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Abstract 
 

Acute kidney injury (AKI) is the abrupt loss of kidney function and chronic kidney disease (CKD) 

is the long-term permanent reduction in kidney function; both conditions increase risk of poor 

outcomes for patients.  AKI progression and rapid CKD progression add further increased risk of 

patient morbidity and mortality.  Clinical biomarkers including serum creatinine (sCr), eGFR and 

urine output do not allow for early diagnosis and cannot predict risk of progression in AKI or CKD 

patients.  This PhD investigated biomarkers that are associated with AKI and CKD diagnosis yet 

not used in clinical practice, to evaluate their utility for earlier diagnosis and to stratify patients 

at higher progression risk.  Furthermore, this PhD used biomarker exploration tools to identify 

novel biomarkers associated with AKI and CKD and evaluate their ability to stratify patients 

based on risk of progression.  In addition, due to recent research identifying a role of cellular 

senescence in AKI and CKD development and progression, the role of senescence in these 

conditions was investigated. 

Clinically, ECR records showed AKI (n= 57) and CKD (n= 171) patients often have numerous co-

morbidities and to be prescribed numerous medications, highlighting the complexity of 

managing these conditions.  Comparing clinical biochemical data of AKI and CKD patients to 

control cohorts, showed that clinical kidney function biomarkers were increased in both AKI and 

CKD cohorts.  When clinical biomarkers were assessed for their ability to stratify patients at 

greater risk of progression, no single or combination of biomarkers was found useful.  Analysis 

of biomarkers already associated with AKI and CKD was conducted using biochip array 

technology.  Results showed that these biomarkers are capable of identifying AKI and CKD 

patients from controls and may be capable of early diagnosis, with novel combinations of these 

biomarkers identified in this thesis showing high levels of accuracy.  No single or combination of 

these biomarkers however was able to stratify patients based on progression risk.  Biomarker 

exploration using proximity extension assay identified novel protein signatures for AKI and CKD.  

Proteins CKAP4 (p< 0.0001), PTX3 (p<0.0001) and IL-6 (p<0.0001) were most upregulated in AKI 

patients compared to controls and TM (p< 0.0001), IL-2 (p< 0.0001) and CKAP4 (p< 0.0001) were 

most upregulated in CKD patients compared to controls.  Additional analysis demonstrated that 

these novel biomarkers were able to stratify AKI and CKD patients at greater risk of progression.  

PTX3 (p< 0.01), GCSF (p< 0.01) and  PSG1 (p< 0.05) were most upregulated in AKI patients at 

higher progression risk, and SMPD1 (p< 0.01), ADA (p< 0.01) and EGFR (p< 0.05) were most 

upregulated in CKD patients at risk of rapid progression.  Although not as accurate as using all 

novel proteins from biomarker exploration, cellular senescence proteins alone were also able to 
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differentiate AKI and CKD patients from controls and identify those at higher risk of progression, 

demonstrating the potential for future analysis of these proteins.  The findings of this thesis have 

identified proteins that offer potential for improving AKI and CKD management in diagnosis and 

prognosis, and gives direction for future AKI and CKD research. 
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1.1. The healthy kidney 

 

1.1.1. The kidney 

 

The kidneys are complex organs that form part of the renal-urologic system, which includes two 

kidneys, two ureters, a urinary bladder and the urethra (Figure 1).  The normal adult kidney is 

bean shaped and located between the level of the 12th thoracic and third lumbar vertebrae with 

the right kidney sitting slightly lower due to liver displacement (Radi, 2019).   

 

1.1.2. Functions 

 

The renal system affects many bodily organ systems with its primary function being the 

regulation of fluid and electrolytes and acid-base balance, to create a stable environment for 

cell and tissue metabolism, by balancing water and solute transport (Oxburgh, 2018).  Additional 

functions of the kidney include excretion of nitrogenous end waste products, and maintaining 

plasma pH, and osmolality.  Furthermore, the kidney has several non-excretory functions 

including production of renin, erythropoietin, and prostaglandin, the metabolism of vitamin D, 

and the degradation of insulin (Table 1) (Gembillo et al., 2021; Li et al., 2020). 

 

 

 

 

 

 

 

 

Table 1. The main functions of the kidneys.  The main functions of the kidneys listed under 
either their excretory or non-excretory classification. 

 

 

Main functions of the kidneys 

Excretory 

Maintain plasma pH 

Maintain plasma osmology 

Maintain plasma concentration of electrolytes 

Excrete nitrogenous end products of protein metabolism 

  

Non-excretory 

Produce renin 

Produce erythropoietin 

Metabolise vitamin D 

Degradation insulin 

Produces prostaglandin 
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1.1.3. Physiology 

 

The kidneys work units are its nephrons, with an estimated 950,000 nephrons per kidney (Figure 

2) (Denic et al., 2017a).  Once the kidneys are formed in the fetus no new nephrons are 

produced.  As an individual grows, these available nephrons increase in size to meet the 

demands of the body, transiently increasing filtration load without structural change, which is a 

display of their renal reserve (Palsson and Waikar, 2018).  Each nephron consists of the 

Bowmans’s capsule that surrounds the glomerular capillary tuft, the proximal convoluted 

tubule, the loop of Henle and the distal convoluted tubule (Figure 3) (Oxburgh, 2018).  Urine 

begins to be formed in the renal cortex, flowing through the tubules, collecting ducts, papillary 

ducts of Bellini, before entering the calyces and renal pelvis and then exiting the kidney through 

the ureter and into the bladder (Figure 2).  The kidneys are supplied with blood from the renal 

arteries which are divided into anterior and posterior branches before subdividing into lobar 

arteries.  These lobar vessels then further subdivide into interlobular arteries, and then to 

clumps of capillaries called glomeruli.  Other interlobular branches form efferent arterioles to 

form a network of capillaries around the convoluted tubules and the loop of Henle which carry 

filtered blood back to the venous system.   

 

 

 

 

 

Figure 1.  The reno-urologic system.  
This includes the two kidneys, two 
ureters, the urinary bladder, and the 
urethra. 
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Figure 2. The internal anatomy of the kidney.  The main components of the internal anatomy 
of the kidney.  Blood travels into the kidney via the renal artery and travels to the glomeruli 
situated in the renal cortex.  At this point blood is filtered and waste products travel down the 
renal columns into the renal medulla and renal papillae.  This waste product then drains into the 
major renal calyx before entering the renal pelvis and ureter where it is transported to the 
bladder. 

 

1.1.4. Kidney filtration 

 

The kidneys receive approximately 1.2 L of blood per minute equating to 20 – 25% of the body’s 

cardiac output, with approximately 20% of this blood flow being filtered at the glomerulus, 

passing into the Bowman’s capsule with the remainder bypassing out of the kidney (Fang et al., 

2020).  Renal perfusion is the rate of this plasma filtration per unit time and known as the 

glomerular filtration rate (GFR), being directly related to the perfusion pressure in the 

glomerular capillaries (Smarick and Hallowell, 2014).  Creatinine is a nitrogenous waste by-

product of muscle metabolism, that is produced at a constant rate in the body and freely filtered 

by the glomerulus (Kashani et al., 2020).  The concentration of blood creatinine varies with age, 

sex, ethnicity, dietary consumption, and medication (Shahbaz and Gupta, 2021).  Often 
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measured as serum creatinine (sCr), levels within the blood are used to establish an individual’s 

estimated GFR (eGFR), and where abnormal levels indicate filtration issues, with The National 

Institute for Health and Care Excellence (NICE) setting target ranges of 59 – 104 μmol/L for males 

and 45 - 84 µmol/L for females (Delanaye et al., 2017).  In addition to sCr, equations including 

the individual’s, age, sex, and ethnicity allow for a more accurate eGFR to be established were a 

cut-off between normal kidney function and disease is classified as 60 ml/ min/ 1.73 m2 (Hirst et 

al., 2018).  The Modification of Diet in Renal Disease (MDRD) equation is a widely used equation 

shown to be relatively accurate for eGFR’s that are <60 ml/ min/ 1.73 m2, however at eGFR 

values greater than this, the equation is less accurate (Ralib et al., 2021).  A second equation, 

the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation was developed to 

attempt to address the underestimation of the MDRD equation and is more accurate at higher 

eGFR’s, however inaccuracies still exist, and identifying stage 1 and stage 2 CKD remains a 

challenge (Meeusen et al., 2022).  For this reason, when these equations are used to measure 

the eGFR of a healthy individual with no kidney dysfunction an eGFR of greater than 100 ml/ 

min/ 1.73m2 is possible, with one study reporting a mean GFR of 107 ml/ min/ 1.73m2 in 

individuals ≤ 40 years, yet as individuals age, this begins to decline naturally due to the ageing 

process (Pottel et al., 2017).   

Figure 3.  The kidney nephron.  The kidney nephron spans the renal cortex and renal medulla 
and is responsible for the filtration of blood.  Blood arrives at the glomerulus where blood is 
filtered into the Bowmans capsule, then travelling along the descending limb, loop of Henle and 
ascending limb.  Throughout this journey the surrounding peritubular capillaries reabsorb non-
waste products.  Waste products then travel to the collecting duct and then to the minor renal 
calyx. 
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1.2. Ageing kidney 
 

1.2.1. Ageing 

 

Human ageing affects many organs including the kidneys, where molecular, structural and 

functional changes occur and the current ageing population poses a challenge for the National 

Health Service (NHS).  Increased life expectancy often results in increased kidney ageing issues 

(Fang et al., 2020).  The decrease in kidney function as a result of ageing is believed to be due to 

decreased kidney size, and a decrease in GFR due to reduced functional nephrons from macro 

and micro structural changes and cell senescence (Fang et al., 2020; Roseman et al., 2017).   

 

1.2.2. Macroscopic and microscopic structural changes 

 

As the kidney ages, increased roughness to the kidney surface and formation of simple renal 

cysts occur (Hommos et al., 2017).  Simple cysts are often seen on kidneys of people > 40 years 

and are generally regarded as harmless, however studies have correlated simple cysts with 

decreased renal size, hypertension (HTN), and suggested that they are an early sign of kidney 

damage (Eissa et al., 2018).  Kidney volume is another important indicator of kidney impairment;  

it is estimated that the kidney parenchymal thickness decreases by approximately 10% per 

decade in people >50 years (Wang et al., 2014).   

These macroscopic changes are associated with underlaying changes at the microscopic level, 

that include the accumulation of extracellular matrix, nephrosclerosis and glomerular basement 

membrane thickening (Silva, 2005; Zicarelli et al., 2021).  Nephrosclerosis is a hallmark sign of 

ageing kidneys, characterised by nephron loss that results in arteriosclerosis and hypertrophy of 

the remaining nephrons (Kitai et al., 2021).  Nephrosclerosis encompasses glomerulosclerosis, 

interstitial fibrosis and tubular atrophy, all common features of kidney disease (Sethi et al., 

2017).  Nephron loss is another feature of the ageing kidney.  In people aged > 30 years it is 

estimated that approximately 6000 nephrons are lost each year due to glomerulosclerosis with 

the number of nephrons reduced by 48% in 70 - 75 year-olds compared with 18 – 29 year-olds 

(Denic et al., 2017a).  As people age, and structural and functional changes occur, it influences 

the kidneys GFR.  A study on renal function decline in a population from 1950 – 2012 showed an 

annual reduction of 0.4 – 2.6 ml/ min/ 1.73 m2, with another study reporting that in individuals 

aged >35 years, eGFR declined by 5 – 10% per decade, resulting in approximately 50% of 
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individuals aged >70 years having a eGFR <60 ml/ min/ 1.73 m2 (Bolignano et al., 2014; Glassock 

and Rule, 2016; Schaeffner et al., 2012).   

 

1.2.3. Renal cell senescence in the ageing kidney 

 

Although progress has been made in understanding the pathophysiology of the ageing kidney, 

the cellular mechanisms involved remain largely illusive.  Kidney cellular senescence is suggested 

to play a critical role in kidney ageing (Docherty et al., 2019).  Cellular senescence, also known 

as replicative senescence, is believed to be central to the process of ageing, potentially leading 

to the exhaustion of reparative processes within the cell including those of the ageing kidney 

(Fang et al., 2020; O’Sullivan et al., 2017).  Cellular senescence is the irreversible cell arrest that 

happens in response to cellular stresses, resulting in phenotypic changes of the cells with 

features including arrested cell growth, resistance to apoptosis, senescence-associated 

secretory phenotype (SASP), altered metabolism and macromolecular damage (Gorgoulis et al., 

2019).   

Cell senescence is characterised by low response of proliferation and cell cycle arrest due to 

telomere attrition (Kumari and Jat, 2021).  Additionally, cell senescence can be triggered by 

stressors including mitochondrial dysfunction, DNA damage, oxidative stress, and SASP elicited 

by primary senescent cells (Carreno et al., 2021; Chapman et al., 2019; Omidifar et al., 2021; 

Yousefzadeh et al., 2021).  Acute senescence is part of the homeostatic biological process where 

programmed events transiently activate in response to stressors and exert renal regeneration 

following injury (Wen et al., 2015).  Chronic senescence, in contrast, is induced through slow 

macromolecular damage, prolonged periods of cellular stress and accumulation of senescent 

cells, being detrimental to the kidney, causing age related kidney disease, and driving age related 

glomerulosclerosis and impairing the regenerative ability of the kidney (Baker et al., 2016; 

Sturmlechner et al., 2017). 

Biomarkers of senescence, such as senescence-associated β-galactosidase (SA-β-gal) and 

p16INK4a are shown to be detectable prior to the development of morphologic legions supporting 

the role of cell senescence in the kidney disease pathogenesis (Li and Wang, 2018).  Several 

signalling pathways are involved in cellular senescence in the ageing kidney, including the 

p16/Rb and p53/p21 pathways (Sturmlechner et al., 2017).  Following deoxyribonucleic acid 

(DNA) triggers by various stressors, DNA damage response signalling cascades including 

alternative reading frame (ARF), Ataxia-telangiectasia mutated (ATM) and p53 are activated, 
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increasing the expression of p21CIP and inducing the expression of p16INK4a which suppresses the 

phosphorylation of Cyclin-dependent kinase (CDK) complexes and retinoblastoma protein (Rb) 

(Rayess et al., 2012).  Cell proliferation is then halted by Rb as it inhibits the activity of E2F 

resulting in renal cell senescence (Yang and Fogo, 2010).  Klotho, an anti-ageing transmembrane 

protein that is associated with longevity is expressed in the kidney (Huang and Wang, 2021).  

Klotho regulates the p53/p21 signalling pathway which is a major modulator of cellular 

senescence and controlling other signalling pathways including transforming growth factor-β 

(TGF-β), Fibroblast Growth Factor 23 (FGF23), Protein Kinase C (PKC), cAMP and Wnt (Sopjani et 

al., 2015).  Sirtuin 1 (SIRT1) is another important regulator of cell senescence, were the 

podocyte-specific knockdown of SIRT1 is shown to accelerate age related podocyte loss and 

glomerulosclerosis, and Wnt9a/β-catenin signalling molecules are shown to promote renal 

fibrosis and tubular senescence in diseased kidneys (Chuang et al., 2017; Luo et al., 2018).   

Although ageing per se does not directly cause kidney disease, the ageing related functional and 

structural changes that occur in the kidney predispose people to kidney diseases, and kidney 

ageing is an independent risk factor for various diseases of the kidney, including acute kidney 

injury (AKI) and chronic kidney disease (CKD) (Schmitt and Melk, 2017; Sturmlechner et al., 

2016).  Prevalence of AKI is higher in aged patients, with 51 – 65% of AKI patients reported to be 

> 60 years and 36% of AKI patients in the intensive care unit (ICU) being > 70 years (Pedersen et 

al., 2017; Yokota et al., 2018).  Additionally, CKD has an estimated prevalence of 8 – 16% 

worldwide, however in patients >64 years this increases to 23.5 – 35.8% showing age to be an 

important factor in both conditions (Zhong et al., 2017).  
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1.3. Pathophysiology of kidney disease 

 

1.3.1. Oxidative stress 

 

In homeostatic conditions the kidney receives a well-regulated oxygen (O2) supply necessary for 

mitochondrial adenosine triphosphate (ATP), nitric oxide (NO) and reactive oxygen species 

production for normal functioning (Daenen et al., 2018).  The kidney has a high energy demand 

yet relatively low net oxygen extraction, making it susceptible to risks involving its vascular 

perfusion and oxygenation (Hansell et al., 2013).  Injury can compromise the microcirculation of 

the kidney leading to imbalance, resulting in pathogenic effects including oxidative stress and 

hypoxia (Tomsa et al., 2019)  

Oxidative stress, defined as the imbalance between pro-oxidants and antioxidants, surpasses 

antioxidant capacity where free radicals, defined as a species that exists autonomously and 

present as single or unpaired electrons named reactive oxygen species (ROS), can cause 

damaging effects on biomolecules such as DNA and proteins (Singh et al., 2019).  The kidney 

plays a fundamental role in ROS production that is then involved in the pathophysiology of renal 

impairment (Coppolino et al., 2019).  Oxidative stress in the kidney disrupts the excretory 

function of each section of the nephron, including impairment of the water-electrolyte and acid-

base balance, and the renin-angiotensin-aldersterone system (RAAS) (Podkowińska and 

Formanowicz, 2020).  Podocytes are sensitive to oxidative damage, and damage caused to these 

is linked to proteinuria which is a factor in inducing mesangial and tubular toxicity, and is 

involved in local and systemic inflammatory pathways (Coresh et al., 2019; Nagata, 2016). 

When injury occurs in the microvascular endothelium and the glycocalyx are altered, endothelial 

cells are activated to express cell surface markers that promote recruitment and adhesion of 

platelets and leukocytes, leading to additional challenges for O2 delivery and perfusion, causing 

further inflammation and endothelial cell injury (Verma and Molitoris, 2015).  This damage 

causes increased vascular permeability and interstitial oedema to further compromise blood 

flow, with vasoconstrictive prostaglandin production and oxidative stress further impairing O2 

delivery and causing localised no-reflow phenomenon.  This leads to occluded vasculature that 

worsens the initial injury, resulting in reduction in peritubular capillary density, contributing to 

continued hypoxia, and development of renal fibrosis (Carlström et al., 2015). 
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1.3.2. Ischemia and Hypoxia 

 

Ischemia is the reduction or restriction of blood flow to a specific area of the body.  The kidney 

has a high demand for O2 and is therefore sensitive to ischemia which causes injury (Hesp et al., 

2020).  Ischemia causes hypoxia to occur, where an insufficient supply of O2 is delivered to the 

cells and tissues playing a significant role in kidney disease development (Hirakawa et al., 2017).  

The cellular response to hypoxia is centered around hypoxia-inducible factor (HIF), a 

heterodimeric transcription factor that controls the transcription of over 100 genes including 

vascular endothelial growth factor, erythropoietin, and glucose transporter-1.  In hypoxic 

conditions, HIF is upregulated to restore homeostasis by stimulating angiogenesis, anaerobic 

glycolysis, erythropoiesis, and other processes (Shu et al., 2019).  Ischemia and hypoxia have 

been associated with kidney diseases including AKI and CKD, where these hypoxic events initiate 

or escalate kidney damage (Hirakawa et al., 2017; Yang et al., 2018).  Ischemic reperfusion injury 

(IRI) is also associated with renal damage, whereby rapid restoration of blood flow following 

ischemia can lead to tissue dysfunction (Han et al., 2020).  IRI occurs as a result of disorders 

including trauma, circulatory arrest, and is inevitable during surgeries including cardiac, thoracic 

and vascular (Tang and Zhuang, 2019).  The pathophysiology of IRI is multifactorial and complex, 

with the degree of damage associated with the extent of blood flow reduction, duration of 

ischemia, and the damage caused by the re-establishment of blood flow following ischemia.  IRI 

leads to damage including oxidative stress and inflammation, that occurs with a reduction in 

cellular ATP and calcium levels affecting cellular function (Kalogeris et al., 2016).   

 

1.3.3. Inflammation 

 

Following kidney injury, activation of toll-like receptors (TLRs) in the proximal tubule by pro-

inflammatory chemokines and danger-associated molecular patterns (DAMPs) cause an 

inflammatory response (Yu and Bonventre, 2020).  Inflammation is a complex response that is 

essential for tissue repair following renal injury and is characterised by early features of the 

innate immune response including the release of cytokines and recruitment of macrophages and 

neutrophils to the site of injury (Mihai et al., 2018).  Interleukin-1 (IL-1), an inflammatory protein, 

has been shown to activate the TLR/IL-1R pathway when its levels are increased, which 

contributes to the development of fibrosis in the kidney (Lemos et al., 2018).  T-cell activity is 

shown to have a role in initiation and propagation of immune reactions where T-cells are shown 
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to play a role in early inflammatory responses in the kidney and the upregulation of adhesion 

molecules on kidney cells (Andres-Hernando et al., 2017; Rabb et al., 2016).  

 

1.3.4. Nephron loss 

 

Nephron loss occurs following renal injury, leading to a hypertrophic effect on the remaining 

nephrons, whereby a structural size increase of the Bowman’s capsule, proximal tubule, and 

glomerular tuft occur to deal with the increased demands placed on the remaining nephrons 

(Fattah et al., 2019).  A single nephron has been reported to increase its filtration function by 

40% under these conditions (Denic et al., 2017b).  Podocytes that surround the glomerulus are 

also affected by this loss of nephrons becoming stretched and leaving the area at the basement 

membrane exposed to the Bowmans capsule, where adhesions form, contributing to 

glomerulosclerosis (Feng et al., 2018).  This results in excessive amounts of biologically active 

molecules being delivered to the distal nephrons and kidney interstitium generating 

inflammation.  Furthermore, due to the hyperfunctioning of the remaining nephrons, 

exceedance of the available metabolic substrate causes hypoxia resulting in ROS generation and 

acidosis (Schnaper, 2014). 
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Figure 4.  Mechanisms of kidney injury.  Harmful stimuli including metabolic factors, cytokines and oxidative stress, mechanical stress and hypoxia can impact 
endothelial cells, glomerular cells, epithelial cells and fibroblasts leading to intracellular signaling.  This then leads to epigenetic modifications, cell senescence, 
G2/M cell cycle arrest and profibrogenic secretome and sustained inflammation resulting in AKI or CKD or progression from AKI to CKD.
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1.3.5. Fibrosis 

 

Kidney fibrosis is the buildup of scar tissue within the kidney parenchyma that is a common 

pathological manifestation following renal injury (Duffield, 2014; Romagnani et al., 2017).  It is 

the pathological extension of normal wound healing characterised by injury, inflammation, 

activation and migration of myofibroblast, matrix deposition and finally remodeling 

(Humphreys, 2018).  The accumulation of excess connective tissue during the reparative process 

can lead to fibrosis in all compartments of the kidney including the vasculature (arteriosclerosis 

and atherosclerosis) and the glomeruli (glomerulosclerosis), and can cause the expansion of the 

space between peritubular capillaries and tubular basement membranes through the deposition 

of matrix proteins (Genovese et al., 2014).  The initiation of kidney fibrosis involves processes 

that encompass cell growth, differentiation and proliferation, and cellular processes that are 

associated with increased bioenergetic and biosynthetic demand (Lemos et al., 2018).  

Populations of kidney resident stromal cells (SC), that are connective tissue cells, expand and 

differentiate into myofibroblasts that synthesize extracellular matrix contributing to the 

inflammatory process through cytokines, chemokines, and interleukin-6 (IL-6) (Leaf et al., 2017).   

Oxidative stress, hypoxia, nephron loss, and fibrosis as described above are all interlinked with 

one process initiating or promoting another.  These are characteristic features seen following 

kidney injury and specifically in AKI and CKD.  
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1.4. Acute kidney injury (AKI) 

 

1.4.1. Definition and diagnosis 

 

AKI is the new consensus term for acute renal failure, which allows for uniform diagnosis and 

classification (Levey, 2021).  It defines a clinical syndrome characterised by the rapid decrease 

in the excretory function of the kidneys and the accumulation of byproducts of nitrogen 

metabolism.  These include creatinine and urea, due to a decrease in urine output (Zheng et al., 

2019).   

Over the past few decades, more than 35 definitions have been used to define AKI which has led 

to disparity in its reporting (Verma and Kellum, 2021).  In 2004, the Acute Dialysis Quality 

Initiative (ADQI) published the RIFLE (risk, injury, failure, loss, end stage) criteria aiming to 

provide easy clinical application, good specificity and sensitivity, and the ability to consider sCr 

variations, in both acute and chronic damage (Bellomo et al., 2004).  Three years following the 

RIFLE classification, the Acute Kidney Injury Network (AKIN) produced a modified version of the 

RIFLE criteria which aimed to increase the sensitivity and specificity of AKI diagnosis (Mehta et 

al., 2007).  However, in clinical practice these two classification methods are found to offer 

similar diagnostic outcomes (Er et al., 2020).  The Kidney Disease: Improving Global Outcomes 

(KDIGO) criteria were then developed in 2012 with the aim of assisting practitioners caring for 

patients at risk of AKI, including contrast-induced AKI, where definition and staging are based on 

the RIFLE and AKIN criteria (Kellum et al., 2012).  

These KDIGO criteria determine that AKI is separated into three main stages: Stage 1; increase 

in sCr of ≥0.3mg/dL (26.5µmol/L) or 50-99% within 48 hours, or a ≥1.5 times baseline sCr 

increase within the past seven days or a urine output of less than 0.5 ml/kg/hour for 6 hours; 

Stage 2; increase in sCr of >100 -200% or urine output of <0.5 mL/kg/h for 12 to 24 h; Stage 3; 

increase in sCr of ≥200% or increase in sCr by >0.5mg/dL to >4.0 mg/dL or urine output of <0.3 

mL/kg/h for >24 h or anuria for >12 h or initiation of renal replacement therapy (RRT) (Malbos 

et al., 2022).  The RIFLE criteria have two additional categories: Loss: a patient is receiving RRT 

for > 4 weeks and End stage: RRT continues for >3 months (Table 2). 

AKI has numerous causes.  Pre-renal, intrinsic, and post-renal issues can all affect the kidneys, 

leading to a loss of function (Manzoor and Bhatt, 2021).  Pre-renal AKI is the kidneys response 

to under perfusion possibly due to hypotension, which often results in altered tubular transport 

e.g., sodium, and a decrease in eGFR despite intact nephrons (Parikh and Coca, 2010).  Intrinsic 
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or intra-renal AKI is characterised when damage occurs directly to the localised tissue of the 

kidney over a prolonged period of time, often caused by ischemia and hypoxia (Lankadeva et al., 

2016).  This intrinsic injury leads to necrosis and apoptosis of renal tubule cells that fail to deal 

with the stress of the injury (Chang et al., 2015).  Intrinsic AKI has many causes including, 

interstitial nephritis, acute tubular necrosis vasculitis and glomerulonephritis (Farrar, 2018).  

Post-renal AKI occurs when there is issue downstream of the kidneys, preventing urine drainage 

causing its retention e.g., urinary tract obstruction, that is easily diagnosed using ultrasound 

(Nagaya and Horie, 2020).  Post-renal AKI is often reversible by treatment of the cause e.g. 

removal of obstructions, however untreated post-renal AKI can result in increased risks of 

urinary tract infections and sepsis (Meola et al., 2016). 

 

1.4.2. Incidence 

 

AKI management is a global health concern and it is estimated that 4.9 – 7.2% of hospitalised 

adults worldwide suffer AKI, with higher incidence rates of 30 – 60% in patients who are critically 

ill or admitted to the ICU, having a high mortality rate of 50 – 80% (Hoste et al., 2018; Yao et al., 

2018; Yokota et al., 2018b).   In Ireland, incidence rates of AKI have increased in recent years, 

where between 2005 and 2014 rates of AKI in males increased from 6% to 13% and in females 

from 5% to 12%, with the majority of cases occurring in the inpatient and emergency room 

setting (Stack et al., 2020).  Incidence levels of hospital acquired AKI (HA-AKI) are reported to be 

5 - 10 times higher than that seen in community acquired AKI (CA-AKI).  Within the NHS, 25% of 

total hospitalisations suffered AKI, with approximately one third presenting with AKI on 

admission, and two-thirds developing AKI post-admission as a hospital inpatient (Challiner et al., 

2014).   
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AKI definitions criteria 

  AKIN KDIGO RIFLE 
Stage 1 (AKIN/KDIGO) or Risk 
(RIFLE) 

Increase in serum creatinine of ≥ 
0.3 mg/dL or 50%-99% OR urine 
output of <0.5 mL/kg/h for 6 to 12 
h 

Increase in serum creatinine of ≥ 
0.3 mg/dL or 50%-99% OR urine 
output of <0.5 mL/kg/h for 6 to 12 
h 

Increase in serum creatinine of 50%-
99% OR urine output of <0.5 
mL/kg/h for 6 to 12 h 

Stage 2 (AKIN/KDIGO) or Injury 
(RIFLE) 

Increase in serum creatinine of 
>100 -200% OR urine output of 
<0.5 mL/kg/h for 12 to 24 h 

Increase in serum creatinine of 
100%-199% OR urine output of < 
0.5 mL/kg/h for 12 to 24 h 

Increase in serum creatinine of 
100%-199% OR urine output of <0.5 
mL/kg/h for 12 to 24 h 

Stage 3 (AKIN/KDIGO) or 
Failure (RIFLE) 

Increase in serum creatinine of ≥ 
200% OR increase in serum 
creatinine by > 0.5mg/dL to >4.0 
mg/dL OR urine output of <0.3 
mL/kg/h for >24 h or anuria for > 
12 h OR initiation of renal 
replacement therapy 

Increase in serum creatinine of ≥ 
200% OR increase in serum 
creatinine by >0.5mg/dL to >4.0 
mg/dL OR urine output of <0.3 
mL/kg/h for >24 h or anuria for > 
12 h OR initiation of renal 
replacement therapy 

Increase in serum creatinine of 
≥200% OR increase in serum 
creatinine by >0.5mg/dL to >4.0 
mg/dL OR urine output of <0.3 
mL/kg/h for >24 h or anuria for >12 
h OR initiation of renal replacement 
therapy 

Loss (RIFLE) 

    
Need for renal replacement therapy 
for >4 weeks 

End Stage (RIFLE) 

    
Need for renal replacement therapy 
for >3 months 

 

Table 2. AKI definitions criteria. Adapted from Rizvi and Kashani (2017). 
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1.4.3. Economic impact 

 

Hospital length of stay (LOS) is increased for patients who suffer AKI with studies showing an 

increased LOS of 2 days - 3.5 days following AKI of differing aetiologies compared to non-AKI 

patients (Chertow et al., 2005; Matuszkiewicz-Rowińska and Małyszko, 2020; Ram et al., 2017; 

Silver et al., 2017).  AKI represents a significant cost to the healthcare system and the overall 

economy.  In the UK it is estimated that an episode of AKI requiring inpatient care, costs 

approximately £5000 and 1% of the total NHS budget estimated to be spent on AKI related 

inpatient costs (Kerr et al., 2014; Mistry et al., 2018).  High AKI related costs are also reported in 

the USA, where AKI is associated with an increase in hospital cost of $7933 per patient compared 

to those who did not suffer AKI (Silver et al., 2017).   

 

1.4.4. Risk factors and aetiology 

 

AKI is a heterogenous condition with many associated risk factors including age, hypovolemia, 

pre-existing CKD, HTN, cardiovascular disease (CVD), type 2 diabetes mellitus (T2DM), surgery, 

sepsis, dementia, and cancer (Lin et al., 2016).  There are a broad range of aetiologies associated 

with AKI including, glomerulonephritis, decreased renal perfusion, intrinsic renal disease, sepsis 

associated tubular epithelial cell injury, bladder outlet obstruction, and nephrotoxic effect of 

medications (Rizvi and Kashani, 2017).   

AKI occurs in two main settings.  HA-AKI is the most common seen in high income countries, 

whereas CA-AKI is more frequent in low-income countries (Kellum et al., 2021).  CA-AKI occurs 

when an individual suffers AKI in the community setting, presenting to their general practitioner 

(GP) or accident and emergency (A&E) with AKI already present (Kaaviya et al., 2019).  CA-AKI 

can be caused by other chronic conditions including CKD, or polypharmacy and nephrotoxic 

drugs (Hsu et al., 2016).  HA-AKI occurs when a patient experiences complications while under 

hospital care, and can be caused by numerous issues including, hypovolemia, blood loss, IRI and 

contrast-induced nephropathy due to surgery, trauma, and sepsis (Kaaviya et al., 2019).  HA-AKI 

make up 67% of AKI patients in UK hospital settings with the remaining 33% being those who 

have CA-AKI (Wonnacott et al., 2014).  CA-AKI patients are reported to be more likely to 

experience severe AKI (stage 3), with 27% of CA-AKI patients developing this advanced stage, 

compared to 21% of HA-AKI patients, possibly due to treatment delay in CA-AKI patients.  

However, HA-AKI patients have worse outcomes, with higher levels of mortality following 

discharge possibly due to additional complications.   
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1.4.5. Management 

 

Preventative measures are the most important part of AKI management (Marx et al., 2018).  The 

fundamental principle for the prevention of AKI is to treat the trigger and underlying cause.  

These measures include avoidance of nephrotoxic drugs, hypovolemia, and avoidance of 

contrast dye injury with close monitoring of patients believed essential (Moore et al., 2018).  

Hypovolemia should be treated aggressively with fluids to limit the length of time the kidneys 

are affected, and attention needs to be paid to patients who may be treated with polypharmacy 

to avoid combinations of potentially nephrotoxic drugs (Ostermann et al., 2019). 

 

1.4.6. Treatment 

 

The main treatment of AKI is to identify and manage the cause, allowing for homeostasis to 

return and for recovery to take place.  Many patients require RRT even in mild AKI, with RRT 

required for 5 - 10% of all AKI patients to aid recovery (Alvarez et al., 2019).  This decision 

requires the assessment of factors such as sCr, urea and potassium concentrations, acid-base 

status, fluid status, urine output, the overall illness of the patient and any additional 

complications that may be present (Gaudry et al., 2016).  The ideal time to commence RRT must 

be considered against hypothetical risks.  Risk of bleeding due to anti-coagulation, infectious and 

mechanical complications associated with venous access and possible further damage that may 

be caused to the kidneys are all factors that need consideration (Macedo and Mehta, 2016).  A 

study that investigated the impact of early initiation of RRT (within 12 hrs) in stage 3 AKI patients 

reported that there was no difference in overall mortality at 90-days between patients who were 

assigned early or delayed RRT (Barbar et al., 2018).  Furthermore, The Artificial Kidney Initiation 

in Kidney Injury (AKIKI) study reported that delaying RRT allowed for the avoidance of 

unnecessary administration of RRT to those patients who did not need it, reducing 

complications, risks and costs (Gaudry et al., 2016). 

RRT can be administered intermittently or continuously for AKI patients.  Intermittent RRT is 

given to patients in periods throughout a 24-hour period.  Continuous RRT is the slow and 

smooth extractor-portal blood purification that stimulates the continuity of kidney functions 

that is given for a complete 24-hour period or up to several days without pause (Karkar, 2019).  

A meta-analysis study investigating AKI patients who were randomly assigned either 

intermittent or continuous RRT found that there was no significant difference in ICU and hospital 
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LOS (Nash et al., 2017). Therefore, the type of RRT that a patient receives may not be as 

important as the correct decision to administer RRT overall.  

 

1.4.7. Patient outcomes 

 

Patients who suffer AKI are at higher risk of further renal and health complications (Pesce et al., 

2021).  Long term outcomes vary and can be dependent on the cause and severity of AKI.  

Outcomes for AKI patients can include a complete recovery, where there seems to be no long-

term damage caused to the kidneys (Heung et al., 2016), need for RRT (Swift et al., 2022), and 

death (Forni et al., 2017).  Clinical studies have demonstrated that an episode of AKI can cause 

chronic inflammation and renal fibrosis, which are hallmarks of CKD (Sato and Yanagita, 2018).  

Progression to CKD risk is increased following AKI (Hannan et al., 2021), and AKI is an 

independent risk factor for CKD development (Jiang et al., 2020).  The progression to CKD, 

following AKI, regardless of unlaying cause, involves multiple mechanisms including immune 

cells, proximal tubular cells, and fibroblasts, where inflammation, hypoxia and nephron loss 

occur (Sato et al., 2020a; Tanaka et al., 2014).  AKI survivors are said to have progressed to CKD 

when their kidney function has remained permanently below their baseline function for 90-days 

(Gameiro et al., 2020).  

A large meta-analysis by Coca et al. (2012) reported 26% of patients who experienced AKI went 

on to develop CKD, and 9% developed end stage renal disease (ESRD) where RRT was required 

(Coca et al., 2012a).  One longitudinal study involving ICU patients who were followed up after 

90-days, reported that 25% of AKI patients progressed to CKD, with another reporting that 43.5% 

of hospitalized AKI patients progressed to CKD at 36-month follow-up (Ponce et al., 2016; Rimes-

Stigare et al., 2018).   

AKI is also associated with increased risk of patient death, with AKI reported to account for 

approximately 1.7 million global deaths annually (Mehta et al., 2015).  In a study investigating 

cardiac surgery patients who experienced AKI compared to those who did not develop AKI, 

mortality rate was over double in the AKI cohort (10%) compared to the non-AKI cohort (4%), 

with another study reporting that there was a 22% overall mortality rate in ICU patients with AKI 

(Bouchard et al., 2015; Mansour et al., 2019). 

Acute on chronic kidney disease (AKI-on-CKD) is also a risk of poor outcomes for CKD patients, 

and refers to the occurrence of AKI in an individual who has established CKD (Hsu and Hsu, 2016).  

CKD patients who experience AKI are shown to suffer more severe effects, with AKI-on-CKD 
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patients reported to have more difficulty recovering following injury and a 41-fold increase of 

reaching ESRD compared to a 13-fold increase in AKI only patients, and 8-fold increase in CKD 

only patients (He et al., 2017; Sato and Yanagita, 2018).  Potential reasons for this may include 

the already lowered eGFR seen in CKD patients, and the already present oxidative stress, chronic 

inflammation, and vascular dysfunction that CKD is characterised by which is escalated when 

AKI occurs.  
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1.5. Chronic kidney disease (CKD) 

 

1.5.1. Definition and diagnosis 

 

CKD is a term used to describe a heterogeneous disorder which permanently affects the function 

and structure of the kidney (Luyckx et al., 2020).  The variation seen in the expression of the 

disease is related to the severity, pathology and the rate of progression seen in patients (Levey 

& Coresh, 2012; Wu et al., 2016).  Structural abnormalities that can occur in the kidney include, 

tumours, cysts, atrophy, and malformations, which are visible during imaging (Denic et al., 

2016).  In recent years, a shift has occurred whereby CKD is now recognised as a common 

disorder of varying severity needing both the attention of specialists, but also a concerted public 

health approach for the prevention, early detection, and the management of the condition 

(Luyckx et al., 2019).   

The diagnosis of CKD relies on determining reduction in kidney function and any structural 

damage which may be present (Chen et al., 2019).  The KDIGO definition of CKD is based on the 

presence of kidney damage, including albuminuria, or decreased kidney function, where eGFR 

<60 ml/min/ 1.73 m2 for 3 months or more irrespective of the clinical diagnosis (Figure 5) 

(Ammirati, 2020; Levin et al., 2013).  Estimated GFR plays a central role in the diagnosis, with 

CKD classified into 5 stages based on eGFR: stage 1 (normal, high); more than 90 ml/min/ 1.73 

m2, stage 2 (mild); 60-89 ml/min/ 1.73 m2, stage 3a (moderate); 45-59 ml/min/ 1.73 m2, stage 

3b (moderate); 30-44 ml/min/ 1.73 m2, stage 4 (severe); 15-29 ml/min/ 1.73 m2, and stage 5 

(end stage); less than 15 ml/min/ 1.73 m2 (Chen et al., 2019).  Additionally, increased 

albuminuria is associated with poor patient outcomes, morbidity, and mortality of CKD patients 

in addition to low eGFR and other risk factors (Figure 5) (Kelly et al., 2019).  Albumin is often 

measured as a ratio of sCr, named the albumin-to-creatinine ratio (ACR) with an ACR <30 mg/g 

classed as normal, ACR of 30 – 300 mg/g classed as moderately increased risk of kidney damage 

and ACR >300 mg/g classed as high increased risk (Park et al., 2017).   

Many individuals are asymptomatic even when CKD is present, possibly only discovering the 

disease following chance screenings, or when they present at GP unwell with moderate to 

advanced CKD (Berns, 2014).  As kidney function declines and functional ability is reduced, 

uraemic retention solutes accumulate in the body.  This exerts negative biological effects 

referred to as uraemic toxins, which contribute to immune dysfunction, vascular disease, 

inflammation, and altered drug metabolism (Tanaka and Okusa, 2020).  These can lead to the 

possible signs and symptoms of CKD (Figure 6).  These signs of CKD can include a change in 
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Figure 5. The KDIGO classification of CKD.  The Kidney Disease Improving Global Outcomes (KDIGO) matrix incorporating GFR and level of albuminuria and 
divided into three categories to describe risk of CKD patients progressing to worse outcomes.  Colours displayed indicate CKD patient risk with green 
representing low risk, yellow representing moderately increased risk, orange representing high risk and red representing very high risk. 

 

 

 

        
Persistent albuminuria categories            

Description and range  

        A1 A2 A3 

        

Normal to mildly 
increased 

Moderately 
increased 

Severely 
increased 

        

<30 mg/g 
<3mg/mmol 

30-300 mg/g     
3-30 

mg/mmol 

>300 mg/g                 
>30 

mg/mmol 

GFR categories (ml 

min 1.73 m2) 

Description and 

range 

G1 Normal or high ≥90       

G2 Mildly decreased 60-89       

G3a Mildly to moderately decreased 45-59       

G3b Moderately to severely decreased 30-44       

G4 Severely decreased 15-29       

G5 Kidney failure <15       
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appearance whereby anaemia may lead to a pale complexion, shortness of breath, itching and 

cramping shown to worsen at night (Webster et al., 2017).  Other issues may include peripheral 

oedema, cognitive changes, and gastrointestinal issues. 

 

 

Figure 6. Symptoms and signs of CKD.  Symptoms include changes to the appearance, cognitive 
function, and gastrointestinal problems.  Symptoms may also include itching, cramping, 
hypertension, and shortness of breath due to fluid changes.  The kidney structure may also be 
altered and issues resulting from this can lead to haematuria, proteinuria and changes to urine 
output. 
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1.5.2. Incidence  

 

Global incidence of CKD has increased 42% from 1990 to 2017 worldwide, with an estimated 

697.5 million cases of CKD recorded and a current prevalence of 9% of the global population 

(Bikbov et al., 2020).  In countries such as the USA, it affects 15% of adults (Saran et al., 2017) 

and in the UK, CKD stage 3 – 5 data ranges from between 1.8 - 2.6 million people, with 4 – 9% of 

the population affected, with prevalence shown to be higher in females (7 – 11%) than males (4 

- 6%) (Forbes and Gallagher, 2020; Kerr, 2017).  Within the Irish healthcare system, CKD 

prevalence is reported to be 11.8% with higher rates also seen in females compared to  males 

(13% vs 11%) (O’Neill et al., 2020; Stack et al., 2014).  CKD is currently the 16th leading cause of 

death worldwide, however it is one of the fastest growing causes of death globally and expected 

to be the 5th largest cause of death by 2040 (Chen et al., 2019b; Jiang et al., 2020).  A recent 

study found that CKD incidence may be higher than currently recorded where a cohort of the 

population >60 years was screened and 44% who met the criteria to be diagnosed with CKD had 

previously been undiagnosed (Hirst et al., 2020).  One reason for this high prevalence and cause 

of death is believed to be an ageing population (Tonelli et al., 2014).  The average age of death 

in the general population has increased in recent years.  Kidney function is known to be reduced 

with age, and a significant rise has been seen in older CKD patients, therefore it is logical to 

conclude that an ageing population has contributed to the increase in CKD prevalence (Bowling 

et al., 2017).  Diabetes is another main cause of ESRD in many countries, being the cause of CKD 

in up to 40% of CKD patients (Alicic et al., 2017; Kato and Natarajan, 2019).  Diabetes rates have 

increased substantially in recent years with the World Health Organisation (WHO) estimating a 

global prevalence of 4.7% in 1980 to 8.5% in 2014, and therefore possibly involved in the 

increasing rate of CKD (Zghebi et al., 2017).   

 

1.5.3. Economic impact 

 

CKD is a major challenge for health care systems, with the economic cost of CKD management 

estimated to be US$1 trillion globally (Wouters et al., 2015).  Within the UK, it was estimated 

that CKD cost the NHS approximately £1.45 billion, which equates to roughly 1.3% of all NHS 

spending.  Over half this amount was spent on RRT, provided to 2% of the CKD population (Kerr 

et al., 2012; NICE, 2018).  In addition, there were approximately 7000 excess strokes and 12000 

excess myocardial infarctions (MI) in CKD patients compared to a non-CKD cohort costing 

approximately £174 million.  Other costs included more regular GP and CKD outpatient clinic 
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appointments, and medication costs that are associated with disease control (Mason and Bakus, 

2010; Yang et al., 2020).  

 

1.5.4. Risk factors and aetiology 

 

Within developed countries, CKD is mostly associated with old age (Buchanan et al., 2020), 

obesity (Chintam and Chang, 2021), HTN (Walther et al., 2020), CVD (Vallianou et al., 2019) and 

T2DM (Clemens et al., 2019).  As mentioned, CKD can be driven by other diseases with impaired 

kidney function often caused by HTN, a co-morbidity closely associated with CKD, with 

hypertensive nephrosclerosis the second most common cause of ESRD, where high levels of 

albuminuria and a decrease in eGFR are seen (Ku et al., 2019a).  As the renal vasculature stiffens, 

it causes blood to be delivered at increased pressure causing hyper-perfusion and hypertrophy 

leading to proteinuria and glomerulosclerosis, with scarring of the glomeruli occurring due to 

high levels of inflammation (Evans and Taal, 2011; Shanahan, 2013).  As a result, blood pressure 

(BP) recommendations for CKD patients are lower than that for the general population and 

targeted at 130/80 mm Hg, with intensive BP lowering in CKD patients shown to reduce 

progression risk, yet this is limited to patients with proteinuria (Ku et al., 2019a; Whelton et al., 

2018).  CVD also increases CKD risk (Vallianou et al., 2019).  CVD mortality is higher in patients 

with CKD (58-71%) compared to CVD patients without CKD (22-27%), and CKD patients with HTN 

and CVD had 2.2 times the increased mortality risk compared to those without HTN 

(Hemmelgarn et al., 2009; Tang et al., 2018).  In addition, it is estimated that 25-40% of T2DM 

patients will develop CKD throughout their disease span (Kato and Natarajan, 2019).  Diabetic 

nephropathy is a condition characterized by micro and macroalbuminuria and a progressively 

worsening eGFR that is the leading cause of CKD in the western world, with up to 40% of patients 

needing to commence RRT (Xiong and Zhou, 2019).     

Certain diseases resulting in kidney and urinary tract abnormalities can be visible from early 

ages, while others present later in life (Glassock and Winearls, 2008; Kamath et al., 2019).  

Autosomal dominant polycystic kidney disease (ADPKD) is a disease that is characterised by 

manifestations of cysts which occur on the kidneys and can lead to complications for patients 

(Bergmann et al., 2018).  ADPKD can be clinically expressed in a variety of ways explained in part 

by genetic mutations that take place in at least two genes, polycystin 1 (PKD1) and polycystin 2 

(PKD2) (Pereira et al., 2021).  IgA nephropathy is another form of CKD characterised by recurrent 

episodes of hematuria accompanied with upper respiratory tract infections (Rodrigues et al., 
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2017).  This form of CKD has been shown to be increased in individuals who have family 

members with the disease and are at increased risk of developing it compared to individuals 

with no familial history and shown to have worse outcomes than sporadic IgA patients (Sallustio 

et al., 2019).  A number of genes including major histocompatibility complex (HLA), Fc gamma 

receptor IIb (FCGR2B), Fc receptor like B (FCRLB) and core 1 synthase, glycoprotein-N-

acetylgalactosamine 3-beta-galactosyltransferase 1 (C1GALT1) have all been associated with a 

genetic susceptibility of developing IgA nephropathy (Feehally et al., 2010; Zhou et al., 2013).  

The apolipoprotein L1 (APOL1) gene has been investigated in CKD patients and is shown to 

account for much of the excess CKD seen in individuals of African ancestry.  Individuals with this 

genetic variation are reported to be at a 15% increased risk of developing CKD whereby APOL1 

is shown to play a role in cellular injury and programmed cell death in kidney injury (Dummer et 

al., 2015). 

 

1.5.5. Management 

 

CKD does not have a single specific treatment that is used to help improve or slow decline of 

kidney function, and so patients are treated to better control the other conditions they have 

that may be negatively affecting their kidneys (Forbes and Gallagher, 2020).  With HTN being a 

main driver of CKD, anti-hypertensive medication is a first line treatment prescribed for CKD 

patients.  Inhibitors of RAAS including angiotensin converting enzyme inhibitors (ACEi) and 

angiotensin II receptor blockers (ARB) are often prescribed to CKD patients as they have shown 

beneficial long-term effects and to reduce proteinuria when it is present (Pugh et al., 2019).  

Other anti-hypertensive medication may also be prescribed, with diuretics and calcium channel 

blockers (CCB) are also commonly used (Blowey, 2016).  Additionally, CKD patients are often 

intensively treated for any co-morbidities that are believed to be drivers of CKD such as T2DM 

and CVD (Chintam and Chang, 2021; Pugh et al., 2019).  For CKD patients with T2DM, achieving 

the best possible metabolic control with HbA1c <7% is paramount (Kato and Natarajan, 2019).  

Additionally, a BP target of <130/80 mmHg, lower than that for the normal population, is 

recommended for T2DM patients with it known to increase proteinuria, and so attempts to 

lower this are often taken (Kanbay et al., 2018).  CKD patients with CVD are also more 

aggressively managed with treatment of dyslipidemia to reduce low density lipoprotein (LDL) 

cholesterol < 100 mg/dl as a target (Piepoli et al., 2016).  Therefore, it is not uncommon for CKD 

patients to be prescribed a combination of anti-hypertensives, diabetic medications, and statins 
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to attempt to better control CKD patients function and prevent progression (Cashion et al., 

2021). 

 

1.5.6. Treatment 

 

For many CKD patients who reach ESRD (later stages of stage 4 or stage 5), RRT including 

haemodialysis (HD) or peritoneal dialysis (PD) will be required prior to possible kidney 

transplantation (Samoudi et al., 2021; Semaan et al., 2018).  HD is the administration of RRT 

whereby blood is filtered by a dialysis machine out of the body from one site of the vascular 

system and returned to a different point in the vascular system allowing for the loop to be 

completed (Murea et al., 2019).  PD is where the blood is cleaned inside the body where the 

lining of the abdomen acts as a natural filter, with the peritoneal cavity filled with dialysis fluid 

through a catheter and extra fluid and waste products drawn out of the vascular system into the 

dialysis fluid which is then removed following the procedure (Andreoli and Totoli, 2020).  In a 

study comparing CKD stage 4 and 5 patients who did not need RRT with those who received HD 

and PD, patients who received HD were 2.6 times, and patients who received PD were 1.7 times 

at higher mortality risk than those patients who did not require RRT (Neovius et al., 2014).  This 

may indicate that those CKD patients who require RRT are more ill than those who do not.  

Furthermore, another study on RRT reported that CKD patients >75 years had no significant 

survival advantage in choosing RRT (Brown et al., 2015).  HD and PD may also work better for 

certain patient cohorts, with one study reporting that in patients <65 years without CVD or 

T2DM, PD was shown to offer better survival in patients compared to HD (Klinger and 

Madziarska, 2019; Weinhandl et al., 2010).  This shows that although dialysis is a possible useful 

treatment, its administration needs to be carefully considered. 

The kidney is the most transplanted organ worldwide, with 153,863 kidney transplantations 

taking place globally in 2019 (Statista, 2019).  It has been shown to be an effective treatment 

option for CKD patients who reach ESRD, with transplant 1-year and 5-year survival rates 

following kidney transplant reported to be 93% and 72% respectively (Wang et al., 2016).  

Comparison of ESRD patients who received a kidney transplant with patients who remained on 

dialysis, showed that in the short term (<1 year), RRT patients have a lower risk of death due to 

acute complications following transplant, however long-term, transplant patients had a better 

quality of life, and lower risk of mortality than ESRD patients who remained on RRT (Jansz et al., 

2018; Kaballo et al., 2018).   It is possible for transplant patients to encounter complications, 
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with kidney rejection the main concern (Fekih et al., 2021).  This occurs when there is biological 

incompatibility, whereby an immunologic reaction occurs between the donor’s antigens and 

recipients immune system (Jeong, 2020).  Kidney rejection has been shown to occur in 

approximately 10 - 21% of transplant patients and can happen acutely or chronically following 

transplant (Bicalho et al., 2019; Clayton et al., 2019). 

 

Figure 7.  A conceptual model of CKD.  The process of development, progression, and 
complications of CKD with strategies for treatment.  Complications refers to all complications of 
CKD including those that can arise from adverse effects of interventions.  Horizontal arrows 
represent the progressive nature of CKD. 

 

1.5.7. Patient outcomes 

 

Progression rate varies between patients, with some remaining stable for many years, known as 

stable CKD, or others improving kidney function, known as reversal CKD (Zhong et al., 2017).  

The majority of CKD patients, however, experience a loss kidney function over time, which is 

known as progressive CKD, and is often determined as a reduction of eGFR ≥1 ml/ min/ 1.73m2 

per year (Figure 7) (Tsai et al., 2017).   In a 3-year follow-up study of CKD patients of stages 1 – 

4 the likelihood of a patient progressing from one stage to the next was 34.9% overall with an 

average eGFR decline of 3.17 ± 5.02 ml/ min/ 1.73m2 per year (Okubo et al., 2014).  The lowest 

of these was progression from stage 2 to stage 3a (20%) and the highest from stage 4 to stage 5 

(ESRD) (45.8%).  A study investigating progression in diabetic CKD patients with mean follow-up 

of 64.5-months reported that 32% of patients progressed to the next stage of CKD with an 

average eGFR decline of 2.42 ml/ min/ 1.73m2 per year with the highest progression rate being 

in stage 1 to 2 progression (88%) and the lowest in stage 2 – 3 progression (41%) (Kim et al., 
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2018).  This may suggest that CKD progression is not related to CKD stage at time of diagnosis 

and that all stages are at risk.  

CKD has been shown to progress in a relatively linear fashion, possibly due to the progressive 

loss of nephrons seen due to their hyperfunctioning, yet there are patients who do not progress 

linearly, progressing more rapidly than would be expected (Caravaca-Fontan et al., 2018).  Rapid 

CKD progression is classified as an eGFR decline of 3 – 5 ml/ min/ 1.73m2 in one year (Chen et 

al., 2020; Tsai et al., 2017).  In a 10-year follow-up study of CKD patients where rapid progression 

was classified as 3 ml/ min/ 1.73m2, CKD patients who had been diagnosed at <60 years, or with 

HTN, T2DM, or proteinuria tended to have a faster eGFR decline compared to patients without, 

and it reported that each 1 ml/ min/ 1.73m2 decrease in eGFR related to a 17% increase in ESRD 

risk (Tsai et al., 2017).  Another study with a median follow-up of 29-months in German CKD 

patients reported that 50% of patients had no decline of kidney function, and that 17% declined 

≥5 ml/ min/ 1.73m2 at follow-up (Reichel et al., 2020).  Furthermore, young (21 – 45 years) CKD 

patients who have linear decline in eGFR are shown to be at higher risk of reaching ESRD, yet 

CKD patients who are diagnosed at an older age (>60 years) are at higher risk of mortality prior 

to reaching ESRD, due to complications of CKD and other morbidities (Ali et al., 2021; Coresh et 

al., 2014; Ricardo et al., 2019).  This shows the importance of determining progression rate in 

patients as early as possible to highlight patients in need of more intense kidney treatment. 

Unlike for AKI, efforts have been made to produce progression calculators to attempt to predict 

the progression rate of CKD.  These calculators often use a variety of clinical data including 

biochemical markers, co-morbidity and current medication, with equations often using >15 data 

points or biopsies, being specific to certain CKD aetiologies, or giving progression rate over 

longer periods of time (Akbari et al., 2020; Martín-Penagos et al., 2019; Xu et al., 2021).  There 

is therefore a need for a non-invasive blood or urine test that can help in highlighting patients 

at greater risk of rapid CKD progression to allow for efficient testing in the clinical setting.  
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1.6. Novel biomarkers 
 

1.6.1. Current clinical biomarkers 

 

AKI and CKD are diagnosed by monitoring sCr, eGFR, and urine output, all of which are measures 

of kidney function, not kidney injury (Schrezenmeier et al., 2017).  There is however an ongoing 

search to identify novel biomarkers associated with AKI and CKD to aid in two main aspects of 

disease management that current clinical measures lack.  The first is earlier diagnosis, based on 

the knowledge that the earlier AKI and CKD are diagnosed the earlier detailed diagnostics and 

therapeutic interventions can be implemented (Rysz et al., 2017).  In AKI patients it is reported 

that sCr does not start to rise to significant levels in the early stages of AKI, but only when a 50% 

reduction in eGFR has occurred (Rossaint and Zarbock, 2016).  Similar findings are reported in 

CKD patients where sCr concentrations were not significantly increased until approximately 40 

– 50% of the renal parenchyma was damaged (Table 3) (Steubl et al., 2016).  This therefore 

shows the potential lag time from the initiation of injury and the potential time of diagnosis for 

patients and how impactful earlier diagnosis could be.  Secondly, sCr, eGFR and urine output are 

known to be limited in their prognostic ability whereby when measured at presentation, do not 

always indicate outcomes such as hospital mortality or need for RRT (Bell et al., 2009; 

Schrezenmeier et al., 2017).  Furthermore, these clinical measures do not account for the 

aetiology of AKI (whether it is pre, intrinsic or post-renal) or the nature of CKD, and offer little 

insight into early patient management.  Therefore, novel biomarkers that have potential use in 

AKI and CKD management should have characteristics allowing them to make a difference in the 

clinical setting, including factors such as those that are easily detectable in blood and urine and 

highly sensitive and specific to AKI and CKD (Table 4).   

 

1.6.2. Biomarkers associated with AKI and CKD 

 

Certain biomarkers associated with AKI and CKD, yet not used in the clinical setting, show a 

change in concentration levels in the blood and urine earlier than changes in sCr and urine 

output can be detected, and with better specificity and sensitivity, making them potentially 

useful as early indicators of kidney damage (Liu et al., 2021).  Furthermore, these biomarkers 

are reported to offer insight into certain underlying causes of renal injury (Wouters et al., 2015).  

At present, numerous biomarkers have been identified to be associated with AKI and CKD 

diagnosis, however certain biomarkers have been investigated more intensely.  Furthermore, 
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several biomarkers have been shown to be useful in both AKI and CKD diagnosis and prognosis, 

as certain mechanisms involved in kidney damage for both diseases are similar (Jiang et al., 

2020b; Marx et al., 2018).   

 

Disease Limitations of serum creatinine 

AKI and 
CKD 

1. Delayed biomarker of kidney damage 

2. Insensitive to small changes in GFR 

3. Dependent on clinical characteristics (age, sex, muscle mass, diet etc.) 

4. Non-specific to disease aetiology 

AKI  
1. Altered by treatments in hospitalised patients (i.e. by diuretics, IV fluids) 

2. Dependent on haemodynamic steady state 

CKD 

1. Can be falsely low with significant proteinuria 

2. Provides imprecise eGFR estimations 

3. Can remain unchanged  

Table 3. Limitation of serum creatinine in acute kidney injury (AKI) and chronic kidney disease 
(CKD). 

 

Cystatin C is a 13 kDa protein and member of the cystatin superfamily of cystine protease 

inhibitors and identified in a wide variety of organ and cells (Kar et al., 2018a; Newman, 2002).  

It is produced at a steady rate in all nucleated cells and is freely filtered and completely 

reabsorbed and catabolized in the proximal tubule, being reported as a stronger predictor of 

cardiovascular events and death than sCr (Abrahamson et al., 1990; Oh, 2020).  Cystatin C is 

measurable in both blood and urine and has been shown to be upregulated in drug induced AKI 

(Griffin, Faubel, et al., 2019), following cardiac surgery in patients who develop AKI (Ho et al., 

2015a), acute pancreatitis patients who develop AKI (Patel et al., 2020), and septic AKI patients 

(Leem et al., 2017).  Furthermore, it is upregulated in general CKD patients (Shardlow et al., 

2017), IgA nephropathy patients (Hu et al., 2021) and ADPKD patients (Sans et al., 2017).  

Cystatin C is also suggested to be more specific for early diagnosis of AKI and CKD than sCr, as it 

is affected by fewer factors related to sex, age, and muscle mass (Helmersson-Karlqvist et al., 

2021; Ribichini et al., 2012).  However, this is not shown in all clinical settings, where in patients 

admitted to A&E, no superior ability of cystatin C compared to sCr was found (Bongiovanni et 

al., 2015).  This indicates that these two biomarkers may not simply be interchangeable due to 

processes unrelated to kidney function such as acute systemic inflammation (Svensson et al., 

2016).  It has also been reported that cystatin C combined with sCr offers better AKI diagnostic 

ability, accuracy and risk stratification of AKI patients post-cardiac surgery than either biomarker 

alone (Che et al., 2019) while in a different cohort of cardiac patients, cystatin C was reported 
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to identify a subset of AKI patients at higher risk of worse outcomes in addition to sCr diagnosis 

(Spahillari et al., 2012).  The abilities of cystatin C resulted in it being implemented into the 2008 

CKD-EPI cystatin C and 2008 CKD-EPI creatinine-cystatin C equations for evaluation of CKD 

(Stevens et al., 2008), then into the 2012 CKD-EPI cystatin C and 2012 CKD-EPI creatinine-cystatin 

C equation for evaluation of CKD in diverse populations (Inker et al., 2012) and recently into the 

new 2021 CKD-EPI creatinine-cystatin equation that is reported to eliminate the need for race 

to be included in the equation (Inker et al., 2021).  These cystatin C based equations are shown 

to better identify CKD patients at early stages 1 and 2 and to allow for therapeutic interventions 

to be monitored more accurately with it suggested that it is now ready for clinical use (Ebert & 

Shlipak, 2020; Kar et al., 2018b). 

 

 

 

 

 

 

 

Table 4. Characteristics for ideal biomarkers for use in management of AKI.  Adapted from (Soni 
et al., 2009). 

 

Neutrophil gelatinase-associated lipocalin (NGAL) is a 25-kDa protein of the lipocalin family that 

plays a role in the innate antibacterial process and activation of iron-dependant pathways 

(Bolignano et al., 2008; Seibert et al., 2018).   It is produced in the kidney tubules in response to 

injury and is potentially involved in tubular regeneration, being rapidly secreted from stimulated 

or damaged epithelial cells and measurable in the blood and urine, being upregulated 2-hours 

following kidney injury (Cai et al., 2010; Kubrak et al., 2018; Wang et al., 2020b).  Plasma and 

urinary NGAL are both significantly changed in AKI patients compared to patients with normal 

kidney function and CKD patients and is reported to be able to predict worse patient outcomes 

for AKI patients, and distinguish between pre- and intrinsic AKI (Moledina and Parikh, 2018; 

Nickolas et al., 2008; Parikh et al., 2020; Seibert et al., 2013).  Furthermore, NGAL is shown to 

be upregulated in general CKD patients (Banai et al., 2021; Bhavsar et al., 2012), IgA nephropathy 

Ideal biomarkers for AKI  

1 Easily detectable in blood and urine 

2 Non-invasive 

3 Rapidly and reliably measurable 

4 Highly specific and sensitive for AKI 

5 Able to give insight into aetiology and duration 

6 Capable of early detection 

7 Marker of injury  

8 Helpful in monitoring response to intervention 

9 Inexpensive 

10 Unaffected by other biological variables 



 

34 
 

patients (Neuhaus et al., 2018), and increasing with CKD severity (Patel et al., 2015a).  NGAL is 

associated with tubular stress and injury and therefore, when combined with current clinical 

information, may allow for better patient management offering more information on internal 

kidney damage that may be occurring (Shang and Wang, 2017).   

TNFR1 is a 55 kDa protein and member of the tumor necrosis factor receptor superfamily 

(TNFRSF).  It is a main receptor for TNFα, where following binding it induces activation of signal 

transduction cascades via aggregation of intracellular domains and recruitment of docking or 

adapter proteins (Cui et al., 2002; Saddala and Huang, 2019).  Another member of the TNFRSF, 

TNFR2 is a 75 kDa protein, and another main receptor of TNFα (Cui et al., 2002; Sarnak et al., 

2022).  In their soluble forms, where TNFR1 and TNFR2 have been cleaved from the cell surface, 

they are suggested to inhibit TNFα actions due to competing with the cell bound receptor 

(Wajant and Siegmund, 2019).  TNFR1 and TNFR2 are shown to be associated with AKI (McCoy 

et al., 2022; Saddala and Huang, 2019; White et al., 2012) and several types of CKD including 

general CKD, diabetic CKD (Gohda et al., 2012; Saulnier et al., 2014; Schrauben et al., 2021b; 

Sonoda et al., 2015; Wändell et al., 2020).   

Kidney injury molecule-1 (KIM-1) is 104 k-Da peptide, comprising of a 14 kDa membrane bound 

fragment and 90 kDa soluble portion (Yin and Wang, 2016).  It is expressed in low levels in 

healthy kidneys but upregulated following IRI and reported as a sensitive marker for AKI 

following nephrotoxicity (Tanase et al., 2019), sepsis (Tu et al., 2014), and in cardiac patients 

who developed AKI post-surgery (Yuan, 2019).  KIM-1 is suggested to be anti-inflammatory due 

to its repair abilities of phagocytic processes in tubule cells following IRI and that when KIM-1 

expression is impaired higher inflammation is seen following AKI (Yang et al., 2015).  As a 

consequence, it has been reported that late upregulation of KIM-1 could be a useful marker for 

sustained renal injury following AKI, potentially indicating patients at higher risk of progression 

to CKD (Ko et al., 2010; Yu and Bonventre, 2020).  Although potentially protective in acute 

upregulation, chronic upregulation of KIM-1 has been reported to be pro-inflammatory, 

increasing tubule interstitial fibrosis (Humphreys et al., 2013; Yin and Wang, 2016).  KIM-1 then 

is reported to be a biomarker for early CKD diagnosis as it is upregulated by tubulointerstitial 

damage and proximal tubule damage and when levels remain elevated it is reported to increase 

risk of kidney damage (Rysz et al., 2017; Zeisberg and Neilson, 2010).  One study, however, 

reported that KIM-1 was not correlated with declining eGFR in CKD cohorts (Seibert et al., 2018b) 

yet in other studies focusing on CKD patients with glomerulonephritis, or IgA nephropathy 

urinary KIM-1 did increase with severity (Chen et al., 2019; Xu et al., 2011).  It may then be 

hypothesized that urinary KIM-1 response may be different between CKD etiologies.  
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Fatty acid binding protein 1 (FABP1) also known as liver-type fatty acid binding protein, is a 14 

kDa protein of the superfamily of lipid-binding proteins localised to the proximal tubule, and has 

been shown to be upregulated in the urine as soon as 1-hour post-hypoxic kidney insult (Noiri 

et al., 2009; Schrezenmeier et al., 2017).  FABP1 is believed to be inducible by hypoxia as it 

contains a hypoxia-inducible factor 1 (HIF-1) response element and levels are reported to 

correlate with length of time of ischemia reflecting impaired protein reabsorption in the 

proximal tubule epithelial cells (Kawakami et al., 2021a; Yamamoto et al., 2007; Yepes-Calderón 

et al., 2021).  Levels of FABP1 have been reported to peak 6-hours post-cardiac surgery with 

higher levels post-surgery shown to indicate higher AKI risk (Ho et al., 2015; Parikh et al., 2013).  

Furthermore, increased levels of FABP1 are shown to increase AKI risk following contrast dye 

therapy (Andreucci et al., 2016) and to predict poor outcomes for critically ill AKI patients (Parr 

et al., 2015).  In addition, FABP1 has been reported to be upregulated in general CKD patients 

(Xu et al., 2015), diabetic CKD patients (Tsai et al., 2020), and in CKD patients with CVD (Matsui 

et al., 2016).   

The effects of senescence in AKI and CKD has recently been suggested within the literature (Dai 

et al. 2019).  As previously discussed acute senescence is beneficially to the body for wound 

healing however chronic senescence where there is an accumulation of senescence cells is 

believed to be detrimental to health and to promote disease pathology.  Senescence is 

measured using SASP proteins which can be measured in the blood and give an accurate 

indication of levels of senescence cells (Matjusaitis el al. 2016).  Well established SASP proteins 

include senescence-associated β-galactosidase (SA-β-gal) and p16INK4a which have been shown 

to be detectable in the blood prior to disease development (Li and Wang, 2018).  In addition to 

this, many other biomarkers have been identified as being highly expressed by senescence cells 

including numerous cytokines, chemokines and matrix metalloproteinases and can be used to 

indicate the presence of senescence cells (Ghosh and Capell 2016; Quan and Fisher 2015; Wang 

and Dreesen 2018).  Although these biomarkers are known to be increased in other diseases, 

the presence of these biomarkers in patients with AKI and CKD may allow for an indication as to 

the level at which senescence is present in these disease states and whether senescence may 

be driving these showing them biomarkers that are of interest in renal disease. 
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Protein name Biomarker type Intended use Limitations References 

Creatinine Kidney function Estimation of kidney function (eGFR).  
Suggested to predict AKI in diabetic 
patients and worse outcomes of AKI and 
CKD. 

Affected by age, body mass 
and ethnicity.  Gives a single 
snapshot of kidney function. 

Rossaint and Zarbock, 2016; 
Steubl et al. 2016  

Cystatin C Kidney function Estimation of kidney function (eGFR).  
Suggested to predict AKI in some patient 
cohorts and worse outcomes of AKI and 
CKD. 

Affected by age.  Some 
conditions such as malignancy 
can affect levels. 

Helmersson-Karlqvist et al., 
2021; Ebert & Shlipak, 2020;  
Spahillari et al., 2012  

NGAL Damage AKI prediction in high risk patients and 
prediction of worse outcomes and 
indication of intrinsic AKI.  Predicts higher 
progression risk in CKD. 

Affected by malignancy and 
COPD. 

Parikh et al., 2020; 
Wang et al., 2020b  

TNFR1/2 Inflammation High levels predicts worse patient 
outcomes post-AKI.  Associated with 
diabetic CKD. 

Can be affected by other 
inflammatory conditions. 

McCoy et al., 2022;  
Schrauben et al., 2021b 

FABP1 Damage Early diagnostic biomarker of AKI with 
high levels predicting worse patient 
outcomes.  Upregulated in diabetic and 
CVD CKD patients. 

Levels increased in other 
diseases including liver 
disease. 

Matsui et al. 2016;  
Schrezenmeier et al., 2017;  
Tsai et al. 2020  

KIM-1 Damage Sustained high levels post-AKI show 
increased risk of progression.  Early 
diagnosis biomarker of CKD and indicated 
intrinsic damage to kidney.  

Can increase at different rates 
in some types of CKD.  Difficult 
to measure in anuria patients. 

Rysz et al. 2017; 
Yin and Wang, 2016 

Table 5.  Summary of biomarkers associated with AKI and CKD.  A summary of biomarkers associated with AKI and CKD including their biomarker type, 
intended use and limitations. 
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The biomarkers discussed are shown to act as single indicators of diagnosis of AKI or CKD, 

however combining them to produce panels is also possible.  These biomarker combination 

panels aim to offer improved accuracy for sensitivity and specificity of diagnosis as they can 

include biomarkers involved in different aspects and mechanisms of AKI and CKD development 

(Lousa et al., 2020).  Furthermore, combinations of both blood and urine biomarkers may 

improve the accuracy and reduce the factors of non-renal determinants for each biomarker 

alone (Gerhardt and McMahon, 2021; Hsu et al., 2015).   

Novel advances in technology now allow for numerous biomarkers to be measured accurately 

and rapidly from a small blood or urine sample.  One novel technology used is biochip array 

technology (Deville et al., 2022).  Biochip array technology allows for a cost-effective and 

efficient measurement of multiple biomarkers on large numbers of samples in plasma and urine 

(Randox 2022a; Randox 2022b).  This technology has been previously used to accurately 

measure biomarkers for numerous disease cohorts including rheumatoid arthritis, 

cardiovascular disease and metabolic profiling (Fabre et al. 2009; Horacek et al 2014; Saluk et al. 

2017).  This therefore shows the ability of this technology to accurately measure numerous 

biomarkers in large patient cohorts and therefore will be of use within this study.  Furthermore, 

this technology will allow for the measurement of numerous single biomarkers simultaneously 

and will then allow for strong novel biomarker combinations to be identified during analysis, 

which will build on previous biomarker research of these biomarkers currently associated with 

kidney disease.  This will then add to the volume of disease research using biochip array 

technology as this technology has not been used to investigate a cohort of AKI or CKD patients 

previously. 

In addition to the biomarkers already associated with AKI and CKD, advances in technology allow 

for the measurement of large numbers of biomarkers in blood samples using an unfocused 

exploratory approach.  With this being the first step in biomarker development, where 

biomarker development consists of four stages; discovery, verification, validation and product 

development, discovering novel protein remains important (Pepe et al., 2001).  Many 

biomarkers fail at the clinical verification or validation stages (Taube et al., 2009) however recent 

technological advances now allow for multiplex technologies to carry out large scale non-

targeted proteomic investigation (Carlsson et al., 2017; Olink, 2021).  This technology consists 

of sensitive proximity extension assays (PEA) which use matched antibodies with DNA tags to 

bind to proteins in the blood.  Once these antibody DNA tags have bound and are in proximity, 

they hybridise which allows for qPCR to be carried out.  The number of qPCR cycles is then 

directly related to the protein concentration within the blood samples allowing for a relative 
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concentration to be measured for each protein as a normalised protein expression (NPX) 

(Lundberg et al., 2011).  This approach allows for the accurate measurement of hundreds of 

candidate proteins in large patient cohorts, using microlitre volumes of plasma in a short time 

frame lending itself to biomarker exploration.   

Using these two approaches; investigating biomarkers associated with AKI and CKD using new 

technology to identify novel strong protein combinations for diagnosis and potentially 

prognosis, and secondly, to use biomarker exploration to identify novel proteins previously 

unassociated with AKI and CKD and to identify if these can improve AKI and CKD prognosis 

allowing for a robust comprehensive investigation of biomarkers for kidney disease.  

Therefore, although there has been progress made in the investigation of biomarkers in renal 

disease patient care, highly accurate biomarkers and biomarker combinations for identifying AKI 

and CKD patient diagnosis and prognosis are still lacking and further investigation is needed.  

The biomarkers previously discussed have many positive attributes for aiding in the diagnosis of 

AKI and CKD yet as reported, uncertainty remains as to which biomarkers may be best used for 

which cohorts or patient groups, and patient progression risk is still difficult to predict.  This 

thesis therefore aims to investigate these known biomarkers associated with AKI and CKD to 

identify strong biomarker combinations, and to use biomarker exploration to identify novel 

biomarkers currently unassociated with AKI and CKD to further improve prognosis of these 

diseases and to improve knowledge and understanding of this area of research. 

 

1.7. Aims of this thesis 

 

I. Construct an overview of the demographic profile of an AKI and CKD cohort within the 

Northwest of Ireland. 

 

II. Investigate novel plasma and urine protein biomarkers that are associated with AKI and their 

ability to stratify AKI patients at increased risk of progression following a 3-month follow-up 

period post-AKI. 

 

III. Investigate novel plasma and urine protein biomarkers that are associated with CKD and 

their ability to stratify CKD patients at increased risk of rapid progression following a 1-year 

follow-up period post-recruitment. 
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IV. Conduct biomarker exploration to identify novel biomarkers not currently associated with 

AKI and CKD. 

 

V. Identify if these novel biomarkers can stratify AKI and CKD patients who are at high risk of 

progression and if this improves on the ability of those biomarkers already associated with 

AKI and CKD. 

 

VI. Explore whether biomarkers of cell senescence present in exploratory biomarker analysis 

offer the ability to identify AKI and CKD, and whether they can stratify AKI and CKD patients 

based on risk of progression. 
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Ethical Approval 
 

This thesis was written as part of a greater research project titled “Acute Kidney Injury (AKI) 

outcome study: A prospective cohort study to investigate the value of biomarkers in predicting 

adverse outcomes following acute kidney injury”, within the Centre for Personalised Medicine 

and funded by the Special EU Programmes Body (SEUPB).  The IRAS Project ID was 243910.  The 

project was approved by Research Ethic Committee (REC) North of Scotland Research Ethics 

Service (Reference number 18/NS/0067) on 31/05/2018. 

 

2.1. Participant recruitment  
 

2.1.1. Acute kidney injury (AKI) patients 

 

AKI patient participants (n= 57, mean age= 61 years; 47% male) were identified via an e-alert 

system within the Western Health and Social Care Trust (WHSCT) at Altnagelvin Hospital, Derry, 

Northern Ireland, where the research team received daily emails of AKI incidence data including, 

patient Health and Care number (HCN), name, ward admission and AKI stage.  Eligibility was 

determined by specific inclusion and exclusion criteria, where patients had to be ≥18 years of 

age at time of recruitment and diagnosed with AKI stage 3 within the last 7-days in keeping with 

the AKI timeframe (Luft, 2021).  Patients were excluded from the study if their AKI was less 

severe than stage 3, occurred more than 7-days prior to being able to be recruited, if they were 

receiving palliative care, or were unable to give informed written consent due to lack of capacity. 

Potential patient participants were provided with a patient information sheet (PIS) describing 

the study aims, methods, desired outcomes, and ethical considerations.  The research team also 

answered any questions or concerns prior to sample collection.  During recruitment, informed 

consent was obtained, a health and lifestyle questionnaire was completed, which included 

demographic, socioeconomic, family history of disease, diet, physical activity, alcohol 

consumption, smoking status and sleep quality, and blood and urine samples were collected as 

described in Chapter 2, Section 2.  AKI patients were followed-up 3-months post-recruitment 

using the Northern Ireland Electronic Care Record (NIECR) to record biochemical data for kidney 

function (sCr and eGFR) to determine if patients had returned to baseline kidney function or 

remained below baseline kidney function.  AKI progression was determined; AKI patient 

previously null of CKD, remaining below the cut-off of 60 ml/min/1.73 m2 at time of follow-up 
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or, for AKI patients who had established CKD at the time of AKI, progression was determined by 

CKD stage progressing to a more severe stage e.g. from stage 2 CKD to stage 3a CKD. 

 

2.1.2. Chronic kidney disease (CKD) patients 

 

CKD patient participants (n= 171, mean age= 59 years; 63% male) were identified using the CKD 

outpatient list from Altnagelvin Hospital, Derry, Northern Ireland (n= 140), and Letterkenny 

University Hospital (LUH), Letterkenny, Donegal, Ireland (n= 31).  Eligibility was determined by 

specific inclusion and exclusion criteria where patient participants had to be ≥18 years of age at 

time of recruitment and diagnosed with CKD of stage 2, 3a, 3b, or 4.  Patients were excluded if 

diagnosed with stage 1 or stage 5 CKD, on RRT, or if they had a previous kidney transplant.  Stage 

1 CKD patients were excluded as these patients often have normal kidney function and are 

diagnosed as stage 1 due to having structural abnormalities on the kidneys or early stage genetic 

complications e.g., autosomal dominant polycystic kidney disease, which is yet to impact the 

function of the kidney.  Stage 5 kidney disease patients were excluded due to them having 

already reach the end point of the study (end stage renal disease).  If informed consent could 

not be obtained patients were excluded.  Suitable patients were posted a letter a week prior to 

their scheduled CKD outpatient clinic, which included a PIS (specifics above in Section 2.1.1).  

During CKD outpatient clinics the researcher identified themselves to potential participants in 

the waiting area and addressed any questions regarding the PIS.  During recruitment, informed 

consent was obtained, a health and lifestyle questionnaire was completed, and blood and urine 

samples were collected as detailed in Chapter 2, Section 2.  CKD patients were followed-up 1-

year post-recruitment using the NIECR to record biochemical data for kidney function (sCr and 

eGFR) to determine if patients had remained stable of rapidly progressed.  CKD patients were 

classified as having rapid progression of CKD if eGFR decreased by ≥5 ml/min/1.73 m2 at follow-

up. 

 

2.1.3. Apparently Healthy Controls (HC) 

 

Apparently healthy controls (HC) (n= 52, mean age= 45 years; 65% male) were recruited from 

Ulster University (UU) and WHSCT, where an email invitation was sent to all staff and students, 

including the PIS (specifics above in Section 1.1).  Eligibility was determined by specific inclusion 

criteria where participants had to be aged ≥18 years at time of recruitment, and without 
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diagnosed kidney injury including CKD or previous AKI, CVD or type 1 or type 2 diabetes.  Eligible 

participants were invited to attend the Clinical Translational Research and Innovation Centre (C-

TRIC), Altnagelvin Hospital, Glenshane Road, Derry, Northern Ireland for appointment.  

Participants provided informed consent, completed a health and lifestyle questionnaire, and 

provided a blood and urine sample.  

 

2.1.4. Chronic disease controls (CDC) 

 

Participants recruited onto a previous stratified medicine project within UU (2014 – 2017) were 

used as a secondary control cohort termed chronic disease controls (CDCs) (n= 100, mean age = 

59 years, 47% male).  Patients with T2DM or CVD or rheumatoid arthritis (RA), who had been 

previously recruited onto the study and had Olink biomarker measurements were selected.  This 

included 49 CVD patients (20 lower risk patients, 29 very high risk patients) (Stratified Medicine, 

CTRIC, Derry, Ethics research number 14/NI/0068), 43 diabetes patients (Stratified Medicine, 

CTRIC, Derry, Ethics research number 14/NI/1123) and 8 RA patients (Stratified Medicine, CTRIC, 

Derry, Ethics research number 11/NI/0188).  One hundred CDCs were age, sex and BMI matched 

to recruited AKI and CKD patients.  Detailed breakdown of CDCs are shown below (Table 1) 

where CVD patients who had acute coronary syndrome (ACS) (n= 20) or elective patients (n= 

29),  diabetic patients (n= 43) and RA patients (n= 8).  CDC eligibility requirements included the 

presence of 1 or more morbidities; however patients were excluded if there was AKI or CKD 

diagnosis at the time of their initial recruitment.  sCr and eGFR data for these patients was 

collected from the NIECR if it was not present in the original data set. 
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Characteristics 

CVD 
ACS 

CVD 
ELEC 

Diabetes RA 

(n= 20) (n= 29) (n= 43) (n= 8) 

Sex         

Males (%) 61 37 42 37 

Females (%) 39 63 58 63 

Age (years) (mean (sd)) 
41.07 
(8.32) 

65.14 
(10.5) 

59.81 
(9.47) 

61.25 
(10.2) 

BMI (kg/m2) (mean (sd)) 
26.69 
(3.69) 

29.88 
(8.47) 

35.71 
(5.8) 

29.18 
(4.9) 

 
Systolic blood pressure (mm/Hg) 
(mean (sd)) 

119.93 
(17.4) 

137.29 
(23.96) 

129.82 
(11.5) 

121.89 
(5.7) 

 

Diastolic blood pressure (mm/Hg) 
(mean (sd)) 

77.50 
(12.9) 

74.76 
(11.8) 

74.18 
(12.2) 

79.01 
(6.3) 

 

 
Serum creatinine (μmol/L)  (mean 
(sd)) 

70.43 
(10.9) 

80.23 
(14.9) 

83.17 
(18.4) 

75.21 
(11.2) 

 

CRP (mg/dL) (mean (sd)) 
1.89 

(1.76) 
25.31 
(7.1) 

7.33 
(5.25) 

NA 
 

 
Number of medications (mean 
(sd)) 

1.30 
(2.2) 

5.80 
(3.1) 

2.84 
(0.7) 

2.3 (0.8) 
 

 
Number of co-morbidities (mean 
(sd)) 

0.79 
(0.89) 

6.84 
(2.87) 

5.08 
(3.4) 

4.21 (2.1) 
 

 
Table 1.  Demographic details of CVD patients (acute coronary syndrome (ACS) or elective for 
procedure (ELEC)), diabetes and rheumatoid arthritis. 
 

2.2. Sample collection 
 

2.2.1. Blood sampling 

 

Blood samples were obtained using 21G Vacuette® safety needles (Greiner Bio-ONE, 

Stonehouse, UK; Cat no. 450091) coupled with a Vacuette® Luer adapter (Greiner Bio-ONE, 

Stonehouse, UK; Cat no. 450070) and a BD vacutainer (BD, Oxford, UK; Cat no. 364815).  

Approximately 32 ml of blood was collected into 1 x 4 ml EDTA coated Vacuette® tube (Greiner 

Bio-ONE, Stonehouse, UK; Cat no. 454021), 1 x 6 ml EDTA coated Vacuette® tube (Greiner Bio-

ONE, Stonehouse, UK; Cat no. 456038), 1 x 9 ml EDTA coated Vacuette® tube (Greiner Bio-ONE, 

Stonehouse, UK; Cat no. 455036), 1 x 3.5 ml Serum (CAT Serum Sep Clot Activator) (Greiner Bio-

ONE, Stonehouse, UK; Cat no. 454228) and 1 x 8 ml Serum (Z Serum Sep Clot Activator) tubes 

(Greiner Bio-ONE, Stonehouse, UK; Cat no. 455071).  Samples were stored and transported at 

4℃ in a medical blood transportation bag (Verapak, Kent, UK; Cat no. BLD1_RDS).  Blood samples 

were processed immediately after collection. 
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2.2.2. Urine sampling 

 

Urine samples were obtained using 30 ml universal sample container (Merck KGaA, Darmstadt, 

Germany, Cat no. Z645354).  AKI patient urine was provided on the ward by those who were 

able, or the sample was taken from a catheter bag by ward nurse.  CKD patient urine was 

obtained at the CKD clinic if the patient was able.  HCs were asked to bring a recent urine sample 

from within 2-hours prior to their appointment.  No urine samples were available for CDCs.  

Samples were stored and transported at 4℃ in a medical blood transportation bag (Verapak, 

Kent, UK; Cat no. BLD1_RDS).  Urine samples were processed immediately after collection. 

 

2.2.3. Sample delivery to Altnagelvin hospital labs 

 

A 4 ml EDTA plasma sample and a 3.5 ml serum tube were delivered to Altnagelvin hospital 

laboratories for assessment of: full blood count (FBC) (haemoglobin, haematocrit, red blood cells 

(RBC), platelets, white blood cells (WBC)), lipids (triglycerides, total cholesterol, high density 

lipoprotein cholesterol (HDL), low density lipoprotein (LDL)), electrolytes (sodium, potassium, 

chloride, bicarbonate, urea, total protein), C-reactive protein (CRP) and kidney function (sCr, 

eGFR) for all AKI and CKD patients, and data was retrieved from hospital NIECR.  Results for HCs 

were given in the form of printouts which were collected by the research team from the 

laboratories front desk on the following day and inputted into the clinical spreadsheet. 

 

2.3. Sample processing 
 

2.3.1. Blood processing 

 

For each recruited participant, sample aliquots (n= 20; 8 plasma, 8 serum and 4 WBC) were pre-

labelled using Item Tracker© software (ItemTracker Software Ltd, Suffolk, UK), in line with 

Human Tissue Act (HTA) 2004 regulations.  Whole blood samples (6 ml) were frozen immediately 

at -80℃, the 9 ml EDTA and 8 ml serum samples were centrifuged at 2000 rpm (4℃) for 15 min.  

The EDTA sample separated into three distinct layers, the upper layer being designated plasma, 

the middle layer of WBC and the bottom layer of RBC.  The plasma was aliquoted into eight pre-

labelled 1.5 ml Eppendorfs (Primary.Plasma.1-4, and Backup.Plasma.1-4), 500 µl of plasma in 

each.  WBC (buffy coat) was removed and placed in a polypropylene tube and washed twice with 
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phosphate buffer saline (PBS) (1 ml) and aliquoted between 4 Eppendorf tubes (2x Protein, 2x 

RNA).  Two aliquots were stored in 1 ml of Mammalian Protein Extraction Reagent M-PER™ 

(Thermo Scientific, UK; Cat no. 78501) for protein extraction and two aliquots were stored in 1 

ml of RNALater (Thermo Scientific, UK; Cat no. AM7020).  The supernatant from the 8 ml serum 

tube was designated serum and aliquoted into 8 pre-labelled 1.5 ml Eppendorf tubes 

(Primary.Serum.1-4 and Backup.Plasma.1-4).  All samples were frozen at -80℃ in either a 

primary or back-up freezer. Sample maps were updated after each day of recruitment to ensure 

for compliance with HTA and sample traceability. 

 

2.3.2. Urine processing 

 

Prior to sample processing, 8 polypropylene tubes (per participant sample) were pre-labelled 

using Item Tracker© software (ItemTracker Software Ltd, Suffolk, UK) in-line with the HTA 2004 

legislation.  The 30 ml urine sample was centrifuged at 1500 rpm (4℃) for 10 min, then aliquoted 

(1 ml) into the eight pre-labelled 1.5 ml tubes (Primary.Urine.1-4, and Backup.Urine.1-4).  All 

samples were frozen at -80℃ in either a primary or back-up freezer. Sample maps were updated 

after each day of recruitment to ensure for compliance with HTA and sample traceability. 

 

2.4. Clinical database construction 
 

Relevant clinical information for all patient participants who had given written informed consent 

was retrieved from the Orion Health technologies, NIECR (Orion health, Hammersmith, UK).  This 

system allowed for the collation of longitudinal data from primary and secondary care.  Data 

collected included, age at time of recruitment, sex, date of birth (DOB), weight, height, body 

mass index (BMI), systolic BP, diastolic BP, current prescribed medications, co-morbidities, 

previous surgeries, and clinical blood results from day of recruitment were recorded including 

FBC, lipids, electrolytes, CRP, and kidney function. 

A health and lifestyle questionnaire was completed at the time of recruitment where data 

included, current and previous employment status, family history of kidney disease, diabetes or 

CVD, current alcohol consumption, smoking status, diet style, hours of exercise per week and 

hours of sleep per night.  All information was entered into Microsoft Excel using binary code for 

all socio-economic, medication, co-morbidities, and lifestyle data for ease of analysis.  British 
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National Formulary (BNF) (ISBN: 978 0 85711 412 9 (NHS Edition)) was used to categorise 

medications and International Classification of Diseases (ICD-10, 2018) codes were used to 

categorise co-morbidities. 

Electronic Care Records (ECR) were used as a source to retrieve recruited patients’ clinical data.  

ECR data encompasses clinical information, including a vast amount of patient data relating to 

their diagnosis, co-morbidities, treatment strategies and a wide range of biochemical readings 

(Jensen et al., 2012).  The NIECR was implemented in 2012 and provides a single portal to allow 

for the viewing of multiple sources of a patients’ clinical information, under a single logon, single 

system encompassing all 6 Trusts within Northern Ireland (NI) (Black et al., 2015).  This system 

converted information held in 16 different patient systems into one information system 

incorporating not only patient data but also imaging reports, the images themselves with 

information fed into the system from consultants, GP’s, dietitians, nurses and many other health 

professionals as well as laboratory and imaging data.   

As a secondary use, the ECR systems can facilitate clinical research, allowing for interfacing 

between the care sector and research (Keshta and Odeh, 2021; Powell and Buchan, 2005).  

Although many systems are used to conduct observational and epidemiologic research, the ECR 

system can be used independently due to the wide array of information that is gathered or to 

be used in combination with primary data taken from questionnaires and laboratory data sets, 

allowing for longitudinal analysis and disease progression to be monitored (Canaway et al., 

2019). 

 

2.5. Measurement of renal biomarkers using Biochip Array Technology 
 

2.5.1. Plasma sampling 

 

Protein analysis of 250 plasma samples (43 AKI, 155 CKD, 52 HC) was outsourced to Randox 

(Randox Teoranta, Dungloe, Ireland).  Plasma samples were measured using pre-designed 

Randox panels, Chronic kidney disease array I (CKD I), Chronic kidney disease array II (CKD II), 

and the Rx Imola™ which were measured using Randox’s Evidence Investigator™ (Randox 2022a, 

2022b, 2022c).  The Evidence Investigator™ uses Biochip Array Technology which is a precision 

multiplex testing platform that allows for the simultaneous quantitative and qualitative 

detection of a wide range of analytes from a single sample.  Following the addition of the sample 

to the biochip, analytes that are present in the sample bind to ligands that are bound to the 
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biochip.  The degree of this binding is then determined using a chemiluminescent light source, 

and then quantified using a Charge Coupled Device camera and imaging system (Randox 2022c).  

This technology allowed for the simultaneous quantitative detection of multiple kidney damage-

related analytes in parallel from a single sample.  Three plasma samples (1.5 ml) for each 

participant were shipped to Randox on dry ice (CO2, -78℃) and used for this analysis. 

2.5.2. Urine sampling 

 

Protein analysis of 145 urine samples (23 AKI, 71 CKD, 51 HC) was outsourced to Randox (Randox 

Teoranta, Dungloe, Ireland).  Urine samples were measured using a pre-designed AKI panel, and 

measured using the Evidence Investigator™ as described above.  One urine sample (1 ml) for 

each recruited participant was shipped to Randox on dry ice (CO2, -78℃) and used for this 

analysis.   

 

2.5.3. Quality control (QC) 

 

Randox conducted a Tri-level Control (EV4188) with levels 1, 2, 3 recommended for monitoring 

of accuracy and precision.  Controls samples were assayed at intervals throughout measurement 

to ensure intra-assay accuracy.   

 

2.6. Measurement of known renal biomarkers using Proximity Extension 

Array 
 

2.6.1. Plasma sampling 

 

Protein analysis of 250 plasma samples (43 AKI, 155 CKD, 52 HC) were outsourced to Olink 

proteomics (Olink, Uppsala, SW), were six pre-designed panels were used for analysis, including 

Target 96 Inflammation, Target 96 Cardiovascular II, Target 96 Cardiovascular III, Target 96 

Immune Response, Target 96 Neurology and Target 96 Neuro Exploratory panels.  Resulting in a 

total of 476 proteins used for analysis following QC. 

Olink utilises a unique Proximity Extension Assay (PEA) technology that enables 92 plex 

biomarker research.  All wells are treated with 96 pairs of unique oligonucleotides labelled 

antibodies.  Specific probes then bind to target proteins in the sample via a homogeneous assay 
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and when pairs are in proximity, create a unique DNA reporter sequence (Olink 2021).  The DNA 

polymerization events are detected and quantified using qPCR, removing any risk of cross re-

activity seen on similar 10 plex technologies. 

EDTA plasma samples were thawed at room temperature (20℃) before 50 µl was pipetted into 

LightCycle® 480 Multiwell Plate 96-well, white PCR plates (Roche Molecular Systems Inc, Charles 

Avenue, Burgess Hill, West Sussex, UK; Product no. 04729692001).  Row 12 of each plate was 

left blank for Olink in-house control.  All plates were sealed using adhesive cover slips and 

shipped on dry ice (CO2, -78℃). 

Bridging samples which are held at Olink proteomics were used to act as bridging samples with 

the AKI and CKD cohorts.  Four samples each from the CVD cohort, diabetic cohort and 

rheumatoid arthritis cohort were used to allow for NPX values to be matched and normalised 

with the AAKI and CKD cohorts to allow for accurate comparison to be made being cohorts.  This 

process was necessary as NPX values are relative values within measured cohorts and therefore 

bridging samples are needed for cross-project comparison. 

 

2.6.2. Quality control 

 

A two-step internal QC was conducted which evaluated each sample against the standard 

deviation of the internal controls and the degree of deviance from the median of the internal 

controls.  Only samples above 0.2 Normalised Protein Expression (NPX) and samples that deviate 

less than 0.3 NPX passes QC.  All data is presented as NPX values, Olink Proteomics’ arbitrary 

unit on a log2 scale.   

 

2.7. Bioinformatic selection of senescence-specific proteins from PEA 

analysis  
 

A group of 273 proteins from the total of 476 proteins measured using PEA anaylsis were 

selected for machine learning analysis using the support vector machines (SVM) selection 

algorithm.  The criteria for the selection of these 273 candidate proteins was based on those 

proteins that had a significant expression level of (p< 0.05, C.I. 95%) measured from cells (IMR90; 

lung fibroblasts) induced to develop oncogene-induced senescence or replicative senescence in 

a previous study (Rai et al., 2014a) and that were measured by PEA analysis. 
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The SVM classifier, proposed in late 1970, is the most used kernel-based learning algorithm in a 

variety of machine learning applications (Sheykhmousa et al., 2020).  SVM is a decision tree 

classifier that has an advantage in solving non-linear, small sample, and high dimension 

recognition problems (Sun et al., 2019).  The idea is based on that its input space is mapped into 

a high dimensional feature space using non-linear transformation, and with the optimal 

hyperplane found in the new space.  This optimum hyperplane allows for different categories to 

be discriminated correctly while also providing the maximum categorization interval between 

them.  In short, SVM identifies a hyperplane with maximum interval (Belgiu and Drăgu, 2016; 

Kuo et al., 2014). 

SVM classification was conducted to rank the 273 proteins according to their predictive ability 

to correctly identify AKI and CKD patients.  The data was split into an 80:20 train: test split 

employing Scikit-learn (ver.0.24), coding in Python 3.7.2.  This training dataset was cross 

validated 5 times. 

SVM selection has been used previously in other studies investigating CKD cohorts and shown 

to have a high level of accuracy in comparison to other feature selection models (Neves et al., 

2015; Polat et al., 2017).  Classification methods have been shown to help to minimize faults in 

diagnosis and so are a valid way of highlighting patients for diagnosis (Akay, 2009).   

 

2.8. Statistics 
 

Statistical analysis was conducted using Microsoft Excel (Microsoft 365 MSO, Albuquerque, New 

Mexico, U.S., Version 2111) for database construction, IBM SPSS Statistics (IBM Corp. Released 

2019. IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY: IBM Corp, v26) for Chi squared 

analysis and receiver operator characteristic (ROC) curve analysis and Graphpad Prism software 

(Graphpad Software Inc., La Jolla, CA, USA; v6.0h) for dot plots and statistical analysis.  

Datasets were tested for normality using Shapiro-Wilk test for normality which was chosen due 

to the small cohort numbers.  Analysis of raw data returned from Olink was assessed for 

normality and QC using R Studio prior to being analysed.  Results of normality then directed 

whether data was analysed using Student’s t test for normally distributed data, or Mann-

Whitney test for non-normally distributed data.  Where multiple cohorts were analysed together 

ANOVA was used for normally distributed data with Tukey’s multiple comparisons test used for 

inter-group analysis, and Kruskal-Wallis used for non-normally distributed data with Dunn’s 
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post-hoc test used for inter-group analysis.  Chi-squared analysis was used to compare categorial 

data throughout this study.  Linear regression was used in Chapter 4 with a line of best fit 

generated where origin was automated, and confidence interval set at 95%.  ROC curves were 

used in Chapter 4, 5 and 6 to assess the specificity and sensitivity of proteins associated with 

each protein and its ability to identify disease and progression and an area under the curve (AUC) 

value was calculated.  Principle component analysis (PCA) was conducted in Chapter 5 using 

Prism to illustrate clustering of groups.  Correlation matrices were produced in Chapter 5 using 

R Studio and in Chapter 6 using Microsoft Excel to illustrate correlation strength.  Heatmaps 

were produced using R Studio to analyse unstructured clustering.  Data cofounders in this thesis 

were difficult to allow for in many cases due to the low patient recruitment numbers.  Attempts 

were made to investigate additional co-morbidities in patients and prescribed patient 

medications however this led to very low numbers for analysis which would not have been 

appropriate.  In Chapter 4 age-matched cohorts were created to allow age to be accounted for 

between cohorts. 
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Abstract 
 

Introduction 

AKI is the abrupt loss of kidney filtration function and CKD is the chronic reduction of kidney 

function with both conditions increasing the risk of poor outcomes for patients.  The aim of this 

study was to investigate the characteristics and clinical data of recruited AKI and CKD cohorts in 

comparison to chronic disease controls (CDC) and healthy controls (HC). 

 

Methods 

Fifty-seven AKI patients (mean age= 62 years; 54% male) and 171 CKD patients (mean age= 59 

years; 65% male) were recruited from Altnagelvin hospital (n= 140) and Letterkenny University 

hospital (n= 31) (North-west of Ireland).  Fifty-two HCs (mean age= 45 years; 65% male), defined 

as individuals without disease known to drive kidney disease, were recruited locally from Ulster 

University and Altnagelvin hospital staff.  A chronic disease control cohort (CDC) (n= 100, mean 

age= 59 years; 53% male) was constructed using data from rheumatoid arthritis, cardiovascular 

disease and diabetic patients who were previously recruited onto other studies, and were age, 

sex and BMI matched with the AKI and CKD cohort in this study.  All CDCs and HCs were null of 

kidney disease at time of recruitment.  AKI patients were recruited within 7 days of AKI, 

identified by hospital e-alert whereby serum creatinine was elevated meeting KDIGO 

specifications.  CKD patients were recruited at outpatient clinics with disease stage ranging from 

2 - 4.  AKI patients were followed up 3-months post-recruitment and CKD patients were followed 

up 1-year post-recruitment to establish progression status using NIECR. 

 

Results 

The most commonly occurring co-morbidities observed were hypertension (AKI patients (54%) 

and CKD patients (73%)), diabetes (AKI patients (33%) and CKD patients (27%)) and CVD (AKI 

patients (33%) and CKD patients (22%)).  Biochemical analysis showed significantly higher sCr 

(p< 0.0001), WBC (p< 0.0001), CRP (p< 0.0001), bicarbonate (p< 0.01), and urea (p< 0.0001) in 

AKI patients compared to CKD patients, CDCs and HCs and in CKD patients compared to CDCs 

and HCs.  Levels of haemoglobin (p< 0.0001), packed red cells (p< 0.0001), RBC (p< 0.0001) and 

sodium (p< 0.0001) were significantly lower in AKI patients compared to CKD patients, CDCs and 

HC.  AKI patients who progressed to worse kidney function had significantly higher potassium 

(p< 0.05) and significantly lower percentage of diagnosed hypertension at time of recruitment, 
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and CKD patients who progressed rapidly had significantly higher SBP (p< 0.01) at the time of 

recruitment than those who remained stable. 

 

Conclusion 

AKI and CKD patients had a high level of co-morbidity with hypertension, diabetes, and CVD most 

prevalent.  Both AKI and CKD patients who progressed to worse kidney function at follow-up 

had similar clinical measurements to those who did not progress.  This highlights a need for 

biomarkers not currently used in clinical practice to be investigated to allow for improved AKI 

and CKD diagnosis and predictors of risk of progression.  
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3.1. Introduction 
 

Acute kidney disease (AKI) is the abrupt reduction of kidney function from heterogenous causes 

that leads to poor outcomes for patients with AKI prevalence estimated to be 10% of adults 

worldwide (Kovesdy, 2022; Sato et al., 2020).  Chronic kidney disease (CKD) is characterised by 

a decrease in kidney function to an estimated glomerular filtration rate (eGFR) of less than 60 

ml/ min/ 1.73 m2, or the presence of markers of kidney damage, such as proteinuria, for at least 

a 3-month duration, regardless of underlying cause (Delanaye et al., 2019). 

 

Co-morbidities are commonly present in AKI and CKD patients with three or more co-morbidities 

increasing mortality by an adjusted hazard ratio of 2.52 (Fraser and Taal, 2016).  Commonly seen 

co-morbidities in AKI and CKD patients include, hypertension (HTN), type 2 diabetes (T2DM), 

and cardiovascular disease (CVD) including ischemic heart disease, myocardial infarction (MI), 

and peripheral vascular disease (Koutroumpakis et al., 2019; Tonelli et al., 2015; Weiner et al., 

2006).  These conditions are believed to have an intertwined pathophysiology with AKI and CKD 

and so can drive progression, or develop due to its presence (Said and Hernandez, 2014).  

Microvasculature damage, characterised by the narrowing and hardening of micro blood vessels 

is common in AKI and CKD patients, but also in patients with HTN, T2DM and CVD, where 

patients with multiple morbidities are shown to have the highest levels of damage (Climie et al., 

2019; Huang et al., 2018; Polichnowski, 2018; Tanaka et al., 2014). 

 

Due to the co-morbidities commonly present, and the variation in cause, there is no 

standardised approach to treatment for either AKI or CKD patients (Cheung et al., 2021; 

Gayomali et al., 2008).  Clinicians therefore often treat a complex collection of diseases with 

different management approaches and pharmacological options which increases the risk of 

polypharmacy complications, including unwanted interactions in a population who are often 

routinely prescribed many medications (Cascorbi, 2012; Kimura et al., 2021).  Treatment for AKI 

and CKD patients often focuses on the drivers of kidney dysfunction.  AKI can be caused by 

heterogeneous causes and therefore treatment may need to focus on maintaining high urine 

output, reducing inflammation and detoxification due to build up from low excretion (Kaushal 

and Shah, 2014).  CKD patients are often treated with anti-hypertensives and in particular those 

medications the target the renin-aldosterone antagonist as a first line of treatment (Coleman et 

al., 2020; Judd and Calhoun, 2015; Kunz et al., 2008).  
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AKI and CKD are both progressive diseases where patients can progress at differing rates with 

commonly used clinical tests such as serum creatinine (sCr) and urea remaining unable to 

accurately distinguish between AKI or CKD patients who are most likely to progress (Chen et al., 

2022; Looker et al., 2015; Wagner et al., 2022). 

 

This study aims to describe the demographic and clinical data of an AKI and CKD cohort within 

the North-west of Ireland using an Irish and Northern Irish cross-border dataset.  This will allow 

for this cohort to be compared to other AKI and CKD cohorts in the literature to facilitate 

validation of findings.  The present study is designed to assess all available electronic care record 

(ECR) recorded data.  This encompasses biochemical data including kidney function, full blood 

count (FBC), CRP and electrolytes, recorded co-morbidities, prescription data for 6-months prior 

to recruitment, any data on the known causes of AKI or CKD from clinical letters, and the 

outcomes of patients as to whether they progressed in condition.  Health and lifestyle 

questionnaires also allowed for data on family history of disease to be recorded.  In addition, 

this study will allow for comparison of clinical biomarkers to identify if they are capable of 

distinguishing between AKI patients who do not return to baseline function following AKI, and 

CKD patients who rapidly progress. 
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3.2. Methods 
 

AKI patients (n= 57, mean age= 61, male 47%) were identified using the Altnagelvin hospital e-

alert system and recruited on ward with a trained research nurse who assessed the patient’s 

suitability.  CKD patients (n= 171, mean age= 59, male 63%) were recruited at a CKD outpatient 

clinic, both within the Western Health and Social Care Trust (WHSCT) Altnagelvin Hospital, Derry, 

Northern Ireland (n= 140) and Health Service Executive (HSE), Letterkenny University hospital, 

Ireland (n= 31).  A chronic disease control cohort (CDC) (n= 100, mean age= 59 years; 53% male) 

was constructed from cohorts of patients previously recruited onto other disease studies who 

had demographic and biochemical data recorded, which included patients with rheumatoid 

arthritis, CVD and T2DM, selected to be age, sex and BMI matched with the AKI and CKD cohorts 

in this study.  Healthy controls (HCs) (n= 52, mean age= 45 year, 65% male)), who met the criteria 

of not having been diagnosed with HTN, DM or CVD were recruited using advertisement within 

Ulster University and the WHSCT.  All CDCs and HCs were null of kidney disease.  All recruitment 

was in accordance with ORECNI ethical approval, and a more detailed report of recruitment 

methodology is described in Chapter 2, Section 1.  AKI patients were followed up 3-months post-

recruitment and patients were classified as AKI patients who returned to baseline kidney 

function (taken as eGFR prior to AKI) (n= 34) or patients who sustained reduction in kidney 

function (n= 7) (detailed in Chapter 2, Section 1.1).  CKD patients were followed-up 1-year post 

initial recruitment and were classified as those CKD patients who remained stable (n= 100) 

(decrease in eGFR <5 mL/min/1.73m2) and those CKD patients who rapidly progressed towards 

ESRD (n= 22) (decrease in eGFR ≥5 mL/min/1.73m2). 

 

3.2.1. Sample Collection and processing 

 

Blood samples of approximately 32 ml were extracted from patients as described in Chapter 2, 

Section 2.2 and 2.3.  Samples were transported at 4℃ in a medical blood transportation bag 

(Verapak, Kent, UK; Cat no. BLD1_RDS) and were processed immediately after collection in 

Altnagelvin hospital biochemistry department.  Clinical biomarker measurement included; full 

blood count, kidney function (sCr and eGFR), CRP, and electrolyte profile (sodium, potassium, 

bicarbonate, chloride and urea).   
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3.2.2. Clinical database construction 

 

Relevant clinical information for all patient participants (n= 380) was obtained using a health 

and lifestyle questionnaire and Northern Ireland Electronic Care Record (NIECR, Orion health, 

Hammersmith, UK).  All data was collected and stored in compliance with ethical approval and 

the Data Protection Act 2018.  Full details of database construction are described in Chapter 2, 

Section 4.   

 

 

3.2.3. Statistical analysis 

 

All statistical analysis was conducted using Microsoft Excel (Office 365, Microsoft Windows, 

Microsoft Corporation, Washington, v16.0), SPSS Statistics (IBM SPSS Statistics, Portsmouth, UK) 

and Graphpad Prism software (Graphpad Software Inc., La Jolla, CA, USA; v6.0h).  Data was 

tested for normality using Shapiro-Wilk test for normality, which was chosen due to the small 

cohort numbers.  Results of normality then directed whether data was analysed using Student’s 

t test for normally distributed data, or Mann-Whitney test for non-normally distributed data.  

Where multiple cohorts were analysed together ANOVA was used for normally distributed data 

with Tukey’s multiple comparisons test used for inter-group analysis, and Kruskal-Wallis was 

used for non-normally distributed data with Dunn’s post-hoc test used for inter-group analysis.  

Chi-squared analysis was used to compare categorial data throughout this study.  More details 

are described in Chapter 2; Section 7. 
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3.3. Results 
 

3.3.1. Cohort characteristics comparing AKI patients, CKD patients, CDCs and HCs  

 

Characteristics for AKI patients, CKD patients, CDCs and HC cohorts (Table 1).  AKI and CKD 

patients were significantly older (p< 0.0001), and had significantly higher sCr (p< 0.0001), urea 

(p< 0.0001), CRP (p< 0.0001), were prescribed more medications (p< 0.0001) and had more long-

term morbidities (p< 0.0001) than HCs.  AKI and CKD patients had significantly higher sCr (p< 

0.0001) and were prescribed significantly more medication (p< 0.0001) than CDCs.  The AKI 

cohort had significantly higher sCr (p< 0.0001), urea (p< 0.0001) and CRP (p< 0.0001) compared 

to the CKD cohort and significantly lower diastolic BP (p< 0.05).  The AKI patient cohort had 

significantly more death at the time of follow-up than CKD patients (p< 0.0001).  No data was 

available for CDC for urea, death at follow-up, smoking status, alcohol consumption or exercise 

status. 
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Characteristics 

AKI  

(n= 57) 

CKD 

(n= 171) 

CDC  

(n =100) 

HC  

(n= 52) 

p-value  

AKI v CKD 

p-value 

AKI v CDC 

p-value 

CKD v CDC 

p-value 

AKI v HC 

p-value 

CKD v HC 

Sex 
Males (%) 
Females (%) 

47 
53 

63 
37 

47 
53 

65 
35 

<0.05 
<0.05 

0.99 
0.99 

0.12 
0.12 

<0.05 
<0.05 

0.40 
0.40 

Age (years) (mean (sd)) 
60.51 
(14.8) 

58.72 
(17.3) 

59.46 
(12.8) 

44.54 
(12.6) 0.49 0.28 0.99 <0.0001 <0.0001 

BMI (kg/m2) (mean (sd)) 
30.09 
(10.1) 

29.34 
(5.5) 

30.74 
(7.7) 

26.72  
(4.3) 0.58 0.47 0.19 0.07 <0.01 

Systolic blood pressure 
(mm/Hg) (mean (sd)) 

137.18 
(25.3) 

142.45 
(19.3) 

132.06 
(22.4) 

124.79 
(7.8) 0.16 0.84 <0.001 <0.01 <0.0001 

Diastolic blood pressure 
(mm/Hg) (mean (sd)) 

74.67 
(11.2) 

80.04 
(11.8) 

75.39 
(12.2) 

79.18  
(7.2) <0.05 0.22 <0.0001 <0.05 0.65 

Serum creatinine 
(μmol/L)  (mean (sd)) 

249.97 
(170.52) 

142.96 
(67.1) 

78.57 
(15.8) 

71.98 
(14.6) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Urea (mmol/L) (mean 
(sd)) 

15.34 
(9.39) 

9.62 
(4.9) NA 

4.89  
(1.3) <0.0001 NA NA <0.0001 <0.0001 

CRP (mg/dL) (mean (sd)) 
46.59 
(78.7) 

4.72 
(7.9) 

3.43 
(6.35) 

1.47  
(1.4) <0.0001 <0.05 0.55 <0.0001 <0.01 

Number of medications 
(mean (sd)) 

6.30 
(3.4) 

5.63 
(3.7) 

4.07  
(3.2) 

0.54  
(0.8) 0.29 <0.0001 <0.001 <0.0001 <0.0001 

Number of co-morbidities 
(mean (sd)) 

3.60 
(2.3) 

3.74 
(1.9) 

3.93  
(2.7) 

0.48  
(0.9) 0.62 <0.05 <0.0001 <0.0001 <0.0001 

Diabetes (%) 31 25 35 0 0.22 0.31 <0.05 <0.0001 <0.0001 
Cardiovascular disease 
(%) 7 19 50 0 <0.05 <0.0001 <0.0001 <0.0001 <0.0001 

Hypertension (%) 52 72 48 0 <0.01 0.32 <0.0001 <0.0001 <0.0001 

Death at follow-up (%) 28 2 NA 0 <0.0001 NA NA <0.0001 <0.0001 
Smoking status 
Non-smoker (%) 
Past smoker (%) 
Current smoker (%) 

 
49 
34 
17 

 
43 
43 
14 

NA 
 
 

 
63 
33 
4 

 
0.21 
0.12 
0.29 

NA 
 
 

NA 
 
 

 
0.07 
0.46 

<0.01 

 
<0.01 
0.10 

<0.01 
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Alcohol consumption 
Non-drinker (%) 
Past drinker (%) 
Active drinker (%) 

 
60 
26 
14 

26 
20 
54 

NA 
19 
12 
69 

<0.0001 
<0.0001 
<0.0001 

NA 
 
 
 

NA 
 
 
 

<0.0001 
<0.05 

<0.0001 

0.15 
0.10 

<0.05 
Exercise status 
No exercise (%) 
Exercise (%) 

49 
51 

43 
57 

NA 
27 
73 

<0.05 
<0.05 

NA 
 
 

NA 
 
 

<0.05 
<0.05 

<0.05 
<0.05 

 

Table 1. Cohort characteristics for AKI patients, CKD patients, CDC, and HC cohorts.  AKI patients (n= 57), CKD patients (n= 171), CDC (n= 100) and HC (n= 
52).  All AKI patients were age, sex, and BMI matched to CDC patients and CKD patients were age and BMI matched with CDCs.  Diabetes, cardiovascular 
disease, and hypertension are known to be three main drivers of AKI and CKD and so were specifically investigated in this analysis.  NA indicates that data 
was not available.  p-value was determined for AKI patients vs CKD patients, AKI patients vs. controls, and CKD patients vs controls with p< 0.05 taken to be 
significant.  Student’s t test was used for normally distributed data, and Mann-Whitney test for non-normally distributed data.  Chi squared was used to 
compare categorical data. 
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3.3.2. Family history of kidney disease in AKI and CKD patients 

 

The incidence of a family history of kidney disease, DM and CVD were self-reported in patients 

and determined if a grandparent, parent, or sibling had a diagnosed kidney condition, DM or 

CVD with results (Figure 1).  This was of interest as family history of disease can increase the risk 

of disease development and DM and CVD are both drivers of CKD and therefore deemed 

important.  In AKI patients, 16% reported a family history of kidney disease, 43% a family history 

of DM, and 47% reported a family history of CVD.  In CKD patients, 32% reported a family history 

of kidney disease, 44% reported a family history of DM, and 51% reported a family history of 

CVD.  No family history of kidney disease was significantly higher in AKI (p< 0.0001) and in CKD 

(p< 0.0001) and significantly more CKD patients had no family history of DM (p< 0.05).  
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C D

E F
(n= 171)

 

Figure 1.  Family history of kidney disease, diabetes, and CVD in AKI and CKD patients.  The 
family history of kidney disease, diabetes, and CVD in AKI patients (n= 57) and CKD patients (n= 
171) was self-reported and recorded.  Results are presented in bar graph.  Chi squared test was 
used to test for significance.  * p< 0.05, **** p< 0.0001. 
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3.3.3. Cause of CKD 

 

The cause of CKD was recorded from the ECR for AKI patients with already established CKD, and 

for CKD patients (Figure 2).  The most common single causes of CKD in AKI patients were AKI 

(17%), diabetic nephropathy (17%) and chronic renal impairment (17%).  Conditions reported 

three times or less in the AKI cohort (including haematuria, microscopic polyarteritis nodosa, 

renal sarcoidosis, hydronephrosis, hypercalcaemic nephropathy, pyelonephritis, hyperplasia of 

renal artery, Wegner’s granulomatosis, and nephrectomy) were grouped together to create the 

“other” category, which together had a high overall cause rate (20%).  The least recorded were 

IgA nephropathy, glomerulonephritis, and tubular necrosis (each 4%).  In the CKD cohort the 

most recorded cause of CKD was IgA nephropathy (15%) and the lowest recorded causes were 

urolithiasis (2%), drug toxicity (2%) and reflux nephropathy (2%).  Where a specific 

pathophysiology could not be established causes were recorded as “unknown” which made up 

the majority of CKD cases (23%). 
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A

B

 

Figure 2.  The diagnosed cause of CKD in AKI patients with CKD and CKD patients.  The 
diagnosed cause of CKD in AKI patients with CKD (n= 24) and in CKD patients (n= 171) was 
recorded.  Results are presented in bar graph with the percentage of each response is shown on 
the top of each bar.  No statistical analysis was conducted on this data. 
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3.3.4. Diagnosed morbidities of AKI and CKD patients 

 

Diagnosed morbidities were recorded from the ECR for AKI and CKD patients (Figure 3).  The 

most common co-morbidity in AKI patients was HTN (54%), and the least recorded was anaemia 

(2%) and Alzheimer’s/ dementia (2%).  In the CKD cohort the most recorded co-morbidity was 

HTN (73%) and the least recorded was Alzheimer’s/ dementia (1%).  Total number of co-

morbidities were recorded from the ECR for AKI and CKD patients.  In the AKI cohort the highest 

frequency of co-morbidities was 2 and 4 (16%), and 8 additional co-morbidities was the lowest 

frequency reported (2%).  Within the AKI cohort, 12% of patients had no additional morbidity 

and 4% of patients had 10 additional recorded morbidities.  In the CKD cohort the highest 

frequency of recorded number of co-morbidities was 3 (21%), with 1% of patients reported to 

have 9 co-morbidities which was the least recorded frequency.  There were no CKD patients who 

did not have at least one additional morbidity. 
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Figure 3.  Diagnosed additional morbidities of AKI and CKD patients.  The diagnosed morbidities 
of AKI (n= 57) and CKD patients (n= 171) was recorded.  Results are presented in bar graph with 
the percentage of each response is shown on the top of each bar.  No statistical analysis was 
conducted with this data. 
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3.3.5. Prescribed medications (BNF class) prescribed to AKI and CKD patients 

 

Medication classes were recorded from the ECR and coded using the British National Formulary 

(BNF), with the most commonly reported anti-hypertensives, statins, oral anti-platelets, diabetic 

medication and anti-coagulants for AKI and CKD patients (Figure 4).  In AKI patients, the highest 

prescribed class of medication was anti-hypertensives (72%), and in the CKD cohort, the highest 

prescribed medication was also anti-hypertensives (81%).   

0 20 40 60 80 100

Anti coagulants

Diabetic 

Oral antiplatelets

Statins

Antihypertensive 72

47

23

21

18

Main medication classes

 prescribed for AKI patients

Percentage of patients (%)

M
e

d
ic

a
ti

o
n

 c
la

s
s

0 20 40 60 80 100

Anti coagulants

Diabetic 

Oral antiplatelets

Statins

Antihypertensive 81

50

27

19

31

Main medication classes
 prescribed for CKD patients

Percentage of patients (%)

M
e
d

ic
a
ti

o
n

 c
la

s
s

A B

 

Figure 4.  Main medication classes prescribed to AKI and CKD patients.  The main medication 
classes were recorded for AKI patients (n= 57) and CKD patients (n= 171).  Results are presented 
in bar graph with the percentage of each response is shown on the top of each bar.  No statistical 
analysis was conducted with this data. 
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3.3.6. Biochemical data of AKI, CKD patients, CDCs and HCs 

 

Patient blood concentrations for sCr, FBC (haemoglobin, packed red cells, red blood cell count, 

and platelets), WBC count, CRP, and electrolytes (sodium, potassium, chloride, bicarbonate, 

urea and total protein) where measured were possible for AKI patients, CKD patients, CDC and 

HCs (Table 2 and Figure 5).   

AKI levels of WBC (p< 0.0001), CRP (p< 0.0001), and urea (p< 0.01)  were significantly higher than 

in CKD patients and levels of haemoglobin (p< 0.0001), packed cells (p< 0.0001), RBC (p< 0.0001), 

sodium (p< 0.01), bicarbonate (p<0.01) and total protein (p< 0.0001) and bicarbonate were 

significantly lower in AKI patients compared to CKD patients. 

AKI levels of sCr (p< 0.0001), WBCs (p< 0.0001) and CRP (p< 0.0001) were significantly higher 

than CDCs, and significantly lower haemoglobin (p< 0.0001) and RBC count (p< 0.0001) 

compared to CDCs.   

AKI levels of sCr (p< 0.0001), WBC (p< 0.0001), CRP (p< 0.0001), and urea (p< 0.0001) were 

significantly higher than HCs and levels of haemoglobin (p< 0.0001), packed cells (p< 0.0001), 

RBC (p< 0.0001), sodium (p< 0.0001), bicarbonate (p<0.01) and total protein (p< 0.0001) were 

significantly lower than HCs.   

CKD levels of sCr (p< 0.0001) were higher than in CDCs.  CKD levels of sCr (p< 0.0001), WBCs (p< 

0.01), CRP (p< 0.001) and urea (p< 0.0001) were significantly higher than HCs, and CKD levels of 

total protein (p< 0.01) were significantly lower compared to HCs.   

CDCs had higher WBC levels compared to HCs (p< 0.05). 

No CDC data was available for packed cells, chloride, sodium, urea, total protein, bicarbonate, 

and potassium.  
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AKI patients 

(n= 57)  

CKD patients 

(n= 171)  

Chronic disease 

control (n= 100)  

Healthy controls  

(n= 52)  

AKI v 

CKD 

p-value 

AKI v 

CDC 

p-value 

AKI v 

HC 

p-value 

CKD v 

CDC 

p-value 

CKD v 

HC 

p-value 

Biomarker mean (sd) mean (sd) mean (sd) mean (sd)      

Serum Creatinine (μ/L) 247.6 (163) 143.1 (67) 78.6 (15.8) 71.9 (14) >0.05 0.0001 0.0001 0.0001 0.0001 

Haemoglobin (g/L) 106.5 (22) 133.3 (19) 136.7 (14.8) 135.4 (17) 0.0001 0.0001 0.0001 >0.05 >0.05 

Packed red cells (g/L) 0.32 (0.06) 0.39 (0.05) NA 0.41 (0.03) 0.0001 NA 0.0001 NA >0.05 

Red blood cells (g/L) 3.55 (0.65) 4.42 (0.60) 4.55 (0.42) 4.60 (0.38) 0.0001 0.0001 0.0001 >0.05 >0.05 

Platelets (platelets/L) 262.3 (133) 232.8 (63) 227.16 (82.9) 252.0 (41) >0.05 >0.05 >0.05 >0.05 >0.05 

White blood cells (wbc/l) 10.1 (4.5) 7.24 (2.1) 11.3 (27.7) 5.74 (1.1) 0.0001 0.0001 0.0001 >0.05 0.01 

CRP (mg/dl) 48.5 (58) 4.64 (7.7) 3.43 (6.36) 1.47 (1.5) 0.0001 0.0001 0.0001 >0.05 0.001 

Sodium (mEq/L) 138.2 (4.4) 140.1 (2.6) NA 140.8 (1.8) 0.01 NA 0.0001 NA >0.05 

Potassium (mmol/L) 4.38 (0.8) 4.58 (0.49) NA 4.45 (0.46) >0.05 NA >0.05 NA >0.05 

Chloride (mEq/L) 101.5 (6.9) 102.1 (3.7) NA 101.6 (2.2) >0.05 NA >0.05 NA >0.05 

Bicarbonate (mEq/L) 22.5 (5.3) 24.6 (3.0) NA 25.5 (2.13) 0.01 NA 0.0001 NA >0.05 

Urea (mmol/L) 16.2 (11) 9.6 (4.8) NA 4.88 (1.3) 0.01 NA 0.0001 NA 0.0001 

Total protein (g/L) 63.6 (8.6) 70.1 (6.0) NA 73.3 (3.67) 0.0001 NA 0.0001 NA 0.01 

Table 2. Clinical biomarker protein concentrations.  The mean (sd) of all the clinical biomarkers that were recorded are shown.  Statistical analysis is shown 
in Figure 5 below. 
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Figure 5. Protein concentrations of clinical biomarkers for AKI and CKD patients, CDCs and HCs.  
Protein concentration of (A) serum creatinine (B) haemoglobin (C) packed red cells (D) red blood 
cells (E) platelets (F) white blood cells (G) CRP (H) sodium (I) potassium (J) chloride (K) 
bicarbonate (L) urea (M) total protein.  All protein concentrations were measured in AKI patients 
(n= 57), CKD patients (n= 171), CDCs (n= 100) and HCs (n= 52) where possible.  Significance is 
represented by  * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001.  Student’s t test was used 
for normally distributed data, and Mann-Whitney test for non-normally distributed data.  
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3.3.7. AKI patients who returned to baseline eGFR compared to AKI patients who remained 

below baseline kidney function 

 

AKI patients were followed up 3-months post initial recruitment by accessing their ECR to record 

sCr and eGFR.  AKI patients who returned to baseline eGFR were assigned recovered status 

whereas AKI patients who still had reduced eGFR were determined to have progressed (detailed 

in Chapter 2, Section 1.1.  AKI patients who progressed following AKI had significantly higher 

potassium levels (p< 0.05) and significantly lower percentage of patients with diagnosed HTN.  

AKI patient numbers with known progression status (n= 54) is lower than that shown in Table 1 

(n=57) as 3 AKI patients had no additional patient data recorded on the NIECR post-hospital 

discharge and therefore meaning no progression status could be determined. 
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 AKI patients (Returned to baseline) 
(n= 42) 

AKI patients (Progressed)  
(n= 12) 

p-value 

Characteristics  

Sex 
Males (%) 
Females (%) 

45 
55 

50 
50 

0.38 
0.38 

Age (years) (mean (sd)) 60.62 (14.0) 64.17 (14.1) 0.44 

BMI (kg/m2) (mean (sd)) 29.24 (8.5) 30.91 (11.7) 0.59 

Systolic blood pressure (mm/Hg) (mean (sd)) 135.72 (24.8) 140.55 (26.8) 0.58 

Diastolic blood pressure (mm/Hg) (mean (sd)) 71.97 (12.78)  79.82 (10.7) 0.07 

Serum creatinine on admission (μmol/L) (mean (sd)) 343.61 (302.7) 437.17 (283.4) 0.34 

Serum creatinine (μmol/L) (mean (sd)) 244.81 (172.3) 333.00 (386.9) 0.14 

Urea (mmol/L) (mean (sd)) 14.87 (9.9) 17.39 (12.2) 0.25 

Sodium (mean (sd)) 137.74 (4.1) 128.77 (5.4) 0.22 

Potassium (mean (sd)) 4.30 (0.7) 4.41 (0.44) <0.05 

Chloride (mean (sd)) 101.76 (7.27) 94.92 (4.9) 0.63 

Bicarbonate (mean (sd)) 22.15 (4.8) 20.38 (6.1) 0.97 

Total protein (mean (sd)) 63.34 (8.4) 57.75 (9.5) 0.91 

Haemoglobin (mean (sd)) 107.24 (22.4) 95.92 (20.3) 0.64 

Packed red cells (mean (sd)) 0.31 (0.1) 0.29 (0.1) 0.91 

Red blood cells (mean (sd)) 3.54 (0.7) 3.23 (0.5) 0.85 

Platelets (mean (sd)) 254.45 (122.2) 264.62 (152.3) 0.45 

White blood cells (mean (sd)) 9.95 (5.1) 11.71 (4.4) 0.10 

CRP (mg/dL) (mean (sd)) 49.69 (81.5) 69.12 (82.7) 0.35 

Number of medications (mean (sd)) 6.50 (3.2) 6.17 (3.5) 0.75 

Number of long-term morbidities (mean (sd)) 4.10 (2.7) 3.83 (3.3) 0.78 
Diabetic (%) 36 25 0.24 

Cardiovascular disease (%) 38 25 0.20 

Hypertension (%) 64 36 <0.05 

Table 3.   Cohort characteristics for AKI patients who returned to baseline kidney function and those who progressed.  Significance was measured by 

comparing AKI patients (returned to baseline) vs AKI patients (remained below baseline).   Mann-Whitney test for non-normally distributed data. 
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3.3.8. CKD patients who remained stable compared to CKD patients who rapidly progressed 

 

CKD patients were followed up 1-year post-initial recruitment where patient ECR was assessed 

and sCr and eGFR recorded.  CKD patients whose eGFR remained stable were assigned “stable 

CKD” status, and CKD patients whose eGFR declined by ≥5 eGFR were assigned “rapid 

progression” status (detailed in Chapter 2, Section 1.2).  CKD patients who rapidly progressed 

towards ESRD had significantly higher systolic BP (p< 0.01).  CKD patient numbers with known 

progression status (n= 128) is lower than that shown in Table 1 (n=171) as 43 CKD patients had 

no additional patient data recorded on the NIECR post-outpatient recruitment and therefore 

meaning no progression status could be determined. 
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  CKD patients (Stable)  
(n= 106) 

CKD patients (Progressed)  
(n= 22) p-value  Characteristics 

Sex 
Males (%) 
Females (%) 

65 
35  

59 
41  

0.30 
0.30 

Age (years) (mean (sd)) 56.96 (17.2)  57.27 (15.5)  0.87 

(kg/m2) (mean (sd)) 30.12 (5.5)  28.30 (6.5)  0.17 

Systolic blood pressure (mm/Hg) (mean (sd)) 140.60 (18.5)  152.59 (21.1)  <0.01 

Diastolic blood pressure (mm/Hg) (mean (sd)) 79.76 (11.8)   82.73 (10.2)  0.28 

Serum creatinine (μmol/L) (mean (sd)) 143.58 (67.5)  144.09 (55.4)  0.97 

Urea (mmol/L) (mean (sd)) 9.77 (4.5)  8.63 (3.9)  0.28 

Sodium (mean (sd)) 139.90 (2.6)  140.64 (2.0)  0.22 

Potassium (mean (sd)) 4.59 (0.5)  4.63 (0.49)  0.77 

Chloride (mean (sd)) 101.93 (3.7)  103.00 (3.4)  0.22 

Bicarbonate (mean (sd)) 24.60 (2.8)  24.45 (3.0)  0.83 

Total protein (mean (sd)) 70.55 (5.8)  69.63 (6.8)  0.51 

Haemoglobin (mean (sd)) 133.45 (18.7)  133.45 (17.7)  0.10 

Packed red cells (mean (sd)) 0.39 (0.1)  0.39 (0.1)  0.20 

Red blood cells (mean (sd)) 4.42 (0.7)  4.42 (0.6)  0.26 

Platelets (mean (sd)) 233.89 (67.9)  233.89 (35.8)  0.88 

White blood cells (mean (sd)) 7.37 (1.9)  7.37 (2.3)  0.40 

CRP (mg/dL) (mean (sd)) 5.33 (8.8)  3.23 (3.3)  0.27 

Number of medications (mean (sd)) 5.93 (3.9)  5.91 (3.2)  0.98 

Number of long-term morbidities (mean (sd)) 3.88 (1.9)  3.91 (1.3)  0.94 

Diabetic (%) 26  23  0.38 

Cardiovascular disease (%)       22 

  

 9  0.08 

Hypertension (%)       75  82  0.24 

Table 4.   Cohort characteristics for CKD patients who remained stable compared to those who rapidly progressed.  Significance was measured by comparing 

CKD patients (Stable) vs CKD patients (rapidly progressed).    Student’s t test was used for normally distributed data, and Mann-Whitney test for non-normally 

distributed data.  Chi squared was used to  compare categorical data.
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3.3.9. Progression rate over time of CKD patients. 

 

Figure 6 below shows differing rates of renal function decline in six different CKD patients.  sCr 

was recorded from patients ECR records beginning as early as data allowed.  As can be seen 

below, progression rate varies greatly between patients. 

 

 

Figure 6.  CKD progression rates.  CKD progression rate in six different CKD patients of differing 

rates highlighting variation.  Each coloured line represents a single patient. 
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3.4. Discussion 
 

This study aimed to clearly establish and investigate the demographics and clinical biomarkers 

of an AKI patient and CKD patient cohort from the North-west of Ireland, and to compare them 

to CDCs and HCs.  This would allow for comparison with other patients with chronic disease and 

without to establish the specific characteristics of AKI and CKD cohorts.  It also aimed to identify 

if characteristics or commonly used clinical biomarkers allowed for patients to be stratified into 

those who are at higher risk of AKI progression or rapid CKD progression.   

The AKI cohort consisted of 57 patients of average age of 62 years, BMI of 30 and were 54% 

male.  Comparing this to other AKI cohorts in the literature, there are similarities in relation to 

age, higher number of males compared to females, and levels of HTN and DM, highlighting the 

ability of results from this study to be compared with others (Challiner et al., 2014; Seethapathy 

et al., 2019).  Sexual dimorphism is known to affect kidney disease, with females shown to have 

a decreased risk of AKI, believed to be due to sex hormone levels playing a protective role 

(Neugarten and Golestaneh, 2018, 2013; Silbiger and Neugarten, 2008).  In our study there was 

a higher mortality rate (28%) compared to other AKI cohorts (Challiner et al., 2014; Danziger et 

al., 2016; Mansour et al., 2019).  The extended period of follow-up in our study (3-months) in 

comparison to others only recording during the length of hospital stay may have caused this 

increased mortality rate, however when compared to studies which followed-up at 1-year post-

AKI, mortality levels remained high in our study (Danziger et al., 2016; Mansour et al., 2019).  

This may be explained by all AKI patients on our study having the most severe classification of 

AKI (stage 3) yet in other studies, AKI severity was less or spread over all AKI stages (Challiner et 

al., 2014; Danziger et al., 2016).   

The CKD cohort consisted of 171 patients of average age 59 years, BMI of 29 and 65% males.  

Comparing this cohort to others in the literature showed that age, BMI, and sex ratio are similar 

(Ekart et al., 2013; Fu et al., 2021; Gayomali et al., 2008; Yun et al., 2018).  In our study, the high 

percentage of recruited males is of interest as in an Irish CKD prevalence study, 12.6% of females 

in the population had CKD compared to 10.9% of males in the population showing that females 

have a higher prevalence in Ireland (Stack et al., 2014).  Interestingly, although reported above 

that females are at lower risk of AKI, they are at higher risk of CKD and mortality from CKD 

compared to males, regardless of geographical location (Bikbov et al., 2018).  The reason for this 

is believed to be multifactorial, with sex hormones and the higher rates of T2DM seen in females 

possibly adding to the increased risk (Alotaibi et al., 2017).  Another possible reason may be that 

females use health care services more regularly than males (Owens, 2008) and therefore it may 
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be that as females are tested more frequently, they are diagnosed more frequently.  

Undiagnosed CKD levels in the population are known to be high (Yamada et al., 2019).  

Therefore, it is possible that more men have undiagnosed CKD than females resulting in the 

higher CKD prevalence in females, but this hypothesis is out with the scope of this study and 

only offers a possibly rational. 

All AKI and CKD patients in our study were Caucasian and of United Kingdom (UK) and Irish origin.  

This may imply that comparison of results may be best compared with similar populations, 

however a study conducted in the England still reported much higher levels of ethnic diversity 

than our study (Challiner et al., 2014).  AKI risk differs between ethnicities (Chew et al., 2013) 

and one study reported that white AKI patients have higher mortality post-AKI (Kolhe et al., 

2016).  One possible reason for the difference in ethnic AKI risk may be due to genetic 

polymorphisms, with one study finding that genetic variation of tumor necrosis factor alpha 

(TNF-α) increases AKI risk in Asian patients compared with Caucasian patients (Chen et al., 2020).  

Furthermore, ethnicity is a known risk factor for CKD even when medication prescription rates 

and treatment are taken into account (Chu et al., 2021).  To this point, the eGFR equation takes 

ethnicity into account with correction factors for black patients (Rocha et al., 2020). This, 

therefore, may mean that when biomarker comparison is made with the findings of this thesis, 

ethnicity should be considered. 

Most AKI and CKD patients did not smoke and few AKI patients (14%) reported recent alcohol 

consumption.  In the UK it is estimated that 57% of the population consume alcohol (Williams 

et al., 2020).  Alcohol consumption in the CKD cohort is similar to this figure, which may lead to 

the assumption that it had impacted kidney dysfunction.  The findings on the effect of alcohol 

on CKD risk are conflicting however.  Negative effects of alcohol on kidney function are reported 

(Joo et al., 2020; White et al., 2009), however, several studies have shown alcohol consumption 

to be protective against CKD development, even in heavy drinkers (Hu et al., 2020; Koning et al., 

2015; Yuan et al., 2021).  In these other studies from the literature, factors such as BMI, BP, and 

co-morbidity were accounted for, yet it remained unclear what the protective effect on the 

kidney was.  One possible hypothesis may be that, patients who did not drink alcohol did so 

because they were too unwell to, or because they were forced to stop due to adverse effects of 

alcohol consumption with medication.  This therefore meant that those patients who did not 

consume alcohol may have previously drank alcohol which may have caused kidney damage yet 

stopped in later years due to necessity of ill health and medication adverse effects rather than 

choice, meaning they were classed as non-drinkers yet had previously drank alcohol. 
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Family history of kidney disease was lower in AKI patients compared to CKD patients.  This closely 

matches a study of Irish CKD patients that reported a family history of kidney disease in 34% of 

patients (Connaughton et al., 2015).  Specific genes and loci have been identified and familial 

aggregation is believed to be a strong indicator of future prognosis for patients (Bullich et al., 

2018; Freedman et al., 2006; Satko et al., 2007).  Although there is clear evidence for genetic 

inheritance playing a role in CKD development due to family history, environmental factors such 

as exposure to agricultural chemicals, and poor quality diet and water, where an entire family is 

exposed, has been reported to cause CKD without any genetic effect (Obrador et al., 2017). 

Twenty-four AKI patients had established CKD prior to AKI (AKI on CKD) with ‘other’ being the 

most frequent reason given for CKD development in this group, and with less than 3 patients 

diagnosed with a specific cause.  In addition to diabetic nephropathy and chronic renal 

impairment, 17% of these patients developed CKD from a previous AKI, indicating that patients 

who previously suffered AKI were more prone to future attacks as is highlighted in other studies 

(Siew et al., 2020; Stack et al., 2014).  In the CKD cohort, the most reported cause of CKD was 

‘unknown’, again highlighting the complexity that still exists in identifying the cause of CKD.  A 

study of unknown CKD aetiology in Belfast suggests that environmental factors resulting from 

urbanization is associated with CKD in Northern Ireland resulting in difficulty establishing CKD 

cause (McKinley et al., 2021).  This possibly helps to explain the high number of ‘unknown’ cases 

in our study, however drug toxicity or infection causing CKD also often goes un-noticed (Bien et 

al., 2012; Wolf et al., 2018).  IgA nephropathy (IgAN) was a highly recorded cause of CKD in our 

study.  IgAN is the most prevalent chronic glomerular disease worldwide with the hallmark 

characteristic of IgA deposits in the glomerular mesangium (Chen et al., 2019; Wyatt and Julian, 

2013).  Genetic factors are believed to influence IgA nephropathy pathogenesis where serum 

levels of galactose-deficient IgA1 is an inheritable trait, and attach to fibronectin or type IV 

collagen in the extracellular matrix beginning a cascade of events that negatively impact the 

kidneys (Kiryluk et al., 2010; Moura et al., 2001; Tortajada et al., 2019).  IgAN is a risk factor for 

AKI and in our study, all AKI patients who had diagnosed IgAN had it noted as the recorded cause 

for their AKI. 

Our study found that AKI and CKD patients systolic BP was high and HTN was the most frequently 

reported co-morbidity for both cohorts.  BP affects the normal perfusion of blood flow to the 

kidneys affecting filtration with high BP damaging the microvasculature of the organ (Sternlicht 

and Bakris, 2019).  The functions involved in the interplay between HTN and kidney dysfunction 

are complex, with multiple factors including increased sodium retention, reduced nephron 
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mass, extracellular volume expansion, sympathetic nervous system overactivity and activation 

of hormones including the renin-angiotensin-aldosterone system (Ku et al., 2019b).   

CVD can develop due to HTN, increasing AKI and CKD risk (Gammelager et al., 2014; Toba and 

Lindsey, 2019).  In addition, following AKI attack and CKD development, the risk of developing 

CVD increases showing the intertwined pathophysiology (Jovanovich et al., 2018; Odutayo et al., 

2017; Shastri and Sarnak, 2010).  The relationship is complicated and common risk factors such 

as HTN and hyperlipidemia do not alone explain the increased risk of developing one condition 

due to the presence of the other.  Ischemic heart disease (IHD) was the most reported type of 

CVD in both AKI patients (46%) and CKD patients (45%).  IHD is a leading cause of death 

worldwide and reported to be the most prevalent type of CVD (Khan et al., 2020).  The link 

between IHD and CKD is well established with inflammation leading to atherosclerosis of the 

arteries (Siriwardhana et al., 2018), and the high prevalence of IHD in the current study is further 

confirmation of the overlap between the conditions. 

In addition to HTN and CVD, T2DM was commonly comorbid within both AKI and CKD.  T2DM 

severely affects the kidneys as a result of intra-renal arterio- and atherosclerosis and non-

inflammatory glomerular damage known as diabetic nephropathy and is reported as the most 

common cause of end stage renal disease (ESRD) (Patschan and Müller, 2016).  T2DM is a risk 

factor for AKI (Girman et al., 2012; Patschan and Müller, 2016) and CKD (de Boer et al., 2020), 

with diabetic CKD patients representing a specific subtype of CKD due to the absence of 

albuminuria (Koye et al., 2018).   

In addition to the main driver co-morbiidities, hypercholesterolemia and breathing disorders 

were common in both AKI and CKD patients.  Hypercholesteremia is characterized by high blood 

concentrations of cholesterol, particularly low-density lipoproteins and involved in the 

atherosclerosis process (Beheshti et al., 2020).  In our study, AKI patients (37%) and CKD patients 

(38%) were diagnosed with hypercholesterolemia showing its high prevalence in these cohorts 

and potentially contributing to CVD development.  Breathing disorders in these cohorts included 

asthma and chronic obstructive pulmonary disorder (COPD) affecting 35% of AKI patients and 

22% of CKD patients.  Asthma is a chronic inflammatory lung disease that can acutely affect the 

breathing of patients and shown to increase CKD risk (Huang et al., 2014).  COPD is a systemic 

inflammatory disease that permanently affects the breathing ability of patients and associated 

with CKD with the two conditions sharing common risk factors, and with CKD prevalence higher 

in COPD patients than hospitalised controls without COPD (Chen and Liao, 2016).  These 
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respiratory conditions and CKD are believed to be linked due to the high levels of systemic 

inflammation and with them being prevalent in this study, supports this association. 

Co-morbidities were common in AKI and CKD patients highlighting the variation of these cohorts 

and the complexity that comes with treating them.  AKI patients without any additional 

morbidities were shown to be more likely to recover following AKI (Liaño et al., 2007; Mahmud 

and Dastoor, 2020).  In our study this was seen, with all AKI patients without co-morbidities 

significantly improving eGFR at 3-month follow up.  In our study, many CKD patients without co-

morbidities were under the age of 50 years so it may be the case that sufficient time may not 

have passed to allow additional morbidities to develop in those patients.  Interestingly, of the 

CKD patients without co-morbidities in our study, none progressed rapidly showing co-morbidity 

to potentially play a significant role.  This is shown in other studies where CKD patients with 

T2DM or CVD were also at increased risk of CKD progression (Hannan et al., 2021b; Rahman et 

al., 2014).   

Clinical biomarkers for AKI and CKD patients were recorded from the NIECR from the day of 

recruitment.  Potassium was the only biomarker that was not significantly different between the 

two cohorts.  Blood potassium levels are regulated by the kidneys and are an important factor 

for determining the cellular resting potential in excitable cells such as myocardial cells and 

neurons (Scheuer et al., 2011; Wieërs et al., 2022).  Hyperkalemia (HK), where blood potassium 

is >5 mmol/l occurs in 1-10% of all hospitalized patients and can occur by volume depletion, 

metabolic acidosis, or acute cell tissue death (Thomsen et al., 2018).  One study investigating 

the prediction of AKI following myocardial infarction (MI) reported a serum potassium level of 

>4.5 mmol/l as an independent biomarker for AKI (Plakht et al., 2021).  HK is often seen in CKD 

patients however it has been shown to be more prevalent in patients with severe CKD (Rastogi 

et al., 2021; Scheuer et al., 2011).  In our CKD cohort, stage 4 CKD was the most severe stage 

recruited, potentially explaining why few patients had HK.   

Levels of haemoglobin, packed red cells, RBCs, sodium, bicarbonate and total protein were all 

significantly lower in AKI patients than CKD patients, CDCs and HCs where data was available.  

Levels of haemoglobin (Walsh et al., 2013), sodium (Chen et al., 2021) and bicarbonate (Kendrick 

et al., 2021) are shown to be significantly lower in other AKI patient cohorts, and are able to 

highlight patients at increased risk of AKI pre-surgery.  Levels of WBCs and urea were significantly 

higher in AKI patients when compared to CKD patients, CDCs, and HCs.  WBC is reported to have 

a U-shaped relationship in AKI.  This U-shaped relationship indicates that when levels are 

abnormally low, a poor immune response is occurring, and when levels are high, an upregulated 
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immune response is occurring highlighting damage, and therefore both low and high readings 

can lead to poor patient outcomes (Han et al., 2014).  Although in our study overall, AKI patients 

had significantly higher WBC, many AKI patients were at lower levels, similar to those in CKD 

patients, CDCs, and HCs.  This, therefore, may be something for future investigation with respect 

to outcomes of patients with differing WBC.   

Urea, also referred to as blood urea nitrogen, is a product of nitrogen and protein metabolism 

and reported to be freely filtered rather than secreted and reabsorbed by the renal tubules, and 

whereby the reabsorption is flow dependent; the more urea that is reabsorbed the lower the 

urine flow rate (Richter et al., 2019; Schrier, 2008).  Increased levels of blood urea are shown to 

have negative effects for patients, exerting toxicity on various tissues including vascular walls, 

adipocytes and pancreatic β cells (Seki et al., 2019).  Therefore, the high levels seen in this study 

would be indicative of these conditions.  Other studies have reported increased urea in AKI and 

CKD patients and its use as a biomarker of kidney dysfunction (Lu et al., 2018; Seki et al., 2019) 

and data presented in this study supports these findings. 

AKI patients were followed up 3-months post-recruitment to determine if they returned to 

baseline kidney function or if they had remained at a reduced kidney function.  Levels of 

potassium (p< 0.05) was significantly higher, and the percentage of hypertensive patients (p< 

0.05) was significantly lower, in the AKI cohort that did not return to baseline function.   Although 

potassium differed, AKI patients who failed to return to baseline function were still within the 

clinically healthy ranges.  Therefore, with potassium within the healthy ranges it may be difficult 

for a clinician to identify this in a test.  Furthermore, although patients had less diagnosed HTN, 

BP readings at time of recruitment did not differ between groups.  It may be hypothesised 

though, that as these AKI patients who remained below baseline kidney function may have had 

BP more intensively managed with medication keeping HTN levels low or alternatively that AKI 

patients with HTN had better blood flow to the kidneys during AKI and therefore reduced levels 

of hypoxia.  Another possible reason for these differences in potassium and HTN may be due to 

cofounders such as additional co-morbidities or medication/ medication combinations however 

as detailed earlier in this thesis, difficulty was experienced in analyzing data with these 

cofounders due to the very low numbers and therefore the unreliability of the results from the 

analysis.  Interestingly, sCr levels on admission i.e., at time of initial diagnosis of AKI, and at time 

of recruitment were not significantly different between groups.  This is of interest as it is 

reported that sCr levels at time of AKI are indicative of risk of progression yet within our study 

this was not shown (Ishani et al., 2011; Kister et al., 2021).  CKD patients were followed up 1-

year following recruitment and classified as stable in their condition or having experienced rapid 
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CKD progression where eGFR reduced by ≥-5 ml/ min/ 1.73 m2 within 1-year (Saulnier et al., 

2017).  Comparison of the CKD patients who remained stable and those who rapidly progressed 

showed only systolic BP to be significantly different (p< 0.01).  This has been shown in other CKD 

cohorts where increased systolic BP increased the risk of CKD progression however over longer 

periods of time (>18 months) (Cedillo-Couvert et al., 2018; Kim et al., 2021).  Our study may 

therefore highlight that monitoring systolic BP may be useful in identifying CKD patients at risk 

of rapid progression, however as a measure that is known to have high intraday variation 

(Dadlani et al., 2019) other measurements may be required in addition for confirmation. 

This study has highlighted that although clinical measures and biomarkers give insight into AKI 

and CKD patient conditions and progression, more conclusive and supportive biomarkers are 

required.  These novel biomarkers, not currently used in the clinical setting, would allow for 

more accurate AKI and CKD diagnosis (Banai et al. 2021; Che et al., 2019), possibly giving 

additional clarity to the ‘unknown’ categories within our study as several biomarkers associated 

with AKI and CKD are suggested to indicate injury to specific sites within the kidney (Gunasekara 

et al. 2020; Ning et al. 2018).  Novel biomarkers would also allow for better risk stratification of 

AKI and CKD patients at high risk of progression, which is lacking in current clinical care.  

Although BP and potassium were significantly altered in our cohorts who progressed, these 

biomarkers do not offer enough conviction to accurately risk stratify, and so other additional or 

stronger biomarkers are required. 

 

3.4.1. Limitations 

 

This analysis has a number of limitations with the most significant being the sample sizes of the 

cohorts and a lack of age matched HCs.  However this was unavoidable due to restrictions on 

recruitment to research studies as a result of the COVID-19 pandemic.  Due to the low 

recruitment numbers there was very limited ability to account for cofounders such as 

medications and co-morbidities.  This analysis was attempted however it resulted in very low 

patient numbers in each category and therefore limited ability to analysis statistically with 

confidence.  Accuracy of reporting of comorbidity, prescribed medication, and other data due 

to the collation of the data from several health care providers and various professionals within 

the ECR cannot be guaranteed.  Furthermore, the data on lifestyle was self-reported by patients 

and therefore accuracy and comparability may be limited.  AKI participants were all recruited 

from the hospital setting and therefore are likely to represent those who are the most severe 
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cases, introducing risk of spectrum bias.  CKD participants were recruited from outpatient clinics 

and again likely represent those patients who are under regular routine care, however CKD 

patients who were advanced at stage 5 were excluded from this study due to their severity as 

they had already progressed to the endpoint of this study.  Future studies therefore, may aim to 

recruit larger cohorts of patients ensuring an age-matched healthy control is recruited and to 

potentially aim to recruit less severe AKI patients for comparison of staging. 

 

3.5. Conclusion 
 

This study described the demographic characteristics, levels of comorbidity and prescribing of 

medication and biochemistry of an AKI and CKD cohort in the Northwest of Ireland through a 

cross-border partnership with the Western Health and Social Care Trust (WHSCT) and Health 

Service Executive (HSE).  It highlighted the complexities of the diseases in terms of diagnosis and 

treatment showing that many patients lack a defined diagnosis, common co-occurrence of a 

number of chronic conditions and associated polypharmacy.  It also demonstrated that 

commonly used clinical biomarkers were unable to clearly discriminate those patients who 

progressed in their condition from those who returned to baseline or remained stable.  This 

highlights the need for novel biomarkers to be identified to allow for better diagnosis and risk 

stratification of patients progressing to worse kidney function. 
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Introduction to Results Chapters 4, 5 and 6 
 

Chapters 4, 5 and 6 are each written up as independent manuscripts however there are certain 

elements of repetition within their introductions as each explores a differing aspect of AKI and 

CKD biomarker research.   

Chapter 4 of this thesis investigates biomarkers already identified in the literature as being 

associated with AKI and CKD diagnosis, yet not used in clinical practice.  Within Chapter 4, these 

biomarkers were investigated to find novel biomarker combinations which offer strong 

capability for the identification of AKI and CKD patients from healthy controls.  Chapter 4 also 

aimed to investigate whether combinations of these biomarkers associated with AKI and CKD 

were capable of highlighting AKI and CKD patients at higher risk of progression to worse kidney 

function. 

Chapter 5 of this thesis used an exploratory methodology to discover biomarkers that are 

currently not associated with AKI or CKD and uses a co-morbid control cohort to allow for these 

novel biomarkers to be as kidney disease specific.  A second aim of this Chapter was to identify 

if these novel biomarkers are capable of highlighting AKI or CKD patients at higher risk of 

progression.  This Chapter used a wide selection of biomarkers to allow for many biomarkers to 

be measured allowing for a robust search.   

Chapter 6 of this thesis focused on a sub-group of senescence biomarkers within the exploratory 

data from Chapter 5.  This was due to the recent suggestion within the literature that senescence 

plays a role in AKI and CKD development and progression, and so it was believed that further 

investigation was necessary.  This Chapter focuses on these senescence biomarkers to 

investigate if they are capable of identifying AKI and CKD patients from co-morbid controls and 

whether they can identify AKI and CKD patients at higher risk of disease progression.  This 

Chapter additionally gives an overall view of senescence within AKI and CKD and will allow for 

future research to be built on its findings. 
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Chapter IV: 

Measurement of 

known renal 

biomarkers using 

Biochip Array to 

identify novel 

biomarker 

combinations and 

stratify progression 

risk 
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Abstract 
 

Introduction 

Acute kidney injury (AKI) is the abrupt loss of kidney function and chronic kidney disease (CKD) 

is the long-term permanent reduction in kidney function.  AKI progression and rapid CKD 

progression pose increased risk of morbidity and mortality to patients.  In this study, we aimed 

to identify if proteins identified by the literature to be associated with AKI and CKD diagnosis 

can accurately identify AKI and CKD patients from controls using biochip array technology and 

to highlight the most accurate biomarker combinations for disease diagnosis.  Additionally, we 

aimed to identify if these biomarkers associated with AKI and CKD diagnosis, can identify AKI 

and CKD patients at greater progression risk, or if biomarker combinations exist that are useful 

for stratification risk of AKI or CKDD progression.  

 

Methods 

Forty-three AKI patients (mean age= 61 years; 47% male) and 155 CKD patients (mean age= 59; 

63% male) were recruited from Altnagelvin hospital and Letterkenny University hospital 

(Northwest of Ireland) and 52 controls (mean age= 45 year; 65% male) recruited from Ulster 

University and Western Health and Social Care staff based in the Northwest of Ireland.  AKI 

patients were recruited within 7-days of AKI, and CKD patients were recruited at outpatient 

clinics with disease stage ranging from 2-4.  Recruited participants consented for access to their 

electronic care record and provided a blood and urine sample.  Samples were sent to Randox 

laboratories Ltd. for plasma and urine biomarker measurement using pre-designed Randox 

biochip array technology plates.  Biomarkers measured included plasma FABP1, MIP1a, TNFR1, 

TNFR2, C3a des Arg, CRP, NGAL, adiponectin and cystatin C, and urinary KIM-1, urinary NGAL, 

urinary cystatin C, and urinary clusterin.  AKI patients were followed up 3-months post-AKI, and 

CKD patients were followed-up 1-year post recruitment to establish progression status. 

 

Results 

All measured biomarkers were significantly elevated in AKI and CKD patients compared to 

controls and all biomarkers were significantly elevated in AKI patients compared to CKD patients 

except for plasma FABP1 and urinary cystatin C.  Receiver operating characteristic analysis 

identified that combinations of biomarkers were able to effectively discriminate between AKI 

patients and controls (AUC for plasma= 1.0; AUC for urine= 0.873), CKD patients and controls 

(AUC for plasma= 0.954; AUC urine= 0.736), and AKI and CKD patients (AUC for plasma= 0.948; 
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AUC for urine= 0.807).  There was no significant difference between biomarkers in AKI patients 

who returned to baseline kidney function and those who remained below baseline, or in CKD 

patients who rapidly progressed compared to those who remained stable. 

 

Conclusion 

Biomarkers associated with AKI and CKD measured using biochip array technology could 

accurately identify AKI and CKD patients from controls and from each other, and novel 

combinations of biomarkers were discovered to improve diagnostic accuracy.  However, 

biomarkers associated with AKI and CKD, or combinations of these, were unable to identify AKI 

patients at higher risk of progression or CKD patients at higher risk of rapid progression in these 

cohorts.  Further novel biomarker exploration is needed to identify biomarkers that can identify 

patients at higher progression risk. 
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4.1. Introduction 
 

Acute kidney injury (AKI) is the abrupt, severe loss of kidney function often seen in the clinical 

setting due to heterogeneous causes and associated with adverse patient outcomes (Alge and 

Arthur, 2015).  Chronic kidney disease (CKD) is the reduction of kidney function for 3-months or 

more causing structural change and fibrotic damage increasing the risk of morbidity and 

mortality (Brück et al., 2016).   

 

Candidate biomarkers for AKI and CKD have been identified for early and more accurate 

diagnosis (Fernando et al., 2019; Sun et al., 2016; Wang et al., 2019).  Plasma fatty acid binding 

protein 1 (FABP1) (Tsai et al., 2020), macrophage inflammatory protein 1 alpha (MIP1a) 

(Hemmers et al., 2022), tumour necrosis factor receptor 1 (TNFR1) (McCoy et al., 2022; Saulnier 

et al., 2014), tumour necrosis factor receptor 2 (TNFR2) (Gohda et al., 2012; Lousa et al., 2022), 

adiponectin (Tian et al., 2018), C3a des Arg (Liu et al., 2014), neutrophil gelatinase-associated 

lipocalin (NGAL) (Guo et al., 2020), and cystatin C (Lin et al., 2021) are shown to be upregulated 

in CKD patients.  Furthermore, urinary biomarkers kidney injury molecule 1 (KIM-1) 

(Zdziechowska et al., 2020), urinary NGAL (Patel et al., 2015), urinary cystatin C (Kar et al., 2018) 

and clusterin (Kim et al., 2017) are shown to be upregulated in AKI patients with several 

biomarkers being increased in both AKI and CKD. 

 

These biomarkers provide insight into underlying processes within the damaged kidney in a non-

invasive way.  Elevated FABP1, NGAL and KIM-1 are indicative of tubulointerstitial injury and 

cystatin C is a filtration biomarker similar to serum creatinine (sCr) yet less impacted by factors 

such as muscle mass and diet (Chernyavina, 2020; Fassett et al., 2011; Lopez-Giacoman and 

Madero, 2015).  Elevated CRP, TNFR1 and TNFR2 are associated with inflammation and altered 

adiponectin is indicative of metabolic issue (Gohda et al., 2012; Jia et al., 2012) making the 

information these biomarkers provide potentially valuable in a clinical setting. 

 

Progression of AKI and the more rapid progression of CKD increases morbidity and mortality risk 

(Belayev & Palevsky, 2014; Looker et al., 2015).  Currently however, it is difficult to stratify AKI 

and CKD patients at high risk of progression as current clinical classifiers are limited in their 

ability to identify those at higher risk (Coresh et al., 2019; Fassett et al., 2011).   

 

Biomarker identification has therefore more recently started to focus on AKI progression, and 

CKD progression aiming to identify novel biomarkers that may highlight patients most at risk 
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(Bolignano et al., 2009; Mishra et al., 2005; Wang et al., 2018).  To date, mixed results have been 

reported for the utility of biomarkers associated with AKI and CKD diagnosis to accurately stratify 

patients at higher risk of progression (Agarwal et al., 2014; Dong et al., 2019; Looker et al., 2015).  

It is therefore important to further investigate if an individual, or combinations of the diagnostic 

biomarkers highlighted above can identify those patients at higher progression risk effectively 

in a population from the Northwest of Ireland. 

 

Biochip array technology allows for efficient and cost-effective measurement of multiple 

biomarkers on large numbers of samples in plasma (Randox 2022a; Randox 2022b).  Biochip 

array technology has previously been used in disease research including multi-disease detection 

(Saluk et al., 2017) and to predict risk of AKI in contrast angiography in CKD patients (Connolly 

et al. 2018) showing its relevance in current disease biomarker research.  Randox laboratories 

Ltd are a diagnostic company who have produced three plasma CKD panels (CKD I, CKD II and Rx 

Imola) aimed at diagnosing CKD (Randox 2022a) and a urinary panel (AKI panel) which aims to 

diagnose AKI at an earlier stage than current clinical biomarkers (Randox 2022b).  Using these 

panels to conduct biochip array technology is of high interest as these panels have not been 

tested on AKI or CKD previously in the literature and it will allow for accurate, large scale 

measurement of patient cohorts to be completed. 

 

This study aims to identify if novel proteins identified by the literature to be associated with AKI 

and CKD diagnosis but not used in clinical practice, can accurately identify AKI and CKD patients 

from controls using biochip array technology.  Furthermore, this study aims to highlight the 

strongest combinations of novel biomarkers to highlight AKI and CKD patients within our cohorts 

and therefore allow for the most accurate diagnostic capability.  Additionally, it aims to identify 

if these biomarkers that are associated with AKI and CKD diagnosis, or biomarker combinations, 

can identify AKI and CKD patients at greater progression risk, are useful for stratification.  
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4.2. Methods 
 

4.2.1. Participant recruitment 

 

AKI patient participants (n= 43) were identified using the Altnagelvin hospital e-alert system and 

recruited on ward, and CKD patient participants (n= 155) were recruited at CKD outpatient clinics 

at Altnagelvin Hospital, and Letterkenny University hospital.  In this study, fewer AKI (n= 43) and 

CKD (n= 155) samples were available for analysis than in Chapter 3 due to difficulty with blood 

collection during recruitment.  Therefore, if a patient was able to supply a urine sample yet no 

blood sample, they were still included in the study, yet no blood sample could be sent for 

analysis.  Controls (n= 52) in this study are those controls described as healthy controls in 

Chapter 2, Section 2.1.3 who were recruited using advertisement within Ulster University and 

the WHSCT.  All recruitment was in accordance with ORECNI ethical approval as described in 

Chapter 2, Section 1.  Age-matched cohort groups were created to allow for analysis to be carried 

out without age being a factor due to the significant age difference between AKI and CKD 

patients and healthy controls.  AKI patients were followed up 3-months post-recruitment and 

patients were classified as AKI patients who returned to baseline kidney function (taken as eGFR 

prior to AKI) (n= 34) or patients who sustained reduction in kidney function (n= 7) (detailed in 

Chapter 2, Section 1.1).  CKD patients were followed-up 1-year post initial recruitment and were 

classified as those CKD patients who remained stable (n= 100) (decrease in eGFR <5 

mL/min/1.73m2) and those CKD patients who rapidly progressed towards ESRD (n= 22) 

(decrease in eGFR ≥5 mL/min/1.73m2). 

 

4.2.2. Sample Collection 

 

4.2.2.1. Blood sampling 

 
Blood samples of approximately 32 ml were extracted from patients as described in Chapter 2, 

Section 2.2 and 2.3.  Samples were then transported at 4℃ in a medical transportation bag 

(Verapak, Kent, UK; Cat no. BLD1_RDS) and were processed immediately after collection. 
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4.2.2.2. Urine sampling 

 

Urine samples were obtained using 30 ml Universal sample container (Merck KGaA, Darmstadt, 

Germany, Cat no. Z645354) as described in Chapter 2, Section 2.  AKI urine was provided on 

ward, CKD urine was obtained from the clinic provided sample, and controls were requested to 

bring a urine sample to recruitment appointment.  Samples were stored and transported at 4℃ 

in a medical transportation bag (Verapak, Kent, UK; Cat no. BLD1_RDS).  Urine samples were 

processed immediately after collection. 

 

4.2.3. Sample Processing 

 

4.2.3.1. Blood processing 

 

Polypropylene tubes (1.5 ml) were labelled using Item Tracker© software (ItemTracker Software 

Ltd, Suffolk, UK), prior to blood processing as described in Chapter 2, Section 3.  Samples were 

stored at -80℃ in HTA compliant freezers until transport to Randox laboratories.   

 

4.2.3.2. Urine processing 

 

Polypropylene tubes were labelled using Item Tracker© software (ItemTracker Software Ltd, 

Suffolk, UK) to ensure that compliance with the Human Tissue Act (HTA) 2004 regulations were 

adhered to as described in Chapter 2, Section 3.  Samples were stored at -80℃ in HTA compliant 

freezers until transport to Randox laboratories. 

 

4.2.4. Clinical database construction 

 

Relevant clinical information for all patient participants (n= 250) was obtained from Orion Health 

technologies, Northern Ireland Electronic Care Record (NIECR) (Orion health, Hammersmith, 

UK).  All data was used in compliance with research ethics and Data Protection Act 2018.  Full 

details of database construction are described in Chapter 2, Section 4.   
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4.2.5. Proteomics measurement using biochip array technology 

 

Proteomic quantification was conducted using biochip array technology at Randox laboratories 

(Randox Teoranta, Dungloe, Ireland).  Plasma sample (1.5 ml) and urine sample (1.5 ml) for each 

study participant was shipped to Randox Teoranta on dry ice (CO2, -76℃).  Protein levels in 

plasma samples were measured using pre-designed Randox panels, CKD I (measuring FABP1, 

MIP1a, TNFR1, and TNFR2) and CKD II (measuring C3a des Arg, CRP, NGAL, and adiponectin), 

and the Rx Imola panel (measuring cystatin C) (Randox, 2022a).  Samples were measured using 

Randox’s Evidence Investigator™ machine.  Protein levels in urine samples were measured using 

Randox’s AKI panel (measuring KIM-1, NGAL, cystatin C and clusterin) (Randox, 2022b).  All data 

is presented as protein concentration levels.  A full description can be found in Chapter 2, Section 

5.  

 

4.2.6. Statistical analysis 

 

Statistical analysis was conducted using Microsoft Excel (Office 365, Microsoft Windows, 

Microsoft Corporation, Washington, v16.0) (database construction), SPSS Statistics (IBM SPSS 

Statistics, Portsmouth, UK) (receiver operator characteristic curves) and Graphpad Prism 

software (Graphpad Software Inc., La Jolla, CA, USA; v6.0h) (statistical analysis and dot plots).  

Data was tested for normality using Shapiro-Wilk test for normality which was chosen due to 

the small cohort numbers.  Results of normality directed whether data was analysed using 

Student’s t-test for normally distributed data, or Mann-Whitney test for non-normally 

distributed data.  Where multiple cohorts were analysed together, ANOVA was used for 

normally distributed data with Tukey’s multiple comparisons test used for inter-group analysis, 

and Kruskal-Wallis was used for non-normally distributed data with Dunn’s post-hoc test used 

for inter-group analysis.  Chi-squared analysis was used to compare categorial data throughout 

this study.  More details are described in Chapter 2; Section 7. 
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4.3. Results 

 

4.3.1. Assay performance 

 
A total of 250 plasma samples and 162 urine samples were examined on three Randox sandwich 

chemiluminescent immunoassays using biochip array system technology (CKDI, CKDII, and Rx 

Imola).  Quality control criteria were implemented and for each plate and pass rates were CKDI 

(98%), CKDII (98%), Rx Imola (99%), and AKI plate (99%).  Rx Imola exhibited a 99% overall protein 

detection rate and CKDI, CKDII and AKI panels exhibited 98%.   

 

4.3.2. Cohort characteristics comparing AKI patients, CKD patients and controls 

 
Characteristics for AKI patients, CKD patients and controls are illustrated in Table 1.  AKI patients 

were significantly older (p< 0.0001), had significantly lower percentage of males (p< 0.05), and 

had significantly higher systolic blood pressure (BP) (p< 0.01), serum creatinine (sCr) (p< 0.0001), 

urea (p< 0.0001), CRP (p< 0.0001), were prescribed significantly more medications (p< 0.0001) 

and had significantly more long-term morbidities (p< 0.0001) compared to controls and 

significantly lower diastolic BP (p< 0.05) compared to controls.  

CKD patients were significantly older (p< 0.0001) and had significantly higher BMI (p< 0.01), 

systolic BP (p< 0.0001), sCr (p< 0.0001), urea (p< 0.0001),  diastolic BP (p< 0.0001), CRP (p< 0.01), 

were prescribed significantly more medications (p< 0.0001) and had significantly more long-

term morbidities (p< 0.0001) compared to controls.   

AKI patients had significantly higher sCr (p< 0.0001), urea (p< 0.0001), and CRP compared to CKD 

patients and significantly lower percentage of males (p< 0.05), diastolic BP (p< 0.05) and lower 

percentage of patents with diagnosed CVD. 
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Characteristics 

AKI  

(n= 43) 

CKD 

(n= 155) 

Controls  

(n= 52) 

p-value 

AKI v CKD 

p-value 

AKI v HC 

p-value 

CKD v HC 

Sex 
Males (%) 
Females (%) 

47 
53 

63 
37 

65 
35 

<0.05 
<0.05 

<0.05 
<0.05 

0.40 
0.40 

Age (years) (mean (sd)) 60.51 (14.8) 58.72 (17.3) 44.54 (12.6) 0.49 <0.0001 <0.0001 

BMI (kg/m2) (mean (sd)) 30.09 (10.1) 29.34 (5.5) 26.72 (4.3) 0.58 0.07 <0.01 
Systolic blood pressure (mm/Hg) 
(mean (sd)) 137.18 (25.3) 142.45 (19.3) 124.79 (7.8) 0.16 <0.01 <0.0001 
Diastolic blood pressure (mm/Hg) 
(mean (sd)) 74.67 (11.2) 80.04 (11.8) 79.18 (7.2) <0.05 <0.05 0.65 
Serum creatinine (μmol/L)  
(mean (sd)) 249.97 (170.52) 142.96 (67.1) 71.98 (14.6) <0.0001 <0.0001 <0.0001 

Urea (mmol/L) (mean (sd)) 15.34 (9.39) 9.62 (4.9) 4.89 (1.3) <0.0001 <0.0001 <0.0001 

CRP (mg/dL) (mean (sd)) 46.59 (78.7) 4.72 (7.9) 1.47 (1.4) <0.0001 <0.0001 <0.01 

Number of medications (mean (sd)) 6.30 (3.4) 5.63 (3.7) 0.54 (0.8) 0.29 <0.0001 <0.0001 
Number of long term co-morbidities 
(mean (sd)) 3.60 (2.3) 3.74 (1.9) 0.48 (0.9) 0.62 <0.0001 <0.0001 

Diabetes (%) 31 25 0 0.22 <0.0001 <0.0001 

Cardiovascular disease (%) 7 19 0 <0.05 <0.0001 <0.0001 

Hypertension (%) 52 72 0 <0.01 <0.0001 <0.0001 

 
Table 1. Cohort characteristics for AKI patients, CKD patients and control cohorts. Data is presented as mean and standard deviation (mean (s.d.)).  p-value 
was determined using Student’s t-test or Mann-Whitney test, for; AKI patients vs CKD patients, AKI patients vs controls, and CKD patients vs controls with p< 
0.05 taken to be significant.  Student’s t test was used for normally distributed data, and Mann-Whitney test for non-normally distributed data.  Chi squared 
was used to  compare categorical data.  Chi squared tests used to compare categorical data.   
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4.3.3. Plasma and urinary biomarkers concentrations in AKI and CKD patients and controls 

 

Plasma biomarker concentration of FABP1, MIP1a, TNFR1, TNFR2, C3a des Arg, CRP, NGAL, 

adiponectin, cystatin C and urine concentrations of KIM-1, uNGAL, uCystatin C and uClusterin 

was measured in AKI patients (n= 43), CKD patients (n= 155) and controls (n= 52) (Figure 1 and 

Table 2).   

AKI patients had significantly higher FABP1 (p< 0.001) (Figure 1A), MIP1a (p< 0.0001) (Figure 1B), 

TNFR1 (p< 0.0001) (Figure 1C), TNFR2 (p< 0.0001) (Figure 1D), C3a des Arg (p< 0.0001) (Figure 

1E), CRP (p< 0.0001) (Figure 1F), NGAL (p< 0.0001) (Figure 1G) adiponectin (p< 0.01) (Figure 1H), 

cystatin C (p< 0.0001) (Figure 1I), uKIM-1 (p< 0.0001) (Figure 1J), uNGAL (p< 0.01) (Figure 1K), 

uCystatin C (p< 0.01) (Figure 1L) and uClusterin (p< 0.01) (Figure 1M) compared to controls. 

CKD patients had significantly higher FABP1 (p< 0.0001) (Figure 1A), MIP1a (p< 0.0001) (Figure 

1B), TNFR1 (p< 0.0001) (Figure 1C), TNFR2 (p< 0.0001) (Figure 1D), C3a des Arg (p< 0.01) (Figure 

1E), CRP (p< 0.0001) (Figure 1F), NGAL (p< 0.0001) (Figure 1G), cystatin C (p< 0.0001) (Figure 1I), 

uKIM-1 (p< 0.001) (Figure 1J), and uCystatin C (p< 0.05) (Figure 1L) compared to controls. 

AKI patients had significantly higher MIP1a (p< 0.01) (Figure 1B), TNFR1 (p< 0.01) (Figure 1C), 

TNFR2 (p< 0.001) (Figure 1D), C3a des Arg (p< 0.0001) (Figure 1E), CRP (p< 0.0001) (Figure 1F), 

NGAL (p< 0.0001) (Figure 1G), adiponectin (p< 0.0001) (Figure 1H), cystatin C (p< 0.01) (Figure 

1I), uKIM-1 (p< 0.05) (Figure 1J), uNGAL (p< 0.01) (Figure 1K), and uClusterin (p< 0.01) (Figure 

1M) compared to CKD patients. 
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Figure 1.  Plasma and urinary biomarker concentrations of AKI patients, CKD patients and 

controls.  Plasma (A)  FABP1, (B) MIP1a, (C) TNFR1, (D) TNFR2, (E) C3a des Arg, (F) CRP, (G) NGAL, 

(H) Adiponectin, (I) Cystatin C, Urinary (J) KIM-1, (K) NGAL, (L) Cystatin C, and (M) Clusterin 

concentration of each cohort.  Plasma concentrations were measured in AKI patients (n= 43), 

CKD patients (n =155), and controls (n= 52) and urinary concentrations measured in AKI patients 

(n= 29), CKD patients (n= 89), and controls (n= 52).  All data is presented as dot plots showing 

the data point of each patient with AKI patients coloured as a blue square, CKD patients as light 

blue triangle and controls coloured as black dot.  Black horizontal lines on the dot plots represent 

mean values.  Significance was calculated using Kruskal-Wallis tests, and is represented as *p< 

0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001.  
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Biomarker 
AKI patients  

(n= 43) 
mean (s.d.) 

AKI v CKD  
p-value 

AKI v Control 
p-value 

CKD patients 
(n= 155) 

mean (s.d.) 

CKD v Control 
p-value 

Controls  
(n= 52) 

mean (s.d.) 

P
la

sm
a 

FABP1 (ng/ml) 9.17 (6.02) 0.28 <0.001 9.05 (5.66) <0.0001 5.06 (3.25) 

MIP1a (pg/ml) 11.53 (6.46) <0.01 <0.0001 7.76 (3.77) <0.0001 4.07 (1.76) 

TNFR1 (ng/ml) 2.63 (1.83) <0.01 <0.0001 1.60 (0.92) <0.0001 0.62 (0.13) 

TNFR2 (ng/ml) 7.43 (4.41) <0.001 <0.0001 4.56 (2.55) <0.0001 1.74 (0.46) 

C3a des Arg (ng/ml) 124.69 (77.41) <0.0001 <0.0001 50.64 (33.32) <0.01 34.19 (17.10) 

CRP (ng/ml) 14896.62 (4861) <0.0001 <0.0001 5814.54 (6057) <0.0001 2163.94 (2944) 

NGAL (ng/ml) 147.74 (105.80) <0.0001 <0.0001 75.18 (50.77) <0.0001 30.77 (12.02) 

Adiponectin (ng/ml) 8401.87 (4724) <0.0001 0.14 5387.25 (4482) <0.01 5396.97 (3336) 

Cystatin C (µg/ml) 2.06 (1.03) <0.01 <0.0001 1.42 (0.63) <0.0001 0.65 (0.10) 

U
ri

n
ar

y 

KIM-1 (pg/ml) 3078.24 (1625) <0.05 <0.0001 1963.82 (1362) <0.001 1124.33 (958.04) 

NGAL (ng/ml) 110.46 (57.48) <0.01 <0.01 52.03 (42.54) 0.15 47.52 (37.05) 

Cystatin C (ng/ml) 112.41 (64.85) 0.42 <0.01 73.58 (59.10) <0.05 44.29 (38.36) 

Clusterin (ng/ml) 549.60 (464.54) <0.01 <0.01 180.30 (290.66) 0.12 135.90 (217.06) 

 

Table 2.  Plasma and urine protein concentrations for AKI patients, CKD patients and controls.  All protein concentrations are shown displayed as mean and 

standard deviation (mean (s.d.)) for each protein in each cohort.  p-value was determined using Student’s t-test or Mann-Whitney test, for; AKI patients vs 

CKD patients, AKI patients vs controls, and CKD patients vs controls with p< 0.05 taken to be significant.  Student’s t test was used for normally distributed 

data, and Mann-Whitney test for non-normally distributed data.   
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4.3.4. Cohort characteristics comparing age-matched AKI patients, CKD patients and controls 

 

As age was found to be significantly different between AKI patients and controls and CKD 

patients and controls, an age-matched cohort was created to allow for the variable of age to be 

removed as several of the measured biomarkers are reported to be altered with age.  

Characteristics for age-matched AKI patients, CKD patients and controls are shown (Table 3).  

Age-matched AKI patients had significantly higher systolic BP (p< 0.05), sCr (p< 0.0001), urea (p< 

0.0001), CRP (p< 0.01), were prescribed significantly more medications (p< 0.0001) and had 

significantly more long-term morbidities (p< 0.0001) compared to age-matched controls.   

Age-matched CKD patients had significantly higher BMI (p< 0.05), systolic BP (p< 0.0001), sCr (p< 

0.0001), urea (p< 0.0001), CRP (p< 0.05), were prescribed significantly more medications 

(p<0.0001) and had significantly more long-term morbidities (p< 0.0001) compared to age-

matched controls.   

Age-matched AKI patients had significantly higher sCr (p< 0.0001), urea (p< 0.0001), and CRP (p< 

0.001) and significantly lower diastolic BP (p< 0.05) compared to age-matched CKD patients.  
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Characteristics 

Age-matched 

AKI  

(n= 23) 

Age-matched 

CKD 

(n= 97) 

Age-matched 

controls 

 (n= 52) 

p-value 

AKI v CKD 

p-value 

AKI v HC 

p-value 

CKD v HC 

Sex 
Males (%) 
Females (%) 

43 
57 

62 
38 

65 
35 

0.05 
0.05 

<0.05 
<0.05 

0.36 
0.36 

Age (years) (mean (sd)) 50.61 (12.2) 48.55 (13.5) 44.54 (12.6) 0.50 0.06 0.08 

BMI (kg/m2) (mean (sd)) 27.61 (8.9) 29.26 (6.0) 26.72 (4.3) 0.29 0.60 <0.05 
Systolic blood pressure (mm/Hg) 
(mean (sd)) 138.05 (31.4)  141.24 (19.5) 124.79 (7.8) 0.56 <0.05 <0.0001 
Diastolic blood pressure (mm/Hg) 
(mean (sd)) 75.89 (12.5)  83.04 (11.6) 79.18 (7.2) <0.05 0.21 0.06 
Serum Creatinine (μmol/L) (mean 
(sd)) 229.26 (171.8) 142.96 (67.1) 71.98 (14.6) <0.0001 <0.0001 <0.0001 

Urea (mmol/L) (mean (sd)) 15.71 (10.6) 8.60 (4.3) 4.89 (1.3) <0.0001 <0.0001 <0.0001 

CRP (mg/dL) (mean (sd)) 42.59 (94.6) 4.31 (8.4) 1.47 (1.4) <0.0001 <0.01 <0.05 

Number of medications (mean (sd)) 6.22 (3.5) 4.52 (3.7) 0.54 (0.8) <0.0001 <0.0001 <0.0001 
Number of long term co-morbidities 
(mean (sd)) 3.26 (2.3) 3.21 (1.7) 0.48 (0.9) <0.0001 <0.0001 <0.0001 

Diabetes (%) 30 13 0 <0.05 <0.0001 <0.0001 

Cardiovascular disease (%) 0 12 0 <0.0001 <0.0001 <0.0001 

Hypertension (%) 43 64 0 <0.05 <0.0001 <0.0001 

Table 3. Cohort characteristics for age-matched AKI patients, CKD patients and controls. Data is presented as mean and standard deviation (mean (s.d.)).  p-
value was determined was determined using Student’s t-test or Mann-Whitney test, for AKI patients vs CKD patients, AKI patients vs controls, and CKD patients 
vs controls with p< 0.05 taken to be significant.  Student’s t test was used for normally distributed data, and Mann-Whitney test for non-normally distributed 
data.  Chi squared was used to compare categorical data.  Chi squared tests used to compare categorical data.  
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4.3.5. Plasma and urinary biomarkers concentrations for age-matched AKI patients, CKD 

patients and controls 

 

The plasma concentrations of FABP1, MIP1a, TNFR1, TNFR2, C3a des Arg, CRP, NGAL, 

adiponectin and cystatin C and urinary concentrations of KIM-1, NGAL, cystatin C and clusterin 

were measured for age-matched AKI and CKD patients and controls (Figure 2 and Table 4).   

AKI patients had significantly higher FABP1 (p< 0.01) (Figure 2A), MIP1a (p< 0.0001) (Figure 2B), 

TNFR1 (p< 0.0001) (Figure 2C), TNFR2 (p< 0.0001) (Figure 2D), C3a des Arg (p< 0.0001) (Figure 

2E), CRP (p< 0.0001) (Figure 2F), NGAL (p< 0.0001) (Figure 2G) adiponectin (p< 0.01) (Figure 2H), 

cystatin C (p< 0.0001) (Figure 2I), urinary KIM-1 (p< 0.001) (Figure 2J), urinary NGAL (p< 0.05) 

(Figure 2K), urinary cystatin C (p< 0.05) (Figure 2L) and urinary clusterin (p< 0.001) (Figure 2M) 

compared to age-matched controls. 

CKD patients had significantly higher FABP1 (p< 0.0001) (Figure. 2A), MIP1a (p< 0.0001) (Figure 

2B), TNFR1 (p< 0.0001) (Figure 2C), TNFR2 (p< 0.0001) (Figure 2D), CRP (p< 0.001) (Figure 2F), 

NGAL (p< 0.0001) (Figure 2G), cystatin C (p< 0.0001) (Figure 2I), urinary KIM-1 (p< 0.01) (Figure 

2J), and urinary cystatin C (p< 0.05) (Figure 2L) compared to age-matched controls. 

AKI patients had significantly higher MIP1a (p< 0.01) (Figure 2B), TNFR2 (p< 0.01) (Figure 2D), 

C3a des Arg (p< 0.0001) (Figure E), CRP (p< 0.0001) (Figure 2F), NGAL (p< 0.01) (Figure 2G), 

adiponectin (p< 0.001) (Figure 2H), cystatin C (p< 0.05) (Figure 2I), uNGAL (p< 0.05) (Figure 2K), 

and uClusterin (p< 0.01) (Figure 2M) compared to age-matched CKD patients. 
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Figure 2.  Plasma and urinary biomarker concentrations of age-matched AKI patients, CKD 

patients and controls.  Plasma (A)  FABP1, (B) MIP1a, (C) TNFR1, (D) TNFR2, (E) C3a des Arg, (F) 

CRP, (G) NGAL, (H) Adiponectin, (I) Cystatin C was measured in AKI patients (n= 23), CKD patients 

(n= 97), and controls (n= 52) and urinary (J) KIM-1, (K) NGAL, (L) cystatin C and (M) clusterin was 

measured in AKI patients (n= 15), CKD patients (n= 57), and controls (n= 52).  All data is 

presented as dot plots showing the data point of each patient with AKI patients coloured as a 

blue square, CKD patients as light blue triangle and controls coloured as black dot.  Black 

horizontal lines on the dot plots represent mean values.  Significance was calculated using 

ANOVA and Kruskal-Wallis tests and represented as *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 

0.0001.  
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Table 4.  Plasma and urine protein concentrations for age-matched AKI patients, CKD patients and controls.  All protein concentrations are shown displayed 
as mean and standard deviation (mean (s.d.)) for each protein in each cohort.  p-value was determined was determined using Student’s t-test or Mann-
Whitney test, for AKI patients vs CKD patients, AKI patients vs controls, and CKD patients vs controls with p< 0.05 taken to be significant.  Student’s t test was 
used for normally distributed data, and Mann-Whitney test for non-normally distributed data.  Chi squared was used to compare categorical data.  Chi squared 
tests used to compare categorical data.  

 

 

 

 

 

 

  

Biomarker 

AKI patients  
(aged-matched) 

mean (s.d.) 

AKI v CKD  
p-value 

AKI v Control 
p-value 

CKD patients 
(aged-matched) 

mean (s.d.) 

CKD v Control 
p-value 

Controls 
(aged-matched) 

mean (s.d.) 
P

la
sm

a 

FABP1 (ng/ml) 9.22 (5.76) 0.24 <0.01 8.78 (6.03) <0.0001 5.06 (3.25) 

MIP1a (pg/ml) 11.10 (6.19) <0.01 <0.0001 6.50 (3.28) <0.0001 4.07 (1.76) 

TNFR1 (ng/ml) 2.45 (1.70) 0.17 <0.0001 1.39 (0.83) <0.0001 0.62 (0.13) 

TNFR2 (ng/ml) 7.35 (4.30) <0.01 <0.0001 3.73 (1.92) <0.0001 1.74 (0.46) 

C3a des Arg (ng/ml) 113.76 (79.41) <0.0001 <0.0001 42.64 (27.03) 0.41 34.19 (17.10) 

CRP (ng/ml) 13944.35 (5606) <0.0001 <0.0001 4914.90 (5525) <0.001 2163.94 (2944) 

NGAL (ng/ml) 130.87 (97.50)  <0.01 <0.0001 61.62 (34.16) <0.0001 30.77 (12.02) 

Adiponectin (ng/ml) 9716.49 (5318) <0.001 <0.01 5574.02 (4884) 0.49 5396.97 (3336) 

Cystatin C (µg/ml) 1.82 (0.91) <0.05 <0.0001 1.21 (0.60) <0.0001 0.65 (0.10) 

U
ri

n
ar

y 

KIM-1 (pg/ml) 2971.45 (1706) 0.54 <0.001 1912.81 (1294) <0.01 1124.33 (958.04) 

NGAL (ng/ml) 109.99 (68.94) 0.34 <0.05 48.42 (43.25) <0.05 47.52 (37.05) 

Cystatin C (ng/ml) 87.80 (64.22) 0.21 <0.05 71.38 (55.50) <0.05 44.29 (38.36) 

Clusterin (ng/ml) 528.91 (462.05) <0.01 <0.001 166.60 (263.37) 0.23 135.90 (217.06) 
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4.3.6. Plasma biomarker concentrations for AKI patients, CKD patients and controls measured 

against serum creatinine 

 

As sCr is a commonly measured clinical biomarker for AKI and CKD diagnosis, identifying 

correlation of biomarkers with sCr allows for potential additional use of the biomarker to be 

identified.  This is based on the hypothesis that if a biomarker has a strong correlation with sCr, 

potentially less new information can be gained by its measurement, however if there is low 

correlation with sCr, it may allow for more additional information to be gained from its 

measurement.  Linear regression analysis was carried out on plasma biomarkers FABP1, MIP1a, 

TNFR1, TNFR2, C3a des Arg, CRP, NGAL, adiponectin and cystatin C to establish correlation with 

sCr for AKI patients (n= 43), CKD patients (n= 155) and controls (n= 52) (Figure 3).  All biomarkers 

were plotted together, AKI patients, CKD patients and controls to allow for the range of 

biomarker measurements to be shown visually.  Linear regression and level of significance for 

sCr and FABP1 (AKI (r= 0.42, p< 0.01), CKD (r= 0.42, p< 0.0001) and control (r= 0.38, p< 0.01)), 

MIP1a (AKI (r= 0.24, p= 0.13), CKD (r= 0.54, p< 0.0001) and control (r= 0.29, p< 0.05)), TNFR1 

(AKI (r= 0.60, p< 0.0001), CKD (r= 0.69, p< 0.0001) and control (r= 0.08, p= 0.59)), TNFR2 (AKI (r= 

0.61, p< 0.0001), CKD (r= 0.72, p< 0.0001) and control (r= 0.17, p= 0.23)), C3a des Arg (AKI (r= 

0.19, p= 0.23), CKD (r= 0.00, p= 0.71) and control (r= -0.10, p= 0.65)), CRP (AKI (r= 0.19, p= 0.26), 

CKD (r= 0.00, p= 0.54) and control (r= -0.10, p= 0.96)), NGAL (AKI (r= 0.68, p< 0.0001), CKD (r= 

0.68, p< 0.0001) and control (r= -0.16, p= 0.25)), adiponectin (AKI (r= 0.04, p= 0.81), CKD (r= 0.20, 

p< 0.05) and control (r= -0.41, p< 0.01)) and cystatin C (AKI (r= 0.75, p< 0.0001), CKD (r= 0.76, p< 

0.0001) and control (r= 0.53, p< 0.0001)) are shown. 
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Figure 3.  Linear regression of plasma biomarker concentrations with sCr for AKI patients, CKD 

patients and controls.  (A)  FABP1, (B) MIP1a, (C) TNFR1, (D) TNFR2, (E) C3a des Arg, (F) CRP, (G) 

NGAL, (H) Adiponectin, (I) Cystatin C.  AKI patients (n= 43), CKD patients (n= 155), and controls 

(n= 52).  All data is presented as dot plots showing the data point of each patient with AKI 

patients as a blue square, CKD patients as light blue triangle and controls coloured as black dot.   

 

 

 

 

 

 

 

 

 

 



 

113 
 

4.3.7. Urinary biomarker concentration for AKI patients, CKD patients and controls measured 

against urinary creatinine 

 

Urinary creatinine (uCr) is a commonly measured clinical biomarker for AKI and CKD diagnosis. 

Therefore, identifying correlation allows for the potential additional use of the biomarkers to be 

identified as described above.  Linear regression analysis was carried out on biomarkers uKIM-

1, uNGAL, uCystatin C, and uClusterin, to establish correlation with uCr for AKI patients (n= 15), 

CKD patients (n= 57) and controls (n= 52) (Figure 4).  All biomarkers were plotted together with 

AKI patients, CKD patients and controls to allow for the range of biomarker measurements to be 

shown visually.  Linear regression analysis and statistical significance were measured for uCr and 

uKIM-1 (AKI (r= 0.37, p< 0.0001), CKD (r= 0.20, p< 0.0001) and control (r= 0.47, p< 0.0001), 

uNGAL (AKI (r= 0.13, p= 0.07), CKD (r= 0.01, p= 0.28) and control (r= 0.32, p< 0.0001)), uCystatin 

C (AKI (r= 0.04, p= 0.19), CKD (r= 0.09, p< 0.001) and control (r= 0.71, p< 0.0001)) and uClusterin 

(AKI (r= 0.19, p< 0.01), CKD (r= 0.05, p< 0.01) and control (r= 0.51, p< 0.0001)).

0 10000 20000 30000

0

2000

4000

6000

uKIM1 vs uCr

uCr (μmol/L)

u
K

IM
-1

 (
p

g
/m

l)

AKI: r= 0.37, p< 0.0001

CKD: r= 0.20, p< 0.0001

Control: r= 0.47, p< 0.0001

0 10000 20000 30000

0

50

100

150

uNGAL vs uCr

uCr (μmol/L)

u
N

G
A

L
 (

n
g

/m
l)

AKI: r= 0.13, p= 0.07

CKD: r= 0.01, p= 0.28

Control: r= 0.32, p< 0.0001

0 10000 20000 30000

0

50

100

150

200

uCystatin C vs uCr

uCr

u
C

y
s

ta
ti

n
 C

 (
µ

g
/m

l)

AKI: r= 0.04, p= 0.19

CKD: r= 0.09, p< 0.0001

Control: r= 0.71, p< 0.0001

0 10000 20000 30000

0

500

1000

1500

uClusterin vs uCr

uCr (μmol/L)

u
C

lu
s

te
ri

n
 (

n
g

/m
l)

AKI: r= 0.19, p< 0.01

CKD: r= 0.05, p< 0.01

Control: r= 0.51, p< 0.0001

A B

C D

 

Figure 4.  Linear regression of urinary biomarker concentrations with urinary creatinine for AKI 
patients, CKD patients and controls.  (A)  uKIM-1, (B) uNGAL, (C) uCystatin C, (D) uClusterin.  AKI 
patients (n= 15), CKD patients (n= 57), and controls (n= 52).  All data is presented as dot plots 
showing the data point of each patient with AKI patients as a blue square, CKD patients as light 
blue triangle, and controls coloured as black dot.   
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4.3.8. A comparison of plasma and urinary biomarker concentrations between AKI patients with 

CKD and those without 

  

The plasma biomarker concentration of FABP1, MIP1a, TNFR1, TNFR2, C3a des Arg, CRP, NGAL, 

Adiponectin and Cystatin C and urinary concentrations of uKIM-1, uNGAL, uCystatin C and 

uClusterin, were measured in AKI patients (n= 22) and AKI patients with CKD (n= 20).  Levels of 

FABP1 (p< 0.01), TNFR1 (p<0.01), TNFR2 (p< 0.01), NGAL (p<0.001) and cystatin C (p< 0.0001) 

were significantly higher in AKI patients with CKD while levels of CRP was significantly lower in 

AKI patients with CKD (p< 0.001).  No urinary biomarkers were significantly different between 

groups. 

   
AKI only  
(n= 22) 

AKI on CKD  
(n= 20)    

 Biomarker mean (sd) mean (sd) p-value 

P
la

sm
a 

FABP1 (ng/ml) 6.48 (4.43) 12.30 (6.20) <0.01 

MIP1a (pg/ml) 10.05 (4.93) 13.15 (1.87) 0.12 

TNFR1 (ng/ml) 1.93 (1.52) 3.41 (1.87) <0.01 

TNFR2 (ng/ml) 5.49 (3.63) 9.55 (4.28) <0.01 

C3a des Arg (ng/ml) 111.11 (71.17) 139.63 (82.97) 0.23 

CRP (ng/ml) 16538.15 (1424) 13090.94 (6497) <0.001 

NGAL (ng/ml) 92.03 (51.98) 209.01 (116.72) <0.001 

Adiponectin (ng/ml) 7255.43 (4624) 9662.95 (4619) 0.09 

Cystatin C (µg/ml) 1.52 (0.79) 2.67 (0.98) <0.0001 

U
ri

n
ar

y 

KIM-1 (pg/ml) 3091.05 (1627) 3062.46 (1689) 0.96 

NGAL (ng/ml) 96.22 (50.07) 127.99 (63.02) 0.14 

Cystatin C (ng/ml) 96.51(64.90) 131.91 (61.62) 0.14 

Clusterin (ng/ml) 467.10 (421.13) 651.14 (511.47) 0.31 

 

Table 5.  A comparison of plasma and urine biomarker concentrations between AKI patients 
with CKD and those without.  Plasma FABP1, MIP1a, TNFR1, TNFR2, C3a des Arg, CRP, NGAL, 
Adiponectin, Cystatin C, and urinary uKIM-1, uNGAL, uCystatin C, and uClusterin are shown with 
mean and standard deviation of each biomarker.  Proteins were measured in AKI only patients 
(n= 22) and AKI on CKD patients (n= 20).  p-value was determined was determined using Mann-
Whitney test, for AKI only patients vs AKI on CKD patients with p< 0.05 taken to be significant. 
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4.3.9. A comparison of plasma and urinary biomarker concentrations across the stages of CKD 

ranging from stage 2 to stage 4 

 

 
Plasma protein concentrations of FABP1, MIP1a, TNFR1, TNFR2, C3a des Arg, CRP, NGAL, 

Adiponectin and cystatin C and urinary concentrations of uKIM-1, uNGAL, uCystatin C and 

uClusterin were measured in CKD stage 2 patients (n= 50), CKD stage 3a patients (n= 22), CKD 

stage 3b patients (n= 38), and CKD stage 4 patients (n= 39) (Figure 5 and Table 6).  FABP1 was 

significantly higher in stage 4 CKD patients than stage 2 (p< 0.0001) and stage 3a (p< 0.05) and 

stage 3b CKD patients had significantly higher FABP1 than stage 2 CKD patients (p< 0.01).  MIP1a 

was significantly higher in stage 4 CKD patients than in stage 2 (p< 0.0001), and stage 3a and 

stage 3b patients had significantly higher MIP1a concentrations than stage 2 patients with p< 

0.001 and p< 0.0001 respectfully.  Stage 4 CKD patients had significantly higher TNFR1 levels 

than stage 2 patients (p< 0.0001) and stage 3a patients (p< 0.0001).  Stage 3b CKD patients also 

had significantly higher TNFR1 levels than stage 2 patients (p< 0.0001) and stage 3a patients (p< 

0.05) and stage 3a patients had significantly higher TNFR1 than stage 2 patients (p< 0.05).  TNFR2 

levels were significantly higher in stage 4 CKD patients compared to stage 2 (p< 0.0001), and 

stage 3a (p< 0.0001).  TNFR2 levels in stage 3b patients were also significantly higher than stage 

2 (p< 0.0001) and stage 3a patients (p< 0.05) and that stage 3a patients had significantly higher 

TNFR2 levels than stage 2 patients (p< 0.001).  Stage 4 CKD patients had significantly higher 

NGAL levels than stage 2 (p< 0.0001), and stage 3a (p< 0.0001), and stage 3b patients had 

significantly higher levels than stage 2 (p< 0.0001) and stage 3a (p< 0.05).  Adiponectin levels 

were significantly higher in stage 4 CKD patients than in stage 2 (p< 0.0001).  Cystatin C levels 

were significantly higher in stage 4 CKD patients compared with stage 2 (p< 0.0001), stage 3a 

(p< 0.0001), and stage 3b (p< 0.01).  Stage 3b patients had a significantly higher cystatin C than 

stage 2 patients (p< 0.0001) and stage 3a cystatin C was significantly higher than stage 2 patients 

(p< 0.01).  No urinary proteins showed significance difference across CKD stages.   
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Figure 5.  A comparison of plasma and urine biomarker concentrations across the stages of 

CKD ranging from stage 2 to stage 4. (A) FABP1, (B) MIP1a, (C) TNFR1, (D) TNFR2, (E) C3a des 

Arg, (F) CRP, (G) NGAL, (H) Adiponectin, (I) Cystatin C, (J) uKIM-1, (K) uNGAL, (L) uCystatin C, (M) 

uClusterin.  CKD stage 2 patients (n= 50), CKD stage 3a patients (n= 22), CKD stage 3b patients 

(n= 38) and CKD stage 4 patients (n= 39).  All data is presented as dot plots showing the data 

point of each CKD patient with stage 2 patients shown as a black dot, stage 3a as a brown square, 

stage 3b as an orange triangle and stage 4 as a red triangle.  Significance was calculated using 

Kruskal-Wallis test and Dunn’s test and is represented as *p< 0.05, **p< 0.01, ***p< 0.001, 

****p< 0.0001.   
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Stage 2  
(n= 50)  

Stage 3a  
(n= 22)  

Stage 3b  
(n= 38)  

Stage 4  
(n= 39)  

 Biomarker mean (s.d.) mean (s.d.) mean (s.d.) mean (s.d.) 
P

la
sm

a 

FABP1 (ng/ml) 6.50 (4.33) 8.60 (5.71) 9.90 (5.46) 12.16 (6.06) 

MIP1a (pg/ml) 4.96 (1.96) 7.24 (2.99) 8.90 (3.25) 10.21 (3.78) 

TNFR1 (ng/ml) 0.89 (0.25) 1.25 (0.42 1.96 (1.00) 2.38 (0.87) 

TNFR2 (ng/ml) 2.60 (1.11) 3.51 (1.45) 5.56 (2.57) 6.59 (2.11) 

C3a des Arg 
(ng/ml) 45.46 (31.71) 45.18 (34.94) 50.32 (25.30) 57.40 (40.38) 

CRP (ng/ml) 
4821.22 
(5399) 

7780.71 
(7265) 6685.81 (6325) 

5294.97 
(5882) 

NGAL (ng/ml) 45.91 (19.87) 52.94 (24.94) 83.92 (42.62) 117.60 (65.78) 

Adiponectin 
(ng/ml) 

4091.10 
(2333) 

6007.81 
(5108) 4371.74 (3110) 

7089.44 
(5577) 

Cystatin C (µg/ml) 0.83 (0.21) 1.23 (0.37) 1.54 (0.34) 2.17 (0.45) 

U
ri

n
ar

y 

KIM-1 (pg/ml) 
1865.20 
(1376) 

2100.44 
(1486) 1988.31 (1328) 

1991.78 
(1408) 

NGAL (ng/ml) 49.53 (40.29) 39.67 (42.83) 45.22 (37.44) 72.23 (48.12) 

Cystatin C (ng/ml) 
68.55 (50.02) 

201.38 
(347.81) 64.93 (57.81) 103.99 (67.57) 

Clusterin (ng/ml) 
184.96 

(278.24) 
6199.81 
(3297) 141.10 (215.85) 

213.83 
(367.80) 

 

Table 6. Plasma and urine protein concentrations of CKD patients with stage 2, stage 3a, stage 

3b and stage 4.  Plasma FABP1, MIP1a, TNFR1, TNFR2, C3a des Arg, CRP, NGAL, Adiponectin, 

Cystatin C, and urinary uKIM-1, uNGAL, uCystatin C, and uClusterin, are shown with mean (s.d.) 

of each protein.   
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4.3.10. The ability of plasma and urinary biomarkers to correctly identify AKI patients from 

controls 

 

ROC analysis was used to investigate the ability of plasma and urinary biomarkers to correctly 

identify AKI patients from controls (Figure 6).  ROC analysis allows for the binary classification 

strength of each biomarker, and in this analysis for the ability of each biomarker to correctly 

distinguish between AKI patients and controls, while limiting false positives.  This ROC curve 

analysis therefore allowed for each biomarker to be compared and ranked with other 

biomarkers, and to determine which biomarker or combinations of biomarkers were the 

strongest for correctly highlighting AKI patients from controls.  AUC values were reported as 

FABP1 (0.709), MIP1a (0.932), TNFR1 (0.980), TNFR2 (0.988), C3a des Arg (0.954), CRP (0.960), 

NGAL (0.977), adiponectin (0.695) and cystatin C (0.983).  AUC of sCr (0.872) and eGFR (0.888) 

were also calculated however not shown.  Combining all the proteins on each plate showed 

Randox panel CKDI to be the strongest (AUC 0.948) compared to CKDII (AUC 0.907).  When 

biomarkers from all plates were measured together a combination of FABP1, sTNFR1, C3a des 

Arg, CRP and adiponectin gave the strongest AUC of 1.0 for identifying AKI patients from controls 

showing that this novel biomarker combination was the strongest overall.   

AUC values for the urinary AKI plate were reported as uKIM-1 (0.846), uNGAL (0.819), uCystatin 

C (0.808), uClusterin (0.832).  AUC of uCr (0.713) was measured but not shown.  A combination 

of all urinary biomarkers an AUC of 0.873 for identifying AKI patients from controls.  
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Figure 6. Receiver operator characteristic curve for biomarkers with AUC for identifying AKI 
patients from a group of AKI patients and controls.  (A) Plasma biomarkers FABP1, MIP1a, 
TNFR1, TNFR2 (B) Plasma C3a des Arg, CRP, NGAL, adiponectin, (C) Cystatin C (D) Urinary KIM-1,  
NGAL, cystatin C, and clusterin.  Plasma biomarkers were measured in AKI patients (n= 43) and 
controls (n= 52).  Urinary biomarkers were measured in AKI patients (n= 29) and controls (n= 
52). 
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4.3.11. The ability of plasma and urinary biomarkers to correctly identify CKD patients from 

controls 

 

ROC analysis was used to investigate the ability of plasma and urinary biomarkers to correctly 

identify CKD patients from controls (Figure 7).  AUC values for plasma were FABP1 (0.763), MIP1a 

(0.830), TNFR1 (0.923), TNFR2 (0.906), C3a des Arg (0.638), CRP (0.698), NGAL (0.839), 

Adiponectin (0.561) and Cystatin C (0.930).  AUC of sCr (0.895) and eGFR (0.831) were also 

calculated.  Combining all the proteins on each plate showed Randox panel CKDI to be the 

strongest (AUC 0.937) compared to CKDII (AUC 0.871).  When all biomarkers from all plates were 

measured together, a combination of FABP1, TNFR1, adiponectin and cystatin C gave the 

strongest AUC of 0.954 for identifying CKD patients from controls, highlighting that this novel 

biomarker combination was the strongest for CKD identification.   

AUC values for the urinary AKI plate were reported for uKIM-1 (0.701), uNGAL (0.519), uCystatin 

C (0.633), uClusterin (0.519).  AUC of uCr (0.504) was measured but is not shown.  A combination 

of all urinary biomarkers gave the strongest AUC of 0.736 for identifying CKD patients from 

controls.  
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Figure 7. Receiver operator characteristic curve for plasma and urinary biomarkers with AUC 

for identifying CKD patients from controls.  (A) Plasma biomarkers FABP1, MIP1a, TNFR1, TNFR2 

(B) Plasma C3a des Arg, CRP, NGAL, adiponectin (C) Cystatin C (D) Urinary KIM-1, NGAL, cystatin 

C.  Plasma biomarkers were measured in CKD patients (n= 155) and controls (n= 52).  Urinary 

biomarkers were measured in CKD patients (n= 89) and controls (n=52).   
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4.3.12. The ability of plasma and urinary biomarkers to correctly identify AKI patients from CKD 

patients 

 

ROC analysis was used to identify the ability of plasma biomarkers to correctly identify AKI 

patients (n= 22) from CKD patients (n= 89) (Figure 8).  AUC values were reported as FABP1 

(0.503), MIP1a (0.686), TNFR1 (0.688), TNFR2 (0.705), C3a des Arg (0.858), CRP (0.847), NGAL 

(0.739), Adiponectin (0.728) and cystatin C (0.689).  AUC of sCr (0.521) and eGFR (0.522) were 

also calculated.  A combination of FABP1, sTNFR1, sTNFR2, C3a des Arg, CRP, NGAL and 

adiponectin gave the strongest AUC of 0.948 for identifying AKI patients from CKD patients 

showing this novel biomarker combination to be the strongest for identification.  

AUC values for the urinary AKI plate were measured as uKIM-1 (0.696), uNGAL (0.780), uCystatin 

C (0.681), uClusterin (0.802).  AUC of urinary creatinine (0.737).  A combination of all urinary 

biomarkers gave the strongest AUC of 0.807 for identifying AKI patients from CKD patients.   

A B

 

Figure 8. Receiver operator characteristic curve for strongest combinations of plasma and 
urinary biomarkers for identifying AKI patients from CKD patients.  (A) Strongest combination 
of plasma biomarkers including FABP1, TNFR1, TNFR2, C3a des Arg, CRP, NGAL and adiponectin 
with AUC 0.948.  (B) Strongest combination of urinary biomarkers including uKIM-1, uNGAL, 
uCystatin C, uClusterin with AUC 0.807. 
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4.3.13. The ability of plasma and urinary biomarkers to correctly identify AKI patients who 

returned to baseline from those who remained below baseline 

 

The plasma biomarker concentration of FABP1, MIP1a, TNFR1, TNFR2, C3a des Arg, CRP, NGAL, 

adiponectin and cystatin C, and urinary KIM-1, uNGAL, uCystatin C and uClusterin were 

measured for AKI patients who returned to baseline kidney function and AKI patients who 

remained below baseline at 3-month follow-up (Table 7).  There was no significant difference 

seen in any protein between patient groups. 

ROC analysis was then used to identify the ability of biomarkers to correctly identify patient 

groups.  AUC values were reported for plasma FABP1 (0.585), MIP1a (0.558), TNFR1 (0.650), 

TNFR2 (0.538), C3a des Arg (0.567), CRP (0.554), NGAL (0.554), adiponectin (0.540) and cystatin 

C (0.616).  AUC of sCr (0.665) and eGFR (0.638) were also calculated.  No combination of 

biomarkers gave a stronger AUC than that of single biomarkers.  AUC values for uKIM-1 (0.527), 

uNGAL (0.759), uCystatin C (0.527), and uClusterin (0.645) were measured.  AUC of urinary 

creatinine (0.536) were also calculated.  No combination of urinary biomarkers gave a stronger 

AUC than that of single biomarkers.  

 

Biomarker 
AKI returned to baseline  

(n= 33) 
 mean (s.d.)  

AKI progressed  
(n= 7) 

 mean (s.d.) p-value 

P
la

sm
a 

FABP1 (ng/ml) 9.34 (5.86) 8.59 (6.93) 0.70 

MIP1a (pg/ml) 11.45 (6.51) 11.82 (6.64) 0.70 

TNFR1 (ng/ml) 2.50 (1.80) 3.14 (1.95) 0.39 

TNFR2 (ng/ml) 7.32 (4.46) 7.81 (4.44) 0.79 

C3a des Arg (ng/ml) 122.80 (82.21) 131.63 (60.07 0.94 

CRP (ng/ml) 14948.29 (4841) 14707.14 (5228 0.67 

NGAL (ng/ml) 149.04 (115.54) 142.95 (62.69) 0.74 

Adiponectin (ng/ml) 8679.61 (4939) 7383.48 (3916) 0.58 

Cystatin C (µg/ml) 2.00 (1.11) 2.32 (0.70) 0.64 

U
ri

n
ar

y 

KIM-1 (pg/ml) 3125.97 (1665) 2928.20 (1609) 0.73 

NGAL (ng/ml) 118.20 (57.06) 86.13 (55.77) 0.06 

Cystatin C (ng/ml) 108.60 (64.56) 124.37 (69.40) 0.86 

Clusterin (ng/ml) 598.06 (473.70) 397.29 (431.30) 0.40 

Table 7.  Plasma and urinary biomarker concentrations of AKI patients who returned to 
baseline kidney function and AKI patients who remained below baseline.  Plasma FABP1, 
MIP1a, TNFR1, TNFR2, C3a des Arg, CRP, NGAL, Adiponectin, Cystatin C were measured in AKI 
patients who returned to baseline kidney function (n= 33) and AKI patients who remained below 
baseline (n= 7).  uKIM-1, uNGAL, uCystatin C, and uClusterin were measured in AKI patients who 
returned to baseline function (n= 30) and AKI patients who remained below baseline (n= 7).  
Mean(s.d.) are shown for each biomarker and Mann-Whitney test was used to determine p-
value. 
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4.3.14. The ability of plasma and urinary biomarkers to identify CKD patients who remained 

stable from those who rapidly progressed 

 

Plasma biomarker concentrations of FABP1, MIP1a, TNFR1, TNFR2, C3a des Arg, CRP, NGAL, 

adiponectin and cystatin C were measured for CKD patients who remained stable and CKD 

patients who rapidly progressed at 1-year follow-up (Table 8).  There were no significant 

differences in any biomarkers measured between patient groups.  Urinary KIM-1, uNGAL, 

uCystatin C and uClusterin were also measured.  There was no significance difference seen 

between groups.  ROC analysis was then used to measure the ability of proteins to identify 

patient groups.  AUC results were FABP1 (0.621), MIP1a (0.546), TNFR1 (0.616), TNFR2 (0.614), 

C3a des Arg (0.543), CRP (0.553), NGAL (0.612), adiponectin (0.587), and cystatin C (0.573).  sCr 

(0.545) and eGFR (0.511) were also measured.  A combination of MIP1a, TNFR1, TNFR2, C3a des 

Arg, CRP and cystatin C gave the strongest AUC of 0.660.   

AUC values were measured for uKIM-1 (0.568), uNGAL (0.531), uCystatin C (0.526), uClusterin 

(0.548).  AUC of uCr (0.594) was also calculated.  No combination of biomarkers gave a stronger 

AUC than single biomarkers.  

 

Biomarker 
CKD remained stable 

(n= 100)  
mean (s.d.) 

CKD progressed 
(n= 23)  

mean (s.d.) 
p-value 

P
la

sm
a 

FABP1 (ng/ml) 9.23 (5.66) 11.39 (6.64) 0.97 

MIP1a (pg/ml) 7.53 (3.71) 7.74 (2.90) 0.20 

TNFR1 (ng/ml) 1.52 (0.73) 1.88 (1.18) 0.41 

TNFR2 (ng/ml) 4.21 (1.94) 5.08 (2.53) 0.27 

C3a des Arg (ng/ml) 46.60 (29.78) 54.27 (35.62) 0.99 

CRP (ng/ml) 5857.22 (6037) 4747.87 (5072) 0.11 

NGAL (ng/ml) 66.30 (35.34) 80.46 (41.69) 0.40 

Adiponectin 
(ng/ml) 4816.14 (3699) 5462.47 (3188) 0.51 

Cystatin C (µg/ml) 1.40 (0.64) 1.46 (0.51) 0.06 

U
ri

n
ar

y 

KIM-1 (pg/ml) 1882.30 (1353) 2197.08 (1299) 0.77 

NGAL (ng/ml) 50.99 (39.12) 54.78 (49.74) 0.84 

Cystatin C (ng/ml) 71.29 (58.59) 83.20 (66.72) 0.87 

Clusterin (ng/ml) 175.69 (276.54) 231.04 (388.22) 0.64 

Table 8.  Plasma biomarker concentrations of CKD patients who remained stable in kidney 
function and CKD patients who rapidly progressed.  Plasma FABP1, MIP1a, TNFR1, TNFR2, C3a 
des Arg, CRP, NGAL, Adiponectin, Cystatin C were measured in CKD patients who remained 
stable in kidney function (n= 100), CKD patients who rapidly progressed (n= 23).  Urinary KIM-1, 
uNGAL, uCystatin C, uClusterin were measured in CKD patients who remained stable (n= 61), 
CKD patients who rapidly progressed (n= 18).  Mean and standard deviation (mean (s.d.)) are 
shown for each biomarker and Mann-Whitney test was used to determine p-value.   
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4.4. Discussion 
 

Biomarkers associated with AKI and CKD were measured using biochip array technology and 

were able to accurately identify AKI and CKD patients from controls, highlighting their ability to 

distinguish these patients from those without kidney disease.  The measurement of both plasma 

biomarkers and urine biomarkers were both able to accurately identify AKI and CKD patients 

from controls and from each other.  Furthermore novel biomarker combinations using these 

associated biomarkers were discovered to be most accurate at highlighting AKI and CKD patients 

from controls.  Following age-matching of AKI and CKD patients, and controls, many biomarkers 

remained significantly different between patients and controls, suggesting these biomarker 

combinations are potentially accurate regardless of age.  No single or combination of biomarkers 

was able to accurately identify AKI patients at greater risk of progression, or CKD patients at 

greater risk of rapid progression within our cohorts.   

All biomarkers measured in the plasma and urinary in this study were significantly different 

when AKI patients were compared to controls.  Comparison of CKD patients with controls 

showed that adiponectin, urinary NGAL and urinary clusterin were not significantly different 

while all others were.   

Adiponectin, an adipocytokine belonging to the complement 1q family, is released from adipose 

tissue, and reported to be anti-inflammatory, anti-atherogenic and insulin sensitising (Cheng et 

al., 2014; Guebre-Egziabher et al., 2005; Song et al., 2020).  High levels of adiponectin are shown 

to be kidney protective, with one study showing that mice who overexpressed adiponectin 

demonstrated a lower risk of CKD development, where podocytes were protected and fibrosis 

reduced (Tian et al., 2018).  Interestingly however, high circulating levels of adiponectin are 

reported to increase mortality risk in CKD patients and be a predictor of end stage renal disease 

(Jia et al., 2012; Kuo et al., 2019).  It is still unclear as to why increased adiponectin levels cause 

increased risk in CKD patients, however, one possible explanation may be that adiponectin is 

not being excreted or degraded effectively by the kidneys with adiponectin levels shown to 

decrease following kidney transplant in CKD patients (Chudek et al., 2003; Song et al., 2020).  

This, therefore suggests that high levels of adiponectin may be beneficial in healthy individuals 

who produce high levels of adiponectin and therefore kidney protective, however when high 

levels are retained by CKD patients who produce low amounts, it causes a build-up with negative 

bodily effect, possibly explaining the similarity in adiponectin levels between CKD patients and 

controls yet differing effects. 



 

126 
 

The only protein that was not significantly different between AKI and CKD patient cohorts was 

FABP1.  Suggested to be reno-protective due to its endogenous antioxidant properties, FABP1 

and has been shown to be elevated in both the plasma and urine of AKI and CKD patients 

(Beckerman et al., 2017; Manabe et al., 2012; Matsui et al., 2011; Rizvi and Kashani, 2017).  A 

possible explanation for the lack of difference between AKI and CKD cohorts is that increased 

urinary FABP1 reflects impaired protein reabsorption by the proximal tubules (Kawakami et al., 

2021b).  As our study measured only plasma FABP1, it may be that the reabsorption of FABP1 is 

equally affected in both AKI and CKD, resulting in reabsorption dysfunction in both cohorts.  This 

would be of interest for future studies in which urinary FABP1 was measured in addition to 

plasma FABP1.  All other plasma biomarkers were significantly increased in AKI patients 

compared to CKD patients likely due to the acute, severe damage caused during AKI, causing 

biomarker upregulation to much greater levels than those measured in the chronic condition.    

As there was a significant difference in age of AKI and CKD patients and controls in this study, 

age-matched cohorts were created to compare biomarkers without age bias.  Although 

remaining significant, the level of significance reduced in several biomarkers in age-matched 

controls.  This would be expected as several biomarkers including adiponectin (Li et al., 2021) 

and TNFR1 (Zhang et al., 2010) are shown to increase with age.  However, as levels remain 

significantly higher in AKI and CKD patients following age correction, it suggests that the 

biomarker levels produced by the damaged kidneys outweighs that of only increased age, 

suggesting these biomarkers may be measured in cohorts of non-age-matched patients to assist 

diagnosis.   

Correlation analysis was conducted to identify how plasma and urinary proteins correlated with 

sCr.  The reasoning for this analysis is, that if a protein does not correlate perfectly with sCr then 

it potentially suggests that the protein may provide additional information which may be useful 

in disease diagnosis.  Plasma cystatin C was the most correlated with sCr in both AKI (r= 0.75) 

and CKD patients (r= 0.76) in this study.  Furthermore, in AKI and CKD patients, cystatin C showed 

similar correlation with sCr displaying that regardless of acute or chronic kidney disruption, the 

correlation remained closely aligned.  Used as an alternative filtration biomarker for estimating 

GFR, cystatin C is shown to be upregulated in plasma and urine in AKI and CKD patients and 

reported to be correlated with sCr is other studies (Andersson et al., 2022; Bargnoux et al., 2019; 

Hansson et al., 2020; Hassan et al., 2021; Koyner et al., 2008; Nakai et al., 2006; Sinna et al., 

2019).  Cystatin C is associated with tubular dysfunction and has been shown to be upregulated 

in numerous types of CKD including diabetic kidney disease and hypertensive kidney disease 

(Assal et al., 2013; Hassan et al., 2021; Hussain and Nadeem, 2019).  Cystatin C has also recently 
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been incorporated into the new eGFR equation which are believed to eradicate the need for use 

of ethnicity in the equation.  This shows that cystatin C is a strong candidate for identifying AKI 

and CKD patients which is supported by this study. 

C3a des Arg was the least correlated biomarker with sCr for both AKI (r= 0.19) and CKD patients 

(r= 0.00).  A small 9 kDa peptide that is a chemotactic mediator in the immune system, C3a des 

Arg is shown to have both anti and pro-inflammatory roles in different cells and conditions 

(Coulthard and Woodruff, 2015).  It is reported to be involved in the pathogenesis of several 

kidney diseases, where increased plasma levels of C3a des Arg have a pro-inflammatory effect 

causing kidney damage following ischemia reperfusion injury (IRI) and elevated in diabetic 

kidney disease patients to a much higher level than in diabetic patients alone (Gao et al., 2020; 

Li et al., 2019; Simone et al., 2014).  C3a des Arg’s low correlation with sCr is interesting as it has 

been shown to correlate with sCr in other CKD cohorts (Abou-Ragheb et al., 1992; Liu et al., 

2014).  In those studies, however, all patients suffered from IgA nephropathy and as C3a des Arg 

is involved in the pathogenesis of immune complex glomerulonephritis, it may have been the 

reason for the high correlation, yet in our study the broad heterogeneous causes of CKD may be 

the reason for little correlation.   

Several biomarkers showed large differences in correlation with sCr between AKI and CKD 

patient cohorts.  MIP1a had low correlation with sCr in AKI patients yet moderate correlation in 

CKD patients.  A member of the C-C chemokine family, MIP1a is involved in inducing chemotaxis 

of neutrophils, cell adhesion and migration (Gibaldi et al., 2020; Hata, 2009).  MIP1a is pro-

inflammatory, believed to be involved in the inflammatory processes that are present in AKI and 

CKD, which this study supports, with significant increases in patients compared to controls (Du 

and Zhu, 2014; Romanova et al., 2020).  The low correlation between MIP1a and sCr in AKI 

patients may be explained by the high levels of inflammation present in AKI which seem to 

outweigh the levels of sCr.  As an inflammatory cytokine, it is possible that MIP1a is more 

impacted by systemic inflammation in AKI patients than by sCr, whereas in CKD patients, 

inflammation levels may rise simultaneously with sCr due to increased disease severity or 

disease cause.  This may highlight that MIP1a could be a useful biomarker for the early diagnosis 

of AKI when heightened inflammation is seen, however this cannot be confirmed by this study.  

As no measured biomarker was perfectly correlated with sCr it indicates that each may offer 

additional information to the nature of the kidney disruption offering support for their utility.   

Analysis of CKD stages showed levels of FABP1, MIP1a, TNFR1, TNFR2, NGAL, adiponectin and 

cystatin C to increase with CKD severity.  TNFR1, TNFR2, NGAL, adiponectin and cystatin C have 
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been shown to increase with CKD stage in other studies (English et al. 2022; Basturk et al., 2016; 

Bolignano et al., 2008; Ferguson et al., 2015; Sonoda et al., 2015) however at time of writing no 

association of FABP1 or MIP1a and CKD severity was found making this finding potentially novel.  

No urinary proteins were different between CKD stages.   

TNFR1 a 55 kDa protein and TNFR2, a 75 kDa protein are both members of the tumor necrosis 

factor receptor superfamily (TNFRSF), and a main receptor for TNFα, with binding inducing 

activation of signal transduction cascades via aggregation of intracellular domains and 

recruitment of docking or adapter proteins (Cui et al., 2002; Proudfoot et al., 2018).  In their 

circulating forms, TNFR1 and TNFR2 are suggested to inhibit the actions of TNFα actions due to 

competing with the cell bound receptor (Wajant and Siegmund, 2019).  Increased levels of 

TNFR1 and TNFR2 are associated with several types of CKD, however are most associated with 

diabetic CKD, where increased levels of TNFR1 and TNFR2 are seen in diabetic only patients yet 

further increased levels are seen in diabetic CKD patients (Cheng et al., 2020; Gohda et al., 2012; 

Saulnier et al., 2014).  Levels of TNFR1 and TNFR2 are shown to increase with CKD stage in other 

studies and believed to be involved in the activation that drives inflammatory processes which 

supports findings of this study (Gohda et al., 2012; Lousa et al., 2022; Sonoda et al., 2015). 

Biomarkers were investigated for their ability to identify AKI and CKD patients from controls 

using ROC curve analysis.  Cystatin C had the best capability to identify AKI patients from controls 

(AUC 0.983) and CKD patients from controls (AUC 0.930).  As previously discussed, cystatin C is 

a biomarker that is highly correlated with sCr and is known to be associated with AKI and CKD.  

Cystatin C was able to identify both AKI and CKD patients.  Furthermore, it may be possible to 

say that cystatin C is useful for early diagnosis of CKD due to many of the CKD patients on this 

study being early-stage CKD having an eGFR >60 ml/min/1.73m2 which is clinically classed as 

normal kidney function if no other structural issues exist.  Cystatin C is also known to be at lower 

levels in healthy individuals and therefore potentially useful for identifying small changes in 

filtration function as it is less affected by normal bodily functions (Odden et al., 2010).  

Comparing panels showed that a combination of all the biomarkers on CKDI had the strongest 

ability to differentiate AKI and CKD patients from controls which included FABP1, MIP1a, TNFR1 

and TNFR2.  Interestingly, these biomarkers mainly measure inflammation with MIP1a, TNFR1 

and TNFR2 all involved in inflammatory processes as previously discussed, and therefore could 

be focus of future kidney disease measurement. 

Biomarkers were able to identify AKI patients more accurately from controls than CKD patients 

from controls in this study.  This may be expected as levels of many measured biomarkers were 
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elevated in AKI patients compared to CKD patients, to the extent that these biomarkers also 

allowed for distinguishing between AKI and CKD patients accurately.  Again, this may be 

explained by the severe nature of AKI and the great increase seen in biomarker levels as a 

response. 

It has been previously shown that combinations of biomarkers may be more accurate for 

identifying patient cohorts supporting diagnosis (Mihai et al., 2016; O’Seaghdha et al., 2013).  In 

this study, analysis of all biomarkers was carried out to identify if an improved combination of 

biomarkers could be created, improving on the selections on previous research (Parikh et al., 

2020; Randox 2022a).  A combination of FABP1, TNFR1, C3a des Arg, CRP and adiponectin gave 

an AUC of 1.0 for identifying AKI patients from controls and a combination of FABP1, TNFR1, 

adiponectin and cystatin C gave the strongest AUC of 0.954 for identifying CKD patients from 

controls.  These AUC values are very strong which may be due to the small number of patients 

within each cohort and the wide range of differences between patients and controls as already 

discussed which may have led to overfitting of these results.  C3a des Arg was previously shown 

to be poorly correlated with sCr however is shown to be important in this analysis for identifying 

AKI patients from controls possibly indicating further investigation in future research.  

Interestingly, FABP1, TNFR1, and adiponectin were highlighted to be capable of identifying both 

AKI and CKD from controls in this study.  An improvement of biomarker combinations therefore 

may be that these biomarkers could be combined on one to highlight cohorts of AKI and CKD 

patients for earlier or more accurate diagnosis, and with only 4 biomarkers on each this would 

be a realistic target for commercialization.   

Biomarkers were investigated for their ability to stratify AKI and CKD patients at higher 

progression risk.  No plasma or urinary biomarkers were significantly different in patients who 

progressed compared to those patients who remained stable or returned to baseline kidney 

function.  Furthermore, no combination of biomarkers was able to strongly identify between 

groups.  This is interesting as certain biomarkers measured in this study have been identified as 

being predictive of outcomes following AKI and CKD.  NGAL is one such protein that has been 

shown to have conflicting results.  One study reported that serum NGAL was predictive of 28-

day mortality following AKI, and a recent mouse study reported that NGAL was predictive of 

poor prognosis following AKI (Kümpers et al., 2010; Wang et al., 2020b).  Another study reported 

that at 48-hour follow-up, NGAL at time of AKI was unable to predict outcome (Koeze et al., 

2020).  These studies however differ slightly from our study, as they recruited a range of AKI 

stages (mild to severe) and followed-up at shorter timeframes with one reporting NGAL to be a 

better predictor of outcome in mild AKI patients.  Our study focused on severe AKI (stage 3) and 
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had a follow-up time of 3-months to meet the criteria for CKD diagnosis which may help explain 

some differences.  Furthermore, a study investigating NGAL in mice post-AKI showed that NGAL 

levels progressively increased from AKI to 28-days post-AKI when the study finished (Dong et al., 

2019).  As our study recruitment allowed AKI patients to be recruited up to 7-days post-AKI, 

NGAL levels may have been affected, being higher in patients who were recruited later or 

affected by treatment.  It may then be that NGAL is a better predictor of short-term outcomes 

following AKI however over a longer time period its ability to indicate outcome weakens which 

would be of interest for future study as this cannot be concluded by this study.  NGAL as a 

biomarker for prognosis in CKD patients, also shows conflicting results.  One study of early-stage 

CKD patients showed that although NGAL increased with CKD severity it did not predict 

progression rate, and another study of autosomal dominant polycystic kidney disease patients 

also reported NGAL not to be predictive of CKD progression (Basturk et al., 2016; Virzì et al., 

2015).  This differs however from another study that reported that NGAL is a useful biomarker 

for identifying CKD patients at higher risk of progression however only found this in early-stage 

CKD patients (stage 1 and 2) (Moriya et al., 2017).  In our study, the follow-up period of 1-year 

is shorter than these studies discussed which had follow-up periods of >18 months showing that 

even at these greater follow-up lengths NGAL is still unable to highlight patients at risk of 

progression.  Time of follow-up is of importance and seems to impact biomarker ability to 

highlight patients at higher progression risk.  One study that investigated cystatin C, TNFR1 and 

TNFR2 found these proteins to be significantly higher in diabetic CKD patients whose CKD 

progressed at 3.5-year follow-up (Looker et al., 2015).  The rapid progression rate that was 

investigated in our study however, may require additional biomarkers from those already 

associated with AKI and CKD to highlight patients at increased risk of progression in this shorter 

time frame.  Going forward, we believe novel biomarkers that may not be currently associated 

with AKI or CKD diagnosis are needed to highlight patients at greater risk of progression.   

 

4.4.1. Limitations 

 

This analysis has a number of limitations with the modest sample sizes being most notable.  

Although there was a considerable number of CKD patients recruited, the number of AKI 

patients and controls were less than had been planned.  This was due to suspension of 

recruitment to all clinical research studies due to lockdown restrictions put in place in March 

2020 leading to recruitment ending six-months earlier than planned.  Due to the low recruitment 

numbers there was very limited ability to account for cofounders such as medications and co-
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morbidities.  This analysis was attempted however it resulted in very low patient numbers in 

each category and therefore limited ability to analysis statistically with confidence.  There is also 

the possibility that the reporting of long-term morbidities may be vulnerable in terms of its 

accuracy.  This is due to the ECR data being a collation of data from numerous healthcare 

providers from various departments within the healthcare system and therefore the possibility 

of error cannot be ignored.  CKD patients were recruited from secondary care and therefore are 

more likely to represent those with more severe or unstable CKD, meaning comparison with 

patients in a community setting may not be applicable.  AKI patients were recruited on ward but 

were recruited from day of AKI to 7-days post-AKI, and therefore may have received differing 

levels of care potentially impacting biomarker data.  Sample collection time of urine was not 

standardized as several AKI urine samples were taken from catheter bags and many CKD patients 

brought a urine sample to their outpatient clinic which may have produced at an earlier time 

and therefore may have affected urine analysis.  The Randox panels used in this study were 

found to be lacking with respect to the measurement of certain biomarkers including plasma 

CRP, urinary KIM-1, urinary NGAL, urinary cystatin C and urinary clusterin where the limits of 

detection were reached in the AKI and CKD cohorts for these biomarkers which undoubtedly 

affected the statistical analysis of these biomarkers.  

 

4.5. Conclusion 
 

This study investigated the ability of biomarkers associated with AKI and CKD to differentiate 

between AKI and CKD patients and controls.   Furthermore, it investigated if these biomarkers 

had the ability to stratify AKI patients at increased risk of progression at 3-month follow-up, and 

the risk of CKD patients rapidly progressing at 1-year follow up from baseline plasma and urine 

samples.  This study found that these biomarkers were able to accurately distinguish between 

AKI patients and controls and CKD patients and controls showing that they are effective for 

diagnostic purposes and that combinations of these biomarkers offer very strong levels of 

accuracy.  However, no biomarker or any combination of biomarkers, was able to accurately 

highlight AKI patients who were at higher risk of progression, or CKD patients at greater risk of 

rapid progression.  This highlights the need for further biomarker exploration to find potential 

biomarkers capable of stratifying these cohorts of patients to identify those at high risk of 

progression. 
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Abstract 
 

Introduction 

Acute kidney injury (AKI) is the rapid and severe reduction of kidney function that can result in 

a long-term reduction of kidney function.  Chronic kidney disease (CKD) is a progressive kidney 

disease that can result in patients eventually needing dialysis or kidney transplant with great 

variation in patient progression rates.  This study aimed to use exploratory methods using 

proximity extension array technology to identify novel proteins, currently unassociated with AKI 

and CKD, and to identify if these novel biomarkers can stratify AKI and CKD patients at higher 

risk of progression.  This study will also use a co-morbid cohort of controls with the aim of 

identifying biomarkers more specific to renal disease. 

 

Methods 

Forty-three AKI patients (mean age= 61 years; 47% male) and 155 CKD patients (mean age= 59 

years; 63% male) were recruited from Altnagelvin and Letterkenny University hospitals 

(Northwest of Ireland).  AKI patients were recruited within 7-days of AKI on ward, and CKD 

patients were recruited at outpatient clinics with disease stage ranging from 2 - 4.  AKI patients 

were followed up at 3-months post-recruitment and CKD patients were followed-up at 1-year 

post-recruitment using serum creatinine and eGFR data from the ECR to establish progression 

status.  Plasma samples for AKI and CKD were sent to Olink Proteomics Ltd. for biomarker 

measurement on 6 Proseek multiplex high throughput immunoassays (Cardiovascular panel II 

and Cardiovascular panel III, Immune response, Inflammation, Neuro exploratory, and 

Neurology) encompassing 476 unique proteins. One hundred multi-morbid patients who were 

null of kidney disease, were used for control cohort (C) (mean age 59 years; 47% male).  Olink 

proteomic data from the control cohort allowed for 273 proteins to be compared. 

  

Results 

Levels of CKAP4 (p< 0.0001), PTX3 (p<0.0001), IL-6 (p<0.0001) and CEACAM8 (p< 0.0001) were 

the most significantly different proteins between AKI patients and controls and TM (p< 0.0001), 

IL-2 (p< 0.0001), CKAP4 (p< 0.0001) and MMP7 (p< 0.0001) were the most significantly different 

between CKD patients and controls highlighting possible kidney specific proteins signatures.  

Fourteen proteins were significantly different between AKI patients who returned to baseline 

kidney function compared to those who remained below baseline with PTX3 (p< 0.01), GCSF (p< 

0.01), PSG1 (p< 0.05) and MAD1L1 (p< 0.05) the top 4 hits.  No proteins were strongly correlated 
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with sCr and a combination of 7 proteins resulted in AUC of 1.0.  Seventeen proteins were 

significantly different between CKD patients who remained stable compared to those who 

progressed rapidly with SMPD1 (p< 0.01), ADA (p< 0.01), EGFR (p< 0.05) and SRP14 (p< 0.05) 

being the top hits.  No protein was strongly correlated with sCr and a combination of 8 proteins  

resulted in AUC of 0.918.   

 

Conclusion 

CKAP is a protein highly upregulated in AKI and CKD when compared to controls with chronic 

diseases highlighting it as a candidate to be a kidney disease signature protein.  Combinations 

of plasma protein biomarkers showed strong ability for identifying AKI patients and CKD patients 

at greater risk of progression.  These results offer potential and merit larger longitudinal studies 

to be conducted to confirm findings. 
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5.1. Introduction 
 

Acute kidney injury (AKI) is the abrupt cessation of kidney function due to heterogenous causes 

adding complication to critical illness (Lankadeva et al., 2016).  Chronic kidney disease (CKD) is a 

global health burden causing a long-term reduction of kidney function resulting in CKD patients 

being at higher risk of morbidity, specifically type 2 diabetes (T2DM), and cardiovascular disease 

(CVD) (Levey and Coresh, 2012; Luyckx et al., 2019).  AKI and CKD are now believed to be 

intertwined conditions acting on similar pathways causing inflammation and fibrosis that lead 

to worse patient outcomes (Sato et al., 2020).   

 

AKI progression to CKD can be characterised by a long-term reduction in kidney function 

measured using serum creatinine (sCr) and estimated glomerular filtration rate (eGFR) that does 

not return to baseline 3-months following AKI (Webster et al., 2017).  Current estimates report 

that 25% of patients who experience AKI progress to CKD, with AKI increasing the likelihood of 

CKD diagnosis by a hazard ratio of 8.8 (Coca et al., 2012; Noble and Taal, 2019).  Furthermore, 

for those AKI patients who have CKD at the time of AKI (AKI-on-CKD), the AKI leads to more rapid 

progression of CKD (Hsu and Hsu, 2016).  CKD progression can result in the need for renal 

replacement therapy (RRT) or transplant, yet progression rate differs for each patient, with some 

experiencing a more rapid progression of ≥5mL/min/1.73m2 per year (Schanstra et al., 2015; 

Semaan et al., 2018; Zhong et al., 2017).   

 

Traditional clinical biomarkers such as sCr and urea lack the ability to highlight patients at 

increased risk of AKI progression or rapid CKD progression (Griffin et al., 2019; Levey et al., 2009; 

Takahashi et al., 2018).  Previous research has aimed to identify proteins that stratify AKI and 

CKD patients’ progression risk, however these studies often focused on specific types of CKD, 

use long follow-up periods or use proteins already associated with AKI or CKD diagnosis such as 

NGAL, TNFR1, TNFR2 and cystatin C (Colombo et al., 2019; Looker et al., 2015; Schrauben et al., 

2021b; Skupien et al., 2014).  In addition, Chapter 4 of this thesis found that when combinations 

of these biomarkers associated with AKI and CKD were investigated, they lacked the ability to 

accurately stratify patients at higher risk of progression.  This has therefore highlighted the need 

for novel biomarkers to be discovered to allow for stratification of AKI and CKD progression risk 

in patients. 

 

In recent years the cost of large-scale proteomic measurement has decreased while the accuracy 

of its results has increased, making large-scale proteomic measurement more applicable for 
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research (Bennike et al., 2018; Ginsburg and Phillips, 2018).  Large-scale biomarker exploration 

may therefore identify biomarkers not currently associated with AKI or CKD that would allow for 

patients at high progression risk to be highlighted (Faura et al., 2021; Mirna et al., 2020).  

Proximity extension assay (PEA) technology allows for accurate, large-scale measurement of 

proteins within a small blood sample (Petrera et al. 2020).  This PEA technology has been used 

for biomarker exploration in other diseases including systemic lupus (Schmidt et al. 2022), 

Alzheimer’s disease (Carlyte et al., 2022) and heart disease (Pan et al. 2019).  Furthermore, 

investigation of novel biomarkers has been completed using PEA for CKD previously, however 

these studies used fewer proteins in their search, only investigated specific types of CKD, and 

only focused on biomarkers upregulated in CKD rather than investigating its progression making 

this research novel (Thorenz et al. 2019; Nano et al. 2022). 

 

In this study we integrated 476 proteomic targets associated with cardiovascular dysfunction, 

immune response, inflammation, and neurological impairment.  These panels were chosen as 

no renal panel was available, yet as similar biomarkers are associated with these conditions, 

these panels were seen to be suitable.  The aim of this study was to conduct an exploratory 

investigation to discover novel proteins that were up or down regulated in AKI and CKD 

compared to co-morbid controls.  Furthermore this study aimed to identify if these novel 

proteins were able to highlight patients at increased risk of AKI progression or rapid CKD 

progression.  We hypothesis proteins may exist that are not currently known to be associated 

with kidney disease and that these may allow for better stratification of AKI and CKD patients at 

higher progression risk. 
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5.2. Methods 
 

5.2.1. Participant recruitment 

 

Patient cohorts for this study were recruited and selected as described in Chapter 2, Section 1.1, 

1.2 and 1.4.  In this study, fewer AKI (n= 43) and CKD (n= 155) samples were available for analysis 

than in Chapter 3 due to difficulty with blood collection during recruitment.  Therefore, if a 

patient was able to supply a urine sample yet no blood sample, they were still included in the 

study, yet no blood sample could be sent for analysis.  Control patients used for this study are 

the chronic disease control cohort who are were selected to allow for age, sex and BMI matching 

with AKI and CKD cohorts to allow for robust analysis.  AKI patients were followed up 3-months 

post-recruitment and patients were classified as AKI patients who returned to baseline kidney 

function (taken as eGFR prior to AKI) (n= 34) or patients who sustained reduction in kidney 

function (n= 7) (detailed in Chapter 2, Section 1.1).  CKD patients were followed-up 1-year post 

initial recruitment and were classified as those CKD patients who remained stable (n= 100) 

(decrease in eGFR <5 mL/min/1.73m2) and those CKD patients who rapidly progressed towards 

ESRD (n= 22) (decrease in eGFR ≥5 mL/min/1.73m2). 

 

5.2.2. Multiplex proteomics 

 

Levels of 535 unique proteins using 5 µl of plasma per AKI and CKD patient were analysed using 

the Proseek Multiplex proximity extension assay (Olink Bioscience, Uppsala, Sweden) on the 

Olink Multiplex Plates Cardiovascular panel II and Cardiovascular panel III, Immune response, 

Inflammation, Neuro exploratory, and Neurology as described in Chapter 2, Section 6.   Following 

quality control (where over 80% of patients had a valid protein value), 476 unique proteins 

remained and were used for analysis. 

The AKI and CKD patients and chronic disease controls who were previously recruited for other 

studies described in Chapter 2, Section 1.1, 1.2, 1.4, had a total of 273 protein biomarkers that 

were comparable across cohorts and that were used within this study. 

All data is presented as Normalised Protein Expression (NPX), Olink Proteomics’ arbitrary unit 

on a log2 scale.  Full description can be found in Chapter 2, Section 6. 
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5.2.3. Statistical analysis 

 

Statistical analysis was conducted using Microsoft Excel (Office 365, Microsoft Windows, 

Microsoft Corporation, Washington, v16.0) (database construction), SPSS Statistics (ver. 25; IBM 

SPSS Statistics, Portsmouth, UK) (receiver operator characteristic curves), Graphpad Prism 

software (Graphpad Software Inc., La Jolla, CA, USA; v6.0h) (statistical analysis and dot plots) 

and R studio (RStudio: Integrated Development for R. RStudio, PBC, Boston, MA) for correlation 

matrixes and heatmaps.  Data was tested for normality using Shapiro-Wilk test for normality 

which was chosen due to the small cohort numbers.  Results of normality then directed whether 

data was analysed using Student’s t test for normally distributed data, and Mann-Whitney test 

for non-normally distributed data.  Where multiple cohorts were analysed together, ANOVA was 

used for normally distributed data and Kruskal-Wallis was used for non-normally distributed 

data.  Chi-squared analysis was used to compare categorial data throughout.  More details are 

described in Chapter 2; Section 7. 
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5.3. Results 

 

5.3.1. Assay performance 

 

A total of 193 samples (AKI patients (n= 43), and CKD patients (n= 155)) were examined on 6 

Proseek multiplex immunoassays (Cardiovascular panel II and Cardiovascular panel III, Immune 

response, Inflammation, Neuro exploratory, and Neurology).  Quality control (QC) criteria were 

implemented and for each plate and pass rates were CVD II (99%), CVD III (100%), Immune 

response (97%), Inflammation (99%), Neuro Exploratory (99%), and Neurology (98%).  

Cardiovascular panels II and III exhibited a 99% overall protein detection rate, Immune response 

(88%), Inflammation (77%), Neuro Exploratory (82%), and Neurological (97%).  Due to there 

being 15 proteins that were duplicate proteins between panels and some proteins failing to 

meet QC, a total of 476 proteins were reportable from a possible 535.  Olink protein analysis 

carried out on 4 Proseek multiplex immunoassays (Cardiovascular panel II and Cardiovascular 

panel III, Immune response, Inflammation) was conducted on controls in prior research studies.  

This allowed for 273 proteins to be used for analysis comparing to AKI and CKD patients and 

controls.  

 

5.3.2. Cohort characteristics for AKI patients, CKD patients, and controls 

 

AKI patients had significantly higher sCr (p< 0.0001), urea (p< 0.0001), and C reactive protein 

(CRP) (p< 0.0001) than CKD patients and lower percentage of males (p< 0.05), diastolic blood 

pressure (BP) (p< 0.05), incidence of CVD (p< 0.05) and incidence of hypertension (HTN) (p< 0.01) 

than the CKD cohort. 

AKI patients had significantly higher sCr (p< 0.0001), CRP (p< 0.0001), were prescribed 

significantly more medications (p< 0.001) and had significantly more long-term morbidities (p< 

0.0001) compared with controls and significantly lower levels of cardiovascular disease (CVD) 

incidence (p< 0.0001) than controls.  

CKD patients had significantly more males (p< 0.01), higher systolic BP (p< 0.01), diastolic BP (p< 

0.01), sCr (p< 0.0001), were prescribed significantly more medications (p< 0.01) and had a higher 

incidence of HTN than controls.  CKD patients had significantly fewer long-term morbidities (p< 

0.0001), and incidence of type 2 diabetes (T2DM) (p< 0.0001) and CVD (p< 0.0001) than controls.  
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Characteristics 

AKI  

(n= 43) 

CKD 

(n= 155) 

Controls (C)  

(n= 100) 

p-value 

AKI v CKD 

p-value 

AKI v C 

p-value 

CKD v C 

Sex 
Males (%) 
Females (%) 

47 
53 

63 
37 

47 
53 

<0.05 
<0.05 

0.51 
0.51 

<0.01 
<0.01 

Age (years) (mean (s.d.)) 
60.51 
(14.8) 

58.72 
(17.3) 

59.46  
(12.8) 0.49 0.69 0.71 

BMI (kg/m2) (mean (s.d.)) 
30.09 
(10.1) 

29.34 
(5.5) 

30.74  
(7.7) 0.58 0.68 0.09 

Systolic blood pressure 
(mm/Hg) (mean (s.d.)) 

137.18 
(25.3) 

142.45 
(19.3) 

132.06 
(22.4) 0.16 0.26 <0.01 

Diastolic blood pressure 
(mm/Hg) (mean (s.d.)) 

74.67 
(11.2) 

80.04 
(11.8) 

75.39  
(12.2) <0.05 0.76 <0.01 

Serum creatinine (μmol/L) 
(mean (s.d.)) 

249.97 
(170.52) 

142.96 
(67.1) 

78.57  
(15.8) <0.0001 <0.0001 <0.0001 

Urea (mmol/L)  
(mean (s.d.)) 

15.34 
(9.39) 

9.62 
(4.9) NA <0.0001 NA NA 

CRP (mg/dL) (mean (s.d.)) 
46.59 
(78.7) 

4.72 
(7.9) 

3.43  
(6.36) <0.0001 <0.0001 0.54 

Number of medications 
(mean (s.d.)) 

6.30 
(3.4) 

5.63 
(3.7) 

4.07  
(3.2) 0.29 <0.001 <0.001 

Number of long term co-
morbidities (mean (s.d.)) 

3.60 
(2.3) 

3.74 
(1.9) 

3.93  
(2.7) 0.62 <0.0001 <0.0001 

Diabetes (%) 31 25 35 0.22 0.32 <0.05 

Cardiovascular disease (%) 7 19 50 <0.05 <0.0001 <0.0001 

Hypertension (%) 52 72 48 <0.01 0.33 <0.0001 

Table 1. Cohort characteristics for AKI patients, CKD patients, and control cohorts. Data is presented as percentage (%) or mean and standard deviation 

(mean (s.d.)).  p-values was calculated comparing AKI patients vs CKD patients, AKI patients vs controls, and CKD patients vs controls with p< 0.05 taken to be 

statistically significant.  Student’s t test for normally distributed data, and Mann-Whitney test for non-normally distributed data, and Chi-squared for 

categorical data.
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5.3.3. Proteins distinguishing between AKI patients and controls 

 

Two hundred out of 273 measured proteins were significantly different between the AKI cohort 

(n= 43) and controls (n= 100) with the 25 most significantly different (Table 2).  The top 4 most 

significantly different proteins were CKAP4 (upregulated, p< 0.0001), PTX3 (upregulated, p< 

0.0001), IL-6 (upregulated, p< 0.0001) and CEACAM8 (upregulated, p< 0.0001) (Figure 1A).  

Receiver operator characteristic (ROC) curve analysis was calculated for proteins (Figure 1B) with 

area under the curve (AUC) being CKAP4 (0.982), PTX3 (0.949), IL-6 (0.773), CEACAM8 (0.932).   

Rank Protein p-value Fold change Direction 

1 CKAP4 1.0E-17 3.3 ↑ 

2 PTX3 5.8E-17 2.1 ↑ 

3 IL6 1.4E-16 3.9 ↑ 

4 CEACAM8 3.6E-16 2.6 ↑ 

5 KIM1 7.3E-16 5.9 ↑ 

6 TNFRSF10A 1.5E-15 2.3 ↑ 

7 IL2 9.3E-15 1.3 ↑ 

8 ADM 1.0E-14 1.7 ↑ 

9 MMP7 1.2E-14 2.0 ↑ 

10 SPON2 2.2E-14 1.2 ↑ 

11 CXCL12 2.3E-14 1.4 ↑ 

12 CSF 1 2.9E-14 1.3 ↑ 

13 TRAIL R2 4.9E-14 3.1 ↑ 

14 VEGFA 6.8E-14 2.3 ↑ 

15 TGF alpha 9.3E-14 1.9 ↑ 

16 IL 27 3.4E-13 1.6 ↑ 

17 CD40 7.6E-13 2.4 ↑ 

18 Gal 9 1.6E-12 1.6 ↑ 

19 TM 2.2E-12 1.6 ↑ 

20 PRDX3 4.5E-12 3.5 ↑ 

21 TNFRSF11A 5.1E-12 3.1 ↑ 

22 DNER 6.4E-12 0.7 ↓ 

23 BNP 8.6E-12 6.3 ↑ 

24 CDSN 1.5E-11 2.3 ↑ 

25 AGRP 2.4E-11 2.1 ↑ 

Table 2. Top 25 most significant proteins for AKI patients compared to controls.  The top 25 

most significant proteins are ranked in order of significance with p-value, fold change and 

direction of protein in AKI patients (n= 43) compared to controls (n= 100).  Student’s t test was 

used for normally distributed data, and Mann-Whitney test for non-normally distributed data. 
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Figure 1. A Violin plots of most significantly different proteins between AKI patients and 

controls.  Violin plots showing the top 4 most significantly different proteins for AKI patients and 

controls.  Solid black line represents mean value.  **** p< 0.0001.  B. Receiver operator curve 

analysis of most significantly different proteins; TM, IL-2 and CKAP4, and CEACAM8 to identify 

AKI patients from controls. Receiver operator curve analysis of proteins identifying AKI patients 

from controls, with AUC; CKAP4 (0.982), PTX3 (0.949), IL-6 (0.773), CEACAM8 (0.932). 
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5.3.4. Volcano plot of proteins that were significantly different between AKI patients and 

controls 

 

All proteins were analysed using differential expression analysis and displayed in volcano plot 

(Figure 2).   This volcano plot displays fold change (log2 fold change) versus significance (-log10 

p-value).  Figure 2 shows that BNP to have the highest upregulated log2 fold change (2.7), 

followed by KIM1 (2.6) and FGF-23 (2.0) and that TRANCE (-1.2), GDF2 (-1.2) and ITGA11 (-0.9) 

were the most downregulated proteins when AKI patients were compared to controls. 

 

 

 

Figure 2. Volcano plot presenting differential expression analysis of altered proteins in AKI 
patients compared to controls.  Proteins that were upregulated are represented in red and 
proteins that were downregulated are represented in blue with proteins that were non-
significant shown in grey.  The volcano plot axis is log2 fold change on x-axis and log10 on y-axis. 
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5.3.5. Principle component analysis (PCA) of AKI patients compared to controls 

 

Principle component analysis (PCA) was conducted on proteins that were significantly different 

between AKI patients and controls to identify if there was group separation (Figure 3).  Using 

PC1 and PC2 allowed for 96.5% of variance to be explained and illustrates that there are two 

distinct groups formed between AKI patients (represented in red) and controls (represented in 

green). 

 

 

Figure 3.  PCA analysis of AKI patients and controls.  PCA analysis was carried out on proteins 
that were significantly altered between AKI patients and controls.  PC1 on the x-axis represents 
95.4% of variance and PC2 on the y-axis represents 1.1% of variation.  AKI patients are 
represented as red dots and controls are represented as green dots.  
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5.3.6. Correlation matrix of proteins that are significantly different between AKI patients and 

controls 

 

A correlation matrix was constructed using proteins that were significantly different (n= 200) 

between AKI patients and controls.  Proteins that were most highly correlated are represented 

by a darker shade of colour with blue representing upregulation in AKI patients compared to 

controls and red representing downregulation in AKI patients compared to controls.  An area of 

interest was decided upon by selecting the area which had a clustering of the most correlated 

proteins (Figure 4A).  There were 29 proteins in this area of interest which included: ZBTB16, 

PPP1R9B, PLXNA4, DAPP1, MGMT, SH2B3, BACH1, IRAK4, NF2, IRAK1, HEXIM1, DCTN1, HCLS1, 

EIF4G1, TRIM5, TANK, AXIN1, ITGB1BP2, FGF2, PRKCQ, PRDX3, SPRY2, FXYD5, BIRC2, SRPK2, 

ICA1, DGKZ, ITGA6 and TGM2 (Figure 4B). 

Identification of protein associations was conducted using STRING Database (Szklarczyk et al., 

2021) for proteins of interest (Figure 4B).  Protein association was identified between 1) IRAK1 

IRAK4, TANK, BIRC2 and PRDX3; 2) SPRY2, FGF2, ITGA6, ZBTB16, and TGM2; and 3) PPP1R9B and 

DPP1. 
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Protein Protein

1 ZBTB16 16 TANK

2 PPP1R9B 17 AIN1

3 PLXNA4 18 ITGB1BP2

4 DAPP1 19 FGF2

5 MGMT 20 PRKCQ

6 SH2B3 21 PRDX3

7 BACH1 22 SPRY2

8 IRAK4 23 FXYD5

9 NF2 24 BIRC2

10 IRAK1 25 SRPK2

11 HEXIM1 26 ICA1

12 DCTN1 27 DGKZ

13 HCLS1 28 ITGA6

14 EIF4G1 29 TGM2

15 TRIM5

A
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Figure 4.  Correlation matrix of significantly different proteins between AKI patients and 
controls and STRING database analysis for highly correlated proteins.  A correlation matrix of 
significantly different proteins (n= 200) between AKI patients (n= 43) and controls (n= 100) was 
produced to identify proteins that were strongly correlated.  Colours on the graph represent the 
level of correlation were blue represents positive correlation and red represents negative 
correlation.  The darker the colour the stronger the correlation is as can be seen in the colour 
shade bar below the correlation matrix.  Twenty-nine proteins are shown to be highly correlated 
including ZBTB16, PPP1R9B, PLXNA4, DAPP1, MGMT, SH2B3, BACH1, IRAK4, NF2, IRAK1, 
HEXIM1, DCTN1, HCLS1, EIF4G1, TRIM5, TANK, AXIN1, ITGB1BP2, FGF2, PRKCQ, PRDX3, SPRY2, 
FXYD5, BIRC2, SRPK2, ICA1, DGKZ, ITGA6 and TGM2.  STRING database was used to identify 
protein associations between highly correlated proteins with associations identified between 
three sets of proteins as represented by the connecting lines on the diagram.   
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5.3.7. Heatmap of proteins that are significantly different between AKI patients and controls 

 

A heatmap was created using unsupervised clustering of all proteins that were significantly 

different between AKI patients and controls (n= 200) (Figure 5).  The heatmap shows clustering  

of AKI patients and controls (upper x-axis) yet no clustering of gender, age or BMI was observed.  

Clustering on the y-axis identified clusters of correlated proteins.  An area of interest was 

selected due to the high level of upregulation shown in AKI patients compared to controls.  

Twenty-five proteins selected as being highly correlated in this diagram and include KPNA1, 

PRDX3, NF2, ITGA6, PRKCQ, GLB1, IL2RB, NRTN, IL2, IL33, LIF, EIF5A, IL4, IL10RA, TSLP, MASP1, 

IL20RA, ARTN, CXCL12, FGF5, IL24, PADI2, FXYD5, DGKZ and BIRC2.  Identification of protein 

associations was carried out using STRING Database (Szklarczyk et al., 2021) for the 25 proteins 

in the area of interest including: KPNA1, PRDX3, NF2, ITGA6, PRKCQ, GLB1, IL2RB, NRTN, IL2, 

IL33, LIF, EIF5A, IL4, IL10RA, TSLP, MASP1, IL20RA, ARTN, CXCL12, FGF5, IL24, PADI2, FXYD5, 

DGKZ and BIRC2.  Three groups of association were identified 1) FGF5, LIF, CXCL12, IL33, TSPL, 

IL2, IL2RB, IL4, IL24, IL20RA, IL10RA and PRKCQ, 2) ARTN and NRTN and 3) BIRC2 and PRDX3.
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C

Protein Protein

1 KPNA1 14 IL10RA

2 PRDX3 15 TSLP

3 NF2 16 MASP1

4 ITGA6 17 IL20RA

5 PRKCQ 18 ARTN

6 GLB1 19 CXCL12

7 IL2RB 20 FGF5

8 NRTN 21 IL24

9 IL2RB 22 PADI2

10 IL33 23 FXYD5

11 LIF 24 DGKZ

12 EIF5A 25 BIRC2

13 IL4

A
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Figure 5.  Heatmap of proteins that were significantly different between AKI patients and 
controls using unsupervised clustering and STRING database analysis for highly correlated 
proteins.   The heatmap shows unsupervised clustering of the proteins that were significantly 
different (n= 200) between AKI patients and controls.  Clustering used sex, age, BMI, and cohort 
on the x-axis with unsupervised protein clustering shown on the y-axis.  Change in differential 
expression is represented by colouring with red indicating increased differential expression in 
AKI patients compared to controls and blue representing lower differential expression in AKI 
patients compared to controls.  The darker the colour represents a greater change.  Grey 
represents missing data.  The area of interest was analysed using STRING database to identify 
protein associations between correlated proteins with high levels of differential expression (n= 
25) including, KPNA1, PRDX3, NF2, ITGA6, PRKCQ, GLB1, IL2RB, NRTN, IL2, IL33, LIF, EIF5A, IL4, 
IL10RA, TSLP, MASP1, IL20RA, ARTN, CXCL12, FGF5, IL24, PADI2, FXYD5, DGKZ and BIRC2.  
Associations were found to exist between three sets of proteins: 1) FGF5, LIF, CXCL12, IL33, TSPL, 
IL2, IL2RB, IL4, IL24, IL20RA, IL10RA and PRKCQ, 2) ARTN and NRTN and 3) BIRC2 and PRDX3.  
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5.3.8. Proteins distinguishing between CKD patients and controls 

 

One hundred and sixty two out of 273 measured proteins were significantly different between 

the CKD cohort (n= 155) and controls (n= 100) with the 25 most significantly different (Table 3).  

The top 4 most significantly different were TM (upregulated, p< 0.0001), IL-2 (upregulated, p< 

0.0001), CKAP4 (upregulated, p< 0.0001) and MMP7 (upregulated, p< 0.0001) (Figure 6A).  

Receiver operator characteristic (ROC) curve analysis was calculated for proteins (Figure 6B) with 

area under the curve (AUC) being TM (0.847), IL-2 (0.889), CKAP4 (0.832) MMP7 (0.825).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Top 25 most significant proteins for CKD patients compared to controls.  The top 25 

most significant proteins are ranked in order of significance with p-value, and also showing fold 

change and the direction of protein in CKD patients (n= 155) compared to controls (n= 100).   

Rank Protein p-value Fold change Direction 

1 TM 4.6E-25 1.4 ↑ 

2 IL-2 2.8E-23 1.3 ↑ 

3 CKAP4 4.3E-23 1.7 ↑ 

4 MMP7 1.1E-20 1.7 ↑ 

5 NT3 1.4E-19 1.6 ↑ 

6 VSIG2 1E-18 1.8 ↑ 

7 CXCL12 1.4E-18 1.3 ↑ 

8 IL 15RA 1.7E-18 1.3 ↑ 

9 TNFRSF11A 7.8E-18 1.7 ↑ 

10 VEGFA 3.3E-17 1.5 ↑ 

11 AMBP 8.2E-17 1.2 ↑ 

12 CDSN 9.8E-17 1.6 ↑ 

13 IL 2RB 3.5E-16 1.3 ↑ 

14 BTN3A2 1.2E-15 1.5 ↑ 

15 PGF 1.4E-15 1.5 ↑ 

16 TSLP 2.5E-14 1.4 ↑ 

17 TF 3.9E-14 1.3 ↑ 

18 TRAIL R2 1.3E-13 1.5 ↑ 

19 CD40 2.5E-13 1.5 ↑ 

20 DNER 5.3E-13 0.8 ↓ 

21 IL16 6.5E-13 1.4 ↑ 

22 AGRP 1.3E-12 1.4 ↑ 

23 IL33 2.2E-12 1.2 ↑ 

24 NCR1 2.3E-12 1.5 ↑ 

25 SOD2 5.9E-11 1.1 ↑ 
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Figure 6. A. Violin plots of most significantly different proteins between CKD patients and 
controls.  Violin plots showing the top 4 most significantly different proteins for CKD patients 
(n= 155) and controls (n= 100).  Solid black line represents mean value.  **** p< 0.0001.  B. 
Receiver operator characteristic curve analysis of most significantly different proteins; TM, IL-
2, CKAP4, and MMP7 to identify CKD patients from controls. Receiver operator curve analysis 
of proteins for identifying CKD patients from controls with AUC calculated as TM (0.847), IL-2 
(0.889), CKAP4 (0.832) MMP7 (0.825).   
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5.3.9. Volcano plot of proteins that were significantly different between CKD patients and 

controls 

 

All proteins were analysed using differential expression analysis and displayed in volcano plot 

(Figure 7).  Figure 7 shows that SPRY2 to have the highest upregulated log2 fold change (1.0), 

followed by VSIG2 (0.9) and KIM-1 (0.9) and that DECR1 (-0.6), HAOX1 (-0.5) and JUN (-0.4) were 

the most downregulated proteins when CKD patients were compared to controls. 

 

 

 

Figure 7. Volcano plot presenting differential expression analysis of altered proteins in CKD 
patients compared to controls.  Proteins that were upregulated are represented in red and 
proteins that were downregulated are represented in blue with proteins that were non-
significant shown in grey.  The volcano plot axis is log2 fold change on x-axis and log10 on y-axis. 
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5.3.10. Principle component analysis (PCA) of CKD patients compared to controls 

 

Principle component analysis (PCA) was carried out on proteins that were significantly different 

between CKD patients and controls to identify if there was group separation (Figure 8).  Using 

PC1 and PC2 allows for 96.9% of variance to be explained but does not show separation between 

groups.  CKD patients (represented in red) and controls (represented in green).  

 

 

Figure 8.  PCA analysis of CKD patients and controls.  PCA analysis was carried out on proteins 

that were significantly different between CKD patients and controls.  PC1 on the x-axis 

represents 96.2% of variance and PC2 on the y-axis represents 0.7% of variation.  CKD patients 

are represented as red dots and controls (C) are represented as green dots. 
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5.3.11. Correlation matrix of proteins that are significantly different between CKD patients and 

controls 

 

A correlation matrix was constructed using all proteins that were significantly different (n= 162) 

between CKD patients and controls.  Proteins that were most highly correlated are represented 

by a darker shade of colour with blue representing upregulation in CKD patients compared to 

controls and red representing downregulation in CKD patients compared to controls.  Two areas 

of interest were decided upon by selecting the areas which had a clustering of the most 

correlated proteins (Figure 9A).  There were 11 proteins in the first area of interest PPP1R9B, 

PLXNA4, HCLS1, EIF4G1, DAPP1, PRDX3, SPY2, ICA1, ITGA6, FXYD5, and PRKCQ and 7 proteins in 

the second area of interest SRC, HSP27, TRAF2, ST1A1, STK4, DECR1, NEMO. 

Identification of protein associations was carried out using STRING Database (Szklarczyk et al., 

2021) for proteins of interest with results (Figure 9B).  Protein association was identified 

between PPP1R9B and DAPP1 in the first area of interest and SRC, HSPB27, NEMO and TRAF2 in 

the second area of interest.   
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Figure 9.  Correlation matrix of significantly different proteins between CKD patients and 
controls and STRING database analysis for highly correlated proteins. A correlation matrix of 
significantly different proteins (n= 162) between CKD patients (n= 155) and controls (n= 100) 
was produced to identify proteins that were strongly correlated.  Colours on the graph represent 
the level of correlation were blue represents positive correlation and red represents negative 
correlation.  The darker the colour the stronger the correlation is as can be seen in the colour 
shade bar below the correlation matrix.  Eleven proteins are shown to be strongly correlated in 
area 1; PPP1R9B, PLXNA4, HCLS1, EIF4G1, DAPP1, PRDX3, SPY2, ICA1, ITGA6, FXYD5, PRKCQ and 
7 proteins in area 2; SRC, HSP27, TRAF2, ST1A1, STK4, DECR1, NEMO.  STRING database was 
used to identify protein associations between highly correlated proteins with associations 
identified between one pair of proteins in area 1 and 1 group of proteins in area 2 as represented 
by the connecting lines on the diagram.   

 

 

5.3.12. Heatmap of proteins that are significantly different between CKD patients and controls 

 

A heatmap was created using unsupervised clustering of all proteins that were significantly 

different between CKD patients and controls (n= 162) (Figure 10).  The heatmap shows clustering  

of CKD patients and controls (upper x-axis) yet no clustering of sex, age or BMI was seen.  

Clustering on the y-axis aims to identify clusters of correlated proteins.  An area of interest was 

selected due to the high level of upregulation shown in CKD patients compared to controls.  

Twenty proteins were clustered and upregulated including: IL1a, JUN, EIF5A, IL4, GLB1, IL2RB, 

NRN1, IL2, IL33, PRDX3, FXYD5, IL5, NFATC3, IL24, DPP10, ARTN, TSLP, IL20RA, CXCL12 and FGF5.  

Identification of protein associations was carried out using STRING database (Szklarczyk et al., 

2021) for the 25 proteins in the area of interest including: IL1a, JUN, EIF5A, IL4, GLB1, IL2RB, 

NRN1, IL2, IL33, PRDX3, FXYD5, IL5, NFATC3, IL24, DPP10, ARTN, TSLP, IL20RA, CXCL12 and FGF5.  

One group was identified of associated proteins including TSPL, IL33, IL5, IL20RA, IL2RB, IL4, IL1A, 

CXCL12, IL2 and IL24, JUN and NFATC3.   
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Figure 10.  Heatmap of proteins that were significantly different between CKD patients and 
controls using unsupervised clustering and STRING database analysis for highly correlated 
proteins.  The heatmap shows unsupervised clustering of the proteins that were significantly 
different (n= 162) between CKD patients and controls.  Clustering used gender, age, BMI, and 
cohort on the x-axis with unsupervised protein clustering shown on the y-axis.  Change in 
differential expression is represented by colouring with red indicating increased differential 
expression in CKD patients compared to controls and blue representing lower differential 
expression in CKD patients compared to controls.  The darker the colour represents a greater 
change.  Grey represents missing data.  The area of interest was analysed using STRING database 
to identify protein associations between correlated proteins with high levels of differential 
expression (n= 20) including: IL1a, JUN, EIF5A, IL4, GLB1, IL2RB, NRN1, IL2, IL33, PRDX3, FXYD5, 
IL5, NFATC3, IL24, DPP10, ARTN, TSLP, IL20RA, CXCL12 and FGF5.  One large group was identified 
of proteins including TSPL, IL33, IL5, IL20RA, IL2RB, IL4, IL1A, CXCL12, IL2 and IL24, JUN and 
NFATC3. 
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5.3.13. Proteins associated with increased levels of serum creatinine in AKI and CKD patients 

 

As sCr is a biomarker known to be upregulated in AKI and CKD, a comparison of patients with 

increased sCr was investigated using the NICE specified sCr guidelines (male target level (59 – 

104 μmol/L) and female target level (45 - 84 µmol/L)) within each cohort respectively.  A total 

of 175 proteins were significantly different in AKI patients with increased sCr (n= 34) compared 

to those AKI patients with normal sCr levels (n= 9) with the top 4 most significantly different 

being Scavenger receptor class A member 5 (SCARA5) (upregulated, p< 0.0001), ADP-ribosyl 

cyclase hydrolase 1 (CD38) (upregulated, p< 0.0001), Perlecan (PLC) (upregulated, p< 0.0001), 

and Thy-1 membrane glycoprotein (THY1) (upregulated, p< 0.0001) (Figure 11A).  Linear 

regression analysis was then used to investigate the correlation between top proteins and sCr 

as increased correlation may indicate that less new information would be provided on its 

measurement.  All the top 4 proteins were highly correlated with sCr (Figure 11B). 

CKD patients were similarly grouped and investigated and 295 proteins were significantly 

different in CKD patients with increased sCr (n= 100) compared to CKD patients with normal sCr 

levels (n= 37) with the top 4 most significantly different proteins being Perlecan (PLC) 

(upregulated, p< 0.0001), Scavenger receptor class A member 5 (SCARA5) (upregulated, p< 

0.0001), Junction adhesion molecule B (JAM B) (upregulated, p< 0.0001), and Netrin receptor  

(UNC5C) (upregulated, p< 0.0001) (Figure 11C).  Linear regression was again used to investigate 

correlation with all the top 4 proteins highly correlated with sCr (Figure 11D). 
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Figure 11. Most significantly different proteins when normal sCr was compared to raised sCr 

in AKI and CKD patients.  A. Violin plots of top 4 most significantly different proteins between 

AKI patients with normal sCr (n= 9) compared to AKI patients with raised sCr (n= 34).  B. Linear 

regression plot of top 4 most significantly different proteins and sCr for AKI patients with normal 

sCr compared to those with raised sCr.  The top 4 most significantly different proteins were 

plotted against sCr using linear regression with r and p-values shown.  C. Violin plots of top 4 

most significantly different proteins between CKD patients with normal sCr (n= 37) compared to 

CKD patients with raised sCr (n= 100).  D. Linear regression plot of top 4 most significantly 

different proteins and serum creatinine for CKD patients with normal sCr compared to those 

with raised sCr.  The top 4 most significantly different proteins were plotted against sCr using 

linear regression with r and p-values shown.  In violin plots solid black line represents mean 

value.  **** p< 0.0001.  AKI patients are represented by blue squares and CKD patients are 

represented by light blue triangles in regression plots.   
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5.3.14. A comparison of AKI and CKD patient cohorts 

 

AKI (n= 43) and CKD (n= 155) patients were compared to identify proteins that were significantly 

different between the cohorts.  There were 311 significantly different proteins between AKI and 

CKD cohorts with the top 4 most significant being growth differentiation factor 8 (GDF8) 

(downregulated, p< 0.0001), stem cell factor (SCF) (downregulated, p<0.0001), osteopontin 

(OPN) (upregulated, p< 0.0001), ST2 protein (ST2) (upregulated, p<0.0001) (Figure 12A).   

Within the AKI cohort some AKI patients had CKD and so were classified as AKI-on-CKD patients 

(n= 21). AKI patients without CKD and AKI-on-CKD patients were compared and 166 proteins 

were significantly different between groups.  The top 4 most significant proteins were triggering 

receptor expressed on myeloid cells 1 (TREM1) (downregulated, p< 0.0001), coxsackievirus and 

adenovirus receptor (CXADR) (downregulated, p< 0.0001), scavenger receptor class A member 

5 (SCARA5) (downregulated, p<0.0001) and Layilin (LAYN) (downregulated, p< 0.0001) and 

shown in (Figure 12B). 

Further comparison of AKI-on-CKD patients and CKD patients was conducted with a total of 336 

proteins being significantly different.  The top 4 most significantly different proteins were  

growth differentiation factor 8 (GDF 8) (downregulated, p<0.0001), ST2 protein (ST2) 

(upregulated, p<0.0001), coxsackievirus and adenovirus receptor (CXADR) (upregulated, 

p<0.0001) and fibroblast growth factor 23 (FGF23) (upregulated, p<0.0001) (Figure 12C). 
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Figure 12. A comparison of AKI and CKD patient cohorts. A. Violin plots of top 4 most 
significantly different proteins between AKI patients (n= 43) and CKD patients (n= 155).  B. Violin 
plots of top 4 most significantly different proteins between AKI patients with no CKD (n= 22) and 
AKI-on-CKD patients CKD (n= 21).  C. Violin plots of top 4 most significantly different proteins 
between AKI-on-CKD patients (n= 21) and CKD patients (n= 155).  Solid black line represents 
mean value.  **** p< 0.0001.  Student’s t test was used for normally distributed data, and Mann-
Whitney test for non-normally distributed data. 
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5.3.15. Proteins associated with AKI patients who renal function decreased at 3-month follow-

up  

 

AKI patients were followed up 3-months post-recruitment and patients were classified as AKI 

patients who returned to baseline kidney function (taken as eGFR prior to AKI) (n= 34) or patients 

who sustained reduction in kidney function (n= 7) (detailed in Chapter 2, Section 1.1).  There 

were 14 proteins that were significantly different between AKI patients who returned to baseline 

function compared to those who sustained long-term reduction in kidney function (Table 4).  

The four most significant proteins were pentraxin-related protein PTX3 (PTX3) (upregulated, p< 

0.01), granulocyte colony-stimulating factor (GCSF) (upregulated, p< 0.01), pregnancy-specific 

beta-1-glycoprotein 1 (PSG1) (down regulated, p< 0.05) and mitotic spindle assembly checkpoint 

protein MAD1 (MAD1L1) (down regulated, p< 0.05) (Figure 13A). 

These top 4 most significant proteins were further analysed using linear regression to investigate 

correlation with sCr (Figure 13B) due to the same hypothesis described previously, that if a 

protein is less corelated with sCr, its measurement is more useful as it may give additional 

information that sCr does not.  The most correlated of these proteins was MAD1L1 (r= 0.41) and 

the least was PSG1 (r= 0.02) with all proteins having low correlation with sCr. 

ROC curve analysis was conducted on all 14 significantly different proteins with AUC results 

being, GCSF (0.873), CLCE1B (0.824), OSM (0.794), MAD1L1 (0.765), PSG1 (0.755), HO-1 (0.740) 

PTX3 (0.725), RETN (0.721), MCP1 (0.706), TRANCE (0.701), MMP12 (0.691), CTSL1 (0.681), IL15 

(0.637) and CLEC4C (0.627) (Figure 13C).  A combination of all proteins gave an AUC of 1.0 and 

following backwards regression a combination of 8 proteins (GCSF, HO-1, IL15, CLEC1B, CTSL1, 

PSG1, CLEC4C, and MCP1) also gave an AUC of 1.0. 

 

 

 

 

 

Table 4.  Table showing the 14 significantly different proteins when AKI patients who returned 
to baseline were compared to AKI who remained below baseline ranked in order of significance 
with p-value and direction of protein in AKI patients who remained below baseline compared to 
AKI patients who returned to baseline.   

 

AKI Returned to baseline v Remained below baseline 

Rank Protein p-value Direction Rank Protein p-value Direction 

1 PTX3 0.0080 ↑ 8 MMP12 0.0296 ↓ 

2 GCSF 0.0084 ↑ 9 CLEC4C 0.0302 ↓ 

3 PSG1 0.0132 ↓ 10 MCP1 0.0339 ↓ 

4 MAD1L1 0.0280 ↑ 11 CLEC1B 0.0346 ↑ 

5 OSM 0.0280 ↑ 12 CTSL1 0.0387 ↑ 

6 HO-1 0.0285 ↑ 13 TRANCE 0.0403 ↓ 

7 IL15 0.0296 ↑ 14 RETN 0.0498 ↑ 
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Figure 13. A comparison of AKI patients who returned to baseline kidney function (n= 34) and 

AKI patients who remained below baseline function (n= 7). A. Violin plots of top 4 most 

significantly different proteins.  Solid black line represents mean value.  * p< 0.05, ** p< 0.01.  

B. Linear regression plot of top 4 most significantly different proteins and sCr with r and p-values 

shown.  AKI patients are represented by blue squares.  C. Receiver operator curve analysis of all 

significantly different proteins between AKI patients who returned to baseline and AKI patients 

who remained below baseline.  All proteins identified in graph by colour key.   
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5.3.16. Proteins associated with rapid CKD progression 

 

CKD patients were followed-up 1-year post initial recruitment and were classified as those CKD 

patients who remained stable (n= 100) (decrease in eGFR <5 mL/min/1.73m2) and those CKD 

patients who rapidly progressed towards ESRD (n= 22) (decrease in eGFR ≥5 mL/min/1.73m2).  

A total of 17 proteins were significantly different between CKD patients who remained stable 

and those patients who progressed rapidly (Table 5).  The top 4 most significant proteins were 

sphingomyelin phosphodiesterase (SMPD1) (downregulated, p< 0.01), (B) adenosine deaminase 

(ADA) (downregulated, p< 0.01), (C) epidermal growth factor receptor (EGFR) (downregulated, 

p< 0.05) and (D) Signal recognition particle 14 kDa protein (SRP14) (downregulated, p< 0.05) 

(Figure 14A). 

These top 4 most significant proteins were further analysed using linear regression to investigate 

correlation with sCr (Figure 14B) due to the same hypothesis described above (Figure 13B).  The 

most correlated of these proteins was SMPD1 (r= 0.21) and the least was EGFR (r= -0.02) with 

all proteins having low correlation with sCr. 

ROC curve analysis was conducted on all 17 significantly different proteins with AUC results 

being, SMPD1 (0.692), ADA (0.689), CCL4 (0.683), NMNAT1 (0.664), AREG (0.656), SRP14 (0.649), 

NBL1 (0.648), CCL19 (0.639), NPM1 (0.636), FGF19 (0.631), FS (0.622), EGFR (0.619), ITGB2 

(0.619), MCP1 (0.615), CTSD (0.614), CTRC (0.607), MPO (0.602) (Figure 14C).  All proteins were 

combined and gave an AUC of 0.918.  Following backwards regression, a combination of 7 

biomarkers (AREG, CCL19, SMPD1, ADA, CCL4, NBL1, and MCP1) gave an AUC of 0.897. 

Stable v Rapid CKD progression 

Rank Protein p-value Direction Rank Protein p-value Direction 

1 SMPD1 0.0058 ↓ 10 FS 0.0305 ↓ 

2 ADA 0.0096 ↓ 11 NBL1 0.0307 ↓ 

3 EGFR 0.0119 ↓ 12 MCP1 0.0313 ↓ 

4 SRP14 0.0128 ↓ 13 ITGB2 0.0322 ↓ 

5 FGF19 0.0163 ↓ 14 CTSD 0.0385 ↓ 

6 NMNAT1 0.0193 ↓ 15 NPM1 0.0403 ↓ 

7 CTRC 0.0232 ↓ 16 CCL19 0.0410 ↑ 

8 AREG 0.0260 ↑ 17 MPO 0.0426 ↓ 

9 CCL4 0.0277 ↓         

Table 5.  Table showing the 17 significantly different proteins when CKD patients who remained 
stable were compared to CKD patients who rapidly progressed ranked in order of significance 
with p-value and direction of protein in CKD patients who rapidly progressed compared to CKD 
patients who remained stable.   
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Figure 14. A comparison of CKD patients who remained stable in kidney function (n= 100) and 

CKD patients who progressed rapidly (n= 22).  A. Violin plots of top 4 most significantly different 

proteins.  A solid black line represents mean value.  * p< 0.05, ** p< 0.01.  B. Linear regression 

plot of top 4 most significantly different proteins and sCr with r and p-values shown.  CKD 

patients are represented by light blue triangles.  C. ROC analysis of all significantly different 

proteins between CKD patients who remained stable and CKD patients who rapidly progressed.  

All proteins identified in graph by colour key.   
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5.4. Discussion 
 

In this study we used a non-targeted proteomic approach using PEA technology to explore and 

discover protein biomarkers not previously associated with AKI and CKD, and their progression.  

This study built on findings in Chapter 4 which investigated novel combinations of biomarkers 

associated with AKI and CKD to identify if combining these biomarkers was able to stratify AKI 

and CKD patients at higher risk of progression.  In Chapter 4, strong biomarker combinations 

were found for identifying AKI and CKD patients however no combination of biomarkers 

associated with AKI or CKD was able to highlight patients at greater progression risk and 

therefore the need for biomarker exploration to be conducted.  PEA technology has been used 

previously for biomarker discovery in CKD cohorts however no research has investigated AKI and 

CKD progression using this approach showing its novelty.   

Cytoskeleton-associated protein 4 (CKAP4), Pentraxin-related protein (PTX3), Interleukin 6 (IL-

6) and Carcinoembryonic antigen-related cell adhesion molecule 8 (CEACAM8) were the four 

most significantly different proteins measured between AKI patients and controls, and 

Thrombomodulin (TM), Interleukin 2 (IL-2), CKAP4 and Matrilysin (MMP7) were the most 

significantly different proteins measured between CKD patients and controls.  These significantly 

different proteins offer a protein signature for both AKI and CKD patients.  However, due to CKD 

being a chronic disease and being compared to other chronically ill patient controls it offers a 

very strong protein signature for CKD specifically.  CKAP4 is a protein that was highly significantly 

different in both AKI and CKD patients compared to controls highlighting it as a possible 

signature protein for kidney disease overall. 

CKAP4 is a type II transmembrane protein consisting of an N-terminal intracellular domain, a 

single transmembrane domain, and a C-terminal extracellular domain commonly situated in the 

endoplasmic reticulum and involved in many biological activities within the cell (Tan et al., 2021).  

It is shown to be upregulated following ischemic injury playing an important role in ventricular 

fibroblast activation (Gladka et al., 2018) and in recent studies CKAP4 was shown to be 

upregulated in both in vitro and in vivo mice CKD models in vascular smooth muscle cells leading 

to vascular calcification by modulating YAP phosphorylation and MMP2 (Tong et al., 2020; Shi 

et al., 2022).  With fibrosis and vascular calcification being commonly seen in AKI and CKD 

patients it is possible that CKAP4 is playing a main role in driving these pathologies as it is 

upregulated in both cohorts.  Although this protein was found to be strongly associated with AKI 

and CKD in this study, there is little in the literature discussing CKAP4 and AKI or CKD, showing 

this finding to be a significant one.  However, CKAP4 is involved in other diseases such as lung 



 

174 
 

disease and some cancers (Summers et al., 2021; Sun et al., 2022).  It therefore may be that 

rather than specific to kidney disease, high levels of CKAP4 may be indicating high levels of 

microvascular injury incurring within the kidney similar to these other diseases. 

TM, predominantly expressed on the endothelium, helps regulate the coagulation system thus 

helping to maintain vascular homeostasis (Huang et al., 2020; Watanabe-Kusunoki et al., 2020).  

Inflammation and altered coagulation are shown to contribute to the renal injury following IRI 

with TM shown to be protective following AKI in mice (Sharfuddin and Molitoris, 2011).  In this 

study, CKD patients had higher levels of TM compared to controls suggesting that this protein 

may play a role in kidney disease.  A study investigating TM levels and CKD severity reported 

that TM increases with disease severity and, in a mouse model study, mice with progressive 

glomerular sclerosis were treated with TM, which significantly limited fibrosis and kidney failure 

(Bao et al., 2014; Takeshita et al., 2020).  Furthermore, previous research has also shown the 

beneficial effects of TM administration in other conditions such as sepsis and leukemia with its 

anti-coagulation properties believed to have improved patient outcomes (Takezako et al., 2015; 

Vincent et al., 2013).  Therefore, as kidney disease is known to be driven by inflammation, 

endothelial cell dysfunction and coagulation alteration, it is possible that the increased levels of 

TM are playing a protective role in the kidneys to limit the progression process.   

Principle component analysis (PCA) highlighted the marked difference between AKI patients and 

controls.  This analysis, that considers all measured biomarkers, shows that these two cohorts 

have very different biomarker profiles and therefore that although these two cohorts are 

comprised of ill individuals, AKI clearly has a unique biomarker profile.  In contrast to this, PCA 

showed no separation between CKD patients and controls showing that overall, when all 

biomarkers are included in analysis, CKD patients have a much less distinct biomarker profile.  

This analysis is logical, as AKI patients are acutely seriously ill, often needing lifesaving clinical 

care as the body is responding to a severe attack.  CKD patients, who are chronically ill, have a 

more similar biomarker response with controls who have differing chronic conditions and 

inflammation, indicating that many chronic conditions react similarly in terms of the magnitude 

of biomarker upregulation/ downregulation. 

A correlation matrix was produced with all 200 proteins that were significantly different 

between AKI patients and controls and the area with the highest levels of correlation between 

proteins investigated further using STRING database (Szklarczyk et al., 2021).  STRING database 

allows for protein interactions to be measured and identifies potential pathways that link 

proteins, allowing for these pathways to be highlighted and explored.  STRING identified three 
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protein clusters with the largest including: TRAF Family Member Associated NF-KB Activator 

(TANK) and Baculoviral IAP repeat-containing protein 2 (BIRC2), Interleukin-1 receptor-

associated kinase 1 (IRAK1), Interleukin-1 receptor-associated kinase 4 (IRAK4) and Thioredoxin-

dependent peroxide reductase, mitochondrial (PRDX3).   

TANK is a member of the tumor necrosis factor receptor-associated factor (TRAF) protein family 

that associates and transduce signals from the proteins in the TNF receptor superfamily, being 

reported to cause positive regulation of NF-KB activation reducing the production of pro-

inflammatory proteins (Kadkhodazadeh et al., 2012; Kusiak and Brady, 2022).  Baculoviral IAP 

repeat-containing protein 2 (BIRC2) (also known as IAP1), is a member of the inhibitors of 

apoptosis (IAP) family, are apoptosis inhibitors that often impact tumor cells allowing for 

increased cell replication and adverse prognosis (Silke and Vucic, 2014).  BIRC2 is shown to also 

interact closely with the TNF superfamily whereby it is involved in the TNFR1 and TNFR2 signally 

complex (Kim et al., 2020; Naudé et al., 2011).  This interaction involves the recruitment of 

TRAF2 to TNFR2 complex that allows for mediated depletion of TRAF2 and thus interfering with 

TNFR1-associated caspase activation and apoptosis induction. PRDX3 is a protein that is 

reported to be a downstream regulator of MondoA, a transcription factor that regulates against 

cellular death by activating autophagy partly through the suppression of Rubicon, an autophagy-

negative regulator (Yamamoto-Imoto et al., 2022) with a reduction of PRDX3 shown to induce 

mitochondrial dysfunction in human trophoblast cells (Wu et al., 2016).  IRAK1 and IRAK4 are 

part of the interleukin 1 receptor-associated kinases family that are a collective of related 

signalling intermediates (Bennett and Starczynowski, 2022).  IRAK1 and IRAK4 are shown to 

interact closely with immune and inflammatory receptors such as toll like receptors (TLR) and 

IL-1RA, additionally found to be significantly upregulated in this study.  IRAK1 and IRAK4 interact 

with BIRC2 and TANK through TLRs impacting the rate of cell death and possibly impacting AKI 

outcomes (Chen et al., 2022; Su et al., 2014).  Suppression of IRAK1 and IRAK4 has been shown 

to reduce kidney inflammation in mice and downregulation of IRAK1 in human cells from 

diabetic kidney disease patients showed protection to podocytes (Nanda et al., 2016; Zhang et 

al., 2018).  Overall, this analysis has highlighted proteins that have not been greatly investigated 

in human studies possibly showing the novelty to this type of research, meaning conclusions are 

harder to determine.  With many of the proteins identified impacting on the NF-BK pathway it 

may be that this is the common link between these proteins with high protein levels promoting 

its activation and therefore possibly increased damage.   

Similarly, a correlation matrix was produced with all proteins that were significantly different 

between CKD patients and controls and the two areas with the highest levels of correlation 
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between proteins was investigated further using STRING database.  STRING database identified 

two clusters, one of which included: Proto-oncogene tyrosine-protein kinase Src (SRC), that also 

included TNF receptor-associated factor 2 (TRAF2), NF-kappa-B essential modulator (IKBKG) and 

Heat shock protein beta-1 (HSPB1).   

Proto-oncogene tyrosine-protein kinase Src (SRC) is a nonreceptor tyrosine kinase that is 

activated by numerous cytokines such as IL-6 and its activation is critical for tissue fibrosis to 

occur (Wei et al., 2017).  SRC has been associated with fibrogenesis following kidney injury 

whereby SRC-centric regulatory gene network is a key underlaying mechanism for macrophage-

myofibroblast transition mediating renal fibrosis and interacting with TNF receptor-associated 

factor 2 (TRAF2) in the regulation pathways of IL-27, which was also measured in this study 

however not highlighted in this correlation matrix (Busca et al., 2018; Tang et al., 2018).  SRC has 

not been investigated in humans with AKI or CKD, however early research has shown it to play 

roles in cancer development driving tumor growth and metastasis, and more recently to be 

associated with Alzheimer’s disease (Irby and Yeatman, 2000; Portugal et al., 2022; Varkaris et 

al., 2014).  The mechanisms for this are reported to be multifactorial and include alterations in 

angiogenesis, tumor cell invasiveness and growth, and apoptosis, and therefore similar factors 

may be driving AKI and CKD in this cohort. 

Heatmaps were produced using unbiased clustering of all 200 proteins that were significantly 

different between AKI patients and controls, and for CKD patients and controls using all 162 

significantly different proteins.  AKI patients and controls were distinctly clustered on the x-axis 

reinforcing the differences between the protein profiles of these cohorts as seen in PCA analysis.  

Unlike AKI compared with control, CKD patients and controls were less separated on the x-axis 

again supporting the findings of PCA analysis.  The unbiased analysis produced 5 distinct clusters 

of proteins between AKI patients and controls and 4 distinct clusters when CKD patients were 

compared to controls.  The most upregulated proteins in the AKI and control analysis (n= 25 

proteins) and CKD and controls (n= 12 proteins) were selected for further analysis.  STRING 

database (Szklarczyk et al., 2021) was used to further investigate these proteins for associations 

with MASP being of interest in AKI analysis and CXCL12 in both AKI and CKD analysis.   

Mannan-binding lectin serine protease 1 (MASP1) is a molecule involved in the mannose-binding 

lectin (MBL) pathway that activates complement within the immune system.  Recently, MASP1 

was identified as a marker of proximal tubule injury in a cisplatin-induced CKD mouse model, 

where chemotherapy treatment was shown to upregulate protein levels (Ma et al., 2022).  In 

diabetic CKD patient biopsies, MASP1 was also shown to increase within the renal tubular 
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interstitium and to be closely associated with the degree of damage caused (Zheng et al., 2018).  

MASP1 has not been investigated widely in human studies however in one study of healthy 

individuals MASP1 was shown to improve blood clotting time (Jenny et al., 2015).  This again 

highlights that coagulation may be of interest in AKI. 

Stromal cell-derived factor 1 (CXCL12), also known as SDF-1, is a CXC chemokine that plays a 

haemostatic role within the body and works closely with its receptor CXCR4 within the 

inflammatory system responsible for mediating the migration and homing or numerous cells 

(Janssens et al., 2017; Zhong et al., 2021).  CXCL12 plays a pivotal role in kidney development 

and reported to be involved in several kidney diseases including AKI, where following ischemic 

injury and hypoxia increased levels are believed to aid the kidney repair process (Hussein et al., 

2016).  CXCL12, in addition to being reported to be upregulated in AKI patients playing a recovery 

role, has been reported to play both a protective and destructive role in CKD patients.  One study 

on diabetic mice reported CXCL12 upregulation in diabetic kidney disease (DKD) played a 

protective role for kidney podocytes (Takashima et al., 2016) however in contrast, CXCL12 was 

reported to be instrumental in the progression of DKD in mice, whereby the temporary blocking 

of CXCL12 prevented progression of glomerulosclerosis and albuminuria (Sayyed et al., 2009; 

Song et al., 2021).  In this study, CXCL12 was significantly upregulated in CKD patients who 

progressed rapidly and therefore would suggest that CXCL12 promotes kidney disease 

progression, although the mechanisms of this would need to be explored in future work. 

Protein expression was compared between AKI and CKD patients with 311 proteins found to be 

significantly different, and with Growth/differentiation factor 8 (GDF8), Stem-cell factor (SCF), 

Osteopontin (OPN) and Suppression of tumorigenicity 2 (ST2) the 4 most different.  Further 

investigation compared those AKI patients who had previous diagnosed CKD (AKI-on-CKD) with 

the CKD patient cohort as to identify AKI specific proteins.  This analysis found that GDF8 and 

ST2 were again in the most significantly different proteins between these cohorts.  GDF8, also 

known as myostatin, is a member of the TGF-β family and produced in skeletal muscle to inhibit 

myocyte differentiation and shown to be associated with acute MI severity in humans (Bataille 

et al., 2020; Meloux et al., 2019).  GDF8 is shown to be increased in CKD patients and it is 

suggested that it plays a role in the pathogenesis of sarcopenia and protein energy wasting and 

shown to be correlated with eGFR (Yano et al., 2015).  In a study focusing on AKI, GDF8 was 

decreased in the AKI cohort compared to controls, and although this finding was not significant 

it shows that those who suffer AKI have a lower GDF8 level than otherwise ill patients (Lanzoni 

et al., 2018).  Therefore, it may be possible to hypothesize that in CKD patients, GDF8 is increased 

but when AKI occurs it interrupts GDF8 production reducing levels significantly, possibly by 
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affecting specific pathways.  ST2 is prominent orphan IL-1 receptor that is a negative regulator 

of TLR IL-1 signaling and functions as an effector molecule of T helper type 2 responses (Schmitz 

et al., 2005).  Increased levels of ST2 have been shown to be involved in fibrosis in multiple 

organs and to be a biomarker of interest for stratifying heart disease risk (Bayes-Genis et al., 

2014; Kotsiou et al., 2018).  ST2 levels have been shown to be increased in CKD patients and to 

correlate with severity of CKD while additionally reported to be a predictive marker of AKI in 

cardiac surgery patients, and all cause AKI (Bao et al., 2011; Chen et al., 2017; Lobdell et al., 

2018).  Interestingly, ST2 is suggested to be a reno-protective protein as it works on an axis with 

IL-33 sharing a receptor (Akcay et al., 2011; Wei et al., 2017).  Therefore, the additional increase 

in ST2 in AKI on CKD patients seen in this study may represent an attempt to control kidney 

inflammation and prevent injury. 

In this study, AKI patients were followed-up 3-month post-AKI and classified as having returned 

to baseline or remaining below baseline kidney function based on eGFR (detailed in Chapter 2 

Section 2.1.).  Fourteen proteins were significantly different between AKI patients who returned 

to baseline when compared to those whose kidney function remained below baseline.   

Pentraxin-related protein PTX3 (PTX3) was the most significantly different of these proteins.  A 

member of the pentraxins superfamily, PTX3 is shown to play a role in innate immunity, 

inflammation and tissue remodeling, being mediated by TLR (Bottazzi et al., 2016; Cappuzzello 

et al., 2016; Jaillon et al., 2014; Wu et al., 2020).  This is interesting as above we have discussed 

the interaction of IRAK1 and IRAK4 with TLR in the correlation matrix analysis, suggesting 

possible overlap of interactions.  High levels of PTX3 have been shown to be associated with 

worse outcomes in other organs including the brain following a stroke (Rodriguez-Grande et al., 

2014), and with low levels reported to increase tumor development risk (Bonavita et al., 2015).  

In the kidney, PTX3 has been reported to a potential biomarker for early detection of AKI, where 

upregulation can limit repair (Brinkman et al., 2015; Chu-bing, 2020).  This is shown where 

inflammation post-IRI in PTX3 knockout mice, had better outcomes post-AKI than wild type (WT) 

mice, with the high levels of PTX3 produced locally in the kidney of WT mice believed to increase 

inflammation too severely and causing negative affect (Chen et al., 2012).  Therefore, this helps 

explain the findings of this study regarding high levels of PTX3 being detrimental in AKI patients, 

however at the time of writing, this is the first study to specifically measure levels between AKI 

groups so further investigation would need to be conducted.  

Granulocyte colony-stimulating factor (G-CSF) was also significantly increased in AKI patients 

who progressed in this study.  A main regulator of neutrophils, G-CSF is shown to be involved in 
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protective action of β cells function in diabetic patients and involved in breast cancer 

development (Haller et al., 2015; Quartino et al., 2014).  G-CSF was also shown in other studies 

to be upregulated following IRI and believed to have reno-protective effects due to bone 

marrow cell mobilization in renal tissue producing tropic factors contributing to repair and 

regeneration (Chen et al., 2021; Wei et al., 2011).  This was similarly seen in another protein in 

this study, Heme oxygenase 1 (HO-1) which was significantly increased in AKI patients who 

remained below baseline, however, is similarly reported to reduce kidney damage in AKI (Rossi 

et al., 2019).   This possibly indicates that for those patients who had more severe AKI damage, 

increased levels of G-CSF and HO-1 are an attempt to repair, however the response may have 

proved unsuccessfully or limited.   

Linear regression revealed that none of the significantly different proteins identified were 

correlated with plasma sCr, possibly highlighting novel usefulness of measuring these proteins.  

Binary regression was carried out revealing that 8 proteins, when used in combination, gave a 

strong area under the curve of 1.0.  Although this AUC is very strong, it should be noted that this 

AKI cohort was very small with only 40 patients in total, and only 7 of those patients remained 

below baseline kidney function and could be very strong due to overfitting occurring in the 

model, whereby the model may only be relevant to this dataset however this would need 

explored in a larger cohort for confirmation using cross-validation.  Therefore, although this is a 

strong indicator of a potential protein panel for stratifying AKI patients who are likely to remain 

at lower eGFR, further analysis in future large studies would be needed. 

In this study, CKD patients were followed-up 1-year post-recruitment and 17 proteins were 

identified as significantly different between CKD patients who rapidly progressed (eGFR ≥-

5mL/min/year) compared to those patients who remained stable in their condition (Saulnier et 

al., 2017).   

Epidermal growth factor receptor (EGFR) is a membrane tyrosine kinase receptor that is 

expressed in the kidney and activated after kidney damage and is suggested impactful to kidney 

function as dysregulation of the EGFR pathway is associated with initiation and progression of 

kidney diseases (Rayego-Mateos et al., 2018).  Early research has shown EGFR to be a potent 

therapeutic for CKD mice whereby administration post-AKI reduced fibrosis and preserved 

kidney function (François et al., 2004; Rayego-Mateos et al., 2018).   This suggests that the lower 

levels of EGFR seen in CKD patients who progressed, is detrimental to kidney repair and 

therefore may drive progression.  Amphiregulin (AREG), an EGFR ligand is a potent mediator of 

inflammation and has been reported as a potent pro-inflammatory marker in 
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glomerulonephritic mice cells and highly upregulated in CKD patient urine (Kefaloyianni et al., 

2016; Melderis et al., 2020).  As both these proteins are significantly different between CKD 

groups it highlights the potential importance of this pathway which may highlight it for further 

investigation in future studies. 

Monocyte chemoattractant protein-1 (MCP1) is a member of the MCP family that constitutes a 

powerful chemotactic factor for monocytes and macrophages (Taghavi et al., 2019).  MCP-1 

levels were shown to be decreased in CKD patients who rapidly progressed in this study.  Plasma 

MCP-1 levels have been shown to be reduced in advanced CKD when compared to mild CKD 

(Musiał et al., 2017), and in another study, higher urinary levels of MCP-1 were shown to 

increase the risk of CKD following cardiac surgery (Menez et al., 2021).  This possibly indicates 

that those patients whose CKD progresses more rapidly, mirror the reduced MCP-1 seen in 

advanced CKD patients.   

Following ROC analysis, each significantly different protein was shown to have an AUC of just 

above chance (~0.65).  However, when these proteins were used as a combined panel the AUC 

was 0.918.  Backwards regression revealed a combination of 7 proteins that gave AUC of 0.89.  

Linear regression analysis similarly showed that none of these proteins correlated with sCr and 

therefore potentially offer independent insight into the processes occurring within the kidneys 

during this period of rapid progression. 

 

5.4.1. Limitations 

 

This analysis has numerous limitations with the modest to small sample sizes being most 

notable.  Although there was a considerable number of CKD patients recruited the numbers of 

AKI patients were less than had been planned.  This was due to the stopping of access to the 

hospitals for patients due to lockdown restrictions put in place in March 2019 meaning 

recruitment was stopped six-months earlier than planned.  Due to the low recruitment numbers 

there was very limited ability to account for cofounders such as medications and co-morbidities.  

This analysis was attempted however it resulted in very low patient numbers in each category 

and therefore limited ability to analysis statistically with confidence.  There is also the possibility 

that the reporting of long-term morbidities may be vulnerable in terms of its accuracy.  This is 

due to the ECR data being a collation of data from numerous healthcare providers from various 

departments within the healthcare system and therefore the possibility of error cannot be 

ignored.  CKD patients were recruited from secondary care and therefore are more likely to 
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represent those with more severe or unstable CKD meaning comparison with patients in a 

community setting may not be applicable.  AKI patients were recruited on ward but were 

recruited from 1 to 7-days following AKI and therefore may have received differing levels of care 

potentially impacting biomarker data.   

 

 

 

 

 

5.5. Conclusion 
 

This present study identified numerous proteins characteristic of AKI and CKD, and AKI and CKD 

progression.  Interestingly, the proteins which were identified to be associated with AKI and CKD 

progression risk were not correlated with sCr, a commonly used biomarker of kidney function 

making these findings of great interest.  To date, no protein biomarkers offer strong evidence 

for the ability to stratify AKI patients at greater risk of progression or CKD patients at greater risk 

of rapid progression making these findings novel.  Novel protein combinations identified in this 

study offer strong AUC for AKI and CKD progression.  Further validation of these proteins would 

be necessary to confirm findings with a longitudinal study of larger scale. 
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Abstract 
 

Introduction 

Cell senescence is the irreversible growth arrest occurring following oncogenic mutations, DNA 

damage or metabolic insult.  It has been shown to increase in individuals as they age, and 

accepted as a major contributing process not only to ageing, but also to chronic age associated 

diseases.  The involvement of cell senescence in AKI and CKD is still relatively unknown, however 

it is suggested that individuals with these conditions have a higher-than-normal level of cell 

senescence and accelerated ageing.  This study aimed to focus on senescence biomarkers from 

a previous biomarker discovery study, to investigate if senescence biomarkers were capable of 

identifying AKI and CKD patients from controls and able to highlight patients at increased risk of 

progression. 

 

Methods 

Forty-three AKI patients (mean age= 61 years; 47% male) and 155 CKD patients (mean age 59 

years; 63% male) were recruited from Altnagelvin and Letterkenny University hospitals 

(Northwest of Ireland).  Data for 100 patients, with chronic diseases but not any known kidney 

disease (mean age 59 years; 47% male) was obtained from previous chronic disease studies and 

used as a control cohort.  Plasma samples from AKI and CKD patients were sent to Olink 

Proteomics Ltd. for biomarker measurement using 6 Proseek multiplex high throughput 

immunoassays (Cardiovascular panel II and Cardiovascular panel III, Immune response, 

Inflammation, Neuro exploratory, and Neurology) encompassing 535 unique proteins, with 476 

proteins remaining following quality control.  Data that had been collected for controls allowed 

for 273 of these proteins to be compared.  Forty-seven senescence proteins were identified by 

comparing replicative senescence and oncogene induced senescence RNA sequencing datasets 

to Olink.  This set of proteins was used as a senescence signature.   

 

Results 

Senescence proteins CKAP4 (p=1.03E-17), PTX3 (p= 5.75E-17) and IL-6 (p= 1.35E-16) were the 

most significantly different between AKI patients and controls, and CKAP4 (p= 4.34E-23), CXCL12 

(p= 1.43E-18) and VEGFA (p= 3.31E-17) were the most significantly different between CKD 

patients and controls.  Support vector machine (SVM) classification was also used to identify 
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proteins able to identify AKI and CKD patients highlighting 3 proteins of interest (DCBLD2, SCF 

and TNFRSF10A) for AKI identification and 8 proteins of interest (ADM, CKAP4, CXCL12, DCBLD2, 

DNER, IL-6, TRAIL R2 and CD4) for CKD identification.  Senescence proteins PTX3 (AUC 0.761), 

DCTN1 (AUC 0.643), GALNT3 (AUC 0.710), CKAP4 (AUC 0.668) gave a combined AUC of 0.87 and 

were able to differentiate AKI patients who remained below baseline kidney function from those 

who returned to baseline function.  Senescence proteins ADA (0.686), FS (0.627), SCF (0.616), 

DNER (0.616), and IL-6 (0.616), had a combined AUC of 0.771 for identifying CKD patients at 

greater risk of rapid progression from stable patients. 

 

Conclusion 

Senescence proteins specifically were expressed differently in AKI and CKD patients when 

compared to age-matched controls with chronic disease.  This suggests senescence may be 

involved in AKI and CKD development.  Furthermore, AKI and CKD patients whose condition 

progressed had higher senescence protein levels compared to patients who did not progress, 

suggesting that senescence may be involved in kidney disease progression.   
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6.1. Introduction 
 

Cell senescence is the irreversible growth arrest that occurs in response to metabolic insults, 

oncogenic mutations, and DNA damage, whereby cells cease dividing and undergo distinctive 

phenotypic alterations (Avelar et al., 2020).  Cell senescence can also occur in terminally 

differentiated cells such as cardiomyocytes, neurons, and nephrons (Anderson et al., 2019; 

Piechota et al., 2016).  Characterised by the accumulation of senescent cells, senescence is 

hallmark of ageing and believed to be involved in the pathologies of ageing (Tominaga and 

Suzuki, 2019). 

Acute senescence is known to be beneficial, allowing for regeneration and repair in wound 

healing and immune clearance (Burton and Stolzing, 2018; Demaria et al., 2014).  By contrast, 

chronic senescence, with the gradual accumulation of senescent cells over time, promotes 

deleterious effects accelerating deterioration and hyperplasia in ageing (Faget et al., 2019).  

Furthermore, a wide array of intra and extracellular insults including pro-inflammatory 

mediators, proteotoxic stress, DNA damage and mutation accelerate senescence related 

pathology (Childs et al., 2016). 

Cells that undergo senescence secrete a variety of inflammatory and stromal regulators 

collectively known as senescence associated secretory phenotype (SASP) (Campisi, 1997; Van 

Deursen, 2014).  SASP is suggested to help immune clearance and elimination of senescent cells 

(Xue et al., 2007).  However, SASP can also adversely impact neighboring cells, extracellular 

matrix, and other structural components, resulting in chronic inflammation, leading to the 

initiation of senescence in healthy cells and vulnerable tissue (Takasugi et al., 2022).   

The mechanisms involved in AKI progression are still largely unknown, however there is growing 

evidence that the reduced regenerative capacity of the kidneys is associated with cellular 

senescence (Wang et al., 2017a).  Pro-inflammatory and pro-fibrotic SASP including: TNF, IL-6, 

IL-1B and MCP-1 have been shown to be measurable in mice 24-hours post-AKI (En et al., 2020; 

Jin et al., 2019).  Abnormal kidney repair, a maladaptive response following AKI, can lead to 

tubular epithelial cells assuming a senescence-like phenotype and where downregulation of 

Klotho expression, increased expression of cyclin kinase inhibitors and telomere shortening can 

all occur (Andrade et al., 2018).  This results in sustained secretion of profibrotic cytokines that 

can lead to fibrosis post-AKI and drive the kidney toward CKD (Basile et al., 2016). 

The development and progression of CKD has also been reported to involve cell senescence, and 

that CKD may in turn accelerate the progress of cell senescence (Wang et al., 2017b).  In 



 

188 
 

comparison to the general population, CKD patients experience accelerated ageing 

characterised by increased systemic inflammation, progressive vascular disease, muscle 

wasting, osteoporosis, and frailty, even before the onset of kidney failure (Dai et al., 2019).  Early 

vascular ageing (EVA) is characterised by vascular calcification, a cell-mediated process driven 

by alterations in vascular smooth muscle cells, that has been shown to be a measure of biological 

age and a predictor of CKD and mortality (Benz et al., 2018).  This EVA causes the arterial wall of 

CKD patients to appear older than that of chronological age-matched general population 

individuals.  This is due to the impact of chronic inflammation, reflecting the premature adaptive 

changes because of repeated cellular insults, allostatic load, and an imbalance of anti-ageing and 

pro-ageing systems (Figuer et al., 2021).  Although the mechanisms involved in EVA in CKD 

patients have not been fully elucidated, SASP causing chronic inflammation appears to play a 

fundamental role in both initiation and progression (Wang et al., 2021).   

As cellular senescence triggers the release of SASP it is probable that the detection of these 

proteins will allow for early stratification of AKI and CKD patients at higher risk of progression.   

This study focuses on a sub-group of senescence proteins from biomarker discovery data 

measured in Chapter 5 to better identify if senescence proteins are potentially useful in AKI and 

CKD diagnosis and prognosis.  Using the machine learning approach of support vector machine 

(SVM) selection, SASP proteins associated with senescence were investigated for their ability to 

identify AKI and CKD patients from controls and those patients at greater risk of progression. 

The aim of this study is to build on the findings of Chapter 5, by investigating SASP biomarkers 

previously identified (Rai et al., 2014) from 273 measured plasma biomarkers for their 

involvement in AKI and CKD development and progression, potentially allowing for risk 

stratification of AKI patients who are more likely to remain below baseline kidney function and 

CKD patients more likely to progress rapidly.   
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6.2. Methods 

 

6.2.1. Patient cohorts 

 

Patient cohorts for this study were recruited and selected as described in Chapter 2, Section 1.1, 

1.2 and 1.4.  Control patients in this study were those described as CDC in Chapter 2, Section 1.4, 

who were selected to allow for age (p= 0.49), sex (p= 0.51) and BMI (p= 0.58) matching with AKI 

patients and age (p= 0.69) and BMI (p= 0.09) matching with CKD patients to allow for robust 

analysis.  In this study, fewer AKI (n= 43) and CKD (n= 155) samples were available for analysis 

than in Chapter 3 due to difficulty with blood collection during recruitment.  Therefore, if a 

patient was able to supply a urine sample yet no blood sample, they were still included in the 

study, yet no blood sample could be sent for analysis.  AKI patients were followed up 3-months 

post-recruitment and patients were classified as AKI patients who returned to baseline kidney 

function (taken as eGFR prior to AKI) (n= 34) or patients who sustained reduction in kidney 

function (n= 7) (detailed in Chapter 2, Section 1.1).  CKD patients were followed-up 1-year post 

initial recruitment and were classified as those CKD patients who remained stable (n= 100) 

(decrease in eGFR <5 mL/min/1.73m2) and those CKD patients who rapidly progressed towards 

ESRD (n= 22) (decrease in eGFR ≥5 mL/min/1.73m2). 

 

6.2.2. Proteomic analysis and profiling using PEA proteomic data 

 

This study used data measured in Chapter 5 of the thesis and so protein measurement methods 

are identical.  Levels of 535 unique proteins using 5 µl of plasma per patient were analysed using 

the Proseek Multiplex proximity extension assay (Olink Bioscience, Uppsala, Sweden) on the 

Olink Multiplex Plates Cardiovascular panel II and Cardiovascular panel III, Immune response, 

Inflammation, Neuro exploratory, and Neurology as described in Chapter 2, Section 6.   Following 

quality control (where over 80% of patients had a valid protein value) 476 unique proteins 

remained and were used for analysis.  Using Olink data collected for controls allowed for 273 

protein biomarkers to be compared across all three cohorts within this study.  The method of 

Olink protein measurement is described in detail in Chapter 2, Section 6. 
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6.2.3. Bioinformatic selection of senescence-specific proteins from PEA proteomic data 

 

Forty-seven known SASP proteins which were identified as having a significant expression level 

of (p< 0.05, C.I. 95%) measured from cells (IMR90; lung fibroblasts) induced to develop 

oncogene-induced senescence or replicative senescence in a previous study (Rai et al., 2014) 

were selected as a senescence protein signature which were included in the comparable 273 

protein biomarkers. 

Feature selection was carried out using support vector machine (SVM) selection for optimal 

Akaike information criterion (AIC) with both forward and reverse stepwise AIC feature selection 

used. This approach was carried out due to its ability to avoid overfitting due to its 

penalisation of large feature counts and efficient turnaround of results.  This method was based 

on those described in previous research (García-Portugués, 2022).   

The data was split into an 80:20 train: test split employing Scikit-learn (ver.0.24), coding in 

Python 3.7.2. and the training dataset was cross validated 5 times.  More detail can be found in 

Chapter 2 Section 7. 

 

6.2.4. Statistical analysis 

 

Statistical analysis was conducted using Microsoft Excel (Office 365, Microsoft Windows, 

Microsoft Corporation, Washington, v16.0) (database construction), SPSS Statistics (ver. 25; IBM 

SPSS Statistics, Portsmouth, UK) (receiver operator characteristic curves), Graphpad Prism 

software (Graphpad Software Inc., La Jolla, CA, USA; v6.0h) (statistical analysis and dot plots), 

SciPy module (ver.1.3) for Python (ver.3.7.2) and R studio (v 3.60) for machine learning, with p< 

0.05 considered as statistically significant.  Data was tested for normality using Shapiro-Wilk test 

for normality which was chosen due to the small cohort numbers.  Results of normality directed 

whether data was analysed using Student’s t test for normally distributed data, or Mann-

Whitney test for non-normally distributed data.  Where multiple cohorts were analysed together 

ANOVA was used for normally distributed data with Tukey’s multiple comparisons test used for 

inter-group analysis, and Kruskal-Wallis was used for non-normally distributed data with Dunn’s 

post-hoc test used for inter-group analysis.  Chi squared analysis was used to compare categorial 

data throughout this study. 
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6.3. Results 
 

6.3.1. Demographics of cohorts in this study 

 

Cohorts described in Chapter 5, Section 3.2 were used in this study and should be used for 
reference. 
 

6.3.2. A comparison of cell senescence proteins levels between AKI patients and controls 

Cell senescence protein levels were measured in AKI patients and controls to identify those that 

were significantly different between the two cohorts (Table 1).  Forty-seven senescence proteins 

were measured with 37 proteins being significantly different between AKI patients and controls 

with the top 25 most significant shown.  Of these proteins, 20 were upregulated in the AKI 

patient cohort compared to controls with 5 downregulated.  

Rank Protein p value Fold change Direction 

1 CKAP4 1.03E-17 3.28 ↑ 

2 PTX3 5.75E-17 2.09 ↑ 

3 IL-6 1.35E-16 3.88 ↑ 

4 TNFRSF10A 1.5E-15 2.31 ↑ 

5 ADM 1.04E-14 1.74 ↑ 

6 CXCL12 2.34E-14 1.39 ↑ 

7 TRAIL R2 4.96E-14 3.08 ↑ 

8 VEGFA 6.75E-14 2.27 ↑ 

9 IL27 3.38E-13 1.64 ↑ 

10 DNER 6.4E-12 0.67 ↓ 

11 ITGA11 3.58E-11 0.53 ↓ 

12 CXADR 2.88E-10 2.35 ↑ 

13 SOD2 3.25E-10 1.13 ↑ 

14 THBS2 8.9E-09 1.2 ↑ 

15 PAR 1 7.38E-08 1.37 ↑ 

16 FGF 5 1.03E-07 1.31 ↑ 

17 HGF 1.4E-07 1.69 ↑ 

18 PARP1 5.83E-07 1.57 ↑ 

19 SCF 4.4E-06 0.61 ↓ 

20 PSIP1 6.56E-06 1.94 ↑ 

21 MASP1 5.18E-05 0.8 ↓ 

22 Dkk1 0.000132 1.44 ↑ 

23 BACH1 0.000149 1.72 ↑ 

24 CD4 0.000418 1.26 ↑ 

25 DCBLD2 0.000549 0.81 ↓ 

Table 1.  A comparison of cell senescence protein levels between AKI and control.  Cell 
senescence protein levels were measured in AKI patients (n= 43) and controls (n= 100) and 
compared for difference.  Protein name, p-value, fold change and direction of change in AKI 
patients compared to control.  Level of significance was taken as p< 0.05. 
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6.3.3. A comparison of cell senescence proteins levels between CKD patients and controls 

 

Cell senescence protein levels were measured in CKD patients and controls to identify those that 

were significantly different between the two cohorts (Table 2).  Forty-seven senescence proteins 

were measured with 24 proteins being significantly different between CKD patients and 

controls.  Of these, 17 proteins were upregulated in the CKD patient cohort compared to 

controls and 7 downregulated.  

Rank Protein p value Fold change Direction 

1 CKAP4 4.34E-23 1.68 ↑ 

2 CXCL12 1.43E-18 1.28 ↑ 

3 VEGFA 3.31E-17 1.5 ↑ 

4 TRAIL R2 1.28E-13 1.52 ↑ 

5 DNER 5.3E-13 0.8 ↓ 

6 SOD2 5.9E-11 1.13 ↑ 

7 PTX3 3.54E-10 1.3 ↑ 

8 IL27 9.86E-10 1.24 ↑ 

9 DCBLD2 1.46E-09 0.81 ↓ 

10 CXADR 1.59E-09 1.35 ↑ 

11 TNFRSF10A 2.26E-09 1.27 ↑ 

12 TIE2 4.24E-07 0.9 ↓ 

13 ADM 3.88E-06 1.24 ↑ 

14 GALNT3 1.49E-05 0.82 ↓ 

15 FGF 5 1.61E-05 1.12 ↑ 

16 TGM2 0.00019 1.22 ↑ 

17 STC1 0.00025 0.85 ↓ 

18 SCF 0.00083 1.17 ↑ 

19 JUN 0.0014 0.74 ↓ 

20 PAR 1 0.0034 1.13 ↑ 

21 THBS2 0.0052 1.06 ↑ 

22 IL6 0.0062 1.26 ↑ 

23 SRC 0.0078 0.85 ↓ 

24 MASP1 0.048 0.94 ↑ 

Table 2.  A comparison of cell senescence protein levels between CKD and controls.  Cell 
senescence protein levels were measured in CKD patients (n= 155) and controls (n= 100) and 
compared for difference.  Protein name, p-value, fold change and direction of change in CKD 
patients compared to control.  Level of significance was taken as p< 0.05.  Student’s t test was 
used for normally distributed data, and Mann-Whitney test for non-normally distributed data. 
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6.3.4. Volcano plot of proteins for AKI patients compared to controls 

 

Proteins for AKI patients and controls were analysed using differential expression analysis 

(Figure 1).   This volcano plot displays levels of significance difference versus fold change.  

Interleukin-6 (IL-6), Cytoskeleton-associated protein 4 (CKAP4) and TNF related apoptosis 

inducing ligand receptor 2 (TRAIL R2) had the greatest upregulated fold changes, and Integrin 

alpha-11 (ITGA11), Delta and Notch-like epidermal growth factor-related receptor (DNER), and 

Stem cell factor (SCF) had the greatest downregulated fold change in AKI patients compared to 

controls. 
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Figure 1. Volcano plot presenting differential expression analysis of proteins in AKI patients 
compared to controls.  Forty-seven proteins senescence proteins were analysis using volcano 
plot.  Proteins that were upregulated in AKI patients are presented in red and proteins that were 
downregulated presented in blue.  Proteins presented in black were non-significantly different.  
The volcano plot axis is log2 fold change on x-axis and -log10 on y-axis. 
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6.3.5. Volcano plot of proteins for CKD patients and controls 

 

All senescence proteins for CKD patients and controls were compared using differential 

expression analysis (Figure 2).   Cytoskeleton-associated protein 4 (CKAP4), Vascular endothelial 

growth factor A (VEGFA) and TRAIL R2 had the greatest upregulated fold changes and 

(Transcription factor AP-1) JUN, DNER and Discoidin, CUB and LCCL domain-containing protein 

2 (DCBLD2) were the most downregulated proteins in CKD patients compared to controls. 
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Figure 2. Volcano plot presenting differential expression analysis of proteins in CKD patients 
compared to controls.  Forty-seven proteins senescence proteins were analysis using volcano 
plot.  Proteins that were upregulated in CKD patients are presented in red and proteins that 
were downregulated presented in blue.  Proteins presented in black were non-significantly 
different.  The volcano plot axis is log2 fold change on x-axis and -log10 on y-axis. 
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6.3.6. Correlation matrices of senescence proteins for AKI patients and CKD patients 

 

A correlation matrix was constructed using Pearson’s correlation for all senescence proteins for 

AKI patients (Figure 3) and CKD patients (Figure 4).  In AKI patients, TRAF family member-

associated NF-kappa-B activator (TANK) protein was shown to be highly positively correlated 

with Transcription regulator protein BACH1 (BACH1) (0.944) and Protein HEXIM1 (HEXIM1) 

(0.918) and HEXIM1 was highly positively correlated with Dynactin subunit 1 (DCTN1) (0.909).  

Proteins that were most negatively corelated within the AKI cohort were, Stanniocalcin-1 (STC1) 

and BACH1 (-0.73), and STC1 and HEXIM1 (-0.700). 

CKD patients were similarly analysed (Figure 4) with HEXIM1 also being highly positively 

correlated with BACH1 (0.928) and DCTN1 (0.914) and STC1 being strongly negatively correlated 

with NAD-dependent protein deacetylase sirtuin-2 (SIRT2) (-0.446), Protein-glutamine gamma-

glutamyltransferase 2 (TGM2) (-0.425), and HEXIM1 (-0.42).  
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Figure 3.  Correlation matrix of senescence proteins in AKI patients.  A correlation matrix of senescence proteins for AKI patients (n= 43) highlights strongly 
correlated proteins.  Depth of colour represents the strength of correlation with blue representing positive correlation and red representing negative 
correlation.  The darkness of colour represents the strength of the correlation. 
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Figure 4.  Correlation matrix of senescence proteins in CKD patients.  A correlation matrix of senescence proteins for CKD patients (n= 155) highlights strongly 
correlated proteins.  Depth of colour represents the strength of correlation with blue representing positive correlation and red representing negative 
correlation.  The darkness of colour represents the strength of the correlation. 
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6.3.7. Cell senescence proteins compared to unbiased protein selection for identification of AKI 

patients from controls 

 

SVM selection was used to identify proteins capable of identifying AKI patients from controls.  

Three proteins of interest were identified using only cell senescence proteins (biased approach), 

DCBLD2, SCF and Tumour necrosis factor receptor superfamily member 10A (TNFRSF10A).  Using 

an unbiased approach where all 273 proteins were used, 4 proteins, Tumour necrosis factor 

receptor superfamily member EDAR (EDAR), Serine protease 27 (PRSS27), Thrombomodulin 

(TM) and TNFRSF10A were identified.  Balanced accuracy, which refers to the level of ability for 

the group of proteins to accurately identify AKI patients from controls was measured and is 

shown.  Results (Figure 5) show a balanced accuracy of 0.9706 for the biased approach using 

only senescence proteins, and 0.9375 for the unbiased approach.   
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Unbiased 

Balanced accuracy of 0.9375 

 

  

 

 

 

 

Figure 5. Cell senescence biomarkers that were identified using support vector machine 
selection as most capable of identifying AKI patients from controls.  Level of significance of 
**** p< 0.0001 and ‘ns’ non-significant (p ≥0.05).  Mann-Whitney test for non-normally 
distributed data. 
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6.3.8. Cell senescence proteins compared to unbiased protein selection for identification of 

CKD patients from controls 

 

SVM selection was used to identify proteins capable of identifying CKD patients from controls.  

Eight proteins of interest were identified using only cell senescence proteins (biased approach), 

ADM, CKAP4 and CXCL12, DCBLD2, DNER, IL6, TRAIL R2 and CD4.  Eleven proteins were identified 

using an unbiased approach where all 273 proteins were included in analysis and where, CD40, 

CXCL12, DCBLD2, GALNT3, NCR1, PRSS8, PTX3, DAPP1, SRC and HSD11B1 were selected.  Results 

(Figure 6) show a balanced accuracy of 0.8306 for the biased approach and 0.9706 for the 

unbiased approach.  However, when logistic regression was carried out excluding senescence 

proteins that were included in the unbiased selection, leaving; CD40, NCR1, PRSS8, DAPP1, SRC 

and HSD11B1, it gave an accuracy of 0.847.   
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Unbiased 

Balanced accuracy 0.9706 

 

   

 

 

 

 

 

 

   

 

 

 

  

 

 

 

 

 

 

Figure 6. Cell senescence biomarkers that were identified by support vector machine selection 
as most capable of identifying CKD patients from controls.  Level of significance of **** p< 
0.001, * p< 0.05, and ‘ns’ no significant difference.  Mann-Whitney test for non-normally 
distributed data.   
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6.3.9. Cell senescence proteins highlighted by support vector machine selection capable of 

identifying AKI patients at higher risk of remaining below baseline kidney function 

 

Proteins that were highlighted by support vector machine selection were investigated for their 

ability to identify AKI patients at greater risk of remaining below baseline kidney function 

(Chapter 2, Section 1.1).  None of the 3 proteins showed a significant difference between AKI 

patients who returned to baseline following AKI compared to those who remained baseline at 

3-month follow-up.  Figure 7 shows the AUC of these three proteins with SCF (AUC 0.538), 

TNFRSF10A (AUC 0.521), DCBLD2 (AUC 0.508) and a combined value of AUC 0.538, equal to that 

of SCF showing no improvement was made by combining the additional proteins. 

 

 

Figure 7. Receiver operator curve for all cell senescence proteins to identify AKI patients who 
remained below baseline kidney function.  Proteins highlighted by SVM were shown to have an 
AUC of SCF (AUC 0.538), TNFRSF10A (AUC 0.521), DCBLD2 (AUC 0.508).  When proteins were 
combined to form a panel the AUC was 0.538.  AKI patients who returned to baseline (n= 34) 
and AKI patients who remained below baseline (n= 7). 
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6.3.10. Analysis of all cell senescence proteins to identify AKI patients at greater risk of 

progression 

 

In addition to investigating the ability of the 3 cell senescence proteins that were identified by 

SVM selection, all 47 cell senescence proteins were investigated, and following backwards 

logistic regression PTX3, DCTN1, GALNT3 and CKAP4 were shown to be the strongest proteins.  

Figure 8 below shows the AUC of these proteins with PTX3 (AUC 0.761), DCTN1 (AUC 0.643), 

GALNT3 (AUC 0.710), CKAP4 (AUC 0.668), and when proteins were combined to produce a 

senescence panel the AUC was 0.870.   

Figure 8. Receiver operator curve for all cell senescence proteins to identify AKI patients at 
higher risk of remaining below baseline kidney function.  Proteins of most interest were shown 
to have an AUC of PTX3 (0.761), DCTN1 (0.643), GALNT3 (0.710), and CKAP4 (0.668).  When 
proteins were combined to form a panel, the AUC was 0.870. 
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6.3.11. Cell senescence proteins highlighted by support vector machine selection to identify CKD 

patients at higher risk of rapid progression 

 

Proteins that were highlighted by SVM were investigated for their ability to identify CKD patients 

at greater risk of rapid CKD progression relating to Chapter 2, Section 1.2.  Of the 8 proteins 

highlighted none were significantly different between CKD patients who remained stable and 

those who rapidly progressed.  Figure 9 shows the AUC of these 8 proteins with AUC for proteins 

ADM (AUC 0.572), CD4 (AUC 0.526), CKAP4 (AUC 0.582), CXCL12 (AUC 0.530), TRAILR2 (AUC 

0.551), DCBLD2 (AUC 0.525), DNER (AUC 0.614), IL6 (AUC 0.616) and a combined value of AUC 

0.74. 

Figure 9. Receiver operator curve for cell senescence proteins highlighted by support vector 
machine selection to identify CKD patients at higher risk of rapid progression.  Proteins were 
shown to have an AUC of ADM (0.572), CD4 (0.526), CKAP4 (0.582), CXCL12 (0.530), TRAILR2 
(0.551), DCBLD2 (0.525), DNER (0.614) and IL-6 (0.616).  When proteins were combined to form 
a panel, the AUC was 0.74.  CKD patients who remained stable (n= 100) and CKD patients who 
rapidly progressed (n= 22) 
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6.3.12. An analysis of all cell senescence proteins to identify CKD patients at higher risk of rapid 

progression 

 

In addition to investigating the ability of the 8 cell senescence proteins that were identified by 

SVM selection, all 47 cell senescence proteins were investigated using backwards logistic 

regression where ADA, FS, SCF, DNER and IL-6 were highlighted as proteins of interest.  Figure 

10 shows the AUC of these proteins with ADA (AUC 0.686), FS (AUC 0.627), SCF (AUC 0.616), 

DNER (AUC 0.614) and IL-6 (0.616), and when these proteins were combined to produce a panel, 

the AUC was 0.771.   

Figure 10. Receiver operator curve for all cell senescence proteins to identify CKD patients at 
higher risk of rapid progression.  Proteins of most interest were shown to have an AUC of ADA 
(0.686), FS (0.627), SCF (0.616), DNER (0.614), and IL-6 (0.616).  When proteins were combined 
to form a panel, the AUC was 0.771. 
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6.4. Discussion 
 

The aim of this study was to build on previous biomarker discovery findings to investigate the 

role of senescence in AKI and CKD.  We found that senescence biomarkers were upregulated in 

AKI and CKD patients when compared to age, sex and BMI matched controls with chronic 

diseases, showing that senescence may play a role in AKI and CKD development.  Furthermore, 

this study suggests that senescence may be involved in AKI progression and the rapid 

progression of CKD due to senescence biomarkers ability to highlight patients at increased 

progression risk.   

Cytoskeleton-associated protein 4 (CKAP4), Pentraxin-related protein (PTX3) and Interleukin 6 

(IL-6) were the most significantly different senescence proteins between AKI patients and 

controls, and CKAP4, Stromal cell-derived factor 1 (CXCL12) and Vascular endothelial growth 

factor A (VEGFA) were the most significantly different proteins between CKD patients and 

controls.   

CKAP4 was the most significantly different protein between AKI patients and controls (p= 1.03E-

17) and CKD patients and controls (p= 4.34E-23) being upregulated in both patient cohorts.  A 

type II transmembrane protein, CKAP4 consists of an N-terminal intracellular domain, a single 

transmembrane domain, and a C-terminal extracellular domain commonly situated in the 

endoplasmic reticulum and is involved in many biological activities within the cell (Tan et al., 

2021). It is shown to be upregulated following ischemic injury playing an important role in 

ventricular fibroblast activation (Gladka et al., 2018) and in a recent study, CKAP4 was shown to 

be upregulated in both in vitro and in vivo mouse CKD models, where in vascular smooth muscle 

cells led to vascular calcification by modulating YAP phosphorylation and MMP2 (Shi et al., 

2022).  With fibrosis and vascular calcification commonly seen in AKI and CKD patients it is 

possible that CKAP4 is playing a main role in driving these pathologies as it is upregulated in both 

cohorts.  At present however, there are no studies either pre-clinical or clinical, that have 

identified an association between AKI and CKAP4 and no clinical studies associating CKAP4 with 

CKD.  CKAP4 however has been shown to be involved in cell migration where in cells with 

knockdown CKAP4, cell migration is decreased (Osugi et al., 2019).  AKI is also known to cause a 

reduction in cell migration (Singbartl et al., 2016).  It therefore may be that the increased levels 

of CKAP4 is a response to the reduced migration and an attempt to raise the ability of cells to 

migrate to promote recovery, however this would require further investigation in future 

research to confirm. 
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PTX3, a well-established senescence protein, is a multifunctional protein playing complex 

regulatory roles in inflammatory and extracellular organisation and shown to increase 

dramatically in inflammatory conditions (Ristagno et al., 2019).  In cell models, PTX3 has been 

shown to stabilise the mitochondrial membrane potential and suppress apoptosis, being shown 

to increase following ischemic reperfusion injury (IRI) and be positively correlated with injury 

severity  (Chen et al., 2012; De Oliveira et al., 2019).  Furthermore, mice deficient of PTX3 were 

shown to have a worse recovery post-IRI compared to controls, and mice injected with PTX3 

post-IRI had improved recovery compared to mice who were not, with PTX3 suggested to have 

a protective effect on renal tubular cells (Lech et al., 2013; Lee et al., 2018).  This then may 

suggest that the high levels of PTX3 seen in AKI patients is a protective mechanism aimed at 

protecting the kidneys post-AKI.  Clinical studies have shown PTX3 levels to be significantly 

higher in AKI patients post-AKI than in non-AKI patients (Chu-bing, 2020) and higher in CKD 

patients compared to controls (Sjöberg et al., 2016; Yilmaz et al., 2011).  Interestingly however, 

PTX3 levels are also shown to be upregulated in CVD and diabetic patients (El-badawy et al., 

2019; Inoue et al., 2012).  In our study, where the control cohort included CVD and diabetic 

patients, PTX3 levels remained to be significantly upregulated in AKI and CKD when compared 

to controls.  This highlights the extent to which PTX3 is upregulated in AKI and CKD and possibly 

highlights it as a biomarker of interest for further future investigation.    

Correlation matrixes were produced for AKI and CKD patients to identify strong correlations 

between senescence proteins in these cohorts.  As a basic comparison, there were more strong 

correlations between senescence proteins in the AKI patient cohort than the CKD patient cohort.  

Several proteins were shown to be correlated in both cohorts, TANK, BACH1, HEXIM1, DCTN1, 

STC1 and SIRT2 possibly suggesting that these proteins may be of importance for kidney disease 

overall.   

TANK is a member of the tumor necrosis factor receptor-associated factor (TRAF) protein family 

that associates and transduces signals from the proteins in the TNF receptor superfamily and 

has been reported to cause positive regulation of NF-KB activation (Kadkhodazadeh et al., 2012).  

Although not measured in this study, TNFR1 has previously been shown in this thesis (Chapter 

4) to be upregulated in AKI and CKD patients.  TANK and TNFR1 have been shown to interact 

together in cell death pathways where TANK attracts TBK1 and IKKε to the TNFR1 signalling 

complex, disrupting essential checkpoints and preventing TNF-induced death (Lafont et al., 

2018).  Therefore, the higher levels of TANK seen in AKI patients compared to control may be 

causing more cells to enter a senescent state than to die.  This may be a bodily response to retain 
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organ structure rather than having vast numbers of cells die quickly however this would need to 

be further explored. 

Sirtuin 2 (SIRT2), from a family of NAD+ dependent histone deacetylases, is involved in many 

age-related diseases (Xu et al., 2019).  SIRT2 has also been shown to be associated with AKI, 

where high levels of SIRT2 were shown to have a negative effect on kidney recovery in mice due 

to impacting mitogen-activated protein kinase phosphatase-1 (MKP-1), CXCL2 and CCL2 levels, 

and whereby a potential AKI treatment is suggested to be regulation of SIRT2 (Jung et al., 2020, 

2015).  SIRT2 is also reported to regulate the expression of proinflammatory proteins including 

IL-6 and CXCL12, also measured in our study (Jung et al., 2015).  IL-6 is a proinflammatory 

cytokine that activates T cells, promotes β cell differentiation and regulates acute cell responses 

that have a wide number of physiological effects (Rose-John, 2020).  It has been identified as a 

protein of interest in numerous cardiometabolic conditions including diabetes (Lainampetch et 

al., 2019), CVD (Zhang et al., 2018) and CKD (Chen et al., 2019).  IL-6 is produced by many types 

of kidney cells including podocytes and mesangial cells and involved in the classical and trans 

signalling pathways to promote inflammatory damage including podocyte damage glomerular 

hypertrophy and mesangium expansion (Nagayama et al., 2014; Zhou et al., 2016).  SIRT2 is 

reported to decrease the inflammatory effects of IL-6 by interfering with Janus Kinase 1 (JAK1), 

a downstream protein of IL-6 in cancer cells (Özden, 2015).  In our study there was a moderate 

negative correlation between SIRT2 and IL-6 and therefore a similar effect may be occurring in 

AKI patients, however with levels of IL-6 being so greatly increased in these patients its 

inflammatory limiting effects may be not cause a significant reduction.  This is interesting, 

however, as it shows that SIRT2 has both positive and negative effects to kidney recovery during 

AKI. 

C-X-C Motif Chemokine Ligand 12 (CXCL12), a CXC chemokine and member of the CXC subfamily 

plays a haemostatic role within the body and works closely with its receptor C-X-C Motif 

Chemokine Receptor 4 (CXCR4) within the inflammatory system responsible for mediating the 

migration and homing of numerous cells (Janssens et al., 2017; Zhong et al., 2021).  CXCL12 plays 

a pivotal role in kidney development and reported to be involved in several kidney diseases 

including AKI, where following ischemic injury and hypoxia, increased CXCL12 levels are believed 

to aid the kidney repair process (Hussein et al., 2016).  CXCL12 was shown to be positively 

correlated with SIRT2 in the AKI cohort possibly indicating an interaction between these two 

proteins in AKI patients, however only low correlation was shown in CKD patients possibly 

suggesting less interaction between these two proteins.  In mice studies, SIRT2 has been 

associated with cisplatin-induced renal injury through the regulation of MKP-1 expression (Jung 
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et al., 2020) and that when SIRT2 was inhibited it ameliorated tubulointerstitial fibrosis in mice 

with urethral obstruction, suggesting that it participates in the activation of fibroblasts (He et 

al., 2018).  At present, no studies have investigated the involvement of SIRT2 in human patients 

with kidney disease.  In our study, SIRT2 was upregulated in AKI patients but was not significantly 

changed in CKD patients compared to controls and therefore, there may be similar pathogenesis 

occurring in human AKI patients as was shown in the mouse studies, however this would need 

further investigation. 

Machine learning was conducted using support vector machine (SVM) selection to assess the 

ability of senescence biomarkers to identify AKI and CKD patients from controls.  Three cell 

senescence biomarkers were identified by SVM that were most able to identify AKI patients from 

controls, DCBLD2, SCF and TNFRSF10A, with TNFRSF10A being upregulated and DCBLD2 and SCF 

being downregulated.  These proteins, when combined, gave an overall balanced accuracy of 

0.9706 which was stronger than that of unbiased analysis (using all 273 proteins) suggesting 

senescence proteins to be useful for AKI identification.   

TNF Receptor Superfamily Member 10a (TNFRSF10A) is a protein involved in the regulation of 

TRAIL apoptosis pathways, and upregulated in tumour cells (Ramamurthy et al., 2015; Wang et 

al., 2022).  Downregulation of TNFRSF10A is shown to promote cell death (Mori et al., 2022) 

however in this study TNFRSF10A was upregulated possibly showing that it is playing a role in 

cell survival.  TNFRSF10A was also highlighted in the unbiased model, which used all available 

273 biomarkers in analysis.  This suggests that TNFRSF10A may be a biomarker of potential 

importance in the identification of AKI patients from controls possibly playing a specific role in 

AKI.  

SVM selection was also used to compare the ability of using cell senescence proteins only, and 

an unbiased approach for identifying CKD patients from controls.  Eight cell senescence proteins 

were selected using SVM giving a balanced accuracy score of 0.8306.  The proteins highlighted 

were ADM, CKAP4, CXCL12, DCBLD2, DNER, IL-6, TRAILR2 and CD4.  Of these proteins all were 

upregulated except for DCBLD2 and DNER that were significantly downregulated compared to 

controls.    

DNER belongs to the non-canonical Notch ligand family that binds to the Notch1 receptor and is 

known to be involved in proinflammatory conditions and proliferation and differentiation in 

cancer cells (Ballester-López et al., 2019; Wang et al., 2020).  DNER reportedly regulates NOTCH 

signalling that is involved in nephrogenesis that normally becomes silenced after birth, however, 

it is shown that reactivation of NOTCH signalling can occur following kidney injury (Marquez-



 

210 
 

Exposito et al., 2021; Yuan et al., 2020).  NOTCH signalling has been shown to trigger a pro-

senescent state following AKI and to be associated with renal fibrosis in CKD (Sörensen-Zender 

et al., 2014; Xiao et al., 2014).  In our study DNER was one of only a few proteins to be 

downregulated in AKI and CKD patients in comparison to controls.  Although DNER is not 

currently reported to be associated with AKI or CKD in the literature, it may be possible that this 

downregulation of DNER is affecting NOTCH signalling in the kidney leading to limited repair, 

however this would need to be explored further in future research.  

TNF related apoptosis inducing ligand receptor 2 (TRAILR2) is a key mediator of apoptosis and 

has been shown to be associated with AKI and CKD progression (Bernardi et al., 2019; Schmidt 

et al., 2021).  TRAILR2 is a death domain containing receptor that can transmit apoptotic signals 

following binding with TRAIL, a biomarker shown to be involved with diabetic kidney disease and 

its progression (Carlsson et al., 2017).  TRAIL binding was also associated with TNFRSF10A as 

described above, and therefore this protein and the pathways involved with it seem to play 

important roles in AKI and CKD development.  Possible mechanisms for this have been 

highlighted whereby TRAIL is expressed constitutively by immune cells and therefore TRAIL is 

not believed to be cytotoxic to normal (healthy) cells but rather prone to cause damage to cells 

in an inflamed or pro-oxidative state, therefore sparing normal cells while causing apoptosis in 

transformed cells (Bernardi et al., 2019; Li et al., 2013; Voltan et al., 2016). 

Although the SVM selection showed that the balanced accuracy for identifying CKD patients was 

higher using the unbiased model, there were several senescence proteins included in the 

selection: CXCL12, DCBLD2, PTX3, GALNT3 and BACH1.  With these proteins removed, it resulted 

in an accuracy score of 0.847 which was only slightly higher than the balance accuracy of the 

senescence proteins identified by SVM showing that cell senescence biomarkers are only slightly 

less able to highlight CKD patients from controls than an unbiased approach.   

This shows the power of senescence proteins alone for identifying AKI and CKD patients from 

controls who have differing chronic disease.  This may then suggest, that focusing on senescence 

proteins for future diagnostic kidney disease panels could be a promising direction for future 

research in this area. 

The ability of the senescence proteins identified by SVM selection were investigated for their 

ability to identify AKI patients who were at higher risk of remaining below baseline kidney 

function at 3-month follow-up.  This resulted in a low combined AUC of 0.538.  Therefore, 

additional investigation of all senescence proteins was carried out to further investigate their 

ability.  This analysis identified 4 senescence proteins, PTX3, DCTN1, GALNT3 and CKAP4, to be 
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the strongest proteins for identification of AKI patients at higher risk of remaining below baseline 

kidney function with a combined AUC of 0.870.  This analysis was then compared with protein 

analysis carried out in Chapter 5, Section 3.15 where a protein panel was produced to identify 

AKI patients at greater risk of remaining below baseline function.  In that analysis an AUC of 1.0 

was found using 8 proteins and therefore was more accurate than that of senescence proteins 

alone.  However, in that analysis, PTX3 had been highlighted as a protein of importance for 

highlighting AKI patients at higher risk showing senescence biomarkers to still be useful when 

stratifying patients. 

This same analysis was carried out to investigate the ability of the senescence proteins identified 

by the SVM selection for their ability to identify CKD patients at higher risk of rapid progression.  

This analysis resulted in a stronger combined AUC of 0.74, however additional investigation of 

all senescence proteins was carried out to investigate if an improvement could be made.  This 

resulted in 5 proteins being highlighted from the 47 proteins in the senescence signature as: 

ADA, FS, SCF, DNER and IL-6 giving a combined AUC of 0.771.  Interestingly ADA and FS were also 

included in the CKD progression panel in Chapter 5, Section 3.16 showing that these senescence 

biomarkers offer strong ability in comparison to other protein biomarkers.  In the analysis in 

Chapter 5, Section 3.16 an AUC of 0.897 was produced using all measured biomarkers therefore 

showing it to be more accurate than the senescence panel.  This may however be explained by 

the panel in Chapter 5 Section 3.16 using 7 proteins as compared to the 5 in this study, or it may 

be that senescence only plays a role in the many differing factors of CKD progression and so 

other proteins involved in different pathways are required to be included for the most accurate 

identification capabilities.   

Overall, the ability of senescence proteins alone to identify patients at greatest progression risk 

was shown to be strongest in the CKD cohort.  This may then suggest that senescence plays a 

greater role in rapid CKD progression than it does in AKI progression although it is ultimately 

involved in both pathologies. 

 

6.4.1. Limitations 

 

The main limitation of this study would be the multimorbidity profiles of the AKI and CKD 

patients with controls.  AKI and CKD patients and controls were age, sex and BMI matched, 

however the morbidities that patients had or the pharmacological impact of their medications 

on proteomics cannot be controlled for and therefore may have impacted results.  Due to the 
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low recruitment numbers there was very limited ability to account for cofounders such as 

medications and co-morbidities.  This analysis was attempted however it resulted in very low 

patient numbers in each category and therefore limited ability to analysis statistically with 

confidence.  It should also be noted that data gathered from the ECR may have accuracy 

limitations as previously discussed in this thesis.  Control datasets were produced by other 

researchers during previous research studies and therefore errors may be present unbeknownst 

to the author, although every effort was made to confirm results were accurate. 

 

6.5. Conclusion 
 

This study aimed to investigate whether cell senescence proteins were associated with AKI and 

CKD and had potential for identifying patients at greater risk of progression.  Senescence 

proteins CKAP4, PTX3 and IL-6 showed the greatest difference between AKI patients and 

controls, and CKAP4, CXCL12 and VEGFA showed the greatest difference between CKD and 

controls.  Further analysis showed that a selection of senescence proteins by support vector 

machine selection offered strong ability to correctly identify AKI and CKD patients from controls 

showing the power of senescence proteins for identification and suggesting it plays a role in 

both diseases.  Senescence proteins were also shown to be useful at highlighting both AKI 

patients and CKD patients at risk of progression and should be further explored.  We can 

conclude that senescence may play a significant role in both AKI progression and rapid CKD 

progression, but future, large, longitudinal studies would be required to confirm this.  
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7.1. Summary of findings  
 

This thesis hypothesised that current kidney function clinical measurements could be improved 

for earlier and more accurate diagnosis of AKI and CKD.  Furthermore, it hypothesised that 

kidney function clinical measurements were insufficient to stratify AKI patients who were at 

increased risk of remaining below baseline kidney function at 3-month follow-up, or to stratify 

CKD patients at increased risk of rapid progression at 1-year follow-up.  The measurement of 

biomarkers associated with AKI and CKD, yet not in clinical use, using biochip array technology, 

showed that combinations of these biomarkers were useful for AKI and CKD diagnosis and may 

be useful for early disease detection, yet not suitable for identifying progression risk.  Proteomic 

exploration of novel plasma biomarkers was successful in finding novel biomarkers currently 

unassociated with AKI and CKD, that were upregulated in AKI and CKD patients compared to 

controls and that were additionally useful for the stratification of AKI patients at greater risk of 

remaining below baseline kidney function following AKI, and CKD patients at greater risk of rapid 

progression.  Senescence was also shown to potentially play a potential role in both the 

development and progression of AKI and CKD.  These findings provide rational for further 

investigation of these novel proteins in AKI and CKD patient cohorts. 

Chapter 3 of this thesis explored the available demographics and biochemical data of cohorts 

that were used throughout including AKI patients (n= 57), CKD patients (n= 171), chronic disease 

controls (CDC) (n= 100), and healthy controls (HC) (n= 52) recruited from the Northwest of 

Ireland.  Hypertension was shown to be the most common co-morbidity in AKI and CKD patients 

and that AKI patients had a greater total number of co-morbidities than CKD patients.  

Medication prescription closely matched this, with anti-hypertensives being the most prescribed 

medication in both AKI and CKD cohorts, and with statins being the next most prescribed in both 

cohorts.  We observed that AKI and CKD patients were prescribed more medications than CDCs, 

even though total number of co-morbidities were lower, suggesting that kidney disease may 

require increased medication levels for disease control.  Family history of CKD was higher in the 

CKD cohort compared to AKI cohort suggesting it may impact the risk of CKD development more 

so than AKI.  The most common cause of CKD in CKD patients was unknown, which highlights 

the complexity that still exists in determining CKD cause.  In AKI patients with CKD, previous AKI 

was shown to be a common cause, showing that AKI is a risk for future AKIs.  Biochemical results 

showed that AKI and CKD patients had increased sCr compared to both control cohorts.  AKI 

patients had increased WBC count, CRP and urea levels when compared to all other cohorts, yet 
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lower full blood count and electrolyte profiles suggesting normal bodily function is more 

impacted during AKI than in chronic diseases. 

Chapter 4 assessed the ability of biomarkers currently associated with AKI and CKD using biochip 

array technology, to highlight AKI and CKD patients from controls and investigate their ability to 

highlight AKI and CKD at greater progression risk.  All measured plasma biomarkers were 

increased in AKI patients compared to controls and all biomarkers, with the exception of 

adiponectin, were increased in CKD patients compared to controls.  All urinary biomarkers were 

increased in AKI patients compared to controls and uKIM-1 and uCystatin C were increased in 

CKD patients compared to controls.  Following age-matching of patients, many biomarkers 

remained elevated in AKI and CKD patients.  This suggests that the plasma and urine biomarkers 

measured may have the ability to identify AKI and CKD patients from controls.  Biomarker levels 

of all plasma and urinary proteins, with the exception of FABP1, were increased in AKI patients 

compared to CKD patients showing the extent to which these proteins are upregulated in AKI.  

Furthermore, novel combinations of biomarkers developed in this study were highly accurate at 

highlighting AKI and CKD patients from controls and from each other.  Assessment of biomarkers 

associated with AKI and CKD and combinations of these biomarkers were unable to accurately 

identify AKI or CKD patients at higher risk of progression and so further biomarker exploration 

was required. 

In Chapter 5, proteomic biomarkers were identified using Proximity Extension Assays (PEA, Olink 

proteomics) that included 476 proteins with 273 proteins compared with controls.  Results 

suggest that specific AKI and CKD signatures exist differing from controls who suffer chronic 

diseases.  PCA analysis suggested that AKI patients are a distinct cohort more so than CKD 

patients who were more similar to controls.  Comparison of AKI patients with CKD, and CKD 

patients, showed that differences exist between groups suggesting AKI to affect the kidneys 

differently compared to CKD.  A combination of 8 proteins were shown to offer strong ability to 

highlight AKI patients at higher risk of remaining below baseline kidney function at 3-month 

follow-up, and a combination of 7 proteins were shown to be able to highlight CKD patients at 

increased risk of rapid progression. 

Chapter 6 used Olink proteins to investigate the role of senescence in AKI and CKD using a 

senescence signature of 47 proteins which was developed from previous research (Rai et al., 

2014).  Senescence proteins were shown to be significantly different in AKI and CKD patients 

compared to controls with most being upregulated suggesting increased senescence in these 

diseases.  Support vector machine (SVM) selection was used to compare the ability of 
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senescence proteins only, with all measured biomarkers.  Senescence biomarkers were shown 

to be able to identify AKI and CKD patients from controls and highlight AKI and CKD patients at 

greater risk of progression, however to a lesser extent than panels described in Chapter 5.  This 

suggests senescence may play a role in AKI and CKD development and progression. 
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Chapter Main findings Future direction 

3 

1. High percentage of CKD patients remain to be 
diagnosed with CKD from unknown aetiology. 
2. High number of medications prescribed to AKI and CKD 
patients in comparison to controls. 
3. Clinically used biomarkers were unable to accurately 
identify AKI and CKD patients at risk of progression. 

Novel biomarkers may allow for better ability 
in diagnosing CKD of unknown aetiology. 
Novel biomarkers are need to more accurately 
diagnosis AKI and CKD and to allow for 
stratification of patients at increased 
progression risk. 

4 

1. Novel combinations of biomarkers associated with AKI 
and CKD were able to accurately highlight AKI and CKD 
patients from controls. 
2. Age-matching AKI and CKD cohorts with controls 
showed that many of the biomarkers measured remained 
significantly increased showing they may be able to 
identify AKI and CKD regardless of age. 
3. Novel combinations of biomarkers associated with AKI 
and CKD were unable to stratify AKI and CKD patients at 
higher risk of progression. 

Novel combinations of biomarkers may be 
suitable for use in the clinical setting as a 
follow-up confirmative test once current 
clinical biomarkers highlight AKI or CKD. 
As these biomarkers or their combinations 
were unable to highlight patients at increased 
progression risk, biomarker exploration is 
required to identify proteins that are able to. 

5 

1. Novel proteins not currently associated with AKI or CKD 
were discovered using PEA technology that were able to 
identify patients with AKI and CKD from controls. 
2. Novel biomarkers were able to highlight AKI and CKD 
patients at higher risk of progression. 

These novel biomarkers should be validated in 
larger cohorts as they have the potential to 
highlight AKI and CKD patients at higher risk of 
progression which no clinical test currently 
offers and therefore could lead to impact in 
renal disease care. 

6 

1. Senescence biomarkers were able to identify AKI and 
CKD patients from controls showing the potential role 
senescence may be playing in AKI and CKD. 

Senescence biomarkers should be investigated 
in larger AKI and CKD cohorts as senolytic and 
senomorphic treatments may benefit these 
patients. 

Table 1.  Summary of main findings and how these could be used and developed in the future. 
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7.2. The interlinking of thesis results chapters 
 

There were four results chapters within this thesis that were each written as independent 

manuscripts, however there is an element of overlap with each as they each explore a differing 

aspects of AKI and CKD and biomarkers of the diseases.   

Chapter 3 we found that AKI and CKD are conditions that remain limited by factors in the clinical 

setting.  A high number of CKD patients had the cause of their disease classed as “unknown”, 

showing the difficulty that remains in the diagnosis of this disease.  This finding is interesting, as 

it shows that current clinical biomarkers lack the ability to define CKD cause in many cases and 

this therefore links with Chapter 4 which investigated biomarkers associated with AKI and CKD 

yet not used n a clinical setting.  Several biomarkers investigated in Chapter 4 are suggested to 

be capable of showing the location of damage caused to the kidney e.g., NGAL showing intrinsic 

injury.  Therefore, although this was not conducted in this thesis due to the limitation of low 

patient numbers, by measuring the biomarkers investigated in Chapter 4 it may give better 

insight into the cause of CKD and therefore clarity in disease management.   

Chapter 3 also highlighted that although clinical biomarkers can identify AKI and CKD, a more 

accurate measure is required to allow for earlier diagnostic ability and confirmation that AKI and 

CKD are present.  Chapter 4 of this thesis was able to find novel biomarker combinations that 

were capable of accurately highlighting AKI and CKD patients from controls and also may have 

the ability to highlight early stage AKI and CKD which may be useful in the clinical setting in the 

future. 

Another main finding of Chapter 3 was that no clinical biomarker was capable of identifying AKI 

or CKD patients who progressed at follow-up from a baseline measurement.  This is a very 

important finding and was a main one for directing much of the investigation within this thesis.  

Chapter 4 found novel biomarker combinations that were able to identify AKI and CKD patients 

from controls however no biomarker combination measured was able to accurately stratify AKI 

or CKD patients who were at greater risk of progression.  This this led to the need to explore 

biomarkers not currently associated with AKI and CKD using biomarker discovery methods.  

Chapter 5 used a biomarker discovery methodology using PEA technology which allowed for 476 

biomarkers to be measured and for comparison to be made with a co-morbid control cohort.  

This method allowed for an unbiased approach to be used to investigate many proteins to 

identify if these were altered in AKI or CKD.  By comparing the AKI and CKD cohorts to a co-

morbid cohort it also allowed for more specific renal biomarkers to be highlighted.  The findings 
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of this chapter showed that several proteins were able to highlight AKI and CKD patients at 

greater risk of progression and that combinations of these offered high accuracy for identifying 

progression risk.  The findings from Chapter 5 then led to the need for a more focused analysis 

of certain biomarkers highlighted as relevant to AKI and CKD progression.  Proteins such as PTX3 

and IL-6 have been associated with cellular senescence and were shown to be upregulated in 

patients who were at higher risk of progression.  This therefore led to the investigation of cellular 

senescence in Chapter 6 which was able to identify that senescence biomarkers alone were able 

identify AKI and CKD patients from controls and to highlight AKI and CKD patients at higher 

progression risk.  Again this is of interest as it highlights that when AKI and CKD protein levels 

were compared to a co-morbid control cohort, levels of senescence proteins remained 

significantly higher showing that senescence may play a greater role in renal disease than other 

chronic conditions.   

Chapter 4, 5 and 6 also highlight the importance of using biomarker combinations for AKI and 

CKD diagnostic and prognostic purposes, as with these diseases having so many influencing 

factors including potentially numerous co-morbidities and high numbers of prescribed 

medications, the measurement of only one aspect in isolation e.g. senescence biomarkers, may 

miss certain sub-cohorts of patients.  Therefore, an approach involving numerous factors should 

be included such as kidney function, kidney damage and inflammation in addition to senescence 

as from the findings of this thesis it is shown that one single biomarker may lack the ability to 

accurately highlight patients at increased progression risk (Table 2). 

This overview describes how this thesis started with a very focused biased approach to 

investigation of clinical biomarkers in Chapter 3 and then again a biased approach to 

investigating specific biomarkers associated with AKI and CKD in Chapter 4.  This approached 

then switched to an unbiased approach in Chapter 5 where biomarker discovery methodology 

was used, and then back to a focused biased approach in Chapter 6 with a focus on senescence 

biomarkers.  These biased versus unbiased approaches used offer differing insight into renal 

biomarkers.  The biased approach allowed for the specific biomarkers used in clinical practice 

and those of biomarkers already associated with renal disease to be explored specifically and to 

better understand their strengths and weaknesses.  The unbiased approach used in Chapter 5 

allowed for a wide exploration of biomarkers to be conducted to find biomarkers unassociated 

with renal disease to be discovered and then a biased approach was used again to allow for 

specific analysis of senescence biomarkers shown to be of interest from the unbiased approach 

in Chapter 5. 
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Protein 
name 

Biomarker 
type Intended use Limitations References 

CKAP4 Damage  AKI and CKD diagnosis.  Indicates 
high levels of senecent cells 
present. 

CKAP4 is also increased in 
numerous other conditions 
including tumour formation 
for numerous types of 
cancer. 

Summers et al,. 
2021; Sun et al., 
2022 

PTX3 Damage  AKI diagnosis and highlights AKI 
patients at increased progression 
risk. 

PTX3 is also upregulated in 
CVD and myocarial 
infarction. 

Chu-bing et al., 
2020; Ristagno 
et al., 2019 

IL-6 Inflammation AKI diagnosis IL-6 is upregulateed in many 
conditions including general 
infection, tumour formation 
and CVD. 

Groza et al., 
2022; 
McAndrews et 
al., 2022;  

TM Inflammation CKD diagnosis TM is also upregulated in 
CVD patients  

Bao et al., 2014; 
Watanabe-
Kusunoki et al., 
2020 

SMPD1 Inflammation Highlight CKD patients at 
increased risk of rapid 
progression. 

SMPD1 is upregulated in 
patients with Parkinsons 
disease 

Alcalay et al. 
2019 

Table 2. Summary of main proteins of interest discovered during biomarker exploration to help allow for AKI and CKD progression risk to be stratified.  

 

 

 



 

221 
 

Biomarker measurement within this thesis was conducted using biochip array technology 

(Chapter 4) and proximity extension assay (PEA) (Chapter 5).  Although 476 proteins were 

measured using PEA only 2 biomarkers (TNFR1 and KIM-1 measured in plasma) were measured 

on both PEA and biochip array technology.  Interestingly, in early analysis where AKI and CKD 

patient data from PEA analysis was compared to healthy controls (HC) (not included in this 

thesis), both TNFR1 and KIM-1 were significantly increased (p< 0.0001) in AKI and CKD patients 

compared to HCs showing that by using either method of measurement showed these 

biomarkers to be useful, and that both these technologies are capable to accurate biomarker 

measurement in a renal disease cohort.  However, in the comparison of AKI and CKD patients 

with co-morbid controls (Chapter 5) these 2 biomarkers no longer remained highly significantly 

different likely due to the increased levels found in chronic diseases.  This therefore shows that 

TNFR1 and KIM-1 may be most accurate in diagnosing AKI and CKD in patients null of co-

morbidity, and again highlights the importance of using biomarker combinations for most 

accurate results. 

Although shown that both these methods, biochip array and PEA, are suitable for accurately 

measuring kidney biomarkers, the two methods differ considerably in their use cases.  Biochip 

array technology gives an absolute biomarker measurement meaning that it allows for 

comparison with other research studies or with established clinical normal ranges e.g., CRP.  

Additionally, for the biomarkers measured within this thesis using biochip array technology 

which don’t have established normal ranges, it gives the ability to begin to establish these 

normal ranges and to classify what a “high” reading may be classed as.  PEA technology however 

uses a very different method of measuring data, where a normalized protein expression (NPX) 

value is given to allow for comparison of biomarker levels only within the measured cohort.  This 

method of measurement is very robust for biomarker exploration where it is capable of 

measuring large numbers of proteins in small volumes of plasma, however it means that data is 

not comparable with other studies (unless samples are bridged as explained in Chapter 2, Section 

2.6.1.) limiting the ability of these biomarkers to be compared with other patient cohorts.  This 

then shows that for these biomarkers identified in biomarker discovery, absolutely 

measurement would be a next step that would need to be measured in patient cohorts.  
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7.3. Thesis novelty 
 

This thesis resulted in numerous novel findings.  Firstly it was the first study to demographically 

profile a AKI and CKD patient cohort from the Northwest of Ireland.  This method of recruitment 

is unique to this study as it used a cross-border cohort of patients from hospitals in Northern 

Ireland and the Republic of Ireland to recruit a robust cohort of the region.  Furthermore, this 

cohort had a majority of CKD cases diagnosed from an unknown aetiology, which is the first time 

this has been reported in this region of Ireland.  A previous study has shown that CKD patients 

from Belfast (Northeast Ireland) have a higher than normal level of CKD of unknown aetiology 

(McKinley et al., 2021) so the findings of this study show that this is not localised to Belfast and 

also exists in the Northwest of Ireland.   

In this thesis biomarkers associated with AKI and CKD diagnosis were investigated using novel 

technology to test their ability to identify our cohorts from controls and was the first study to 

use biochip array technology to investigate an AKI and CKD cohort.  The biomarkers investigated 

in this study were already known to be associated with AKI and CKD however the combinations 

of biomarkers that were found to be highly accurate at identifying AKI and CKD patients from 

controls are novel to this thesis and adds to the volume of knowledge already existing on renal 

biomarkers.  Furthermore, this study concluded that the biomarkers associated with AKI or CKD 

or their combinations were unable to accurately highlight AKI or CKD patients who were at 

greater progression risk. 

This thesis conducted biomarker exploration to discover novel biomarkers not previously 

associated with AKI or CKD using PEA technology.  Although this methodology of biomarker 

exploration has been conducted using PEA in CKD cohorts (Thorenz et al., 2019; Nano et al., 

2022), it has not be conducted on an AKI cohort.  Furthermore, in previous PEA research on CKD 

cohorts, the number of proteins used in the biomarker search was lower than in this thesis.  This 

study additionally investigated the ability of novel proteins highlighted to stratify AKI and CKD 

patients at greater risk of progression which has not been investigated before in previous 

research making these findings novel.   

The findings of this thesis also showed that cellular senescence is involved in AKI and CKD 

development and progression.  Although this concept has been suggested by the literature 

previously the findings of this study highlight strong candidate senescence biomarkers that are 

highly upregulated in AKI and CKD patients compared to a co-morbid control showing the extent 

to which senescence may be involved in renal disease compared to other chronic diseases. 
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7.4. Strengths and Limitations 
 

7.4.1. Clinical 

 

7.4.1.1. Northern Ireland Electronic Care Record (NIECR) Research 

 

AKI patients were recruited from secondary care in Altnagelvin hospital, Derry, with all 

registered to the Western Health and Social Care Trust (WHSCT).  CKD patients were recruited 

from secondary care outpatients’ clinics in Altnagelvin hospital, Derry, and Letterkenny 

University hospital, Letterkenny, with all patients registered to the WHSCT and Medicare.  This 

design allowed for the defining of severity of AKI and CKD, co-morbidities and prescribing trends 

allowing for stratification of patient cohorts to be examined.   

The NIECR encompasses all secondary care visits of patients within the WHSCT and its ability to 

access and mine patient data for clinical studies has been reported (Greenhalgh et al., 2013).  A 

strength of the NIECR was that it allowed for the efficient gathering of patient information over 

multiple different aspects of care from consultation and referral letters, all prescribed 

medications within the last 6-months, patient co-morbidities, and all biochemical results for 

patients including kidney function, electrolytes, and full blood count.  Furthermore, it allowed 

for access to patient data post-recruitment which allowed for follow-up data to be gathered 

regularly without the need to ask the patient to attend follow-up meetings. 

A main limitation with the NIECR is that patient data is entered by multiple care professionals 

from numerous departments.  Therefore, the risk of human error and validation when entering 

data on ward or in outpatient clinics needs to be considered due to the entry of data being 

reliant on various medical personnel, and potentially across multiple centres where input 

parameters and methodologies may vary, resulting in incomplete or non-uniform data capture 

(Carrington and Effken, 2011; Lin et al., 2019).  A second limitation of the NIECR is the lack of its 

ability to reformat and copy data to computer software such as Microsoft Excel.  All data was 

therefore manually transferred from the NIECR to separate spreadsheets for analysis.  Manual 

data input increases the risk of human errors (Paulsen et al., 2020) and therefore quality control 

checks were conducted regularly to ensure the highest level of accuracy. 
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7.4.1.2. Recruitment 

 

Recruitment of cohorts was greatly impacted by covid-19 restrictions introduced in March 2020 

whereby all recruitment for scientific study had to cease.  At this time, patient recruitment was 

progressing well with several AKI patients being recruited on ward in Altnagelvin hospital and 

numerous CKD patients from outpatient clinics in both Altnagelvin and Letterkenny University 

hospitals per week.  Furthermore, the recruitment of HCs had been designed to be conducted 

in two halves, with the first half recruited in 2019 and the second half scheduled to be recruited 

towards end of 2020 which unfortunately was unable to be completed and resulted in a 

significant age difference between cohorts.  The untimely cessation of recruitment meant that 

cohort sizes were smaller than planned.  This led to the need to develop an additional control 

cohort of patients (CDC) who had previously been recruited onto disease research studies but 

were null of kidney disease.   

Other limitations existed within cohorts.  AKI patients were recruited up to 7-days post-AKI as 

to allow time for the patient to be identified and recruited.  This, however, may have resulted in 

variation of the patient’s condition, as those AKI patients recruited earlier post-AKI may have 

received a different level of treatment compared to those who were recruited 7-days post-AKI 

and possibly influenced results.  Recruitment of CKD patients seen difficulty ensuring a urine 

sample was provided and for some patients there was difficulty drawing blood.  Lastly, a large 

percentage of suitable AKI and CKD patients did not want to participate in the study, which may 

have impacted results. 

 

7.4.2. Proteomic screening 

 

7.4.2.1. Biochip array technology 

 

Proteomic analysis of 250 plasma samples (43 AKI, 155 CKD, 52 HC) was conducted using biochip 

array technology, and was outsourced to Randox Ltd. (Randox Teoranta, Dungloe, Ireland) who 

were a stakeholder in the overall research project.  Plasma samples were measured using pre-

designed Randox panels, CKD I, CKD II, and the Rx Imola™ which were measured on Randox’s 

Evidence Investigator™ (Randox, 2022a, 2022b, 2022c).  The Evidence Investigator™ uses 

Biochip Array Technology which is a precision multiplex testing platform allowing for the 

simultaneous quantitative detection of a wide range of analytes from a single sample which 

allowed for the simultaneous quantitative detection of multiple kidney damage-related analytes 
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in parallel from a single sample.  Outsourcing to Randox (a project stakeholder) allowed for the 

timely measurement of plasma and urine proteins on commercial plates that are designed to 

diagnose AKI and CKD.  A main limitation of Randox Ltd. plates was that the limit of detection 

was reached for one plasma biomarker (CRP) and all urine biomarkers.  This was unexpected as 

these plates are designed to identify these patient cohorts.  This is likely to have impacted results 

and analysis for these biomarkers. 

 

7.4.2.2. Proximity array extension (PEA) measurement 

 

Proteomic analysis was conducted using PEA and was outsourced to Olink proteomics in Chapter 

5 and 6.  This allowed for rapid, high throughput, targeted, discovery of protein biomarkers.  

Olink are a company that specialize in the field of protein analysis, with technical expertise and 

advanced equipment not available at Ulster University (Olink, 2021).  The ultilisation of Olink 

services allowed for fast and reliable analysis of 198 samples (AKI patients (n= 43), and CKD 

patients (n= 155)).  PEA technology ensures precise and sensitive detection with a dynamic 

broad range that only requires 1 µl of sample (Olink, 2021).  A limitation of Olink proteomic data 

was that several proteins did not return results for enough patients to be accepted into analysis.  

Within this thesis, 80% or patients needed to have a valid result for the biomarker to be accepted 

into analysis but as shown in Appendix 3, 59 proteins did not meet this cut-off resulting in these 

proteins being excluded from analysis. 

 

7.5. Potential translational impact 
 

Serum creatinine and eGFR are useful biomarkers for kidney function, measuring kidney 

filtration rate, however, with recent advances in technology, improvement in the measurement 

of kidney disease and risk stratification of patients at greater risk of progression is now possible.   

In Chapter 3 we identified that current clinical biomarkers have limited predictive capability 

when they are used to stratify patients who are at higher risk of progression.  In AKI patients 

who remained below baseline at 3-month follow-up, diastolic BP and potassium levels were 

significantly higher (p< 0.05) than those who returned to baseline, and in CKD patients who 

rapidly progressed, only systolic BP was significantly different (p< 0.01) between patient groups.  
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With these biomarkers commonly fluctuating in many diseases, it supported that there was a 

need for novel biomarkers to be identified to aid in patient stratification.   

The use of biomarkers already associated with AKI and CKD was conducted in Chapter 4.  In this 

study, biomarker combinations were able to accurately identify AKI and CKD patients from 

controls, however they did not improve on clinical biomarkers such as sCr in their ability to 

stratify patients at higher risk of progression.   

Chapter 5 and 6 used NIECR data in conjunction with biomarker discovery techniques allowing 

for novel biomarkers associated with AKI and CKD to be identified.  In addition, several of these 

biomarkers were shown to have the ability to highlight AKI patients at increased risk of 

remaining below baseline kidney function and CKD patients at increased risk of rapid 

progression.  Furthermore, Chapter 6 highlights the extent to which senescence may impact AKI 

and CKD development and progression.  This area of research in novel and this thesis helps to 

add to the volume of knowledge on the topic giving a foundation for further investigation.   

These biomarkers, once reproducibility is confirmed in secondary cohorts, could allow for the 

risk stratification of AKI and CKD patients more likely to progress from a baseline biomarker 

measurement.  This would allow for more efficient patient treatment pathways potentially 

resulting in earlier treatment with RRT for AKI patients or more intensive control of kidney 

disease drivers e.g., hypertension in CKD patients.  Furthermore, treatments using senolytics 

and senomorphics may be novel treatments for AKI and CKD patients.  These treatments to 

reduce the levels of senescence cells within the body are in early stages of human clinical trials 

with promising results to date (Gerdes et al., 2021; Justice et al., 2019).  Drugs such as Metformin 

have been shown to offer potential senolytic effects and as these are already prescribed to many 

CKD patients who have diabetes these senolytic treatments could be easily integrated into renal 

disease care. 

 

7.6. Future directions 
 

This thesis would have been strengthened by increased numbers of AKI and CKD patients to 

increase study power.  This would have allowed for more in-depth analysis to have been 

conducted within the AKI and CKD cohort.  Due to the lack of patient numbers this thesis was 

unable to conduct statistical analysis on prescription medications with the cohorts or analysis of 

differing co-morbidities which would have been of great interest.  Additionally, further analysis 
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of CKD patient groups of differing CKD stage would be of interest for novel biomarkers identified 

in biomarker exploration in Chapter 5.  This again would add to the level of knowledge on these 

biomarkers and develop on potential use cases.  In addition, having increased numbers of HCs 

that were age and sex matched with AKI and CKD patients would have allowed for more robust 

comparisons to be conducted.  AKI patients may have been better recruited onward at time of 

admission or diagnosis to allow for a standardization of care given to patients.  This, however, 

would require a clinician on-ward to recruit patients which may be difficult, however a possible 

improvement for future research.  All AKI patients on this study were stage 3 AKI.  Future 

research may consider recruiting less severe AKI patients to allow for comparison.  Furthermore, 

additional follow-up time points for AKI and CKD patients post-recruitment, where blood and 

urine were again collected would be very valuable.  This would allow for a longitudinal trajectory 

of biomarkers of interest to be established to better understand the roles they play.  This 

research allowed for very robust AKI and CKD patient baseline biomarker measurements and so 

for an easy to conduct addition to this research, follow-up of these patients at a 5-year timepoint 

post-recruitment should be conducted.  A next step in this research would now be to develop a 

study that uses the measurement of proteins associated with AKI and CKD in the clinical setting 

to identify the potential usefulness of these proteins.  This study would allow for work to be 

conducted alongside clinicians to investigate how the measurement of these proteins in the 

clinical care setting could improve diagnosis ability and treatment pathways.  This then would 

take this research a step closer to the actually integration of this into standard clinical use.  This 

research could be conducted using similar technology as was used in this thesis using Randox 

Investigator technology and biochip array technology to allow for rapid robust results to be 

measured.  The then further the use case of these novel biomarker combination panels, further 

large cohort investigation could be conducted on CKD patients with unknown aetiology to 

identify if these biomarkers are capable of offering insight of disease cause in these patients 

which would benefit clinical care in the future. 

To then further this research in the field of AKI and CKD biomarker development, the biomarkers 

highlighted in Chapter 5 and Chapter 6 should be developed into novel proteomic plate designs 

using recent technological advances.  One potential method for this would be to develop these 

protein panels on Olink Flex technology which allows for the development of novel protein 

panels using up to 21 proteins and which would measure proteins as an absolute value (Olink, 

2023).  This would then allow for the measuring of these proteins in a large AKI and CKD cohort 

to allowing for the being of the establishment of robust cut-offs that could be used to stratify 

AKI and CKD patients at higher risk of progression.  Although the most significant biomarkers for 
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each AKI and CKD have been highlighted in Chapter 5 and Chapter 6, biomarkers that are only 

elevated in either AKI or CKD are shown below (Figure 1, Table 3, Table 4).  In total 62 proteins 

were only elevated in AKI patients and 28 were only elevated in CKD patients compared to co-

morbid controls.  This then for future research may also offer specific target proteins for further 

research as it eliminates the overlap between the renal conditions of AKI and CKD. 

 

 

 

 

 

 

 

Figure 1. Venn diagram showing proteins from biomarker exploration that were increased in 
AKI patients, CKD patients or both compared with co-morbid controls.  AKI patients vs controls 
had 62 proteins significantly increased that were not increased in CKD patients vs controls, and 
CKD patients vs controls had 28 proteins significantly increased that were not increased in AKI 
patients vs controls.  One-hundred and thirty two proteins were increased in both AKI and CKD 
patients compared to controls.  
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Rank Protein name p-value Rank Protein name p-value 

1 ITGA11 3.58E-11 32 CASP 8 1.14E-03 

2 CTSL1 3.51E-09 33 LIF 1.17E-03 

3 ADAM TS13 5.65E-09 34 PADI2 1.38E-03 

4 EN RAGE 4.74E-08 35 PRDX5 1.40E-03 

5 IL-1ra 6.16E-08 36 PRELP 1.83E-03 

6 HGF 1.40E-07 37 HEXIM1 1.93E-03 

7 FGF 21 4.39E-07 38 ITGB1BP2 1.94E-03 

8 PARP1 5.83E-07 39 TRIM5 2.29E-03 

9 KRT19 8.34E-07 40 DFFA 3.06E-03 

10 ZBTB16 3.63E-06 41 IRAK4 4.12E-03 

11 PSIP1 6.56E-06 42 CXCL1 4.53E-03 

12 CXCL11 1.91E-05 43 SLAMF7 4.82E-03 

13 LOX1 2.40E-05 44 CLEC4A 5.39E-03 

14 TNFSF14 3.41E-05 45 MGMT 5.74E-03 

15 IL18R1 1.12E-04 46 AXIN1 8.19E-03 

16 Dkk1 1.32E-04 47 OSM 8.67E-03 

17 GIF 1.37E-04 48 IL-10RA 9.91E-03 

18 BACH1 1.49E-04 49 TANK 1.02E-02 

19 CCL20 1.80E-04 50 NF2 1.03E-02 

20 CLEC4C 2.34E-04 51 MILR1 1.27E-02 

21 FGF2 3.10E-04 52 GLO1 1.66E-02 

22 SRPK2 3.19E-04 53 SIRT2 2.01E-02 

23 MCP 3 3.48E-04 54 DGKZ 2.03E-02 

24 CD4 4.18E-04 55 STAMBP 2.07E-02 

25 HNMT 5.38E-04 56 CXCL10 2.23E-02 

26 PRDX1 7.43E-04 57 DCTN1 2.29E-02 

27 MERTK 8.29E-04 58 IL-10 2.66E-02 

28 IRAK1 9.05E-04 59 KLRD1 2.74E-02 

29 OPG 1.01E-03 60 FS 3.33E-02 

30 IRF9 1.02E-03 61 PIK3AP1 3.41E-02 

31 BIRC2 1.03E-03 62 IL-20 4.11E-02 

Table 3. Proteins that were significantly increased only in AKI patients vs controls.  This table 
shows proteins that were increased in AKI patients compared to co-morbid controls yet not 
increased in CKD patients compared to the same control cohort.  Protein name and the level of 
significance that it was increased in comparison to co-morbid controls is shown.   
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Rank Protein name p-value Rank Protein name p-value 

1 AMBP 8.16E-17 16 DPP10 6.67E-03 

2 FAM3B 4.75E-09 17 SRC 7.81E-03 

3 TIE2 4.24E-07 18 SORT1 9.62E-03 

4 GALNT3 1.49E-05 19 PRSS27 1.32E-02 

5 IL-12B 1.64E-05 20 STK4 1.75E-02 

6 DECR1 1.69E-05 21 IL-1 alpha 2.23E-02 

7 PSGL-1 2.49E-04 22 ST1A1 2.33E-02 

8 uPA 2.72E-04 23 CTRC 2.97E-02 

9 TRAF2 3.88E-04 24 HAOX1 3.18E-02 

10 LIF-R 1.20E-03 25 CCL17 3.72E-02 

11 JUN 1.42E-03 26 HSD11B1 3.93E-02 

12 NEMO 2.62E-03 27 PTH1R 3.94E-02 

13 HSP-27 3.88E-03 28 SIT1 4.70E-02 

14 LPL 5.17E-03      

15 THPO 5.37E-03       

Table 4. Proteins that were significantly increased only in CKD patients vs controls.  This table 
shows proteins that were increased in CKD patients compared to co-morbid controls yet not 
increased in AKI patients compared to the same control cohort.  Protein name and the level of 
significance that it was increased in comparison to co-morbid controls is shown.   

 

In the future of renal care within the clinical setting it may then be the case that when a patient 

has an abnormally high reading on already used clinical measures e.g., serum creatinine a 

confirmatory test using biomarkers associated with renal disease will be used e.g., NGAL (Figure 

2).  This test will then allow for confirmation of AKI or CKD potentially at an earlier stage and 

potentially giving a better understanding to the aetiology of the disease.  As a follow-on test 

then for these patients, a biomarker panel consisting of biomarkers that allow for stratification 

of patients at increased risk as found in Chapter 5 e.g., CKAP4 and PTX3, would allow for the 

progression risk of the patient to be established which may then direct treatment options and 

pathways.  

Figure 2.  A possible testing pathway for AKI and CKD patients in the clinical setting.  Firstly, if 
a standard clinical test highlights a patient of risk of renal disease a AKI/ CKD diagnostic panel 
could then be used for confirmation purposes including biomarkers such as NGAL.  In addition 
to this a AKI/ CKD progression biomarker panel could then be used to determine progression 
risk which may then direct treatment pathways. 
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Senescence research has progressed in recent years.  In addition to the association of 

senescence with numerous chronic diseases of aging including renal disease (Figuer et al., 2021; 

Wang et al., 2021), clinical trials are in early stages of investigating the ability of senolytics and 

senomorphic treatments for their ability to reduce the levels of senescence cells within the bod 

and to therefore reduce the likelihood of disease development and progression (Gonzales et al., 

2022; Nielsen et al., 2022).  Therefore, a future project of high interest would be to conduct 

similar research on an AKI and CKD cohort that would investigate the outcomes of a blinded 

placebo controlled trial where following prescription of senolytic or senomorphic drugs e.g., 

Metformin (Li et al. 2022), identifying if firstly these drugs reduce the level of senescence cells 

in the body by measuring SASP, and secondly if this results in a decreased level of disease 

progression in these patients.  If this were to be the case then senolytic and senomorphic drugs 

may be a possible future treatment for AKI and CKD patients. 

 

7.7. Conclusion 
 

Serum creatine and eGFR remain to be the biomarkers used in a clinical setting for the diagnosis 

of AKI and CKD patients.  These biomarkers however, are shown to be lacking in the ability of 

early diagnosis, diagnosis of disease cause and the prognosis of progression in patients at time 

of diagnosis.  With advances in technology, it is now possible and cost effective to incorporate 

new biomarkers associated with AKI and CKD into clinical decision-making and to explore novel 

biomarkers for additional needs.  Findings of this thesis suggest that combinations of biomarkers 

associated with AKI and CKD may be suitable for more accurate and potentially earlier diagnosis 

of AKI and CKD and should be considered for use in the clinical setting following validation in 

larger cohorts.  These combinations of biomarkers however were not suitable for establishing 

progression risk.  Additional findings showed that novel biomarkers, not currently associated 

with AKI or CKD progression, may offer the ability to identify patients at greater progression risk, 

filling a large gap in renal disease care.  Furthermore, findings of this thesis highlight the role 

that senescence plays in the development and progression of AKI and CKD and supports the 

need for future research in this area.  The findings of this thesis therefore, if confirmed in larger 

secondary patient cohorts, may have the potential to improve kidney disease patient care in the 

clinical setting. 
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Appendices 
 

Appendix 1 – Health and Lifestyle Questionnaire used during recruitment 

 

AKI outcome study: A prospective cohort study to investigate the value of 
biomarkers in predicting adverse outcomes following acute kidney injury 

 

Health and Lifestyle Questionnaire 
IRAS Project ID: 243910 

A- Demographic Information 
 

Date of recruitment  

Date of sample 
collection  
(if different from consent) 

 

Name 
 

 

H&C number  

DOB  
Age  

Gender                  Male                       Female  

Address  
and Post Code 
 

 

Phone Number  

GP Name  

GP Address 
 
 

 

Time blood collected  

Time blood stored  
Weight (kg)  

Height (cm)  

Blood Pressure (mmHg) 
syst/diast 

 

Nationality  

State country where you  
are born 
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State county where you  
are born 

 

Ethnicity  White English/Welsh/Scottish/Northern Irish/British 
 White Irish 
 White Gypsy or Irish Traveller 
 White Other 
 Mixed or multiple ethnic groups White and Black 
Caribbean 
 Mixed or multiple ethnic groups White and Black 
African 
 Mixed or multiple ethnic groups White and Asian 
 Mixed or multiple ethnic groups Other 
 Asian/Asian British Indian 
 Asian/Asian British Pakistani, 10, Asian/Asian 
British Bangladeshi 
 Asian/Asian British Chinese 
 Asian/Asian British Other 
 Back African 
 Black Caribbean 
 Black Other 
 Other Arab 
 Other 

Level of education  No formal Education 
 Primary Education 
 Lower Secondary/ GCSEs (Junior/Inter/Group Cert.) 
 Higher Secondary (Leaving Cert/ A-levels) 
 Primary degree (Bachelor degree) 
 Post-graduate degree – Masters 
 Post-graduate degree – PhD 
 Vocational qualification 
 Other 

Current occupation 
 

 

Past occupation if different 
to current 

 

Years working in agrifood 
and construction 
environment (farmer, 
plasterer, bakery operative 
etc) 

 

Years working in industrial 
and technical environment 
(lab technician, industrial 
cleaner, fitter etc.) 
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Years working in service and 
professional enviroment 
(nurse, civil service, shop 
assistant, manager, 
computer programmer etc.) 

 

Marital status  Single 
 Living with a partner 
 Married 
 Divorced 
 

Cohabitation status  Live alone with no available support 
 Live alone but support available nearby 
 Live with partner and/or family 

 

Children  Yes 
 No 
If yes, how many? ------------------------------- 
How old are they? ------------------------------- 
Do they live nearby? 
 Yes 
 No 

 

Do you have a driving 
license? 

 Yes 
 No 

Do you have access to a 
vehicle? 

 Yes 
 No 

Did you take part in 
another CPM project? 

 No 
 CVD 
 Emergency surgery 
 Diabetes 
 Dementia 
 AKI 

 

B- Medication 
Please list all medication you are currently taking or have taken in the last year 
 

Medication 
 

Dose 
(if unknown, pill per day) 

Duration 
(eg. for 1 year) 
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C- AKI Diagnosis – For AKI patients 
 

Stage of AKI  

Date of admission for AKI  

Aetiology of admission for AKI*  

Creatinine levels (umol/L) on 
admission 

  

GFR (ml/min) on admission   

Urine output (ml/kg/h) on 
admission 

  

 
*Sepsis, diarrhoea, surgery, heart attack, organ failure, contrast induced, urological 
obstruction, drug induced, vasculitis etc.) 
 

D- Renal Disease Risk Factors 
 

Risk Factors Yes No Not available 
Hypertension    

Diabetes (state type if known) Type:   

Hypercholesterolaemia 

/Hyperlipidaemia 

  
 

Chronic kidney disease 

Stage of CKD: 

   

 

Ischaemic Heart Disease    

Previous Heart Attack (MI)    

Heart Failure    
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Angioplasty (stent/PCI)    

Bypass Operation    

Previous Stroke    

Liver Disease    

Neurological or Cognitive Impairment    

On ACE, ARB, NSAIDS drugs    

Hematological Malignancy    

Previous or Current Urological 

Obstruction 

  
 

Previous Sepsis (date if known)    

Other:  
 

E- Clinical History 
 

 Yes No Not available 
Cancer  
(specify type) 

   

 
Alzheimer’s    
Parkinson’s    
Cardiomyopathy    
Dysrhythmia (e.g. AF)    
Glaucoma    
Haemophilia    
HIV    
Hypothyroidism    
Multiple sclerosis    
Systemic lupus erythematosis    
Rheumatoid Arthritis    
Anxiety    
Depression    
Bipolar disorder    
Schizophrenia    
Epilepsy    
Breathing disorder (e.g. Asthma, 

COPD, Emphysema) 
   

Crohn’s Disease    
Ulcerative Colitis    
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Other  
Previous Operations  

 
 

F- Family History 
 

Family Origins 
 

List county (if born in Ireland) or country 
if not  

Maternal grandmother (mother’s 

mother) 

 

Maternal grandfather (mother’s father)  

Paternal grandmother (father’s mother)  

Paternal grandfather (father’s father)  

 
Family history means occurrence of the associated disease before the age of 60 years in 
a first degree relative (Mother, father, brother or sister). Indicate if present and family 
member. 
 

Family History of Kidney Disease 
 

 

Family History of Heart Disease or Stroke 
 

 

Family History of Diabetes 
 

 

Family History of Neurological Disorders  
(Alzheimer’s, Parkinson, epilepsy etc.) 

 

 

G- Lifestyle 
Smoking status 

Current    (last month) What age did you start smoking? _______________ 
How many per day on average? 
 Less than one a day 
 1- 9 
 10 -19 
 20 – 39 
 More than 40 

Past     What age did you start smoking? _______________ 
When did you stop? ______________ 
How many per day on average? 
 Less than one a day 
 1- 9 
 10 -19 
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 20 – 39 
 More than 40 

Never       

Do you smoke the 
following? 

 Cigars 
 Pipe 
 e-cigarettes 
 None 

 
Alcohol 
Do you drink alcohol? 

 Yes, currently (within the past year) 
 No, but I have in the past (more than 1 year ago) 
 No, never 
 

How often do you drink alcohol? _________ (days per month) 
 
How many units (of each type) of alcohol do you consume per week?  
1 unit or 1 Standard Drink (which contains 10 g of pure alcohol) = ½ pint of beer, 1 glass 
of wine, 1 measure of spirits 
 Beer   _____ 
 Wine  _____ 
 Spirits  _____ 
 
Total units  __________________ 
 

Exercise 
Do you exercise regularly?  Yes  No 
 
How often do you exercise for at least 20 minutes (raised pulse and hard breathing)? 
 Daily 
 3 times a week 
 Once a week 
 Seldom 
 Cannot due to disability 
 
How long? ____________ 
 
In terms of your fitness, with 5 being very fit and 1 being unfit where would you rate 
your current fitness level? 
5   4   3   2  1  
 

 
Diet 
In terms of your diet, with 5 being very healthy and 1 being unhealthy where would you 
rate your current diet style? 
5   4   3   2  1  
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Are you vegetarian or Vegan?  Yes               No  
If Yes please state___________________________ 
Other types of diet followed (Diabetic, kidney damage, low cholesterol, gluten free) 
______________________________________________________________________ 
 
On average, how many calories do you eat per day?  

 < 1000 KCal 
 1500 - 2000 KCal 
 2000 -2500 KCal 
 2500 – 3000 KCal 
 > 3000 KCal 

 
Please list any dietary vitamins or supplements you are currently taking  
(Multivitamin/mineral, Calcium, Echinacea, Iron, Vitamin B, Vitamin D, Protein supplement, Folic 
acid, St. John’s Wort, Natural sleeping aid or other) 

______________________________________________________________________ 

Allergies 
Hay fever, eggs, nuts, soya, fish, dust mites, pet dander, milk, wheat, contrast dye or 
drug allergies (specify) 
_______________________________________________________________________
_____ 
 
Has the allergy been confirmed by a medical test?  Yes               No  
 

Sleep 
How many hours do you regularly sleep each night? __________ 
In the past month, has anything irregular affected your sleep? Please state  
_______________________________________________________________________
_____ 
 
 

Notes from the ECR 
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H- Lab results 
 

Date of the Test FBC 

 Hb (g/L)  

 Packed Cells  

 RBC  

 Platelet  

 WBC  

 

Date of the Test Lipids (mmol/L) 

 TG  

 T.Ch  

 HDL-C  

 LDL-C  

 Ch/HDL (ratio)  

 

Date of the Test Renal Function 

 
Creatinine (umol/L) 

 
 

 

 
GRF (ml/min) 

 
 

 

 
 
 

Date of the Test Cardiac Markers 

 
CRP (mg/dL) 
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Appendix 2 – All biomarkers that were measured by using PEA technology (Passed QC) 

 

Number Protein name Number 
Protein 
name Number 

Protein 
name 

1 AARSD1 41 CCL20 81 CLEC4C 

2 ABHD14B 42 CCL23 82 CLEC4D 

3 ACE2 43 CCL24 83 CLEC4G 

4 ADA 44 CCL25 84 CLEC6A 

5 ADAM 22 45 CCL27 85 CLEC7A 

6 ADAM 23 46 CCL28 86 CLM 1 

7 ADAM TS13 47 CCL3 87 CLM 6 

8 ADAM 15 48 CCL4 88 CLSTN1 

9 ADGRB3 49 CD163 89 CNTN1 

10 ADM 50 CD200 90 CNTN5 

11 AGRP 51 CD200R1 91 CNTNAP2 

12 AKT1S1 52 CD244 92 COL1A1 

13 ALCAM 53 CD302 93 COL4A3BP 

14 Alpha 2 MRAP 54 CD33 94 CPA1 

15 AMBP 55 CD38 95 CPA2 

16 ANGPT1 56 CD4 96 CPB1 

17 ANXA10 57 CD40 97 CPM 

18 APN 58 CD40 L 98 CRADD 

19 AREG 59 CD5 99 CRIP2 

20 ASGR1 60 CD6 100 CRTAM 

21 AXIN1 61 CD63 101 CSF1 

22 AXL 62 CD83 102 CST5 

23 AZU1 63 CD84 103 CSTB 

24 BACH1 64 CD8A 104 CTRC 

25 BCAN 65 CD93 105 CTSC 

26 Beta NGF 66 CDCP1 106 CTSD 

27 BLM hydrolase 67 CDH15 107 CTSL1 

28 BMP 4 68 CDH17 108 CTSS 

29 BMP 6 69 CDH3 109 CTSZ 

30 BOC 70 CDH5 110 CX3CL1 

31 BST2 71 CDH6 111 CXADR 

32 BTN3A2 72 CDSN 112 CXCL1 

33 CADM3 73 CEACAM8 113 CXCL10 

34 CASP 3 74 CETN2 114 CXCL11 

35 CASP 8 75 CHI3L1 115 CXCL12 

36 CCL11 76 CHIT1 116 CXCL16 

37 CCL15 77 CKAP4 117 CXCL5 

38 CCL16 78 CLEC10A 118 CXCL6 

39 CCL17 79 CLEC1B 119 CXCL9 

40 CCL19 80 CLEC4A 120 DAPP1 
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Appendix 2 continued 

Number Protein name Number Protein name Number Protein name 

121 DCBLD2 161 FGF2 201 HNMT 

122 DCN 162 FGFR2 202 HO1 

123 DCTN1 163 FHIT 203 hOSCAR 

124 DDR1 164 FKBP5 204 HSD11B1 

125 DDX58 165 FLRT2 205 HSP27 

126 DECR1 166 Flt3L 206 ICAM2 

127 DEFB4A 167 E BP1 207 IDUA 

128 DFFA 168 FS 208 IFI30 

129 Dkk1 169 FUT8 209 IFN.gamma 

130 Dkk4 170 G CSF 210 IFNLR1 

131 DLK1 171 GT 211 IGFBP1 

132 DNER 172 Gal3 212 IGFBP2 

133 DPEP1 173 Gal4 213 IGFBP7 

134 DPEP2 174 Gal8 214 IgG Fc receptor II b 

135 DPP10 175 Gal9 215 IL-10RB 

136 DRAXIN 176 GALNT3 216 IL-12B 

137 DSG3 177 GCP5 217 IL-15RA 

138 EDA2R 178 GDF15 218 IL-17C 

139 EDAR 179 GDF2 219 IL-17D 

140 EFNA4 180 GDF8 220 IL-17RA 

141 EGFR 181 GDNF 221 IL-18BP 

142 EIF4B 182 GDNFR alpha 3 222 IL-18R1 

143 EIF4G1 183 GFR alpha 1 223 IL-1RA 

144 EN RAGE 184 GGT5 224 IL-1 RT1 

145 Ep CAM 185 GH 225 IL-1 RT2 

146 EPHB4 186 GIF 226 IL-27 

147 EPHB6 187 GLB1 227 IL-4 RA 

148 EREG 188 GLO1 228 IL-5R alpha 

149 EZR 189 GM CSF R alpha 229 IL-6 RA 

150 FABP2 190 GP6 230 IL-10 

151 FABP4 191 GPNMB 231 IL-12 

152 FAM3B 192 GRN 232 IL-12RB1 

153 FAS 193 GZMA 233 IL-15 

154 FCAR 194 HAGH 234 IL-16 

155 FcRL2 195 HAOX1 235 IL-18 

156 FCRL3 196 HB EGF 236 IL-1RL2 

157 FCRL6 197 HCLS1 237 IL-2 

158 FGF19 198 HEXIM1 238 IL-2RA 

159 FGF21 199 HGF 239 IL-32 

160 FGF23 200 HMOX2 240 IL-3RA 

 

 

 



 

299 
 

Appendix 2 continued 

Number Protein name Number Protein name Number Protein name 

241 IL-5 281 LY75 321 NRP2 

242 IL-6 282 MAD1L1 322 NT 3 

243 IL-7 283 MANF 323 NT proBNP 

244 IL-8 284 MARCO 324 NTF4 

245 ILKAP 285 MASP1 325 NTRK2 

246 IRAK1 286 MATN3 326 NTRK3 

247 IRAK4 287 MB 327 OPG 

248 IRF9 288 MCP1 328 OPN 

249 ISLR2 289 MCP2 329 OSM 

250 ITGA11 290 MCP4 330 PAI 

251 ITGA6 291 MDGA1 331 PAPPA 

252 ITGB1BP2 292 MEPE 332 PAR 1 

253 ITGB2 293 MERTK 333 PARP 1 

254 ITGB6 294 MGMT 334 PCSK9 

255 ITM2A 295 MILR1 335 PD L1 

256 JAM A 296 MMP1 336 PD L2 

257 JAM B 297 MMP10 337 PDGF R alpha 

258 KIF1BP 298 MMP2 338 PDGF subunit A 

259 KIM1 299 MMP3 339 PDGF subunit B 

260 KIR2DL3 300 MMP9 340 PECAM.1 

261 KIRREL2 301 MMP12 341 PFDN2 

262 KLB 302 MMP7 342 PGF 

263 KLK6 303 MPO 343 PGLYRP1 

264 KLRD1 304 MSR1 344 PHOSPHO1 

265 KYNU 305 N.CDase 345 PI3 

266 LAG3 306 N2DL 2 346 PIgR 

267 LAIR2 307 NAA10 347 PIK3AP1 

268 LAMP3 308 NAAA 348 PLA2G10 

269 LAP TGF beta1 309 NBL1 349 PLC 

270 LAT 310 NCAN 350 PLXNA4 

271 LAYN 311 NCR1 351 PLXNB1 

272 LDL R 312 NDRG1 352 PLXNB3 

273 LEP 313 NEFL 353 PMVK 

274 LEPR 314 NEMO 354 PON3 

275 LIF.R 315 NEP 355 PPP1R9B 

276 LILRB4 316 NFATC3 356 PPP3R1 

277 LOX1 317 NMNAT1 357 PRDX1 

278 LPL 318 Notch 3 358 PRDX5 

279 LTBP3 319 NPM1 359 PRELP 

280 LTBR 320 Nr CAM 360 PRSS27 
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Appendix 2 continued 

Number Protein name Number Protein name Number Protein name 

361 PRSS8 401 SIT1 441 TNFR2 

362 PRTFDC1 402 SKR3 442 TNFB 

363 PRTG 403 SLAMF1 443 TNFRSF10A 

364 PRTN3 404 SLAMF7 444 TNFRSF10C 

365 PSG1 405 SMOC1 445 TNFRSF11A 

366 PSGL1 406 SMOC2 446 TNFRSF12A 

367 PSIP1 407 SMPD1 447 TNFRSF13B 

368 PSME1 408 SNCG 448 TNFRSF14 

369 PSP D 409 SOD2 449 TNFRSF21 

370 PTH1R 410 SORT1 450 TNFRSF9 

371 PTPN1 411 SPOCK1 451 TNFSF13B 

372 PTS 412 SPON2 452 TNFSF14 

373 PTX3 413 SPRY2 453 TPSAB1 

374 PVR 414 SRC 454 TR 

375 RAGE 415 SRP14 455 TR AP 

376 RARRES2 416 SRPK2 456 TRAF2 

377 RBKS 417 ST1A1 457 TRAIL 

378 REN 418 ST2 458 TRAIL R2 

379 RETN 419 STAMBP 459 TRANCE 

380 RGMA 420 STC1 460 TREM1 

381 RGMB 421 STK4 461 TRIM21 

382 ROBO2 422 t PA 462 TRIM5 

383 RPS6KB1 423 TANK 463 TWEAK 

384 RSPO1 424 TBCB 464 UPAR 

385 SCARA5 425 TF 465 UNC5C 

386 SCARB2 426 TFF3 466 uPA 

387 SCARF2 427 TFPI 467 VEGFA 

388 SCF1 428 TGFalpha 468 VEGFD 

389 SCGB3A2 429 TGM2 469 VSIG2 

390 SELE 430 THBS2 470 VSTM1 

391 SELP 431 THPO 471 VWC2 

392 SERPINA12 432 THY1 472 vWF 

393 sFRP 3 433 TIE2 473 WFIKKN1 

394 SFRP1 434 TIMP4 474 WWP2 

395 SH2B3 435 TLT2 475 XCL1 

396 SH2D1A 436 TM 476 ZBTB16 

397 SHPS 1 437 TMPRSS5    

398 Siglec 9 438 TNR    

399 SIGLEC1 439 TNF    

400 SIRT2 440 TNFR1     
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Appendix 3 – Measured Olink proteins that did not meet QC 

 

Number Protein name Number Protein name Number Protein name 

1 AOC1 21 GSTP1 41 KRT19 

2 ARNT 22 HSP90B1 42 LIF 

3 ATP6V1F 23 ICA1 43 LXN 

4 BIRC2 24 IFNL1 44 MAPT 

5 BNP 25 IKZF2 45 MCP.3 

6 CA5A 26 IL-1 alpha 46 NF2 

7 CARHSP1 27 IL-10 RA 47 NRTN 

8 CD28 28 IL-17A 48 NXPH1 

9 CEACAM8 29 IL-20 49 PADI2 

10 CTF1 30 IL-20 RA 50 PAEP 

11 DGKZ 31 IL-22 RA1 51 PRDX3 

12 DUSP3 32 IL-24 52 PRKCQ 

13 ECE1 33 IL-2RB 53 RNF31 

14 EGLN1 34 IL-13 54 SPON1 

15 EIF5A 35 IL-33 55 TDGF1 

16 EPHA10 36 IL-4 56 TNFRSF13C 

17 FGF.5 37 IMPA1 57 TPPP3 

18 FLRT2 38 ING1 58 TSLP 

19 FXYD5 39 JUN 59 UBE2F 

20 GBP2 40 KPNA1     

 


