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Abstract 
 

When compared to static cold storage (SCS), the hypothermic machine perfusion (HMP) 

of pretransplant kidneys confers a therapeutic effect to transplant recipients. 

The mechanisms conferring this benefit are not fully understood, however are thought to 

include a metabolic component. The first experiments in this thesis demonstrated that 

metabolic differences exist between HMP and SCS stored kidneys. 

If properly optimised, HMP potentiates further gains for transplant recipients. 
 

However, the low throughput of organ storage research reduces the rate new HMP 

protocols are assessed. Therefore, a novel in vitro model of organ preservation was 

created. This model permits high-throughput control of fluid shear stress and oxygenation, 

and both of these environmental stimuli were found to be independent mediators of cellular 

survival after simulated preservation. Additionally, oxygen supplementation modulated de 

novo metabolism in hypothermicly stored proximal tubule cells. 

When trialled in whole organ models of HMP, high-dose perfusate oxygenation led to 

increased cortical concentrations of adenosine triphosphate, and also increased the 

concentrations of citric acid cycle metabolites produced de novo. 

The final chapters of this thesis chart an international collaborative effort to probe the 

minimal oxygen delivery strategy capable of inducing ex vivo benefit, followed by in vivo 

validation using animal auto-transplantation models. 
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1 Introduction 
 
 

1.1 Chronic kidney disease 

 
In health, our kidneys perform numerous important functions. These include regulation of 

haematocrit through oxygen mediated erythropoietin release(1), maintenance of whole 

body fluid balance(2) and blood pH(3). 

Despite this, the terms ‘chronic kidney disease’ (CKD) and ‘renal failure’ refer specifically 

to the malperformance of one critical function, which is the isolation of micromolecular 

blood components (such as urea) from cellular and macromolecular blood components(4). 

The process through which the kidney fractionates blood, i.e. glomerular filtration is 

expanded on later. For now, it is sufficient to state that this process must occur at rate that 

prevents systemic toxin accumulation, responsible for the considerable morbidity and 

mortality associated with the uremic syndrome(5). 

Measuring glomerular filtration rate (GFR) is the standard clinical test for assessing a 

patient’s kidney function(6). This may be estimated by quantifying the concentration of 

creatinine in the patients’ blood, or directly assessed by performing a time course analysis 

of urinary inulin after intravenous injection(7). 

Chronic Kidney disease is diagnosed when GFR falls below 60ml/min/1.73m2. The range 

within which a patients GFR falls is used to classify the severity of their kidney disease(4). 

Disease states which interference with GFR can lead to the development of end stage 

renal disease (ESRD). The leading genetic cause is autosomal dominant polycystic kidney 

disease(8). Other disease states implicated include types 1 and 2 diabetes(9), systemic 

lupus erythromatosus (10,11), IgA nephropathy(12) and hypertension(13). 
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The point at which a patients GFR is so reduced that it becomes incompatible with life. 

(i.e. stage-5 CKD) is diagnosed when the GFR reaches less than 15mL/min 

1.73m2(14,15). At this GFR, the patient is incapable of maintaining blood urea and 

salt/water balance. This is diagnostic of ESRD and the patient requires renal replacement 

therapy (RRT), designed to replace their lost kidney function. 

 
1.2 Renal Replacement therapy 

 
Renal replacement therapy exists in two forms, i.e. dialysis and renal transplantation. 

 

1.2.1 Dialysis 
 

The advent of dialysis was a major breakthrough for patients with renal insufficiency, prior 

to which ESRD was a terminal diagnosis. The first functional machine was designed built 

in secret by Dr. Willem Kolff during the 1940’s Nazi occupation of the Netherlands(16) 

Under that environment, Kolff’s prototype was improvised using the local resources 

available. These included a sewing machine motor to drive gravity assisted fluid flow and 

sausage skins to serve as a semipermeable membrane (Figure 1.1). Modern dialysis has 

of course evolved, and is now executed by one of two modalities; i.e. haemodialysis and 

peritoneal dialysis, however the general mechanisms are the same as those used by 

Kolff’s device. 

Dialysis effectively replaces the major function of the kidney, which is the isolation and 

elimination of toxins from the blood. i.e. glomerular ultrafiltration. Blood is passed along a 

semi permeable membrane and dialysate is made to flow in opposite direction along the 

other side of the membrane. Toxins, which are small enough to cross the membrane are 

isolated from larger components that cannot enter the dialysate(17). 
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Figure 1.1. Schematic of Kolff’s artificial kidney- the first working dialysis device 
 

Kolff’s 1942 device involved collection of blood in sausage skins, which were in turn wrapped 
around the circumference of a drum. Rotation of the drum by the sewing machine engine 
resulted in the generation of ‘blood flow’. Emersion of the drum in a tank containing the 

dialysate generated counter current flow. 
 
 
 

1.2.2 Haemodialysis 
 

Offshoots from the patient’s brachial artery and vein are surgically joined, forming an 

arterial-venous fistula. This allows their blood to continuously flow into a dialysis machine 

while limiting ischemia in their arm. Following the same principle as Kolff’s machine, i.e. 

through a counter current system, toxins such as urea diffuse down their concentration 

gradient into the dialysate. The dialysate itself includes electrolytes at near physiological 

concentrations, in efforts to ensure blood does not become electrolyte depleted(18). 

 
1.2.3 Peritoneal dialysis 

 
Patients receiving peritoneal dialysis have dialysate injected into their peritoneum, which 

functions as a semipermeable membrane. Toxins accumulate in the peritoneal cavity and 

the patient may go about their daily life as they dialyse, but remain dependent on dialysate 

removal and replacement(19). 
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1.2.4 Kidney Transplantation 
 

Kidney transplantation is the act of surgically implanting a functioning kidney from another 

person into a patient with ESRD. The renal artery and vein of the donated kidney are 

sutured onto the patient’s external iliac artery, and vein and graft ureter sutured onto the 

patient’s bladder (Figure 1.2). The patient’s kidneys are left intact, so that whatever 

remains of their functions continue to contribute. 

 

Figure 1.2. Illustration of a transplanted kidney (posterior view) 
 
 

The patients’ blood perfuses the donated kidney, enabling restoration of key renal 

functions which are not corrected by dialysis. For example, the proximal tubules permit 

reabsorption of blood glucose, which is lost in dialysis(20), and the donor kidney may act 

as a regulator of patient erythrocyte manufacture through erythropoietin (EPO) 

release(21). Patients undergoing dialysis frequently require EPO supplementation(22). 
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1.2.5 Transplantation as the gold standard therapy for patients with ESRD 
 

Dialysis is a lifesaving therapy for patients with renal failure, illustrated by reports 

stipulating that patients with ESRD who choose to discontinue dialysis can expect to 

survive on average for around 7 days(23). Mortality upon withdrawal is linked to 

uraemia(24), failure to eliminate urea in the urine and corresponding accumulation of toxic 

metabolites in the blood. Additionally, the absence of renal replacement therapy causes 

fluid and end electrolyte imbalance, resulting in systemic pathology(5). For example, 

potassium accumulation is a known factor driving fatal aberrations in cardiac rhythm in 

patients with CKD(25). 

However, the clinical effectiveness of dialysis is affected by factors such the presence of 

patient comorbidities, hypoalbuminemia, smoker status and age(26). 

Dialysis does not significantly extend survival for some patients, typically the elderly and 

those with multiple comorbidities and in fact may limit quality of life, making a patient 38% 

more likely to die in hospital than matched patients given palliative care(27). 

Additionally, dialysis modalities, whether haemodialysis or peritoneal dialysis exert their 

own morbidities. The mean patient survival time on haemodialysis is between 4-8 

years(28), and each additional year of haemodialysis reduces survival by 6%(29). 

This contrasts with the median 10 year lifespan of a well-functioning kidney transplant, a 

centre wide analysis of graft survival in the UK revealed 98% survive for 1 year post 

transplant, 87% survive for 5 years and 75% survive for 10 years(30). 

Transplantation is therefore considered the gold standard treatment option for patients with 

end stage renal disease- conferring a well-recognised improvement in patient survival(31– 

34) (Figure 1.3). 
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Figure 1.3. Probability of 5-year survival following RRT 
 

Comparative patient survival on dialysis (all modalities-blue) and following kidney 
transplantation (all donor types- red), adapted from Santos et al (2015)(34). 

 
 
 

Patients who receive a transplant, rather than dialysis are likely to have a better quality of 

life(35) and as mentioned previously, the functional transplant can restore additional renal 

functions aside from toxin isolation. These include glucose reabsorption and regulation of 

haematocrit through oxygen regulated erythropoietin release. 

Transplantation is also by far the most economical therapy for patients with ESRD, a 

median 10 year graft survival associated with a well-functioning graft saves the NHS over 

£241,000 pounds in extra dialysis costs per patient(36). 
 

1.2.6 Sources of Kidneys 
 

1.2.6.1 Deceased donor kidneys 
 

The above justifies the widely held assertion that for appropriate patients, transplantation 

is the most economically and clinically efficacious treatment arm of renal replacement 

therapy(37). However, because of the well documented shortage of kidneys suitable for 

transplant(38), multiple strategies have been implemented in an effort to expand the donor 
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pool, including the use of donation after circulatory death kidney (DCD)(39) and expanded 

criteria donor (ECD) kidneys(40). 

The number of (DCD) kidneys utilised has been growing over the last decade in the UK, 

with 272 DCD kidney transplanted by the end of 2006 and 851 transplanted by the end of 

2016(41). Kidneys may also be sourced from donors who have undergone brainstem 

death (i.e. DBD donors). Generally speaking, kidneys sourced from these donors do not 

experience the same level of warm ischemia as those from DCD donors, however are 

subject to a cascade of damaging distress signals released during brain death(42). 

Delayed graft function (DGF) is an undesirable post-transplant complication, which can be 

defined as the required for dialysis within one after kidney implantation(43). Kidneys 

sourced from DBD donors have a lower likelihood of developing DGF than those sourced 

from DCD donors(44). DBD donors are the predominant kidney source in the UK, with 902 

DBD kidney transplanted in 2005/2006 and 1134 DBD kidneys used by the end of 

2016(41). 

 
1.2.6.2 Extended Criteria donors 

 
The national shortage of transplant quality kidneys donations has led the UK health service 

to accept kidneys from extended criteria donors (ECD), which are typically from donors 

who are over 50 years old and may have comorbidities such as hypertension or high serum 

creatinine(40), factors linked with a general decrease in graft quality and post-transplant 

outcomes. ECD donations may be DCD or DBD, but organs from extended criteria donors 

exhibit increased likelihood of developing DGF when compared to standard criteria 

donors(45,46). The benefits of transplantation over dialysis have led to design of 

alternative sources. These include the usage the of kidney grafts removed from patients 
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due to a relatively benign pathology, which may still improve outcomes for those dialysing 

while on the waiting list(47). 

 
1.2.6.3 Live donor kidneys 

 
Live donors may volunteer one of their kidneys for the UK transplant program. Due to 

shorter ischemic times and necessarily healthy kidneys(48), these kidneys have superior 

graft survival and decreased incidence of DGF when compared to all deceased donor 

kidneys(49). Living donors compose a significant proportion of all transplant kidneys, 

accounting for around 32% of all kidneys utilised between 2015 and 2016(41). 

 
1.2.7 Limitations of Transplantation 

 
1.2.7.1 Insufficient supply of quality donor organs 

 
While organ donation rates are rising, with a 2% increase in donations in 2019 compared 

to 2018(50), the main limitation of transplantation is that the current supply of kidneys from 

all sources does not meet the current and growing patient demand (Figure 1.4). In 2008- 

2009 it was noted that of all the patients on the transplant list, 41% were still awaiting their 

kidney transplant after three years and 7% had died during that timeframe while waiting 

for a suitable organ(51). As such, the optimal treatment of patients with ESRD is 

intrinsically linked to the availability of quality kidneys. 

The number of UK patients starting RRT increased by 2.6% in 2017, compared to 2016(52) 

and over the next 20 years, the number of UK patients with advanced CKD (i.e. stages 3- 

5) is expected to double (Figure 1.4)(53). 
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Figure 1.4. Predicted incidence of severe CKD in the UK over the next 20 years 
 

Adapted from data presented by Public Health England (2014) (53) 
 
 
 

Additionally, transplantation outcomes are deleteriously impacted by inevitable warm 

ischemic periods at organ procurement(54,55) and shortly after implantation upon renal 

perfusion with the recipient’s blood(56), known as ischemic reperfusion injury(57). 

 
1.2.7.2 Warm ischemia during kidney procurement 

 
Ischemia stems from a catastrophic reduction in blood supply, which results in inadequate 

provision of oxygen and metabolic substrates and insufficient removal of waste. 

Donation after circulatory death is often preceded by renal hypoperfusion(58,59) and is 

followed by a mandatory 5 minute ‘no touch’ policy in the UK(60). 

Throughout this time the kidney experiences some level of ischemia, but the organ 

temperature is still conductive to physiological processes such as anaerobic 

metabolism(59). With DCD kidneys, the warm ischemic insult manifests prior to donor 

death and is functionally present when systolic blood pressure falls to 50 mmHg(61). As 

glomerular filtration requires a pressure of around 75 mmHg(62), the fluid within the post 
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glomerular structures may become static at this point, and certainly do during the asystole 

definitive of cardiac arrest. 

Therefore, the warm ischemic time includes the period where the organ procurement team 

wait for the donor to die, and ends upon generation of the cold ischemic time. Over half of 

the kidneys procured have a functional WI between 30 minutes and 2 hours(63). 

The hypoxia inducible factor-1α (HIF-1α) becomes stabilized in hypoxia, triggering 

translation of genes pertinent to anaerobic metabolism and downregulating transcription 

of genes involved in aerobic metabolism(64). Consequently, the metabolic profile of DCD 

kidneys becomes anaerobic in an attempt to replenish intracellular ATP(59,65). 

However, in the first hour of warm ischemia, ATP levels in cortical tissue fall by around 

90%(66), indicating this switch to anaerobic metabolism does not result in restoration of 

intracellular ATP levels. 

Cells that rely heavily on aerobic metabolism are particularly vulnerable to the damaging 

effects of warm ischemia. Proximal tubule cells rely on aerobic metabolism to maintain the 

intracellular ATP(67) which maintains their significant reabsorptive activities and osmotic 

equilibrium with the extracellular fluid through the action of Na+/K+/ATPase(68–70). 

ATP depletion leads to disruption of cytoskeletal filaments(71) loss microvilli, cellular and 

mitochondrial swelling(72) and cell death. In vitro models have demonstrated an ATP 

dependence on mode of proximal tubule cell death, with initiation of apoptotic and necrotic 

cell death when ATP levels fall by 70-25% and <15% respectively(73). 

The organ acquisition process must therefore be rapid. For DCD kidneys, immediately 

after the 5-minute ‘no touch’ policy, the kidney is removed from the donor, cannulated and 

manually cold flushed to remove blood from the vasculature. By cold flushing the kidney 

upon acquisition, the metabolic requirements of the renal cortex kidney are lowered by up 



Chapter 1: Introduction 

11 

 

 

 
 
 

to 58%(74). This slows ATP depletion through inhibition of ATP dependent processes and 

instigates the cold ischemic state(75). 

Cold ischemia is deleterious(76–78), but delays the immediate insult that would be 

incurred under warm ischemia(79). As such, induction of cold ischemia may be regarded 

as a necessary evil in organ preservation. 

1.2.7.3 Ischemia reperfusion injury following transplantation 
 

Restoration of blood circulation after transplantation unavoidably generates some degree 

of ischemia reperfusion injury (IRI), and this process is considered to be critical in the 

development of negative post-transplant outcomes such as DGF(80) and graft 

survival(81). 

The pathology incurred during ischemia is multifaceted, encompassing metabolic, 

immunological and mechanical processes. Thermal conductivity of renal tissue during 

reperfusion permits a global rewarming of the kidney, but delivery of metabolic substrates 

and oxygen may still be restricted due to patchy revascularisation patterns. Therefore, 

warm ischemic processes such as the ATP depletion described during organ procurement 

manifest in a second warm ischemic insult. 

In addition, the reintroduction of physiological oxygen drives its own insult. Intracellular 

antioxidants such as glutathione are depleted during ischemia(82) and oxygen introduction 

drives generation of reactive oxygen species(83). These damage the cellular actin 

cytoskeleton and lipid membranes(84), which leads to expression of damage-associated 

molecular patterns (DAMPs), neutrophil recruitment and progressive development of 

inflammation(57,85). 
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Mechanistically, this may cause cellular occlusion of renal vasculature or tubulature, 

restricting fluid flow(56,57,80). Failure of the proximal tubules to recover from ischemic 

insult may also contribute to renal pathology following IRI(86). 

 
1.3 Pretransplant kidney preservation 

 
The two main methods by which ex vivo kidneys are stored in the period prior to 

transplantation are static cold storage (SCS) and Hypothermic Machine Perfusion (HMP). 

Differing from normothermic machine perfusion, which utilises warm blood and active 

oxygenation to support ongoing metabolism(87), both HMP and SCS utilise wet ice to 

instigate tissue hypothermia in the region of 4°C. This lowers the nutrient and oxygen 

requirements of the organ, inhibiting metabolism in renal tissue by up to 58%(74). 

 
1.3.1 Static cold storage (SCS) 

 
In SCS storage, the kidney is immersed in chilled preservation fluid, which is commonly 

the University of Wisconsin (UW) solution (Table .1) and packed in ice (Figure 1.5). 

 
 

Figure 1.5. Static cold storage 
 

SCS consists of portable polystyrene box (A) in which a human kidney (B1) is submerged in 
a bag of University of Wisconsin solution (B2) that is kept chilled by crushed ice (B3). 
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The UW solution was formulated to maintain hydrostatic equilibrium with the tissue(88), 

but does not include components offering metabolic support (Table .1). An alternative 

mediation of metabolism was attempted with the UW solution, with the higher 

concentrations of potassium (125 mmol/L) and lower concentrations of sodium (25mmol/L) 

implemented to mimic intracellular fluid. This ion ratio is theorised to inhibit ATPase 

activity, which leads to ATP exhaustion, an inability to maintain osmotic equilibrium and 

ultimately cell lysis (68). Given its simplicity and portability, SCS is the preservation 

modality most used in the UK(89). 

 
1.3.2 Hypothermic machine perfusion (HMP) 

 
Prior to Hypothermic machine perfusion (HMP), the kidney is attached via its renal artery 

to a peristaltic pump, and continuously cold flushed with University of Wisconsin Machine 

Perfusion Solution (UWMPS), which provides limited metabolic support through inclusion 

of 10mM glucose (Table .1). 

Contrasting with UW, UWMPS was formulated to more closely resemble the extracellular 

environment, with higher concentrations of sodium (100 mmol/L) compared to potassium 

(25 mmol/L)(90). 

Currently, HMP in the UK is performed using the LifePort® Kidney Transporter (Organ 

Recovery Systems, USA) (Figure 1.6). 
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Constituents UW (g/l) UW MPS (g/l) 
Hydroxyethyl starch (HES) 50 50 

Potassium phosphate 
monobasic 

3.4 3.4 

Total glutathione 0.922 0.922 

Sodium 
hydroxide/hydrochloric acid 

- - 

Lactobionic acid (as 
Lactone) 

35.83 - 

Magnesium sulfate 
heptahydrate 

1.23 - 

Raffinose pentahydrate 17.83 - 

Adenosine 1.34 - 
Allopurinol 0.136 - 

Potassium hydroxide 5.61 - 
Calcium Chloride 

(dehydrate) 
- 0.068 

4-2-hydroxyethyl-1- 
piperazineethanesulfonic 

acid 
(HEPES) free acid 

- 2.38 

Mannitol - 5.4 

Glucose, beta D (+) - 1.8 
Sodium Gluconate - 17.45 

Magnesium gluconate - 1.13 
Ribose, D(-) - 0.75 

Adenine - 0.68 
Table 1 The composition of UW and UWMPS solutions(97) 

 
1.3.3 The evidence base for the clinical superiority of HMP over SCS 

 
The evidence base for the superiority of HMP over SCS stems largely from observed 

reductions in the development and severity of what is termed delayed graft function (DGF) 

after transplantation. 

DGF, the requirement for dialysis within one week of transplantation(54) has been shown 

to correlate with likelihood of acute rejection(98,99) and graft failure(95). Meta-analysis 
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have estimated a 41% increased risk of rejection within three years for DGF kidneys, falling 

slightly to 38% in the first year following transplant(100). 

Strategies aimed at reducing the incidence of DGF post-transplant may therefore have 

considerable impact on patients, and reduce the need for repeat transplantation. 

A randomised controlled trial (RCT) in 2009 compared the post-transplant outcomes for 

336 patients who received a kidney stored by SCS with 336 patients that received one that 

had been stored by HMP(95). Kidneys in the HMP group were found to function better 

post-transplant, with a lower incidence of DGF (i.e. in 70 vs 89 patients, adjusted odds 

ratio 0.57, p <0.01) and a shorter duration of DGF i.e. 10 vs 13 days, p <0.04) when 

compared to the SCS kidney cohort. A three year follow up from this study demonstrated 

improved graft survival in HMP stored kidneys over SCS stored kidneys, and a deleterious 

effect of DGF manifestation on graft survival(94). Recently, these findings were collated in 

an systematic review, indicating HMP resulted in significant reductions in DGF(101). 

However, a factor limiting the application of this finding to UK practice was that the kidneys 

perfused in the 2009 study underwent HMP immediately after procurement from the donor. 

In the UK, standard practice at acquisition is to place the kidney in SCS upon transport to 

the receiving hospital, where it may or may not be perfused at surgical team’s discretion. 

The findings of the 2009 study(95) were reproduced on a large UK dataset(76), which 

demonstrated decreased incidence of DGF in HMP vs SCS stored kidneys (i.e. 34.2 vs 

42% respectively, p<0.001) and reduced duration of DGF (6.1 vs 7.4 days, p<0.003) 

respectively. 

Regardless of storage modality, the cold ischemic time (CIT), i.e. the duration of 

hypothermic preservation is a notable antagonist in transplantation. However, storage of 

the kidney by HMP appears to reduce its deleterious effects. For short CIT, (i.e. <10hrs), 

HMP results in 6% incidence of DGF, compared to the 28% incidence for SCS stored 
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kidneys(102). Additionally, use of HMP rather than SCS may offer reductions in DGF for 

extended CIT i.e. (>20 hours)(102), a speculation corroborated by a review of the NHSBT 

kidney transplantation outcomes dataset(76). 

 
1.3.4 Proposed mechanisms governing the beneficial effect of HMP 

 
Even with marginally longer cold ischemic times, the incidence of DGF in kidneys which 

underwent HMP is lower than in SCS stored kidneys(76). There are numerous 

mechanisms proposed to explain the observed benefit of HMP over SCS preservation. 

Clearly, the post-transplant benefit delivered by HMP must be generated by environmental 

differences existing between HMP and SCS, of which there are two possible instigators. 

Whilst HMP and SCS both utilise hypothermia, they differ in the provision of fluid flow and 

the composition of perfusion fluid. However, discerning the therapeutic action delivered by 

these interacting variables is a challenge, and this confounds the identification of 

therapeutic modifications that could be assessed for their capacity to further benefit the 

transplant recipient. 

 
1.3.4.1 Vascular conditioning 

 
The beneficial mechanisms behind HMP are likely to be at least partly mechanical. During 

HMP, the vascular resistance detected gradually drops(103). This is illustrative of 

improvements in vascular patency, a mechanical reversal of the vasospasm that occurs 

following hypothermic storage in hyperkaliaemic fluids(104), such as UW(105). 

Shear stress mediates the vasodilatory effect of fluid flow through the modulation of nitric 

oxide release pathways in perfused kidneys(106). 

This results in improvements to vascular patency, reflected through the decreasing 

intrarenal resistance. These may enable a patient’s blood to perfuse the transplanted 
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kidney more fully or more quickly, limiting damage related to the second warm ischemic 

insult acquired during reperfusion. There is evidence linking higher renal resistance during 

HMP with a greater likelihood of DGF development post-transplant(103). Furthermore, 

well-functioning kidneys appear to plateau at minimal resistance within the first three hours 

of perfusion, whereas kidneys that go on to develop DGF do not plateau within this time 

period(107,108). Therefore, pressure driven vasodilation of the blood vessels during 

storage may play a role in minimisation of DGF. Since the presence of flow is exclusive to 

machine perfusion, SCS kidneys do not benefit from this parameter. However, the 

presence of flow in HMP may generate other protective parameters which are also absent 

from SCS, as described below. 

 
1.3.4.2 Active delivery of therapeutic agents and removal of waste 

 
Both UW and UW MPS contain therapeutic agents such as reduced glutathione (Table 1), 

which is included for its antioxidant properties. However, as demonstrated later in Figure 

5.1, it is unlikely that UW permeates the SCS stored kidney effectively. The presence of 

fluid flow may be required to deliver preservation fluid into the intravascular/intratubular 

space, thereby permitting its protective function. Additionally, the presence of flow may 

also serve to dilute and transport accumulating extracellular waste, inflammatory DAMPS 

or cellular detritus away from the kidney architecture and out into the organ reservoir. 

 
1.3.4.3 Improved metabolic support 

 
Provision of metabolic support through HMP is suspected to contribute to its beneficial 

effect. A UK study utilised Nuclear Magnetic Resonance (NMR) spectroscopy to quantify 

perfusate metabolites prior to transplantation. It was found that perfusate metabolic profile 

had predictive potential for the development of DGF, with a seemingly counterintuitive 
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increased likelihood of DGF development with lower perfusate glucose 

concentrations(109) This implies a link between renal glucose handling during storage and 

functional outcomes. Elsewhere, the role of NMR based perfusate metabolic profiling in 

the prediction of transplant outcomes has also been proposed(110). 

Whether or not kidneys submitted to HMP and SCS have different metabolic profiles, 

potentiating a metabolic mechanism behind the benefit of HMP was unknown. This was 

investigated in Chapter 5. 

 
1.3.4.4 Active modulation of renal physiology by fluid flow 

 
Fluid shear stress (FSS), generated in vivo by fluid flow across the surface of cell 

membranes is a known cytoprotective stimulus for the vascular endothelium. 

In endothelial cells, FSS has been shown to trigger transcription of an anti-inflammatory 

phenotype through the action of flow sensitive Krüppel-like factor 2 (KLF2) 

expression(111). KLF2 is a flow modulated transcription factor that is linked with the 

regulation of diverse cellular functions. Generation of fluid shear stress during kidney 

storage has been shown to promote KLF2 expression on the vascular endothelium, which 

is otherwise lost in static cold storage(112). Upregulation of KLF2 expression by perfusion 

was also observed by our own group using a gonadal vein model of kidney 

preservation(113). 

 
1.3.4.5 Inhibition of the innate immune response 

 
Renal ischemia has been shown to upregulate toll like receptor 4 (TLR4) in renal tubular 

cells(114). Alongside serving as a sentry for invading microorganisms, TLR4 functions as 

a sensor for local tissue damage. DAMPs activate TLR4, leading to activation of innate 

immune response(115,116). TLR4 knockout mice are protected from IRI and AKI (117), 
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indicating lower TLR4 expression following organ storage is desirable. Periods of HMP 

after SCS result in lower surface expression of TLR4(118) which could confer reduced 

activation of destructive innate immune responses. As indicated above, DAMPs may also 

be diluted in the organ reservoir in HMP, but left to accumulate in the intravascular/tubular 

space within the kidney during static preservation. 

HMP has also been shown to downregulate the presence of inflammatory cytokines and 

leucocyte adhesion molecules(119), potentially granting immunomodulatory protection not 

offered by SCS storage. 

 
1.4 Organ Preservation Research 

 
1.4.1 The double-edged swords in organ preservation research. 

 
The fact that some aspect of HMP is generating a therapeutic benefit for patients indicates 

that an optimised organ preservation environment could further improve outcomes for 

transplant recipients. However, while the aforementioned mechanisms may factor in the 

perceived benefit of HMP over SCS, how to integrate these into an improved organ 

preservation protocol is not a trivial question. 

Each variable that can be changed in organ perfusion (e.g. perfusion pressure, oxygen 

availability, fluid composition, temperature etc.) exists on a continuous scale, with the 

optimal degree likely to be sandwiched between that which is ineffectual because it is 

inadequate, and deleterious because it is excessive. 

For example, although the presence of fluid flow affords vasodilation which is believed to 

be beneficial(103), higher perfusion pressures result in increases in proximal tubule 

biomarkers of oxidative stress, suggesting increased tubular damage as a function of 

higher shear stresses(120). 
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As an additional example, oxygen supplementation is an area of significant clinical interest 

in the field of organ preservation, This is more thoroughly discussed in the final chapters 

of this thesis, however in general, research in this area has focused on establishing the 

level necessary to exert clinically desirable outcomes while minimising deleterious 

processes, such as oxidative insult(121–123). 

Finding the optimal perfusate composition is likely to be the greatest challenge, with 

unlimited combinations of possible components and concentrations. The current 10mM 

glucose present in UW MPS was originally included as a mediator of osmotic pressure(90) 

however is within the realm of hyperglycaemia which has been shown exerts deleterious 

oxidative processes in the kidney(124). Compounding the problem are the interactions 

between independent organ storage variables. For example, If the optimal oxygen delivery 

strategy became defined, this may necessitate an optimised perfusate to meet new 

metabolic demands, and an optimised perfusion pressure to deliver oxygen and nutrients 

throughout the kidney without causing unnecessary mechanical damage in the oxygen 

dilated vessels(125,126). Modulation of perfusate may impact perfusion parameters 

through changes in fluid viscosity, and the optimal combinations of all these variables are 

likely to change with changes in preservation temperature. 

Optimisation of organ preservation practices is therefore a significant challenge, which 

requires the deployment of biological models to address. 

 
1.4.2 The need for models of organ preservation 

 
Understanding whether or not a modification to organ storage protocols is likely to have a 

beneficial effect on the receiving transplant patient requires large clinical trials. 

It is both unethical and impractical to assess each potential modification to organ storage 

protocols on humans in the first instance, therefore models of organ preservation are 
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required to provide a strong evidence base for the assessment of refined preservation 

protocols in humans. 

 
1.4.2.1 Animal models of kidney preservation 

 
Animal models are frequently used in biomedical research, and organ preservation 

experiments are no exception. Kidneys are commonly sourced from pigs, given their 

similar size and anatomy to human kidneys(127), however studies utilising alternative 

animal models have been reported(128). The two kidneys possessed by all animal models 

permits several research strategies and these are highlighted below. 

 
1.4.2.2 Animal Auto-transplant models 

 
Studies seeking to define clinically superior organ preservation strategies may use an 

autotransplant model. With this strategy, one kidney is removed from each animal subject, 

subjected to the storage condition of interest then transplanted back into the same animal 

with simultaneous removal of the functioning kidney. This is an elegant model, which 

negates the requirement for immunosuppression, and renders the animal fully reliant on 

the function of their sole remaining transplanted kidney. Clinically relevant parameters, 

such as serum creatinine, graft or animal survival may be assessed in this model(125), 

and with the lack of immune rejection, deterioration in clinical measures is indicative of an 

inferior preservation protocol. As such, the autotransplant model is a final tool in the 

preclinical assessment of novel organ preservation strategies-prior to human 

experimentation. 

 
1.4.2.3 Paired ex vivo perfusion models 

 
A strategy more suited to investigating potential mechanistic effects of novel preservation 

strategies is to remove both kidneys simultaneously. This permits the utilisation of one 
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kidney as a ‘control’ which should simulate standard organ preservation as closely as 

possible. The contralateral kidney may be subjected to the modified preservation protocol 

and experimentally ascertained physiological changes observed between the pair are 

assumed to be caused by the difference in preservation protocol. 

The auto transplant model is the most clinically translatable, but is a labour and resource 

intensive tool which is economically and ethically ill-suited for the high throughput 

screening of novel preservation strategies. 

For this reason, much of the whole organ work documented in this thesis utilises a paired 

porcine kidney model to assess avenues for storage protocol optimisation. 

Porcine kidneys may be sourced from local slaughterhouses. Since no animals are harmed 

for the purposes of research, there are no ethical considerations to the utilisation of this 

model. 

The main limitations to the paired slaughterhouse model are its non-human origin, its 

relative quality over the standard deceased donor human kidney and the non- 

representative manner in which the slaughterhouse kidneys are procured, when compared 

to conventional organ harvesting. Additional limitations include the low throughput nature 

of this model it’s incompatibility with assessment of in vivo functional outcome. Some 

measure of functional outcome with ex vivo kidneys is possible through the use of 

specialised benchtop reperfusion circuits(87). The ex vivo porcine perfusion model is more 

thoroughly critiqued in in Chapter 5. 

One critical variable that is difficult to control is the duration of storage, this results from 

external factors, such as the distance between donor and receiving hospital. 

Despite the utility of hypothermic storage in suppression of cellular function, the cold 

ischemic time (CIT) is an independent risk factor for development of DGF, with each extra 

hour of CIT potentially increasing the risk of developing DGF by 8%(102). It is understood 
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that CIT should be minimised, but practically this is perhaps the most difficult parameter of 

hypothermic storage to control in clinical practice. Particularly with DCD kidneys, donor 

and recipient may be individually located anywhere in UK. Combined with the need for 

procedures such as recipient dialysis or immunological matching, this has resulted in a 

median CIT of around 15 hours in the UK(7). 

This being the case, and with the ultimate goal of finding the optimal preservation protocol 

for the long-term storage of kidneys, it was logical to instigate extended CIT (i.e. >18 hours) 

in all of the research documented in this thesis, and vary the other variables with the 

potential to modulate graft integrity during storage. 

 
1.4.3 The call for a novel cell line model in organ preservation research 

 
To date, all mechanisms proposed for the benefit of HMP over SCS are linked in some 

way to the presence of fluid flow and fluid composition, which includes dissolved oxygen. 

However, with so many different combinations of possible storage environment, the 

discovery of optimal combinations of environmental parameters is likely to take a very long 

time using whole organ models in isolation. 

Following established approaches used for drug discovery (which use high-throughput cell 

line models inform ever more translatable, but slower experiments using animal 

models(129) could expedite the identification of improved preservation environments. 

Figure 1.7 illustrates this proposed workflow below. 
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Figure 1.7. Overview of a tiered strategy for organ preservation research 
 

With this tiered strategy, inexpensive, high throughput in vitro experiments direct, slower, 
more resource intensive whole organ experiments. These have indirect measures of benefit- 

such as identification of beneficial metabolic effects, improved perfusion parameters or 
reduced biomarker release. Once a lead candidate preservation protocol is established, this 
is brought forward for auto transplantation experiments. The last stage of this pyramid i.e. 

human experimentation through clinical trials is subject to the adequate evidence of in vivo 
benefit in the animal auto transplantation study. 

 
 
 

Although cell line models cannot fully simulate the complex physiology and cell-cell 

interactions exhibited by their in situ parent cells, these models are unique in that they 

could allow identification of optimal preservation environments on a defined cell lineage, 

which is not easily accessible in any other model. 

As described later, the gross anatomy and physiology of the kidney dictates that different 

tissues will experience different preservation environments during HMP. Therefore, when 

the optimal preservation protocol is realised, it will likely be a finely tuned balance of 

environmental parameters that best protect structures deemed to be the highest priority. 
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Cell lines have previously been used in models of organ preservation(130). The usage of 

multi-well dishes allows for experimentation with different perfusion fluids on scales 

unparalleled by any other biological model. 

However, although tools currently exist which allow for low throughput variation of fluid 

flow or oxygen availability (Figures 1.10- 1.13), there are no current descriptions of an in 

vitro method through which all the parameters pertinent to the organ preservation 

environment (e.g. fluid composition, flow, dissolved oxygen content and storage 

temperature or duration) can be varied with the throughput permitted by multiwell dishes. 

As such, the bottom in vitro tier of the tiered strategy for organ preservation research can 

be considered undefined. 

A primary goal of this thesis was the creation of a complete model of kidney preservation 

which allows scalable, high throughput variation and assessment of diverse organ storage 

environments, encompassing all the environmental variable described above. A 

description of this model is documented in Chapters 3 and 4 and its implementation is 

documented in Chapter 6 and 7. The background rationalising the design of the in vitro 

model follows below. 

 
1.5 Designing an in vitro screening tool for organ preservation 

research 

The capacity of an in vitro model to direct modifications to organ storage protocols that 

have a good chance of proving beneficial to the whole organ is intuitively dependent on 

the following criteria: 

1. The cell lineage selected is relevant to post-transplant outcomes 
 

2. The cell line chosen is representative of its parent cells 
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3. Relevant environmental parameters such as temperature, fluid composition, flow 

and oxygen availability are programable in an inexpensive, high throughput 

manner. 

4. Experimental outcomes can be measured in the high throughput, economical 

manner befitting a screening tool. 

 

How these criteria were used to direct the creation of a novel, useful cell-based screening 

tool for organ preservation research is described below. 

 
1.5.1 Selection of a cell lineage relevant to transplantation outcomes. 

 
The cell linage most often utilised in kidney preservation research is the proximal tubule 

cell line(131–133). Given their high metabolic rate, proximal tubule cells rely heavily on 

continuous oxygenation to support their reabsorptive functions, and as such are among 

those cells most damaged by ischemia upon cessation of blood flow(134–137). 

Ischemia is believed to be a key antagonist in renal transplantation(138), with its 

deleterious effects on post-transplant outcomes manifesting during organ 

procurement(139), hypothermic storage(77,78,102,140–142) and particularly during 

reperfusion(57). 

It follows that oxygen environments that protect proximal tubule cells during hypothermic 

preservation are likely to be sufficient to meet the metabolic requirements of the rest of the 

kidney during hypothermic storage, although further work using other cell linages is 

necessary to determine the whether this oxygen level is deleterious to other cell types. 

Functionally, damage sustained to proximal tubule results in inadequate reacquisition of 

filtered solutes, and results in the release of necessary metabolites into the urine(143,144). 

Accordingly, there are several reports that indicate in situ proximal tubule damage during 
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preservation may be implicated in transplant outcomes. Urinary retinol binding protein, an 

in vivo biomarker of proximal tubular insult(145) is predictive of the rejection of kidneys in 

transplant recipients with otherwise functional grafts(146). 

A potential importance of proximal tubule cell function may be inferred from the observation 

that glucose absorption by the perfused human kidney appears to be linked to the 

development of DGF(109). As described later, the in vivo proximal tubule is the primary 

site of glucose reabsorption in the kidney, acquiring 90% of the 180g passing through the 

kidneys every 24 hours(147,148). Although it is unknown whether this process proceeds 

under hypothermic storage, it is possible that ex vivo proximal tubules in this study were 

somehow implicated in the glucose reabsorption that appears linked to DGF development. 

Therefore, the proximal tubule is a key stucture of interest in kidney preservation research. 

 
1.5.2 Selection of a cell line representative of primary proximal tubule cells. 

 
An additional rationale behind the deployment of proximal tubule cells as the basis for a 

cell line model of kidney preservation is that each in vivo proximal tubule cell has the 

reported potential to spawn a mature proximal tubule. PCT cells are their own progenitor 

linage(149). Upon tubular insult, mature PCT cells dedifferentiate, migrate to the damaged 

area and then proliferate, repairing the tubule(150). It follows that given the right culture 

environment, cultured proximal tubule cells could form a monolayer representative of the 

in situ proximal tubule. 

Currently used proximal tubule cell lines applied to organ preservation research include 

LLK-PK1 and HK-2. The porcine PCT cell line LLK-PK1has been utilised to demonstrate 

that switching the colloid found in UW (HES) for polyethylene glycol 35kDa resulted in 

improved protection under hypothermic storage (130). However arguably, the porcine 
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source of LLK-PL1 confers an unnecessary species deviation from human cellular 

physiology. 

Human kidney-2 cells (HK-2) on the other hand, have been utilised in numerous reports to 

demonstrate a protective role of thermal conditioning prior to preservation(132) and that 

malignant cells are more susceptible to hypothermia in UW than benign cells(131). 

HK-2 was established prior to 1994 upon recognition that ‘no well differentiated PTC line 

derived from adult human kidneys cells exists’ (151). Primary human cortical cells were 

immortalised with E6/E7 genes from human papilloma virus (151). However, this cell line 

is reported to have dysregulated growth signalling through its transforming genes(152). 

Proximal tubule growth stage is a key determinant of its metabolism, with the proliferative 

stage characterised by glycolytic metabolism and the mature monolayer metabolic profile 

dominated by the beta oxidation of fatty acids(153). With the particular focus on metabolic 

profile optimisation during organ storage in this thesis, representative growth and 

metabolism forms a key requirement of the cell line model. HK-2 also lacks drug 

transporters which may mask the effectiveness of drugs screened using the model(154). 

RPTEC/TERT1 is a human proximal tubule cell line immortalized through transfection with 

human telomerase reverse transcriptase(155), an enzyme which constitutively extends 

telomeric repeats to chromosomal telomers. This delays telomere dependent senescence, 

‘a major obstacle to the immortalization of human cell lines’(156), but does not interfere 

with normal cellular growth or physiology. RPTEC/TERT1 is regarded as one of the most 

representative human proximal tubule cell lines, possessing drug transporters missing in 

HK-2(157), and developing dome structures in the mature monolayer (Figure 1.9), an 

indicator of unidirectional water transport(153). 



Chapter 1: Introduction 

30 

 

 

 
 
 

Like the in vivo proximal tubule cells(158,159), mature RPTEC/TERT1 epithelium utilises 

lactate and fatty acids as substrates for metabolism, but proliferating cells utilise 

glycolysis(153). 

Importantly for a consistent cell line model, RTEC/TERT1 have been documented to retain 

their representation of primary human PTEC for 90 population doublings(155). These 

observations indicate RPTEC/TERT1 is a suitable foundation on which to build a 

consistent, representative in vitro model of kidney preservation. 

 
1.5.2.1 Defining culture conditions generating a representative model. 

 
Everycyte GmbH, the supplier from which RPTEC/TERT1 was procured recommend 

routine culture in their proprietary ProxUp media at volumes of 240μl/cm2 growth area. 

This has been reported to result in evidence of desirable indicators of monolayer 

maturation, including dome formation and cobblestone morphology(160)(Figure 1.9). 

However, such ready to use media is ill-suited for usage in a high-throughput metabolic 

model of pretransplant kidney storage, which also seeks to make use of metabolic tracers. 

As described later in this chapter, NMR, and particularly 13C NMR, are regarded as a 

relatively insensitive techniques(161). Larger cell growth areas (i.e. ≥75cm2) have proven 

optimal for the sufficient biomass for specialised NMR analysis. This would necessitate 

purchase of significant volumes of ProxUp media. From an economic perspective this is 

undesirable, as a high-throughput cell line model of organ preservation requires large 

numbers of cells, replicates and a cost-effective media to maintain them. More importantly, 

supplementation of cell culture media with isotopically labelled tracers such as glucose is 

mandatory for the downstream tracing of metabolism. However, the existing 12C glucose 

in ProxUP media would further decrease the signal to noise ratio observed in cell extracts. 

To counteract the suppression of signal induced through 12C glucose competition with 13C 
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enriched glucose, a new media formulation was required which could be modified to be 

free of the substrate which later would be supplemented in isotopically labelled form. 

 
1.5.2.2 Selection of custom media for the in vitro model. 

 
The first media trialled was DMEM/HAMS F12(1:1) (Sigma Aldrich, UK) which was 

supplemented to have a final concentration of 10% foetal bovine serum (ThermoScientific, 

UK, Cat: V30180.03). 

We, and others(162) have observed that use of foetal bovine serum results in poor 

evidence of proximal tubule cell differentiation, indicated by elongated cells and lack of 

monolayer generation (Figure 1.8). This violates criterion 2 of the requirements of cell line 

model of organ preservation, which is that the cells used must be afford the closest 

representation of their parent cells. The batch to batch variability of serum also confers a 

level of uncertainty surrounding media composition(163) and its influence on the in vitro 

data acquired. 

 

Figure 1.8. RPTEC/TERT1 cultured in DMEM/HAMS F12 with 10% FBS. 
 

These cells show no evidence of differentiation, with elongated fibroblast-like morphology 
also documented elsewhere(162). 
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A review of the literature led to the testing of another media formulation which contains 

important serum components at defined concentrations(153). 

Using this customised media, the effect of culture duration on RPTEC/TERT1 metabolic, 

transcriptomic and proteomic maturation has been extensively characterized and the 

authors of that study demonstrate striking similarities in growth rate and monolayer 

maturation between RPTEC/TERT1 and primary proximal tubule cells(153). 

In line with the findings of this paper, culture of RPTEC/TERT1 in media based on that 

described in the above publication generated evidence of monolayer maturation in the 

form of cobblestone morphology and functional water reabsorption by formation of dome 

structures(162,164) (Figure 1.9). Interestingly, time course observation of these domes 

revealed these are not a simple bubble wrap-like structure, but change dynamically over 

time. The media utilised in this thesis was based on the custom formulation from this 

publication- and is detailed in Chapter 3. 

 
 

Figure 1.9. Differentiated RPTEC/TERT1 cultured using a custom media formulation 
 

Cobblestone morphology indicates the formation of tight junctions(165) and dome formation 
indicates functional unidirectional transport of water. 
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1.5.3 In vitro tools for simulation of complex ex vivo environments 
 

1.5.3.1 Simulating the fluid flow in vitro 
 

As a whole, cell line research appears to focus on testing of agents that can be physically 

added to multiwell dishes. The capacity to screen multiple preservation fluids in a single 

experiment is a central advantage of the use of cell lines in organ preservation research. 

However, cell line research does not appear to make a large contribution to whole organ 

research as whole, perhaps due to the requirement for specialised equipment to simulate 

they environmental stimuli deemed to mediate renal physiology during storage. 

The approaches used to simulate key environmental stimuli in vitro generally restricts the 

utilisation of a primary advantage of the cell line mode over the whole organ model, which 

is its capacity to screen large numbers of different experimental conditions. These in vitro 

methods are briefly described below. 

 
1.5.3.2 Parallel plate flow chambers 

 
Parallel plate flow chambers consist of a chamber in which adherent cells are cultured, 

with an inlet and outlet tube connected to the chamber by which fluid may pumped across 

the monolayer and the degree of fluid shear stress mathematically calculated (Figure 

1.10). These devices are advantageous in that they confer unidirectional fluid shear stress 

and also allow for fine control of oxygen tensions in the fluid bathing the cells via an 

upstream oxygenator. Storage temperature can be controlled by heating or cooling the 

fluid reservoir. 
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1.5.3.3 Microfluidic devices 
 

Culture of cells in microfluidics channels continuous perfusion with smaller volumes of 

liquid and gravity can be replace the requirement for mechanically driven perfusion- 

negating the ned for sperate pumps. Culture in different ambient temperature and oxygen 

environments allows for higher throughput environmental studies than parallel plate flow 

chambers. The emergence of gravity driven organ on a chip technology(166) is an exciting 

development which potentiates more physiological cell line microenvironments. 

Although a 3D proximal tubule microfluidic chip was designed and fabricated for use in this 

thesis (Figure 1.11) its development was halted with the justification that the capacity to 

closely simulate luminal flow or 3D tubule structure was not as important as having a 

scalable model, capable of high throughput simulation of different organ preservation 

environments and compatible with high throughput assays to determine their effects. 

 

Figure 1.11. A custom mould allowing the generation of a 3D tubule 
 

The diameter of the modelled tubule is roughly comparable to that of the human proximal 
tubule (i.e.~50 µm(167). The tubular structure is faintly visible after perfusion with trypan blue 

dye. 
 
 

1.5.3.4 Cell rocker induced shear stress 
 

Cell rockers are common place in the laboratory environment, and provide a simple, 

economical means with which to generate repeating cycles of fluid flow in standard 

laboratory equipment. When adherent cells, cultured on the bottom of a receptacle are 
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placed on the cell rocker, the supernatant bathing them is subject to fluid flux cycles. This 

fluid motion causes the cell monolayer to experience some undefined degree of fluid shear 

stress. 

The paper ‘Quantifying fluid shear stress in a rocking culture dish’(168) presents a series 

of equations which calculates fluid flux over the plate when the volume and viscosity of a 

given fluid, the dimensions of the dish and the rocking profile (angle, frequency) are known. 

If the rocking profile is determined and the mathematics of the model executed correctly, 

cell rockers potentiate shear stress experiments limited only by the number of plates that 

can be placed on the rocking platform. 

The limitations of this approach are that the flow pattern is bidirectional, rather that 

unidirectional as is found in normal physiology. Furthermore, there is no established 

means with which to accurately measure the rocking profile and the mathematics must be 

executed correctly each time an experiment is performed. There is also no established 

means with which to generate defined oxygen environments or temperatures, which are 

separate but highly relevant stimuli in current organ preservation research. 

 
1.5.3.5 Tools for controlling oxygen availability in vitro 

 
There are several well established means of submitting cells to defined degrees of 

hypoxia. Hypoxia stations (Figure 1.12) and parallel plate flow chambers (Figure 1.13) are 

two commonly used pieces of equipment that allow for fine manipulation of oxygen 

concentrations in fluid bathing cultured cells. Hypoxia stations allow high throughput 

experiments using a uniform hypoxic environment, however are incompatible with cell 

rocker-based induction of shear stress due to space constraints, and are also unsuitable 

for the simulation of hypothermic storage as they maintain normothermic temperatures. 
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Simultaneous assessment of the effects of different oxygen environments requires multiple 

hypoxia stations. 

 
 

 
Figure 1.12. One of two Whitley H35 Hypoxia stations housed in our laboratory. 

 
The Whitley Hypoxia station consists of a large, airtight incubator space where cultured cells 

are kept at physiological temperatures (i.e. 37 °C). The 5% CO2 atmosphere permits the 
action of sodium bicarbonate pH buffers, and the oxygen environment is constantly and 

actively maintained at user defined thresholds. The oxygen environment generated may be 
controlled a touchscreen interface on the front of the hypoxia station. 

 
 
 

An alternative to hypoxia stations and parallel plate flow chambers are hypoxia chambers 

(Figure 1.13). These are inexpensive, high-throughput, air tight units which are designed 

to instigate conditions of severe hypoxia/anoxia. Cell culture ware is placed in the 

chamber, which is then sealed and flushed with large quantities of nitrogen gas. This 

expels the atmosphere within the chamber and replaces it with theoretically anoxic 

environment. However, there are no reported means with which to finely tune the oxygen 

environment inside a hypoxia chamber. 
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Figure 1.13. A sealed Billups-Rothenberg hypoxia chamber. 
 

This simple unit may be rendered airtight using a metal clasp and sealing the two ports on 
the front. Roughly the size of a dinner plate, these are large enough to store multiple tissue 

culture multiwell plates, but small and light enough to fit inside a standard cell culture 
incubator and in this thesis, to be placed on a cell rocker for simultaneous shear stress 

induction using the ShearFAST assisted cell rocker model. 
 

1.5.4 Combining hypoxia chambers and cell rockers: a novel model of HMP. 
 

Chapter 3 describes the creation and validation of a simple method which the oxygen 

atmosphere within a hypoxia chamber can be programmed. Chapter 4 describes the 

development and validation of ShearFAST, a smartphone application which uses the 

positional sensors of a smartphone to measure the rocking profile set on a cell rocker, and 

integrates these measurements into a calculator permitting determination of the shear 

stress generated when the user inputs the other known experimental parameters. These 

two developments are compatible with each other, allowing high throughput instigation of 

different extracellular environments. 

Together, these form an inexpensive, high throughput method which also permits 

simultaneous instigation of other factors such as fluid composition and temperature. 
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1.5.5 Selection of assays compatible with the high throughput screening  

tool 
 

The capacity to generate diverse cellular environments in vitro is best complemented with 

high throughput economical assays with which to infer their effects. The following section 

introduces the assays selected for use in this thesis. In general, the sulphorhodamine B, 

and lactate dehydrogenase assays were selected for use as indicators the protective 

potential of a given preservation environment, and NMR was deployed when inferences of 

metabolic modulation by a tested preservation environment was desired. NMR is 

discussed in Chapter 2. 

 
1.5.5.1 The Sulphorhodamine B (SRB) assay 

 
The Sulphorhodamine B (SRB) assay was designed for application in high throughput in 

vitro drug screening(169), and the economical, scalable properties of this method make it 

an ideal assay with which to close in on optimal pretransplant preservation conditions. 

The SRB assay functions on the principle that live cells bound to the plastic of culture ware 

can be likened to microscopic packets of protein. Sulphorhodamine B is bright purple dye 

that binds to amino acids under slightly acidic conditions(170). 

Cellular detachment and/or lysis of the bound cells results in net loss of protein bound to 

the cultureware, and a corresponding decrease in the concentration of dye immobilised on 

the plastic. When dyed monolayers are washed with acid, the bound dye is retained 

(Figure 6.5). The dye is however soluble under basic conditions, therefore colorimetric 

detection of the absorbance of dye retained on cells and resuspended in base is 

proportional to the protein content remaining on the dish after an experiment. Higher 

absorbance of light at 510nm is indicative of increased cellular viability. 



Chapter 1: Introduction 

40 

 

 

 
 
 

1.5.5.2 The lactate dehydrogenase (LDH) assay 
 

The colorimetric lactate dehydrogenase (LDH) assay is a well-established, inexpensive 

approach with which to assess the relative merits of one preservation condition over the 

other. This assay uses fluid samples such as the cell culture supernatant, and therefore is 

complimentary to SRB analysis of cellular integrity which uses the cellular monolayers. 

Another reason this assay was selected for in vitro analysis that LDH is also detectable in 

HMP perfusate (Figure 9.5), potentiating a translatable biomarker between in vitro and ex 

vivo models. 

Lactate dehydrogenase is an intracellular enzyme which plays a vital role in the 

interconversion of glycolytic endpoint metabolites. Assessment of LDH in the blood is a 

well-established clinical tool, and in vitro, is an indicator of membrane damage and ongoing 

cell death. The biochemical mechanism of the assay is reviewed elsewhere(171). 

 
1.6 Modelling the unknown proximal tubule environment 

generated by HMP 

The selection of the proximal tubule as a key structure of interest in kidney preservation is 

rationalised above. While the environmental stimuli that govern proximal tubule, function 

and integrity in vivo are well established we really know very little about the proximal tubule 

environment generated by HMP or how this impacts cellular physiology. 

The following section utilises current understanding of renal physiological processes in 

health to speculate over the types of environments that could be conceivably generated 

by current HMP protocols. 
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While it is beyond the scope of this thesis to define the proximal tubule environment during 

hypothermic preservation, combining the tools described in Chapters 3 and 4 allows for 

high throughput, simulation of the relevant environmental extremes. 

In this manner, an optimal preservation environment can be defined in vitro. Then, it falls 

to the researcher how to deliver the optimal environment predicted in vitro to ex vivo 

proximal tubule during preservation. 

The following is an introduction to renal physiology in health, which allows speculation over 

the possible proximal tubule environments generated during ex vivo preservation. and 

conjecture over on the types of modifications HMP protocols that could be beneficial to the 

proximal tubule. This literature review begins with a description of the blood flowing 

through the kidney. 

 
1.7 Environmental stimuli modulating renal physiology 

 
1.7.1 Intravascular fluid in vivo and ex vivo 

 
Blood is a complicated, non-Newtonian water-based fluid, composed of cellular, polymer 

(e.g. protein), monomer (e.g. glucose, lactate) and simple molecular constituents (e.g. 

ions, dissolved gases) and metabolic waste. 

By far, the most numerous cell type within human blood is the red blood cell, or erythrocyte. 

This is a highly specialised cell type which has the primary function of increasing the 

oxygen carrying capacity of the blood. 

Although oxygen is soluble in water, the majority of the oxygen transported in the 

bloodstream is bound to haemoglobin (98%), with the remaining 2% is dissolved in the 

plasma(172). 
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Erythrocytes effectively raise the oxygen carrying capacity of the blood by acting as 

containers for haemoglobin, a dynamic protein which has itself evolved to harvest O2 or 

CO2 from environments where either gas is abundant, and release them in environments 

where the counterpart gas prevails. As shown in Table 1, the metabolic support offered by 

commonly used preservation fluids both in terms of metabolic substrate provision, and in 

terms of oxygen carrying capacity is far lower than that of blood. 

Although hypothermia is used during ex vivo preservation, and is known to supress 

metabolic rate(173), it is unclear whether metabolic support offered by clinically used 

preservation fluids meets the metabolic demands of the hypothermicly stored organ. 

Research into the use of perfusate oxygen carriers, such as haemoglobin and active 

oxygenation during HMP(174) is testament to the uncertainty that the current preservation 

fluids are cable of transporting sufficient oxygen during standard organ preservation. 

 
1.7.2 Glomerular filtration in vivo and ex vivo 

 

Figure 1.14. The macroscopic internal structure of the human kidney 
 

The vascular structure of a human kidney (red) with the collecting ducts visible in yellow 
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Blood enters the kidney through the renal artery (Figure 1.14) which drains from the 

descending aorta. The blood flows; via interlobular and arcuate arteries and afferent 

arterioles to millions of glomeruli; fenestrated, tightly knotted bundle of capillaries which 

reside within the renal cortex. The glomerulus (Figure 1.15) is commonly depicted as the 

starting point of the nephron (Figure1.16), the functional unit of the kidney. 

 
 

Figure 1.15 False colour cortical tissue section of a pig kidney after HMP 
 

The efferent arteriole, which the glomerulus drains into has a smaller diameter than the 

afferent arteriole supplying it and in vivo, the intraluminal pressure difference between 

blood entering and leaving the glomerulus is between 10-15 mmHg(175,176). 

This intraglomerular pressure pushes the blood components first through the glomerular 

fenestrations, which are between 60-70nm in diameter and then through relatively 

abundant smaller podocyte slits (sized between 45- 50 Å radii) and less abundant larger 

slits (sized between 75 -115 Å radii)(177). 

Alongside selection based on component charge, this creates a glomerular ultrafiltrate 

which is generally devoid of components larger than albumin(178,179). 
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Figure 1.16. The major subdivisions of the nephron 
 

The schematic highlights key structures of the nephron, which function in concert to fulfil 
diverse renal functions, ranging from ultrafiltration (Glomerulus), selective reabsorption of 

glucose (proximal tubule) fine control of water and ion balance (Loop of Henle, distal tubule) 
and excretion of waste (collecting duct). The thesis will focus primarily on cortical tissues and 

in particular the proximal tubule, which is reviewed in greater detail later. 
 
 
 

The glomerular filtration rate (GFR), a clinical measure of the volume of fluid passing 

through the nephron is highly variable and is subject to change due to circadian 

rhythm(180), changes in blood pressure(181) or in response to feedback from the 

downstream nephron (i.e. Tubuloglomerular feedback- TGF)(182). 

In health, glomerular filtration effectively results in retention of all cellular matter within the 

glomerulus, which then returns to systemic circulation. However, multiple factors 

associated with organ donation and preservation may interfere with continuation of 

glomerular filtration during HMP. 

Alongside deleterious processes such as thrombus formation, cessation of blood flow 

during kidney procurement may impact glomerulus permeability, which has been 
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demonstrated to be actively mediated by continuous endothelial sensing of fluid shear 

stress exerted by flowing blood(183). The sub-physiological perfusion pressures 

maintained during machine perfusion (e.g. 30 mmHg) are well below the >75mHg pressure 

thought to be required for renal function(62). Furthermore, the colloid used in clinically 

used preservation fluids (Hydroxyethyl starch, or HES) has a molecular weight 

250kDa(184), which is far above the generally accepted molecular weight cut-off 

conductive to ultrafiltration (70 kDa)(185). 

Together, these reports indicate that structures located on the other side of the glomerular 

filtration barrier may not benefit from perfusion, or from the oncotic protection offered by 

the presence of HES during HMP. As discussed in later Chapter 6, HES may not be the 

best colloid choice in preservation solutions, irrespective of whether or not it crosses the 

glomerulus. Regardless, glomerular damage is observed during organ storage(186,187) , 

which could potentiate the entry of undefined quantities of storage solutions into the 

downstream nephron. 

In light of all of these observations, there is no clear consensus on the ex vivo post 

glomerular environment. It is unclear whether commonly used perfusion fluids filter through 

the glomerulus in the absence of damage given the low perfusion pressure, and if they do, 

whether the filtration barrier modifies the perfusate by restricting the entry of colloid into 

the proximal tubule lumen (Appendix 2). 

In health, the glomerular ultrafiltrate is captured by a cup-like structure, the Bowman’s 

capsule, which collates ultrafiltrate to before it flows into the proximal tubule. While 

metabolic waste, such as urea is passively isolated from the blood by glomerular filtration, 

so are essential serum components such as glucose, electrolytes and water. These must 

be consistently and actively reacquired in the face of fluctuating ultrafiltrate flow rates, and 



Chapter 1: Introduction 

46 

 

 

3 

 
 
 

this is the primary function of the proximal tubule, however it is unknown if this process is 

active during hypothermic storage. 

 
1.7.3 The proximal tubule in vivo and ex vivo 

 
In health, the proximal convoluted tubule (PCT), which is supplied by the Bowman’s 

capsule is the primary site of Na+, HCO -, albumin, water and glucose reabsorption in the 

kidney(188). Around 60% of water and salt is taken up by this structure(189) and these 

transport activities are highly reliant on an adequate supply of oxygen to meet the high 

aerobic metabolic requirements of proximal tubule cells(190). This reliance on oxygenation 

makes proximal tubule cells particularly sensitive to energy store depletion as a 

consequence of ischemia(135,191), with a linked but mechanistically separate secondary 

insult generated by depletion of intracellular antioxidants(192), presumably through 

interactions with reactive oxygen species (ROS). 

We do not currently have the technology to determine the oxygen concentration within the 

in vivo renal cortex(193) , any kind of biopsy or incision will lead to oxygen entry into the 

tissue studied. Accordingly, it is unknown whether or not the metabolic support offered by 

conventional preservation practices is optimal for PCT function remaining under 

hypothermia, or even if selective reabsorption of glucose occurs. 

Clinically used preservation fluids are not routinely subjected to active perfusate 

oxygenation. The acellularity of the glomerular ultrafiltrate means that the cells forming the 

nephron must either get their oxygen from the relatively little dissolved in the glomerular 

ultrafiltrate, or from closely associated blood vessels. 

Paired with sub-physiological/ absent PCT perfusion during HMP, and the hypoxia 

enhancing effect of ex vivo oxygen shunting(194) described later, standard preservation 

practices may culminate in ex vivo proximal tubule environments which are incapable of 
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providing the oxygen required to support the metabolic processes remaining under 

hypothermic storage. This is reflective of the general uncertainty surrounding the oxygen 

requirements of the kidney during organ preservation. 

 
1.7.4 Modulation of proximal tubule physiology by fluid flow. 

 
In health, the various reabsorbative activates of the PCT are kept relatively constant 

despite fluctuations in the preceding GFR. This modulation of PCT activity is known as 

glomerular tubular balance (GTB)(195). There are two mechanisms through which GTB is 

maintained, i.e. modulation of tubule diameter and regulation of solute transporter 

expression. 

Modulation of tubular diameter is a passive process. In the early PCT, the rate of fluid flow 

(volume/time) is equal to the GFR, although by the time the ultrafiltrate reaches the end of 

the proximal tubule, this has dropped to around 55%(196). However, the rate of flow 

(distance/time) through the PCT remains constant, evidenced by studies which also 

demonstrated that that diameter of the proximal tubule gradually decreases as it moves 

further downstream from the Bowman’s capsule. This trend remains throughout 

simulations of increases and decreases in GFR and also in haemorrhage, although the 

overall tubule diameter increases in relation to increases in GFR, and decreases in relation 

to decreased GFR and blood loss(197). 

Therefore, there is a consistent rate of flow across the proximal tubule. It is commonly 

reported that the physiological GFR of 115ml/min/1.73m2 is associated with the induction 

of fluid shear stress on the in vivo proximal tubule monolayer in the order of magnitude of 

1 dyne/cm2(198–201), although this is an approximation of the early PCT as water 

reabsorption affects the viscosity of fluid and tubular dimensions downstream(202). 
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It is known that fluid flow across the vascular endothelium under hypothermic storage 

results in modulation of cellular phenotype(113). The key role fluid shear stress plays in 

regulating proximal tubule form and function in vivo may suggest a potential effective role 

during ex vivo storage. 

Chapter 4 describes ShearFAST a development through which high throughput shear 

stress experiments may be easily executed in vitro, therefore a concise description of what 

fluid shear stress is and what modulates it is pertinent. 

Fluid shear stress occurs when a liquid flow over a solid boundary. It is a force that acts 

parallel to the solid boundary in the direction of the supplied flow(203). 

The fluid motion at the solid boundary is limited due to the no-slip condition(204), i.e. the 

adhesive interactions between fluid molecules and solid boundary are stronger than the 

cohesive interactions with other moving fluid particles. 

If the adherent fluid molecules form a metaphorical anchor on the solid boundary, then 

cohesive interactions between fluid particles form a chain that attaches the anchor to the 

relatively fast-moving fluid at the fluid free surface. This results in the transfer of kinetic 

energy from the moving fluid particles into the shearing force that acts on the solid 

boundary. 

Immediately above the adhered fluid molecules, fluid flow is slowed due to cohesion with 

the static fluid molecules. With laminar flow, layers of fluid can be imagined by their 

incrementally increasing flow rate up until the fluid free surface, i.e. the surface of the fluid 

that is in contact with the air(205). 

The shear stress imparted by a flowing fluid is therefore modulated by factors which 

change the resistance between fluid layers, i.e. change its viscosity. Factors changing 

viscosity in Newtonian fluids include the interactive nature of components dissolved in the 

fluid and the thermal properties of the system(206). In fluid mechanics, fluid shear stress 
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is commonly quantified by the dyne/cm2, with 1 dyne/cm2 being the force required to move 

1 gram 1 cm/s(203). 

When the fluid has no free surface, such as within a cylindrical structure like the renal 

proximal tubule, the velocity profiles of the fluid are mirrored, resulting in the highest fluid 

flow rate in the centre of the tube (Figure 1.17). 

 
 

 
Figure 1.17. Illustration of the static (top) and perfused (bottom) proximal tubule. 

 
 

The proximal tubule possesses at least three mechanosensors which are capable of 

detecting and responding to changes in flow, i.e. stretch receptors and FSS sensors such 

as the microvilli the and the primary cilia (Figure 1.17)(207). It is through these 

mechanosensors that membrane solute transporters phenotype is mediated, permitting 

sufficient reabsorption in the face of variable fluid volumes supplied by a varying GFR. 

For instance, sodium, and bicarbonate reabsorption, as well as the expression of their 

transporters (NHE3 and H+/ATPase respectively) have all been found to increase with 

increases in flow(208). The endocytic reabsorption of filtered albumin has also been found 

to be flow dependent(201). 

An estimated 180g of glucose is absorbed the proximal tubule every day(148). This is 

mediated by low affinity/ high capacity sodium glucose (SGLT-2) transporters on the brush 
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border of the S1 and S2 segments of the proximal tubule, and residual glucose is later 

taken up by low affinity SGLT1 in the straight convoluted tubule(209). Using in vitro 

microfluidic devices, both SGL2 expression and glucose uptake was found to be 

upregulated in proximal tubule cells subjected to fluid shear stress(210). 

SGL2 functions as a cotransporter for Na+ and it its action contributes significantly to 

oxygen consumption in the kidney(211). Together, these potentiate a transcriptional link 

between FSS experienced by the PCT and the fate of oxygen in the kidney. 

With respect to the proximal tubule in isolation, fluid shear stress has been shown to play 

an important role as a regulator of cytoskeletal structure(198), retention of a healthy 

phenotype alongside downregulation of the fibrotic plasminogen receptor(212) , and of cell 

viability under physiological temperatures(213). 

The integral role fluid flow plays in modulation of proximal tubule cell function and integrity 

described above suggests that there may be an optimal shear stress for the proximal 

tubule under hypothermic storage, and this is unlikely to be 0 dyne/cm2, definitive of fluid 

stasis. 

As stated previously, the extent to which the proximal tubule experiences fluid flow during 

ex vivo storage is unknown. It is therefore unclear what level of shear stress the ex vivo 

proximal tubule experiences, or whether or not the has any bearing on cellular function or 

integrity during or after HMP. Realising the optimised magnitude of FSS parameter 

experienced by different structures in the kidney during organ storage is an avenue which 

could conceivably lead to development of improved preservation conditions, however is 

relatively unexplored, perhaps due to the difficulty in isolating different renal structures and 

submitting them to defined degrees of FSS. 
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1.7.5 Renal oxygenation in vivo and ex vivo 
 

Although blood carries oxygen in bound and dissolved forms, oxygen transport within the 

kidney does not necessarily follow the bloodstream. The renal cortex in particular relies 

heavily on adequate oxygenation to fuel ATP dependent reabsorbative activities 

(214,215), but the downstream medulla is characterized to be a largely hypoxic region, 

reliant on anaerobic metabolism(65). Despite this, the oxygen saturation of blood entering 

the renal artery and exiting the renal vein are very similar (216,217). This is indicative of 

arterial-venous oxygen shunting, a counter current mechanism reported to transfer up to 

50% of the oxygen carried in the preglomerular arterioles to the blood flowing out of the 

kidney via the post glomerular venules(218). 

Since the renal medulla is known to function under hypoxia, oxygen shunting has been 

proposed as an anti-oxidative process which may have evolved to limit ROS damage to 

the renal tissue caused by hyperoxia associated with the kidneys considerable receipt of 

cardiac output(218). 

It is however unknown if oxygen shunting is maintained during organ preservation. 

Progressive perfusate oxygen depletion is a well-evidenced consequence of the HMP 

storage of kidneys in circuits that do not include an oxygenator(219,220) and UWMPS 

does not possess a designated oxygen carrier. It is therefore unclear if oxygen delivery 

during standard HMP is sufficient to provide the oxygen required for any aerobic processes 

continuing under hypothermic storage. 

Nonetheless, perfusate oxygen consumption during whole organ storage has been shown 

to be linked with improvements in glomerular filtration rate post-transplant(221) and has 

also been described as predictors of transplant outcomes(220), corroborated by other 
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studies which in improved oxygen availability during storage improved outcomes in models 

of auto transplantation(121). 

These observations fuelled speculation into a therapeutic role of active perfusate 

oxygenation, which may be key in the combating the major insults the kidney in the 

transplantation process, which are the warm ischemic time during organ procurement, the 

cold ischemic preservation time and most significantly, the multifaceted insult incurred by 

ischemic reperfusion injury (IRI). 

However, neither the oxygen requirements in the hypothermic organ, and whether or not 

oxygen shunting occurs during organ preservation is known. With the risk of increased 

oxidative stress linked with active oxygenation, the renal medulla in particular may be 

deleteriously affected by excessive oxygen. Indeed, perturbations in normal renal 

oxygenation may be significant contributors to the development of kidney disease(222). 

Incubation of proximal tubule cells in hypoxic UW results in reduced of cellular injury when 

compared to cells exposed atmospheric oxygen(223), implying dissolved oxygen tensions 

in storage solutions are an important parameter governing cellular pathology. 

 
1.7.6 Chapter Summary: 

 
To summarise, different organ preservation modalities affect the incidence and severity of 

delayed graft function. DGF is associated with increased likelihood of graft failure- and the 

return of the patient to costly and clinically unsustainable dialysis. These patients will 

remain on dialysis until death, unless a transplant is performed. However with each 

successive transplantation, future transplant outcomes are inferior due to accumulating 

immune sensitization(224). 

Identification of more supportive organ preservation environments may further reduce the 

incidence of DGF and graft failure and if this is realized, patients can expect their 
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transplanted kidney to function better and for longer. This is desirable for the patient 

population awaiting kidneys, and also for the healthcare provider who could benefit from 

further enhancements to the cost effectiveness of transplantation over dialysis(36). 

Additionally, development of more supportive organ storage environments for deceased 

donor organs may allow the preservation of kidneys for extended durations before they 

are rendered non-transplantable. Logistically, this could facilitate deceased donor 

international organ sharing schemes similar to existing schemes for living donors(225), 

which could increase the speed with which an immunologically matched kidney could be 

delivered to a patient(226). 

A barrier impeding the refinement of organ storage protocols is the low throughput, high 

stakes nature of whole organ research. A tiered strategy, in which a novel cell line model 

capable of simulating hundreds of unique organ preservation environments in a single 

experiment directs whole organ research could expedite discovery of optimal preservation 

environments. 

This thesis will focus largely on the proximal tubules and renal cortex during organ 

preservation, therefore in an in-depth account of renal physiology beyond the proximal 

tubule is beyond the scope of this thesis. However, the well characterised homoeostatic 

activities of the distal tubules, loop of Henle and the collecting ducts all been found to be 

regulated to some extent by fluid shear stress(227–230) or oxygen availability(231,232) 

Proximal tubule cells possess key attributes which make them a suitable foundation upon 

which to build a cell line model of organ preservations. However due to the anatomy of the 

kidney and current preservation protocols, it is unknown if the ex vivo proximal tubule 

benefits from fluid flow, oncotic protection from colloid or metabolic support through 

delivery of metabolic substrates and oxygen. 
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1.7.7 Research hypothesis 
 

Current pretransplant kidney preservation protocols are not yet optimised. Making as yet 

undefined changes to the extracellular environment of the hypothermicly stored kidney 

may result in indirect measures of benefit, which could translate to improved outcomes 

for the transplant recipient. 

 
1.7.8 Statement of aims 

 
Broadly speaking, this project has 3 aims. 

 
The first is to develop a reproducible in vitro model of organ preservation. This model 

should permit high throughput generation of different oxygen environments (Chapter 3), 

levels of fluid shear stress (Chapter 4) and storage fluid formulations. 

Using the tools developed as part of aim 1, the second aim of this work is to identify 

environmental stimuli which enhance cell survival or improve cellular metabolism after 

simulated storage (Chapter 6 and 7. After high-throughput screening of diverse 

environments, a ‘lead target’ modification will be selected for validation in the whole organ 

setting. 

The final aim of this thesis is to determine whether the lead target modification identified 

in vitro can also confer metabolic, structural or physiological benefit to ex vivo kidneys after 

whole organ preservation. If such benefit is demonstrated, this thesis will seek to further 

optimise the beneficial modification. 
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2 Application of nuclear magnetic resonance 

spectroscopy 

 
With the recognition that metabolism of the hypothermicly stored organ may play a key 

role in modulating patient outcome following kidney transplantation, it became apparent 

that advanced tools for quantifying metabolic changes was required. In this thesis, Nuclear 

Magnetic Resonance (NMR) spectroscopy is used to detect metabolic changes arising 

from modified organ storage protocols. This technology relies on manipulation of certain 

phenomena of atomic physics. 

 
2.1 NMR and the atom 

 
Conventional illustrations depict atoms as cores of positively charged protons and 

uncharged neutrons, orbited by shells of negatively charged electrons (Figure 2.1). 

 
 

 
Figure 2.1. Conventional illustration of an atom 

 

2.1.1 Nuclear Spin 
 

All sub-atomic particles have an intrinsic property known as spin, an angular momentum 

which proceeds within the atom. 
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Particle spin can be illustrated in a macroscopic model as a sphere rotating around its axis. 

A detailed description of the quantum equations governing how variable spin states 

manifest is beyond the scope of this chapter. In general, the spin number (!) of a given 

element can be ascertained from its nuclear characteristics (Table 2). 

Mass 
number 

Neutron 
number 

Atomic 
number 

Spin number 

odd odd even Half integer 
even odd Half integer 

even odd odd Integer 
Even even 0 

 
Table 2. Nuclear characteristics and spin number 

 

Hydrogen, having an odd mass number and atomic number (being composed of just a 

proton) has a half integer spin number (i.e. ½). 

From the above table we can determine that, like hydrogen, both 13C and 15N have half 

integer spin, whereas the higher abundance isotopes 12C has a spin number of 0 and 14N 

has the spin number 1. 

This thesis describes the use of 13C and 15N as metabolic tracers. These isotopes occur 

naturally, but at considerably lower abundance than their 12C and 14N counterparts i.e. at 

(1.07% and 0.37% respectively)(233). Like hydrogen, these isotopes have ½ integer spin, 

which as described later, makes them NMR detectable. The additional neutron within these 

elements also enables differentiation of isotopically labelled compounds from their non- 

labelled counterparts by mass spectrometry, an orthogonal method utilised later in this 

thesis. 

The low natural abundance of 13C and 15N gives these isotopes great utility in the 

assessment of metabolism. When a biological system is exposed to metabolic substrates 

enriched with 13C or 15N, downstream detection of metabolic endpoints enriched with that 

isotope reflects de novo synthesis. 
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2.1.2 The magnetic moment and gyromagnetic ratio 
 

Analogous to the observation that a moving charge (i.e. electrons) passing through a coil 

of wire creates an electromagnetic field, the combination of an angular momentum and net 

charge grants particles with both of these properties an additional intrinsic property, which 

is the existence of a magnetic moment (µ) 

The magnetic moment (µ) experienced by a given particle may be calculated by: 
 
 

# = 
%&ℏ 
2) 

Equation 1 The magnetic moment(234) 
 
 

Where % is the gyromagnetic ratio of that nucleus and ℏ is the reduced Planck’s constant, 

a multiplier (i.e. through which angular momentum is quantized). Since net nuclear charge 

is derived from the number of protons in that nucleus, which also defines the element, and 

the total mass of a nucleus is determined from the numbers of protons and neutrons- each 

element and isotope has a different gyromagnetic ratio, which is the ratio of the magnetic 

moment to its angular momentum. 

The magnetic moment of spin half particles generates a nuclear dipole, an intrinsic nuclear 

feature manipulated by NMR experiment to enable detection of that nucleus. 

Electrons, also spin half particles experience both an orbital magnetic moment generated 

by their procession around the atomic nucleus, and another magnetic moment generated 

by their intrinsic angular momentum. The importance of electron magnetic moments for 

NMR experiments is discussed later in the nuclear shielding effect. 
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2.1.3 The Boltzmann distribution 
 

In practice, when we pipette sample into the NMR tube, there is no net magnetisation 

vector for the sample. The individual magnetic moments of its composite particles cancel 

each other out and as such net magnetisation is zero (Figure 2.2). 

 
 

Figure 2.2. Unaligned spin 1/2 particles in the absence of a magnetic field 
 
 

In an NMR experiment, the sample is placed in the lumen of a receiver coil, which is itself 

housed within a solenoid electromagnet (Figure 2.3). The solenoid magnet in this 

spectrometer generates uniform external magnetic field (B0) with an upwards 

magnetisation vector. 

 

Figure 2.3. An NMR sample enclosed in a receiver coil and solenoid magnet. 
 
 

In the presence of this external magnetic field, the nuclear dipole possessed by each spin 
 

½ nucleus within that sample aligns parallel (i.e. α−state nuclei) or antiparallel with this 
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field (i.e. β-state nuclei) (Figure 2.4). 
 

Figure 2.4. Different orientations of spin ½ nuclei under an external magnetic field. 
 
 

There is a difference in energy levels possessed by nuclei in α and β state, with β state 

nuclei inherently possessing greater energy levels which enables them to oppose B0. This 

is an important phenomenon, and is the primary reason NMR is considered an insensitive 

technique when compared to tools like mass spectrometry. It is only the small difference 

in nuclei between spin-states that contribute to the NMR signal. 

The numbers of nuclei with magnetic moments aligned in the direction of the B0 is 

described using the Boltzmann distribution. 

 
 

+, /∆1 
= . 23 = . 

- 

 
/4567/9: 

23 

 

Equation 2. The Boltzmann distribution(235) 
 
 
 

Where the population difference between nuclei in α state (Να) and β state (Νβ) is 

calculated from the exponential of the difference in energy levels (which is Planck’s 

constant (h) multiplied by γ, multiplied by B0), divided the multiplication of Boltzmann’s 

constant (k) and temperature in Kelvin (T). Boltzmann’s constant describes the energy 

+ 
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imparted to a particle in joules at a given temperature (i.e. 1.3807x10-23J/K) and Planck’s 

constant describes the energy carried by a photon at a known frequency. 

Therefore, at absolute zero (i.e. 0K), the energy imparted to the sample particles is zero. 

Under these circumstances, all of the particles would exist in the α−state, lacking the 

excitation energy required for transition to β-state. 

Although advanced NMR techniques, such as dynamic nuclear polarisation NMR do use 

very low temperatures (e.g. 100 K), it is not currently possible to generate absolute zero 

temperatures. This generates a practical problem, ambient thermal energy, even at room 

temperature is sufficient to grant NMR active nuclei enough energy to align antiparallel to 

the external magnetic field. This results in a subdivision of the spin-half nuclei as defined 

using Boltzmann’s equations. 

The ambient sample temperature in our NMR experiments, which utilise a 14.1T 600 MHz 

spectrometer is actively controlled and set at 300K. The variable distribution of nuclear 

spin states can be therefore be determined based on characterisation of that particular 

nuclei’s gyromagnetic ratio, which for the proton is 26.752 x107 rad/T-1 s-1 and for 13C is 

16.726 x107 rad/T-1 s-1 (236). If a sample contained 1 million protons in the α state, only 

999396 would occupy the higher energy β- state leading to a net excess of 603 α-state 

nuclei which can be manipulated to derive the NMR signal. This small difference is in spin 

states is sufficient to confer a small net magnetisation vector to the NMR sample. 

This is the reason proton NMR has a four-fold higher sensitivity than 13C NMR, the lower 

gyromagnetic ration of 13C under the same experimental conditions results in a net excess 

of 152 nuclei in α−state, a 4-fold decrease when compared to proton NMR. 
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2.1.4 Larmor Precession 
 

Similar to a spinning gyroscope hung by a string, symbolising B0, the angular momentum 

of these nuclei prevents them from aligning perfectly with the external magnetic field, 

instead forcing them to precess around B0 (Figure 2.5). This rotation can be described by 

a sinewave. 

 
 

Figure 2.5. Nuclear precession around the external magnetic field 
 
 

The frequency with which the nuclei precess around B0 is known as the Larmor frequency, 

and is dependent on the strength of the magnetic field experienced by the nucleus and the 

individual atoms gyromagnetic ratio (Equation 2). 

 
 

; = %<= 

Equation 2. Larmor frequency (237,238) 
 
 
 

2.2 The NMR Experiment 

 
2.2.1 The pulse-acquire sequence 

 
NMR experiments are controlled using pulse sequences which is illustrated in (Figure 2.6). 

The most basic experiment, a pulse-acquire sequence begins with a 90° pulse, a radio 
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frequency (RF) burst of controlled intensity and duration supplied in the x,y (or transverse) 

plane. The frequency and duration of this is optimised to result in a 90° rotation of the 

magnetisation vector from the z-axis into the transverse plane. Once transverse 

magnetisation has been created, the magnetisation vector will precess around the main 

axis of the external magnetic field (z-axis). This rotating magnetisation vector induces an 

electrical current in the receiver coil of the spectrometer. Because the RF pulse is transient, 

the nuclei relax back into equilibrium with the Boltzmann distribution, which releases the 

energy supplied to generate the α- to β− state transition. The combination of cyclic rotation 

and gradual loss of transverse magnetisation results in free induction decay (FID) of the 

signal detected (D). 

 
 

Figure 2.6. The NMR pulse-acquire sequence, and its effect on nuclear precession 
 

When the sample is placed inside the NMR spectrometer, the magnetisation vectors align 
with the external magnetic field (B). A hard radio frequency pulse (A), with a defined power 

and variable duration results in a 90° rotation of the magnetisation onto the transverse plane 
where the nuclei begin to precess around B0 (C). The nuclei relax back to equilibrium as 

defined using the Boltzmann distribution, which results in the decay of the signal detected 
(D). Detection of the precessing, relaxing nuclei results in the characteristic FID signal. 
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The FID acquired is then Fourier transformed to identify the underlying frequency within 

the decaying sine/cosine-waves. 

In practice, the FID acquired in an experiment will be composed of all the different currents 

generated by all precessing nuclei. Some of these signals will be undesirable, such as the 

overwhelming contribution of water to total spectral intensity. Therefore, proton NMR pulse 

sequences contain multiple radio frequency pulse and period of relaxation in order to 

supress these signals. The most common NMR pulse sequence used in metabolomics is 

the NOESY-1D presat, which is illustrated in Figure 2.7. 

 
 

Figure 2.7. The NOESY Presaturation pulse sequence, adapted from(239). 
 

The NOESY pulse sequence utilises a delay to allow for equilibration of sample 
magnetisation, and a continuous, low frequency RF pulse (i.e. the presat) is used to supress 
solvent signals. The successive 90° pulses excite solute protons and the intermediate period 

permits additional solvent suppression in our experiments(240). 
 
 
 

2.2.2 Fourier Transformation and conversion to the ppm scale 
 

Fourier transformation is used to resolve all the underlying frequencies which contribute to 

the acquired FID, i.e. it converts the time domain of the signal detected from decaying 

nuclear precession into a frequency spectrum. 
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However as described in Equation 2, the strength of the external magnetic field affects the 

frequency of Larmor-precession. Therefore, the frequencies resolved by Fourier 

transformation will also vary depending on the spectrometer used. NMR spectrometers 

are commonly described by the Larmor-precession they generate in protons, i.e. a 600 

MHz spectrometer will result in a 600 MHz precession rate in bound hydrogen (or the 

proton will precess at a rate of 600,000,000 cycles per second). 

To foster uniform reporting between different hardware, the frequencies reported are 

converted to convey chemical shift (>) (Equation 3) which is the frequency of Larmor 

precession (v) for a given nucleus relative to that of a supplied standard, such as 2,2- 

Dimethyl-2-silapentane-5-sulfonic acid (DSS) (vref). 

 
>(@@A) = 10D E − EGHI

 
EGHI 

 

Equation 3. Standardisation of NMR signals from Hz to parts per million (ppm)(241) 
 

2.2.3 The shielding effect of electrons 
 

Through a process called shielding, the electrons (also spin half particles with a magnetic 

dipole) possessed by an atom influences the proportion of the external magnetic field 

experienced at the nucleus. Covalent bonds, formed by the sharing of electrons compose 

organic molecules. Therefore, within a given molecule, NMR sensitive nuclei with identical 

covalent interactions will experience the same level of shielding and therefore the same 

nuclear magnetic field. These nuclei will precess at the same frequency and will give rise 

to a single signal on the Fourier transformed spectrum. 

Identical nuclei in different chemical environments, i.e. with non-identical covalent 

interactions will experience different degrees of the supplied magnetic field and undergo a 
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shift in frequency. This modulation of Larmor frequency by nuclear chemical environment 

is known as the chemical shift. 

As shown in Figure 2.8, manifestation of chemical shift can be used to identify the 

presence of a compound. 

 
 

 
Figure 2.8. Two 1H-NMR signals arising from the presence of lactate in a sample. 

 
In this example, lactic acid may be detected following observation of peaks at two different 

chemical shifts, based on the two distinct chemical environments its protons exist in (i.e. the 
methyl group (blue) and the methine group (red). 

 
2.2.4 Signal splitting and J-coupling 

 
With the magnetic environment experienced by the nucleus modulating Larmor-frequency, 

an additional phenomenon is frequently observed in the Fourier transformed spectrum, 

which is the existence of signal splitting. 

The resonant frequency of detected spin ½ nuclei is modulated to a small extent by spin 

state of neighbouring spin ½ nuclei connected by a chemical bond, all of which may exist 

in the α or β state. This splits the signal of the detected nuclei, with the number of split 

peaks a direct measure of the number of chemically equivalent spin ½ nuclei that are 

bound. By following the n+1 rule and using Pascals Triangle(242), the number of peaks 

and the ratio of signal intensities can be predicted (Figure 2.9). 
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Figure 2.9. Pascals triangle and its prediction of split peak ratios 
 

Signal splitting can be used to resolve chemical structure. We have deduced that each 

proton in the methyl group of lactates is chemically equivalent, and will give rise to a single 

peak. However, the proton in the methyl group may either be in the α or β state. This 

translates to two possible magnetic environments for each of proton in the methyl group. 

Since Larmor precession is modulated by magnetic environment, this splits the signal into 

2 frequencies of approximately equal intensity (Figure 2.10). 

 
 

Figure. 2.10. Fine structure of the two lactate signals arising from J Coupling(243) 
 

When the methyl group is studied (blue) the signal from each methyl group proton is split by 
that of the methine group proton (red), which may be in the α or β state. Using pascals 

triangle, the arising doublet has a ratio of 1:1 between split peaks. There are four possible 
alignments for the methyl group, i.e. all α, all β, 2α and1β, or 2β and 1α. Probability dictates a 
37.5% chance of 2α and 1β, a 37.5% chance of 2β and 1α and a 12.5% chance of all nuclei 
being in α or β state. As such the methine group is split into a quartet, with relative intensities 

reflecting these probabilities (1:3:3:1). 
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NMR has the potential to be fully quantitative. This requires the use of a single standard 

compound such as DSS. 

To quantify a given compound, the area under the curve of the reference compound signal 

is compared to the AUC of the signal of interest, while also considering how many protons 

contributed to the signal intensity. 

Poor shimming (inhomogeneous magnetic fields) and inaccurate phase or baseline 

correction can deleteriously affect accurate quantification. To counteract these negative 

modulators, shimming was deemed acceptable at a linewidth of <1 Hz and phase and 

baseline correction was manually checked for each sample. Furthermore, the quantitative 

power of NMR relies on the nuclear spins of all molecules in the sample to be in near- 

equilibrium with B0. prior to deployment of a pulse sequence. To allow this, a sufficient 

relaxation time between transients must be present. In this thesis, the relaxation delay was 

set to >5*T1. 

To balance quantitate power with acceptable acquisition times, a relaxation time of 4 
 

seconds, combined with 16 steady state scans was used. As this work focuses on NMR 

manipulation of small molecules, the incomplete T1 relaxation will be similar for all 

molecules and quantification error is minimal. 

 
 

2.3 Rationale for tracer studies in organ preservation research 

 
While the 1H-NMR experiments described above are invaluable for quantitative 

assessment of metabolic profiles in biological samples, this technique does not have the 

power to define the mechanisms governing any detected changes in metabolic profile 

(such as de novo metabolism, metabolite transport or cell lysis etc). 
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This is largely due to the targeting of protons as descriptors of molecular structure. Since 

1H is the dominant isotope of hydrogen in biological molecules- it is impossible to 

differentiate newly synthesised metabolites from those that were pre-existing in the 

biological system studied. 

As stated previously, the carbon isotope most abundant in nature is 12C, although around 

1.07% of the carbon pool carries an extra neutron, i.e. 13C. It follows that around 1% of 

carbon atoms composing the total pool of a given organic molecule in a sample 

will have an extra neutron (i.e. will be 13C rather than 12C), Accordingly, the chance that 

natural label incorporation will lead to the inclusion of two carbon 13C atoms in the same 

molecule will be around 1 in 10, 000 and the likelihood that a molecule contains three 13C 

through natural label incorporation is atoms will be around 1in 1,000,000 

The low natural abundance of 13C indicates that if a biological system is exposed to 

nutrients artificially enriched with 13C, one could chart ongoing metabolic processes by 

detecting which downstream metabolites are enriched in 13C s above the level expected 

from natural label incorporation. 

The extra neutron in each 13C permits discrimination of 13C enriched metabolites by their 

increased mass (using mass spectrometry) or by the resulting ½ integer nuclear spin 

through NMR spectroscopy. 

1D 13C NMR experiments may be used to detect 13C labelled metabolites in a manner 

similar to proton NMR spectroscopy. However- due to the 4-fold smaller gyromagnetic 

ration of 13C when compared to 1H, there is a 32-fold decrease in sensitivity when 

measuring 13C when compared to the 1H nucleus (244). 

NMR is considered an insensitive analysis compared to mass spectrometry. This 

insensitivity is likely to be compounded in this thesis due to the presumably lower label 

incorporation in downstream metabolites resulting from the hypothermic nature of the 
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organ storage environment, which is known to supress ongoing metabolic processes(173). 

Therefore, Heteronuclear Single Quantum Coherence (HSQC) spectroscopy was utilised 

to overcome the inherent insensitivity of 13C NMR. 

 
2.3.1 Overview of the HSCQ experiment 

 
The use of HSQC spectroscopy helps to overcome the limitation relating to low 13C NMR 

sensitivity, by selective excitation of protons bound to 13C, and transferring magnetisation 

to 13C and back, thereby detecting proton magnetisation. In this manner, the enhanced 

detectability of protons by NMR in manipulated, and indirectly allows detection of bound 

13C nuclei (Figure 2.11). In practice, the HSQC pulse sequence is deployed multiple times 

per sample, with incrementally increasing delays (t1) changing the detected signal 

intensity. Recording the FIDs acquired allows construction of a sinewave between them 

(Figure 2.12), Fourier transformed can be applied across the FIDs collected, granting 

indirect assessment of 13C chemical shift. Together, plotting the direct and indirect 

dimensions gives rise to the HSQC spectrum (Figure 2.13). 
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Figure 2.11. A breakdown of the HSQC pulse sequence. 
 

The 1st 90° pulse on the proton channel (Point 1) results in transverse magnetisation, 
causing in phase (i.e. along the x-axis) magnetisation vectors. Transfer of magnetisation 

requires antiphase spin-spin coupling (i.e. one nucleus orientated along the x axis the other 
along the y axis(216) Following a delay enabling evolution of 1H-13C coupling constants, 180° 
pulses on both 1H and 13C channels (point 2) results in a refocussing of the chemical shift of 

both nuclei. The 90° pulses (point 3) transfers magnetisation from 1H to 13C. This sequence is 
known as the INEPT block, in which in insensitive nuclei (i.e. 13C) are enhanced by 
polarisation transfer from connected protons. Following magnetisation transfer, the 

population difference in 13C α and β state nuclei is now that which existed in the bound 1H 
nuclei, ergo the reduced sensitivity of 13C NMR caused by its relatively lower gyromagnetic 

ratio has been countered. The delay t1 is varied, while proton decoupling is applied (point 4) 
When magnetisation is transferred back to the protons using the by inverting the INEPT 

block, (i.e. the reverse INEPT block (Point 5), it is only 13C bound protons that generate the 
FID obtained during spectral acquisition, as signals that would arise from precessing 13C 

nuclei are decoupled using the adiabatic bilevel decoupling. This forces 13C nuclei to rapidly 
switch between α and β state, such as the net spin is 0 and hence 13C does not continue to 

contribute to the acquired proton directly, or indirectly through coupling(245). 
 

 
Figure 2.12.The dimensions of the HSQC spectrum 

 
The direct dimension contains the Fourier transformed proton spectrum. The indirect 

dimension consist of the sine wave generated by incremental changes in t1 and resulting 
fluctuation in signal. 
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In the plotted HSQC spectrum, the proton dimension is plotted on the x axis which is 

informative of proton chemical shift. The indirect dimension is plotted on the y axis, and is 

formed from the fourier transformation of 13C peak intensity at fixed timepoints (which 

varies because of variable T1 delays periods employed(246). This has the effect of 

decluttering the peaks on the 1H-spectrum as they are dispersed vertically along the y 

axis(247) 

 
 

Figure 2.13. Overview of an HSQC plot for a single lactic acid signal 
 

The third dimension of the HSQC spectrum is the Z-axis, which is a measure of spectral 
intensity. Similar to an ordinance survey map this is illustrated with contour rings to depict 

height While heteronuclear splitting (i.e. H-C) are decoupled, homonuclear splitting (13C-13C 
are left intact and appear in the indirect dimension (i.e. along the y-axis The magnitude of 
1J13C,13C coupling provide additional information about the chemical environment of each 
13C nucleus in a molecule and can be used to resolve isotopic distribution of 13C which is 

informative of the metabolic pathways that synthesised the molecule of interest(217). 
 
 
 

2.3.2 Paired NMR and mass spectrometry analysis 
 

Metabolic isotopologues are variations of the same metabolite, that have enrichment of a 

supplied label in different locations of that molecule. Determination of isotopologue 

structure of the molecule is an inference of the metabolic pathways that produced it(217), 

but this structure is not always discernible using a given analytical technique in isolation. 
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Considering lactic acid, which is composed of three carbons, there are different isotopic 

combinations which may make up the isotopologue pool. In the below example, 0 refers 

to a carbon that is 12C, and 1 refers to a carbon that contains an extra neutron, i.e. is 13C. 

For lactate, there are 8 possible combinations of 13C (denoted ‘1’) and 12C (denoted 0) i.e. 

(000, 111, 011, 110, 100, 010, 001, 101) but these are not all discernible using HSQC or 

MID analysis independently (Figure 2.14). Mass spectrometry can provide quantitative 

analysis, and can determine the mass isotopic distribution of given metabolites. For 

example, lactate has 4 isotopomers (M0, M1, M2 or M3), referencing the numbers of 

carbons that are enriched above natural abundance. However, unlike liquid 

chromatography mass spectrometers, the mass spectrometry apparatus we have access 

to (i.e. a gas chromatography mass spectrometer (GCMS) is ill suited to the use of 

fragmentation patterns to determine positional labelling. This difficulty arises due to the 

requirement for derivatisation agents which are also fragmented along with the metabolite 

of interest. As such, in this work we could not differentiate between 011, 101 or 110 label 

incorporation using the mass spectrometry facilities available. 

Due the INEPT sequence which uses the usage of the I nucleus as a vehicle for 

magnetization transfer, 2D 1H-13C NMR spectroscopic analysis is capable of determining 

the 13C incorporation where the carbon of interest in linked to a proton. Analysis of carbon- 

carbon signal splitting of carbon 2 can be used to assess label incorporation in carbon 1. 

In this manner, multiplet analysis of the HSQC has greater topological resolution than MS, 

however the technique cannot differentiate between 001 and 101, as carbon 2 is 

unlabelled. 

Furthermore, NMR has limitations in terms of measuring U-12C abundance. Whether a 

proton is bound to 12C or 13C can be determined using 1D/2D 1H NMR spectroscopy(248– 
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250), however this approach is limited to a small number of metabolites due to spectral 

overlap. 

HSQC spectra are less congested however only contain signals of 13C bound to a proton. 

Using the example of C(2) of lactate, it is not possible with HSQC spectroscopy to 

differentiate between an unlabelled molecule of lactate (000), which consists of 13C natural 

abundance at C(2) and a molecule of lactate which has been labelled over and above 

natural abundance in position C(2) (010). Mass spectrometry however, can identify the 

M+2 presence in this isotopologue, rather than M+1 that would occur if the label 

incorporation was 001. By combining these analytical tools, it is possible to acquire a 

quantitative, model free assessment of isotopic distribution for a given metabolite (Figure 

2.14). 

This function is provided by MetaboLab, a software developed and maintained by Dr. 

Christian Ludwig(218) and reported in the paper Combined Analysis of NMR and MS 

Spectra (CANMS)(219). The power of NMR to resolve the position of 13C nuclei within a 

molecule can depend on acquisition of spectra with high enough resolution to define split 

peaks. In appendix 1, a development is described which scales J in coupled 13C nuclei, 

allowing their detection at lower resolution. This enables high throughput tracing of 

metabolism using NMR. 
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Figure 2.14. Different label resolution from HSQC and MID analysis 
 

Lactate is three-carbon molecule (A), however only two of these carbons (i.e. carbons 2 and 
3- coloured red) are bound to a proton. (B) Example of the different levels of resolution 
permitted by NMR and MS analysis. HSQC analysis can detect 110 labelling through 

analysis of carbon 2 signal splitting by J coupling with C1. NMR can detect 001 labelling, but 
cannot differentiate between this and 101 as C2 is not labelled. Paired analysis with MS, 

which can determine percentages of M1 and M2 resolves this uncertainty. 
 

2.3.3 Chapter summary 
 

In summary, the NMR spectrometer functions to orient the magnetic moment of specific 

nuclei in a uniform direction, and then manipulate that orientation so that the intrinsically 

unique precession rate of a given nucleus in a given chemical environment generates a 

current of measurable frequency. Through artificial introduction of nutrients composed of 

NMR active nuclei which are not commonly found in nature, NMR can be used to identify 

metabolites of these nutrients by their chemical shift, and also the location of the supplied 

NMR active nuclei in that molecule through analysis of peak splitting. This information is 

informative of the metabolic pathways through which the metabolite was produced(217), 

and is applied in this thesis to characterise modulation of cellular metabolism by different 

extracellular environments. 
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3 Methods and method development 
 
 

This chapter details the general methods used throughout this thesis. Modifications or 

additions to these methods are charted in the relevant chapters. 

 
3.1 In vitro methods 

 
As alluded to in Chapter 1, current technical barriers prevent high throughput in vitro 

control over the level of fluid flow and oxygen availability. These two interacting stimuli are 

of interest in organ preservation research. Recognising the absence of suitable tools, the 

in vitro methods used throughout this thesis were conceived and developed by me during 

my PhD period. In this chapter, the development of novel hypoxia chamber filling circuits 

is described and validated. These allow high throughput control of in vitro oxygen 

environments in a manner compatible with the smartphone assisted fluid shear stress 

generation, which is described in Chapters 3 and 4. 

 
3.1.1 Cell culture 

 
The human renal proximal tubule epithelial cell line RPTEC/TERT1 (Evercyte GmbH, 

Austria) was sub-cultured in line with supplier specifications, with the exception of the 

usage of a custom media formulation. 

In brief, cells were cultured in 75cm2 tissue future flasks (Corning, UK, Cat: 430641U) until 

90% confluent and split at 1:2 ratios following trypsinisation. The media used consisted of 

DMEM/Ham’s F12 (1:1) media (supplemented with 1x Insulin transferrin selenium solution 

(Cat: I314600), 1% Penicillin Streptomycin (Cat: P0781), 36ng/ml Hydrocortisone (Cat: 
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H0888) and 40ng/ml Epithelial growth factor (Cat: SRP3027) (all procured from 

SigmaAldrich, UK). 

For tracer studies, glucose and glutamine free DMEM/Hams F12 (1:1) (Zen-Bio, USA Cat: 

DMEMf12-NGG002) was supplemented as described above, with the addition of any 

combination of the following isotopically labelled substrates: 17.5mM isotopically enriched 

glucose [1,2-13C] D-Glucose (Cat: 453188, SigmaAldrich), [U-13C] glucose (Cambridge 

isotopes, UK, Cat: CLM-1396) and/or 2mM [U-13C,U-15N] L-Glutamine (SigmaAldrich, Cat: 

607983). Exact media supplementation with isotopically labelled tracers is defined in the 

relevant chapters. 

Cell counts and logging of the population doubling level was facilitated through 

smartphone applications developed during this PhD period (namely Autocount and PDL 

calculator respectively(249) (Figure 3.1). For all experiments, cells were seeded at a 

density of 4x104/cm2 at PDL ranging between 25.0 and 53.7, which is far below the 90 

population doublings the RPTEC/TERT1 cell line is reported to maintain its 

phenotype(155). In all cases, experiments were performed when cells demonstrated dome 

formation and/or cobblestone morphology, which generally took between 7-10 days. 
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Figure 3.1. Cell culture apps developed during this PhD: Autocount and PDLCalc 
 

Two smartphone tools developed during my PhD. Autocount expedites cell counts, replacing 
conventional manual counters and also automatically performs assessment of percentage 

viability and total cell counts. PDLCalc is a simple calculator that determines new population 
doubling level after a cell count has been performed. 

 
3.1.2 ShearFAST assisted fluid shear stress experiments. 

 
The use of cell rockers to generate defined degrees of FSS has been introduced in Chapter 

1 and is discussed further in Chapter 4. Below is the method pertaining to how ShearFAST, 

a smartphone application developed during the course of this PhD was used to enable 

high throughput simulation of physiological degrees of fluid shear stress in vitro. 

The ShearFAST application was installed on a smartphone (Samsung Galaxy Note 4). 

The smartphone was placed on the rocking platform of a cell rocker supplied by VWR (Cat: 

444-0146) alongside a spirit level. The platform was set to a rotation of 0° using the spirit 

level (i.e. the platform was horizontal) and ShearFAST angle measures were zeroed at 

this rotation by pressing ‘Calibrate’ in the Angle tool menu. 

Following this, the rocking platform was extended to its maximum rotation and the 

continuous measures of this angle were recorded by ShearFAST. 

ShearFAST assessment of rocking frequency was performed after automatic calculation 

of mean maximal rocking angle. To perform rocking frequency assessment, the cell rocker 
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was switched on and allowed to rock freely for 10 seconds. ShearFAST recorded the 

changing angles and the time at which they changed, allowing in-app plotting of a 

sinewave. Using a built-in frequency modelling tool, the acquired sinewave was visually 

compared to overlaid sinewaves of the acquired intensity but user-defined frequency. 

As shown in Chapter 4, ShearFAST analysis enables accurate quantification of rocking 

angle and speed. With these rocking parameters now known, the user selects the 

dimensions of their culture ware from a drop-down menu in the ShearFAST formula tool, 

and manually inputs the volume and viscosity of the solution they intend to use in each 

well. Using a built-in calculator, this determines the shear stress arising in the centre of the 

cultureware using a well-established mathematical model of shear stress induction using 

cell rockers(168). 

 
3.1.2.1 Measurement of fluid viscosity 

 
The rocking model requires knowledge of fluid viscosity in order to determine the shear 

stress imparted onto the cell monolayers. The viscosity of cell culture media has been 

reported to be equal to that of water (i.e. 0.001Pa.s)(168). However, the viscosity of 

preservation fluids at the clinically relevant range of 2-8°C has not been reported. 

The viscosity of UWMPS (Organ Recovery Systems, USA) and an in-house variant of the 

UWMPS with the HES colloid replaced by 30g/L, 35kDa Polyethylene glycol (Sigma 

Aldrich, UK) was analysed on a Discovery Hybrid Systems Rheometer (40mm diameter, 

4° cone and plate geometry). Fluid Rheology was ascertained utilising a shear ramp over 

a shear rate of 0.1-400 s-1. Measurements were performed in triplicate and averaged to 

yield a measure of the viscosity of these two fluids (Figure 3.2). 
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plate, and 50µl of this added to a 96 well plate for colorimetric detection. Absorbance was 

read at 510nm on a plate reader. 

 
3.1.3.2 The Lactate dehydrogenase (LDH) assay 

 
Assessment of supernatal LDH concentrations was performed using a commercially 

available kit (Cat MAK066, Sigma Aldrich, UK). 

In brief, 50µl of sample was combined with 50µl of a reagent mixture containing a NAD 

and a propriety reagent that changes colour in the presence of NADH. The absorbance of 

light by each sample is modulated by colour changes which is deemed to be catalysed by 

the level of LDH in the sample provided. Therefore, higher levels of light absorbance are 

deemed to be reflective of increased concentrations of LDH in the sample. Quantification 

of LDH was performed using a standard curve and in line with the manufacturer 

instructions. 

 
3.1.3.3 Extraction of cellular metabolites 

 
For metabolic analysis, cell supernatant was removed and cell monolayers were washed 

in chilled 0.9% NaCl solution and scraped into methanol (-80°C). The suspension was 

collected and mixed with deionised water (4°C) and chloroform (-20°C) in a 1:1:1 ratio. 

The sample was vigorously agitated at 4°C for 10 minutes then centrifuged (1300g, 15 

minutes, 4°C) to separate polar, non-polar and protein fractions. Polar fractions were dried 

using a SpeedVac concentrator (SPD1010), prior to preparation for NMR or MS analysis. 

 
3.1.4 Control of in vitro oxygen tensions. 

 
Two methods were used to control the oxygen available to the cultured cells. In cases 

where severe hypoxia was to be simulated under physiological temperatures, as in 
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Chapter 7, Whitley H35 hypoxia stations were used (Figure 1.12). These maintained 

physiological temperature (37°C) at oxygen concentrations of <0.3%. 

However, hypoxia stations are incompatible with simultaneous instigation of hypothermia, 

and parallel assessment of multiple oxygen tensions, or simulation of fluid shear stress 

using a cell rocker. For these cases, a novel hypoxia chamber filling circuit was designed 

and utilised. Validation of this approach, and later whole organ oxygenation experiments 

required the deployment of fibre optic oxygen sensors. 

 
3.1.5 Oxygen sensing in vitro and ex vivo 

 
3.1.5.1 Needle type oxygen sensors 

 
A needle type fibre optic oxygen sensor (Cat: 200000785, World precision instruments) 

was obtained and attached to an OxyMicro transmitter (Cat: OXY-MICRO-AOT, World 

Precision instruments, UK) calibrated as per the manufacturer’s instructions. In brief, the 

0% oxygen calibration control constituted of a vigorously mixed 1% sodium sulphite 

solution (Sigma Aldrich, UK) and the 100% oxygen control set as deionized water at 4 °C 

which had been left to equilibrate with the atmosphere overnight. The measurement 

software includes a temperature compensation, which was either measured manually or 

inferred from the ambient room temperature. 

The 0% control was validated against nitrogen saturated waster, and the 100% control 

was validated against more samples of UWMPS and water that had been left to equilibrate 

with the ambient temperature. Data for the needle type sensors is reported as a relative 

oxygen concentration (ROC%), i.e. relative a 50% ROC would equal half the oxygen 

dissolved the 100% calibrator, which was chilled deionised water. These sensors were 

used in early iterations of a hypoxia chamber filling circuit (described later) and in the first 

series of whole organ experiments investigating the effects of perfusate oxygenation. 
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3.1.5.2 Flow-through oxygen sensing cells 
 

Two pre-calibrated fibre optic transmitters (Cat: 300000007) with disposable flow-through 

cells (Cat: 200001613) and sensitive spots (Cat: 200000023) were obtained (all from 

PreSens Precision Sensing, Germany) 

These allowed measurements of the oxygen content of the gas exiting hypoxia chambers 

in the cell line studies, and the level of dissolved oxygen in preservation fluid being passed 

through them in whole organ models of HMP. These function in a similar way to the needle 

type oxygen sensor, except the updated software automatically converts the ROC% to a 

standalone concentration. In this thesis, the Pascal (hPa and kPa) were selected as a units 

to allow for comparisons to the oxygen measurements for the group’s clinical study 

(13Champion) which obtains readouts of HMP perfusate oxygen concentrations (kPa) 

using a blood gas analyser (Cobas b221, Roche Diagnostics Limited) (Figure 3.9). 

3.1.5.3 Oxygen sensitive spot 
 

A single in vitro experiment used an oxygen sensitive spot to determine real time rates of 

equilibration between the atmosphere within a hypoxia chamber during hyperopic filling 

and a sample stored within the chamber. This experiment was performed only once due 

to the damaging physical strain it exerted on fibreoptic cables required for sensor function. 

 
3.2 Method Development 

 
3.2.1 Controlling oxygen availability in vitro with custom hypoxia chamber 

filling circuits 
 

Hypoxia chambers (Billups-Rothenberg, California) (Figure 1.13) are small, airtight units 

which are designed to be purged with nitrogen gas, thereby replacing the atmosphere 

within the chamber with 100% nitrogen. The manufacturers of the hypoxia chambers 
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utilised recommend that the chamber is purged with 100% nitrogen gas at a flow rate of 

20L/min for 5 minutes in order to generate an anoxic environment(251).Throughout 

chamber filling, the supplied gas mixes with the atmosphere in the chamber and the 

increase in pressure results in expulsion of gas through the outflow port and incremental 

equilibrium of the gas mixture in the chamber with that of the supplied gas. 

 
3.2.2 Generating hypoxic atmospheres 

 
The oxygen concentration of the chamber outflow is measurable using a fibre optic oxygen 

sensor. When the hypoxia chamber filling circuit was first incepted, it utilised a needle type 

fibre optic oxygen sensor, which indirectly monitored the oxygen composition of the 

chamber outflow based on its capacity to deoxygenate a water reservoir distil from the 

chamber outflow (Figure 3.3). 
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Figure 3.3. Hypoxia chamber filling circuit design 1. 
 

Monitoring of the dissolved oxygen (DO) in the fluid reservoir, located downstream from the 
hypoxia chamber permits a time-delayed measure of the point at which atmosphere within 

the chamber is devoid of oxygen. 
 
 
 

A nitrogen cylinder was set to supply 100% nitrogen at the maximum flowrate detectable 

by the flow meter utilised (i.e. 600ml/min) (Platon, France). 

Continuous oxygen measurements of in the water reservoir were taken using a submerged 

needle type oxygen sensor. 

Once the readings plateaued at 0%, it was assumed that addition of further nitrogen had 

no effect on the partial pressure of N2 within the chamber and the oxygen had been 

completely removed, i.e. cells stored in that chamber would experience severe 

hypoxia/anoxia. As shown in Figure 3.4, the time taken for this to occur was between 0.5- 

1 hours of chamber filling. 
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depletion (Figure 8.5). Considering the current clinical interest in the role of perfusate 

oxygenation, it was apparent a means to subject cells cultured in vitro to user defined 

degrees of oxygen was required. 

The first iteration of the modified circuit involved inclusion of an oxygen cylinder (Carbogen, 

95% oxygen, 5% CO2) and flow meter to the nitrogen line. By varying the flow rates of 

oxygen and nitrogen, the composition of the gas entering the hypoxia chamber became 

modifiable. Ergo, the resulting plateau in oxygen measurements when the chamber is filled 

became programable. 

 
 

Figure 3.7. Hypoxia chamber filling circuit 2. 
 

Inclusion of a parallel oxygen supply allows for a modification of the oxygen environment 
entering the chamber. 

 
 
 

Using this circuit, it was found that flushing the chambers with 560ml/min 100% nitrogen 

and 40ml/min 95% oxygen was resulting in a ROC% of around 40% in the water reservoir 

(Figure 3.8). 
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potential for economical in vitro simulation of ex vivo oxygen depletion using the method 

described. 

 
 

Figure 3.9. Fine control of sample oxygen availability using filling circuit 2. 
 

During clinical HMP (blue), the starting perfusate oxygen concentration is 24.20 ± 1.90kPa 
(n=9). This falls to 13.53 ± 2.73kPa within 1 hour of perfusion (n=10) and appears to plateau 

at 11.29 ± 0.40kPA by 18 hours of perfusion (n=8). Therefore, the oxygen content of the 
circulating perfusate has fallen to 55.10% of its starting concentration by 1 hour of perfusion 
and plateaus at 46.65% by 18 hours or perfusion. At 1 hour since initiation of chamber filling 

the dissolved oxygen in UWMPS samples within the chamber was found to be 47.96 ± 
1.71% of its starting concentration (n=3), and this fell to 40.73 ± 0.68% at 18 hours of cold 

storage (n=3). 
 
 
 

3.2.3.1 Programming hyperoxia 
 

Upon acquisition of flow through oxygen sensors, which negate the requirement for the 

water reservoir for needle type oxygen sensors, the filling circuit was modified again to 

allow for simultaneous monitoring of two chambers (Figure 3.10), or of chamber outflow 

and how this compares to the oxygen level of samples within the chamber (Figure 3.11 

and Figure 3.12 ). 
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Figure 3.10. The final iteration of the hypoxia chamber filling circuit. 
 

This set-up permits simultaneous generation of anoxia and hyperoxic chambers. An 
intermediate oxygen condition is generated by leaving plate outside of the chamber while 

filling which as described later, simulates continuous fluid aeration. 
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Figure 3.11. Monitoring of hypoxia chamber atmosphere and sample oxygenation. 
 
 

Using this paired chamber circuit, three oxygen environments can be generated, i.e. 

hypoxia, atmospheric oxygen and some level of hyperoxia. Plates to be subjected to 

hypoxia were placed in hypoxia chambers and were flushed with 100% nitrogen. Plates to 

experience atmospheric oxygen were left exposed to the atmosphere and plates to 

experience hyperoxia were flushed with 360ml/min 95% oxygen and 240ml/min nitrogen). 

As shown in Figure 3.12, this generated an atmospheric oxygen concentration of 50 kPA 

within 30 minutes. In a single replicate investigating the coinciding sample oxygenation, 

an oxygen sensitive spot detected an end oxygen pressure in the fluid of pressure of 44kPa 

after 30 minutes of filling. 

The sample oxygen measurements were not repeated due to the damaging level of torque 

exerted on the fibreoptic sensor to attain measurements on the dish bottom. 
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Filling chambers for 28 minutes (0.36L/min O2, 0.24L/min N2) 
generates a 49.8 ± 1.3 kPa oxygen atmosphere (n=4) 

 
600 

 
 

400 

Oxygen within chamber atmosphere 
(hPa) N=4 
Dissolved oxygen at dish bottom 
(hPa) N=1 

 
 

200 
 
 

0 
0 10 20 30 

Chamber filling time (minutes) 
 

Figure 3.12. Measurement of chamber atmosphere and sample oxygenation 
 

Immediately upon initiation of chamber filling, the oxygen concentration of the gas mixture 
exiting the gas outflow port was 186.78 ± 6.23hPa. By 30 minutes of chamber filling, the 

readings had plateaued at 497.99 ±12.76hPa. In a single replicate, the dissolved oxygen in a 
sample was assessed simultaneously. After an initial decrease in dissolved oxygen, the 

sample equilibrated with the new environment, plateauing at 447 hPa. 
 
 
 

3.2.3.2 Manipulation of storage temperatures in the cell line model. 
 

The three major organ preservation strategies of clinical interest are hypothermic (2-8°C), 

sub normothermic (i.e. 20°C) and normothermic (37°C). These temperatures may be 

simulated in multiwell plates by incubating the storage fluid to the temperature required 

prior to the experiment, and placing cell line experiment into the cold room (ambient 

temperature 4 °C), at room temperature (ambient temperature 19 °C) or in a warm room 

or standard cell culture incubator (ambient temperature 37 °C). 

O
xy

ge
n 

co
nc

en
tra

tio
n 

(h
Pa

) 



Chapter 3: Methods and method development 

93 

 

 

 
 
 

3.2.4 Concluding statement about the in vitro model 
 

The advantage of these novel methods is that with sufficient hypoxia chambers and 

manpower, one can execute parallel experiments composed of any combination of storage 

fluid, duration, temperature, oxygen environment and mechanical fluid stress. As 

introduced in Chapter 1, these comprise all the variables believed to be pertinent to cellular 

response to organ preservation. 

However, the capacity to perform these economical high throughput screens is futile if 

equally high throughput and economical analytical tools with which to assess the effects 

of different storage environments are not used. 

 
3.3 Ex  vivo methods 

 
3.3.1 The paired whole organ model. 

 
Pairs of porcine kidneys were routinely sourced from a local slaughterhouse (F.A. Gill, 

Wolverhampton, UK. Upon arrival, an operating theatre-like environment was set up 

(Figure 3.13). 

  
 

Figure 3.13. Abattoir set up for procurement of kidneys from freshly sacrificed pigs 
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3.3.1.1 Animal Sacrifice 
 

Male English White Pigs aged 22 ± 2 weeks and weighing 82.5 ±2.5kg were killed by 

electrical stunning followed by exsanguination. Kidneys were retrieved following a 

laparotomy, and warm ischemic time was strictly maintained to be no greater than 15 

minutes (with the exception of two studies highlighted later, which had a controlled WIT of 

30 minutes). 

 
3.3.1.2 Kidney Acquisition 

 
Immediately after acquisition, the kidneys were inspected for pathology or cuts that may 

impede perfusion, and in the absence of these were cannulated with a suitably sized T- 

connector (Figure 3.14) or with an O-ring if an aortic patch was present. 

 
 

Figure 3.14. A porcine kidney attached to an 8mm T-connector using a surgical suture. 
 
 

Kidneys were cold flushed with Soltran solution (Baxter, UK) to remove intravascular 

blood, inhibit metabolism and ATP depletion as per clinical practice. 
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Following flush, kidneys were bagged and placed in UW solution (Organ Recovery 

Systems, USA) for transport back to our laboratory. Variations to the flush protocol used, 

for example when including compounds for later metabolic tracing are described in the 

relevant chapters. 

 
3.3.2 Hypothermic machine perfusion. 

 
Our industrial partner, Organ Recovery Systems donated two LifePort® Kidney 

transporters (1.0) to our group for use in research. 

After a controlled 2 hours of static storage while slaughterhouse kidneys were transported 

back to our laboratory, the kidneys were removed from SCS and attached to the LifePort® 

Kidney Transporter via their renal artery. Kidneys were perfused with UWMPS at a 

pressure of 30 mmHg and at a temperature ranging between 2-8 °C. 

 
3.3.2.1 Sampling during HMP 

 
The HMP setup permits acquisition of several different data types, i.e. digital readouts, and 

perfusate or tissue analytes. 

Assessment of perfusion parameters; i.e. temperature, flow rate and resistance are 

provided by a digital readout on the LifePort® devices. 

Perfusate, sampled from the dedicated sampling port permits non-invasive assessment of 

analytes present in the fluid compartment, such as biomarkers, extracellular metabolites 

and levels of dissolved oxygen. 

Tissue sampling potentiates assessment of metabolic phenotype, and was performed by 

laterally bisecting the kidney at experimental endpoint (Figure 3.15), isolating cortical and 

medullary tissues of interest and snap freezing them in liquid nitrogen, followed by 

immediate storage at -80°C. 
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Tissue sampling was generally restricted to experimental endpoint since biopsy of tissue 

during perfusion will affect perfusion profile as perfusate exudes from the biopsy site. 

Changes from this protocol are highlighted where relevant. 

 
 

Figure 3.15. A bisected porcine kidney after HMP. 
 

The tissues sampled routinely, i.e. the outer cortex and inner medulla are identified. 
 

In light of proposed changes in clinical practice(252), where a 5mm cortical punch biopsy 

will be obtained from all pretransplant kidneys(253), a single experiment is described 

where we assess the utility of a serial biopsy in determination of ATP kinetics during HMP. 

 
3.3.3 Tissue homogenisation 

 
Fragments of frozen cortical and medullary tissue were retrieved from storage at -80°C 

and immediately placed in a Cryocup grinder (BioSpec products, USA) which had been 

chilled with liquid nitrogen. The tissue samples were kept in LN2 and were pulverised to a 

fine powder. 
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3.3.3.1 Tissue extraction 
 

Following pulverisation, 0.5g of pulverised tissue was added to a 7ml CK28 

homogenisation tube (Stretton Scientific, UK) which also contained 5.1ml HPLC grade 

methanol (Sigma, UK). 

The samples were sealed and subjected to 8 homogenisation cycles (5000RPM, 15 

seconds) using a Precellys 24 homogeniser (Bertin instruments, France) with cooling on 

dry ice between each run. As the lowest homogenisation setting possible on this device, 

this limited sample heating during the process of homogenisation. 

The sample was then mixed with 5.1ml HPLC grade chloroform (SigmaAldrich, UK) )and 

4.65ml ultrapure water and mixed vigorously at 4 °C for 10 minutes. The samples were 

then centrifuged (1300g, 15 minutes, at 4 °C), resulting in separation of polar metabolites 

in the upper aqueous phase from non-polar metabolites in the lower chloroform layer and 

protein which was trapped on the meniscus of the chloroform. For each sample, 8ml of 

Polar phases were aspirated and dried using a Speedvac concentrator as with the cell 

extraction. 

 
3.3.3.2 Perfusate LDH analysis 

 
Perfusate samples aspirated from the LifePort® sampling port were snap frozen in liquid 

nitrogen. Upon thawing, LDH quantification processed much as with the cell culture 

supernatant samples, with 50µl of perfusate added in to each well of a 96 well plate, as 

per manufacturer instructions. 
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3.4 General methods 

 
3.4.1 Metabolic analysis using NMR 

 
3.4.1.1 Preparation of cell and tissue extracts. 

 
Using cycles of vortexing and centrifugation, extracted material located in separated 

aliquots was collated and was resuspended in D20 containing 0.1M phosphate buffer, 2mM 

imidazole and 0.5mM DSS. For analysis using a 1.7mm cryoprobe, the extracts were 

resuspended in 45μl NMR buffer and 35μl of this was added to a 1.7mm NMR tube. For 

samples run using a 5mm cryoprobe, 660μl of buffer was used to resuspend the samples 

and 600μl of this added to the tubes. 

 
3.4.1.2 Neat perfusates 

 
Neat perfusates were mixed with concentrated NMR buffer in ratios such that the final 

concentration of the resulting fluid was as that used in the cell and tissue extracts, i.e. 0.1M 

phosphate buffer, 2mM imidazole and 0.5mM DSS. Neat perfusates were exclusively ran 

in 5mm tubes, and as such the final volume of buffer and sample was 600μl 

 
3.4.2 NMR experimental parameters 

 
3.4.2.1 1H-1D NMR Spectra 

 

The NOESY-1D presat pulse sequence (Figure 2.7) was used to identify and quantify the 

metabolites within samples. 

In all cases, sample temperature was set to 300K. For non-extracted samples such as 

perfusates, the proton signal from water was supressed by the NOSEY Presat sequence. 

For extracted samples the use of deuterium-oxide (D2O) as the sole solvent reduced the 

requirement for water suppression, however this was still performed to supress residual 
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water signals. As non-exchangeable protons were used exclusively in this work, the impact 

of chemical exchange effects (i.e. exchange of protons for deuterium and generation of 

water) on analytical accuracy should be negligible. 

Data was acquired using a Bruker Avance III 600 MHz spectrometer equipped with an 

inverse cryoprobe. Proton spectral width was set to 12 ppm. The spectrometer was 

manually tuned, matched and shimmed to the first sample, and then automatically tuned, 

matched and shimmed to successive samples. Line width was deemed acceptable at 

<1Hz. 
 

In total, 32768 data points with a relaxation time of 4 seconds and 128 transients were 

acquired for each sample. The FID was subjected to zero filling (131072 data points) and 

a 0.5Hz line broadening. 

Conversion of the acquired FID to Bruker format, Fourier transformed NMR spectra, as 

well as spectral processing operations such as manual phase and baseline correction was 

performed using MetaboLab software(254). Baselines points were corrected using a spline 

function Each sample referenced to 0 ppm using the to the chemical shift of the internal 

DSS standard. 

 
3.4.3 Metabolite identification and quantification 

 
Chenomx software v8.3 (Chenomx Inc, Canada) was used for metabolite identification and 

quantification. For each spectrum, the chemical shift axis was aligned so that 0 ppm fell 

directly under the detected DSS peak, and the area under the curve of that DSS peak was 

used to define peak area which translates to the known buffer DSS concentration of 

0.5mM. By comparing the signals detected in the Fourier transformed spectrum with the 

possible library peak profiles for each metabolite at their known proton chemical shifts, the 

metabolites composing the sample were identified. Each isolated proton in a given 
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molecule gives rise to a peak in the NOESY spectrum, therefore a metabolite identification 

and quantification was performed using characteristics peak at the same chemical shift for 

each experiment. These are tabulated in Table 3. 

Signals were quantified using the established relationship between DSS Area under the 

curve (AUC) and its known molarity (Figure 3.16). 

Metabolite Chemical shift 
utilised (ppm) 

Metabolite Chemical shift 
utilised (ppm) 

Acetate 1.91 Glucose 3.52, 5.2 
Adenine 8.2 Glutamate 2.34 
Alanine 1.47, 3.78 Glutathione 2.97 
Citrate 2.67 Glycine 3.54 

Formate 8.44 Lactate 1.32, 4.1 
Fumarate 6.51   

Gluconate 4.03 ,4.13, 3.66   

Table 3. Chemical shift references used for metabolite quantification 
 
 

Figure 3.16. Example metabolite quantification using Chenomx (Lactate) 
 

After data prepossessing, the Fourier transformed spectrum is uploaded into Chenomx 
Software. The characteristic peak of DSS is the calibrator used to define 0ppm, and the area 
under the curve of this signal is used to determine the relationship between measured signal 

intensity and the known concentration of DSS. This relationship is then applied to other 
metabolites to determine their concentration. 



Chapter 3: Methods and method development 

101 

 

 

 
 
 

3.4.4 Tracer analysis 
 

3.4.5 HSQC analysis 
 

The pulse sequence used was a standard Bruker echo/anti-echo 2D HSQC 

(hsqcetgpsp.2) with a modification allowing scaling of 13C,13C J-coupling based splittings 

in the spectrum (249) The spectral width for proton dimension was set to 7.812kHz (12 

ppm) and 13C dimension was set to 24,155kHz (160 ppm). 512 complex data points were 

acquired in the 1H dimension. A total of 25% out of 2048 complex data points (512 complex 

data points), employing non-uniform sampling was used to sample the 13C dimension to 

reduce acquisition time to 1 hour. The 13C,13C J coupling based splittings were 4-fold 

enhanced (249,255). 

Each successive increment of the 1H-13C utilised 2 transients. Construction of the 2D 

HSQC spectrum was performed using NMRpipe and MDDNMR software(256–258). 

Spectra were zero filled to 1024 data points in the proton dimension and 16384 real data 

points were reconstructed in the 13C dimension, after which multiplet analysis and 

isotopologue analysis were performed using MetaboLab(218). 

 
3.4.5.1 Referencing the 2D plot 

 
MetaboLab contains a library the x,y coordinates ( generated through established proton 

and 13C linked proton chemical shifts) for numerous metabolites of interest. To identify the 

signals on the spectrum, the spectrum must be aligned using a reference compound. 

Lactate was selected as its methyl group NMR signal is easily discernible (Figure 3.17) 

and as the glycolytic endpoint, is the metabolite most rapidly produced from glucose during 

hypothermic machine perfusion. 



Chapter 3: Methods and method development 

102 

 

 

C3 Lactate 

 
 
 
 

0 

 
20 

 
 

0 
  

 
 
 
 
 
 

60 
 
 
 
 
 
 

80 

 
 

 

 
 

100 

 
 
 
 

120 

 
 
 

1 0 

 
 

10 9 8 7 6 5  3 2 1 0 
1H [ppm] 

 

Figure 3.17. Referencing the HSQC spectrum to a library signal (carbon 3 of lactate) 
 

The chemical shift of lactate (carbon 3), and its attached proton signal is used to replot the 
generated HSQC spectrum. Once referenced, the other peaks detected can be identified 

using a built- in library. 
 
 
 

3.4.5.2 Multiplet analysis 
 

MetaboLab contains a database of the coupling constants (Hz) between the carbon of 

interest and those adjacent to it if they happen to be labelled. By cycling through these 

spin systems, which manifest as different degrees of signal splitting (ppm) the operator 

determines the 13C status of adjacent carbon atoms (Figure 3.18). By comparing signal 

intensities to the small peak in the very middle of the signal, which represents single 13C 

labelling at the position of the respective carbon nucleus, a measure of the percentage 

contribution of the detected spin systems is established. 
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Figure 3.18. The split structure of lactate (C3) observed during multiplet analysis. 

 
Blue denotes the acquired spectra and red the simulation used to define isotopic distribution. 

 
 
 

3.4.5.3 Isotopologue analysis 
 

The isotopologue analysis tool collates the multiplet information from all the carbons 

submitted for a given molecule. The relative intensity of each peak to the middle signal, 

which (is assumed to represent the unlabelled carbon) is used to calculate the relative 

contribution of each isotopologue to the total metabolite pool (Figure 3.19). 
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Figure 3.19. Isotopologue analysis 
 

Herein, the data acquired during multiplet analysis and the possible isotopomers set by the 
operator are used to determine relative contributions of all defined spin systems. There is an 
input area for mass spectrometry data, which can be used to overcome the limitation of the 
INEPT sequence, which is carbons are undetectable if they do not possess a bound proton. 

 
 
 

3.4.6 Mass spectrometry 
 

Dried extracts were suspended in 40μl of 2% methoxyamine Hydrochloric acid in pyridine 

(Sigma-Aldrich, UK) and incubated at 60°C for an hour. After this the sample was mixed 

60μl of derivatization agent, composed of N-tertbutyldimethylsilyl-N- 

methyltrifluoroacetamide and 1% tertbutyldimethyl-chlorosilane. Samples were incubated 

again as before and centrifuged at 13,000 RPM for 5 minutes. 
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The supernatant, containing derivatized metabolites was added to a chromatography vial 

and added to an automated GCMS worklist. Samples were run on an Agilent 7890B GC 

containing a polydimethylsiloxane column (Agilent UK, Stockport). 

The Mass spectrometer was tuned to a full width at half maximum peak width of 0.6 atomic 

mass units (Mass range 50-650 m/z using a PFTBA tuning fluid. 

Samples were injected using split mode (1:10) with the helium carrier gas flow rate set to 

1ml/min and heated with the oven which had to a ceiling temperature of 320 degrees. 

Metabolite Detection was performed using scan mode (50-650 m/z) with 3±1 

scans/second at a transfer line temperature of 280°C and a solvent delay of 6.5 minutes. 

The software MetaboliteDetector(259) was used to convert raw mass isotopic distributions 

into natural abundance corrected characterisations of isotopic profile for each metabolite 

detected. 

 

Dr. Alpesh Thakkar provided all mass spectrometry expertise used in this thesis, 

ranging from resuspension of dried extracts through to reporting of results. 

 
3.4.7 Colorimetric ATP assay. 

 
A commercially available kit (MAK190) was used to assess cellular ATP content in cell 

monolayers and later tissue extracts where HPLC was unavailable. 

For cell monolayers at experimental endpoint, cell monolayers were scraped intro 2ml ATP 

assay buffer, aliquoted into 2ml Eppendorf tubes and snap frozen in liquid nitrogen. When 

ready for analysis, the lids of the tubes were opened and the samples were boiled for 15 

minutes on a preheated block to denature enzymes and limit ATP depletion(260). 

Boiling water was also used to for colorimetric detection of ATP in tissue samples, this 

protocol was adapted from previous reports ATP stabilisation of in tissue(261) and Royale 
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Jelly(262) . Frozen tissue was powdered in a Cryocup Grinder (Stretton Scientific, UK) and 

0.5g of this was submerged in a 15ml falcon tube (Corning, UK) followed by 3ml boiling 

ATP buffer. Samples were agitated and added to a glass beaker on a rolling boil to 

maintain temperature for 15 minutes. After this, the samples were briefly centrifuged to 

pellet detritus and 50µl of the supernatant was used for ATP quantification as before. 

3.5 Statistical analysis 

 
This thesis documents charts development of an in vitro screening tool and ex vivo 

validation model to expedite discovery of optimal kidney preservation environments. Given 

conceptual similarity with approaches for drug discovery, in all cases, statistics were 

performed following the guidelines advised in the British journal of Pharmacology(263). 

Experiments to be tested for statistical significance were composed of a minimum of 5 

biological replicates, which where possible (e.g. in the in vitro data) were each calculated 

from the mean of the technical replicates ran per replicate. 

Any studies affected by missing values that did not meet the 5 biological replicate minimum 

are clearly identified, and are included for descriptive purposes but were not assessed for 

statistical significance. 

Although the Shapiro Wilks is a preferable normality test, non-normality was assumed for 

all studies(229). The in vitro model has the potential to grant sufficient biological replicates 

(e.g. n>30) for meaningful assessment of normality, However the tool was used for the 

broad screening of diverse environments in this thesis, and this ‘wide net’ paired with time 

constraints limited the number of biological replicates that could be performed. 

Non-normality was assumed for the ex vivo studies given the low throughput associated 

while whole organ research. 
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3.5.1 In vitro statistics 
 

As all cells in each experimental condition were seeded in parallel, a paired model was 

assumed for the in vitro studies(265). 

When biological replicates were analysed on different days, the data in each replicate was 

normalised to a control value within each biological replicate(263). When biological 

replicates were analysed in a single assay, the raw data did not require normalisation and 

the assay values were used. Differences were detected using the Wilcoxon matched-pairs 

signed rank test(266–268), and deemed significant at p<0.05). Departures from this 

analysis, and the justification for it is documented where relevant. In all cases where 

statistical analysis was employed, data are plotted and tabulated as median and range. 

 
3.5.2 Ex vivo statistics 

 
The unpaired, non-parametric Mann Whitney U test was applied for the majority of the 

whole organ experiments utilising HMP, with differences deemed significant at p<0.05. 

This was due to observed differences in flow rate observed between paired kidneys during 

perfusion (Appendix 5). For a few ex vivo experiments, where pairing could be reasonably 

established, the Wilcoxon matched-pairs signed rank test was used instead. This is 

justified where appropriate. In all cases where statistical analysis was employed, data are 

plotted and tabulated as median and range. 
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4 ShearFAST: an in vitro toolset for high 

throughput, inexpensive fluid shear stress 

experiments. 

 
The following article describes the experimental validation of a ShearFAST, a smartphone 

application which I created. 

ShearFAST measures the rocking parameters on a standard laboratory cell rocker, and 

uses these measurements to calculate the shear stress arising in standard cell culture 

dishes using a well-established mathematical model(168). 

 

I conceived, developed and optimised the smartphone application. I wrote the attached 

paper and performed or directed all analysis. The attached manuscript has been submitted 

for publication, and a preprint has been deposited online: 

 

Smith TB, Nunzio AM De, Patel K, Munford H, Alam T, Powell O, et al. ShearFAST: a 

user-friendly in vitro toolset for high throughput, inexpensive fluid shear stress 

experiments. bioRxiv. 2020 Feb 2;2020.01.31.929513. 

 

The ShearFAST application will be made freely available for research purposes, along with 

the raw data used to validate its measurements. 
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Abstract 
 

Fluid shear stress is a key modulator of cellular physiology in vitro and in vivo, but its effects 

are under-investigated due to requirements for complicated induction methods. 

Herein we report the validation of ShearFAST; a smartphone application that measures the 

rocking profile on a standard laboratory cell rocker and calculates the resulting shear stress 

arising in tissue culture plates. 

ShearFAST measured rocking profiles were validated against a graphical analysis and also 

against measures reported by an 8-camera motion tracking system. 

ShearFAST angle assessments correlated well with both analyses (r ≥0.99, p ≤0.001) with no 

significant differences in pitch detected across the range of rocking angles tested. 

Rocking frequency assessment by ShearFAST also correlated well when compared to the two 

independent validatory techniques (r ≥0.99, p ≤0.0001), with excellent reproducibility between 

ShearFAST and video analysis (mean frequency measurement difference of 0.006 ± 0.005Hz) 

and motion capture analysis (mean frequency measurement difference of 0.008 ± 0.012Hz) 

These data make the ShearFAST assisted cell rocker model make it an attractive approach 

for economical, high throughput fluid shear stress experiments. 
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A cell rocker based method for the delivery of defined degrees of FSS has been described 
 

(34) and is utilised in several reports (4,35–39) . This approach uses a mathematical model to 

calculate the resulting fluid shear stress when the rocking parameters (i.e. angle and speed), 

fluid parameters (i.e. volume and viscosity) and plate dimensions are known. 

Many cell rockers possess with a means to adjust rocking angle or speed; however our 

experience has demonstrated that when even when rocking profile is modifiable, the setting 

selected may either be incompatible with the model, lack the resolution required or be grossly 

inaccurate (Figure 6). 

Difficulties in delivering the mathematical and analytical accuracy required for the proper 

execution of cell rocker FSS models may help explain the underutilisation of this otherwise 

accessible tool in in biomedical research. 

Fortunately, the technology to address these problems is currently in place in laboratories 

throughout the world. Competition between major smartphone manufacturers has led to the 

ubiquitous presence of handheld devices capable of assessing spatial orientation (40) and 

performing complex mathematical operations. Since the cell rocker-based approach does not 

require additional equipment other than the tissue culture dish itself, using smartphones to 

measure rocking profiles is a simple intuitive step that enables greater experimentation with 

FSS in cell line studies. 

This paper describes the validation of ShearFAST (Shear Formula, Angle, Speed Toolset), a 
 

novel smartphone-based application which enables rapid characterisation of the rocking 

profile set on a standard laboratory cell rocker, and integrates its findings into the well- 

established mathematical model of cell rocker based FSS induction. 
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Methods 
 
 

ShearFAST 
 
 

ShearFAST is composed of three individual tools; The formula tool, which calculates the 

characteristic shear stress when experimental parameters are known, the angle tool which 

measures the maximal rocking angle set on the cell rocker and the speed tool which measures 

whole cycle rocking frequency. 

 
 

Validation of the ShearFAST Formula tool 
 
 

The formula tool calculates the characteristic fluid shear stress when the volume of fluid, dish 

diameter, cycle time, fluid volume and viscosity are known. The results of the formula tool 

(Figure 4) were validated against the example data from the original publication. 

 
 

Validation of the ShearFAST angle tool 
 
 

A graphical analysis method involved capturing side-on photos of the cell rocker, and 

measurement of the cell rocker platform angle with respect to 0° using ImageJ (41) (Figure 1). 

A second validation utilised an Infrared Optolectronic 8-camera System (BTS Bioengineering, 

Milan, Italy) from now on referred to as motion capture analysis (Figure 2). 

The 2.2 Megapixel infrared cameras resolution (2048x1088 px, BTS DX 6000 model) tracked 

the 3D motion of retroreflective markers placed on the rocking platform (1.2 cm in diameter) 

with a precision of 0.1 mm (see https://www.btsbioengineering.com/products/smart-dx- 

motion-capture/). 
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Image J angle analysis 
 
 

A camera was placed aligned so it could capture a side on view of the cell rocker platform. A 

smartphone with ShearFAST installed on it was placed on the rocker and the angle tool 

calibrated to 0° with the aid of a physical spirit level. 

An image was taken of the rocker during calibration to allow for later correction of any slight 

rotation of the camera (Figure1A) 

Following calibration, the rocker angle is considered to be 0° as per the spirit level 

measurements, therefore any apparent rotation of the rocking platform was assumed to be 

due to a slight camera rotation. The degree required to rotate the image so the platform is 

perfectly horizontal was determined and applied to the rest of the images after being deemed 

a suitable approach tested on a second, rotated calibration image (Figure 1B). 

 
 

 
Figure 1. ShearFAST calibration using a spirit level. The leveled platform (A) was used to 

determine the angle by which the camera capturing the photo was itself offset (B), allowing 

compensation during ImageJ platform angle analysis. 



bioRxiv preprint doi: https://doi.org/10.1101/2020.01.31.929513. The copyright holder for this preprint (which was not peer-reviewed) is the 
author/funder. All rights reserved. No reuse allowed without permission. 

7 

 

 

 
 
 
 

After calibration, the cell rocker was set to a series of smartphone detected angles, with 

screenshots taken of the mean angle detected alongside side view images of the cell rocker. 

The angles set on the cell rocker images were assessed using the same method, and 

compared to the measurements obtained using the ShearFAST angle tool. 

In a typical cell culture experiment using 35mm plates and 1.5ml media, the authors of the 

original model recommend avoidance of rocking angle above 10.2° to prevent exposure of the 

adherent cells to atmosphere. Therefore, 7 angles below this were assessed using the 

ShearFAST angle tool (Table S1). 

 
 

Motion capture analysis 
 
 

To perform motion capture analysis, the cell rocker was placed at the focal point of an 8- 

camera motion tracking system. Motion capture retroreflective markers were placed on the 

rocker (Figure 2A), alongside the smartphone housing the ShearFAST and a physical spirit 

level. The application was calibrated to 0º as before, then the maximal platform rocking angle 

adjusted to 12 angles falling between 0-10° using the smartphone application (Table S2). 

The platform was then set rocking, and mean angle measurements were determined using 

the SMART ANALYZER software (BTS Bioengineering, version: 1.10.469.0) throughout the 

rocking period (Figure2B) 
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Figure 2. (A) A VWR cell rocker (Cat: 444-0146) which allows manual manipulation of rocking 

angle and RPM. Six tracking balls were attached to permit detection of rocking angle and cycle 

frequency. (B) The changes in the geometric position of each tracking ball (i.e. x,y,z 

coordinates) was determined using the 8 camera BTS motion tracking system. 

 
 

Validation of the Speed tool. 
 
 

Video Frequency analysis 
 
 

The smartphone was placed on cell rocker, which was set to rock at speeds ranging between 

30 and 110 rotations per minute (RPM) using dials on the rocker. Using ShearFAST, the 

acquired waveform was compared to modelled waveforms of user defined frequency until the 

acquired data was overlaid, granting rapid determination of rocking frequency. 

A video was taken of each rocking experiment during ShearFAST data acquisition. The videos 

were observed alongside a stopwatch with millisecond resolution. A screencast of both video 

and stopwatch was recorded, and the timepoints at which the cell rocker reached its maximal 

rocking angle was determined over the course of the video (Figure 3). 
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Figure 3. Measurement of cycle time using video analysis. The images show consecutive 

timepoints at which the rocking platform reached its maximum rocking angle, which were 

recorded. 

At least three timepoints were collected for each rocking speed, subtraction of each timepoint 

from its preceding timepoint granted the assessment of the mean time taken to complete one 

full rocking cycle. These were averaged (T), permitting calculation of cycle frequency (Hz) 

using Equation 1. The data is reported in Table 1, and correlations between the measurement 

methods reported in Figure 7.  
!" = 

1000 
& () 

 

Equation 1: conversion of mean cycle time to rocking frequency simulations and frequency 

measured during video analysis 

 
 

Motion capture Frequency analysis 
 
 

Motion capture frequency analysis granted an assessment of the accuracy and reproducibility 

of the smartphone frequency measurements. Using the ShearFAST, the rocking frequency 

was set to 1Hz for three measures, and 0.65Hz for four other measures and compared to the 

motion capture results (Table 2). 
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Statistical analysis 
 
 

Correlations between ShearFAST measurements of rocking angle or frequency and those 

detected by the other analysis were identified by the Spearman R test. Linear regression was 

used to determine if the slope generated by ShearFAST measurements of rocking pitch or 

frequency differed from those detected by the other analysis. 
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Results 
 
 

Validation of the Formula tool 
 
 

The formula tool calculates the characteristic fluid shear stress reported in when the volume 

of fluid, dish diameter, cycle speed, fluid volume and viscosity are known (Figure 4). The FSS 

calculated by the ShearFAST formula tool was validated against the example data from the 

original publication’s supplementary data (34) 

 

Figure 4. ShearFAST formula tool reproduces the example data reported in the supplementary 

data of the original publication original publication 

 
 

Validation of the Angle tool 
 
 

ImageJ angle analysis 
 
 

ImageJ angle analysis demonstrated a close association with the smartphone application 

measurements (r=1.0, p≤0.0004) (5A). The smartphone measurements were around 0.25° 

higher than those of the graphical analysis (Table S1), but no difference in slope was found 

between angle measurement methods (p>0.84). 
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Motion capture angle analysis 
 
 

On average, ShearFAST angle measures and those attained by motion capture analysis 

varied by 0.54 ± 0.16° however this difference was not found to be significant (p>0.32) (Table 

S2). Angle measures between the two angle assessment methods were found to be correlated 

(R=0.99, p ≤0.0001) (Figure 5B). 

 
 

 
Figure 5. Correlation between pitch measurements detected using ShearFAST and Pitch 

measurements detected using ImageJ(A) and motion capture analysis (B) 

Video frequency analysis 
 
 

Video analysis of rocker cycle frequency corroborates the frequency assessment by the 

smartphone application (Table 1) and (Figure 6), with strong association between 

measurement techniques (r≥0.99, p≤0.0001) and no significant difference detected between 

the two measurement techniques (p=0.9219) (Figure 7). 



bioRxiv preprint doi: https://doi.org/10.1101/2020.01.31.929513. The copyright holder for this preprint (which was not peer-reviewed) is the 
author/funder. All rights reserved. No reuse allowed without permission. 

13 

 

 

 
 
 
 
 
 

Rocker 
speed 
(RPM) 

ShearFAST 
detected 

frequency 
(Hz) 

Mean 
cycle time 

(ms) 

Standard 
deviation 
cycle time 

(ms) 

Calculated 
mean 

frequency 
(Hz) 

Difference in 
measurement 

(Hz) 

Mean 
difference 

(Hz) 

110 0.990 1003.333 41.833 0.997 0.007 0.006±0.005 

100 0.915 1077.778 131.128 0.928 0.013 

90 0.835 1206.000 23.022 0.829 0.006 

80 0.760 1326.667 70.356 0.754 0.006 

70 0.680 1481.111 40.756 0.675 0.005 

60 0.590 1695.714 151.751 0.590 0 

50 0.480 2066.667 96.885 0.484 0.004 

40 0.385 2596.667 41.633 0.385 0 

30 0.290 3600.000 105.357 0.278 0.012 
 

Table 1. The rocking frequency detected by ShearFAST at different rocking speeds. 
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Figure 6. ShearFAST measured rocking frequencies at rocker defined rocking speeds (RPM). 

Illustrating the value of the ShearFAST approach; when manually selecting the rocking speed 

60RPM (i.e. 1Hz) the resulting profile was visibly slower. ShearFAST determined a rocking 

speed of 0.59Hz which was corroborated by later video analysis (Table 1). 
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Figure 7. Correlation between ShearFAST frequency measurement and video frequency 

measurement. 

 
 

Motion capture frequency analysis 
 

This analysis revealed a small average difference in frequency assessment of 0.007 ± 

0.012Hz between measures (Table 2). 

ShearFAST 
determined 

frequency (Hz) 

Motion 
capture 

frequency 
(Hz) 

Difference 
(Hz) 

Mean Difference 
(Hz) 

1.0 1.035 0.035 0.007 ± 0.012 

1.0 0.995 0.005 

1.0 0.995 0.005 

1.0 1.0 0.0 

0.65 0.645 0.005 

0.65 0.655 0.005 

0.65 0.65 0.0 

0.65 0.65 0.0 
 

Table 2. Reproducible frequency assessment by ShearFAST and motion capture analysis 
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Discussion 
 
 

Within cell line research there is a drive to more accurately simulate physiological 

environments through the utilization of parallel plate flow chambers, microfluidics and organ- 

on-a-chip devices. These allow continuous instigation of fluid flow, however arguably diminish 

the versatility of the cell line approach. 

The fixed growth area available to adherent cells cultured in such devices alongside the 

requirements for sperate perfusion circuits restricts both the type and number of the 

downstream analysis that can be performed. 

The cell rocker model was proposed in 2010 (34) , and has been utilised to demonstrate 

important effects of FSS in diverse cell lineages and areas of medical research; (4,35–39) . 

However, the complexity of the model, including its requirements for mathematical and 

technical accuracy may be a factor limiting its correct implementation. 

ShearFAST provides a user-friendly experience with which to perform high throughput and 

scalable cell rocker induced cell line experiments in conventional laboratory cultureware. 

We demonstrate that the speed tool interface is an effective, intuitive and very efficient means 

for the determination of whole cycle rocking frequency. ShearFAST measures of rocking 

frequency correlated strongly with those derived from the real time video analysis, with very 

small, insignificant and ineffectual differences observed when compared to the video and 

motion capture analysis (i.e. 0.006Hz and 0.007Hz respectively). 

We also found the angle tool measures platform pitch with acceptable degrees of accuracy. 

No differences in slope were detected by between ShearFAST measured angles and motion 

capture analysis or graphical analysis. 

Consider a hypothetical experiment in which 1.5ml of cell culture media is added to a 35mm 

dish and rocked at 1Hz. On average, the mean imprecision between the ShearFAST angle 

tool and the techniques used to validate it were found to be 0.54° for the motion capture 

analysis and 0.29° for the ImageJ analysis. Assuming perfect accuracy by the validatory 

methods and an angle overestimation by ShearFAST, these mean degrees of imprecision 
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would result in a characteristic shear stress generation of 0.63 dyne/cm2 and 0.66 dyne/cm2 

respectively, rather than the mathematically calculated 0.7 dyne/cm2 resulting from the 

conditions in the described hypothetical experiment. 

Since, as modelled in the original rocker publication, FSS induced during seesaw rocking 

varies with both cycle time and dish location, these insignificant differences detected in pitch 

measurements are offset by the potential of ShearFAST to foster simple, reproduceable and 

high throughput FSS experiments. 

The ShearFAST FSS induction method is compatible with high throughput apparatus to 

control additional extracellular environments, such as oxygen availability using hypoxia 

chambers. We performed the example screen under fluid anoxia using a nitrogen purged 

hypoxia chamber, thus we can be confident the protective effect of FSS observed did not stem 

from improved oxygen delivery to the submerged monolayers. 

Cultured proximal tubule cells have been shown to respond dynamically to fluid shear stress, 

changing both their phenotype (44) , reabsorbative activities (1) as well as the 3D actin 

structure of their cytoskeleton (45) . 

We found the mean differences in cellular viability caused by generation of fluid flux to be 

small (i.e. instigation of 1 dyne/cm2 resulted in a 7% improvement in viability when compared 

to cells stored under fluid stasis). 

This emphasizes the value of the ShearFAST assisted cell rocker model. Unlike alternative 

methods of FSS induction, it is simple and economical to perform large numbers of technical 

or biological replicates using the multiwell plate format. Through this advantage, the effects of 

biological variation between experiments may be silenced, leading to enhanced detection of 

small changes conferred by fluid movement in the extracellular environment. 

Additionally, ShearFAST permits the generation of different degrees of FSS in the same 

experiment. The volume of fluid used is a variable governing the FSS generated under the 

same rocking profile. When paired with static parallel plates containing the same volumes of 

fluid, this phenomenon may be manipulated within ShearFAST to perform a ‘dose response’ 

of FSS induction. 
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Conclusions 
 

ShearFAST is a useful tool which facilitates the rapid execution of fluid shear stress 

experiments using a cell rocker. The mobile format of the software permits instant user 

acquisition through established smartphone application providers, while the user interface 

provides an intuitive means with which to accurately measure the rocking profile on a standard 

laboratory cell rocker. The costless execution of ShearFAST assisted cell are particularly 

useful for proof of concept studies, and is applicable for research involving adherent cell lines. 
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5.1 Comparing metabolic differences between HMP and SCS 

stored kidneys 

5.1.1 Introduction 
 
 
 

Assessment of pre-transplant HMP perfusate by 1H-NMR has identified a potential link 

between metabolism during organ storage and functional outcome(109,110). However 

surprisingly, whether metabolic difference contribute to the benefit of HMP over SCS had 

not been established. 

The inclusion of glucose in UWMPS may confer metabolic support to the HMP stored 

kidney, and the notable absence of any metabolic substrates in UW may suggest a key 

role of the provision of metabolic support in the search for an optimised organ storage 

protocol. This warrants assessment of the metabolic differences between HMP and SCS 

stored kidneys. 

The attached manuscript details characterisation of absolute metabolic differences 

observed in a whole organ model of HMP and SCS. 

This chapter begins with incorporation of the published manuscript, followed by a critical 

discussion of its findings. The contribution of cell line models follows in Chapter 6, which 

details the in vitro consequences of the simulation of isolated environmental parameters 

intrinsic to each storage modality. 
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a b s t r a c t   
 

Hypothermic machine perfusion (HMP) and static cold storage (SCS) are the two methods used to 
preserve deceased donor kidneys prior to transplant  This study seeks to characterise the metabolic 
profile of HMP and SCS porcine kidneys in a cardiac death donor model  

Twenty kidneys were cold flushed and stored for two hours following retrieval  Paired kidneys then 
underwent 24 h of HMP or SCS or served as time zero controls  Metabolite quantification in both storage 
fluid and kidney tissue was performed using one dimensional 1H NMR spectroscopy  For each metabolite, 
the net gain for each storage modality was determined by comparing the total amount in each closed 
system (i e  total amount in storage fluid and kidney combined) compared with controls  

26 metabolites were included for analysis  Total system metabolite quantities following HMP or SCS 
were greater for 14 compared with controls (all p < 0 05)  In addition to metabolic differences with 
control kidneys, the net metabolic gain during HMP was greater than SCS for 8 metabolites (all p < 0 05)  
These included metabolites related to central metabolism (lactate, glutamate, aspartate, fumarate and 
acetate)  

The metabolic environments of both perfusion fluid and the kidney tissue are strikingly different 
between SCS and HMP systems in this animal model  The total amount of central metabolites such as 
lactate and glutamate observed in the HMP kidney system suggests a greater degree of de novo metabolic 
activity than in the SCS system  Maintenance of central metabolic pathways may contribute to the clinical 
benefits of HMP  

© 2016 Elsevier Inc  All rights reserved  

 
 
 

1. Introduction 
 

Hypothermic Machine Perfusion (HMP) and Static Cold Storage 
(SCS) are the two methods of kidney preservation that are used 
widely in clinical practice during the time period between organ 
retrieval and implantation [16]. A key concept for both preservation 
modalities is that cellular metabolism, and therefore cellular 
metabolic requirements, are minimised in these hypothermic 
conditions and the rate of metabolism reported to be about 5e8% at 
temperatures below 4 o C [29] with a similar decrease in oxygen 
requirement [1]. 

The superiority of HMP over SCS is well documented 
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[4,17,22,23,27] but the mechanisms by which this occurs are not 
clear. Improvement in flow dynamics, with fall in the intra-renal 
resistance is likely to be one factor but the additional metabolic 
support derived from the circulation of nutrient-containing 
perfusion fluid may also help preserve organ function and have a 
beneficial effect [7,30]. 

Metabolomic analyses of preservation fluid during HMP using 
1D-1H NMR (One-dimensional proton nuclear magnetic resonance) 
spectroscopy, by groups including our own, have demonstrated this 
to be reproducible and highly specific for metabolite identification 
and quantification [2,10,24]. However, surprisingly, to our knowl- 
edge there are no studies that have sought to compare the 
metabolomic profiles, or metabolome, of HMP and SCS kidneys. 

Porcine kidneys are widely used in transplantation studies 
owing to their similar physiological and anatomical properties to 
human organs [9,11]. In addition, the metabolic profiles during 
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periods of HMP for porcine and human kidneys are comparable 
[24], with a correlation between metabolite profiles during storage 
and post transplant outcome [2]. For HMP preserved human kid- 
neys, the metabolic profile from perfusates of immediate graft 
function kidneys differs from those with delayed function [10] and 
reinforces the concept that significant metabolism occurs during 
HMP and that metabolism reflects functional outcome. 

The aims of this study were twofold. Firstly, to determine the 
distribution of metabolites between the two different compart- 
ments (fluid and tissue) during the organ preservation period. 
Secondly, to determine the total amount of each metabolite within 
HMP and SCS kidneys systems after 24 h of organ storage and 
through comparison with control kidneys, the metabolic changes 
that occur. 

 
2. Methods 

 
2.1. Animal research 

 
Abattoir/slaughterhouse pig kidneys (F.A. Gill, Wolverhampton, 

UK) were used and no animals were sacrificed solely for the pur- 
poses of this study, negating any need for ethical board approval. 
Experiments were performed on 22e26 week old male ‘bacon 
weight’ pigs, weighing 80e85 kg. All experiments were performed 
following the principles of laboratory animal care according to NIH 
standards. Animals were sacrificed by electrical stunning and 
exsanguination. Initial organ preservation was performed following 
organ retrieval and occurred within 14 min of death, replicating 
deceased cardiac death (DCD) donor conditions. Kidneys were cold 
flushed (4 o C) with 1 L SPS-1  (UW)  solution  at  a  pressure  of  
100 mm Hg. Organs were then stored at 4 oC in SPS-1 for 2 h to 
replicate the clinical period of organ transportation. 

 
2.2. Experimental groups 

 
Paired kidneys were randomly allocated to receive either HMP 

or SCS for 24 h. HMP kidneys were perfused with 1 L of KPS-1 using 
the LifePort Kidney Transporter 1.0 (Organ Recovery Systems, Chi- 
cago, IL). (Perfusion pressure 30 mm Hg). SCS Kidneys were sub- 
merged in 1 L of fresh chilled SPS-1 solution with a surrounding ice 
bath. Preservation fluid was sampled for each kidney at baseline 
and 2, 4, 8, 12, 18, and 24 h. After 24 h, organs were rapidly dissected 
and  tissue   samples   (1  cm3   sections)  flash  frozen   and   stored ( 
80 oC). All experiments were performed in a cold room (4 o C) to 
ensure consistency. 

 
2.3. Control kidneys 

 
To ascertain metabolism during SCS or HMP storage conditions, 

baseline values prior to storage conditions were needed (time 0). 
Large volume tissue sampling precludes effective organ perfusion 
and therefore ‘Control kidneys’ were used to establish baseline 
metabolite levels. These were (n 6) flushed and cold transported 
in identical fashion to experimental kidneys and tissue samples 
obtained as described above (i.e. not subjected to 24 hr of SCS or 
HMP). 

 
2.4. Sample processing and metabolite quantification 

 
NMR  samples  were  prepared  from  storage  fluid  by  mixing   

150 mL of 400 mM (pH 7.0) phosphate buffer containing 2 mM DSS 
(4,4-dimethyl-4-silapentane-1-sulfonic acid) and 8  mM  imidazole 
with 390 mL of each fluid sample and 60 mL of deuterium oxide  
(D2O) to reach a final phosphate  buffer  concentration  of  100  mM 
and a final DSS concentration of 500 mM. After mixing, the 600 mL 

samples were pipetted into 5 mm NMR tubes, sonicated and 
centrifuged. Technical replicates of samples ( 3) were prepared for 
each timepoint. 

For cell extract studies, 500 mg of renal cortex was manually cryo-
homogenised in liquid nitrogen. 5.1 ml of both methanol (-80  oC)  
and  chloroform was  added  to  the  powdered  tissue  and samples 
diluted with 4.65 ml of dH20 at 4 o C. Samples were centrifuged to 
separate into  polar and  non-polar  layers  and  1.5  ml of the upper 
polar layer was dispensed into a cryovial and dried. Three technical 
replicates were performed for each tissue sample. Dried polar residue 
was then dissolved in 390 mL of dH20 and 210 mL of buffer solution as 
described above. 

The protocol used for 1H NMR analysis has been described 
previously [10,24]. Briefly, this entailed processing on a Bruker AVII 
500 MHz spectrometer, acquisition of one dimensional spectra and 
then metabolite identification and quantification using Matlab 
based ‘Metabolab’ software [18] and Chenomx 8.1 (ChenomxInc) 
software respectively. Metabolites were deemed to be present if 
they exhibited non-ambiguous spectral patterns or their presence 
deemed biologically plausible and confirmed on ultra performance 
liquid chromatography mass spectrometry. Any metabolites that 
were present in different concentrations in the SCS and HMP fluid 
(e.g. glucose, gluconate, mannitol, adenine, adenosine etc.) were 
excluded from comparative analysis. Metabolite quantifications 
were corrected to allow for sample dilution with sample buffer. 
When determining concentrations of metabolites using Chenomx, 
the researchers were blind to the storage group. Quantification of 
the total amount of metabolite in the storage fluid, tissue and total 
system was calculated based upon the weight of the kidney at time 
of sample acquisition and final volume of storage fluid. 

 
2.5. Statistical analysis 

 
For each timepoint, three results were obtained (technical rep- 

licates) and the median value used. For comparison of SCS and HMP 
conditions, analysis was performed using Wilcoxon paired signed 
rank test (two tailed) as one kidney from each pair was subjected to 
each condition and normality was not consistent on prior analysis. 
When comparing SCS or HMP with control kidneys, Mann-Whitney 
u test (two tailed) was used, as these were non-paired samples. 
Data were reported as median concentrations and interquartile (IQ) 
range. All analysis was performed using GraphPad Prism version 
6.00 for Mac OS X, GraphPad Software, La Jolla California USA, with 
p < 0.05 deemed to be indicative of statistical significance. 

 
3. Results 

 
Metabolic optimisation of cadaveric kidneys is a potential target 

to improve the function of kidneys for transplantation. This study 
seeks to establish the degree of metabolism, if any, that occurs in  
the two widely used methods of kidney organ storage prior to 
transplantation (HMP and SCS). 

The total quantity of each metabolite after 24 h of either HMP or 
SCS was calculated using 1H NMR methods and compared with 
control organs to determine the net metabolic change during each 
storage method. 

We found evidence of metabolite production for both storage 
modalities with 14 metabolites present in significantly greater 
quantities in the HMP or SCS  system compared with  controls (all 
p < 0.05) (Table 1) (Fig. 1, Fig 1(Suppl)). There were significantly 
more metabolites with a net increase in the HMP system (13/14) 
compared with the SCS system (7/14) (p 0.033). 

Eight of the metabolites were significantly elevated in the HMP 
system  compared  with  both  the  control  and  SCS  systems  (all  
p < 0.05), indicating a greater degree of metabolite production. 
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Table 1 

Total amount of metabolite present in each of the storage modalities at time zero (controls) or after 24 h of preservation (SCS or HMP)  Data reported as Median (Interquartile 
Range), unless stated otherwise  Statistical test: J Mann-Whitney u test (two tailed) #Wilcoxon paired signed rank test (two tailed)  *Significant at p < 0 05  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

These included lactate, glutamate, aspartate, fumarate, acetate, 
myo-inisitol, niacinamide and formate (Fig. 1). 

Despite the additional 24 h of organ preservation, albeit in static 
conditions, the amount of lactate in the SCS system was comparable 
to controls (1.37 vs 1.11 mmol p 0.138). However the amount in 
the HMP system (2.13 mmol) was almost twice the amount of 
either controls or SCS systems (p 0.002 and p 0.031). However, 
despite greater amounts overall, the amount present in the HMP 
tissue (0.76 mmol) was actually lower than SCS tissue (1.14 mmol) 
or control tissue (1.11 mmol) (p 0.031 and p 0.002 respectively), 
reflective of lower intracellular concentrations for HMP kidneys. 

The distribution of metabolites between the extracellular stor- 
age fluid and tissue samples for both storage conditions are detailed 
in Table 2. As expected, there were greater quantities of metabolites 
in the circulating HMP fluid compared with the static conditions of 
SCS at most time-points. After 24 h, the total amount of metabolite 
in the perfusate for the HMP kidneys was significantly greater than 
the SCS group for (21/26 80.8%) of metabolites. Whilst concen- 
trations rose most rapidly in the first 2 h of perfusion and therefore 
may be in part due a metabolite washout phenomenon, there was 
an increase in most metabolites over sequential timepoints as 
would be expected with on-going production (Fig. 2aec). 

Reduced glutathione is a constituent of both KPS-1 (used in 
HMP) and SPS-1 (used in SCS) fluids at equal concentrations. Whilst 
this remained at stable in the SCS environment, the glutathione was 
clearly consumed by the HMP group and after 8 h concentrations 
were 17.6  fold higher in the SCS fluid (1.60  mM vs. 0.091 mM,    
p 0.001) (Fig. 2d). Despite apparent organ uptake of reduced 
glutathione, there was no evidence of this in the tissue samples 
from either group. 

 

4. Discussion 
 

The aim of this study was to determine any metabolic differ- 
ences between the two clinically used methods of organ storage in 
this animal model. 

Whilst the calculation of the total amount of metabolite within 
the system does rely on several assumptions (complete metabolite 
extraction from tissue and metabolite homogeneity within tissue), 

we felt this was imperative to draw meaningful comparison be- 
tween groups and enables the calculation of net metabolite pro- 

duction/consumption in these two closed systems (HMP and SCS). 
Although the storage fluid used in each experimental group 
differs (most notably absence of glucose in the SCS fluid) and 

therefore caution should be exercised in attributing any differences 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

merely to the parameters of storage (i.e. HMP or SCS), this study 
was designed to assess metabolism during the two clinically used 
organ preservation techniques, not merely the storage modality in 
isolation. 

This study clearly demonstrates the presence of major central 
metabolites such as lactate, glutamate, fumarate, aspartate and 
acetate at greater levels in the HMP system compared with both 
controls and SCS (Fig. 1). This strongly suggests that these metab- 
olites are being produced during HMP. Furthermore, the accumu- 
lation of these metabolites into the circulating perfusion fluid 
demonstrates effective homeostatic mechanisms are active to 
prevent over accumulation within the local cellular environment. 

The list of metabolites reported in this study is not exhaustive 
and is a limitation of this study. Some interesting substrates (eg 
glucose) were excluded as this is only present in one of the storage 
fluids (KPS-1). For others the 1D 1H NMR spectral pattern is either 
ambiguous or can be hidden under more domineering peaks from 
other compounds. 

The increased total lactate in the HMP system is likely to reflect 
increased glycolysis in the HMP model. Although new glycolytic 
activity of the glucose within the HMP fluid is one likely contrib- 
utor, this is unlikely to the singular cause. This is supported by 
evidence that the HMP fluid glucose concentrations did not 
decrease during the study period and replicates findings from 
previous human studies [10]. However conversion of a proportion 
of perfusion fluid glucose into lactate through glycolytic pathways 
has been corroborated by work demonstrating activity of these 
pathways using 13C labelled glucose tracers [25]. 

The net gain of glutamate, fumarate, aspartate and acetate 
during HMP is also intriguing. Whilst identification of responsible 
metabolic pathways is difficult to ascribe solely with 1H NMR 
studies, one explanation could be increased oxygen dependent 
tricarboxylic acid (TCA) cycle activity. Although uniform upregu- 
lation of TCA intermediates would support this theory, as discussed, 
many are not easily identifiable using 1H NMR methods [6] and are 
rarely found in equipoise even in vivo [14]. Several (13C) NMR 
studies have reported glutamate as a valid marker of TCA activity 
[3,5,20]. 

For some metabolites, the total system amounts for HMP and 
SCS kidneys were comparable to the controls, suggesting that either 
de novo production does not occur during the 24 h preservation or 
that consumption mirrors production (Table 1 supplementary). 
However, for metabolites with similar total amounts, the 
compartment in which they were located varied per metabolite. 
Some metabolites were entirely contained within the HMP kidney 

 Storage Modality    p-Values  

Control System (mmol) SCS System (mmol) HMP System (mmol)  Control vs SCS J Control vs HMP J SCS vs HMP #  

Glutamate 1 54 (1 12e1 84) 1 38 (1 11e1 66) 3 97 (3 69e4 71)  0 731 0 002* 0 031*  
Myoinositol 1 18 (1 16e1 19) 1 29 (1 01e1 52) 2 16 (1 85e2 41)  0 731 0 002* 0 031*  

Lactate 1 11 (0 976e1 23) 1 38 (1e1 75) 2 13 (1 67e2 71)  0 138 0 002* 0 031*  

Hypoxanthine 0 454 (0 356e0 515) 0 710 (0 641e0 762) 1 05 (0 909e1 17)  0 001* 0 002* 0 156  

Formate 0 442 (0 274e0 638) 0 643 (0 589e0 779) 0 842 (0 750e0 943)  0 101 0 004* 0 031*  

Acetate 0 210 (0 206e0 212) 0 296 (0 253e0 301) 0 552 (0 494e0 654)  0 234 0 041* 0 031*  

Alanine 0 302 (0 243e0 360) 0 486 (0 339e0 499) 0 501 (0 368e0 558)  0 035* 0 015* 0 313  

Succinate 0 283 (0 267e0 297) 0 462 (0 312e0 52) 0 434 (0 307e0 541)  0 001* 0 015* 0 844  

Inosine 0 588 (0 561e0 628) 1 08 (0 885e1 12) 0 185 (0 146e0 233)  0 001* 0 002* 0 031*  

Aspartate 0 114 (0 104e0 118) 0 107 (0 0879e0 11) 0 165 (0 140e0 215)  0 234 0 041* 0 031*  

Leucine 0 0476 (0 0441e0 0517) 0 0667 (0 0513e0 0820) 0 0693 (0 0495e0 0773)  0 014* 0 026* 0 688  

Niacinamide 0 0196 (0 0181e0 0207) 0 0289 (0 0243e0 0319) 0 0490 (0 0420e0 0557)  0 001* 0 002* 0 031*  

Tyrosine 0 0262 (0 0217e0 0302) 0 0434 (0 0339e0 0462) 0 0387 (0 0332e0 0431)  0 001* 0 013* 0 438  

Fumarate 0 00412 (0 00339e0 00418) 0 00308 (0 00145e0 00348) 0 0133 (0 0077e0 0212)  0 064 0 002* 0 031*  
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Fig. 1. Metabolites significantly elevated in the HMP system compared with both SCS and control kidneys  Metabolite levels represent total amounts (mmol) in the storage fluid, 
kidney tissue and entire system for porcine kidneys after 24 hr of HMP or SCS or time zero controls  Highly significant (**p < 0 01) and significant (*p < 0 05) differences between 
HMP system versus both controls and SCS kidneys  

 
tissue (e.g. ADP, AMP, NAD ) and presumably in the intracellular 
compartment. Other metabolites were evident in both the tissue 
and storage fluid but at higher concentrations in the HMP fluid. 

These discrepancies in metabolite location further highlight that 
cellular transport processes are active in this environment but that 
movement of metabolites into the extracellular fluid is not 
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Table 2 

Metabolites present in tissue and storage fluid in HMP or SCS kidney systems at 24 h  Data reported as Median (Interquartile Range), unless stated otherwise  Statistical test: 
#Wilcoxon paired signed rank test (two tailed)  *Significant at p < 0 05  

 

 Storage Total storage fluid amount (mmol) p-value# Total kidney tissue amount (mmol) p-Value# 

Glutamate SCS 0 0812 (0 125e0 155) 0 0312* 0 952 (1 26e1 58) 0 6875 
 HMP 2 72 (2 75e2 89)  0 94 (1 24e1 68)  

Myoinositol SCS 0 316 (0 399e0 879) 0 0625 0 596 (0 676e0 853) 0 5625 
 HMP 1 05 (1 25e1 38)  0 653 (0 816e1 3)  

Lactate SCS 0 153 (0 205e0 245) 0 0312* 0 89 (1 14e1 59) 0 0312* 
 HMP 1 15 (1 38e1 82)  0 521 (0 755e0 895)  

Hypoxanthine SCS 0 294 (0 328e0 404) 0 0312* 0 289 (0 407e0 424) 0 0625 
 HMP 0 705 (0 781e0 867)  0 189 (0 258e0 31)  

Formate SCS 0 132 (0 136e0 186) 0 4375 0 434 (0 486e0 545) 0 0312* 
 HMP 0 151 (0 16e0 169)  0 688 (0 599e0 774)  

Acetate SCS 0 073 (0 0808e0 0912) 0 0312* 0 167 (0 201e0 229) 0 0312* 
 HMP 0 239 (0 257e0 331)  0 252 (0 289e0 344)  

Alanine SCS 0 0465 (0 0643e0 0815) 0 0312* 0 303 (0 415e0 435) 0 0312* 
 HMP 0 253 (0 306e0 358)  0 116 (0 187e0 207)  

Succinate SCS 0 0104 (0 0155e0 0184) 0 0312* 0 298 (0 446e0 498) 0 0312* 
 HMP 0 104 (0 131e0 208)  0 203 (0 294e0 347)  

Inosine SCS 0 703 (0 852e0 961) 0 0312* 0 145 (0 182e0 201) 0 0312* 
 HMP 0 0877 (0 108e0 128)  0 058 (0 0723e0 109)  

Aspartate SCS e 0 0312* 0 0879 (0 107e0 11) 0 3125 
 HMP 0 039 (0 0452e0 0682)  0 0874 (0 115e0 155)  

Leucine SCS 0 00442 (0 00506e0 00761) 0 0312* 0 0486 (0 0591e0 0775) 0 0312* 
 HMP 0 0285 (0 038e0 0468)  0 0222 (0 0304e0 0318)  

Niacinamide SCS e 0 0312* 0 0243 (0 0289e0 0319) 0 0938 
 HMP 0 0221 (0 028e0 0282)  0 0194 (0 0221e0 0278)  

Tyrosine SCS 0 00336 (0 0071e0 00843) 0 0312* 0 0306 (0 0371e0 0391) 0 0312* 
 HMP 0 0197 (0 0228e0 0276)  0 0112 (0 0143e0 0171)  

Fumarate SCS e 0 0312* 0 00145 (0 00308e0 00348) 0 0312* 
 HMP 0 00456 (0 00737e0 00895)  0 00314 (0 00574e0 0126)  

 
 

Fig. 2. Concentration of metabolites in the storage fluid of SCS and HMP kidneys over 24 h time period for four example metabolites  Values plotted as median (interquartile range)  

 
indiscriminate. 

Reduced glutathione is a constituent of the preservation fluid 
KPS-1 and is thought to play a role in the removal of Reactive Ox- 
ygen Species (ROS) generated during metabolism [19] In contrast to 
the SCS kidney, there is a rapid decrease in the concentration of 
glutathione in the preservation fluid of HMP stored kidneys and is 
about 5% of the SCS values after 8 h (Fig. 2d.). The rate of glutathione 
depletion observed in this study is similar to a previously reported 
animal model [28] and is likely to reflect cellular uptake of this 
protective antioxidant. Interestingly, glutathione concentration 
remained relatively constant in the SCS kidney group. This further 
reinforces the concept that HMP exerts its beneficial effects, at least 
in part, by providing access to the cellular components of the kid- 
ney during perfusion. Absence of reduced glutathione in tissue 
demonstrates that not only is this protective antioxidant readily 
absorbed by the kidney during perfusion but that even after a few 
hours it is not longer available in the reduced state. 

Although the number of organs in each experimental group is 
small (n 7), it is comparable to other porcine kidney transplant 
reports [8,12,15,21,26,30]. To improve validity, samples were pro- 
cessed in triplicate at each timepoint and over 250 NMR spectra 
were analysed. One strength of this study is that the kidneys stored 

by HMP or SCS were paired, i.e. from the same pig, thus minimising 
any metabolic differences arising from polymorphism in cellular 
mediators of porcine metabolism. Although this approach does not 
provide functional outcome information for the preserved organ, 
previous studies have demonstrated good function for otherwise 
healthy porcine organs stored by either SCS or HMP for similar time 
periods [2,8,13,15,21,26]. 

This study demonstrates that in a porcine model, the distribu- 
tion and amounts of metabolites vary significantly with the storage 
method (HMP or SCS). The net gain of many central metabolites 
during HMP conditions further supports the notion that significant 
metabolism occurs during HMP and this may contribute to the 
beneficial role of machine perfusion. 
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5.2 Manuscript commentary. 

 
5.2.1 Lactate and the hypothermicly stored kidney 

 

This paper successfully characterises differences in the metabolic profile of cortical 

metabolites in kidneys stored by SCS or HMP. 

Findings of particular interest include the observation that when compared to HMP, cortical 

levels of lactate are significantly elevated in SCS kidneys when compared to those stored 

by HMP. Other differences reported in tissue metabolic profiles included succinate, 

acetate, fumarate and formate. While intriguing, these metabolites are identifiable only as 

a single peak on the 1H NMR spectrum and their assignment is subjective. Since 1H NMR 

was the only analysis performed in this study, no conclusions were drawn from their 

detection to retain objectivity. Future studies could resolve the identity of these metabolites 

by spiking the samples with defined concentrations of the suspected metabolites and 

determining whether the peaks increasing in intensity matches that of the single detected 

peaks. 

Metabolites were identified when there were either multiple signals (i.e. peaks at different 

chemical shifts) that matched library profiles of a given metabolite, or the J coupling at a 

single chemical shift permitted confident characterisation of the metabolite. A good 

example of this is lactate, which has a doublet structure at 1.3ppm that can be used to 

identify the metabolite. 

Lactate has been described as being ‘at the cross roads’ of metabolism and 

inflammation(269), with tissue accumulation linked with inferior transplant outcomes 

through processes such as increased anaerobic metabolism and tissue acidification(270). 
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However, an alternative explanation for cortical lactate accumulation could stem from the 

central role the kidney plays in lactate uptake and metabolism(271). The higher levels of 

lactate in SCS kidneys could infer enhanced uptake of this nutrient, however the absence 

of flow intrinsic to SCS makes this explanation seem unlikely. The missing piece in this 

puzzle is the evidence suggesting that cortical lactate in SCS is increased because of 

cortical glucose metabolism. 

In any case, elevated lactate concentrations after preservation or during reperfusion are 

repeatedly associated with the development of DGF in the literature (272). 

With SCS being linked to increased likelihood of DGF development(94,273) preventing 

intracellular accumulation of lactate may be a potential metabolic mechanism through 

which HMP, which affords limited tissue reoxygenation exerts a protective effect. The 

mechanism through which HMP affords reduced tissue lactate accumulation over SCS, 

despite intuitively greater glucose delivery is yet to be established. 

 
5.2.2 Limitations of this study 

 
The whole organ model is an invaluable simulation of renal physiology during organ 

preservation, but is subject to several limitations that may impact the conclusions drawn 

in the manuscript. 

Namely, ‘cortical’ metabolites detected in the whole organ study will include extracellular 

metabolites trapped within the vasculature and tubulature during snap freezing. 

While the perfusate within HMP kidneys is continually flushed into the bathing fluid, the 

absence of fluid flow in SCS kidneys limits the extra-renal release of intraluminal 

metabolites to that permitted by diffusion. The presence of flow in HMP may result in 

metabolite washout, while its absence must result in some degree of intraluminal 

metabolite accumulation in SCS. 
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A systems approach was designed in an effort to account for this, in which the total 

concentration for a given metabolite was calculated from the contribution of tissue profile 

(corrected by whole kidney weight) and storage fluid profile (corrected for by residual 

perfusate volume). 

For the metabolites known to be produced de novo during HMP (i.e. alanine, lactate and 

glutamate(235), metabolic profiling of perfusate grants a good reflection of cortical 

metabolic profile (Figure 8.4). However, this does not mean the system approach can be 

applied to the entire kidney in SCS. Although several metabolites were found to differ 

between storage modalities using the systems approach, the validity of the results gleaned 

using this method as a whole are subject to several key assumptions. 

 
5.3 Assumptions of the systems approach 

 
5.3.1 Assumption 1-SCS fluid is representative of intraluminal fluid. 

 
The first assumption on which the systems approach depends is that the fluid bathing the 

SCS stored kidney is reflective of the metabolic profile of the intraluminal or even extra 

cellular environment, i.e. that diffusion under static storage is sufficient to result in 

equilibration between the two fluid extra renal and intrarenal fluid compartments. 

A simple experiment was designed to test this, in which 3 pairs of porcine kidneys were 

acquired submitted to 6 hours HMP or SCS, with the slight modification that the 

preservation fluids were modified to contain 0.3% trypan blue dye, used routinely in cell 

culture laboratories as an indicator of cell viability. 

As shown in Figure 5.1, diffusion during SCS does not appear to appear to result in any 

tangible equilibration of intravascular and bathing fluid compartments, with the total 
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absence of any visible colouration in any SCS stored tissues, contrasting with consistently 

blue medullary and cortical colouration under HMP. 

 

SCS stored kidney HMP stored kidney 
 

 

 

 
Figure 5.1 Different staining of HMP and SCS kidneys using trypan blue 

 
Discolouration of renal tissues by 0.3% trypan blue dye during Static Cold Storage and 

Hypothermic machine perfusion. SCS kidneys were left remarkably unaffected by the dye, 
whereas HMP kidneys were consistently stained blue, particularly in the renal medulla but 

also consistently in the cortex. 



Chapter 5: Isolating mechanisms of benefit in models of HMP and SCS 

143 

 

 

 
 
 

This observation has stark implications on the efficacy of static preservation fluids as a 

whole, which do not permeate the SCS stored kidney to any great extent. 

Additionally, in terms of the findings from the attached manuscript, if diffusion of luminal 

fluid components into the kidney is restricted as Figure 5.1 would suggest, then the reverse 

is intuitively true. Sampling the fluid surrounding the static kidneys is unlikely to give a 

quantitative analysis of fluid stored within the kidney. 

This does help explain surprising findings from the whole organ manuscript, in which fluid 

glutathione was not found to be depleted under static storage, and that fluid concentrations 

of lactate and alanine where higher in the HMP fluid despite being at markedly higher 

concentrations in the samples tissue after SCS. In Figure 8.4, it is shown that HMP 

perfusate is a good indicator of cortical metabolic profile. Tissue concentrations of 

hypoxanthine were not found to be significantly higher in SCS, despite the fact that UW 

contains allopurinol, a xanthine oxidase inhibitor and also is not subject to the metabolic 

washout experienced by HMP stored kidneys. These observations point to either 

ineffectual action of allopurinol under hypothermia, or restricted access of allopurinol into 

the intracellular space, supporting the SCS-no flow speculation. 

 
5.3.2 Assumption 2- Tissue weight reflect the same biomass between HMP 

and SCS samples 
 

A second assumption of the systems approach is that the wet weight of the HMP and SCS 

tissues is composed of equal ratios between fluid and tissue compartments. Though a 

consistent weight of tissue (wet weight of 0.5g) was extracted, the known vasodilatory 

effect of HMP (Chapter 1) may indicate that greater volumes of perfusate were snap frozen 

in situ within the tissue than occurred in the SCS kidneys. Conversely, the vasospasm 
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which occurs during kidney preservation in UW(103) indicates the weight measured 

contains less fluid and a greater cellular contribution to that half gram of frozen tissue . 

Metabolite quantification may therefore be affected by differences in vessel luminal 

diameter between the two modalities. 

 
5.3.3 Assumption 3- The metabolic profile of the tissue sampled is reflective 

of the whole organ 
 

Since the kidney tissue profile was multiplied by the weight of the kidney, a third 

assumption of the systems approach is that the metabolic processes within the tissue 

profiled (i.e. the cortex) is representative of the whole kidney. 

The renal cortex maintains higher oxygen pressures than the medulla to fulfil the aerobic 

demands of the significant transport activities occurring in this tissue(65) 

In Chapter 8 it is shown have shown that this holds true during hypothermic preservation, 

with oxygen supplementation during HMP resulting in significant elevation in indicators of 

TCA cycle and electron transport chain activity in cortical, but not medullary tissues(274). 

It is unknown if all renal tissues under standard HMP or SCS have a similar metabolic 

profile, this should be validated prior to deployment of the systems approach. 
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6 In vitro dissection and modification of HMP 

and SCS environments 

 
6.1.1 Introduction 

 
The data presented in Chapter 5 shows a clear accumulation of lactate and alanine within 

the renal cortex during SCS storage. These metabolic differences may be related to the 

apparent benefit of HMP over SCS. 

A criticism of that work is that it did not seek to identify the mechanisms causing the 

different metabolic profiles, or evidence whether these changes were beneficial or 

deleterious. While linking the metabolic profiles detected with indicators of damage was 

not the purpose of the attached manuscript, this is an undeniably important consideration 

if the data are to be used to optimise organ preservation. 

However, the low throughput, paired whole organ model is limited in its capacity to achieve 

this. Using the whole organ model, it is unclear whether or not metabolic differences 

detected between HMP and SCS stored tissue arise through different metabolic 

processes, or are a consequence of coincidental environmental differences, such as the 

absence of fluid circulation in SCS. 

If there is a beneficial modulation of metabolism caused by HMP, it is unclear which 

aspects of HMP (i.e. differences in fluid composition (Table 1), oxygen availability (Figure 

6.3) or the physical existence of perfusion are responsible and are therefore grounds for 

optimisation. 

Cell line models have an advantage in that the uniform growth area ensures a consistent 

biomass per sample, and this biomass is easily isolated from the bathing fluid. 
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The combination of the ShearFAST assisted cell rocker model described in Chapter 4 and 

the hypoxia chamber filling circuits described in Chapter 3 permit in vitro dissection of 

complex HMP and SCS preservation environments (Figure 6.2). Therefore, assessment 

of the isolated impacts of preservation fluid, flow dynamics and oxygen availability 

becomes more easily accessible. 

Another finding from Chapter 6, which has also been reported elsewhere(275) was that in 

HMP, the level of glutathione in the circulating perfusate becomes rapidly depleted. 

Enhanced antioxidant supplementation may therefore be beneficial during HMP. The cell 

model is well suited to investigate the effects of different preservation environments and 

to screen the in vitro benefits of enhanced antioxidant supplementation. The following 

three in vitro studies are described in this section: 

 
6.1.2 Study 1: Identification of environmental stimuli governing cellular 

viability and metabolism 
 

When used together, the in vitro methods described in Chapters 3 and 4 permit dissection 

of complex organ storage environments (Figure 6.2), allowing definition of their isolated 

and combined effects. This required prior characterisation of the level of hypoxia prevalent 

during organ preservation, which is the first experiment described. This study 

complements the findings of the whole organ study experiments in Chapter 5 by 

illuminating differences in cellular damage or metabolic profile arising in vitro from 

differences in preservation fluid composition, oxygen availability or fluid flow. 

 
6.1.3 Study 2: Assessing fluid metabolites for their potential as biomarkers 

in vitro 
 

1H-NMR analysis of HMP perfusates has been proposed as a useful screening tool for the 

assessment of kidney quality pre-implantation, with the observation of higher alanine and 
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glutamate concentrations a predictor of inferior transplant outcomes(275). Similar work 

from our own group has highlighted increased glucose uptake as a potential predictor for 

the development of DGF(109). 

Study 2 investigates whether when removed from confounding factors such as retention 

of fluid in the organ, 1H-NMR profiling of the storage fluid from each well bathing the cells 

used in study 1 yields any correlation with the measures of cell damage used for the 

monolayer in that same well. This studies aim is therefore to establish whether a metabolic 

biomarker of cell damage can be established in vitro, which is independent from 

differences in fluid flow dynamics between kidneys. 

 
6.1.4 Study 3: Screening the merits of increased antioxidant provision in 

vitro 
 

Inspired by the observation that HMP results in the rapid and total depletion of intracellular 

glutathione(276), this study sought to establish whether enhanced fluid glutathione 

supplementation resulted in reduced cellular damage in vitro. 

Speculated in Chapter 1, and noted in personal communications with key figures in organ 

preservation research (Appendix 2), is the query surround whether or not HES crosses the 

glomerulus and enters the proximal tubule lumen during HMP. Therefore, the structures 

downstream from the glomerulus may be left without colloidal protection, resulting in 

cellular damage. 

Polyethylene glycol (35kDa) (PEG 35kDa) is an colloid with antioxidant properties(277). 

PEG (35kDa) also has a molecular weight compatible below the generally accepted 

molecular weight cut-off for glomerular filtration (70kDa). Importantly, PEG (35kDa) has 

been shown to exert a beneficial effect in in vitro models of static storage(130) where as 

HES has been shown to confer injury in vitro(278) and potentially in the whole kidney(279) 
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Parallel to the in vitro study investigating the effect of glutathione supplementation, a 

modified variant of UWMPS, containing 30g/L polyethylene glycol (35kDa) instead of HES 

was assessed for its protective potential. 

The ultimate aim of these three studies was to identify preservation modifications that lead 

to in vitro benefit, and provide in vitro evidence in the definition of a metabolic biomarkers 

relevant to organ preservation. These insights would be used to direct further whole organ 

experiments later in the chapter. 

 
6.2 Methods 

 
6.2.1 Study 1: Identification of environmental stimuli governing cellular 

viability and metabolism 
 

6.2.1.1 Defining oxygen depletion during the HMP of porcine kidneys. 
 

Chapter 3 details the development of a hypoxia chamber filling circuit with which the 

researcher can programme defined degrees of fluid oxygenation in vitro. In order to 

indicate the level of hypoxia pertinent to the porcine DCD model, 6 pairs of porcine kidneys 

were procured and perfused by standard HMP for 18 hours, but using perfusion circuits 

which had been modified to incorporate a flow through oxygen sensor (Figure 6.1). This 

allowed rapid continuous sampling of perfusate oxygen levels. Oxygen readings were 

taken every 5 minutes during the first hour of perfusion, every 10 minutes between 1 and 

2 hours and then extending to every 30 minutes-1 hour as perfusion proceeded. The 

different timepoints were selected to preserve sensor integrity, as these have a finite 

number of readings before they are depleted. 
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Figure 6.1. Installation of a flow-through O2 sensor in the standard LifePort® circuit. 

An incision was made in the tubing leading from the LifePort® cassette to the renal artery 
and an extended section of sterile tubing allowed placement of the flow-through oxygen 

sensor. 
 
 
 

For a single kidney, the oxygen levels within circulating perfusate within the arterial inflow 

limb and within the venous effluent were measured using a needle type oxygen sensor, 

giving a single indication of oxygen consumption throughout the standard HMP 

preservation period (Figure 6.3). Perfusate oxygenation was assessed every 2 hours using 

the needle type-sensor. 

 
6.2.1.2 The effect of preservation fluid on intracellular metabolic profile after 

hypoxic storage. 
 

Metabolic changes were found to exist between HMP and SCS stored kidneys. The 

following in vitro simulation was designed to determine whether these could be explained 

differences in the preservation fluid itself, when all other environmental factors were equal. 

RPTEC/TERT1, grown to confluence in in 10cm dishes were submerged in 240μl/cm2 UW 

or UWMPS (n=5). Both sets were placed in the same hypoxia chamber to potential 

differences in environment, outside of fluid composition. The chamber was purged with 

nitrogen at 0.6L/min to generate the near total anoxia observed by 8 hours HMP in the 
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porcine model (Figure 6.3). The sealed chamber was moved to a cold room to instigate 

24-hour hypothermic storage. Following this, the metabolic profiles of extracted cells was 

assessed by 1H-NMR (Figure 6.4). 

 
6.2.1.3 Fluid effects on cellular viability and LDH  release in different 

environments 
 

RPTEC/TERT1, cultured in 48 well plates were washed and submerged in 240μl/cm2 UW, 

UWMPS or cell culture media. One plate was placed in a standard cell culture incubator 

and the other in a sealed hypoxia chamber, which was then purged as before with nitrogen 

gas to generate severely hypoxia/ anoxia. After 24-hour storage, the plates were retrieved. 

The supernatants were harvested for assessment of LDH release and the monolayers 

used for SRB analysis of cellular viability. In this experiment the media stored cells in both 

environments were used as the controls, i.e. the measures reported for UW and UWMPS 

stored cells are percentages of the SRB or LDH absorbance values observed from cells 

stored in media 

This experiment is included for illustrative purposes, after being abandoned upon 

realisation that UW does not appear to permeate the cold-stored kidney (Figure 5.1). As 

such data are presented as relative measures ± standard deviation, and no statistical 

assessment was performed given the small number of biological replicates. 

 
6.2.1.4 In vitro simulation of the physical extremes of HMP and SCS storage. 

 
RPTEC/TERT1, collated from a single pool of cells was cultured in four 48 well plates 

(Greiner BioOne, Germany, Cat:677102). 

Upon reaching confluence, the media was discarded and ~123.5µl of chilled UWMPS 

(mean viscosity of 0.00857 Pa.s, (Figure 3.2) was added to each well (n=6) in each plate 
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(n=4). Using a paired nitrogen filling circuit (Figure 3.5) and an N2 gas flow of 0.6L/min, two 

hypoxia chambers, each containing a single plate were simultaneously purged of oxygen. 

Meanwhile, otherwise identical plates were left exposed to the atmosphere during 

chamber filling. After filling, all plates were moved to a cold room to maintain 18-hour 

hypothermia. 

Within both hypoxic and atmospheric oxygen groups, half of the plates were submitted to 

FSS in the region of 1 dyne/cm2 using the ShearFAST assisted cell rocker method 

described in Chapter 4, and the remaining half stored statically on the benchtop. 

In this manner four different preservation environments were instigated (i.e. stasis with 

hypoxia (SH), static under atmospheric oxygen (SN), fluid shear stress under hypoxia (FH) 

and fluid shear stress under atmospheric oxygen (FN) (Figure 6.2). This experiment was 

repeated 9 times. 

 
Figure 6.2. Illustration of the generation of 4 separate preservation environments 

 
Key: (FH) fluid shear stress under hypoxia, (FN) fluid shear stress under atmospheric 

oxygen, (SH) Static storage under hypoxia and (SN) static storage under atmospheric 
oxygen. A cold room was used to maintain hypothermia in the chilled preservation fluid. 

 
 
 

After 18 hours of hypothermic storage, the isolated and combined effects of relevant HMP 

parameters were assessed using the SRB assay. 
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To foster comparisons between experiments, the data in each individual technical replicate 

was converted to a percentage of the average absorbance exhibited by a control group 

run with each experiment(263) . The control group selected was static storage under 

atmospheric oxygen (SN). The rationale for this was that such an environment could not 

be generated in clinical organ preservation and also, was the most simple and consistent 

condition to reproduce between biological replicates. In four of these replicates, the LDH 

activity in the bathing fluid was also assessed (n=5). 

Whether or not the SRB and LDH assays are both necessary components of the high 

throughput model, (i.e. if they provide equivocal data) was examined through a correlation 

analysis using Spearman’s R test (Figure 6.8). 

6.2.1.5 Effect of varying the level of shear stress on of cell viability 
 

RPTEC/TERT1 were cultured in 96 well plates and divided into 2 groups, plates that would 

experience different degrees of FSS (n=5) and plates that would be left statically. Each 

plate was incubated in UWMPS, the volume of which varied by column on each plate. 

Column 1 received 20μl, and each successive column received an additional 5μl up to a 

final volume of 50μl. The FSS plates were rocked as before, with the increasing fluid 

volumes resulting in generation of ever decreasing levels of FSS as determined using the 

ShearFAST assisted rocking mode. This is illustrated in Figure 6.9. 

Static plates served as a control with which to gauge the independent effect of varying 

fluid volume. Monolayer integrity after 18-hour storage under these conditions was 

assessed using the SRB assay. Whether slopes differed significantly between 

experimental conditions was assessed using regression analysis (GraphPad Prism 8, Mac 

OSX) with significance determined when p<0.05. 
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6.2.2 Study 2: Assessing fluid metabolites for their potential as biomarkers 
in vitro 

 
For each well in the above experiment, the normalised SRB (n=162) and LDH data (n=94) 

was assessed for its correlation to normalised (i.e. % of SN control) fluid metabolite signals 

attained using 1H-NMR (Figure 6.10 and 6.11 respectively). 

Spearman’s R test was used to determine the correlation coefficient between variables, 

with significant correlations determined at with p<0.05. 

 
6.2.3 Study 3: Screening the merits of increased antioxidant provision in 

vitro 
 

With the correlation between lactate and LDH suggestive of membrane insult through 

anaerobic metabolism (Figure 6.11) the relative benefits of increased antioxidant delivery 

were assessed. 

RPTEC/TERT1 were cultured in 48 well plates (Greiner- BioOne Ltd, Germany, 

Cat:677102) and incubated in one of four UWMPS variants (Factory UWMPS, In-house 

MPS containing 30g/L PEG 35kDa instead of HES, or in-house UW MPS without colloid. 

Plates were stored under hypoxia or atmospheric oxygen, and cellular pathology after 18- 

hour hypothermic preservation inferred using the LDH assay (Figure 6.12). In a separate 

in vitro experiment, the effect of increasing fluid glutathione concentrations to 10mM after 

18 our storage under hypoxia was assessed by the SRB and LDH assays, with results 

reported relative to a UW control. (Figure 6.13). The effect of this glutathione 

supplementation strategy was later validated using the ex vivo porcine model. 
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Whole organ experiments, in which one kidney from each pair received UWMPS, or 

UWMPS containing 10mM glutathione were performed by Dr. Charlotte Turnbull 

(Appendix 4). This provided perfusate samples for LDH analysis. 

 
6.3 Results 

 
6.3.1 Study 1: Identification of environmental stimuli governing cellular 

viability and metabolism 
 

6.3.1.1 Oxygen depletion during HMP of porcine kidneys 
 

At initiation of perfusion, the oxygen contained in the preservation fluid was found to be 

around 242.73 hPa (range 220.26-271.46 hPa.), By 45 minutes, this had fallen to 147.87 

hPa ( range 78.93—181.64 hPa) and by 2 hours the perfusate oxygen had fallen to 42.54 

hPa, range 12.52-79.91 hPa). The oxygen levels plateaued at around 6 hours both circuits 

had less than 20 hPa oxygen remaining. 

(Figure 6.3A). Continuous monitoring of the oxygen dissolved in fluid immediately prior to 

its entry into the kidney revealed that by 6-10 hours of perfusion the dissolved oxygen had 

been effectively depleted. 

Analysis of the fluid exuding from the renal vein revealed that at initiation of HMP, i.e. after 

2-hour CIT in SCS the fluid exuding from the renal vein has an oxygen concentration 

around 10 times lower less than that being delivered at the renal artery (Figure 6.3B). 

Within an hour of perfusion, the had become became anoxic. 
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Perfusate oxygen depletion during standard HMP in 

the porcine kidney model (n=5) 
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Figure 6.3. Perfusate oxygen depletion during HMP of porcine kidneys as assessed 

using an inline oxygen sensor (A) and a needle type oxygen sensor (B) 

 
6.3.2 Cellular effects of isolated HMP and SCS parameters 

 
6.3.2.1 Effect of fluid composition on cellular metabolic profile 

 
After 18 hours of hypothermic, anoxic storage in either UW or UW MPS, cells were 

extracted and metabolic profiles were assessed by 1H NMR (Figure 6.4). 

1H-NMR analysis revealed total depletion of intracellular glucose stores in UW stored cells, 
 

compared to maintenance of median intracellular glucose concentrations of 8.29 mM 

(range 7.21-13.36 mM) in UWMPS. Lactate was also elevated in UW stored extracts with 

a concentration of 2.35mM (range 1.54-2.83 mM) vs 1.18 mM (range 0.66-1.64 mM) in 

UWMPS). However, these differences did not attain statistical significance (p 0.0625 for 

both metabolites). 
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Hypothermic storage of cells in UWMPS resulted in a marginally higher mean absorbance 

than storage in UW or media (B). These differences were very slight (i.e. ~5%) and were 

mostly complemented by the LDH data, in which storage of cells in UW exhibited the higher 

LDH release than storage of cells in UWMPS (D), Interestingly, cell culture media was 

observed to result in the lowest LDH release at all temperatures and oxygen environments 

(C and D). 

 
 

A B 
 

The storage fluid bathing proximal tubule cells 
can affect cell viability at physiologcal temperatures 

 
No significant effect of storage fluid on cell 

viability after static hypoxic preservation 
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The effect of storage fluid on cell LDH release 

at physiological temperatures 
The effect of storage fluid on cell LDH release 
after static preservation under severe hypoxia 
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Figure 6.5. Screening the effect of preservation fluid and temperature on cell damage as 
assessed through the SRB (A and B) and LDH assays (C and D). 
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6.3.2.3 Effect of Fluid shear stress and oxygen availability on cellular viability 

after hypothermic storage 
 

The physical presence of perfusion may be a factor contributing to the benefit of HMP over 

SCS. However, whether this benefit is driven by mechanical stresses across the cell 

membranes, fluid mixing, or through tissue reoxygenation is unclear. 

Using the novel in vitro model, each possible combination of fluid flow profile and oxygen 

availability was created and the stimuli modulating cell viability in the 4-way comparison 

was assessed using the SRB assay (Figure 6.6). 

Static storage under hypoxia was found to cause the greatest insult to RPTEC/TERT1, 

with a viability 93.26% (range, 77.34-99.45%) that of the atmospheric control (P<0.004). 

Additionally, generation of 1 dyne/cm2 shear stress exerted a protective effect under 

hypoxic storage, with an increase in viability (median 97.14%, range 88.31-105.88%) 

compared to cells stored under fluid stasis (p<0.04) However, the combined effect of 

atmospheric oxygen and 1 dyne/cm2 shear stress did not translate to any change in cellular 

viability compared to the control condition static atmospheric storage. 
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Fluid shear stress and oxygen are indpendent promoters of 
cellular viability during hypothermic preservation (n=9) 

        Fluid stasis and hypoxia 
150 

        Fluid stasis and atmospheric oxygen 
        FSS (1 dyne/cm2) and hypoxia 

100  FSS (1 dyne/cm2) and atmospheric 
oxygen 

 
50 

 
 

0 
 
 

Figure 6.6. The effect of physical environment on cellular viability. In each replicate, the data 
from each condition was normalised to the replicate control value (i.e. fluid stasis with 

atmospheric oxygen) at the experimental endpoint. 
 
 
 

Preliminary data suggests elevation of in vitro oxygen tensions to atmospheric oxygen or 

generation of shear stress does not appear to change the level of LDH release by 

hypothermicly stored proximal tubule cells (Figure 5.7). 

When compared to static cells under atmospheric oxygen, generation of hypoxia or shear 

stress did not appear to radically alter LDH release (Relative levels of 65.94%, range 

47.71-163.42% and 81.22%, range 63.47-144.29% respectively. Combined, these stimuli 

resulted in a mean elevation in relative LDH (169%, range 86.74-185.32%) The effect of 

oxygenation on LDH activity is more thoroughly examined in Chapter 8 onwards. 

Impact of the external environment on 
LDH release in vitro (n=3) 
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Fluid stasis and hypoxia 
Fluid stasis and atmospheric oxygen 
FSS (1 dyne/cm2) and hypoxia 
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Figure 6.7. The effect of the extracellular environment on LDH release in vitro 
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6.3.2.4 Correlating relative cell viability with relative LDH release 
 

A disadvantage of using the SRB assay to indicate viability is the loss of cell monolayer, 

which could be used for other purposes. To access whether or not the LDH assay could 

be used as a surrogate, a correlation analysis between the measures reported by the SRB 

and LDH assays was performed (Figure 6.8) 

 
 

Figure 6.8. Assessment of correlation between relative cell viability and LDH activity 
 

The relative viability of 93 well across the four preservation conditions was assessed by the 
SRB assay was assessed for correlation with the relative LDH activity reported in the fluid 
bathing the same monolayers No correlations were observed between the SRB and LDH 

data results in any condition or when the results of each environment were pooled. 
 
 
 

6.3.2.5 Does FSS magnitude affect proximal tubule cell viability in vitro? 
 

We have demonstrated that the presence of 1 dyne/cm2 exerts a protective effect on 

hypothermicly stored proximal tubule cells. To determine whether varying the level of FSS 

affect cell viability, a ‘dose/response of FSS induction was performed, and is detailed in 

Figure 6.9. In cells stored statically and subjected to varying degrees of shear stress, the 

act of increasing fluid volume appeared to decrease cell viability, although the difference 
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Figure 6.10. Correlations between the relative cell viability and fluid metabolic profile 
 

 
Figure 6.11. Correlation analysis between fluid LDH and metabolic profile 
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6.3.3.1 Glucose 
 

A slight inverse relationship between SRB absorbance and fluid glucose levels were noted 

(Figure 6.10A). No significant correlation was observed when the four environmental 

conditions were assessed independently, and LDH release was not found be linked to 

perfusate glucose levels when assessed collectively or by individual storage condition 

(Figure 6.11A). 

 
6.3.3.2 Lactate 

 
Cell viability at the end of the preservation time was not found to be linked to lactate 

production for the majority of conditions or when all data was collated and assessed 

(Figure 6.10B). However, lactate levels were found to be linked to percentage viability 

under the FSS with atmospheric oxygen environment (r=0.387, p 0.0179) 

Additionally, in when all conditions were examined together, fluid lactate release was found 

to be linked to LDH release R=0.385, p=0.001) (Figure 6.11B). This observation did not 

retain significance when the storage conditions were assessed in isolation. 

 
6.3.3.3 Alanine 

 
Alanine release was found to be linked to cell viability under all conditions combined 

(r=0.382, p= <0.001) (Figure 6.10C). This trend remained when all conditions were 

assessed in isolation, i.e. under static hypoxic storage (r=0.43, p=<0.007), under static 

storage with atmospheric oxygen ( r=0.33, p=0.042), under fluid shear stress and hypoxia 

(r= 0.43, p= 0.073) and under FSS with atmospheric oxygen(r=0.46, p= 0.0057). Alanine 

release was not found to be related to LDH release when the storage conditions were 

tested individual as a collated group (Figure 6.11C). 
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6.3.3.4 Glutamate 
 

Glutamate release was found to be linked to cell viability under when all conditions were 

examined together (r= 0.385, p=<0.001). This relationship remained in isolated 

environments such as static hypoxic storage (r=0.51, p= 0.0012) static storage with 

atmospheric oxygen (r=0.33, p=0.042), and under FSS with atmospheric oxygen (r=0.45, 

p= 0.0049) (Figure 6.10D). When assessed all storage conditions were assessed together, 

fluid glutamate levels were found to be correlated with fluid LDH concentrations (r=0.263, 

p=<0.05) (Figure 6.11D). This observation did not retain significance when the storage 

conditions were assessed in isolation. 

 
6.3.4 Study 3: Screening the merits of increased antioxidant provision in 

vitro 
 

Colloid selection demonstrated a potent effect on LDH release (Figure 6.12). Hypoxic 

storage of RPTEC/TERT1 in UWMPS resulted in lower LDH release (6.50 mU/ml, range 

5.83-7.48 mU/ml) than storage in PEG UWMPS (11.51 mU/ml, range 10.31-12.31 mU/ml 

(p=0.032) and colloid free UWMPS (14.20 mU/ml, range 11.47-15.25 mU/ml) p=0.0312). 

Under atmospheric oxygen, cells stored in UWMPS, PEG UWMPS and Colloid-free 

UWMPS exhibited LDH activity of 6.91 mU/ml (range 5.87-7.46), 10.25 mU/ml (range 9.57- 

11.44) and 13.07 mU/ml (range 11.42-15.54 mU/ml) respectively. 
 

Similar differences were detected under atmospheric storage as under hypoxic storage, 

with UW MPS storage having lower LDH release than storage in PEG UWMPS 

(p=0.0313), which itself conferred lower LDH release than colloid free UWMPS (p 0.0313). 

When compared to the most protective solution (UWMPS), Colloid free UWMPS resulted 

in the highest level of LDH release in both oxygen environments (p=0.0313 under hypoxia 

and atmospheric oxygen). No difference in LDH release between hypoxic and atmospheric 
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environments was detected following RPTEC/TERT1 storage in UWMPS (p=0.6991), 

UWMPS (PEG) (p=0.0625) or colloid free UWMPS (p=0.6875). 

Effect of colloid and oxygen on LDH release (n=6) 
20 

   
 

 

15    

Hypoxia-UWMPS 
Hypoxia-UWMPS (PEG) 

        Hypoxia-UWMPS (no colloid) 

10  Atmospheric O2-UWMPS 
        Atmospheric O2-UWMPS (PEG) 

5 Atmospheric O2-UWMPS (no colloid) 

 
0 

 

Figure 6.12. The effect of colloid on release of LDH in different oxygen environments. 
 

6.3.4.1 Effect of increased glutathione on indicators of cellular damage. 
 

Glutathione supplementation of UWMPS was found to increase LDH activity to 125.07% 

that of the UW control (range 112.46 to 147.73%), a significant increase over that seen in 

UWMPS (97.53%, range 90.43-105.86%) (p=0.0313). Glutathione supplementation was 

also observed to improve cell viability compared to standard UWMPS ( relative viability of 

110.06% that of the UW control (range 79.06-118.76%) and 88.18% that of the UW control 

( range 82.87-107.76%) respectively (p=.313) (Figure 6.13). 

 
 
 

Effect of  glutathione  supplementation on LDH  activity (n=6) Effect of glutathione supplementation on cell viability (n=7) 
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Figure 6.13 Effect of glutathione supplementation on cellular damage in vitro 
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The in vitro observation that intracellular glutathione appeared to be elevated in UW stored 

cells was not using observed again using the ex vivo model. After 24 hours, cortical 

glutathione levels in SCS kidneys (0.04mM, range 0.04-0.05 mM) were not found to be 

different from those in HMP stored kidneys (0.03 mM, range 0.02-0.06mM (p=0.309) 

(Figure 6.15) 

No significant difference in intracellular glutathione 
concentrations between HMP and SCS kidneys (n=6) 

 

0.06 
 
 

0.04 
 
 

0.02 
 
 

0.00 
 
 

Control 

 
 

SCS 

 
 

HMP 

 
Figure 6.15.Cortical glutathione in kidneys after 24 hours HMP or SCS  

LDH release from HMP kidneys following enhanced glutathione supplementation 

When assessed using the whole organ model, perfusate glutathione supplementation did 

not lead to a significant difference in LDH release when compared to kidneys perfused 

using the standard UWMPS formulation. Endpoint LDH activity was found to be 15.44 

±3.96 IU/ml in standard UWMPS vs 11.70 ± 5.95 IU/ml following glutathione 

supplementation. This difference did not attain significance (p= 0.3095). 

However, a consistent and continuous decrease in LDH release was tangible in the 

glutathione supplemented kidneys (Figure 6.16). 
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Figure 6.16. Reduction in perfusate LDH by glutathione supplementation ex vivo. 
 
 
 

6.4 Discussion 

 
6.4.1 Study 1: Identification of environmental stimuli governing cellular 

viability and metabolism 
 

6.4.1.1 The effect of storage fluid on cell viability 
 

DGF may be indicated by reduced urine production, caused by impaired movement of fluid 

through the nephron(280). The clear damage experienced by RPTEC/TERT1 stored in 

UW under normothermia (Figure 6.5) indicates that UW is not the optimal preservation 

solution to be trapped within the proximal tubule after transplantation, as could conceivably 

occur in the DGF kidney if UW enters the tubule lumen. 

Although further data indicated that proximal tubule cells stored in UW also results in 

increased LDH release in all environments, the experiment was abandoned at midpoint. 

The reason for this is illustrated in Figure 5.1, which depicts the areas of HMP and SCS 

kidney which are in contact with the supplied preservation fluid. 
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While blue colouration was macroscopically visible in tissues in the HMP stored kidney, 

the SCS kidney was consistently and completely unaffected by the inclusion of dye in the 

bathing fluid. Continuous perfusion can be expected to generate a greater influx of dye in 

to the renal tissue. However, the absence of any colouration observed under SCS does 

make it questionable whether the components of UW permeate the cold-stored kidney. As 

illustrated in the attached manuscript, the fact that glutathione levels in UW remain 

unchanged over a 24-hour cold ischemic time further supports the notion that there really 

isn’t any significant exchange between the intra and extra renal fluid compartments in SCS. 

Therefore, assessments made of proximal tubule cell viability after immersion in UW may 

not translate to the ex vivo environment, and as such the experiment was discontinued. 

However, as a metabolically inert fluid, UW still serves as a useful control against which to 

gauge the metabolic effects of glucose supplementation in UWMPS (Figure 6.4). 

Active perfusion appears to be required to ensure kidneys benefit from the therapeutic 

reagents added to the preservation fluid, however as discussed in Chapter 1, whether the 

whole of the kidney benefits from perfusion under HMP is also unclear. 

While blue colouration was consistently visible in the renal cortex after perfusate 

supplementation with trypan blue dye (Figure 5.1), there was consistently greater 

colouration in the renal medulla. The different staining could indicate significant regions of 

the cortex are not being perfused. Dye must follow fluid flow, and mechanistically this 

imbalance in perfusion may arise through pre glomerular blood shunting by the porcine 

kidney(281), or through impairment of glomerular filtration. 

6.4.1.2 The effect of storage fluid on proximal tubule cell metabolism 
 

Hypoxic storage of proximal tubule cells in UW appeared to result in intracellular glucose 

depletion and lactate accumulation when compared to cells stored in UW MPS (Figure 
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6.4). Although these differences narrowly missed attaining statistical analysis using the 

Wilcoxon signed rank test, this is likely a reflection of the low sample number, which was 

utilised for all screening experiments to enable coverage of the broadest range of 

environmental stimuli. When the cell line model was treated as unpaired and submitted for 

Mann Whitney U analysis, these differences became significant. 

Assessment of fluid metabolic profile was not attempted, the rationale for this was that in 

the SCS stored kidney, UW does not appear to permeate the tissue. Therefore, metabolic 

differences in caused by UW components are unlikely to reflect the clinical scenario. 

Furthermore, the metabolic profile of HMP perfusate in the clinical setting will be modulated 

by many different cell types within the kidney. Therefore, this simple in vitro screen focused 

on the metabolic effects on proximal tubule cells themselves. 

However, this is a limitation, and does occlude full understanding of the processes 

occurring in vitro. Future work could use metabolic tracer analysis and fluid/cell extract 

analysis to more closely investigate metabolic flux in the in vitro system and address this 

limitation. 

Nonetheless, this cell line experiment achieved its purpose in directing whole organ 

research. The stark difference in intracellular glucose concentrations between UW and 

UWMPS (i.e. the total absence of glucose in UW stored cells vs equilibrium with fluid 

glucose concentration in UW MPS stored cells (Figure 6.4) did lead to a fruitful second 

assessment of the whole organ data. Cortical glucose concentrations were also found to 

be significantly elevated in HMP stored porcine kidneys in the ex vivo model (Figure 6.14). 

These data infer that that SCS storage is incapable of preventing glucose depletion to the 

extent offered by HMP during extended hypothermic storage. A low glucose/lactate ratio 

has been observed in biopsies from DGF kidneys(272), and this may signify glycolytic 
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exhaustion, a mediator of the cold ischemic injury generated through ATP depletion(140), 

introduced in Chapter 1. 

Improved metabolic support offered by UWMPS has been proposed as modulator of the 

benefit of HMP over SCS. Mechanistically, this may manifest as increased concentrations 

of tissue glucose to serve as a metabolic substrate upon reperfusion. 

6.4.1.3 Oxygen dependent effects 
 

6.4.1.4 Effects of hypoxia on cell viability 
 

In SCS storage, the cold-stored porcine kidney rapidly becomes severely hypoxic, with 

fluid exiting the renal vein immediately after initiation of HMP having dissolved oxygen 

concentrations around 10% that of the fluid entering the renal artery (Figure 6.3B) 

Initiation of HMP affords a time limited respite from hypoxia, the circulation of perfusate in 

equilibrium with the atmosphere allows for some degree of tissue reoxygenation, until that 

too becomes oxygen depleted. The data presented in (Figure 6.3A) demonstrates that 

within 4 hours of HMP using the porcine model, the oxygen content of UWMPS falls from 

24.7kPa to 1.6kPa and goes on to plateau at around 0.7kPa over the 18 hour preservation 

time. This is a clear indication that oxygen dependent processes are ongoing during the 

HMP storage of porcine kidneys, and also that these processes and are not sufficiently 

supported by passive oxygen diffusion for extended preservation periods. 

When simulated in vitro, this magnitude of hypoxia, which extends for the majority of the 

preservation period results in the lowest proximal cellular viability of all environments 

tested using the SRB assay (Figure 6.6). 

The high aerobic requirement of proximal tubule cells are well established(67), and it 

appears that severe hypoxia exerts a detrimental effect on their viability during storage. 

The inclusion of atmospheric oxygen was largely beneficial, resulting in a consistent and 
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significant increase in viability (Figure 6.6). It follows that the depletion of oxygen observed 

in the whole organ perfusion model manifests as progressive development of the hypoxic 

environment, which is pathological to proximal tubule cells in vitro. This may be an in vitro 

reflection of the mechanism governing the deleterious effect of extended cold ischemic 

times, and the potential therapeutic benefit offered through active oxygen perfusate 

supplementation(121,125,274). 

Atmospheric oxygen exerted a positive effect on cell viability when assessed using the 

SRB assay, however a deleterious effect of atmospheric oxygen on hypothermicly stored 

proximal tubule cells has been reported previously(282). The impacts of fluid oxygenation 

on LDH release in vitro is more thoroughly investigated in Chapter 7, however suffice to 

say that that LDH release in vitro does not appear to mediated to a great extent by changes 

in oxygen concentration in the experiments described in this chapter (Figure 6.7 and Figure 

6.12). In any case, while increases in LDH activity may suggest membrane damage as 

well as the occurrence of cell death(171), the signal derived using the SRB assay is directly 

proportional to the number of cells that have died and lysed or detached from the plastic 

of the culture dish. Therefore, the SRB results are more informative of the environments 

that protect cells from death during preservation, whereas the LDH assay may be regarded 

a non-specific assessment of injury. An indication that these assays are reporting sperate 

phenomena is visible in the absence of a clear correlation between SRB and LDH data 

(Figure 6.8). It follows that the LDH data may indicate membrane deterioration that does 

not progress to cell death during the preservation period. 
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6.4.1.5 Fluid flow modulated effects 
 

6.4.1.6 The effect of fluid flow on cell viability 
 

Under atmospheric oxygen, generation of FSS was found to exert a beneficial effect on 

cell viability. Varying the fluid volume in both static and FSS plates was required to control 

the level of FSS generated, and independently, this also affected the viability of the stored 

cells, with increasing volumes of fluid being linked to inferior measures of viability in 

statically stored cells (Figure 6.9). 

An explanation for the protective effect of increased viability associated with FSS 

generation may not be through FSS itself, but through continuous mixing of the fluid. An 

oxygen gradient exists in cell culture media, with respiring cells causing oxygen depletion 

in fluid close to them(283). Continuous rocking disrupts this gradient, enabling enhanced 

mixing of dissolved oxygen and therefore offering protection from hypoxia, which as 

demonstrated in statically stored cells, is deleterious to monolayer integrity (Figure 6.6). 

This supports the growing notion that modulation of oxygen availability may be a primary 

therapeutic intervention in organ preservation optimisation. 

However, disruption of oxygen gradients cannot account for the consistent improvement 

in cell viability caused when cells stored in hypoxia chambers are rocked (Figure 6.6). The 

consistent and near absolute hypoxia generated infers an alternative mechanism must be 

active. This may be related to the generation of 1 dyne/cm2 shear stress, or could be 

through mixing effects on nutrient delivery and waste dilution. In any case, fluid flow 

exerted a beneficial effect under hypoxia and atmospheric oxygen- supporting the notion 

that the presence of fluid flow is an independent driving force behind the apparent benefit 

of HMP over SCS. Modulation of perfusion pressure to generate fluid optimal perfusion 

parameters may be an avenue for organ storage optimisation, and the ShearFAST 
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assisted rocking model can be used to provide in vitro evidence of the optimal degrees of 

shear stress for defined cell types in the hypothermicly stored organ. 

 
6.4.2 Study 2: Assessing fluid metabolites for their potential as biomarkers 

in vitro 
 

Metabolic profiling during HMP has been proposed as a tool for monitoring organ quality 

(109,275). Unlike the whole organ model, the cellular and fluid compartments of in vitro 

models are easily separated This, with the capacity to generate large numbers of replicates 

makes the cell line model a useful tool in linking supernatal metabolic profiles with 

indicators of cellular damage. 

A previous study by our group demonstrated that human kidneys that take up more 

glucose from the perfusate during HMP go on to have a higher likelihood of DGF 

development(109). An opposite relationship was determined in vitro, with increases in cell 

viability inferred from the SRB assay being linked with decreases in glucose absorption. 

Although proximal tubule cells undergo a glycolytic switch and use glucose to fuel repair 

after injury(153) the absence of any correlation between LDH activity and glucose 

reabsorption does not support increased cellular damage as explanation for increased 

glucose uptake in vitro. The slight negative correlation detected may simply indicate that 

increased numbers of cells surviving preservation have greater capacity to absorb a 

greater fraction of the glucose available in the preservation fluid. 

Fluid lactate levels appear to be a good indication of membrane damage during 

hypothermic preservation, with significant correlations between the LDH activity and 

lactate levels (Figure 6.11B) that were not correlated to the number of cells remaining in 

the well when assessed with SRB assay (Figure 6.10B). 
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Rising lactate release with LDH may be an indicator of ongoing oxidative stress, which 

damages membranes through lipid peroxidation(284). Even with the presence of fluid flow, 

the glutathione present in UWMPS does not appear to be sufficient to meet the antioxidant 

requirements of the hypothermicly stored porcine kidney (Figure 6.16). Therefore, a 

potential modification to fluid composition could be perfusate supplementation with more 

antioxidants. Indeed, work from our group demonstrates that increasing perfusate levels 

of glutathione to 10mM in the porcine model reduced release of lactate when compared to 

standard HMP (Appendix 4). 

Supernatal alanine and glutamate were both found to increase with increases in cell 

viability, indicating that the presence of this metabolite into the fluid is largely dependent 

on the number of cells in contact with the fluid (Figure 6.10). 

Glutamate release was also found to be linked to LDH release (Figure 6.11), indicating 

that detection of glutamate in perfusate may not infer metabolic modulation or improved 

flow rates, but increased membrane damage. In the previous section, an association 

between enhanced fluid glutamate concentrations and LDH release was noted. This 

conflicts with the cell viability data, which also showed an association between fluid 

glutamate and increased cell viability. A potential mechanism for this disparity is discussed 

in the following section, however, this simple analysis offered by the accessible cell line 

model illustrates the great difficulty associated with the determination of meaningful 

inferences from standard metabolic analysis. Tissue and fluid metabolites may differ in 

concentration due to increases in membrane damage, changes in the number of cells in 

contact with fluid, or through modulation of metabolism 

The exception is fluid lactate, which stays largely consistent across different degrees of 

cell viability in rises in tandem with LDH. These data suggest that total perfusate lactate 

levels may have potential as a metabolic biomarker, at least in vitro. 
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6.4.3 Study 3: Screening the merits of increased antioxidant provision in 

vitro 
 

In the attached manuscript we observed total depletion of perfusate glutathione levels 

within 18 hours of perfusion (276), and in Figure 6.15, it is shown that there is no evidence 

of glutathione accumulation in cortical tissue after 24 hours of HMP. Together, these 

indicate the glutathione present in UWMPS may be insufficient to provide antioxidative 

support for extended CIT. This warranted assessment of the merits of perfusate 

glutathione supplementation. 

Glutathione supplementation in vitro yielded surprising results, with storage of proximal 

tubule cells in glutathione supplemented UWMPS displaying significant increases in LDH 

release when compared to those stored in standard UWMPS. 

Proximal tubule cells express γ−glutamyltransferase (GGT) on their brush border, an 

enzyme involved in the cleavage of glutathione into constituents glycine and 

glutamate(285). Importantly, the action of this enzyme has pro-oxidative effects in renal 

ischemia(286). This could explain the apparent correlation between fluid glutamate 

concentrations and LDH release observed previously. In Appendix 4 it is noted that 

glutathione supplementation in whole organs results in increased perfusate presence of 

both glycine and glutamate, the break-down products of glutathione by GGT (287). 

It was therefore important to ascertain whether the glutathione supplementation ex vivo 

was deleterious and conferred a similar increase in perfusate LDH levels as to what was 

observed in vitro. 

It was found that glutathione supplementation results in a non-significant decrease in LDH 

release, when compared standard HMP of porcine kidneys. This may indicate that the 

deleterious in vitro effect inferred from the LDH data did either not occur in the whole organ 
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model, or was masked by a largely beneficial effect of glutathione supplementation on 

systemic LDH release ex vivo. 

Glutathione depletion during HMP warrants some form of additional antioxidant 

supplementation. However, this does not have to be with glutathione. Polyethylene glycol 

could confer enhanced oncotic and antioxidant protection to proximal tubule cells during 

hypothermic preservation (130), and its lower molecular weight, combined with the 

resulting decrease in fluid viscosity at PEG 35kkA concentrations of 30g/L (Figure 3.2) 

may make it more likely to enter the proximal tubules than HES. 

 
6.5 Conclusion 

 
Porcine kidneys stored by HMP or SCS rapidly become hypoxic during hypothermic 

preservation (Figure 6.3), with both displaying demonstrating considerable degrees of 

anaerobic metabolism, evidenced by lactate release into the perfusate in HMP and tissue 

accumulation in SCS(276). 

While modification of perfusate and generation of fluid flow have the potential to modulate 

cell viability in vitro (Figure 6.5, Figure 6.12, and Figure 6.13), the most potent protective 

environmental stimulus was avoidance of hypoxia by maintaining equilibrium with 

atmospheric oxygen. This generated a ˜10% improvement in cell viability (Figure 6.6) and 

has potential to counteract the largely anaerobic phenotype in whole organ preservation 

(235), which may be a key contributor to poor transplant outcomes(272,288). 

The following chapter uses the described in vitro model to define the environmental stimuli 

that generate or maintain the anaerobic environment in the period between donation and 

transplantation, and whether oxygen supplementation during simulated storage can be 

used to confer a more favourable aerobic metabolic phenotype. 
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7 Metabolic changes in proximal tubule cells 

submitted to in vitro simulations of kidney 

donation and preservation. 

 
7.1 Introduction 

 
The fate of intracellular glucose in the period between kidney donation and reperfusion is 

of clinical interest. It has been reported that increased glucose uptake during HMP may be 

associated with inferior patient outcomes, notably in the likelihood of DGF 

development(109). Additionally, in Chapter 6, it was determined that a key metabolic 

difference between HMP and SCS stored kidneys is that SCS stored kidneys, known to 

be associated with inferior transplant outcomes(89) have reduced glucose stores (Figure 

6.14) and have greater intracellular lactate concentrations(276). This could suggest that 

the level of ongoing anaerobic metabolism during kidney preservation is an important 

mediator of post-transplant outcomes, an assertion reinforced by observation that 

increased renal production of lactate during reperfusion is a consistent feature in patients 

with inferior with post-transplant outcomes(272). Therefore, minimising or reversing the 

glycolytic phenotype in hypothermicly stored kidneys could confer post-transplant benefits. 

This chapter seeks to provide in vitro indications of the environmental stimuli, encountered 

between donor death and the end of organ preservation that are capable of modulating 

normal proximal tubule cell metabolism. This understanding could facilitate introduction of 

modifications that foster a more beneficial metabolic phenotype 
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Some environmental factors mediating ongoing metabolism are already well 

documented, for example the ischemic periods intrinsic to organ donation are known to 

confer an anaerobic phenotype (86,289), however other stimuli; such as high glucose 

concentrations(290) or the absence or excess of fluid shear stress (291,292) may also 

be implicated. 

We have previously concluded that metabolism ongoing during HMP is predominantly 

glycolytic(235) and throughout preservation, the HMP stored kidney utilises significant 

proportions of the oxygen available to it (Figure 6.3), an inference of ongoing aerobic 

metabolism for a limited duration. 

This limited reoxygenation may be beneficial, Chapter 6 indicates that equilibrium of 

UWMPS with atmospheric oxygen leads to enhanced survival of stored proximal tubule 

cells (Figure 6.6). However, whether this level of oxygenation drives restoration of aerobic 

metabolism in hypothermic proximal tubule cells has not been characterised. Hypothermia 

in isolation may not directly cause an anaerobic switch(293) but is known to reduce 

metabolic enzyme efficacy (in line with the thermal performance curve(294) which may 

balance ongoing ATP depletion with the environmental oxygen available(295). 

Optimisation of aerobic metabolism under hypothermia may therefore be possible. 

Using in vitro methods developed in Chapters 3 and 4, this chapter seeks to determine the 

metabolic effects of modifying the extracellular environments and close in on beneficial 

modifications that can be trialled in the whole organ setting. 

Within, five experiments are described. 
 

The first experiment has the purpose of validating that under normal culture- 

RPTEC/TERT1 use glucose as a carbon source for TCA cycle metabolism. Although 

glucose reabsorption is well characterized to be a primary function of this segment, dated 

publication state that only 1% of the glucose that absorbed is used by the cell to fuel 
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ongoing metabolism(296). Other reports stipulate lactate, glutamine or fatty acids are in 

fact the primary metabolic substrate used by the in vivo PCT(159). Validating that cultured 

cells are capable of aerobic glucose metabolism, and that the analytical tools used (i.e. 

GCMS) can accurately and precisely measure mass isotopic distribution is a pretext for 

the rest of this chapter. This also serves as a measure of metabolic maturation of the cell 

line, proliferating cells are characterised to have a glycolytic phenotype- where as a mature 

RPTEC/TERT1 monolayer has been demonstrated utilise more oxidative 

metabolism(153). 

The second experiment will determine whether simulation of known induces of an 

anaerobic switch (i.e. a warm ischemic insult) drives evidence of an anaerobic switch in 

vitro. This will validate that the results derived from the cell line model used can reflect 

current understanding in this field. 

The third experiment in this chapter seeks to determine how falling temperature affects 

proximal tubule metabolism of glucose, and also, whether the metabolic suppression 

generated during cold ischemia can instead be delivered pharmacologically. It is thought 

that the deployment of complex IV inhibitors, such as thiosulphate or hydrogen sulphide 

under normothermia or sub-normothermia may provide hypothermia like metabolic 

suppression without the simultaneous cold induced cellular injury(297). 

A recent study demonstrated that hydrogen sulphide resulted in marked reductions in 

oxygen utilisation during normothermic machine perfusion, as well as maintenance of 

ATP stores(298). 

The last experiments of this chapter focus on the role of shear stress in metabolic 

modulation during hypothermic preservation, and to a greater extent, the potential of 

oxygen supplementation to drive desirable metabolic changes in vitro. 



Chapter 7: Metabolic changes in proximal tubule cells after simulations of donation and preservation 

181 

 

 

 
 

7.2 Methods 

 
Five experiments are described which aim to resolve key metabolic questions about the 

proximal tubule during preservation. Routinely, cells were cultured as described in Chapter 

3 and left to mature prior to introduction of metabolic tracers (assessed by the presence of 

dome formation and /or cobblestone morphology, which generally took between 7-10 days. 

At the experimental endpoint, monolayers were prepared for metabolic analysis using 

mass spectrometry, also as described in Chapter 3. 

 
7.2.1 Study 1: Assessing RPTEC/TERT1 metabolism of glucose under 

standard culture 
 

Confluent RPTEC/TERT1 cells in T75 flasks (n=18) were labelled for 24 hours in 18ml 

media supplemented with 17.5mM [U-13C] glucose. 

Since the main purpose of this experiment was to indicate whether glucose serves as 

carbon source, this 18 hour labelling time was selected to ensure TCA cycle intermediates 

had sufficient time for label incorporation. 

After this, flasks were divided into 3 sets of 6 and cultured for a further 6 hours in media 

containing 17.5mM [1,2 13C] Glucose, 17.5mM 12C glucose or 17.5mM [U13C] glucose 

(Cambridge isotopes, UK). This step was to determine if changes in the glucose label led 

to predictable differences in the analysis returned in the later mass spectrometry. As 

discussed later- this second labelling time was included as a validation of the analytical 

approach used . After the six-hour labelling time with different glucose 13C incorporation, 

the monolayers were prepared for metabolic analysis. As the only difference between 

groups were the position of 13C labelling in the supplied glucose, this experiment is purely 

qualitative and statistical assessment is not applicable. 
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7.2.2 Study 2: The effect of warm ischemia on RPTEC/TERT1 glucose 

metabolism 
 

In this experiment, 12 T75 Flasks, were each seeded with RPTEC/TERT1 from 12 

separate frozen stocks of cells. Flasks were labelled for four hours with 18ml [U-13C ] 

glucose and [U-13C], [15N] glutamine. Monolayers were washed with 0.9% saline solution 

and then either re-cultured in more tracer media (n=5) for four hours to permit ongoing 

isotopic labelling continued or alternatively incubated in 18ml mineral oil (Sigma Aldrich 

Merck, UK) to simulate proximal tubule nutritional inadequacy during warm ischemia (n=6), 

as described elsewhere(299). The mineral oil plates experienced a 0.3% oxygen 

atmosphere using a hypoxia station (Figure 1.12), whereas those subjected to standard 

culture experienced atmospheric oxygen. After a 4 hour isotopic labelling time, monolayers 

were prepared for metabolic analysis as per Chapter 3. Differences in mass isotopic 

distribution were determined using an unpaired analysis (the Mann Whitney U test). Since 

cells were not cultured in parallel from the same source vial a paired analysis was not 

used. 

The metabolic analysis in this study was limited to lactate and pyruvate. Labelled glutamine 

was originally included for a series of ongoing NMR method development studies- but of 

course these confound biological interpretation of the metabolic pathways resulting in 

modulation of TCA cycle metabolite MID. Therefore, this simple screen focused 

exclusively on the effect of simulated warm ischemia on two glycolytic metabolites, i.e. 

lactate and pyruvate, and as such is unlikely to be affected by the use of the labelled 

glutamine label (13C or 15N). 



Chapter 7: Metabolic changes in proximal tubule cells after simulations of donation and preservation 

183 

 

 

 
 
 

7.2.3 Study 3: Quantifying thermal and pharmacological inhibition of 

metabolism. 
 

RPTEC/TERT1 was seeded in 12 150cm2 tissue culture dishes and cultured until 

confluence. The plates were divided into 4 sets of 3, with 3 plates to be subjected to 

hypothermic storage, 6 plates to be stored at room temperature and 3 plates to be stored 

at 37° C. Three of the plates stored at room temperature were used to screen the effects 

of hydrogen sulphide on metabolism, described later. 

Prior to experimental start, the supernatant was discarded and each plate was washed 

twice with 0.9% NaCl solution which had been incubated to the plates designated 

experimental temperature. After this, 36ml of clinical grade UW MPS containing 10mM [U- 

13C] Glucose (Organ Recovery Systems, USA), also at the plates designated temperature 

was added to each dish. 

Hypothermic experiments were moved to a cold room, plates simulating sub normothermic 

storage were kept at room temperature and plates simulating physiological temperatures 

were stored in a standard cell culture incubator. 

 
 

7.2.3.1 Determination of sodium hydrogen sulphide concentration required to 

protect RPTEC/TERT1 during sub-normothermic storage 
 

This experiment sought to define a dose of sodium hydrogen sulphide which resulted in 

improved cellular viability at room temperature. 

RPTEC/TERT1, cultured in 96 well plates (n=6) were subjected to storage in UW MPS at 

room temperature. The protective effect of 12 different concentrations of sodium hydrogen 

sulphide (NaHS) (Alfa Azar), ranging between 0-0.2mM were assessed after 18 hour 

storage by the SRB assay (Figure 7.3) The absorbance in each dose was normalised to 
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the 0mM control on each plate and differences between control and different NaHS 

concentrations assessed using the Wilcoxon signed rank test. 

 
7.2.3.2 Effect of NaHS on de novo metabolism during subnormothermic storage 

 
This experiment was run parallel to the temperature study. Of the 6 plates to be kept at 

room temperature, three were supplemented with 0.1mM Sodium Hydrogen Sulphide 

(NaHS) (Alfa Azar) and stored in a fume cupboard at room temperature. This concentration 

of NaHS was selected based on the protective effect observed at NaHS concentrations 

between 0.06 and 0.2mM (Figure 7.3). 

The remaining three-room temperature plates were stored on the bench top. All storage 

experiments at all temperatures were performed for 18 hours, after which monolayers were 

harvested and prepared for MID analysis as described in Chapter 3. This comparison is 

shown in Tables 4 and 5. 

 
7.2.4 Study 4: Effect of fluid flow on proximal tubule cell metabolism 

 
RPTEC/TERT1, cultured in 12 15cm dishes were washed and submerged in 9.8ml of 

chilled in house UW MPS. A cell rocker (VWR 444-0146) was moved to a cold room and 

rocked at rocker settings of an estimated 5° and at an estimated 60RPM. The remaining 6 

plates were placed on the bench next to the rocker. In this manner, all plates experienced 

hypothermia and atmospheric oxygen, but only half experienced fluid flow. Since this 

experiment predated the inception of ShearFAST, accuracy of rocking angle and cycle 

frequency cannot be assumed, and as such this experiment functions more as a proof of 

concept investigating the potential of fluid flow to modulate proximal tubule cell metabolism 

during hypothermic storage. 
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7.2.5 Study 5: The effect of oxygen availability on proximal tubule 

metabolism. 
 

RPTEC/TERT 1 was grown to confluence in nine 10cm dishes (Corning, UK), washed with 

0.9% NaCl and then submerged in 16ml of chilled UWMPS (Organ recovery systems, 

USA) containing 10mM [U-13C] glucose. 

Using the hypoxia chamber filling circuit described in Chapter 3, three oxygen 

environments a were generated (i.e. severe hypoxia/anoxia, atmospheric oxygen and 

hyperoxic oxygen with pressures of~50kPa (Figure 3.12). Plates were divided into three 

groups and placed in their respective hypoxia chambers for filling. After filling for 30 

minutes, the plates were moved to a cold room which maintained hypothermia throughout 

an 18 hour storage time. This was performed 6 times, giving 6 biological replicates. 

After experimental endpoint, the chambers were opened and plates were prepared for 

metabolic analysis using Mass spectrometry, and biochemical ATP analysis using the 

method described in Chapter 3. Differences were detected using the Mann Whitney U test. 

A prior experiment, comparing the effects of hypoxic storage against that of storage under 

atmospheric oxygen was conducted din a similar fashion, with the exception that 75cm2, 

flasks were used instead of 10 cm2 dishes and with the results analysed by HSQC alone. 

7.3 Results 

 
7.3.1 Study 1: Assessing RPTEC/TERT1 metabolism of glucose under 

standard culture 
 

This experiment sought to determine whether mature RPTEC/TERT1 monolayers use 

glucose as a carbon source for TCA cycle metabolism. 
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Routine culture of RPTEC/TERT1 with different glucose tracers yielded diverse 13C 

labelling patters in central metabolites. There was discernible 13C enrichment in TCA cycle 

associated metabolites (alpha-ketoglutarate, fumarate, malate, succinate), most 

abundantly with M+2 label incorporation. 

Notably, when [U-13C] enriched glucose was switched for 12C glucose, there was very 

limited labelled contributions in all metabolites after 6-hour culture, 

Metabolites associated with glycolysis and the TCA cycle were found to be 13C enriched 

following RPTEC/TERT1 culture with different glucose isotopologues. Also, usage of [1,2- 

13C] labelled glucose yielded an M+2 contribution of lactate and pyruvate roughly half of 

the M+3 contribution when [U-13C] glucose was used i.e. 17.58%, range 13.90-22.94% 

and 13.46%, range 12.53-17.83% vs 45.24%, range 37.34-50.0% and 33.82%, range 

27.86-36.06% respectively. (Figure 7.1). 
 

This is an indirect validation of the analytical accuracy afforded by the GCMS set up used. 

Glucose, a 6 carbon molecule may be metabolised to two 3 carbon molecules (i.e. lactate 

or pyruvate). When [U-13C] is the sole glucose source, the six labelled carbon generates 

two 3 carbon molecules in which all of the composite carbons are labelled. However, when 

[1,2-13C] glucose is used, only one of the two 3 carbon metabolites will possess label, and 

that metabolite will be a M+2 mass isotopomer. Therefore, use of [1,2-13C] glucose should 

yield roughly half the mass isotopic contribution of lactate and pyruvate when compared 

to use of fully labelled glucose, which is what was observed. 
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Metabolic fate of different glucose isotopomers during routine culture of RPTEC/TERT1 
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Figure 7.1. RPTEC/TERT1 metabolises glucose under standard culture 
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7.3.2 Study 2: The effect of warm ischemia on RPTEC/TERT1 glucose 

metabolism 
 

This experiment sought to determine whether or not a known stimulus of an anaerobic 

switch (i.e. warm ischemia) gave rise to evidence of an anaerobic switch when it was 

simulated in vitro. 

The combination of nutrient deprivation with hypoxia was found to invoke a multitude of 

changes to the percentage contribution of different isotopomers within each metabolite 

(Figure 7.2). M0 lactate contribution was not found to differ between standard culture and 

warm ischemia (56.12%, range 32.54-62.21% and 36.19%, range 30.93-48.44% 

respectively), (p 0.1255). M1 lactate contributions differed significantly between standard 

culture and those exposed to simulated warm ischemia (1.41%, range 0.99-1.49% vs 3.95, 

range 2.79-4.51% respectively) p=(0.035). This trend was mirrored in M2 lactate 

contributions (3.23%, range 2.56-4.75% under standard culture and 7.14%, range 5.67- 

7.95% under warm ischemia)(p=0.0043). However, the different M3 contributions to the 

total lactate pool did not achieve statistical significance (p=0.662). 

M0 Pyruvate contributions were increased by generation of warm ischemia when 

compared to standard culture (78.26%, range 68.05-94.52% vs 36.11%, range 28.49- 

66.88% respectively) (p 0.0043). Production of M3 Pyruvate was reduced by warm 

ischemia (contribution of 18.71%, range 5.85-25.01%) when compared to standard culture 

(contribution of 58.56%, range 30.30-66.21% ) (p 0.0043). 
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metabolites to a lesser extent than hypothermic storage, but to a greater extent compared 

to normothermic storage. Administration of hydrogen sulphide (NaHS) did not appear to 

foster a considerable change in the M0 or M3 contributions in pyruvate and lactate when 

compared to untreated cells stored at room temperature. 

 

The effect of temperature and hydrogen sulphide on pyruvate MID% 
Temperature 4℃ 19℃ 19℃ +NaHS 37℃ 
M0 (%) 80.07 (77.15-81.00) 44.93 (42.77-63.32) 51.40 (45.27-61.59) 40.88 (32.67-45.74) 
M1 (%) 0.54 (0.49-0.56) 1.60 (0.95-1.66) 0.94 (0.816-1.11) 2.93 (2.91-3.07) 
M2 (%) 0.50 (0.33-0.60) 2.16 (1.39-2.17) 1.69(1.18-1.95) 4.59 (3.75-5.43) 
M3 (%) 19.76 (19.20-22.54) 52.05 (35.11-54.64) 46.85 (37.73-52.41) 52.44 (49.05-59.54) 

 
The effect of temperature and hydrogen sulphide on lactate MID% 

Temperature 4℃ 19℃ 19℃ +NaHS 37℃ 
M0 (%) 79.85 (78.26-81.58) 42.44 (40.70-49.35) 41.93(35.81-54.43) 54.11 (43.08-59.71) 
M1 (%) 0.68 (0.59-0.71) 1.56 (1.40-1.62) 1.08 (0.82-1.17) 1.84 (1.68-2.33) 
M2 (%) 1.43 (1.31-1.48) 3.34 (3.02-3.47) 3.25 (2.59-3.59) 4.177 (3.65-4.96) 
M3 (%) 18.05(16.55-19.62) 52.71 (46.15-54.17) 53.63 (42.17-59.27) 39.91 (35.03-49.64) 

Table 4. Modulation of anaerobic metabolism by temperature and hydrogen sulphide. Data 
reported as median with range (%) 

 
 
 

Label incorporation into citrate, malate, fumarate and succinate, and also into indicators of 

TCA cycle progression (aspartate and glutamate) was found be lowest following 

hypothermic storage, followed by storage at room temperature. Supplementation of 

UWMPS with 0.1mM sodium-hydrogen sulphide did not grant the expected reduction in 

13C label incorporation , Conversely, the relative contributions of the above metabolites 

was almost universally elevated over that found at room temperature. These differences 

are tabulated in Table 5 and an overview of the temperature dependent changes in de ne 

novo metabolism are plotted below for added clarity (Figure 7.4). 
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The effect of temperature and hydrogen sulphide on citrate MID% 
Temperature 4°C 19°C 19°C+NaHS 37°C 
M0 (%) 73.58 (72.44-76.00) 68.21 (68.19-69.75) 56.53 (50.31-57.12) 56.83 (53.63-57.21) 
M1 (%) 18.85 (18.76-18.88) 20.49 (20.31-20.64) 20.37 (19.98-20.53) 21.44 (21.38-21.63) 
M2 (%) 5.74 (4.30-6.33) 7.11 (6.68-7.43) 13.16 (13.13-15.20) 11.84 (11.55-12.95) 
M3 (%) 1.73 (0.99-2.14) 2.68 (2.25-2.80) 6.39 (6.23-9.07) 7.25 (7.10-8.30) 
M4 (%) 0.38 (0.12-0.50) 0.94 (0.61-0.95) 2.53 (2.46-4.44) 2.16 (2.12-2.69) 
M5 (%) 0.13 (0.13-0.23) 0.29 (0.18-0.35) 0.99 (0.66-1.29) 0.44 (0.40-0.64) 
M6 (%) -0.53 (-0.63-0.39) 0.07 (0.05-0.08) 0.20 (0.04-0.24) 0.13 (0.12-0.15) 

The effect of temperature and hydrogen sulphide on succinate MID% 
Temperature 4°C 19°C 19°C+NaHS 37°C 
M0 (%) 95.24 (94.22-95.29) 89.04 (88.41-92.28) 90.33 (88.42-91.94) 89.80 (87.92-90.94) 
M1 (%) 2.57 (2.03-2.74) 5.23(4.18-6.13) 4.28 (3.49-5.58) 5.28 (4.73-5.75) 
M2 (%) 2.34(1.83-2.66) 3.97 (2.82-4.31) 3.65 (2.94-4.03) 4.33 (3.76-5.22) 
M3 (%) 0.21 (0.12-0.25) 1.27 (0.60-1.35) 1.41(1.31-1.73) 0.48 (0.45-0.85) 
M4 (%) 0.27 (0.21-0.27) 0.34 (0.24-0.34) 0.54 (0.49-0.56) 0.24 (0.23-0.46) 

 
The effect of temperature and hydrogen sulphide on aspartate MID% 

Temperature 4°C 19°C 19°C+NaHS 37°C 
M0 (%) 96.21 (95.83-97.22) 86.97 (86.73-89.29) 53.39 (44.32-64.01) 74.28 (71.27, 74.55) 
M1 (%) 1.18 (1.01-1.25) 5.87 (5.03-6.01) 10.72 (9.30-10.91) 10.23 (10.20-11.09) 
M2 (%) 1.84 (1.39-2.09) 4.65 (3.77-4.73) 9.10 (7.92-9.13) 8.70 (8.57-9.73) 
M3 (%) 0.68 (0.35-0.82) 2.00 (1.55-2.06) 21.42 (12.73-31.81) 6.16 (6.02-7.03) 
M4 (%) 0.03 (0.02-0.04) 0.19 (0.13-0.25) 1.48 (1.13-1.78) 0.38 (0.36-0.52) 

 
The effect of temperature and hydrogen sulphide on malate MID% 

Temperature 4°C 19°C 19°C+NaHS 37°C 
M0 (%) 95.38 (94.79-97.14) 84.02 (82.35-87.88) 71.61(70.02-72.23) 73.85 (69.88-74.03) 
M1 (%) 1.67 (1.04-1.78) 7.33 (5.63-8.07) 13.37 (12.93-14.05) 10.36 (10.27-11.67) 
M2 (%) 2.98 (1.84-3.35) 6.54 (5.04-6.97) 11.03 (10.63-11.70) 8.95 (8.88-10.49) 
M3 (%) 0.18 (0.14-0.32) 2.03(1.43-2.46) 3.85 (3.72-4.66) 6.56 (6.54-7.53) 
M4 (%) -0.06(-0.09-0.05) 0.18 (0.09-0.29) 0.52 (0.51-0.62) 0.35 (0.32-0.49) 

 
The effect of temperature and hydrogen sulphide on fumarate MID% 

Temperature 4°C 19°C 19°C+NaHS 37°C 
M0 (%) 97.21 (96.61-98.57) 86.50 (85.81-90.41) 83.43 (83.03-88.23) 77.65(74.85-79.35) 
M1 (%) 1.07 (0.59-1.43) 6.4 (4.57-6.81) 8.05 (6.40-8.14) 9.02 (8.32-9.62) 
M2 (%) 1.95 (1.10-2.20) 5.47 (4.00-5.48) 6.17 (4.70-6.50) 7.59 (7.07-8.76) 
M3 (%) 0.22(0.09-0.24) 1.64 (1.11-1.93) 2.21 (1.78-2.39) 5.56 (5.07-6.46) 
M4 (%) -0.51 (-0.54--0.40) 0.14 (0.05-0.20) 0.32 (0.11-0.33) 0.26(0.26-0.41) 

 
The effect of temperature and hydrogen sulphide on glutamate MID% 

Temperature 4°C 19°C 19°C+NaHS 37°C 
M0 (%) 94.86 (94.16-95.48) 85.27 (84.03-88.02) 75.08 (74.82-78.60) 73.84 (70.61-74.94) 
M1 (%) 2.01 (1.93-2.07) 6.24 (5.44-6.50) 9.54 (8.19-9.79) 10.81 (10.33-11.62) 
M2 (%) 3.04 (2.46-3.54) 6.67 (5.40-6.95) 11.28 (9.29-11.32) 11.09 (10.65-12.57) 
M3 (%) 0.10 (0.01-0.16) 1.25 (0.84-1.69) 2.76 (2.63-2.76) 3.51 (3.35-4.11) 
M4 (%) 0.04 (0.02-0.06) 0.46 (0.23-0.67) 1.10 (1.064-1.11) 0.55 (0.54-0.78) 
M5 (%) 0.004 (0.002-0.005) 0.09 (0.05-0.15) 0.24 (0.23-0.24) 0.17 (0.17-0.28) 

Table 5. Modulation of TCA cycle progression by temperature and hydrogen sulphide, 
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In all cases, generation of hypothermia resulted in stark reduction the level of ongoing 

metabolism, with M+0 contributions at 4°C appearing considerably greater than those 

observed at any other temperature, with or without hydrogen sulphide. When compared to 

sub normothermic temperatures, (i.e. 19°C), hydrogen sulphide supplementation at 0.1mM 

conferred increases in label incorporation in TCA cycle metabolites citrate, malate, 

succinate, fumarate, and in TCA cycle associated metabolites glutamate and aspartate 

(Fig 7.4) 
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Figure 7.4. Modulation of mass isotopic distribution by temperature 
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7.3.3.4 Effect of storage temperature, NaHS supplementation on LDH release. 
 

LDH release appeared to decrease with temperature. Notably, release seemed equal 

between hypothermic and sub normothermic temperatures- and the hydrogen sulphide 

supplementation did not appear to affect LDH release (Figure 7.5). 

 

 
Figure 7.5. Effect of storage temperature and NaHS supplementation on LDH release 

 

7.3.4 Study 4: Effect of fluid flow on proximal tubule cell metabolism 
 

Shear stress has been described as a stimulus for an anaerobic switch, this experiment 

sought to screen if rapid fluid flux across a cell monolayer could mediate ongoing 

metabolism. 

For the vast majority of metabolites, generation of fluid flow exerted no tangible modulation 

on MID. An exception is lactate, which experienced a mean increase in the M3 contribution 

of under fluid flow (23.37%, range 0.00-27.72%) when compared to static storage (10.42%, 

range 7.04-23.37%), However, this difference did not reach statistical significance 

(p=0.0873) (Figure 7.6). 
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High-magnitude shear stress may enhance de novo lactate 
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Figure 7.6. No effect of FSS on metabolic profile during hypothermic preservation 
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7.3.5 Study 5: The effect of oxygen availability on proximal tubule 

metabolism 
 

This final experiment sought to define whether submission of proximal tubule cells to 

continuous atmospheric oxygen, or hyperoxic oxygen tensions had any effect on ongoing 

metabolic processes during simulated preservation. 

Submission of RPTEC/TERT1 to severely hypoxic environments or atmospheric oxygen 

revealed no difference in the 13C incorporation when assessed using the isotopologue 

analysis provided by MetaboLab (Figure 7.7). 
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Figure 7.7. Effect of atmospheric oxygen and oxygen depletion on metabolic profile 
 
 

When the whole study was repeated, and more sensitive analytical tools used, the same 

observation was apparent, there was no difference in the mass isotopic distribution of 

detected metabolites under extremes of oxygenation (Figure 7.8) observed in the porcine 

HMP (Figure 6.3). 

However, generation of hyperoxia (i.e.~40-50kPa) resulted in an increase in the label 

incorporation of lactic acid, and an increase in M+2 contributions of glutamate and 

aspartate when compared to the lower oxygen tensions (Figure 7.8). 

Oxygen environments including and below atmospheric oxygen exerted no obvious effect 

on the contribution of M+3 lactate (Hypoxia = 13.44%, range 9.16-14.15%) (Atmospheric 
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oxygen = 12.68%, range 9.19-17.78%). Generation of hyperoxia did increase M+3 lactic 

acid contributions, elevating them to 19.64%, range 17.83-22.64% which was significantly 

greater than aeration of the monolayer (p=0.0022). The median M+2 contributions of 

glutamate were (9.34% (range 7.64-11.198) under hypoxia, 12.47 10.25% (range 8.15- 

11.86%) under atmospheric oxygen and 12.74% (range 10.71-14.92%) under hyperoxia. 

Generation of Hyperoxia resulted higher M+2 glutamate concentrations than Atmospheric 

oxygen (p=0.0317) and hypoxia (p=0.0159). The contribution of M+2 Aspartate was also 

found to be elevated under hyperoxia when compared to hypoxia i.e. 9.63%, (range 7.55- 

12.78%) vs 7.31%, (range 5.65-7.74%) respectively (p=0.0317). 
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Figure 7.8. Oxygen modulates RPTEC/TERT1 metabolism during hypothermic storage 
 
 

These metabolic observations coincided with apparent increases in intracellular ATP 
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7.9) Compared to the hypoxic control, which defined 100%, RPTEC/TERT1 exposed to 

atmospheric oxygen had median relative ATP concentrations of 121.31% (range 66.19- 

125.63%) and cells stored under hyperoxic conditions had endpoint relative ATP 

concentrations of 123.78% (range 42.63-201.35)%. The ATP concentrations were not 

found to differ significantly between different environments (hypoxia vs hyperoxia 

p=0.2188 and hypoxia vs atmospheric O2 p=0.8750). 
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Figure 7.9. Trendline increases in cellular ATP with increases in oxygen availability. 
 
 

No obvious relationship between oxygen environment and LDH release were observed 

(Figure 7.10). 

When compared to the atmospheric control, the mean relative LDH release under 

hyperoxia was 118.73% ( range 66.70-139.08%). Under hyperoxia, the relative LDH 

release was 118.38% (range 68.82-152.00%). No significant differences in LDH release 

were detected between oxygen environments. 
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Figure 7.10. The effect of oxygen environment on LDH release in vitro 
 

7.4 Discussion 

 
7.4.1 Study 1: Assessing RPTEC/TERT1 metabolism of glucose under 

standard culture 
 

The data presented herein grants unequivocal evidence that under standard cell culture 

and in all environments simulated, RPTEC/TERT1 absorb and metabolise glucose from 

the supplied fluid. The magnitude of glucose utilization in vitro is considerably more than 

the ‘little to none’, (302) or 1% described to occur in vivo (157,303,304). Whether this 

reflects the in vivo scenario is scope for future study. 

During routine culture, there is evidence of both glycolytic and aerobic metabolism of 

glucose, inferred from M3 lactate and pyruvate respectively (Figure 7.1). The latter is 

reinforced by diverse labelling in downstream TCA cycle intermediates such as alpha- 

ketoglutarate, malate, succinate and fumarate and indirect indicators of TCA cycle activity 

such as aspartate and glutamate. Confidence in the accuracy of these results is provided 

by the routine observation of roughly half the label incorporation when [1,2-13C] glucose 

was used instead of [U-13C] glucose. Following glycolysis, the glucose hexamer is split into 
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two three carbon molecules which may be either lactate or pyruvate depending on the 

metabolic pathways currently active in the system. 

With 13C enrichment through the supplied [1,2-13C] glucose, only half of the glycolytic 

endpoints would possess label, and would have a mass profile of M2, which is exactly 

what was observed (Figure 7.1). 

Interestingly, 6-hour culture in media containing standard glucose was sufficient to render 

13C label almost undetectable in all metabolites, indicating the rapid and near complete 

turnover of metabolites under standard culture within 6 hours. In the whole organ research 

setting, particularly with tracer-based perfusion experiments with clinical inference gleaned 

following auto transplantation, this may suggest a finite timeframe through with metabolic 

analysis of tissue can yield meaningful results. 

7.4.2 Study 2: The effect of warm ischemia on RPTEC/TERT1 glucose 

metabolism 
 

The combination of oxygen and nutrient deprivation, characteristic of warm ischemia 

exerted the most potent modulation of ongoing cellular metabolism of all stimuli assessed. 

Similar to the preceding glucose isotope tracer experiment, standard culture of 

RPTEC/TERT1 in [U-13C] glucose resulted in considerable M+3 isotopomer contributions 

to the total lactate pool i.e. (44.9% and 49.4% respectively. While simulated warm ischemia 

did not significantly affect the M3 lactate contribution, M+3 pyruvate production was found 

be significantly reduced to 17%, compared to the 51.2% isotopic contribution observed 

under standard culture (p=0.004) (Figure 7.2). 

It is possible that this is the primary factor directing the initiation of the glycolytic phenotype 

observed in hypothermicly preserved kidneys (235). 
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7.4.3 Study 3: Quantifying thermal and pharmacological inhibition of 

metabolism 
 

Reducing the ambient temperature consistently resulted in a decrease in label 

incorporation in the majority of the metabolites, which can be visually observed by 

increasing M+0 (i.e. unlabelled) contributions of each metabolite (Figure 7.4). 

If the goal is to reduce lactate production given its associated deleterious connotations 

described in the introduction of this chapter (e.g. seemingly inferior patient outcomes 

based on an anaerobic phenotype at reperfusion (272), it appears that hypothermia (4°C) 

is the optimal preservation temperature with which to achieve this. Although NaHS 

concentrations between 66-200µM were found to protect cultured proximal tubule cells 

under atmospheric oxygen, this does not appear to be due to suppression of metabolism 

(Table 5.). 

Hydrogen sulphide is described as competitive inhibitor of oxidative metabolism, which 

diminishes oxygen consumption while preserving intracellular ATP and mitochondrial 

membrane potential(298). However, at high levels, hydrogen sulphide can function as an 

electron donor(300). 

As expected, the addition of hydrogen sulphide exerted minimal influence on label 

incorporation in anaerobic metabolites, indicating that it cannot be used lower lactate 

production. However, addition of 0.1mM NaHS hydrogen sulphide had pronounced effect 

on the production of TCA cycle intermediates, in most cases elevating production of each 

mass isotopomer above the level recorded at the room temperature comparator. This 

suggests that 0.1mM NaHS enhances TCA cycle activity in proximal tubule cells, without 

the corresponding desirable inhibition of anaerobic metabolism. Interestingly, this 

reinforces the assumption that oxygen supplementation during preservation is beneficial 

due to support of aerobic metabolism, since in this experiment supplying an additional 
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electron donor (i.e. hydrogen sulphide) also yielded a beneficial effect on cellular survival 

(Figure 7.3). It is unlikely that this protective effect was derived from the pH changes. 

Although hydrogen sulphide is a strong base, the concentration added was small (0.1mm) 

and the fluid bathing the cells was (UWMPS) contains 25mM phosphate and a 10mM 

HEPES which together confer a potent pH buffering capacity(301). Investigating the 

optimal pH for proximal tubule cell protection is however very interesting certainly scope 

for further work. 

Hypothermic preservation also reduced the level of LDH release, when compared to 

storage of cells at physiological temperatures. This is likely a reflection that UW MPS is 

poor at supporting cells under physiological temperatures. No obvious difference in LDH 

release was observed between hypothermic and sub normothermic storage temperatures, 

indicating that at least in terms of preserving membrane integrity in UWMPS, sub 

normothermic storage and hypothermic storage are relatively equal in vitro. Addition of 

0.1mM NaHS did not increase LDH release when compared to untreated cells at room 

temperature Figure 7.5, indicating the toxicity associated with cellular exposure to 1mM 

hydrogen sulphide (302) did not manifest as membrane damage in this proof of concept 

experiment. 

 
7.4.4 Study 4: Effect of fluid flow on proximal tubule cell metabolism 

 
Unlike what has been reported under physiological temperatures, the presence and 

absence of fluid shear stress did not appear to cause a difference in de novo metabolic 

profile, with the possible exception of M+3 lactate, which narrowly avoided significant 

difference (Mean FSS MID% 0.24, Mean Static MID% 0.12, p= 0.0873) (Figure 7.6). 

However, this experiment does assess the effect of low-level fluid shear stress, which 

exerted a protective effect on cell viability in Chapter 6. 
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This early experiment into the effect of FSS on de novo cellular metabolism during 

simulated storage predated the creation of ShearFAST, and its execution demonstrates 

the utility for such a tool in FSS research. In this experiment, the effect of FSS on cell 

metabolism was investigated, inspired by the rocking model publication(168), but without 

a validated method to measure rocking parameters. 

The rocker speed set (60RPM) would intuitively suggest a rocking speed of 1 Hz, which 

was utilised in the paper reporting the rocking method(168). As described in Chapter 4, 

the actual rocking speed when this speed is set on this rocker was found to be 0.59Hz 

using ShearFAST. 

Regardless, the low volume of UWMPS used, relative to the 152 cm2 growth area on a 

150mm dish would result in a characteristic FSS of around 32 dyne/cm2 which is far greater 

than the 1 dyne/cm2 proposed to be physiology relevant. This study retains utility, because 

it demonstrates potentially deleterious effect of uncontrolled FSS on proximal tubule 

metabolism during simulated storage. Subjugation of the proximal tubules to high flow 

could conceivably occur following the glomerular damage observed in Hypothermic kidney 

preservation (186,187) . Further work is required to determine if the perceived benefit of 

low-level FSS (Figure 6.9 and Figure 6.6) has a metabolic component. 

 
7.4.5 Study 5: The effect of oxygen availability on proximal tubule 

metabolism 
 

No modulatory effect of lactate levels fluid oxygenation was observed between cells stored 

under severe hypoxia or under atmospheric oxygen (Figure 7.7 and Figure 7.8). 

These are the two extremes in oxygen availability observed in the porcine whole organ 

model (Figure 6.3) and are likely to cover a greater range of oxygen environment that 

exists in the HMP storage pretransplant human kidneys (Figure 8.5). 
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Based on this information, one could surmise that oxygen levels above atmospheric 

oxygen may be required if one hopes to meditate lactate production and/or restore aerobic 

metabolism during ex vivo storage. 

In vitro instigation of supraphysiological levels of fluid oxygen (40-50kPa) (Figure 3.12) 

resulted in increased contributions of M+3 Lactate, and M+2 Aspartate and Glutamate to 

their respective metabolite pools (Figure 7.8). 

Glutamate and aspartate labelling are indirect readouts the TCA cycle activity, and with 

trendline increases in ATP concentrations with increases in oxygen availability (Figure 

7.9), it does appear that oxygen environments above that permitted by continuous aeration 

of preservation fluid are required to exert some restoration of aerobic metabolism in vitro. 

However, the detected increase in lactate production under hyperoxia was a surprising 

observation with no clear explanation. However, as discussed in later chapters, oxygen 

supplementation during hypothermic storage may generate enhanced oxidative stress to 

stored cells. ROS can modulate enzymes involved in glucose metabolism, and in 

response- glycolytic intermediates are driven into the pentose phosphate cycle as a 

protective response to regenerate NADPH, an essential factor for reduction of oxidised 

glutathione and consequently, bolstering of cellular antioxidant potential (303).. 

Upregulation of lactate production under high oxygen has been observed in critically ill 

patients, and it is speculated this glycolytic shift, along with a demonstrated upregulation 

of Pentose phosphate pathway genes serves to facilitate improved antioxidative support 

through NADPH regeneration(304). 

Understanding the mechanism behind hyperoxia stimulated increases in lactate 

production is scope for further work. In any case, these data support the hypothesis that 

proximal tubule energy state and metabolism can be augmented by exposure to high levels 

of oxygen. 
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7.5 Conclusions 

 
Brief periods of warm ischemia are sufficient to drive a pronounced anaerobic shift in 

glucose metabolism, and hypothermia is required to suppress lactate production caused 

by this shift. Super-physiological FSS experienced by the proximal tubule may be a 

continuous stimulus for anaerobic metabolism even under atmospheric oxygen, however 

elevating the storage fluid concentration of dissolved oxygen above atmospheric levels is 

a potential route to metabolic optimisation of renal tissue and improved ATP generation. 



Chapter 8: Metabolic and physiological effects of oxygen supplementation during whole organ perfusion 

206 

 

 

 
 

8 Metabolic and physiological effects of 

oxygen supplementation during whole organ 

perfusion. 

 
 

This chapter includes a manuscript in which the metabolic and physiological effects of 

continuous oxygen supplementation as delivered in current clinical trials are compared to 

kidneys receiving continuous perfusate aeration. This article was published in a special 

edition of Transplantation in February 2019, i.e. Tissue Regeneration and Repair. 

 

*Patel K, *Smith TB, Neil DAH, Thakker A, Tsuchiya Y, Higgs EB, et al. The Effects of 

Oxygenation on Ex vivo Kidneys Undergoing Hypothermic Machine Perfusion. 

Transplantation [Internet]. 2019 Feb 103(2):314–22. 

 

As first author, I was responsible for experimental design, execution sampling and 

analysis, I wrote the article, and played a key role in all stages of its preparation and 

submission. 

 

This chapter is composed of a brief introduction to the paper, followed by the inclusion of 

the published manuscript and a critical review of the paper. 
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8.1 Manuscript overview 

 
The role of perfusate oxygen during HMP is at the forefront of organ preservation research, 

with multiple clinical trials assessing both short and long term transplant outcomes 

following continuous perfusate oxygenation (123,305). 

Oxygenated hypothermic machine perfusion may exert a protective influence through 

multiple mechanisms, including improvements to blood flow rate post reperfusion (306) 

and GFR as assessed by creatinine clearance(121). 

A central rational behind the deployment of oxygenated machine perfusion is its potential 

to redirect the residual metabolic processes occurring under hypothermia. ATP depletion 

is a presiding pathological aetiology in both cold and warm ischemia which if alleviated 

may lead to therapeutic benefit (140,307–309)Perfusate oxygenation has the potential to 

mitigate the progressive hypoxia observed during HMP, and potentially support the 

regeneration of ATP through the electron transport chain. 

In the previous chapter, it was observed that exposure of hypothermicly stored proximal 

tubule cells to hyperoxic atmospheres resulted in de novo synthesis of M+2 glutamate. 

M+2 Glutamate can be an indicator of TCA cycle activity, if that isotopologue is [1,2-13C] 

glutamate, which signifies conversion from alpha ketoglerate and multiple passages of the 

TCA cycle, or [4,5-13C] glutamate which signifies a single passage the of TCA cycle 

(310,311). 

Building on the data from the in vitro model, the main purpose of this article was to use 

advanced metabolic analyses to determine whether or not oxygen supplementation during 

whole organ HMP results in unequivocal restoration of aerobic metabolism. 

A secondary objective was to submit the paired kidney to continuous perfusate aeration. 

This was to determine if the high level of oxygen delivered by continuous oxygenation was 
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required in order to achieve the beneficial metabolic effect, or if in fact it just generated an 

unnecessary risk of oxidative insult. 







■ ■ 316 Transplantation February 2019 Volume 103 Number 2 ■ www.transplantjournal.com 

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved. 

 

 

x 

x x 

x 

x 
x 

 
 

was 68.7 kPa, whereas mean oxygen concentration in the in- 
flow limb of the HMP/Air circuit was 21.0 kPa. 

Kidneys were perfused for  18  hours.  Perfusate  samples  
(2 mL) were frozen immediately after retrieval via the sam- 
pling port of the LifePort cassette at multiple timepoints  
(0, 1, 6, 12, 18 hours) with perfusion parameters also reported 
at these times. At the end of the perfusion period, kidneys were 
laterally bisected with cortex and medulla samples snap frozen 
in liquid nitrogen before storage at −80°C for metabolic anal- 
ysis. Wedges of renal cortex and medulla and pieces of renal 
artery were immersion fixed in 10% formalin for histology 
and samples of cortex (2    2    5 mm) were immersion fixed 
in glutaraldehyde in phosphate buffer for electron microscopy. 

 
Sample Processing 

Perfusate and tissue sample extraction was performed as 
previously described.19 Perfusate samples for 1-dimension 
(1D) 1H nuclear magnetic resonance (NMR), 2-dimension 
(2D) 1H,13C HSQC NMR, and gas chromatography–mass 
spectrometry (GC-MS) analysis were taken from the upper 
layer of a biphasic solution containing polar metabolites, and 
formed from a vigorously mixed solution of equal amounts of 
neat perfusate, high-performance liquid chromatography 
(HPLC) grade methanol (−80°C), and HPLC grade chloroform 
(−20°C). Polar extracts were dried at 35°C in a vacuum drier. 

Frozen cortex and medulla samples were powdered using 
a Cryo-cup grinder (Biospec Products). From this, 0.5 g was 
suspended in methanol (−80°C) and homogenized in Precellys 
homogenization tubes using a Precellys 24 Dual homogenizer 
(Bertin Technologies, Montigny-le-Bretonneux, France) at low 
speeds in short intervals (5000 RPM for 8 10 s) to prevent 
samples from heating. Cholorform (−20°C) and deionized wa- 
ter were then added and the resultant solution mixed vigor- 
ously before sampling from the upper layer containing polar 
metabolites. Samples were then dried at 35°C overnight in a 
vacuum drier. 

Nuclear Magnetic Resonance Spectroscopy 
For NMR analysis, dried perfusate and tissue extracts were 

suspended in 100-mM phosphate buffer, containing 0.5-mM 
dry sealing system, 2-mM imidazole, and 10% D2O. 

Both 1D 1H and 2D 1H, 13C heteronuclear single quantum 
coherence (HSQC) NMR, spectra were acquired using a 600- 
MHz Bruker Avance III NMR spectrometer in 5-mm NMR 
tubes. All 1D 1H NMR spectra were processed within the 
MetaboLab software package version 1.0.0.1.23 After this, 
0.5 Hz line broadening was applied with zero-filling the data 
up to 131072 real data points before Fourier transformation. 
The resulting spectra were referenced using dry sealing system 
and manually phase corrected. Subsequently, the spectral 
baseline was corrected using MetaboLab's spline baseline cor- 
rection before the spectra were exported to Bruker format for 
metabolites to be quantified using Chenomx 8.2 (Chenomx 
INC, Edmonton, AB, Canada). 

For 2D 1H,13C HSQC NMR, the 13C dimension was  ac- 
quired with a spectral width of 160  ppm  using  25%  of 
8192 data points using a nonuniform sampling scheme. The 
nonuniformly sampled spectra were reconstructed with com- 
pressed sensing using the MDDNMR and NMRPipe soft- 
ware.24-26 All spectra were processed without baseline 
correction to avoid complications in the multiple-analysis 
procedure. MetaboLab was used to combine data from 2D 

1H,13C HSQC NMR and GC-MS using a previously described 
model free approach27 to give more accurate isotopomer distri- 
butions for key metabolites of interest. 

 
Gas Chromatography-mass Spectrometry 

The dried polar extract was dissolved in 2% methoxyamine 
HCl in pyridine (Sigma-Aldrich, Dorset,  UK)  followed 
by incubation at 60°C and subsequently 60 µL N- 
tertbutyldimethylsilyl-N-methyltrifluoroacetamide with 
1% (w/v) tertbutyldimethyl-chlorosilane (Sigma-Aldrich, 
Dorset, UK) derivatization reagent was added. 

GC/MS was performed using an Agilent 7890B Series 
GC/MSD gas chromatograph with a polydimethylsiloxane 
GC column coupled, with a mass spectrometer (Agilent 
Technologies UK Limited, Stockport, UK). 

For determination of the mass isotopomer distributions, 
spectra were corrected for natural isotope abundance. Data 
processing from raw spectra to mass isotopomer distribu- 
tion correction and determination was performed using 
MetaboliteDetector software.28 

 
HPLC: Adenosine Nucleotide Analysis 

Concentrations of adenosine monophosphate (AMP), 
adenosine diphosphate (ADP), and ATP were determined using 
HLPC analysis of extracted kidney cortex and medulla samples 
from the oxygenated and aerated experiments. Adenine nucleo- 
tides were extracted from frozen powdered tissue with ice-cold 
0.35 M perchloric acid and analyzed by ion-pair reverse phase 
HPLC as described elsewhere.29 

 
Biochemical Assays: Markers of Oxidative Stress 

The GSH assay, as originally described by Hissin and 
Hilf,30 was performed on samples of renal cortex to provide 
an indication of oxidative stress. Quantification of cortical 
malonaldehyde (MDA) was performed using TBARS assay. 
Assay results for GSH and TBARS were normalized to pro- 
tein content as per the Bradford assay.31 Full assay protocols 
can be seen in the Supplemental Materials and Methods (SDC, 
http://links.lww.com/TP/B660). 

 
Light Microscopy 

Wedges of renal cortex and medulla from 3 pairs of HMP/ 
O2 and HMP/Air kidneys and renal arteries were fixed in 
formalin and processed to a paraffin block. After  this,  4-
µm sections of renal cortex and medulla were stained with 
hematoxylin and eosin and periodic acid Schiff, whereas re- 
nal artery sections underwent staining with hematoxylin 
and eosin alone. 

Photomicrographs of 10 random glomeruli (40 magnifica- 
tion), 10 random areas containing predominantly tubules (5 sub- 
capsular and 5 midcortex at 20 magnification) and 5 transverse 
sections of intraparenchymal arteries (20 magnification) were 
assessed. Image J 1.05i software (National Institutes of Health, 
Bethesda, MD) was used for morphometric assessment. 

Images were assessed for evidence of injury using glomeru- 
lar shrinkage, interstitial edema, and perivascular edema as in- 
dicators of damage. The extent of injury of extraparenchymal 
renal arteries was semiquantitatively graded. Further informa- 
tion on grading of injury can be seen in Supplemental Mate- 
rials and Methods (SDC, http://links.lww.com/TP/B660). 
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FIGURE 2. Perfusion parameters for oxygenated hypothermic machine perfusion (HMP/O2) and aerated hypothermic machine perfusion 
(HMP/Air) porcine kidneys. 

 

Electron Microscopy 
Standard protocols of the Electron Microscopy Laboratory, 

University Hospitals Birmingham, Birmingham, UK, were 
followed. For electron microscopy (EM), biopsies (2  2   5 mm) 
of renal cortex were fixed in 2.5% glutaraldehyde in 0.1 M phos- 
phate buffer, pH 7.4 then postfixed in osmium tetroxide and en- 
bloc stained with uranyl acetate before being processed by 
standard techniques to an epon araldite block. Thick sec- 
tions were stained with toluidine blue and ultrathin sections 
stained with lead citrate and examined by a Joel JEM1200-
EX 11 electron microscope. 

Random photomicrographs were taken of glomeruli, tu- 
bules, and arteries/arterioles at 6800 to include mesangial 
areas and glomerular capillary loops. Of the total mitochon- 
dria present, the percentage of glomeruli of normal morphol- 
ogy, condensed, and containing flocculent densities were 
determined for each kidney. Both the pathologist and techni- 
cian who acquired and analyzed images with light and elec- 
tron microscopy were blinded to the kidney allocation groups. 

 
Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 
version 6.00 for Mac OS X (GraphPad Software, La Jolla, 
CA). Analyses were deemed to be statistically significant when 
P is less than 0.05. HMP/O2 and HMP/Air groups were com- 
pared using Mann-Whitney U test. 

 
 
 

RESULTS 

Preliminary Studies 
Using previously described methodology, a porcine kidney 

was perfused using a standard unmodified LifePort circuit8 
which does not provide oxygenation or aeration of perfusate. 
After 2 hours of storage in static conditions, oxygen levels in 
the in-flow limb dropped by over 90% in 2 hours from an ini- 

1D 1H-NMR: Quantification of 
Metabolites Concentrations 

1D 1H-NMR analysis was used to determine the concen- 
tration of unlabeled metabolites within the circulating perfus- 
ate at 6, 12, and 18 hours (Table S1, SDC, http://links.lww. 
com/TP/B660). The concentrations of unlabeled metabolites 
in renal cortex and medulla (Table S2, SDC, http://links. 
lww.com/TP/B660) were also determined. No significant dif- 
ferences were observed between circulating metabolites in the 
perfusate of HMP/O2 compared with HMP/Air kidneys. 

 
2D NMR and GC-MS Analysis: Isotopomer Distributions 
for 13C-labeled Metabolites 

Using 2D NMR, isotopomer combinations were determined 
for the metabolites alanine, glutamate, and lactate in the perfu- 
sion fluid and tissues of both HMP/O2 and HMP/Air kidneys, 
indicating de novo metabolism (Table 1). For these metabolites, 
2D NMR data were combined with GC-MS data to determine 
isotopomer distributions in Table 1. 

 
 TABLE 1.  

Isotopomer distributions for isolated labeled metabolites in the 
perfusate and tissue of HMP/O2 and HMP/Air porcine kidneys 

tial PaO2 of 20.58 to 1.77 kPa, whereas the venous effluent 
declined from 2.15 kPa, approximately 10% of that in the 
in-flow limb at T0, to absolute anoxia within 80 minutes. 

 
Perfusion Parameters 

Mean resistance readings were lower, and therefore flow 
readings higher, for all timepoints in HMP/O2 kidneys. 
However, the difference did not reach statistical signifi- 
cance at 6, 12, or 18 hours (P values 0.063, 0.278, 0.063, 
respectively) (Figure 2). 

 
 
 
 
 
 

a Combined NMR/MS analysis used to calculate isotopomer distributions. 
*P < 0.05. 
HMP/Air, aerated hypothermic machine perfusion; HMP/O2, oxygenated hypothermic machine 
perfusion. 

 Isotopomer  HMP/O2, % HMP/Air, % P 

Lactatea +3 Perfusate 5.43 9.85 0.0078b 
  Cortex 6.36 8.73 0.0078b 
  Medulla 13.80 15.70 0.0312b 
Alaninea +3 Perfusate 4.05 8.54 0.0078b 
  Cortex 6.07 8.09 0.0078b 
  Medulla 6.78 8.39 0.0312b 
Citrate +2 Perfusate 0.00 0.00 >0.9999 
  Cortex 0.48 0.33 0.6250 
  Medulla 0.00 0.36 0.2500 
Glutamatea +2 Perfusate 1.80 0.27 0.1250 
  Cortex 1.60 0.50 0.0312b 
  Medulla 3.13 0.40 0.0312b 
Succinate +2 Perfusate 1.01 0.26 0.2500 
  Cortex 1.46 0.41 0.0156b 
  Medulla 2.54 0.36 0.0312b 
Malate +2 Perfusate 0.38 0.34 0.6250 
  Cortex 1.09 0.87 0.4688 
  Medulla 2.80 0.00 0.0312* 
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FIGURE 3. Absolute concentrations of universally labeled 13C ([U-13C]) alanine and [U-13C]  lactate in circulating perfusate. *    
0.01 < P < 0.05, ** 0.001 < P <0.01, *** P< 0.001. 

 

Absolute Quantification of Labeled Metabolites 
Using a combination of 1D, 2D NMR and GC-MS, concen- 

trations of [U-13C] alanine and [U-13C] lactate were quantified 
for extracted perfusate samples at each timepoint (Figure 3). 
Labeled isotopomers of glutamate were absent in early per- 
fusate samples, thus continuous data is not reported for glu- 
tamate. Absolute concentrations of [U-13C] alanine, [U-13C] 
lactate and [4,5-13C] glutamate were determined for end- 
point perfusate, cortex, and medulla samples (Figure 4). 

 
Microscopy: Light Microscopy and Electron Microscopy 
Glomeruli 

Glomeruli were shrunken but otherwise appeared normal 
on light microscopy in both groups. There was significantly 
more shrinkage of glomeruli in the HMP/Air 52% (range, 
40-70)  versus  HMP/O2  67%  (range,  47-83)  (P  <  0.001). 

There was no ultrastructural difference between the 2 groups; 
epithelial and endothelial cells appeared condensed with 
preservation of podocyte foot processes and an intact endo- 
thelial lining with retained fenestrations. 

 
Tubules and Interstitium 

Changes consistent with acute tubular injury were present 
up to a similar extent in both HMP/O2 and HMP/Air kidneys 
on light microscopy. Ultrastructural changes include edema/ 
separation between the basolateral infoldings, focal areas of 
denuded basement membranes, and moderate numbers of 
exfoliated epithelial cells within the lumen. The brush border 
was largely intact. 

Abnormal mitochondrial morphology consisted of either 
condensed mitochondria or mitochondria containing flocculent 
densities, an indication of irreversible injury. Examples are 

 

 
FIGURE 4. Absolute concentrations of universally labeled 13C ([U-13C]) alanine, [U-13C] lactate and [4,5-13C] glutamate determined using 1- 
dimensional 1H nuclear magnetic resonance, 2-dimensional heteronuclear single quantum coherence nuclear magnetic resonance, and gas 
chromatorgraphy-mass spectometry data. * 0.01 < P < 0.05, ** 0.001 < P < 0.01, ***P < 0.001. HMP/O2, oxygenated hypothermic machine 
perfusion; HMP/Air, aerated hypothermic machine perfusion. 
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FIGURE 5. Electron micrographs of a tubular epithelial cell from A, aerated hypothermic machine perfusion (HMP/Air) and B, oxygenated hy- 
pothermic machine perfusion (HMP/O2). The mitochondria within the HMP/Air group have a mixture of appearances: normal (white arrow), 
condensed (purple arrow) and contain multiple flocculent densities (yellow arrow). The mitochondria in the HMP/O2 group are of normal ap- 
pearance (white arrow) with a rare flocculent density (yellow arrow). Part of the nucleus (N) is apparent in both. Original magnification, 18 500; 
bar, 500 nm. 

 
shown in Figure 5. Swelling of mitochondria was not ob- 
served. There was evidence of increased injury in HMP/ 
Air kidneys with 29% (24-61%) of mitochondria display- 
ing normal morphology compared with 72% (49-78%) of 
HMP/O2 kidneys (P = 0.200). The percentage of mitochondria 
containing flocculent densities was similar in both groups; 
16% (14-23%)  HMP/Air  versus  20%  (13-28%)  HMP/O2. 
Interstitial edema was similar in both groups with a median 
of 17 (11-34) pixels in HMP/O2 compared with 20 (13-24) 
pixels in HMP/Air group (P = 0.184). 
Arteries 

Although endothelium was intact in intraparenchymal renal 
arteries and arterioles, there was at least moderate denudation 
of the extraparenchymal renal arteries in both groups. Patchy 
medial edema was seen between medial smooth muscle cells 
in both groups. Periarterial edema was similar in both groups 
with  a  median  of  26%  (13-66%)  HMP/O2  versus  34% 
(20-88%) HMP/Air (P = 0.211). 

 
HPLC: Adenosine Nucleotide Analysis 

Tissues samples from 4 pairs of porcine kidneys underwent 
analysis by HPLC. ATP levels in the cortex of HMP/O2 kidneys 
were over sevenfold greater than for HMP/Air kidneys (mean, 
19.8 mmol/mg protein vs 2.8 mmol/mg protein, P = 0.029). 
AMP levels were higher in both the cortex and medulla of 
HMP/O2  versus  HMP/Air  kidneys  although  the  results  did 
not  reach  statistical  significance,  whereas  ADP  levels were 

significantly   higher   in   the   cortex   of   HMP/O2   kidneys 
(Table S3 SDC, http://links.lww.com/TP/B660; Figure 6). 

TBARS: MDA Quantification 
Hypothermic machine perfusion/O2 had slightly lower levels of 

MDA content but this was nonsignificant (7.26 ± 0.99 nmol/mg 
protein vs 8.07 ± 0.61 nmol/mg protein, P = 0.486). 

GSH: Tissue GSH Concentrations 
There was no significant difference in mean GSH concen- 

tration  in  the  cortex  of  HMP/Air  and  HMP/O2  groups  at 
the end of the perfusion period (7.22 ± 0.72 nmol/mg pro- 
tein vs 7.80 ± 0.96 nmol/mg protein, P = 0.200). 

 
DISCUSSION 

Supplemental oxygenation during the HMP of kidneys in- 
vokes a multitude of changes which have scope to improve 
outcomes after transplantation. Our results show pronounced 
metabolic differences between HMP/O2 and HMP/Air kid- 
neys in addition to significant consequences for tissue architec- 
ture, mitochondrial morphology, and cellular ATP levels. 

The Role of Oxygenation in Supporting Metabolism 
Cessation of blood supply during organ retrieval is the 

start of a period of hypoxia leading to a depletion in cellular 
ATP stores and a resultant switch to anaerobic metabolism,32 
reflected in the build-up of the products of glycolysis, such as 
lactate and alanine in both tissue and perfusate.8 Hypother- 
mia during this period, whether in static conditions or 

 

 
FIGURE 6. Adenoside monophosphate (AMP), adenoside diphosphate (ADP), adenoside triphophate (ATP), and overall energy levels in the 
cortex and medulla of oxygenated hypothermic machine perfusion (HMP/O2) and aerated hypothermic machine perfusion (HMP/Air) kidneys. 
* 0.01 < P < 0.05. 
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delayed graft function. However, an alternative mechanism 
may be vasodilatation secondary to dissolved CO2,a constitu- 
ent of carbogen. 

Given notable changes in metabolic profile between HMP/O2 
and HMP/Air kidneys in addition to a sevenfold increase in 
ATP levels in the renal cortex, small differences in flow are 
unlikely to be the sole determinant of the observed changes 
between the 2 groups. The localized use of the vasodilator pa- 
paverine has been explored in the setting of live donor ne- 
phrectomy with favorable clinical effect.42  With  HMP 
lending itself to delivery of drugs throughout the ex vivo kid- 
ney, such vasodilator administration in an unmodified HMP 
circuit would determine the extent to which flow effects alone 
promote beneficial changes in hypoxic conditions. 

Structural Changes as a Result of Oxygenation 
The benefits of oxygenation are reflected in the histology 

seen on light microscopy and electron microscopy. The in- 
creased shrinkage of glomeruli within the HMP/Air group in- 
dicates acute changes due which are likely due to lower 
perfusion pressures, in keeping with worse perfusion charac- 
teristics detected in this group. This diminished flow, together 
with the lower oxygen content of the perfusate produces rel- 
ative ischemia evidenced by the increased injury to the tu- 
bules in this group with a higher percentage of 
morphologically abnormal mitochondria. However, the de- 
gree of change is still compatible with tubular epithelial cell re- 
covery with well less than half the mitochondria containing 
flocculent densities, suggesting avoidance of irreversible cell 
injury.43 Chromatin condensation of nuclei was seen in both 
groups and is a sign of reversible cell injury.44 This degree of 
injury would suggest that, despite the cells being able to re- 
cover, the time to recovery may be increased, resulting in pro- 
longed delayed or poor graft function. 

Changes in mitochondrial architecture have been noted as 
a result of IRI during renal transplantation process.45 Yet de- 
spite recent interest, no study has assessed the changes in mi- 
tochondrial morphology using EM in kidneys undergoing 
oxygenated HMP. Mitochondrial changes have been studied 
during HMP of hearts. Preserved architecture of mitochon- 
dria during oxygenated HMP of hearts has been observed 
with damage in those organs in static storage manifesting as 
mitochondrial flattening.46 

Metabolic pathway activity central to aerobic metabolism, 
namely TCA activity cycle and oxidative phosphorylation, 
occur within mitochondria. Hence preservation of mitochon- 
drial architecture may facilitate such aerobic metabolism con- 
tributing to higher levels of ATP in HMP/O2 kidneys. 
Harmful Effects of Oxygenation 

Our results showed equivalence of damage due to ROS in 
both experimental conditions, suggesting that delivery of high 
concentrations of O2 via perfusate during HMP is nondetri- 
mental. However, conclusions drawn from such results may 
be limited due to both sample size and timing of IRI; our 
model does not take into account injury as a consequence 
of reperfusion. 

Functional Outcomes 
To date, 2 autotransplantation porcine studies have shown 

short-term functional benefits of perfusate oxygenation com- 
pared with a nonoxygenated control, both for prolonged pe- 
riods (>20 hours) using DCD models.11,47 

Potential functional benefits of the changes we have dem- 
onstrated are yet to be explored in the clinical setting. Clinical 
trials are currently under way investigating the use of oxygen- 
ation in HMP of kidneys in differing scenarios. The POMP 
trial seeks to compare outcomes of oxygenated HMP kidneys 
compared with static cold storage in high-risk donor organs, 
whereas the COMPARE trial is assessing the value of oxy- 
genated versus nonoxygenated HMP.48 We await the results 
of these trials to ascertain whether the differences we have 
observed translate into clinical benefit. 

Limitations 
While describing the metabolic profile and tissue adenine 

nucleotide levels of HMP/O2 and HMP/Air kidneys, our pre- 
clinical large animal perfusion model used slaughterhouse 
kidneys with limitations inherent to such models. 

Conclusions drawn from histology and HPLC data were 
limited due to sample size because not all pairs of kidneys 
underwent analysis. The significant differences noted be- 
tween HMP/O2 and HMP/Air kidneys should be reproduced 
in further research. 

Oxygenation of the HMP/O2 circuit was provided using a 
membrane oxygenator resulting in concentrations in the “ar- 
terial limb” of the circuit of 68.7 kPa. Arguably, such high 
concentrations are not required to supplement metabolism 
during hypothermia. Carbogen, used in  the  HMP/O2  arm 
of the study, contains supraphysiological (5%) levels of car- 
bon dioxide. When dissolved in the solution, it is likely to 
have resulted in a lower pH, changing the acid-base balance 
of interstitial fluid. However, KPS-1 contains pH buffers, 
such as HEPES which counteracts this acidity. 

 
CONCLUSIONS 

With increasing numbers of transplants from high-risk do- 
nors being performed to address organ shortage,49 strategies 
to optimize donor organs have the potential to improve out- 
comes and increase utilization of such marginal organs. Ox- 
ygenation of circulating perfusion fluid during HMP is 1 
potential method of optimization with a multitude of benefi- 
cial sequelae demonstrated by evidence of aerobic respiration 
using tracer-based metabolism, regeneration of ATP stores 
and improved perfusion characteristics with reciprocal histo- 
logical changes in the absence of demonstrable damage sec- 
ondary to oxidative stress. 
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8.1.2 Discussion 
 

In the attached manuscript, we conclusively demonstrated that the continuous supply of 

oxygen results in reduced endpoint perfusate and cortical concentrations of [U-13C] lactate 

and alanine, along with greater cortical tissue concentrations of [4,5-13C] glutamate, when 

compared to continuous aeration. These metabolic differences, inferences of increased 

aerobic metabolism(310,312) under continuous perfusate oxygenation were supported by 

a simultaneous increase in cortical, but not medullary ATP levels. 

Maintenance of mitochondrial integrity and decreased lactate production after SCS 

preservation and during reperfusion coincides with a reduction in the devolvement of 

DGF(272). Therefore, a switch to aerobic metabolism, or at least enhanced aerobic 

capacity through greater mitochondrial protection during preservation could be a 

considerable, clinically beneficial improvement to current organ storage protocols. 

Our finding of improvements to ATP content of kidneys caused by perfusate oxygen over 

aeration has also observed by others(313). Whether the difference in aerobic metabolism 

stemmed from epigenetic upregulation of aerobic enzymes, or the observed mitochondrial 

protection imparted by oxygenation is scope for future studies. Collectively, we infer that 

perfusate oxygenation unequivocally results in improved maintenance of the cortical, 

cellular energy state, and our work proposes this is through increased TCA cycle activity 

enabled by the higher oxygen tension(310). 

There is however, an alternative explanation. Oxygenation has been reported to reduce 

vascular resistance during hypothermic preservation (174), although this slight difference 

is not always observed(313). 

We did not observe a significant difference in flow rates between groups, the mean flow 

rate in oxygenated kidney’s was consistently higher than aerated kidneys at all timepoints. 
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This could indicate that more of the kidney was perfused under oxygenation, i.e. more cells 

had access to the labelled glucose than under aeration. 

When a uniform weight of tissue (i.e. 0.5g) was extracted from both groups, oxygenated 

kidneys could exhibit an apparent increase in 13C enrichment in glutamate, just because 

of increased access to labelled substrate. The would be an indirect effect of different fluid 

flow rates, rather than evidence of metabolic modulation by oxygenation. 

Irrespective of the mechanism governing the difference in label incorporation, both 

possibilities describe a desirable scenario (i.e. increased modulation of aerobic 

metabolism or greater renal perfusion) and therefore an ex vivo beneficial effect of 

oxygenation over aeration remains. 

Since the cell line model is removed from factors related for vascular resistance of flow 

rates, the in vitro evidence in Figure 7.8 supports metabolic modulation of aerobic activity 

as the mechanism contributing to increased glutamate labelling under oxygenation. 

 
8.1.2.1 Construction of normalised measures of flow rate improvements 

 
The small number of replicates included (n=8) and unpaired nature of the ex vivo study 

may overemphasise biological variability in flow rates between kidneys, making one group 

(i.e. oxygenation) appear superior to the other in terms of improving flow rates. Factors 

contributing to the different flow rate observed in otherwise paired kidneys (Appendix 5) 

could be quality of kidney flush at procurement or thrombus/emboli formation one kidney. 

To counteract this, a normalised flow rate for each kidney in each condition was assessed. 

The flow rate measures for each kidney at each time point were normalised to the flow 

measurement taken shortly after initiation of HMP (i.e. at 5 minutes). These discounts any 

influence of any other variables on flow parameters, isolating the dilatory potential of 

oxygen and aeration, purely on a kidney by kidney basis. 
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As can be observed in Figure 8.1, the percentage improvement in flow rate at each 

timepoint disappeared in this analysis, and both oxygenation and aeration appeared to 

have a remarkably equal vasodilatory effect on an isolated kidneys. The impact of this 

analysis is collated in the final chapter of this thesis (Figure 10.2). 

Simmilar percentage improvements in flow rate under 
continuous oxygenation and aeration (n=8) 
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Figure 8.1. Effect of oxygen tension on relative flow change during HMP 
 

Fluid flow rates (see attached manuscript) were normalised to the percentage change from 
the flow rate detected at initiation of HMP. This allows for the isolated comparison of the 

therapeutic effect of oxygenation or aeration irrespective of biological differences between 
replicates. 

 
 
 

There was no significant difference determined in the rate of perfusate glucose or 

glutathione depletion (Figure 8.2), which may be expected if different degrees of kidney 

permeation by fluid were a considerable mechanism behind the determined metabolic 

differences. However, the absolute concentrations of key metabolites lactate and 

glutamate were observed to differ as a function of the oxygenation strategy, albeit only 

differences in glutamate concentrations were significant. 

Perfusate depletion of glucose did not appear to be affected by the oxygenation strategies 

assessed. The mean lactate concentration was lower at experimental endpoint in 
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surrogate, non-invasive measure of ongoing metabolism when tissue sampling is 

unavailable as in current clinical practice, or may interfere with perfusion in animal models. 

However, it has not been characterised whether perfusate metabolic profiles are a good 

indication of the cortical metabolic profile. To assess this, the metabolic profiles of endpoint 

perfusate and cortical tissue for 12 kidneys were assessed by 1H NMR and correlations 

between the two measures were detected using a Spearman’s R test. 

As shown in Figure 8.4, endpoint perfusate sampling prides a good reflection of the cortical 

concentrations of key metabolites of interest, with decent correlations observed between 

cortical profiles for lactate (r=0.75, p=0.005), alanine (r=0.82, p=0.01) and glutamate 

(r=0.86, p=<0.001). i.e. glutamate, lactate and alanine. 
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Figure 8.4. Correlation between perfusate and cortical levels of key metabolites. 

 
 
 
 

8.1.3 Limitations of the study 
 

This study was designed to illuminate a metabolic mechanism behind any clinical benefits 

observed in the current clinical trials. However, key differences between parameters of this 

experiment and the clinical setting limit this studies application to an illustration of the 

effects of oxygenation 
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8.1.3.1 Biological differences between human and porcine kidneys 
 

Structurally, porcine and human kidneys are intrinsically different, with the larger, healthier 

porcine kidneys potentially utilising more oxygen than the smaller, ischemicly damaged 

human kidney (Figure 8.5). 

Comparing perfusate oxygen depletion in clinic with 
that of the porcine kidney model 

300 
 
 

200 

 
Pre-transplant human kidneys (n=9) 
Slaughterhouse porcine model of HMP (n=5) 
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Figure 8.5. Species modulates level of oxygen depletion observed during HMP 
 

Superimposed on the median perfusate oxygen depletion observed in the porcine mode 
(blue) is data kindly donated by Dr. Kamlesh Patel, who characterised the oxygen levels in 

HMP stored pretransplant kidneys using a point of care blood gas analyser (red). 
 
 
 

As can be visibly observed, there a large difference (i.e. ˜11kPa) in the level at which 

perfusate oxygen measurements of the porcine and human kidneys plateau 

In the porcine model, a gradual but complete depletion of perfusate oxygen was apparent 

within around 10 hours of perfusion, however this may not be reflective of the human 

kidney, which we have observed plateaus at roughly 50% of its starting oxygen 

concentration by 8 hours perfusion. 
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Therefore, using the porcine kidney to define which the minimal oxygen delivery strategy 

that fosters metabolic benefit may overestimate that required by the pretransplant human 

kidney. 

An additional limitation is that although we have validated the porcine kidney as a 

metabolic model of human perfusate profile(109), difficulty in attaining transplant quality 

human tissue prevented direct comparison with porcine tissues. This is certainly scope for 

future work given the recent developments involving acquisition of preimplantation 

biopsies (232). 

The porcine model used strictly controlled WIT and CIT prior to submission to HMP. In the 

clinical setting, these ischemic times are uncontrolled and significantly longer than that 

simulated in this study(89) and the damage this may limit the number of cells capable of 

returning to aerobic metabolism after SCS storage. 

 
8.1.3.2 Experimental variation from clinical practice 

 
The COPE POMP trial alluded to earlier uses a consistent oxygen delivery of 100ml/min 

and primarily focus on the modulation of graft survival after 1-year post transplant, with 

secondary outputs including DGF and PNF development. However, this study compares 

oxygenated HMP to SCS, which does not inform of outcome effects that are unique to 

oxygenation(305). 

Additionally, the COPE COMPARE trial is investigating the effect of oxygenated HMP 

against standard HMP and include similar clinical endpoint(123). Both of these trials utilise 

the Organ Assist kidney perfusion device, rather than the LifePort® kidney transporter 

currently used in clinical practice. A key difference between these devices is the perfusion 

pressure, with the Organ Assist perfusing at 25 mmHg and the LifePort® perfusing at 30 

mmHg. These trials will utilise kidneys perfused from source, whereas the kidneys in this 
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chapter experienced a 2-hour CIT, reflecting the UK practice dictating the routine the 

usage of SCS during organ transit to the awaiting hospital. 

Additionally, the clinical setting will utilise clinical grade UW MPS which contains 10mM 

glucose. The logistics of obtaining the colloid in UW MPS necessitated supplementation 

of clinical grade UW MPS with 5mM [U1-3C] glucose to permit downstream tracing of 

metabolism. Therefore, with additional glucose there is a difference in substrate availability 

between the clinical environment and that generated experimentally. 

For these reasons, the effects of perfusate oxygenation reported herein are not directly 

comparable to clinical outcome measures irrespective of the biological difference between 

porcine and pretransplant human kidneys. 

8.1.3.3 Further work- defining minimal therapeutic oxygen concentrations 
 

Measurement of perfusate oxygen concentrations using a needle type oxygen sensor 

revealed that perfusate oxygen using a membrane oxygenator elevates dissolved oxygen 

far beyond the level possible with active perfusate aeration (Figure 8.6). At experimental 

endpoint, the mean arterial oxygen measure in the oxygenated perfusate was 54.6 ± 4.83 

kPa and the mean oxygen measure in the aerated perfusate was 19.8 ± 4.83 kPa. 
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Continuous oxygenation (0.1L/min) maintains higher perfusate PaO2 when 
compared to continuous aeration (n=3) 
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Figure 8.6. continuous aeration does not saturate UWMPS O2 carrying capacity. 
 
 

Although this led to evidence of increased aerobic metabolism without evidence of 

oxidative insult when compared to continuous perfusate aeration, this level of oxygenation 

may be excessive for the smaller, ischemic injured human kidney. 

To illustrate this point, single discarded human kidney was obtained, and perfused as per 

the methodology described in the attached publication. One modification was made; 

oxygen flow through sensors were attached to the renal artery and vein, permitting real 

time assessment of the oxygen levels within these structures (Figure 8.7). 

Continuous oxygenation (0.1L/min) meets the 
oxygen requirements of a discarded human kidney 
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Figure 8.7. Arterial and venous oxygen levels during oxygenation of a human kidney 
 

The dissolved oxygen measured in both arterial and venous oxygen sensors continued to 
rise over the perfusion period. 
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Even in the face of gradually increasing arterial oxygen levels, there was a striking linearity 

between the oxygen concentration of the fluid entering the kidney through the renal artery 

and that existing via the renal vein. 

This is suggestive of one two mechanisms, either the oxygen delivered cannot be fully 

utilised by that discarded kidney and exits through the renal vein, or oxygen shunting is 

intact and functioning during preservation. Oxygen shunting has a proposed antioxidative 

role, diverting arterial oxygen to the venous circulation allowing protection of renal medulla 

which functions under hypoxia in vivo(218). 

In both cases, oxygen delivery appears to in excess of what is used by the kidney, 
 

The lower level of oxygen utilised by human kidneys suggested in Figure 8.5 and Figure 
 

8.7 denotes that the clinical translation of porcine oxygenation studies work requires 

characterisation of the minimal level of oxygen required to exert a beneficial effect on 

tissue metabolism. 

The in vitro model has suggested that reducing the oxygen environment by around 20% 

(i.e. to around 45kPa) still results in increased TCA cycle activity, indicating lower oxygen 

flowrates may also confer metabolic benefit ex vivo. 

Additionally, the timing and duration of oxygenation may be varied It Is at this point unclear 

whether the continuous oxygenation is required. With no evidence of perfusate oxygen 

depletion during continuous oxygenation, it may be that brief periods of oxygenation can 

provide sufficient oxygen to support aerobic metabolism over the preservation period. 

Assessing the benefits fostered by transient oxygenation strategies is the focus of the next 

chapter. 
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9 The effects of different oxygen delivery 

strategies during HMP. 

 
9.1 Introduction 

 
In Chapter 8, an unequivocal increase in the restoration of aerobic activity is observed 

following continuous oxygenation, when compared to continuous aeration. This coincided 

with insignificant decreases in vascular resistance and increases in flow rates in the 

oxygenated group. 

While these are promising observations, they do not necessarily correlate with an 

improvement in kidney quality for a would-be transplant recipient. 

Indeed, the continuous perfusion of a single human kidney with the oxygen 

supplementation utilised in Chapter 8 does indicate that such a strategy may be excessive 

(Figure 8.7). Evidence of a therapeutic effect with high dose oxygen, delivered for a limited 

duration would be desirable. Although no deleterious effect of perfusate oxygenation (in 

terms of LDH, TBARS and GSH) were established in our experiments(274) or similar 

studies(313), these measures do not predict the significant pathology that occurs during 

the unavoidable onset of ischemic reperfusion injury following transplantation. The severity 

of IRI increases with the presence of oxidative insult during preservation(314) and the 

porcine kidney model of HMP appears to utilise more oxygen than the pretransplant human 

kidney it is attempting to simulate (Figure 8.5). Therefore, generation of oxygen 

environments that meet the requirements of the porcine kidney may be excessive for 

clinical practice. 
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It is logical to restrict oxygenation, a known driving force behind the generation of oxidative 

stress(315) to the minimal level capable of driving sufficient therapeutic benefit in the 

porcine model. 

Deployment of continuous oxygenation appears to mask the rate of oxygen utilisation 

during hypothermic storage (Figure 8.7). As such, it is unknown whether or not transient 

periods of oxygenation are capable of supporting aerobic metabolism for the entire storage 

duration. 

Hyperoxia in the region of 40-50kPa led to a mean increases in M+2 glutamate labelling 

in vitro (Figure 7.8). There was a visible trend ( non-significant) of increasing intracellular 

ATP concentrations in line with increasing oxygen pressures generated in vitro (Figure 

7.9). These observations were later conclusively validated in the ex vivo whole organ 

model (Chapter 8). Therefore, an oxygen environment between 21-and 50kPa may be 

sufficient to drive some restoration of aerobic metabolism. The focus of this chapter is to 

determine whether similar desirable metabolic or energetic changes can be generated ex 

vivo using transient periods of oxygenation. 

This study begins with a whole organ experiment which assesses the metabolic 

consequences of a brief, non-continuous period of oxygenation at the start of HMP using 

tracer analysis. 

A second experiment focuses on the capacity an initial oxygenation and an additional 

oxygen period at the end of preservation to replenish cortical ATP. This stemmed from the 

recognition that maintenance of intracellular ATP stores during preservation may be 

mitigate cold ischemic insult(313), and that ATP replenishment prior to implantation may 

be protective against reperfusion injury(309). 
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Lastly, in a series of studies linked to ours, Dr. Tom Darius of the Cliniques Universitaires 

Saint-Luc, Belgium assessed the post transplantation effects of different oxygen strategies 

using a porcine auto transplant model, which is unavailable in the UK. 

As third author in the publications arising from these auto transplantation experiments, I 

performed metabolic profiling of samples acquired form Dr. Darius’s experiments. The aim 

of this was collaboration was to determine whether or not metabolic differences that were 

generated by different oxygenation strategies were associated with clinically relevant post- 

transplant outcomes using the porcine auto transplant model. My contributions to these 

studies, have been reanalysed as per Chapter 3, replotted and my conclusions derived 

exclusively from my analysis are included in this chapter. 

 
9.2 Methods 

 
9.2.1 Experiment 1: The effect of a brief period of oxygen uploading at the 

start of HMP 
 

A LifePort® perfusion circuit was modified to include a length of perforated tubing 

submerged in the kidney fluid reservoir, which allows dissolution of supplied gases without 

the need for a membrane oxygenator. 

The circuit was further modified to include a flow through oxygen sensor in the arterial limb 

which allowed continuous monitoring of the oxygen entering the kidney (Figure 6.1) 

As before, UWMPS was supplemented with 5mM [U-13C] glucose (Cambridge Isotopes, 

UK) and 95% oxygen was bubbled through the UWMPS at a flow rate of 0.1L/m for 15 

minutes prior to the kidneys being attached to the circuit. Oxygenation continued for the 

first 30 minutes of perfusion, after which the oxygen supply was disconnected. 
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In total, 6 pairs of pig kidneys were submitted to 18-hour hypothermic storage under these 

conditions (Figure 9.1). Prior to experimentation, organs were procured in line with the 

methods detailed in Chapter 3, with the slight modification that controlled 30-minute warm 

ischemic time was used to foster comparability with parallel studies being conducted 

overseas(125,316). 

 
 

Figure 9.1. Overview of oxygen uploading experiment 1. 
 

Porcine kidneys were subjected to a 30-minute WIT prior to flushing and 2-hour cold storage. 
With UWMPS supplemented with 5mM [U-13C] glucose, kidneys were either perfused as 

normal or subjected to a brief period of oxygen supplementation. 
 

Perfusate was sampled at initiation of HMP, and at 1, 2, 6, and 18 hours of perfusion, and 

assessed for differences in LDH activity as described in Chapter 3. Tissue sampling was 

restricted to the renal cortex. 

The effect of oxygen administration on total endpoint cortical metabolite concentrations 

was assessed using 1H NMR, and HSQC and GCMS methodologies were used to identify 
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metabolites with 13C enrichment. Differences were assessed using the Mann Whitney U 

test, with significance detected at p=<0.05. 

 
9.2.2 Experiment 2: The effects of brief initial and end ischemic oxygenation 

strategies. 
 

Two modified LifePort® cassettes were used per replicate. The UWMPS in both was 

subjected to 30 minutes of perfusate oxygen uploading at a flow rate of 0.5L/min. After 

this, the submerged line used for oxygenation was removed, and two porcine kidneys 

procured form each animal were attached. Both kidneys then subjected to perfusate 

oxygen using an alternative method, by flowing oxygen across the surface of the perfusate 

in the sealed cassette (Figure 9.2). After 30 minutes of surface oxygenation at a flow rate 

of 0.5L/min, the oxygen supply was discontinued for the remainder of the 18-hour 

preservation period. In one of the kidneys from each pair, atmospheric oxygen was actively 

flowed over the surface of the fluid over the 18-hour period. At the end an 18hour perfusion 

time, both kidneys received 0.5L/min oxygenation via surface oxygenation for a period of 

1 hour, after which the experiment was terminated. 

 
 

Figure 9.2. Schematic of two oxygen strategies used in uploading experiment 2. 
 

Bubble oxygenation was used to elevate perfusate PaO2 prior to and for a brief period during 
HMP. Surface oxygenation, i.e. blowing oxygen or air over the surface of the fluid during 
perfusion was trialled for its capacity to raise perfusate oxygen content without physical 

modification to the existing LifePort cassette. 
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9.2.2.1 Tissue sampling 
 

In line with recent changes in clinical practice, in which a 5mm cortical punch will be used 

to take a preimplantation biopsy(253), cortical tissue sampling was trialled in the whole 

organ perfusion model. 

Immediately after cessation of oxygen delivered by the bubbling method, a tissue sample 

was acquired and snap frozen in liquid nitrogen. The biopsy site was sutured shut and 

perfusion was allowed to commence for 18 hours. At 18 hours HMP, an additional tissue 

sample was acquired as before, and the cassette was sealed. Surface oxygenation was 

initiated for 1 hour, after which an endpoint tissue biopsy was collected. 

 
9.2.2.2 ATP quantification. 

 
ATP concentrations in these tissue sections was detected using a colorimetric assay, with 

methods detailed in Chapter 3. The Mann Whitney U test was used to detect differences 

in ATP concentrations between paired kidneys (experiment 1) and a paired Wilcoxon test 

was used on kidneys subjected to serial biopsy (experiment 2). In both cases, differences 

were deemed significant when p=<0.05. 

 
9.2.3 Experiment 3: Profiling the perfusate of kidneys subjected to different 

oxygenation strategies prior to transplantation. 
 

Using a porcine auto transplantation model, the left kidney from 28 pigs was surgically 

excised and submitted to either standard HMP (n=7), HMP with continuous 30% oxygen 

(n=9), HMP with 90% oxygen (n=7), HMP with 2 hours of oxygenation followed by 22 hours 

of standard non oxygenated HMP or 20 hours of standard HMP with 2 hours of oxygenated 

HMP. Perfusate was sampled throughout preservations, granting analysis of perfusate 

metabolic profiles and LDH activity using the methods described in Chapter 3. 
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The auto transplantation studies were directed and performed by Dr Tom Darius. 

This chapter includes my own analysis and conclusions, exclusively derived from 

the data I generated for the above publications. 

 
 

9.3 Results 

 
9.3.1 Experiment 1: The effect of a brief period of oxygen uploading at the 

start of HMP 
 

Preloading storage fluid with 95% oxygen at 0.1L/min for 15 minutes resulted in elevation 

of perfusate O2 (Figure 9.3). At the end of the 15 minute oxygen uploading period (dark 

grey) and immediately upon initiation of HMP for both groups, the oxygen concentration in 

the standard HMP group was 242.73 hPa, (range 220.26-271.46 hPa). The starting 

oxygen level in the oxygenated group was 311.91 hPa, range 237.38-332.80 hPa. 

Continuation of oxygenation (light grey) resulted in elevation of perfusate oxygen 

concentrations to 414.45 hPa, (range 317.26-642.89 hPa). By this time, the kidney 

submitted to standard HMP had a mean oxygen concentration of 147.87 hPa, (range 

78.93-181.64 hPa). The differences between groups was significant (p=0.0079). By 1.5 

hours of perfusion, there was still a significant elevation in perfusate oxygenation caused 

by oxygen uploading (black line) (0=0.0159), however by 2 hours this differences in 

dissolved oxygen between oxygenated and standard groups had lost significance (67.46 

hPa, (range 34.86-154.42 hPa) and 42.54 hPa, (range 12.52-79.91 hPa) (p=0.222). The 

oxygen levels in both groups plateaued at around 6 hours both circuits had less than 0.2 

kPa oxygen remaining. 
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Figure 9.3. Real-time measures of perfusate oxygenation during brief O2 preloading 

9.3.1.1 Effect of oxygen uploading on flow rate 
 

Although the brief period of oxygen preloading did not significantly improve oxygen 

availability throughout the 18-hour storage period tested, evidence of a persistent increase 

in mean fluid flow rates, and flow rates relative to that at the first 5 minutes of HMP was 

observed in kidneys subjected to limited oxygen preloading (Figure 9.4). 

In the porcine kidneys perfused using non oxygenated HMP, the mean flow rate at initiation 

was 42.50 ml/min, range 17.00-78.00 ml/min. The mean flow rate actually decreased by 

the end of perfusion, with mean measurement of 37.50 ml/min, range 20.00-49.00 ml/min. 

The mean flow rate at initiation of HMP in kidneys subjected to oxygen uploading was 

26.50 ml/min, range 20-49 ml/min. This gradually increased to a mean flow rate of 39.00 

ml/min, range 28.00-68.00 ml/min over the 18 hour preservation time. 

When the relative flow rates were calculated, the non-oxygenated kidney had a median 

flowrate increate of 9.89% at 18 hours (i.e. 109.89%, range 25.64-200%), whereas the 

kidney subjected to oxygen preloading had a mean flowrate increase of 26.97% (i.e. 
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Figure 9.5. The effect of oxygen uploading on perfusate LDH release 
 

9.3.1.3 Effect of oxygen preloading on tissue metabolic profile. 
 

9.3.1.4 Metabolite concentrations 
 

No significant difference was found in cortical levels of lactate alanine, glutamate or 

succinate between kidneys stored using standard HMP or those that underwent a brief 

period of oxygenation. The cortical concentrations of all metabolites quantified in these 

tissues is given in and illustrated in Figure 9.6 and given in Table 6. 
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30 minutes oxygenated perfusion has no detectable impact on 
cortical metabolite concentrations at experimental endpoint (n=6) 
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Figure 9.6. Endpoint cortical metabolic profile is unaffected by the brief oxygenation period 

 
 
 

  
Cortical 

concentration 
after 

standard 
HMP (mM) 

 
 
 
 
 

Range (mM) 

Cortical 
concentration 

after brief 
oxygen 

preloading 
(mM) 

 
 
 
 
 

Range (mM) 
Acetate 0.16 (0.11-0.29) 0.16 (0.12-0.29) 
Adenine 1.69 (1.52-2.38) 1.69 (1.23-2.30) 
Alanine 0.23 (0.18-0.32) 0.27 (0.19-0.35) 
Formate 0.03 (0.03-0.07) 0.03 (0.02-0.07) 

Gluconate 18.39 (17.61-23.84) 20.00 (13.32-21.85) 
Glutamate 2.06 (1.73-2.71) 1.98 (1.90-2.74) 

Glycine 1.78 (1.34-2.34) 1.75 (1.15-2.40) 
Hypoxanthine 0.08 (0.06-0.20) 0.08 (0.05-0.14) 

Isoleucine 0.03 (0.02-0.04) 0.03 (0.02-0.05) 
Lactate 0.77 (0.64-0.80) 0.91 (0.69-1.04) 
Leucine 0.03 (0.03-0.07) 0.04 (0.03-0.05) 

Mannitol 14.22 (12.41-17.75) 13.99 (11.51-16.23) 
myo-Inositol 1.58 (1.31-1.92) 1.70 (1.36-2.17) 

Succinate 0.36 (0.24-0.66) 0.33 (0.22-0.48) 
Table 3. Cortical metabolic profiles of HMP, and HMP with brief oxygenation kidneys. 

Data presented as median concentration with range. 
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9.3.1.5 Characterising de novo metabolism under oxygen preloading 
 

Analysis of the MID of cortical tissue extracts by mass spectrometry revealed evidence of 

ongoing aerobic de novo metabolism in both preloaded and standard HMP experiments. 

There was detection of 13C enrichment in pyruvate and downstream TCA cycle 

intermediates such as citrate, alpha ketoglutarate and succinate. Striking homology in the 

relative contributions of these mass isotopomers to their respective MID was apparent, 

signifying that neither the provision of limited oxygen nor apparent improvements in fluid 

flow seen during preloading amount to modified metabolic profiles after 18 hours of 

hypothermic storage (Figure 9.7). The very little label incorporation is a limitation of this 

work discussed later. No differences in mass isotopic distribution for any metabolite were 

observed between groups. 
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any discernible difference is isotopic composition (Figure 9.8). The contribution of fully 

labelled lactate was 1.94 % ( range 1.70-3.97%) under standard HMP and 1.70% (range 

0.39-2.27%) under brief preloading. The contribution of fully labelled alanine was 0.35% 

(range 0.23-0.36%) under standard HMP and 0.33%( range 0.23-0.35%) under oxygen 

uploading. Glutamate was not found to be labelled in either environment, echoing trends 

observed in non-oxygenated HMP(235) ( Figure 9.8). 

 
 

 
Figure 9.8. HSQC analysis of metabolic flux arising from brief oxygen uploading 

 
 
 

9.3.1.7 ATP analysis 
 

Despite the apparent absence of any significant metabolic effects incurred by oxygen 

preloading (p=0.095), there was evidence of a slight, although insignificant improvement 
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of cortical ATP concentrations in kidneys subjected to preloading over those stored using 

standard HMP (Figure 9.9). A suggestion of increased cortical ATP concentrations as a 

result of oxygen uploading at initiation of HMP was detected, when compared to standard 

HMP (0.08 nM/µl, range 0.04-0.08 nM/µl) vs 0.04 nM/µl, (range 0.04-0.05 nM/µl) 

respectively)(p=0.092). 

 
 
 

Higher endpoint tissue ATP after oxygen 
preloading (n.s)(n=5) 
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Figure 9.9. Cortical ATP levels after HMP with and without oxygen preloading 
 
 

9.3.2 Experiment 2: The effects of brief initial and end ischemic oxygenation 

strategies. 
 

9.3.2.1 Effect of increased oxygen delivery on perfusate oxygen concentrations at 

the beginning and end of HMP 

Thirty minutes of perfusate oxygenation (grey box), prior to initiation of HMP was sufficient 

to elevate perfusate oxygen to 520.45 hPa (range 410.64-662.24 hPa). This was 

significantly higher than the dissolved oxygen in available at the start of standard HMP 

(242.73 hPa, range 220.26-271.46 hPa) (p=0.0025 and preloading at 0.1L/min for 45 

minutes (311.91 hPa, range 237.38-332.80 hPa (p=0.005) (Figure 9.10). 

At initiation of HMP, surface oxygenation displayed a finite capacity to oxygenate the 

perfusate, with perfusate oxygen pressure 571.06 hPa ( range 210.62-769.05 hPa) by the 
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end of surface oxygenation. The perfused kidney rapidly removed oxygen from the 

perfusate, and at 2-hour post initiation of HMP, there was no statistically significant 

difference in perfusate oxygen levels resulting from oxygen supplementation and those 

observed in standard HMP (i.e. 128.69 hPa (range 25.48-218.00 hPa) vs 42.54 hPa, 

(range 12.52-79.91) hPa) respectively, p=0.1389). Despite increased oxygen delivery at 

the beginning, the median oxygen pressure in oxygen preloaded kidneys between 6-18 

hours of perfusion was 18.68 hPa (range 6.10-31.21 hPa). 

Neither enhanced oxygen delivery at the beginning of perfusion or continuous surface 

aeration was able to prevent near complete perfusate oxygen depletion. Endpoint surface 

oxygenation resulted in a slight but statistically significant increase in perfusate oxygen at 

19 hours compared to that at 18 hours (i.e.51.58 hPa (range 44.14-106.2 hPa) vs 16.65 

hPa (range 8.38-20.86), p=0.0006). 

 
 

 
Figure 9.10. Effect of O2 delivery at the start and end of HMP on perfusate O2 

 

9.3.2.2 Improvements to flowrate 
 

Calculation of normalised flow rates as described in the previous chapter (Figure 8.1) 

allows comparison of the relative improvement in perfusate low driven by the application 
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of higher oxygen tensions and longer durations. As shown in Figure 9.11, Oxygen 

preloading at 0.5L/minute exerted an improvement in relative flow rate at 2 hours of 

perfusion (i.e. 350.00%, range 266.67-400.00%). This improvement was significant when 

compared to that granted by standard HMP (119.73%, range 50.00-241.18%) (p= 0.0022) 

and preloading at 0.1L/min for 45 minutes (138.33%, range 79.59-280.00%). Much of the 

relative flow improvement in kidneys granted enhanced oxygen preloading were lost by 8 

hours of perfusion (mean flowrate improvement of 131.82%, range 95.45-168.18%). 

Higher rates of oxygen delivery drive greater improvements in flowrate 
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Figure 9.11. Relative renal flow rate improvements by different uploading strategies 
 
 

9.3.2.3 ATP generation 
 

Serial sampling of kidneys subjected to brief periods of oxygenation yielded a mean 

increase in cortical ATP concentrations when compared to the 1 hour sample (Figure 

9.12). This difference was not found to be significant (p= 0.06). After oxygen uploading, 

the cortical ATP concentration detected at 1-hour perfusion was 1.34 ng/µl (range 0.23- 

1.64 ng/µl). This increased to 4.27 ng/µl (range 1.43-5.73 ng/µl) after 18 hours of non- 

oxygenated perfusion and fell again to 2.22 ng/µl (range 0.84-4.32 at the 19-hour biopsy. 
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None of these differences attained statistical significance (1hr vs 18 hours p=0.06, 1hr vs 

19 hours p= 0.4375). 

Median increases in cortical ATP after brief periods 
of oxygenation (n.s) 
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Figure 9.12. ATP levels in serial cortical biopsies during HMP with oxygen uploading 
 

9.3.3 Experiment 3: Profiling the perfusate of kidneys subjected to different 

oxygenation strategies prior to transplantation. 
 

9.3.3.1 Effect of oxygenation strategy on perfusate lactate concentrations 
 

Both continuous, high-level oxygenation and a brief period of oxygenation at the start of 

machine perfusion resulted in decreases in the perfusate presence of lactic acid compared 

to standard HMP (Figure 9.13). As detailed fully in the published manuscript, these 

coincide with differences in clinical measure of graft function(125) . 

Addition of continuos low level oxygenation (i.e 30% O2) had no detectable effect on 

endpoint perfusate lactate concentrations when compared to standard HMP (i.e. 0.90 mM 

(range 0.50-2.27 mM vs 0.72 mM ( range 0.61-1.37 mM) respectivly, p=>0.999). Addition 

of continuous high dose oxygen did significantly lower perfusate lactate concentrations 

(0.47 mM, range 0.25-0.66 mM) compared to standard HMP (p=0.0023) and oxygenation 

at 30% (p=0.015). When oxygen delivry was transient, supply of oxygen at the start of 
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HMP resulted in lactate concentrations of 0.41 mM (range 0.33-0.47). This was 

significantly lower than that released by standard HMP (p=0.0025), and also when 2 hour 

oxygenation was delivered at the end of a 20 hour CIT which gave a median perfusate 

lactate concentration of 0.41 mM (range 0.33-0.47 mM) (p=0.0159). 

Endpoint perfusate lactate concentration is modulated by 
oxygen delivery during HMP 
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Figure 9.13. Perfusate lactate concentrations vary with oxygenation strategy (125,316) 
 

9.3.3.2 Effect of oxygenation strategy on LDH release 
 

This experiment assessed LDH release after 2 hours of oxygen supplementation either at 

the beginning of HMP or at the end of a 20 hour CIT. This assessment (Figure 9.14) 

reproduced our finding that transient oxygenation exerts little to no impact on perfusate 

LDH release (Figure 9.5). Timings of oxygen delivery did not appear to alter rates of LDH 

accumulation in the perfusate, with kidneys receiving 2 hours of oxygenation at the start 

of HMP having LDH activity of 1.31 mU/ml (range 0.76-2.29 mU/ml) , rising to 7.38 mU/ml 

(range 3.55-12.24 mU/ml) at 2 hours and 27.97 mU/ml ( range 19.95-30.88 mU/ml) at 

experimental endpoint. The rate of accumulation was very similar in kidneys oxygenated 

for 2 hours after 20 hours of perfusion, with initial measures of LDH activity of 0.73 mU/ml 

(range 0.54-1.78 mU/ml), rising to 8.72 mU/ml ( range 6.38-10.09 mU/ml) at 2 hours and 

** 
* 

* 

C
on

ce
nt

ra
tio

n 
(m

M
) 





Chapter 9: The effects of different oxygen delivery strategies during HMP 

249 

 

 

** 

 
 
 

release observed after Standard HMP, HMP with 30% oxygen supplementation and HMP 

with 90% oxygen supplementation (p= 0.0006 for all). 

High dose oxygenation reduces LDH release during ex 
vivo preservation 
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Figure. 9.15. Effect of different oxygen supplementation strategies on perfusate LDH activity 
 

9.4 Discussion: 

 
9.4.1 Efficacy of transient oxygenation strategies in the maintenance of 

perfusate oxygen levels. 
 

This study served as a screen to assess the merits of a brief period of oxygen preloading 

in the early stages of HMP. It was found that bubbling oxygen through the perfusate is an 

effective means with which to raise the concentration of oxygen dissolved in the fluid 

(Figure 9.3 and Figure 9.10) without the need for oxygen carriers or the membrane 

oxygenators used elsewhere(274). Bubbling oxygen may therefore be a cost effective 

mechanism for oxygen supplementation, however mechanistically can lead to microbubble 

formation may make intrarenal gas emboli more likely(317), a deleterious phenomenon 

which can impede microvascular perfusion(318). 

Despite the demonstrated capacity of transient oxygenation to elevate perfusate PaO2, 

maintenance of perfusate oxygen tensions in the porcine model appears to be reliant on 
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some form of continuous oxygenation. When both oxygen uploading experiments were 

compared to standard HMP, no significant difference in perfusate oxygen tensions were 

detectable by 2 hours of perfusion. 

These data suggest that at least in the porcine model and with the present UWMPS 

formulation, oxygenation must be provided continuously, or in bursts in order to prevent 

hypoxia. Whether this translates to the human setting requires studies using human 

kidneys, it is possible the oxygen depletion observed in the porcine model is a poor 

representation of clinical perfusate oxygen depletion (Figure 8.5). However, a modification 

that could be made to preservation fluid if brief oxygenation is desired is the inclusion of a 

dedicated oxygen carrier. Studies using the marine worm haemoglobin M101 have 

described how even with the absence of oxygenation, M101 result in better perfusion 

parameters and transplant outcomes than standard HMP (174). This may enhance the 

oxygen carrying capacity of the perfusate, allowing greater retention of oxygen delivered 

for a short duration. 

Surface oxygenation at 0.5L/min slightly elevated perfusate oxygenation when used in the 

final hour of preservation. However even in this short time frame, there was evidence of a 

plateau occurring at around 6.3kPa, indicating this may not be a therapeutic intervention 

(Figure 9.10) Indeed, no elevation in cortical ATP was observed after the 1-hour surface 

oxygenation period (Figure 9.12). 

In order to be effective, surface oxygenation may need to be delivered at a higher rate, at 

an earlier timepoint or in multiple/continuous doses. These strategies risk generation of a 

hyperoxic environment in the atmosphere in contact with the kidney, conceivably 

generating that undesirable oxidative insult . 
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9.4.2 Effect of oxygen uploading on metabolism. 
 

Continuous perfusate oxygenation at 0.1L/min enhances aerobic metabolism in HMP 

stored kidneys (Chapter 8). However, it appears that a brief period of oxygenation at this 

flow rate is incapable of causing metabolic changes that are detectable after 18 hours 

preservation (Figure 9.7). This is not to say that such changes are not detectable shortly 

after the period of oxygenation, but these are not directly assessible without taking serial 

tissue samples, which may impede renal perfusion. 

In any case, there was no apparent effect of this oxygen preloading strategy used on 

cortical metabolic profile. Notably, endpoint cortical lactate concentrations (Figure 9.6) and 

the 13C labelling of this key metabolite (Figure 9.7) were unaffected by the oxygen 

environment generated in experiment 1. Furthermore, no differences in the concentration 

or labelling of metabolites linked to TCA cycle activity were apparent (Figure 9.7). A 

limitation of this work was the very low level of labelling observed, which may have masked 

small changes when metabolites were not found to be labelled. If this work was to be 

repeated- perhaps a greater mass of tissues should be extracted to bolster the quantity of 

low level metabolites that may contain label. 

However, varying oxygen delivery strategy was found to modulate the perfusate presence 

of lactate in the auto transplantation collaboration (Figure 9.13) 

This collaboration demonstrated that kidneys stored by standard HMP, and HMP 

supplemented with 30% oxygen have very little difference in lactate release, indicating that 

perfusate supplementation with 30% oxygen may be insufficient to mitigate the anaerobic 

phenotype, although metabolic tracer studies are required to confirm this. 
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In any case, perfusate supplementation with 90% oxygen was sufficient to drive a 

decrease in perfusate lactate concentrations when compared to standard HMP and HMP 

supplemented with 30% oxygen. 

Metabolic analysis of perfusates also revealed the level of lactate in HMP kidneys 

subjected to 2 hours of oxygenation at initiation of HMP was lower that of kidneys stored 

by standard HMP with or without end ischemic oxygenation (Figure 9.13), indicating that 

oxygenation at the start of HMP may be optimal for improved control of anaerobic 

metabolism at experimental endpoint. 

Correlations between perfusate metabolite concentrations and cortical metabolite 

concentrations demonstrate that at least for lactate, alanine and glutamate, perfusate 

sampling provides an excellent non-invasive snapshot of the cortical metabolic profile 

(Figure 8.4). 

Because perfusate lactate concentrations in the autotransplant study were observed to 

differ depending on the oxygenation strategy used, and because the oxygenation strategy 

used modulated transplant outcomes as assessed by reductions in serum creatinine in the 

oxygenated kidneys post-transplant(125), this exciting metabolic observation may suggest 

a functional improvement in kidneys that arises through a reduction in anaerobic 

metabolism by oxygen delivery. The ex vivo experiments described at the start of this 

chapter failed to resolve any metabolic modulation by brief oxygenation at the start of HMP. 

Preloading for 2 hours resulted in markedly reduced perfusate lactate concentrations when 

compared to standard HMP in the autotransplant model. This finding was not replicated in 

our uploading experiments. However, the interstudy differences recognised here could 

stem from the fact that in the autotransplant model employed a longer oxygenation period 

i.e. 2 hours rather than 45minutes. Additionally, prior to HMP, the porcine kidneys used in 

the  auto  transplant study  did  not receive  a  period  of SCS, whereas, all  whole  organ 
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experiments conducted in this thesis did. A central rationale behind the interest in 

metabolic optimisation during organ preservation firmly rests on improvements to cellular 

energy state, which as described, may confer benefit during hypothermic storage and later 

during reperfusion (140,307–309). 

Figure 9.12 demonstrates that 1 hour of oxygen uploading at 0.5L/min oxygen leads to a 

median increase in cortical ATP at 18 hours when compared to 1 hour of HMP. Oxygen 

uploading at 0.1L/min for 45 minutes also appeared to be beneficial to intracellular ATP 

when compared to non-oxygenated kidneys, though this also narrowly avoided statistical 

significance (Figure 9.9). However, the trends observed are in line with the recognition that 

that oxygenation during HMP can support aerobic metabolism(274) and that through these 

experiments, we are closing in on a minimalistic oxygenation strategy that can replenish 

cellular energetics which become expended during conventional hypothermic storage. 

Without tracer studies, it is unclear whether metabolic differences detected in the perfusate 

denote changes in de novo metabolism or arise by other means. An additional 

collaboration in which porcine kidneys for auto transplantation are perfused using clinical 

grade [U-13C] glucose UWMPS under different oxygen environments is currently 

underway. When published, this study will illuminate the preclinical therapeutic impact of 

optimising de novo metabolism through refined perfusate oxygenation strategies. 

 
9.4.3 Chapter conclusion 

 
Oxygen loading prior to start of HMP is incapable of meeting ongoing metabolic demands. 

In order to provide support for aerobic processes throughout extended CIT the optimal 

oxygenation strategy is likely to be either be continuous, delivered in bursts or augmented 

with the use of an oxygen carrier. Oxygen concentrations of 30% and under are unlikely 

to be optimal conditions for maximal metabolic gains, and high level oxygenation 
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(i.e.>90%) exerts a protective effect, as ascertained by a significant reduction in perfusate 

LDH release. 
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10 Discussion 
 
 

“Jim, the answer is here; if only we knew what chemicals were right, we  could 

preserve organs perfectly” 
-Folkert Belzer to James Southard (319) 

 
 

Chemical modification of HMP perfusate is technically the simplest modification that can 

be made to organ preservation protocols. However, with seemingly limitless combinations 

of possible constituents and concentrations, even resolving an optimised perfusate for 

otherwise standard HMP protocols would be an almost insurmountable challenge if using 

whole organ models alone. The painstakingly low throughput nature of whole organ 

research became personally apparent when assessing metabolic differences between 

HMP and SCS stored porcine kidneys. This inspired the focus of the first part of this thesis, 

which was the development of a high throughput in vitro model of organ preservation 

capable of screening the merits of novel whole organ interventions. The role this tiered 

approach to organ preservation research in this illustrated in Figure 10.1. 
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Figure 10.1. illustration of the tiered strategy for organ preservation research. 
 

Please see appendix 5 for image rights 
 

10.1 Proximal tubule metabolism between donor death and 

transplantation 

In the period prior to donor death, functional warm ischemia manifests(320). Within 4 

hours, proximal tubule cells exposed to simulated warm ischemia(299) rapidly shift to 

anaerobic metabolism, characterised by upregulated lactate production and 

downregulated pyruvate production (Figure 7.2). To mitigate WI injury and slow 

metabolism, the organ procurement team flush the kidney with chilled solution. In vitro, 

chilling proximal tubule cells results in around a lowers both M+3 lactate (Table 4), whereas 

M+2 glutamate production (Table.5) 

The kidney is submerged in UW to instigate static cold storage, but in all likelihood, this 

does not enter the proximal tubule (Figure 5.1) If this is the case, the surrounding cortex 

is still depleting intracellular glucose (Figure 6.14), residual oxygen (Figure 6.3) and 

producing lactic acid(276), but is not benefiting from antioxidative protection from the 
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glutathione in UW. If fluid does enter the tubule, it is unlikely to offer optimal protection as 

a preliminary screen noted storage of PCT cells in UW results in enhanced LDH release 

over UWMPS and media (Figure 6.5). 

The donor donated two kidneys, one is stored by HMP and the other stays in SCS. 
 

If perfusate can pass the glomerulus, the HMP stored proximal tubule may benefit from a 

time limited respite from hypoxia (Figure 6.3) and from perfusion itself (Figure 6.6) and 

metabolic support in the provision and metabolism of glucose, although this is level of 

oxygenation (i.e. at most, that permitted by fluid aeration) is insufficient to drive a 

measurable switch back to aerobic metabolism Figure 7.7 and Figure 7.8). 

If perfusate is able to cross the glomerulus, the presence of fluid flow may generate a 

protective effect both in the presence (Figure 6.9) and absence (Figure 6.6) of oxygen. 

 
10.1.1 Therapeutic targets for optimisation using the tiered strategy 

 
The in vitro data indicates that the hypothermicly stored proximal tubule could be better 

protected by the presence of low level shear stress and enhanced oxygen replenishment 

(Figure 6.6) or colloidal alterations (Figure 6.10). 

Shear stress in the physiology relevant realm of 1 dyne/cm2 is likely to be a therapeutic 

intervention if it can be instigated. This may be facilitated through the usage of increased 

perfusion pressures- which have been found to be beneficial when applied in moderation, 

i.e. at 40 mmHg (321) but deleterious at higher levels (120). 
 

An alternative which could aid entry of perfusate into the proximal tubule is selection of a 

colloid which has a MW that is below the cut off modelled to restrict passage through the 

glomerulus (i.e.70 kDa)(185). PEG 35kDa falls below this range, whereas HES has a MW 

that greatly exceeds it (i.e. 250kDa (184). PEG 35kDa has demonstrated beneficial effect 

on proximal tubule cells in vitro(130), While these were not reproduced in this thesis, the 
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LDH release exhibited by proximal tubule cells stored without any colloid at all, (the 

potential environment of the non-perfused tubule) was significantly elevated. This indicates 

the usage of PEG 35kDa may still potentiate enhanced protection of this structure ex vivo 

if it can be delivered to the proximal tubule lumen during storage. 

Of these three therapeutic targets, only oxygen supplementation does not depend on the 

capability of perfusate to cross the glomerulus. While all three agents may traverse the 

glomeruli, in the absence of tubule perfusion, oxygen may able to access the proximal 

tubule cells through closely associated peritubular capillaries(322). For this reason, as well 

as the well evidenced sensitivity of proximal tubule cells to ischemia(134–137) and also 

because avoidance of hypoxia during cold storage demonstrated the greatest 

improvement to cell viability (Figure 6.6), much of this thesis focused on identification of 

an optimised oxygenation strategy. 

 

10.1.2 The effect of oxygen delivery strategy on dissolved oxygen 

concentrations. 

 
At least in the porcine model, which has been and demonstrated to have a greater oxygen 

demand than the pretransplant human kidney (Figure 8.5) some form of continuous (Figure 

8.6) or repeating oxygenation strategy is required to prevent the onset of hypoxia. 

When the oxygen delivery strategy is transient, immediately upon disconnection of the 

oxygen supply the hypothermicly preserved kidney rapidly depletes the oxygen from the 

perfusate at a considerable rate (Figure 9.3) and Figure 9.10). By two hours of perfusion. 

There are no significant differences in oxygen from non-oxygenated kidneys in either study 

and both strategies maintained hypoxia for around 70% of the perfusion time. 
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10.1.3 The effect of oxygen delivery strategy on perfusate flowrate 

improvement 

 
A central finding from this work is that oxygen supply appears to modulate the relative 

change in perfusate flow rate. The effect of higher oxygen flow rates on perfusate flow 

improvements has been demonstrated earlier. When the relative change in perfusate flow 

rates are from all the work contained in this thesis are superimposed on the same graph, 

a link between the oxygenation pressure or duration with relative flow rate improvements 

becomes apparent (Figure 10.2). When the relative flow rate improvements driven by 

preloading at 0.5L/min are compared to those driven by continuous oxygenation 

strategies, they pale in comparison. Continuous oxygenation, even if room air is used as 

a source of oxygen appears to be required to generate lasting improvements to flow rate. 

If the improvements to flow rate denote a greater mass of kidney being perfused or 

alternatively this may suggest therapeutic action of oxygenation may also result from 

perfusion itself, which has been shown to be beneficial in vitro (Figure 6.6). 
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The oxygen delivery strategy modulates improvements 
to perfusate flow rate 
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Figure10.2 Oxygenation strategy mediates relative flow rate improvements. 
 

One difference highlighted shows that continuous aeration exerts a more pronounced 
vasodilatory effect at experimental endpoint than a brief period of high dose oxygenation 

(0.5L/min for 1 hour) (p= 0.0025). 
 

10.1.4 Effect of oxygenation strategies on tissue damage as assessed by 

LDH release 
 

The general consensus of this thesis has been that in all the oxygen environments tested, 

there has not been an association between oxygen availability and cellular LDH release. 

This was observed in multiple in vitro experiments (Figure 6.7, Figure 6.12, and Figure 

7.12) and ex vivo experiments (Figure 8.3, Figure 9.5 and Figure 9.14). 

However, the data in Figure 9.15 demands re-evaluation of this assessment. Continuous 

delivery of 90% oxygen significantly reduced perfusate LDH activity when compared to 

standard HMP, and HMP supplemented with low level oxygenation. 

This observation takes precedence over all the in vitro conclusions, as data derived from 

the whole organ animal model is far more likely to be representative of the clinical scenario 

than any in vitro model. Furthermore, the single previous assessment of the effect of high 

level oxygenation on LDH release covered a shorter preservation time (i.e. 12 hours rather 

than 22) which may have masked accumulating differences in LDH release. Other groups 
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have demonstrated that when non-oxygenated HMP is compared to kidneys receiving 

continuous high dose oxygen, the non-oxygenated kidneys release more LDH into the 

perfusate(121). 

 
10.1.5 The effect of oxygen delivery strategy on metabolism 

 
Continuous oxygen delivery (0.1L/min) using a paediatric membrane oxygenator is 

sufficient to drive restoration of aerobic metabolism, which manifests primarily as 

increased concentrations of [4,5-13C glutamate] but also includes morphological 

improvements to mitochondria and a coinciding increase in cortical ATP levels when 

compared to continuous perfusate aeration. 

These metabolic differences were not observed when oxygen was delivered for a brief 

period at the start of perfusion. 

However, there was consistent (albeit not significant) evidence of an elevation in endpoint 

18-hour ATP levels by both initial uploading periods. 

Since the increases on ATP were small, and with transient oxygenation being unable to 

sustain perfusate oxygen pressure for around 67% of the preservation time- it is possible 

these increases in tissue ATP were at least in part caused by improved flow rates cause 

by the oxygenation period. 

 
10.2 Further work 

 
10.2.1 In vitro 

 
The in vitro work in this thesis was deliberately modelled on practices for industrial drug 

discovery. High throughput, inexpensive techniques were developed or utilised for 

controlled simulation of shear stress and oxygen availability, temperature and perfusate 

composition. High throughput analytical techniques were also employed to determine 
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modifications to storage environments that were beneficial in vitro. The limiting factor in 

this model was manpower, and for this reason- experiments were performed as screens 

on a single cell line rather, than a fine tuning of the optimal environment for cell lines 

representative of multiple key structures in the kidney. 

I envisage that the tools described within could be used to define a more protective 

preservation solution. 

My role now revolves around development of automated liquid handing methods using 

robotics. The in vitro model described within is compatible with automation, and such a 

platform could expiate the discovery of improved organ storage conditions on a cell by cell 

basis. Further in vitro work required assessment of the in vitro conclusions of this thesis 

on cell lines representative of other structures in the kidney. 

Interestingly, 20 hours of SCS storage- with a 2 hour period of oxygenated perfusion at 

the end exhibited the lowest LDH release at experimental endpoint of all preservation 

environments tested. It has been repeatably observed that in the absence of any effect 

caused by differences in oxygenation, the LDH present in perfusate accumulates over time 

during HMP. The fact that the fluid flushed out of the SCS stored kidney in 2 hours did not 

have comparable levels of LDH to HMP stored kidneys indicates that LDH accumulation 

is not just consequence of CIT. Some aspect of perfusion may exert a damaging influence 

over the kidney. It has been demonstrated in vitro that storage of proximal tubule cell in 

UWMPS, rather than UW consistently results in lower release of LDH, suggesting it is not 

fluid composition driving this change. If greater oxygen availability reduces LDH release, 

and the standard HMP kidney affords a limited respite from hypoxia when compared to 

static storage, then mechanical stresses delivered by perfusion may be contributing to the 

elevation in LDH caused by perfusion, ShearFAST may useful in to characterising the level 
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of shear stress which is deleterious for cells lines representative of different structures in 

the kidney. 

 
10.2.2 Ex vivo 

 
Extrapolating from the data presented within, an optimised renal oxygenation strategy can 

be trialled. At initiation of HMP, perfusate should be preloaded with oxygen since this has 

been shown to lower endpoint perfusate lactate concentrations (Figure 9.13). 

Oxygenation should not be applied once, as this in ineffective at maintaining perfusate 

PaO2 (Figure 9.3 and Figure 9.10). Oxygenation should stagger, and the frequency of 

oxygen supplementation modified based on real time measures of perfusate oxygen 

consumption to maintain a minimal therapeutic dose. This may result in lower LDH release 

and improved organ quality. 

While interesting, the conclusions gleaned from these in vitro and ex vivo the whole organ 

studies fundamentally require the transplantation model in order to assess potential clinical 

relevance. A tracer-based perfusion of HMP study followed by autotransplant of the kidney 

is required. Metabolic differences observed could cement the findings of our groups clinical 

tracer study 13Champion. A key advantage of the of the auto transplant model is the 

availability of tissue for metabolic analysis, a benefit not afforded to the 13Champion 

kidneys. In this manner, measures of transplant outcomes could be correlated with 

unequivocal changes in de novo metabolism arising from perfusate oxygenation. 
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11 Appendices 
 
 

11.1.1 Appendix 1: High Speed Tracing of Metabolism 
 
 
 

This appendix contains an article was published in Wellcome Open research in 2018. 
 

As joint first author, I was responsible for experimental design, execution, analysis and 

writing/editing of the manuscript. The NMR developments described within were conceived 

by my supervisor, Christian Ludwig. 

 
11.2 Introduction 

 
Chapter 8 reveals metabolic modulation is possible under simulated hypothermic 

preservation by increasing oxygen content. The analysis used in this chapter was 

exclusively assessment of mass isotopomer distribution, a rapid analysis which as 

described in chapter 1, does not allow analysis of label positioning. 

The capacity to identify the position of label incorporation is mandatory in the tracing of the 

metabolic processes which can be inferred. For example, M2 glutamate observed under 

fluid oxygenation could infer [4,5-13C] or [1,2-13C labelling] which is indicative of different 

degrees of TCA cycle progression (310,311). 

Our group pioneered the use of HSQC tracer studies in organ preservation, demonstrating 

the predominance of glycolytic metabolism over aerobic metabolism during standard HMP 

(235). This is likely to be a vital tool in the determination of whether or not oxygenation 

unequivocally results in enhanced aerobic metabolism in hypothermicly stored kidneys, 

but the extended acquisition times required to foster sufficient resolution with which to 

observe the fine structure of split peaks limits sample throughput 
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13C NMR isotopologue analysis relies on clear discrimination of coupled peaks, which are 

informative of isotopic distribution. However as illustrated in the attached manuscript, the 

standard HSQC may not be able to discern these. 

Additionally, optimisation metabolic support of oxygen supplementation will require 

understanding of the optimal timing, percentage and duration of oxygen delivery. This 

translates to the need for many experiments and samples, a hefty spectrometer workload 

and costly analysis. 

In light of these issues, a new development is described in which the distance between 

the splitting’s of a 13C signal, caused by the presence of bound homonuclear 13C-13C 

coupling is increased. This prevents overlap between spin systems and vastly reduces the 

acquisition time needed to achieve the spectral resolution required for multiplet analysis. 

An additional development is described which describes a pulse sequence for high 

throughput screening of 13C enriched metabolites using a combination of unfiltered and 

12C-filtered 1D 1H-NMR spectra. While the application of scaling J-coupling based splittings 

in 2D-HSQC spectra form the bulk of the metabolic analysis in the following chapters, 

experiments using the described spectral filtering are an attractive approach for rapid 

screening of de novo metabolism, and may be useful for identification of preservation 

environments that result in desirable metabolic processes in donated organs in the hours 

before transplantation. 
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are visualised in the indirect dimension of an HSQC spectrum 
allowing the determination of the percentage incorporation of 
isotopic label into adjacent nuclei. While MS data  does  not  
need a reference sample to distinguish between labelled and 
unlabelled metabolites, it is not always possible to derive the 
exact distribution of labelled nuclei within a molecule. In con- 
trast, NMR spectroscopy data can resolve label distribution at the 
atomic level, enabling a clearer picture of the label distribution in 
metabolites. 

 
Our recently published combined NMR spectroscopy and MS 
approach (CANMS) harnesses the strengths of both modalities  
to produce highly-resolved metabolism information in the form 
of metabolite isotopomers19. The detailed interpretation of MS 
isotopologue data, when using MS data in  isolation,  requires 
use of a pre-defined metabolic model. In contrast, the integrated 
analysis of NMR spectroscopy and MS data makes fewer 
assumptions about the metabolic network, providing a more 
accurate insight into relative pathway contributions than is 
possible with current established methods or the independent 
analysis of MS or NMR spectroscopy data alone. For example, 
proton-less carbon atoms do not give rise to a signal in  2D-
HSQC  NMR  spectra,  although   incomplete   information on 
those carbons is available via splitting of adjacent carbon nucleus 
signals. The combination of NMR  spectroscopy  and  MS 
analysis fills this gap as the  MS  data  provides  informa- tion on 
the amount of single carbon labelling into those carbon nuclei via 
“m+x” isotopologues. [1,2-13C] glucose is the optimal tracer to 
assess metabolic flux through glycolysis vs pentose phosphate 
pathway (PPP) shunting back into glycolysis. While the 
glycolytically derived isotopomer of lactate is [2,3-13C] lactate, 
the PPP derived isotopomers can be [3-13C], [1-13C] or [1,3-13C] 
lactate. Although the first isotopomer can be assessed with NMR 
spectroscopy data, the  other  two  isotopomers include  labelling  
in  C(1),  which  HSQC  NMR  spectroscopy is “blind” to. In  
these  cases,  MS  data  adds  new  information to the NMR 
spectroscopy data by contributing the isotopo- logues NMR 
spectroscopy is not able to detect, while NMR spectroscopy adds 
to the MS data by differentiating between [1,3-13C] and [2,3-13C] 
lactate. 

 
A major drawback of utilising 13C-13C scalar coupling informa- 
tion to derive isotopomer distributions is the time required to 
acquire spectra. For example, around four  hours  are  required 
for the acquisition of a 2D-HSQC NMR spectrum with high- 
resolution in the 13C dimension, even when using fast, state-of-
the-art non-uniform sampling (NUS) techniques. 

 
Here we describe two developments, quantitative spectral filters 
and signal splitting enhancement, to facilitate and speed-up the 
acquisition of NMR spectra for tracer-based analysis of 
metabolism. Such techniques permit high throughput metabolic 
pathway profiling, increasing access, affordability and sensitivity 
when using NMR spectroscopy as an investigative modality. 
Additionally, these developments facilitate fast detection of 15N 
labelling, especially when combined with 13C tracing, thus 
providing extra information allowing more accurate metabolic 
pathway profiling. 

Methods and results 
Quantitative spectral filters for 13C tracer observation: 1D 
Spectral filters 
Experimental setup. A porcine kidney was procured from a 
slaughterhouse (FA Gill, Wolverhampton) following approximately 
14 minutes warm ischaemic time (WIT) as per previous 
experimental methodology18. No animal was killed solely for 
experimental purposes; all were due for human consumption, 
therefore no ethical approval was required. After 2 hours cold 
ischaemic time, kidneys were subject to 18 hours of hypother- 
mic machine perfusion. The perfusate sample was  collected  
after 6 hrs of perfusion and prepared for NMR analysis. 

 
1D NMR spectra were acquired  using  a  Bruker  Avance III  
600 MHz NMR spectrometer equipped with a 5mm z-PFG TCI 
Cryoprobe. 128 transients were acquired for each spectrum with  
a 5 s interscan relaxation delay. A total of 32768 data points  
with a spectral width of 12 ppm was acquired for  each FID 
using an adiabatic bi-level decoupling scheme to suppress 1H,  
13C J-coupling during acquisition21. While decoupling for this 
long (2.25 s) was possible because of the cryogenic probe and 
may potentially work with a room temperature probe, care must 
be taken as there will be significant sample heating. The sample 
heating can be significantly reduced, with only very minor 
reduction in resolution, by acquiring for only 1.125 s. In order   
to estimate whether a specific spectrometer with a cryoprobe can 
tolerate the power dissipation originating from the decoupling 
sequence specific attention should be paid to the cryogas heater 
current, which should never fall below its system specific lower 
limit. 

 
The spectra were processed within the MetaboLab software 
package (version 2018.07182055)22. A 0.5 Hz line broadening 
was applied with zero-filling of the data up to 131072 real data 
points prior to Fourier transformation. The resulting  spectra 
were referenced using DSS and manually phase corrected. 
Subsequently the spectral baseline was corrected using 
MetaboLab’s spline baseline correction before the spectra were 
exported to Bruker format for metabolites to be quantified in the 
Chenomx software package (version 8.2, http://www.chenomx. 
com). 

 
NMR methodology. Despite their relative  simplicity  and  
limited resolution, 1D-NMR spectra are highly sensitive tools 
with which to identify and quantify metabolites. Spectral filters 
enable the acquisition of spectra  which  filter  out  certain 
signals, thereby reducing  ambiguity  in  1D  spectra  associ-  
ated with attributing peaks to nuclei within metabolites. For 
example, one can acquire 1D 1H NMR spectra  of  protons  
bound to  13C only,  simplifying signal assignment and analysis  
of the acquired spectra. The simplest approach to collect such 
spectra would be to acquire the first increment of a 2D-1H, 13C-
HSQC spectrum. However, signal intensities  are  not  directly 
comparable with those in standard 1D-1H NMR spectra. It is 
therefore not possible to directly derive 13C percentages based on 
a comparison of those spectra with standard proton 1D spectra 
unless only a small subset  of  molecules  is  labelled  with 13C 
and one accompanying spectrum is scaled so that 
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the majority of signals within the two spectra are of same 
intensity23. Spectral filters such as BIRD,  TANGO  and POCE24–

28 originated in protein NMR spectroscopy to filter out certain 
parts of the magnetisation  and  therefore  quantitative data 
cannot be gained from resultant output spectra. Quantitative 
comparisons between unfiltered and filtered spectra are usually 

unnecessary, except for tracer-based analysis. Here we present a 
novel spectral filter which enables quantitative analysis of resultant 
spectra from single samples, enriched with 13C tracer. 

 
Panels A-1 and B-1 in Figure 2 show the pulse sequences 
implementing the quantitative spectral filter. While the central 

 
 

 
 

Figure 2. Spectral Filters in 1D spectroscopy. To determine percentage 13C incorporation two spectra are acquired per sample. One 
spectrum (A) contains 1H signals originating from all protons (all 1H spectrum), while the second spectrum (B) only contains signals from 
protons attached to a 13C nucleus. The central 13C Π−pulse with phase Φ3 is executed every second transient in both experiments. The 
proton magnetisation in the all 1H pulse sequence is the same for 12C and for 13C bound protons and as a consequence, all 1H magnetisation 
is longitudinal during the interval between 1H pulses with the phases Φ2  and Φ4. Because of the additional 13C Π−pulses in the 13C bound  
1H pulse sequence, the magnetisation for the two different kinds of protons develops differently. Here only the 13C bound 1H magnetisation 
is longitudinal in the interval between the 1H pulses with the phases Φ2 and Φ4. Therefore, the 12C bound 1H magnetisation can be destroyed 
using the two pulse field gradients labelled gp1 and gp2. A recovery delay of 200 µs was used after each gradient. The central 13C Π−pulse 
with phase Φ4 improves magnetisation selection as it is accompanied by phase changes of the 1H pulses and the receiver. All 13C Π-pulses 
are adiabatic Chirp pulses with ΓB1max = 10 kHz. 1H,13C J-coupling is suppressed during acquisition using adiabatic bilevel decoupling (ad-
bilev)21. The pulse phases are: Φ1 = x, x, -x, -x; Φ2 = x, x, -x, -x for the all 1H spectrum (A-1) and y, y, y, y for the 13C bound 1H spectrum (B-
1), Φ3 = x, y, -x, -y, Φ4 = x, -x, -x, x, y, -y, -y,  y for the all 1H spectrum (A-1) and y,  -y,  -y,  y,  -x, x, x, -x for the 13C bound 1H spectrum  (B-1). 
Panels A-2 and B-2 show the peaks from Alanine and Lactate methyl protons in the all 1H spectrum (A-2) and the 13C bound           1H 
spectrum (B-2). The scaling of the two spectra is identical allowing easy determination of the percentage incorporation of 13C metabolites. 
Panels A-3 and B-3 demonstrate the complete removal of the 12C bound proton signal from the 13C edited spectrum (B-3) leaving only    
the natural abundance 13C signals to be observed. 
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13C Π-pulse (phase Φ ) is used only in odd numbered transients    
and replaced with a delay of the same length during  even  
numbered transients, the  two  other  13C  Π-pulses  are  only  used  
in  the  12C  filtering  experiment  (B-1),  where  1H  magnetisation  
to 12C neighbours is filtered out, so that only 13C bound 1H 
magnetisation contributes to the signal intensities in the 1D 
spectrum. The phase cycle Φ1 changes as well between the 2 
experiments, as indicated in the figure legend. 

 
Panels A-2 and B-2 in Figure 2 depict two sample spectra from   
a perfusate sample where a cadaveric porcine kidney was 
perfused with modified University of Wisconsin machine 
perfusion solution (UW MPS) during a period of hypothermic 
machine perfusion. The standard unlabelled glucose constituent 
(10 mM) within classical UW MPS was replaced with 10 mM 
universally labelled glucose, for use as a metabolic tracer during 
the 18 hour perfusion. 

 
While filters such as BIRD utilise relaxation to minimise the 
unwanted part of the magnetisation, methods such as TANGO   
or POCE generate magnetisation where 12C bound 1H atoms 
possess either the same or the opposite phase compared to the 
magnetisation of 13C bound 1H atoms, generating two different 
spectra. By subtraction of these two spectra, the magnetisation  
of 13C bound 1H atoms can then be calculated. In case of low 13C 
incorporation, as with any difference  technique,  subtracting  
two very large signals in presence of a small signal can lead to 
substantial artefacts. The quantitative spectral filter  works 
slightly differently compared to TANGO and POCE as the pulse 
sequence depicted in Figure 2, panel B-1 makes use of two 
gradient pulses (gp1 and gp2) to destroy unwanted magnetisation. 
As an example, panels A-3 and B3 in Figure 2 show a variant    
of the pulse sequences where the adiabatic bilevel decoupling 
(ad-bilev)21 has been omitted, so that the 12C and the 13C bound 

 
which has been modified to include a paediatric oxygenator. 
Oxygen was supplied at a flow rate of 0.7 L/min for the duration 
of the 24 hours perfusion period. 

 
At the end of the perfusion period, the kidney  was removed 
from the perfusion circuit and laterally bisected. Sections of 
cortex and medulla were isolated and snap frozen in liquid 
nitrogen. These tissues were powdered, also under liquid 
nitrogen, and 0.5 g was placed in 7 ml homogenisation tube 
(Precellys, CK28), containing 5.1 ml of HPLC grade methanol 
(−80°C) to quench metabolism. These were homogenised using 
the Precellys 24 dual homogeniser (8x 5000 rpm for 15 s). The 
samples were mixed with 4.65 ml deionised water and 5.1 ml 
HPLC grade chloroform and vigorously agitated. Biphasic 
separation of polar and non-polar solvents was performed by 
centrifugation (1300 g, 15 minutes, 4°C), after which 4.5 ml of 
the polar layer was aspirated and dried overnight at 35°C. 

 
The dried extracts were  resuspended  in  60  µl  NMR  buffer  
(0.1 M phosphate buffer, 0.5 mM 4,4-dimethyl-4-silapen- tane-1-
sulfonic acid, 2 mM imidazole and 10% D2O). These suspensions 
were sonicated to dissolve micro particles and then 35 µl of this 
solution was added to 1.7 mm NMR tubes. 

 
1H,13C-HSQC spectra were acquired using a Bruker Avance III 
600 MHz NMR spectrometer equipped with a 1.7 mm z-PFG 
TCI Cryoprobe. The HSQC spectra were acquired using 2 
transients per increment with echo/anti-echo gradient  coher- 
ence selection and an additional pre-saturation for suppressing 
the water resonance during the 1.5 s interscan relaxation delay. 
The 1H dimension was acquired with a  spectral  width  of  13 
ppm using 512 complex data points. The 13C dimension was 
acquired with a spectral width of 160 ppm using 25% (2048)     
of 8192 data points using a non-uniform sampling scheme. 

1H signals appear separated in the spectrum. The 12CH signal The non-uniformly sampled spectra were reconstructed via 
in A-3 has been truncated to be able to visualise the  13C 
satellites, which appear with 0.5% of the peak height of the 

the compressed sensing algorithm within the MDDNMR  
(version 2.5)29 and processed using NMRPipe (version 9.2)30. 

12CH signal. As can be seen in panel B-3, the 12CH signal is All spectra were processed without baseline correction to avoid 
completely suppressed without leaving an artefact, so that even 
signals from naturally occurring 13C alone are easily detectable in 
a 13C decoupled spectrum. 

 
The quantitative spectral filter is invariant with respect to 
differential 1H relaxation rates or signal multiplicities. As with 
any J-coupling based filtering approach, the 12C filtered  
spectrum will be scaled with a factor that is proportional to 
sin(2Π∆JCH)2, where ∆ is the delay during the first and last spin 
echo. ∆ is usually set to ¼JCH with JCH = 145 Hz. Assuming a 
minimum JCH  of 120 Hz and a maximum JCH  of 165 Hz, results 
in a maximum downscaling of 7.2%. 

 
J-Coupling based splitting enhancement in 2D-NMR 
spectra 
Experimental   setup.   Slaughterhouse   porcine   kidneys  (WIT- 
15 minutes) were cannulated and flushed with chilled Soltran 
solution (Baxter) as performed in clinical practice. Kidneys were 
placed in static cold storage en route to our laboratory, where 
they were immediately perfused with modified KPS-1 using the 
Lifeport  Kidney  Transporter  1.0  (Organ  Recovery  Systems), 

complications in the multiplet analysis procedure. 
 

NMR  methodology.  The  relatively   long   acquisition   times  
of 2D-HSQC spectra are necessary to generate the spectral 
resolution required to resolve complex multiplet patterns19. Here 
we present a technique to manipulate the appearance of NMR 
multiplets in the  indirect  dimension  of  2D-HSQC  spectra.  
The ability to expand the splitting caused by J-coupling has 
previously  been  reported31,32.  Here  we  apply  this  technique  
in order to negate the requirement for the collection of large 
number of increments in the 13C dimension, which, together with 
methods such  as  non-uniform  sampling29,33  and  variation  of  
the repetition time34 significantly reduces the time required to 
acquire 2D-HSQC spectra with sufficient resolution. It also 
means that at increasingly higher magnetic fields, the advan- 
tages of extra sensitivity and increased 1H chemical shift reso- 
lution are not negated by the increased 13C increments needed    
in in order to resolve J-couplings. Enhancement  of  the  split- 
ting due to J-coupling can be achieved by incrementing the spin 
echo delay after the period where chemical shift of 13C evolves in 
parallel with the chemical shift evolution (Figure 3). This spin 

3 

3 3 
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Figure 3. Splitting Enhanced HSQC Spectroscopy. The splitting enhancement due to J-coupling is achieved using an additional spin echo 
subsequent to the 13C evolution period. The delays in the spin-echo for the J-coupling enhancement are multiples of the dwell time (dw). While 
the chemical shift evolves with dw,  which is determined by setting the spectral width of the spectrum, splittings are enhanced depending  
on the increment of the 13C gradient selection spin-echo. The HSQC spectrum is acquired using echo/anti-echo for quadrature detection to 
allow for efficient removal of artefacts in only two scans per increment. Optionally, the 13C,15N-couplings can be scaled by the introduction of 
the 15N Π-pulse simultaneously with the 13C Π-pulse (labelled p2). 1H,13C J-coupling is suppressed during acquisition using adiabatic bilevel 
decoupling (ad-bilev)21. The pulse phases are: Φ1 = y; Φ2 = x, -x; Φrec = x, -x. 

 
echo refocuses the 13C chemical shift and the 1H-13C coupling, 
but allows the 13C-13C coupling to evolve further. The delays in 
the spin echo are proportional to those in the Ω+JCC evolution 
period with the amount of extra coupling achieved being defined 
by the stretch of the JCC increment compared to the Ω+JCC 

increment. Thus, the 13C-13C J-couplings can be expanded as 
required (Figure 4). The ability to scale the signal splittings to 
varying extents means that the experiment can be tuned to the 
requirements of the sample and which metabolites are present, 
and of interest. Figure 4 demonstrates the effect of J-coupling 
splitting enhancement on 2D HSQC spectra, displaying C(6) of 
13C enriched glucose. The 13C trace through the left-most signal 
(Figure 4D), demonstrates clearly that while the singlet in the 
middle  of  the  multiplet  does  not  change,  the  splitting  due   
to the 1JCC coupling increases and in fact splits into multiple 
signals as the splittings of previously unresolved long-range 
couplings are amplified so that they are large enough to become 
resolved in the spectrum. These splittings can easily be simulated 
(Figure 4E), thereby providing additional information  with 
which to model metabolic pathways. 

 
Large expansion of J-coupling also allows  for  rapid  collec-  
tion of data, as the resolution required to resolve them becomes 
diminished (Figure 5). However, this  should  be  tempered  by  
the need to avoid unnecessary overlap of signals. To date, the 
authors have acquired 2D spectra with up  to  eight  fold 
enhanced 13C J-couplings, combined with shortening the 
acquisition by using variable pulse sequence repetition times34, 
leading to an overall decrease in acquisition time by a factor 
larger than 10 (Figure 5). Panels A to D show the spectral region 
of the methyl groups of lactate and alanine. Panel  E  shows  a  
cross section, as marked in the 2D spectra, from alanine, whereas 
panel F shows the corresponding simulations of  those 
multiplets. The  acquisition  times  for  the  different  spectra 
were 233, 110, 51 and 24 minutes (Table 1). Whilst the lines in 

the spectrum become broader due to the shorter acquisition  
times, this is negated by  the  increase  in  splittings,  allowing 
the analysis of the multiplets with similar precision. Shorter 
acquisition times may be achieved by including spectral fold-  
ing in the acquisition protocol or by incorporating new fast 
acquisition schemes such as ASAP- or ALSOFAST-HSQC35. 

 
15N tracing 
Experimental setup. 2D 14N spectral filter - Sample preparation 
is described elsewhere16. 2D 1H 13C-HSQC NMR spectra with 
and without 14N filtering were acquired using a Bruker Avance 
III 600 MHz NMR spectrometer equipped with a  1.7  mm  z-
PFG TCI Cryoprobe. The HSQC spectra were acquired using 
2 transients per increment with echo/anti-echo gradient  
coherence selection and an additional pre-saturation during the 
1.5 s interscan relaxation delay to suppress the water resonance. 
The 1H dimension was acquired with a spectral width of 13 ppm 
using 512 complex data points. The 13C dimension was acquired 
with a spectral width of 160 ppm using 2048 data points. The 
spectra were processed with quadratic cosine window functions 
and without baseline correction to avoid complications in the 
multiplet analysis procedure. 

 
13C, 15N J-coupling splitting enhancement. The human Renal 
Proximal tubule cell line (RPTEC/TERT1, supplied by Evercyte 
GmBH, Austria) was used  to  investigate  the  metabolic  fates  
of both carbon from glucose, and carbon and nitrogen from 
glutamine. Cells  were  expanded  as  described  elsewhere36, 
with population doubling level (PDL) routinely tracked using in-
house software (PDL calculator, EcoCyto). Cells with PDL 
between 43 and 45 were collated and seeded at a density of 
4×104/cm2 in 75 cm2 flasks containing 240 µl/cm2 flux media 
(Zenbio, cat DMEMf12-NGG002), supplemented as above with 
the addition of 17.5 mM [1,2-13C] D-Glucose (sigma 453188) 
and 2 mM [U-13C,U-15N] L-Glutamine (sigma, 607983). Cell 
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Figure 4. J-coupling splitting enhancement HSQC spectroscopy. 1H,13C HSQC spectra showing the C(6) of glucose are shown         
(A, B and C). The spectrum with no J-coupling splitting enhancement is shown in blue (A), with an enhancement of two in green (B) and 
with an enhancement of four in red (C). The 13C trace of the HSQC spectra (D), taken from the 1H frequency as depicted by the dashed line, 
clearly shows the increase in observed splitting. The J-coupling splitting enhancement is achieved using an additional spin echo 
subsequent to the 13C evolution period. The delays to achieve the scaling of the splittings are multiples of dw such the use of a delay of 
3*dw will result in a J-coupling splitting enhancement of 4 (one from the t1 evolution and three from the J-coupling splitting enhancement 
spin echo). The observed splitting can be simulated (E) giving the following incorporation percentages. From the no J-coupling splitting 
enhancement spectrum 6.8% / 41.2% / 52 % for [6-13C] / [5,6-13C] / [U-13C], from the two-fold J-coupling splitting enhancement 6.3% / 41.4% 
/ 52.3 % for [6-13C] / [5,6-13C] / [U-13C] and from the four-fold J-coupling splitting enhancement 5.9% / 41.6% / 52.5 % for [6-13C] / [5,6-13C] / 
[U-13C]. 

 
culture was continued for 48 hours to allow isotopic labelling, 
after which cells were washed with ice-cold saline solution (0.9%) 
and collected by scraping into 2 ml pre-chilled methanol (-20°C), 
2 ml water (4°C) and 2 ml  chloroform  (-20°C). The  solution 
was vigorously mixed for 10 minutes, after which lysates were 
centrifuged at 15,000 g for 15 min at 4°C. 1 ml of the sample  
was aspirated for NMR analysis. Samples were dried using a 
Savant (SPD1010) speedvac concentrator and then resuspended 
in  60  µL  of  100  mM  sodium  phosphate  buffer,  containing 
0.5 mM DSS, 2 mM Imidazole in D2O, pH 7.0. The samples 
were vortexed and subsequently sonicated for 10 min and then 
centrifuged at 15000 g for 30 seconds to collate the fluid. Finally 
35 µl of  the  samples  were  transferred  to  1.7  mm  NMR 
tubes. 

 
2D-1H,13C-HSQC and 2D-1H,15N-HSQC NMR spectra were 
acquired using a Bruker Avance III 600 MHz NMR spectrometer 
equipped with a 1.7 mm z-PFG TCI Cryoprobe. The HSQC 

spectra were acquired using 2 transients per increment with 
echo/anti-echo gradient coherence selection with an additional 
pre-saturation to suppress the water resonance during the 
1.5 s interscan relaxation delay. The 1H dimension of the 1H, 13C-
HSQC  spectra  was  acquired  with  a  spectral  width  of     12 
ppm using 512 complex data points. The 13C dimension was 
acquired with a spectral width of 160 ppm using 25% (2048) of 
8192 data points using a non-uniform sampling scheme. The 1H 
dimension of the 1H,15N-HSQC spectra was acquired with a 
spectral width of 12 ppm using 1024 complex data points. The 
15N dimension was acquired with a spectral width of 40 ppm 
using 256 data. All non-uniformly sampled spectra were 
reconstructed via the compressed sensing algorithm within 
MDDNMR (version 2.5)29 and processed using NMRpipe 
(version 9.2)30. All spectra were processed without baseline 
correction to avoid complications in the multiplet analysis 
procedure especially with regards to the negative peaks caused 
by the echo/anti-echo coherence selection with gradients. 
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on the overlapping activity of multiple metabolic pathways. 2D 
spectroscopic filters are an extension of the 1D concept and as 
such can be used to simplify increasingly complex 2D spectra by 
selectively observing a subset of metabolites in which nuclei of 
interest have been incorporated. For example, the analysis of the 
13C nuclei that are adjacent to 15N nuclei using 2D spectra permits 
a simplified unequivocal description of the nature in which two 
metabolic pathways converge. 

Similar to the 1D method, the acquisition of two spectra is 
required in order to enable a quantitative analysis of the amount 
of 15N labelling in the presence of 13C labelling within the metab- 
olite. If spectral simplification is the goal, a single spectrum is 
sufficient16. The pulse sequence (Figure 6) is a gradient selected 
1H,13C-HSQC spectrum  with  the  spectral  filter  added  once  
the 1H magnetisation has been transferred to the 13C nucleus.   
The spectrum collected with the 14N spectral filter (Panel C-2, 

 
 
 

 
 

Figure 6. Filtered HSQC spectroscopy. The application of a 15N filtering block in the 1H,13C-HSQC pulse sequence (A) allows the observation 
of 1H,13C groups directly coupled to 15N nuclei. In the sequence in panel B-1 no filtering will be observed and the resulting spectrum (C-1) 
will contain all 1H, 13C groups adjacent to either 14N or 15N nuclei. The use of a 15N filter (B-2) will result in only those 1H, 13C groups adjacent 
to a 15N nuclei being observed in the resulting 1H, 13C HSQC spectrum (C2). 1H,13C J-coupling is suppressed during acquisition using 
adiabatic bilevel decoupling (ad-bilev)21. The pulse phases are: Φ1 = y; Φ2 = x, -x; Φ3 = x for the no filter sequence (panel B-1) and y for the 
15N filtered sequence (panel B-2); Φ4 = y, –y for the no filter sequence and y, y for the 15N filtered sequence; Φ5 = y, -y for the no filter 
sequence x, -x for the 15N filtered sequence; Φ6 = x, x, -x, -x; Φ7 = x, x, x, x, -x, -x, -x, -x; Φ8 = x, x, x, x, y, y, y, y; Φrec = x, -x, -x, x, y, -y, -y, y. 
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Figure 6) contains only two visible NMR signals, corresponding 
to arginine and arginosuccinate, clearly showing how the filter 
can simplify complex spectra for easier analysis. 

 
While 2D spectral filters serve a purpose, their  quantitative 
usage is limited by the variability of the 1JCN constant. J-coupling 
splitting enhancement on the other hand can be easily extended 
to include 13C-15N J- coupling splitting enhancement. Indeed, the 
addition of a single 15N Π–pulse simultaneous with the central 

13C-15N J-coupling splitting in 1H,13C-HSQC  spectra,  an  
example of which is given in Figure 7. The 2D signals for the  
JCN splitting scaled spectrum are shown in  panel A.  Panels  B 
and C show traces of the 13C multiplets for carbon atoms 2 and   
3 of alanine. While the JCC   splittings are enhanced by a factor   
of 4 in both spectra, the apparent JCN   splittings are unchanged    
in the spectrum in panel B, whereas they are enhanced by a 
factor of 4 in the spectra in panel C. Because the 2JCN coupling 
between C(3) and N is negligible, both traces for C(3) overlap 

13C Π–pulse (Figure 3) is sufficient to enhance the apparent perfectly. C(2) on the other hand experiences a 1J coupling, 
 
 

 
 

Figure 7. Splitting due to 15N and 13C incorporation.  Regions  of  the  1H,13C-HSQC  spectrum  containing  signals  from  alanine  
(panels A & B). The 13C traces of the alanine signals are shown with either no JCN-coupling splitting enhancement (B) or four-fold JCN- 
coupling splitting enhancement (C). The signals are split by either 1JCC or 1JCN coupling contributions. The long range 1H,15N-HSQC 
spectrum (D) is composed of unlabelled alanine (central peak) and 13C/15N labelled alanine (6 outer signals, 4 split by 2JHC and 1JNC 
couplings and 2 only split by 1JHC (values for the coupling constants are shown in panel E)). 

CN 
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which is too small to be resolved when the JCN 
enhanced and is only detectable in panel C. 

splitting is not sample can be used to determine absolute percentage 13C 
incorporation and thus allow the scaling of multiplets. 

 

JCN coupling, as any J-coupling, works in two directions, 
therefore a similar approach can be followed from the opposite 
direction. While amine groups of small molecules are notori- 
ously difficult to observe due to chemical exchange of amine 
protons with solvent molecules, a long-range HSQC spectrum 
can be acquired. In such a spectrum proton magnetisation is 
transferred from HΑ (the proton bound to C(2)) via the 2J 
coupling. The splitting due to the JNC coupling then can be 
enhanced to show the appearance of 13C labelling in molecules 
which contain 15N next to those labelled carbon nuclei. As in    
this case, where the 13C nucleus is also bound to the proton 
determining the chemical shift on the horizontal axis, that 

The 2D HSQC spectrum is a powerful tool in the study of 
metabolism as it takes advantage of the increased sensitivity of 
the 1H nucleus over 13C and using the splitting due to J-coupling 
in the 13C dimension allows the indirect visualisation of the 13C 
incorporation into quaternary carbons. However, long acqui- 
sitions times, even when using the latest  NUS  techniques,  
limits the number of samples that can be acquired. Reducing the 
experimental time makes the use of HSQC spectra a much more 
attractive method in the  study  of  tracer-based  metabolism.  
The use of echo/anti-echo for quadrature detection ensures 
efficient elimination of unwanted artefacts, whilst  using  only 
two scans per increment in the indirect dimension. The changes 

same proton signal will be split by the 1J coupling observed in line shape due to the quadrature detection are 
constant. The result in this case is therefore a signal split into 
7 2D components (Figure 7, panel D), demonstrating  that  
alanine was either recycled from unlabelled alanine which was 
incorporated into proteins, synthesised de-novo from [U-13C] 
glucose and 15N labelled glutamate which originated from  [U-
13C, U-15N] glutamine that was added to the growth medium in 
addition to the [U-13C] glucose or just synthesised de novo from 
[U-13C] glucose with an unlabelled amino group trans- ferred to 
form alanine. In conjunction with MS data, this com- 
plementarity between the 2D-1H,13C- and the 2D- 1H,15N-HSQC 
spectra enables a model-free metabolism analysis using multiple 
nutrients as tracer sources in a single sample. 

 
Discussion 
Changes in metabolism are increasingly being recognised as 
central to the pathogenesis of a number of different diseases. 
Although metabolomic studies have  helped  determine  aspects 
of disease phenotype, tracing the changing use of specific 
metabolic pathways using stable isotope-enriched nutrients 
provides higher resolution information on altered metabolic 
pathway activity that may lead to the identification of specific 
novel therapeutic targets. Over the last few years, development of 
magnet and probe technology, including innovative ultra- 
sensitive microprobes, has enabled the study of systems  that 
were not previously amenable to NMR spectroscopy. Parallel 
advancement in the methods used to acquire and analyse data 
from samples will increase the amount of information we can 
gain from such samples. 

 
In this paper, we describe how spectral filters and J-splitting 
enhancement can be used in tracer-based metabolism studies. 
These techniques overcome some of the major hurdles in the use 
of NMR spectroscopy. A challenge in the analysis of NMR 
HSQC spectroscopy data has been the need for an additional 
“unlabelled” sample in order to determine absolute per carbon  
13C incorporation percentages. However, samples cannot be 
assumed to be biologically identical, thus making analyses 
problematic due to the inability to determine accurate 13C isotope 
incorporation values. Systems that demonstrate greater inter- 
sample variation, such as in vivo tracer studies, are even more 
prone to these analytical issues. The use of spectral filters  
negates the requirement for two samples and instead a single 

predictable and can be easily incorporated into line fitting 
analysis. As described elsewhere19, the simulation procedure 
assumes weak coupling between the different carbon nuclei. The 
simulation is implemented as a spin echo  before  the  acquisi- 
tion of a 13C-FID to allow the evolution of 13C,13C spin coupling 
prior to the first increment. 

 
The ability to scale the visualised splittings due to J-coupling 
allows HSQC spectra to be acquired in time equivalent to that of 
a 1D 1H spectrum, but the HSQC spectrum contains significantly 
more information. The reduced time required to acquire HSQC 
spectra means that it is feasible to apply 2D methods to in vivo 
tracer-based metabolism studies, as well as allowing the use of 
greater sensitivity of higher field spectrometers while avoiding 
longer experiment times (Table 1). Expansion of the splitting due 
to J-coupling can also bring out smaller long-range couplings that 
were not apparent in a normal HSQC spectrum. Thus, the scal- 
ing of splittings can either be used to decrease acquisition imes by 
allowing data collection at lower resolution or to bring out smaller 
couplings not previously visible. These small couplings include the 
1 couplings that are found in many metabolites after the addition 
of metabolites labelled 15N in conjugation with 13C. This increases 
the information available and allows more in-depth analysis of 
complex metabolic pathways. In the example shown (Figure 6), 
the cells used for this experiment were deficient in the expression 
of fumarate hydratase16 and therefore contained high fumarate 
levels. One hypothesis was that argininosuccinate is synthesised 
from fumarate and arginine to minimise intracellular fumarate. In 
order to ascertain the signal assignment, we used [U-13C, U-15N] 
arginine and were able to show that 15N labelled argininosuccinate 
was being produced in the cells containing the knock out, but not in 
wild-type cells16. This shows the utility of using multiple labelled 
nutrients to answer fundamental questions in metabolism. 

 
In summary, the spectroscopic tools presented here open up new 
avenues for tracer-based metabolism studies. Scaling of signal 
splittings due to J-coupling leads to faster data collection of 
samples supplemented with nutrients enriched in stable isotopes, 
such as 13C and 15N. This enables profiling of metabolic pathways 
and can also be used to enhance sensitivity beyond current 
technical developments whilst maintaining reasonable data 
acquisition times. Ultimately, the use of 1D spectral filters 

CH 
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as well as the fast acquisition of HSQC spectra leads to the 
possibility of tracing metabolism in real-time. In addition, 
simultaneous tracing with multiple nutrients will lead to unprec- 
edented insight into the interplay of converging and intersecting 
metabolic pathways, both in vitro and in vivo37. 

 
Data availability 
All experimental data for this article is available at: http://doi. 
org/10.17605/OSF.IO/EQHN338. 

 
Experimental NMR datasets for HS-TrAM: 12C filtered 
(subdirectory 2) 1H spectrum, both of which are 13C decoupled 
during acquisition. Subdirectories 3 and 4 contain an unfiltered 
(3) and a 12C filtered (4) spectrum, both without 13C decoupling 
during acquisition. Subdirectories 5 and 6  contain  POCE 
spectra, either with 12C- and 13C-bound 1H with same phase 
(subdirectory 5), or with opposite phase (subdirectory 6), both 
without 13C decoupling during acquisition. Subdirectory 7 contains 
a 30 degree excitation 1D 13C spectrum, acquired using a TXO 
Cryoprobe. The file jEnhanced_13C_HSQC.zip  contains  the 
1H, 13C-HSQC spectra with different J-coupling splitting 
enhancements. 

 
The   file   13C_HSQC_14N_filter_and_15N_HSQC.zip   contains 
an unfiltered (subdirectory 1) and a 14N filtered (subdirectory 2) 

1H,13C-HSQC spectrum. The file jEnhanced_13C_15N_HSQC.zip 
contains the following spectra: 4 x  13C,13C  splitting  
enhancement 1H,13C-HSQC in subdirectory 1, 4 x  13C,13C 
splitting enhancement and 4 x 13C,15N splitting enhancement 
1H,13C-HSQC in subdirectory 2 and 4 x 13C,15N splitting 
enhancement 1H,15N-HSQC in subdirectory 3. 
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11.2.1.1 Appendix 2: Discussion on the glomerular filtration of HES 

(personal communication 
 

included with permission 
 

 

From: Rutger Ploeg > 
Date: Friday, 2 September 2016 at 11:26 
To: Thomas Brendan Smith <  
Subject: Re: degrees of low MW pentafraction entry into the proximal tubule during Hypothermic 
Machine perfusion- your thoughts? 

 
Dear Thomas 

 
Interesting question. The HES used in UW, either the static cold storage K-Lactobionate or the Na- 
Gluconate machine perfusion solution, concerns as you say a pentafraction. This ought to be a 
dialysed fraction of HES with a molecular weight of around 250.000 Dalton. This fraction was used 
taking out too big molecules of 500.000 and over as they may cause injury, but also remove the 
smaller components below 100.000 as too many of those could induce a rebound effect with oedema 
(as you see with albumen).The idea is that HES stays in the vasculature to create the colloid osmotic 
pressure – also upholding the perfusability of the vessels. For reduction of oedema in the interstitium 
and cell, the anion (gluconate) and saccharide was added as ‘impermeants’. 
Of the top of my head I do not know exactly whether HES crosses the glom, I would say not … The 
combined effect of anion, saccharide and HES results in a 20% with reduction during preservation with 
a regain of weight at time of reperfusion. 
Early experiments with renal tubules exposed to prolonged periods of cold ischaemia demonstrated 
that the combination of anion and saccharide (e.g. lactobionate and raffinose or gluconate and 
mannitol) significantly reduced oedema when compared 
to Collins’ components or citrate and glucose as in HOC Marshalls. You should come and visit our 
group, giving a talk if you want. 

 
Hope this helps. 

 
Rutger 

 

 
 

 
From: Thomas Brendan Smith < > 
Date: Friday, 2 September 2016 at 10:33 
To: Rutger Ploeg < > 
Subject: Degrees of low MW pentafraction entry into the proximal tubule during Hypothermic Machine 
perfusion- your thoughts? 

 
Good morning Professor Ploeg, 

 
I am currently researching proximal tubule metabolism during cold storage in UW MPS. I was hoping 
to pick your brains about whether or not you think low molecular weight molecules of 
Pentastarch/Pentafraction do cross the glomerulus during HMP? Obviously, the high mean molecular 
weight would intuitively limit entry into the proximal tubule, I am interested discerning the effect of 
variable low molecular weight fractions within bags of UW MPS. 

 
Any thoughts would be most appreciated! 
Tom 
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11.2.2 Appendix 3: Ex vivo glutathione supplementation abstract 
 

[BOS452] THE EFFECTS OF GLUTATHIONE 
SUPPLEMENTATION ON KIDNEYS UNDERGOING 
HYPOTHERMIC MACHINE PERFUSION (FR) (NFR) 
Charlotte Turnbull [Birmingham,UNITED KINGDOM]1, Willam Ries [UNITED KINGDOM]1, Kamlesh Patel 
[UNITED KINGDOM]2, Tom Smith [UNITED KINGDOM]3, Andrew Ready [UNITED KINGDOM]2, Jay Nath 
[UNITED KINGDOM]2, Christian Ludwig [UNITED KINGDOM]3 

University Of Birmingham1, Queen Elizabeth Hospital, Birmingham2, Institute Of Metabolism And Systems 
Research, University Of Birmingham3 

Background 

Reduced glutathione is a constituent of perfusion fluids commonly used for hypothermic machine perfusion 
(HMP) of kidneys prior to transplantation (e.g. KPS-1). Glutathione acts to reduce damage to tissue by 
scavenging free radicals produced during ischaemia. Previous research by our unit suggests reduced 
glutathione levels are depleted quickly during HMP and are almost undetectable after 12 hours. 

The aim of this study was to investigate the effect of supplemental reduced glutathione on perfusate metabolite 
concentrations over 18 hours of hypothermic machine perfusion. 

Methods 

This study utilised a paired study design, using porcine kidneys (n=7) in a donation after cardiac death (DCD) 
model of renal transplantation. Machine perfusion fluid in the experimental arm was supplemented with 7mM 
additional reduced glutathione (i.e. 10mM total vs 3mM). 

The metabolic profile of kidneys perfused with standard (S) vs reduced glutathione-supplemented (GS) 
perfusion fluid was characterised using one-dimensional nuclear magnetic resonance spectroscopy (1D-1H 
NMR). 

Results 

As expected, the reduced glutathione concentration in the perfusion fluid was higher at all timepoints in the GS 
group, compared with the controls (p<0.01), with easily detectable levels even after 18hrs of HMP (mean 
0.24mM). In addition, fifteen metabolites demonstrated significant differences between the two arms of the 
experiment. Citrate, glutamate and glycine concentrations were higher in the GS group (p<0.05), whereas 
lactate concentrations were higher in the S group (p<0.05). 

Conclusion 

The protective antioxidant glutathione was present in the perfusion fluid even following periods of prolonged 
HMP when supplemented initially. Furthermore, the perfusate of kidneys perfused with GS fluid displayed a 
different metabolic profile to control kidneys. This indicates that the presence of more reduced glutathione in 
the perfusion solution modifies metabolic pathways in the kidney during HMP. 
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11.2.3 Appendix 4- Differences in  organ characteristics in paired kidneys. 
 

 
 

Kidney 1 

 
 

Kidney 2 

 

Percentage 
difference 

average 
difference 
in flow rate 

(%) 

 
 

SD 
24 23 4.16666667 22.9319292 20.0762029 
13 11 15.3846154   

14 7 50   

18 14 22.2222222   

19 19 0   

16 13 18.75   

8 4 50   
Table 4. Different flow rates between pairs of kidneys during initiation of HMP 

 
 
 

Kidney 1 

 
 

Kidney 2 

 

Percentage 
difference 

average 
difference 
in weight 

(%) 

 
 

SD (%) 
217 195 10.1382488 12.0848873 5.79095167 
285 252 11.5789474   

234 199 14.957265   

300 246 18   

218 214 1.83486239   

300 252 16   

Table 5. Differences in weight between paired kidneys prior to initiation HMP 
 
 

11.2.3.1 Appendix 5- links to public domain images used in tiered strategy 
diagram 

Sourced images for tiered strategy model. These are public domain 

Patient: https://www.piqsels.com/en/public-domain-photo-zkteb 
Pig: https://pixabay.com/illustrations/pig-farm-piglet-animals-cute-pigs-3961588/ 
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11.2.4 Appendix 6 –ShearFAST supplementary data 
 

Supplementary data. 
 
 
 

Image J detected 
angle (°) 

ShearFAST 
detected angle (°) 

Difference (°) Mean Difference (°) 

0.87 0.86709 0.00291 0.291± 0.254 
1.8 2.172 0.372 

4.52 4.023 0.497 
5.79 5.128 0.662 
6.53 6.142 0.388 
7.04 6.932 0.108 
9.05 9.063 0.013 

Table S1. ShearFAST measurement of rocker angle vs ImageJ analysis determination of 
rocker angle. 

 
 

Motion capture (°) Shear FAST (°) Difference (°) Mean Difference (°) 

0.424 0.02 0.404 0.544 ± 0.162 

2.046 2.648 0.602 

2.23 2.5 0.27 

3.18 3.58 0.4 

3.35 3.786 0.436 

4.08 4.644 0.564 

4.396 5.034 0.638 

6.15 6.56782 0.41782 

7.2 7.73382 0.53382 

7.56 8.34682 0.78682 

9.19 9.93 0.74 

9.68 10.421 0.741 
 

Table S2. Comparisons between in rocker pitch detection measurements between 
ShearFAST and the motion capture analysis. 







 

 

 
 
 
 
 
 
 

 

Adenine/Hypoxanthine 

Imidazole 

Gluconate 

Glucose 

Glutathione 
Glutathione 
Glutamate 
Acetate 

Alanine 
Lactate 

DSS 
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