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Thesis Summary 

 
Ischaemia reperfusion injury (IRI) results in acute and chronic kidney damage.  Ischaemic 
preconditioning (IPC) is a brief period of ischaemia, which reduces IRI by unknown 
mechanisms.  Delineating IPC mechanisms could identify novel mediators that limit kidney 
damage.  Hyaluronan (HA) is a matrix glycosaminoglycan that demonstrates increased 
expression in renal damage, correlating with outcomes.  This research aimed to investigate if 
alterations in HA and its associated binding-proteins mediated IRI-damage and/or IPC-
mediated protection. 
 
A rat model of bilateral renal IRI and IPC was developed from AKI to CKD. Rat kidneys were 
assessed at 24h, 48h, 7d, 14d and 28d for histological changes and RNA analyses (RT-qPCR 
and total RNA-sequencing). 
 
IRI led to marked histological damage, with increased expression of key fibrotic mediators at 
all time-points. Acutely, HA generation was hyaluronan synthase 2 (HAS2) dependent; HAS2 
was more inducible in this model and found in the interstitium on immunohistochemical 
analysis, in the same areas as HA generation.  HAS1 was found in a subset of tubular epithelial 
cells, not associated with HA generation at 48h.  HAS2 and CD44 (HA-receptor) expression 
was attenuated by IPC.  However, a CD44 variant, CD44v7/8, previously associated with an 
antifibrotic phenotype in-vitro, was upregulated by IPC and found on the basolateral 
membrane of HAS1 positive tubular epithelial cells.  Gene Set Enrichment Analysis (GSEA) 
demonstrated enrichment of HA-related genes in IRI at all time-points and negative 
enrichment in IPC.  GSEA also demonstrated enrichment of DNA repair and angiogenesis 
pathways at 14d, a potential key transition point. 
 
This work demonstrated that IPC prevented both acute and chronic IRI-damage. The 
relationship between HA generation and HA expression was altered with IRI and IPC, with HAS 
isoforms and CD44 variants being differentially expressed. This suggests an integral link 
between HA and its receptors in the AKI to CKD continuum and their role in IPC. 
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Aims of Thesis 

 
Ischaemia reperfusion injury is the leading cause of AKI in native kidneys and is a predominant 
cause of DGF in transplanted kidneys.  The literature demonstrates that even one episode of 
mild AKI significantly increases one’s chance of developing subsequent CKD.  There is 
increased understanding of AKI and CKD as a continuum of disease, rather than as separate 
entities.  However, the modulators that lead from AKI to CKD through progressive fibrosis are 
not well delineated.  Factors that could potentially prevent the progression of IRI-related AKI 
to CKD are also not yet understood. 
 
Hyaluronan is a key component of the fibrotic matrix.  Previous in-vivo and human studies 
have shown that HA accumulates in both acute and chronic renal disease models and 
correlates with renal outcomes.  In-vitro studies demonstrate that HA is a critical driver of 
pro-fibrotic cell phenotypes; and, furthermore, modulating HA in certain contexts can prevent 
or reverse this pro-fibrotic phenotype.  The aim of this work is to characterise alterations in 
HA and its associated binding partners in the AKI to CKD continuum, and to determine the HA 
profiles and molecular signatures that can prevent/reverse rather than promote AKI to CKD 
progression.  Through understanding the changes associated with renal injury and ischaemic 
preconditioning, both at a protein and transcriptomic level, it is hoped that novel therapeutic 
targets can be identified. 
 
The hypothesis of this study is that distinct HA profiles within the kidney correlate with 
progression versus prevention/reversal of IR-induced renal injury.  With this in mind, the 
specific aims of my thesis are: 
 

§ To characterise alterations in the HA profile (including HA receptors, binding proteins 
and enzymes) that occur in an established in-vivo model of IRI-induced AKI, and to 
determine how the HA profile is altered in an in-vivo model of IPC. 

§ To develop an experimental model of IRI-induced AKI that progresses to CKD and to 
investigate the impact of IPC on the development of IRI-driven CKD. 

§ To characterise in-vivo alterations in the HA profile in the kidney as AKI progresses to 
CKD and characterise the changes associated with IPC in evolving chronic renal injury. 

§ To characterise key transcriptomic changes in the AKI to CKD continuum and the IPC-
mediated pathways that may prevent AKI to CKD damage. 

 
Through understanding the changes associated with renal injury and ischaemic 
preconditioning, both at a protein and transcriptomic level, it is hoped that novel therapeutic 
targets that mediate pathways downstream from IPC can be identified.  These targets could 
subsequently be used in future interventional animal experiments to address the important 
problem of IR-related damage both in AKI and CKD.  
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1 Introduction
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1.1 Acute Kidney Injury to Chronic Kidney Disease Continuum 

Blood is supplied to the kidney via the renal artery and drained via the renal vein.  Urine is transferred from the 
kidney to the bladder via the ureter.  The kidney consists of an inner medulla and an outer cortex. 

The kidneys are paired organs, found in the retroperitoneal cavity either side of the 

thoracolumbar vertebral column.  Oxygenated blood is supplied to the kidneys via the renal 

arteries, which are branches of the abdominal aorta.  Venous blood drains through the renal 

veins to the inferior vena cava.  Urine drains from the kidney via the ureters, which are 

connected to the bladder (Kumar and Clark, 2005). 

The functional constituent of the kidney is called the nephron.  Each nephron comprises a 

glomerulus, proximal tubule, Loop of Henle, distal tubule and collecting duct.  Glomeruli 

Figure 1. 1 Anatomy of the Kidney (adapted from image designed by brgfx/Freepik)

Renal Artery
Renal Vein

Ureter

Renal Cortex

Renal Medulla
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contain various cell types including endothelial cells, epithelial cells including podocytes, 

which support the basement membrane, and mesangial cells (Kumar and Clark, 2005). 

 

1.1.1 Acute Kidney Injury (AKI) 

1.1.1.1 Defining Acute Kidney Injury 

Fundamentally, AKI describes injury to kidney tissue, associated with a rapid increase in serum 

creatinine, decline in urine output, or both (Ronco, Bellomo and Kellum, 2019).  The Kidney 

Disease: Improving Global Outcomes (KDIGO) guidelines define AKI as a 50% rise in serum 

creatinine within seven days, or an increase in serum creatinine of greater than 26.5 µmol/L 

within two days, or oliguria (Kellum and JA, 2012).  Despite its limitations, which will be 

discussed in greater detail in Chapter 3, estimated Glomerular Filtration Rate (eGFR) based 

on serum creatinine provides the most practical way of assessing kidney function clinically.  

However, a normal serum creatinine or eGFR does not necessarily equate to a normal kidney 

histologically, and often significant histological damage has occurred before any discernible 

rise in serum creatinine is identified (Lameire et al., 2015).  It is worth noting however, that 

eGFR estimates are only validated on steady-state creatinine values, and therefore not 

appropriate for use where there are rapid changes in serum creatinine, as observed in acute 

kidney injury (Paige and Nagami, 2009).  In this instance, changes in serum creatinine alone 

are used to diagnose AKI.  Irrespective of the definition applied; AKI is a designation 

encompassing a diverse range of causes, which ultimately result in a rapid decline in renal 

function.  This abrupt loss of function often results in fluid balance abnormalities, as well as 

disruption of acid-base and electrolyte homeostasis (Kaballo, Elsayed and Stack, 2017). 
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1.1.1.2 The Epidemiology and Aetiology of Acute Kidney Injury 

Welsh data demonstrates an AKI incidence of 577 per 100,000 population, with community-

acquired AKI accounting for 49.3% of cases, the majority of which are detected in the Accident 

and Emergency Department (Holmes et al., 2016).  According to a recent global meta-analysis 

using the KDIGO definition of AKI, over one fifth of hospital admissions in adults were 

associated with an episode of AKI (Susantitaphong et al., 2013).  The highest incidence is 

observed in admissions to the Intensive Care Unit (ICU), where AKI is seen in over 50% of 

patients (Hoste et al., 2015).  AKI is associated with a four-fold increase in mortality during an 

inpatient stay (Liangos et al., 2006), as well as a nearly 1.5-fold increase in mortality for the 

90 days following a hospital admission (Lafrance and Miller, 2010).  Mortality associated with 

AKI is higher in the elderly population and those from a low socioeconomic background 

(Holmes et al., 2019). 

 

The underlying aetiology of AKI  was previously classified anatomically; pre-renal, intrinsic or 

post-renal AKI (Ronco, Bellomo and Kellum, 2019).  This taxonomy includes, but is not limited 

to; hypovolaemia, reduced cardiac output, systemic vasodilatation (pre-renal), 

glomerulonephritides, Tubulo Interstitial Nephritis (TIN), Acute Tubular Necrosis (ATN), 

medications (intrinsic) and Benign Prostatic Hypertrophy (BPH), renal calculi, malignancy 

(post-renal) (Moore, Hsu and Liu, 2018).  This simplistic approach is increasingly being 

replaced by more explicit syndromic descriptors including cardiorenal, hepatorenal, 

nephrotoxic and sepsis-associated AKI.  This approach is based on growing evidence that 

these syndromes have distinct pathophysiology and treatment requirements (Ronco, Bellomo 

and Kellum, 2019), in addition to their prognosis in relation to the development of CKD. 
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1.1.2 Chronic Kidney Disease (CKD) 

1.1.2.1 Defining Chronic Kidney Disease 

CKD is defined as abnormalities in kidney structure or function, persisting for more than 3 

months (KDIGO, 2012).  Glomerular Filtration Rate (GFR) is the best available predictor of 

kidney function (Levey, Becker and Inker, 2015), and current guidelines define CKD 

internationally by an estimated GFR of less than 60mL/min per 1.73m2 (Webster et al., 2017).  

For initial assessment of GFR, an equation using serum creatinine is recommended (Levey, 

Becker and Inker, 2015).  Markers of structural abnormalities include albuminuria, electrolyte 

disturbance, histological irregularities, or structural issues noted via imaging (KDIGO, 2012). 

 

 
Figure 1. 2 Prognosis of CKD (adapted from KDIGO Guideline on CKD 2012) 

Table depicting prognosis of CKD by GFR and albuminuria categories.  Green = low risk of CKD.  Yellow = 
moderately increased risk of CKD.  Orange = high risk of CKD.  Red = severely high risk of CKD. 
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In 2012, the definition of CKD was updated, to further allow prognostication based on stage 

of disease and clinical diagnosis (Levey et al., 2011).  GFR categories from G1 to G5 are 

assigned based on declining renal function, with G5 signifying the worst function, also 

described as End-Stage Renal Failure (ESRF).  Additionally, an albuminuria category of A1 to 

A3 is assigned based on increasing amount of albumin detectable in the urine, with A3 

denoting the most severe disease.  An assessment of prognosis can be made based on the 

designated gradings as described above, used in conjunction with one another (KDIGO, 2012). 

 

1.1.2.2 The Epidemiology and Aetiology of Chronic Kidney Disease 

The Health Survey for England (2016) found that 15% of adults aged 35 and over had a degree 

of CKD (Fat, Mindell and Roderick, 2016).  The burden of CKD is expected to continue to rise 

however, with prevalence rates in adults over the age of 30 expected to reach 16.7% by 2030, 

predominantly due to an ever ageing population and increase in prevalence of co-morbidities 

(Hoerger et al., 2015). 

 

CKD can be attributed to a number of different underlying pathologies, of which hypertension 

and diabetes are the principal causes globally.  Diabetes itself accounts for up to half of all 

cases of CKD worldwide (Webster et al., 2017).  However, irrespective of CKD cause, renal 

fibrosis is the definitive underlying pathological process that drives CKD progression, resulting 

from aberrant healing following a prolonged insult.  Glomerulosclerosis, tubular atrophy and 

interstitial fibrosis typify this histologically, with the area of interstitial fibrosis correlating 

closely with poor renal function and long-term outcome (Webster et al., 2017). 
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1.1.2.3 End-Stage Renal Failure and Renal Replacement Therapy 

ESRF is a term describing those patients with a GFR of less than 15mL/min per 1.73m2.  Clinical 

implications of this include fluid and acid-base imbalance, electrolyte disturbances, anaemia, 

cardiovascular complications and renal bone disease. 

 

Patients with ESRF largely require Renal Replacement Therapy (RRT).  RRT encompasses 

dialysis; either haemodialysis or peritoneal dialysis and renal transplantation.  In suitable 

patients, renal transplantation is the RRT of choice for both quality of life and longevity (Berns, 

2019), in addition to providing a cost benefit in comparison to long-term dialysis.  However, 

when required, the National Institute for Health and Care Excellence (NICE) recommend 

commencing dialysis: “when indicated by the impact of symptoms of uraemia on daily living, 

or biochemical measures or uncontrollable fluid overload, or at an eGFR of around 5 to 

7 ml/min/1.73 m2 if there are no symptoms” (NICE, 2018). 

 

1.1.2.3.1 Renal Replacement Therapy via Renal Transplantation 

Renal transplantation is the RRT of choice for suitable patients; i.e. those who are fit enough 

to undergo surgery and post-operative recovery.  Over 80,000 kidney transplants are 

performed globally each year (GODT, 2015).  In the UK alone last year, 3597 kidney 

transplants were performed.  However, during the same period of time, 4977 people 

remained on the UK waiting list for a kidney transplant (NHSBT, 2019).  Thus, the disparity 

between supply and demand for organs, and the reason why so many patients inevitably end 
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up on dialysis, is exceedingly evident.  The survival rates at one and five years following renal 

transplantation are excellent at 97% and 87% respectively (Robb and Hendry, 2019).  In 

contrast, the one-year survival alone for incident RRT patients who do not receive a transplant 

is only 87%, with a steep decline in survival with increasing age (Methven, Steenkamp and 

Fraser, 2017). 

 

Data from the UK Renal Registry (UKRR) suggests that in 2017, there were 7,911 new patients 

initiated on RRT across all centres in the UK.  The majority of these were commenced on 

haemodialysis; only 9% received a renal transplant in the same period of time (UKRR, 2019).  

Interestingly, this data includes patients with an AKI requiring RRT, who represent an 

increasing population of patients with the highest observed mortality rate of any single 

disease process (Kolhe et al., 2015). 

 

Between 1998 and 2013, there was a 13-fold increase in the population incidence of AKI 

requiring dialysis in England (Kolhe et al., 2015), which was consistent with similar trends 

observed in the USA (Hsu et al., 2013).  One possible contributing factor to the observed trend 

is the concurrent increasing prevalence of CKD and co-morbidities predisposing to both 

conditions, including increasing age and diabetes.  Additionally, survivors of AKI are at 

significant risk of developing CKD and ESRF (Chawla et al., 2017).  Thus, a paradigm shift 

emerges in describing these two conditions as a single entity, rather than two separate 

conditions. 
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1.1.3 The Acute Kidney Injury to Chronic Kidney Disease Continuum 

We are increasingly recognising AKI and CKD as a closely associated continuum of disease, 

rather than two separate disorders.  It has been postulated that both conditions exist on a 

spectrum of diminution of GFR as a single clinical entity (Chawla and Kimmel, 2012). 

 

Due to the fact that chronically impaired kidneys lose their capacity to auto-regulate, one of 

the biggest risk factors for development of AKI is the pre-existence of CKD (Chawla et al., 

2017; Kaballo, Elsayed and Stack, 2017).  Risk factors including advanced age, diabetes, 

hypertension and cardiac failure are common to both AKI and CKD, and this complicates 

defining the relationship between the two. 

 

Patients are at increased risk of developing CKD or worsening existing CKD if they sustain an 

episode of AKI (Chawla et al., 2017; Wonnacott et al., 2014), even if minor and transient 

(Kaballo, Elsayed and Stack, 2017; Wonnacott et al., 2014).  The severity of AKI has been linked 

to long-term renal outcomes (Chawla et al., 2011), with those experiencing a higher initial rise 

in serum creatinine being most at risk of developing chronic impairment.  Wald et al. 

demonstrated a threefold increase in ESRF in hospital inpatients requiring dialysis following 

an episode of AKI (Wald et al., 2009).  Lo et al. further quantified this risk; demonstrating a 

28-fold increase in development of CKD stage four or five, following an episode of AKI 

requiring dialysis (Lo et al., 2009). 
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Loss of nephrons following AKI is irreversible.  However, it is postulated that surviving 

nephrons undergo adaptation to restore kidney function.  Hence, a normal serum creatinine 

can be observed in the presence of an abnormal histological appearance.  It has been 

hypothesised that the absence of this complete histological recovery is responsible for the 

development of CKD following an acute insult (Kaballo, Elsayed and Stack, 2017). 

 

Our knowledge of the spectrum of renal disease is constantly evolving.  However, the 

association between acute impairment and long-term renal outcomes is well-recognised.  

Notably, the AKI episode may offer the most significant window of opportunity for 

therapeutic intervention, in an attempt to modify the natural course of kidney disease 

(Chawla et al., 2017).  The principle cause of AKI worldwide is Ischaemia Reperfusion Injury 

(IRI), accounting for approximately seventy percent of AKI (Erpicum et al., 2018), 

predominantly as a result of sepsis-driven hypotension.  There is a strong correlation between 

the severity and frequency of IRI and AKI outcomes.  Repeated exposure to episodes of 

ischaemia and reperfusion are closely associated with progression of AKI to Chronic Kidney 

Disease (CKD) (Dong et al., 2019).  
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1.2 Ischaemia Reperfusion Injury 

1.2.1 Defining Ischaemia Reperfusion Injury 

IRI describes the cellular damage that occurs when the blood supply to an organ or tissue is 

interrupted, followed by re-instatement of blood flow and subsequent reoxygenation.  

Ischaemia results in a disparity between metabolic supply and demand, resulting in 

subsequent tissue hypoxia.  Although essential in preventing irreversible damage, reperfusion 

paradoxically augments tissue injury, exceeding that produced by the ischaemia itself.  This is 

mediated by a number of cellular processes including activation of the immune response and 

cell death programs, exacerbating the resultant inflammatory response and injury cascade 

(Eltzschig and Eckle, 2011). 

 

1.2.2 The Pathophysiology of Ischaemia Reperfusion Injury 

Multifactorial pathological processes are implicated in IRI, in a complex equilibrium of those 

pertaining to injury, and those capable of resolution. 

 

1.2.2.1 The Biochemical Properties of Ischaemia Reperfusion Injury 

Ischaemia causes oxygen deprivation, forcing aerobic metabolism and Adenosine 

Triphosphate (ATP) production to switch to anaerobic pathways.  This rapidly depletes 

intracellular ATP stores, inhibiting the membrane-bound ATP-dependent pump functions.  

Resultantly, intracellular sodium and calcium levels rise, causing an influx of water and 
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subsequent cellular oedema.  Elevated calcium levels contribute to the production of Reactive 

Oxygen Species (ROS) at the mitochondrial level, widely accepted as a dominant adverse 

influencer in IRI (Martin et al., 2019).  During the ischaemic phase, only small amounts of ROS 

are produced.  However, on reperfusion this is amplified significantly when hypoxanthine, a 

by-product of Adenosine Monophosphate (AMP) catabolism, is converted into these toxic 

ROS (Eltzschig and Collard, 2004; Barin-Le Guellec et al., 2018).  The Mitochondrial 

Permeability Transition Pore (MPTP) is subsequently induced, with activation of cellular death 

mechanisms (Martin et al., 2019). 

 

1.2.2.2 Cellular Death Processes in the Pathophysiology of Ischaemia Reperfusion Injury 

Cellular death is generally accepted to occur through one of three mechanisms; necrosis, 

apoptosis or autophagy-associated cell death.  Depending on the stimulus, these processes 

most likely co-exist, rather than occur exclusively, each one relying on regulated mechanisms 

to effect cell death (Priante et al., 2019). 

 

Although hypoxic tolerance varies among cell types, extended periods of hypoxia are 

inevitably followed by cellular necrosis.  The cells of the proximal tubular epithelium are the 

most vulnerable due to their high metabolic demands, and tubular cell necrosis is an early 

feature of IRI and a key determinant of immunological sequelae.  Distinct changes in the 

morphology of cells undergoing necrosis or apoptosis are evident, most notably the total lysis 

and loss of plasma membrane in cells undergoing necrosis (Priante et al., 2019).  The release 

of intracellular contents is a substantial stimulus to the innate immune system. 
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Although necrosis most likely initiates proceedings following an episode of ischaemia and 

reperfusion, apoptosis is commonly acknowledged as the key pathological alteration in IRI.  

Apoptosis is an entirely normal and necessary part of renal development and functioning.  

Apoptosis is a non-lytic form of programmed cell death, with little immunogenic stimulus.  

Following IRI, apoptosis is initiated predominantly in the proximal tubular cells, the extent of 

which defines the subsequent renal impairment (Priante et al., 2019). 

 

The role of autophagy in IRI is not well understood, however, there is some evidence that it 

can be employed by injured cells to maintain their viability, thus evoking a protective 

response to injury (Priante et al., 2019; Salvadori, Rosso and Bertoni, 2015). 

 

1.2.2.3 Microvascular Compromise in the Pathophysiology of Ischaemia Reperfusion Injury 

Cellular death dictates the initial course of events following IRI, however, the mechanisms 

described above do not act in isolation.  IRI is associated with a characteristic vascular 

phenotype; most notably, an increase in vascular permeability.  This is primarily due to the 

effect of severe hypoxia on the vascular endothelium, which not only serves as a structural 

barrier, but also a co-ordinator of polymorphonuclear (PMN) leucocyte handling (Eltzschig 

and Collard, 2004).  Initial hypoxia reduces adenylate cyclase activity, which is the enzyme 

responsible for the conversion of ATP to cyclic Adenosine Monophosphate (cAMP) and 

pyrophosphate.  This inherently decreases intracellular cAMP levels, resulting in a concurrent 

increase in vascular permeability (Ogawa et al., 1992). 
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The porous nature of the damaged endothelium facilitates PMN mobilisation from the 

intravascular compartment to the interstitium in response to hypoxia.  PMNs have the 

capacity to regulate vascular permeability in a variety of situations.  Activated PMNs release 

mediators, which can either serve to protect the microvascular endothelial barrier, through 

reinforcement of endothelial cell-cell contact, or conversely, disrupt the barrier and increase 

permeability further.  One such example of this is the release of Heparin-Binding Protein 

(HBP), a PMN-derived factor which induces cytoskeletal rearrangement and gap formation, 

resulting in increased endothelial permeability (Eltzschig and Collard, 2004). 

 

Reperfusion poses an additional challenge to the microvasculature in an observation known 

as the ‘no reflow phenomenon’.  Sites of endothelial damage experience prolonged 

vasoconstriction, and transient cessation or even reversal of blood flow has been observed 

following reperfusion (Devarajan, 2006; Eltzschig and Eckle, 2011).  The underlying 

mechanism of this is multifaceted, but includes early endothelial cell swelling, overexpression 

of Intracellular Adhesion Molecule-1 (ICAM-1) and a loss of polarity of the peritubular 

capillary endothelium (Brodsky et al., 2002). 

 

1.2.2.4 The Immune Response in the Pathophysiology of Ischaemia Reperfusion Injury 

Microvascular changes facilitate the migration and activation of certain immune cells, which 

are continually being recruited by the inflammatory response caused by programmed cell 

death.  However, this is further compounded by the fact that despite primarily occurring 

under sterile conditions, IRI stimulates the immune system in a manner analogous to a 
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microbial invasion.  Immune cells of the innate and adaptive systems are recruited, in addition 

to activation of the complement system.  The inflammatory reaction that ensues is critical for 

tissue repair, however, paradoxically, it also possesses the potential to perpetuate injury and 

result in chronic disease (Chen and Nuñez, 2010). 

 

1.2.2.4.1 The Role of the Innate Immune System 

Damage-Associated Molecular Patterns (DAMPs) are endogenous molecules, which are 

released as a consequence of cellular injury following IRI.  Ordinarily hidden from immune 

recognition, these molecules are released from dying cells into the extracellular domain.  In 

addition to intracellularly located DAMPs, which are released following cell necrosis and 

demolition of the plasma membrane, extracellular DAMPs exist.  These are molecules which 

are typically released from Extracellular Matrix (ECM) components during tissue injury (Chen 

and Nuñez, 2010). 

 

There are five described classes of receptor responsible for the initiation of inflammatory 

responses, collectively known as Pattern Recognition Receptors (PRRs).  It is through the 

interaction of the DAMPs with the PRRs, that the innate immune response is triggered (Chen 

and Nuñez, 2010).  Toll-Like Receptors (TLRs) are one example of PRR explicitly implicated in 

renal IRI.  A comprehensive review by Zhao et al in 2014 described a critical role for TLR-4 in 

the pathogenesis of IRI in renal grafts following transplantation.  One study proposed a role 

in the activation of macrophages and dendritic cells by Hyaluronan (HA), a glycosaminoglycan 

of the ECM, in a complex process dependant on TLR-4 (Zhao et al., 2014; Termeer et al., 2002). 
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Innate immunity functions in a two-fold approach; firstly, a phagocytic response directly 

results in cell death and degradation, and secondly, the secretion of chemokines and 

cytokines enhances further recruitment of immune defences.  In the phagocytic response, 

neutrophils are the first cells to emerge, accumulating in the renal interstitium as early as 30 

minutes following reperfusion (Kezić, Stajic and Thaiss, 2017).  Following neutrophil 

transmigration, macrophages and dendritic cells appear, derived from two distinct 

subpopulations of their precursor monocytes.  Simplistically, ‘resident’ endothelial 

monocytes differentiate into resident macrophages and dendritic cells.  These macrophages 

are commonly termed M2-type and are associated with a protective role in phagocytosis and 

initiation of a T-helper 2 (Th2) response.  Conversely, ‘inflammatory’ monocytes are recruited 

to sites of injury and inflammation, differentiating into M1-type macrophages and dendritic 

cells.  These M1-type macrophages have a pro-inflammatory role, secreting cytokines and 

chemokines (Kezić, Stajic and Thaiss, 2017), which cause tissue damage, in addition to further 

recruitment of innate defences.  This is the cornerstone of the second advance of the innate 

immune system, and a vital bridge between innate and adaptive immunity. 

 

1.2.2.4.2 The Role of the Adaptive Immune System 

The interaction between dendritic cells and Natural Killer (NK) cells serves as an important 

link between the innate and adaptive immune systems; with NK cells directly regulating and 

augmenting dendritic cell function, whilst indirectly regulating T-cell function (Kezić, Stajic 

and Thaiss, 2017).  T-cells are a principle component of the adaptive immune system and their 

role in IRI is complex.  T-cells can be divided into T-helper cells (CD4 positive) and cytotoxic T-
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cells (CD8 positive), exhibiting either an assistive approach through the secretion of cytokines 

(T-helper), or direct destruction of pathogen-infected cells (cytotoxic). 

 

The varying roles of the T and B-lymphocyte cells in IRI are demonstrated through a multitude 

of research.  Studies suggest that a depletion in CD4 and CD8 positive T-cells confers 

significant protection against IRI (Boros and Bromberg, 2006; Rabb et al., 2000).  Whilst CD4 

knockout mice are also protected against IRI, this effect is not observed in CD8 knockout mice 

(Yokota et al., 2003).  Moreover, a dichotomous effect of differentiated CD4 positive (CD4+) 

T-cells can be observed; depending on whether the cell acquires a T-helper 1 (Th1) or a Th2 

phenotype, exerting deleterious or protective effects respectively (Devarajan, 2006) (Yokota 

et al., 2003).  T regulatory cells (Tregs) are an additional subset of T-cells, thought to play a 

protective role in IRI, likely through modulation of cytokine production by other T-cell subsets 

(Gandolfo et al., 2009).  B-cells comprise the remainder of the adaptive immune system, 

although their role in IRI remains less well understood.  B-cell deficient mice appear to 

develop protection against IRI, at least in part (Burne-Taney et al., 2003).  Curiously, animals 

deficient in both B-cells and T-cells are no longer protected from the injurious effects of IRI 

(Park et al., 2002). 

 

1.2.2.4.3 The Role of Complement 

The complement system encompasses a co-ordinated cascade of proteins with the potential 

to enhance both the innate and adaptive immune responses.  Complement can be activated 

in one of three ways; the Classical Pathway, Alternative Pathway or Lectin-Binding Pathway.  
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Irrespective of the initiating pathway, the pivotal step is the cleavage of C3b from C3, which 

facilitates the cleavage of C5b in the presence of C5 convertase.  Ultimately, this process 

allows the formation of the Membrane Attack Complex (MAC), which results in cell lysis (De 

Vriese et al., 2015).  In the context of renal IRI, the alternative pathway appears to be the 

predominant influence (Devarajan, 2006; Thurman et al., 2003; Thurman et al., 2005; Holers 

and Thurman, 2004), with mice deficient in C3 or Factor B (a component of the alternative 

pathway) acquiring protection against IRI. 

 

1.2.2.5 Gene Expression in the Pathophysiology of Ischaemia Reperfusion Injury 

Amid the chaos incurred by cellular death, vascular compromise and immune activation 

following IRI, alterations in the transcriptional control of gene expression are occurring 

inconspicuously, often in order to confer protection against injury. 

 

1.2.2.5.1 What is Gene Expression? 

In brief, gene expression allows the synthesis of a functional gene product, usually a protein, 

from the genetic information contained within a gene.  This protein then dictates the function 

of the cell containing the gene within its nucleus.  The process starts with transcription; the 

process whereby a gene’s DNA is copied into RNA.  This process occurs thousands of times 

each second in every cell and forms the primary control checkpoint for protein production.  

Transcripts are modified by the removal of introns, RNA sequences which will not form part 
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of the mature RNA, before being allowed to leave the nucleus.  Transcription is followed by 

translation of the RNA to the protein product (Alberts et al., 2019). 

 

 

Figure 1. 3 Illustration of the Innate and Adaptive Immune Systems 

The innate immune system encompasses a phagocytic response led by neutrophils, macrophages and dendritic 
cells (derived from precursor monocytes), followed by secretion of chemokines and cytokines.  Complement 
also forms part of the innate immune system.  NK cells provide an important link between the innate and 
adaptive immune systems.  The adaptive immune system is comprised of T and B lymphocyte cells. 

 

At any one time, only a fraction of the genes within a cell’s nucleus are being expressed.  The 

variation in gene expression profiles by different cell types is governed largely by transcription 

regulators.  Cells possess the capacity to turn specific combinations of regulators on or off, 

facilitating adaptation to whatever environment the cells may encounter. 
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1.2.2.5.2 The Changes in Gene Expression Associated with Ischaemia Reperfusion Injury 

Initial changes associated with the transcriptional control of gene expression following 

ischaemia are targeted towards an attempt to restore oxygenation.  One example is the 

nuclear translocation of the transcription regulators, Hypoxia Inducible Factors (HIF) 

(Salvadori, Rosso and Bertoni, 2015).  HIF increase the expression of over 60 genes, in an 

adaptive reaction attempting to compensate for low levels of oxygen.  One such gene is that 

which encodes for Vascular Endothelial Growth Factor-A (VEGF-A), an inducer of angiogenesis 

(Brahimi-Horn and Pouysségur, 2009). 

 

Pathophysiology 
of IRI

Biochemical:
§ ↓O2 à anaerobic metabolism
§ Depletion of ATP stores
§ Inhibition of ATP pump functions
§ ↑↑ intracellular Na + Ca à H2O influx (oedema)
§ MPTP is induced

Cellular Death:
§ Necrosis (due to hypoxia) à cell lysis

§ Highly immunogenic
§ Apoptosis; non-lytic programmed cell death

§ Less immunogenic
§ Autophagy

Innate Immune Response:
§ Release of DAMPS
§ DAMPS interact with PRRs e.g. TLRs à immune 

response
§ i) Phagocytic response
§ Ii) Pro-inflammatory cytokine/chemokine release

Gene Expression:
§ Synthesis of functional gene product
§ May be protective
§ Initial aim is to restore O2
§ E.g. nuclear translocation of HIF

Adaptive Immune Response:
§ T-cells

§ CD4+ve (cytokines)
§ CD8+ve (cytotoxic)

§ B-cells
§ Dendritic/NK cell = link (innate/adaptive)

Complement:
§ Enhance innate + adaptive immune responses
§ C3 à C3b = pivotal step
§ MAC formation à cell lysis
§ Alternative pathway = predominant in IRI

Microvascular Compromise:
§ Severe hypoxia on vascular endothelium à ↑ 

vascular permeability
§ ↓cAMP levels à ↑ vascular permeability
§ PMNs relocate to interstitium
§ ‘No-reflow’ phenomenon

Figure 1. 4 Pathophysiology of IRI 

Summary of the pathophysiology underlying ischaemia reperfusion injury; to include biochemical abnormalities, 
cellular death processes, immune responses and changes in gene expression and vasculature. 
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Contrary to the association with HIF and protective responses to hypoxia, there are well 

documented relationships between HIF and pro-fibrotic pathways, including that of 

Transforming Growth Factor-Beta (TGF-b).  TGF-b  is one of the predominant facilitators of 

renal fibrosis.  Increasing levels of TGF-b are observed in response to hypoxia, with HIF directly 

involved in regulation of many genes involved in the pathway.  Post-ischaemic fibrosis is 

augmented by the activation of a number of other genes and pathways, governed by the 

influence of hypoxia on HIF, ultimately resulting in deposition of ECM and fibrosis (Situmorang 

and Sheerin, 2019). 

 

1.2.3 The Clinical Relevance of Ischaemia Reperfusion Injury 

The pathophysiological processes involved in IRI are diverse and shared in common with both 

AKI and acute graft dysfunction following kidney transplantation (Martin et al., 2019). 

 

1.2.3.1 The Association between Acute Kidney Injury and Ischaemia Reperfusion Injury 

As previously mentioned, IRI is the leading cause of AKI worldwide.  The kidneys receive up 

to 25% of circulating blood volume and are thus vulnerable to hypoperfusion and ischaemia 

as a result of anything which affects the circulation (Makris and Spanou, 2016).  This 

encompasses the so-called ‘pre-renal’ aetiologies, as described above, and accounts for the 

majority of AKI in developed countries, hospital inpatients and critically unwell patients.  Of 

these, the most common triggers of AKI clinically are sepsis-driven hypotension, major 

surgery and decompensated cardiac failure (Bellomo, Kellum and Ronco, 2012).  Renal 
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transplantation is another clinical condition whereby interruption to renal blood flow is 

unavoidable, and therefore transplanted kidneys are inevitably subject to the injurious 

sequelae of IRI, as observed in native pre-renal AKI. 

 

1.2.3.2 The Association between Renal Transplantation and Ischaemia Reperfusion Injury 

IRI is an inevitable part of transplantation, whereby organs are rendered ischaemic during 

extraction, transportation and implantation until revascularisation.  Timely reperfusion in the 

recipient is the fundamental goal, with duration of ischaemia closely linked with outcomes 

(Debout et al., 2015). 

 

Donor kidneys for transplantation are obtained from two main sources; deceased donors and 

living donors.  Deceased donors can either be donors after brainstem death (DBD) or cardiac 

death (DCD) (Zhao et al., 2018).  DBD kidneys are preferable, because they remain perfused 

until the point immediately prior to retrieval.  DBD kidneys previously comprised the vast 

majority of deceased donors, however, DCD donors are increasingly forming a larger 

proportion of the donor pool, particularly in the U.K. (Robb and Hendry, 2019; NHSBT, 2019).  

DCD kidneys are subjected to prolonged periods of warm ischaemia before and during organ 

retrieval, and are thus more susceptible to IRI (Zhao et al., 2018). 

 

IRI is closely linked with Delayed Graft Function (DGF) in the graft, whereby the transplanted 

organ takes weeks or months to function.  DGF is most commonly defined as the need for one 
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or more dialysis sessions post-transplantation (Yarlagadda et al., 2008).  Predictably, DCD 

kidneys are associated with significantly higher rates of DGF than kidneys from DBD donors 

(Summers et al., 2010).  It was previously thought that DGF was a significant risk factor in poor 

long-term graft survival (Whittaker et al., 1973; Halloran and Hunsicker, 2001).  However, it 

is important to note that studies undertaken at this time were almost exclusively relating to 

DBD donors.  It has subsequently been demonstrated that whilst DGF in kidneys from DBD 

donors is indeed strongly predictive of inferior long-term graft survival, it is not associated 

with poorer long-term outcomes in kidneys from DCD donors (Summers et al., 2010).  It is 

hypothesized that DGF in DCD kidneys reflects reversible injury associated with IRI secondary 

to longer warm ischaemic times.  Conversely, DGF in DBD donor kidneys reflects a more 

irreversible and clinically significant pathological process (Summers et al., 2010).  It is 

noteworthy however, that whilst prolonged cold ischaemic times are detrimental to the graft 

survival in DCD kidneys, no such relationship was observed in DBD kidneys (Summers et al., 

2013).  Specifically, a cold ischaemic time of less than 12 hours was strongly associated with 

increased survival of the graft (Summers et al., 2010).  This body of research reflects the 

increased vulnerability of DCD kidneys to ischaemic injury and has been pivotal to changes in 

DCD donor utilisation across the U.K. 

 

Whilst the above findings are reassuring in terms of utilisation of DCD organs, DGF is however 

associated with significant morbidity; resulting in increased rates of oliguria post-transplant, 

increased allograft immunogenicity and acute rejection episodes (Perico et al., 2004).  The 

severity of IRI is independently associated with rates of acute rejection; for example, Barba 

et al. demonstrated a greater incidence of acute rejection with increased cold ischaemic time, 
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but also a shorter time from transplantation to the first episode of rejection (Barba et al., 

2011).  It is hypothesized that the increase in immunogenicity observed with more severe IRI 

is partly responsible for later graft loss in kidneys subjected to increased ischaemic insult at 

the time of transplantation.  Furthermore, DGF is only negatively associated with graft 

survival when it occurs in combination with acute rejection (Chaumont et al., 2015). 

 

In the UK there is a group of organ donors termed expanded criteria donors (ECD), which are 

increasingly being used due to donor shortages.  First described in 1997 (Kauffman et al., 

1997), the expanded criteria donor was later defined specifically as any donor above the age 

of 60, or between the ages of 50 and 59 with any two of the following criteria; cause of death 

is cerebrovascular accident, pre-existing history of hypertension or serum creatinine greater 

than 1.5mg/dL (Metzger et al., 2003).  Kidneys from ECD are even more vulnerable to the 

damage associated with IRI.  Interestingly however, Kayler et al. demonstrated that whilst 

these ECD kidneys were more susceptible to DGF, especially with increasing cold ischaemic 

time, this once again had no effect on long-term graft survival (Kayler et al., 2011).  In 2019, 

37% of all deceased donors in the UK were over the age of 60, and thus automatically ECD 

(Robb and Hendry, 2019). 

 

Whilst some of the mechanisms of IRI are well understood, they are not fully known.  The 

ability to prevent or treat IRI is an important area of study, particularly in the case of organ 

transplantation, whereby the ability to ameliorate IRI could result in an increased number of 

organs being accepted for transplantation.  Several strategies have been proposed to prevent 
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IRI.  These include amendments to organ storage or perfusion strategies, use of medications 

such as vasodilatory agents and novel methods such as Ischaemic Preconditioning (IPC), which 

is of particular interest in our research unit.  
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1.3 Ischaemic Preconditioning 

Ischaemic Preconditioning (IPC) is one experimental approach for the treatment of IRI and 

AKI.  Whilst widely successful in in-vivo experimentation, translation to the clinical setting has 

not yet been achieved.  This is, in part because the actual process of IPC is difficult to replicate 

in humans, and therefore underlying mechanisms of action are critical to understand.  In 

short, if we can elucidate the mechanisms underlying the success of experimental IPC, we 

gain the potential to develop pharmaceuticals with the capacity to imitate IPC in a clinically 

relevant manner. 

 

1.3.1 Defining Ischaemic Preconditioning 

Brief and benign periods of ischaemia are applied to an organ prior to a sustained ischaemic 

insult.  This approach attenuates resultant tissue injury during subsequent ischaemia and 

reperfusion exposure (Eltzschig and Eckle, 2011). 

 

Local Ischaemic Preconditioning (LIPC) refers to interruption to the blood supply at a position 

close to the target organ, for example the renal artery when considering the kidney.  Remote 

Ischaemic Preconditioning (RIPC) refers to deliberate ischaemia of tissue at a distant location 

from the target organ, for example a limb or extremity.  IPC can be further classified as 

continuous, where one uninterrupted episode of ischaemia is delivered, or pulsatile, whereby 

repeated episodes of ischaemia and subsequent reperfusion are performed.  IPC  can also be 
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described as early or delayed, whereby the insult is applied immediately following 

preconditioning or at a later time point respectively. 

 

1.3.2 The History Surrounding Ischaemic Preconditioning 

IPC was first described in the 1980s, focusing on myocardial ischaemia.  Geft et al. first 

investigated the effects of brief periods of ischaemia on myocardial viability (Geft et al., 1982).  

Murry et al. were later able to demonstrate a significant reduction in infarct size when dogs 

were preconditioned prior to a 40 minute occlusion of the left circumflex coronary artery 

(Murry, Jennings and Reimer, 1986). 

 

Researchers in Los Angeles later went on to develop strategies for IPC applied remotely from 

the area of interest, albeit in the same organ.  Occlusion of the circumflex coronary artery 

was demonstrated to confer protection against an ischaemic insult in the domain of the left 

anterior descending coronary artery.  Furthermore, the protection observed was comparable 

with previous canine studies of LIPC.  Przyklenk et al. were the first group to raise the question 

of whether the protective mediators of IPC were produced in the heart, or simply activated 

or transported there by virtue of the benign ischaemic signals (Przyklenk et al., 1993), and 

thus, the concept of RIPC was born out of this pivotal study.  Following this, significant interest 

developed around the concept of IPC throughout the 1980s and 1990s, with studies later 

emerging for other organs including liver, brain and kidney. 
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1.3.3 Ischaemic Preconditioning in Relation to Kidneys 

Due to their high metabolic demands and vulnerability to ischaemia, the kidneys are of 

particular interest when considering IPC.  Numerous protocols and IPC schedules have been 

proposed across a diverse range of studies, with varying levels of efficacy.  To a degree, 

disparities in results can be explained by differences in animal species, preconditioned tissue 

volume, duration of preconditioning stimulus and interval between preconditioning and index 

ischaemia. 

 

1.3.3.1 The Variation in Ischaemic Preconditioning Protocols 

Wever et al. performed a meta-analysis and systematic review (Wever et al., 2012) to identify 

key features from preclinical renal IPC studies, which offered the greatest contribution to 

reduction in renal IRI.  Protective effects of IPC were observed universally, through reduced 

serum creatinine, Blood Urea Nitrogen (BUN) and histological damage. 

 

IPC conferred superior benefit when applied more than 24 hours prior to the index ischaemia, 

which is of particular significance because clinical trials almost unanimously adopt an early 

window of protection.  Interestingly, the nature of the IPC protocol, whether continuous or 

pulsatile, in addition to the site of preconditioning, LIPC or RIPC, demonstrated no significant 

difference (Wever et al., 2012).  Consequently, RIPC may offer the greatest opportunity for 

clinical application, whereby a remote stimulus can more easily be achieved. 
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1.3.3.2 The Clinical Application of Ischaemic Preconditioning 

Despite promising work in animal experimentation, it has been exceptionally difficult to 

translate these successes to human studies.  This can partly be attributed to the 

heterogeneity of the human population, but predominantly to the difficulty in systematically 

identifying the most effective preconditioning regime for a clinical trial protocol (Eltzschig and 

Eckle, 2011). 

 

In 2017, a Cochrane Review was published by Menting et al, summarising randomised control 

trials assessing the role of IPC on kidney function.  The protocol most commonly encountered 

consisted of three cycles of five minutes of ischaemia, followed by five minutes of reperfusion, 

applied immediately prior to the ischaemic insult.  Although some studies demonstrated 

promising results (Zarbock et al., 2015), the review concluded that RIPC demonstrated no 

renoprotective effect when compared with controls.  Thus, the prospect of IPC in the clinical 

context remains somewhat contentious.  The authors noted that LIPC had not been studied 

in patients, and thus the feasibility of this remains ambiguous (Menting et al., 2017).  In the 

main, clinical trials included in the Cochrane Review were undertaken with the primary aim 

of reducing myocardial IRI, with renal injury included as a secondary endpoint.  However, 

clinical trials looking specifically at IPC in the context of renal transplantation have also failed 

to demonstrate any benefit of RIPC in the reduction of renal injury (Nicholson et al., 2015). 

 

Aside from selection of an optimal protocol, challenges to transforming the success of animal 

studies into clinical trials are multifactorial.  IRI applied to the kidney in animal models is 
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severe, and this is difficult to replicate in human studies.  Thus, very large patient cohorts are 

required to demonstrate significant benefit due to small changes in serum creatinine.  

Additionally, animal studies predominantly utilise healthy, young animals.  This makes 

application to clinical work problematic, wherein the patient cohort are often aged and 

comorbid.  It has previously been demonstrated that comorbidities often dampen the 

potential beneficial effects of IPC, in the context of diabetes (Engbersen et al., 2012), heart 

failure (Seeger et al., 2016) and older age (van den Munckhof et al., 2013).  Thus, the ideal 

clinical trial and clinical application of IPC remain elusive. 

 

Deciphering the underlying mechanism and molecular signalling of IPC is critical to the 

development of pharmaceuticals that can effectively target the appropriate downstream cell 

signalling pathways.  This is of particular importance clinically, where preconditioning 

involving ischaemia of a limb or target organ would contribute significant risk to patients 

suffering from comorbidities such as CKD or peripheral vascular disease (PVD), from which 

the cohort of patients in question often suffer (Liu and Gong, 2015). 

 

1.3.3.3 The Underlying Mechanisms of Ischaemic Preconditioning 

Despite being the subject of longstanding debate, no consensus has yet been drawn on the 

optimal protocol of preconditioning to achieve renal protection against IRI.  However, due to 

the potential for beneficial applications across a broad spectrum of medicine, work in the field 

is continually evolving.  The exact mechanisms underpinning the protective effect of IPC are 
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not fully understood.  However, there are fundamentals that are widely accepted and 

documented reliably in the literature. 

 

IPC relies on three components; triggers, effectors, and in the case of RIPC, pathways between 

these two, to transfer protective elements from the remote site to end-effectors.  Recognised 

trigger factors include adenosine, bradykinin and endogenous opioids (Veighey and 

MacAllister, 2015), although renal IPC studies are generally limited to knowledge of 

adenosine (Kierulf-Lassen et al., 2015).  These triggers bind to their respective G-Protein-

Coupled Receptor (GPCR), promoting protein kinase activity in key signalling pathways.  These 

pathways most notably include the intracellular pro-survival pathways; the Reperfusion Injury 

Salvage Kinase (RISK) pathway, the cyclic Guanosine Monophosphate/Protein Kinase C 

(cGMP/PKC) pathway and the Survivor Activating Factor Enhancement (SAFE) pathway 

(Kierulf-Lassen et al., 2015).  The signal is thus conveyed to the mitochondria and nucleus, 

facilitating initiation of the key defensive effectors of IPC. 

 

The manner in which the protective signal is transferred to the area of index ischaemia is 

widely contested.  Evidence exists for the involvement of one of three modes of transmission; 

humoral, neuronal or a comprehensive systemic response (Lim and Hausenloy, 2012).  In 

reality, these systems are almost certainly not mutually exclusive.  The identity of circulating 

humoral factors remains a mystery.  However, studies have revealed them to be hydrophobic 

in nature, with a molecular mass between 3.5 and 8 kDa (Shimizu et al., 2009; Serejo et al., 

2007; Lang et al., 2006; Breivik et al., 2011).  Adoptive transfer supports the hypothesis for a 
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humoral component, and the concept is well documented in the literature.  Dickson et al. 

were among the first to demonstrate this, when they proved that coronary effluent from 

preconditioned hearts could be transferred between rabbits, and still confer the same level 

of cardioprotection in the naïve recipient (Dickson et al., 1999). 

 

Involvement of the neuronal system hypothesises that substances produced during IPC act 

locally on afferent neural pathways (Stokfisz et al., 2017).  This theory originates from the 

observation that nerve resection or use of ganglion blockade results in loss of RIPC protection 

(Ding, Zhang and He, 2001; Gho et al., 1996).  More recently, studies have shown a synergistic 

effect, whereby removal of either humoral pathway by occlusion of the femoral vein, or 

neural pathway by occlusion of either sciatic or femoral nerve, obliterates any protection 

offered by RIPC (Lim, Yellon and Hausenloy, 2010). 

 

Thirdly, a systemic response at the level of gene transcription is elicited, whereby an anti-

inflammatory, pro-apoptotic gene transcription profile is promoted.  Konstantinov et al. were 

able to demonstrate a specific modification of the gene expression profile in both leucocytes, 

but also myocardium following RIPC.  Particularly, genes involved in encoding key proteins 

responsible for cytokine synthesis, leucocyte chemotaxis, apoptosis and innate immune 

pathways were downregulated, favouring an anti-inflammatory response to injury 

(Konstantinov et al., 2004; Konstantinov et al., 2005).  With respect to the kidney specifically, 

it has been consistently observed that IPC reduces immune cell infiltration and pro-

inflammatory cytokines (Kierulf-Lassen et al., 2015). 
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Either directly, in the case of LIPC, or following whatever mode of transportation RIPC 

initiates, the signal reaches its target organ.  Cell surface receptors activate intracellular 

cascades, as described above, which likely converge on the mitochondria (McCafferty, Byrne 

and Yaqoob, 2014).  The principal effector stage in IPC defence is the closure of the MPTP.  

This serves to prevent the influx of ions, averting mitochondrial rupture and inevitable 

apoptosis of the cell (Veighey and MacAllister, 2015). 

 

The protection of IPC occurs in two ‘windows’; immediately following the preconditioning 

stimulus, and later, usually characterised as occurring more than 24 hours following 

preconditioning and lasting for up to 72 hours.  The first evidence of this ‘delayed’ 

preconditioning in kidneys was published by Joo et al. in 2006; confirming that IPC conferred 

renal protection against IRI both immediately, and at 24 hours following IPC (Joo et al., 2006).  

The early protective window is likely dependant on direct effects on the mitochondria, as 
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Figure 1. 5 The Mechanisms of IPC 

Summary of the proposed mechanisms underlying IPC; to include identified triggers, mediators between trigger 
and effector, and the key effector mechanism; closure of the MPTP. 
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described previously (Kierulf-Lassen et al., 2015).  The late phase of protection is thought to 

be facilitated by the systemic genomic response and modification of key transcription factors, 

which regulate anti-inflammatory and anti-apoptotic gene expression (Veighey and 

MacAllister, 2015; Kierulf-Lassen et al., 2015). 

 

Transcriptional changes that occur with IPC, correlate closely with the diminution in 

development of renal fibrosis following ischaemia (Kierulf-Lassen et al., 2015).  The TGF-b 

signalling pathway is a major pathway responsible for myofibroblastic differentiation, a key 

event in the development of fibrosis.  Myofibroblasts are terminally differentiated fibroblasts 

and are the key effector cells in renal fibrosis.  Myofibroblasts express the actin protein, a-

Smooth Muscle Actin (a-SMA) and are an important source of Extracellular Matrix (ECM).  

This will be discussed in more detail in the next section. 

 

IPC has been shown to reduce a-SMA expression following IRI (Timsit et al., 2008; Jiang et al., 

2009).  Finally, TGF-b expression is reduced when IRI is preceded by IPC, and this almost 

certainly underpins the consequent reduction in renal fibrosis and renoprotective effect 

presented by the systemic response (Zhou et al., 2020; Hussein, Sakr and Alenzi, 2016; Jiang 

et al., 2009).  However, the exact mechanisms of IPC and how they influence cells that are 

important in progression of disease are not known, and thus exploring the role of the ECM in 

renal IRI and IPC is a compelling objective.  



 35 

1.4 The Extracellular Matrix and Renal Fibrosis 

The non-cellular components of tissue, termed the ECM, are not solely an inert scaffold for 

cellular constituents (Järveläinen et al., 2009), as previously thought.  They are, in fact, a 

critical microenvironment for the regulation of cell structure and function, including cell-cell 

adhesion, migration, proliferation and differentiation (Frantz, Stewart and Weaver, 2010). 

 

The involvement of the ECM following IRI and IPC is exceptionally interesting, because it is 

the activation of myofibroblasts and collagen deposition that facilitate tissue repair following 

injury, a critical process in tissue homeostasis.  However, it is the prolonged activation of 

these pro-inflammatory and pro-fibrotic cell types, which results in excess ECM deposition 

and ultimately tissue fibrosis (Black, Lever and Agarwal, 2019).  Dysregulation of the ECM has 

been identified as a critical factor in multiple organ dysfunction states, and the presence of 

interstitial fibrosis is a typical observation of the maladaptive repair that accompanies AKI and 

results in the development of CKD (Venkatachalam et al., 2010). 

 

Under normal circumstances, tissue injury would initiate a cascade of events, ultimately 

resulting in the activation of cytokines and the infiltration of inflammatory cells.  These 

molecules subsequently stimulate fibroblasts to migrate to the point of injury, where they 

become activated and undergo phenotypic alterations.  The end result is the production of 

copious amounts of ECM components, which facilitate the reparation of injured tissue.  

However, in the context of fibrosis, fibroblasts persist in their activated form.  Their unabated 

activity leads to excess ECM accumulation, ultimately resulting in persistent injury and 
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eventually tissue fibrosis.  It is not clear why some insults result in a maladaptive repair in 

preference to a self-limiting healing response, however, what we do know is that fibroblasts 

are the source of most of the ECM components, and are pivotal to maintaining normal tissue 

architecture and homeostasis. 

 

1.4.1 Fibroblast Involvement in Fibrosis 

Fibroblasts are spindle-shaped mesenchymal cells, found abundantly throughout the tissues 

of the body.  In pathological states, fibroblast numbers increase in response to cytokines, 

growth factors or ECM components in a positive feedback mechanism. 

 

The actin cytoskeleton is an important cellular scaffold found in the cytoplasm of all cells.  It 

contributes to the maintenance of cell shape, as well as providing a basis for cellular processes 

such as migration and differentiation.  The cytoskeleton comprises microtubules, actin 

filaments and intermediate filaments, and it connects with the ECM through focal adhesions 

(Critchley, 2000). 

 

Following injury, fibroblasts migrate to the site of trauma and undergo phenotypic 

transformation through modification of their actin cytoskeleton, under the influence of 

multiple factors including TGF-b and physical interaction with the ECM (Sandbo and Dulin, 

2011). 
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1.4.1.1 The Heterogeneity of Fibroblasts 

Fibroblasts are central to the development of fibrosis and have discrete phenotypes 

depending on their location and disease process to which they are responding.  Our 

knowledge of fibroblast phenotype is constantly evolving, especially with the advent of single-

cell sequencing.  Recent studies have revealed previously undiscovered fibroblast 

populations, with unique gene expression signatures (Habermann et al., 2020).  Curiously, 

single-cell sequencing from kidney tissue following Unilateral Ureteric Obstruction (UUO), has 

revealed a myofibroblast subtype with potential anti-fibrotic activity (Wu et al., 2019). 

 

Whilst our knowledge is continually expanding, we know that activated myofibroblasts are 

the cells principally responsible for the secretion of ECM, and in the context of CKD it is the 

contractile myofibroblast phenotype which predominates in the interstitium (Desmoulière, 

Darby and Gabbiani, 2003). 

 

1.4.1.2 Myofibroblast Involvement in Renal Fibrosis 

Myofibroblasts are terminally differentiated cells, which are rarely found in the healthy 

kidney.  The myofibroblast was first described in 1971, so named because of its potential to 

modulate towards a cell type structurally and functionally akin to smooth muscle (Majno et 

al., 1971).  Soon after its discovery, an association with granulation tissue was noted (Ryan et 

al., 1974), and thereafter its pivotal role in organ fibrosis evolved. 
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As briefly mentioned previously, it is a-SMA expression that acts as the best marker of 

myofibroblast presence.  The myofibroblasts incorporate a-SMA into stress fibres, which 

assist in the cell’s adherence to the ECM (Hinz et al., 2003).  When the myofibroblast 

subsequently contracts, mechanical forces are exerted on the matrix and tissue remodelling 

occurs (Humphreys, 2018).  This process is fundamental to renal healing; fibroblasts are 

rapidly initiated following injury, and blockade of this process intensifies kidney dysfunction 

(Zhou et al., 2019).  However, timely clearance of the myofibroblasts is critical to prevent 

aberrant repair and scarring.  Therefore, an understanding of how to prevent myofibroblast 

differentiation, or rather promote dedifferentiation, could provide useful insight into the 

regulation of tissue fibrosis. 

 

The persistence of interstitial myofibroblasts is associated with excessive ECM deposition, 

widespread fibrosis and organ failure (Liu, 2011; LeBleu et al., 2013).  It has recently been 

identified that fibroblasts present at different phases of renal injury possess unique gene 

expression patterns.  If remodelling is to occur, a shift in gene expression towards a resolution 

model must occur, a process which fails in the case of chronic fibrosis (Higashi, Aronow and 

Dressler, 2019).  Interestingly, there is limited evidence that differentiated myofibroblasts 

might retain some plasticity to dedifferentiate, however, this does not translate to a reversal 

of already established fibrosis (Nagaraju et al., 2019).  This is an area of significant therapeutic 

potential in the investigation of renal fibrosis and identification of antifibrotic strategies.  

Firstly however, a comprehensive understanding of the origin of renal myofibroblasts is the 

key to further understanding and potential manipulation of these complex cells. 
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1.4.1.3 The Origin of Renal Myofibroblasts 

The exact origin of renal myofibroblasts is a long-contested and still active area of research.  

Multiple sources likely contribute to the renal myofibroblast pool, including resident 

fibroblasts, fibrocytes, pericytes, epithelial cells and endothelium.  However, the exact 

contribution of each of these precursors remains controversial.  Current opinion suggests that 

myofibroblasts in the context of CKD are largely provided by resident stromal cells 

(Humphreys, 2018; Ruiz-Ortega et al., 2020; Yuan Q, Tan R.J and Liu, 2019). 

 

 

Figure 1. 6 Schematic Demonstrating the Origin of Renal Myofibroblasts 

A schematic summarising the origin of renal myofibroblasts; to include resident fibroblasts as the predominant 
source, with pericytes, mesenchymal stem cells, endothelial cells, epithelial cells and bone-marrow-derived 
fibrocytes also contributing. 
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Resident stromal cells are those residing in the renal interstitium, not including those that 

enter via the bloodstream.  This incorporates resident fibroblasts, pericytes and 

Mesenchymal Stem Cells (MSC)s.  There is strong evidence that resident fibroblasts offer the 

greatest contribution to myofibroblast presence following injury (LeBleu et al., 2013; Picard 

et al., 2008; Asada et al., 2011).  The contribution of pericytes, the vascular support cells, is 

slightly more difficult to elucidate due to the lack of a specific cell marker.  However, multiple 

studies suggest that they too contribute an important amount of myofibroblasts following 

injury (Gomez and Duffield, 2014; Humphreys et al., 2010). 

 

Epithelial-to-Mesenchymal Transition (EMT) is a process whereby epithelial cells undergo 

phenotypic transformation to that of a mesenchymal cell.  Endothelial-to-mesenchymal 

transition is a specialised version of EMT involving capillary endothelium.  EMT is a dynamic 

process, with epithelial cells and mesenchymal cells representing two extremes of the 

spectrum.  The number of cells completing the entire EMT course and contributing to 

myofibroblast presence is probably limited in comparison to the above mechanisms.  

However, it remains significant prognostically, where even partial EMT is associated with poor 

outcome and progression to interstitial fibrosis (Hertig et al., 2008; Zeisberg and Duffield, 

2010), and therapeutics targeting EMT have been shown to reduce renal fibrosis (Li, Qu and 

Bertram, 2009; Li et al., 2009; Chen et al., 2018).  Despite controversy, EMT is still considered 

an important mechanism for myofibroblast appearance following injury, and ultimately 

fibrosis (Liu, 2010; Zeisberg and Duffield, 2010; Burns and Thomas, 2010; Quaggin and Kapus, 

2011; Zeisberg et al., 2008; Li, Qu and Bertram, 2009). 
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Fibrocytes are bone-marrow-derived cells, with the ability to adopt a mesenchymal 

phenotype with fibroblast-like features (Herzog and Bucala, 2010).  Again, clear 

discrimination of these cells is difficult due to the lack of cell-specific markers, however, some 

studies suggest that they also contribute to myofibroblast presence and subsequent fibrosis 

in the kidney following injury (Mack and Yanagita, 2015; Niedermeier et al., 2009; Broekema 

et al., 2007; Li et al., 2007). 

 

In short, myofibroblast presence following injury is potentially multifactorial in origin, and 

thus the targeting of diverse pathways is required to significantly attenuate myofibroblast 

accumulation in renal fibrosis.  One fundamental pathway is that of TGF-b, the principal 

regulator of fibrosis. 

 

1.4.2 Transforming Growth Factor-Beta 1 Involvement in Fibrosis 

The differentiation of endogenous fibroblasts to a myofibroblast phenotype is regulated by a 

number of growth factors, cytokines and hormones, of which TGF-β1 is considered the most 

fundamental. 

 

TGF-β is a cytokine, with three recognised isoforms (Piek, Heldin and Ten Dijke, 1999).  Of 

these, TGF-β1 is the isoform most associated with the development of renal fibrosis 

(Sureshbabu, Muhsin and Choi, 2016).  In actual fact, the aberrant expression of TGF-β1 is 

associated with almost all known fibrotic diseases, with its increased expression directly 



 42 

linked with disease progression (Border and Noble, 1994; Border and Noble, 1995; Shihab et 

al., 1995; Border and Ruoslahti, 1992).  The reason behind this may be the development of 

an alteration in TGF-β1 receptor expression; resulting in a persistent autocrine, positive 

feedback loop culminating in the excessive production of matrix constituents (Webber et al., 

2009b; Cheng and Grande, 2002; Grande et al., 2002). 

 

TGF-β1 is produced by the fibroblasts themselves in response to pro-inflammatory stimuli.  

Renal epithelial cells provide an additional source of TGF-β1.  Repeated insults cause 

accumulative renal epithelial cell damage and ultimately irreversible cell cycle arrest.  These 

senescent epithelial cells acquire a resistance to apoptosis, and sustained secretion of pro-

inflammatory mediators including TGF-β (Humphreys, 2018; Yang et al., 2010). 

 

TGF-β1 interacts with at least three membrane-bound protein receptors, subsequently 

controlling extensive gene transcription through pathways including the canonical SMAD 

pathway.  TGF-β interacts with the TGF-β type-III receptor, also known as betaglycan.  

Consequently, a complex is formed with the TGF-β type-II receptor, which results in 

interaction with and activation of the TGF-β type-I receptor (as shown in Figure 1.7).  Receptor 

activation prompts downstream phosphorylation of SMAD2 and SMAD3.  This heterodimer 

binds SMAD4, causing translocation into the nucleus and consequent control of TGF-β 

receptive genes, including collagen type I, the predominant fibrous protein of the matrix (Yun, 

Kim and Kim, 2019).  An overactive TGF-β/SMAD signalling interaction is one of the key 

contributors to a fibrotic response to injury (Liu, 2006).  The loss of SMAD antagonists is also 
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hypothesised to amplify the pro-fibrotic signal of TGF-β1, in a manner analogous to loss of 

tumour suppressor genes in tumorigenesis (Yang et al., 2003).  Other SMAD-independent 

TGF-β signalling pathways include Phosphoinositide 3-Kinase (PI3K)-AKT, Mitogen Activated 

Protein Kinase (MAPK) and Extracellular Signal-Regulated Kinase (ERK) pathways (Akhurst and 

Hata, 2012), which will be discussed in more detail later in this chapter. 

Targeting the activation of TGF-β signalling is a very attractive therapeutic focus in the 

prevention or reversal of renal fibrosis.  Numerous attempts have been made to target TGF-

β directly, although clinical trials to date have largely been unsuccessful in identifying a safe 

and effective pharmaceutical (Neelisetty et al., 2015; Sharma et al., 2011; Trachtman et al., 

Figure 1. 7 The Canonical TGF- β/SMAD Signalling in Renal Fibrosis (Template adapted from: Daisy Shu, PhD Postdoc, 
Schepens Eye Research Institute, Harvard Medical School) 

Schematic detailing the canonical TGF-β/SMAD signalling pathway in renal fibrosis.  TGF-β interacts with 
membrane-bound receptors, prompting downstream phosphorylation of SMAD2 and SMAD3.  These bind to 
SMAD4, causing translocation of the SMAD2/3/4 complex into the nucleus.  This results in control of TGF-β 
receptive genes, which subsequently induce inflammation and fibrosis. 
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2011; Cho et al., 2007; Ziyadeh et al., 2000; Chen et al., 2003; Vincenti et al., 2017; Voelker et 

al., 2017).  Therefore, focus has shifted to downstream mediators.  Two such examples are 

Hepatocyte Growth Factor (HGF) and Bone Morphogenetic Protein-7 (BMP-7).  HGF blocks 

the nuclear translocation of SMAD2/3, in addition to increasing expression of SMAD 

antagonist Ski Novel (SnoN) in tubular epithelial cells (Yang, Dai and Liu, 2005; Hirschberg, 

2005; Liu, 2006).  HGF offers potential for therapeutic opportunities, although thus far, 

translation into human studies remains unsubstantiated.  BMP-7 is a member of the TGF-b 

superfamily well known for its ability to suppress the fibrotic response when delivered 

experimentally, potentially through inhibition of SMAD signalling (Zeisberg et al., 2003).  

Unfortunately, its clinical application is also limited, primarily due to undesirable side-effects.  

The pleotropic effects of TGF-b signalling make it an elusive target.  However, its critical role 

in the development of fibrosis and fibrotic diseases including CKD, make it an ever-important 

ongoing focus of research. 

 

TGF-β additionally plays an important role in a number of other pathologies, including fibrosis 

in other organ systems, cardiomyopathy, scleroderma and neoplastic disease, in addition to 

its underproduction in autoimmune diseases (Prud'homme, 2007).  The dichotomous effect 

of TGF-β poses an additional challenge in the targeting of it as a therapeutic focus.  This is 

most pronounced in the context of cancer progression; its presence actually suppressing 

tumour expansion in the early stages, while promoting metastasis in the latter stages of 

disease (Wakefield and Roberts, 2002). 
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1.4.3 The Extracellular Matrix as a Mediator of Acute Kidney Injury and Progression to 

Chronic Kidney Disease 

The TGF-β/SMAD signalling pathway is just one of a number of targets that could offer 

potential in the prevention of CKD development.  The critical mediator of the fibrotic process 

is deposition of the ECM.  Thus, irrespective of which part of the process is being targeted, it 

is avoidance of excessive deposition of the ECM that is the common endpoint goal, which 

remains intangible. 

 

1.4.3.1 Functional Diversity of the Extracellular Matrix 

Through its interaction with growth factors and cell-surface receptors, the ECM facilitates 

physiological functioning by enabling intercellular signal transmission and regulation of gene 

transcription.  It has been proposed that the ECM not only binds Growth Factors (GFs) but 

can in fact act as a reservoir of them, releasing them following degradation of ECM proteins.  

The most well-recognised example of this is the binding and regulation of TGF-b, which can 

exist in latent complexes within the ECM.  Its subsequent activation is a highly regulated 

procedure, involving either proteolysis or mechanical strain (Hynes, 2009; Rozario and 

DeSimone, 2010). 

 

ECM synthesis and turnover is a highly dynamic process, orchestrated by Matrix 

Metalloproteinases (MMP)s and their respective inhibitors, the Tissue Inhibitors of 

Metalloproteinases (TIMP)s, in addition to various other enzymes and GFs (Frantz, Stewart 
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and Weaver, 2010).  Myofibroblasts are the fundamental conductors of the ECM; themselves 

being responsible for the secretion of MMPs and TIMPs, as well as ECM components, 

cytokines, chemokines and GFs (De Wever et al., 2008). 

 

1.4.3.2 Components of the Extracellular Matrix 

The ECM comprises water, proteins and polysaccharides, in various configurations depending 

on the tissue location and status.  ECM composition displays heterogeneity depending on the 

environment in which the tissue resides.  At any given point in time, the exact characteristics 

of the ECM determine the physical and biochemical properties of each organ (Frantz, Stewart 

and Weaver, 2010).  The formation of the ECM is an important factor in tissue repair and the 

development of fibrosis.  Thus, an understanding of how each ECM component is uniquely 

involved in cellular regulation may provide valuable insight into the pathological mechanisms 

underlying tissue fibrosis. 

 

1.4.3.2.1 Collagens and other Glycoproteins of the Extracellular Matrix 

Collagen is the predominant fibrous protein of the ECM, with a key role in limiting tissue 

distensibility (Rozario and DeSimone, 2010).  Type I collagen is the main structural subtype in 

the interstitial ECM,  with type IV providing the key constituent of the basement membrane 

(Egeblad, Rasch and Weaver, 2010).  The collagen proteins all possess a characteristic triple 

helical conformation, formed by three polypeptide a-chains (van der Rest and Garrone, 

1991).  Collagen is the leading structural support of the ECM; however, its organisation 
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additionally provides a role in cellular adhesion, migration and tissue development.  Collagen 

is principally secreted by fibroblasts, which are also able to impact the configuration of the 

individual fibres, in order to optimise function. 

 

Non-collagenous glycoproteins including elastins, fibronectins and laminins are also present 

to a lesser degree.  These are high molecular weight (MW) proteins, which serve as ECM 

adhesion molecules.  The most abundant of these is fibronectin, which possesses binding sites 

for various other proteins, including collagen.  This facilitates organisation of the ECM and 

communication between cells and the ECM, in addition to the clearing of denatured 

collagenous material from tissue (Pankov and Yamada, 2002; Frantz, Stewart and Weaver, 

2010).  Tissue recoil is provided by the presence of elastin in the matrix, the degree of which 

is regulated by its association with collagen.  These distinctive glycoprotein families afford 

enormous functional diversity to tissue structures. 

 

1.4.3.2.2 Polysaccharides of the Extracellular Matrix 

The collagens and other glycoproteins are woven between Proteoglycans (PG)s, composed of 

Glycosaminoglycan (GAG) chains linked to a particular core of protein (Hynes, 2009).  This PG 

structure comprises the majority of the extracellular compartment.  GAG chains possess 

highly charged sulphate and carboxylate groups, which attract counter ions, thus creating an 

osmotic imbalance.  This generates an influx of water, which serves to keep the matrix 

hydrated, whilst allowing free movement of smaller ions, nutrients and hormones 

(Hardingham and Fosang, 1992). 
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The biodiversity of the PGs arises by virtue of their varied protein cores, in combination with 

one or more GAG chain of a distinct subtype.  PGs can be secreted into the peri-cellular 

environment, incorporated into basement membranes, or associated with the cell 

membrane.  They can be tissue specific, or widely expressed across tissue subtypes (Schaefer 

and Schaefer, 2010).  Thus, the capability of PGs to interact with an array of cell-surface 

receptors, cytokines and GFs, enabling the activation of a vast selection of signalling 

pathways, becomes evident. 

Hyaluronan (HA) is the most ubiquitous GAG of the ECM and is a key mediator of 

myofibroblast differentiation (Simpson et al., 2009; Meran and Steadman, 2011; Meran et al., 

2008; Meran et al., 2011; Webber et al., 2009b; Midgley et al., 2015; Meran et al., 2007; 

Webber et al., 2009a).  Increased renal cortical HA expression is a feature of most acute and 

chronic renal diseases and correlates with renal outcomes (Lewis et al., 2008) and modulation 

of cellular HA is a key regulator in promotion as well as prevention and reversal of 

myofibroblast phenotype. 

 

HA is known to have both beneficial and detrimental properties depending on its manner of 

synthesis, interaction with cell-surface receptors and HA binding proteins, its cell localisation 

and its assembly and organisation within tissues.  Whilst the role of HA in modulating 

fibroblast and myofibroblast phenotype has been extensively studied, the role of HA in 

mediating fibrotic processes in-vivo and regulating  IRI and/or IPC remains unclear, and 

provides the basis for our research. 
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1.4.4 Hyaluronan; the Most Ubiquitous Glycosaminoglycan of the Extracellular Matrix 

Hyaluronan was first discovered in 1934, where it was identified as a component of bovine 

vitreous humour (Meyer and Palmer, 1934).  Thereafter, it was widely studied and 

progressively, an understanding of its biological roles generated an ever-increasing interest 

in its clinical potential (MEYER, 1947; OGSTON and STANIER, 1953; PINKUS and PERRY, 1953). 

 

1.4.4.1 The Structure of Hyaluronan 

Hyaluronan is a high MW, negatively charged, linear GAG, comprising repeating disaccharide 

units of N-acetylglucosamine and D-glucuronic acid (Weissmann and Meyer, 1954).  

Interestingly, HA is the exception to the description of PGs documented earlier, itself lacking 

a protein core or any modification of the saccharides (Hynes, 2009).  HA polymers typically 

consist of between 2000 and 25,000 disaccharide units, measuring between 2 and 25 µm in 

length.  These large, unbranched polymers have a molecular mass in the region of 106 – 107 

Da under homeostatic conditions (Toole, 2004).  Molecules of HA do vary in size however, 

depending on the tissue, and can also be found as much smaller fragments and 

oligosaccharides under certain conditions, both physiological and pathological (Tammi, Day 

and Turley, 2002). 

Figure 1. 8 The Chemical Structure of Hyaluronic Acid 

Chemical structure of hyaluronic acid, showing one N-acetylglucosamine and D-glucuronic acid disaccharide. 
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1.4.4.2 The Synthesis of Hyaluronan 

Hyaluronan is unique compared to other glycosaminoglycans; not only lacking a protein core, 

but in its synthesis and assembly, processes that enable generation of its high molecular mass 

structure.  HA is synthesized as an unmodified polysaccharide by one of three membrane-

bound hyaluronan synthase (HAS) enzymes.  First described in 1958 in a strain of Group A 

Streptococcus (MARKOVITZ, CIFONELLI and DORFMAN, 1959), it wasn’t until the 1990s that 

the HAS enzymes were fully characterised in mammals (Meyer and Kreil, 1996; Spicer and 

McDonald, 1998).  It was cloning of the HAS gene in 1993 (DeAngelis, Papaconstantinou and 

Weigel, 1993), which subsequently led to the discovery of a multigene family of three distinct 

isoenzymes, each encoded for by a different HAS gene, located at a unique autosomal 

position (Watanabe and Yamaguchi, 1996; Shyjan et al., 1996; Spicer, Olson and McDonald, 

1997; Spicer, Augustine and McDonald, 1996; Itano and Kimata, 1996). 

 

Synthesis of HA occurs at the inner surface of the plasma membrane (Prehm, 1984), which is 

in contrast to most GAG, which are synthesised at the Golgi apparatus.  This process, whereby 

HA is exuded out of the plasma membrane and into the extracellular space during production 

(Weigel, Hascall and Tammi, 1997; Tammi, Day and Turley, 2002), allows for generation of 

high MW molecules, not inhibited by available space within the cytoplasm. 

 

Each HAS isoenzyme varies with regards to its catalytic rate, regulatory processes and the 

properties of the HA which it produces (Spicer and McDonald, 1998).  This almost certainly 

explains the distinct biological functions of the HAS enzymes and functional diversity of HA, 
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of which we still lack a complete understanding.  Itano et al. compared the enzymatic 

properties of the HAS isoenzymes in 1999, concluding that HAS1 and HAS2 synthesise HA with 

the highest MW.  In contrast, HAS3 synthesises HA with a smaller MW (Itano et al., 1999).  

Overall, HAS2 was concluded to generate HA with the broadest size distribution, but also the 

largest MW (Spicer and McDonald, 1998; Itano et al., 1999).  The functions of the HAS 

isoenzymes have been the subject of ongoing research for many years, summarised nicely in 

a review by Fallacara et al. in 2018 (Fallacara et al., 2018).  HAS1 is proposed to have the least 

enzymatic activity, whereas HAS2 appears to represent the most active isoenzyme in normal 

adult cells.  HAS2 has been implicated in the development of a number of pathologies, 

including inflammation, cancer, fibrosis, and scarring (Supp et al., 2014; Zhang et al., 2016b; 

Zhang et al., 2016a). 

 

Undoubtably, the functional diversity of HA is due, in part, to the distinct differences in the 

HAS isoenzymes and the physical differences of the HA they produce.  This has not been 

extensively studied to date and is thus a focus of this research.  However,  further diversity is 

attributed to the abundance of hyaladherins with which HA interacts, and the differences 

they exhibit in their expression, location, regulation and specificity (Day and Prestwich, 2002). 

 

1.4.4.3 The Role of the Hyaladherins and Hyaluronan Receptors 

Hyaladherins, or HA-binding proteins are proteins with the capacity to bind HA.  Whilst 

structurally  distinct, many of the hyaladherins possess a common domain termed a Link 

Module, which is involved in ligand binding.  The Link Module consists of two alpha helices 
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and two beta sheets around a large hydrophobic core (Jiang, Liang and Noble, 2007).  These 

molecules have the capacity to form large complexes with HA, which facilitate the structural 

support of many tissues.  The hyaladherins can be grouped according to their locality, either 

extracellular or cellular.  The most commonly encountered hyaladherins are illustrated in 

Figure 1.7. 

 
Figure 1. 9 The Hyaladherins 

Schematic demonstrating the most commonly encountered hyaladherins; including (clockwise) Aggrecan, 
Neurocan, Versican, Brevican, CD44, Tumour Necrosis Factor-Stimulated Gene-6 (TSG-6), Inter-a-Inhibitor, 
HA Binding Proteins (HABP) 1/2/4, Hyaluronan and Proteoglycan Link Proteins (HAPLN) 1/2/4, Layilin, Cell 
Migration Inducing Hyaluronidase 1 (KIAA1199), Lymphatic Vessel Endothelial Hyaluronan Receptor-1 (LYVE-
1), Sperm Adhesion Molecule1 (SPAM1), Receptor for Hyaluronan Mediated Motility (RHAMM), 
Transmembrane Protein 2 (TMEM2) and Stabilin 1/2.  The extracellular hyaladherins are demonstrated in 
green. 
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1.4.4.3.1 The Extracellular Hyaladherins 

The extracellular hyaladherins are themselves components of the ECM, and include aggrecan, 

brevican, neurocan and versican.  Each of these proteoglycans has a characteristic distribution 

in the body, found in the cartilage (aggrecan), central nervous system (brevican and 

neurocan) or widely throughout the body (versican) (Girish and Kemparaju, 2007). 

  

1.4.4.3.2 Cellular Hyaladherins 

In contrast, the cellular hyaladherins are either found at the cell surface or intracellularly.  This 

group includes, but is not limited to, the CD44 family, Receptor for Hyaluronan-Mediated 

Motility (RHAMM), Tumour necrosis factor-Stimulated Gene-6 (TSG-6) and Lymphatic Vessel 

Endothelial Receptor-1 (LYVE-1).  RHAMM is primarily involved in cell motility, and thus has 

an important role in the repair of tissue following injury, in addition to being implicated in 

tumour expansion (Hardwick et al., 1992; Day and Prestwich, 2002; Jiang, Liang and Noble, 

2007).  Unlike the majority of hyaladherins, RHAMM does not contain the Link molecule 

described above, but rather it binds to HA through a 9-11 amino acid sequence (Entwistle, 

Hall and Turley, 1996). 

 

Another cellular hyaladherin, TSG-6, is well known for its role in regulating leucocyte 

trafficking (Day and Prestwich, 2002).  However, it also demonstrates an important role in the 

development of fibrosis. 
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1.4.4.3.3 The Role of Tumour Necrosis Factor-Stimulated Gene-6 

TSG-6 expression is significantly greater in myofibroblasts than fibroblasts, and its presence 

is a key factor in pericellular HA coat assembly, an important regulator of the cellular response 

to autocrine TGF-β1 (Webber et al., 2009b; Martin et al., 2016).  The secreted product of TSG-

6 serves to stabilise the HA matrix either by direct binding to HA through its Link module, or 

through enabling the transfer of heavy chains (HCs) of the Inter-a-Inhibitor (IaI) family of 

hyaladherins onto HA, a process which drives colocalization of key HA receptors downstream 

(Martin et al., 2016). 

 

1.4.4.3.4 The Hyaluronan Receptors 

Only two members of the Link superfamily have been clearly identified as hyaluronan 

receptors; LYVE-1 and the principal HA receptor, CD44.  Briefly, LYVE-1 is a lymph-specific HA 

receptor, first described by Jackson et al. in 1999.  LYVE-1 has the capacity to bind both soluble 

and immobilised HA, and serves as a conduit for transporting HA from the skin or 

musculoskeletal system to the liver for degradation or recirculation (Banerji et al., 1999). 

 

The principle HA receptor, however, is CD44; a family of glycoprotein receptors, which are 

extensively expressed in humans during embryonic development, normal tissue homeostasis 

and disease. 
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1.4.4.4 The Role of CD44; the Primary Hyaluronan Receptor 

 

The CD44 transmembrane glycoprotein family are all encoded by a single, highly conserved 

gene (Screaton et al., 1992) and are present on the surface of most vertebrate cells.  There is 

significant heterogeneity within the CD44 family, partly conferred by post-translational 

modifications depending on the cell type, and partly due to the process of alternative splicing 

(Ponta, Sherman and Herrlich, 2003).  The glycoprotein structure of CD44 consists of four 

functional domains; the amino terminal domain, stem region, transmembrane region and 

finally a cytoplasmic tail (Figure 1.8).  The extracellular amino terminal domain includes the 

site of HA binding, stabilised by a pair of disulphide bridges (Teriete et al., 2004).  The stem 

Figure 1. 10 The Protein Structure of CD44 

An illustration of the CD44 protein structure; demonstrating the amino terminal domain, variable stem region 
encoded for by variant exons, transmembrane region and cytoplasmic tail. 
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region, also extracellular, contains sequences encoded by the variant exons and gives rise to 

the many alternatively spliced variant isoforms.  The transmembrane region and cytoplasmic 

tail may also modulate HA binding and facilitate intracellular signalling respectively (Knudson 

and Knudson, 1999). 

 

The CD44 family serve as adhesion molecules (Alho and Underhill, 1989), facilitating cellular 

movement in processes such as organ development, wound healing and tumour metastasis 

(Lewington et al., 2000).  CD44 also has a role in ECM turnover in addition to the migration of 

lymphocytes during inflammatory processes (DeGrendele, Estess and Siegelman, 1997; Estess 

et al., 1998).  The removal of HA fragments during inflammation is critical to the prevention 

of unrelenting inflammation (Jiang, Liang and Noble, 2007).  This process is dependent on 

both local degradation in the tissue, and also release into the lymphatic and vascular systems.  

This relies on CD44 bound to haematopoietic cells, which serves to internalise and degrade 

HA (Knudson, Chow and Knudson, 2002).  CD44 is also a vital element in the TGF-β1-

dependent proliferation of fibroblasts; its downregulation actually prompting an 

antiproliferative response.  Data suggests that it is HA-CD44 binding that actually drives the 

fibroblast into a proliferative response to TGF-β1 (Meran et al., 2011). 

 

CD44 often exists in a non-functional form, requiring activation to acquire ligand-binding 

potential.  Its  HA-binding function is regulated by a number of critical steps, including the 

cell on which it is expressed, various post-translational modifications and the splice isoform 
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involved (Goodison, Urquidi and Tarin, 1999; Lesley et al., 1995; English, Lesley and Hyman, 

1998; Skelton et al., 1998). 

 

1.4.4.4.1 Alternative Splicing of the CD44 Receptor Molecule 

 

CD44 is encoded by a single gene, which consists of 20 exons.  Multiple variants of CD44 exist 

due to the potential for alternative splicing of ten variant exons, and their abundant 

combinations(Senbanjo and Chellaiah, 2017; Matter, Herrlich and König, 2002; Cichy and 

Puré, 2003).  Exons 1 to 5, and 16 to 20 are present in all alternatively spliced variants.  Exons 

6 to 15 vary in their presence, thus giving rise to the diversity of variants currently 

documented (Goodison, Urquidi and Tarin, 1999).  Of note, exon 6 (variant 1) of the human 

gene contains a stop codon and is therefore absent in human CD44 mRNA (Figure 1.11).  Exon 

Figure 1. 11 Schematic Diagram of the Structure of the CD44 Gene (Adapted from Goodison et al, (1999), CD44 Cell 
Adhesion Molecules, J Clin Pathol: Mol Pathol 1999;52:189–196) 

Exons 1 to 5, and 16 to 20 are dependably present in all alternatively spliced variants.  Exons 6 to 15 vary in 
their presence, thus giving rise to the diversity of CD44 variants currently documented.  In humans, exon 6 
(v1) contains a stop codon and is not normally included in human CD44 mRNA. 
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19 is spliced out in all forms of CD44, and thus exon 18 is followed directly by the cytoplasmic 

domain encoded by exon 20 (Misra et al., 2015).  

 

The binding properties of each variant are determined by the isoform itself, and also the cell 

on which it is expressed.  Most cells express the standard isoform (CD44s) (Jiang, Liang and 

Noble, 2007).  This most abundant isoform contains only regions encoded by the consistently 

present exons (1 to 5, 16 to 20).  These exons encode the extracellular N-terminus, the 

transmembrane region and the cytoplasmic tail (Screaton et al., 1992; Knudson and Knudson, 

1999).  CD44s is associated with the development of a pro-fibrotic phenotype; its presence 

facilitating the TGF-β1-driven differentiation to a myofibroblast phenotype (Midgley et al., 

2013) and associated with EMT in the context of malignancy and fibrosis (Brown et al., 2011; 

Zhao et al., 2016; Bhattacharya et al., 2018).  Alternative CD44 variants include additional 

extracellular stem structures, resulting from various combinations of exons 6 to 15 producing 

receptor variants of differing sizes.  One such variant containing the two variable exons 11 

and 12 (human), is CD44v7/8, which is of particular interest to our research group due to its 

antifibrotic potential (Midgley et al., 2017; Midgley et al., 2015).  CD44v7/8 appears to 

promote internalisation of the HA coat, serving as an antagonist to myofibroblast 

differentiation (Midgley et al., 2017; Midgley et al., 2015). 

 

The mechanism underpinning CD44 alternative splicing is potentially dependent on the 

enzymatically less active hyaluronidase, HYAL2.  Midgley et al proposed HYAL2 as a key 

regulator of CD44v7/8 alternative splicing, demonstrating that attenuation of nuclear HYAL2 
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promoted the preferential expression of CD44s.  Conversely, stimulation with the anti-fibrotic 

agent BMP-7 promoted mRNA expression of HYAL2 and its translocation to the nucleus, 

where it displaces Serine and arginine-Rich Splicing Factor 5 (SRSF5).  This process results 

ultimately in the inclusion of exons 11 and 12 on the spliceosome and the production of anti-

fibrotic variant 7/8.  Whilst its functions are varied, HYAL2 is ordinarily associated with the 

degradation of HA, along with a number of other hyaluronidase-like genes. 

 

1.4.4.5 The Degradation of Hyaluronan 

The turnover of HA is a tightly regulated balance of synthesis, managed by the HAS enzymes, 

and catabolism, managed by several hyaluronidases (HYAL)s.  Six hyaluronidase-like genes 

have been described, which are clustered as triplets on two human chromosomes; HYAL1, 

HYAL2, HYAL3, HYAL4, Sperm Adhesion Molecule 1 (SPAM1) and Hyaluronoglucosaminidase 

Pseudogene 1 (HYALP1).  In humans, HYAL1 and HYAL2 are the predominant hyaluronidases 

responsible for the intracellular degradation of HA (Itano, 2008). 

 

HYAL1 is the major hyaluronidase found in serum.  Whilst HYAL1 exhibits a significantly higher 

level of enzymatic activity than its counterpart, it is HYAL2 that is responsible for hydrolysing 

HA with the highest MW.  This process yields moderate-sized HA fragments, which are then 

further broken down by the other hyaluronidases.  It is the HA fragments that are responsible, 

in part, for the induction of inflammatory mediators including cytokines, chemokines and 

growth factors (Jiang, Liang and Noble, 2007). 
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Meran et al have explored in detail recently the role of HYAL2 in the predilection for a 

myofibroblast phenotype.  Following terminal differentiation to a myofibroblast, HYAL2 

appears to localise along the cytoskeleton, in close association with a-SMA.  This 

configuration serves to promote myofibroblast contractility and function.  Conversely, when 

localised in the cell nucleus, HYAL2 possesses potentially anti-fibrotic roles (Midgley et al., 

2020), as described above, whereby HYAL2 acts as a facilitator of alternative splicing of the 

CD44 receptor.  In addition, when located in the cell nucleus, HYAL2 promotes internalisation 

of pericellular HA matrix, resulting in prevention or reversal of myofibroblast differentiation 

(Midgley et al., 2017). 

 

1.4.4.6 The Functions of Hyaluronan 

HA is largely found in connective tissue structures, bound to CD44, the principal HA receptor, 

or PGs including aggrecan and versican (Toole, 1990). 

 

HA has long been recognised as a key element in maintaining the stability of the ECM and in 

tissue hydration (MEYER, 1947).  However, its role in disease promotion and prevention, 

rather than as simply a structural scaffold, has been the subject of more recent, and ongoing 

research.  This concept of antagonistic functionality is summarised in a review by Monslow et 

al (Monslow, Govindaraju and Puré, 2015). 
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1.4.4.6.1 Hyaluronan in Homeostasis 

From the start of embryonic development, HA has a pivotal role in establishing a suitably 

hydrated ECM for development (Fenderson, Stamenkovic and Aruffo, 1993).  The balance of 

HA synthesis and catabolism was specifically noted to be important during embryonic 

development of the heart.  HA is required for intimal cushion formation in the ductus, 

however, closure of the ductus later in development requires a different expression of ECM 

and programmed cell death (Rabinovitch, 1996).  Likewise, HA plays a critical function in 

maintenance of normal skin structure and function.  HA metabolism contributes to the 

maturation of the epidermis, triggered by stimuli including UV light, irritation or inflammation 

(Hämäläinen et al., 2018).  Whilst required for the differentiation of a simple epithelium to a 

functional epidermal layer, dysregulation of the process could result in pathology including 

dysfunctional wound healing or malignancy.  HA is also intricately involved as an immune 

regulator (Jiang, Liang and Noble, 2011), in angiogenesis (West et al., 1985) and in the 

maintenance of healthy joint structure and mobility (George, 1998).  Additionally, HA is 

commonly used as a therapeutic across a broad range of specialties, in addition to its use as 

a drug delivery agent due to its biocompatibility and non-immunogenicity (Liao et al., 2005). 

 

Conversely, HA is implicated in a broad range of pathological situations, and whilst the 

adaptation from homeostatic to reactive ECM is a fundamental tissue response to injury 

(Monslow, Govindaraju and Puré, 2015), the perpetuation of a reactive response is the root 

of many diseases. 
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1.4.4.6.2 Hyaluronan in Disease Promotion 

The diverse functions of HA depending on MW have long been contested and remain 

controversial.  A recent review concluded that under homeostatic conditions, it is high MW 

that was unanimously found throughout tissue.  Under inflammatory or fibrotic conditions, a 

significant increase in low MW HA was observed (Monslow, Govindaraju and Puré, 2015).  

Furthermore, low MW HA has been associated with induction of inflammatory responses 

across a variety of situations (Jiang, Liang and Noble, 2007; Stern, Asari and Sugahara, 2006; 

Powell and Horton, 2005). 

 

Whilst research into MW of HA and clinical application continue to spark debate, a correlation 

of increasing levels of HA in the pathological setting is now a widely accepted concept.  One 

fundamental example of this relationship is the link between HA and the development of 

tissue fibrosis.  HA is associated with altering cellular responses to TGF-β1; a relationship 

which underpins its pivotal role in the development of fibrosis.  This association encompasses 

a complex network involving the HA synthases, the cellular location and arrangement of HA 

into either matrices or cables and the cells with which it interacts (Ito et al., 2004a; Ito et al., 

2004b; Meran et al., 2007; Jenkins et al., 2004; Meran et al., 2008; Meran et al., 2011; Webber 

et al., 2009b; Webber et al., 2009a).  Specifically, modification to a myofibroblast phenotype 

relies on increased levels of HA in fibroblasts, and furthermore, is associated with an 

accumulation of extracellular HA in the form of a pericellular HA matrix. 
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In vitro data by Meran et al. suggests that in scarring cells, with the ability to differentiate into 

myofibroblasts (dermal fibroblasts), TGF-β1 stimulation results in HAS1 and HAS2 induction 

and the subsequent assembly of a peri-cellular HA coat.  This is causally linked with the 

acquisition of a myofibroblast phenotype and facilitation of a fibrotic response; the presence 

of myofibroblasts correlating directly with ECM deposition and progression of disease.  

Conversely, non-scarring cells (oral fibroblasts), which possess resistance to TGF-β1-driven 

myofibroblastic transformation, demonstrate entirely different characteristics.  These cells 

do not express or induce HAS1 expression upon stimulation with TGF-β1.  In addition, whilst 

they express HAS2, the expression of this isoenzyme is attenuated when these cells are 

stimulated with TGF-β1.  As a result, oral fibroblasts do not assemble peri-cellular HA coats 

and do not differentiate to a myofibroblast phenotype (Meran et al., 2007). 

 

In response to TGF-β1 stimulation, scarring (dermal) fibroblasts exhibit a significant increase 

in extracellular HA generation, and this is causally related to the TGF-β1-mediated stimulation 

of fibroblast proliferation (Meran et al., 2008).  However, the key component in conversion 

to, and maintenance of a myofibroblastic phenotype appears to be the macromolecular 

assembly of HA in the pericellular environment, rather than simply its presence.  The 

formation of a pericellular HA matrix looks to be the defining feature in both differentiation 

to and maintenance of the myofibroblast phenotype (Webber et al., 2009a; Webber et al., 

2009b). 
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In addition to the mechanisms described above, Meran et al have proposed a means of TGF-

β1-driven proliferation in fibroblasts, which not only involves the SMAD signalling pathway, 

but also promotes interaction between CD44 and the Epidermal Growth Factor Receptor 

(EGFR).  The presence of a HA coat appears to be an integral step in the TGF-β1-driven 

production of the myofibroblast phenotype; pericellular HA driving CD44 into lipid raft-rich 

areas of the cell membrane, where it can interact with the EGFR (Midgley et al., 2013).  This 

interface prompts signalling through the Mitogen-Activated Protein Kinase/Extracellular-

Signal-Regulated Kinase (MAPK/ERK) pathway, in a manner complementary to the SMAD 

pathway (Meran et al., 2011).  This entire system is dependent on a HA rich environment, 

driven by the presence of HAS2.  This highlights the prominent role of HA in the development 

of fibrosis and chronic diseases; not only as a constituent of fibrotic tissue itself, but also as a 

key regulator of cellular differentiation to a pro-fibrotic phenotype.  Whilst the association 

between HA and disease processes including fibrosis has long been acknowledged, the 

relationship between HA and renal fibrosis in particular has not been fully established.  Renal 

fibrosis is the common endpoint of chronic nephropathy, and an appealing therapeutic focus 

due to the significant morbidity and mortality associated with it. 

 

1.4.5 Hyaluronan and the Development of Renal Fibrosis 

As with other tissues, the fibrotic process in the kidney starts as an essential response to 

cellular injury; myofibroblast activation, migration and deposition of matrix enable tissue 

remodelling and the possibility of healing.  However, a pathological continuation of this 

process results in excess matrix deposition, disruption of normal tissue architecture and 

ultimately, fibrosis (Humphreys, 2018).  Myofibroblast activation as the initiator of the fibrotic 
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process is well documented in the literature and methods directed at targeting myofibroblast 

differentiation are associated with a reduction in renal fibrosis (Henderson et al., 2013; Chang 

et al., 2017). 

 

In the kidney, HA is usually limited to the renal medulla, however, in injurious states such as 

diabetic nephropathy (Steffes et al., 1992), ischaemic renal injury (Johnsson et al., 1996) and 

transplant rejection (Wells et al., 1993), it is seen to accumulate in the renal cortex.  

Interestingly, it can also be found intracellularly in certain circumstances (Hascall et al., 2004). 

 

Fibrosis is the consequence of a build-up of excess connective tissue components, 

predominantly collagen 1.  All tissue compartments of the kidney can be affected, although 

renal fibrosis is classically described by the degree of fibrosis in the interstitium, the space 

between the basement membrane of the renal tubule and peritubular capillaries.  The extent 

of glomerular fibrosis, also referred to as glomerulosclerosis, is primarily determined by the 

degree of podocyte loss.  Podocytes are specialised epithelial cells that attach themselves to 

the capillaries of the glomeruli, assisting in the formation of a filtration barrier and 

maintenance of normal renal function (Garg, 2018).  Injured podocytes permit albuminuria, 

which results in proximal tubular cell injury.  Moreover, podocytes themselves express 

cytokines and pro-fibrotic factors when damaged, including TGF-b1, as well as facilitating 

injured tubular cells to do the same.  ECM deposition is thus increased in both glomerular and 

interstitial tissue compartments as a result (Ruiz-Ortega et al., 2020). 
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The development of renal fibrosis is the collaborative result of resident kidney cell activation, 

secretion of inflammatory cytokines and subsequent infiltration of immune cells following an 

initial insult.  The sequelae of this include further activation of inflammatory cells, including 

phenotypic modification of a variety of cells including fibroblasts, which commence 

deposition of ECM components in an attempt to restore injured tissue (Liu, 2006). 

 

Overall, it may be said; we understand HA to correlate closely with renal outcomes in a variety 

of clinical situations, and its ability to regulate stromal cell phenotype in vitro is well 

documented.  However, the specific relationship between HA, its accumulation and 

interactions in the development of CKD following AKI, and whether HA modulation is involed 

in mediating IPC, is not known.  A greater understanding of these processes may lead to the 

identification of novel downstream targets, that could ultimately be exploited to derive the 

beneficial effects of IPC in a manner more amenable to application in human disease. 

  



 67 

Thesis Summary 

 
Ischaemia reperfusion injury (IRI) results in acute and chronic kidney damage.  Ischaemic 
preconditioning (IPC) is a brief period of ischaemia, which reduces IRI by unknown 
mechanisms.  Delineating IPC mechanisms could identify novel mediators that limit kidney 
damage.  Hyaluronan (HA) is a matrix glycosaminoglycan that demonstrates increased 
expression in renal damage, correlating with outcomes.  This research aimed to investigate if 
alterations in HA and its associated binding-proteins mediated IRI-damage and/or IPC-
mediated protection. 
 
A rat model of bilateral renal IRI and IPC was developed from AKI to CKD. Rat kidneys were 
assessed at 24h, 48h, 7d, 14d and 28d for histological changes and RNA analyses (RT-qPCR 
and total RNA-sequencing). 
 
IRI led to marked histological damage, with increased expression of key fibrotic mediators at 
all time-points. Acutely, HA generation was hyaluronan synthase 2 (HAS2) dependent; HAS2 
was more inducible in this model and found in the interstitium on immunohistochemical 
analysis, in the same areas as HA generation.  HAS1 was found in a subset of tubular epithelial 
cells, not associated with HA generation at 48h.  HAS2 and CD44 (HA-receptor) expression 
was attenuated by IPC.  However, a CD44 variant, CD44v7/8, previously associated with an 
antifibrotic phenotype in-vitro, was upregulated by IPC and found on the basolateral 
membrane of HAS1 positive tubular epithelial cells.  Gene Set Enrichment Analysis (GSEA) 
demonstrated enrichment of HA-related genes in IRI at all time-points and negative 
enrichment in IPC.  GSEA also demonstrated enrichment of DNA repair and angiogenesis 
pathways at 14d, a potential key transition point. 
 
This work demonstrated that IPC prevented both acute and chronic IRI-damage. The 
relationship between HA generation and HA expression was altered with IRI and IPC, with HAS 
isoforms and CD44 variants being differentially expressed. This suggests an integral link 
between HA and its receptors in the AKI to CKD continuum and their role in IPC. 
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Aims of Thesis 

 
Ischaemia reperfusion injury is the leading cause of AKI in native kidneys and is a predominant 
cause of DGF in transplanted kidneys.  The literature demonstrates that even one episode of 
mild AKI significantly increases one’s chance of developing subsequent CKD.  There is 
increased understanding of AKI and CKD as a continuum of disease, rather than as separate 
entities.  However, the modulators that lead from AKI to CKD through progressive fibrosis are 
not well delineated.  Factors that could potentially prevent the progression of IRI-related AKI 
to CKD are also not yet understood. 
 
Hyaluronan is a key component of the fibrotic matrix.  Previous in-vivo and human studies 
have shown that HA accumulates in both acute and chronic renal disease models and 
correlates with renal outcomes.  In-vitro studies demonstrate that HA is a critical driver of 
pro-fibrotic cell phenotypes; and, furthermore, modulating HA in certain contexts can prevent 
or reverse this pro-fibrotic phenotype.  The aim of this work is to characterise alterations in 
HA and its associated binding partners in the AKI to CKD continuum, and to determine the HA 
profiles and molecular signatures that can prevent/reverse rather than promote AKI to CKD 
progression.  Through understanding the changes associated with renal injury and ischaemic 
preconditioning, both at a protein and transcriptomic level, it is hoped that novel therapeutic 
targets can be identified. 
 
The hypothesis of this study is that distinct HA profiles within the kidney correlate with 
progression versus prevention/reversal of IR-induced renal injury.  With this in mind, the 
specific aims of my thesis are: 
 

§ To characterise alterations in the HA profile (including HA receptors, binding proteins 
and enzymes) that occur in an established in-vivo model of IRI-induced AKI, and to 
determine how the HA profile is altered in an in-vivo model of IPC. 

§ To develop an experimental model of IRI-induced AKI that progresses to CKD and to 
investigate the impact of IPC on the development of IRI-driven CKD. 

§ To characterise in-vivo alterations in the HA profile in the kidney as AKI progresses to 
CKD and characterise the changes associated with IPC in evolving chronic renal injury. 

§ To characterise key transcriptomic changes in the AKI to CKD continuum and the IPC-
mediated pathways that may prevent AKI to CKD damage. 

 
Through understanding the changes associated with renal injury and ischaemic 
preconditioning, both at a protein and transcriptomic level, it is hoped that novel therapeutic 
targets that mediate pathways downstream from IPC can be identified.  These targets could 
subsequently be used in future interventional animal experiments to address the important 
problem of IR-related damage both in AKI and CKD.  
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2 Materials and Methodology
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2.1 Animal Experiments 

 

2.1.1 Lewis Rats 

Adult Lewis rats were used within a well-established model of bilateral renal ischaemia 

reperfusion injury.  Inbred strains of male, adult (8 to 12 weeks) Lewis rats were supplied by 

Charles River (Cambridgeshire, UK).  Inbred strains of Lewis rats are genetically identical 

within each strain, fundamentally free of genetic variations which could increase undesirable 

variation in experimental results.  Lewis rats are widely recognised as excellent experimental 

models, especially in the field of kidney disease.  They are albino with a docile disposition, 

making pre and post-operative care straightforward. 

 

2.1.2 Preoperative Procedure 

Rats were delivered to the Joint Biomedical Services Unit (JBIOS), Heath Campus, and 

acclimatised to their environment for up to one week prior to any intervention.  During this 

time, they were cared for by the JBIOS staff in a conventional holding room with a maximum 

of four animals per cage.  The rats were provided with bedding material, rat chow and fresh 

drinking water.  Twenty-four hours prior to surgery, the rats were separated into individual 

cages.  At this time, Buprenorphine (Temgesic Ò, 400 µcg) was added to 500 mls of their 

drinking water for analgesic purposes, as guided by the local Named Veterinary Surgeon 

(NVS). 

 

A unique coding system was devised to individually identify all animals and samples obtained.  

The prefix ‘CVMB’ was used, followed by a three-digit identification number commencing at 
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001.  In accordance with local protocol, a card was attached to each cage displaying this 

unique identifier for each animal.  Further details including any procedure carried out, 

Procedure Project Licence (PPL) and Procedure Individual Licence (PIL) numbers and my 

mobile phone number were also clearly documented on cage cards for emergency purposes.  

For kidney specimens the suffix ‘R’ or ‘L’ was added to denote laterality; right or left 

respectively.  For blood specimens the suffix ‘A’ or ‘B’ was added to denote a pre or post-

procedure specimen respectively. 

 

2.1.3 Operative Procedure 

All husbandry and experimental procedures were carried out in accordance with local policies 

at JBIOS, Cardiff University, licensed by the UK Home Office under the Animals (Scientific 

Procedures) Act 1986.  All work was carried out under the Home Office PPL 30/3098, held by 

Mr Rafael Chavez.  Both Mr Chavez and Miss Brown also held a PIL for the duration of this 

project.  The methodology to undertake the procedures was modified from the literature, 

experience of the supervisors (Mr Chavez, Mr Khalid) and previous PhD students. 

 

2.1.4 Equipment and Operative Environment 

The operative environment was adapted from the experience of a previous PhD student, 

guided by the NACWO, NVS and the Home Office Laboratory Animal Science Association 

(LASA) guidelines.  Surgery was carried out in a purpose-built procedures room adjacent to 

the conventional holding room.  Sterile gloves and gowns were donned by all personnel 

involved and aseptic technique adhered to. 
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The central abdomen of the rats was shaved using a clipper (Contura Chrome AC 220-240V), 

being mindful to ensure that the minimum hair loss occurred to prevent hypothermia peri-

operatively.  Chlorhexidine spray was used to clean skin prior to incision.  A lamp was 

positioned over the operating table to provide adequate lighting and also a heat source for 

the animals intra-operatively.  The operating table was devised from a corkboard wrapped in 

sterile drape.  The anaesthetic chamber, operating table, weighing scales and recovery area 

were all placed in close proximity to allow for efficient transfer between operative stages.  

Standard surgical instruments were used; to include a size 10 surgical scalpel blade, non-

toothed forceps, toothed forceps, McIndoe scissors, 4.5-inch straight scissors, needle holder, 

straight and curved vascular Bulldog clamps.  Instruments were deep cleaned and autoclaved 

between procedures.  Modelled paperclips were used as custom retractors, subjected to the 

same cleaning methods as the standard instruments.  Elastic bands were used to gently 

retract limbs, secured to the cork board using drawing pins.  Gauze dampened with normal 

saline was used to keep the peritoneal cavity hydrated during the procedure. 

 

2.1.5 Anaesthesia 

Animals were anaesthetised in an induction chamber using 5% Isoflurane (Piramal 

Healthcare) delivered via 2 L/minute oxygen.  Anaesthetic scavenging equipment was used to 

prevent excessive inhalation of anaesthetic agent by operating personnel.  Once deeply 

anaesthetised (3-5 minutes approximately), the animals were transferred to the operating 

table in a supine position.  Maintenance anaesthesia was delivered via a face mask over the 

mouth and nose; Isoflurane delivery was reduced to 2% at this stage, delivered via 2 L/minute 

oxygen as before, adjusted according to the heart rate, respiratory rate and general 

appearance of the subject. 



 
 

73 

 

Once anaesthetised, the subject was weighed and transferred immediately back to the 

operating table.  At the end of the procedure, anaesthesia delivery was discontinued prior to 

transfer of the animal into recovery. 

 

2.1.6 Operative Technique: Protocol 1 Experiments (Ischaemia-Reperfusion Injury) 

Following the administration of anaesthetic, weighing and blood collection, the rats were 

transferred to the operating table and positioned accordingly.  Limbs were retracted in an 

atraumatic fashion using rubber bands secured with pins into the operating board.  A midline 

skin incision was made using a scalpel.  The rectus sheath and peritoneum were opened with 

McIndoe scissors and the incision was extended approximately 4-5 cm.  The abdominal wall 

was then retracted using modelled metal paperclips as custom-made retractors. 

 

The bowel was initially moved to the right side using wound swabs, to allow for identification 

and clamping of the left renal pedicle (IRI group).  Immediately following this, the same 

procedure was then performed on the right side.  The pedicles were clamped for 45 minutes 

and the kidneys visually assessed for evidence of ischaemia.  The kidneys are usually pink in 

colour, transforming almost immediately to a dark purple/brown on application of the 

vascular clamps.  Following the initiation of ischaemia, the bowels were repositioned, and the 

abdominal cavity was covered with a saline soaked gauze.  For any animals undergoing sham 

procedure, the renal pedicles were identified and manipulated in the same way, although the 

vascular clamps were not applied.  These rats were also observed under anaesthesia for 45 

minutes. 
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Figure 2. 1 Photographs of Animal Experiments 

(A) Adult male Lewis rats were housed in conventional housing with readily available rat chow and water.  
Twenty-four hours prior to surgery, Buprenorphine (Temgesic Ò, 400 µcg) was added to their readily available 
drinking water to provide analgesia.  (B) Isoflurane anaesthesia was delivered via an induction chamber.  (C) The 
central abdomen was shaved, and the rat positioned on a cork board covered in sterile drape.  (D) The abdomen 
was opened, and custom-made retractors were used to optimise visibility.  (E) The bowels were moved to the 
right side to allow visualisation and clamping of the left renal pedicle.  Ischaemia was confirmed by the dark 
discolouration of the kidney.  (F) Following the procedure, the abdomen was closed in a two-layer technique 
using 4/0 Vicryl suture. 
 
 

During the period of anaesthesia, the rats were assessed regularly.  Particular emphasis was 

placed on heart rate, respiratory pattern and colour, adjusting the level of anaesthesia 

whenever necessary. 

 

Following 45 minutes, the vascular clamps were removed to allow reperfusion, confirmed by 

the reappearance of the kidney’s pink colouration.  The laparotomy wound was then sutured 

A B C

D E F
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in two layers using 4/0 Vicryl; rectus sheath/muscle layer initially, followed by skin.  At each 

layer the knots were carefully buried to avoid any interference from the rats post-operatively. 

 

 

 

2.1.7 Operative Technique: Protocol 2 Experiments (Ischaemic Preconditioning) 

Protocol 2 experiments were performed as previously described in Operative Technique: 

Protocol 1 Experiments (Ischaemia Reperfusion Injury).  However, prior to clamping the renal 

pedicles bilaterally for 45 minutes, Ischaemic Preconditioning (IPC) was performed as follows:  

The bowel was initially moved to the right side using wound swabs, to allow for identification 

and clamping of the left renal pedicle.  Immediately following this the same procedure was 

then performed on the opposite side.  After two minutes, the vascular clamps were removed 

to allow for reperfusion.  Both renal pedicles were allowed to perfuse normally for five 

minutes, before repeating the application of the vascular clamps.  This process was performed 

three times in total.  The kidneys were visually assessed for evidence of ischaemia each time 

the clamps were applied.  Following IPC, the pedicles were then clamped for 45 minutes (as 

Figure 2. 2 IRI Schematic 

Schematic of IRI animal experiments; adult male Lewis rats underwent midline laparotomy.  In the IRI 
group, renal pedicles were identified and clamped bilaterally for 45 minutes (ischaemia).  Vascular clamps 
were then removed, and the rat recovered.  Follow-up times varied from 24 hours to 28 days post-
operatively. 
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per Protocol 1) and the kidneys visually assessed for evidence of ischaemia (IPC + IRI).  

Following the application of the vascular clamps, the bowels were repositioned, and 

abdominal cavity covered with a saline soaked gauze.  The control group for this protocol 

involved IPC, as described above, however, following pulsatile IPC the clamps were not 

reapplied.  These rats were also observed under anaesthesia for 45 minutes following IPC (IPC 

alone). 

 

Peri-operative assessment and wound closure were performed in a manner identical to that 

described in Protocol 1. 

 

 

 

2.1.8 Recovery 

Animals were transferred back to their own cages to recover.  Warmed Vetbed Ò was used 

to assist recovery and prevent hypothermia.  Observation continued until the rats were fully 

Figure 2. 3 IPC Schematic 

Schematic of IPC animal experiments; adult male Lewis rats underwent midline laparotomy.  In the IPC group, 
renal pedicles were identified and clamped bilaterally for 2 minutes (ischaemia), followed by release of clamps 
for 5 minutes (reperfusion). This process was performed three times in total, prior to either bilateral IRI (cross-
clamping of both renal pedicles, 45 minutes), IPC+IRI, or observation for 45 minutes (IPC alone).  Vascular clamps 
were then removed, and the rat recovered.  Follow-up times varied from 24 hours to 28 days post-operatively. 
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mobile and alert.  Sunflower seeds were provided to promote distraction and prevent the rats 

gnawing at their suture lines. 

 

2.1.9 Follow-Up 

Animals were observed very closely post-operatively; this included multiple reviews on day 0 

and a minimum of twice-daily reviews thereafter.  After one week, animals were reviewed 

once daily by a member of the team.  The wound was reviewed to assess for any evidence of 

infection or dehiscence.  The general demeanour of the rats was carefully observed and 

documented in addition to the appearance of urine and faeces. 

 

Standard charts for the formal assessment of pain post-operatively were implemented.  A 

copy of this chart is included in Chapter 7, the Appendix of this thesis.  Parameters for 

assessment included general appearance of the animals, food and water intake, observations 

of both natural behaviour and provoked behaviours as well as examination of the wound. 

 

At a designated time-point post-operatively (24 hours to 28 days), the rats underwent 

terminal anaesthesia.  The laparotomy wound was re-opened and extended superiorly 

towards the sternum.  The sternum was retracted with an additional clip to allow optimal 

access to the diaphragm.  Rats were exsanguinated and blood samples obtained for serum 

creatinine analysis.  Anaesthesia was discontinued at this stage, followed by immediate 

retrieval of both kidneys. 
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2.1.10 Specimen Collection and Processing 

2.1.10.1 Blood Collection 

Once anaesthetised, a small incision was made at the distal tail and blood collected for serum 

creatinine analysis.  Blood was collected in an Eppendorf and transferred to the Biochemistry 

department. 

 

Guidelines published by The National Centre for The Replacement, Refinement and Reduction 

of Animals in Research (NC3RS) state that up to 10% of blood volume can be taken from an 

otherwise healthy animal with minimal adverse effects.  Total blood volume is generally 

estimated to be between 55-70 mls/kg bodyweight.  Thus, a rat weighing 200 g will have a 

blood volume of approximately 14 mls (70 x 0.2), allowing for a maximum of 1.4 mls to be 

taken at any given time.  This was considered during all procedures. 

 

At the time of retrieval (as described above), rats were exsanguinated under terminal 

anaesthesia to obtain sufficient blood for analysis. 

 

2.1.10.2 Kidney Retrieval 

Each kidney was placed on a corkboard covered with a sterile drape.  Kidneys were divided 

into three pieces; one half and two quarters.  The half kidney was stored in formalin to be 

embedded in paraffin wax and sectioned.  One quarter kidney was placed immediately into 

an Eppendorf of RNA Later (ThermoFisher, AM7020) and stored at -80 °C for RNA extraction 

at a later date.  One quarter kidney was ‘snap’ frozen in liquid nitrogen and stored within an 

Eppendorf at -80 °C. 
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2.1.11 Disposal 

Following terminal anaesthesia, exsanguination and kidney retrieval the carcasses were 

secured in a clinical waste bag and discarded in a designated freezer. 

 

2.1.12 Serum Creatinine Analysis 

Blood samples taken from the rat prior to laparotomy and at the time of retrieval were sent 

to the Department of Biochemistry at University Hospital of Wales, Cardiff.  Serum creatinine 

was measured from these samples using the Jaffe reaction according to their standard 

operating procedure. 

 

2.1.13  Cohort Selection 

 

 

 

Experimental cohort sample sizes can be seen in table 2.1.  Where possible, animal numbers 

were kept to a minimum, in keeping with the principles of the 3Rs (Replacement, Reduction, 

Refinement), as described by the National Centre for the Replacement, Refinement and 

Reduction of Animals in Research. 

Follow-Up (n) Sham (n) IRI (n) IPC + IRI (n) IPC alone 

24 Hours 8 8 0 0 

48 Hours 3 
(+8) 

4 
(+9) 

0 
(+8) 

0 
(+8) 

7 Days 4 4 0 0 

14 Days 4 4 4 3* 

28 Days 8 8 8 8 

Table 2. 1 Experimental Cohort Sample Sizes *One mortality in this cohort 
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Sample sizes were based on power calculations undertaken by Mr Usman Khalid, utilising the 

same experimental model.  Experimental cohorts that had previously been obtained were not 

repeated, except in the demonstration of model repeatability.  Experimental animals 

obtained by Mr Usman Khalid, are denoted in Table 2.1 in brackets in the ‘48 Hours’ Follow-

Up row. 

 

2.2 Histology 

Histological processing and slide preparation were performed at the Bioimaging Research 

Hub, School of Biosciences, Cardiff University.  Paraffin wax processing and embedding was 

performed prior to wax microtomy, at a standard thickness of 4 µm per section.  Sections 

were stained with either Haematoxylin and Eosin or Masson’s Trichromic according to 

standard operating procedure.  Additional sections were left unstained for 

immunohistochemical analysis. 

 

2.2.1 Injury Assessment Scoring 

Kidney sections were assessed by an independent consultant histopathologist, who was 

blinded to the experimental cohort to which the specimen belonged.  Sections were analysed 

using a Leica DMR Microscope.  Right and left kidneys were assessed individually. 

Acutely injured kidneys (those retrieved at either 24 or 48 hours) were assessed using the 

EGTI scoring system devised by Khalid et al (Khalid et al. 2016).  A comprehensive assessment 

was made regarding the degree of architectural damage observed throughout the renal 

cortex.  Individual scores were assigned for damage in each of four compartments; 
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endothelial, glomerular, tubular and interstitial.  A total score was assigned per kidney 

section, with a maximum score of 14 and a minimum score of zero. 

 

Chronically injured kidneys (those retrieved at day 7, 14 or 28) were assessed using a novel 

scoring method.  A comprehensive assessment was made regarding the degree of 

architectural damage observed throughout both the cortex and medulla collectively.  

Individual scores were assigned for damage in each of four compartments; tubular, vascular, 

interstitial and glomerular.  A total score was assigned per kidney section, with a maximum 

score of 14 and a minimum score of zero.  Further information regarding chronic injury 

assessment scoring is detailed in Chapter 4. 

 

2.2.2 Immunohistochemistry 

Part I (Deparaffinisation, Rehydration and Antigen Retrieval): Slides were placed in a Techne 

Hybridisation Incubator (HB-1D) for ten minutes at 60 °C.  Sections were deparaffinised using 

three xylene (Merck) immersions (20 minutes total), agitating gently at each stage. Sections 

were then rehydrated using reducing concentrations of ethanol (Merck); initially three 

immersions in 100% ethanol (20 minutes total), followed by three immersions in 96%, 70% 

and 50% ethanol respectively (less than 10 minutes total).  Sections were rinsed in distilled 

water before being placed into a sodium citrate buffer with tween (10 mM, 0.05% Tween, pH 

6.0).  Antigen retrieval was performed by autoclaving the sections immersed in sodium citrate 

buffer (Astell AMB240 Autoclave, Liquid Programme).  Slides were then rinsed twice in 1 x 

Phosphate Buffered Saline (PBS), pH 7.4. 

 



 
 

82 

Part II (Blocking of Non-Specific Sites): ImmEdgeä Pen (Vector Laboratories) was used to 

outline the kidney section on each slide.  Slides were placed in a moistened slide chamber.  

Endogenous peroxidase activity was blocked by applying 3% hydrogen peroxide/methanol to 

each section for ten minutes at room temperature.  Slides were then rinsed twice in 1 x PBS.  

Normal Goat Serum Blocking Solution (Vector Laboratories) 10% was applied to each section 

for twenty minutes at room temperature.  Slides were then rinsed twice in 1 x PBS.  

Avidin/Biotin Blocking Kit (Vector Laboratories) was used as the final blocking stage.  Avidin 

Blocking Reagent was applied to each section for fifteen minutes at room temperature, prior 

to rinsing twice in 1 x PBS.  Biotin Blocking Reagent was then applied to each section for fifteen 

minutes at room temperature, prior to rinsing twice in 1 x PBS. 

 

Part III (Application of Primary Antibody): Primary antibodies were diluted with 1% Goat 

Serum (Vector Laboratories) as described in Table 2.2.  200 µL of primary antibody solution 

was applied to each section and slides were left overnight at 4°C in a moistened slide 

chamber.  Slides were then rinsed three times in 1 x PBS. 

 

Part IV (Application of Secondary Antibody):  Secondary antibodies were diluted with 1% Goat 

Serum (Vector Laboratories) as described in Table 2.3.  200 µL of secondary antibody solution 

was applied to each section and slides were left at room temperature for 30 minutes in a 

moistened slide chamber.  Slides were then rinsed three times in 1 x PBS. 

 

Part V (Staining and Counter-Staining): Vectastain® Elite® ABC Horseradish Peroxidase (HRP) 

Kit (Vector Laboratories, PK-6100) was prepared as per the manufacturer’s instructions.  200 

µL of the reagent was then applied to each section and slides were left at room temperature 
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for 30 minutes in a moistened slide chamber.  Slides were then rinsed twice in 1 x PBS.  DAB 

Peroxidase (HRP) Substrate Kit (Vector Laboratories, SK-4100) was prepared as per the 

manufacturer’s instructions.  200 µL of the reagent was then applied to each section and 

slides were left at room temperature for between 2-10 minutes, depending on discolouration.  

Slides were then rinsed for five minutes in distilled water.  Slides were placed in a 

haematoxylin bath for one minute, before being transferred into a container of tap water. 

 

Part VI (Dehydration and Mounting):  Slides were then passed back through the original 

solutions used in Part I, this time in reverse; distilled water, ethanol 50%, ethanol 70%, 

ethanol 96%, ethanol 100% x3, xylene x3 (3-5 minutes in each solution), before being 

mounted with Cytoseal (ThermoFisher) and covered with a cover slip. 

 

 

 

 

 

 

Antibody Source Type Host Dilution 

HA Binding Protein Merck (385911) Biotinylated Bovine 1:200 

a-SMA ThermoFisher (MA5-11547) Monoclonal Mouse 1:500 

E-Cadherin Merck (HPA-004812) Polyclonal Rabbit 1:500 

Table 2. 2 Primary Antibodies for Immunohistochemistry 

Antibody Source Type Host Dilution 

Anti-Mouse (IgG) Vector (BA-9200) Polyclonal Goat 1:800 

Anti-Rabbit (IgG) Abcam (Ab6720) Polyclonal Goat 1:1000 

Table 2. 3 Secondary Antibodies for Immunohistochemistry 
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2.2.3 Immunofluorescence 

Part I (Deparaffinisation, Rehydration and Antigen Retrieval): as per Part I of 

Immunohistochemistry protocol (please see above). 

 

Part II (Blocking of Non-Specific Sites): as per Part II of Immunohistochemistry protocol (please 

see above), with the exception of the following: 

 

i. For protocols involving HA Binding Protein (HABP); omit the application of 3% 

Hydrogen Peroxide/Methanol. 

ii. For all other protocols; omit both the application of 3% Hydrogen Peroxide/Methanol 

and the application of Avidin/Biotin Blocking Reagents. 

 

Part III (Application of Primary Antibody): Primary antibodies were diluted with 1% Goat 

Serum (Vector Laboratories) as described in Table 2.4.  200 µL of primary antibody solution 

was applied to each section and slides were left overnight at 4 °C in a moistened slide 

chamber.  Slides were then rinsed three times in 1 x PBS. 

 

Antibody Source Type Host Dilution 

HA Binding Protein Merck (385911) Biotinylated Bovine 1:200 

a-SMA ThermoFisher (MA5-11547) Monoclonal Mouse 1:500 

CD45 ThermoFisher (MA1-81566) Monoclonal Mouse 1:200 

HAS1 Abcam (Ab198846) Polyclonal Rabbit 1:200 

HAS2 Santa Cruz (SC514737) Monoclonal Mouse 1:200 

CD44v7/8 ThermoFisher (MA5-16964) Monoclonal Mouse 1:100 

E-Cadherin Merck (HPA-004812) Polyclonal Rabbit 1:500 

Table 2. 4 Primary Antibodies for Immunofluorescence 
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Part IV (Application of Secondary Antibody/Fluorophore):  Secondary 

antibodies/fluorophores were diluted with 1 % Goat Serum (Vector Laboratories) as 

described in Table 2.5.  Secondary antibody solutions were centrifuged (Eppendorf 5415 R) 

for ten minutes at 4 °C.  200 µL of secondary antibody solution was applied to each section 

and slides were left at room temperature for 30 minutes in a dark, moistened slide chamber.  

Slides were then rinsed three times in 1 x PBS. 

 

Part V (Final Staining and Mounting): A solution of 4’,6-Diamidino-2-Phenylindole (DAPI) 

(ThermoFisher, D1306) was prepared with 1 x PBS (1:5000).  200 µL of DAPI solution was 

applied to each section and slides were left at room temperature for 5 minutes in a dark, 

moistened slide chamber.  Slides were then rinsed twice in 1 x PBS before being mounted 

with Fluoroshield (Merck) and covered with a cover slip. 

 

 

 

Antibody Source Type Host Dilution 

Anti-Mouse (IgG) 
AlexaFluor 488 

ThermoFisher (A11001) Polyclonal Goat 1:2000 

Anti-Mouse (IgG1) 
AlexaFluor 488 

ThermoFisher (A21121) Polyclonal Goat 1:2000 

Anti-Mouse (IgG2b) 
AlexaFluor 488 

ThermoFisher (A21141) Polyclonal Goat 1:500 

Anti-Mouse (IgG2a) 
AlexaFluor 594 

ThermoFisher (A21135) Polyclonal Goat 1:2000 

Anti-Mouse (IgG) 
AlexaFluor 647 

ThermoFisher (A21240) Polyclonal Goat 1:200 

Anti-Rabbit (IgG) 
AlexaFluor 488 

ThermoFisher (A11034) Polyclonal Goat 1:500 

Anti-Rabbit (IgG) 
AlexaFluor 594 

ThermoFisher (A11037) Polyclonal Goat 1:500 

Anti-Rabbit (IgG) 
AlexaFluor 647 

ThermoFisher (A21245) Polyclonal Goat 1:1000 

Streptavidin 488 ThermoFisher (S11223) N/A N/A 1:200 

Streptavidin 594 ThermoFisher (S32356) N/A N/A 1:200 

Table 2. 5 Secondary Antibodies for Immunofluorescence 
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2.2.4 Imaging 

2.2.4.1 Histology and Immunohistochemistry 

Kidney sections were examined using a Leica DMLA Light Microscope.  Representative 

photographs were taken using an Olympus DP27 Microscope Digital Camera. 

 

2.2.4.2 Immunofluorescence 

Kidney sections were examined and imaged using a Zeiss LSM880 Airyscan Confocal Laser 

Scanning Microscope. 

 

2.3 Gene Expression 

2.3.1 RNA Extraction 

2.3.1.1 Tissue Homogenisation 

Kidney tissue that had previously been divided and stored in RNA Later (ThermoFisher, 

AM7020), was defrosted.  Only the right kidney was used for the purpose of RNA extraction, 

in keeping with work previously undertaken using this animal model. 

 

Kidney tissue was weighed in an Eppendorf, and the appropriate volume of Trizol Reagent 

(ThermoFisher, 15596018) was added (1 mL per 50-100 mg of tissue) to each sample.  A 

stainless-steel bead was added to each Eppendorf, and samples were inserted into 

TissueLyser (Qiagen) adapter racks in a symmetrical arrangement.  Racks were secured in a 

Qiagen TissueLyser II, at a frequency setting of 30Hz for 4 minutes.  Eppendorfs were 

inspected to ensure complete homogenisation of tissue.  Samples were centrifuged briefly to 

ensure contents remained in the body of the Eppendorf.  1 mL of each sample was pipetted 
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into a new, labelled Eppendorf for RNA extraction.  Samples were replaced on ice as soon as 

possible to prevent degradation of RNA. 

 

2.3.1.2 Trizol Extraction 

Eppendorfs containing 1 mL of homogenised kidney tissue in Trizol Reagent (ThermoFisher, 

15596018) were defrosted, and then incubated at room temperature for five minutes to 

ensure complete dissociation of the nucleoprotein complexes in the tissue.  200 µL of 

chloroform was added to each Eppendorf and each tube was shaken vigorously by hand for 

fifteen seconds.  The tubes were incubated at room temperature for a further 2-3 minutes, 

before being centrifuged (Eppendorf 5430 R) at 12000 g for fifteen minutes at 4 °C to separate 

the sample into three phases.  The uppermost colourless aqueous phase (containing 

exclusively RNA) was removed by angling the tube at 45 degrees and pipetting the solution 

carefully out.  The aqueous phase was transferred into a new tube. 

 

To each new tube, 500 µL of isopropanol was added, and the solution was incubated at room 

temperature for ten minutes.  The tubes were then centrifuged (Eppendorf 5430 R) at 12000 

g for ten minutes at 4 °C to form a pellet containing the RNA.  The supernatant was poured 

away from the tube, leaving only the RNA pellet in situ.  The pellet was then washed three 

times in 75% ethanol as follows; 1 mL ethanol added to the tube, vortexed briefly, centrifuged 

(Eppendorf 5430 R) at 12000 g for five minutes at 4 °C, wash discarded.  The pellet was then 

air dried for thirty minutes at room temperature.  Each pellet was then resuspended in 50 µL 

of RNase-free water and briefly vortexed. 
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2.3.1.3 Determination of RNA Quality and Concentration 

A NanoDrop 2000 Spectrophotometer (ThermoFisher) was used to quantify and assess purity 

of RNA extracted from whole kidney samples as described above.  A 1.2 µL sample of RNase-

free water was pipetted onto the NanoDrop pedestal to blank the apparatus.  Subsequently, 

1.2 µL of each RNA solution was pipetted individually onto the pedestal before the arm was 

closed and measurement ascertained.  Absorbance was measured at 230 nm, 260 nm and 

280 nm.  A 260:280 ratio was used to indicate DNA contamination within each sample; a ratio 

above 1.8 was considered indicative of sufficiently pure RNA.  An additional ratio was 

calculated to determine purity of nucleic acid from contaminants such as phenol.  A 260:230 

ratio above 1.8 was again considered indicative of a pure sample.  The pedestal was wiped 

clean with a dry tissue between samples. 

 

2.3.2 Reverse Transcription (RT) 

RT was performed using the random primer method and reagents from the High Capacity 

cDNA Reverse Transcription Kit (ThermoFisher, 4368814), according to the manufacturer’s 

instructions.  RT was undertaken in a final volume of 20 µL per reaction, each containing 1 µg 

of RNA sample (in 10 µL RNase-free distilled water).  RT master mix consisted of the 

components detailed in table 2.6. 

 

The RT was then performed using a PTC-225 Peltier Thermal Cycler (Bio-Rad Laboratories Inc. 

CA, USA).  The following thermal profile was used; 25 °C (10 minutes), 37 °C (2 hours), 85 °C 

(5 minutes), followed by cooling at 4 °C.  RT was performed with sterile water replacing the 

RNA sample as a negative control.  The resulting single-stranded complimentary DNA (cDNA) 

was diluted by adding 60 µL of RNase-free distilled water and stored at -20 °C until required. 
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2.3.3 Real Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

2.3.3.1 TaqMan Gene Expression qPCR 

For each target analysed, the Polymerase Chain Reaction (PCR) master mix consisted of the 

components listed in table 2.7, to a total volume of 16 µL. 

 

 

 

*TaqManÔ Fast Advanced Master Mix (contains AmpliTaq® Fast DNA Polymerase, Uracil-N 

Glycosylase (UNG), deoxyribose Nucleotide Triphosphates (dNTPs) (with dUTP), ROXÔ dye 

(passive reference), and optimized buffer).  ThermoFisher Scientific Catalogue Number 

4444557. 

 

The target-specific master mix described above was then added to 4 µl of pre-diluted cDNA 

per appropriate well (total volume of 20 µl per reaction), using an Optical 96-well Fast Plate 

(Applied BiosystemsÔ) for qPCR.  Water was added for the non-template control instead of 

Table 2. 6 Components of RT Master Mix 

RT Master Mix Component Volume in µL 

MultiscribeÔ Reverse Transcriptase 1 

25X dNTP Mix (100mM) 0.8 

10X RT Buffer 2 

10X RT Random Primers 2 

RNase Inhibitor 0.5 

Nuclease-Free Water 3.7 

PCR Master Mix Component Volume in µL 

Target-Specific PCR Primer and TaqManÔ Probe 1 

Nuclease-Free Water 5 

TaqManÔ Fast Advanced Master Mix* 10 

Table 2. 7 Components of PCR Master Mix (TaqMan) 
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cDNA.  The plate was sealed with a MicroAmp Optical Adhesive Film (Applied BiosystemsÔ) 

and qPCR was performed on a ViiA7 Real-Time PCR System (Life TechnologiesÔ), using the 

manufacturer’s recommended parameters; 2 minutes at 50 °C, 2 minutes at 95 °C, followed 

by 40 cycles of 1 second at 95 °C and 20 seconds at 60 °C.  qPCR was performed 

simultaneously for 18S Ribosomal RNA (rRNA) as a standard reference gene.  The TaqManÔ 

assays used in this thesis are shown in table 2.8 below (Applied BiosystemsÔ). 

 

 

* PowerUpÔ SYBR Master Mix (ThermoFisher Scientific Catalogue Number A25742). 

 

2.3.3.2 Power SYBR Green qPCR 

For each target analysed, the Polymerase Chain Reaction (PCR) master mix consisted of the 

components listed in table 2.9, to a total volume of 16 µL.  The primer-specific master mix 

described above was then added to 4 µl of pre-diluted cDNA per appropriate well (total 

volume of 20 µl per reaction), using an Optical 96-well Fast Plate (Applied BiosystemsÔ) for 

Target TaqMan Gene Expression Assay ID   ThermoFisher Catalogue ID 

HAS 1 Rn01455687_g1 4331182 
HAS 2 Rn00565774_m1 4331182 
HAS 3 Rn01643950_m1 4331182 
HYAL 1 Rn02133715_s1 4331182 
HYAL 2 Rn01521340_g1 4351372 
TSG-6 Rn01753871_m1 4331182 
CD44 Rn00681157_m1 4331182 

18S rRNA N/A 4310893E 

Table 2. 8 TaqMan Gene Expression Assays 

PCR Master Mix Component Volume in µL 

Forward Primer 0.6 

Reverse Primer 0.6 

Nuclease-Free Water 4.8 

PowerUpÔ SYBR Master Mix* 10 

Table 2. 9 Components of PCR Master Mix (SYBR) 
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qPCR.  Water was added for the non-template control instead of cDNA.  The plate was 

sealed with a MicroAmp Optical Adhesive Film (Applied BiosystemsÔ) and qPCR was 

performed on a ViiA7 Real-Time PCR System (Life TechnologiesÔ), using the manufacturer’s 

recommended parameters; 2 minutes at 50 °C, 2 minutes at 95 °C, followed by 40 cycles of 

1 second at 95 °C and 30 seconds at 60 °C. 

 

2.3.3.2.1 Primer Design for CD44 Variant Expression 

Custom designed primers were developed for the CD44 alternatively spliced variants known 

to be of interest to our research group.  Forward primers were designed to overlap the 3’ end 

of exon 5 with the 5’ end of the target exon of the variable region.  Reverse primers were 

designed to overlap the 3’ end of the target exon with the 5’ end of exon 16 (as demonstrated 

in figure 2.4).  For variants with a smaller product length (less than 275), amplified targets 

were quantified using qPCR (see table 2.9).  Expression of larger spliced variants was 

investigated using touch-down conventional PCR. 

 

Figure 2. 4 Schematic of CD44 Variant Primer Design 

Forward primers were designed to overlap the 3’ end of exon 5 with the 5’ end of the target exon of the variable 
region.  Reverse primers were designed to overlap the 3’ end of the target exon with the 5’ end of exon 16.  This 
is demonstrated in this figure for CD44 alternatively spliced variant 6. 
 

 
 

1 2 3 4 5 V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 16 17 18 19 20
5’ 3’

Forward Primer Variant 6; 
Overlaps Exon 5 in the 

Common Region and the 
Exon of Interest

Reverse Primer Variant 6; 
Overlaps Exon 16 in the 

Common Region and the 
Exon of Interest
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The custom designed primers for SYBR Green assays used in this thesis are shown in table 

2.10. 

 

2.3.4 Relative Quantification 

Following completion of the qPCR run, the relative changes in gene expression were analysed 

using double delta Cycle Threshold (CT) analysis (2-DDCT).  The CT, where amplification is in 

the linear range of the amplification curve, for the standard reference gene (rRNA) was 

subtracted from the target gene CT to obtain the delta CT (dCT).  The mean dCT for the 

experimental control group was then calculated.  The expression of the target gene in 

experimental samples relative to the expression in the control samples was then calculated 

using the following formula: 2Ù-(dCT(Experimental Sample) – dCT(Mean Control Group). 

 

Target Custom Primer Sequence - Forward Custom Primer Sequence - Reverse 

CD44s 5’-CCTGGCCACCAGTGATGGAG-3’ 5’-CTCGCAGGACCAGAAGTTGT-3’ 

CD44 v1 5’-GGCCACCATTGCCTCAACTG-3’ 5’-AGTCTCCATCACCTGTAGTTGC-3’ 

CD44 v2 5’-GGCCACCACCTTGATGACTA-3’ 5’-TGAGTCTCCATCACCAGGCAT-3’ 

CD44 v3 5’-CCTGGCCACCAGTACGGA-3’ 5’-CCATCACTGGTGCTGGAGAT-3’ 

CD44 v4 5’-CCTGGCCACCATTGCAACTA-3’ 5’-GAGTCTCCATCACCAGTCATCC-3’ 

CD44 v5 5’-CACCCTGGCCACCAATATAGA-3’ 5’-AGTCTCCATCACTTGTGCTTGT-3’ 

CD44 v6 5’-CACCACCTGGGCAGCTC-3’ 5’-TCTCCATCACCAGTTGTCCC-3’ 

CD44 v7 5’-CACCACCTCAGGCCACAAC-3’ 5’-TGAGTCTCCATCACCCTTGC-3’ 

CD44 v8 5’-CCTGGCCACCAATACAGACT-3’ 5’-GAGTCTCCATCACGAGTTGTCA-3’ 

CD44 v9 5’-GCCACCACACAGAGTCATTC-3’ 5’-TGAGTCTCCATCACTGCTAGATG-3’ 

CD44 v10 5’-ACCCTGGCCACCACTAAGAG-3’ 5’-TCCATCACCTGGTAAGGAGCC-3’ 

CD44 v4/5 5’-TGGCCACCATTGCAACTACT-3’ 5’-AGTCTCCATCACTTGTGCTTGT-3’ 

CD44 v6/7 5’-CACCACCTGGGCAGCTC-3’ 5’-TGAGTCTCCATCACCCTTGC-3’ 

CD44 v7/8 5’-CACCACCTCAGGCCACAAC-3’ 5’-GAGTCTCCATCACGAGTTGTCA-3’ 

Table 2. 10 Custom Designed Primers for SYBR Green Assays 
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2.3.5 Conventional Polymerase Chain Reaction 

 InvitrogenÔ PlatinumÔ II Taq Hot-Start DNA Polymerase Kit (ThermoFisher, 14966001) was 

used for all conventional PCR, using a touchdown technique to increase specificity.  For each 

CD44 variant analysed, the PCR master mix consisted of the components listed in table 2.11, 

to a total volume of 20µL. 

 

 

 

 

Custom primer sequences for the CD44 variants analysed using this technique are shown in 

table 2.12. 

 

PCR Master Mix Component Volume in µL 

5 x PlatinumÔ II PCR Buffer 4 

10mM dNTP Mix 0.4 

10 µM Forward Primer 0.4 

10 µM Reverse Primer 0.4 

Template DNA 5 

PlatinumÔ II Taq Hot-Start DNA Polymerase 0.16 

Nuclease-Free Water (to make up to 20 µL) 9.64 

Table 2. 11 Components of Conventional PCR Master Mix 

Target Custom Primer Sequence - Forward Custom Primer Sequence - Reverse 

CD44 v2-10 5’-CTGGCCACCACCTTGATGA-3’ 5’-CCATCACCTGGTAAGGAGCC-3’ 

CD44 v3-10 5’-CCTGGCCACCAGTACGGA-3’ 5’-CCATCACCTGGTAAGGAGCC-3’ 

CD44 v6-10 5’-ACCCTGGCCACCACCTG-3’ 5’-CCATCACCTGGTAAGGAGCC-3’ 

CD44 v7-10 5’-CCTGGCCACCACCTCAG-3’ 5’-CCATCACCTGGTAAGGAGCC-3’ 

CD44 v8-10 5’-CCTGGCCACCAATACAGACT-3’ 5’-TGAGTCTCCATCACCTGGTAAG-3’ 

CD44 v3,8-10 5’-TCTCCAGCACCAATACAGACTC-3’ 5’-TCCATCACCTGGTAAGGAGCC-3’ 

CD44 v3-5 5’-GCCACCAGTACGGAGTCAAA-3’ 5’-AGTCTCCATCACTTGTGCTTGT-3’ 

CD44 v4-7 5’-TGGCCACCATTGCAACTACT-3’ 5’-GAGTCTCCATCACCCTTGCTT-3’ 

Table 2. 12 Custom Designed Primers for Conventional PCR 
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The master mix was prepared, as described above, and added to an appropriate PCR tube.  

Samples were amplified using a PTC-225 Peltier Thermal Cycler (Bio-Rad Laboratories Inc. CA, 

USA), in a touchdown technique developed by previous PhD student Dr Emma Woods.  The 

calculated melting temperature (Tm) + 10 °C was used as the initial annealing temperature.  

The temperature was then decreased by 1 °C for each successive cycle for the first ten cycles.  

The temperature then remained constant for the subsequent 22 cycles.  Each reaction was 

run for a total of 32 cycles.  Following amplification, the samples were mixed with a Gel 

Loading Dye (New England BioLabs). 

 

 Agarose gels (1%) were prepared by dissolving 2.5 g of agarose in a beaker of 250 mls Tris 

Acetate (TAE) buffer solution (pH 8.3) per gel.  15 µL of Midori Green Advanced DNA Stain 

(Nippon Genetics, MG04) was added, and the gels were cooled in a Perspex tray with comb 

inserted.  Once solidified (60 minutes), the combs were removed, and the gels were placed in 

an electrophoresis bath containing TAE buffer.  15 µL of each sample was pipetted into wells 

of the 1% agarose gel.  5 µL of 1 Kb ladder (ThermoFisher) was pipetted into a well at each 

end of the gel. 

 

Flatbed electrophoresis was used to separate DNA amplicons.  Electrophoresis was run at 

100V for 90 minutes.  Bands were visualised and extracted from the gel using an Ultraviolet 

(UV) transilluminator.  DNA was isolated from the extracted bands using a QIAquick Gel 

Extraction Kit (Qiagen, 28704) and quantified using a NanoDrop 2000 Spectrophotometer 

(ThermoFisher).  Identity of products obtained was confirmed by sequencing (Eurofins 

Genomics). 
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2.4 RNA Sequencing 

Tissue samples were handled, and RNA extracted in the same way as described above in Gene 

Expression.  For economic reasons, only nine experimental cohorts were chosen for RNA 

sequencing, as described in table 2.13.  RNA (20 µL 10x dilution) was delivered to the Wales 

Gene Park (WGP), where Quality Control (QC), Library Preparation and Next Generation RNA 

Sequencing was outsourced. 

 

 

 

 

 

 

 

 

2.4.1 Quality Control (QC) 

RNA quality and quantity were assessed using the Agilent 4200 TapeStation System with RNA 

ScreenTapeÒ (Agilent Technologies, Santa Clara, CA 95051, USA), and Qubit-iTÔ RNA HS 

Assay Kit (Fisher Scientific).  An RNA Integrity Number (RIN) was provided for each sample, as 

a measure of the quality of RNA supplied. 

 

2.4.2 Library Preparation 

RNA (200 ng) with a RIN value >7 was depleted of ribosomal RNA using the NEBNextÒ rRNA 

Depletion Kit (New England BioLabs).  RNA was converted into a library of template molecules 

of known strand origin, using the reagents provided in a NEBNext® UltraÔ II Directional RNA 

Follow-Up (n) Sham (n) IRI (n) IPC + IRI 

48 Hours 3 3 3 

14 Days 3 3 3 

28 Days 3 3 3 

Table 2. 13 RNA Sequencing Experimental Cohort Sample Sizes 
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Library Prep Kit for Illumina® with NEBNext® Multiplex Oligos for Illumina® (New England 

BioLabs).   

 

Libraries were validated, normalized to 10 nM, pooled together and clustered on the cBotÔ2 

System (Illumina, San Diego, CA 92122, USA), according to standard protocol. 

 

2.4.3 RNA Sequencing 

Sequencing was performed using a 75-base Paired-End (2x75bp PE) dual index read format 

on the the HiseqÒ 4000 Sequencing System (Illumina, San Diego, CA 92122, USA), according 

to standard protocol. 

 

2.4.4 Bioinformatics 

Data was sent to the Bioinformatics Department at the University Hospital of Wales, Cardiff, 

who performed a further QC and packaging of the data.  Data provided to me for each 

pairwise comparison included raw counts, normalised counts, Fragments Per Kilobase of 

transcript per Million (FPKM) expression values, Log2 Fold Change (Log2 FC) values, p-values 

and adjusted p-values (padj), for each gene identified in the sequencing process. 

 

2.4.5 Heatmaps 

Heatmaps were produced using Morpheus software, developed by the Broad Institute (UC, 

San Diego, USA).  FPKM expression values were used in the development of a heatmap using 

Morpheus.  FPKM values normalise for both the sequencing depth, and the length of the gene.  

Genes were only included if they were significant in at least one cohort (p <0.01). 
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2.4.6 Volcano Plots 

Volcano plots were produced using RStudio, and a script kindly developed by Mr Benjamin 

Cossins.  Data input to RStudio included Fold Change (FC), Log2 FC and padj values for every 

gene in each pairwise comparison.  FC values were calculated from Log2 FC values using the 

following formula; power (2, Log2 FC value).  Input files were constructed in CSV format, 

compatible with RStudio. 

 

2.4.7 Gene Set Enrichment Analysis (GSEA) 

Gene Set Enrichment Analysis (GSEA) software developed by the Broad Institute (UC, San 

Diego, USA) was used to analyse RNA Sequencing data.  Input files were constructed in GCT 

and CLS formats, compatible with the GSEA software.  FPKM expression values for all genes 

of interest were used in the GCT file uploaded into GSEA. 

 

Two gene collections were used for analysis; the Hallmark Gene Set Collection (Broad 

Institute) and the Hyaluronan Profile, a custom-made collection of genes of interest to our 

research unit.  The number of permutations was kept consistently at 1000.  Permutation type 

was set as ‘Phenotype’ throughout, and the Chip Platform used was Rat Ensembl Gene ID 

MSigDB Version 7.0. 

 

2.4.8 Ingenuity Pathway Analysis (IPA) 

Ingenuity Pathway Analysis (IPA) software developed by Qiagen (UC, San Diego, USA) was 

used to analyse RNA Sequencing data.  Paired analysis datasets (as provided by Bioinformatics 

Department at the University Hospital of Wales, Cardiff) were uploaded, and genes identified 



 
 

98 

by their Ensembl ID.  Log2 FC and padj were assigned as Observations 1 and 2 respectively in 

the raw data.  A Core Analysis (Expression Analysis) was performed based on the Log2 FC. 

 

2.5 Statistical Analysis 

GraphPad Prism (Version 8) Software (GraphPad Software, San Diego, CA 92108, USA) was 

used for the statistical analyses in this thesis.  Data were expressed as either mean ± Standard 

Error of the Mean (SEM) or median + range, depending on whether the data was normally 

distributed or not. 

 

Parametric data was analysed using a t-test (paired or un-paired) or an Analysis of Variance 

(ANOVA), followed by Tukey’s Post Hoc analysis.  Non-parametric data was analysed using a 

Mann-Whitney U test (unpaired), Wilcoxon test (paired) or Kruskal Wallis test.  A p-value 

<0.05 was considered statistically significant, with levels of significance described in table 

2.14. 

 

2.5.1 RNA Sequencing 

Gene Set Enrichment Analyses were considered statistically significant if they had a False 

Detection Rate (FDR) less than 25% and enrichment at a nominal P-value of less than 1% 

(p<0.01). 

P-Value Description Summary 

³0.05 Not Significant NS 

<0.05 Significant * 

<0.01 Significant ** 

<0.001 Highly Significant *** 

<0.0001 Highly Significant **** 

Table 2. 14 Levels of Significance 
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Due to the quantity of genes differentially expressed in the pairwise comparisons of RNA 

sequencing data, core analyses performed in IPA excluded genes with a Log2 FC between 1.5 

and -1.5, or a padj greater than 0.01. 
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3 Characterising the Acute Hyaluronan Profile Associated with Ischaemia 

Reperfusion Injury and Ischaemic Preconditioning
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3.1 Introduction 

3.1.1 Serum Creatinine as a Marker of Renal Function 

Serum creatinine offers the most practical means of assessing renal function in-vivo and in 

human studies.  In clinical practice, the use of exogenous markers to accurately assess GFR 

are impractical and rarely used.  Serum creatinine evaluation is relatively cheap, quick and 

easy to assess.  However, it has limitations in its usage as a marker of renal function.  Primarily, 

serum creatinine is a product of muscle catabolism and therefore it varies with muscle mass 

in addition to GFR.  It also possesses a number of other physiological limitations including 

variation with diet, sex and comorbidities including hepatic dysfunction (Delanaye, Cavalier 

and Pottel, 2017).  Peak rises in serum creatinine may take up to 24-36 hours after a definite 

renal insult (Ostermann and Joannidis, 2016), and mild renal injury might be missed with 

serum creatinine analysis alone.  Therefore, it is vital that serum creatinine is reported in 

conjunction with appropriate structural assessment as a marker of kidney injury. 

 

3.1.2 Histological Changes Associated with IRI 

Renal IRI is associated with widespread acute tubular necrosis and the appearance of casts 

acutely.  The proximal tubules in particular lose their brush border and cells are discharged 

into the lumen (Bonventre and Yang, 2011).  However, histological changes are not confined 

to the tubules.  An influx of inflammatory cells can be observed in the interstitium 

immediately following IRI (Bonventre and Yang, 2011), along with interstitial haemorrhage.  

Retraction of the glomerular tuft is commonly observed, and in severe cases, 

glomerulosclerosis (Khalid et al., 2016). 
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3.1.3 Hyaluronan and its Associated Proteins 

The Extracellular Matrix (ECM) is critical to regulating cell differentiation, proliferation, 

migration and depicting cell specialisation in the context of tissue development, but also in 

response to injury.  Thus, insight into the ECM response to AKI might provide a unique 

opportunity to alter the natural history of the AKI to CKD continuum, and therefore the ECM 

warrants further investigation to this avail. 

 

Study of the three HAS isoenzymes is of interest because each enzyme has unique 

chromosomal derivation and function (Spicer et al., 1997; Spicer and McDonald, 1998).  HA 

deposition following IRI appears to be driven initially by HAS1 (Declèves et al., 2012), although 

this is not observed in all animal studies (Göransson et al., 2004).  HAS2 then takes over HA 

synthesis after 24 hours, and persists in close association with HA in the post-ischaemic period 

(Declèves et al., 2012).  HAS2 is initially observed in the renal papillae of the medulla, 

however, following IRI it is strongly expressed in the renal cortex of ischaemic kidneys 

(Göransson et al., 2004). 

 

Activated myofibroblasts are the cells principally responsible for secreting ECM, and it is a-

SMA which acts as the best marker of their presence.  Myofibroblasts are scarcely found in 

the healthy kidney, yet, under conditions of stress, myofibroblast pools are largely provided 

by resident renal stromal cells (Ruiz-Ortega et al., 2020; Humphreys et al., 2010).  Leucocytes 

are also seen to accumulate at varying intervals following IRI (Declèves et al., 2006).  As 

previously described, Tumour necrosis factor-Stimulated Gene-6 (TSG-6) is a hyaladherin well 

known for its role in leucocyte trafficking (Day and Prestwich, 2002).   CD45 (common 

leucocyte antigen) is a receptor-linked protein tyrosine phosphatase, which is expressed on 
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all leucocytes, and offers a critical role in their functioning (Altin and Sloan, 1997).  CD45 thus 

represents a good marker of leucocyte presence in the kidney following IRI. 

 

The presence of myofibroblasts, in conjunction with immune cells, inflammatory mediators 

and gene transcriptional changes, form part of a multifaceted system ultimately responsible 

for the deposition of hyaluronan and other matrix components that succeed IRI.  In tissue 

homeostasis, hyaluronan is limited to the inner portion of the medulla.  However, following 

IRI, a 20 to 40-fold increase in HA can be observed in the renal cortex and outer medulla 

(Johnsson et al., 1996; Göransson et al., 2004).  HA can be detected in histological specimens 

not via antibody, due to its low immunogenicity, but through a specific HA Binding Protein 

(HABP), derived from bovine nasal cartilage.  Composed of two binding polypeptides and 

derived from N-terminal regions of HA binding proteoglycan and linkage proteins, HABP can 

be used for the histological detection of HA.  Low levels of oxygen induce cytokine release, 

which may be responsible, in part, for the HA release following ischaemic injury.  The 

predominant accumulation of HA in the cortex may reflect the cell types present there and 

their varying responses to low oxygen conditions (Johnsson et al., 1996). 

 

The initial post-ischaemic period is concurrently associated with a transient repression of the 

hyaluronidases, which are both necessary for appropriate HA turnover (Bourguignon and 

Flamion, 2016; Declèves et al., 2012).  HYAL2 is associated with the disassembly of high 

molecular weight HA, whereas HYAL1 degrades the intermediate size fragments to smaller 

units (Colombaro et al., 2015a).  Colombaro et al. demonstrated a protective role for the 

hyaluronidases in the context of IRI, whereby knockout mice demonstrated up to a 74% 

increase in HA deposition following ischaemic injury (Colombaro et al., 2015b).  In the absence 
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of either HYAL1 or HYAL2, there was a persistence in renal HA, which was associated with an 

exacerbation of injury. 

 

Expression of CD44, the primary HA receptor, is also augmented by IRI (Lewington et al., 2000; 

Rouschop et al., 2005; Colombaro et al., 2015b).  Controversy exists regarding CD44 

expression in the kidney under normal circumstances, with some studies demonstrating 

virtually undetectable levels of CD44 in the healthy kidney (Lewington et al., 2000), and others 

reporting CD44 present on the basement membrane throughout the medulla and cortex 

(Declèves et al., 2006).  What is clear however, is the stark increase in CD44 following 

ischaemic injury, where it becomes unanimously detectable along the basolateral aspect of 

regenerating tubules (Lewington et al., 2000; Declèves et al., 2006).  Increased expression of 

CD44 is seen additionally in the collecting ducts of the outer medulla and cortex, as well as in 

necrotic tubules and interstitial cells, however, its presence appears to be unrelated to HA, 

with interstitium surrounding CD44-positive regions being devoid of HA (Declèves et al., 

2006).  This could be as a result of CD44 facilitating the uptake and clearance of HA under 

certain circumstances (Rouschop et al., 2004). 

 

3.1.3.1 CD44 Variants 

CD44 exists as number of alternatively spliced variants, perceived to undertake differing and 

often contrasting roles.  The study of CD44 variants in renal pathology is relatively primitive 

compared to our understanding of their roles within cancer development and metastasis 

(Chen et al., 2018; Senbanjo and Chellaiah, 2017).  Nonetheless, there is sufficient evidence 

to indicate that the most commonly expressed form of CD44, CD44s,  is pro-fibrotic in the 

context of renal disease (Rampanelli et al., 2014; Midgley et al., 2013). 
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Conversely, it has been suggested that CD44v3 may confer tubular protection against 

obstructive uropathy, thus attenuating the progression of CKD (Rampanelli et al., 2014).  

CD44v7/8 is another variant of particular interest for its potential anti-fibrotic role.  In-vitro 

work suggests that alternatively spliced variant 7/8 is capable of driving the internalisation of 

HA and provides resistance to myofibroblast differentiation (Midgley et al., 2015; Midgley et 

al., 2017).  However, this has not yet been investigated in-vivo. 

 

3.1.4 Aim of Chapter 

The work outlined in this chapter aims to characterise alterations in HA within the kidney, in 

response to IR-induced renal injury.  The work expands upon previous findings (Declèves et 

al., 2006; Göransson et al., 2004; Lewington et al., 2000; Declèves et al., 2012; Wüthrich, 

1999; Colombaro et al., 2013; Colombaro et al., 2015a) and investigates the hypothesis that 

commitment to renal fibrosis and chronic kidney disease is determined at the time of the 

acute insult, irrespective of functional resolution. 

 

Specifically, the aims of this chapter were to: 

 

§ Characterise the patterns of expression and renal localisation of the following key 

components of the hyaluronan profile; HABP, HAS1, HAS2, HYAL1, HYAL2, TSG-6, a-

SMA and CD45 in established in-vivo models of IRI and IPC. 

§ Characterise the expression of standard CD44 (CD44s) and its alternatively spliced 

variants in established in-vivo models of IRI and IPC, with particular focus on the 

antifibrotic variant CD44v7/8. 



106 

3.2 Results 

3.2.1 Characterisation of the Animal Model 

The work presented in this chapter is centered around a rat model of IRI.  Forty adult male 

Lewis rats underwent a midline laparotomy and were divided into four groups; sham 

operation (n=11), bilateral IRI (cross-clamping of both renal pedicles, 45 minutes) (n=13), IPC 

+ IRI (n=8) or IPC alone (n=8).  In the IPC groups; renal pedicles were identified and cross-

clamped bilaterally for 2 minutes (ischaemia), followed by release of the clamps for 5 minutes 

(reperfusion).  This process was performed three times in total, prior to either bilateral IRI 

(cross-clamping of both renal pedicles, 45 minutes) in the IPC + IRI group or sham operation 

in the IPC alone group.  At 48 hours post-operatively, kidney tissue and blood were retrieved 

under terminal anaesthesia. 

Adult male Lewis rats underwent a midline laparotomy and were divided into two groups; sham operation or 
bilateral IRI (cross-clamping of both renal pedicles, 45 minutes).  Wound closure was performed in two layers 
and rats were recovered.  At 48 hours post-operatively, kidney tissue was retrieved under terminal anaesthesia 
and blood samples were taken for serum creatinine.  Kidneys were divided longitudinally, and one half was 
further divided transversely, i.e. forming three pieces in total.  One half was stored in formalin for histological 
evaluation.  One quarter was placed immediately into RNA Later Stabilization Solution (ThermoFisher Scientific) 
to facilitate RNA extraction at a later date.  The final quarter was snap frozen in liquid nitrogen. 

Figures 3.1 and 3.2 demonstrate schematics of the animal models described.  At 48 hours 

post-operatively, kidney tissue was retrieved, sectioned and stained with Haematoxylin and 

Eosin (H+E).  Kidney sections were reviewed with an independent consultant histopathologist, 

who was blinded to the cohorts described above.  Additionally, blood samples were taken 

45mins. 
Ischaemia Reperfusion 

48hrs 

Figure 3. 1 Schematic of IRI Animal Model 
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both pre-operatively and at the time of retrieval.  Serum creatinine was measured using the 

Jaffe reaction. 

 

Adult male Lewis rats underwent a midline laparotomy and pulsatile IPC.  Renal pedicles were identified and 
cross-clamped bilaterally for 2 minutes (ischaemia), followed by release of the clamps for 5 minutes 
(reperfusion).  This process was performed three times in total.  The rats were then divided into two groups; IPC 
followed by sham operation (IPC alone) or IPC followed by bilateral IRI (cross-clamping of both renal pedicles, 
45 minutes) (IPC + IRI).  Wound closure was performed in two layers and rats were recovered.  At 48 hours post-
operatively, kidney tissue was retrieved under terminal anaesthesia and blood samples were taken for serum 
creatinine.  Kidneys were divided longitudinally, and one half was further divided transversely, i.e. forming three 
pieces in total.  One half was stored in formalin for histological evaluation.  One quarter was placed immediately 
into RNA Later Stabilization Solution (ThermoFisher Scientific) to facilitate RNA extraction at a later date.  The 
final quarter was snap frozen in liquid nitrogen. 
 

3.2.2 Preface 

For all figures presented hereafter in this chapter, the following preface is applicable to each 

legend: 

Adult male Lewis rats underwent a midline laparotomy and were divided into four groups; sham operation 
(n=11), bilateral IRI (cross-clamping of both renal pedicles, 45 minutes) (n=13), IPC + IRI (n=8) or IPC – IRI (n=8).  
In the IPC groups; renal pedicles were identified and cross-clamped bilaterally for 2 minutes (ischaemia), 
followed by release of the clamps for 5 minutes (reperfusion). This process was performed three times in 
total, prior to either bilateral IRI (cross-clamping of both renal pedicles, 45 minutes) in the IPC + IRI group or 
sham operation in the IPC –IRI group. At 48 hours post-operatively, kidney tissue was retrieved under terminal 
anaesthesia and blood samples were taken for serum creatinine. Kidneys were divided longitudinally, and one 
half was further divided transversely, i.e. forming three pieces in total. One half was stored in formalin for 
histological evaluation. One quarter was placed immediately into RNA Later Stabilization Solution 
(ThermoFisher Scientific) to facilitate RNA extraction at a later date. The final quarter was snap frozen in liquid 
nitrogen. 
 

3.2.3 Functional and Structural Analysis of the Animal Model 

Changes in serum creatinine values from 0 to 48 hours were used to ascertain the functional 

status of the rat kidneys.  Serum creatinine results both pre-operatively and at 48 hours post-

45mins. 
Ischaemia Reperfusion 

48hrs 
IPC 

2mins. 
Ischaemia + 

5mins. 
Reperfusion 
(x3 Cycles) 

Figure 3. 2 Schematic of IPC Animal Model 
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operatively are shown for sham, IRI, IPC + IRI and IPC alone in Figure 3.3.    Following IRI, there 

was a significant increase in post-operative creatinine at 48 hours to almost double the 

original value (p<0.01).  When IPC was performed prior to bilateral IRI (IPC+IRI), there was no 

significant difference in the serum creatinine values observed both pre and post-operatively. 

It is noteworthy that the serum creatinine values obtained post-operatively in the sham 

animals (and IPC alone) were actually slightly lower than the pre-operative measurements. 

This can be attributed to the different sampling methods; blood obtained under pressure 

from the tail vein in the pre-operative setting, and from cardiac puncture following terminal 

anaesthesia post-operatively. 

Blood samples were obtained from tail vein puncture pre-operatively.  At 48 hours post-operatively, terminal 
anaesthesia was performed, and blood samples were taken for serum creatinine.  Blood samples were sent to 
the Department of Biochemistry at University Hospital of Wales, Cardiff.  Serum creatinine was measured from 
these samples using the Jaffe reaction according to their standard operating procedure. Serum creatinine 
(μmol/L) results are shown, collected both pre-operatively and at 48 hours post-operatively, at the time of 
retrieval.  Data is displayed as the mean +/- SEM.  Statistical significance demonstrated by **p<0.01 (t-test). 

Histological evaluation was performed to investigate the structural integrity of the rat 

kidneys.  Only the first three cohorts were evaluated histologically; sham, IRI and IPC + IRI. 

This decision was made due to project feasibility constraints and following initial functional 

Figure 3. 3 Serum Creatinine Measurements Pre-Operatively and at 48 Hours Post-Operatively 
in Sham, IRI and IPC + IRI 
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analysis and qPCR data, which revealed no expression difference, akin to the sham control 

animals.  Post-operative sections of rat renal cortex are demonstrated in Figure 3.4.  Following 

sham (Figure 3.4 A), the histological appearances were relatively normal.  Tubules displayed 

an intact brush border with no thickening of the basement membrane.  No inflammation or 

necrosis was seen.  Normal glomeruli, with a thin-walled Bowman’s capsule and no evidence 

of tuft retraction were seen, outlined with a dashed black line. 

Kidney sections were retrieved from formalin and embedded in paraffin.  4µm sections were cut and stained 
with haematoxylin and eosin.  Renal cortex sections from (A) sham, (B) bilateral IRI and (C) IPC + bilateral IRI at 
48 hours post-operatively are shown.  Glomeruli are denoted by a dashed black line (A, C).  In IRI (B); a black 
arrow denotes tubular necrosis, a blue arrow denotes interstitial inflammation and haemorrhage, and a green 
arrow denotes a tubule exhibiting loss of brush border and thickened basal membrane.  Images representative 
of n=11 (sham), n=13 (IRI) and n=8 (IPC+IRI). 
 

Following IRI (Figure 3.4 B), necrosis was the predominant feature observed at 48 hours post-

operatively, seen both in the interstitium and tubules, the latter of which is marked with a 

black arrow.  Interstitial inflammation and haemorrhage were seen, marked with a blue 

arrow.  Tubules exhibited a thickened basal membrane and loss of brush border, marked with 

a green arrow.  When IPC was performed prior to bilateral IRI (Figure 3.4 C), the post-

operative histological appearances at 48 hours demonstrated noticeably less damage than IRI 

alone (Figure 3.4 B).  The glomeruli exhibited a relatively normal structure, and there was very 

minimal tubular damage. 

Figure 3. 4 Histological Images of Rat Renal Cortex Sections at 48 Hours Post-Operatively 

Sham IRI IPC + IRI
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x200 x200
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Figure 3. 5 IHC Demonstrating Hyaluronan Expression in the Rat Kidney at 48 Hours Post-Operatively 
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Figure 3.5:  Kidney sections were retrieved from formalin and embedded in paraffin.  4µm sections were cut, 
deparaffinised and rehydrated using Xylene and reducing concentrations of Ethanol.  Antigen retrieval was 
performed in an autoclave using Sodium Citrate buffer with Tween.  Following blocking of non-specific sites, 
sections were incubated with Hyaluronic Acid Binding Protein (Merck).  Vectastain Avidin Biotin Complex (ABC) 
Immunodetection Kit (Vector Laboratories) was used prior to DAB staining and counterstaining with 
Haematoxylin.  Sections were analysed using bright field microscopy.  Glomeruli are marked with a dashed black 
line (C, D).  Arteries/arterioles are marked with a dotted black line (E, F).  Hyaluronan is denoted with brown 
staining, marked specifically with an arrow in D, F, H.  Images representative of n=11 (sham) and n=13 (IRI). 
 

3.2.4 Determination of Hyaluronan Localisation 

Hyaluronan is one of the first constituents of ECM to demonstrate increased stromal 

expression following tissue injury.  To determine the renal localisation of hyaluronan in acute 

kidney injury, immunohistochemistry (IHC) was performed on rat renal sections to identify 

the presence, or absence, of hyaluronan at 48 hours post-operatively (Figure 3.5).  

Hyaluronan (HA) is seen as a brown colour on the renal sections presented in Figure 3.5.  HA 

was present throughout the medulla in both Sham (Figure 3.5 A) and IRI (Figure 3.5 B) rats.  

In Sham, very little cortical HA was evident (Figure 3.5 C, E, G), apart from a minimal amount 

on the vessel wall (Figure 3.5 E).  However, following IRI, HA was abundant in the renal cortex 

and was particularly evident in the peri-glomerular (Figure 3.5 D), peri-vascular (Figure 3.5 F) 

and peri-tubular (Figure 3.5 H) interstitium. 

 

3.2.5 Determination of Myofibroblast Localisation 

Figure 3.5 demonstrates that HA is present throughout the renal cortex as early as 48 hours 

following ischaemic injury.  Activated myofibroblasts are the cells predominantly responsible 

for secretion of ECM components.  Myofibroblast presence is confirmed through the 

identification of a-SMA. 
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Figure 3. 6 Immunofluorescence Demonstrating Hyaluronan and Alpha Smooth Muscle Actin (αSMA) 
Expression in the Rat Kidney at 48 Hours Post-Operatively 
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Figure 3.6: Kidney sections were retrieved from formalin and embedded in paraffin.  4µm sections were cut, 
deparaffinised and rehydrated using Xylene and reducing concentrations of Ethanol.  Antigen retrieval was 
performed in an autoclave using Sodium Citrate buffer with Tween.  Following blocking of non-specific sites, 
sections were incubated with Hyaluronic Acid Binding Protein (Merck) and Alpha-Smooth Muscle Actin 
Monoclonal Antibody (ThermoFisher Scientific). Streptavidin, Alexa Fluor™ 594 (ThermoFisher Scientific) and 
Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 488 (ThermoFisher Scientific) were used prior to 
DAPI (ThermoFisher Scientific) nuclear staining.  Sections were analysed using Confocal microscopy.  Glomeruli 
are marked with a dashed white line (D, E, F).  Arteries/arterioles are marked with a dotted white line (G, H, I, 
J).  Hyaluronan is denoted by red colouration and a-SMA is denoted by green colouration; a-SMA positive 
myofibroblast cells are marked specifically with an arrow in K and L.  Areas of hyaluronan internalised within the 
renal tubules are marked with a white square in L.  Images representative of n=11 (sham), n=13 (IRI) and n=8 
(IPC+IRI). 

 

Figure 3.6 illustrates the expression of both HA and a-SMA at 48 hours following sham 

operation, IRI or IPC + IRI.  HA is denoted by a red colour and a-SMA by a green colour.  It was 

observed in sham animals, that a-SMA expression was limited to the walls of the vasculature, 

as demonstrated in Figure 3.6 (A, D, G, J), where it likely stains contractile vascular smooth 

muscle cells.  As per the findings in Figure 3.5; HA was evident throughout the interstitium of 

the renal medulla in sham, but seldom found in the renal cortex. 

 

Following IRI, a-SMA positive myofibroblasts were abundantly present throughout the 

interstitium of the medulla and cortex.  Interestingly, the most predominant areas of 

myofibroblast activity appear were in the peri-glomerular (Figure 3.6 E) and peri-vascular 

(Figure 3.6 H) interstitium, although a-SMA positive myofibroblasts also surrounded certain 

renal tubules (Figure 3.6 K, marked with a white arrow).  As in the sham animals, a-SMA 

expression remained high in the walls of the vasculature (Figure 3.6 H).  As per Figure 3.5, 

cortical HA expression was increased following IRI, and HA was observed plentifully 

throughout the interstitium.  HA deposition localised very closely with the presence of a-SMA 

positive myofibroblasts. 

 



 

 114 

The application of IPC prior to IRI demonstrated a remarkable change to the expression of HA 

and a-SMA in response to IRI (Figure 3.6 C, F, I, L).  There was only a modest increase in 

interstitial myofibroblast presence and HA deposition observed throughout the renal cortex.  

Very few a-SMA positive myofibroblasts were observed, with minimal HA deposited; a 

histological appearance much more analogous to that of the sham animals.  Most intriguingly, 

was the presence of HA, which appeared to have been internalised in response to 

preconditioning (Figure 3.6 L, marked with a white square). 

 

3.2.6 Determination of Leucocyte Presence  

 

 

Figure 3. 7 Immunofluorescence Demonstrating CD45 and Hyaluronan Expression in the Rat Renal Cortex at 
48 Hours Post-Operatively 
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Figure 3.7:  Kidney sections were retrieved from formalin and embedded in paraffin.  4µm sections were cut, 
deparaffinised and rehydrated using Xylene and reducing concentrations of Ethanol.  Antigen retrieval was 
performed in an autoclave using Sodium Citrate buffer with Tween.  Following blocking of non-specific sites, 
sections were incubated with Hyaluronic Acid Binding Protein (Merck) and CD45 Monoclonal Antibody 
(ThermoFisher Scientific). Streptavidin, Alexa Fluor™ 594 (ThermoFisher Scientific) and Goat anti-Mouse IgG1 

Secondary Antibody, Alexa Fluor 488 (ThermoFisher Scientific) were used prior to DAPI (ThermoFisher Scientific) 
nuclear staining.  Sections were analysed using Confocal microscopy.  Hyaluronan is denoted by red colouration 
and CD45 is denoted by green colouration.  A glomerulus is marked with a dashed white line (A).  Images 
representative of n=11 (sham), n=13 (IRI) and n=8 (IPC+IRI). 
 

Analysis of leucocyte presence was performed using immunofluorescence and the CD45 

antibody, in order to ascertain whether the HA being deposited was associated with the 

presence of immune cells.  Figure 3.7 demonstrates the presence of CD45 positive leucocytes 

in the sham animal; scattered throughout the interstitial compartment and within the 

glomeruli (Figure 3.7 A).  As previously noted, there was negligible HA present in the cortex 

of the sham animals.  Following IRI, HA was present throughout the cortical interstitium.  

CD45 positive leucocytes were far more abundantly observed, also in the cortical interstitium.  

Although they were seen in the same vicinity in parts of the kidney sections, there were 

regions where HA was plentiful in the absence of CD45 staining.  Thus, we can infer that HA 

presence is not associated with the leucocyte infiltration that accompanies IRI, suggesting 

that HA is not responsible for leucocyte infiltration and adhesion in this acute phase of injury. 

 

3.2.7 Gene Expression Profile of Hyaluronan Associated Proteins 

Synthesis of HA is dependent on three membrane-bound HA synthases; HAS1, HAS2 and 

HAS3.  Quantitative PCR (qPCR) was undertaken to investigate what happened to the mRNA 

expression of these synthases in our model and determine which HAS was responsible for the 

increase in cortical HA observed following IRI.  Other common HA associated proteins were 

also assessed using qPCR, including HYAL1 and HYAL2, the two predominant hyaluronidase 

enzymes responsible for intracellular breakdown of HA.  TSG-6, a hyaladherin that is crucial 
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for maintaining pericellular HA matrices, and CD44, the primary HA receptor, were also 

investigated. 

 

Kidneys were homogenised and RNA was extracted from whole kidney tissue using TRIzol™ (ThermoFisher 
Scientific).  Reverse transcription was performed using a High-Capacity RNA-to-cDNA™ Kit (ThermoFisher 
Scientific).  qPCR was performed using TaqMan™ Fast Advanced Master Mix (ThermoFisher Scientific) and 
relevant TaqMan™ Assays.  Expression is normalised to rRNA and plotted as mean +/- SEM.  Statistics calculated 
using an Ordinary one-way Anova.  Post hoc analysis using Tukey’s multiple comparisons test.  Statistical 
significance demonstrated by p*<0.05, p**<0.01, p***<0.001, p****<0.0001. 
 

Figure 3. 8 RT qPCR Data Illustrating the Hyaluronan ‘Profile’ of IRI and IPC in the Rat 
Kidney at 48 Hours Post-Operatively 
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The data demonstrated that HAS2 mRNA was more greatly induced in expression compared 

to HAS1 following IRI (Figure 3.8 A, B).  Interestingly, when IPC was performed prior to IRI, 

this attenuated the induction of HAS2 associated with IRI alone (Figure 3.8 B).  HYAL1 

expression was unchanged across all cohorts (Figure 3.8 C).  Expression of HYAL2 (Figure 3.8 

D) was increased following IRI, which is surprising since previous studies have demonstrated 

a reduced expression of the hyaluronidases following IRI (Bourguignon and Flamion, 2016; 

Declèves et al., 2012).  TSG-6 expression was significantly increased following IRI (Figure 3.8 

E), and this was unchanged with IPC pre-treatment.  Of the components investigated, CD44 

was the most highly inducible following IRI (Figure 3.8 F), and like HAS2, this was significantly 

attenuated when IPC was performed prior to IRI. 

 

3.2.8 CD44 Variant Expression 

3.2.8.1 Development of Variant Primers 

To investigate whether the CD44 alternatively spliced variants exhibited differential roles in 

the deleterious effects of IRI, or the protection of IPC, primers were designed to study 

expression of the CD44 variants at the mRNA level.  A graphic representation of the CD44 

variants is shown in Figure 3.9.  Exons 1 to 5 and 16 to 20 are present in all alternatively spliced 

variants.  Exons 6 to 15 vary in their presence, giving rise to a multitude of variants, as shown. 

 

Primers were designed, as previously described in chapter 2.  Where product length allowed, 

qPCR was undertaken on a limited number of samples (n=3) following IRI at 48 hours post-

operatively.  This was to identify those variants of particular interest in this model; i.e. those 

with the highest expression following IRI.  The Cycle Threshold (CT) values were plotted and 

those with a CT of 30 or below were selected for further analysis using the entire cohort of 
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samples (Figure 3.10).  Standard CD44 (CD44s) and alternatively spliced variants 3, 5, 6, 9 and 

10 were selected due to their high expression in IRI.  CD44v7/8 was selected for further 

investigation due to its potential as an anti-fibrotic agent, according to in-vitro studies 

(Midgley et al., 2017; Midgley et al., 2015). 

 

Figure 3. 9 Exonic Sequence Schematic of CD44 Alternatively Spliced Variants 

Custom primers were designed for the CD44 alternatively spliced variants illustrated above.  CD44 variants in 
group A were analysed using quantitative PCR (qPCR) and SYBR® Green technology.  CD44 variants in group B 
were analysed using conventional PCR (Platinum™ II Hot-Start PCR Master Mix, ThermoFisher) due to their 
product size. 
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Kidneys were homogenised and RNA was extracted from whole kidney tissue using TRIzol™ (ThermoFisher 
Scientific).  Reverse transcription was performed using a High-Capacity RNA-to-cDNA™ Kit (ThermoFisher 
Scientific).  qPCR was performed using custom primers and PowerUp™ SYBR™ Green Master Mix (ThermoFisher 
Scientific).  The mean Cycle Threshold (CT) values obtained from RT-qPCR analysis of all CD44 alternatively 
spliced variants were plotted.  A CT value 30 or below was used to identify those variants which were most highly 
expressed, and therefore of greatest importance in this model. 
 

3.2.8.2 PCR of CD44 Variants 

The data in Figure 3.11 demonstrate significantly increased expression of all CD44 variants of 

interest following IRI (p<0.0001).  As in Figure 3.8 F, mRNA expression of all CD44 isoforms 

was attenuated when IPC was performed prior to IRI.  Interestingly, at an mRNA level, the 

expression of anti-fibrotic variant CD44v7/8 (Figure 3.11 G) demonstrated the same pattern 

as the other alternatively spliced variants. 

 

The data in Figure 3.12 demonstrate the expression of the CD44 alternatively spliced variants 

that demonstrated lower expression in IRI, i.e. those with a CT of greater than 30 (Figure 

3.10).  IRI increased expression of all alternatively spliced CD44 variants illustrated, although 

I was only able to demonstrate significance in five of these (Figure 3.12 A, B, D, F, G). 
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Figure 3. 11  qPCR Data Demonstrating Expression of CD44 Alternatively Spliced 
Variants of Particular Interest 
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Figure 3.11: Kidneys were homogenised and RNA was extracted from whole kidney tissue using TRIzol™ 
(ThermoFisher Scientific).  Reverse transcription was performed using a High-Capacity RNA-to-cDNA™ Kit 
(ThermoFisher Scientific).  qPCR was performed using custom primers and PowerUp™ SYBR™ Green Master Mix 
(ThermoFisher Scientific).  The variants demonstrated were identified to be of particular interest due to their 
mean Cycle Threshold (CT) value (A-F), or due to the particular interest of our research group (G).  Expression is 
normalised to rRNA and plotted as mean +/- SEM. Statistics calculated using an Ordinary one-way Anova.  Post 
hoc analysis using Tukey’s multiple comparisons test.  Statistical significance demonstrated by p*<0.05, 
p**<0.01, p***<0.001, p****<0.0001. 
 

When IPC was performed prior to IRI, the overexpression of all alternatively spliced CD44 

variants was attenuated, although I was only able to demonstrate significance in six of these 

(Figure 3.12 A, B, D, E, F, G).  Although it followed the same overall trend, CD44v4 was the 

least inducible in this model of IRI (Figure 3.12 C). 

 

To investigate the expression of the CD44 variants with a larger product length (>300 base 

pairs), conventional PCR was performed.  CD44s was included as a reference, because it had 

already demonstrated significantly increased expression in IRI, and attenuated expression in 

the context of IPC.  Again, preliminary experiments were performed using a limited number 

of specimens (n=3), to investigate which of the longer variants were expressed at 48 hours 

following IRI (Figure 3.13 A).  Bands appeared in the CD44s lane, as expected from previous 

results.  Bands also appeared in CD44v6-10, CD44v7-10 and CD44v8-10 lanes, and therefore 

these three alternatively spliced variants were analysed further. 

 

PCR analyses of CD44 v6-10, CD44 v7-10, CD44 v8-10 and Beta Actin (control) are shown 

(Figure 3.13 B).  IRI increased expression of all alternatively spliced CD44 variants, 

demonstrated by more pronounced bands visible when compared to sham.  When IPC was 

performed prior to IRI, the bands were less pronounced, indicating reduced expression when 

compared to IRI.  These data were in keeping with data presented in Figures 3.11 and 3.12, 
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establishing that all CD44 alternatively spliced variants (with the exception of CD44v4) were 

induced following IRI.  This effect was attenuated when IPC was performed prior to IRI. 

Figure 3. 12 qPCR Data Demonstrating Expression of CD44 Alternatively Spliced 
Variants with Lower Expression in IRI 
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Figure 3.12:  Kidneys were homogenised and RNA was extracted from whole kidney tissue using TRIzol™ 
(ThermoFisher Scientific).  Reverse transcription was performed using a High-Capacity RNA-to-cDNA™ Kit 
(ThermoFisher Scientific).  qPCR was performed using custom primers and PowerUp™ SYBR™ Green Master Mix 
(ThermoFisher Scientific).  The variants demonstrated were analysed using only a limited sample number (n=3) 
and were found to have low levels of expression following IRI.  Expression is normalised to rRNA and plotted as 
mean +/- SEM. Statistics calculated where possible using an Ordinary one-way Anova.  Post hoc analysis using 
Tukey’s multiple comparisons test.  Statistical significance demonstrated by p*<0.05, p**<0.01, p***<0.001, 
p****<0.0001. 
 

The gel bands from Figure 3.13 B were cut out and purified, before being sent for sequencing.  

This confirmed the identification of the correct variant that the primers had been designed 

for. 

 

Figure 3. 13 PCR Data Demonstrating Expression of the CD44 Alternatively Spliced Variants with a Product 
Length >300 Base Pairs 
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Figure 3.13: Kidneys were homogenised and RNA was extracted from whole kidney tissue using TRIzol™ 
(ThermoFisher Scientific).  Reverse transcription was performed using a High-Capacity RNA-to-cDNA™ Kit 
(ThermoFisher Scientific).  PCR was performed using custom primers and Platinum II Taq Hot-Start DNA 
Polymerase Kit (ThermoFisher Scientific).  A limited number of specimens (n=3) were used initially to identify 
those variants which exhibited increased expression following IRI (A).  Variants of interest were then investigated 
in sham (n=6), IRI (n=6) and IPC + IRI (n=6) (B). 
 

 

3.2.9 Immunostaining of Kidney Sections 

Having characterised mRNA expression of principal components of the HA ‘profile’, the next 

step was to investigate their protein expression. 

 

3.2.9.1 HAS1 

HAS1 expression was increased at an mRNA level following IRI, as demonstrated in Figure 3.8 

A.  However, HAS1 mRNA expression was not induced to the same degree as HAS2 following 

IRI.  Immunofluorescence was used to identify the differences in HAS1 protein expression 

following IRI and IPC + IRI.  Initially, the co-distribution of HAS1 and a-SMA was investigated 

Figure 3.14. 

 

As per previous experiments; a-SMA was observed only in the vessel walls in the sham 

animals (Figure 3.14 A, D, J).  However, following IRI, a-SMA was identified throughout the 

interstitium in both cortex and medulla (Figure 3.14 B, E, K).  When performed prior to IRI, 

IPC attenuated this effect (Figure 3.14 C, F, L), although small amounts of interstitial a-SMA 

were observed. 
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Figure 3. 14 Immunofluorescence Demonstrating HAS1 and Alpha Smooth Muscle Actin (αSMA) Expression in 
the Rat Kidney at 48 Hours Post-Operatively 
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Figure 3.14: Kidney sections were retrieved from formalin and embedded in paraffin.  4µm sections were cut, 
deparaffinised and rehydrated using Xylene and reducing concentrations of Ethanol.  Antigen retrieval was 
performed in an autoclave using Sodium Citrate buffer with Tween.  Following blocking of non-specific sites, 
sections were incubated with HAS1 (Abcam) and Alpha-Smooth Muscle Actin Monoclonal Antibody 
(ThermoFisher Scientific).  Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 594 (ThermoFisher 
Scientific) and Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 647 (ThermoFisher Scientific) were 
used prior to DAPI (ThermoFisher Scientific) nuclear staining.  Sections were analysed using Confocal microscopy.  
HAS1 is denoted by red colouration and a-SMA is denoted by green colouration.  HAS1 areas of interest are 
marked with a white arrow.  Glomeruli are marked with a dashed white line (D, E, F).  Arteries/arterioles are 
marked with a dotted white line (G, H, I).  To allow investigation of HAS1 in vessels, the a-SMA channel was 
removed from these images (G, H, I).  Additional images in this series can be found in the appendix, 
demonstrating images G, H, I with the a-SMA staining visible.  Images representative of n=3. 
 

In the sham animals (Figure 3.14 A, D, G, J), HAS1 was seen at the apical border of alternating 

epithelial cells in a subset of renal tubules in both the cortex and medulla, marked with a 

white arrow.  Following IRI (Figure 3.14 B, E, H, K), HAS1 remained expressed on the apical 

border of the tubules.  Throughout the cortex, there was extensive tubular necrosis.  HAS1 

was observed in a much less organised arrangement; fragmented within the remnants of the 

damaged tubules.  The extent of damage observed in the medulla was much less extensive 

than in the cortex. 

 

The localisation of HAS1 appeared to be independent of the a-SMA deposition.  Interstitial a-

SMA deposition was not limited to the locality of the HAS1-expressing subset of renal tubules.  

Interstitial a-SMA was observed strongly in the peri-glomerular regions following IRI (Figure 

3.14 E), where no HAS1 was identified. 

 

When performed prior to IRI, IPC attenuated the histological damage caused by IRI (Figure 

3.14 C, F, I, L).  HAS1 remained predominantly limited to a subset of renal tubules.  In severely 

injured areas, HAS1 expression was disordered, as observed in the IRI specimens, marked with 

a white arrow (Figure 3.14 C, L).  In less injured tubules (Figure 3.14 L, marked with a white 

box), HAS1 expression remained at the apical border of tubular epithelial cells. 
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Figure 3. 15 Immunofluorescence Demonstrating HAS1 and HABP Expression in the Rat Kidney at 48 Hours 
Post-Operatively 
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Figure 3.15:  Kidney sections were retrieved from formalin and embedded in paraffin.  4µm sections were cut, 
deparaffinised and rehydrated using Xylene and reducing concentrations of Ethanol.  Antigen retrieval was 
performed in an autoclave using Sodium Citrate buffer with Tween.  Following blocking of non-specific sites, 
sections were incubated with HAS1 (Abcam) and Hyaluronic Acid Binding Protein (Merck).  Goat anti-Rabbit IgG 
(H+L) Secondary Antibody, Alexa Fluor 594 (ThermoFisher Scientific) and Streptavidin, Alexa Fluor™ 488 
(ThermoFisher Scientific) were used prior to DAPI (ThermoFisher Scientific) nuclear staining.  Sections were 
analysed using Confocal microscopy.  HAS1 is denoted by red colouration and HABP is denoted by green 
colouration.  HAS1 areas of interest are marked with a white arrow.  Glomeruli are marked with a dashed white 
line (D, E, F).  Arteries/arterioles are marked with a dotted white line (G, H, I).  Images representative of n=3. 
 

Immunofluorescence was then used to investigate the co-distribution of HAS1 and HABP, as 

illustrated in Figure 3.15.  As per previous experiments; HA was observed only in the medulla 

in the sham animals (Figure 3.15 A, D, G, J).  However, following IRI, HA was identified 

throughout the interstitium in both cortex and medulla (Figure 3.15 B, E, H, K).  When 

performed prior to IRI, IPC attenuated this effect (Figure 3.15 C, F, I, L), although small 

amounts of interstitial HA were observed. 

 

The distribution of HAS1 was in keeping with that observed in Figure 3.14.  In the sham 

animals (Figure 3.15 A, D, G, J), HAS1 was seen at the apical border of alternating epithelial 

cells in a limited subset of renal tubules in both the cortex and medulla, marked with a white 

arrow.  Following IRI (Figure 3.15 B, E, H, K), HAS1 remained inside the tubules.  Throughout 

the cortex, there was extensive tubular necrosis.  HAS1 was observed in a much less organised 

arrangement, fragmented within the remnants of the damaged tubules. 

 

The observations made in Figure 3.15 indicate that the areas of HA deposition did not 

correlate with areas of HAS1 protein expression.  Moreover, Interstitial HA deposition was 

not limited to the locality of the HAS1-expressing subset of renal tubules.  Interstitial HA was 

observed strongly in the peri-glomerular (Figure 3.15 E) and peri-vascular (Figure 3.15 H) 

regions following IRI, where no HAS1 was identified. 
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As described above; when performed prior to IRI, IPC diminished the histological damage 

caused by IRI (Figure 3.15 C, F, I, L).  HAS1 remained predominantly limited to a subset of renal 

tubules.  In more injured areas, HAS1 expression was disordered, as observed in the IRI 

specimens.  In less injured tubules (Figure 3.15 L, marked with a white box), HAS1 expression 

remained at the apical border of tubular epithelial cells.  Again, HAS1 was not found in the 

same areas as HA deposition in the interstitium. 

 

3.2.9.2 HAS2 

The data presented in Figures 3.14 and 3.15 suggest that HAS1 is not the predominant HAS 

responsible for HA deposition following IRI.  HAS2 expression was increased at an mRNA level 

following IRI, as demonstrated in Figure 3.8 A, and was far more inducible than HAS1 in this 

model.  Immunofluorescence was used to identify the differences in HAS2 protein expression 

following IRI and IPC + IRI.  Initially, the co-distribution of HAS2 and a-SMA was investigated, 

as illustrated in Figure 3.16. 

 

As per previous experiments; a-SMA was observed only in the vessel walls in the sham 

animals (Figure 3.16 A, D, J).  However, following IRI, a-SMA was identified throughout the 

interstitium in both cortex and medulla (Figure 3.16 B, E, K).  When performed prior to IRI, 

IPC attenuated this effect (Figure 3.16 C, F, L), although small amounts of interstitial a-SMA 

were observed. 
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Figure 3. 16 Immunofluorescence Demonstrating HAS2 and Alpha Smooth Muscle Actin (αSMA) Expression in 
the Rat Kidney at 48 Hours Post-Operatively 
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Figure 3.16: Kidney sections were retrieved from formalin and embedded in paraffin.  4µm sections were cut, 
deparaffinised and rehydrated using Xylene and reducing concentrations of Ethanol.  Antigen retrieval was 
performed in an autoclave using Sodium Citrate buffer with Tween.  Following blocking of non-specific sites, 
sections were incubated with HAS2 (Santa Cruz) and Alpha-Smooth Muscle Actin Monoclonal Antibody 
(ThermoFisher Scientific).  Goat anti-Mouse IgG1 Secondary Antibody, Alexa Fluor 647 (ThermoFisher Scientific) 
and Goat anti-Mouse IgG2a Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 (ThermoFisher Scientific) were 
used prior to DAPI (ThermoFisher Scientific) nuclear staining.  Sections were analysed using Confocal microscopy.  
HAS2 is denoted by red colouration and a-SMA is denoted by green colouration.  HAS2 areas of interest are 
marked with a white arrow.  Glomeruli are marked with a dashed white line (D, E, F).  Arteries/arterioles are 
marked with a dotted white line (G, H, I).  To allow investigation of HAS2 in vessels, the a-SMA channel was 
removed from these images (G, H, I).  Additional images in this series can be found in the appendix, 
demonstrating images G, H, I with the a-SMA staining visible.  Images representative of n=3. 
 

HAS2 positive cells were identified in the medullary interstitium, as well as intravascularly in 

the sham animals.  Unfortunately, there was autofluorescence in the 647 track, however, 

specific HAS2 expression was noted (marked with a white arrow, Figure 3.16 A).  In the sham 

animals, HAS2 was not observed in the cortex, apart from within the glomeruli (Figure 3.16 

D). 

 

In comparison to sham, there was a noticeable increase in HAS2 expression throughout the 

cortex and medulla following IRI.  The HAS2 positive cells were observed in the interstitium 

of both the cortex and medulla, in close proximity to the a-SMA deposition.  This observation 

was particularly evident in the peri-glomerular region (Figure 3.16 E).  Interestingly, IRI was 

associated with a reduced glomerular HAS2 expression (Figure 3.16 E) and increased HAS2 

expression within arteriolar walls (Figure 3.16 H). 

 

As previously described, when performed prior to IRI, IPC diminished the histological damage 

caused by IRI (Figure 3.16 C, F, I, L).  As per sham animals, HAS2 was observed in the medulla 

following IPC + IRI (Figure 3.16 C), but seldom in the renal cortical interstitium.  The degree of 

interstitial a-SMA deposition was reduced, and no HAS2 positive cells were evident in these 

areas of myofibroblast activity. 
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Figure 3. 17 Immunofluorescence Demonstrating HAS2 and HABP Expression in the Rat Kidney at 48 Hours 
Post-Operatively 
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Figure 3.17: Kidney sections were retrieved from formalin and embedded in paraffin.  4µm sections were cut, 
deparaffinised and rehydrated using Xylene and reducing concentrations of Ethanol.  Antigen retrieval was 
performed in an autoclave using Sodium Citrate buffer with Tween.  Following blocking of non-specific sites, 
sections were incubated with HAS2 (Santa Cruz) and Hyaluronic Acid Binding Protein (Merck).  Goat anti-Mouse 
IgG1 Secondary Antibody, Alexa Fluor 647 (ThermoFisher Scientific) and Streptavidin, Alexa Fluor™ 488 
(ThermoFisher Scientific) were used prior to DAPI (ThermoFisher Scientific) nuclear staining.  Sections were 
analysed using Confocal microscopy.  HAS2 is denoted by red colouration and HABP is denoted by green 
colouration.  HAS2 areas of interest are marked with a white arrow.  Glomeruli are marked with a dashed white 
line (D, E, F).  Arteries/arterioles are marked with a dotted white line (G, H, I).  Images representative of n=3. 
 

Of interest, glomerular expression of HAS2 in the IPC + IRI animals was evidently increased 

(Figure 3.16 F), and HAS2 was not observed in the arteriolar walls, as seen following IRI (Figure 

3.16 I). 

 

Immunofluorescence was then used to investigate the co-distribution of HAS2 and HABP, as 

illustrated in Figure 3.17.  As per previous experiments; HA was observed only in the medulla 

in the sham animals (Figure 3.17 A, D, G, J).  However, following IRI, HA was identified 

throughout the interstitium in both cortex and medulla (Figure 3.17 B, E, H, K).  When 

performed prior to IRI, IPC attenuated this effect (Figure 3.17 C, F, I, L), although small 

amounts of interstitial HA were observed.  Intriguingly, as described in Figure 3.6 (L); IPC was 

associated with an internalisation of HA into the tubules (Figure 3.17 L, marked with a white 

box). 

 

The distribution of HAS2 was in keeping with that observed in Figure 3.16.  In the sham 

animals (Figure 3.17 A, D, G, J), HAS2 positive cells were identified in the medullary 

interstitium.  In the sham animals, HAS2 was not observed in the cortex, apart from within 

the glomeruli (Figure 3.17 D).  Following IRI (Figure 3.17 B, E, H, K), there was a noticeable 

increase in HAS2 expression throughout the cortex and medulla.  The HAS2 positive cells were 

observed in the interstitium of both the cortex and medulla, in close proximity to the HA 
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deposition.  This observation was particularly evident in the peri-glomerular region (Figure 

3.17 E).  IRI was associated with a reduced glomerular HAS2 expression (Figure 3.17 E) and 

increased HAS2 expression within arteriolar walls (Figure 3.17 H). 

 

As described above; when performed prior to IRI, IPC diminished the histological damage 

caused by IRI (Figure 3.17 C, F, I, L).  In IPC + IRI, as per sham animals, HAS2 was observed in 

the medulla (Figure 3.17 C), but seldom in the renal cortical interstitium.  The degree of 

interstitial HA deposition was reduced, and no HAS2 positive cells were evident in these areas.  

Of interest, glomerular expression of HAS2 in the IPC + IRI animals was increased (Figure 3.17 

F). 

 

The data presented thus far suggest that HAS2 is the isoenzyme predominantly responsible 

for the deposition of HA associated with IRI.  The expression of HAS2 both at an mRNA and 

protein level was significantly increased following IRI, associated with widespread histological 

damage, myofibroblast presence and HA deposition.  These observations were all attenuated 

when IPC was performed prior to IRI; providing additional knowledge to support the 

mechanistic understanding of IPC, and prospective therapeutic targets.  It has been 

hypothesized that HAS1 might be associated with an anti-fibrotic phenotype, and initial work 

in this chapter could support this hypothesis.  In order to further understand this association; 

immunofluorescence was used to investigate whether there was any relationship between 

the HAS1 expressing subset of renal tubules, and the antifibrotic variant of interest, CD44v7/8 

(Figure 3.18). 
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3.2.9.3 CD44v7/8 

The distribution of HAS1 was in keeping with that observed in Figures 3.14 and 3.15.  In the 

sham animals (Figure 3.18 A, D, G, J), HAS1 was seen at the apical border of alternating 

epithelial cells in a limited subset of renal tubules in both the cortex and medulla.  Following 

IRI (Figure 3.18 B, E, H, K), HAS1 remained inside the tubules.  Throughout the cortex and 

medulla, there was extensive tubular necrosis.  The extent of damage observed in the medulla 

was less extensive than in the cortex.  HAS1 was observed in a much less organised 

arrangement, fragmented within the remnants of the damaged tubules.  When performed 

prior to IRI, IPC diminished the histological damage caused by IRI (Figure 3.18 C, F, I, L).  HAS1 

remained limited to a subset of renal tubules. 

 

In the sham animals (Figure 3.18 A, D, G, J), the predominant finding was that CD44v7/8 was 

expressed on the basolateral aspect of a subset of renal tubules in both the cortex and 

medulla.  Unfortunately, there was a degree of autofluorescence in the renal tubules, 

however, specific CD44v7/8 staining was evident (marked with a white arrow).  Following IRI 

(Figure 3.18 B, E, H, K), CD44v7/8 expressing tubules were almost entirely absent.  There was 

also an increase in CD44v7/8 positive cells within the glomeruli.  When IPC was performed 

prior to IRI (Figure 3.18 C, F, I, L), there was a significant increase in CD44v7/8 expression in 

both the cortex and medulla, with histological appearances much more similar to the sham 

animals than the IRI animals. 
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Figure 3. 18 Immunofluorescence Demonstrating HAS1 and CD44v7/8 Expression in the Rat Kidney at 48 
Hours Post-Operatively 
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Figure 3.18: Kidney sections were retrieved from formalin and embedded in paraffin.  4µm sections were cut, 
deparaffinised and rehydrated using Xylene and reducing concentrations of Ethanol.  Antigen retrieval was 
performed in an autoclave using Sodium Citrate buffer with Tween.  Following blocking of non-specific sites, 
sections were incubated with HAS1 (Abcam) and CD44v7/8 Monoclonal Antibody (ThermoFisher Scientific).  
Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 594 and Goat anti-Mouse IgG2b Secondary 
Antibody, Alexa Fluor 488 (ThermoFisher Scientific) were used prior to DAPI (ThermoFisher Scientific) nuclear 
staining.  Sections were analysed using Confocal microscopy.  HAS1 is denoted by red colouration and CD44v7/8 
is denoted by green colouration.  CD44v7/8 areas of interest are marked with a white arrow.  Glomeruli are 
marked with a dashed white line (D, E, F).  Arteries/arterioles are marked with a dotted white line (G, H, I).  
Images representative of n=3. 
 

The IPC data presented in Figure 3.18 (C, F, I, L) demonstrated CD44v7/8 staining on the 

basolateral aspect of the renal tubular epithelial cells, as seen in the sham animals.  The 

CD44v7/8 expressing tubules were not exclusively HAS1 positive, however, the vast majority 

of the healthy HAS1 positive cells, expressing HAS1 on their apical membrane, also expressed 

CD44v7/8 on their basolateral membrane.  This is most evident in Figure 3.18 I. 
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3.3 Discussion 

The rat model of IRI presented in this chapter is a reproducible model causing significant, but 

not fatal AKI and provides a good model for studying the ECM in this context.  The model of 

IPC, as used in this context, afforded functional and structural protection against IRI, and 

therefore provides an excellent platform for studying the underlying mechanism of this 

intervention.  The findings from this chapter conclude that: 

§ HA is deposited early following IRI; predominantly in the interstitium, especially in 

the peri-glomerular and peri-vascular regions.  This is closely associated with the 

appearance of a-SMA positive myofibroblasts. 

§ HA deposition is a result of increased HAS2 expression; both HA synthase enzymes 

are induced in this model, however, HAS2 is far more inducible than HAS1.  This is 

confirmed via immunohistochemical staining, which demonstrates increased HAS2 

expression following IRI, in close proximity to HA deposition. 

§ IPC attenuates HAS2 and CD44 expression; associated with a reduction in HA 

deposition and a less injured kidney histologically. 

§ IPC was associated with internalisation of HA; previously only visible in the 

interstitium, HA was visible within the tubular epithelial cells. 

§ CD44v7/8 expression was increased following IPC; CD44v7/8 expressing tubules 

were not exclusively HAS1 positive, however, the vast majority of HAS1 positive 

tubules also expressed CD44v7/8 on their basolateral membrane. 

 

HA appeared in the renal cortex at 48 hours post-operatively following IRI.  It was 

predominantly located in the interstitium surrounding the vasculature and the glomeruli, as 

well as in the vicinity of tubular damage.  This is in keeping with previous literature, which 
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reported an increase in cortical HA expression following IRI (Colombaro et al., 2015b; 

Colombaro et al., 2013).  HA was identified in the same locations as a-SMA, from which it can 

be inferred that myofibroblasts provide the majority of HA deposited in the acute phase of 

renal ischaemic injury.  In addition, the close association with HA and a-SMA positive 

myofibroblasts supports in-vitro studies (Webber et al., 2009b; Webber et al., 2009a; Meran 

et al., 2008; Meran et al., 2007), which demonstrate the importance of HA in differentiation 

and maintenance of myofibroblast phenotype.  The predominance of HA deposition in a peri-

glomerular, peri-vascular and peri-tubular locality is, as yet, unexplained.  This might be 

rationalised by the distribution of resident pericytes and perivascular fibroblasts, which reside 

in these regions and provide a fundamental contribution to the myofibroblast population.  

Alternatively, it could be that these regions are the most well vascularised and therefore 

experience the highest concentration of inflammatory cells that subsequently deposit HA.  It 

could be that the HA synthases or even myofibroblasts are actually resident in these 

structures.  These concepts will need further investigation for clarification on this point. 

 

A significant limitation of the immunohistochemical work presented here is the lack of formal 

quantification.  The use of a computer software system such as ImageJ or TissueGnostics 

(StrataQuest) image analysis software could be a valuable means of achieving this.  Through 

quantifying the immunohistochemical changes, the evidence for the observed changes could 

be strengthened and inter-user errors limited. 

 

With regards to HA; the most intriguing observation was the internalisation of HA into the 

renal tubules when IPC preceded IRI.  When pulsatile IPC was performed prior to IRI, there 

was a small subset of renal tubules exhibiting HA expression inside their epithelial cells.  I 
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propose that this internalisation of HA might reflect a protective mechanism, whereby HA 

subsequently evades degradation by the hyaluronidases into smaller fragments with greater 

pro-inflammatory activity. 

 

The work outlined in this chapter demonstrates a ‘profile’ of HA and its associated proteins 

in the context of acute ischaemic renal injury.  Immunohistochemical data support qPCR 

results that HAS2 was more inducible in this model of IRI and was the predominant HAS 

responsible for the HA deposition that accompanied IRI.  These findings correlate with 

previous work on fibrosis development; whereby HAS2 is the primary enzyme responsible for 

upregulating HA synthesis following terminal differentiation of myofibroblasts under the 

influence of TGF-b1 (Meran et al., 2007; Simpson et al., 2009) and is upregulated in the cortex 

of ischaemic kidneys (Göransson et al., 2004).  However, these findings contradict certain 

previous research in the field.  Flamion et al. concluded previously that HAS1 was the main 

HAS induced by IRI (Colombaro et al., 2015b), whilst Declèves et al. also reported similar 

findings (Declèves et al., 2012). 

 

HAS2 expression was noted to be higher in the interstitium of both cortex and medulla, but 

also in the vascular walls following IRI.  Conversely, HAS2 levels in the glomeruli were found 

to be lower following IRI, but higher when IPC was performed beforehand.  These findings are 

difficult to unify; increased HAS2 expression in the blood vessel endothelial cells following IRI, 

surrounded by increased HA deposition is logical.  However, the reason underlying the 

presence of HAS2 expressing cells increasing in the glomeruli as part of a protective 

mechanism is unclear and will require further investigation. 
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HAS1 also demonstrated significantly higher expression following IRI in this model, although 

immunohistochemically it did not contribute to the additional deposition of HA.  It is 

noteworthy, perhaps, that HAS1 expression at an mRNA level was not significantly altered by 

IPC.  These findings suggest that IPC results in proportionally greater amounts of HAS1-driven 

HA synthesis.  Healthy HAS1 positive tubular epithelial cells expressed CD44v7/8 on their 

basolateral membranes, and this could represent a subset of renal tubules with inherent 

resistance to injury or a pro-reparative phenotype following injury.  This signifies an important 

area of focus for future research. 

 

The HA ‘profile’ at an mRNA level also included the two most relevant hyaluronidases; HYAL1 

and HYAL2.  Previous literature has conveyed that IRI is associated with a transient repression 

of the hyaluronidases (Bourguignon and Flamion, 2016; Declèves et al., 2012).  The results 

reported here do not support this finding, and conversely demonstrate an increase in HYAL2 

expression at an mRNA level at 48 hours post-IRI.  In-vitro data in this field suggests that 

changes in HYAL2 localisation, not just expression levels, mediate its functions, and therefore 

this is an important area to investigate in this model (Midgley et al., 2017; Midgley et al., 

2020).  The data presented suggest that HA accumulation post-IRI is due to increased 

synthesis, and not impaired degradation.  There was no difference observed in expression of 

either hyaluronidase when IPC was performed prior to IRI, suggesting that IPC acts via 

alternative pathways involved in HA synthesis and assembly rather than degradation, at least 

acutely. 

 

Expression of the hyaladherin TSG-6 is significantly greater in myofibroblasts than fibroblasts.  

The results illustrated in this chapter support this; demonstrating a significantly increased 
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expression of TSG-6 at an mRNA level following IRI, where immunohistochemical analyses 

reveal increased myofibroblast presence.  Interestingly, when IPC was performed prior to IRI, 

TSG-6 expression was unchanged when compared to IRI alone.  Its presence is a key factor in 

pericellular HA coat assembly, and its persistence in the context of IPC support the theory 

that IPC acts through pathways involving alternative hyaladherins, namely CD44. 

 

Several previous studies have outlined that expression of CD44 is augmented by IRI 

(Lewington et al., 2000; Rouschop et al., 2005; Colombaro et al., 2015b).  The results reported 

here are in keeping with these studies, with qPCR data demonstrating increased expression 

of all CD44 alternatively spliced variants following IRI.  The most inducible variants in this 

model were CD44s, CD44v5, CD44v6, CD44v9 and CD44v10, which is very much in keeping 

with what we know about the CD44 alternatively spliced variants and their pro-inflammatory 

role in cancer development, progression and metastasis (Chen et al., 2018). 

 

Following IRI, CD44 is unanimously detectable along the basolateral aspect of tubules 

(Lewington et al., 2000; Declèves et al., 2006).  The results presented here demonstrate 

expression of CD44v7/8 in the same aspect of the renal tubules as previously described for 

pan CD44.  Fascinatingly however, expression of this anti-fibrotic variant of interest is lost at 

48 hours following IRI.  Additionally, increased tubular expression is observed when IRI is 

preceded by IPC, in tubules exhibiting predominantly normal morphology.  I propose that this 

subset of renal tubules might be offered protection by the expression of CD44v7/8 on their 

epithelial cells.  The immunohistochemical data presented here is not supported by the qPCR 

data, which demonstrates a significant reduction in CD44v7/8 expression following IPC, in line 

with all other CD44 alternatively spliced variants.  One possible explanation for this could be 
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the use of whole kidney tissue for RNA analysis.  Single-cell or single-nucleus RNA sequencing 

would allow clarification of this and would be an attractive opportunity for future work. 

 

Immunohistochemical data presented in this chapter repeatedly demonstrate HAS1 

expression in a subset of renal tubules, thought to be the distal tubules and collecting ducts.  

CD44v7/8 was investigated in a rat model of IRI for the first time; identifying renal tubules 

exhibiting basolateral CD44v7/8 expression.  Whilst the CD44v7/8 expressing tubules were 

not exclusively HAS1 positive, the majority of HAS1 positive tubular epithelial cells expressed 

CD44v7/8.  The identity of these distinct tubules is of great interest and will surely form the 

basis of future work in this field. 

 

Although IPC is well documented in the literature, the mechanisms underlying it are poorly 

understood.  Investigation into the role of the ECM in the context of IPC has not previously 

been described.  The results reported here illustrate a potential mechanism of action 

involving HAS2 and CD44.  HAS2 (Figure 3.8 B) and CD44 (Figure 3.8 F) demonstrated the most 

significantly increased expression following IRI, an observation which was attenuated by 

performing IPC prior to IRI.  These results suggest a potential underlying mechanism for 

preconditioning; inhibition of the pro-fibrotic mediators HAS2 and CD44 deterring formation 

or assembly of HA into a pro-fibrotic state.  The combination of qPCR and 

immunohistochemical analysis support the theory that IPC confers protection by inhibiting 

the production of HA, or its assembly into a pro-fibrotic structure.  The lack of CD44-HA 

interaction may further attenuate the proliferative response of infiltrating fibroblasts.  

Additionally, future work will involve analysing the mechanism of HA internalisation in the 
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context of IPC; understanding and developing a mimic of this could potentially lead to 

important anti-fibrotic therapeutics. 

 

In summary, this chapter provides a valuable insight into the configuration of the ECM in AKI 

caused by IRI.  It strengthens previous knowledge surrounding the HAS isoenzymes and their 

contribution to the development of fibrosis and provides novel information regarding their 

renal expression.  This chapter presents the foremost in-vivo work on the anti-fibrotic 

CD44v7/8, including its interaction with HAS1, and offers exciting vision into the potential 

mechanisms of IPC.  The next chapter will aim to develop a reliable model of chronic kidney 

injury, so that these findings can be extrapolated in the context of evolving chronic changes.
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4 (i) Functional and Histological Characterisation of Acute Kidney Injury 

(AKI) Progression to Chronic Kidney Disease (CKD)
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4.1 Introduction 

4.1.1 Basic Histology of the Kidney 

 

Figure 4. 1 Histology of the Kidney (Bhuyan and Mukherjee, 2020) 

The kidney consists of an inner medulla and an outer cortex.  Both medulla and cortex comprise of nephrons, 
the functional unit of the kidney.  Nephrons are made up of a Bowman’s capsule, which encloses a glomerulus, 
Proximal Convoluted Tubule (PCT), loop of Henle, Distal Convoluted Tubule (DCT) and collecting tubule. 
 

Kidneys consist of an inner medulla and an outer cortex.  Nephrons are the functional units 

that comprise both the medulla and cortex, with each kidney containing approximately one 

million nephrons.  Each nephron contains a Bowman’s capsule enclosing a glomerulus, 

proximal tubule, loop of Henle, distal tubule and collecting tubule (Koeppen and Stanton, 

2019).  Histologically, the medulla appears lined, whilst the cortex has a grainier appearance.  

This is due to the vertical tubules of the nephrons extending into the medulla, with the cortex 

containing structures such as the convoluted tubules, glomeruli and Bowman’s capsules. 

 

Each section of the nephron is uniquely designed to undertake a specific function.  The 

glomerulus is a collection of blood vessels, which serve to continuously filter the blood into 

the Bowman’s capsule as urine (filtrate initially).  The Proximal Convoluted Tubule (PCT) cells 

have a highly invaginated basolateral membrane, adapted for selective reabsorption.  The 

Renal Cortex

Renal Medulla

Renal Cortex

Renal Medulla

Renal Cortex

Renal Medulla
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loop of Henle is a selectively permeable loop, which establishes an osmotic gradient for the 

potential to concentrate urine.  Finally, the Distal Convoluted Tubule (DCT) cells, like the PCT 

cells are adapted for selective reabsorption.  The collecting tubule then feeds urine into the 

renal pelvis for excretion (Koeppen and Stanton, 2019). 

 

4.1.2 The AKI to CKD Continuum of Disease 

We are increasingly recognising AKI and CKD as a closely associated continuum of disease, 

rather that two separate disorders.  AKI is now recognised as an established risk factor in the 

development of CKD and vice versa (Kaballo, Elsayed and Stack, 2017; Chawla et al., 2017; 

Chawla and Kimmel, 2012).  This association remains true even in the context of small, 

transient creatinine rises (Lassnigg et al., 2004; Ryckwaert et al., 2002).  The AKI episode may 

offer the most significant window of opportunity for therapeutic intervention, in an attempt 

to modify the natural course of kidney disease in both native and transplanted organs (Chawla 

et al., 2017).  Targeting a period of AKI as a means of preventing the development of CKD and 

renal fibrosis is an attractive therapeutic focus in the context of both native and transplanted 

kidneys. 

 

4.1.3 Serum Creatinine as a Marker of Renal Function and Dysfunction 

The functions of the kidney are multifaceted, however, the eGFR, as a marker of excretory 

function, is widely accepted as the best index of overall kidney function ('Chapter 1: Definition 

and classification of CKD,' 2013).  Current estimations of eGFR in clinical practice are based 

on serum creatinine, which therefore makes a suitable surrogate marker for renal function in 

animal models.  Declining eGFR is associated with rising serum creatinine.  There are a number 

of drawbacks to using serum creatinine as a marker of renal function, as outlined in Chapter 
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3.  Consequently, functional assessment is not always indicative of the level of renal 

dysfunction; it is possible to have a normal eGFR with significant structural impairment.  Thus, 

histological assessment is vital to the characterisation of renal injury. 

 

4.1.4 Histological Changes Associated with Ischaemia Reperfusion Injury and Ischaemic 

Preconditioning 

Scoring systems for objectively documenting the degree of histological renal damage in a 

variety of settings are abundant and constantly being developed, each with their own 

limitations.  For example; the Jablonski (Jablonski et al., 1983) and more recently Endothelial 

Glomerular Tubular Interstitial (EGTI) (Khalid et al., 2016) scoring systems for reporting 

histological damage following IRI, the Banff Classification of renal allograft pathology 

(Racusen et al., 1999) following transplantation, Rubinstein’s pathologic scoring tool for light-

chain amyloidosis (Rubinstein et al., 2017), the Oxford Classification for IgA nephropathy 

(Cattran et al., 2009) and the pathologic classification of Focal Segmental Glomerulosclerosis 

(FSGS) (D'Agati et al., 2004). 

 

In the context of IRI, key histological features initially include acute tubular necrosis, 

glomerular tuft retraction, interstitial haemorrhage and influx of inflammatory cells.  Chronic 

histological changes following IRI are less well described and the long-term histological 

changes associated with the application of IPC are not yet described in a rat model of IRI.  

Renal histology is best appreciated though the use of Haematoxylin and Eosin (H+E) and 

Masson’s Trichrome staining, the latter of which provides a reliable connective tissue stain.  

Apart from simple histological analysis, there are a number of other markers which are useful 

in the diagnosis of renal function and subsequent dysfunction. 
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4.1.5 Other Useful Markers of Renal Function and Dysfunction 

4.1.5.1 Alpha-Smooth Muscle Actin 

In response to injury, fibroblasts proliferate and migrate to the site of injury.  Here, they 

terminally differentiate into myofibroblasts, which are responsible for the generation and 

accumulation of interstitial ECM components, that ultimately form a fibrotic lesion (Meran et 

al., 2011; Colombaro et al., 2015).  Fibroblasts demonstrate vast heterogeneity depending on 

their anatomical location and activity (Rodemann and Müller, 1990).  The renal cortex 

normally contains very few fibroblasts, with no cell-specific marker for this population.  Once 

terminally differentiated however, myofibroblasts have abundant expression of α-SMA, 

which they integrate into stress fibre formation (Meran and Steadman, 2011).  α-SMA is 

therefore an important marker for the presence of myofibroblasts and fibrosis generation. 

 

4.1.5.2 E-Cadherin 

Cadherins are transmembrane proteins, which facilitate cell-cell adhesion (Maître and 

Heisenberg, 2013).  E-cadherin is one of the most abundant cadherins in the kidney, with an 

important role in the development and maintenance of renal cell polarity.  E-cadherin has 

previously been shown to be preferentially expressed in the DCT, collecting tubule and 

throughout the medulla (Prozialeck, Lamar and Appelt, 2004). 

 

The appearance of α-SMA is a key determinant in the identification of renal fibrosis 

development.  Likewise, loss of E-cadherin expression has frequently been linked to EMT and 

fibrosis expansion (Cano et al., 2000; Liu et al., 2014).  Together, expression of these proteins 

is closely related to the presence and prognostication of renal fibrosis. 
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4.1.6 Aims of Chapter 

The work outlined in this chapter aimed to describe a robust and reproducible animal model 

of chronic kidney damage, in order to facilitate the investigation of hyaluronan and its 

associated proteins in the AKI to CKD continuum. 

 

To accomplish this aim, a rat model established within this department was utilised, using 

bilateral IRI (cross-clamping of both renal pedicles) to achieve AKI.  The model, which 

previously sacrificed rats at 48 hours, was extended to a follow-up period of 28 days.  

Adjustments to the existing model were made and the development of renal fibrosis and CKD 

was evaluated. 

 

Specifically, the aims of this chapter were to: 

§ Chapter 4 (i); Establish an IRI model of chronic kidney damage and fibrosis and 

undertake structural and functional characterisation of a model of this model. 

§ Chapter 4 (ii); Evaluate and characterise the effects of IPC in an established model of 

IRI-mediated chronic kidney damage and fibrosis.  
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4.2 Results 

4.2.1 Characterisation of the IRI Animal Model 

Seventy-two adult male Lewis rats underwent a midline laparotomy and were divided into 

two groups; sham operation (n=35) or bilateral IRI (cross-clamping of both renal pedicles, 45 

minutes) (n=37).  These two groups were further sub-divided into five groups, depending on 

their post-operative observation time: 24 hours (sham n=8, IRI n=8), 48 hours (sham n=11, IRI 

n=13), 7 days (sham n=4, IRI n=4), 14 days (sham n=4, IRI n=4) and 28 days (sham n=8, IRI 

n=8).  Figure 4.2 demonstrates a schematic of the animal model described.  At the designated 

post-operative time, kidney tissue was retrieved, sectioned and stained with both 

haematoxylin and eosin, and Masson’s Trichrome.  Kidney sections were reviewed with an 

independent consultant histopathologist, who was blinded to the cohorts described above.  

Blood samples were taken both pre-operatively and at the time of retrieval. 

 

 

Following initial anaesthesia, rats were weighed pre-operatively.  This process was repeated 

prior to retrieval in the 28-day follow-up cohort, but not at other follow-up time-points.  

Figure 4.3 demonstrates the changes observed in weight of rat from day 0 (pre-operative) to 

45mins. 
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Figure 4. 2 Schematic of IRI Animal Model 

Adult male Lewis rats (n=72) underwent a midline laparotomy and were divided into two groups; sham 
operation (n=35) or bilateral IRI (cross-clamping of both renal pedicles, 45 minutes) (n=37).  These two 
groups were further sub-divided into five groups, depending on their post-operative observation time: 24 
hours (sham n=8, IRI n=8), 48 hours (sham n=11, IRI n=13), 7 days (sham n=4, IRI n=4), 14 days (sham n=4, 
IRI n=4) and 28 days (sham n=8, IRI n=8).  At the designated post-operative time, kidney tissue was 
retrieved, and blood samples were taken for serum creatinine. 
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day 28, in both sham and IRI.  There was no statistically significant difference in weight gain 

between sham and IRI animals over the 28-day follow-up period (median weight gain 101.3g 

and 99.8g for sham and IRI respectively).  No mortality or other significant post-operative 

complication was associated with any of the animals. 

 

Figure 4. 3 Comparison of Rat Weight both Pre-Operatively and at 28 days Post-Operatively 

Weight of adult male Lewis rats (n=16) was measured following anaesthesia both pre-operatively and at day 28 
post-operatively.  All rats underwent a midline laparotomy and were divided into two groups; sham operation 
(n=8) and bilateral IRI (cross-clamping of both renal pedicles, 45 minutes) (n=8).  Following laparotomy, rats 
were recovered and housed individually.  They were observed twice daily for the first week, once daily 
thereafter.  They were fed on a diet of standard rat chow, which was freely available throughout the follow-up 
duration. Weight of rats is measured in grams (g) and plotted as mean +/- SEM.  Sham (n=8), IRI (n=8).  Statistical 
significance demonstrated by t-test. 
 

4.2.2 Preface 

For all figures presented hereafter in this chapter, the following preface is applicable to each 

legend: 

Adult male Lewis rats (n=72) underwent a midline laparotomy and were divided into two groups; sham 
operation (n=35) or bilateral IRI (cross-clamping of both renal pedicles, 45 minutes) (n=37).  These two groups 
were further sub-divided into five groups, depending on their post-operative observation time: 24 hours 
(sham n=8, IRI n=8), 48 hours (sham n=11, IRI n=13), 7 days (sham n=4, IRI n=4), 14 days (sham n=4, IRI n=4) 
and 28 days (sham n=8, IRI n=8).  At the designated post-operative time, kidney tissue was retrieved under 
terminal anaesthesia and blood samples were taken for serum creatinine. Kidneys were divided 
longitudinally, and one half was further divided transversely, i.e. forming three pieces in total. One half was 
stored in formalin for histological evaluation. 
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4.2.3 Functional Characterisation of the IRI Animal Model 

Bilateral cross-clamping of the renal arteries for 45 minutes resulted in a marked rise in serum 

creatinine at 24 hours. 

 

Figure 4.4 (A) shows the changes in serum creatinine that occurred from day 1 (24 hours) to 

day 28 post-operatively, in both sham and IRI rats.  Following IRI, the rats demonstrated a 

maximal serum creatinine at 24 hours post-operatively, which reduced rapidly, normalising 

by day 7 post-operatively. 

 

Figure 4.4 (B) compares serum creatinine pre-operatively to 24 hours post-operatively, in 

both sham and IRI rats.  There is a significant increase in serum creatinine observed at 24 

hours post-operatively.  This observation can also be appreciated at 48 hours post-

operatively, as depicted in Figure 4.4 (C).  However, the actual observed difference at this 

time is less than at 24 hours post-operatively.  Finally, at 7 days post-operatively, as 

demonstrated in figure 4.4 (D), there is no demonstrable difference between serum 

creatinine post-operatively between IRI and sham animals. 

 

In the sham animals, post-operative creatinine measurements were noted to be lower at each 

time point post-operatively.  This can be attributed to the different sampling methods; blood 

obtained under pressure from the tail vein in the pre-operative setting, and from cardiac 

puncture following terminal anaesthesia post-operatively. 
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At the designated post-operative time, kidney tissue was retrieved under terminal anaesthesia, and blood samples 
were taken for serum creatinine.  (A) Mean post-operative serum creatinine is shown over time in IRI rats (green) 
compared to sham (red). Serum creatinine is measured in umol and plotted as mean. Pre and post-operative serum 
creatinine values are shown in IRI rats compared to sham at (B) 24 hours post-op, sham (N=8), IRI (N=8), (C) 48 hours 
post-op, (N=11), IRI (N=13) and (D) 7 days post-op, sham (N=4), IRI (N=4). Statistical significance p*<0.05, p**<0.01, 
p***<0.001.  Statistical significance demonstrated by t-test. 

Figure 4. 4 Effect of Bilateral IRI on Mean Serum Creatinine from 24 hours to 28 days Post-Operatively 
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4.2.4 Histological Architecture at 28 Days Post-Operatively 

Figure 4.5 shows the details of the scoring system used to characterise chronic histological 

changes observed following the model as described above.  The overall score was divided into 

individual tissue components; tubular, vascular, interstitial and glomerular injury.  The 

allocated score increased with degree of injury, with a maximum total score of 14 for the most 

extensive renal injury.  Scores were allocated by an independent consultant histopathologist, 

who was blinded to the cohort to which the specimen belonged.  Kidney sections stained with 

haematoxylin and eosin and also Masson’s Trichrome were used for analysis. 

Figure 4. 5 Histology Scoring System for Chronic Kidney Damage 

A histology scoring system for chronic kidney damage was designed to provide a comprehensive assessment of 
the degree of architectural damage seen within the kidney, both cortex and medulla, with a cumulative score 
ranging from 0 to 14.  Individual scores were assigned based on the degree of injury in each of the tissue 
components; tubular, vascular, interstitial and glomerular.  Assessment was made by an independent consultant 
histopathologist, who was blinded to the cohort to which the specimen belonged.  Assessment was made using 
kidney sections stained with both haematoxylin and eosin and Masson’s Trichrome stains.  Left and right kidneys 
were assessed separately.  Median scores were used for statistical analyses. 

Tissue 
Component:

Description of Damage: Score:

Tubular No damage
Chronic inflammation +/- fibrosis, in less than 25% of 
tissue
As above; in less than 60% of tissue
As above; more than 60%

0
1

2
3

Vascular No damage
Perivascular inflammation in less than 25% of tissue +/-
endothelial atrophy, vasculopathy or fibrosis
As above; in less than 60% of tissue
As above; more than 60%

0
1

2
3

Interstitial No damage
Chronic infiltrate in less than 25% of tissue
(PLUS) fibrosis in less than 25% of tissue
Fibrosis up to 60%
Fibrosis more than 60%

0
1
2
3
4

Glomerular No damage
Retraction of glomerular tuft
Glomerular fibrosis
Glomerular microvasculopathy
Glomerular atrophy

0
1
2
3
4
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Forty-five minutes of bilateral IRI in the rat caused marked histological damage at 28 days 

when compared with sham controls.  Figure 4.6 shows the changes in tubular damage 

between sham and IRI animals.  Normal tissue architecture was seen in the sham rat (Figure 

4.6 A), with healthy tubules throughout.  Tubules exhibited an intact brush border, with no 

thickening of the basal membrane.  In contrast, IRI animals (Figure 4.6 B-F) exhibited distinct 

histological changes including loss of brush border, severe tubular atrophy and cast 

formation, as well as fibrosis. 

 

Figure 4.7 shows the changes in vascular damage between sham and IRI animals.  

Unremarkable vessels were observed in the sham (Figure 4.7 A).  In comparison, IRI animals 

(Figure 4.7 B-F) demonstrated perivascular inflammatory infiltration and fibrosis. 

 

Figure 4.8 shows the changes in interstitial damage between sham and IRI animals.  The main 

observation in the IRI animals (Figure 4.8 B-F) compared to sham (Figure 4.8 A) was the 

development of interstitial inflammation and established fibrosis.  This was present 

throughout the medulla and cortex, in varying degrees throughout the section.  Some areas 

were relatively spared; free of damage with normal tissue architecture observed. 

 

Figure 4.9 shows the changes in glomerular damage between sham and IRI animals.  

Unremarkable glomeruli were observed in the sham (Figure 4.9 A).  In comparison, IRI animals 

(Figure 4.9 B-F) demonstrated varying degrees of glomerular damage, including retraction of 

the glomerular tuft, glomerular fibrosis and atrophy. 
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Individual injury scores in each tissue compartment were assessed, as well as the total injury 

score.  Injury scores in the IRI cohort were significantly higher across all tissue compartments, 

as well as total injury score, as demonstrated in Figure 4.10. 

 

Figure 4. 6 Masson’s Trichrome Histological Images of Rat Renal Sections Demonstrating TUBULAR Injury at 
Day 28 Post-Op. 

Renal sections from sham (A) and 45-minute bilateral IRI (B-F) in rats at 28 days post-operatively are shown.  
Sections were stained with Masson’s Trichrome.  Images representative of sham (N=8), IRI (N=8).  (A) Normal 
appearance of the renal cortex in a sham rat.  Tubules are healthy in appearance, demonstrating an intact brush 
border with no thickening of the basal membrane.  (B-D) Severe tubular atrophy can be visualised, marked with 
a black arrow, surrounded by marked tubulointerstitial fibrosis. (E, F) Tubular fibrosis is present, marked with a 
black arrow. 
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Figure 4. 7 Masson’s Trichrome Histological Images of Rat Renal Sections Demonstrating VASCULAR Injury at 
Day 28 Post-Op 

 

Renal sections from sham (A) and 45-minute bilateral IRI (B-F) in rats at 28 days post-operatively are shown.  
Sections were stained with Masson’s Trichrome.  Images representative of sham (N=8), IRI (N=8).  
Arteries/arterioles are marked with a red ‘A’.  Veins/venules are marked with a blue ‘V’.  (A) Normal appearance 
of vasculature in a sham rat; arterioles are marked with a black arrow.  (B, C) Perivascular infiltrate is evident, 
marked with a black arrow.  (D-F) Perivascular fibrosis is present, marked with a black arrow. 
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Figure 4. 8 Masson’s Trichrome Histological Images of Rat Renal Sections Demonstrating INTERSTITIAL Injury 
at Day 28 Post-Op 

 

Renal sections from sham (A) and 45-minute bilateral IRI (B-F) in rats at 28 days post-operatively are shown.  
Sections were stained with Masson’s Trichrome.  Images representative of sham (N=8), IRI (N=8).  (A) Normal 
appearance of the tubulointerstitial compartment in sham rat renal cortex.  Tubules are healthy in appearance, 
with no evidence of tubulointerstitial inflammation or fibrosis.  (B) Chronic inflammatory infiltrate is marked by 
a black arrow.  (C, D) Patchy areas of fibrosis can be seen, marked with a black arrow, constituting between 25 
to 60% of the total visible tissue.  More substantial areas of fibrosis are shown in both low power (E) and high 
power (F), each comprising more than 60% of total tissue visualised. 
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Figure 4. 9 Masson’s Trichrome Histological Images of Rat Renal Sections Demonstrating GLOMERULAR 
Injury at Day 28 Post-Op 

 

Renal sections from sham (A) and 45-minute bilateral IRI (B-F) in rats at 28 days post-operatively are shown.  
Sections were stained with Masson’s Trichrome.  Images representative of sham (N=8), IRI (N=8).  (A) Normal 
glomeruli are shown in a sham rat, marked with a dashed black line.  (B) Retraction of the glomerular tuft is 
marked with a black arrow.  (C + D) Further evidence of glomerular tuft retraction with glomerular fibrosis is 
marked with a dashed black line.  (E) Multiple glomeruli encased within a region of fibrosis.  (F) Glomerular 
atrophy is marked with a dashed black line. 
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Figure 4. 10 Effect of Bilateral IRI on Tubular, Vascular, Interstitial and Glomerular Chronic Injury Scores at 
Day 28 Post-Op. 

 

Renal sections were stained with either H&E and Masson’s Trichrome and assessed using a comprehensive 
scoring system comprising of Tubular, Vascular, Interstitial and Glomerular cell damage.  Assessment was made 
by an independent consultant histopathologist, who was blinded to the cohort to which the specimen belonged. 
Left and right kidneys were assessed separately.  Median scores were used for statistical analyses and plotted 
as median + range.  (A) Tubular injury score for left and right kidneys in IRI rats compared to sham. (B) Vascular 
injury score for left and right kidneys in IRI rats compared to sham. (C) Interstitial injury score for left and right 
kidneys in IRI rats compared to sham. (D) Glomerular injury score for left and right kidneys in IRI rats compared 
to sham. (E) Total injury score in IRI rats compared to sham.  Statistical significance p*<0.05, p**<0.01, 
p***<0.001.  Statistical significance demonstrated by Mann-Whitney U test. 
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4.2.5 Expression of Fibrosis Markers 

Expression of a-SMA and E-cadherin was assessed as another method of confirming the 

histological changes and fibrosis development at 28 days following IRI. 

 

 

Figure 4. 11 Immunohistochemistry Images of Rat Renal Sections Demonstrating α-SMA Expression at Day 
28 Post-Op. 

 

Renal sections from sham (A) and 45-minute bilateral IRI (B-D) in rats at 28 days post-operatively are shown. 
Images representative of sham (N=8), IRI (N=8).  Expression of α-SMA is seen as a brown pigmentation on the 
section.  (A) α-SMA expression is seen in the smooth muscle cells comprising the walls of the blood vessels, 
predominantly the arterioles, marked by a black arrow.  (B-D) Following IRI, α-SMA expression is seen in the 
smooth muscle cells comprising the walls of the blood vessels, as in the sham rats.  α-SMA expression following 
IRI is also seen in areas of established fibrosis, marked by a black arrow.  These fibrotic regions are predominantly 
peri-tubular. 
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Expression of a-SMA was only observed in the smooth muscle cells comprising the 

vasculature in sham animals (Figure 4.11 A).  Following IRI (Figure 4.11 B-D), a-SMA was seen 

throughout areas of fibrosis.  This was demonstrated using both immunohistochemistry and 

immunofluorescence (Figure 4.12). 

 

Figure 4. 12 Immunofluorescence Images of Rat Renal Sections Demonstrating α-SMA Expression at Day 28 
Post-Op. 

Renal sections from sham (A) and 45-minute bilateral IRI (B-D) in rats at 28 days post-operatively are shown. 
Images representative of sham (N=8), IRI (N=8). Expression of α-SMA is seen as red fluorescence on the section.  
(A) α-SMA expression is seen in the smooth muscle cells comprising the walls of the blood vessels, predominantly 
the arterioles, marked by a white arrow.  (B-D) Following IRI, α-SMA expression is seen in the smooth muscle 
cells comprising the walls of the blood vessels, as in the sham rats.  α-SMA expression following IRI is also seen 
in areas of established fibrosis, marked by a white arrow.  These fibrotic regions are predominantly peri-tubular. 
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Figure 4. 13 Immunohistochemistry Images of Rat Renal Sections Demonstrating E-Cadherin Expression at 
Day 28 Post-Op. 

Renal sections from sham (A) and 45-minute bilateral IRI (B-D) in rats at 28 days post-operatively are shown. 
Images representative of sham (N=8), IRI (N=8).  Expression of E-Cadherin is seen as a brown pigmentation on 
the section.  (A) E-Cadherin expression can be seen predominantly at the basolateral aspect of the distal tubules, 
marked with a black arrow.  There is high uptake of antibody at the apical border of the proximal tubules, marked 
with a red arrow, of uncertain significance.  (B-D) In IRI, E-Cadherin expression is lost in areas of fibrosis.  (B) Loss 
of E-Cadherin expression is apparent in the fibrotic region outlined by the black dashed line.  (C, D) In the fibrotic 
region at the centre of these images, distal tubules lacking E-Cadherin can be visualised (marked by a blue 
arrow), in close proximity to distal tubules demonstrating normal E-Cadherin expression (marked by a black 
arrow). 
 

Expression of E-cadherin was observed in a distinct population of tubules in the renal cortex, 

namely the distal tubules and collecting ducts.  E-cadherin was primarily observed at the 

basolateral membrane of the tubules, although there was also non-specific staining of the 

apical tubular membrane, of uncertain significance.  Following IRI, at 28 days there was an 

overall decrease in E-cadherin expression in areas of fibrosis (Figure 4.13 B-D).  This was 

demonstrated using both immunohistochemistry (Figure 4.13) and immunofluorescence 

(Figure 4.14). 
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Figure 4. 14 Immunofluorescence Images of Rat Renal Sections Demonstrating E-Cadherin Expression at Day 
28 Post-Op. 

 

Renal sections from sham (A) and 45-minute bilateral IRI (B-D) in rats at 28 days post-operatively are shown. 
Images representative of sham (N=8), IRI (N=8). Expression of E-Cadherin is seen as a green fluorescence on the 
section and α-SMA as a red fluorescence, as previous. (A) E-Cadherin expression can be seen predominantly at 
the basolateral aspect of the distal tubules, marked with a white arrow. There is high uptake of antibody at the 
apical border of the proximal tubules, marked with a yellow arrow, of uncertain significance. α-SMA expression 
can be seen in the smooth muscle cells comprising the walls of the blood vessels, predominantly the arterioles, 
marked by a grey arrow.  (B-D) α-SMA expression can be seen in the smooth muscle cells comprising the walls 
of the blood vessels, as in the sham rats.  In IRI it is also seen in areas of established fibrosis, marked by a white 
arrow. E-Cadherin expression is lost in these areas of fibrosis.  (B-D) In the fibrotic regions marked with a white 
arrow, distal tubules lacking E-Cadherin can be visualised in close proximity to distal tubules demonstrating 
normal E-Cadherin expression, marked by a yellow arrow. 
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4.2.6 Time-Dependent Histological Changes 

Through histological and immunohistochemical analysis, the presence of chronic kidney 

damage and fibrosis by 28 days following IRI was confirmed.  However, analyses at different 

timepoints were conducted to further characterise the model of injury.  Bilateral IRI caused 

marked histological damage, which evolved from acute injury at 48 hours following IRI to 

established renal fibrosis by 28 days.  Medullary (Figure 4.15) and cortical (Figure 4.16) 

damage exhibited distinct features at each time point post-IRI.  Acutely at 48 hours post-IRI, 

there was widespread necrosis throughout the cortex and medulla (Figures 4.15 + 4.16 A-C), 

associated with tubular inflammation and cast formation. 

 

At 7 days post-IRI (Figures 4.15 + 4.16 D-F) the predominant feature was tubular distortion.  

Tubules throughout the medulla and cortex, although most prominent in the cortex, lost their 

normal architecture.  Tubules exhibited persistence of the loss of brush border observed at 

48 hours post-IRI, as well as cast formation.  Interstitial fibrosis was evident in the medulla, 

predominantly in a perivascular distribution.  However, there was very little fibrosis observed 

in the cortex, where inflammatory infiltrates predominated in the interstitium. 

 

At 14 days post IRI (Figures 4.15 + 4.16 G-I) there was peritubular fibrosis in the medulla and 

significant inflammatory infiltrate in the cortical interstitium.  In contrast to the appearance 

at 7 days post-IRI, minor areas of fibrosis were observed in the cortical interstitium.  Tubular 

distortion was evident, but less of a prominent feature overall than that observed at 7 days 

post-IRI. 
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Figure 4. 15 Histological Images of Rat Renal MEDULLA Demonstrating the Development of Fibrosis from 
48hours to 28days Post-Op. 
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Figure 4.15: Renal sections were stained with haematoxylin and eosin (A-C) and Masson’s Trichrome (D-L).  (A) 
Normal appearance of the renal medulla in a sham rat at 48 hours post-op.  Tubules are healthy in appearance.  
(B, C) Necrosis is the predominant feature at 48 hours following IRI, marked with a black arrow.  Interstitial 
inflammation and haemorrhage are seen, marked with a blue arrow.  Tubular inflammation and cast formation 
are seen, marked with a green arrow.  (D) Normal appearance of the renal medulla in a sham rat at 7 days post-
op.  Tubules are healthy in appearance.  (E, F) Perivascular fibrosis in the renal medulla is starting to appear at 
day 7 post IRI, marked with a black arrow.  (G) Normal appearance of the renal medulla in a sham rat at 14 days 
post-op.  Tubules are healthy in appearance.  (H, I) Peritubular fibrosis in the renal medulla is starting to appear 
at day 14 post IRI, marked with a black arrow.  (J) Normal appearance of the renal medulla in a sham rat at 28 
days post-op.  Tubules are healthy in appearance, however, there is clear evidence of a small amount of 
peritubular fibrosis, marked with a black arrow.  (K, L) Medullary fibrosis is pronounced at day 28 post IRI, marked 
with a black arrow.  Images representative of; 48 hours (sham n=11, IRI n=13), 7 days (sham n=4, IRI n=4), 14 
days (sham n=4, IRI n=4) and 28 days (sham n=8, IRI n=8). 
 

At 28 days post IRI (Figures 4.15 + 4.16 J-L) the predominant feature was widespread fibrosis 

throughout the medulla and cortex.  Fibrosis was maximal in a peri-vascular and peri-

glomerular distribution, although it was extensive throughout the interstitium.  Tubular 

atrophy was observed in those tubules that failed to regenerate and had not yet been 

engulfed by evolving fibrosis. 

 

At day 7 post-operatively, injury scores in 3 out of the 4 tissue compartments (tubular, 

glomerular and interstitial) were significantly higher in the IRI animals than the sham (Figure 

4.17 A, C, D).  Injury scores assessing histological injury in the vascular compartment were no 

different between sham and IRI animals at 7 days post-operatively. 

 

At day 14 post-operatively, there was no observed difference across any of the tissue 

compartments assessed.  Overall, injury scores at 14 days post-operatively were identical 

between sham and IRI animals.  Despite a blinded, repeat analysis, specimens from both 

cohorts were indistinguishable from one another at this time-point post-operatively (Figure 

4.18). 
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Figure 4. 16 Histological Images of Rat CORTEX Demonstrating the Development of Fibrosis from 48hours to 
28days Post-Op. 
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Figure 4.16: Renal sections were stained with haematoxylin and eosin (A-C) and Masson’s Trichrome (D-L).  (A) 
Normal appearance of the renal cortex in a sham rat at 48 hours post-op.  Tubules, glomeruli and vessels are 
healthy in appearance.  (B, C) Necrosis is the predominant feature at 48 hours following IRI, marked with a black 
arrow.  Retraction of the glomerular tuft can be seen, marked with a blue arrow.  (D) Normal appearance of the 
renal cortex in a sham rat at 7 days post-op. Tubules, glomeruli and vessels are healthy in appearance.  (E, F) 
Tubular distortion predominates at day 7 post IRI, marked with a black arrow.  Damaged tubules are seen 
throughout the renal cortex, surrounded by ongoing inflammation, marked with a blue arrow.  (G) Normal 
appearance of the renal cortex in a sham rat at 14 days post-op.  Tubules, glomeruli and vessels are healthy in 
appearance.  (H, I) Tubular distortion remains a predominant feature at day 14 post IRI, marked with a black 
arrow.  Cortical fibrosis is convincingly evident in areas of ongoing inflammation, marked with a blue arrow.  (J) 
Normal appearance of the renal cortex in a sham rat at 28 days post-op. Tubules, glomeruli and vessels are 
healthy in appearance.  (K, L) Tubular atrophy is abundant, marked with a black arrow.  Cortical fibrosis is well 
established at day 28 post IRI, marked with a blue arrow.  Images representative of; 48 hours (sham n=11, IRI 
n=13), 7 days (sham n=4, IRI n=4), 14 days (sham n=4, IRI n=4) and 28 days (sham n=8, IRI n=8). 
 

 

Figure 4. 17 Effect of Bilateral IRI on Tubular, Vascular, Interstitial and Glomerular Chronic Injury Scores at 
Day 7 Post-Op. 

Renal sections were stained with both H&E and Masson’s Trichrome and assessed using a comprehensive scoring 
system comprising of Tubular, Vascular, Interstitial and Glomerular cell damage.  Assessment was made by an 
independent consultant histopathologist, who was blinded to the cohort to which the specimen belonged.  Left 
and right kidneys were assessed separately.  Median scores were used for statistical analyses and plotted as 
median + range.  (A) Tubular injury score for left and right kidneys in IRI rats compared to sham. (B) Vascular 
injury score for left and right kidneys in IRI rats compared to sham. (C) Interstitial injury score for left and right 
kidneys in IRI rats compared to sham. (D) Glomerular injury score for left and right kidneys in IRI rats compared 
to sham.  Statistical significance p*<0.05.  Statistical significance demonstrated by Mann-Whitney U test. 
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Figure 4. 18 Effect of Bilateral IRI on Tubular, Vascular, Interstitial and Glomerular Chronic Injury Scores at 
Day 14 Post-Op. 

Renal sections were stained with both H&E and Masson’s Trichrome and assessed using a comprehensive scoring 
system comprising of Tubular, Vascular, Interstitial and Glomerular cell damage.  Assessment was made by an 
independent consultant histopathologist, who was blinded to the cohort to which the specimen belonged.  Left 
and right kidneys were assessed separately.  Median scores were used for statistical analyses and plotted as 
median + range.  (A) Tubular injury score for left and right kidneys in IRI rats compared to sham. (B) Vascular 
injury score for left and right kidneys in IRI rats compared to sham. (C) Interstitial injury score for left and right 
kidneys in IRI rats compared to sham. (D) Glomerular injury score for left and right kidneys in IRI rats compared 
to sham.  Statistical significance demonstrated by Mann-Whitney U test. 
 

Injury scores from each individual tissue compartment were amalgamated to make a total 

injury score at each time point (Figure 4.19 A, B, C).  Although subtle changes were observed 

histologically across the sham animals at the different time points, this was not significant.  

Conversely, injury scores post-IRI at 7, 14 and 28 days demonstrated significant differences in 

each comparison (Figure 4.19 D). 
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Figure 4. 19 Effect of Bilateral IRI on Chronic Injury Scores and % Fibrosis from 7 to 28 Days Post-Op. 
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Figure 4.19: Renal sections were stained with both H&E and Masson’s Trichrome and assessed using a 
comprehensive scoring system comprising of Tubular, Vascular, Interstitial and Glomerular cell damage.  A total 
injury score was then assigned to each kidney.  The total percentage area of fibrosis across the kidney was also 
documented.  Assessment was made by an independent consultant histopathologist, who was blinded to the 
cohort to which the specimen belonged.  Left and right kidneys were assessed separately.  Median scores were 
used for statistical analyses and plotted as median + range.  Total injury score in IRI rats compared to sham are 
shown at 7 (A), 14 (B) and 28 (C) days post IRI.  Total injury score in IRI rats compared to sham at all three time 
points; 7 days, 14 days, 28 days are shown (D).  Fibrosis percentage observed in the left (E) and right (F) kidney 
in IRI rats compared to sham across all three time-points following IRI; 7, 14 and 28 days are shown.  Statistical 
significance demonstrated by Mann-Whitney U test. 
 

The percentage of fibrosis observed in each kidney was documented, with left (Figure 4.19 E) 

and right (Figure 4.19 F) kidneys being assessed separately.  Fibrosis percentage remained 

stable across sham animals at each time point.  Following IRI, the percentage of fibrosis 

compared to sham control at each time point was higher.  This was only significant however, 

at 7 (*) and 28 (***) days post-operatively.  The highest percentage of fibrosis was observed 

at 28 days post-IRI, which was significantly higher than at both 7 and 14 days post-IRI (Figure 

4.19 [left] **, Figure 4.19 [right] *).  Interestingly, the percentage of fibrosis at 14 days was 

estimated to be less than at 7 days, although this was not statistically significant. 

 

In summary, the results presented in this chapter thus far demonstrate a robust model of 

renal injury and fibrosis development.  The next aim was to evaluate the application of IPC in 

this model of chronic kidney damage, the results of which are presented in part (ii) of this 

chapter. 
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4 (ii) Functional and Histological Characterisation of the Impact of 

Ischaemic Preconditioning on the Development of Renal Fibrosis
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4.2 Results 

 

4.2.6 Characterising the Effects of IPC on Chronic Kidney Damage 

In the first part of this chapter, an IRI model of renal fibrosis was developed.  The next aim 

was to investigate the effect of IPC on this model of fibrosis. 

 

Ninety-two adult male Lewis rats underwent a midline laparotomy and were divided into 

three groups; sham operation (n=35), bilateral IRI (cross-clamping of both renal pedicles, 45 

minutes) (n=37) or IPC + IRI (n=20).  In the IPC + IRI group; renal pedicles were identified and 

cross-clamped bilaterally for 2 minutes (ischaemia), followed by release of the clamps for 5 

minutes (reperfusion).  This process was performed three times in total, prior to bilateral IRI 

(cross-clamping of both renal pedicles, 45 minutes).  These three groups were further sub-

Ischaemic Preconditioning (IPC) Rat Model
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Figure 4. 20 Schematic of IPC Animal Model 

Adult male Lewis rats (n=92) underwent a midline laparotomy and were divided into three groups; sham 
operation (n=35), bilateral IRI (cross-clamping of both renal pedicles, 45 minutes) (n=37) or IPC + IRI (n=20). In 
the IPC + IRI group; renal pedicles were identified and cross-clamped bilaterally for 2 minutes (ischaemia), 
followed by release of the clamps for 5 minutes (reperfusion).  This process was performed three times in total, 
prior to bilateral IRI (cross-clamping of both renal pedicles, 45 minutes).  These three groups were further sub-
divided into five groups, depending on their post-operative observation time: 24 hours (sham n=8, IRI n=8), 48 
hours (sham n=11, IRI n=13, IPC+IRI n=8), 7 days (sham n=4, IRI n=4), 14 days (sham n=4, IRI n=4, IPC+IRI n=4) 
and 28 days (sham n=8, IRI n=8, IPC+IRI n=8).  At the designated post-operative time, kidney tissue was retrieved, 
and blood samples were taken for serum creatinine. 
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divided into five groups, depending on their post-operative observation time: 24 hours (sham 

n=8, IRI n=8), 48 hours (sham n=11, IRI n=13, IPC+IRI n=8), 7 days (sham n=4, IRI n=4), 14 days 

(sham n=4, IRI n=4, IPC+IRI n=4) and 28 days (sham n=8, IRI n=8, IPC+IRI n=8).  Figure 4.20 

demonstrates a schematic of the animal model described.  At the designated post-operative 

time, kidney tissue was retrieved, sectioned and stained with both haematoxylin and eosin, 

and Masson’s Trichrome.  Kidney sections were reviewed with an independent consultant 

histopathologist, who was blinded to the cohorts described above.  Blood samples were taken 

both pre-operatively and at the time of retrieval. 

 

4.2.7 Preface 

For all figures presented hereafter in this chapter, the following preface is applicable to each 

legend: 

Adult male Lewis rats (n=92) underwent a midline laparotomy and were divided into three groups; sham 
operation (n=35), bilateral IRI (cross-clamping of both renal pedicles, 45 minutes) (n=37) or IPC + IRI (n=20). In 
the IPC + IRI group; renal pedicles were identified and cross-clamped bilaterally for 2 minutes (ischaemia), 
followed by release of the clamps for 5 minutes (reperfusion).  This process was performed three times in 
total, prior to bilateral IRI (cross-clamping of both renal pedicles, 45 minutes).  These three groups were 
further sub-divided into five groups, depending on their post-operative observation time: 24 hours (sham n=8, 
IRI n=8), 48 hours (sham n=11, IRI n=13, IPC+IRI n=8), 7 days (sham n=4, IRI n=4), 14 days (sham n=4, IRI n=4, 
IPC+IRI n=4) and 28 days (sham n=8, IRI n=8, IPC+IRI n=8).  At the designated post-operative time, kidney 
tissue was retrieved under terminal anaesthesia and blood samples were taken for serum creatinine. Kidneys 
were divided longitudinally, and one half was further divided transversely, i.e. forming three pieces in total. 
One half was stored in formalin for histological evaluation. 
 

4.2.8 Functional Characterisation of the IPC Model 

Figure 4.21 demonstrates the changes in serum creatinine observed following sham 

operation, IRI and IPC + IRI over time, from 24 hours to 28 days post-operatively.  The 

significant rise in serum creatinine accompanying acute injury following IRI, is prevented 

when IPC is performed prior to IRI. 
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The functional assessment of this model of injury demonstrated an immediate protection 

conferred by the application of IPC prior to IRI.  However, histological analysis was required 

to assess whether this translated into protection of the kidneys structurally.  Histological 

assessment was performed in the same way as in Chapter 4 (i). 

 

Figure 4. 21 Effect of Bilateral IRI and IPC + IRI on Serum Creatinine from 24 hours to 28 days Post-
Operatively 

Post-operative serum creatinine is shown over time in sham (red), IRI (green) and IPC + IRI (amber) rats.  Serum 
creatinine is measured in umol and plotted as mean. 
 

4.2.9 Histological Characterisation of the IPC Model 

Individual injury scores in each tissue compartment were assessed, as well as the total injury 

score.  Total injury scores demonstrated a significant reduction in injury when IPC was 

performed prior to IRI at 48 hours and 28 days post-operatively.  Intriguingly, injury scores at 

14 days once again demonstrated no difference, as observed in Chapter 4 (i).  Total injury 

scores are demonstrated in Figure 4.22. 

 

At 14 days post-operatively, the injury scores in each tissue compartment revealed no 

difference between cohorts (Figure 4.23).  At 28 days post-operatively however, injury scores 
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were significantly higher in all four tissue compartments in the IRI group, as already 

demonstrated in Chapter 4 (i).  When IPC was performed prior to IRI, the injury scores in all 

four tissue compartments were significantly lower.  There was no statistically significant 

difference between injury scores in sham animals compared to IPC + IRI animals across all 

four tissue compartments analysed (Figure 4.24). 

 

Figure 4. 22 Effect of Effect of IPC on Total Injury Scores at 48 Hours, 14 Days and 28 Days Post-Op. 

Renal sections were stained with either H&E or Masson’s Trichrome and assessed using a comprehensive scoring 
system.  For kidneys retrieved at 48 hours post-operatively (A), the EGTI scoring system (Khalid et al.2016) was 
used; comprising of Endothelial, Glomerular, Tubular and Tubulointerstitial components.  For kidneys retrieved 
at either 14 (B) or 28 (C) days post-operatively, an adapted scoring system was used, comprising of Tubular, 
Vascular, Interstitial and Glomerular components.  Assessment was made by an independent consultant 
histopathologist, who was blinded to the cohort to which the specimen belonged.  Left and right kidneys were 
assessed separately.  Median scores were used for statistical analyses and plotted as median + range.  Statistical 
significance demonstrated by p*<0.05, p**<0.01, p***<0.001, p****<0.0001.  Statistical significance 
demonstrated by Mann-Whitney U test. 
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Figure 4. 23 Effect of IPC on Tubular, Vascular, Interstitial and Glomerular Chronic Injury Scores at Day 14 
Post-Op. 

Renal sections were stained with both H&E and Masson’s Trichrome and assessed using a comprehensive scoring 
system comprising of Tubular, Vascular, Interstitial and Glomerular cell damage.  Assessment was made by an 
independent consultant histopathologist, who was blinded to the cohort to which the specimen belonged.  Left 
and right kidneys were assessed separately.  (A) Tubular injury score for left and right kidneys in sham, IRI and 
IPC+IRI rats.  (B) Vascular injury score for left and right kidneys in sham, IRI and IPC+IRI rats.  (C) Interstitial injury 
score for left and right kidneys in sham, IRI and IPC+IRI rats.  (D) Glomerular injury score for left and right kidneys 
in sham, IRI and IPC+IRI rats.  Median scores were used for statistical analyses and plotted as median + range.  
Statistical significance demonstrated by Mann-Whitney U test. 
 

 

In addition to injury scores, an assessment was made by an independent histopathologist of 

the percentage of fibrosis observed in each kidney at both 14 (Figure 4.25 A) and 28 (Figure 

4.25 B) days post-operatively.  Interestingly, although the injury scores could not differentiate 

any difference between each of the cohorts at 14 days post-operatively, in any of the tissue 

compartments, the percentage of fibrosis was significantly higher in the IRI cohort than the 
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sham animals.  Furthermore, the percentage of fibrosis was significantly reduced when IPC 

was performed prior to IRI, although the percentage fibrosis was still significantly higher in 

the animals following IPC+IRI than the sham controls. 

 

 

Figure 4. 24 Effect of IPC on Tubular, Vascular, Interstitial and Glomerular Chronic Injury Scores at Day 28 
Post-Op. 

 

Renal sections were stained with both H&E and Masson’s Trichrome and assessed using a comprehensive scoring 
system comprising of Tubular, Vascular, Interstitial and Glomerular cell damage.  Assessment was made by an 
independent consultant histopathologist, who was blinded to the cohort to which the specimen belonged.  Left 
and right kidneys were assessed separately.  (A) Tubular injury score for left and right kidneys in sham, IRI and 
IPC+IRI rats.  (B) Vascular injury score for left and right kidneys in sham, IRI and IPC+IRI rats.  (C) Interstitial injury 
score for left and right kidneys in sham, IRI and IPC+IRI rats.  (D) Glomerular injury score for left and right kidneys 
in sham, IRI and IPC+IRI rats.  Median scores were used for statistical analyses and plotted as median + range.  
Statistical significance demonstrated by Mann-Whitney U test. 
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Figure 4. 25 Effect of IPC on Fibrosis Percentage at Day 14 and Day 28 Post-Op. 

Renal sections were stained with Masson’s Trichrome and their percentage fibrosis per section was assessed.  
Assessment was made by an independent consultant histopathologist, who was blinded to the cohort to which 
the specimen belonged.  Left and right kidneys were assessed separately.  Fibrosis percentage observed in sham, 
IRI and IPC+IRI rats is shown at 14 days (A) and 28 days (B) post-operatively.  Statistical significance demonstrated 
by p***<0.001, p****<0.0001.  Statistical significance demonstrated by Mann-Whitney U test. 
 

One explanation for these somewhat contradictory findings, is the broad categories of injury 

assigned by the novel injury scoring system described in Chapter 4 (i). 

 

Histologically, at 48 hours post-operatively there were notable differences in the appearance 

of the rat renal cortex between the IRI rats, which had undergone 45 minutes of bilateral renal 

IRI alone, and the IPC+IRI rats, which had undergone pulsatile IPC prior to 45 minutes of 

bilateral IRI.  The predominant difference was less tubular necrosis and less inflammatory 

infiltrate (Figure 4.26 A-C). 

 

At 14 days post-operatively, the histological appearance was fairly consistent between 

cohorts.  The IPC+IRI rats demonstrated less tubular distortion, less inflammatory infiltrate 

and less fibrosis than the IRI rats, although differences were much more subtle than those 

observed at both 48 hours and 28 days post-operatively (Figure 4.26 D-F). 
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Figure 4. 26 Histological Images of Rat Renal Cortex at 48 Hours, 14 Days and 28 Days Post-Operatively in 
Sham, IRI and IPC+IRI Specimens 

Renal sections were stained with haematoxylin and eosin (A-C) and Masson’s Trichrome (D-I).  (A) Normal 
appearance of the renal cortex in a sham rat at 48 hours post-op.  Tubules, glomeruli and vessels are healthy in 
appearance.  (B) Necrosis is the predominant feature at 48 hours following IRI, marked with a black arrow.  (C) 
Less inflammatory infiltrate is evident and tubular damage/necrosis is minimal.  (D) Normal appearance of the 
renal cortex in a sham rat at 14 days post-op.  Tubules, glomeruli and vessels are healthy in appearance.  (E) 
Tubular distortion is a key feature at day 14 post IRI.  Small areas of cortical fibrosis are evident in areas of 
ongoing inflammation, marked with a black arrow.  (F). Tubules are relatively normal in appearance and 
inflammatory infiltrate/fibrosis are minimal.  (G) Normal appearance of the renal cortex in a sham rat at 28 days 
post-op. Tubules, glomeruli and vessels are healthy in appearance.  (H) Tubular atrophy is abundant.  Cortical 
fibrosis is well established at day 28 post IRI, marked with a black arrow.  (I) Tubules are relatively normal in 
appearance and fibrotic areas are minimal.  Images representative of: 48 hours (sham n=11, IRI n=13, IPC+IRI 
n=8), 14 days (sham n=4, IRI n=4, IPC+IRI n=4) and 28 days (sham n=8, IRI n=8, IPC+IRI n=8). 
 

At 28 days post-operatively, considerable histological differences between the IRI rats and 

the IPC+IRI rats were noticeable.  IRI rats demonstrated significant, widespread areas of 
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cortical fibrosis, which were absent in the IPC+IRI rats.  Additionally, tubular distortion and 

inflammatory infiltrate were both noticeably reduced in the IPC+IRI rats (Figure 4.26 G-I). 
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4.3 Discussion 

The data presented in this chapter demonstrates the development of a robust model of renal 

injury and fibrosis development, in addition to a model of ischaemic preconditioning, which 

is protective against the development of renal fibrosis.  Notably, the data highlights the 

importance of specific histological evaluation in preference to functional characterisation 

alone, in this model of evolving chronic renal impairment.  Specifically, I have demonstrated 

that: 

§ Serum creatinine rises steeply following IRI.  Levels normalise by day 7 post-

operatively and remain normal until day 28 post-operatively.  When IPC is performed 

prior to IRI, this initial steep rise in creatinine is inhibited. 

§ 45 minutes of bilateral renal ischaemia causes significant damage to the renal cortex 

and medulla, which results in the development of renal fibrosis by day 28 post-IRI, 

despite a normal serum creatinine at this time.  When IPC is performed prior to IRI, 

the development of renal fibrosis is prevented. 

§ 14 days post-operatively appears to be a pivotal point in the course of fibrosis 

development.  Renal damage at this point in time is relatively static; tubules 

committing to either regeneration and survival, or fibrosis. 

 

The rat model used in this thesis is a well-established in-vivo model of kidney injury, producing 

a significant, but not fatal ischaemic injury after 45 minutes of bilateral cross-clamping of the 

renal pedicles (Khalid and Usman, 2016; Khalid et al., 2016; Delbridge et al., 2007; Ersan et 

al., 2017).  In the experiments documented in this chapter, the ischaemic insult led to clear 

histological changes, which resulted in the establishment of renal fibrosis by day 28 post-
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operatively.  This agrees with previous studies (Lima-Posada et al., 2017; Basile et al., 2016), 

demonstrating a robust model of progressive chronic renal histological changes following IRI. 

 

The appropriate weight gain in the IRI animals compared to sham confirms that 45 minutes 

of bilateral renal ischaemia does not impair the recovery and overall health of the rats.  

Despite chronic renal changes histologically and the development of renal fibrosis, IRI rats 

gain weight at the same rate as their sham counterparts.  This strengthens the use of this 

robust model as an effective means of studying AKI progression to CKD. 

 

The significant increase in serum creatinine observed at 24 hours post-IRI is consistent with 

the literature surrounding similar murine models of IRI, as is the rapid normalisation despite 

the development of chronic histological change (Ko et al., 2017; Yin et al., 2017).  Serum 

creatinine is seen to increase more than threefold (p<0.001) by 24 hours post-IRI, however, 

this difference has already started to decrease by 48 hours post injury.  At some point 

between 48 hours and 7 days post-IRI, the creatinine normalises.  The post-operative 

creatinine values at day 7 post-operatively actually appear to be lower than the pre-operative 

values, although this is not statistically significant.  The most likely reason behind this is the 

method in which the blood is extracted at each time point; initially via the tail vein resulting 

in haemolysis and later via cardiac puncture following terminal anaesthesia.  The 

normalisation in serum creatinine over the first 7 days post-IRI demonstrates that 

development of chronic renal injury cannot be defined on functional assessment alone.  As 

previously mentioned in Chapter 3; serum creatinine as a measurement of renal function has 

significant limitations.  eGFR is a better marker of renal function (Lopez-Giacoman and 

Madero, 2015; KDIGO, 2012), although due to limitations in clinical practice, this is also largely 
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based on serum creatinine rather than the use of an exogenous substance such an inulin 

(Rahn, Heidenreich and Brückner, 1999) or an alternative endogenous substance, such as 

Cystatin C (CysC).  KDIGO guidelines recommend the use of CysC measurements as an 

alternative in those patients where eGFR based on serum creatinine alone is deemed to be 

less accurate (KDIGO, 2012).  CysC is an endogenous protein produced by all nucleated cells, 

which is freely filtered at the glomeruli and not secreted in the tubules (Wasung, Chawla and 

Madero, 2015; Abrahamson et al., 1988).  CysC is less affected by muscle mass than serum 

creatinine and is thought to be more useful in the detection of early renal dysfunction 

(Dharnidharka, Kwon and Stevens, 2002).  However, it’s use in the estimation of GFR is more 

costly, arduous and less readily available.  The use of other novel biomarkers in the early 

detection and prediction of chronic renal dysfunction is an important ongoing area of 

research (Lopez-Giacoman and Madero, 2015; Wasung, Chawla and Madero, 2015; Mirna et 

al., 2020; Wu and Parikh, 2008). 

 

Multiple histological scoring systems exist for the myriad of clinical conditions that result in 

chronic renal insufficiency, including the Banff working classification of kidney transplant 

pathology (Racusen et al., 1999) and the Oxford classification of IgA nephropathy (Roberts et 

al., 2009) to name two.    However, no existing score could be used to adequately describe 

the changes associated with my IRI model of evolving chronic impairment.  To this end I have 

developed a novel method of characterising the development of chronic renal disease 

histologically, to include not only global fibrosis, but rather fibrosis across all tissue 

compartments.  Whilst widely acknowledged to be the key structural component of chronic 

kidney disease, ambiguity remains about how best to measure renal fibrosis.  The degree of 

fibrosis as a distinct entity is not itself the most useful marker of disease.  We are now 
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appreciating more the importance of the distribution of fibrosis and implications of this.  The 

scoring system devised in this chapter accounts for fibrosis development in individual tissue 

compartments; tubular, vascular, interstitial and glomerular.  Not only will this allow more 

accurate assessment of overall fibrosis, but additionally this will enable further understanding 

of the implications of fibrosis in each compartment and its association with other matrix 

components.  Additionally, the scoring system accounts for medullary fibrosis, rather than 

cortical disease alone.  This led to the appreciation of earlier onset fibrosis in the medulla over 

the time course of developing chronic kidney damage and could be useful in terms of disease 

prognostication. 

 

The histological scoring system presented in this chapter was able to provide important 

distinction between cohorts and quantification of histological damage to confirm the 

importance of IPC.  However, there are certainly several limitations associated with it, as with 

all histological scoring systems, which will be discussed in more detail in the final discussion 

chapter.  In brief, the breadth of injury encompassed within one scoring component made it 

difficult to differentiate more subtle differences between samples.  This was particularly 

troublesome in the 14-day cohort, who were all scored almost identically.  Whilst this was still 

of interest; highlighting the 14-day cohort as an interesting point of either commitment to 

fibrosis or repair, a more detailed scoring system would have elicited finer differences.  

Furthermore, the use of a computerised scoring system in addition to the assessment made 

by the histopathologist, would have provided an additional means of quantification and 

validation of the results presented. 
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Hyaluronan (HA) is a key regulator of pro-fibrotic cell phenotype and function.  In a healthy 

kidney, HA is primarily limited to the medulla and undetectable at the renal cortex.  However, 

in pathology, HA accumulates in the cortex and correlates closely with renal outcomes 

(Colombaro et al., 2013; Göransson et al., 2004; Colombaro et al., 2015; Johnsson et al., 

1996).  This underpins the interest in HA and its receptors as areas of investigation and 

potential therapeutic targets.  The development of this model of chronic renal impairment 

will facilitate in-vivo investigation of what we know already about HA and the proteins it 

interacts with in in-vitro experiments. 

 

Tubular, vascular, interstitial and glomerular changes evident at 28 days confirm this model 

of IRI as a suitable platform to investigate changes associated with the development of 

chronic fibrosis.  Injury scores across all four compartments were significantly higher in the 

IRI group compared to sham.  The appearance of a-SMA at 28 days further supported the 

model of fibrosis development.  E-cadherin also represented a marker of renal tubular 

damage in this IRI model of injury.  E-cadherin is a cell adhesion molecule, known for its role 

in the development and maintenance of renal epithelial polarity (Prozialeck, Lamar and 

Appelt, 2004).  Appropriate epithelial polarity is required for normal cell function.  In adult 

kidney, E-cadherin is one of the most abundant cadherins, primarily and reliably expressed in 

the distal tubules and collecting ducts.  Ischaemia is a significant factor which can affect renal 

epithelial polarity (Wagner and Molitoris, 1999), and the changes observed in this model of 

injury support this.  As discussed in Chapter 1, EMT is considered an important mechanism 

for the appearance of myofibroblasts and subsequent fibrosis following injury (Zeisberg and 

Duffield, 2010).  Epithelial cells transitioning to fibroblast phenotype lose E-cadherin 

expression and consequently cell polarity (Zeisberg and Neilson, 2009).  E-cadherin expression 



 

 189 

is considered an archetypal cell marker of EMT (Zeisberg and Neilson, 2009) and its loss of 

expression in regions of fibrosis development are strongly supportive of this as an appropriate 

model to study evolving chronic kidney damage. 

 

This 28-day model of IRI depicts the evolving changes across both the renal medulla and 

cortex as fibrosis develops.  Early changes include distortion of tissue architecture, with 

tubular necrosis being the key feature acutely, associated with raised serum creatinine.  

Fibrosis is first seen to develop in the perivascular region of the medulla, before involvement 

of the peritubular interstitium in both medulla and later cortex.  Perivascular fibrosis is the 

deposition of connective tissue components around blood vessels (Ytrehus et al., 2018).  

Pericytes are a heterogeneous population of cells found in the walls of blood vessels.  In the 

kidney, pericytes account for nearly a third of all cells in the total tissue and are involved with 

glomerular filtration as mesangial cells (Ferland-McCollough et al., 2017).  As discussed in 

Chapter 1 however, pericytes are thought to contribute significantly to the myofibroblast pool 

following injury, and it is thus logical that fibrosis should first initiate in the perivascular 

location followed by the peritubular interstitium where renal pericytes reside around the 

peritubular capillaries of the nephron.  Lin et al. hypothesised that vascular injury was the 

most likely precipitating factor in pericyte migration and differentiation to myofibroblast 

phenotype.  This concept could explain the importance of perivascular fibrosis in this model 

of ischaemic injury, which can be extrapolated to IRI and AKI in general (Lin et al., 2008). 

 

An interesting observation of this model of injury, is the time period of 14 days post-

operatively.  Tubular distortion is evident, although not to the degree observed at 7 days post-

IRI.  Despite there being slightly higher levels of fibrosis evident at this time post-IRI, 
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particularly in the medulla, the injury scores between the cohorts are indistinguishable from 

one another.  This may represent a period of transformation, whereby renal tubules are either 

regenerating, or committing to irreversible fibrosis.  It can be hypothesized that initial tubular 

necrosis results in significant tubular distortion by day 7 post-IRI.  By day 14 this has evolved 

into either regeneration of those tubules with reparative potential, or the commitment to the 

development of interstitial and tubular fibrosis.  By day 28 there is an irreversible deposition 

of fibrosis, which could potentially result in renal dysfunction and a rising serum creatinine if 

the model was left to perpetuate.  These time points require more detailed investigation to 

determine the existing transcriptomic signatures and also to investigate the suitability of 

these time points as targets for therapeutic interventions. 

 

Finally, the addition of this method of pulsatile IPC prior to IRI resulted in renal protection; 

not only in preventing AKI, but in preventing fibrosis development and CKD.  IPC was only 

evaluated at 48 hours, 14 days and 28 days post-operatively.  Total injury scores at 48 hours 

and 28 days post-operatively were significantly reduced in the IPC+IRI group, when compared 

to the IRI group alone.  Day 14 injury scores remained indistinguishable, as discussed above.  

At 28 days, injury scores in each of the four tissue compartments were significantly reduced 

in the IPC+IRI group, when compared to the IRI group alone.  Interestingly, despite the stable 

injury scores, the percentage of fibrosis at 14 days was significantly reduced in the IPC+IRI 

group, when compared to the IRI group alone.  As mentioned above, this is somewhat 

contradictory.  One explanation is the broad categories of injury assigned by the novel injury 

scoring system described in Chapter 4 (i); sections are scored based on interstitial fibrosis up 

to 25%, between 25 and 60% or more than 60%.  This allows for a lot of variation between 

sections, which are assigned the same injury score, and can be considered a disadvantage of 
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this novel scoring system.  At 28 days post-operatively the percentage fibrosis was 

significantly reduced in the IPC+IRI group, as anticipated. 

 

IPC prevents the acquisition of CKD in this novel rat model of renal injury and protection.  As 

described in detail in Chapter 1; the success of IPC in-vivo is widely published in the literature, 

however, its translation into clinical practice has not yet been achieved (Menting et al., 2017).  

The reason for this lies in the limited understanding of underlying mechanisms and therefore 

this well characterised and reproducible model of IPC will serve as a basis for future research 

in this direction.  Many different animal models of IPC have been described, with no 

consensus as to the optimal approach (Wever et al., 2012).  Toosy et al. published an IPC 

model of renal protection in female Wistar rats in 1999.  Their model of injury involved 40 

minutes of unilateral (left) renal ischaemia preceded by four cycles of pulsatile IPC (4 minutes 

ischaemia, 11 minutes reperfusion).  Renal function was preserved in the IPC+IRI group and 

rats were followed up at 0, 2 and 9 days post-operatively (Toosy et al., 1999).  Joo et al. 

described a mouse model of IRI in 2006, whereby a right nephrectomy was again performed 

prior to clamping of the left renal pedicle for 30 minutes.  Again, they preconditioned the 

mice using a pulsatile technique (5 minutes of ischaemia, 5 minutes reperfusion), repeated 

four times in total.  The mice were subjected to renal ischaemia 15 minutes following IPC.  IPC 

significantly reduced initial rise in serum creatinine at 24 hours post-operatively.  They also 

subjected mice to renal ischaemia at 6 and 24 hours following IPC.  At 6 hours, the protective 

effect of IPC was lost, however, at 24 hours following IPC the protection of IPC reappeared.  

The follow-up time was at 24 hours only (Joo et al., 2006).    Xie et al. used a similar IPC model 

in male Sprague-Dawley rats, whereby four cycles of pulsatile IPC were performed (8 minutes 

ischaemia, 5 minutes reperfusion) prior to 40 minutes of ischaemia.  Again, in this model the 
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right kidney was nephrectomised prior to left renal ischaemia.  Follow-up in this model was 

at 6, 12 and 24 hours post-operatively, demonstrating significant renal protection both 

functionally and structurally (Xie et al., 2018b; Xie et al., 2018a).  Wever et al. published a 

meta-analysis in 2012, which attempted to unite data on animal IPC.  They concluded that 

across all included studies, renal function was preserved by the use of IPC, as measured using 

serum creatinine, blood urea nitrogen and assessment of histological damage.  Subgroup 

analyses included species, gender, site of preconditioning and preconditioning protocol.  

Interestingly, IPC afforded protection in all subgroups except female rodents, where results 

were inconsistent.  They proposed that IPC offered greater protection when performed more 

than 24 hours prior to the ischaemic insult, although the data were insufficient to conclude 

this.  Remote and local IPC were found to be equally effective, as were continuous versus 

pulsatile techniques (Wever et al., 2012).  To summarise, despite decades of research 

surrounding IPC, whilst unanimously renoprotective, no optimal animal model has been 

identified.  The model proposed in this chapter is efficacious at producing renal injury and 

protection with no mortality.  It allows optimal tissue procurement by performing bilateral 

renal ischaemia and uses male rats, which was the one consensus drawn in recent systematic 

review (Wever et al., 2012).  A series of more acute follow-up times following IPC+IRI, in 

addition to a variety of time windows between IPC and IRI could allow further development 

of this model and allow greater insight into its mechanism of action. 

 

Histologically, the addition of IPC prior to IRI resulted in a vastly different appearance to the 

renal cortex, most pronounced at 48 hours with the reduction in acute necrosis and 

inflammation, which ultimately translated into an almost prevention of renal fibrosis 

development by day 28 post-operatively.  Whilst unquestionably valuable, the real asset of 
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this work would be in the discovery of the mechanism underlying the protection of IPC, which, 

as previously discussed, cannot as yet be applied to human studies.  The transcriptomic profile 

of this model of injury and IPC will be the focus of the final chapter in this thesis, with the aim 

to use this model to identify novel genes and pathways, which are key mediators of the 

benefits associated with IPC.  
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5 The Transcriptomic Profile of Chronic Kidney Disease Development and 

Ischaemic Preconditioning as a Protective Strategy
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5.1 Introduction 

5.1.1 The Transcriptomic Analysis of Evolving Renal Injury 

Transcriptomic analysis is the study of the transcriptome; the comprehensive set of RNA 

transcripts produced by the genome under specific circumstances.  The transcriptomic profile 

of IRI and IPC over time could theoretically elucidate critical genes in the development of renal 

fibrosis and chronic kidney damage, as well as identify potentially protective genes.  This 

information could provide a platform for the identification of therapeutic targets.  In order to 

facilitate transcriptome-wide analysis of differential gene expression, RNA sequencing is 

performed. 

 

5.1.2 RNA Sequencing 

RNA sequencing is a tool for analysing differential gene expression (Stark, Grzelak and 

Hadfield, 2019).  The workflow can be seen in Figure 5.1. 

 

Figure 5. 1 Schematic Representing RNA-Sequencing Workflow Using Illumina Technology 

 (Adapted from (Pillay et al., 2020) 

The RNA-sequencing workflow process commences with total RNA extraction.  Reverse Transcription (RT) is then 
performed to produce double-stranded cDNA.  An adapter-ligated sequencing library is then prepared and 
sequenced to a read depth of 10-30 million reads per sample on a high throughput platform (such as Illumina 
HiSeqÒ 4000).  Raw data is then analysed to provide biological insights. 
 

Initially, RNA is extracted, followed by ribosomal RNA depletion.   Reverse Transcription (RT) 

is performed to generate double-stranded cDNA.  An adapter-ligated sequencing library is 

prepared and then sequenced to a read depth of 10-30 million reads per sample.  
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Bioinformatic sequence analysis is the final part of the process.  The sequencing reads are 

aligned to a transcriptome; quantifying the proportion of reads that overlap with individual 

genes, as well as filtering and normalising between samples (Stark, Grzelak and Hadfield, 

2019).  It is the HA-related genes that are of particular interest for this research, both 

independently and in their interaction with other genes known for their association with 

acute and chronic kidney damage.  This is because of the crucial role played by HA and its 

associated proteins in the modulation of TGF-β1-driven myofibroblastic differentiation, 

matrix equilibrium and thus regulation of fibrosis. 

 

5.1.3 The Hyaluronan Gene Set of Interest 

The functional diversity of HA is partly a product of the distinct HAS isoenzymes and the HA 

they produce and partly due to the variation of hyaladherins with which HA interacts.  These 

interactions are unique in their location, regulation and specificity, proffering HA a range of 

biological functions.  The molecules with which HA frequently interacts have been discussed 

in Chapter 1.  However, for the analysis of the data presented in this chapter, a gene set 

containing 35 genes relating to HA was comprised (Figure 5.2).  Noteworthy genes, which will 

be presented throughout the data in this chapter, include the following: 

 

§ Stabilin-1 (STAB1) is a transmembrane glycoprotein, which acts as a HA receptor 

homologue (Politz et al., 2002).  Better known for its role within the liver, Stabilin-1 is 

thought to facilitate tissue homeostasis by providing defence against oxidative tissue 

damage, a key driver of organ fibrosis (Rantakari et al., 2016), as well as potentially 

facilitating HA transfer from the bloodstream (Politz et al., 2002). 
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§ Layilin (LAYN) is a transmembrane protein and HA receptor, which is widely expressed 

on different cells and tissues (Borowsky and Hynes, 1998).  It is implicated in the 

processes of cell adhesion and motility (Bono et al., 2001). 

§ Transmembrane Protein 2 (TMEM2) is a novel cell surface hyaluronidase, with the 

potential to cleave extracellular high molecular weight HA into fragments prior to 

internalisation and degradation (Yamamoto et al., 2017). 

§ Cell Migration Inducing Hyaluronidase 1 (CEMIP or KIAA1199) mediates the 

depolymerisation of HA (Yoshida et al., 2013a; Yoshida et al., 2013b). 

§ Cluster of Differentiation 147 (CD147), also known as Extracellular Matrix 

Metalloproteinase Inducer (EMMPRIN) is a member of the immunoglobulin 

superfamily and a regular of HA signalling.  CD147 has been shown to play a role in 

fibrosis progression, potentially mediated through the upregulation of a-SMA 

expression and promotion of myofibroblast phenotype (Huet et al., 2008; Kato et al., 

2011). 

§ Fibroblast Activation Protein (FAP) is a transmembrane serine protease involved in the 

control of stromal fibroblast growth.  FAP is primarily associated with tissue 

remodelling and embryonic development, being strongly induced in the process of 

uncontrolled scar formation and fibrosis (Fitzgerald and Weiner, 2020). 

 

In addition to observations of isolated gene expression patterns, biological insight 

accompanying gene expression was elucidated through the use of Gene Set Enrichment 

Analysis (GSEA) software. 
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Figure 5. 2 Hyaluronan Gene Set 

Table comprising genes of particular interest in relation to HA and its associated proteins.  This HA gene set was 
formulated for use with the analysis of RNA-sequencing data. 
 

Gene Identifier Brief Description/Function

HA Synthase 1 (HAS1) HA synthase isoenzyme; HA synthesis

HA Synthase 2 (HAS2) HA synthase isoenzyme; HA synthesis

HA Synthase 3 (HAS3) HA synthase isoenzyme; HA synthesis

Hyaluronidase 1 (HYAL1) Hyaluronidase isoenzyme; HA degradation

Hyaluronidase 2 (HYAL2) Hyaluronidase isoenzyme; HA degradation

Hyaluronidase 4 (HYAL 4) Hyaluronidase isoenzyme; HA degradation

Transmembrane Protein 2 (TMEM2) Cell surface hyaluronidase; HA degradation

Sperm Adhesion Molecule 1 (SPAM1) Hyaluronidase; HA degradation

CD44 Principal HA receptor

Receptor for Hyaluronan Mediated Motility (RHAMM) Intracellular protein; HA receptor

Lymphatic Vessel Endothelial Hyaluronan Receptor 1 (LYVE-1) Cell-surface HA receptor

Layilin (LAYN) Transmembrane protein; HA receptor

Stabilin-1 (STAB1) HA receptor homologue

Stabilin-2 (STAB2) HA receptor homologue

HA Binding Protein 1 (HAB[P1/C1QBP) Binds extracellular HA

HA Binding Protein 2 (HABP 2) HA binding protein

HA Binding Protein 4 (HABP 4) Intracellular HA binding protein

Tumour Necrosis Factor-inducible Gene 6 (TSG-6) HA binding protein

Inter-α-Inhibitor Heavy Chain 1 (ITIH1) Form links with HA, mediated through TSG-6

Inter-α-Inhibitor Heavy Chain 2 (ITIH2) Form links with HA, mediated through TSG-6

Inter-α-Inhibitor Heavy Chain 3 (ITIH3) Form links with HA, mediated through TSG-6

Inter-α-Inhibitor Heavy Chain 4 (ITIH4) Form links with HA, mediated through TSG-6

Bikunin (AMBP) Light chain of Inter-α-Inhibitor

Versican (VCAN) Proteoglycan; interacts with HA

Aggrecan (ACAN) Proteoglycan; non-covalently associates with HA

Brevican (BCAN) Proteoglycan; links HA with other matrix molecules

Neurocan (NCAN) Proteoglycan; HA binding protein

Hyaluronan and Proteoglycan Link Protein 1 (HAPLN1) Hyaladherin; forms complex with HA and Aggrecan

Hyaluronan and Proteoglycan Link Protein 3 (HAPLN3) HA binding protein

Hyaluronan and Proteoglycan Link Protein 4 (HAPLN4) HA binding protein

α-Smooth Muscle Actin (α-SMA) Marker of myofibroblast formation

Fibroblast Activation Protein (FAP) Control of stromal fibroblast growth

Collagen Type I-α-I Chain (COL1A1) Formation of type I collagen fibres

Cell Migration Inducing Hyaluronidase 1 (KIAA1199) Mediates depolymerisation of HA

CD147 Regulator of HA signalling



 199 

5.1.4 Gene Set Enrichment Analysis 

GSEA is an analytical method for interpreting gene expression data, developed by Broad 

Institute (Broad Institute2004).  GSEA determines whether a defined set of genes 

demonstrates significant, concordant differences between two phenotypes.  GSEA identifies 

groups of genes, which are of importance, or ‘enriched’, within a data set when compared to 

a control.  It not only identifies those genes with the most significant changes in expression, 

but rather the changes in expression of all genes within the dataset.  Consequently, more 

biologically relevant genes and pathways can be identified. 

 

 

Figure 5. 3 An Example Enrichment Plot from GSEA 

A GSEA enrichment plot is shown; the Enrichment Score (ES) reflects the degree to which the predefined gene 
set is overrepresented at the top or bottom of a ranked list of genes.  The example GSEA shown above 
demonstrates a gene set, which is highly enriched in the experimental dataset compared to the control.  The 
Leading Edge Gene Subset is the group of genes, which contribute the greatest to the ES.  The correlation with 
experimental phenotype, either positive or negative, is shown below the Leading Edge Gene Subset. 
 

The underlying mechanism of GSEA is facilitated through comparison of a ranked set of genes 

(provided by the experimental dataset), against a predefined gene set.  The software walks 

ES

Correlation with
Phenotype

Leading Edge
Gene Subset
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down the ranked list of genes; when a gene in the experimental dataset is encountered, which 

is also present in the predefined gene set, it increases the enrichment score by a value related 

to the raw count data.  In this manner, GSEA quantifies the enrichment of the genes in the 

entire dataset, providing an overall ‘snapshot’ of how integral the gene set is in the 

experimental phenotype in question (Broad Institute2004). 

 

 

Figure 5. 4 Gene Set Enrichment Analysis (GSEA) Hallmark Gene Set Collection 

RNA sequencing data was evaluated using Gene Set Enrichment Analysis (GSEA) Software (Broad Institute).  Data 
was analysed using the Hallmark Gene Set Collection, with special consideration to those Gene Sets highlighted 
in BOLD above. 
 

 

The enrichment plot (Figure 5.3) demonstrates a graphical representation of the enrichment 

score for a predefined gene set.  Each time an enriched gene is encountered in the 

comparison, an upward stroke is made on the plot.  A stepwise progression through the entire 
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ranked experimental dataset is made, producing a graph depicting the overall enrichment of 

the predefined gene set.  A plot of a gene set which is highly enriched in an experimental 

dataset will demonstrate a steep upward trajectory, before a gentle downward slope.  The 

height of the peak of the graph corresponds to the overall Enrichment Score (ES) of the gene 

set in the experimental dataset. 

 

The aforementioned ‘Hyaluronan Gene Set’ was utilised with the GSEA software.  

Additionally, Broad Institute define a number of standard gene sets, of which the ‘Hallmark 

Gene Set’ was utilised in this chapter (Figure 5.4). 

 

5.1.4.1 The Hallmark Gene Set Collection 

The Hallmark Gene Set comprises 50 gene sets that represent clearly defined biological states 

or processes.  Of the 50 predefined gene sets, 25 were selected (Figure 5.4, represented in 

bold) for their potential importance in this specific research. 

 

In addition to GSEA, Ingenuity Pathway Analysis (IPA) software was used in the analysis and 

interpretation of RNA-sequencing data in this chapter. 

 

5.1.5 Ingenuity Pathway Analysis 

IPA, developed by Qiagen, is a web-based bioinformatics software package.  IPA facilitates 

the upload of RNA-sequencing data, which can later be used in data analysis.  The ‘Core 

Analysis’ is a means of identifying associations, mechanisms, functions and pathways relevant 

to a dataset (Qiagen, 2020).  Using the Core Analysis function, important pathways and the 

genes that constitute them can be examined, with particular focus on the role they play within 
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the uploaded dataset.  Potential therapeutic targets and hypothesis testing can be facilitated 

in this manner, using the bank of knowledge contained within the Qiagen knowledge base. 

 

5.1.6 Aims of Chapter 

The work outlined in Chapters 3 and 4 presented a model of ischaemic AKI, which culminated 

in chronic kidney damage.  Additionally, a protective model of IPC was introduced, which 

protected against chronic kidney damage.  This chapter aimed to describe the transcriptomic 

profile of this model of injury at acute, midpoint and chronic timepoints, with particular 

emphasis on IPC as a protective strategy throughout, of which key mediators may provide 

clues to potential therapeutic targets for the future. 

 

To accomplish this aim, whole kidney tissue retrieved during work contained within the 

previous two chapters was processed, and RNA extracted and sequenced.  Data was analysed 

using GSEA and IPA software modalities to identify important and biologically relevant gene 

sets and pathways. 

 

Specifically, the aims of this chapter were to: 

§ Obtain high quality transcriptomic data of the IRI model of evolving acute to chronic 

kidney damage and IPC model of renoprotection; to facilitate identification of gene 

expression patterns associated with the transition of AKI to CKD associated fibrosis 

development, and IPC. 

§ Evaluate the role of HA-related genes and other important genes of interest in the 

development of CKD and fibrosis development, and IPC. 
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§ Identify potential therapeutic targets that might be suitable for future work in this 

field. 
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5.2 Results 

The results presented in this chapter are based on 27 representative experimental animals 

across 9 different cohorts (Table 5.1). 

 

 

 

 

Table 5. 1 Experimental Cohorts and Numbers used for RNA Sequencing Experiments 

 

5.2.1 Preface 

For all figures presented hereafter in this chapter, the following preface is applicable to each 

legend: 

Adult male Lewis rats (n=27) underwent a midline laparotomy and were divided into three groups; sham 
operation (n=9), bilateral IRI (cross-clamping of both renal pedicles, 45 minutes) (n=9) or IPC + IRI (n=9). In the 
IPC+IRI group; renal pedicles were identified and cross-clamped bilaterally for 2 minutes (ischaemia), followed 
by release of the clamps for 5 minutes (reperfusion).  This process was performed three times in total, prior 
to bilateral IRI (cross-clamping of both renal pedicles, 45 minutes).  These three groups were further sub-
divided into three groups, depending on their post-operative observation time: 48 hours (sham n=3, IRI n=3, 
IPC+IRI n=3), 14 days (sham n=3, IRI n=3, IPC+IRI n=3) and 28 days (sham n=3, IRI n=3, IPC+IRI n=3).  At the 
designated post-operative time, kidney tissue was retrieved under terminal anaesthesia.  Kidneys were 
divided; one quarter was placed immediately into RNA Later Stabilization Solution (ThermoFisher Scientific).  
Kidneys were homogenised and RNA was extracted from whole kidney tissue using TRIzol™ (ThermoFisher 
Scientific). 
 

5.2.2 Quality Control of RNA-Sequencing Data 

RNA was subjected to Quality Control (QC) procedures prior to sequencing to ensure that high 

quality data was obtained.  An RNA Integrity Number (RIN) was obtained for each individual 

sample, to quantify the degree of fragmentation of the RNA sample (Schroeder et al., 2006).  

All of the prepared samples achieved a RIN of greater than 7 (Figure 5.5) and were therefore 

progressed to sequencing. 

Follow-Up (n) Sham (n) IRI (n) IPC + IRI 

48 Hours 3 3 3 

14 Days 3 3 3 

28 Days 3 3 3 
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Following sequencing, further QC procedures and packaging of the raw data was performed.  

After removal of low-quality bases between adapter primers (trimming), the number of read 

pairs was marginally reduced, but still very much acceptable.  Likewise, after mapping to the 

reference genome, the number of read pairs consistently exceeded the desired percentage 

of 80-90%.  The percentage of read pairs mapped to forward and similarly reverse strands 

were evenly distributed throughout the samples (Figure 5.6).  The number of duplicated read 

pairs was acceptable in the majority of samples, although slightly higher than the desired 

value in a minority (R122-H-016, R122-H-017, R122-H-023, R122-H-024).  Overall, the data 

was of suitable quality for further analysis and interpretation. 

 

Figure 5. 5 Quality Control; RIN and Qubit RNA Concentrations Prior to RNA-Sequencing 

Sample ID RNA Integrity Number (RIN) Qubit RNA Concentration 
(ng/µL)

R122-H-001 8.9 612
R122-H-002 9.3 610
R122-H-003 9.6 216
R122-H-004 8.6 420
R122-H-005 7.9 528
R122-H-006 8.4 278
R122-H-007 8.4 630
R122-H-008 8.6 556
R122-H-009 9.1 456
R122-H-010 8 344
R122-H-011 8.6 198
R122-H-012 7.2 532
R122-H-013 7.9 534
R122-H-014 8.1 760
R122-H-015 8.8 258
R122-H-016 6.8 796
R122-H-017 7.4 332
R122-H-018 9.2 326
R122-H-019 8.2 844
R122-H-020 7.7 454
R122-H-021 8.1 470
R122-H-022 8.4 684
R122-H-023 7.8 650
R122-H-024 8.2 850
R122-H-025 7.7 644
R122-H-026 8.1 684
R122-H-027 8.1 722
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Figure 5.5: Quality Control (QC) was performed on each extracted RNA sample using Agilent 2100 Bioanalyzer 
Instrument.  RIN data and Qubit RNA concentrations are shown. 
 

 

Figure 5. 6 Quality Control; Read Pair Data following RNA Sequencing 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Quality Control (QC) was performed 
on each sample following RNA sequencing.  The number of read pairs, percentage of read pairs after trimming 
and mapping and the percentage read pair duplication are shown. 
 

A principal component analysis (PCA) was then performed, which demonstrated through a 

series of scatter plots that the cohorts clustered in biologically distinct groups.  This held true 

across both interventional cohort (sham/IRI/IPC+IRI) and follow-up time independently. 

Sample ID: No. Read Pairs 
(RP)

RP After 
Trimming (%)

RP After 
Mapping (%)

RP After 
Mapping on 

Forward 
Strand (%)

RP After 
Mapping on 

Reverse Strand 
(%)

RP Duplicated 
(%)

R122-H-001 21598186 96.0 92.8 51.7 48.3 26.7
R122-H-002 24510992 95.7 93.5 51.2 48.8 20.9
R122-H-003 28549920 95.7 93.6 51.1 48.9 23.7
R122-H-004 25614004 96.1 93.8 51.2 48.8 23.0
R122-H-005 31845229 95.5 93.4 51.1 48.9 23.2
R122-H-006 25719630 95.5 93.3 51.1 48.9 21.7
R122-H-007 32092503 96.3 94.1 51.1 48.9 22.4
R122-H-008 33414596 96.7 94.3 51.2 48.8 28.9
R122-H-009 29036674 96.4 94.4 51.1 48.9 24.7
R122-H-010 21910234 96.6 94.4 51.2 48.8 24.2
R122-H-011 21796893 96.9 94.7 51.1 48.9 31.4
R122-H-012 23770560 96.8 94.6 51.1 48.9 30.0
R122-H-013 23333318 96.5 94.5 51.1 48.9 26.1
R122-H-014 27060516 96.1 93.8 51.2 48.8 24.6
R122-H-015 23510506 96.1 93.7 51.3 48.7 30.7
R122-H-016 24624728 95.6 93.3 51.2 48.8 49.0
R122-H-017 24196014 97.0 94.8 51.1 48.9 59.3
R122-H-018 32053624 96.2 94.0 51.1 48.9 29.0
R122-H-019 29600894 96.4 94.1 51.2 48.8 26.9
R122-H-020 26955076 96.4 94.2 51.1 48.9 30.5
R122-H-021 24925423 96.5 94.3 51.2 48.8 28.3
R122-H-022 24175310 96.0 93.8 51.1 48.9 24.0
R122-H-023 20878947 96.4 93.4 51.5 48.5 41.1
R122-H-024 27023021 96.5 94.2 51.2 48.8 40.2
R122-H-025 23265324 96.2 94.3 51.0 49.0 28.6
R122-H-026 25178063 96.5 94.6 51.0 49.0 30.4
R122-H-027 22738159 96.8 94.6 51.1 48.9 25.3
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Figure 5. 7 Principal Component Analysis (PCA) Scatter Plots of RNA-Sequencing Data 
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5.2.3 Gene Expression Patterns 

The next aim was to attempt to identify patterns of gene expression over time as CKD and 

fibrosis developed and identify whether the addition of IPC resulted in any changes to these 

global gene expression patterns.  In order to facilitate this, initially Morpheus software (Broad 
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Figure 5.7 Principal Component Analysis (PCA) Scatter Plots of RNA-Sequencing Data 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  PCA Scatter Plots are shown, 
demonstrating cluster patterns by intervention cohort (A), time post-operatively (B) and all cohorts (C). 
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Institute) developed by Broad Institute was used.  This allowed visualisation of the dataset as 

a heatmap, providing an overview of global gene expression (Figure 5.8). 

 

 

Figure 5. 8 Morpheus Heat Maps Summarising RNA-Sequencing Data 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Heat maps produced using Morpheus 
Software (Broad Institute) are shown for (A) 48 hours, (B) 14 days and (C) 28 days post-operatively.  Every row 
depicts a gene and every column an experimental cohort.  Red genes are ‘on’, i.e. activated and blue genes are 
‘off’.  Data is clustered by row (gene) and column (cohort) at each time point (bicluster analysis). 
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A B C
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Firstly, focusing at the time-point 48 hours post-operatively; the IRI group demonstrated a 

distinct gene expression pattern, with a large cluster of activated genes in red at the bottom 

of the map.  In contrast, both sham and IPC (IPC+IRI) cohorts demonstrated deactivation of 

these genes.  Additionally, there was activation of genes towards the top of the map in both 

sham and IPC (IPC+IRI) cohorts, which were conversely deactivated in the IRI cohort.  

Interestingly, when clustering the cohorts according to gene expression patterns, Morpheus 

found sham and IPC (IPC+IRI) cohorts were indistinguishable from one another. 

 

At 14 days post-operatively, the gene expression patterns of the three cohorts were far less 

distinct than at 48 hours post-operatively.  However, there were noticeable differences, and 

interestingly, at this time point, the software clustered each cohort separately.  Furthermore, 

whilst at 48 hours post-operatively the sham and IPC (IPC+IRI) cohorts were very similar in 

their gene expression patterns, marked differences were evident at 14 days post-operatively. 

 

At 28 days post-operatively, the gene expression patterns were even less distinct.  One sham 

animal was clustered with the IRI animals, although based on the gene expression pattern, I 

found this to be an anomaly.  This was because the gene expression pattern resembled far 

more closely the other sham animals, rather than the IRI animals.  It was unclear why the 

software grouped the animals in this way.  Globally, the IRI and sham animals once again had 

contrasting gene expression patterns, and the IPC (IPC+IRI) group demonstrated relatively 

few significantly activated genes.  The IPC (IPC+IRI) and sham animals were very similar in 

their gene expression patterns of deactivated (blue) genes. 
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Using the Morpheus software in this manner enabled an overview of the gene expression 

patterns of the different cohorts at different times post-operatively.  It was evident that 

distinct transcriptomic changes were occurring following injury and with the application of 

IPC prior to injury (Figure 5.8 A-C). 

 

In order to further evaluate an overview of the gene expression patterns and potential 

mechanistic insight into IPC, RStudio was used to produce volcano plots (Figure 5.9).  Volcano 

plots produced in this way represent differential expression of genes.  The log2 fold change 

(FC) is demonstrated on the x-axis and the p-value of this change is shown on the y-axis.  

Genes located to the right of the plot are upregulated and denoted in orange, pink or red with 

increasing upregulation respectively.  Genes located to the left of the plot are downregulated 

and denoted in yellow.  The higher up the plot the gene is located, the more significant the p-

value of the up or downregulation.  Those genes contained between the dotted lines 

centrally, or below the dotted line of the x-axis, are not significantly changed between the 

groups in terms of their log2 FC or p-value. 

 

When IRI was compared to sham (control), there were notable differences in the gene 

expression patterns at each time point post-operatively, although this was most pronounced 

at 48 hours (Figure 5.9 A).  The volcano plots all (Figure 5.9 A, C, E) demonstrated a 

predominant upregulation of genes in the IRI cohort compared to sham.  This was true across 

all time points, however, the plots narrowed over time, demonstrating a reduced log2 FC in 

the upregulated genes.  The 20 most significantly different genes are labelled in each plot.  All 

20 at 48 hours, and 19 out of 20 at other time points, were genes that were upregulated in 

the IRI cohort when compared to sham.  The 20 genes most upregulated at 48 hours were 
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different to those at 14 and 28 days post-operatively.  Interestingly, the hyaluronan mediated 

motility receptor (HMMR) was one of the most significantly upregulated genes at 48 hours 

post-operatively.  Between the 14 and 28 day plots there was more overlap; with five of the 

most significantly upregulated genes annotated in both (Lgals3, Serpine1, Gpnmb, Anxa1, Cp) 

and the only downregulated gene to appear in the top 20 also appeared in both (Slc22a13). 

 

Comparing IPC (IPC+IRI) to IRI (control) presented an interesting series of volcano plots.  At 

48 hours post-operatively the global impression was that of significant upregulation or 

activation of genes in the IPC (IPC+IRI) cohort compared to IRI (to the right of the plot).  All of 

the top 20 genes were upregulated in the IPC (IPC+IRI) cohort compared to IRI at 48 hours.  

However, by 14 days post-operatively this effect had dispersed, with a very narrow plot 

demonstrating very little discernible difference between IPC (IPC+IRI) and IRI cohorts.  A 

similar pattern was observed at 28 days post-operatively, with even less significant 

differences between the two cohorts.  This is interesting, because at this time point post-

operatively, the histological differences between these two cohorts are distinctive. 

 

The data presented in these volcano plots confirms that IRI resulted in a predominant 

upregulation of genes, an effect which attenuated over time.  Additionally, IPC resulted in an 

upregulation of a different set of genes compared to IRI alone, which confer protection 

against acute and chronic kidney damage. 
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Figure 5. 9 Volcano Plots Summarising RNA-Sequencing Data for IRI vs Sham and IPC vs IRI over Time 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Volcano plots produced using RStudio 
are shown for IRI vs sham and IPC vs IRI at 48 hours, 14 days and 28 days post-operatively.  Plots constructed 
using adjusted p-values. 
 

48
Hr
s

IRI_Sham IPC_IRI
14

Da
ys

28
Da

ys
A B

C D

E F



 214 

The use of heatmaps and volcano plots was able to visually confirm that significant changes 

in gene expression were occurring to produce the histological phenotypes documented in 

Chapter 4.  However, the next aim was to try and elucidate further information about the 

identity of these specific genes; in particular to focus on evaluating the role of HA-related 

genes in the development of CKD and renal fibrosis, as well as IPC. 

 

5.2.4 The Hyaluronan Gene Set 

The principal goal of the next analysis undertaken was to investigate the expression of the 

HA-related genes, which were explored at a protein level in Chapter 3.  As a foundation for 

this, the log2 FC values for each gene identified in the HA gene set were evaluated.  Genes 

that demonstrated significant differences when IRI was compared to sham (control) are 

shown in Figure 5.10.  The log2 FC represents the increase (or decrease) in expression in the 

IRI cohort in comparison to sham. 

 

When the log2 FC values of all of the genes in the HA gene set were evaluated, only the ten 

genes illustrated in Figure 5.10 demonstrated a significant change in expression at any time 

point post-operatively.  Of those, nine (Figure 5.10 A-I) exhibited significantly higher 

expression in the IRI cohort at 48 hours post-operatively.  Stabilin-1 (Figure 5.10 D), HAS2 

(Figure 5.10 F) and TMEM2 (Figure 5.10 H), gene expression was still significantly higher at 14 

days post-operatively.  CD44, gene expression levels remained significantly higher in the IRI 

cohort at all time points post-operatively.  Versican was the only gene to demonstrate 

significantly higher levels of expression in the IRI cohort at 14 days post-operatively, but not 

at other time points. 
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The data presented in Figure 5.10 illustrated that a number of the genes of interest in the HA 

gene set were significantly upregulated following injury, and that these changes occurred 

early in the post-operative course.  The next objective was to assess how the gene expression 

data altered with the application of IPC prior to IRI.  To achieve this, the log2 FC values for 

each gene identified in the HA gene set were evaluated in the IPC (IPC+IRI) versus IRI (control) 

comparison.  Genes that demonstrated significant differences are shown in Figure 5.11.  The 

log2 FC represents the increase (or decrease) in expression in the IPC cohort in comparison 

to IRI. 

 

RNA sequencing data comparing IPC (IPC+IRI) to IRI (control) revealed that expression of six 

genes within the HA gene set were significantly lower in the IPC (IPC + IRI) group at 48 hours 

post-operatively (Figure 5.11 A-F).  These six genes were a-SMA, RHAMM, CD44, HAS2, 

TMEM2 and STABILIN-1.  Expression of two genes within the HA gene set were significantly 

higher in the IPC (IPC + IRI) group at 48 hours post-operatively (Figure 5.11 G, H).  These two 

genes were CD147 and HYAL1, which were both more highly expressed in the IPC (IPC+IRI) 

cohort at 48 hours when compared to IRI.  Put another way, IPC downregulated the 

expression of a-SMA, RHAMM, CD44, HAS2, TMEM2 and STABILIN-1 when it preceded IRI. 

 

The individual scales in each part of Figure 5.10 and Figure 5.11 are intentionally different, 

due to the differences in log2 FC levels between each gene.  Analysis of the log2 FC values 

gave insight into the importance of the genes contained within the HA gene set in this model 

of IRI and IPC.  However, in order to gain further understanding, GSEA software was used to 

interrogate the data and expand on the biological relevance of what was already known. 
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Figure 5. 10 Graphs Demonstrating Log2 Fold Change of Gene Expression in IRI vs Sham Analysis of RNA-
Sequencing Data over Time 
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Figure 5.10: RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Log2 Fold Change values 
are shown for IRI vs Sham (control) at each time point post-operatively.  Data is shown only for genes in the 
hyaluronan gene set, which had a significant Log2 Fold Change at any time point post-operatively.  Statistical 
significance demonstrated by p*<0.05, p**<0.01, p***<0.001, p****<0.0001.  Statistical significance 
demonstrated by t-test. 
 

 

 

Figure 5. 11 Graphs Demonstrating Log2 Fold Change of Gene Expression in IPC (IPC+IRI) vs IRI Analysis of 
RNA-Sequencing Data over Time 
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Figure 5.11: RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Log2 Fold Change values 
are shown for IPC (IPC+IRI) vs IRI (control) at each time point post-operatively.  Data is shown only for genes in 
the hyaluronan gene set, which had a significant Log2 Fold Change at any time point post-operatively.  Statistical 
significance demonstrated by p*<0.05, p**<0.01, p****<0.0001.  Statistical significance demonstrated by t-test. 
 

5.2.5 Gene Set Enrichment Analysis Reports 

5.2.5.1 Hyaluronan Gene Set 

Primarily, enrichment plots were obtained for IRI versus sham (control) at each time point 

post-operatively, using the HA gene set (Figure 5.12).  There was significant enrichment of the 

HA gene set in the IRI phenotype at all time points post-operatively.  This was most 

pronounced at 48 hours, with a Normalised Enrichment Score (NES) of 1.54, compared to 1.42 

and 1.25 at 14 and 28 days respectively.  The core enrichment genes comprising the leading 

edge of each enrichment plot were different at the different time points post-operatively. 

 

At 48 hours, there were 15 genes contributing to the leading edge, including HMMR, CD44, 

ACTA2, HAS2, LAYN, STAB2, STAB1, COL1A1, TMEM2, CEMIP, HABP4, LYVE1, HYAL2, FAP and 

C1QBP.  Interestingly, CD44, Stabilin-1 and HAS2 were core enrichment genes at each time 

point.  HAS1 only formed part of the leading edge at the later post-operative time points of 

14 and 28 days. 

 

Thereafter, enrichment plots were obtained for IPC (IPC+IRI) versus IRI (control) at each time 

point post-operatively (Figure 5.13).  As expected, the HA gene set was negatively enriched 

in the IPC phenotype.  Put another way, the HA gene set was enriched in the IRI phenotype.  

This was significant at 48 hours and 28 days post-operatively, assessed by FDR significant at 

<25%.  At 48 hours, there were 19 core enrichment genes (downregulated in IPC); these 

included CD44 and HAS2, which was in keeping with qPCR data presented in Chapter 3.  Other 
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core enrichment genes at 48 hours were ACTA2, HMMR, STAB2, LAYN, VCAN, STAB1, TMEM2, 

ITIH3, LYVE1, FAP, CEMIP, HABP4, ACAN, COL1A, C1QBP, HYAL2 and HAS1.  At 14 days, there 

was no significant enrichment in either phenotype.  This is in keeping with the histology 

observed at 14 days, which showed no significant difference in injury scores. 

 

 

Figure 5. 12 Gene Set Enrichment Analysis (GSEA) Plots for IRI vs Sham (Control) Analysis at Each Time Point 
Post-Operatively, using the Hyaluronan Gene Set 
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Figure 5.12: RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment 
Analysis (GSEA) software (Broad Institute) was used to analyse gene expression in the IRI versus Sham (control) 
analysis at each time point post-operatively, using the HA gene set.  False Detection Rate (FDR) significant at 
<25%, significant enrichment at nominal P-value <1%. 
 

 

Figure 5. 13 Gene Set Enrichment Analysis (GSEA) Plots for IPC (IPC+IRI) vs IRI (Control) Analysis at Each Time 
Point Post-Operatively, using the Hyaluronan Gene Set 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment Analysis (GSEA) 
software (Broad Institute) was used to analyse gene expression in the IPC (IPC+IRI) versus IRI (control) analysis 
at each time point post-operatively, using the HA gene set.  False Detection Rate (FDR) significant at <25%, 
significant enrichment at nominal P-value <1%. 
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5.2.5.2 Hallmark Gene Set 

Following assessment of the HA-related genes, the next objective was to review other 

important genes and pathways that could be relevant in IPC and identify potential therapeutic 

targets.  The data was subjected to GSEA analysis using the Hallmark gene set (Figure 5.4).  

Enrichment plots were obtained for IRI versus sham (control) at each time point post-

operatively.  The enrichment plots of interest at 48 hours are shown in Figure 5.14.  Twelve 

of the twenty-five pre-selected gene sets in the Hallmark gene set (Figure 5.4) were 

significantly enriched in the IRI phenotype.  These pathways were EMT, complement, 

inflammatory response, IL2_STAT5 signalling, P53, TNFA signalling, apoptosis, glycolysis, G2M 

checkpoint, allograft rejection, hypoxia and interferon alpha response pathways.  A leading 

edge analysis was performed, which identified CD44 as one of the most commonly 

encountered genes contributing to the enrichment in the IRI phenotype at 48 hours post-

operatively (Figure 5.15). 

 

Enrichment plots of interest at 14 days post-operatively are shown in Figure 5.16.  

Interestingly, 16 of the 25 gene sets of interest were significantly enriched in the IRI 

phenotype at this time point post-operatively.  Of these, 10 were also significantly enriched 

at 48 hours post-operatively; hypoxia, complement, apoptosis, glycolysis, EMT, inflammatory 

response, allograft rejection, IL2_STAT5 signalling, TNFA signalling and P53 pathways.  

Enrichment of potentially reparative pathways such as the DNA repair and angiogenesis gene 

sets were noted to be enriched at 14 days post-operatively.  As at 48 hours post-operatively, 

a leading edge analysis was performed, which again identified CD44 as one of the most 

commonly encountered genes contributing to the enrichment in the IRI phenotype at 14 days 

post-operatively (Figure 5.17). 
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Figure 5. 14 Gene Set Enrichment Analysis (GSEA) Plots for IRI vs Sham (Control) Analysis at 48 Hours Post-
Operatively, using the Hallmark Gene Set Collection 
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Figure 5. 14 Gene Set Enrichment Analysis (GSEA) Plots for IRI vs Sham (Control) Analysis at 48 Hours Post-
Operatively, using the Hallmark Gene Set Collection 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment Analysis (GSEA) 
software (Broad Institute) was used to analyse gene expression in the IRI versus Sham (control) analysis at each 
time point post-operatively, using the Hallmark Gene Set Collection. The above Gene Sets were found to be 
significantly enriched in the IRI phenotype at 48 hours post-operatively; False Detection Rate (FDR) significant 
at <25%, significant enrichment at nominal P-value <1%. 

 

 

Enrichment plots of interest at 28 days post-operatively are shown in Figure 5.18.  Of note, 

only 9 of the 25 gene sets of interest were significantly enriched in the IRI phenotype at this 

time point post-operatively.  Of these, 7 were also significantly enriched at both 48 hours and 

14 days post-operatively; allograft rejection, inflammatory response, complement, EMT, 

TNFA signalling, apoptosis and IL2_STAT5 signalling pathways.  There were no new pathways 

enriched at 28 days post-operatively that weren’t also enriched at 14 days post-operatively.  

Once again, a leading edge analysis was performed, which identified CD44 as one of the most 

commonly encountered genes contributing to the enrichment in the IRI phenotype at 28 days 

post-operatively (Figure 5.19). 
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Figure 5. 15 Gene Set Enrichment Analysis (GSEA) Leading Edge Analysis for IRI vs Sham (Control) Analysis at 
48 Hours Post-Operatively, using the Hallmark Gene Set Collection 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment Analysis (GSEA) 
software (Broad Institute) was used to analyse gene expression in the IRI versus Sham (control) analysis at each 
time point post-operatively, using the Hallmark Gene Set Collection.  Gene Sets that were found to be 
significantly enriched in the IRI phenotype at 48 hours post-operatively were analysed using a Leading Edge 
Analysis.  The Number of Gene Sets per Gene are shown. 
  

The IRI versus sham analyses revealed a lot about the important pathways and processes that 

contribute to the development of chronic kidney disease and renal fibrosis.  However, the 

next objective was to generate enrichment plots for the IPC (IPC+IRI) versus IRI (control) 

analysis at each time point post-operatively, using the Hallmark gene set.  As previously, 

enrichment plots at 48 hours (Figure 5.20), 14 days (Figure 5.21) and 28 days (Figure 5.22) 

post-operatively were constructed for the IPC (IPC+IRI) versus IRI (control) analyses. 
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Figure 5. 16 Gene Set Enrichment Analysis (GSEA) Plots for IRI vs Sham (Control) Analysis at 14 Days Post-
Operatively, using the Hallmark Gene Set Collection 
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Figure 5. 16 Gene Set Enrichment Analysis (GSEA) Plots for IRI vs Sham (Control) Analysis at 14 Days Post-
Operatively, using the Hallmark Gene Set Collection 
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Figure 5.16: RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment 
Analysis (GSEA) software (Broad Institute) was used to analyse gene expression in the IRI versus Sham (control) 
analysis at each time point post-operatively, using the Hallmark Gene Set Collection. The above Gene Sets were 
found to be significantly enriched in the IRI phenotype at 14 days post-operatively; False Detection Rate (FDR) 
significant at <25%, significant enrichment at nominal P-value <1%. 
 

 

 

Figure 5. 17 Gene Set Enrichment Analysis (GSEA) Leading Edge Analysis for IRI vs Sham (Control) Analysis at 
14 Days Post-Operatively, using the Hallmark Gene Set Collection 

 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment Analysis (GSEA) 
software (Broad Institute) was used to analyse gene expression in the IRI versus Sham (control) analysis at each 
time point post-operatively, using the Hallmark Gene Set Collection.  Gene Sets that were found to be 
significantly enriched in the IRI phenotype at 14 days post-operatively were analysed using a Leading Edge 
Analysis.  The Number of Gene Sets per Gene are shown. 
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Figure 5. 18 Gene Set Enrichment Analysis (GSEA) Plots for IRI vs Sham (Control) Analysis at 28 Days Post-
Operatively, using the Hallmark Gene Set Collection 

GSEA Results Summary

Enrichment Score (ES) 0.64

Normalized Enrichment Score (NES) 1.51

FDR q-value 0.11

Nominal P-Value 0.0

GSEA Results Summary

Enrichment Score (ES) 0.64

Normalized Enrichment Score (NES) 1.50

FDR q-value 0.11

Nominal P-Value 0.0

GSEA Results Summary

Enrichment Score (ES) 0.50

Normalized Enrichment Score (NES) 1.47

FDR q-value 0.10

Nominal P-Value 0.0

GSEA Results Summary

Enrichment Score (ES) 0.68

Normalized Enrichment Score (NES) 1.43

FDR q-value 0.12

Nominal P-Value 0.0

GSEA Results Summary

Enrichment Score (ES) 0.47

Normalized Enrichment Score (NES) 1.40

FDR q-value 0.15

Nominal P-Value 0.10

GSEA Results Summary

Enrichment Score (ES) 0.57

Normalized Enrichment Score (NES) 1.39

FDR q-value 0.15

Nominal P-Value 0.0

A B C

D E F

GSEA Results Summary

Enrichment Score (ES) 0.52

Normalized Enrichment Score (NES) 1.40

FDR q-value 0.13

Nominal P-Value 0.12

GSEA Results Summary

Enrichment Score (ES) 0.58

Normalized Enrichment Score (NES) 1.38

FDR q-value 0.14

Nominal P-Value 0.12

GSEA Results Summary

Enrichment Score (ES) 0.45

Normalized Enrichment Score (NES) 1.34

FDR q-value 0.21

Nominal P-Value 0.09

G H I



 229 

Figure 5.18: RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment 
Analysis (GSEA) software (Broad Institute) was used to analyse gene expression in the IRI versus Sham (control) 
analysis at each time point post-operatively, using the Hallmark Gene Set Collection. The above Gene Sets were 
found to be significantly enriched in the IRI phenotype at 28 days post-operatively; False Detection Rate (FDR) 
significant at <25%, significant enrichment at nominal P-value <1%. 
 

 

Figure 5. 19 Gene Set Enrichment Analysis (GSEA) Leading Edge Analysis for IRI vs Sham (Control) Analysis at 
28 Days Post-Operatively, using the Hallmark Gene Set Collection 

 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment Analysis (GSEA) 
software (Broad Institute) was used to analyse gene expression in the IRI versus Sham (control) analysis at each 
time point post-operatively, using the Hallmark Gene Set Collection.  Gene Sets that were found to be 
significantly enriched in the IRI phenotype at 28 days post-operatively were analysed using a Leading Edge 
Analysis.  The Number of Gene Sets per Gene are shown. 
 

At 48 hours post-operatively (Figure 5.20), only one of the preselected gene sets of interest 

was significantly enriched in the IPC phenotype (Figure 5.20 A); bile acid metabolism.  Of the 

remaining gene sets of interest within the Hallmark gene set, ten were negatively enriched in 
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the IPC phenotype (or enriched in the IRI phenotype).  These gene sets were TNFA signalling, 

inflammatory response, allograft rejection, EMT, apoptosis, interferon gamma response, 

IL2_STAT5 signalling, P53, PI3K_AKT_MTOR signalling and G2M checkpoint pathways. 

 

 

 

Figure 5. 20 Gene Set Enrichment Analysis (GSEA) Plots for IPC (IPC + IRI) vs IRI (Control) Analysis at 48 Hours 
Post-Operatively, using the Hallmark Gene Set Collection 
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Figure 5. 20 Gene Set Enrichment Analysis (GSEA) Plots for IPC (IPC + IRI) vs IRI (Control) Analysis at 48 Hours 
Post-Operatively, using the Hallmark Gene Set Collection 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment Analysis (GSEA) 
software (Broad Institute) was used to analyse gene expression in the IPC (IPC+IRI) versus IRI (control) analysis 
at each time point post-operatively, using the Hallmark Gene Set Collection. The above Gene Sets were found 
to be significantly enriched at 48 hours post-operatively; False Detection Rate (FDR) significant at <25%, 
significant enrichment at nominal P-value <1%. 
 

 

At 14 days post-operatively, there were no gene sets of interest significantly enriched in either 

phenotype, summarised in the GSEA report in Figure 5.21. 
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Figure 5. 21 Summary of the Gene Set Enrichment Analysis (GSEA) Report for IPC (IPC + IRI) vs IRI (Control) 
Analysis at 14 Days Post-Operatively, using the Hallmark Gene Set Collection 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment Analysis (GSEA) 
software (Broad Institute) was used to analyse gene expression in the IPC (IPC+IRI) versus IRI (control) analysis 
at each time point post-operatively, using the Hallmark Gene Set Collection. The above report summarises 
findings at 14 days post-operatively.  False Detection Rate (FDR) significant at <25%, significant enrichment at 
nominal P-value <1%. 
 

At 28 days post-operatively (Figure 5.22), two of the preselected gene sets of interest were 

significantly enriched in the IPC phenotype (Figure 5.22 A, B); oxidative phosphorylation and 

fatty acid metabolism.  Of the remaining gene sets of interest within the Hallmark gene set, 

eleven were negatively enriched in the IPC phenotype (or enriched in the IRI phenotype); 

EMT, apoptosis, TGF-b signalling, P53, complement, angiogenesis, allograft rejection, 

PI3K_AKT_MTOR signalling, IL2_STAT5 signalling, inflammatory response and TNFA signalling 

pathways. 

 

As a final interpretation of the GSEA data, a comparison of the NES was made.  NES from IRI 

versus sham (control) analyses and IPC (IPC+IRI) versus sham analyses were compared over 

time.  The purpose of this comparison was to compare the enrichment of key gene sets 

between IRI and IPC (IPC+IRI); achieved by using sham as the control in both. 
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Figure 5. 22 Gene Set Enrichment Analysis (GSEA) Plots for IPC (IPC + IRI) vs IRI (Control) Analysis at 28 
Days Post-Operatively, using the Hallmark Gene Set Collection 
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Figure 5. 22 Gene Set Enrichment Analysis (GSEA) Plots for IPC (IPC + IRI) vs IRI (Control) Analysis at 28 Days 
Post-Operatively, using the Hallmark Gene Set Collection 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment Analysis (GSEA) 
software (Broad Institute) was used to analyse gene expression in the IPC (IPC+IRI) versus IRI (control) analysis 
at each time point post-operatively, using the Hallmark Gene Set Collection. The above Gene Sets were found 
to be significantly enriched at 28 days post-operatively; False Detection Rate (FDR) significant at <25%, 
significant enrichment at nominal P-value <1%. 
 

Only those gene sets of interest, which were significantly enriched in either analysis, were 

included in the comparison (Figure 5.23).  Comparisons at 48 hours (Figure 5.23 A), 14 days 

(Figure 5.23 B) and 28 days (5.23 C) post-operatively are shown, in addition to a comparison 

of all analyses (Figure 5.23 D).  IPC versus sham was omitted at 28 days, because there was 
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only one significantly enriched gene set (G2M Checkpoint), which was negatively enriched 

and therefore an outlier in the comparison. 

 

Figure 5. 23 Normalised Enrichment Score Comparisons for all Gene Set Enrichment Analysis (GSEA) Reports 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Gene Set Enrichment Analysis (GSEA) 
software (Broad Institute) was used to analyse gene expression in the IRI versus sham (control) and IPC (IPC+IRI) 
versus sham (control) at each time point post-operatively.  The above Gene Sets were found to be significantly 
enriched at 28 days post-operatively; False Detection Rate (FDR) significant at <25%, significant enrichment at 
nominal P-value <1%. 
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enriched in the IRI phenotype and therefore a comparison could not be made.  At 48 hours 

post-operatively, key gene sets promoting injury and fibrosis were less enriched in the IPC 

cohort compared to the IRI cohort; including EMT, complement and the inflammatory 

response. 

 

5.2.6 Ingenuity Pathway Analysis 

Following the extensive use of GSEA to expose key pathways and genes associated with the 

development of chronic kidney disease and renal fibrosis, as well as to elucidate further 

information surrounding the underlying mechanism of IPC, the final work of this chapter used 

IPA software to analyse and interpret the RNA sequencing data.  For IPA analyses, only the 48 

hour post-operative cohort were evaluated, after it was noted that the majority of findings 

were revealed at this time point post-operatively. 

 

The top nephrotoxicity function pathways at 48 hours post-operatively in IRI versus sham and 

IPC (IPC+IRI) versus sham were compared, shown in Figure 5.24.  By using IRI versus sham and 

also IPC (IPC+IRI) versus sham in a comparison, it allows some degree of comparison between 

IRI and IPC (IPC+IRI).  Renal Damage, Renal Tubule Injury, Glomerular Injury and Renal 

Necrosis/Cell Death pathways were significantly activated in both IRI and IPC (IPC+IRI).  The 

number of overlapping molecules within these pathways differed between the two analyses, 

with notably less commonality when IPC (IPC+IRI) was compared to sham.  Within each of 

these pathways there was overlap of both upregulated and downregulated genes.  The Renal 

Fibrosis pathway was only featured in the IRI versus sham comparison.  This figure highlights 

the reduction in nephrotoxicity when IPC precedes IRI. 
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5.2.6.1 Nephrotoxicity Functions at 48 Hours Post-Operatively 

 

Figure 5. 24 Top Nephrotoxicity Functions in IPA Expression Analyses of IRI versus Sham and IPC (IPC+IRI) 
Versus Sham at 48 Hours Post-Operatively 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Ingenuity Pathway Analysis (IPA) 
software (Qiagen Bioinformatics) was used to perform a Core Analysis of sequencing data in the IRI versus Sham 
(A) and IPC (IPC+IRI) versus Sham (B) analyses at 48 hours post-operatively.  The top Nephrotoxicity Functions 
are shown. 
 

5.2.6.2 Canonical Pathways at 48 Hours Post-Operatively 

The top 5 canonical pathways were also identified.  This was done for the IRI versus sham 

(control) and IPC (IPC+IRI) versus IRI (control) analyses, as per the GSEA reports.  In addition, 

as in Figure 5.24, an analysis of IPC (IPC+IRI) versus sham (control) was additionally made, to 

allow some comparison of IPC (IPC+IRI) versus IRI. 
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Figure 5. 25 Top 5 Canonical Pathways in IPA Expression Analyses of IRI versus Sham, IPC (IPC+IRI) Versus 
Sham and IPC (IPC+IRI) Versus IRI at 48 Hours Post-Operatively 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Ingenuity Pathway Analysis (IPA) 
software (Qiagen Bioinformatics) was used to perform a Core Analysis of sequencing data in the IRI versus Sham 
(A), IPC versus Sham (B) and IPC versus IRI (C) analyses at 48 hours post-operatively.  The top 5 Canonical 
pathways are shown. 
 

The top canonical pathways at 48 hours post-operatively are shown in Figure 5.25.  When 

comparisons to sham were made, there was significant overlap in gene expression in the 

following pathways and both IRI and IPC (IPC+IRI) cohorts; Cell Cycle Control of Chromosomal 

Replication, Mitotic Roles of Polo-Like Kinase and Cell Cycle: G2/M DNA Damage Checkpoint 
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Regulation.  Of note, the percentage overlap of the genes contained within these pathways 

differed between the two analyses.  Within each of these pathways there was overlap of both 

upregulated and downregulated genes.  When IPC (IPC+IRI) was compared to IRI, the top 

canonical pathways in IPC (IPC+IRI) were noticeably different.  These included FXR/RXR 

Activation, which regulates the expression of genes involved in the metabolism of cholesterol, 

triglyceride and glucose, in addition to the regulation of bile acid levels (Qiagen, 2020).  Other 

canonical pathways noted in the IPC (IPC+IRI) versus IRI analysis included histidine 

degradation, another potential source of metabolic energy generation, and LXR/RXR 

Activation, a pathway involved in lipid metabolism and cholesterol to bile acid catabolism 

(Qiagen, 2020). 

 

5.2.6.3 Molecular and Cellular Functions at 48 Hours Post-Operatively 

The top molecular and cellular function pathways at 48 hours post-operatively are shown in 

Figure 5.26.  When comparisons to sham were made there was significant overlap in gene 

expression in the following pathways and both IRI and IPC (IPC+IRI) cohorts; Cell Cycle, Cellular 

Assembly and Organisation, and DNA Replication and Recombination and Repair.  Of note, 

the number of molecules involved within these pathways differed between the two analyses, 

with notably less overlap when IPC (IPC+IRI) was compared to sham.  Within each of these 

pathways there was overlap of both upregulated and downregulated genes.  When IPC 

(IPC+IRI) was compared to IRI, the top molecular and cellular function pathways in IPC 

(IPC+IRI) were noticeably different.  Here, as seen above, the top pathways included Lipid 

Metabolism and Molecular Transport. 
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Figure 5. 26 Top Molecular + Cellular Functions in IPA Expression Analyses of IRI versus Sham, IPC (IPC+IRI) 
Versus Sham and IPC (IPC+IRI) Versus IRI at 48 Hours Post-Operatively 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Ingenuity Pathway Analysis (IPA) 
software (Qiagen Bioinformatics) was used to perform a Core Analysis of sequencing data in the IRI versus Sham 
(A), IPC versus Sham (B) and IPC versus IRI (C) analyses at 48 hours post-operatively.  The top Molecular and 
Cellular Functions are shown. 
 

5.2.6.4 Top Tox Lists at 48 Hours Post-Operatively 

A final comparison was made of the top tox lists identified in IPA at 48 hours post-operatively 

in IRI versus sham and IPC (IPC+IRI) versus sham, shown in Figure 5.27.  The tox lists curated 

by IPA are groups of molecules known to be associated with a certain toxicity (Qiagen, 2020). 
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When comparisons to sham were made there was significant overlap in gene expression in 

the following pathways and both IRI and IPC (IPC+IRI) cohorts; Acute Renal Failure Panel (Rat), 

Renal Proximal Tubule Toxicity Biomarker Panel (Rat) and Cell Cycle: G2/M DNA Damage 

Checkpoint Regulation.  The percentage overlap of the genes contained within these 

pathways differed between the two analyses, with notably less overlap when IPC (IPC+IRI) 

was compared to sham.  Within each of these pathways there was overlap of both 

upregulated and downregulated genes.  The Renal Ischaemia Resistance Panel (Rat) was 

significantly activated in IPC (IPC+IRI) compared to sham, with 40% overlap of molecules.  This 

is highlighted in red (below). 

 

 

Figure 5. 27 Top Tox Lists in IPA Expression Analyses of IRI versus Sham and IPC (IPC+IRI) Versus Sham at 48 
Hours Post-Operatively 

RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Ingenuity Pathway Analysis (IPA) 
software (Qiagen Bioinformatics) was used to perform a Core Analysis of sequencing data in the IRI versus Sham 
(A) and IPC (IPC+IRI) versus Sham (B) analyses at 48 hours post-operatively.  The top Tox Lists are shown. 
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Ultimately, the goal of the transcriptomic analysis of this IPC model was to identify a 

molecular signature or gene targets, which could be mimicked at a pharmaceutical level.  To 

this end, the final analysis was a Comparison Analysis, which compared the IPC (IPC+IRI) 

versus IRI analyses at each time point post-operatively (Figure 5.28 A).  Of 250 molecules, 

which were significantly different in the IPC (IPC+IRI) cohort compared to the IRI cohort at 48 

hours post-operatively, only one remained constantly and significantly upregulated in the IPC 

(IPC+IRI) cohort at each time-point post-operatively.  This gene was the Retinol Binding 

Protein 4 (RBP4) Gene.  RBP4 is a gene encoding a protein responsible for retinol (vitamin A 

alcohol) carriage in the blood.  RBP4 has recognised roles in embryonic development, glucose 

homeostasis and acute phase response signalling, although its role within the kidney, if any, 

is less well understood (Qiagen, 2020). 

 

RBP4 was built into a pathway in IPA, which was grown to include a maximum of 12 drugs, 

which were known to interact with the molecules.  Drugs known to be important in the field 

of nephrology and transplantation were highlighted.  The Molecule Activity Predictor (MAP) 

feature was used to identify which drugs had the predicted potential to upregulate RBP4 

(Figure 5.28 B), which may confer a predicted protection against IRI.  Figure 5.28 B 

demonstrates six drugs with the predicted potential to upregulate RBP4, as observed in the 

IPC (IPC+IRI) cohort at all time-points post-operatively.  These include dexamethasone, 

pioglitazone, oestradiol, epigallocatechin-gallate, 4-hydroxytamoxifen and GSK2816126.  

Figure 5.28 C demonstrates five drugs with the predicted potential to inhibit RBP4.  Again, 

two commonly encountered medications in the field of transplant and nephrology are 

featured; gentamicin and losartan, along with asoprisnil, cisplatin and rosiglitazone. 
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Figure 5. 28 A Comparison Analysis of the IPC (IPC+IRI) versus IRI Analyses at 48 Hours, 14 Days and 28 Days 
Post-Operatively 

A

B

C
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Figure 5.28: RNA-sequencing was performed using the Illumina HiSeqÒ 4000 system.  Ingenuity Pathway 
Analysis (IPA) software (Qiagen Bioinformatics) was used to perform a Core Analysis of sequencing data in the 
IPC (IPC+IRI) versus IRI analyses at 48 hours, 14 days and 28 days post-operatively.  The three analyses were 
compared in a Comparison Analysis (A), revealing one gene, which was activated at all three time-points post-
operatively (RBP4).  Pathways were then generated to reveal up to 20 drugs with the potential to affect RBP4.  
(B) demonstrates six drugs with the predicted potential to activate RBP4, as seen in the IPC (IPC+IRI) versus IRI 
analysis.  (C) demonstrates five drugs with the predicted potential to downregulate RBP4. 
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5.3 Discussion 

The RNA sequencing data presented in this chapter demonstrate key transcriptomic 

differences between rats following IRI both acutely and as chronic kidney damage evolves.  In 

addition, key insights into the mechanistic understanding of IPC are broached. 

 

In summary, this chapter demonstrated: 

§ Obtainment of high-quality transcriptomic data, which enabled characterisation of 

evolving chronic kidney damage and renal protection afforded by IPC. 

§ A unique transcriptomic signature of renal injury, which was most pronounced acutely 

at 48 hours post-injury. 

§ A unique transcriptomic signature of renal protection provided by IPC, which at 48 

hours post-operatively was very similar to the transcriptomic profile of sham control 

animals. 

§ The involvement of critical pro-fibrotic mediators within a group of HA-associated 

proteins; inhibition of some of which was associated with renal protection following 

IPC (a-SMA, RHAMM, CD44, HAS2, TMEM2, STAB-1). 

§ Enrichment of HA-related genes following IRI at all time points post-operatively, in 

particular CD44, with negative enrichment at 48 hours and 28 days when IPC preceded 

IRI. 

§ Enrichment of pro-fibrotic pathways following IRI including EMT, complement and 

inflammatory response pathways, with initiation of potentially reparative pathways at 

14 days post-injury including DNA repair and angiogenesis. 

§ Enrichment of bile acid metabolism (48 hours), oxidative phosphorylation and fatty 

acid metabolism (28 days) pathways following IPC. 
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§ Renal protection afforded by IPC, confirmed by reduced overlap of gene involvement 

in toxicity pathways including nephrotoxicity. 

§ Metabolic energy generation prioritisation following IPC, with key pathways involved 

in molecular transport and lipid metabolism activated. 

§ Upregulation of RBP4 at all time points following IPC and potential drug targets for all 

of these genes. 

 

With regards to the reliability of the data, the samples selected all demonstrated good RNA 

quality and clustered appropriately.  Specimen R122-H-017 appeared to be an anomaly in 

terms of percentage duplication of read pairs, although after investigation of results it was 

not considered an outlier and therefore was included in future analyses.  PCA plots were used 

to demonstrate clustering of cohorts based on their similarities.  Whilst this provided a good 

opportunity for oversight of the data, it is important to acknowledge the two-dimensional 

representation of multidimensional data used in this approach.  Further analysis was used 

accordingly. 

 

The Morpheus heatmaps generated some thought-provoking results.  Consistent with the 

literature on remote IPC (Yoon et al., 2015), there were clear groups of differentially 

expressed genes between the IRI cohort and the IPC (IPC+IRI) and sham cohorts, especially at 

48 hours post-operatively.  The Morpheus software was not able to distinguish between the 

IPC (IPC+IRI) and sham cohorts, which were clustered as one at this time point.  By day 14 the 

gene expression profiles had changed dramatically, with the sham cohort appearing to be the 

outlier at this stage.  By day 28 post-operatively, the gene expression profiles were far less 

distinct.  One anomaly in the sham cohort was identified, which clustered one sham specimen 
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with the IRI animals.  However, when the gene expression profile was reviewed, it is clearly 

distinct from the IRI animals.  Overall at 28 days the IRI and sham animals appear to have 

contrasting gene expression profiles, however, the IPC (IPC+IRI) cohort demonstrate a fairly 

non-specific profile of gene expression.  Whilst there is some published data available for the 

transcriptomic analysis of renal IRI (Zhu et al., 2018; Zhang et al., 2020; Liu et al., 2017), there 

is a paucity of data on local IPC (Correa-Costa et al., 2012), and data over a chronic time-

course is lacking.  It can be inferred from this study that the gene expression changes 

associated with this method of IPC occur early and attenuate over time.  This statement is 

supported by the volcano plot analyses, which demonstrate a significant upregulation of 

genes at 48 hours following IPC (IPC+IRI) when compared to IRI alone.  However, by days 14 

and 28 post-operatively, the volcano plots appear narrow and gene expression changes 

become not significant. 

 

Evaluation of the log2 FCs associated with IRI (using sham as the control) and IPC (IPC+IRI) 

(using IRI as the control), revealed lower expression levels of key genes associated with the 

development of the ECM following IPC.  As expected, following IRI, the expression of key pro-

fibrotic genes including HAS2, CD44, a-SMA was significantly increased.  However, these 

changes occurred early and attenuated over time.  IPC resulted in significantly lower 

expression levels of all HA-related genes at 48 hours, with the exception of CD147 and HYAL1.  

The role of CD147 has not previously been investigated in renal IPC and therefore provides a 

potential platform for future research. 

 

The GSEA work involving the HA gene set was novel; the gene set itself being devised uniquely 

for this work.  However, I was not able to find any literature documenting the GSEA analysis 
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of a similar gene set in this context.  The work outlined in this chapter depicts the HA-related 

changes that occur over time following IRI and also associated with renal IPC.  Enrichment of 

HA-related genes was observed both acutely and once fibrosis had developed at 28 days.  The 

enrichment was maximal at 48 hours post-operatively, corroborating the work presented in 

Chapter 3.  The addition of IPC prior to IRI resulted in negative enrichment of the HA gene set 

at both 48 hours and 28 days.  This substantiates the data presented in previous chapters, 

whereby day 14 post-operatively was a transition point of relative quiescence.  This work 

suggests that the upregulation of key fibrotic mediators associated with HA occurs early 

following injury, committing to fibrosis at the time of acute insult.  We can hypothesise from 

this that the acute renal injury offers a unique opportunity to ameliorate renal fibrosis before 

it occurs.  This is in keeping with relevant literature; Comombaro et al. demonstrating in 2013 

that suppression of HA accumulation following IRI (through the use of 4-methylumbelliferone, 

a potent HA inhibitor) resulted in attenuated renal injury at 48 hours and decreased levels of 

renal fibrosis at 30 days following IRI. 

 

The Hallmark gene set was evaluated in the same way.  Whilst literature exists for GSEA used 

in this manner in relation to renal oncology (Khan et al., 2016; Maruschke et al., 2011; 

Maruschke et al., 2014), there are no published data relating to renal IRI or indeed IPC.  Most 

interestingly perhaps, is the fact that despite day 14 post-operatively being a transition point 

histologically, and a relatively quiescent period in terms of gene expression following IPC, 

when IRI is compared to sham, the greatest number of gene sets were significantly enriched 

at this time point.  The addition of gene sets including DNA Repair and Angiogenesis was of 

interest, supporting the theory that this interim time-point was a time when the commitment 

to either reparation or fibrosis was made and highlighting this once again as a potentially 
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interesting point for therapeutic intervention.  Of note, the Allograft Rejection gene set was 

enriched at each time point post-operatively, consistent with data supporting IRI as an 

independent risk factor for rejection following transplantation (Zhao et al., 2018; Debout et 

al., 2015).  Conversely, this could represent the renal injury present at each time point 

following IRI, which is akin to AKI secondary to rejection. 

 

The IPC versus IRI comparison was undertaken to try and elucidate genes or pathways present 

in the IPC cohort, which might be absent in the IRI cohort and therefore associated with the 

renoprotection offered by IPC.  However, the only gene set enriched in the IPC (IPC+IRI) 

cohort was Bile Acid Metabolism.  Whilst not directly related to renal injury, it could be 

hypothesised from this that the association with bile acid metabolism is related to their role 

as signalling molecules in the regulation of lipid and glucose metabolism and homeostasis 

(Chiang, 2013).  In support of this was the observation that at day 28 post-operatively, the 

only gene sets significantly enriched in the IPC (IPC+IRI) cohort were Oxidative 

Phosphorylation and Fatty Acid Metabolism.  This agrees with previous work in the field of 

cardiac IPC (Müller and Dhalla, 2010), in which expression of the Fatty Acid Transport (FAT) 

gene was increased following IPC, and where it was postulated that an increase in fatty acid 

metabolism was protective through inhibition of detrimental fatty acid metabolite 

accumulation (Matsuki et al., 2009).  However, in both of these contexts it was observed as 

an acute, rather than a late effect.  Conversely, a downregulation in genes corresponding to 

energy-generating pathways such as fatty acid metabolism is observed in states of oxidative 

stress, such as following IRI (Maulik and Das, 1996). 
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In order to summarise the GSEA findings, the NES, where significant, were collated into graphs 

(Figure 5.23).  This allowed visualisation of the enrichment of a gene set across time, but also 

between different paired comparisons.  The addition of IPC prior to IRI resulted in less 

enrichment of the HA gene set at 48 hours, 14 and 28 days post-operatively (at 28 days the 

gene set was not significantly enriched in the IPC cohort and therefore not visualised on the 

graph).  Interestingly, the apoptosis and G2M checkpoint gene sets were noticeably more 

enriched by the addition of IPC prior to IRI at 48 hours post-operatively.  This makes sense 

with regards to the G2M checkpoint, whereby cell replication is halted until damaged DNA is 

repaired, however, the enhanced enrichment of the apoptotic genes is, as yet, unclear. 

 

The use of IPA in closing this chapter provides an alternative means of analysing this complex 

dataset.  By comparing the IRI versus Sham (IRI_Sham) to the IPC versus Sham (IPC_Sham) 

analyses, it provides a by-proxy means of showing the different effects of IRI alone versus IPC 

followed by IRI.  Intriguingly, the addition of IPC prior to IRI resulted in a greater overlap of 

genes in the cell cycle control of chromosomal replication pathway.  Simplistically, is IPC 

providing a warning signal that makes the renal cells more reluctant to divide in their 

potentially damaged state?  Or, is the cell replication slowed in order to mobilise energy 

requirements elsewhere? 

 

When compared directly to IRI, the IPC+IRI cohort demonstrated upregulation of metabolism 

and transport pathways, particularly lipids.  Starkopf et al. provided evidence in 1998 of lipid 

second messengers in IPC of the rat heart (Starkopf et al., 1998).  The upregulation of lipid 

transport pathways in this model of injury supports the hypothesis of a lipid-rich humoral 

component of IPC. 
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The penultimate observation was the appearance of the Renal Ischaemia Resistance Panel in 

the IPC (IPC+IRI) versus sham core analysis.  The activation of 40% of the genes responsible 

for inherent protection against IRI in the Brown Norway Rat strain could be of interest and 

provide potential therapeutic targets for future work.  This observation could merit further 

investigation in this rat model of injury in the future. 

 

Finally.  When all IPC (IPC+IRI) versus IRI analyses were compared at the three different time-

points, the only gene significantly upregulated in the IPC cohort throughout was RBP4.  The 

kidney provides the main site of catabolism of this important transporter protein gene and 

increased levels are observed during CKD states (Frey et al., 2008).  Increased levels of RBP4 

have previously been observed following IPC in the liver (Casillas-Ramírez A et al., 2017), 

mediated through a reduction in the Peroxisome Proliferator-Activated Receptor (PPAR).  

However, the association with renal IPC remains to be investigated.  The MAP function was 

again used to identify potential drug targets, which may direct future work in this field. 

 

In conclusion, the work presented here has revealed novel transcriptomic profiles for renal 

injury and ischaemic preconditioning over time.  The methodology utilised in this chapter was 

able to reveal previously unknown information regarding hyaluronan and its associated 

proteins, but also other well-known pathways in the development of chronic kidney damage 

following IRI and the impact of IPC.  Sequencing has advanced immensely since the start of 

this research project and further insight into the mechanisms of IPC could be achieved 

through the medium of single-cell or single-nucleus sequencing in the future.  Whilst there 

remains an abundance of work to be completed until definitive clinical strides can be made, 
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insight into potential therapeutic targets and future research direction has been postulated 

and the total potential within this body of data remains in its infancy.   

  



 

  253 

6 General Discussion
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6.1 General Discussion 

The prevailing theme of this thesis was renal ischaemia reperfusion injury; the leading cause 

of AKI worldwide and a significant factor in the availability of organs for transplantation.  

Ischaemic preconditioning is a well reported means of ameliorating IRI in-vivo, but underlying 

mechanisms are not well understood and its successful translation to clinical practice remains 

unresolved.  The relationship between renal fibrosis and CKD is widely accepted; however, 

the exact role of hyaluronan and its associated proteins in the commitment to a pro-fibrotic 

phenotype following IRI is not completely understood.  Additionally, the influence of IPC on 

this process has never before been documented.  The work presented in this thesis advances 

the knowledge of HA and its associated proteins in the AKI to CKD continuum, describing for 

the first time the role of the extracellular matrix in IPC and postulating potential therapeutic 

targets for future research in this field. 

 

Prior to my undertaking this research, an in-vivo rat model of bilateral renal IRI and pulsatile 

IPC had been developed and characterised in the context of AKI.  I used this model to describe 

the role of HA and its associated proteins in AKI (Chapter 3) and then advanced the model to 

allow the study of evolving CKD (Chapter 4 [i]).  I applied what was already known about IPC 

in an acute situation and developed this using the model of chronic injury (Chapter 4 [ii]) and 

then sequenced whole kidney RNA to obtain transcriptomic data on CKD development and 

the underlying mechanisms of IPC (Chapter 5).  The rat model presented in this thesis is a 

good model for the study of IRI and IPC.  The size of the male Lewis rats makes identifying and 

manipulating the renal pedicles achievable with appropriate training, and also reproducible 

between users.  The degree of renal injury is ideal for the study of both AKI and CKD, without 

causing mortality.  In critique of this model; it would have been nice to obtain further data 
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with regards to CKD development, to such a point when the serum creatinine starts to rise 

again.  This could be achieved by extending the follow-up time and allowing fibrosis to further 

perpetuate, or this may require a more severe ischaemic injury initially.  In order to further 

the relationship between HA and its associated proteins and the commitment to fibrosis, it 

would be useful to have the opportunity to use genetically altered knockout animals.  

Therefore, for future progression of this work a similar mouse model of injury would be 

valuable.  Mice offer a greater potential to manipulate underlying genetics and if a mouse 

model akin to the model presented in this thesis could be established, then further work on 

the causal relationship between HA and a destructive or protective phenotype could be 

founded. 

 

The ECM, in particular the HA synthases and hyaluronidases, are a focus of the research 

undertaken by Bruno Flamion and his team in Belgium.  They use a mouse model of unilateral 

IRI for their research; nephrectomising the right kidney prior to a 60 minute ischaemic insult 

of the left kidney (Declèves et al., 2006).  Using this model of injury, it can be demonstrated 

that HAS1 expression increased rapidly following injury, attenuating 12 hours later and 

remaining stable until 14 days post-operatively.  Additionally, the hyaluronidases 

demonstrated significantly decreased expression levels between 12 and 24 hours following 

injury, returning to baseline between 2 and 7 days post-operatively (Declèves et al., 2012).  

With this in mind, it might be prudent in the future to use more acute time points of follow-

up prior to 24 hours to clarify this relationship fully.  However, this model is important in 

investigating the relationship of these markers at regenerative and chronic time points.  In 

this model, HAS2 was the isoenzyme that appeared to be responsible for HA generation 

acutely, as observed at 48 hours.  HAS2 was far more inducible in the IRI model at 48 hours 
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than HAS1, as observed in qPCR data presented in Chapter 3.  In addition, HAS2 positive cells 

were observed in the interstitium in the same areas as HA generation, which is in contrast to 

HAS1 expression, which remained confined to the renal tubules at 48 hours.  GSEA data 

demonstrates HAS1 as a core enrichment gene at later follow-up time points, which may 

represent a change in the isoenzyme driving HA generation as fibrosis develops.  This is an 

interesting area where future work is currently being directed. 

 

One of the key findings to evolve from the characterisation of the HA profile of AKI and IPC in 

Chapter 3, was the observation that pro-fibrotic mediators HAS2 and CD44 were highly 

inducible in this model of injury, and that this overexpression was prevented by the 

application of IPC prior to injury.  One of the major limitations of this work is in defining 

whether this relationship is causal or consequential.  Is the qPCR data simply representing an 

influx of inflammatory cells expressing CD44 or HAS2, which are inhibited by the reduction in 

injury offered by IPC?  Data in Chapter 3 demonstrated an increase in CD45 positive 

leucocytes in the IRI animals compared to sham.  However, the HA deposition in the 

interstitium following IRI was not uniquely localised to the areas of CD45 staining and 

therefore it can be hypothesized that the presence of HA was not associated with the influx 

of these inflammatory cells.  One potential way to answer this question would be to fully 

characterise inflammatory cell infiltrate following injury using Fluorescence-Activated Cell 

Sorting (FACS) for example, or, to use genetically manipulated mice, as described above.  In 

this way, mice with either CD44 or HAS2 gene inactivated or overexpressed could be used in 

this model of IRI to strengthen the hypothesis of causality in their contribution to renal injury 

following IRI. 
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Inflammation, including that caused by IRI, results in accumulation of HA.  This is presented 

in this thesis and corroborated in the literature (Declèves et al., 2006; Göransson et al., 2004).  

HA-dependant co-localisation of CD44/EGFR complexes is what drives phenotypic activation 

of myofibroblasts (Simpson et al., 2010).  However, the presence or absence of CD44 is far 

more complex, with numerous alternatively spliced variants identified.  CD44v7/8 has 

generated specific interest with regards to its potential as an anti-fibrotic variant (Midgley et 

al., 2017).  In Chapter 3, qPCR data demonstrated no differential expression between this 

anti-fibrotic variant and other variants surveyed.  However, immunohistochemical analysis 

revealed reduced CD44v7/8 tubular expression following IRI and intriguingly increased 

glomerular expression in this cohort.  Additionally, CD44v7/8 expression was increased on the 

basolateral membrane of the tubules in the IPC cohort.  CD44 has been associated with 

uptake and degradation of HA (Rouschop et al., 2004) and future work will focus on whether 

these tubules that express CD44v7/8 are associated with the internalisation of HA described 

in the IPC cohort in Chapter 3.  A constraint of the work presented in Chapter 3 is the use of 

whole kidney tissue for RNA analysis.  In this approach, small changes in expression levels of 

CD44v7/8 within a discrete cell population could be overlooked and might be better 

evaluated by a more specific method such as laser capture microdissection. 

 

The histological observations concentrated around a novel scoring system for identifying the 

degree of structural injury.  The scoring system was developed with the assistance of a 

consultant histopathologist in a blinded manner, taking similar scoring systems into account 

(Khalid et al., 2016).  Whilst this system of evaluating histological injury allowed the objective 

analysis of renal sections, it generated a number of drawbacks.  This was most pronounced in 

the 14 day follow-up group, whereby similar, if not identical, injury scores were obtained for 
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each experimental cohort.  These sections were scored twice by an independent 

histopathologist, who was blinded to the experimental cohort to which the section belonged.  

Each round of scoring generated comparable results.  Whilst the experimental cohorts at day 

14 post-operatively demonstrated histology that was very similar, the more subtle 

assessment of fibrosis percentage showed a significant increase in overall fibrosis in the IRI 

group.  An amendment to the scoring system, whereby each category is divided further, for 

example into 10 instead of 4 points per tissue compartment, could potentially avoid this 

discrepancy, however, it would be technically difficult to achieve.  Additionally, the use of 

computer software to calculate the fibrosis percentage could be of value for confirmatory 

assessment of histological injury, as demonstrated in this study by Soranno et al. (Soranno et 

al., 2019). 

 

The 14 day follow-up group was thought-provoking.  The sham, IRI and IPC experimental 

cohorts all looked far more similar histologically to each other than at other follow-up times.  

An important observation of tubular regeneration was made at this time, which had not been 

evident previously.  Tubular epithelial cell mitoses were visible in both IRI and IPC groups and 

I considered the hypothesis that this time point represented a transition point of either 

commitment to fibrosis, or regeneration of tubular injury.  This was supported by RNA-

sequencing data, which identified enrichment of DNA repair and angiogenesis pathways at 

this point post-operatively.  The 14 day timepoint may represent an important time for 

pharmaceutical therapeutic intervention; where fibrosis has not yet developed, but where 

transcriptomic differences are evident between sham, IRI and IPC+IRI.  This could offer a 

timely opportunity to intervene to prevent progression of the IRI group to fibrosis.  The 7 and 

14 day follow-up groups may be the topic of further research; with larger cohort numbers 
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and investigation of IPC at each time point, which was not undertaken initially due to project 

feasibility. 

  

The final chapter of this thesis presented transcriptomic data, which contributed novel 

information on the gene expression profiles of CKD development and IPC.  Heatmaps 

illustrated a transcriptomic signature of injury, with a contrasting ‘switching off’ of these pro-

inflammatory genes with the addition of prior IPC.  However, further interrogation of the data 

is required to better understand the implications of this signature.  What exactly are the 

individual genes that IPC inhibits?  Again, does the extraction of RNA from whole kidney tissue 

limit the significance of this work; could it be that the differing gene expression profiles are 

merely representative of different cell populations?  Does the inflammatory and immune cell 

infiltrate that succeeds IRI generate a critically different gene expression profile from 

uninjured renal tissue?  One way of answering this question would be the use of Fluorescence 

Activated Cell Sorting (FACS), or the use of single-cell sequencing. 

 

The fundamental question asked of this dataset is in unpinning the underlying mechanisms 

of renal protection associated with IPC.  Taking the sequencing data in its most crude form 

identified six genes in the predefined HA gene set, which were significantly upregulated by 

IRI and this upregulation was significantly inhibited by IPC.  These genes were; a-SMA, 

RHAMM, CD44, HAS2, TMEM2 and STAB1.  Could this be the ‘hallmark’ of renal protection 

associated with the ECM?  Or, is it CD147 and HYAL1, which both demonstrated significant 

upregulation in the IPC cohort at 48 hours post-operatively?  This is an interesting 

observation, because CD147 is more commonly associated with inflammation and fibrosis 

development (Kato et al., 2011; Kato et al., 2009), and therefore future work will focus on 
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fully characterising CD147 in this model.  Alternatively, is it the 19 genes identified in GSEA, 

which contributed to the negative enrichment plot at 48 hours post-IPC?  Again, this collection 

of genes included  a-SMA (ACTA2), RHAMM (HMMR), CD44, HAS2, TMEM2 and STAB1, along 

with the addition of STAB2, LAYN, VCAN, ITIH3, LYVE1, FAP, CEMIP, HABP4, ACAN, COL1A, 

C1QBP, HYAL2 and HAS1.  In order to answer these questions, further work is required to 

delineate which genes, or indeed groups of genes working synergistically, are responsible for 

the renal protection associated with IPC.  Another potential candidate is RBP4, the single gene 

to be significantly upregulated at all time points post IPC+IRI, when compared to IRI alone.  

The role of RBP4 is not well understood in the kidney and merits in-depth investigation of its 

exact role in IPC, with the potential to identify gene-specific therapeutic targets in the future. 

 

Stabilin-1 is a thought-provoking gene in this model.  First identified in 1991, this gene was 

the first member of the stabilin family to be characterised (Goerdt et al., 1991).  Since then, 

its expression on macrophages and endothelial cells during chronic inflammation and its role 

in tissue homeostasis have been well described in the literature (Kzhyshkowska, Gratchev and 

Goerdt, 2006).  Deficiency of STAB1 is associated with delayed recovery and a pro-fibrotic 

tendency in the context of liver disease (Rantakari et al., 2016).  STAB1 appears throughout 

the RNA-sequencing data presented in Chapter 5 in a variety of ways.  Firstly, raw data 

demonstrated a significant upregulation in STAB1 gene expression at both 48 hours and 14 

days following IRI, when compared to sham.  STAB1 gene expression was also significantly 

downregulated by IPC at 48 hours post-operatively.  STAB1 was one of the core enriched 

genes in the IRI phenotype when compared to sham at all time points post-operatively and 

was also negatively enriched in the IPC phenotype when compared to IRI alone at all time 

points post-operatively (although this was only significant at 48 hours and 28 days).  Unifying 
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this data is challenging; why is IPC attenuating STAB1 expression, when the complete absence 

of STAB1 is associated with worsening fibrosis?  STAB1 is a HA-receptor homologue, which 

has been hypothesised to have a role in cell-matrix interactions and inflammatory processes.  

Most HA is degraded by organs that strongly express both STAB1 and STAB2 (Politz et al., 

2002).  STAB1 is selectively expressed on a subset of macrophages and it has been suggested 

that oligomers of HA could induce anti-inflammatory pathways in these cells (Horton et al., 

1998; Politz et al., 2002).  Could it be that attenuated levels of STAB1 are an observation 

following IPC, due to reduced HA generation and macrophage infiltration initially, rather than 

a causal relationship for the observed changes in gene expression?  Again, this represents 

another aspect of this work where further examination is required. 

 

The work presented in this thesis has introduced a hyaluronan profile of acute renal injury 

and renal protection conferred by IPC.  A model of evolving chronic kidney damage and renal 

protection was characterised and investigated at a transcriptomic level.  Gene expression 

signatures and pathways associated with both renal injury and defence were proposed, with 

key targets for further research identified.  This work has also confirmed that alterations in 

HA and its associated proteins are important in the AKI to CKD continuum, as they were in-

vitro, and merit further study in interventional in-vivo experiments.  The future of this work 

belongs in identifying potential therapeutics associated with the fundamental genes allied 

with IPC and their transformation into in-vivo and subsequent clinical experimentation.  The 

ability to ameliorate IRI by mimicking the action of IPC through pharmaceuticals would 

revolutionise our approach to management of renal failure and transplantation in the future. 
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8.1 Animal Assessment Scoring Chart 

 

 

Animal ID PPL No PIL No

Protocol 

No

Parameter Observation Score Dates / Times

Appearance

Normal 0

General lack of grooming 1

Staring coat, ocular and nasal discharges 2

Piloerection, hunched up 4

Food & 

Water 

Intake

Normal 0

5% weight loss 1

Up to 15% weight loss 2

Over 15% weight loss 4

Natural 

Behaviour

Normal 0

Minor changes e.g. lack of nest 1

Less mobile and alert, isolated 2

Vocalisation, self-mutilation, restless,

inactive, cold 4

Provoked 

Behaviour

Normal 0

Minor depression or exaggerated response 1

Moderate change in expected behaviour 2

Reacts violently or very weak and pre-

comatose 4

TOTAL
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Figure 8.1 Animal Assessment Scoring Chart 

Standardised scoring chart for assessment of experimental animals in the post-operative period.  Animals 
assessed on appearance, food and water intake, natural behaviour, provoked behaviour and examination of the 
laparotomy wound.

Parameter Observation Score

Laparotomy Wound

Normal 0

Slight redness, clear fluid or scratching/licking 1

Missing suture/clip or redness and inflammation 2

Wound shows evidence of herniation/rupture or

over 7 days without healing 4

TOTAL

0
Normal

1-3 Use observation card

4-8 Monitor carefully, seek advice from NACWO

9-12 Observe regularly, NACWO must be involved to discuss whether end points have been reached. Advice may

need to be sought from the NVS regarding potential treatment e.g. antibiotics, analgesia, fluid therapy.

13-15 Kill by an appropriate method
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8.2 Procedure for Abbott Alinity Creatinine Hazards and Safety Precautions 
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Figure 8.2 Procedure for Abbott Alinity Creatinine Hazards and Safety Precautions 
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8.3 Historical Versus Current Serum Creatinine Measurements 

Serum creatinine (μmol/L) results are shown from historical samples (n=9) and current samples (n=4), collected 
both pre-operatively and at 48 hours post-operatively (post IRI), at the time of retrieval.  Data is displayed as the 
mean +/- SEM.  Blood samples were sent to the Department of Biochemistry at University Hospital of Wales, 
Cardiff.  Serum creatinine was measured from these samples using the Jaffe reaction according to their standard 
operating procedure.  Statistics calculated using Unpaired and Paired T-Tests.  Statistical significance 
demonstrated by *p<0.05. 
 

The models of IRI and IPC with retrieval at 48 hours were developed by a previous PhD 

student.  It was important that the model could be replicated reliably in my hands, and thus 

a limited number of experiments were performed for this purpose.  Serum creatinine was 

significantly higher in the historical (n=9) post-operative samples compared to the historical 

pre-operative samples.  Whilst the current results (n=4) demonstrated the same trend, it did 

not achieve statistical significance.  There was no statistically significant difference between 

the historical and current pre-operative, or post-operative creatinine measurements.  This 

demonstrates good repeatability of the model between users.
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8.4 Housekeeping Genes 

 

Figure 8.4 qPCR Data Illustrating Expression of Potential Housekeeping Genes 

Expression of GAPDH and rRNA was assessed across all four cohorts, to review each one’s suitability as a 
housekeeping gene.  GAPDH; Sham (n=17), IRI (n=18), IPC+IRI (n=17), IPC Alone (n=17).  rRNA; Sham (n=32), IRI 
(n=36), IPC+IRI (n=32), IPC Alone (n=32).  Statistical significance demonstrated by p**<0.01, p***<0.001, 
p****<0.0001. 
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