 is part of a 

signalling pathway that triggers TNFα production, thereby inhibiting NKCC2 activity by a 

negative feedback loop (Hao et al., 2013). It may be postulated that TNFα mediates Na+ 

homeostasis by maintaining NKCC2 function, and that ER stress and continued TNFα 

would hinder this process, thereby leading to chronic hypertensive phenotype. Further 

molecular studies with inhibitors of TNFα are required to investigate the effects on UMOD 

trafficking and kidney damage during salt loading.  

Complex 3D in vitro models as the future of UMOD studies 

The nephron is a complex set of tissues, comprising multiple microenvironments that 

crosstalk with one another to maintain homeostasis (Khoshdel-Rad et al., 2022). This 

context is especially prevalent for UMOD, given that it interacts with proteins both within 

TAL and outside, such as the DCT (Voets et al., 2004, Nie et al., 2018, Boder et al., 2021). 

It is therefore prudent that model systems for the molecular study of UMOD trafficking 

would need to take these factors into account. The UMOD-YFP expressing cell model 

generated in this thesis will be limited by factors common to 2D cell cultures, including 

lack of cell-cell and cell-extracellular environment interactions, no in vivo-like 

microenvironment, changed morphology and way of divisions, loss of phenotype and 

polarity (especially in TAL with apical and basolateral compartments), and do not mimic 

physiological structure of tissues (Kapalczynska et al., 2018). In this regard, the use of 3D 

human kidney organoids would offer several advantages over 2D renal cell models, such as 
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multiple cell types (renal epithelial, stromal, and vascular cell types), modelling cellular 

physiology of the human kidney, high-throughput testing, modelling complex diseases 

such as AKI, as well as ability to generate patient-derived organoids for personalized 

medicine (Nunez-Nescolarde et al., 2022). The generation of 3D kidney organoids has 

been reported on in detail by the group Prof Nuria Montserrat (Selfa et al., 2021). hPSCs 

are induced for a short period of 4 days in a two-dimensional (2D) culture fashion toward 

posterior IM-like (PIM) cells that are then aggregated into 3D spheroids and cultured under 

organotypic conditions for 16 additional days. After aggregation, PIM-committed 

spheroids are kept in the presence of growth factors for 5 days to induce NPC commitment. 

Three additional days are then required for the formation of renal vesicle (RV) structures—

the precursor structures of the nephrons—that appear within the organoids 24 h after 

complete growth factor removal due to a process of mesenchymal to epithelial transition. 

During the following 8 days, RVs acquire proximal–distal polarity and develop into 

nephron-like structures by recapitulating in vitro the process known as nephron patterning. 

Day 16 kidney organoids reveal the presence of segmented nephron-like structures 

containing glomerular-like structures with presumptive podocyte-like cells and tubular-like 

structures (including proximal and distal fates). It is at this point, UMOD expression has 

been reported in the early TAL structures of the kidney organoids (Garreta et al., 2019). A 

placement project was carried out in the laboratory of Prof Montserrat, outside of the work 

reported in this thesis, wherein the use of kidney organoids was investigated as a model for 

studying UMOD trafficking. Wholemount and paraffin section immunofluorescence 

staining for UMOD were conducted on day 23 hPSCs derived organoids, which showed 

punctate staining versus the clear pattern of UMOD expression around TAL structures seen 

in vivo. Moreover, expression of UMOD mRNA levels and protein levels were found to be 

very low, indicating that perhaps the model is still too immature for the study of UMOD at 

23 days. Further maturation periods, for example for longer than 40 days as has been 

reported previously (Carrisoza-Gaytan et al., 2023), may improve expression of UMOD in 

these kidney organoids. Although the 3D human kidney organoid model is not yet fully 

established for the study of UMOD, it will be pivotal for future molecular studies of 

UMOD trafficking given its greater translatability to in vivo systems.  

7.1 Final Conclusions 

This thesis provides novel evidence on the effects of salt loading on UMOD trafficking in 

both normotensive and chronic hypertensive models. Salt is driving UMOD retention in 

the ER, thereby reducing urinary UMOD excretion. This process is accompanied by ER 
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stress over prolonged exposure to salt in the normotensive models, which matches the 

phenotype seen in chronic hypertensive rats, providing new perspectives into the 

development of hypertension and renal pathophysiology. The inducible UMOD-YFP 

expressing 293FT cell model generated here will be key in the next stage of research in 

unravelling the relationship between salt and UMOD, by providing molecular insights into 

the components involved in UMOD trafficking in both physiological and disease settings. 

The translation value of this research lies in the preclinical WKY rat and UMOD-YFP 

293FT cell models, as well as the 3D kidney organoids, which will serve to discover new 

molecular mechanisms involved in salt and UMOD trafficking in the kidneys. Although 

these findings offer no immediate pathway to development of new therapies, they can then 

act as a stimulus for future clinical studies.  
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Chapter 8: Appendix 

This Chapter outlines laboratory practices and methods common to more than one Chapter. 

Each subsequent results Chapter has a specific materials and methods section. 

8.1 Materials 

8.1.1 Laboratory-Prepared solutions  

8.1.1.1 Phosphate Buffered Saline – PBS (20X) 

For 1L: 

Dissolve: 

NaCl (Sigma-Aldrich, UK) - 160g 

KCl (Sigma-Aldrich, UK) - 4g 

KH2PO4 (Sigma-Aldrich, UK) – 4g 

Na2HPO4 (Sigma-Aldrich, UK) – 23g 

in 800 mL dH2O. Mix using magnetic stirrer.  

Adjust pH to 7.4. 

Make up final volume of 1L with dH2O.  

Keep at room temperature for up to 24 months.  

8.1.1.2 Phosphate Buffered Saline - PBS (1X) 

For 1L: 

Dilute 50mL of 20X PBS in 950mL of dH2O. 

Keep at room temperature for up to 24 months.  

8.1.1.3 Tris-Buffered Saline – TBS (20X) 

For 1L: 

Dissolve: 

Tris-HCl (Fisher Scientific, UK) - 48.46g 

NaCl (Sigma-Aldrich) - 160.12g 
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in 800mL dH2O and mix with magnetic stirrer. 

Adjust to pH 7.6 using 1M HCl. 

Make up final volume of 1L with dH2O.  

Keep at room temperature for 12 months.  

8.1.1.4 Tris-Buffered Saline - TBS (1X) 

For 1L: 

Dilute 50mL of 20X TBS into 950mL of dH2O.  

8.1.1.5 RIPA Buffer 

Prepare 10mL stock solutions of: 

1M Tris-HCl: Dissolve 1.21 g Tris-HCl (Fisher Scientific, UK) in 10mL of dH2O. 

5 M NaCl: Dissolve 2.9 g NaCl (Sigma-Aldrich, UK) in 10mL dH2O. 

0.5 M EDTA: Dissolve 1.86 g EDTA (Sigma-Aldrich, UK) in 10mL dH2O. 

To make 100mL of RIPA buffer: 

Sodium deoxycholate (Fisher Scientific, UK) - 0.5g 

1 M Tris-HCl - 5 mL 

5 M NaCl - 3 mL 

0.5 M EDTA - 0.2 mL 

to 75 mL of dH2O. 

Adjust pH to 8.8 using 2M NaOH. 

Add: 10% SDS for final concentration of 1% 

10% NP-40 - 1mL 

0.1% OTG 

Add PhosSTOP (Sigma-Aldrich, UK) and cOmplete Protease inhibitor cocktail (Merck, 

UK) at 1X 

Top up to 100mL with dH2O. 
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8.1.1.6 Sodium Citrate Buffer (10X) 

For 1L: 

Tri-sodium citrate (dihydrate) (Sigma-Aldrich, UK) – 29.4g 

Add 800mL of dH2O. 

Mix to dissolve with magnetic stirrer.  

Adjust pH to 6.0 with 1M HCl.  

Top up volume to 1L with dH2O.  

Store this solution at room temperature for 3 months or at 4℃ for longer storage (up to 12 

months).  

8.1.1.7 Sodium Citrate Buffer (1X) 

Must be made fresh every experiment. 

For 1L: 

Take 100mL of 10X Sodium Citrate Buffer and add to 900mL of dH2O. 

8.1.1.8 Gel Loading SDS Sample Buffer (6X) 

For 50mL: 

Sodium Dodecyl Sulphate (SDS (Sigma-Aldrich, UK) – 6g in 8.75mL 1M Tris-HCL at pH 

6.8 

Dissolve by heating and vortexing. 

Add glycerol (Sigma-Aldrich, UK) – 37.6g 

Leave to dissolve. 

Check pH and adjust with 1M HCl. 

Add 46 mg of bromophenol blue (Sigma-Aldrich, UK) and dissolve. 

Aliquot as necessary and store in -20℃ as stock. 

8.2 Tissue Harvest Protocol 

Table 8.1 Tissue harvest protocol sheet for rat culls. 

Date   
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Strain   

Animal ID   

Rat Weight   

Tibia length   

Tissue details 

Blood    EDTA                  Heparin 

Aorta    Freeze 

Heart 

Weight :  

   RNA                       Prt                                           Histology 

Lungs 

Weight :  

    Prt                                               Histology 

Mesenteries                                

Pancreas    Freeze 

Kidney 

Left Weight :                                                   Right Weight : 

   RNA                       Prt                                               Histology 

Adrenal gland    Freeze                 Histology 

Spleen 

Weight : 

   Freeze                 Histology 

Liver 

Weight : 

   RNA                      Prt                            Na+                    Histology 
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