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Abstract  

When an organ or tissue is rendered ischaemic, there is inevitable cell death and 

tissue injury, the extent of which can be limited by timely reperfusion. However, 

paradoxically, an additional injury occurs upon reperfusion that limits the amount of 

tissue that can be salvaged.  This composite injury is termed ‘ischaemia-reperfusion 

(IR) injury’.  Ischaemic preconditioning (IPC) is an innate protective phenomenon 

whereby brief non-lethal periods of ischaemia and reperfusion may protect against 

subsequent more sustained IR injury. 

IR injury was modelled in healthy volunteers and patients with chronic kidney 

disease (CKD) using an arterial model of endothelial function, flow-mediated 

dilatation (FMD).  Healthy volunteers sustained a significant reduction in FMD 

following experimental IR injury. IPC and its systemic phenotype, remote ischaemic 

preconditioning (RIPC) failed to protect against IR injury.  Patients with CKD 

sustained minimal IR injury in this model.  The venodilatory response to bradykinin 

was demonstrated to be significantly reduced following IR injury.  RIPC protected 

against IR injury in this model, as did preinfusion with sodium nitrite.  The effect of 

nitrite was abolished by prior treatment with oral allopurinol, suggesting a role of 

xanthine oxoreductase in the reduction of nitrate to nitric oxide during ischaemia. 

Vitamin D deficiency has been associated with IR injury and endothelial dysfunction 

however a detrimental effect of deficiency on FMD or arterial IR injury could not be 

demonstrated in either CKD patients or controls.  Additionally, vitamin D deficient 

CKD patients undergoing transplantation did not have increased graft fibrosis or 

worse kidney function at 1 year.   

Lastly a European multicentre randomised controlled trial, REnal Protection Against 

Ischaemia-Reperfusion in transplantation (REPAIR) demonstrated a trend towards 

increased 1-year iohexol glomerular filtration rate (GFR), and a statistically 

significant improvement in 1 year estimated GFR in patients who received RIPC 

immediately prior to live donor kidney transplantation.   
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1 Introduction 

1.1 Background 

Ischaemia-reperfusion (IR) injury is a composite injury that underpins the damage 

caused by myocardial infarction, stroke and other conditions complicated by 

interruption of the blood supply to tissues. Strategies to limit the duration of 

ischaemia (thrombolysis, surgical reperfusion by coronary artery bypass grafting 

and percutaneous coronary intervention) have achieved substantial health gains in 

myocardial infarction (1) and to a lesser degree, stroke (2).  However door-to-needle 

times have probably reached the minimum that is possible in many health-care 

delivery systems, so further reduction in morbidity and mortality from IR injury will 

require strategies to increase tissue tolerance to ischaemia or reduce the damage 

that occurs on reperfusion.  This thesis describes experiments undertaken in 

healthy volunteers, and in patients with kidney disease to increase understanding of 

the nature of IR injury and the innate protective mechanism of ischaemic 

preconditioning. In addition I also include data from a phase III clinical trial that I 

coordinated investigating the effects of remote ischaemic preconditioning in kidney 

transplantation.  

1.2 Ischaemia-reperfusion injury 

Occlusion of the blood supply to an organ induces ischaemia, which, if persistent, 

will result in organ damage. Timely restoration of blood flow (reperfusion) is 

necessary, but paradoxically an additional injury occurs on reperfusion that limits the 

amount of tissue that can be salvaged (3). Therefore tissue damage after arterial 

obstruction is a composite of injury occurring during ischaemia and on reperfusion 

and is termed ischaemia-reperfusion (IR) injury. Much of our understanding of IR 

injury comes from animal in vivo and in vitro models of myocardial injury, 

extrapolated to humans.   
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1.3 Ischaemic injury  

1.3.1 Myocardium 

Myocardium has a high metabolic demand, rendering it extremely vulnerable to any 

interruption in oxygen delivery.  During ischaemia, when the blood supply is reduced, 

the oxygen demands of this tissue cannot be met. Under normoxic conditions, 

mitochondria consume oxygen and generate adenosine triphosphate (ATP) (4).  

Reduced tissue oxygenation leads to a decrease in mitochondrial oxidative 

phosphorylation and a resultant switch from aerobic to anaerobic metabolism.  

Under conditions of prolonged ischaemia, mitochondrial metabolism is unable to 

meet the high energy demands of myocardial tissue.  ATP is subsequently depleted 

and glycolysis, an ATP dependent process, is halted (5).  Accumulation of lactic acid 

leads to an intracellular acidosis, which activates the Na+/H+ exchanger in an 

attempt at compensation. There is insufficient available energy to maintain Na+/K+ 

ATPase activity, leading to further accumulation of intracellular sodium ions. The 

resulting increase in intracellular Na+ concentration activates the Na+/Ca2+ 

exchanger, which in turn leads to cytosolic Ca2+ overload (4).   

Reduced tissue perfusion facilitates the intracellular accumulation of toxic 

catabolites and glycolytic products, including glucose-6-phosphatase, alpha glycerol 

phosphate and glucose-1 phosphate. There is intracellular accumulation of 

adenosine diphosphate (ADP), which is converted to ATP and adenosine 

monophosphate (AMP), with AMP then converted to hypoxanthine. This by-product, 

along with lactate, acyl carnitine CoA and H+, accumulates and contributes to 

structural changes that eventually result in cellular necrosis. Failure of ionic 

homeostasis generates an osmotic gradient whereby water moves into the cell, with 

subsequent cellular swelling and further disruption of intracellular ionic 

concentrations (5). 

The ultimate outcome for cells following ischaemia depends upon the extent of the 

injury.  Cells sustaining minor damage have the potential to recover on reperfusion, 

while more severely injured cells will inevitably undergo cell death by necrosis or 

apoptosis. In contrast to the swelling and disruption of the cell that occurs during 

necrosis, the hallmark of apoptosis is cell shrinkage.  In necrosis, there is early 

disruption of the cell membrane, resulting in influx of extracellular ions and fluid, with 

resultant swelling of the cell and its organelles.  Conversely, in apoptosis, plasma 
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membrane integrity persists until late in the process.  Cytoskeletal proteins are 

cleaved by aspartate-specific proteases (caspases), leading to a collapse of 

subcellular components.  Other characteristic features include chromatin 

condensation, nuclear fragmentation and the formation of plasma-membrane blebs 

(6). Caspase activation leads to cellular death by one of two pathways, the ‘death-

receptor’ pathway, or the mitochondrial pathway.  Which pathway is activated is 

determined by the stage in the cell cycle, and the type and magnitude of the 

apoptotic stimulus.  Tumour necrosis factor (TNF) superfamily members may bind to 

so called ‘death receptors’ on the cellular membrane, initiating the formation of the 

multi-protein death-inducing signalling complex.  Aggregation of this complex 

causes conformational changes in its components that trigger the catalytic activity of 

caspase 8, a central mediator of apoptosis.  The mitochondrial pathway is controlled 

by the interaction between pro-apoptotic and anti-apoptotic members of the BCL2 

family of regulator proteins, which are themselves regulated by caspase 9.  This 

pathway is activated when cell surface receptors detect markers of overwhelming 

cell damage, such as oxygen free radicals, ultimately leading to mitochondrial 

permeability transition (see 1.4.1)(6).   

1.3.2 Endothelium 

The endothelial cells which line arteries and arterioles form a dynamic structure, the 

integrity of which is essential for vascular homeostasis.  These cells are particularly 

vulnerable to ischaemic injury.  Prolonged hypoxia depletes endothelial cell energy 

stores, disrupting cell membrane potential and leading to ion pump failure, cell 

swelling and disruption of the cell cytoskeleton.  There is reduced production of 

bioactive agents such as prostacyclin and nitric oxide, and excess production of 

others, such as thromboxane A2 and endothelin.  Genes encoding adhesion 

molecules and cytokines are induced, while thrombomodulin and constitutive nitric 

oxide synthase (cNOS) are inhibited (7)(8).  

Under normal physiological states, the endothelium is responsible for the production 

of the vasodilator nitric oxide (NO) from L-arginine by nitric oxide synthase (NOS).  

The beneficial effects of NO at low levels include regulation of myocyte oxygen 

consumption, platelet aggregation, leukocyte activation and free radical scavenging.  

Endothelial injury has been assumed to lead to a reduction in the availability of nitric 

oxide, thereby increasing vascular permeability and recruitment of inflammatory 

cells (by expression of cellular adhesion molecules such as intercellular adhesion 
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molecule (ICAM)-1, vascular cell adhesion protein (VCAM)-1, E-selectin) (9).  It 

should be noted, however, that increased levels of nitric oxide, with subsequent 

formation of toxic reactive nitrogen species such as peroxinitrite, has been 

demonstrated in some animal models and that these metabolites cause further cell 

injury and death (10).  

Inorganic nitrite is an endogenous substance produced in normoxic conditions by 

the oxidation of nitric oxide.  During hypoxia, when acidic conditions predominate in 

tissues, inorganic nitrite may be reduced to nitric oxide by xanthine oxoreductase 

(11), providing an alternative source of NO.  Inorganic nitrite has been demonstrated 

to reduce myocardial IR injury in an isolated heart model (11), and both beetroot 

juice, (a rich oral source of inorganic nitrite) (12) and low dose intravenous sodium 

nitrite (13) have been demonstrated to reduce endothelial IR injury in a human in 

vivo model of IR injury.  

Endothelial morphological changes, including protrusions and membrane-bound 

bodies are also observed (7).  This, along with leucocyte plugging, platelet-leukocyte 

aggregation and leukocyte-endothelial cell adhesion (8)(14) may contribute to the 

‘no reflow’ phenomenon, originally described by Kloner et al., in 1974 (15), and 

defined in the coronary arteries as inadequate blood flow in the absence of 

angiographic evidence of arterial obstruction (16).  Clinically, this may result in 

decreased left ventricular function and ventricular arrhythmias (17).   

The development of endothelial ischaemia is less well characterised than effects in 

the myocardium (7). When exposed to ischaemia, the structure of endothelial cells 

appears to be conserved for longer than in cardiomyocytes, suggesting some 

degree of resistance to ischaemic injury, likely related to reduced relative oxygen 

demands (15). 

1.3.3 Venous endothelium 

There is a paucity of data on the effects of ischaemia on endothelial function in veins.  

This may be likely because of the more prominent role of arteries in IR injury, in 

addition to the relative ease of investigating arterial function compared to veins.  

Venous endothelium has its own functional roles, particularly in post-capilliary 

venules which are the primary site of permeability during inflammation (18).   

Transendothelial  migration of leucocytes, termed diapedesis, occurs in postcapillary 
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venules during stasis (19) and is a feature of ischaemia-reperfusion injury.  This is 

discussed in more detail below. 

1.3.4 Kidney  

When systemic blood pressure falls below the range at which renal autoregulation 

can operate (in adults, around 75-80 mmHg), renal blood flow falls and glomerular 

ultrafiltration and glomerular filtration rate decline abruptly.  During severe volume 

depletion, high levels of angiotensin II cause both afferent and efferent arteriolar 

constriction, with a resultant decline in renal plasma blood flow.  Regional alterations 

in blood flow divert blood away from the peripheral medulla of the kidney and 

combined with overall decreased renal blood flow, contribute to decreased 

glomerular filtration.  Increased microvascular permeability occurs secondary to 

leukocyte adhesion (augmented by ICAM-1, P- and E-selectin, and B7–1 (CD80)), 

endothelial dysfunction and breakdown of pericapilliary matrix (20)(21).  Ischaemia 

within the kidney may be localised to specific microvascular domains, and therefore 

measurements such as total renal blood flow may be unhelpful and misleading (22).  

Disruption of autoregulation may be further compounded by agents such as non-

steroidal anti inflammatory drugs (NSAIDs), which inhibit prostaglandin synthesis, 

and angiotensin-converting enzyme inhibitors (ACEi) which inhibit the production of 

angiotensin II, thus causing vasodilatation of the efferent arteriole.  This leads to a 

reduced renal perfusion pressure, which may, in susceptible patients lead to a 

reduction in GFR. 

During ischaemia, renal epithelial cells are deprived of ATP, and this may ultimately 

lead to cell death by apoptosis or necrosis (23) as described in section 1.3.1.  

Although any segment of the nephron may be affected, the cells most vulnerable are 

the renal proximal tubule and distal medullary thick ascending limb of the loop of 

Henle (24)(22).  This is due to the high metabolic rate required for ion transport in 

these cells and also due to a limited capacity for anaerobic metabolism. Additionally, 

there may be marked microvascular congestion and oedema within the confined 

space of the outer medulla, which along with a low basal oxygen tension due to the 

countercurrent mechanism in the vasa recta renders this region particularly 

susceptible to hypoperfusion (25).  This hypoperfusion persists despite restoration 

of cortical blood flow, therefore contributing to prolonged ischaemic injury (22).   
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Proximal tubular cell injury leads to afferent arteriolar vasoconstriction by 

tubuloglomerular feedback.  Disruption to the actin cytoskeleton during ischaemia 

alters cell polarity.  Basolateral Na+K+ATPase pumps which rely on the cytoskeleton 

for membrane attachment are relocated to the apical membrane, leading to 

bidirectional transport of sodium and water across the apical and basolateral 

membranes, with cellular sodium being retransported to the tubular lumen, and thus 

an increased fractional excretion of sodium. (22). The increase in luminal NaCl is 

sensed by the macula densa NaK2Cl cotransporter, with resultant absorption of 

NaCl into the macula densa.  This ultimately leads to the production of adenosine 

and activation of adenosine A1 receptors, which mediate vasoconstriction in 

vascular smooth muscle.  Any reduction in extracellular fluid volume will lead to 

increased renin activity in the juxtaglomerular apparatus. These factors in 

combination lead to vasoconstriction of the afferent arteriole, and hence a reduction 

in GFR.  This mechanism serves to protect against losses in extracellular volume 

when proximal reabsorption is compromised due to tubular injury (26).   

Ischaemic injury also results in loss of the apical brush border of proximal tubular 

cells.  Disrupted microvilli detach from the apical surface forming membrane bound 

blebs that are released into the tubular lumen.  The detachment and loss of tubular 

cells, in combination with brush border vesicle remnants, cellular debris and 

uromodulin results in tubular casts which may cause obstruction (27)(22).   Luminal 

obstruction and backleak of filtrate across injured cells results in ineffective 

glomerular filtration, contributing to the profound drop in GFR.  Endothelial cell injury 

and endothelial dysfunction also contribute to this extension phase of acute kidney 

injury (AKI) (28).  

In addition to tubular cell injury, there may also be glomerular injury, leading to 

podocyte dysfunction, with foot process effacement and loss of slit diaphragm 

integrity, and resultant proteinuria (29).  

In kidney transplants, histological appearances of acute tubular necrosis in delayed 

graft function due to increased ischaemic times are often very mild in contrast to the 

more marked and prolonged allograft dysfunction (30). However, one study 

described increased glomerular neutrophil infiltration and an increase in platelet 

derived P-selectin in post perfusion biopsies (20-40 minutes following allograft 

reperfusion) in allografts subjected to prolonged cold ischaemia, which correlated 
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with a significantly higher mean creatinine at 3 and 6 months post transplantation.  

These changes were not seen in live donor kidney transplants, where ischaemic 

times are more negligible (31).  It is reasonable to hypothesise that ischaemia 

reperfusion injury may initiate an inflammatory response in the host, which may 

explain the apparent synergy between delayed graft function and episodes of acute 

rejection (32). 

1.3.5 Treatment of ischaemia 

Animal models have demonstrated time-dependent cardiomyocyte necrosis, with 

64% of myocardium salvageable upon reperfusion after 40 minutes of ischaemia, 

but little salvageable tissue after 3 hours (33). Therefore time is a critical 

determinant of cell death, and timely reperfusion is essential. 

Interventions that restore myocardial perfusion include thrombolysis, percutaneous 

coronary intervention (PCI) and coronary artery bypass grafting (CABG).  Despite 

improvements in door-to-needle times, significant ischaemic injury may already have 

been sustained at the time of reperfusion and this injury is further exacerbated upon 

reperfusion. 

In the kidney, strategies to reduce acute ischaemia are mainly supportive, relying on 

the establishment and maintenance of optimal fluid balance and cardiovascular 

stability.  In addition, drugs such as angiotensin-converting enzyme inhibitors (ACEi) 

and angiotensin receptor 2 blockers (ARB) reduce angiotensin II, which maintains 

renal blood flow and thus the glomerular filtration rate (GFR) in states of low blood 

flow by vasoconstriction of efferent arterioles.   Therefore these agents may reduce 

native renal or allograft blood flow and should therefore be withheld in the setting of 

AKI (34).  Calcineurin inhibitors (CNIs, such as ciclosporin and tacrolimus) are also 

known to reduce renal blood flow.  This is thought to be due to afferent and efferent 

arterial vasoconstriction, mediated by imbalance of vasoactive substances in the 

renal vascular bed (35)(36). 
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1.4 Reperfusion injury 

Reperfusion is essential to prevent complete tissue death following ischaemia.  

However the injury sustained during ischaemia is further exacerbated by reperfusion.  

This was first described by Jennings et al. in 1960 who demonstrated that infarct 

size in canine hearts following 24 hours of ischaemia alone was similar to that after 

30 minutes of ischaemia followed by 60 minutes of reperfusion (37).  Additionally, 

interventions applied specifically during reperfusion, which do not alter ischaemic 

injury, have been demonstrated to reduce the overall injury (38).  These 

interventions are discussed in section 1.5.7. 

1.4.1 Mechanisms of reperfusion injury; myocardium 

The sudden influx of oxygen at reperfusion triggers the formation of reactive oxygen 

species (4), generated from xanthine and hypoxanthine (formed during ischaemia) 

by the enzyme xanthine oxidase (39).  Rapid correction of acidosis leads to 

hydrogen ion (H+) and bicarbonate (HCO3-) exchange for sodium, ultimately 

exacerbating calcium accumulation, by the mechanisms described previously (40).  

This accumulation of intracellular calcium causes continuous stimulation of the actin-

myosin contractile apparatus, with resultant myocyte contraction (41).  

The pivotal final step in cell death following reperfusion is mitochondrial permeability 

transition.  The inner mitochondrial membrane, which maintains mitochondrial 

transmembrane potential, is normally impermeable to small molecules. Disruption of 

transmembrane potential occurs when the mitochondrial permeability transition pore 

(mPTP) becomes permeable to molecules of 1500kDa or smaller. This leads to a 

rapid influx of small molecules, mitochondrial swelling, uncoupling of oxidative 

phosphorylation and subsequent cell death (42).  This process is triggered by 

reactive oxygen species, calcium overload, and rapid normalisation of pH (9).  

Myocardial IR injury manifests itself as reperfusion arrhythmias, mechanical 

dysfunction (myocardial stunning), and the ‘no reflow’ phenomenon, as described 

previously (43).  

1.4.2 Mechanisms of reperfusion injury; endothelium 

Upon reperfusion, the restored oxygen supply acts as a catalyst for the production of 

reactive oxygen and nitrogen species (ROS), as described previously.  ROS may 

damage tissues in several ways, including direct damage to cellular membranes by 
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lipid peroxidation.  They also stimulate leucocyte activation and chemotaxis, by 

induction of plasma membrane phospholipase A2-mediated formation of 

arachadonic acid, and activation of transcription factors for leucocyte adhesion 

molecules and cytokines, including nuclear factor kB (NF-kB) and activator protein 1 

(AP-1)(8).  Endothelial NO production is further suppressed upon reperfusion, 

reducing endothelium-dependent vasodilatation.  This may be in part mediated by 

ROS (7).   

Complement activation, including the formation of anaphylatoxins C3a and C5a, 

directly stimulates leukocyte activation and chemotaxis, and C5a may further amplify 

the inflammatory response to IR injury by inducing production of pro-inflammatory 

cytokines, including interleukins IL-1, IL-6, monocyte chemoattractant protein 1 

(MCP-1) and tumour necrosis factor α (TNF- α).  Complement activation also leads 

to activation of endothelial NF-kB, increasing leucocyte adhesion molecule 

transcription and expression, including vascular cell adhesion molecule 1 (VCAM-1), 

ICAM-1, E-selectin and P-selectin.  Leukocyte activation and chemotaxis may be 

increased by induction of endothelial IL-8 and MCP-1 secretion.  C5b-9 may directly 

alter vascular tone by inhibiting endothelium-dependent relaxation and decreasing 

endothelial cyclic guanosine monophosphate (cGMP) (8).   

Changes in the endothelium are thought to contribute to the ‘no reflow’ phenomenon, 

described in 1.3.2.  In organ transplantation, this may be manifest as a poorly 

perfused, suboptimally functioning graft. 

1.4.3 Mechanisms of reperfusion injury; venous endothelium 

The endothelium in the postcapillary venule is the primary site of diapedesis, an 

essential part of the innate and adaptive immune response to IR injury, in which 

activated neutrophils migrate through the endothelium into the interstitial space.  

This is preceded by the reversible stages of leucocyte rolling, adhesion, activation 

and motion.  However once a cell starts the process of diapedesis, this cannot be 

reversed (44).   

Selectins are a family of calcium-dependent type I transmembrane glycoproteins, of 

which E-selectin and P-selectin are present on venous endothelium.  P-selectin is 

stored in secretory granules known as Weibel-Palade bodies in the endothelium.  

Stimulation by proinflammatory mediators leads to fusion of Weibel-Palade bodies 
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with the plasma membrane, increasing surface expression of P-selectin within 

minutes (45).  E-selectin is not presynthesised, but expression on the endothelial 

surface may occur within 2 hours of TNF-alpha stimulation (46).  These selectins 

promote tethering of neutrophils to the endothelium (47).  Leucocyte activation 

follows, and a process of firm adhesion begins, mediated by cellular adhesion 

molecules (CAMs) such as intercellular adhesion molecule 1, (ICAM-1), vascular 

cell adhesion molecule 1 (VCAM-1) and platelet/endothelial cell adhesion molecule 

1 (PECAM-1).  Cells then begin crawling along the internal endothelial surface, 

stimulated by integrins such as β2 integrin (44).  Following this, leucocytes begin 

transmigrating through the endothelium and into the interstitial space, regulated by a 

complex system of endothelial surface molecules including CAMs, junctional 

adhesion molecule A (JAM-A) and the lateral border recycling component (LBRC).  

These facilitate the movement of leucocytes between endothelial cells whilst 

maintaining tight opposition to prevent plasma leakage.  The majority of 

transmigration appears to occur paracellularly, but there are situations where 

transcellular migration may occur (44). 

During IR injury, migration of neutrophils from the lumen into the interstitial space 

disrupts the relationship between the endothelium and the basement membrane, 

causing increased vascular permeability, oedema, haemorrhage, thrombosis and 

cell death (48).  Further generation of ROS and peroxynitrite at reperfusion by 

activated leucocytes and endothelial cells exacerbates vascular endothelial 

permeability and promotes further leucocyte adhesion. (49).   

1.4.4 Mechanisms of reperfusion injury; kidney  

Injury occurring on reperfusion in renal parenchyma is thought to be due to both 

endothelial injury within the kidney, and renal parenchymal injury by similar 

mechanisms to those described above.  Endothelial damage contributes to 

disordered autoregulation of renal blood flow (50), with resultant exacerbation of 

ischaemia.  The proximal tubule is at greatest risk, for reasons described previously 

(51).  Generation of reactive oxygen species at reperfusion causes cell death in the 

proximal tubule by apoptosis (52).   This in turn leads to sloughing of tubular cells 

into the tubular lumen, with resulting tubular obstruction, dysfunction and backflow 

(51). 
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Renal dendritic cells and macrophages play an important role in the innate and 

adaptive immune response in acute IR injury (51) and are also thought to contribute 

to injury by production of tumour necrosis factor (53).  Animal models of renal IR 

injury have shown increased levels of mannin-binding lectin (MBL) early in 

reperfusion, with subsequent complement deposition (54), although other, more 

recent animal studies have demonstrated that following reperfusion, internalisation 

of MBL by tubular epithelial cells promotes cell death independently of complement 

activation (55).   

1.5 Interventions to reduce ischaemia-reperfusion injury – ischaemic 

preconditioning 

1.5.1 Background 

Ischaemic preconditioning was first described in 1986, when Murray et al. 

demonstrated that in the dog, brief episodes of ischaemia (4 cycles of 5 minutes 

occlusion followed by reperfusion) of tissue supplied by the circumflex artery 

reduced the extent of infarction induced by subsequent prolonged occlusion of that 

vessel (56).  This protection expired after a few hours, but subsequent studies 

indicated that it recovered approximately 24 hours later, with this second phase of 

protection lasting for up to a further 72 hours (57)(58)(59).  Despite the length of 

time that has elapsed since the discovery of ischemic preconditioning (IPC), 

description of the underlying mechanism, and evidence that the biological processes 

operate in humans, the clinical relevance of the phenomenon was not assessed in 

detailed clinical studies until 2000. This was largely due to the logistics of inducing 

preconditioning ischaemia in vital organs (such as the heart or brain) in advance of a 

more prolonged insult (e.g. vessel occlusion that would lead to myocardial infarction 

or stroke). 

1.5.2 Remote ischaemic preconditioning 

A major breakthrough in the clinical applicability of IPC came with the discovery that 

ischaemic preconditioning also had a systemic protective phenotype. This facet, 

termed remote ischaemic preconditioning (RIPC), resulted in protection from 

ischaemia-reperfusion injury at sites remote from those undergoing the 

preconditioning stimulus. This was first described in the setting of experimental 

coronary artery occlusion, where preconditioning one vascular territory of the heart 

also protected adjacent tissue that had not undergone any preconditioning 
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ischaemia (60).  Inter-organ protection was also observed in that preconditioning 

stimuli applied to the small bowel (61) or kidney (62) reduced infarct size in the heart.  

As was the case for IPC, further studies established that the time-course of 

protection induced by RIPC is also biphasic. The demonstration that RIPC could be 

activated merely via brief periods of limb ischaemia simplified the logistics of 

inducing ischaemic preconditioning in animals and humans (63). Moreover RIPC 

activated by limb ischaemia protected from experimental IR injury in humans. 

Together these observations helped to define preconditioning protocols that could 

be used in the context of clinical trials.   

1.5.3 Mechanisms of tissue protection of IPC and RIPC 

IPC activates at least three main salutatory pathways, the cyclic guanosine 

monophosphate/cGMP-dependent protein kinase (cGMP/PKG) pathway (64), the 

reperfusion injury salvage kinase (RISK)-pathway (65) and the survivor activating 

factor enhancement (SAFE)-pathway (66).  There is a degree of overlap, in 

particular where the pathways converge in mitochondria (67).  Here, the potassium-

dependent ATP (KATP) channel is activated and leads to closure of the mPTP. IPC 

also initiates a complex genomic and proteomic response that is thought to underpin 

the late phase of protection. This includes regulation of anti-apoptotic and anti-

inflammatory gene transcription, likely to be responsible for the second window of 

protection (68)(69). 

Triggers in the initial cascade recruit early mediators such as protein kinase C (PKC), 

tyrosine kinase, phosphatidylinositol 3-kinases (PI3K), protein kinase B (PKB or Akt) 

(70), mitogen activated protein kinases (MAP1/2 or MEK1/2), extracellular signal-

regulated kinases (Erk1/2), and janus kinase (JAK), which activate transcription 

factors such as signal transducer and activator of transcription proteins (STAT1/3), 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), activator 

protein 1 (AP-1), nuclear factor-like 2 (Nrf2) and hypoxia inducible factor 1α (HIF-1α). 

Later phase protection requires synthesis of inducible nitric oxide synthase (iNOS), 

heat shock proteins (HSP) or cyclo-oxygenase-2 (COX-2), secondary to induced 

upregulation of genes for these factors.  These then act locally via the mPTP or KATP 

channels to induce a state of cardioprotection (71). 
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1.5.4 Mechanism of the systemic spread of protection 

Evidence for involvement of a humoral factor in mediating systemic spread is 

supported by the observation that protection can be transferred by the transfusion of 

serum from a rabbit that has undergone ischaemic preconditioning, to one which 

has not (72)(73).  This factor appears to be heat stable, and has been shown to be 

dialysable and to be of a size less than 15kD (74)(75). In pigs, RIPC applied to the 

recipient animal conferred protection against IR injury to the denervated donor heart 

during transplantation, again supporting a humoral hypothesis (76).  Attempts to 

identify this circulating factor have proved challenging.  However recently, stromal 

cell-derived factor-1 (SDF-1α or CXCL12), a cardioprotective chemokine of 10 kDa 

that is induced by hypoxia, has been demonstrated to be upregulated In some 

studies, the effect of the factor is blocked by opioid antagonists, including naloxone 

(74)(77). 

Neurogenic mechanisms have also been suggested. In rats, Dong et al 

demonstrated that femoral nerve section abolished the effects of limb IPC.  Local 

injection of adenosine into the nerve produced similar protection to that of IPC, 

whereas intravenous injection of adenosine had no effect.  Administration of an 

adenosine antagonist partially abolished the effects of IPC (78). In a rat myocardial 

infarction model, hexamethonium abolished protection by RIPC achieved by 

mesenteric artery occlusion (MAO), but had no effect on myocardial IPC. 

Cardioprotection was absent when MAO was sustained throughout the study, 

indicating that reperfusion in the small intestine was essential to activate the 

neurogenic pathway (61).  The autonomic ganglion blocker trimetaphan has also 

been shown to inhibit remote ischaemic preconditioning in a human model (79). In 

the rabbit, sympathetic nerve activity increases when RIPC is induced using renal 

ischaemia, consistent with a particular role for the adrenergic component of the 

autonomic system in this species (80). Noradrenaline has been implicated but 

studies are conflicting with respect to its potential role.  Administration of 

noradrenaline has been shown to induce preconditioning in animal models (81), 

however studies differ as to whether alpha-adrenoceptor blockers such as prazosin 

(which block the actions of noradrenaline) inhibit preconditioning (81)(82).  

Noradrenaline levels were not seen to be increased in the serum of preconditioned 

rabbits, which, when transfused, conferred preconditioning, leading to doubts about 

a role in the transfer of protection (72). 
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Sensory nerves have also been implicated in the spread of protection. Intra-

mesenteric bradykinin has been demonstrated in animal models to stimulate local 

sensory nerves, resulting in in RIPC-like protection that is abolished by 

hexamethonium (83). This suggests a pathway involving sensory nerves and the 

autonomic nervous system. However, a recent human healthy volunteer study 

demonstrated that the bradykinin-2 inhibitor HOE-140 had no effect on RIPC (84), 

illustrating once again that mechanisms might differ in humans. Calcitonin gene-

related peptide (CGRP), a neurotransmitter found in capsaicin sensitive sensory 

nerves (CSSN), has also been implicated (85)(86).  CGRP has been reported to 

increase systemically after RIPC and pre-treatment with capsaicin (to deplete 

CSSN) blocks RIPC (87).  

The non-selective adenosine antagonist 8-(p-sulfophenyl) theophylline (8-SPT) has 

been shown in a rabbit (80)(88)(89) and rat (90) model to abolish the protective 

effects of remote ischaemic preconditioning. Adenosine might therefore be one step 

in a complex pathway, although not itself the circulating factor.  

The humoral and neuronal pathways may work in series to spread protection 

systemically. In the rat, release of the dialysable humoral factor is prevented by 

hindlimb denervation (78). The mechanisms of tissue protection and systemic 

spread have been summarised in Figure 1.  
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Figure 1: Potential mechanisms of tissue protection and systemic spread of remote 

ischaemic preconditioning (RIPC)  
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1.5.5 Mechanism of IPC and RIPC in humans 

The development of a vascular arterial model of human IR injury has facilitated the 

investigation of the mechanism of IPC and RIPC. In this model the arm is made 

ischaemic for 20 minutes, and this safely induces a transient period of endothelial 

dysfunction in the conduit and resistance vessels. Endothelial assessment has been 

made using ultrasound of conduit vessels to measure flow-mediated dilatation 

(FMD), or forearm plethysmography to characterise the response of resistance 

vessels to endothelium-dependent agonists. In this model, vascular smooth muscle 

function is not affected by IR injury. Endothelial dysfunction is largely prevented if 

the ischaemic period is preceded by brief, repeated periods of ischaemia ipsilaterally 

(IPC) (91) and contralaterally (RIPC) (63)(79) with two phases of protection (79). 

Administration of KATP channel blockers prevents IPC in healthy volunteers and IPC 

is mimicked by KATP channel opening drugs (92)(93). A number of studies suggest 

that IR injury is dependent on increased oxidative stress (94)(95), making it possible 

that IPC and RIPC stimulate antioxidant defences (96).  Regarding the systemic 

spread of protection, ganglionic blockade inhibits both phases of RIPC (61)(79), 

although as yet it is unclear which component of the autonomic system is 

responsible. Dialysate of human plasma from volunteers who have undergone RIPC 

reduces IR injury in vitro in an opiate-dependent manner, and this supports 

activation of opiate pathways in humans (75).  However, the relative contribution of 

the neuronal and humoral pathways remains to be determined. 

1.5.6 Clinical applications of RIPC 

The first clinical trial of remote ischaemic preconditioning was published by 

Günaydin et al. in 2000, in which 8 patients undergoing coronary artery bypass 

grafting (CABG) were randomised to receive either ischaemic preconditioning 

(forearm cuff inflated to 300mmHg for 2 cycles of 3 minutes) or none. The endpoints 

were biochemical markers of myocardial injury (creatine phosphokinase (CPK), 

CPK-MB and lactate dehydrogenase (LDH)) measured in blood taken from the 

coronary perfusion catheter.  An increase in LDH was observed in the 

preconditioned group, which the authors attributed to an ability to maintain 

anaerobic metabolism in preconditioned cells (97).  

Following this, a number of randomised controlled trials have demonstrated a 

reduction in known biomarkers of injury (such as troponin) following RIPC in the 
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settings of congenital cardiac surgery (98)(99), CABG (100)(101), PCI (technically 

perconditioning i.e the conditioning stimulus is applied during ischaemia) 

(102)(103)(104) and abdominal aortic aneurysm (AAA) repair (105).  However there 

have also been negative studies (106)(107)(108)(108).  Notably, in 2010, Rahman 

et al published a single centre double-blind randomised controlled trial in which 162 

patients were randomised to receive either 3 x 5 minute cycles of upper arm inflation 

to 200 mmHg (separated by 20 minutes of reperfusion) or placebo (in which the cuff 

was inflated on a ‘dummy arm’).  In this study there were no differences in cardiac 

performance, inotrope requirement, echocardiographic function, arrhythmia 

prevention, or renal and lung outcomes (109).   

Increased interest in the clinical usefulness of RIPC in the setting of myocardial 

ischaemia (CABG or PCI) has led to the publication of many other small trials in 

recent years, all reporting differing outcomes.  However the largest study to date by 

far - a multicentre double-blind randomised controlled trial, ‘Effect of Remote 

Ischemic preConditioning on clinical outcomes in patients undergoing Coronary 

Artery Bypass Graft surgery’ (ERICCA) is currently underway to investigate whether 

RIPC improves one year cardiovascular outcomes and reduces acute kidney injury 

(AKI) in the setting of cold-blood cardioplegia CABG.  This trial has recently 

completed recruitment of 1610 patients, randomised to either RIPC or sham-RIPC.  

The primary endpoint is the Major Adverse Cardiac and Cerebrovascular event 

(MACCE) a combined outcome score, at 1 year, but quality of life and 

echocardiography follow up are also included (110). 

For a list of published trials of RIPC see Table 15, Appendix 1. 

1.5.7 Ischaemic postconditioning  

Interventions targeted at the start of reperfusion have been demonstrated to reduce 

myocardial infarct size, confirming that reperfusion inflicts a separate and additional 

injury to ischaemia (111)(112).  Perhaps the most promising intervention directly 

targeting reperfusion is ischaemic postconditioning (IPostC), a variant of ischaemic 

preconditioning in which there is staged reperfusion.  This has been demonstrated 

to reduce IR injury in both animal (111) and human (38) models. 
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1.5.8 Other strategies used at reperfusion  

Interventions directed at the harmful mediators produced during reperfusion, such 

as ROS scavengers, calcium channel blockers, NO donors and mPTP channel 

blockade (38) have been proposed but results from animal studies have often been 

variable and have translated poorly into human models (113).  Thus none have as 

yet reached clinical practice. 

1.6 Protection against ischaemia-reperfusion injury in uraemia 

1.6.1 Background 

In both acute kidney injury (AKI) (114)(115)(27) and kidney transplantation (116), IR 

injury plays a significant role.  The kidney is susceptible to injury from low blood flow 

both during surgery and acute illness, and AKI is associated with increased mortality 

in patients admitted to hospital (117).  AKI is also associated with the subsequent 

development of chronic kidney disease (118)(119). 

In renal transplantation, despite an improvement in one year kidney transplant 

survival, long-term allograft survival has not altered significantly in recent years 

(120–122).  IR injury at the time of transplantation is associated with an increased 

risk of acute rejection, delayed graft function and poor overall graft function (123).  

Therefore strategies to reduce IR injury at the time of transplantation may be the 

best therapeutic intervention to increase graft longevity. 

Cardiovascular diseases remain the biggest cause of mortality in patients with 

chronic kidney disease, and such patients die from these conditions at a much 

earlier age (124).  Although transplantation is the best renal replacement therapy, 

these patients remain at greater risk following a kidney transplant, cardiovascular 

disease remaining one of the biggest causes of death with a functioning graft 

(125)(126).   

1.6.2 Endothelial function and IR injury with increasing age 

Patients with kidney failure are often elderly and this may influence baseline 

endothelial function and the effect of IR injury. Endothelium-dependent 

vasodilatation in humans, measured either using venous plethysmography to 

assess response to acetylcholine, or by FMD, decreases with increasing age 

(127)(128)(129).  This has been attributed to a decrease in endothelial nitric oxide, 
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(due to decreased production of NO, and increased levels of NO scavengers)(130), 

a decrease in vasodilator prostaglandins (131), an increase in vasoconstrictors such 

as thromboxane A2 and endothelin, and an increase in oxidative stress (132). The 

age-related decline in endothelial function measured by FMD has been 

demonstrated to occur several years earlier in men than in women.  In one study, 

FMD was preserved in male subjects ≤40 years but declined thereafter at a rate of 

0.21% per year, however in women, FMD was preserved into the 50s, but declines 

more steeply thereafter, at a rate of 0.49% per year (133). 

There is little human experimental data regarding the effects of age on IR injury.  

One study, by DeVan et al., examined brachial FMD before and after IR injury, 

however a forearm cuff was used to induce injury, and brachial endothelial function 

measured above the cuff i.e. not within the injured segment.  This study did however 

demonstrate an increase in IR injury, accompanied by a slower recovery with 

advancing age (134). 

1.6.3 Endothelial function and IR injury in uraemia 

Patients with decreasing eGFR have been shown in large population studies to be 

at greater risk of cardiovascular events and death, occurring at a younger age than 

in those without CKD (124).  Therefore patients with CKD are often described as 

having ‘vascular ageing’. Chronic kidney disease is associated with inflammation, 

endothelial dysfunction, platelet activation (135) and increased oxidative stress 

(136).  Studies have shown a reduction in endothelial function in CKD patients 

relative to healthy controls, measured both by venous plethysmography (136) and 

flow mediated dilatation (137).  Haemodialysis has been demonstrated to improve 

endothelial function (FMD) in dialysis patients (138). Patients with CKD would 

perhaps be expected to sustain a greater degree of IR injury than healthy 

counterparts, as demonstrated in animal studies (139).  Although CKD is a risk 

factor for cardiovascular disease (140), patients might be expected to behave 

differently depending on their baseline pathology and duration of exposure to the 

associated metabolic disturbances.  Additionally, any observed effect of age might 

also be relevant in these patients, as a risk factor for worsening endothelial function.  
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1.6.4 Protection against ischaemia-reperfusion injury in renal transplantation - 

cooling and perfusate 

Preservation of a kidney for transplantation by cooling in ice was first described by 

Collins et al. in the Lancet in 1969.  Prior to this, surface cooling had been used with 

some success, but perfusates were not superior to blood, and often worse.  The 

investigators removed one kidney from a dog, cooled the kidney using cold 

perfusate solution, and stored it on ice.  The composition of the perfusate was varied 

for each animal.  They then transplanted the kidney back into the same animal, at 

the same time removing the remaining kidney, and monitored the dog’s creatinine 

for 14 days.  Kidneys which were stored in ice alone acquired considerable damage 

by 16 hours.   Mannitol, when given during nephrectomy and transplantation, 

improved the results.  However, when the investigators used a modified cooled 

perfusate containing potassium, magnesium, glucose, phenoxybenzamine and 

heparin, in order to reduce the ionic gradient and this reduce ion loss from the 

kidney, the organ could be stored for 30 hours, with little rise in the creatinine post-

transplantation (141). Hypothermia is effective in ischaemia-reperfusion injury by 

reducing inflammation and capillary permeability (142)(143).  However hypothermia 

is detrimental at reperfusion, and therefore the organ must be gently rewarmed prior 

to restoration of the blood supply (143). Cooling of the kidney with isotonic perfusate 

prior to storage on ice for transportation has become a routine part of modern day 

organ transplantation.  Despite the above study demonstrating protection at up to 30 

hours, it is known that graft function is dependent upon the cold ischaemic time 

being as short as possible, regardless of donor type (i.e. deceased cardiac death 

(DCD), deceased brain death (DBD) or live) (144)(145). 

1.6.5 Protection against ischaemia-reperfusion in renal transplantation – 

complement inhibition 

Activation of the complement system plays a major role in ischaemia-reperfusion 

injury, as described above.  Studies in animal models have demonstrated that 

complement inhibition is protective against ischaemia-reperfusion injury (146).  

APT070 (Mirococept) is a complement inhibitor which is currently under 

investigation for the treatment of ischaemia-reperfusion injury.  It consists of the first 

three short consensus domains of human complement receptor 1 (which are 

responsible for the relevant biologic activities), manufactured in recombinant 

bacteria and modified with a membrane-targeting amphiphilic peptide.  This peptide 
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increases the affinity for the cell surface, where the majority of complement 

activation occurs, and therefore APT070 shows significantly higher activity than 

proteins which do not possess this modification (147). The propensity of this 

molecule to adhere to the cell surface is a useful property in the setting of 

transplantation.  APT070 can be infused into the donor kidney, where it binds to the 

cell surface, leading to localised complement inhibition.  This approach has been 

demonstrated to reduce ischaemia-reperfusion injury and the incidence of acute 

rejection in a rat renal transplant model (148), and to reduce additional damage 

following cold storage prior to transplantation, analogous to cold ischaemic time 

(CIT) (149).   

A multicentre randomised controlled double blind study of the use of Mirococept in 

the setting of kidney transplantation (Investigation into the Efficacy of Mirococept 

(APT070) for Preventing Ischaemia-Reperfusion Injury associated with Renal 

Transplantation, EMPIRIKAL) has recently received ethical approval.  In this study, 

an infusion of Mirococept will be instilled into the donor kidney prior to 

transplantation.  The primary endpoint will be the incidence of delayed graft function 

(DGF), with secondary endpoints of duration of DGF, and GFR (MDRD and 

Cockroft-Gault) at 12 months post transplantation. 

1.6.6 Protection against ischaemia-reperfusion in renal transplantation – the innate 

immune system 

Activation of the innate immune system by non-lethal periods of ischaemia may be 

mediated by germline encoded toll-like receptors (TLRs), and could contribute to the 

development of ischaemic tolerance. Activation of feedback inhibitors of 

inflammation following an ischaemic insult effectively renders the tissue 

immunosuppressed, and therefore the inflammatory response to a subsequent lethal 

insult is attenuated (150). Deficiency of TLR4 is associated with a reduction in 

myocardial IR injury in mice (151).  However the absence of a functional TLR4 has 

been demonstrated to block ischaemic preconditioning in the mouse (152)(153).    

1.6.7 Ischaemic preconditioning in uraemia 

A recently published animal study has demonstrated for the first time the effects of 

IPC, RIPC, and Remote ischaemic postconditioning (RPostC) in reducing 

myocardial infarct size in uraemic rats.  The results were verified using two models 

of chronic uraemia (subtotal nephrectomy and adenine diet).  The researchers 
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demonstrated that infarct size was enhanced in uraemic animals (in keeping with 

previously published literature (154)) compared with controls, but could be 

attenuated by all of the above conditioning methods – and in fact, the attenuation 

was greater in the uraemic animals compared with controls.  The efficacy of 

preconditioning has been shown both in animal and human models to decrease with 

advancing age and in conditions such as dyslipidaemia and diabetes mellitus, 

therefore it is perhaps surprising that there is such a demonstrable effect in chronic 

kidney disease (139).  This observation is promising but needs translation to human 

clinical trials.   

1.6.8 Clinical applications of RIPC in the kidney 

A recent meta-analysis of studies in cardiac/AAA surgery suggested that there was 

a benefit of RIPC in reducing renal injury post surgery (155).  However only 5 trials 

had absolute creatinine values documented and could be included, and of these, 

differing measures were reported and so the results were adjusted and reported as 

standardised mean values.  Additionally these trials were not powered towards renal 

endpoints, and the total number of patients included was 377, which is still most 

likely underpowered to detect a significant renal effect. The doubt over whether 

RIPC can protect against bystander renal injury during surgery should be answered 

in due course by currently ongoing large clinical trials such as ERICCA.  

Secondary analyses of two trials in elective coronary artery bypass grafting have 

demonstrated a reduction in AKI in non-diabetic patients randomised to RIPC (three 

5 minute cycles of forearm ischaemia).  However the numbers were small and 

unbalanced (there were more concomitant aortic valve replacements in the RIPC 

group), the analysis was post-hoc and although there were more episodes of stage 

1 AKI (by Acute Kidney Injury Network (AKIN) criteria – Table 1) in the non-

intervention group (156). In a separate study of lower limb preconditioning in the 

setting of cardiac surgery requiring cardiopulmonary bypass, AKI  stage 1 and 2 was 

reduced in the RIPC group (47% vs. 20%) (157).  A trial of leg preconditioning in 

children undergoing surgery for complex congenital cardiac disease found no 

evidence that preconditioning protected kidney function.  End points were 

development of acute kidney injury, initiation of dialysis, plasma creatinine, 

estimated glomerular filtration rate, plasma cystatin C, plasma and urinary neutrophil 

gelatinase–associated lipocalin, and urinary output (158).  A similar study in adults 



46 

again demonstrated no evidence of benefit in renal protection following complex 

cardiac surgery, however a reduction in CK-MB was observed (159).   

 

Stage Serum creatinine criteria Urine output criteria 

1 Increase in serum creatinine of more than or 

equal to 0.3 mg/l (≥ 26.4 μmol/l) or 1.5 – 2 fold 

increase from baseline 

Less than 0.5 ml/kg per 

hour for more than 6 

hours 

2 Increase in serum creatinine to more than 2 to 

3 fold from baseline 

Less than 0.5 ml/kg per 

hour for more than 12 

hours 

3 Increase in serum creatinine to more than 3 

fold from baseline (or serum creatinine of more 

than or equal to 4.0 mg/dl [≥ 354 μmol/l] with 

an acute increase of at least 0.5 mg/dl [44 

μmol/l]. 

Less than 0.3 ml/kg per 

hour for 24 hours or 

anuria for 12 hours 

 

Table 1: Acute Kidney Injury (AKI) stages, as defined by Acute Kidney Injury 

Network (AKIN) criteria (160). 

Another potential application that has been investigated in a clinical trial is the use of 

RIPC to protect against contrast induced acute kidney injury.  Patients with pre-

existing renal dysfunction (serum creatinine >1.4 mg/dL or eGFR <60 

ml/min/1.73m2) were randomised to receive RIPC (4 x 5 minute arm cuff inflations) 

or sham prior to elective coronary angioplasty.  The authors reported a reduction in 

the rate of contrast induced AKI from 40% in the control group to 12% in the RIPC 

group (n=100, p=0.002) (161).  Not only is this of potential relevance in the setting of 

CKD patients undergoing routine investigation or elective angiography, especially in 

avoiding the precipitation of dialysis dependence in patients with CKD stage 5 

(eGFR <15ml/min), but it may also help to relieve anxiety surrounding the use of PCI 

in patients with renal impairment presenting acutely.  Studies have demonstrated 
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increased morbidity and mortality in patients with CKD who present with acute 

coronary syndromes, some of which may be attributable to the fact that 

management may be compromised by a reluctance to use therapies involving 

contrast, which may subsequently precipitate dialysis (162).  The use of a low risk 

protective intervention such as RIPC may therefore extend the use of PCI in such 

patients.  A further single centre randomised controlled trial, ‘Effect of remote 

ischaemic conditioning on contrast-induced nephropathy in patients undergoing 

elective coronary angiography (ERICCIN)’ is currently underway.  This study aims to 

recruit 362 patients at risk of contrast nephropathy (pre-existing eGFR <60 

ml/min/1.73m3), randomised to either 4 cycles of 5 minutes of arm cuff inflation to 

200 mmHg or sham (10 mmHg), administered 2 hours prior to contrast 

administration for cardiac catheterisation.  The primary endpoint is a rise in 

creatinine of >25% of eGFR, or a rise in creatinine of >44μmol/l at 48 hours, with 

secondary endpoints of eGFR over 3 months, and biomarkers neutrophil gelatinase-

associated lipocalin (NGAL) and urinary albumin at 6, 48 h and 3 months post 

contrast administration (163).   

The use of direct IPC in transplantation (preconditioning of the donor organ at 

retrieval by repeated clamping/unclamping of the arterial supply) has been 

investigated in clinical trials in liver transplantation (164), however no similar studies 

have as yet been published in kidney transplantation. 

A pilot clinical trial carried out by our group in the setting of paediatric living-donor 

renal transplantation demonstrated the protective effects of late (“second window”) 

RIPC. A blood pressure cuff was used to cause 5-minute periods of limb ischaemia 

(3 cycles, applied to the donor and recipient) 24 hours in advance of surgery. A 

prospective cohort of patients (n=20) were randomised in a blinded fashion to sham 

RIPC or RIPC (n=10 in each group).  The groups did not differ in terms of 

donor/recipient age, sex, weight, height, baseline creatinine or cold ischaemic time.   

Post-operative excretion of RBP (area under the curve for RBP 72 hours post-

transplantation) in RIPC patients was significantly reduced (RIPC: 1.2*105; control: 

1.5*105; p=0.02). The time for plasma creatinine to halve was shorter in the RIPC group 

(RIPC: 5.5 (2.3) hours; control: 9.4 (3.5); p=0.007). RIPC resulted in significant 

improvement of long-term renal function.  The mean area under the curve (AUC eGFR) 

for the intermediate follow-up period (1-24 months post-transplantation) was 
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significantly higher in the RIPC group (RIPC: 366, n=9; control: 303, n=10, p=0.009).  

The AUC eGFR for the late follow-up period (up to 60 months post-transplantation) was 

also significantly higher in the RIPC group (RIPC: 1190, n=7; control: 1103, n=7, 

p=0.04).   

A second randomised controlled study of RIPC in renal transplantation has been 

published as a letter to the editor.  In this small study, live donor kidney transplant 

recipients and their donors were randomised in pairs to receive either donor RIPC, 

recipient RIPC or none.  The RIPC stimulus was 3 x 5 minute leg cuff inflations to 

300mmHg, separated by 5 minutes of reperfusion.  The timing of the RIPC stimulus 

prior to surgery was not specified.  In this small study, the authors did not observe 

any differences between the groups in terms of urine volumes, plasma creatinine, 

AKI biomarkers, length of hospital stay or cost between the three groups (165).   

Of note, a study of direct ischaemic perconditioning in the setting of deceased-donor 

transplantation has reported a significant improvement in creatinine, eGFR and 

urine neutrophil gelatinase associated lipocalin (NGAL) in patients who received the 

intervention.  In this study, perconditioning (i.e. ischaemic conditioning performed 

during the period of ischaemic injury) was delivered by three cycles of 5 minutes of 

external iliac artery clamping, carried out while the venous and arterial anastomoses 

were formed (166).  

A much larger study of RIPC in live donor renal transplantation, Renal Protection 

Against Ischaemia Reperfusion in transplantation (REPAIR), is a phase III 

multicentre European randomised controlled trial in living donor kidney 

transplantation.  This study is unique in that it utilises a factorial design to investigate 

whether there is an additive effect of early and late preconditioning – participants are 

randomised in donor/recipient pairs to receive early RIPC (immediately prior to 

surgery), late RIPC (24 hours prior to surgery), both or none.  The results of this 

study are presented in Chapter 9 of this thesis. 

Another study of RIPC immediately prior to surgery in cadaveric renal 

transplantation (recipient RIPC) is also underway in Scandinavia, and the Remote 

Ischemic Preconditioning in Abdominal Organ Transplantation (RIPCOT) study is 

recruiting 580 deceased organ donors and recipients of kidneys, livers and 

pancreata. 
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(167).  These studies, however, are not adequately powered to detect differences in 

kidney function following transplantation. 

It its hoped that the results of these trials will determine whether RIPC should be 

accepted as a standard part of care in renal transplantation.  Further questions, 

such as whether RIPC should be applied to the donor, recipient, or both, will need to 

be directly addressed in subsequent studies.    

Finally, a clinical trial, the ‘RIPC to reduce myocardial stunning in haemodialysis 

patients’ study, is currently underway.  The primary endpoint is regional wall 

abnormalities on 2D echocardiogram within 4 hours of the intervention, with 

secondary endpoints including change in haemodynamic variables, frequency of 

intradialytic hypotension, longer-term echocardiographic changes and biomarkers 

troponin-T, plasma IL-6 and N-type proBNP.   

A table of published trials in RIPC which reported renal endpoints is shown in Table 

16, Appendix 2. 

1.6.9 Vitamin D 

The vitamin D receptor (VDR) is now known to be ubiquitous in human cells.  Local 

1-alpha hydroxylase facilitates synthesis of activated 1,25-dihydroxyvitamin D at an 

individual cell level, which can then activate the VDR, initiating transcription of VDR 

dependent genes.  Animal studies have shown a beneficial effect of systemic 

administration of 1,25-dihydroxyvitamin D3 (168)(169) in reducing ischaemia-

reperfusion injury.  Although the mechanisms are incompletely understood, these 

studies demonstrated a decrease in IL-6 (168) and TNF-alpha (169), both pro-

inflammmatory cytokines, and up regulation of protective heat shock protein 70 

(169).  Anti-oxidant properties of vitamin D have also been implicated, through 

inhibition of free radical production (170). 

Human studies in haemodialysis patients have demonstrated a positive correlation 

between increasing serum levels of both 25-hydroxy- and 1,25-dihydroxyvitamin D, 

and endothelial function measured by FMD (171). Studies have also demonstrated 

improved endothelial function (FMD) following replacement of 25-hydroxyvitamin D2 

in vitamin D deficient diabetics (172) and 25-hydroxyvitamin D3 in vitamin D 

deficient healthy volunteers (173) and African-Americans (174).  Vitamin D has also 

been demonstrated to improve left ventricular systolic function in salt-sensitive 
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animals (175).  Large historical observational cohort studies in the U.S. have 

suggested a reduced cardiovascular mortality rate in haemodialysis patients 

receiving calcitriol or paracalcitol (176).   

In renal transplantation, chronic damage to the allograft (previously termed “chronic 

allograft nephropathy”) is characterised by interstitial fibrosis and tubular atrophy, 

which are associated with vascular changes including concentric intimal thickening 

of small arteries and glomerulosclerosis (177).  Vitamin D receptor null mice have 

been demonstrated to accumulate increased renal fibrosis.  This effect was 

abolished on administration of losartan, leading to the hypothesis that the 

mechanism of increased fibrosis is at least in part due to accumulation of 

angiotensin II in the VDR null animals (178).    

1.7 Hypotheses and aims of this thesis 

This thesis aims to investigate IR injury and potential protective strategies of 

particular relevance to patients with CKD. 

The hypotheses tested are: 

1 Patients with CKD are more susceptible to endothelial IR injury. 

2 Vitamin D deficiency in CKD patients predisposes to increased IR injury, and 

therefore increased kidney allograft fibrosis and reduced graft function at 1 

year. 

3 Sodium nitrite protects against endothelial IR injury, an effect that is 

abolished by allopurinol, an inhibitor of xanthine oxoreductase. 

4 RIPC will attenuate the cytokine response to surgery in donors and 

recipients following live donor kidney transplantation.   

The aim has been to address these hypotheses using clinical studies in humans.  

Firstly, two human in vivo models of endothelial IR injury, a previously described 

arterial model and a novel venous model were established in healthy volunteers.  

These models were then utilised to investigate IR injury in patients with CKD, and to 

study interventions that are potentially protective in the healthy volunteers.  In these 
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studies, I was assisted in some cases by BSc and MSc students, who helped to 

recruit volunteers, set up and run experiments.  

Secondly, protocol biopsy samples from patients who had undergone renal 

transplantation were examined to assess the degree of allograft fibrosis as a marker 

of tissue damage from IR injury. Histological scores (quantified routinely by 

Professor Howie, UCL) and allograft function were studied in the context of vitamin 

D status (sample analysis performed by Dr Francis Lam, UCLH) at the time of 

kidney transplantation. 

Thirdly a multicentre European double blind randomised controlled trial, the REPAIR 

study, examined the potential of RIPC in protecting against IR injury in live donor 

kidney transplantation.  In this trial I contributed as part of the Project Management 

Group (PMG), Trial Steering Committee (TSC) and in providing training and support 

to the various centres (as detailed in Chapter 10).  
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2 Laboratory Methods 

2.1 In vivo assessment of arterial endothelial function in humans 

2.1.1 Background 

Studies in animals have furthered our understanding of the pathology of IR injury 

and potential protective mechanisms.  However animal models have often been 

difficult to translate to human studies.  This may in part reflect physiological 

differences, but also the inapplicability in clinical practice of invasive preconditioning 

protocols.   

Human tissue can be studied in vitro, but a human in vivo model of ischaemia-

reperfusion injury bridges the gap between clinical syndromes and the laboratory 

and enables us to test potential protective strategies in humans.  To this end two 

human in vivo models of endothelial function, an arterial and a venous model, have 

been used in my studies to determine the effects of ischaemia-reperfusion injury in 

health and kidney disease, and to investigate protective interventions.   

2.1.2 Flow mediated dilatation 

The non-invasive ultrasound technique of flow-mediated dilatation (FMD) can be 

used to assess endothelial function and correlates with invasive measurement of 

coronary artery endothelial function (179). The ability of the brachial and radial 

arteries to dilate in response to reactive hyperaemia can be measured non-

invasively by ultrasound.  FMD occurs in response to the increase in blood flow in 

the vessel, and the degree of dilatation is measured relative to the baseline diameter. 

FMD represents a functional test of the ability of the artery to dilate in response to 

shear stress.  

This model therefore provides a useful surrogate to allow non-invasive assessment 

of IR injury (by measuring FMD before and after), which parallels the response 

expected in the coronary arteries under similar conditions. Brachial artery FMD is 

impaired in individuals with known cardiovascular disease (180) and in those with 

risk factors for cardiovascular disease (181), and has been demonstrated to be 

associated with the risk of future cardiovascular events in older adults (182), post 

menopausal women (183) and patients with peripheral vascular disease (184).  
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FMD relies on release of nitric oxide in response to shear stress caused by reactive 

hyperaemia.  Hyperaemia increases laminar stress, which activates endothelial 

mechanoreceptors leading to nitric oxide generation. Inhibition of endothelial nitric 

oxide synthase (eNOS) with NGmonomethyl-L-arginine (L-NMMA) has been shown 

to abolish flow-dependent vasodilatation of the radial artery, without affecting blood 

flow (185)(186)(187).   

2.1.3 Experimental set up 

Experimental protocols are described in Chapter 3.  Studies were carried out 

according to published international guidelines for flow-mediated dilatation (FMD) 

(188)(189).  I received training from three experienced ultrasonographers.  All 

studies received approval by the appropriate University/NHS research ethics 

committee. 

Healthy volunteers were either University College London students or staff, their 

friends or family, recruited by email advertisement or word of mouth. CKD Patients 

were recruited from pre-dialysis, pre-transplant and general nephrology clinics 

located at the Royal Free Hospital. Exclusion criteria included age (subjects were 

between 18 and 65 years), smoking, or history of cardiovascular or liver disease. 

Patients with chronic kidney disease were excluded if they had an arterio-venous 

fistula or had started haemodialysis or peritoneal dialysis.   

All volunteers were asked to refrain from moderate exercise for at least 24 hours, 

alcohol for 12 hours and caffeine and fatty foods for at least 4 hours prior to the 

study. Females were studied during the menstrual phase (days 1-7) of the menstrual 

cycle, when circulating oestrogen is at its lowest, because oestrogen levels may 

impact upon endothelial function (190).  Vasoactive medications were withheld for at 

least 24 hours prior to the study.   

2.1.4 Brachial artery flow-mediated dilatation 

All studies took place in a quiet, temperature-controlled laboratory (24-26°C) in the 

Clinical Research Facility, University College London Hospital. Repeated studies on 

the same volunteer were carried out at approximately the same time of day, on the 

same day, 7 days apart wherever possible (and at least 96 hours apart in all cases). 

Volunteers were rested on a bed for at least 10 minutes prior to the start of 

ultrasound recording.  The right arm was rested in an arm holder, with the forearm 
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slightly raised. An 8.5 cm-wide pneumatic cuff was placed 2 cm distal to the medial 

epicondyle of the right forearm. Right index finger skin temperature was maintained 

between 28-32°C.  

Previous volunteer recordings were reviewed prior to image acquisition.  Baseline 

artery diameter was matched in all cases to within +/- 0.2mm.  Where possible, the 

same region of vessel was identified.  A B-mode ultrasound scan was obtained in a 

longitudinal section between 5 and 10 cm proximal to the antecubital fossa using a 

13.0-MHz linear-array transducer connected to an Aloka SSD-5000 ultrasound 

system (Aloka Holding Europe, AG, Switzerland).  Image quality was maintained 

using an adjustable probe holder (Ultrasound Probe Holder, Vascular Imaging, 

Amsterdam, Netherlands). Fine adjustments with the probe holder in the coronal 

and sagittal planes maintained a constant, focused image of the upper and lower 

arterial walls.  Longitudinal, ECG-gated, end diastolic images were acquired by the 

computer every second.  Studies were backed up to DVD.   See Figure 2.  
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Figure 2: Experimental set up for performing FMD and IR injury studies in the 

brachial artery. 
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Each FMD image recording lasted 11 minutes. After one minute of baseline, the 

distal cuff was inflated to 300mmHg for five minutes, and then released. This 

resulted in a reactive hyperaemia, and the artery diameter change in response to 

the hyperaemia was assessed for a further five minutes – Figure 3.  Blood flow 

velocity was continuously monitored by pulsed-wave Doppler. 

 

 

Figure 3: Diagram of experimental protocol for flow-mediated dilatation.  After 60 

seconds of baseline recording the forearm cuff is  inflated to 300mmHg for 5 

minutes and then released.  A further 5 minutes recording is performed following 

cuff release to allow measurement of peak dilatation and ensure a return to baseline 

diameter following reactive hyperaemia. 

  

2.1.5 Radial artery flow mediated dilatation 

Radial artery endothelial function was assessed using the same experimental 

protocol, however the 6.5cm distal cuff was placed on the wrist, with the right 

forearm held in position using a compression pillow (PRA Plastics & Development 

Ltd, London), which was moulded around the forearm to reduce arterial movement 

during cuff inflation and deflation – Figure 4. 

  

BL Cuff inflation 5 min Cuff deflation 5 min 
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Figure 4: Experimental set up for radial FMD studies 

 

2.1.6 Ischaemia-reperfusion injury 

For IR injury, a 6.5 cm wide cuff was applied to the right upper arm, just below the 

level of the shoulder. Cuff pressure and rate of inflation were controlled by an 

automatic cuff inflator (Hokanson Cuff Inflator, P.M.S. Instruments Ltd, Maidenhead 

UK).  The cuff was inflated to 200mmHg for 20 minutes, to induce brachial artery IR 

injury and endothelial dysfunction, or 15 minutes, to induce radial artery IR injury. 

For IR injury protocols see Chapter 3. 

2.1.7 Local ischaemic preconditioning (IPC) 

The experimental set up was the same as for IR injury in the brachial artery as 

described previously.  IPC was induced by the same 6.5cm wide pneumatic cuff that 

was used for IR injury, and consisted of three cycles of five minutes inflation to 

200mmHg and five minutes of reperfusion, as described previously (8). IPC was 

induced immediately prior to brachial IR injury.  For IPC protocols see 5.3.2.1. 

2.1.8 Remote ischaemic preconditioning (RIPC) 

RIPC was induced in the same way as for IPC, except for that the cuff was placed 

on the contralateral (left) arm. For RIPC protocols see 5.3.2.2. 
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2.1.9 Analysis of ultrasound images 

2.1.9.1 Image analysis 

Images were acquired throughout recording using automated software (Brachial 

Tools, Medical Imaging Applications, Iowa City, Iowa, USA). The software obtained 

images at 1 second intervals across a 3 cm longitudinal section, which were plotted 

as an FMD trace. For analysis, a region of interest (ROI), which could be clearly 

visualised was chosen and used throughout the recording.  The ROI was selected to 

have a baseline diameter of within +/- 0.2mm of all previous studies.  See Figure 5 

and Figure 6.   

2.1.9.2 Exclusion criteria 

Studies were excluded from analysis if: 

• The image quality was poor, thus providing an unreliable measurement of 

FMD 

• The absolute vessel diameter was <2mm, where small inaccuracies in 

measurement would contribute to a large percentage error in FMD 

• The absolute vessel diameter was >5mm, as larger vessels tend to dilate 

minimally, leading to a small FMD  

• If the vessel failed to return to within 0.2mm of its baseline diameter post 

hyperaemia, suggesting that there may be endothelial dysfunction and 

therefore repeat measurements of FMD would not be comparable to 

baseline (additionally as FMD is inversely related to baseline diameter, 

incomparable FMDs cannot be directly compared) 

• If there was a difference in baseline diameter of greater than 0.2mm 

between scans performed before and after the IR injury intervention, again 

suggesting prolonged endothelial dysfunction which would render the repeat 

measurement incomparable with baseline 
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Overall, 44 studies were excluded (30%) for these reasons.  Of note, more studies 

were excluded when the radial artery was used (52% vs. 25%), and more brachial 

studies were excluded in older individuals (40% vs. 14%).  No studies were 

excluded in CKD patients.      

Individuals who demonstrated minimal (<4%) FMD were not recruited to IR control 

studies, and those who demonstrated minimal IR injury (<15%) were not recruited to 

preconditioning studies.  This is because in such individuals, any changes observed 

in subsequent studies could not reliably be attributed to the intervention, rather than 

to the variability of the measurement itself. 

FMD was calculated as the diameter change between baseline and the peak, 

expressed as a percentage of the baseline.  Baseline was defined as the mean 

diameter during the first 60 seconds of recording, and peak dilatation as the mean of 

the three highest consecutive diameter measurements. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Ultrasound of image of brachial artery (from Vascular Imager software).  

The upper and lower arterial walls are detected by automated software, which then 

quantifies the internal diameter of the artery.  The cursor is maintained in the centre 

of the  vessel.  

Region of interest (ROI) 
Upper 
arterial 
wall 

Arterial 
lumen 

Lower 
arterial 
wall 

Cursor 



60 

 

 

 

 

 

 

 

 

 

Figure 6: FMD trace (output from Vascular Imager software) - one  diameter 

recording (mm) plotted each second. FMD is measured as the difference between 

the baseline 60s and the maximum 3 consecutive frames (indicated in blue above). 

 

2.1.9.3 Variability of the image analysis 

Comparison was made between my analyses and that of another experienced 

ultrasonographer for 9 brachial IR injury scans that I performed.  Mean baseline 

diameter was 3.25±0.29 for my analysis and 3.30±0.29 for the second analyser.  

Mean FMD was 8.16±2.40% and 8.30±2.57 respectively; and mean IR injury was 

32.18±25.52% and 30.97±16.80% respectively.   Data is presented below as Bland-

Altman plots.  The scatter of points across the bias line (dashed red line) and 

between the confidence intervals (dashed black lines) suggests an absence of 

systemic bias –Figure 7. 
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  (a)   

      

  

(b)      (c) 

 
       

 

Figure 7: Interanalyser variability of analysis (brachial artery): (a) baseline diameter, 

(b) FMD, (c) IR injury.  Dotted lines represent 95% limits of agreement.  
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2.1.9.4 Velocity time integral (VTI) 

The velocity time integral, VTI, is the area under the curve of the Doppler trace for a 

single cardiac cycle and approximates to the distance travelled by one pulse of 

blood during a single cardiac cycle.  At reperfusion, VTI reaches a peak, generating 

shear stress that stimulates the endothelium to vasodilate.  Variations in peak VTI 

could therefore account for variations in FMD.  In order to compare VTI between 

FMDs carried out before and after IR, mean VTI at baseline and after cuff release 

were calculated.  Using Brachial Analyzer software, it is possible to draw around the 

Doppler trace and calculate the area under the Doppler curve for each cardiac cycle 

(see Figure 8 below).  The Analyzer must first be calibrated for velocity and time.  

The mean of 3 VTI measurements at baseline is taken as baseline VTI (m) and the 

mean of the 3 maximum VTI measurements following cuff deflation is taken as peak 

VTI.  This data is presented in 3.5. 

 

 (a)      (b) 

  
 

Figure 8: Region of interest selected for VTI measurement (a) at baseline and (b) 

following cuff deflation.  This can be edited to ensure capture of a single cardiac 

cycle.  The yellow highlighted area is the active cardiac cycle.   
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2.2 In vivo assessment of venous endothelial function in humans 

2.2.1 Background 

In 1979, Aellig first described a method for assessing compliance of the dorsal hand 

veins, using a lightweight probe resting on the skin (191).  This was based on an 

optical method previously described by Nachev et al. (192), and was described in 

Aellig’s paper of 1981 (193).   

The technique allows assessment of the changes in venous compliance that occur 

following an intervention, or during/after intravenous drug infusion.  Local infusion of 

drugs allows study of their direct effects on the venous smooth muscle and 

endothelium.  The doses used are small (typically thousands to millions of times less 

than would be required systemically to achieve the same local concentrations) thus 

allowing the investigation of the effects of drugs independently of any reflex 

circulatory effects which might be observed with systemic administration, and in the 

absence of systemic adverse effects. 

2.2.2 Assessment of basal vein size 

Studies were carried out in a quiet, temperature controlled laboratory (28-30°C), with 

the participant supported sitting upright on a bed. Within each study the ambient 

temperature was kept constant to within ±1°C.  The participant’s hand was 

supported at 30° to the horizontal using a rigid support, and held in position by a 

compression pillow (PRA Plastics & Development Ltd, UK) to minimise movement. 

This allowed complete emptying of the dorsal hand veins.  A 6.5 cm wide congesting 

cuff, connected to an automatic cuff inflator (Hokanson Cuff Inflator, P.M.S. 

Instruments Ltd, Maidenhead UK) was positioned on the upper arm (just below the 

axilla) of the chosen hand and inflated to 40 mmHg, to cause engorgement of the 

dorsal hand veins.  A 23 SWG butterfly needle (Terumo, Egham, UK) was inserted 

into a selected vein and physiological saline (0.9% (w/v) NaCl, Baxter Healthcare, 

UK) was infused at a rate of 0.25 ml/min, using a constant rate infusion pump 

(Harvard Apparatus, Kent, UK).  

In order to measure venous compliance, a linear variable differential transformer 

(LVDT) (Shaevitz Engineering, Pennsauken, New Jersey, USA), was utilised.  This 

is composed of a cylinder comprising three identical solenoidal coils, with the central 

primary coil being supplied by an alternating (AC) current. The two outer coils are 

connected in serial opposition, so that the sum of the voltages induced is zero.  A 
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lightweight steel probe containing a threaded ferromagnetic core (Measurement 

Specialties, Girvan, UK) was then placed through the central aperture of the cylinder, 

with the core resting within the cylinder.  Movement of the core within the cylinder 

alters the voltage generated in the coils, with changes in voltage being proportional 

to its displacement.  Changes in AC voltage were converted to DC using an LVDT 

conditioner (Measurement Specialties, Girvan, UK), and measured in arbitrary units 

by a PowerLab recorder, connected to a laptop running LabChart software (both 

ADInstruments Ltd, Oxford, UK).  The arbitrary units were converted to mm following 

calibration at the end of each experiment. 

Using a small tripod, the transformer was mounted on the back of the hand, with the 

tip of the probe resting over the summit of the vein under study at a distance of 5-10 

mm upstream from the tip of the butterfly needle, and the core resting within the 

central region of the cylinder. The internal diameter of a single dorsal hand vein was 

recorded by measuring the vertical displacement of the probe when the cuff was 

deflated from 40mmHg to 0mmHg. This measurement was repeated at 5-minute 

intervals for at least 15 minutes during saline infusion to establish a baseline, known 

as basal vein size (BVS).  See Figure 9.  
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Figure 9: a) Diagram of experimental set-up for vein studies, reproduced from 

Aellig’s 1981 method paper (193).  The LVDT rests on a tripod mounted above the 

summit of the vein.  When the vein distends, the probe is displaced vertically, 

generating a voltage change.  b) Photograph to illustrate experimental set up.  c) 

Arm and cuff position for vein studies.  
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2.2.3 Noradrenaline preconstriction 

Saline was then replaced with a continuous infusion of sequentially increasing doses 

of noradrenaline (20-160 pmol/min; 0.25 ml/min), in order to determine the dose that 

would preconstrict the vein to around 50% of its baseline size.  Each dose was pre-

infused for 2 minutes, following which the cuff was inflated to 40 mmHg for 5 

minutes, then deflated.  This was carried out once for each dose.   

2.2.4 Effect of vasodilators 

Having established the dose of noradrenaline required to produce a 50% 

preconstriction, vasodilators glyceryl trinitrate (GTN) (1-8 pmol/min) (Hameln 

Pharmaceuticals Ltd., Gloucester, UK) or bradykinin (1-8 pmol/min) (Clinalfa Basic, 

Bachem, Weil am Rhein, Germany), were co-infused with noradrenaline, and their 

vasodilatory effects determined at sequential doses.  All drugs were again run at 

0.25 ml/min.   

2.2.5 Analysis 

After calibration, the vertical drop (mm) in the trace when the cuff was deflated from 

40 mmHg to 0 mmHg at the end of a 5 minute period of cuff inflation was 

determined.  To determine the basal vein size, 3 stable recordings during saline 

infusion were observed prior to commencing drug infusion.  The mean of these 3 

readings was taken as the BVS.  See Figure 10. 
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Figure 10: Measurement of basal vein size from trace of changes in venous 

diameter during cuff inflation and deflation.     

 

Each dose of drug was infused for 2 minutes prior to cuff inflation to 40 mmHg, 

which was maintained for 5 minutes prior to deflation.  The vein size was again 

measured as the vertical drop in mm, as above.    

The basal vein size was determined once more during saline infusion following IR 

injury.  Three measurements were taken, and the mean of these formed the vein 

size post IR.  Studies were excluded if this measurement differed from the BVS by 

greater than 0.2 mm.   

Constriction was calculated as the percentage reduction in venous diameter from 

BVS for each dose of noradrenaline.  The dose of noradrenaline that produced as 

close to 50% constriction was determined, and the percentage venoconstriction was 

recorded.  Studies were excluded if the noradrenaline preconstriction was less than 

40%.  Vasodilation was determined as the percentage dilatation from this 

constriction back towards the BVS.  GraphPad Prism 6 (GraphPad Software Inc., 

USA) was used to plot dose-response curves, and calculate the area under the 

curve, which was compared by paired t-tests, and also to carry out analysis by 

repeated measures ANOVA. See Figure 11. 
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Figure 11: Measurement of basal vein size (BVS), the 50% constriction and 

determination of dilatation from recorded trace. 

 

2.3 Vitamin D and ischaemia-reperfusion injury 

2.3.1 Renal transplant protocol biopsies 

Protocol kidney transplant biopsies are carried out at our Centre at implantation (30 

minutes post perfusion), (t0), 6 weeks (t6) and one-year (t52) post transplantation.  

Exclusions include anatomical difficulty, increased bleeding risk (for example 

patients on anticoagulants), pregnancy, and a clinically indicated biopsy having 

taken place within 14 days.  The immunosuppressive protocol remained unchanged 

during the study period but drugs doses were adjusted in individual patients in 

response to blood levels.   

For each biopsy, the validated Index of Chronic Damage (ICD) score was calculated.  

An interactive image analysis system was used to outline and measure areas of 

chronic damage (global sclerosis of glomeruli, tubular atrophy, interstitial fibrosis, 

and/or occluded vessels), expressed as a percentage of cortical cross-sectional 

area.  The mean inter-observer difference was 1.0 (CI 0.94-1.06). 

The index of chronic damage score is of prognostic significance.  Howie et al. 

demonstrated that increasing severity of chronic damage was associated with 

shortened renal allograft survival. Each increase of 10% in the index increased the 

hazard ratio of risk of a return to permanent dialysis by 1.5 times (95% confidence 

interval 1.4–1.7, p<0.001)(194). 

Basal vein size 50% constriction Dilatation 
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2.3.2 Quantification of vitamin D levels at baseline and 1 year 

Serum 25-hydroxyvitamin D2/D3 and total 1,25-dihydroxyvitamin D levels were 

quantified by liquid chromatography-tandem mass spectrometry (Inter assay 

coefficient of variation <10%) and enzyme immunoassay (IDS) respectively. Fibrosis 

was quantified using a validated index of chronic damage (ICD) measurement (%) 

as described previously.  

 

2.4 REPAIR 

2.4.1 Cytokine determination from serum and urine 

Serum taken from both donor and recipient, and urine taken from the recipient on 

day 0 (24 hours pre transplant) and on day 2 following transplantation were 

analysed.  Samples were analysed for levels of IFNγ, IL-1β, IL-6, and TNFα by 

multiplex ELISA (Human Pro-Inflammatory I 4-plex, Meso-Scale Discovery, 

Rockville, US), as per the manufacturer’s instructions. 

2.5 Statistical methods 

Brachial and radial artery diameters are expressed in millimetres, and FMD is 

expressed as the percentage increase from baseline diameter.  Data were analysed 

using GraphPad Prism 6 (GraphPad Software Inc., USA).   In chapter 3, data are 

presented as mean ± standard deviation, % CV, and Bland-Altman plots where 

applicable. For Bland-Altman plots the mean difference, standard deviation of the 

differences, and the 95% limits of agreement are given.  In chapter 5, data are 

expressed as mean ± standard error, and within protocol results are compared by 

use of paired t tests and repeated measures analysis of covariance (ANCOVA). 

Comparisons performed between post-IR and post-IPC/RIPC values use unpaired t 

tests, adjusting for baseline FMD as the covariate. A value of p<0.05 was deemed 

statistically significant. 

Mean and delta ICD between the t0, t6 and t52 protocol biopsies are presented.  

Delta ICD was calculated for each individual as the change in FMD (%) between the 

two time points in question. Linear regression was used to assess associations 

between 1,25OH2D/25OHD levels and ICD at t6 and t52. 
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3 Establishing an in vivo model of arterial ischaemia-

reperfusion injury 

3.1 Introduction 

Flow mediated dilatation is a non-invasive technique, developed in the 1990s 

(180), which may be used to study arterial endothelial function.  The technique 

relies upon the generation of nitric oxide in response to shear stress, with 

resultant reactive hyperaemia.  The degree of vasodilatation can be quantified 

using high frequency ultrasound.   

FMD can be utilised as a screening tool to identify and monitor individuals at 

increased risk of cardiovascular disease.  In a recently published paper, the 

authors reported that the within person reproducibility of FMD in different 

laboratories was similar, providing repeat studies were not temporally displaced 

by more than 3 months (195).   

Our group has previously established an in vivo model of ischaemia reperfusion 

injury that utilises the technique of FMD.  In this model, following a baseline 

measurement of FMD, an upper arm cuff is inflated to 200 mmHg for 20 minutes, 

then released and allowed to reperfuse for 20 minutes, prior to a second 

measurement of FMD. This experimental IR injury causes a transient but 

quantifiable reduction in FMD, and therefore facilitates the use of potential 

protective strategies that prevent this injury from occurring.  
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3.2 Methods  

3.2.1 Subjects 

In order to characterise the model, a total of 85 arterial ischaemia reperfusion 

studies were performed on 38 healthy volunteers, aged 27±8 (92% male).  

Participants were recruited to the studies and prepared as per section 2.2.2. 

3.2.2 Experimental protocols 

The FMD protocol was set up as per section 2.2.2.  Data were collected and 

analysed as per section 2.2.3. 

To assess the within-subject variability of the technique, subjects underwent 

repeat scanning of the brachial (n=10) and radial (n=8) artery.  Ultrasound 

images were analysed for baseline diameter, FMD, baseline velocity time 

integral (VTI), peak VTI, and % IR injury.  At least 72 hours elapsed between 

studies. 

Brachial and radial IR injury studies were carried out according to the protocols 

below (Figure 12) with IR injury being induced as described previously.  

 

(a) Brachial 

 

 

 

(b) Radial 

 

 

 

Figure 12: Diagram of experimental protocol for ischaemia-reperfusion injury.  

FMD is performed as described above.  During ischaemia the upper arm cuff is 

inflated to 200mmHg for (a) 20 minutes, in the brachial artery and (b) 15 minutes 

in the radial artery, and then released. The reperfusion time allows return to 

baseline diameter of each vessel prior to measurement of second FMD.  

FMD FMD I - 20 minutes R – 20 minutes 

FMD I – 15 minutes R – 15 minutes FMD 

Reperfusion 

Reperfusion 
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3.2.3 Variability of flow mediated dilatation in the brachial and radial arteries 

In the brachial artery, within person baseline diameter, FMD and IR injury 

variability was assessed by scanning 10 individuals on 2 separate days.  In 

order to assess between-sonographer variability, 6 individuals who had brachial 

artery scans carried out by myself underwent repeat study by an experienced 

ultrasonographer. All brachial artery reproducibility scans were analysed blinded 

by a second experienced ultrasonographer.  

In the radial artery, within person variability was assessed by scanning 8 

individuals on 2 separate days.  Radial artery between-sonographer variability 

was not assessed, as the within-sonographer variability of radial IR injury and 

the high attrition rate of studies was so great that it was not deemed worthwhile 

proceeding. 

3.2.4 Statistical analysis 

Donald et al previously reported that the variability of FMD should be expressed 

in terms of the coefficient of variation, in this case defined as the standard 

deviation of the difference between paired results, divided by the overall mean, 

and by the √2 (196,197).  A recent paper by Charakida and colleagues 

examined the variability of FMD between different centres, defining the CV as 

described above, and additionally reporting the technical error of measurement 

(TEM) and intra class correlation coefficient (ICC) (195). The TEM is the 

variability encountered between measurements when the same individuals are 

studied on multiple occasions, and is defined as the square root of the sum of 

the squared differences divided by 2 times the sample size (198).  The ICC is a 

measure of the agreement between different assessors, and was computed 

using SPSS software (IBM, Portsmouth, UK).  In most cases the value of the 

ICC varies from 0 to 1, with values above 0.7 suggesting good agreement 

between measurements. 
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The sample size was determined using the formula below: 

 

𝓃 =
2𝜎!

(𝜇! − 𝜇!)!
  ×  𝑓(𝛼,𝛽) 

 

where 𝑓 is a function of 𝛼 and 𝛽 defined by the formula: 

 

𝑓 𝛼,𝛽 = [𝜙!!
𝛼
2 + 𝜙!! 𝛽 ]! 

 

Therefore for α=0.05 and β=0.2, f=7.9 (199).  

 

3.3 Results 

3.3.1 Within person variability brachial baseline diameter, FMD and IR injury 

The mean baseline diameter was 3.21±0.26 for the first study and 3.28±0.30 for 

the second.  The mean baseline FMD was 8.87±2.68 for the first study and 

8.02±2.71 for the second, and the mean IR injury was 30.03±28.95 for the first 

study and 33.37±19.24 for the second.  This data is presented below as Bland-

Altman plots, Figure 13.  A summary of statistical measures of reproducibility is 

also presented below, Table 2.  
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Figure 13: Bland-Altman plots for intra-sonographer variability (brachial artery). 

Blue dotted lines represent 95% limits of agreement, red dashed line represents 

mean difference.  (a) baseline diameter, mean difference -0.07±0.12, 95% limits 

of agreement -0.31 to 0.16 (b) FMD, mean difference 0.84±2.40, 95% limits of 

agreement -3.9 to 5.5 (c) IR injury, mean difference -3.3±30.21, 95% limits of 

agreement -63 to 56. Each plotted point represents one subject.  Uniform scatter 

of the points between the limits of agreement suggests good agreement 

between paired results. 
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 BL diameter (mm) FMD (%) IR injury (%) 

n 10 10 10 

Overall mean 3.27 8.85 34.41 

Between subject SD 0.28 2.78 29.14 

Within subject SD 0.09 1.71 20.4 

Mean CV (%) 2.61 13.58 51.3 

ICC 0.95 0.76 0.42 

TEM 0.10 1.72 20.40 

Mean difference -0.07 0.84 33.20 

Difference SD 0.12 2.40 24.97 

 

Table 2: Summary of data from brachial IR injury reproducibility studies. 
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3.3.2 Within person variability radial baseline diameter, FMD and IR injury 

The mean baseline diameters for the two different studies were: BL1 2.14±0.44, 

BL2 2.10±0.42.  The mean FMDs were: FMD1 7.00±3.12, FMD2 7.32±3.45.  

This data is presented below as Bland-Altman plots, Figure 14.  IR injury in the 

radial artery was much more variable than in the brachial artery, with a mean 

IR1 of 30.36±48.88% and a mean IR2 (3 studies) of -9.64±9.47.  The attrition 

rate for studies approached 50% for each step, i.e. 16 studies were carried out 

in order for 10 to be included for IR1, 8 of these were repeated, with only 3 

studies being suitable for inclusion as IR2.  Reasons for study exclusion in the 

first set of 16 studies were variation in baseline diameter (4) and low FMD at 

baseline (2).  In the repeat studies, 3 were excluded because the artery did not 

return to baseline diameter prior to the second FMD, 1 because of low baseline 

FMD (<2) and 1 study due to poor image quality due to volunteer movement.  

Given the small size of the radial artery, even small movements could potentially 

lead to large errors in measurement.  In view of these exclusions, in order to 

attain a cohort of 10 repeat studies, one might expect to carry out 40 IR1 studies, 

include 20, carry out repeat studies on these, and include 10.  This makes this 

kind of study impractical.  Hence the radial artery studies were halted after 6 

repeat studies 

A summary of the experimental data is presented in Table 3. 
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Figure 14: Bland-Altman plots for intra-sonographer variability (radial artery) 

Blue dotted lines represent 95% limits of agreement, red dashed line represents 

mean difference.  (a) baseline diameter, mean difference 0.04±0.10, 95% limits 

of agreement -0.16 to 0.24 (b) FMD, mean difference -0.32±1.57, 95% limits of 

agreement -3.4 to 2.8 (c) IR injury, mean difference 61.06±24.79, 95% limits of 

agreement 12.48 to 109.60. Each plotted point represents one subject.  Uniform 

scatter of the points between the limits of agreement suggests good agreement 

between paired results for baseline diameter and FMD, however there is spread 

between the (minimal) results for IR injury.  
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 BL diameter (mm) FMD (%) IR injury (%) 

n 8 8 3 

Overall mean 2.12 7.16 20.89 

Between subject SD 0.44 3.45 20.17 

Within subject SD 0.06 1.70 43.18 

Mean CV (%) 3.33 16.78 83.91 

TEM 0.10 1.07 45.49 

Mean difference 0.04 0.32 61.06 

Difference SD 0.1 1.7 24.79 

 

Table 3: Summary of data from radial IR injury reproducibility studies.   
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3.3.3 Between-sonographer variability–brachial baseline diameter, FMD and 

IR injury 

The mean baseline diameter was 3.31±0.14 for my studies and 3.35±0.13 for 

the second ultrasonographer.  Mean FMDs were 7.92±2.75 and 8.85±2.89, and 

mean IR injury was 26.92±17.77 and 35.60±49.10 respectively.  This data is 

presented below as Bland-Altman plots, Figure 15. 

(a)     (b)     

 

 

 

    

  (c) 

 

 

 

 

 

Figure 15: Bland-Altman plots for between sonographer variability (brachial 

artery). Blue dotted lines represent 95% limits of agreement; red dashed line 

represents mean difference.  (a) baseline diameter, mean difference 0.04±0.12, 

95% limits of agreement -0.20 to 0.28 (b) FMD, mean difference 0.93±2.16, 95% 

limits of agreement -3.3 to 5.2 (c) IR injury, mean difference 10.67±44.69, 95% 

limits of agreement -77 to 98. Each plotted point represents one subject.  

Uniform scatter of the points between the limits of agreement suggests good 

agreement between paired results for baseline diameter and FMD, however 

there is spread between the (minimal) results for IR injury. 
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3.4 Sample size calculations 

In order to calculate the sample size, the treatment effect is calculated as the 

mean difference between FMD before and after IR injury in the studies above – 

i.e. any treatment applied would be expected to return the FMD to normal by 

abolishing this difference in FMD. 

In the brachial artery, for α=0.05 and β=0.2, to observe a mean difference in 

FMD of 3.05 (treatment effect) with a between person standard deviation of 

1.71% the number of volunteers required is 5. 

In the radial artery, for α=0.05 and β=0.2, to observe a mean difference in FMD 

of 2.15, with a between person standard deviation of 1.70%, the number of 

volunteers required is 10. 

3.5 Summary of all IR data 

A summary of the results from all IR injury studies is shown below in Table 4. 

Some individuals only had one IR injury study performed. Of note, in the brachial 

IR injury protocol (and despite all baseline diameters between studies and 

between FMDs being matched to within 0.02mm as a requirement of inclusion of 

the study), there was a trend towards a difference between the baseline 

diameter before and after IR injury (p=0.05).  When the reperfusion time was 

extended to 25 minutes, this difference in BL diameter was abolished.  The 

overall mean percentage IR injury after 20 minutes of reperfusion is 

30.45±25.77% and after 25 minutes of reperfusion is 24.20±29.75%.  However 

as can be seen from the table, a 25 minute reperfusion time still produces a 

statistically significant difference in FMD following IR injury. 

For each protocol, the velocity time integral (VTI) is also detailed below.  This is 

the area under the Doppler curve for one cardiac cycle and as such represents 

the distance (m) travelled by one pulse of blood in a single cardiac cycle.  The 

figures presented are the mean of 3 cardiac cycles at baseline and at peak flow 

(after cuff deflation).  As FMD is dependent upon the magnitude of the shear 

stress generated, changes in flow would therefore be expected to cause 

changes in FMD.  Thus in order for the difference in pre and post IR FMDs to be 

attributed to the injury rather than to changes in flow, there should be no 

difference in the peak VTI (flow stimulus), between these two measurements.  It 

should also be noted that the peak flow (VTI) differed by a small but statistically 
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significant amount between the pre and post IR FMDs in the 25 minute 

reperfusion protocol.  

Of note, there were a total of 3 individuals who sustained minimal brachial IR 

injury in this model (with 20 minutes of reperfusion) despite repeated studies 

(20% of all volunteers who underwent repeat brachial IR studies with 20 minutes 

of reperfusion, n=15).  
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 Brachial IR (20) 

n=13 

Radial IR (15) 

n=8 

Brachial IR (25) 

n=23 

BL post 

IR 

p BL post 

IR 

p BL post IR p 

BL 

diameter 

(mm) 

3.33 

±0.31 

3.36 

±0.30 

0.05 2.14 

±0.47 

2.19 

±0.50 

0.35 3.62 

±0.55 

3.63 

±0.55 

0.39 

FMD (%) 8.84 

±2.69 

6.06 

±2.81 

0.006 7.75 

±2.49 

5.60 

±4.72 

0.60 7.44 

±2.67 

5.84 

±3.59 

0.001 

SBP 

(mmHg) 

119±9 117±6 0.24 120±4 113±5 0.01 116±10 117±12 0.60 

DBP 

(mmHg) 

64±6 64±7 0.88 62±6 61±7 0.59 65±10 66±9 0.78 

HR (bpm) 65±12 63±11 0.23 65±11 63±12 0.47 66±8 64±11 0.17 

Baseline 

VTI (m) 

0.08 

±0.04 

0.07 

±0.03 

0.18 0.05 

±0.04 

0.04 

±0.02 

0.14 0.07 

±0.03 

0.06 

±0.02 

0.09 

 

High flow 

VTI (m) 

0.40 

±0.15 

0.38 

±0.15 

0.20 0.27 

±0.10 

0.26 

±0.10 

0.61 0.32 

±0.06 

0.34 

±0.06 

0.03 

 

Table 4: Summary of results from all single IR injury studies, demonstrating a 

significant reduction in FMD following IR injury in the brachial artery protocol 

with 20 minutes (p=0.006) and 25 minutes (p=0.001) of reperfusion, but not in 

the radial artery protocol (p=0.60). Of note there was a significant increase in 

VTI following IR in the brachial artery following 25 minutes reperfusion (0.32 vs 

0.34, p=0.03).  
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3.6 Discussion 

Reproducibility of brachial artery FMD has been documented previously in the 

literature (196)(200)(201).  Donald et al. assessed the reproducibility of brachial 

artery FMD by one sonographer performing scans on 34 individuals, one week 

apart.  Mean FMD was 8.1±3.7 on the first visit and 7.5±3.4 on the second visit, 

with a mean difference of -0.07±1.12 and CV of 10.6%.  For my brachial FMD 

reproducibility studies (20 minute reperfusion protocol), the mean of FMD1 was 

8.87±2.68, and for FMD2 was 8.02±2.71, with a mean difference of 0.84±2.40 

and CV of 20.08%.  However the sample size was only 10, compared with 

Donald et al., who had a sample size of 34, and my studies were much more 

temporally dispersed.  

Charakida et al in their recent paper demonstrated that the variability of FMD 

increases with increasing time between measurements.  They reported a CV for 

FMD of 16.2% at 24 hours, which increased to 24.9% at 9 months, Figure 16.  

The sample size in this study was 166 patients (in multiple centres) (195).  In my 

IR injury studies, many volunteers were studied at intervals of up to 12 weeks 

apart.  This, along with the much smaller sample size, may account for the 

higher CV, however it should be noted that the ICC approximately matches 

Charakida’s at 3 months.  Of note, the SD, TEM and ICC of my baseline 

diameter measurements are almost identical to Charakida’s.  This suggests that 

the variability that I observed in FMD is largely due to physiological variability 

rather than imprecision in the FMD set up.  The Bland-Altman plots showed no 

evidence of systematic bias, given that the mean difference was close to zero. 

 

Figure 16: Sample size required for FMD studies, based on CV.  Reproduced 

from Charakida et al, 2013 (195).  
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To compare my own results with those obtained by other members of the 

research group, the between sonographer variability was calculated for 6 

individuals. The variability was comparable to the within sonographer variability, 

suggesting concordance within the group, and thus validating my FMD 

technique. Again there was no evidence of a systematic bias from Bland-Altman 

plots. 

In the radial artery, Brook et al. observed that the baseline diameter had a low 

variability, but FMD was highly variable in 33 individuals (202). Gori et al., 

however, reported a lower intrasonographer variability, and a low interanalyser 

variability (185). Although my studies demonstrated reproducibility of radial 

artery baseline diameter and FMD, there was a high attrition rate of studies, due 

mainly to issues with baseline diameter mismatching following IR injury.  

Additionally, the IR injury observed was highly variable (albeit in a very small 

sample size).  This makes a radial artery model of IR injury much less reliable, 

and additionally impracticable due to the large number of studies that would be 

required.  One potential strategy to reduce discrepancies in baseline diameter 

might be to alter the radial artery protocol to include 20 minutes reperfusion, akin 

to the brachial artery studies.  However this would most likely lead to a reduction 

in the overall degree of IR injury observed, as the endothelium would be given 

increased time to recover.  A reduction in the observed IR injury would also lead 

to an increase in the required sample size.  When examining the results of all 

radial IR studies in the table above, it can be noted that there was no significant 

difference between FMD before and after IR injury.  Additionally there was a 

significant difference in systolic BP before and after IR injury.  These factors 

may be attributable in part to the small sample size but may also suggest that 

this model is more variable and thus less reliable than the brachial model. 

Traditionally, studies of IR injury that use a brachial artery FMD model have 

relied on sample size calculations based on the variability of FMD.  The data 

presented above regarding the variability of IR injury itself may call into question 

this approach.  Certainly the data highlight that in any study of FMD it is of 

overall importance that the scans are not temporally dispersed more than is 

absolutely necessary.  In my studies I attempted to repeat scans on individuals 

one week apart, however this was not always possible due to volunteer 

availability and other commitments.  The ‘gold standard’ for performing FMD 
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scans to assess IR injury should be that they are carried out at the same time of 

day, on the same day, one week apart. 

Lastly, there is the issue of baseline diameter and reperfusion time.  Baseline 

diameters are matched to within 0.2mm between studies and within FMDs in the 

same study.  This is because it is known that the magnitude of FMD is 

influenced by its baseline diameter, with small baseline diameters tending to 

produce larger FMDs and vice versa (203).  This can be explained by the fact 

that the magnitude of shear stress which is generated in smaller arteries during 

hyperaemia will be greater, however studies produce conflicting results on the 

usefulness for correcting FMD for the magnitude of shear stress (204) (205).  In 

the studies outlined in this chapter, there were no differences in VTI, i.e. 

hyperaemic flow stimulus between pre and post IR FMDs in the brachial 20 

minute reperfusion protocol, and the radial protocol.  However when the 

reperfusion time in the brachial artery was extended to 25 minutes, there was a 

significant difference between VTI pre and post IR, with an increased arterial 

flow in the post IR FMD that may explain the increased FMD observed at this 

time point.  The experimental IR injury induced in the brachial artery by 20 

minutes of cuff inflation recovers quickly in healthy young individuals, with most 

IR injury recovering completely within 30 minutes (134). Although a reduction in 

the overall IR injury after 25 minutes of reperfusion was observed, the overall 

change in FMD (the parameter quoted in the literature as a measure of IR injury) 

maintained statistical significance in both models.  Despite this, the 20 minute 

reperfusion protocol, which is well documented in the literature, has been 

utilised in subsequent chapters in this thesis.  
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4 Establishing an in vivo model of venous ischaemia 

reperfusion injury 

4.1 Background 

Human in vivo models of ischaemia-reperfusion injury have thus far utilised 

arterial models of endothelial function.  Flow-mediated dilatation, as discussed in 

the previous chapter, utilises the arterial response to shear stress, namely nitric 

oxide production and resultant vasodilatation, as a functional test of the arterial 

endothelium.  Another technique, venous occlusion plethysmography, measures 

change in arm circumference when a venous congesting cuff is inflated, as a 

surrogate for arterial blood flow.  When the hand circulation is excluded, arm 

circumference increases linearly and proportionately to arterial inflow, until 

venous pressure approaches that of the congesting cuff.  Vasoactive drugs may 

then be administered intra-arterially, and changes in forearm blood flow in 

response to these agents can be documented.  This method has the advantage 

of enabling sub-systemic dose administration of drugs into the arterial circulation 

of interest (206), and their effects on arterial dilatation, as a marker of 

endothelial function, may be quantified.  These methods are summarised in 

Table 5. 

Method Vessel tested 

Venous occlusion plethysmography Resistance vessels (arterial and 

venous simultaneously) 

Flow-mediated dilatation Conduit arteries 

 

Table 5: Existing methods of measuring arterial endothelial function utilised in 

published studies of endothelial IR injury. 

In 1979 Aellig first proposed a new method for testing dorsal hand vein 

compliance (191), based on an optical method reported in 1971 by Nachev and 

colleagues (192).  He subsequently characterised this model (193), and the 

dorsal hand vein response to a range of vasoactive drugs (207,208).  The 



87 

advantage of this model, like venous plethysmography, is that it facilitates the 

administration of drugs at sub systemic doses.  In fact, due to lower venous 

blood flow rates (approximately 1ml/min) extremely low doses, thousands or 

even millions of times less than systemic, can be administered.  This has 

obvious advantages in that it facilitates investigation of local physiology at 

appropriate concentrations, whilst also allowing drugs to be given at doses that 

do not provoke systemic side effects.  Additionally, in measuring local effects we 

can also circumvent any confounding peripheral physiological or 

pharmacological effects.  As such, it provides a safe method for investigating the 

action of novel chemotherapeutic agents in humans. 

Aellig’s method of measuring changes in venous compliance in response to 

chemotherapeutic agents has been utilised by many investigators to investigate 

venous function and response, but none thus far have utilised this model in 

investigating IR injury.  There is little in the literature regarding venous IR injury, 

and therefore it is not known how this contributes to disease, or how it correlates 

with the FMD model.  I therefore set out to determine if the venous endothelial 

response to bradykinin would be blunted following experimental ischaemia 

reperfusion injury, therefore providing a model of venous IR injury that could be 

utilised in the investigation of potentially protective agents. 

  



88 

4.2 Methods 

4.2.1 Volunteers 

In total, 23 volunteers aged 26±8 underwent 50 studies.  Volunteers were 

recruited from UCL students and staff, by email and word of mouth.  

Studies were performed as detailed in 2.2 and all subjects were prepared 

accordingly and in the same way as for the FMD studies detailed previously.  All 

studies took place at least 72 hours apart, ideally a week apart where possible. 

4.2.2 Experimental protocols 

The experiments were set up as detailed in 2.2. 

4.2.2.1 Noradrenaline dose response 

The first experiment was to determine whether the venous response to 

noradrenaline would be affected by IR injury and thus potentially act as a 

confounder.  5 participants underwent dose-response curves to noradrenaline 

(20, 40, 80 and 160 pmol/min) before and after experimental IR injury (upper 

arm cuff inflated to 20mmHg for 20 minutes, then allowed to reperfuse for 20 

minutes, as described previously).  This is depicted in Figure 17 below.  

 

 

Figure 17: Basal vein size during saline infusion followed by sequentially 

increasing doses of noradrenaline.  
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4.2.2.2 Bradykinin dose response 

Following this, 12 volunteers underwent dose response curves to bradykinin pre 

and post IR injury.  After measurement of the basal vein size, confirmation of the 

dose of noradrenaline that would produce a 50% preconstriction was performed.  

The median dose of noradrenaline required was 80 pmol/min, producing a mean 

constriction of 57.31±10.95%.  This dose of noradrenaline was then mixed with 

sequential doses of bradykinin (1,2,4,8 pmol/min).  A dose response curve was 

then performed.  This is depicted in Figure 18 below.  

 

Figure 18: Drug administration protocol for bradykinin dose-response 

experiment.  Basal vein size was first determined during administration of saline.  

Following this, the dose of noradrenaline producing a 50% constriction was 

determined.   This was then mixed with sequentially increasing doses of 

bradykinin (1,2,4,8 pmol/min) to produce a dose-response curve. 

 

4.2.2.3 Bradykinin time control 

As the dose-response reduction following IR injury could plausibly be attributed 

to bradykinin receptor tolerance, leading to a reduced response to bradykinin 

with time, the experiment was repeated, however in place of IR injury a time 

period of 40 minutes was allowed to elapse with no cuff inflation.  10 individuals 

completed this protocol.    
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4.2.2.4 GTN dose response 

In order to demonstrate that the injury observed was endothelial in nature, the 

same experiment was performed, however in this case, GTN (1,2,4,8 pmol/min), 

an endothelial independent vasodilator, was substituted for bradykinin, Figure 19.  

6 individuals completed this protocol.   

 

Figure 19: Drug administration protocol for GTN dose-response experiment.  

Basal vein size was first determined during administration of saline.  Following 

this, the dose of noradrenaline producing a 50% constriction was determined.  

This was then mixed with sequentially increasing doses of GTN (1,2,4,8 

pmol/min) to produce a dose-response curve. 

 

4.2.3 Statistical analysis 

Results were analysed in terms of both AUC and repeated measures ANOVA, 

using GraphPad Prism 6 analysis software.  For AUC analysis, a paired t-test 

was performed between the AUC pre IR and post IR values for each individual.  

In order for the repeated measures ANOVA to be performed, no results were 

excluded from analysis, even when movement artefact or other interference was 

suspected.  However, whole studies were excluded if they were of too poor in 

terms of quality to be analysed accurately (e.g. significant and repetitive 

movement artefact), if the BVS pre IR and post IR differed by more than 0.2mm, 

or if the percentage preconstriction was less than 40%.  
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4.2.4 Reproducibility of the model 

To assess the reproducibility of the basal vein size and bradykinin AUC, 9 

volunteers who had undergone both bradykinin IR and bradykinin time control 

studies were compared.  Paired t-tests confirmed no significant differences 

between BVS (p=0.38) and AUC (p=0.20) for the two protocols, Table 6.  Of 

note, the reproducibility of the BVS was to some extent limited by the fact that in 

some cases it may not have been possible to use the same vein on different 

studies, usually due to technical issues. 

 Basal vein 

size (BVS) 

Baseline AUC 

BK 

n 9 9 

Overall mean 1.18 233.27 

Between 

subject SD 

0.40 149.92 

Within 

subject SD 

0.21 79.37 

Mean CV (%) 12.58 45.08 

ICC 0.80 0.75 

Mean 

difference 

0.12 -38.14 

Difference SD 0.40 148.70 

 

Table 6: Summary of reproducibility studies.  
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4.2.5 Sample size calculations 

The required sample size was calculated using the method in 3.4, in this model, 

for α=0.05 and β=0.2, with a standard deviation of 79.37, in order to detect a 

mean difference in AUC (BK) of 132.82 the number of volunteers required is 6. 

 

4.3 Results 

4.3.1 Venous response to noradrenaline following IR injury 

The mean area under the curve (AUC) was 8759±1521 pre IR and 9162±2963 

post IR p=0.61, n=5.  Repeated measures ANOVA equally demonstrated no 

difference between the response pre and post IR injury (p=0.56), Figure 20. 

 

 

 

Figure 20: Dose-response curves to noradrenaline pre and post IR injury.  There 

was no significant difference between the venous response to noradrenaline 

before and after injury (8759±1521 vs. 9162±2963 pre vs. post IR, p=0.61, n=5). 
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4.3.2 Venous response to bradykinin following IR injury 

The AUC pre IR was 214.7±53.09, post IR 81.92±65.21 p=0.02, n=12.  

Repeated measures ANOVA also demonstrated a significant difference (p=0.02), 

Figure 21. 

  (a) 

 

 

  (b) 

 

 

 

 

 

Figure 21: (a) Dose-response curve of venodilator response to bradykinin pre 

and post IR injury. (b) Area under the bradykinin dose response curve pre and 

post IR injury demonstrating a significant reduction in responsiveness to 

bradykinin following IR (214.7±53.09 vs. 81.92±65.21 p=0.02, n=12) 
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4.3.3 Time control of venous response to bradykinin 

The AUC was 259.9±53.85 at baseline and 243.5±56.95 after 40 minutes time 

control, p=0.85, n=10.  Repeated measures ANOVA also demonstrated no 

difference (p=0.35), Figure 22. 

  (a) 

   

 

  (b) 

 

 

 

 

 

 

Figure 22: (a) Venodilator response to bradykinin at baseline and following a 40 

minute time control period.  (b) Area under the bradykinin dose response curve 

at baseline and following a 40 minute time control, demonstrating no significant 

difference (259.9±53.85 vs. 243.5±56.95, p=0.85, n=10).  
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4.3.4 Venous response to GTN pre and post IR injury  

The mean AUC was 626.1±51.07 at baseline and 588.0±64.67 following IR 

injury, p=0.62, n=6.  Similarly when analysed by repeated measures ANOVA, 

there was no significant difference (p=0.52), Figure 23. 

  (a) 

 

  (b) 

 

 

 

 

 

Figure 23: (a) Venodilator response to GTN before and after experimental IR 

injury.  (b) Area under the GTN dose response curve before and after IR injury, 

demonstrating no significant difference (626.1±51.07 vs. 588.0±64.67, p=0.62, 

n=6).  
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4.4 Summary of study results 

A summary of the vein IR and time control study results is presented in Table 7 

below. 

 BK IR 

n=12 

BK time control 

n=10 

BL post IR p BL post IR p 

Basal vein 

size (mm) 

1.12 

±0.42 

1.09 

±0.42 

0.25 1.12 

±0.52 

1.11 

±0.52 

0.67 

AUC 214.7 

±183.91 

81.92 

±225.89 

0.02 259.90 

±170.29 

243.54 

±180.09 

0.85 

SBP 

(mmHg) 

122±11 119±9 0.32 120±8 121±8 0.57 

DBP 

(mmHg) 

63±6 63±6 0.98 65±8 68±9 0.33 

HR (bpm) 73±16 82±10 0.48 66±10 63±8 0.43 

 

Table 7: Details of basal characteristics and haemodynamic parameters for 

bradykinin IR and time control protocols. There was a significant reduction in 

AUC to bradykinin following IR injury (214.7±183.91 vs. 81.9±225.89, n=12 

p=0.02) but not following 40 minutes time control with no IR (259.90±170.29 vs. 

243.54±180.09, n=10, p=0.85).  Haemodynamic parameters before and after IR 

were not different in either protocol. 
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4.5 Discussion 

This chapter outlines a novel model for the measurement of endothelial function 

that is safe and well tolerated in healthy volunteers.    

The FMD model detailed in the previous chapter, while well established, has 

notable limitations.  FMD, and in particular the IR injury quantified by changes in 

FMD, are both variable.  FMD provides only a single measurement of 

endothelial function, at a single time point.  In the FMD model, the effects of 

experimental therapeutic agents can only be examined by systemic 

administration – the alternative would be to use intrabrachial artery infusion with 

radial artery FMD, however the high variability of radial IR and high attrition rate 

of studies makes this a less desirable option.  Another model of endothelial 

function that is well documented in the literature is venous occlusion 

plethysmography. This technique facilitates local intrabrachial infusion of 

therapeutic agents, however is more invasive than FMD and may be affected by 

characteristics of the arterial wall, arterial blood flow and haemodynamic factors 

(209).  Additionally the technique is more cumbersome to perform, requiring 

measurement of both arms in order to provide a within person control, and 

incurring the additional risks (albeit small) of arterial cannulation and infusion. 

In this chapter, I have sought to develop a new method of quantifying IR injury 

that will facilitate sub-systemic drug infusion while providing a model of local 

endothelial dysfunction comparable with clinicopathological states. The vein-

based technique detailed in this chapter is minimally invasive and carries an 

extremely small risk to the volunteer. Indeed, in this study, no volunteer suffered 

a significant or lasting side effect due to the procedures involved, or the drugs 

infused.  Due to the fact that venous blood flow is of the order of 1 ml/minute, 

compared with arterial forearm blood flow of 50 ml/minute, much lower doses 

can be administered to achieve local therapeutic concentrations. Additionally, 

the dose-response curve provides a series of measurements of endothelial 

function rather than a single measurement at a single time point.  This increases 

the reliability of the results, and most likely accounts for the high reproducibility 

of the AUC on different occasions. 

The main limitation of this model is the length of time required for each study– of 

the order of 3 to 3.5 hours, which does introduce the risk of movement artefact 
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as volunteers become restless towards the end of the study.  The overall study 

length could possibly be reduced, as it may be that quantifiable venous 

endothelial dysfunction can be observed with a shorter period of cuff 

inflation/deflation. This is suggested by the fact that venous endothelial 

dysfunction was observed over the whole of the dose-response curve, despite 

the last measurement being taken around 45 minutes following the end of 

reperfusion – at a time when arterial endothelial dysfunction in the FMD model 

would be expected to be minimal. 

Arterial models of endothelial function such as FMD have been shown to 

correlate with invasive coronary artery endothelial function measurements (179).   

However there is no published data comparing arterial/coronary function with 

venous compliance.  In this study, 11 of the healthy volunteers had previously 

had their arterial endothelial function measured by FMD.  Arterial FMD can be 

demonstrated (see Figure 24) to correlate with AUC in the vein study, however 

this relationship did not reach statistical significance (R2=0.16, p=0.22, n=11).  

This is probably due to both the small sample size, and also the fact that these 

measurements are temporally displaced by many months in some cases. 

 

 

Figure 24: A graph illustrating the relationship between arterial FMD and area 

under the bradykinin dose response curve at baseline (R2=0.16, p=0.22, n=11).   

 

Lastly, in measuring venous endothelial function, this model facilitates the 

examination of endothelial injury independent from factors such as 
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atherosclerosis and calcification, which do not affect the venous endothelium.  It 

may therefore be useful in patients for whom established arterial disease may 

be significant confounding factors in conducting arterial studies of IR injury, such 

as in patients with chronic kidney disease and end-stage kidney failure.   

Future work would involve establishing the shortest period of cuff inflation and 

deflation that produces venous IR injury, and utilising this model to investigate 

endothelial IR injury in patients with CKD.  
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5 Protection against ischaemia-reperfusion injury: 

ischaemic preconditioning 

5.1 Background 

Ischaemia-reperfusion injury, as described previously, is a composite of the 

damage that occurs during ischaemia, and the additional insult that occurs on 

reperfusion, which limits the amount of tissue that can be salvaged.  

Human mechanistic in vivo models of IR injury bridge the gap between the 

laboratory and the clinical setting and allow the safe validation of interventions 

and therapeutic agents prior to their use in clinical trials.  These mechanistic 

models aim to mimic the physiological environment encountered during the 

pathological state, in a safe but representative manner. 

In chapter 3, a human in vivo model of arterial IR injury was characterised.  This 

model relies on the measurement of a reduction in arterial endothelial function 

quantified by flow-mediated dilatation (FMD).  This model is well established and 

has been used in studies by our group and others (79)(38)(91)(134).  However 

the brachial model is limited in that investigation of novel drug treatments would 

require systemic administration, with the incumbent risks and potential for 

physiological confounding, and the radial model was too unreliable to have any 

utility. 

In chapter 4, a new model of IR injury was characterised.  This model safely 

allows local administration of chemotherapeutic agents at doses typically 1x103-

1x106 times less than systemic dosing, while still producing therapeutic 

concentrations locally.  Thus this model safely allows us to test the potential 

usefulness of new drugs in the treatment of ischaemia reperfusion injury, and 

can also be used to test protective interventions.  

While ischaemia may be treated by timely reperfusion, reduction in overall injury 

relies on the development of strategies that also target reperfusion injury.  One 

such strategy is ischaemic preconditioning.  Ischaemic preconditioning utilises 

short episodes of non-lethal ischaemia to activate an innate reflex that protects 

against subsequent prolonged ischaemia and reperfusion.  In this chapter, two  

in vivo models, an arterial FMD model and a venous compliance model have 
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been used to examine whether IPC or RIPC can be demonstrated to reduce 

experimental IR injury.  Three protocols of ischaemic preconditioning have been 

tested – local ischaemic preconditioning (IPC), involving brief episodes of 

ischaemia and reperfusion (3 cycles of 5 minutes each) on the same arm as IR 

injury, and two forms of remote ischaemic preconditioning (RIPC), where either 

an intermittent preconditioning protocol is applied (as IPC) or a block of 20 

minutes of ischaemia is applied, both to the contralateral arm.   

5.2 Methods 

5.2.1 Volunteers 

22 volunteers underwent 34 arterial IPC/RIPC studies, and 13 volunteers 

underwent 13 vein RIPC studies.  The mean age was 26±8 years in both groups. 

Participants were recruited and prepared as per section 2.2.2. 

5.2.2 Experimental set up 

The experimental set up is detailed in section 2.2.2.   

5.2.3 Experimental protocols 

The experimental protocols designed to test the effects of IPC and RIPC/block 

RIPC on IR injury are detailed below.  The IR injury model (arterial/venous) was 

set up as described previously.  The protocol for IR and RIPC was the same for 

both models. 

5.2.3.1 Induction of IPC 

IPC was induced by the same 6.5cm wide pneumatic cuff that was used for IR 

injury, and consisted of three cycles of five minutes inflation to 200mmHg and 

five minutes of reperfusion, as described previously (79), Figure 25.  IPC was 

induced immediately prior to brachial IR injury.   
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Figure 25: Diagram of experimental protocol for ischaemic preconditioning.  

FMD is performed as described above.  Preconditioning is delivered by 

alternating 5 minute periods of ischaemia (cuff inflation to 200mmHg) and 

reperfusion.  This is followed immediately by IR injury as described above. 

 

5.2.3.2 Induction of RIPC 

RIPC was induced in the same way as for IPC, except for that the cuff was 

placed on the contralateral (left) arm, Figure 26. 

 

Right arm 

 

Left arm 

 

 

 

Figure 26: Diagram of experimental protocol for RIPC.  Essentially the protocol 

is followed as for IPC above, however the preconditioning stimulus is delivered 

to the contralateral (left) arm. 

 

FMD FMD I - 20 minutes R – 20 minutes 

FMD I R FMD I - 20 minutes R – 20 minutes I I R R 

I R I I R R 
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5.2.3.3 Induction of block RIPC 

For the block RIPC protocol, a preconditioning ischaemic period of 20 minutes 

was delivered to the contralateral (left) arm, prior to ischaemia of the right arm, 

Figure 27. 

 

Right arm 

 

 

Left arm 

 

  

Figure 27: Diagram of experimental protocol for block RIPC. 

 

5.2.4 Statistical analysis 

All data was analysed using GraphPad Prism 6 software.  Paired t-tests were 

used to compare FMD measurements after IR injury (IR) (data taken from 

chapter 3) and after IR injury preceded by a preconditioning protocol (IPC/RIPC 

IR).  Adjustment for changes in baseline FMD was performed by using analysis 

of covariance (ANCOVA).  Vein study results were analysed by comparison 

between AUC measurements before and after IR using a paired t-test. 

  

FMD FMD I - 20 minutes R – 20 minutes 

I - 20 minutes R – 20 minutes 
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5.3 Results 

5.3.1 Local ischaemic preconditioning 

A series of IPC studies was performed in 9 volunteers who had previously 

undergone IR injury studies.  Each study was again performed on a separate 

day, at least 96 hours apart. 

When adjusted for differences in baseline FMD, there was no significant 

difference between FMD following IR injury or IR injury preceded by IPC (Post 

IR FMD 3.60±0.80%, Post IPC IR FMD 3.35±0.93%, p=0.85, n=9).  See Figure 

28. 

 

Figure 28: Bar graph illustrating FMD (%) following IR injury, and IR injury 

preceded by IPC (3.60±0.80% vs. 3.35±0.93%, p=0.85 n=9).  .FMD has been 

adjusted for differences in baseline FMD.  There was no significant difference 

between these groups. 

 

5.3.2 Remote ischaemic preconditioning 

5.3.2.1 Arterial FMD model of IR injury 

A series of RIPC studies was performed in 8 volunteers who had previously 

undergone IR injury studies.  When adjusted for differences in baseline FMD, 

there was no significant difference between FMD following IR injury or IR injury 
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preceded by RIPC (Post IR FMD 4.90±0.64%, Post RIPC IR FMD 4.66±0.66%, 

p=0.83, n=8).  See Figure 29. 

 

 

Figure 29: Bar graph illustrating FMD (%) following IR injury or IR injury 

preceded by RIPC (4.90±0.64% vs. 4.66±0.66%, p=0.83, n=8).  Post-

intervention FMD has been adjusted for differences in baseline FMD.  There 

was no significant difference between these groups. 

 

5.3.2.2 Vein model of IR injury 

A series of RIPC studies was performed in 13 volunteers who had previously 

undergone bradykinin IR injury studies.  4 studies had to be excluded, 2 

because on analysis the % constriction was less than 40%, and 2 due to 

participant movement limiting study analysis.  9 studies were therefore suitable 

for inclusion in the results. 

There was no difference in the venous response to bradykinin following IR when 

RIPC preceded IR (repeated measures ANOVA, n=9 p=0.27), and no difference 

in the area under the bradykinin dose response curve (baseline AUC 

194.30±41.82, AUC post RIPC IR 164.90±49.56, p=0.45, n=9).  This suggests a 

protective effect of RIPC in preventing the attenuation of the dose response to 

bradykinin following IR injury, Figure 30.  
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Figure 30: Dose response curve to bradykinin before and after ischaemia 

reperfusion (IR) injury preceded by remote ischaemic preconditioning (RIPC). 

There was no difference in the venous response to bradykinin following IR when 

RIPC preceded IR (n=9 p=0.27) 
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5.3.3 Block remote ischaemic preconditioning  

A separate cohort of 10 individuals underwent a baseline IR injury study, and a 

block preconditioning study.  Again, post-intervention values have been adjusted 

for baseline FMD.   

In this case, although there was a trend for FMD following RIPC IR to improve, 

there was no significant difference (mean FMD post IR 3.16±0.64%, post RIPC 

IR 5.31±0.72%,  p=0.09, n=10).  This is depicted in  Figure 31 below. 

 

 

Figure 31: Bar graph illustrating FMD (%) following IR injury or IR injury 

preceded by block RIPC.  Post-intervention FMD has been adjusted for changes 

in baseline FMD.  There is no significant difference between these groups 

(3.16±0.64% vs. 5.31±0.72%, p=0.09, n=10). 
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5.4 Summary of IPC/RIPC data 

The data for IPC and RIPC studies for both arterial and venous models is 

summarised in Table 8.  Of note, when absolute values are analysed (without 

adjustment for differences in baseline FMD), there was no protective effect of 

any preconditioning protocol in the brachial artery, however there was a 

protective effect of RIPC in the venous model.  It should be noted that in some 

protocols, there was a difference in heart rate before and after IR injury, with the 

heart rate being lower after injury.  This post IR reading was taken after 

reperfusion and most probably reflects volunteer relaxation.  The volunteers in 

the brachial RIPC group were the most experienced volunteers, which may 

explain why no heart rate difference was observed in this group.  There were no 

differences in either SBP or DBP before and after IR in any protocol.   
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Table 8: Summary of pre and post IR values for all protocols, demonstrating an effect of RIPC in presenting against IR injury in the block RIPC 

and vein model, but no effect of IPC or RIPC in the brachial artery. 

 Brachial IPC IR  

n=9 

Brachial RIPC IR  

n=8 

Block RIPC IR  

n=10 

Vein RIPC IR 

n=9 

BL post IR p BL post IR p BL post IR p BL post IR p 

BL diam/BVS 

(mm) 

3.29±0.18 3.35±0.20 0.78 3.24±0.18 3.47±0.20 0.25 3.37±0.71 3.37±0.80 0.96 0.90±0.43 0.88±0.42 0.42 

FMD (%) or 

AUC 

9.63±2.47 5.36±1.51 0.002 7.67±1.47 4.67±1.65 0.003 8.74±3.69 6.19±4.24 0.005 194.25±125.45 164.88±148.67 0.45 

SBP (mmHg) 118±6 117±5 0.73 116±9 119±6 0.24 113±9 114±9 0.78 116±7 120±4 0.13 

DBP (mmHg) 62±4 64±6 0.38 61±4 64±8 0.22 58±4 61±7 0.15 65±8 67±10 0.29 

HR (bpm) 64±7 59±4 0.04 62±12 61±9 0.77 63±11 60±9 0.06 74±9 67±8 0.03 
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5.5 Discussion 

When using the arterial FMD model, no IPC/RIPC protocol prevented the 

reduction in FMD that occurs following IR injury.   This is at odds with previously 

published literature from our group (79)(210), however these “null” results have 

been reproduced by 3 contemporary investigators.  Values for mean FMD and 

mean IR injury detailed in this thesis also correlate with those obtained by other 

investigators.  The reasons for the discrepancy between the data above and 

previous data are unclear.  The vascular laboratory, in the interim, has been re-

sited and acquired new (improved) equipment. Therefore it might be that the 

change in environment, equipment, volunteers, or a combination of the above, 

have all contributed. While a newer, high resolution ultrasound probe might 

conceivably increase accuracy and in so doing diminish the value of % IR, it 

would not be expected to abolish the previously observed protective effects of 

IPC and RIPC. 

Another possible explanation is that due to the variability of IR injury itself, the 

sample size used in both my own and previous studies was too small, and thus 

by chance in previous experiments this was picked up in a small number of 

individuals (typically previous investigators have utilised sample sizes based on 

the variability of FMD rather than IR, i.e. 7-10 participants).  If the sample size 

were calculated on the basis of the variability of IR injury instead of FMD, around 

40 volunteers would be required to demonstrate a protective effect.  This 

relatively large sample size limits the practical utility of this mechanistic model.   

With this in mind, I investigated whether the vein model characterised in Chapter 

4 would provide a better working model of RIPC that could be used in future 

experiments.  The vein protocol of IR injury did demonstrate a protective effect 

of RIPC in preventing the reduction in AUC seen following IR.  This may be due 

to the repeated measures performed during each AUC leading to improved 

reliability of the method and hence increasing the chance of detecting an effect 

of RIPC.  The next step would be to reproduce this experiment, however 

unfortunately this was not possible within the available timeframe.  
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6 Effect of chronic kidney disease on ischaemia-

reperfusion injury 

6.1 Background 

Patients with chronic kidney disease (CKD) have been shown to be at greater 

risk of cardiovascular events and death, with cardiovascular events occurring at 

a younger age than in those without CKD (124) (140).  CKD is associated with 

inflammation, endothelial dysfunction, platelet activation (135) and increased 

oxidative stress (136), analogous to that seen in ageing vasculature, and 

therefore such patients are often described as having ‘premature vascular 

ageing’.   

It is well established that advancing age is a risk factor for cardiovascular 

disease, and that arterial endothelial function in humans decreases with 

increasing age (127)(128)(129).  The effects of increasing age on the 

endothelium may impact significantly upon its ability to withstand and 

subsequently recover from IR injury.  However, there is a paucity of human 

experimental data on the effects of age on IR injury.  One study, by DeVan et al., 

demonstrated an increase in endothelial IR injury, accompanied by a slower 

recovery, with advancing age (134), however this study measured endothelial 

function above, rather than within the ischaemic segment.  

Studies have also shown a reduction in endothelial function in CKD patients 

relative to healthy controls, measured both by venous plethysmography (136) 

and flow-mediated dilatation (137). In view of this, patients with CKD would be 

expected to sustain a greater degree of IR injury than healthy counterparts, as 

demonstrated in animal studies (139), however again there is a paucity of 

human experimental data. 

In this chapter, as well as studying IR injury in CKD patients, I describe 

experiments to establish whether there is a significant effect of age on IR injury.  

The reasons for doing so are twofold: firstly, to establish the impact of the age of 

control subjects on differences in IR injury (and therefore the need for strict age 

matching), and secondly, to determine whether patients with CKD have 

diminished vascular function analogous to that seen in advancing age and thus 

suggestive of premature vascular ageing.   
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6.2 Methods 

6.2.1 Volunteers 

Brachial IR injury studies were performed in 47 healthy individuals, divided into 

two groups, based on age (18-39 and 40-70).  The younger cohort was 58% 

male (11/19) and the older cohort was 47% male (7/15).  Of these, 34 studies 

were accepted following analysis.  Exclusion criteria were as detailed in Chapter 

2.  Mean age in the younger cohort was 24±5 years and in the older cohort was 

51±8 years.  The mean age overall was 36±5 years.  Premenopausal females 

were studied during the menstrual phase (days 1-7) of the menstrual cycle, 

when circulating oestrogen is at its lowest.  No postmenopausal females were 

taking hormone replacement therapy. 

Brachial IR injury studies were also performed in 11 patients with CKD, with a 

mean age of 38±11 years. The group was 64% male.  All patients had CKD 4-5 

but were not on dialysis and had not had dialysis access formed.  Mean eGFR 

was 17±8 ml/min/1.73m2 (4 patients had eGFR <15 to which a value of 7.5 has 

been attributed).  The patients had CKD but no known cardiovascular disease.  

All vasoactive medications were suspended for at least 24 hours prior to the 

study.   

There was no significant difference in the mean age between the healthy 

volunteer and CKD cohorts (p=0.62).  The cohort was 64% male, not statistically 

differing from the healthy cohort (p=0.55). Participants were recruited and 

prepared as described in chapter 2. 

6.2.2 Experimental set up 

The experimental set up is detailed in 2.2.2.1 

6.2.3 Experimental protocols 

All IR injury studies described in this chapter are performed according to the 

brachial FMD method with 20 minutes of reperfusion, as detailed in 3.2.   

6.2.4 Statistical analysis 

Studies were analysed as detailed in 3.2.4.  Data are presented as mean ± 

SEM. 
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6.3 Results 

6.3.1 Effect of age on FMD and IR injury 

6.3.1.1 Effect of age on FMD 

Mean baseline FMD in the older cohort was comparable to that in the younger 

cohort (9.19±1.24% older cohort, n=15 vs. 10.19±1.06% younger cohort, n=19; 

p=0.54), Figure 32.   

 

     

 

   

 

 

 

Figure 32: Effect of age on brachial artery endothelial function.  There was no 

significant difference between mean FMD in the older vs. younger cohort 

(9.19±1.24% older cohort, n=15 vs. 10.19±1.06% younger cohort, n=19, 

p=0.54).    
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When a regression analysis was performed to define for the relationship 

between age and FMD, there was no significant association (R2=0.08, p=0.12, 

n=34), Figure 33.   

 

   

Figure 33: Linear regression analysis showing non-significant relationship 

between age and FMD (R2=0.08, p=0.12, n=34).  

 

6.3.1.2 Effect of age on IR injury 

In the both the younger and older cohorts, IR caused a statistically significant 

reduction in FMD of the brachial artery (younger cohort 10.19±1.06% baseline 

versus 7.72±1.09% post IR; p=0.01, n=19; older cohort 9.32±1.25% baseline 

versus 5.50±0.75% post IR; p=0.0002, n=15), Figure 34.  
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  (a) Younger      

               

   

  (b) Older 

   

 

Figure 34: Graphs illustrating the reduction in mean FMD following IR injury in 

(a) Younger and (b) Older cohorts.  The reduction was statistically significant in 

both groups (younger cohort 10.19±1.06% baseline versus 7.72±1.09% post IR; 

p=0.01, n=19; older cohort 9.32±1.25% baseline versus 5.50±0.75% post IR; 

p=0.0002, n=15).  Of note, the decrease in FMD following injury was observed 

to be more homogenous within the older cohort, with all but one volunteer 

sustaining IR injury. 
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In response to upper arm IR, there was a numerically greater % change in FMD 

(% IR injury) of the brachial artery in the older cohort compared to the younger 

cohort, but this was not significant (23.75±8.63% younger cohort, n=19, versus 

41.41±5.18% older cohort, n=15; p=0.11), Figure 35.   

 

   

 

Figure 35: Comparison of IR injury (change in FMD %) following IR injury in 

younger and older cohorts (23.75±8.63% younger cohort, n=19, versus 

41.41±5.18% older cohort, n=15; p=0.11). 

 

When a regression analysis was carried out comparing age with IR injury, there 

was a trend towards increasing IR injury with increasing age however this was 

not significant (R2=0.08, p=0.12), Figure 36. 
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Figure 36: Linear regression analysis showing trend towards increasing IR injury 

with increasing age (R2=0.08, p=0.12, n=34).  

 

6.3.1.3 Effect of gender on IR injury 

Both the older and younger cohorts were evenly balanced in terms of gender 

(older cohort 58% male vs. younger cohort 47% male, p=0.53). 

In terms of FMD, there was a statistically significant difference between males 

and females in the younger cohort (males 8.33±0.99% vs. females 12.74±1.82%, 

p=0.04), and although mean FMD in females remained higher in the older cohort, 

this was not statistically significant (males 7.64±0.66% vs. females 10.6±2.21% 

p=0.22).  There was no difference between FMD in males (8.33±0.99% vs. 

7.64±0.66% p=0.62) or females (12.74±1.82% vs. 10.80±2.21% p=0.51) 

between the younger and older cohorts. 

When FMD was plotted against age, there was a significant correlation between 

age and FMD in males in the older cohort, but not in females (R2=0.90 p=0.001 

in males, R2=0.23 p=0.23 in females), Figure 37. 
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(a)      (b) 

 

Figure 37: Linear regression analysis for (a) men and (b) women over 40 years, 

demonstrating a statistically significant decline in FMD with advancing age in 

men but not in women (R2=0.90 p=0.001 in males, R2=0.23 p=0.23 in females). 

 

For the younger cohort, the mean reduction in FMD in males was 35.72±9.65% 

and in females was 7.28±14.31%.  However despite a large numerical difference 

in values, there was no significant difference between mean IR injury in males 

and females (p=0.11). 

For the older cohort, the mean reduction in FMD was similar in males and in 

females (39.69±7.34% vs. 41.04±8.46%, p=0.91). 

When males in the younger cohort were compared with those in the older 

cohort, there was no significant difference in IR injury between these groups 

(younger 35.72±9.65% vs. older 39.69±7.36%, p=0.77).  Similarly, for females, 

although there was a large numerical difference in the mean IR injury observed 

between the younger and older groups (younger 7.28±14.31% vs. older 

41.04±8.46%) this fell short of statistical significance (p=0.06).   

Of note, there was a much bigger variation in both FMD and IR injury in females 

as compared to males in both age groups.  

6.3.1.4 Study analysis and exclusions 

Exclusion of studies due to poor quality of FMD images or a failure to return to 

baseline diameter (±0.2mm) was much higher in the older rather than the 

younger group, at 40% compared with 14%.  Despite all baseline diameters 
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being maintained within 0.2 mm between FMDs, there was a statistically 

significant difference between baseline diameter pre and post IR injury in the 

older cohort, as shown in Table 10. 

6.3.1.5 Haematological parameters 

Serum glucose, cholesterol, renal function, vitamin D, parathyroid hormone 

(PTH) and calcium were measured in all volunteers.  Mean±SEM values are 

presented in Table 9.   

 

Table 9: Mean serum values between each group.  Data are presented as 

mean±SEM.  There was a significant difference in total cholesterol between the 

groups (younger: 4.32±0.27, n=13 vs. older: 5.38±0.31, n=12, p=0.02) however 

all other parameters did not differ.  

 
Younger 

(n=13) 

Older 

(n=12) 

p value 

Creatinine (µmol/L) 75.83±3.82 77.15±3.10 0.79 

eGFR (ml/min/m2) 78.62±2.94 80.00±3.50 0.76 

Total cholesterol (mmol/l) 4.32±0.27 5.38±0.31 0.02* 

Glucose (mmol/l) 4.95±0.13 5.23±0.18 0.22 

Calcium (mmol/l) 2.45±0.02 2.45±0.02 0.85 

Phosphate (mmol/l) 1.33±0.07 1.15±0.07 0.08 

PTH (pmol/l) 3.51±0.27 4.28±0.44 0.15 

25OH Vitamin D (nmol/l) 49.55±8.45 53.50±9.48 0.76 

1,25OH2 Vitamin D (pmol/l) 111.91±8.26 131.50±9.66 0.14 
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6.3.1.6 Summary of age vs. IR injury studies 

A summary of the results of experiments investigating the relationship between 

age and arterial IR injury is detailed in Table 10. 

 Younger cohort 

n=19 

Mean age 24±5 years 

58% Male 

Older cohort 

n=15 

Mean age 51±8 years 

47% Male 

BL post IR p BL post IR p 

BL diameter (mm) 3.17 

±0.65 

3.21 

±0.67 

0.10 3.31 

±0.55 

3.38 

±0.61 

0.02 

FMD (%) 10.19 

±4.62 

7.71 

±4.75 

0.01 9.19 

±4.80 

5.29 

±2.64 

0.0001 

SBP (mmHg) 115±13 111±10 0.13 117±10 118±11 0.39 

DBP (mmHg) 61±5 60±5 0.22 67±8 69±5 0.11 

HR (bpm) 65±11 62±8 0.02 59±7 59±12 0.77 

 

Table 10: Summary of results of all studies investigating relationships between 

age and flow mediated dilatation (FMD)/ischaemia reperfusion (IR) injury.  Of 

note, there was a difference between the baseline diameter pre and post IR in 

the older cohort (9.19±4.80 vs. 5.29±2.64 p=0.0001).  
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6.3.2 Effect of Chronic Kidney Disease (CKD) on endothelial function and IR 

injury 

6.3.2.1 Effect of CKD on FMD 

Mean baseline FMD in the CKD cohort was 11.27±1.2.  There was no difference 

between FMD in the healthy cohort compared with the CKD cohort (mean FMD 

in healthy volunteers 9.75±0.8, p=0.33), Figure 38. 

   

Figure 38: Baseline FMD in control and CKD groups (mean FMD 9.75±0.8 vs 

11.27±1.2, p=0.33). 

When eGFR was compared with FMD, there was a statistically significant 

correlation between increasing eGFR and increasing FMD (R2=0.43 p=0.03, 

n=11), Figure 39. 

   

Figure 39: Linear regression analysis of the relationship between FMD and 

eGFR in the CKD cohort (R2=0.43 p=0.03, n=11). 
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6.3.2.2 Effect of CKD on IR injury 

In CKD patients, there was no difference between FMD pre and post IR injury 

(mean FMD pre IR 11.27±1.20, mean FMD post IR 10.62±1.83, p=0.64).  The 

mean reduction in FMD following IR injury was 5.23±15.91%.  This is less than 

in the healthy cohort (mean IR injury in healthy volunteers 31.54±5.48%, 

p=0.04), Figure 40.  Linear regression demonstrated no association between 

eGFR and IR injury (R2=0.03 p=0.59). 

   (a)        

   

  (b) 

   

Figure 40: (a) Change in FMD before and after IR injury in patients with CKD.  

Only 3 patients sustained a significant degree of injury.  (b) Comparison of mean 

IR injury in control vs. CKD patients (31.54±5.48% vs 5.23±15.91%,. p=0.04).  
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6.3.2.3 Summary of results of all CKD and healthy volunteer IR injury studies 

A summary of the results of all brachial IR injury studies conducted in patients 

with CKD and healthy volunteers is detailed in Table 11 below.  

 

 CKD patients 

n=11 

Mean age 38±11 years  

58% Male 

Healthy volunteer cohort 

n=34 

Mean age 36±15 years 

53% Male 

BL post IR p BL post IR p 

BL diameter (mm) 3.30 

±0.60 

3.25 

±0.59 

0.15 3.21 

±0.53 

3.25 

±0.60 

0.01 

FMD (%) 11.27 

±3.97 

10.62 

±6.07 

0.64 9.80 

±5.36 

5.25 

±0.60 

<0.0001 

SBP (mmHg) 131±20 139±22 0.04 116±11 115±11 0.50 

DBP (mmHg) 77±12 82±11 0.02 64±6 65±7 0.62 

HR (bpm) 67±8 64±10 0.14 64±10 61±10 0.08 

 

Table 11: Summary of brachial artery IR injury studies in CKD patients and 

healthy volunteers. Of note, there was a statistically significant difference 

between baseline SBP (116±11 vs. 131±20, p=0.001) and DBP (64±10 vs. 

77±12, p=<0.0001) in the healthy volunteers compared with the Chronic Kidney 

Disease (CKD) patients.   
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6.3.3 Comparison between age, sex and BP matched CKD patients and 

controls 

6.3.3.1 Baseline characteristics 

In view of the significant differences in systolic and diastolic BP between the 

whole CKD and control cohorts, CKD patients were age, sex and BP matched 

with a corresponding healthy volunteer where possible.  In the female cohort, all 

but one CKD patient had elevated BP, whereas all the healthy females had low 

normal BP, and thus only one female could be matched with an appropriate 

control.  The characteristics of both cohorts are summarised in Table 12 and 

Table 13 below. 

 CKD patients Controls  p 

n 7 7 - 

Age (years) 35±9 35±13 >0.99 

Males 6 6 >0.99 

SBP (mmHg) 122±16 124±12 0.84 

DBP (mmHg) 73±12 68±8 0.40 

HR (bpm) 69±9 66±9 0.52 

BL diam (mm) 3.40±0.58 3.44±0.42 0.89 

BL FMD (%) 11.04±3.39 10.30±5.19 0.76 

 

Table 12: Summary of baseline characteristics in CKD and control cohorts 

demonstrating no significant difference between the groups.   
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Table 13: Summary of haematological parameters in matched patients.  There 

were no significant differences aside from the expected differences in renal 

function.  Both native and active vitamin D levels were higher in the CKD group, 

as a result of treatment with oral supplementation, and PTH was also higher in 

this group, as would be expected.   

  

 
CKD 

(n=7) 

Controls 

(n=5) 

p value 

Creatinine (µmol/L) 352.10±35.90 87.00±5.53 0.0001*** 

eGFR (ml/min/m2) 13.14±1.91 71.60±6.45 <0.0001*** 

Total cholesterol (mmol/l) 4.86±0.52 4.54±0.33 0.65 

Glucose (mmol/l) 5.51±0.35 5.32±0.24 0.69 

Calcium 2.38±0.06 2.48±0.04 0.25 

Phosphate 1.36±0.12 1.31±0.14 0.81 

PTH 13.54±3.47 4.08±0.75 0.08 

25OH Vitamin D (nmol/l) 84.00±22.20 43.20±13.01 0.19 

1,25OH2 Vitamin D (pmol/l) 64.14±18.40 105.40±11.59 0.12 
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6.3.3.2 Summary of results 

Table 14 below summarises the results of IR studies for age, sex and BP 

matched studies.  There was no significant difference between FMD pre and 

post IR injury in the CKD cohort, however a strongly significant difference was 

observed in healthy volunteers. 

 CKD patients 

n=7 

Controls 

n=7 

BL post IR p BL post IR p 

BL 

diameter 

(mm) 

3.40 

±0.58 

3.36 

±0.58 

0.18 3.44 

±0.42 

3.53 

±0.44 

0.04 

FMD (%) 11.04 

±3.39 

10.43 

±5.01 

0.76 10.30 

±5.19 

7.07 

±4.46 

0.003 

SBP 

(mmHg) 

122±16 131±20 0.06 124±12 121±12 0.26 

DBP 

(mmHg) 

73±12 80±11 0.0006 68±8 67±8 0.50 

HR (bpm) 69±9 67±11 0.51 65±9 58±7 0.01 

 

Table 14: Summary of results in matched Chronic Kidney Disease (CKD) and 

control cohorts.  There was no difference in FMD following IR in the CKD group 

(11.04±3.39 pre IR, 10.43±5.01 post IR, p=0.76), but a significant difference was 

observed in the control group (10.30±5.19 pre IR, 7.07±4.46 post IR, p=0.003). 
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6.4 Discussion 

The experiments in this Chapter demonstrated no association between 

advancing age and a decline in FMD (other than for males over 40), or an 

increase in IR injury.  Although there was an association between declining 

eGFR and a reduction in FMD, there was no overall difference between FMD in 

healthy controls compared with CKD patients.  CKD patients, unlike healthy 

controls, sustained minimal IR injury in this model.  

Celermajer et al. studied changes in FMD with age in 105 men and 135 women 

aged 15-72 years.  They demonstrated a statistically significant association 

between increasing age and declining FMD in the cohort as a whole.  They 

observed, however, that the age-related decline in FMD commenced above the 

age of 40 in men, and in the early 50s in women (133).  In my cohort, there was 

also a significant decline in endothelial function in men over the age of 40 years, 

but not in women.  Of note, in the older female cohort, there were 2 individuals 

with very high FMDs compared to the rest of the group, however there was no 

apparent reason for this (these patients were confirmed not to be taking 

vasoactive medications including HRT).  

In this study, a large number of IR injury experiments were excluded in the older 

group.  In the main, this occurred due to a failure of the artery diameter to return 

to baseline after injury and prior to measurement of the second FMD.  As 

described in Chapter 2, FMD is influenced by baseline arterial diameter, and 

thus FMD studies in which baseline diameters are not similar (conventionally 

defined as within 0.2 mm of each other) cannot be directly compared.  

Additionally, a failure of return to baseline may be indicative of on going 

endothelial dysfunction in these individuals, essentially meaning that the second 

FMD is not being performed on endothelium which has returned to its resting 

state following injury.   Despite the fact that in all studies that were included, the 

baseline diameters were within 0.2 mm of each other, there remained a 

statistically significant difference between arterial diameter pre vs. post IR.  The 

failure of the brachial artery to return to baseline diameter in older individuals 

may be representative of arterial dysfunction following injury in these subjects, 

and so the exclusion of these studies limits our ability to quantify the true extent 

of endothelial dysfunction in this cohort using this model.   



128 

In terms of CKD, one previous study demonstrated reduced flow mediated 

dilatation in children with chronic kidney disease (mean eGFR 17.5 ml/min/m2) 

(211).  These children were not taking any vasoactive medications.  In my cohort 

however, there was no reduction in FMD compared with the age, sex and BP 

matched healthy cohort, and patients with CKD sustained minimal IR injury.  

This is at odds with animal data which demonstrate an increased susceptibility 

to IR injury in uraemic rodents (139).    

One possible explanation for this discrepancy could be that the patients in my 

cohort were all on long term antihypertensive medications, such as angiotensin 

converting enzyme (ACE) inhibitors, angiotensinogen 2 receptor blockers 

(ARBs) and beta blockers, or cholesterol lowering medications such as statins. 

Hornig et al. demonstrated a doubling of radial artery FMD following 4 weeks of 

treatment with ACE inhibitors and ARB.  The difference in FMD was abolished 

when L-NMMA, a nitric oxide synthase inhibitor, was infused.  The investigators 

concluded that the increase in FMD could be attributed to an increase in nitric 

oxide availability secondary to treatment (212). A similar improvement in 

endothelial dysfunction measured by venous occlusion plethysmography has 

also been documented in patients treated with fluvastatin for 24 weeks.  Again, 

this effect could be abolished by infusion of L-NMMA (213).  A meta-analysis of 

trials of angiotensin converting enzyme inhibitors concluded that treatment with 

ACE inhibitors significantly improved endothelial dysfunction measured by FMD 

(214).  Another meta analysis of all antihypertensives concluded that whilst 

there are studies documenting an improvement in FMD with other 

antihypertensives such as calcium channel antagonists, beta blockers and 

thiazide diuretics, this effect is most marked in patients taking ACE inhibitors or 

ARBs (215).  Although all antihypertensive medications were withheld for 24 

hours prior to the study, the long term effects of these agents in modulating risk 

and improving endothelial function would not be expected to be fully reversed in 

such as short period of time.  Additionally, statins were not withheld prior to the 

study.   

In the CKD cohort in this chapter, all but one patient was on one or more 

medications documented in the literature to increase nitric oxide bioavailability 

and hence FMD, with 73% of patients being on either an ACE or ARB. As nitric 

oxide is well documented as being protective against ischaemia reperfusion 
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injury (216) (217), an increase in its bioavailability may also have been 

responsible for the reduction in IR injury observed in the patient cohort.  

The main conclusions to be drawn from this chapter are that: 1) endothelial 

function declines with age, albeit at an earlier age and in a more predictable 

manner in men compared with women, 2) the susceptibility to IR injury increases 

with age, and therefore older individuals who sustain insults such as myocardial 

infarction, stroke and renal transplantation are likely to sustain a greater degree 

of IR injury and may recover less well from that injury and 3) a decline in kidney 

function is accompanied by worsening endothelial function, with a patient in their 

30s with eGFR less than 15 ml/min/1.73m2 having endothelial dysfunction 

comparable to a that of a 55 year old man.  The studies in this chapter did not, 

however, demonstrate an increase in endothelial IR injury in patients with CKD.   

Age and sex should therefore be accounted for, either in subject selection or 

during analysis, in any study utilising the FMD technique, in order that results 

and conclusions are robust.  An adequate sample size is essential, especially if 

female volunteers are to be studied.  The large attrition rate of studies in older 

individuals due to a failure of the brachial artery to return to baseline following 

injury may be reflective of increased injury in this cohort, which cannot be 

quantified using this model.  The inability to remove or precisely account for the 

effects of long-term medications, means that this particular mechanistic model 

does not appear to be useful in investigating IR injury in CKD patients.  
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7 Protection against ischaemia reperfusion injury: 

vitamin D 

7.1 Background 

The vitamin D receptor (VDR) is known to be ubiquitous in human cells.  Local 

1-alpha hydroxylase facilitates synthesis of activated 1,25-dihydroxyvitamin D, 

which can then activate the VDR, initiating transcription of VDR dependent 

genes.  Animal studies have shown a beneficial effect of intraperitoneal 

administration of 1,25-dihydroxyvitamin D3 (168)(169)(218) in reducing 

ischaemia-reperfusion injury.  The mechanism is incompletely understood, 

however these studies demonstrated a decrease in IL-6 (168) and TNF-alpha 

(169), both pro-inflammmatory cytokines, and upregulation of protective heat 

shock protein 70 (169).  Anti-oxidant properties of vitamin D have also been 

implicated, through inhibition of free radical production (170). 

Human studies in haemodialysis patients have demonstrated a positive 

correlation between increasing serum levels of both 25-hydroxy- and 1,25-

dihydroxyvitamin D, and endothelial function measured by flow mediated 

dilatation (171). Studies have also demonstrated improved endothelial function 

(FMD) following replacement of 25-hydroxyvitamin D2 in vitamin D deficient 

patients with diabetes (172) and 25-hydroxyvitamin D3 in vitamin D deficient 

healthy volunteers (173) and African-Americans (174).  Vitamin D has also been 

demonstrated to improve left ventricular systolic function in salt-sensitive 

animals (175).  Large historical observational studies in the U.S. have suggested 

a reduced cardiovascular mortality rate in haemodialysis patients receiving 

calcitriol or paracalcitol (176).  Vitamin D Receptor Activating drugs (VDRAs) 

facilitate local stimulation of the VDR, but have little effect on gut or bone 

metabolism, reducing the risk of hypercalcaemia and thus facilitating the 

administration of larger doses. 

In renal transplantation, chronic damage to the allograft (previously termed 

“chronic allograft nephropathy”) is characterised by interstitial fibrosis and 

tubular atrophy, which are associated with vascular changes including 

concentric intimal thickening of small arteries and glomerulosclerosis (177).  

Vitamin D receptor null mice develop renal fibrosis.  This effect is attenuated on 
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administration of losartan, leading to the hypothesis that the mechanism of 

increased fibrosis is at least in part due to accumulation of angiotensin II in this 

model (178).    

We postulated that individuals who are vitamin D replete at the time of kidney 

transplantation would have better cardiovascular and endothelial function, and 

additionally might sustain less ischaemia reperfusion injury. These factors, 

combined with a decreased propensity to accumulate fibrosis, might therefore 

lead to reduced chronic damage on protocol biopsies collected after 

transplantation.  This hypothesis was investigated in this chapter. 
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7.2 Methods 

7.2.1 Renal transplant protocol biopsies 

Protocol kidney transplant biopsies are carried out at our Centre at implantation 

(30 minutes post perfusion), (t0), 6 weeks (t6) and one year (t52) post 

transplantation, as detailed in 2.3.1.  Biopsies were assessed histologically and 

Index of Chronic Damage (ICD) calculated, as per the methods previously 

specified.  Vitamin D levels were measured as described in section 2.3.2.   

7.2.2 Patients 

103 patients transplanted at the Royal Free Hospital between January 2008-

December 2010 underwent protocol transplant biopsies as described in 2.3.1. 

as part of routine clinical care and gave consent for quantification of vitamin D 

on stored serum.  

7.2.3 7.1.3  Calculations and statistics 

Mean and change in (delta) ICD between the biopsies taken at baseline, 6 and 

52 weeks (t0, t6 and t52) are presented.  Delta ICD was calculated for each 

individual as the change in FMD (%) between the two time points in question.  

Data was analysed using GraphPad Prism 6. Linear regression was used to 

assess associations between 1,25OH2D/25OHD levels and ICD at t6 and t52.  

7.3 Results 

7.3.1 Protocol biopsies 

The mean ICD at t0 was 5.02±6.59% n=95, at t6 was 10.36±8.45% n=98 and at 

t52 was 21.73±16.06% n=52.  Analysis of values at t52 was limited by the lower 

uptake of these biopsies. Live donor transplants had less fibrosis at all time 

points.  Lower ICD scores at 1 year were not associated with a higher eGFR, 

(R2=0.02, p=0.29, n=52).  This is depicted graphically in Figure 41 below. 



133 

  (a)       

    

  (b) 

   

 

Figure 41: (a) Graph illustrating absolute change in the mean Index of Chronic 

Damage (ICD) between t0, t6 and t52 biopsies.  ICD was lower at all time points 

in live donor transplants. (b) Graph illustrating the association between ICD and 

eGFR (ml/min/m2) at 1 year (R2=0.02, p=0.29, n=52). 

 

Mean delta ICD between the implantation biopsy and t6 biopsy was 

4.90±6.42%, compared with 12.82±16.00% between t6 and t52.  Although the 

intention was to perform a second biopsy six weeks and a third 52 weeks after 

transplantation, in reality the t6 biopsies occurred at a mean of 8.83±4.98 weeks 

and the t52 biopsies at a mean of 69.06±22.57 weeks.  The mean change in 

ICD per week (in terms of actual number of weeks taken since t0) was 
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t52.  This difference was statistically significant (unpaired t-test, p=0.001), Figure 

42. 

   

Figure 42: Graph illustrating change in delta ICD per week between t0-t6 and t6-

t52 (0.60±0.8% vs. 0.21±0.30%, p=0.001). 

 

7.3.2 Vitamin D 

At transplantation, 20 patients (20%) were 25-hydroxyvitamin D deficient 

(<75nmol/l) including 60% of Asian patients who were deficient. In 97 (94%) 

Vitamin D2 was (as expected) below the assay range. 1,25OH2D serum 

concentrations were subnormal in 62 (60%) (80% Asians) and normal (40-150 

pmol/l) in the remainder. 25-hydroxy vitamin D levels did not predict 1,25OH2D 

levels (R2=-0.04 p=0.69, n=103). 68% of those replete in the former were 

deficient in the latter. 1,25OH2D was not significantly higher in those receiving 

oral alphacalcidol (45 vs. 38 pmol/l). At t52 sera were available from 37 patients. 

Of those receiving supplemental cholecalciferol (20,000iU/week), 92% became 

vitamin D replete (>75nmol/l).  

Linear regression was used to assess the association between ICD and vitamin 

D at the various time points, as shown in Figure 43 below. There was an 

association between increasing vitamin D levels (both 25-OH and 1,25-OH2) at 

baseline and lower ICD scores at 6 weeks, and between increasing vitamin D 

levels at 1 year and ICD scores at 1 year.  When baseline vitamin D values were 

compared to ICD at 1 year, this association persisted for 25-OHD, however  
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there was an association between increasing 1,25OHD levels at baseline and 

higher ICD at 1 year.  When further adjusted for cold ischaemic time, donor age, 

and recipient diabetes, there was no association between vitamin D metabolites 

and ICD at either t6/t52. Of note, there was a trend towards a higher mean ICD 

score at 1 year in supplemented rather than non supplemented patients (mean 

25.55±3.22 vs. 16.91±2.74, p=0.053).  

(a)      (b)    

     

        

 

(c)      (d) 

       

 

(e)      (f) 

    

 

 

Figure 43:  Linear regression graphs demonstrating associations between:  (a) 25-

hydroxyvitamin D at baseline and ICD at 6 weeks (R2=0.01, p=0.29)  (b) 1,25-

dihydroxyvitamin D at baseline and ICD at 6 weeks (R2=0.0013, p=0.72), (c) 25-

hydroxyvitamin D at 1 year and ICD at 1 year (R2=0.10, p=0.06), (d) 1,25-

dihydroxyvitamin D at 1 year and ICD at 1 year (R2=0.02, p=0.38), (e) 25-hydroxyvitamin 

D at baseline and ICD at 1 year (R2=0.02, p=0.32), (f) 1,25-dihydroxyvitamin D at 

baseline and ICD at 1 year (R2=0.21, p=0.0007). A higher baseline 1,25-

dihydroxyvitamin D was associated with increased fibrosis at 1 year.  
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There was no association between 25-hydroxyvitamin D or 1,25-dihydroxyvitamin D 

levels at either baseline or 1 year, and eGFR at 1 year (Figure 44).   

(a)      (b) 

   

(c)      (d) 

   

 

Figure 44:  Linear regression graphs illustrating no association between increased 

vitamin D levels at baseline (t0)/1 year (t52) and eGFR at 1 year.  (a) 25-hydroxyvitamin 

D at baseline and eGFR at 1 year, (b) 1,25-dihydroxyvitamin D at baseline and eGFR at 

1 year, (c) 25-hydroxyvitamin D at t52 and eGFR at 1 year, (d) 1,25-dihydroxyvitamin D 

at t52 and eGFR at 1 year. 
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7.4 Vitamin D and IR injury in the arterial FMD model 

Native 25-hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3 levels were also 

measured in CKD patients and healthy volunteer controls recruited to arterial IR 

injury studies in Chapter 6.  These results were then correlated with IR injury. 

There was no effect of either native or active vitamin D on either FMD or arterial 

IR injury in either patients or controls.  See Figure 45. 

(a) (i)     (ii) 

   

(b)  (i)     (ii) 
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(d)  (i)     (ii) 

  

 

Figure 43: Relationship between vitamin D and arterial function measured by 

flow-mediated dilatation (FMD) and IR injury. 

(a) There was no association between 25-hydroxyvitamin D3 (25OHD3) 

level and arterial function measured by flow-mediated dilatation (FMD) in 

either (i) Controls (R2=0.019, p=0.53, n=23) or (ii) CKD patients (R2=0.11, 

p=0.32, n=11) 

(b) There was no association between 25OH D3 level and IR injury in either 

(i) Controls (R2=0.0054, p=0.74, n=23) or (ii) CKD patients (R2=0.0062, 

p=0.82, n=11) 

(c) There was no association between 1,25-dihydroxyvitamin D3 

(1,25OHD3) level and FMD in either (i) Controls (R2=0.00034, p=0.93, 

n=23) or (ii) CKD patients (R2=0.24, p=0.13, n=11) 

(d) There was no association between 1,25OHD3 level and FMD in either (i) 

Controls (R2=0.047, p=0.32, n=23) or (ii) CKD patients (R2=0.088, 

p=0.38, n=11) 
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7.5 Discussion 

In this chapter, two studies of the effects of vitamin D on IR injury were 

presented.  Firstly, vitamin D levels measured at the time of kidney 

transplantation were assessed in the context of fibrosis scores from protocol 

biopsies and allograft function during the first year post transplantation.  

Secondly, vitamin D levels were measured in both patients with CKD and 

healthy control subjects and studied in relation to arterial function and IR injury 

as described in chapter 6. 

The first study utilised fibrosis scores as a surrogate for ischaemia-reperfusion 

injury, and demonstrated an association between increased baseline 1,25-

dihydroxyvitamin D and increased fibrosis at 1 year.  However this did not 

translate into a difference in eGFR.  This study has several limitations.  Firstly, 

the relatively small sample size.  Secondly, a well-documented limitation of 

fibrosis scoring systems based on renal biopsy analysis is sampling error, that is, 

the sample obtained may not be representative of the kidney tissue as a whole. 

We attributed early fibrosis to ischaemia reperfusion injury at the time of 

transplantation, however this is an over-simplification, with immunological and 

other factors also playing a significant role.  Estimated GFR was also used as 

an endpoint although it may have been preferable to utilise a formal measure of 

GFR. This would have increased costs and time demands on patients, and 

would not have been feasible given the retrospective design of this study. 

Additionally, it is difficult to obtain a ‘clean’ cohort of patients, as developments 

in post transplantation treatment protocols with time mean that many patients 

are now routinely supplemented with 25-hydroxyvitamin D, as many clinicians 

perceive this to be beneficial. Confounding factors other than those that were 

adjusted for may exist.  This study was also a retrospective in nature utilising 

stored frozen samples. A prospective randomised study of 25-hydroxyvitamin D 

supplementation vs. placebo in transplantation has been presented but awaits 

publication.  The Vita-D study randomised 203 kidney transplant recipients to 

either 6800 iU of oral cholecalciferol or placebo per day for 1 year, and 

demonstrated no effect of vitamin D in reducing infections or proteinuria.  In fact, 

they demonstrated that graft function may be negatively affected by 

supplementation (Thiem, unpublished, 2015).  
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There has been one published prospective study by Bienaimé et al, which 

examined the association between 25-hydroxyvitamin D levels at 3 months and 

measured GFR (by iohexol clearance) at 1 year in a cohort of 435 kidney 

transplant patients (219).  A statistically significant correlation was observed 

between 25OHD 3 months after transplantation and GFR at 1 year.  Of note, this 

cohort of patients had a much greater proportion of highly deficient patients, with 

a median at 3 months equivalent to 32 nmol/l, compared with 45 nmol/l in our 

cohort.  No patients in the French cohort had a serum 25OHD greater than 100 

nmol/l, compared with 18% of my cohort at baseline. The French authors also 

documented an increase in 25OHD between 3 months and 1 year, but did not 

adjust for supplementation with cholecalciferol.  In our cohort, overall there was 

a statistically significant increase in 25OHD between t0 and t52 (mean t0 

58.5±4.66, mean t52 91.45±5.91 p=0.0003), however this did not persist when 

patients receiving cholecalciferol were excluded from the analysis (p=0.33).  As 

noted earlier, there was a trend towards a difference in ICD at 1 year between 

patients who had received supplementation and those who had not.  Examining 

the data from Bienaimé’s study more closely, the correlation between 25-

hydroxyvitamin D at 3 months and GFR at one year appears similar to that 

observed in our data of baseline 25-hydroxyvitamin D vs. eGFR at one year.  It 

may therefore be that our cohort was simply too small to detect a statistically 

important difference.  

In the second study, no association was seen between either native or active 

vitamin D levels and FMD or IR injury in either patients or healthy controls.  

However the sample size, especially for the CKD patients, is likely to be too 

small to make definitive conclusions based on these data. 

Therefore doubt exists as to the benefit, or potentially harm, that could be 

caused by vitamin D supplementation in this setting.  To definitively answer the 

question as to whether treatment with vitamin D might influence IR injury, GFR 

or fibrosis scores would require adequately powered prospective randomised 

controlled studies.   
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8 Protection against ischaemia-reperfusion injury: 

nitrates and inorganic nitrite 

8.1 Background 

The role of nitric oxide in protecting against ischaemia reperfusion injury is well-

documented in the literature (1) (2), and forms a key part in the clinical 

management of myocardial infarction.  One limitation in the clinical setting of the 

use of nitric oxide donors, such as GTN, is the tendency of such compounds to 

cause a reduction in systemic blood pressure.  This drop in blood pressure may 

limit the scope for their use, contributing to cardiovascular instability in already 

compromised patients and limiting organ perfusion at a critical point following 

transplantation. 

Inorganic nitrite is an endogenous substance produced in normoxic conditions 

by the oxidation of nitric oxide.  During hypoxia, when acidic conditions 

predominate in tissues, inorganic nitrite may be reduced to nitric oxide (NO) by 

xanthine oxoreductase (XOR), providing an alternative source of NO (3).  

Inorganic nitrite has been demonstrated to reduce myocardial IR injury in an 

isolated animal heart model (3). Both beetroot juice, (a rich oral source of 

inorganic nitrite) (4) and low dose systemic intravenous sodium nitrite (5) reduce 

IR injury in a human arterial in vivo model of IR injury.  

In this chapter, I utilised the venous model of IR injury characterised in chapter 4 

to investigate whether low dose intravenous nitrate and nitrite infusions protect 

against endothelial injury.  In order to demonstrate that inorganic nitrite is 

converted to NO by the enzyme XOR, I administered oral allopurinol, a XOR 

inhibitor prior to repeating the study, to examine if this abolished any protective 

effect of nitrite.   
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8.2 Methods 

8.2.1 Volunteers 

In total, 17 volunteers aged 27±8 underwent 66 studies.  Participants were 

prepared as described in section 2.2.1. 

8.2.2 Experimental set up 

The experimental set up is detailed in 2.2.1.   

8.2.3 Experimental protocols 

All IR injury studies detailed in this chapter are performed according to the 

method for the venous model of IR injury, as detailed in 4.2.2.   

8.2.3.1 GTN pre-IR 

In order to investigate if infusion of GTN protects against IR injury, GTN was 

infused intravenously at a dose of 8 pmol/minute (the dose which provided 

maximal vasodilatation in the GTN dose response experiment in 4.2.2.4) for 15 

minutes prior to IR, and during ischaemia. Infusion of saline was resumed at 

reperfusion.  See Figure 46. 

 

 

 

 

 

 

Figure 44: Protocol for GTN study.  Measurement of BVS during saline infusion, 

followed by determination of noradrenaline 50% preconstruction dose and BK 

dose response curve was performed at baseline and following 20 minutes of 

reperfusion.   

BVS/BK BVS/BK I – 20 min  R –20 min   

Reperfusion 

GTN  

15 min 
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8.2.3.2 Nitrite pre-IR 

For the nitrite study, the same protocol was followed, except that sodium nitrite 

was infused at a dose of 10 nmol/minute (dose as per Webb et al. (3)) for 15 

minutes prior to, and during the 20 minutes of ischaemia. Again, infusion of 

saline was recommenced at reperfusion.   

8.2.3.3 Allopurinol study 

The sodium nitrite IR study was repeated, however in this case, oral allopurinol 

(Bristol Laboratories, Berkhamsted, Herts, UK) at a dose of 600mg was 

administered to volunteers 2 hours prior to the start of the study.  This dose, 

which has been demonstrated to be safe for administration in healthy volunteers 

(220)(221)(222), provides a sustained rise in oxypurinol levels (the active 

component of allopurinol) from around 2 hours following administration, which 

lasts for over 24 hours (220)(221) and complete block of xanthine oxoreductase 

(XOR) activity (222).  

8.2.3.4 Allopurinol control study 

In order to establish that any observed changes in vascular responses were not 

due a direct effect of allopurinol on the venous endothelium (rather than 

allopurinol antagonising the effects of nitrite), a control study was performed in 

which allopurinol was again administered at the same dose 2 hours before the 

study, however on this occasion nitrite was not administered prior to IR.     

8.2.4 Statistical analysis 

Studies were analysed as detailed in 2.4.  Data are presented as mean ± SEM. 
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8.3 Results 

8.3.1 Effect of GTN on IR injury 

GTN infused prior to and during ischaemia protected against ischaemia 

reperfusion injury, and the area under the bradykinin dose response curve 

remained unchanged before and after injury (AUC pre IR 324.23±67.53 vs. post 

IR 294.98±64.94, paired t-test of AUC p=0.47, n=6), Figure 47. 

   

  (a) 

 

  (b) 

 

Figure 45: (a) Dose response curve to bradykinin before and after IR injury 

preceded by GTN infusion.  (b) Comparison of AUC pre and post IR injury 

(324.23±67.53 vs. 294.98±64.94, p=0.47, n=6).    
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8.3.2 Effect of sodium nitrite on IR injury 

When sodium nitrite was infused prior to and during ischaemia, this protected 

against ischaemia reperfusion injury, and the area under the dose response 

curve to bradykinin was again maintained (AUC pre IR 212.00±49.36 vs. post IR 

226.30±58.22, paired t-test of AUC p=0.78, n=12), Figure 48. 

 

  (a) 

 

  (b) 

   

 

Figure 46: (a) Dose response curve to bradykinin before and after IR injury 

preceded by sodium nitrite infusion.  (b) Comparison of AUC pre and post IR 

injury (212.00±49.36 vs. 226.30±58.22, p=0.78, n=12),.   
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8.3.3 Effect of allopurinol on protection conferred by sodium nitrite 

When 600 mg of oral allopurinol was taken 2 hours prior to the start time of the 

study, this abolished the protection conferred by sodium nitrite, and caused a 

reduction in the dose response to bradykinin seen following IR injury (mean 

baseline AUC 203±45.75 vs. 45.56±52.30 following IR injury, paired t test of 

AUC n=9 p=0.02), Figure 49. 

  (a)  

 

  (b) 

 

Figure 47: (a) Dose response curve to bradykinin pre and post IR injury, when 

sodium nitrite 10 nmol/min infused for 15 minute prior to, and during ischaemia 

(switch to saline at reperfusion).  This experiment was carried out 2 hours post 

600mg oral allopurinol.  (b) Area under the bradykinin dose response curve pre 

and post IR (203±45.75 vs. 45.56±52.30, p=0.02, n=9). 
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8.3.4 Effect of allopurinol on ischaemia reperfusion injury 

When allopurinol was administered prior to the study, but with no administration 

of nitrite prior to IR injury, there was no increase in IR injury observed which 

could be attributed to an effect of allopurinol.  The mean AUC was 190.07±59.29 

at baseline and 251.80±63.10 following IR injury, p=0.20 (paired t test), n=4.   

8.4 Discussion 

In chapter 4, a novel human in vivo model of IR injury, based on the observation 

that the venodilatory response to bradykinin is impaired following experimental 

IR injury, was presented.  In this chapter, using this new model, I have 

demonstrated that GTN can act as a preconditioning agent when administered 

prior to the onset of IR, which is in keeping with results from other models of 

endothelial IR injury (223).  Furthermore I have demonstrated that infusion of 

sodium nitrite prior to IR injury is also protective, and, for the first time in humans, 

that allopurinol blocks the protective effects of sodium nitrite, lending weight to 

the hypothesis that the liberation of nitric oxide from sodium nitrite which occurs 

during ischaemia is mediated by xanthine oxoreductase. 

Ingram et al (5) recently utilised the arterial model of IR injury previously 

described by our group (10), and administered systemic intravenous sodium 

nitrite at a dose of 1.5 μmol/min for 20 minutes in total.  They demonstrated that 

this dose abolished the reduction in arterial FMD that is seen following IR injury.  

The total dose administered in Ingram’s study was of the order of 30 micromoles, 

whereas in the present study, local intravenous administration facilitated the use 

of a dose around 1000 times lower, at 0.035 micromoles.  Ingram’s group 

administered sodium nitrite prior to ischaemia only, whereas the infusion was 

continued during ischaemia. It may be that infusion prior to ischaemia would 

produce the same effects in the vein model, thus allowing a further reduction in 

the total administered dose.   

The findings of the experiments detailed in this chapter are of therapeutic 

interest as they suggest the potential for local administration of small doses of 

sodium nitrite into areas of IR injury, for example, intracoronary infusion prior to 

or during primary percutaneous coronary intervention, in an effort to reduce IR 

injury. This would overcome the problem of the systemic side effects of the more 

potent intravenous nitrates.  
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9 Renal Protection Against Ischaemia-Reperfusion in 

transplantation (REPAIR) 

9.1 Background 

Kidney transplantation is the optimal treatment for suitable patients with end-

stage kidney disease. However IR injury is sustained during transplantation, and 

contributes to allograft fibrosis, limiting graft longevity.  REPAIR sought to 

determine whether RIPC reduces IR injury in living donor kidney transplantation 

and in doing so improves kidney function after transplantation. 

In this chapter, I describe my role in this study, and in 9.2 below, present 

experimental data that relates to the analysis of blood and urine samples 

collected from participants during the study.  This analysis sought to determine if 

there was an anti-inflammatory effect of RIPC in reducing cytokine release 

following surgery in donors and/or recipients.  This is a secondary endpoint in 

the study and does not appear in the primary paper. A draft of this paper, which 

details the methodology and primary results of the REPAIR study is attached in 

Appendix 3.   

9.2 Role in REPAIR 

After completing International Conference on Harmonisation Good Clinical 

Practice (ICH GCP) training, I participated in the daily running of the study as a 

member of the Project Management Group (PMG), which I joined in October 

2010.  This group met on a monthly basis (or more frequently when required) to 

review progress, identify issues (e.g. with recruitment) and plan accordingly.  It 

consisted of myself, the Clinical Trials Unit (trial manager, data manager, and 

statisticians) and the Chief Investigator (CI), Professor MacAllister.  Recruitment 

to the study was initially slower than expected as start up times in UK sites were 

often delayed.  We therefore identified further potential sites both in the UK and 

Europe and I attended these centres along with a member of the CTU in order to 

meet the research teams and carry out site induction.  I led these induction 

meetings in Glasgow, Lille, Brussels and Brighton.  I also trained the research 

nurses in the intervention at these sites and at the Royal Free Hospital. 

Additionally I provided training and support to the research nurses carrying out 

both the intervention and the iohexol GFR test at all sites where required. I 
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provided a point of contact by email and telephone for research nurses at each 

site for clinical issues. 

In addition to sitting on the PMG, I also participated in the Trial Steering 

Committee (TSC), presenting relevant information from sites and facilitating 

discussion regarding recruitment and data analysis.   

As a Clinical Research Fellow at the Royal Free, I supported the research 

nurses and Primary Investigator (PI) at this site in the day to day running of the 

trial.  I approached and consented virtually all patients recruited to the trial at this 

site, and arranged appropriate cover on the rare occasions when I was 

unavailable.  I organised the timetable of the trained nurses such that they were 

available to perform the interventions for each pair randomised and ensured that 

the blood, urine and tissue samples were collected and stored appropriately. 

Lastly, I organised collection, central collation and storage of all the blood, urine 

and tissue samples from the trial.  Directed by the CI, I performed analysis of 

blood and urine samples as detailed below, and was also involved in discussion 

regarding further analyses, which are ongoing. 

9.3 Effect of RIPC on the inflammatory response to IR injury  

9.3.1 Methods 

The proinflammatory cytokines tumour necrosis factor alpha (TNFα), interleukin-

1 (IL-1), interleukin-6 (IL-6), and interferon gamma (IFNγ) were quantified in the 

serum of donors and serum and urine of recipients at baseline and on day 2 

post transplantation by multiplex ELISA as detailed in 2.3.1.  400 samples were 

analysed by myself, the remainder by a colleague. 

9.3.2 Results 

There was no difference between the expression of any of the proinflammatory 

cytokines measured following surgery in either donor or recipient when treated 

with any form of RIPC, Figure 50. 
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(c) IL-6 

 

 

 

 

 

 (d) IFNγ  
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Figure 48: Cytokines in donor serum and recipient serum and urine on day 2 

post transplant – Control vs. Early RIPC (left hand graphs), Control vs. Late 

RIPC (right hand graphs) for each of the proinflammatory cytokines: (a) tumour 

necrosis factor alpha (TNFα), (b) interleukin-1 (IL-1), (c) interleukin-6 (IL-6), and 

(d) interferon gamma (IFNγ), demonstrating no difference between the levels of 

any cytokine in any group. 

 

9.3.3 Discussion 

In this study, there was no effect of RIPC to reduce levels of proinflammatory 

cytokines following surgery in either donor or recipient.  It could be concluded 

from this that RIPC does not have an anti-inflammatory effect and exerts its 

influence via other mechanisms.  However other endpoints, such as changes in 

pro- and anti-inflammatory RNA/DNA may be more informative.  Future work 

could include the analysis of blood and tissue samples from the study to 

examine changes in RNA/DNA signalling.   
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10 Conclusion 

In this thesis, I investigated mechanisms of protecting against IR injury as 

relevant to patients with kidney disease.  In order to do this, I used two in vivo 

models of endothelial ischaemia reperfusion injury, one arterial and one novel 

venous model.  I utilised these models to characterise the endothelial response 

to IR injury in both healthy volunteers and patients with CKD, and following this, 

to investigate potentially protective interventions – ischaemic preconditioning, 

vitamin D, and inorganic nitrites. 

In addition, I investigated the association of vitamin D status at the time of 

transplantation, measured in stored serum samples, with allograft fibrosis on 

subsequent protocol biopsies.   

Finally, as part of the Project Management Group and Trial Steering Committee, 

I investigated the role of RIPC in improving allograft function following live donor 

kidney transplantation, in a European multicentre randomised controlled trial, 

REPAIR. 

10.1 Summary of the evidence presented in this thesis 

10.1.1 IPC and RIPC do not protect against human arterial endothelial IR injury 

in an FMD model but RIPC may protect against venous endothelial IR 

injury in a novel model 

In Chapter 3, a human arterial endothelial model of IR injury was established. 

Using this model, healthy volunteers sustained around a 30% reduction in 

arterial endothelial function (FMD) following IR injury. In chapter 5 I investigated 

whether IPC or RIPC prevented endothelial IR injury in healthy volunteers.  

There was no effect of IPC, RIPC or block RIPC in protecting against IR injury.  

Although this is at odds with previously published research from our group, it 

was again consistent with results obtained by contemporaneous investigators. 

These results effectively render this model of uncertain utility in investigating the 

mechanisms of IPC/RIPC in humans.  When the novel venous model described 

in Chapter 4 was utilised however, a protective benefit of RIPC on IR injury was 

demonstrated. This result requires confirmation. 
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10.1.2  Patients with CKD sustain little arterial endothelial IR injury in an FMD 

model 

The experiments detailed in Chapter 6 demonstrated that arterial endothelial 

function measured by FMD decreases as eGFR decreases, in line with 

published literature.  However the extent of IR injury induced in patients with 

CKD was small in this model.  This result contrasts with animal data suggesting 

an increased susceptibility to IR injury in uraemia, and clinical data 

demonstrating increased morbidity and mortality following clinical IR injury (such 

as following MI and stroke) in these patients. 

The reasons for the discrepancy in these observations are not entirely clear.  All 

of the patients in the study were taking one or more therapeutic agents, which 

have been documented to have protective effects on the endothelium. Their 

effects may be longstanding, and protective effects could persist despite us 

withholding the medication for 24 hours prior to the study.   

Alternatively it may be that the endothelium is altered in some way in patients 

with chronic kidney disease to provide protection from the potentially deleterious 

effects of IR injury. The model that we used may therefore be insufficient to 

produce injury in these patients. It could be postulated therefore that once the 

higher threshold for injury is exceeded, the degree of injury is catastrophic, 

therefore the morbidity and mortality seen are substantial.  One other hypothesis 

is that small ischaemic insults, which may be continually sustained in patients at 

risk of vascular disease, have led to a state of constant ischaemic 

preconditioning in such patients.   

No similar mechanistic data exists in this patient group for comparison.  It would 

therefore be interesting not only to expand the current cohort of patients, but 

also to investigate if similar results were observed in other chronic disease 

states such as diabetes.  

10.1.3  Vitamin D deficiency at the time of transplantation does not predispose 

to increased allograft fibrosis or greater graft dysfunction at 1 year post 

transplantation 

In Chapter 7, fibrosis scores from protocol biopsies obtained from patients at 

implantation, at 6 weeks and at one year following kidney transplantation were 
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correlated with both native 25-hydroxy- and active 1,25-dihydroxy- vitamin D at 

baseline.   

There is a wealth of literature documenting the potential benefits of treatment 

with both native and active vitamin D in reducing IR injury, and improving 

vascular and cardiovascular function.  However in this study, which included 

patients transplanted in an era before vitamin D supplementation post 

transplantation became commonplace, there was no association between 

deficiency and increased graft fibrosis or dysfunction.  In fact, there may 

potentially be a harmful effect of vitamin D supplementation in this setting.  

Therefore this area requires further investigation with adequately powered 

prospective randomised controlled trials.    

10.1.4 Low dose inorganic nitrite protects against endothelial IR injury in human 

hand veins, an effect which is abolished by allopurinol 

Chapter 4 describes a novel mechanistic model of human dorsal hand vein 

endothelial IR injury based on the observation that the venodilatory response to 

bradykinin was impaired following IR injury.  The main advantage of this model 

is that it enables the investigation of chemotherapeutic substances using doses 

many times lower than that which would be required systemically to achieve the 

same local concentration at the venous endothelium.  This virtually eliminates 

risk related to the investigational substance, and also minimises the confounding 

physiological effects that might be observed with systemic dosing. 

Following on from this, the experiments in Chapter 8 verify that intravenous 

infusion of glyceryl trinitrate (GTN) prior to IR injury is protective, as previously 

described in other models of IR injury (venous plethysmography and FMD).  

This protection was also seen with intravenous infusion of low dose sodium 

nitrite.  The therapeutic advantage of using low dose nitrite is to avoid the 

potentially deleterious side effects associated with the use of GTN in unwell 

patients, where precipitous drops in blood pressure can compromise clinical 

stability and exacerbate IR injury.  Local administration of nitrite protected 

against IR injury in this model, using doses that were significantly less than 

those that have been described previously.  Additionally for the first time in 

humans, allopurinol was demonstrated to abolish the protective effects of nitrites, 
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suggesting a role for xanthine oxoreductase in the reduction of inorganic nitrite 

to nitric oxide during ischaemia.  

10.1.5  Early RIPC improves 1 year GFR and eGFR in live donor kidney 

transplant recipients 

Chapter 9 details the results of the REPAIR study, which demonstrated no 

improvement in kidney allograft function measured by iohexol GFR, but an 

improvement in kidney allograft function measured by eGFR at 1 year following 

live donor kidney transplantation, in patients who received early RIPC.  This 

improvement, of the order of 5 ml/min/m2 could potentially translate into 3-5 

years of increased allograft function. 

The trial demonstrated that RIPC is a safe and well tolerated intervention that 

can be performed in this setting.  The study also dismissed any effect of late 

RIPC.  As patients who undergo live donor kidney transplantation typically have 

very short cold ischaemic times (CIT), it is reasonable to postulate that patients 

undergoing deceased donor transplantation (where CIT is potentially much 

longer, therefore IR injury increased) might benefit to an even greater extent.  

Therefore a clinical trial investigating the effects of early RIPC in the setting of 

deceased donor kidney transplantation has been proposed as a follow up to 

REPAIR.   

10.1.6  RIPC does not appear to alter the inflammatory response to IR injury in 

the REPAIR study 

Blood and urine samples collected at baseline and on day 2 did not show any 

effect of RIPC to abrogate the inflammatory cytokine response to IR injury 

following surgery in either donor or recipient.  This could be interpreted as 

demonstrating that the inflammatory response to IR injury is not altered by RIPC.  

However other studies have demonstrated changes in pro and anti inflammatory 

gene expression following RIPC, and therefore it may simply be that measuring 

absolute values of cytokines is not the best approach in examining differences in 

the inflammatory response.  
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10.2 Further work 

1. Further studies of the effects of IPC and RIPC on the venous 

endothelium are required in order to confirm the results presented in 

Chapter 5 and validate this model for use in investigating mechanisms or 

IPC and RIPC in humans. 

2. Endothelial IR injury could be investigated further in patients with CKD by 

utilising the dorsal hand vein model. 

3. A prospective randomised controlled trial of vitamin D supplementation in 

the setting of transplantation would help to categorically answer the 

question as to the utility of such supplementation in this setting.  

4. A clinical study of the administration of low dose sodium nitrite during IR 

injury would help to confirm its utility, for example intracoronary infusion 

during PCI for MI, or inclusion into the perfusate following allograft 

harvest.  

5. A follow up to REPAIR, investigating the role of early RIPC in the setting 

of deceased donor transplantation has been proposed and it is hoped 

that a funding application will be successful based on the results of the 

study. 

 

10.3 Conclusion 

This translational research project aimed to utilise mechanistic models, 

alongside observational and clinical trial data, to investigate IR injury in healthy 

volunteers and patients with CKD.  The ultimate goal was to identify safe 

therapeutic interventions that would protect patients with CKD against the 

deleterious effects of IR injury.  Further prospective randomised controlled 

clinical studies are required to confirm the utility of these interventions in the 

clinical setting.   
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Appendix 1: Clinical trials of RIPC 

Year n Author Conditioning 
protocol  

Results Clinical setting 

2000 8 Günyaydin (97) Arm 2 x 3 min Increased LDH in preconditioned group CABG 

2006 41 Iliodromitis 
(106) 

Both arm 3 x 5 
min 

Increased troponin I, CK-MB and CRP Elective single vessel PCI & stenting 

2006 37 Cheung (98) Leg 4 x 5 min Decreased TnT, post op inotrope requirements, and airway 
resistance 

Paediatric surgery for congenital 
cardiac defects 

2007 82 Ali (224) Internal iliac 
cross clamp 2 x 
10 min  

Decreased absolute risk of myocardial injury/ infarction (TnI) and 
renal injury (creatinine) 

Elective open AAA repair 

2007 57 Hausenloy 
(100) 

Arm 3 x 5 min Decreased TnT Elective CABG 

2009 45 Venugopal 
(101) 

Arm 3 x 5 min Decreased TnT CABG (cold blood cardioplegia) +/- 
valve replacement 

2009 242 Hoole (102) Arm 3 x 5 min Decreased troponin I, reduces ischaemic pain during PCI Elective PCI 
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2009 42 Hoole (107) Arm 3 x 5 min No effect on LV dysfunction (conductance 
catheter/Doppler/dobutamine stress echocardiogram) 

Elective PCI for single vessel coronary 
artery disease 

2009 54 Hoole (225) Balloon 
occlusion  
during PCI in 
multi vessel 
disease; arm 3 
x 5 min in single 
vessel disease 

No difference in microvascular resistance or coronary flow 
velocity 

Elective PCI 

2009 40 Walsh (105) Both legs 10 
min ischaemia 

Reduced urinary retinal binding protein and albumin:creatinine 
ratio 

Endovascular AAA repair 

2010 70 Walsh (226) Both legs 10 
min ischaemia 

Fewer saccadic latency deteriorations (did not reach statistical 
significance) 

Carotid endarterectomy 

2010 78 Venugopal 
(156) 

Arm 3 x 5 min Post hoc analysis of 2 previous studies.  Decreased AKI on 
AKIN criteria 

CABG 

2010 162 Rahman (109) Arm 3 x 5 min No difference in TnT/cardiac performance/inotrope 
requirement/echo function/arrhythmias/renal or lung outcomes 

CABG (on-pump) 

2010 120 Wagner (227) Arm 3 x 5 min  TnI, tramadol administration increased troponin CABG with cold crystalloid cardioplegia 

2010 53 Thielmann 
(228) 

Arm 3 x 5 min Mean cTnI significantly lower in RIPC group at 6/12/24/48 h; 
44.5% reduction in cTnI AUC at 72h 

Elective CABG with crystalloid 
cardioplegia 
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2010 40 Walsh (108) Sequential 
common iliac 
clamping 

No differences in renal outcomes (urinary retinol binding protein 
(RBP) and albumin:creatinine ratio (ACR)) 

Open AAA repair 

2010 60 Zhou (229) Arm 3 x 5 min; 
24 & 1h pre 
surgery 

Reduced cytokines & cardiac enzymes, upregulation of HSP70; 
improved lung compliance 

Ventricular septal defect repair 

2010 40 Hu (230) Arm 3 x 5 min Reduced markers of ischaemic neuronal injury S-100B & 
neuron-specific enolase; improved recovery rate on functional 
score 

Elective decompression surgery for 
adult cervical spondylotic myelopathy 

2010 81 Li (231) Leg 4 min to 
600mmHg, 
pre/post aortic 
cross-clamping 
(RIPC or 
RPostC) 

Reduced cTnI 5 min before declamping and reduced incidence 
of defibrillation in RPerC group 

Selective cardiac valve replacement 

2010 333 Bøtker (103) Arm 4 x 5 min Increased myocardial salvage index in RPerC group PCI for AMI 

2010 142 Munk (104) Arm 4 x 5 min Substudy of Bøtker above.  No significant effect on LV function 
at d1/d30 although trend towards greater ejection fraction in 
RPerC group.  Asssessed by echo and CT. 

PCI for AMI 

2010 96 Rentoukas 
(232) 

Arm 3 x 4 
min/RIPC+morp

Greater incidence of ST-segment resolution and reduced peak 
TnI in both RIPC groups. RIPC+morphine group had greatest 

Primary PCI for AMI 
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hine/SHAM resolution and lowest peak TnI 

2010 14 Krawczyk (233) Arm 3 x 5 min Reduced heart-type fatty acid binding protein (h-FAB) and 
CKMB at 6h.  CKMB also lower at 12 and 24 h. No significant 
difference in cTnI or h-FAB at 12/24h 

Off pump CABG 

2010 100 Ali (234) Arm 3 x 5 min Reduced CKMB at 8/16/24 and 48h post surgery CABG 

2010 130 Hong (235) Arm 4 x 5 min Reduction in post operative TnI AUC by 26%, not statistically 
significant 

Off pump CABG 

2011 120 Zimmerman 
(157) 

Leg 3 x 5 min Reduced relative risk of AKI on AKIN criteria Cardiac surgery with CPB 

2011 113 Pedersen (158) Leg 4 x 5 min No effect on development of AKI, urine output or urinary 
biomarkers 

Paediatric surgery for correction of 
complex cardiac defects 

2011 72 Kottenberg 
(236) 

Arm 3 x 5 min RIPC reduced TnI AUC in those anaesthetized with isoflurane 
but not propofol 

CABG 

2011 54 Karuppasamy 
(237) 

Arm 3 x 5 min No difference in TnI, BNP or CKMB. CABG with isoflurane induction and 
propofol maintenance 

2011 76 Choi (159) Leg 3 x 5 min Decreased CK-MB at 24 hours.  No effect on creatinine, cystatin 
C, or NGAL, estimated glomerular filtration rate.   

Complex valvular heart surgery with 
CPB 
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2012 70 Hong (238) Leg 4 x 5 min 
pre & post 
anastomoses 
(RIPC+RPostC) 

Reduction in AUC for post op TnI of 48.7% in RIPC/RPostC 
group.  No difference in creatinine or PaO2/FiO2. 

Off pump CABG 

2012 55 Luccinetti (239) Leg 4 x 5 min  No effect on TnT, N-terminal proBNP, hsCRP or S100 protein (a 
marker of cerebral injury). 

On pump CABG with isoflurane 
inhalation 

2012 95 Prasad (240) Arm 3 x 5 min No difference in TnT, hsCRP or endothelial progenitor cell (EPC) 
counts 

Elective PCI 

2012 100 Er (161) Arm 4 x 5 min Reduction in risk of contrast nephropathy in patients with pre-
existing renal impairment 

Elective coronary angiography 

2012 80 Ghaemian 
(241) 

Leg 2 x 5 min Reduction in TnT and intraprocedural chest pain in 
preconditioned group 

Elective PCI 

2012 80 Lomivorotov 
(242) 

Arm 3 x 5 min No difference in TnI or CK-MB  CABG 

2012 96 Young (243) Arm 3 x 5 min No difference in hsTnT, AKI or ICU support requirements High risk cardiac surgery with CPB 

2012 68 Meng (244) Both arms 5 x 5 
min twice per 
day for 300 
days 

Reduced incidence of recurrent stroke at 90 and 300 days in 
preconditioned group (23.3 vs. 5% and 26.7 vs. 7.9% 
respectively).  Average time to recovery, cerebral perfusion 
status measured by SPECT and transcranial Doppler 
sonography all remarkably improved in preconditioned group. 

Recurrent stroke in patients with 
TIA/CVA and atherosclerotic 
intracranial arterial stenosis 
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2012 54 Kim (252) Leg 3 x 10 min 

pre and post 

operatively 

(RIPC+RPostC) 

No difference in PaO2/FiO2, acute lung injury or cytokine release.  
No difference in creatinine or incidence of AKI (increase in 
serum creatinine  by > 50% or > 0.3 mg/dL from baseline within 
48 h after surgery). 

Complex valvular heart surgery 

2012 55 Lee (253) Leg 4 x 5 min No difference in post operative TnI or peak creatinine VSD repair in infants 

2012 80 Ghaemian 
(241) 

Leg 2 x 5 min Lower TnT in RIPC group at 24 hours (p=0.01).  Reduced mean 
ST-segment deviation time in RIPC group (p=0.02).  No 
difference in major adverse cardiac event rate at a mean of 11 
months follow up. 

Elective PCI with drug eluting stents 

2013 205 Luo (245) Arm 3 x 5 min Reduction in troponin I at 16 hours in preconditioned group Elective PCI 

2013 60 Chen (165) Leg 3 x 5 min No difference in urine volumes, urinary biomarkers 
(malondialdehyde (MDA),  N-acetyl-D-glucosaminidase (NAG),  
NGAL, retinol binding protein (RBP), superoxide dismutase 
(SOD)), or creatinine. 

Live donor renal transplantation – 
randomised to donor/recipient/no RIPC 

2013 192 Hoole (246) Arm 3 x 5 min Long-term follow up of Hoole (102) above.  MACCE at 6 years 
significantly lower in RIPC group (p=0.039). 

Elective PCI 

2013 329 Thielmann 
(247) 

Arm 3 x 5 min Reduced cTnI AUC over 72 hours in RIPC group.  Reduced all 
cause mortality over 1.54 years in RIPC group. 

Elective isolated first CABG 
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2013 82 Huang (248) Leg 3 x 5 min 1 month GFR significantly reduced in control vs. RIPC group 
(p=0.034), no difference in GFR at 6 months.  Lower 24 hour 
urinary RBP in RIPC group (p=0.001).  No difference in serum 
creatinine or eGFR at 1 or 6 months.  

Laparoscopic partial nephrectomy for 
renal tumour 

2013 60 Igarashi (249) Arm 4 x 5 min % change in urinary L-FABP level at 24 h was significantly 
smaller in the RIPC group (p=0.003).  

Elective coronary angiography in 
patients with MDRD eGFR 30-60 
ml/min/1.73m2 

2013 149 Ahmed (250) Arm 3 x 5 min Lower mean cTnT at 16 hours in RIPC group (p=0.047).  No 
difference in postprocedural MI, CKMB and CRP. 

Elective PCI 

2013 95 Prasad (240) Arm 3 x 5 min No difference in the frequency of PCI related myonecrosis 
(p=0.42). 

Elective PCI for stable disease or 
unstable angina 

2014 180 Candilio (251) 2 x 5 min cycles 
simultaneous 
upper arm and 
thigh  

Reduction in 72h AUC for hsTnT by 26% (p=0.003).  Reduction 
in incidence of postoperative AF (p=0.031), non significant 
reduction in AKI (p=0.063) and reduction in ICU stay by 1 day 
(p=0.043) 

Elective coronary artery bypass 
grafting and/or valve surgery 

2014 406 Veighey 
(awaiting 
publication) 

Arm 4 x 5 min Evidence of an effect of early RIPC to increase GFR 1 year post 
transplant.  Statistically significant increase in eGFR in those 
receiving early RIPC (p=0.01). 

Live donor kidney transplantation 
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Table 15: Clinical trials of RIPC.  Abbreviations: AAA, abdominal aortic aneurysm; ACR, albumin:creatinine ratio; AKI, acute kidney injury; 

AKIN, Acute Kidney Injury Network; AUC, area under the curve; CABG, coronary artery bypass grafting; CK-MB, creatine kinase muscle brain 

type; CPB, cardiopulmonary bypass; (e)GFR, (estimated) glomerular filtration rate; ICU, intensive care unit; L-FABP, liver-type fatty acid binding 

protein, MACCE, major adverse cardiac and cerebral event; MDA, malondialdehyde; MDRD, modification of diet in renal disease; NAG, N-

acetyl-D-glucosaminidase; NGAL, neutrophil gelatinase associated lipocalin; PCI, percutaneous coronary intervention; RBP, retinol binding 

protein; RIFLE, Risk Injury Failure Loss End-stage kidney disease; RIPC, remote ischaemic preconditioning; RPostC, remote ischaemic 

postconditioning; SOD, superoxide dismutase; TnI, troponin I; (c)(hs)TnT, (cardiac)(high sensitivity) troponin  
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Appendix 2: Clinical trials of RIPC with renal endpoints 

Year n Author RIPC protocol  Results Clinical setting 

2007 82 Ali (224) Internal iliac cross clamp 2 

x 10 min  

Decreased absolute risk of myocardial injury/ infarction (TnI) 

and renal injury (creatinine) (p=0.009). 

Elective open AAA repair 

2009 242 Hoole (102) 

(246)  

Arm 3 x 5 min Reduction in TnI at 24 hours and MACCE at 6 months.  No 

difference in eGFR or AKI (creatinine >25% from baseline) at 

24 h post op.  Reduced MACCE maintained at 6 year follow up 

(p=0.036). 

Elective PCI 

2009 40 Walsh (105) Both legs 10 min ischaemia Significantly reduced post op urinary RBP (p=0.04). Non-

significant reduction in urinary ACR (p=0.06). 

Endovascular AAA repair 

2010 78 Venugopal 

(156) 

Arm 3 x 5 min Post hoc analysis of 2 previous studies.  Decreased AKI on 

AKIN criteria (160) (p=0.005). 

CABG 

2010 162 Rahman (109) Arm 3 x 5 min No difference in TnT/cardiac performance/inotrope 

requirement/echo function/arrhythmias/renal (peak 

creatinine/dialysis requiring AKI) or lung outcomes. 

CABG (on-pump) 

2010 53 Thielmann 

(228) 

Arm 3 x 5 min Mean cTnI significantly lower in RIPC group at 6/12/24/48 h; 

44.5% reduction in cTnI AUC at 72h.  Reduced peak post op 

Elective CABG with 

crystalloid cardioplegia 
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creatinine (p=0.04). 

2010 40 Walsh (108) Sequential common iliac 

clamping 

No differences in renal outcomes (urinary RBP and ACR). Open AAA repair 

2011 120 Zimmerman 

(157) 

Leg 3 x 5 min Reduced relative risk of AKI (elevation of serum creatinine of 

≥0.3mg/dl or ≥50 within 48h after surgery), p=0.004.  

Cardiac surgery with CPB 

2011 113 Pedersen 

(158) 

Leg 4 x 5 min No effect on development of AKI (RIFLE criteria), eGFR, urine 

output or urinary biomarkers (plasma & urinary NGAL, cystatin 

C). 

Paediatric surgery for 

correction of complex cardiac 

defects 

2011 76 Choi (159) Leg 3 x 5 min Decreased CK-MB at 24 hours.  No effect on creatinine, 

cystatin C, NGAL, or eGFR.   

Complex valvular heart 

surgery with CPB 

2012 70 Hong (238) Leg 4 x 5 min carried out 

pre and post anastomoses 

(RIPC+RPostC) 

Reduction in AUC for post op TnI of 48.7% in RIPC/RPostC 

group.  No difference in creatinine or PaO2/FiO2. 

Off pump CABG 

2012 54 Kim (252) Leg 3 x 10 min pre and post 

operatively 

(RIPC+RPostC) 

No difference in PaO2/FiO2, acute lung injury or cytokine 

release.  No difference in creatinine or incidence of AKI 

(increase in serum creatinine  by > 50% or > 0.3 mg/dL from 

baseline within 48 h after surgery).  

Complex valvular heart 

surgery 

2012 55 Lee (253) Leg 4 x 5 min  No difference in post operative TnI or peak creatinine.  VSD repair in infants 
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2012 72 Kottenberg 

(236) 

Arm 3 x 5 min Decreased TnI AUC following RIPC administered during 

isoflurane but not during propofol anaesthaesia.  No change in 

peak postoperative creatinine. 

CABG 

2012 96 Young (243) Arm 3 x 5 min No difference in postoperative hsTnT or AKI by RIFLE (254) 

criteria. 

‘High risk’ cardiac surgery 

with CPB 

2012 100 Er (161) Arm 4 x 5 min Reduction in risk of contrast nephropathy (increase in serum 

creatinine ≥25% or ≥0.5 mg/dL above baseline at 48 hours 

after contrast medium exposure) in patients with pre-existing 

renal impairment (p=0.002). 

Elective coronary 

angiography 

2013 60 Chen (165) Leg 3 x 5 min No difference in urine volumes, urinary biomarkers (MDA, 

NAG, NGAL, RBP, SOD), or creatinine. 

Live donor renal 

transplantation – randomised 

to donor/recipient/no RIPC 

2013 82 Huang (248) Leg 3 x 5 min 1 month GFR significantly reduced in control vs. RIPC group 

(p=0.034), no difference in GFR at 6 months.  Lower 24 hour 

urinary RBP in RIPC group (p=0.001).  No difference in serum 

creatinine or eGFR at 1 or 6 months.  

Laparoscopic partial 

nephrectomy for renal tumour 

2013 60 Igarashi (249) Arm 4 x 5 min % change in urinary L-FABP level at 24 h was significantly 

smaller in the RIPC group (p=0.003).  

Elective coronary 

angiography in patients with 

MDRD eGFR 30-60 
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ml/min/1.73m2 

2014 180 Candilio (251) 2 x 5 min cycles of 

simultaneous upper arm 

and thigh cuff 

inflation/deflation 

Reduction in 72h AUC for hsTnT by 26% (p=0.003).  

Reduction in incidence of postoperative AF (p=0.031), non 

significant reduction in AKI (p=0.063) and reduction in ICU 

stay by 1 day (p=0.043) 

Elective coronary artery 

bypass grafting and/or valve 

surgery 

2014 406 Veighey 

(awaiting 

publication) 

Arm 4x5 min Evidence of an effect of early RIPC to increase GFR 1 year 

post transplant.  Statistically significant increase in eGFR in 

those receiving early RIPC (p=0.01).  

Live donor kidney 

transplantation 

 

Table 16: Clinical trials of RIPC with renal endpoints.  Abbreviations: AAA, abdominal aortic aneurysm; ACR, albumin:creatinine ratio; AKI, 

acute kidney injury; AKIN, Acute Kidney Injury Network; AUC, area under the curve; CABG, coronary artery bypass grafting; CK-MB, creatine 

kinase muscle brain type; CPB, cardiopulmonary bypass; (e)GFR, (estimated) glomerular filtration rate; L-FABP, liver-type fatty acid binding 

protein, MACCE, major adverse cardiac and cerebral event; MDA, malondialdehyde; MDRD, modification of diet in renal disease; NAG, N-

acetyl-D-glucosaminidase; NGAL, neutrophil gelatinase associated lipocalin; PCI, percutaneous coronary intervention; RBP, retinol binding 

protein; RIFLE, Risk Injury Failure Loss End-stage kidney disease; RIPC, remote ischaemic preconditioning; RPostC, remote ischaemic 

postconditioning; SOD, superoxide dismutase; TnI, troponin I; (hs)TnT, (high sensitivity) troponin  
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Appendix 3: REPAIR 

Remote preconditioning for protection against ischaemia-reperfusion in 

renal transplantation (REPAIR): a multi-centre, multi-national, double-blind, 

factorial designed randomised controlled trial. 

Kristin Veighey1,3, Tim Clayton2, Rosemary Knight2, Steven Robertson2, Jennifer 

M Nicholas2, Madhur Motwani1, Mark Harber4, Chris Watson5, Johan W De 

Fijter6, Stavros Loukogeorgakis1, Raymond MacAllister1 

1Division of Medicine, UCL, 2Clinical Trials Unit, London School of Hygiene and 

Tropical Medicine, 3Portsmouth Hospitals NHS Trust, 4Royal Free London NHS 

Foundation Trust, 5Cambridge University Hospitals NHS Trust and NIHR 

Cambridge Biomedical Research Centre, 6Leiden University Medical Center, 

The Netherlands 

ABSTRACT 

Title 

Remote preconditioning for protection against ischaemia-reperfusion in renal 

transplantation (REPAIR) 

Trial design 

Multi-national, double-blind, randomised controlled trial. 

Background 

Ischaemia reperfusion (IR) injury sustained at transplantation contributes to 

organ damage that limits allograft longevity. Clinical trials have suggested that 

remote ischaemic preconditioning (RIPC) reduces ischaemic tissue injury. 

REPAIR investigated whether RIPC improves kidney function following living 

donor kidney transplantation.  

Methods 

406 adult live donor/recipient pairs were recruited, excluding patients on 

potassium channel opening/blocking drugs or ciclosporin, with iodine sensitivity, 

undergoing ABO incompatible transplantation or requiring HLA antibody removal. 
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Pairs were randomised using a factorial design to either: sham RIPC, early 

RIPC (immediately pre-surgery), late RIPC (24 hours pre-surgery) or dual RIPC 

(early and late RIPC). Donor and recipient received the same interventions 

(active or sham RIPC). The primary outcome was iohexol glomerular filtration 

rate (GFR) 12 months after transplantation. Important secondary outcomes were 

eGFR and safety. 

Results 

There was a trend towards a clinically important effect of RIPC to increase 

iohexol GFR (ml/min/1·73m2) at 12 months (58·3 vs· 55·9: adjusted mean 

difference 3·08; 95% CI -0·89 to 7·04; p=0·13). There was stronger evidence for 

an effect when eGFR substituted missing iohexol values (difference 3·41; 95% 

CI -0·21 to 7·04; p=0·065) and when eGFR was used to assess kidney function 

(difference 4·98; 95% CI 1·13 to 8·29; p=0·011). There was no evidence that late 

RIPC alone or in combination with early RIPC had any benefit. RIPC was safe 

and well tolerated. 

Conclusions 

RIPC is safe in living donor kidney transplantation, had a weak effect on GFR 

(measured using iohexol) but a stronger effect on eGFR, reflecting a clinically 

important improvement of kidney function. 

 

Trial registration: ISRCTN30083294. 

Funded by the NIHR Efficacy and Mechanism Evaluation Programme 
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INTRODUCTION 

Kidney transplantation is the optimal treatment for suitable patients with end-

stage kidney disease. However, a shortage of donors and eventual failure of the 

transplant means that many patients require dialysis for long-term therapy. 

During surgery, the kidney sustains ischaemic damage between interruption of 

its blood supply in the donor and reperfusion in the recipient. Reperfusion 

causes a second injury, and this composite ischaemia-reperfusion injury (IR 

injury) determines the function of the transplanted kidney in the immediate post-

operative period, and longer-term. Reducing IR injury to the kidney should result 

in a healthier kidney at implantation, and ultimately one with a longer lifespan. 

One method of rendering organs resistant to IR injury is ischaemic 

preconditioning (IPC), which utilises sub-lethal ischaemia (preconditioning 

stimulus) to induce a state of protection against subsequent prolonged 

ischaemia. This protection is biphasic - an early phase occurs within minutes of 

the preconditioning stimulus and lasts for up to 4 hours and a late phase occurs 

24 hours after the preconditioning stimulus, and lasts for up to 72 hours. The 

difficulties of directly applying IPC stimuli to vital organs in humans has 

precluded its assessment in adequately powered clinical trials. However 

preconditioning has a systemic phenotype (remote ischaemic preconditioning; 

RIPC), and this facet of preconditioning is potentially protective against IR injury 

to vital organs, including the kidney. RIPC is activated by brief non-lethal periods 

of ischaemia to the limb, and a number of small-scale clinical studies have 

demonstrated potentially protective effects in humans. REPAIR sought to 

determine whether RIPC reduces IR injury in living donor kidney transplantation 

and improves kidney function. 

METHODS 

Study design and participants 

REPAIR was a multi-centre factorial double-blind European-based randomised 

controlled trial assessing the impact of RIPC on kidney function following live 

donor kidney transplantation. 406 pairs of transplant recipients, and their living 

donors, were recruited from centres in the UK, the Netherlands, Belgium and 

France. Patients were eligible for inclusion if they were 18 years and above. 
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Patients were excluded who  were on medicines known to modulate 

preconditioning pathways (specifically ATP-sensitive potassium channel 

opening or blocking drugs, or ciclosporin), had known iodine sensitivity 

(contraindicating iohexol), or required immunomodulation (ABO 

incompatible/HLA antibody removal). Ethical approval for the study in the UK 

was given by the Joint UCL/UCLH Committees on the Ethics of Human 

Research (Reference number: 09/H0715/48) and by local Research Ethics 

Committees for sites outside the UK. REPAIR was registered with the 

International Standard Randomised Controlled Trial Register (ISRCTN; 

reference number 300832940).  

Randomisation and blinding 

Patients and their donors were allocated at random to control (sham RIPC), 

early RIPC alone (immediately pre-surgery), late RIPC alone (24 hours pre-

surgery) and dual RIPC (RIPC 24 hours and immediately pre-surgery) groups. 

Randomisation was by a web-based service with random permuted blocks 

stratified by recruiting centre. Donor and recipient were randomised to the same 

intervention groups. Unblinded research staff not involved in sample collection 

or data analysis performed enrolment and preconditioning procedures. All other 

research personnel at each study site, including those responsible for assessing 

outcomes, remained blinded to the allocation of patients.  

Procedures 

The active RIPC procedure consisted of four, five-minute inflations of a blood 

pressure cuff on the upper arm to 40 mmHg above systolic blood pressure 

separated by five-minute periods of cuff deflation. The sham RIPC procedure 

consisted of four five-minute inflations of a blood pressure cuff on the upper arm 

to 40 mmHg separated by five-minute periods of cuff deflation. Active or sham 

RIPC sequences were initiated before induction of anaesthesia and completed 

in advance of surgery. Patients underwent the same immunosuppressive 

protocol; methylprednisolone and/or prednisolone and anti-CD25 monoclonal 

antibody (basiliximab; 20mg iv pre-transplant followed by 20mg iv on day 4), 

mycophenolate or azathioprine, and tacrolimus, with a target plasma 

concentration according to local practice. There were no changes from routine 
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practice for anaesthesia. Donors and recipients were followed up at day one (the 

day of the transplant), day two, and day three. Recipients additionally underwent 

follow up on day five, month three and month 12.  

Outcomes 

The primary endpoint of the study was glomerular filtration rate (GFR) 12 

months after transplantation, measured by iohexol clearance. Secondary 

outcomes were: eGFR (Chronic Kidney Disease Epidemiology Collaboration 

(CKD-EPI)) at three and 12 months after transplantation, time for serum 

creatinine to fall by 50%, incidence of delayed graft function, acute rejection 

during the first 12 months after transplantation, mortality (at 12 months) and 

graft survival (at three and 12 months).  

Statistical analysis 

The primary analyses compared: (i) the two arms receiving early RIPC with the 

two arms not receiving early RIPC (ii) the two arms receiving late RIPC with the 

two arms not receiving late RIPC. The sample size was chosen to give 80% 

power (with a 5% risk of a type one error) to detect a 10% difference in GFR for 

either of these comparisons. Based on the assumption that mean eGFR would 

be 47·3 ml/min/1·73m2 in the control group, with standard deviation of 13·9, a 

trial of 80 patients in each of the four arms (160 for each comparison group: 320 

in total) was needed, allowing for a 15% dropout rate. This was increased to 100 

patients per arm (200 for each comparison group: 400 in total) to allow for the 

possibility of a moderate interaction between the effects of late and early RIPC. 

The primary analysis was conducted on an intention to treat (ITT) basis 

irrespective of whether the intervention was performed. A per protocol (PP) 

analysis was undertaken confined to those who received the randomised 

intervention as specified. 

The effect of early and late RIPC on GFR at 12 months was assessed using two 

way analysis of covariance (ANCOVA), including indicator variables for the two 

treatment schedules (early and late RIPC). The same ANCOVA approach was 

used to assess treatment effects on: GFR at 12 months with eGFR at 12 months 

imputed for those patients with missing iohexol GFR; eGFR at 12 months; and 

eGFR at 3 months. A large interaction between early and late RIPC on mean 
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GFR was not expected and the trial was not powered to detect small interactions. 

However, a formal test of interaction was conducted by including an interaction 

term between early and late RIPC in a separate ANCOVA model. Irrespective of 

the result of this interaction test, an ANCOVA model was also used to compare 

GFR between the combined RIPC arms (early, late and dual) and the control 

arm receiving no RIPC. All analyses of GFR or eGFR adjusted for donor’s 

baseline eGFR. For patients with a missing 12 month GFR due to death or graft 

loss a value of 0 was imputed. In order to assess the impact of this imputation, 

secondary sensitivity analyses were also undertaken excluding these patients. 

The effect of early and late RIPC on time for serum creatinine to fall 50% and 

time to acute rejection was evaluated using Cox proportional hazards regression 

models with indicator variables for the two treatment types. The proportion of 

participants with delayed graft function (either the need for dialysis in the first 7 

days after transplantation or serum creatinine that increased, remained 

unchanged, or decreased less than 10% per day on three consecutive days in 

the first week after transplantation) during the first 7 days was analysed using 

logistic regression model with indicator variables for the two treatment types. 

Graft survival and mortality were compared using logrank tests to compare (i) 

the two arms receiving early RIPC to the two arms not receiving early RIPC (ii) 

the two arms receiving late RIPC to the two arms not receiving late RIPC. 
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RESULTS  

Figure 1 shows the number of pairs of participants who were screened, 

randomised and who had measurements of the primary outcome (iohexol GFR 

at 12 months). Between 4th January 2010 and 29th April 2013, 406 donor 

recipient pairs were randomised: 99 to sham RIPC, 102 to early RIPC, 103 to 

late RIPC and 102 to dual RIPC. Table 1 shows the baseline characteristics of 

the donors and recipients which were reasonably well-balanced across the four 

treatment arms. In total 362 donor recipient pairs had a GFR iohexol 

measurement at 12 months. 

Effect of RIPC on GFR 

In the prespecified analysis, there was a trend towards higher GFR at 12 

months in the early RIPC group versus those who did not receive early RIPC 

(58·3 vs· 55·9: adjusted difference 3·08; 95% CI -0·89 to 7·04; p=0·13) (Table 2). 

There was stronger evidence of a treatment effect of early RIPC on secondary 

measures of kidney function, including when eGFR was imputed for 58 patients 

with missing values of GFR by iohexol (adjusted difference 3·41; 95% CI -0·21 

to 7·04; p=0·065) and for eGFR at 12 months (adjusted difference 4·98; 95% CI 

1·13-8·29; p=0·011). The variability of the iohexol measurements was larger 

than anticipated, possibly due to the variability in the timing and method of the 

measurements in the different centres and also due to the imputation of 0 for 

those patients with graft loss or who died. This contributed to the confidence 

intervals being less precise despite the potentially clinically important observed 

difference seen. The per protocol (PP) analysis was consistent with this pattern; 

there was a small increase in iohexol GFR at 12 months (adjusted difference 

3·89; 95% CI -0·18 to 7·96; p=0·061), an effect that was more robust when 

eGFR was used to impute missing values (adjusted difference 3·66; 95% CI -

0·08 to 8·69; p=0·055) and when eGFR was used to assess kidney function 

(adjusted difference 4·69; 95% CI 0·69 to 8·69; p=0·022). eGFR was also 

measured at 3 months, and here the pattern was similar with an adjusted mean 

difference by ITT of 4·99 (95% CI 1·69 to 8·29; p=0·003) and by PP 5·32 (95% 

CI 1·9-8·75; p=0·002).  
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In a sensitivity analysis with the 11 patients with graft loss or who died by 12 

months removed from the analysis the observed treatment difference narrowed 

slightly but the variability also decreased resulting in an increase in precision. 

The estimated treatment differences were (i) iohexol GFR 2·35 (-1·09 to 5·78), 

p=0·18 (ii) GFR with imputed eGFR 2·90 (-0·03 to 6·11, p=0·077, and (iii) eGFR 

4·42 (0·82 to 8·02), p=0·016.   

Late RIPC had no effect on renal outcomes (Table 3) and there was no 

evidence of an interaction between early and late RIPC to improve GFR 

(interaction p=0·47), consistent with there being no additional beneficial effects 

on kidney function by combining early and late RIPC 

A secondary ITT analysis comparing the combined early and late RIPC groups 

to control suggested a trend towards higher GFR by iohexol clearance in the 

RIPC treatment groups versus control (adjusted difference 3·88; 95% CI -0·74 to 

8·50; p=0·099). There was evidence that compared to controls the combined 

RIPC group had higher GFR when missing values of GFR by iohexol clearance 

were imputed using the eGFR at 12 months (4·56; 0·34 to 8·77; p=0·034); higher 

eGFR at 12 months (5·51; 1·04 to 9·98; p=0·016) and a trend towards higher 

eGFR at 3 months (3·68; -0·22 to 7·58; p=0·064). Results from the per-protocol 

analysis were similar to those from the ITT analysis. 

Effect of RIPC on secondary outcomes 

There was no evidence of an effect of RIPC on the secondary endpoints (Tables 

2,3) although numbers were small. Time taken for creatinine to fall by 50% 

following transplantation was similar between early RIPC and control (p=0·75) 

and late RIPC and control (p=0·64), the median time being 48 hours in all 

treatment groups. There was little evidence of a difference in rates of acute 

rejection between early RIPC and control (p=0·86) or late RIPC and control 

(p=0·17), but only 10% of participants experienced acute rejection during the 

trial. There was little evidence that the incidence of delayed graft function 

differed between early RIPC and control (p=0·61) but the incidence was lower 

among late RIPC compared to control (1·0% versus 5·3%; p=0·031); however, 

only 12 patients experienced delayed graft function, so substantial uncertainty 

remains on the effects of early and late RIPC on this outcome. The median 

length of hospital stay was 6 days in all groups. Nine recipients experienced 
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graft loss and only 2 recipients died during the initial 12 months following 

transplant. There was little evidence of any differences between those receiving 

RIPC and control. Results for per-protocol analysis of the main secondary 

outcomes were similar to the ITT analysis.  

Safety 

Table 4 shows the numbers and types of adverse event by treatment arm. 

Adverse events were more commonly experienced by pairs in the RIPC arms 

than control (Table 4). In particular, and as expected, far more pairs in the early 

RIPC arms than control arm experienced pain/paraesthesia (33-44% versus 2%) 

or skin petechiae (9-20% versus 1%) at the time of the early RIPC intervention, 

but a similar proportion experienced adverse events during later follow-up (52-

59% versus 60%).  

 

DISCUSSION 

REPAIR is the largest clinical trial to estimate the effect of RIPC on a clinically 

relevant end-point in renal transplantation. We observed a clinically important 

effect of early preconditioning to improve eGFR three months and one year after 

living donor transplantation, that was mirrored by an increase in GFR measured 

by iohexol clearance although the evidence was weaker for this endpoint. There 

was little evidence for an effect of delayed preconditioning on kidney function. 

RIPC was tolerated by over 90% of patients, had minimal morbidity, with very 

low cost and inconvenience to patients.  

There are approximately 28,000 renal transplant patients in the UK alone. They 

join a population of around 37,000 patients on dialysis, with a median waiting 

time of approximately 3·2 years for the deceased donor kidneys that become 

available for transplantation every year. There is significant morbidity, and 

appreciable annual mortality (approximately 3%) among these patients on 

dialysis; dialysis is a time-consuming treatment that enforces substantial and 

permanent restrictions on lifestyle. This is in addition to the cost of dialysis 

(about £30,000 per patient per year, and greater than the costs of treating 

patients by transplantation (estimated cost benefit in the second and 

subsequent years of £25,800 pa), consuming approximately 3% of the NHS 
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budget (data from UK Renal Registry (1) and NHS Blood and Transplant (2)). 

Therefore, approaches that maximise the lifespan of each transplanted kidney 

will benefit patients directly, contribute to a reduction in the transplant list and 

moderate the costs of renal replacement therapy.  

Reduction in IR injury has potential to improve the outcome of kidney (and other 

organ) transplantation, in the short and long-term. RIPC is a whole-body 

systemic reflex activated by localised transient ischaemia that is itself non-

injurious. The discovery that limb ischaemia could activate this reflex, and limit 

tissue injury to vital organs in animals and humans, has stimulated a large 

number of clinical trials to detect protective effects in patients. Most of these 

have been too small to measure real clinical endpoints, and the small sample 

sizes have doubtless contributed to heterogeneity and uncertainty of trial 

findings.  

We chose living donor kidney transplantation as a model for testing whether 

RIPC had more than a biological effect in patients. Kidney transplantation in this 

setting is carefully scheduled so as to facilitate the application of a 

preconditioning stimulus before surgery. It was possible to arrange for a 

preconditioning stimulus to be applied to donor and recipient, and also to 

perform the procedure 24 hours before surgery and immediately before surgery 

so as to test for early and late effects of preconditioning. Lastly, the careful 

planning of this surgery would mean that kidney ischaemia times would be 

expected to be consistent, reducing variability of ischaemia times, kidney injury 

and kidney function after surgery. The RIPC stimulus that was used was based 

on that which induced cardioprotection in a number of prior clinical trials; namely 

five-minute cycles of arm ischaemia and reperfusion. Our previous work had 

indicated that at least three cycles were needed to induce systemic protection, 

and to build in a safety margin to ensure the stimulus was sufficient we designed 

REPAIR to use a four cycle stimulus. We designed REPAIR to measure kidney 

function 12 months after transplantation. The usual measure of kidney function 

is the eGFR, calculated from the serum creatinine, taking into account age, 

gender and race of the patient. In REPAIR we elected to measure GFR directly 

by the rate of excretion of iohexol, taking the view that the increased precision of 

this assessment over eGFR would be an advantage. We were mindful of the 
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theoretical disadvantages of iohexol GFR, including its greater complexity 

requiring an additional outpatient visit and the greater potential for human error 

in administering the correct dose and timing of blood sampling. By setting 

iohexol GFR as our primary end-point, we wanted to emphasise the importance 

of capturing data on renal function using this direct measure. These theoretical 

disadvantages were realised, and are likely to explain the lesser impact of RIPC 

on iohexol GFR, compared to eGFR. While imputation with eGFR to some 

extent compensated for data attrition, it also added to variability because eGFR 

values were higher (by approximately 5 units) than iohexol GFR. 

The factorial design of REPAIR allowed separate assessments of the immediate 

and delayed protection that RIPC might stimulate. The early phase provides a 

window of protection of about 4 hours immediately on completing a threshold 

preconditioning stimulus. Approximately 24 hours after preconditioning, a 

second phase of protection, mediated by a complex of anti-inflammatory 

mediators, has been demonstrated to provide a more prolonged period of 

protection. The factorial design enabled investigation of these two facets 

separately, and uniquely for a preconditioning study, to examine whether there 

was additional protection provided by a combination of early and late protection 

stimulated by sequential application of preconditioning stimuli. So as to 

maximise the chances of inducing tissue protection during ischaemia and 

reperfusion, in REPAIR donors and recipients underwent the same 

preconditioning protocol. In this way, the donor kidney would undergo 

preconditioning in advance of its ischaemic insult, and reperfusion injury in the 

recipient might also be modulated by preconditioning. 

The main finding of REPAIR was the effect of early RIPC. When measured by 

iohexol clearance the group randomised to early RIPC had a higher GFR at 12 

months, although the evidence for an effect was weak. When measured by 

eGFR at three and 12 months, the evidence for a beneficial effect was stronger, 

with increased GFR in the early RIPC group, amounting to an approximate 

5ml/min/1·73m2 difference at 12 months. When missing values of iohexol GFR 

were imputed by eGFR, the strength of evidence for an effect of RIPC also 

increased. These conclusions were supported by per-protocol analyses, which 

increased the size of the effect of early RIPC and increased confidence in the 
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findings. Given a mean annual rate of decline of eGFR after kidney 

transplantation of 1–1·5 ml/min/1·73m2 (3,4), a patient starting out after 

transplantation with a 5ml/min/1·73m2 advantage might reasonably expect a 2-3 

year extension to the lifespan of the transplant. The likeliest explanation for the 

difference in the strength of evidence between the primary and secondary GFR 

endpoints, is the greater variability of the more complex measure of GFR, and 

the attrition of data for this measure. In contrast to these findings were the 

largely null effects of late preconditioning. Using iohexol GFR, eGFR at three 

and 12 months, iohexol GFR with imputed values for eGFR and by per protocol 

analysis, there was no evidence of a clinical effect of late preconditioning. 

There were no major safety concerns. As expected RIPC caused some 

discomfort to approximately 40% of donors and recipients alike. Direct pressure 

effects of the cuff used to occlude blood flow in the arm resulted in a small 

proportion experiencing asymptomatic petechiae. However during follow up, 

there was no difference in adverse events recorded, the majority of which were 

unscheduled hospital admissions unrelated to preconditioning.  

Aside from an immediate unpleasant sensation that is short-lived, RIPC is a safe 

intervention that can be used with little added cost in living donor transplantation. 

In REPAIR, the totality of evidence points to an effect on renal function that is 

clinically worthwhile. Further studies will of course help define the role of RIPC in 

renal transplantation, though it may be difficult to recruit to a second living donor 

trial of RIPC, given the results of REPAIR. REPAIR refines the optimal design 

for a trial of RIPC in deceased-donor transplantation, which should test the 

effects of early RIPC applied to the recipient by measuring eGFR. In the interim, 

REPAIR demonstrates an effect of RIPC that, in living donor transplantation, will 

add life to the transplanted kidney.   
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Figure 1: Consort diagram 

  

Allocated to dual RIPC (n=102) 
¨ Received allocated intervention (n=99) 
¨ Did not receive allocated intervention (n=3) 
Not eligible (n=1) 
Operational reasons (n=1) 
Patient withdrew consent (n=1) 
¨ Partially received allocated intervention (n=6)  
Operational reasons (n=3) 
Patient unable to tolerate (n=3) 
 
 

A
nalysis 

Follow
 up 

Analysed (n=80) 
¨ Excluded from analysis (n=19) 
- Lost to follow-up (n=4) 
- Patient declined Iohexol test (n=10) 
- Iohexol incomplete (n=2) 
- Iodine allergy (n=2) 
- Not eligible (n=1) 

 

Lost to follow-up (n=4) 
- Patient withdrew consent (n=1) 
- No transplant, withdrawn from trial (n=3) 

 

Analysed (n=86) 
¨ Excluded from analysis (n=16) 
- Lost to follow-up (n=5) 
- Patient declined Iohexol test (n=9) 
- Iohexol incomplete (n=1) 
- Iodine allergy (n=1) 

 

Lost to follow-up (n=5) 
- Patient withdrew consent (n=2) 
- No transplant, withdrawn from trial (n=1) 
- Not eligible, patient withdrawn (n=1) 
- Patient withdrawn by investigator (n=1) 

Analysed (n=79) 
¨ Excluded from analysis (n=24) 
- Lost to follow-up (n=5) 
- Patient declined Iohexol test (n=11) 
- Iohexol incomplete (n=4) 
- Iodine allergy (n=3) 
- Contraindicated on medical grounds (n=1) 

Lost to follow-up (n=5) 
- Patient withdrew consent (n=1) 
- No transplant, withdrawn from trial (n=1) 
- Not eligible, patient withdrawn (n=3) 

 

Analysed (n=85) 
¨ Excluded from analysis (n=16) 
- Lost to follow-up (n=3) 
- Patient declined Iohexol test (n=10) 
- Iohexol incomplete (n=2) 
- Iodine allergy (n=1) 

 

Lost to follow-up  (n=3) 
- Patient withdrew consent (n=1) 
- No transplant, withdrawn from trial (n=1) 
- Not eligible, patient withdrawn (n=1) 

 

A
llocation 

Allocated to sham RIPC (n=99)  
Received allocated intervention (n=94) 
Did not receive allocated intervention  (n=5) 
Not eligible (n=4) 
Patient withdrew consent (n=1) 
Partially received allocated intervention (n=6)  
Human error (n=1) 
Not eligible (n=1) 
Operational reasons (n=3) 
Patient declined intervention (n=1) 

 

Allocated to early RIPC (n=102) 
¨ Received allocated intervention (n=98) 
¨ Did not receive allocated intervention (n=4) 
Not eligible (n=2) 
Patient declined intervention (n=1) 
Patient withdrew consent (n=1) 
¨ Partially received allocated intervention (n=9)  
Human error (n=3) 
Medical reason (n=1) 
Operational reasons (n=1) 
Patient unable to tolerate (n=4) 
 

Allocated to late RIPC (n=103) 
¨ Received allocated intervention (n=98) 
¨ Did not receive allocated intervention (n=5) 
Not eligible (n=4) 
Operational reasons (n=1) 
¨ Partially received allocated intervention (n=6)  
Human error (n=2) 
Mechanical failure of cuff (n=1) 
Patient unable to tolerate (n=2) 
Patient declined intervention (n=1) 
 
 

Enrollment 

Assessed for eligibility (n=1315) Excluded (n=909) 
Not eligible (n = 391) 

Other reasons (n = 518)  (Entered in different trial (96), No staff available 
(53), Medical reason (3), Invitation visit postponed (1), PI decision (14), 
Recipient or donor refused/didn’t consent (138), Patient not asked (30), 
Logistic reasons (84), Crossover pair/3-way exchanges/altruistic donor (22), 
Anti TNF therapy (3), Patient from non REPAIR centre (69),  Died before 
transplant (1), Not known (4)) 

Randomised (n=406) 
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Table 1: Baseline characteristics of recipients and donors by treatment group (n=406) 

 Control (N=99) Early RIPC (N=102) Late RIPC (N=103) Dual RIPC (N=102) 

 n (%) Mean (SD) n (%) Mean (SD) n (%) Mean (SD) N (%) Mean (SD) 

n with baseline data 95  98  99  99  

Recipient male 58 
(61.1) 

 71 
(72.4) 

 65 (65.7)  73 
(73.7) 

 

Donor male 41 
(43.2) 

 47 
(48.0) 

 47 (47.5)  41 
(41.4) 

 

Recipient ethnicity         

  White 76 
(80.0) 

 81 
(82.7) 

 86 (86.9)  78 
(78.8) 

 

  Asian 5 (5.3)  8 (8.2)  4 (4.0)  6 (6.1)  

  Black 5 (5.3)  5 (5.1)  5 (5.1)  11 
(11.1) 

 

  Other 6 (6.3)  3 (3.1)  4 (4.0)  2 (2.0)  

  Not state 3 (3.2)  1 (1.0)  0 (0)  2 (2.0)  

Donor ethnicity         

  White 78 
(82.1) 

 75 
(76.5) 

 85 (85.9)  81 
(81.8) 

 

  Asian 3 (3.2)  10 
(10.2) 

 4 (4.0)  4 (4.0)  

  Black 5 (5.3)  5 (5.1)  4 (4.0)  10  
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(10.1) 

  Other 5 (5.3)  4 (4.1)  4 (4.0)  3 (3.0)  

  Not stated 4 (4.2)  4 (4.1)  2 (2.0)  1 (1.0)  

Recipient age (years) 95 46.8 (15.1) 98 47.6 (15.1) 99 45.9 (14.2) 99 45.3 (15.3) 

Donor age (years) 95 50.2 (11.8) 98 50.8 (12.9) 99 49.1 (12.2) 99 49.2 (12.5) 

Recipient BMI (kg/m2) 95 26.3 (4.9) 98 26.2 (4.7) 97 25.5 (4.2) 97 24.8 (4.4) 

Donor BMI (kg/m2) 87 25.9 (3.2) 89 26.8 (4.0) 89 25.2 (4.0) 91 26.5 (3.9) 

Recipient systolic blood 
pressure (mmHg) 

94 132.3 (19.0) 98 137.6 (19.0) 98 132.9 (19.7) 99 132.6 (15.3) 

Donor systolic blood 
pressure (mmHg) 

94 121.7 (13.3) 98 126.3 (15.6) 97 125.8 (15.5) 99 124.3 (15.3) 

Recipient creatinine 95 635.4 (292.6) 98 606.9 (256.1) 99 622.2 (296.7) 99 643.1 (261.4) 

Donor creatinine 95 71.5 (13.2) 98 72.6 (15.9) 99 73.2 (16.9) 99 75.0 (16.5) 

Donor GFR (mL/min per 
1.73 m2) 

95 96.3 (13.0) 98 95.1 (16.4) 99 95.5 (15.5) 99 93.3 (16.8) 

         
 

Recipient medical history Control (N=99) Early RIPC (N=102) Late RIPC (N=103) Dual RIPC (N=102) 

 N (%) Mean (SD) N (%) Mean (SD) N (%) Mean (SD) N (%) Mean (SD) 

Previous kidney transplant* 8 (8.1)  5 (4.9)  6 (5.8)  10 (9.8)  

Dialysis prior to transplant 51 
(53.7) 

 51 
(52.0) 

 46 (46.5)  57 
(57.6) 
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Glomerulonephritis 19 
(20.0) 

 18 
(18.4) 

 13 (13.1)  17 
(17.2) 

 

-biopsy proven 13 
(13.7) 

 13 
(13.3) 

 10 (10.1)  16 
(16.2) 

 

Pyelonephritis 3 (3.2)  2 (2.0)  4 (4.0)  2 (2.0)  

Diabetes 11 
(11.6) 

 13 
(13.3) 

 6 (6.1)  7 (7.1)  

Polycystic Kidney 13 
(13.7) 

 12 
(12.2) 

 18 (18.2)  13 
(13.1) 

 

Hypertension 31 
(32.6) 

 41 
(41.8) 

 38 (38.4)  48 
(48.5) 

 

Renal vascular disease 1 (1.1)  2 (2.0)  4 (4.0)  2 (2.0)  

Aetiology uncertain 7 (7.4)  6 (6.1)  7 (7.1)  7 (7.1)  

Other diagnoses 47 
(49.5) 

 49 
(50.0) 

 54 (54.5)  53 
(53.5) 

 

*recorded for all participants (n=406) 
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Table 2: Effect of early RIPC on GFR at 12 months and secondary clinical outcomes, ITT analysis 

 

Outcome Control (n=202) Early RIPC (n=204)  P-value 

 N Mean (SD) N Mean (SD) Difference in 

means (95% CI) 

 

GFR 159 55.9 (18.6) 172 58.3 (19.3) 3.08 (-0.89 to 7.04) 0.128 

GFR, with  

   imputed eGFR 

193 56.0 (18.6) 196 58.9 (19.2) 3.41 (-0.21 to 7.04) 0.065 

eGFR at 12 months 192 60.7 (19.7) 195 64.8 (21.6) 4.98 (1.13 to 8.83) 0.011 

eGFR at 3 months 192 54.2 (17.1) 197 58.5 (18.4) 4.99 (1.69 to 8.29) 0.003 

 

  N (%) with 

outcome 

 N (%) with 

outcome 

Odds ratio 

(95% CI) 

 

Delayed graft function, 

first 7 days 

187 5 (2.7%) 190 7 (3.7) 1.36 (0.42 to 4.39) 0.609 
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  N (%) with 

outcome 

 N (%) with 

outcome 

Hazard ratio 

(95% CI) 

 

50% fall in creatinine, 

first 72 hours 

136 119 (87.5) 144 127 (88.2) 1.04 (0.81 to 1.34) 0.748 

Acute rejection, first 12 

months 

202 24 (11.9) 204 23 (11.3) 0.95 (0.54 to 1.68) 0.856 

Graft loss, first 3 

months 

202 5 (2.5) 204 2 (1.0)  0.225 

Graft loss, first 12 

months 

202 6 (3.0) 204 3 (1.5)  0.301 

Death, first 12 months 202 1 (0.5) 204 1 (0.5)  0.982 
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Table 4: Effect of late RIPC on GFR at 12 months and secondary clinical outcomes, ITT analysis 

Outcome Control (n=201) Late RIPC (n=205)  P-value 

 N Mean (SD) N Mean (SD) Difference in means 

(95% CI) 

 

GFR 166 56.8 (20.7) 165 57.6 (17.2) 1.19 (-2.77 to 5.15) 0.555 

GFR, with imputed eGFR 192 56.6 (20.5) 197 58.3 (17.3) 2.18 (-1.45 to 5.80) 0.239 

eGFR at 12 months 192 62.1 (21.6) 195 63.4 (19.9) 1.97 (-1.87 to 5.81) 0.314 

eGFR at 3 months 191 55.8 (17.4) 198 57.0 (18.4) 1.84 (-1.46 to 5.14) 0.273 

 

  N (%) with 

outcome 

 N (%) with outcome Odds ratio 

(95% CI) 

 

Delayed graft function, 

first 7 days 

190 10 (5.3) 196 2 (1.0) 0.19 (0.04 to 0.86) 0.031 

  N (%) with 

outcome 

 N (%) with outcome Hazard ratio 

(95% CI) 

 

50% fall in creatinine, first 135 116 (85.9) 145 130 (90.0) 1.06 (0.83 to 1.37) 0.638 
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72 hours 

Acute rejection, first 12 

months 

201 19 (9.5) 205 28 (13.7) 1.50 (0.84 to 2.68) 0.173 

Graft loss, first 3 months 201 4 (2.0) 205 3 (1.5)  0.655 

Graft loss, first 12 months 201 6 (3.0) 205 3 (1.5)  0.296 

Death, first 12 months 201 1 (0.5) 205 1 (0.5)  0.997 
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Table 5: Adverse events by randomised group 

 Control 
(N=99) 

Early RIPC 
(N=102) 

Late RIPC 
(N=103) 

Dual RIPC 
(N=102) 

 N (%) N (%) N (%) N (%) 

Recipients     

Any adverse event 59 (59.6) 75 (73.5) 71 (68.9) 81 (79.4) 

Adverse event at RIC/sham 2 (2.0) 47 (46.1) 36 (35.0) 49 (48.0) 

- Unexpected adverse event 0 (0) 2 (2.0) 0 (0) 0 (0) 

- Pain/paraesthesia 2 (2.0) 43 (42.2) 34 (33.0) 45 (44.1) 

- Skin petechiae  1 (1.0) 11 (10.8) 9 (8.7) 20 (19.6) 

     

Adverse event during follow-up 59 (59.6) 57 (55.9) 54 (52.4) 60 (58.8) 

- Death 2 (2.0) 1 (1.0) 1 (1.0) 2 (2.0) 

- Hospital admission 59 (59.6) 57 (55.9) 54 (52.4) 60 (58.8) 

- Other reported AE 0 (0) 2 (2.0) 4 (3.9) 2 (2.0) 

     

Donors     

Any adverse event 7 (7.1) 42 (41.2) 40 (38.8) 48 (47.6) 

Adverse event at RIC/sham 7 (7.1) 42 (41.2) 40 (38.8) 48 (47.6) 

- Unexpected adverse event 0 (0) 0 (0) 0 (0) 0 (0) 

- Pain/paraesthesia 7 (7.1) 41 (40.2) 38 (36.9) 46 (45.1) 

- Skin petechiae  1 (1.0) 9 (8.8) 8 (7.8) 18 (17.6) 

     

Adverse event during follow-up 0 (0) 2 (2.0) 0 (0) 0 (0) 

- Hospital admission 0 (0) 1 (1.0) 0 (0) 0 (0) 

- Other reported AE 0 (0) 1 (1.0) 0 (0) 0 (0) 
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