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Abstract

Ischaemia reperfusion injury (IRI) is an inevitable consequence of transplant practices, but is
associated with reduced levels of graft function and survival. In addition, concerns regarding
the severity of IRI has restricted the greater use of organs from the available donor pool.
Critically, no pharmacological therapies currently exist to ameliorate the effects of IRI in
organ transplantation (or other IRI-related pathologies), partly due to an incomplete under-
standing of the underlying pathophysiology. Recently, a specific mechanism of mitochondrial
reactive oxygen species (ROS) production, thought to initiate many of the downstream
pathways resulting in IRI, has been described. This mechanism has identified a number of
new therapeutic targets within mitochondria, including the respiratory complex succinate
dehydrogenase (SDH). The aim of this thesis was to determine whether malonate ester
prodrugs, which competitively inhibit SDH, may reduce mitochondrial ROS production and
ameliorate IRI in models of kidney transplantation. Herein, I show that the metabolic changes
required for mitochondrial ROS production on reperfusion, including succinate accumulation
and the depletion of adenine nucleotides, occur in grafts retrieved from both DBD and DCD
donors, despite differences in their exposure to warm ischaemia. This may partly relate to
difficulties in efficiently cooling organs and suggests grafts from both donor types may benefit
from therapies aimed at reducing mitochondrial ROS production. I describe a translational
model of kidney transplantation in the pig and human as well as a model of renal IRI in
the mouse. I show the mitochondrial ROS probe, MitoB, may be limited in its ability to
accurately quantify the burst of mitochondrial ROS production that occurs during IRI in the
kidney; however mitochondrial ROS production may instead be inferred indirectly in mouse,
pig and human models by comparing the metabolic changes that occur on reperfusion to
those previously described to drive mitochondrial ROS production in vitro. In addition, I
identify key markers of oxidative damage, cell death and kidney function in the mouse, pig
and human and subsequently show malonate ester prodrugs administered at reperfusion (but
not prior to ischaemia) may reduce IRI in the mouse. Finally, I present pilot data in the pig
providing important dosing and timing information for the use of malonate ester prodrugs
in this model. Further work is needed to determine whether malonate ester prodrugs may
inhibit mitochondrial ROS production in kidney transplantation; however, this thesis has
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provided important inroads into the use of these compounds in a transplant setting as well as
characterising a number of translational models that may pave the way to their use in future
clinical trials.
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Chapter 1

Introduction

1.1 General Introduction

Kidney transplantation is the treatment of choice for end-stage renal failure offering a
substantial improvement in quality of life and reduced risk of mortality compared to chronic
dialysis [1]. As of 31st March 2019, 4,647 adult patients were registered on the kidney only
transplant list with a median waiting time of 1.8 years [2]. However, due to an ongoing organ
shortage, 23% of patients are still waiting for a transplant at three years post-registration and
a further 11% are either no longer suitable for a transplant or have died. Whilst the number
of active patients on the kidney only transplant list has significantly decreased over the last
decade, the incidence of end-stage renal failure in the UK is increasing [3]. Meeting organ
demand therefore remains a major challenge in kidney transplantation with total demand set
to increase in coming years.

Between 1st April 2018 and 31st March 2019, 3,280 adult kidney only transplants were
performed in the UK; however, changing donor demographics and growing pressure to meet
organ demand has led to an increase in the use of more marginal organs including those with
longer warm ischaemic times retrieved from donation after circulatory death (DCD) and so
called extended criteria organs that historically would have been declined for transplantation
[4] [5] [2]. Such organs are thought to endure increased levels of ischaemia reperfusion
injury (IRI) upon transplantation and have been linked with poorer short- and long-term
outcomes [6] [7] [8] [9]. Furthermore, a significant proportion of donated organs are declined
for transplantation due to concerns IRI will lead to excessive damage in transplanted grafts
on reperfusion [2] [10] [11]. Currently, no treatments exist to ameliorate the effects of IRI in
kidney transplantation leading to an increase in recipient morbidity and mortality and barring
the greater use of organs from the current donor pool [12] [13].



2 Introduction

Over the last decade, our understanding of the pathological mechanisms underlying
IRI has greatly improved [14]. Increasing evidence now points to a specific mechanism of
mitochondrial reactive oxygen species (ROS) production that is thought to initiate many of
the downstream pathways leading to organ damage and dysfunction [15] [16]. As a result,
a number of novel therapeutic targets have been identified within mitochondria aimed at
reducing mitochondrial ROS production and ameliorating IRI [17]. As IRI currently limits
the availability donor organs in addition to causing a degree of injury in all transplanted
grafts, inhibition of mitochondrial ROS production during kidney transplantation may help
to increase organ supply as well as improving overall graft quality and survival.

In this thesis, I investigate whether malonate ester-prodrugs can ameliorate IRI in kidney
transplantation by reducing mitochondrial ROS production upon reperfusion. In this chapter,
I will first discuss IRI in the context of kidney transplantation, how it may vary under different
conditions of organ donation and its effect on short and long term graft and patient survival.
I will then discuss how mitochondria produce ROS during IRI and how this process may
be targeted. Lastly, I will discuss how different malonate compounds may be targeted to
mitochondria in order to inhibit mitochondrial ROS production during IRI and how clinical
transplantation may be simulated in a variety of translational animal models.

1.2 Ischaemia Reperfusion Injury in Kidney Transplanta-
tion

1.2.1 Definition

Ischaemia reperfusion injury occurs upon the return of an oxygenated blood supply to an
organ or tissue following a period of ischaemia or lack of oxygen [18] [16]. Paradoxically,
the return of oxygenated blood leads to an increase in the level of injury over and above that
which occurs during ischaemia alone [19] [18]. This is thought to be related to the production
of ROS during reperfusion which go on to initiate much of the downstream damage leading
to organ or tissue injury [20] [21]. Ischaemia reperfusion injury is inherent to current trans-
plant practices but also underlies many other pathological conditions including myocardial
infarction and ischaemic stroke [18] [22]. In this section I first discuss the pathophysiology
underlying IRI in organ transplantation. I then discuss the clinical risk factors that influence
the severity of IRI in kidney transplantation and their clinical consequences. Lastly, I discuss
the therapeutic strategies currently used to ameliorate IRI in kidney transplantation.
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1.2.2 Pathophysiology of IRI in Kidney Transplantation

Whilst much of our understanding surrounding the pathophysiology of IRI arises from studies
in the heart, many of the underlying mechanisms of injury are thought to apply universally
to all organs and tissues [14] [23]. A key difference between IRI in organ transplantation
and myocardial infarction however, is that the injury following organ transplantation may
be further complicated by the alloimmune response of the recipient’s immune system to the
donor allograft [24]. Whilst the details of the alloimmune response will not be discussed
in detail here, the injury resulting from IRI may play an important role in initiating and
modulating the severity of this response and may subsequently influence the rate of organ
rejection [25] [26].

Pathophysiology of Ischaemia

During organ donation, the conditions and duration of ischaemia experienced by a graft vary
depending on the donor type from which the organ is retrieved (discussed below); nonetheless,
a number of key metabolic and biochemical changes are thought to occur in all donated
organs regardless of the donor type [27]. During ischaemia, oxidative phosphorylation
ceases and there is a metabolic switch to anaerobic glycolysis leading to the accumulation
of lactate and reduction in intracellular pH [28]. ATP is hydrolysed to ADP by reversal of
FOF1-ATP synthase within mitochondria and then further degraded to adenosine and inosine
as high energy phosphate bonds are consumed by other enzymatic processes [29] [30]. ATP
depletion and cellular acidosis subsequently lead to an increase in intracellular sodium due
to decreased Na+/K+ ATPase activity and sodium entry via the Na+/H+ exchanger (NHE)
[31]. Increased intracellular sodium leads to reversal of the Na+/Ca2+ exchanger (NCX)
and an increase in intracellular calcium which; alongside impaired sarcoplasmic reticulum
Ca2+-ATPase (SERCA) activity and endoplasmic calcium release; results in calcium overload
[32] [33]. Lactate production, production of glycolytic intermediates and accumulation of
sodium and calcium ions also leads to an increase in intracellular osmolarity resulting in
water entry and cellular swelling [34] [35]. During donation, organs are rapidly cooled to less
than 4 °C and placed in preservation solution in an attempt to minimise the metabolic and
biochemical changes that occur during ischaemia [35]. Cooling organs reduces the metabolic
rate in accordance with van’t Hoff’s equation, thereby slowing the rate of ATP depletion and
accumulation of metabolic end-products. Meanwhile, a number of preservation solutions
have been developed with a similar ionic composition to the intracellular space, thereby
abolishing ionic and osmotic gradients across cell membranes, minimising intracellular Na+

accumulation and cellular swelling [35] [36]. It is important to note however that depending
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on the type of donation, organs may have experienced a prolonged period of warm ischaemia
prior to cooling during which the processes described above occur at a much faster rate and
significant biochemical and metabolic changes may have already occured [37].

Pathophysiology of Reperfusion

Following vessel anastomosis, the graft is reperfused resulting in the reactivation of the elec-
tron transport chain within cells and an increase in the mitochondrial membrane potential [23].
Re-establishment of the negative mitochondrial membrane potential drives calcium entry
into mitochondria via the mitochondrial calcium uniporter (MCU) and calcium accumulation
within the mitochondrial matrix [38]. There is also a burst of reactive oxygen species (ROS)
from mitochondria on reperfusion that has historically been ascribed to the non-specific ‘spill’
of electrons from the electron transport chain [39]. Meanwhile, the NHE is reactivated and
hydrogen is extruded from the cell resulting in an increase in intracellular pH. Restoration of
intracellular pH alongside mitochondrial calcium entry and ROS production leads to opening
of the mitochondrial permeability transition pore (mPTP) [40] [41]. The mPTP is a non-
selective pore permeable to molecules up to 1.5 kDa. Cyclophilin D, a mitochondrial specific
peptidyl-prolyl cis-trans isomerase, is thought to play an important role in pore formation
with CypD-/- mice showing protection against IRI [42]. The other molecular components
of the mPTP however are currently unclear and the exact nature of the pore is under much
debate [43] [44]. Nonetheless, opening of the mPTP following IRI leads to dissipation of the
mitochondrial membrane potential, uncoupling of oxidative phosphorylation, ATP depletion
and necrotic cell death [45]. Swelling of the mitochondrial matrix following mPTP opening
may also lead to outer mitochondrial membrane rupture and the release of pro-apoptotic
factors including cytochrome C culminating in apoptosis [46]. In addition, ROS production
on reperfusion can cause direct damage to lipids, proteins and DNA leading to further cellular
dysfunction that may trigger numerous cell death pathways [47] [39]. Mitochondrial DNA
(mtDNA) release into the cytoplasm via the mPTP may also activate a number of endogenous
immune pathways through its action as an intracellular damage associated molecular pattern
(DAMP) further contributing to cell death and inflammation [48] [49].

Cell death following IRI results in the release of a number of DAMPs including mtDNA
into the extracellular space and activation of the innate immune response via toll-like receptors
(TLRs) [50]. Activation of graft resident macrophages and dendritic cells through the release
of DAMPs and other signalling molecules results in the release chemokines which enhance
the recruitment of host immune cells to the graft [51]. Meanwhile, activated endothelial
cells upregulate adhesion molecules including VCAM-1 and L-selectin promoting the entry
of host immune cells into the transplanted graft [52]. Following the initial inflammatory



1.2 Ischaemia Reperfusion Injury in Kidney Transplantation 5

Figure 1.1 Pathophysiology of Ischaemia Reperfusion Injury. During ischaemia, oxidative phos-
phorylation ceases and a switch to anaerobic metabolism leads to lactate production and a decrease
in intracellular pH. ATP is hydrolysed by reversal of mitochondrial FOF1-ATP synthase leading to
inhibition of Na+/K+ ATPase and intracellular Ca2+ accumulation. On reperfusion, mitochondrial
ROS production and calcium overload lead to opening of the mitochondrial permeability transition
pore resulting in mitochondrial depolarisation and cellular necrosis. Figure adapted from Pell et al
(2016).

response, host macrophages and dendritic cells migrate to draining lymph nodes where they
may initiate an anti-donor adaptive immune response [53]. Ischaemia reperfusion injury and
DAMP release may therefore influence the adaptive immune response to the graft in addition
to their role in sterile inflammation [26].

1.2.3 Risk Factors Influencing IRI Severity in Kidney Transplantation

A number of factors are thought to influence the severity of IRI in kidney transplantation,
including donor type, donor age, cold ischaemia and anastomosis time and these will be
discussed in detail here.

Donor Type

Three types of kidney donation currently exist in the UK; living donation (LD) , donation
after brainstem death (DBD) and donation after circulatory death (DCD).
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In living donation, a relative, spouse, close friend or altruistic donor, may donate one of
their kidneys to the recipient. This is possible due to the large reserve capacity of the kidney
allowing a healthy donor to survive with a single organ. Usually the donor and recipient
operation occur simultaneously in adjacent theatres, thus minimising the organ preservation
period and cold ischaemia time (CIT) to which the graft is exposed. The donor operation is
often performed laparoscopically and there is a very short period of warm ischaemia between
ligation of the renal artery and vein and removal of the kidney from the abdominal cavity.
Following retrieval from the donor, the kidney is flushed with ice-cold preservation solution
(University of Wisconsin (UW) or Soltran) and submerged in slushed ice whilst the recipient
is prepared for implantation [54]. Whilst most LD transplants occur in adjacent theatres with
a short CIT, a number of donor-recipient pairs may be HLA or ABO incompatible and instead
enter into a national organ sharing scheme. Here, donor-recipient pairs who are incompatible
may exchange grafts in order to obtain the best match possible for each recipient. In these
circumstances however, the CIT may be increased due to time taken to transport donated
grafts between hospitals [55]. Between 1st April 2018 and 31st March 2019, 941 living
donor transplants were performed in the UK [2].

Donation after brainstem death occurs in donors who meet brainstem death criteria but
have not undergone circulatory arrest. The definition of brainstem death was introduced by
Havard Medical School in 1968 to enable declaration of death in patients with catastrophic
brain injury leading to irreversible coma; this was to help ease the burden of withdrawing
life support in such patients but also overcome previous controversy with the use of organs
from brain dead patients. In the UK, brainstem death may only be confirmed under the
following conditions: (i) patients must be in a deep state of unconsciousness, apnoeic and
mechanically ventilated and there should be no doubt the patient has suffered irreversible
brain damage of known aetiology, (ii) potentially reversible contributions to a state of apnoeic
coma such as sedative drugs, endocrine or metabolic abnormalities and hypothermia must
be excluded, and (iii) formal testing of apnoea and brainstem reflexes must be performed to
confirm brainstem death. Testing must be performed by two doctors together on two separate
occasions before brainstem death can be confirmed [56]. Historically, DBD donors were
typically young, healthy patients who had died from traumatic brain injury, however it is
now more likely for a DBD donor to be over 50 years old and have died from intracerebral
haemorrhage [57]. Following confirmation of death and consent for organ donation, DBD
donors may be transferred to the surgical theatre where a laparotomy and dissection of organs
for retrieval may be performed prior to withdrawal of life support and in situ cold flush
thereby minimising the warm ischaemia time to which they are exposed. Slushed ice is
usually placed intraperitoneally at the commencement of cold in situ flush to aid with topical
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organ cooling. Following retrieval from the abdomen, kidneys undergo further cold flushing
with preservation solution on the back table at the discretion of the retrieval team before
being transferred to cold static storage. Between 1st April 2018 and 31st March 2019, 1,369
DBD transplants were performed in the UK [2].

A US study comparing transplant outcomes in LD compared to DBD reported that
survival rates were significantly greater in kidneys retrieved from LD compared to DBD,
even when there was a higher degree of human leukocyte antigen (HLA) mismatching
between the donor and recipient in LD compared to DBD [58]. Furthermore, superior
survival rates in kidneys from LD compared to DBD could not be attributed to shorter cold
ischaemia times in LD and it is now thought that the injurious processes that occur during
brainstem death may account for much of the disparity in graft survival between the two
donor types [58] [59] [57]. During brainstem death a number of haemodynamic, hormonal
and inflammatory changes occur in the body that may cause damage in the donor kidney and
sensitise them to IRI injury, most notably of which are the catecholamine and cytokine storms
[57] [60] [61] [62] [63]. The damaging effects of brainstem death on donor kidneys are
thought to exacerbate the effects of IRI on transplantation resulting in poorer graft survival
[64].

Donation after circulatory death describes organ donation following death from circu-
latory arrest in the donor. In the UK, death from circulatory arrest may only be confirmed
following a five minute observational period during which time the organs of the body are
exposed to warm ischaemia. There are 5 separate categories of DCD donation described by
the Modified Maastricht Classification scheme as shown in Table 1.1. Uncontrolled donation
rarely occurs in the UK and 90% of DCD donors fall under Maastricht category III. Such
donors have often suffered irreversible brain injury but do not meet the brainstem death
criteria. Instead, life support is withdrawn in a controlled environment and circulatory death
is allowed to occur naturally. Organ retrieval teams are notified of potential DCD donors
prior to withdrawal of life-support and if consent for donation is given, will prepare a surgical
theatre so that organ retrieval may begin as close to the declaration of death as possible. On
confirmation of circulatory death, a rapid laparotomy is performed and the aorta cannulated
in order to flush organs with cold preservation solution in situ (converting warm ischaemia to
cold ischaemia). Slushed ice is placed intraperitoneally to aid topical cooling of the organs
and following retrieval from the abdomen, organs may undergo further cold perfusion on
the back-table prior to cold storage at the discretion of the organ retrieval team. The median
warm ischaemic time from circulatory arrest to in situ perfusion is currently 14 minutes
with interquartile range of 11-17 minutes [9]. The number of DCD kidney transplants has
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Modified Maastricht
Category

Situation surrounding
circulatory arrest

Conditions surrounding
circulatory arrest

I
Dead on arrival at
hospital Uncontrolled

II
Unsuccessful
resuscitation Uncontrolled

III
Anticipated circulatory
arrest Controlled

IV

Circulatory arrest in a
patient previously
declared dead according
to neurological criteria
(brain death)

Controlled

V Circulatory arrest in hospital Controlled
Table 1.1 Donation after Circulatory Death Modified Maastricht Category from Longnus et al (2014).

increased over the last ten years from 527 in 2009 to 970 in 2018 to help meet organ demand
[2].

A UK registry study of 9,134 deceased donor kidney transplants between 2000 and 2007
has found that whilst DCD kidneys had twice the risk of developing delayed graft function
(DGF, see below) compared to DBD kidneys (50% of DCD grafts versus 25% DBD grafts)
there was no significant difference in estimated glomerular filtration rate (eGFR) at 1-5 years
post-transplant or 5-year graft survival between donor types [65]. Interestingly, whilst warm
ischaemia time was thought to be largely responsible for the increased rate of DGF in DCD
kidneys, warm ischaemia time was not associated with transplant outcome in this study. In a
second UK registry study of 6,490 deceased kidney transplants from 2005 to 2010, which
included a greater number of DCD kidney transplants and therefore more reflective of current
donor demographics, authors reported higher rates of primary nonfunction (PNF) (4% vs
3%), DGF (49% vs 24%) and a marginally lower eGFR at 1-year post transplant in recipients
of DCD kidneys compared to DBD kidneys however no significant difference in graft or
patient survival (82.9% vs 85.0%) between recipients of DCD kidneys compared to DBD
kidneys was reported at 3.6 years post-transplant [8]. A further follow-up paper subsequently
reported graft and patient survival was not significantly different between DCD and DBD
kidneys at 5 and 10 years post-transplant, reinforcing previous UK registry analysis [9].
These findings are in agreement with studies of larger US registries that have also reported no
significant difference in mid- to long-term survival of DCD compared to DCD kidneys [66].
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In addition to the warm ischaemia experienced during the observational period in DCD
donation, some patients become haemodynamically unstable following the withdrawal of
artificial life support in DCD donation, leading to organ hypoperfusion. A blood pressure
of less than 50 mmHg is arbitrarily defined as the threshold for hypoperfusion below which
organs may undergo a period of ‘functional warm ischaemia’ prior to circulatory arrest. This
period is very difficult to predict and current UK guidelines state that organ retrieval teams
may abandon a DCD retrieval if the period of functional warm ischaemia exceeds two hours
[67]. However, a retrospective study of 117 DCD kidney transplants found the duration of
functional warm ischaemia had no effect on transplant outcomes [68].

In summary, kidneys from living donors offer the best transplant outcomes. Kidneys from
DBD donors have lower graft survival rates compared to kidneys from living donors which is
thought to result from damage to DBD kidneys during brainstem death and possible increased
sensitivity to IRI rather than from increased CITs alone. Kidneys from DCD kidneys have
higher rates of DGF than DBD kidneys which is attributed to the exposure of DCD kidneys
to warm ischaemia prior to organ retrieval however, at least in some studies, DCD and DBD
show similar long term graft survival rates.

Donor Age and Extended Criteria Organs

Deceased donor grafts may be further categorised as meeting either standard or extended
criteria. Extended criteria donor (ECD) grafts are defined as grafts retrieved from deceased
donors over 60 years of age or aged over 50 years with at least two of the following risk
factors: (i) a history of hypertension, (ii) a terminal serum creatinine >1.5 mg/dL or (iii) a
cerebrovascular cause of death [69]. More recently, a separate measure of donor risk, the
UK donor risk index, has been developed to encompass a wider spectrum of factors affecting
transplant outcomes and is used in to improve allocation of ‘higher risk’ organs in the UK
[70]. Under this classification the number of high risk DBD transplants has increased from
258 in 2009 to 536 in 2018 and is largely attributable to the use of older donors [2] [9].
Furthermore, the number of organ donors over 60 years of age has gradually been increasing
in the last decade and constitutes roughly one third of the available donor pool [9].

In an initial UK registry study of 9,134 deceased donor kidney transplants between 2000
and 2007, kidneys from DCD donors aged 60 years or older was associated with poorer
graft function as measured by eGFR at 3 months compared with DCD kidneys from donors
aged less than 40 years [65]. The authors ascribed poorer function in older DCD kidneys
to reduced functional reserve and increased vasculopathy, meaning older kidneys were less
able to withstand transplant related injury. A second UK registry study of 6,490 deceased
kidney transplants from 2005 to 2010, which included a greater number of DCD kidney
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transplants and therefore more reflective of current donor demographics, showed that kidneys
from donors aged more than 60 years had twice of the risk of graft failure within 3 years
of transplantation than those from donors aged less than 40 years irrespective of whether
kidneys were received from DCD or DBD donor, suggesting decisions regarding the use of
older kidneys from DCD donors should be the same as for kidneys from DBD donors [8].
However, the authors warn that this analysis may have included an element of selection bias
and only DCD kidneys of exceptional quality would have been transplanted [8].

Other factors such as history of hypertension and premortem serum creatinine concen-
tration are more weakly associated with recipient outcome relative to donor age [8] [71].
UK registry analysis has shown kidneys from ECD donors have inferior survival compared
to standard criteria organs however there was no significant difference in graft survival
between ECD kidneys from DCD compared to DBD donors [9]. Again, this finding is further
supported by analysis of larger US registries [72].

Cold Ischaemia Time

Following retrieval, organs from deceased and living donors are most commonly stored in
preservation solution on ice in order to inhibit the pathological changes that occur during
ischaemia. The metabolic rate of the tissue is slowed by a factor of 1.5-2 for every 10 °C
reduction in temperature; therefore, the rate of metabolism is decreased approximately six-
fold in donated organs cooled to 4 °C [73]. Whilst cooling an organ dramatically decreases
enzymatic activity, pathological metabolic and biochemical changes still occur in the tissue
and there is a limit to the duration of cold ischaemia a donated organ can tolerate. The major
factors affecting CIT in clinical transplantation include transport time, time for taken for
donor-recipient tissue cross matching, allocation and preparation of the recipient as well as
access to surgical theatres. Nonetheless, CIT is more easily modified compared to other risk
factors associated with IRI and a number of approaches have been adopted in order minimise
CIT to which donated organs are exposed (see below). The median CIT for DBD donor
kidney transplants has fallen from 16 hours in 2007 to 13 hours in 2018 and from 16 hours to
12.5 hours in DCD donor kidney transplants [2]. The median CIT in adult LD donor kidney
transplants has marginally increased over the last 10 years, but is approximately 2-4 hours
[2].

A number of conflicting studies have been published on the effect of CIT on graft and
patient outcomes in recipients of grafts from different donor types. Much of this confusion
may relate to whether CIT is analysed as a categorical (e.g. grafts are grouped together
under fixed durations of CIT such 0-4 h, 5-8 h, 9-13 h etc) or continuous variable (where
the actual CIT of each graft is considered individually e.g. 13.5 h, 9.2 h, 15.6 h etc). A US
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study of 9,082 deceased donor kidney pairs from 2000 to 2009 showed that kidneys with
longer CITs (analysed categorically) were at significantly higher risk of DGF but had limited
bearing on long-term graft outcome [74]. Similarly, a Collaborative Transplant Study of
91,674 transplants from 1990 to 2005, reported that increasing CIT up to 18 h (analysed
categorically) was not detrimental for graft outcome but the risk of graft failure did increase
at longer increments of cold ischaemia [75]. Meanwhile a retrospective Dutch registry study
of 6,322 deceased kidney transplants performed between 1990 and 2007, reported CIT was
an independent risk factor for DGF and primary non-function (PNF, see below) in both DBD
and DCD kidneys and shorter CITs (analysed categorically) were associated with better graft
survival [76].

In contrast to the above studies, a UK registry study of 9,134 deceased donor kidney
transplants between 2000 and 2007 showed that a CIT of greater than 24 h relative to a CIT
of less than 12 h in DCD kidneys was associated with poorer graft function at measured by
eGFR at 3 months post-transplantation [65]. In a second UK registry study of 6,490 deceased
kidney transplants from 2005 to 2010, which included a greater number of DCD kidney
transplants and therefore more reflective of current donor demographics, authors showed
that the duration of cold ischaemia had no effect on the survival of DBD kidneys but was
associated with an increased risk of graft failure in DCD kidneys, suggesting DCD kidneys
are more susceptible to cold ischaemia. Meanwhile, in a US study of 14,230 kidney pairs,
CIT was shown to a be a significant risk factor for the development of DGF in ECD kidneys
but had no effect on graft or patient survival [77]. However, an analysis of French registry
data of 6,891 kidney transplants from 2004 to 2011 showed that ECD allograft survival
significantly improved with cold ischaemia times of 12 h or less [78].

In contrast to several US and UK registry studies, a French prospective cohort study
of 3,839 DBD kidney transplants performed from 2000 to 2011 reported a significant
proportional increase in the risk of both graft failure and patient death for each additional
hour of cold ischaemia experienced by DBD kidneys when CIT was analysed as a continuous
variable [79]. The authors argued that theirs was the first study to determine the proportional
increase in the risk graft failure related to CIT in which CIT thresholds were not used. Debout
et al [79] argue that use of CIT thresholds, such as those used by Kayler et al [77], Summers
et al [65] and Opelz et al [75] may inadvertently reduce the power of their analysis and may
explain their conflicting findings.

Lastly, a recent UK registry analysis of 9,156 LD kidney transplants from 2001 to 2014,
reported that whilst a prolonged CIT of 4-8 h compared to 0-2 h led to a marginal but
significant increase in DGF (8.6% vs 4.3%) and decrease in 1-year graft survival (96.2%
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vs 97.1%), rates of DGF and graft failure were still much lower in LD than in cadaveric
transplants [80]

In summary, there is evidence to suggest that cold ischaemia time is an independent
risk factor for DGF and graft survival in all donor types as well as PNF in deceased donor
kidneys. DCD and ECD kidneys may be more sensitive to cold ischaemia compared to DBD
and standard criteria organs.

Anastomosis Time

During transplantation, the kidney is most commonly placed in the extraperitoneal space
of the right iliac fossa. Here, the external iliac vessels are more superficial than on the
left allowing easier (end-to-side) anastomsis. The temperature of the kidney increases
exponentially during anastomosis and a second period of warm ischaemia is experienced by
all grafts types whilst the graft is held within the abdominal cavity [81]. The graft is usually
reperfused before the ureterneocystostomy is performed to keep the warm ischaemic time
to a minimum. Some centres may wrap the kidney graft in ice gauze during anastomosis to
slow the rise in graft temperature and minimise warm ischemia further, however this practice
is often under the discretion of the surgeon.

A single centre study of 669 DBD kidney transplants from 2004 to 2012 in the Netherlands
showed that anastomosis time independently increased the risk of DGF and impaired allograft
function for up to three years post-transplant. In a sub-group of recipients, analysis of
protocol biopsies showed prolonged anastomosis was also independently associated with
an increased risk of interstitial fibrosis and tubular atrophy [82]. A similar association
between anastomosis time and DGF was reported in a single centre retrospective study of
298 deceased kidney transplants performed between 2006 and 2012 in Canada [83]. A
follow-up Eurotransplant study of 13,964 deceased donor transplants from 2004 to 2013
reported that the risk of graft failure at 5 years post-transplant increased more with every
10 minute increase in anastomosis time than with every 1 h increase in CIT in recipients of
all deceased donor kidneys. However the effect of anastomosis time on graft loss was more
pronounced in recipients of DCD kidneys than in recipients of DBD kidneys [84]. This was
ascribed to the additive effect of anastomosis time to total donor warm ischaemia time which
was greater in DCD than in DBD kidneys due to prolonged warm ischaemia experienced
during organ retrieval. An increased risk of graft failure and death following prolonged
anastomosis time has also been reported in other single centre studies and a large US registry
analysis [85] [86].

A small number of studies on the effect of surface cooling during anastomosis have
been published. A single centre randomised study of 46 consecutive kidney transplants in
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which a specialised polyethylene bag containing slushed ice was used to maintain a low
surface temperature during kidney anastomosis reported use of the bag led to an increase in
graft function at 14 days post-transplant and a reduced cumulative incidence of DGF and
acute rejection compared to grafts that were anastomosed following standard procedures
[87]. Similar findings have also been reported in historic studies although larger randomised
control trials are needed to validate these preliminary findings [88].

Recipient Factors

The main recipient risk factors influencing IRI severity in kidney transplantation include
male gender, a body mass index greater than 30, African-American ethnicity, history of
diabetes, anti-human leukocyte antigen (HLA) immunisation and requirement for dialysis
before transplantation [89] [90]. These factors are often unmodifiable and further as part of
this thesis.

1.2.4 Clinical Consequences of IRI in Kidney Transplantation

The clinical consequences of IRI on kidney transplant outcome include primary non-function,
delayed graft function, acute and chronic rejection and graft dysfunction and will be discussed
in detail here.

Primary Non-Function

Primary non-function (PNF) is rare and only occurred in 4% DCD and 3% DBD transplants in
a UK registry analysis [8]. Primary non-function is a catastrophic outcome in transplantation
resulting in significant medical and surgical complications, possible HLA sensitisation as
well as the physical and emotional strain of returning to dialysis and/or retransplantation.
However, a recent UK study of 801 deceased kidney transplants, reported that whilst early
graft loss (EGL) including loss due to PNF, was associated with 12.28 times greater risk of
death within the first year post-transplantation, long-term mortality was worse for patients
remaining on the waiting list [91].

Delayed Graft Function

Delayed graft function (DGF) is commonly defined as the requirement of at least one session
of dialysis in the first week following kidney transplantation. Alternative definitions of DGF
including changes in serum creatinine have been previously trialled however the more easily
calculated clinical definition is considered best based on its simplicity [92]. A French single
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centre study of 263 deceased donor transplants performed between 1988 and 1997 reported
the underlying cause of DGF to be acute tubular necrosis (ATN) in 92.1% of cases and
acute rejection in 7.9% cases [93]. These findings have been corroborated by other single
centre reports and ATN resulting from IRI is thought to be the main cause of DGF in kidney
transplant recipients [94] [89]. A recent single centre retrospective UK study of 225 DCD
kidney transplants performed between 2011 and 2016 reported the median duration of DGF
was 6 days with an interquartile range of 2-11.75 days. Whilst patients with DGF may return
to dialysis until ATN resolves, this is undesirable leading to increased patient morbidity,
prolonged hospitalisation and increased healthcare costs [89].

Meanwhile, the exact relationship between DGF and long-term graft outcomes is still
unclear. A meta-analysis performed in 2008 suggested DGF led to an increased risk of
graft loss, increased serum creatinine and increased risk of acute rejection but did not
affect patient survival [95]. A more recent retrospective single-centre study of 2,161 kidney
transplants between 1999 and 2013 showed that patients with documented post-transplant
DGF had between 3- and 5-year shorter graft half-lives when compared to recipients that
did not experience DGF [96]. However, another retrospective study of 1,784 deceased donor
transplants between 1983 and 2014 found that DGF only lead to a reduction in patient
survival when it occurred alongside acute rejection [97]. UK registry analysis has suggested
DGF was strongly predictive of inferior transplant outcomes in recipients of DBD kidneys
but not DCD kidneys [65]. This may relate to problems surrounding the definition of DGF
and lack of specificity with respect to the underlying injury. Meanwhile, other studies have
reported a relationship between DGF duration, acute graft rejection and graft survival [98]
[99] [100] [101].

Acute and Chronic Rejection

Ischaemia reperfusion injury has been shown to activate both the innate and adaptive immune
system following kidney transplantation and is thought to contribute to acute and chronic
graft rejection [6] [102] [103].

A number of recent experimental studies have re-emphasised the role of IRI in allograft
rejection. In particular, IRI results in DAMP release promoting sterile inflammation but may
also increase the activation of dendritic cells, the T-cell allograft response and production of
graft specific antibodies [26] [104] [105] [106]. Ameliorating the effects of IRI during kidney
transplantation may therefore dampen the immune response to the allograft and reduce rates
of graft rejection.
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Graft Dysfunction and Failure

Despite vast advances in immunosuppression over the last 50 years, mid- to long-term graft
survival has changed little [107]. In a UK registry analysis, death-censored (i.e. controlling
for patients with functioning graft who died from other causes) 10-year graft survival was
74.9% for DCD kidneys and 74.3% for DBD kidneys [9]. As previously stated there is
no significant difference in long-term graft survival between DBD and DCD kidneys [8].
Living donor kidneys offer the best long-term outcomes with a 10-year graft survival of
approximately 90% whilst ECD kidneys offer the poorest outcomes and are estimated to
survive for only 5.1 years on average [108] [109].

Approximately 840 patients return to dialysis as a result of graft failure in the UK every
year [110]. Return to dialysis is associated with increased morbidity and mortality, primarily
due to cardiovascular complications and infection [111]. It is currently unclear whether
dialysis should be given to transplant patients pre-emptively and the management of patients
with failing grafts falls below the standards set for non-transplant chronic kidney disease
(CKD) patients [112]. Furthermore, there are significant medical and surgical risks associated
with the withdrawal of immunosuppression and removal of the failed graft [111]. Strategies
to improve graft survival are therefore desirable in order to reduce patient morbidity and
mortality and re-transplantation demand.

It is now thought that IRI during transplantation may be a major factor contributing to long-
term graft function and survival [107]. This theory is supported by a greater understanding
of the consequences of IRI in acute kidney injury (AKI) in which a single episode of AKI
greatly increases the risk of developing CKD [113]. Recently, a number of experimental
studies have greatly advanced our understanding of the mechanisms driving AKI to CKD
transition. In particular, maladaptive repair and G2/M cell cycle arrest of proliferating
tubule epithelial cells is thought to lead to the release of profibrotic mediators, pericyte to
myofibroblast differentiation and tissue fibrosis [114]. The epigenetic changes that occur
following ischaemia reperfusion are also of increasing interest in fibrosis development [115]
[116]. The mechanisms contributing to kidney fibrosis following acute kidney injury are
likely to also contribute to graft dysfunction in renal transplantation [6] [117]. Therefore
therapeutic strategies aimed at ameliorating IRI in kidney transplantation may help reduce
graft fibrosis and increase long-term graft function and survival.

1.2.5 Current Strategies to Reduce IRI in Kidney Transplantation

Strategies to reduce IRI during kidney transplantation have mainly focused on minimising CIT
through improvements in organ allocation schemes as well as the use of novel technologies
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such as machine perfusion [118] [119] [120]. Other approaches including pharmacological
therapies aimed at reducing ROS production, immune activation and vascular dysfunction as
well as the use of ischaemic pre and post-conditioning, cellular therapies, therapeutic gases
and miRNAs to ameliorate the effects of IRI have been reviewed in detail elsewhere [121]
[27]. Many of these therapeutic approaches are either in the early stages of development
or have not shown significant benefit in human trials and as such are beyond the scope of
this thesis. Meanwhile, other strategies are being developed to increase the use of otherwise
discarded or declined kidneys including pre-implantation biopsies and quality assessment
during normothermic machine perfusion [122] [123].

Virtual Cross Matching

During the organ allocation process, it is important to match an organ to a recipient that is
not sensitised to the HLA of the donor graft [124]. The presence of alloantibodies directed
against donor HLA in the recipient can lead to hyperacute rejection, resulting in increased
morbidity and mortality. HLA-specific antibody screening is routinely performed on all
patients on the kidney transplant waiting list and is used to identify unacceptable donor
HLA mismatches [125]. To aid in efficient organ allocation, virtual crossmatching between
the donor-recipient HLA and recipient antibody profile is performed in order to predict the
most suitable recipient for a donated organ. However, a confirmatory crossmatch test is then
performed in the recipient hospital prior to transplantation which may significantly increase
the CIT to which an organ is exposed. A prospective study of 606 deceased donor kidney
transplants from 1998 to 2008, showed that the pretransplant crossmatch test may be safely
omitted in patients where it is predicted to be negative based on sensitisation history and
HLA-specific antibody screening [119]. This led to a significant reduction in the CIT and
rates of DGF in DBD kidney grafts in which cross matching was omitted whilst long-term
graft survival and acute rejection rates were unaffected [119].

Organ Allocation Schemes

To promote equal access to transplantation and ensure organs are allocated to those most in
need, a national allocation scheme was adopted in the UK in 2006 and further revised in 2015
and 2019 [126]. In this scheme, kidneys from deceased donors are allocated to recipients
based on factors including recipient waiting time, sensitisation, human leukocyte antigen
match and donor-recipient age difference [118]. Whilst this scheme promotes transplant
equality, the additional transportation times between the donor and recipient hospitals can
increase the CIT to which organs are exposed leading to an increase in IRI. Transport
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distances in the UK are relatively small and do not usually affect transplant decisions, but
become more significant in larger allocation schemes such as in the US and continental
Europe.

Of note, transport distances and CITs become more significant in the UK where organs
are declined by the initial recipient hospital and must be reallocated to a new recipient.
Kidneys from DCD and ECD donors are at high risk of being discarded if declined by
the initial recipient hospital due to concerns regarding their sensitivity to prolonged cold
ischaemia times and the time taken to find a suitable recipient for so called ‘hard to place’
kidneys. In a bid to decrease the discard rate of otherwise transplantable DCD and ECD
kidneys, a fast-track scheme has recently been implemented in the UK to allocate ‘hard to
place’ kidneys more efficiently, thereby minimising CITs and maximising organ use [120].

Hypothermic Machine Perfusion

Hypothermic machine perfusion (HMP) describes the continuous or pulsatile recirculation of
cold preservation solution through an organ at low pressure [127]. A European randomised
controlled trial of 336 consecutive deceased donor transplants showed HMP significantly
reduced the risk of delayed graft function and increased 1- and 3-year allograft survival [128]
[129]. However, a UK multicentre randomised controlled trial of HMP in DCD kidneys
showed no difference in the incidence of DGF between grafts assigned to HMP versus
cold static storage and no significant difference in kidney function at 3- or 12-months post-
transplantation was reported [130]. Meanwhile, a multivariate regression analysis of 90
randomised ECD kidney pairs in the initial European trial showed HMP significantly reduced
the risk DGF and PNF as well as an increasing one year graft survival in ECD grafts [131].

In contrast to UK findings, a recent systematic review of sixteen studies comparing HMP
to static cold storage in both Europe and the US has concluded HMP does significantly
reduce the risk of delayed graft function in both DCD and DBD kidneys compared to cold
static storage [132]. Nonetheless, the general consensus in the UK is that HMP offers
little advantage in controlled DCD donation with mean CITs of around 14 h with cold static
storage being cheaper and simpler, HMP may be used but at the discretion of the transplanting
surgeon [130] [9]. Many questions remain to be answered in the use of HMP including
whether perfusion should be continuous or applied for a short period prior to transplantation,
whether HMP can prolong the CIT tolerated by deceased donor grafts in addition to further
confirmation of the effect of HMP on long term graft outcome [133]. In addition, there
is increasing interest in the use of hypothermic oxygenated machine perfusion (HOPE) in
kidney preservation following a recent trial demonstrating the superiority of HOPE over
HMP in the liver [134] [135].
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Normothermic Machine Perfusion

Normothermic machine perfusion involves the perfusion of an organ ex situ with a warm,
oxygenated red-cell based perfusate in order to restore metabolism and organ function. Not
only does normothermic perfusion help to minimise cold ischaemia time but may also lead
to reconditioning and repair of ischaemic injury [136]. A phase I study comparing the
effect of normothermic machine perfusion on 18 ECD kidneys compared to 47 ECD kidneys
that underwent cold static storage has shown normothermic perfusion led to a significant
decrease in DGF on transplantation as well as demonstrating the safety and feasibility of the
technique [137]. More recently, a multicentre randomised control trial of 220 liver transplants
showed normothermic preservation led a significant reduction in graft injury as measured by
hepatocellular enzyme release on transplantation compared to static cold storage and is one
of the first randomised control trials to demonstrate the ability of normothermic perfusion
to improve graft preservation [138]. Meanwhile, a multicentre randomised controlled trial
to determine the effect of normothermic perfusion on DGF in DCD kidneys compared to
conventional cold storage is currently underway with results expected in 2020 [139].

In addition to its effects on organ preservation, normothermic machine perfusion may also
be used to assess the quality of an organ that would otherwise be declined for transplantation.
A scoring system has been developed by Hosgood et al and has led to the successful
transplantation of a number previously declined DCD kidneys; however greater use of
declined DCD kidneys following assessment by normothermic machine perfusion is currently
limited by their extended cold ischaemic time resulting from the organ offering process as
discussed above [140] [122].

Normothermic Regional Perfusion

In addition to ex situ perfusion, organs from DCD donors may be reperfused with warmed
oxygenated blood in situ following the confirmation of circulatory death using normothermic
regional perfusion (NRP) [141]. This technique was first developed to facilitate the use of
organs from uncontrolled DCD (Maastricht Category II) donors in Spain (see Table 1.1)
[142]. The technique has subsequently been adapted to assess the viability of organs from
controlled DCD (Maastricht Category III) donors in the UK to facilitate the greater use of
organs from this donor type [143]. In addition, technique may have a conditioning effect
leading to improved graft and recipient outcomes. Randomised control trials comparing
NRP to other preservation methods are lacking in the UK where heparinisation prior to
confirmation of death is prohibited (see Section 1.5.1) [144]. However, studies in other
countries where pre-heparinisation or use of uncontrolled DCD (Maastricht Category II)
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donors is more common have reported reduced rates of DGF and improved graft survival in
kidneys exposed to NRP compared to conventional static cold storage [145].

1.2.6 Summary

Ischaemia reperfusion injury is inherent to current transplant practices leading to cellular
injury, inflammation and reduced organ function in transplanted grafts. A number of risk
factors may influence the severity of IRI on transplantation including donor type, donor
age, warm and cold ischaemia times and recipient related factors. Both short and long-term
graft outcomes may be affected by the severity of IRI on transplantation and a significant
proportion of organs are currently declined for use due to concerns regarding IRI. Machine
perfusion technologies and improvements to the organ allocation scheme have been used to
reduce the cold ischaemic time experienced by donated organs in an attempt to minimise
the severity of IRI on transplantation. Strikingly however, no pharmacological therapies
currently exist to ameliorate the effects of IRI in organ transplantation or other IRI-related
pathologies.

1.3 Mitochondrial ROS Production in Ischaemia Reperfu-
sion Injury

1.3.1 Overview of Mitochondria

Mitochondria originated from an early endosymbiotic relationship between α-proteobacteria
and primitive eukaryotic cells which subsequently resulted in the transfer of genetic material
from mitochondria to the nucleus and loss of organelle autonomy [146]. The incorporation of
mitochondria into eukaryotic cells is thought to have facilitated increased protein translation
and greater genetic complexity without bioenergetic penalty [147]. Today, mitochondria are
central to numerous cellular processes, most notably oxidative phosphorylation and ATP
production, but also the synthesis of Fe-S clusters, nucleotides and amino acids, Fe2+/Ca2+

handling, inflammation, apoptosis and numerous other cell death pathways [148]. In this
section, I will first outline the structure and morphology of mitochondria before discussing
oxidative phosphorylation and ATP production in detail. I will then briefly discuss the role
of mitochondria within the cells of the kidney.
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Mitochondrial Morphology and Dynamics

Mitochondria are composed of an outer and inner membrane, intermembrane space and
matrix (see Figure 1.2) [149] [150]. The outer mitochondrial membrane (OMM) is similar in
composition to the endoplasmic reticulum (ER) with an equal protein to phospholipid ratio
[151]. Voltage dependent anion channels (VDAC) allow the passive movement of molecules
of less than 6.8 kDa between the cytoplasm and intermembrane space (IMS) whilst larger
molecules such as proteins are transported across the membrane by the translocase of the
outer membrane (TOM) complex [152] [153]. Conversely, the inner mitochondrial membrane
(IMM) is similar in composition to prokaryotic membranes with a greater protein to lipid
ratio and presence of cardiolipin in place of cholesterol [151]. Movement across the IMM is
more restricted than for the OMM with ions and small molecules requiring transport across
the membrane via specific carriers whilst proteins are imported to the matrix by translocase
of the inner mitochondrial membrane (TIM) complex [154] [155]. The IMS located between
the outer and inner mitochondrial membranes contains the electron carrier cytochrome C
(cyt C) as well as many other proteins involved in lipid synthesis, co-ordination of metal
ions and protein transport [155] [156] [157]. The mitochondrial matrix enveloped by the
IMM, forms a protein rich compartment and is the site of various anabolic and catabolic
processes including the tricarboxylic acid (TCA) cycle, lipid and amino acid metabolism
[149]. The mitochondrial matrix also contains hundreds of copies of mtDNA, a double-
stranded circular DNA molecule encoding 22 tRNAs, 2 ribosomal RNAs and 13 polypeptide
subunits belonging to various respiratory chain complexes [148]. The respiratory complexes
I-IV are located on invaginations of the IMM that project into the mitochondrial matrix
known as cristae, with dimers of FOF1-ATP synthase located at the cristae tips [158]. The
increased surface area resulting from cristae formation, together with the proximity of the
respiratory chain enzymes to FOF1-ATP synthase is thought to maximise the efficiency of
ATP production.

Within the cell, mitochondria form highly dynamic reticular networks that continuously
undergo fission and fusion enabling them to share proteins, DNA and other molecules [159].
Mitochondrial fission is mediated by the cytoplasmic protein Drp1, which oligomerises on the
OMM to form a ring-like structure resulting in mitochondrial siscision whilst mitochondrial
fusion is a two-part process mediated by the proteins Mfn1 and Mfn2 on the OMM and OPA1
on the IMM [160]. In addition, damaged mitochondria may be targeted for degradation via
mitophagy through PINK1-PARKIN mediated ubquitination [161]. Mitochondrial biogenesis
may replace degraded mitochondria and is tightly controlled by numerous nutrient sensing
pathways to ensure the mitochondrial population can continue to meet the energy demands
of the cell [162].
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Figure 1.2 Mitochondrial Morphology and Function. Mitochondria consist of four compartments,
the outer membrane (OM), intermembrane space (IMS), inner membrane (IM) and matrix. The various
functions of mitochondria are depicted in the figure including energy metabolism, mitochondrial gene
expression, Fe-S cluster synthesis, transport of metabolites and ions and control of apoptosis. Figure
adapted from Pfanner et al (2019).
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Oxidative Phosphorylation

Oxidative phosphorylation (OXPHOS) refers to the phosphorylation of ADP to ATP using
the energy derived from the oxidation of different foodstuffs by the electron transport chain
(ETC) [163]. Within mitochondria, the TCA cycle acts as the primary oxidative pathway for
the generation of reducing equivalents nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH2) from carbohydrates, lipids and amino acids. The pathway
consists of eight enzymes as shown in Figure 1.3 [164]. Succinate dehydrogenase (SDH)
forms Complex II of the ETC and contains oxidised flavin adenine dinucleotide (FAD) [165].
Oxidation of succinate to fumarate reduces FAD to FADH2 within SDH which then reduces
the electron carrier ubiquinone (CoQ) to ubiquinol (CoQH2) . As the rate of succinate to
fumarate conversion is controlled by the ubiquinol/ubiquinone ratio within the IMM, SDH
activity may form part of a feedback mechanism between the TCA cycle and OXPHOS [163].
Meanwhile, NADH is oxidised to NAD+ by the flavin mononuclear (FMN) site of Complex
I which subsequently reduces CoQ to CoQH2 at its quinone binding site (see Figure 1.4).
Ubiquinol is then oxidised by Complex III which transfers electrons to the electron carrier
cyt C which in turn is oxidised by Complex IV which transfers electrons to the terminal
electron acceptor oxygen, forming water [166]. As electrons pass along the ETC, their
reduction potential increases resulting in the release of free energy. This energy is utilised
by complexes I, III and IV to pump protons across the IMM generating a proton motive
force (∆p) comprising of the membrane potential and pH gradient [167] [163]. The ∆p is
then utilised by F0F1-ATP synthase to drive phorphorylation of ADP to ATP by allowing
the protons to re-enter the mitochondrial matrix down the proton electrochemical potential
gradient [163] [168].

Role of Mitochondria in the Kidney

The kidney has the second highest mitochondrial content of any organ after the heart [169].
The energy produced by mitochondria is mostly used by Na+/K+ ATPases to produce ionic
gradients for the reabsorption of nutrients and ions from the glomerular filtrate [170]. Ap-
proximately 80% of the filtrate is reabsorbed by the epithelial cells of the proximal tubule
which contain the most mitochondria and rely on β -oxidation of fatty acids as a fuel source
for OXPHOS with little glycolytic capacity [169]. Conversely, glomerular cells including
podocytes, endothelial and mesangial cells play a more passive role in kidney function and
contain fewer mitochondria relying mainly on glycolysis [171]. As a result, the different
cell types of the kidney may show different sensitivities to IRI and mitchondrial dysfunction
depending on their reliance on OXPHOS [170].
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Figure 1.3 The Tricarboxylic Acid Cycle. The tricarboxylic acid cycle (TCA) is the primary
oxidative pathway for the generation of reducing equivalents NADH and FADH2 in aerobic organisms.
The pathway is situated within the mitochondrial matrix and consists of eight enzymes; citrate synthase
(1), isocitrate dehydrogenase (2), aconitase (3), α-ketoglutarate dehydrogenase (4), succinyl-CoA
synthetase (5), succinate dehydrogenase (6), fumarate hydratase (7) and malate dehydrogenase (8).
Succinate dehydrogenase (SDH) contains FAD and forms Complex II of the ETC. Figure adapted
from Ryan et al (2019).
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Figure 1.4 The Electron Transport Chain and F0F1-ATP Synthase. Electrons enter the electron
transport chain (ETC) at the FMN site of Complex I and via reduction of FAD at Complex II (which
also forms SDH within the TCA cycle and oxidises succinate to fumarate, see Figure 1.3). The
electron carrier ubiquinone (CoQ) transfers electrons from Complex I and II to Complex III. The
electron carrier cytochrome C (cyt C) transfers electrons from Complex III to IV. Oxygen acts as the
terminal electron acceptor in the ETC combining with hydrogen to form water. As electrons pass
down the ETC their reduction potential increases resulting in the release of free energy. This energy
is used to pump protons across the inner mitochondrial membrane generating a proton motive force
(∆p). The ∆ is then utilised by FOF1-ATP synthase for the phosphorylation of ADP to ATP. Figure
adapted from Chouchani et al (2016).
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Despite receiving approximately 20% of cardiac output at rest, the oxygenation of renal
cortex and medulla is relatively low. The renal cortical PO2 is approximately 4-9.5 kPa and
the renal medulla PO2 is approximately 2 kPa despite an arterial PO2 of 12.5 kPa at the renal
hila [172]. The low cortical PO2 is thought to result from an arteriovenous shunt between the
interlobar artery and vein prior to reaching the cortex. The reason for this anatomical shunt
may be to protect the kidney from over-oxygenation and oxidative stress whilst maintaining
a sufficient rate of ultafiltration [173]. The PO2 decreases further in the renal medulla as it
receives only 1% of the blood supply to the kidney via the vasa recta [170]; this is to allow
a high solute concentration to build up within the medulla and facilitate the production of
concentrated urine. As a result of low tissue oxygenation however, the mitochondria within
the kidney operate close to conditions of hypoxia.

1.3.2 A Unifying Mechanism of Mitochondrial ROS Production

Reactive oxygen species production was previously thought to occur as a result of damage to
mitochondrial components during IRI and the spill of electrons onto oxygen in a non-specific
manner. However, an increasing body of evidence now points towards a specific mechanism
of mitochondrial ROS production [14] [15]. In this section, I will first discuss the metabolic
changes during ischaemia which prime mitochondria for superoxide production. I will then
discuss the mechanisms leading to reverse electron transport (RET) and superoxide produc-
tion at the FMN site of Complex I. Lastly, I will discuss other sources of ROS production
following IRI and how these likely contribute to secondary tissue damage following the
initial ROS burst from mitochondria [174].

Succinate Accumulation During Ischaemia

Comparative metabolomic analysis has shown that only three metabolites - succinate, xan-
thine and hypoxanthine - are universally increased across tissues during ischaemia [14].
Hypoxanthine and xanthine are known breakdown products of ATP whilst succinate is a key
intermediate in the TCA cycle (see Figure 1.3). Succinate accumulation during ischaemia is
thought to act as a store of electrons and source of reactive oxygen species on reperfusion.
However, ATP degradation is also required before mitochondrial ROS production can occur
(see below). Succinate accumulation alongside ATP degradation during ischaemia thus
primes mitochondria for superoxide production on reperfusion [15].

Succinate accumulation is thought to occur due to reverse action of SDH with a contri-
bution from glutaminolysis and canonical TCA cycle action [14] [175]. Development of a
highly reduced CoQ pool within mitochondria during ischaemia is thought to drive SDH
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reversal and reduction of fumarate to succinate. The fumarate required for reverse action of
SDH is supplied by two pathways in ischaemic tissue; the purine nucleotide cycle (PNC) and
malate aspartate shuttle (MAS) (see Figure 1.5). The PNC is activated by the accumulation
of AMP during ischaemia which is metabolised to adenylosuccinate and then fumarate by
adenylosuccinate lyase. To enter mitochondria, fumarate must be converted to malate and
exchanged for mitochondrial succinate by the dicarboxylate carrier (DIC) . Meanwhile, the
MAS is stimulated by a high NADH/NAD+ ratio leading to the transamination of aspar-
tate and production of malate which is also exchanged for mitochondrial succinate by the
DIC. Within mitochondria, malate is then converted to fumarate by fumarate hydratase for
subsequent reduction by SDH [14] [15].

Succinate cannot be further metabolised during ischaemia due to depletion of GTP and
CoA required for conversion to succinyl-CoA. and therefore accumulates within the cytosol
of the cell. Accumulated succinate acts as a large store of electrons, which if rapidly oxidised
on reperfusion may drive RET and superoxide production from the FMN site Complex I [15].
However, RET will only occur on reperfusion where ATP has also been largely degraded.
The period of ischaemia required for mitochondria to become primed for ROS production
may vary amongst different tissue types depending on their rate of ATP degradation and
succinate accumulation. In addition, succinate may also act as a signalling molecule during
ishaemia and reperfusion stimulating various inflammatory and hypoxia signalling pathways
[164].

Mitochondrial ROS Production on Reperfusion

Upon reperfusion, mitochondria are thought to produce a burst of reactive oxygen species
that drive much of the subsequent damage resulting from IRI [18] [176]. Increasing evidence
points to RET and superoxide production from the FMN site of Complex I as the major site
of ROS production on reperfusion and will be discussed in detail here [15].

In vitro, complex I is known to produce superoxide under two conditions; either during
forward electron transport at the FMN site following damage or inhibition to the mitochon-
drial respiratory chain (Mode 1) or at the FMN as a result of RET in the presence of a highly
reduced CoQ pool and near maximal proton motive force (∆p) (Mode 2) [177]. Reverse
electron transport is possible as Complex I operates close to thermodynamic equilibrium.
During forward electron transport, the redox driving force (∆Eh) that pushes two electrons
from NADH to CoQ is greater than the energy required to pump four electrons across the
inner mitochondrial membrane against the ∆p. However, as the overall reaction is not dis-
placed far from thermodynamic equilibrium, electrons may flow backward through Complex
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Figure 1.5 Succinate Accumulation During Ischaemia. During ischaemia, succinate is thought to
accumulate due to the reverse action of succinate dehydrogenase. Fumarate required for reversal of
SDH is thought to be supplied by the purine nucleotide cycle, stimulated by the accumulation of AMP
during ischaemia, and the malate aspartate shuttle, stimulated by a high NADH/NAD+ ratio. Succinate
cannot be further metabolised under conditions of ischaemia and is exported from mitochondrial
matrix via the dicarboxylate carrier (DIC). Figure adapted from Chouchani et al (2016).

I onto the FMN site and then oxygen if the ∆p exceeds the ∆Eh resulting in mitochondrial
superoxide production [15].

A near maximal ∆p is required for RET in vitro and is achieved by limiting the supply of
ADP to mitochondria and consumption of the ∆p by ATP synthase. In vivo, the breakdown
of adenine during ischaemia results in lack of substrate for ATP synthase on reperfusion,
allowing a large ∆p to develop. Meanwhile, succinate accumulation during ischaemia
acts as a store of reducing equivalents capable of maintaining a highly reduced CoQ pool
on reperfusion. The highly reduced CoQ pool is able to drive both proton pumping by
complexes III and IV in order to establish a high ∆p as well as RET through Complex I
resulting in superoxide production [15]. Mitochondrial superoxide production from the FMN
site complex I is therefore likely to be responsible for the initial burst of mitochondrial
reactive oxygen species during IRI as the store of succinate is rapidly oxidised. Meanwhile,
other sites of ROS production within the mitochondria, such as Complex III, are thought to
only make a minor contribution to superoxide production on reperfusion.

Other Sources of Reactive Oxygen Species

Other sites outside mitochondria may also contribute to superoxide production following
IRI including cytoplasmic xanthine oxidase (XO) and NADPH oxidases (NOX) [178] [179].
Importantly however, superoxide production from these sources is thought to occur after the
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Figure 1.6 Mitochondrial ROS Production on Reperfusion. During reperfusion, return of the
terminal electron acceptor oxygen leads to the reactivation of Complex III and IV, proton pumping and
regeneration of the proton motive force (∆p). However, as ADP is mostly degraded during prolonged
ischaemia, there is a lack of substrate for FOF1-ATP synthase allowing ∆p to reach near maximal
levels. Coupled with a highly reduced CoQ pool resulting from rapid succinate oxidation, a near
maximal ∆p enables electrons to pass backwards through Complex I via reverse electron transport
and combine with oxygen at the flavin mononuclear (FMN) site of the complex forming a superoxide
radical. Figure adapted from Chouchani et al (2016).

initial burst of superoxide from mitochondria and as a result contributes to secondary tissue
damage [174].

1.3.3 Consequences of Mitochondrial ROS Production

Reactive oxygen species are radical and non-radical molecules formed from the partial
reduction of oxygen, such as superoxide, hydrogen peroxide and the hydroxyl radical [180].
They are primarily produced by mitochondria but also originate from other sites within the
cell as described above. Under physiological conditions, ROS are thought to play important
signalling roles within the cell through the post-translational modification of cysteine residues
[181]. Through this mechanism the mitochondria communicate their metabolic status to
the remaining cell and nucleus. In addition, ROS production is central to the antimicrobial
defence mechanism of neutrophils [182]. During IRI however, ROS production is over and
above that which occurs under physiological conditions and overwhelms the antioxidant
defences which prevent ROS from damaging cellular components [39]. In this section, I
will discuss the fate of superoxide produced by mitochondria during early reperfusion, the
antioxidant defences within mitochondria and how ROS cause oxidative damage leading to
tissue injury.
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Fate of Superoxide

Superoxide produced at Complex I during the initial reperfusion is very rapidly dismutated
to hydrogen peroxide by manganese superoxide dismutase (MnSOD) , present at high
concentrations within mitochondria [177]. Hydrogen peroxide is a two electron oxidant
but reacts poorly with most biological molecules due to a high activation energy [183].
However, it may also undergo one electron oxidations in the presence of transition metals to
form a hydroxyl radical or activated metal complexes, a process referred to as Fenton(-like)
chemistry [184]. Hydroxyl radicals are extremely reactive with a low activation energy
barrier and react non-specifically with most biological molecules at diffusional controlled
rates [184].

Some superoxide may also escape dismutation by MnSOD and react with NO to produce
peroxynitrite (ONOO-) . Peroxynitrite is a strong oxidant and may react with thiols, iron-
sulfur centres and zinc fingers. Alternatively, ONOO- may react with carbon dioxide to
produce a highly reactive carbonate radical with a similar reactivity to the hydroxyl radical
[185].

Antioxidant Defences

Cells have a number of defences to remove hydrogen peroxide and prevent the formation
of hydroxyl radicals including both enzymatic and non-enzymatic antioxidants. Within
mitochondria, the major enzymatic antioxidants include the thiol peroxidases, peroxiredoxin
and glutathione peroxidase (see Figure 5.2) [184] [186]. Hydrogen peroxide typically reacts
slowly with thiols to produce sulfenic acid followed by reaction with another thiol to produce
a disulphide bond. This reaction is greatly accelerated by peroxiredoxin and glutathione
peroxidase which polarise the -O-O bond of hydrogen peroxide facilitating electrophilic
attack of the thiolate anion. Glutathione peroxidase contains a selenocyteine active site and
catalyses the reaction of hydrogen peroxide with reduced glutathione (GSH) to produce
oxidised glutathione (GSSG) , water and oxygen. GSSG may then be converted back to
GSH by glutathione reductase (GR) which uses nicotinamide adenine dinucleotide phosphate
(NADPH) as an electron donor. Similarly, peroxiredoxins react with hydrogen peroxide and
form interchain disulphide bonds. Oxidised peroxiredoxins may then be converted back
to their reduced form by reaction with NADPH catalysed by thioredoxin reductases [186].
In addition to their roles in antioxidant defence, redox modifications of thiol proteins by
hydrogen peroxide and other reactive species are thought to act as an important means of
communication between mitochondria and the rest of the cell under normoxic conditions
[183] [187].
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Figure 1.7 Antioxidant Defences within Mitochondria. Mitochondria possess a number of antioxi-
dant defences including peroxiredoxin (Prx) and glutathione peroxidase (GPx) which catalyse the
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Oxidative Stress and Damage following IRI

During IRI, the antioxidant defences within the mitochondria may become overwhelmed
leading to oxidative stress and damage [186] [185]. Mitochondrial DNA is particularly
susceptible to oxidative stress due to a lack protective histones and poor DNA repair mech-
anisms [188]. Meanwhile, the inner mitochondria membrane contains a relatively large
number of polyunsaturated fatty acids and is thus prone to lipid peroxidation [189]. Not
only does lipid peroxidation lead to changes in membrane permeability but may also release
lipid peroxidation products (LPPs) such as 4-hydroxynonenal (4-HNE) and malondialdehyde
(MDA) . LPPs are highly reactive and go on to cause further damage to proteins and DNA
via covalent modification [190] [185]. Proteins, including components of the mitochondrial
respiratory chain, may also react with ROS produced during IRI and indirectly with oxidation
products leading to protein carbonyl formation, protein-protein cross linkages and protein
fragmentation [191] [192]. As mitochondria are the major source of superoxide following
IRI, these organelles often bear the brunt of oxidative damage leading to mitochondrial
dysfunction, further ROS production, mitochondrial permeability transition, cell death and
inflammation.

1.3.4 Strategies to Target Mitochondrial ROS Production

Elucidation of the mechanism underlying mitochondrial ROS production during early reper-
fusion has led to identification of a number of novel therapeutic targets within mitochondria.
These may be targeted at different stages during IRI to inhibit either succinate accumulation
or ROS production (see Figure 1.8). As mitochondrial ROS production is thought to initiate
much of the downstream damage arising from IRI, targeting mitochondrial ROS production
poses as an attractive therapeutic nexus. In this section, I will discuss how mitochondrial
ROS production may be targeted at different stages during IRI drawing on examples from
early in vivo experimental studies.

Targeting Succinate Accumulation

Succinate accumulation during ischaemia acts as a large store of electrons capable of driving
mitochondria ROS production on reperfusion. Inhibition of succinate accumulation during
ischaemia may therefore prevent mitochondrial ROS production by abolishing the store
of electrons required to drive RET. During ischaemia, succinate accumulation is thought
to primarily occur through the reverse action of succinate dehydrogenase. Inhibition of
succinate dehydrogenase during ischaemia may therefore reduce succinate accumulation.
Administration of the competitive inhibitor of SDH, malonate, as the membrane-permeable
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Figure 1.8 Therapeutic Targets within Mitochondria during IRI. Mitochondria may be targeted
at various stages during IRI. Therapeutic strategies include inhibition of succinate accumulation
during ischaemia, prevention of succinate oxidation on reperfusion, inhibition ROS production by
Complex I, scavenging of ROS with antioxidants as well as inhibition of the downstream effects of
ROS production including mPTP induction and inflammation. Figure adapted from Murphy et al
(2018).

precursor, dimethyl malonate (DMM) , significantly reduced the level of succinate accu-
mulation in the ischaemic mouse heart and led to a reduction in mitochondrial superoxide
production and infarct size on reperfusion [14]. Similar findings were also demonstrated a
mouse model of heart transplantation [193].

Targeting Succinate Oxidation

Rapid oxidation of succinate by SDH on reperfusion of ischaemic tissue is to thought result
in a highly reduced CoQ pool required for RET and superoxide production at Complex I [15]
[177]. Inhibition of succinate oxidation by SDH on reperfusion may therefore inhibit ROS
production by preventing RET. Disodium malonate (DSM) has also been shown to inhibit
succinate oxidation and reduce infarct size when given at the onset of reperfusion following
a period of global ischaemia in the isolated mouse heart, most likely through inhibition of
ROS production [194]. Similarly, DSM administered at the onset of reperfusion reduced
infarct size in a translational model of myocardial infarction in the pig [195].
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Targeting RET at Complex I

Reverse electron transport and superoxide production at the FMN site of Complex I is
thought to be the major source of reactive oxygen species during the initial reperfusion.
Many inhibitors of Complex I have been shown to protect against IRI by inhibiting RET
including rotenone [196] and amobarbitol [176]. Complex I is also known to undergo a
conformational change known as the active/deactive transition during ischaemia with a half
life of 10-12 minutes [197] [15]. Transition to the deactive state prevents RET through
Complex I and reveals a critical cysteine residue, Cys39, on the ND3 subunit. Reversible
modification of the exposed Cys39 residue by thiol-reactive agents, such as MitoSNO,
may temporarily lock Complex I in the deactive state and thereby prevent RET and ROS
production [15]. MitoSNO has been shown to inhibit ROS production and reduce infarct size
following left anterior descending (LAD) coronary artery occlusion in the mouse [198].

Mitochondria-Targeted Antioxidants

As the initial burst of reactive oxygen species are thought to originate from mitochondria
following ischaemia-reperfusion, mitochondria-targeted antioxidants, such as MitoQ, may
aid in reducing oxidative damage and subsequent injury by scavenging reactive species
before they damage mitochondrial and cellular components. MitoQ consists of a ubiquinone
moiety linked to a triphenylphosphonium (TPP) cation by a 10-carbon alkyl chain. The
positive charge of the TPP cation is distributed over a large surface area allowing the molecule
to pass easily through membranes and accumulate several hundred fold in the negatively
charged matrix of mitochondria [199]. Within mitochondria, the ubiquinone moiety of
MitoQ is reduced to ubiquinol and may subsequently act as an effective antioxidant against
lipid peroxidation becoming oxidised to ubiquinone and preventing propagation of lipid
radicals. Oxidised ubiquinone may be reduced back to ubiquinol by Complex II restoring
its antioxidant activity [200]. MitoQ has been shown to be protective in a mouse model of
cardiac and renal IRI as well as a mouse model of cardiac transplantation [201] [202] [203].

1.3.5 Summary

Mitochondria are highly dynamic organelles central to oxidative phosphorylation and many
other cellular processes. During IRI, mitochondrial ROS production is thought to initiate
many of the downstream processes leading to cellular damage and injury. Whilst mito-
chondrial ROS production was previously thought to occur via a relatively non-specific
mechanism, increasing evidence points towards reverse electron transport and superoxide
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production from the FMN site of Complex I as a major source of ROS production. Re-
verse electron transport is thought to be driven by the rapid oxidation of succinate which
accumulates across tissues during ischaemia. A number of novel therapeutic targets have
subsequently been identified within mitochondria with early experimental studies targeting
this mechanism showing promising results.

1.4 Development of Malonate Compounds for Use in Is-
chaemia Reperfusion Injury

In this thesis, I primarily focus on whether malonate compounds may be used to reduce
mitochondrial ROS production and IRI in kidney transplantation. Malonate may be used to
inhibit succinate accumulation during ischaemia or succinate oxidation on reperfusion by
competitive inhibition of SDH as discussed above. In this section, I discuss the rationale
behind the use of malonate over other SDH inhibitors during IRI and different mechanisms
used to target malonate to mitochondria in vivo.

1.4.1 Choice of Malonate as an SDH Inhibitor

Succinate dehydrogenase may be inhibited at either the succinate or CoQ binding site
[165]. Succinate binding site inhibitors competitively inhibit SDH activity and include the
dicarboxylates malonate and oxaloacetate [204] [205] [206]. Ubiquinone site inhibitors are
similar in structure to ubiquinone however are not readily reversible and have been reported
to induce apoptosis [207]. Competitive succinate binding site inhibitors are therefore better
suited to the transient inhibition of SDH during ischaemia reperfusion avoiding toxic long
term effects.

Whilst oxaloacetate is a more potent inhibitor of SDH than malonate, it is unstable in
aqueous environments, undergoing spontaneous decarboxylation to pyruvate and carbon
dioxide with a half-life of 10 min; this has precluded the use of oxaloacetate with most
efforts in our lab focusing development of novel malonate compounds. Malonate has an
IC50 of a few µM and is metabolised relatively quickly following its administration, making
it ideally suited to transient inhibition of SDH during IRI [208] [209] [210]. However,
malonate is posses a double negative charge at physiological pH (pKa∼2.85) preventing it
from passing directly through lipid membranes. Assuming malonate does not have a carrier,
in order to cross cell membranes and inhibit SDH within mitochondria in vivo, malonate
must be chemically modified to increase its membrane permeability either by the synthesis
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of malonate ester pro-drugs or conjugation of malonate to mitochondrial targeting molecules
such as TPP.

1.4.2 Development of Malonate Ester Pro-Drugs

Pro-drugs are molecules with little or no pharmacologial activity that are converted to the
active parent drug in vivo by enzymatic or chemical reactions or by a combination of the two
[211]. Short-chain hydrocarbon pro-moieties are commonly used to mask charged groups
such as the carboxylic acids on malonate forming a lipophilic alkyl ester with increased
membrane permeability [211]. Alkyl ester pro-drugs can then be converted to their active
parent compound by ubiquitously expressed carboxylesterases within their target tissue. Up
to five potential carboxylesterase genes have been identified in humans however, only two
isoforms, CES1 and CES1 have been extensively studied [212]. CES1 favours the hydrolysis
of small alcohol or large acyl groups whilst CES2 favours the opposite.

Caboxylesterases are differentially expressed in the body with particularly high concen-
trations reported in the liver, kidney and intestine (likely related to their role in xenobiotic
detoxification) [213]. The differential expression and substrate specificity of carboxylesterase
isoforms may have numerous consequences for pro-drug delivery, requiring malonate ester
pro-drugs to be ’tuned’ for delivery to a particular tissue type [214] [211]. Furthermore,
carboxylesterases are not specific to mitochondria and are located within numerous other
subcellular compartments [215]. Malonate ester pro-drugs may therefore undergo hydrolysis
at numerous intracellular locations but to inhibit SDH must be subsequently transported into
mitochondria.

Two of the most promising malonate ester pro-drugs currently under investigation are
DMM and diacetoxymethyl malonate (MAM) . DMM is hydrolysed at a much slower rate
than MAM by non-specific esterase, such as pig liver esterase (PLE) , when assessed in
vitro (personal communication, Hiran A Prag). The rate of hydrolysis of malonate ester pro-
drugs may have important consequences for the stage of ischaemia reperfusion the different
compounds should be given. Furthermore, an increased tissue malonate concentration was
achieved in liver, kidney, heart and brain following intravenous administration of MAM
compared to DMM via tail vein injection in mice (personal communication, Hiran A Prag).
As such, it may be that a lower concentration of MAM compared to DMM is required to
achieve the same therapeutic concentration of malonate in a tissue during IRI. Again, this
may have important consequences for the use of malonate ester pro-drugs in vivo, as lower
concentrations of the pro-drug will likely lead to fewer off-target and adverse effects.
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1.4.3 Development of Mitochondria Targeted Malonate Compounds

An alternative to malonate ester prodrugs is the conjugation of malonate to mitochondria
targeting moieties such as the lipophilic cation, TPP. Lipophilic cations such as TPP exploit
the large charge difference across the inner mitochondrial membrane to drive several hundred
fold accumulation within mitochondria whilst distribution of the positive charge across the
molecule and large hydrophobic surface area provided by the three lipophilic phenyl groups,
greatly reduces the activation energy required for the molecule to pass through plasma and
mitochondrial membranes [216].

Charged molecules such as malonate may be conjugated to TPP via an ester linkage and
released within the matrix by carboxylesterases in a similar manner to malonate ester pro-
drugs [217]. Directly targeting malonate to mitochondria may help to reduce ester hydrolysis
occurring at other cellular locations and increase the malonate concentration achieved within
the mitochondrial matrix. This may permit the use of lower doses of malonate whilst
achieving the same therapeutic effect as in non-targeted methods. TPP molecules are also
rapidly taken up by cells and mitochondria on administration which may be of particular
benefit in targeting succinate oxidation during early reperfusion. However, the uptake of
TPP-linked molecules has been shown to vary in different organs depending on the bioactive
cargo and mitochondrial membrane potential within the tissue [218]. The properties of
TPP-linked malonate compounds may therefore need to be ‘tuned’ for therapeutic use in
different organs. Nonetheless, TPP molecules have shown a good safety profile in Phase II
trials with excretion of the TPP moiety occuring via redistribution into the extracellular fluid,
extracellular metabolism and biliary excretion [219] [220].

TPP-linked malonate esters are currently being developed by the Hartley Lab (WestChem,
University of Glasgow, UW) and Murphy Lab (MRC Mitochondrial Biology Unit, Univer-
sity of Cambridge, UK). One promising compound under development is TPP11-malonate
which has shown rapid uptake and hydrolysis in tissues when administered to mice in vivo
(personal communication, Hiran A Prag). Furthermore, TPP11-malonate led to a reduction
in infarct size when administered at reperfusion in a mouse model of myocardial infarction
(unpublished data, Mr Hiran A Prag).

1.4.4 Use of Disodium Malonate

Disodium malonate is the sodium salt of malonate. It has previously been shown to reduce
IRI when administered on reperfusion in the mouse and pig [194] [195]. However, it is
currently unclear how DSM efficiently crosses cell membranes under conditions of normoxia
in order to reach mitochondria (personal communication, Mr Hiran A Prag). It may be that
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IRI leads to changes in membrane permeability, facilitating cell entry of DSM on reperfusion;
however, this hypothesis requires further investigation.

1.4.5 Summary

Malonate is ideally suited to the transient inhibition of SDH during IRI. However, it is a
charged molecule and must be administered in a chemically-altered form in order to pass
through cellular membranes and enter mitochondria in vivo. Two strategies currently used
to increase the membrane permeability of malonate include the synthesis of malonate ester
pro-drugs or conjugation of malonate to lipophilic cations. However, these modifications
may affect the rate of accumulation and activation of malonate within cells and mitochondria
and the optimal time during IRI when each compound should be given is currently under
investigation.

1.5 Use of Novel Therapeutics in Kidney Transplantation

In the translation of mitochondrial therapies from experimental studies to clinical practice, it
is important to consider at what stages during the transplant process novel therapies might
be given. Legal, technical and logistical barriers may restrict the number of opportunities
to administer different compounds with significant consequences for their ability to inhibit
mitochondrial ROS production and ameliorate IRI. Early consideration of the current (and
possibly future) opportunities to administer mitochondrial therapies during organ trans-
plantation, as well as an in depth understanding of the pathological mechanisms occurring
during ischaemia and reperfusion may therefore help to select the most promising targets,
compounds and treatment strategies, leading to quicker, more efficient translation of novel
therapies to clinical practice.

1.5.1 Use in Organ Donors

Administration of mitochondrial therapies such as malonate compounds prior to the onset
of ischaemia may help to prevent the pathological changes that occur within cells during
warm and cold ischaemia and reduce the severity of IRI on subsequent organ transplantation.
Administration of DMM prior to onset of warm ischaemia in the mouse model of cardiac
transplantation has shown to reduce succinate accumulation and protect against IRI on
reperfusion [193]. Mitochondrial therapies may theoretically be administered to organ
donors prior to the onset of ischaemia, although a number of technical and legal barriers first
must be overcome (see below). Translational models will be important in demonstrating
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the protective effect of mitochondrial compounds administered prior to ischaemia in organ
transplantation whilst a continuing organ deficit may prompt legal barriers preventing the
treatment of potential organ donors prior to declaration of death to be revisited in order to
increase organ supply and quality.

Administration to DBD Donors

Therapeutic interventions aimed at optimising organ quality for donation are currently
administered to DBD donors following the confirmation of brainstem death. These include
the correction of hypovolaemia with fluids and vasopressors, correction of diabetes insipidus
with antidiuretic hormone, inhibition of inflammatory responses with methylprednisolone
and hormone replacement therapy to counteract endocrine and metabolic changes following
brainstem death [221]. It is therefore foreseeable that if mitochondrial compounds were fully
approved for clinical use, they could be administered to DBD donors prior to organ retrieval
in order to prevent succinate accumulation and reduce IRI during transplantation as has been
demonstrated in a mouse model of heart transplantation [193].

Administration to DCD Donors

In the UK, it is currently illegal to administer a therapy to a patient that is not for the
primary benefit of that patient, including during organ donation. Therefore, therapies aimed
at improving the quality of organs for subsequent transplantation can only be given after
the death of an organ donor has been confirmed. As previously discussed, organs retrieved
following donation after circulatory death are exposed to a significant period of warm
ischaemia prior to in situ flush and organ cooling. Mitochondrial therapies aimed at reducing
the pathological changes that occur during warm ischaemia, such as the accumulation of
succinate, could therefore not be administered at the optimal time during DCD donation
under current UK law [222].

However, in the US, pre-mortem heparin is commonly given prior to the withdrawal of
life support in DCD donation to reduce clot formation in the organs subsequently retrieved
for transplantation. Whilst pre-mortem heparin is not given for the primary benefit of the
patient, it is not thought to accelerate patient death or cause harm to a potential organ donor
but may help to facilitate the patient’s wishes to donate their organs where consent has been
obtained; these arguments have been used to justify the use of pre-mortem heparin during
DCD donation [223]. Mitochondrial therapies would need to meet similar criteria if their use
is to be permitted in potential organ donors prior to declaration of patient death in the US and
other countries. In addition, substantial evidence would be needed to demonstrate treatment
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of organs prior to patient death in DCD donors would lead to a significant improvement
in organ quality and function [222] [224]. This is where translational models such as the
pig and ex vivo normothermic perfusion of declined human kidneys may be extremely
important in providing preliminary data to inform ethics committees. Whilst treatment of
DCD donors prior to patient death remains illegal in the UK, the ageing population and
increasing demand-supply mismatch in organ donation may lead to changes in the law in
future years.

Administration to Living Donors

In living organ donation, a similar dilemma exists in whether therapies aimed at improving
organ quality should be administered to the donor as such therapies are not of direct benefit
to them. However, the altruistic nature of living donation and the fact the donor has already
consented to a considerable level of harm may mean what is in their best interest is to provide
the highest quality organ possible. A clear ethical and legal framework for the administration
of novel mitochondrial therapies to living donors is currently lacking. Whilst kidneys from
living donors experience short ischaemic times and typically show very low rates of delayed
graft function they still experience a degree of IRI and mitochondrial therapies may be of
benefit in increasing the long term function and survival. Again, translational studies will
be extremely important in determining the effect of mitochondrial therapies on grafts from
living donors and will be important in shaping future attitudes to the treatment of potential
grafts within living patients.

1.5.2 Use in Organ Preservation

As a number of legal and technical barriers must be overcome in order to administer mitochon-
drial therapies to organ donors an alternative approach may be to administer mitochondrial
therapies immediately following organ retrieval during either back-table flush and cold static
storage or ex vivo normothermic perfusion.

Administration during Back-Table Flush and Cold-Static Storage

Administration of mitochondrial therapies to grafts during back table flush would occur
after warm ischaemia in DCD donors but close to the onset of ischaemia in DBD and living
donation. Metabolic processes are greatly inhibited during cold ischaemia but continue to
occur at a slow rate. Malonate compounds may therefore inhibit succinate accumulation that
occurs during cold ischaemia as well as rapid succinate oxidation on subsequent reperfusion.
Already a number of compounds such as the xanthine oxidase inhibitor allopurinol are added
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to University of Wisconsin solution to inhibit oxidative damage and improve organ quality
on reperfusion meaning there are no legal hurdles to overcome in the administration of
mitochondrial therapies to organs during cold preservation [35]. Furthermore, if primarily
aimed at reducing mitochondrial ROS production at reperfusion, mitochondrial therapies
may be administered to organs at the point of organ flush regardless of donor type and
pre-exposure to warm ischaemia. Lastly, current organ donation practices would not need to
change if mitochondrial targeted therapies could be given during in situ or back-table flush
and would greatly ease the introduction of their use. Development of mitochondrial therapies
that could be given during cold preservation and reduce IRI on subsequent transplantation
are therefore highly attractive.

Administration during Normothermic Perfusion

In addition to the assessment and reconditioning of marginal organs, the use of ex vivo
normothermic perfusion as a drug delivery platform during organ preservation is increasingly
being explored [225] [136] [226]. Ex vivo normothermic perfusion allows direct delivery
of compounds to the metabolically active organ and may help to overcome difficulties in
systemic drug delivery and adverse, off-target effects. Furthermore, ex vivo normothermic
perfusion may permit the use of lower drug concentrations and otherwise toxic compounds.
Different malonate compounds could be added to the perfusate before, during or at the end of
ex vivo normothermic perfusion depending on the desired effect. Translational models such
as ex vivo normothermic perfusion of pig and declined human kidneys could be easily used
to simulate human kidney perfusion and determine the appropriate doses and administration
times of malonate compounds to inform future clinical trials.

1.5.3 Use in Organ Recipients

Organ transplant recipients already receive a number of therapeutic compounds before and
after organ transplantation in order to improve transplant outcomes, most notably immunosup-
pressives such as the IL-2 receptor antagonist basiliximab, calcineurin inhibitors, steroids and
antiproliferatives [227]. No legal barriers therefore need to be overcome in the administration
of mitochondrial compounds to transplant recipients to reduce IRI and improve organ quality
per se however ethical approval would still be required for trials of new therapies in trans-
plant recipients. Mitochondrial therapies would need to be administered at reperfusion and
accumulate rapidly within the mitochondria of the transplanted graft in order to effectively
reduce ROS production. However, targeting of mitochondrial compounds to the graft may
be difficult and high concentrations of the compound may be required, increasing the risk
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of off-target or toxic effects. Again translational models will be important in exploring the
administration of mitochondrial therapies to the recipient during organ transplantation.

1.5.4 Summary

There are multiple opportunities to administer mitochondrial therapies to donor grafts during
the transplant process however, depending on the donor type and stage of IRI targeted, a
number of logistical and legal barriers may need to be overcome. Translational models of
kidney transplantation will play an important role in informing ethical committees and early
clinical trials as the optimal mitochondrial therapy and stage of administration in different
donor types. Ideally, mitochondrial therapies could be administered at the same stage in all
donor types and incorporation into current retrieval and transplant protocols would greatly
ease their clinical implementation.

1.6 Translational Models of Kidney Transplantation

In order to investigate the contribution of mitochondrial ROS production to IRI in human
kidney transplantation and the potential for novel mitochondrial therapies to improve trans-
plant outcomes, translational models of kidney transplantation are needed to bridge the
gap between basic experimental models of IRI and clinical transplant practices. Use of
translational models of kidney transplantation are can help identify the most promising
therapeutic compounds for use in clinical practice as well as informing early clinical trials
as to the likely route, dose and timing of their administration. In this section, I discuss how
translational models in the mouse, pig and human may be used to investigate the effect of
novel mitochondrial therapies during IRI in kidney transplantation.

1.6.1 Mouse Models

A model of kidney transplantation has previously been developed for the study of allograft
rejection in the mouse [228] [229] [230]. Whilst this model is ideally suited to the inves-
tigation of the alloimmune responses in kidney transplantation, it is less well suited to the
investigation of transplant IRI. The procedure itself is technically demanding requiring a
high level of training whilst any variations in the time taken to retrieve the donor kidney
and perform the recipient anastomosis make the severity and reproducibility of IRI difficult
to control [231]. In addition, the length of the procedure results in a high level of injury
and it is usually necessary for one native kidney to be retained in the recipient mouse in
order to avoid death related to delayed graft function [232] [233]. However, the presence
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of the native kidney may fully compensate for reduced function in the transplanted kidney
preventing measures such as serum creatinine from being used to assess graft function [234].
This model is therefore not well suited to investigate the effect of mitochondrial therapies on
IRI experienced during kidney transplantation.

An alternative to the kidney transplant model is a model of renal IRI in which the blood
supply to one or both kidneys is occluded by a micro-serrefine clamp placed over the renal
hila and then removed at the time of reperfusion [235] [236]. This model has the advantage
of being less technically challenging than the kidney transplant model and the duration of
ischaemia is more easily controlled. This results in a more reproducible level of injury
between experiments as long as other factors such as core temperature, hydration status and
anaesthesia time are also tightly controlled [236] [237]. The level of injury experienced by
the kidneys on reperfusion may also be adjusted by altering the warm ischaemia time to
which they are exposed and fatal renal insufficiency as experienced in the kidney transplant
model can be avoided [238]. Furthermore, a recent comparison of the transcriptional changes
that occur during early reperfusion in human kidney transplants to the changes that occur
in mouse kidneys following ischaemia reperfusion, showed a highly significant degree of
concordance between the two, suggesting similar injury processes occur in mouse IRI to
human kidney transplantation [239] [240]. The mouse model of kidney IRI is therefore
ideally suited to investigate the effects of mitochondrial therapies on the kidney injury and
function in the mouse and may be used to inform subsequent studies that more closely
resemble transplant practices.

1.6.2 Large Animal Models

Whilst mouse models of disease offer cost effective and relatively easy opportunities for
the investigation of novel drug compounds, many of the therapies trialled in rodents do
not show the same efficacy in humans [241]. This is often related to differences in rodent
anatomy, physiology and metabolism in comparison to humans as well as a disparity between
experimental models of disease and clinical practices [241]. Larger animal models may
resemble human anatomy, physiology and metabolism more closely and therefore aid in
more efficient translation of novel therapies to clinical trials [242]. Furthermore, ineffective
compounds may be identified at an earlier stage of drug development with the use of larger
animal models enabling resources to be focused on the most promising therapies.

Pig, dog and non-human primates have all been used in translational models of kidney
transplantation, the most popular of which being the pig [243]. The multilobular, multipapil-
lary architecture of the pig kidney has a high degree of similarity to the human compared
to the unilobular, unipapillary kidney in rodents and dogs [244] [245]. The body size and
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vasculature of the mini-pig (60-70 kg) also closely resembles the human allowing surgical
procedures to be more accurately simulated [246]. Similarities in body size and metabolism
also allow for easier estimation of therapeutic doses in humans from pig studies whilst pigs
have the added advantages of being easily bred and harbouring little public resentment for
use in scientific research [245] [243]. However, larger animal models can be expensive and
consequent studies often consist of low animal numbers. Furthermore, pigs rapidly exceed
the size and weight of humans, making handling more difficult and most experiments are
done on very young, healthy adults [245] [243].

To partly overcome the high costs involved in large animal studies, ex vivo normothermic
perfusion (EVNP) may be used as an experimental model of kidney transplantation to
investigate IRI during early reperfusion [247]. In such studies, organ retrieval from the animal
and preservation of the organ during transportation closely resemble the clinical scenario;
however instead of transplanting the organ into a living recipient, organs are reperfused ex
vivo on a modified cardiopulmonary bypass machine using a warm, oxygenated, whole blood
perfusate [248]. Not only does this model dramatically reduce the cost of large animal studies
but also allows close monitoring of numerous functional parameters during early reperfusion
including renal blood flow, urine output, creatinine secretion and fractional excretion of
sodium that would not be possible following transplantation in living recipient. Furthermore,
multiple blood, urine and tissue samples may be taken at different stages during reperfusion
which would also not be possible in a full transplant model, maximising the amount of
information gained from each experiment. Currently however, organs may only be reperfused
for several hours using EVNP due to gradual haemolysis of the whole blood perfusate within
the reperfusion circuit and the technique is not suitable for the long term study of organ
function [136]. Other limitations include the possible recirculation effects of the perfusate
and the reperfusion of the organs in isolation [249]. Nonetheless, EVNP is ideally suited to
investigate the translation of mitochondrial therapies to kidney transplantation and their effect
on early IRI, the results from which could later be used to inform full transplant experiments
in larger animals as well as early human trials.

1.6.3 Use of Declined Human Kidneys

In addition to its use in large animal models, EVNP has also been used to assess the
function of declined human kidneys following organ retrieval and cold static storage [250]
[122]. Favourable assessment of kidney function during EVNP has led to the successful
transplantation of previously declined human kidneys in a number of cases [251] [140] [137].
In other instances, EVNP of declined human kidneys may be used as an experimental model
of kidney transplantation in order to investigate kidney pathology or the safety and efficacy of
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novel therapies in human tissue [252] [253]. Again, multiple tissue, blood and urine samples
can be taken from the kidney during EVNP which would not be possible as part of a human
trial. Ex vivo normothermic perfusion of declined human kidneys could therefore be used
to investigate the use of novel mitochondrial compounds in kidney transplantation and help
inform Phase II clinical trials

1.6.4 Summary

Translational models of kidney transplantation may be used to investigate the safety and
efficacy of novel mitochondrial therapies under conditions that more closely resemble clinical
practice. Ex vivo normothermic perfusion of pig and human kidneys may be used as a cheaper
alternative to full transplant studies with the added benefit of allowing close monitoring of
kidney function and increased sampling of tissues across a range of time points. Ultimately,
it is hoped that experiments in translational models of kidney transplantation will inform
early clinical trials of mitochondrial therapies in kidney transplant patients.

1.7 Thesis Hypotheses

My overall hypothesis for this thesis is that malonate ester pro-drugs may be used to reduce
IRI in kidney transplantation.

1.8 Thesis Aims

In this thesis, I aim to investigate whether malonate ester pro-drugs can be used to ameliorate
IRI in kidney transplantation using the experimental approach shown in Figure 1.9. In
particular, I plan to address four main aims;

1. To determine how succinate accumulation and mitochondrial ROS production are
determined by conditions under which kidneys are retrieved during organ donation

2. To determine whether malonate ester pro-drugs can be used to inhibit mitochondrial
ROS production during IRI in kidney transplantation

3. To determine at what stage in the transplant process different malonate ester pro-drugs
may be effectively given

4. To determine whether inhibition of mitochondrial ROS production leads to improved
initial graft function in kidney transplantation
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Figure 1.9 Experimental Approach to Investigate the Effect of Malonate Ester Pro-Drugs on
IRI in Kidney Transplantation. Previous in vitro ad early in vivo studies alongside pre-established
translational models of kidney transplantation were used to inform experiments in the mouse, pig
and human. A mouse model of bilateral renal IRI, pig model of kidney transplantation using EVNP
and EVNP of declined human kidneys were used. Experiments in the mouse, pig and human were
conducted in parallel to aid in the rapid translation of malonate ester-prodrugs from early in vitro
studies to Phase I clinical trials.

In the following chapters, I first investigate the metabolic changes that occur in the
kidney under the different conditions of organ donation and whether malonate ester pro-
drugs may be used to inhibit succinate accumulation. I then go on to the characterise the
level of mitochondrial ROS production in the different models of kidney transplantation
and investigate whether malonate ester pro-drugs given at various stages in the transplant
process may be used to inhibit ROS production on reperfusion. Lastly, I investigate the
effect of malonate ester pro-drugs on kidney function during early reperfusion in each of the
different models of kidney transplantation. So each Chapter may be read in isolation, I have
intentionally re-introduced some aspects of this introduction at the beginning of Chapter’s 3,
4 and 5.





Chapter 2

Materials and Methods

2.1 Chemicals Reagents and Stocks

All reagents were obtained from Merch (formerly Sigma-Aldrich), UK unless otherwise
stated. Diacetoxymethyl malonate was synthesised by Ms Laura Pala in the lab of Professor
Richard C. Harley (WestCHEM School of Chemistry, University of Glasgow, UK).

2.2 Surgical Procedures

All procedures were approved by the UK Home Office under the Animals (Scientific Proce-
dures) Act 1986.

2.2.1 Murine Model of Renal Ischaemia Reperfusion Injury

Animal Husbandary

Female C57BL/6 mice (Charles River Laboratories, UK) were maintained in specific
pathogen free facilities with ad libitum food and water. All procedures were conducted
under Project Licence number P7720A3D6.

Anaesthesia and Pre-Operative Care

Pre-operative care was performed by a surgical technician in an adjacent room to the surgical
theatre. Mice were placed in an induction chamber and anaesthesia was induced using
3-5 % isoflurane (Abbott Laboratories, USA) and 2.0 L/min oxygen. Following induction,
anaesthesia was maintained with 1.5-2 % isoflurane and 2.0 L/min oxygen delivered via a
nose cone. The abdomen of the mouse shaved using electrical clippers and wiped clean with
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chlorhexidine (Molnlycke, Sweden). For non-terminal procedures, a subcutaneous injection
buprenorphine (0.1 mg/kg) was given for pain relief following surgery.

Surgical Procedure

Anaesthetised mice were placed on a heat mat attached to a homeothermic monitoring system
(Havard Apparatus, UK). The core temperature of the animal was measured with a rectal
temperature probe and maintained at 36.0 ± 0.5 °C throughout the procedure. A midline
laparotomy was performed and the renal hila were dissected. To induce ischaemia, a micro-
serrofine clamp (15 mm, Fine Science Tools, Germany) was placed over the renal hilum of
each kindey to occlude the renal artery and vein. During ischaemia, the midline laparotomy
was closed using 5-0 absorbable suture (Safil®, Braun, Germany) to maintain core body
temperature and minimise evaporational losses. Successful occlusion of the renal vessels
could be confirmed by development of a purplish colour to each kidney. For reperfusion
experiments, micro-serrefine clamps were removed from the renal hila following ischaemia
and return to normal colour was noted.

Infusions

In all experiments, compounds were administered as an infusion in a total volume of 160 µL
saline. A syringe driver was used to deliver compounds at a rate of 16 µL/min through
an infusion line (Portex Polyethylene Tubing, Smiths Medical International, UK) inserted
directly into the inferior vena cava (IVC) with a 30 G needle. In experiments aimed at
inhibiting succinate accumulation, saline or DMM (0.8, 1.6, 3.2, 6.4 and 12.8 mg) were
administered as an infusion beginning 10 mins prior to the onset of ischaemia. In experiments
aimed at inhibiting succinate oxidation on reperfusion, saline, DMM (3.2 mg), 1 % dimethyl
sulfoxide (DMSO) or MAM (0.32 mg) in 1 % DMSO were administered as a 10 minute
infusion beginning 5 mins prior to the onset of reperfusion.

Administration of MitoB

MitoB (20 nmol) in 50 µL saline (5 % DMSO) was given as an intravenous injection directly
into the IVC 30 mins prior to the onset of ischaemia where stated.

Animal Recovery

In non-terminal procedures, the abdominal wall was closed in two layers with 5-0 absorbable
suture (Safil, Braun, Germany) and mice were re-hydrated with 500 µL saline injected
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subcutaneously. Mice were then recovered in an incubator set at 28 °C on soft, dry bedding
with access to food and water.

Sample Collection & Storage

Tissue, whole blood and urine were collected from mice under terminal anaesthesia. Approx-
imately 500 µL whole blood was collected directly from the IVC using a 1 mL syrine and
27 G needle. Whole blood was transferred to 250 µL capillary action collection tubes and
allowed to clot. Tubes were then cetrifuged at 3000 g for 10 mins to separate the clot from
the serum. The serum was then collected and stored at -70 °C until further processing and
analysis. Kidneys for biochemical analysis were rapidly excised from the mouse and frozen
in liquid nitrogen (LN2) using Wollenburg clamps. Frozen tissue was then stored at -70 °C
until further processing. Kidneys for histological analysis were excised from the mouse and
divided along the renal hilum using a scapel. One half was placed in 10 % neutral buffered
formalin and the other in optimal cutting temperature compound which was then cooled
on dry ice and stored -70°C until further processing. Urine was collected directly from the
urethra of the mouse in a 250 µL capillary action collection tube by compressing the bladder
with a cotton bud. Urine was then centrifuged at 3000 g for 10 mins and the supernatent was
stored at -70 °C until further processing.

2.2.2 Retrieval of Pig Kidneys

Animal Husbandary

Large male and female Landrace pigs weighing 40-70 kg were supplied by Envigo, Hunting-
ton, UK. All procedures were conducted under Envigo Protocol Number WRS0001.

Anaesthesia and Pre-Operative Care

Pigs were medicated with intramuscular ketamine (10 mg/kg), medetomidine (0.02 mg/kg)
and midazolam (0.1 mg/kg). A peripheral intravenous catheter was placed in the marginal
ear vein and anaesthesia was induced with propofol to effect. Pigs were intubated and
100 % oxygen supplied with intermittent positive pressure ventilation was used to maintain
normocapnia. Anaesthesia was maintained with continuous infusions of propofol (starting
at 10 mg/kg/hr and titrating down to effect) and either remifentanil (starting at 2.4 µg/kg/h
and titrating up to effect) or alfentanil (starting at 30 µg/kg/h and titrating up to effect). If
required, isoflurane was provided at approximately 2 % to maintain anaesthesia. Saline
was administered intravenously at approximately 10 mL/kg/hr. During anaesthesia a Datex
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Ohmeda Cardiocap patient monitoring system was used to monitor ECG waveform, pulse
oximetry, temperature and capnography parameters.

Surgical Procedure

A midline laparotomy was performed and the bowel mobilised to expose the renal hila. The
hila were dissected and the renal arteries and veins slung using a 3-0 vicryl tie (Ethicon,
Johnson & Johnson, UK) on both sides. The ureters were identified and each kidney was
freed from the underlying connective tissue. Heparin (500 IU/kg, CP Pharmaceuticals, UK)
was then given via the marginal ear vein and allowed to circulate for approximately 5 mins.

Immediately before the retrieval of each kidney a wedge tissue biopsy was taken and
clamp frozen in LN2 using Wollenburg clamps. Each renal artery and vein was then tied and
the renal vessels and ureter were divided. Kidneys undergoing warm ischaemia were left in
the abdomen at 38 °C for 30 mins before being removed and flushed with cold preservation
solution. Kidneys undergoing cold ischaemia only were immediately removed from the
abdomen of the pig to be flushed with cold preservation solution on the back-table.

Following retrieval of both kidneys, approximately 1 L of blood was collected from
the distal aorta in two 500 mL citrate-phosphate-dextrose-adenine (CDPA) blood bags
(Fresenius Kabi, Germany). The pig was then euthanised by an overdose of pentobarbitone
at approximately 200 mg/kg.

Back-Table Flush and Cold Preservation

On removal from the abdomen, the renal artery was cannulated with a 10 F catheter and
kidneys were immediately flushed with approximately 500 mL ice-cold Soltran preservation
solution (0.86% (w/v) potassium citrate, 0.82 % (w/v) sodium citrate, 3.38 % (w/v) mannitol
and 1.0 % (w/v) magnesium sulphate; Baxter Healthcare, US) whilst submerged in slushed
ice. Following back-table flush, kidneys were sealed in bags containing ice-cold Soltran
solution and packed in organ storage boxes on ice for 6 h to mimic the conditions of static
cold storage.

Measurement of Tissue Temperature

Where indicated, the surface and core temperature of the kidney was measured during back-
table flush using a K type thermocouple (Hanna Instruments, UK) and data logger (EasyLog
EL-USB-TC-LCD, Lascar Electronics, UK). Thermocouples were inserted into the kidney
prior to the commencement of back-table flush and the temperature recorded to the nearest
0.5 °C every second.
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2.2.3 Acceptance of Declined Human Kidneys for Research

Human kidneys declined for organ transplantation were accepted for research as per NHS
Blood and Transplant and Addenbrooke’s Hospital guidelines. Full ethical approval for the
use of human kidneys for the investigation of ischaemia reperfusion injury had been awarded
in advance (NREC 15/NE/0408).

2.3 Ex Vivo Normothemic Perfusion of Pig and Human
Kidneys

2.3.1 Circuit Preparation

Circuit Components

The EVNP circuit consists of several disposable and non-disposable components. Non-
disposable components include a Bioconsole including centrifugal pump & pressure trans-
ducer (Bio-console 560, Medtronic, Watford, UK), flow probe (BioProbe TX 50P, Medtronic,
Watford, UK), heated circulating bath (Grants Instruments, Cambridge, UK), temperature
probe (Oakton Instruments, Vernon Hills, IL, USA), glass kidney chamber, two Gemini PC-2
infusion pumps (Imed, San Diego, CA, USA) and a catheter bag. Disposable perfusion sets
(Medtronic, Watford, UK) include a biohead pump, venous reservoir, polyvinyl chloride
(PVC) tubing and a membrane oxygenator/heat exchanger.

The perfusion circuit is assembled such that perfusate flows from the venous reservoir to
the centrifugal paediatric pump and then onto the membrane oxygenator and heat exchanger,
as shown in Figure 2.1. The perfusate then passes through the flow probe before entering the
glass kidney chamber. The venous outflow of the kidney is collected by the glass chamber
and then returned to the venous reservoir to circulate again.

Circuit Perfusate

The circuit perfusate consisted of 300 mL whole blood, 300 mL Ringer’s solution (Baxter
Healthcare, US), 2.5 g mannitol, 0.06 g creatinine, 10 mL 8.4 % sodium bicarbonate and 500
IU heparin (CP Pharmaceuticals, UK). The perfusate was added to the reperfusion circuit
30 mins prior to the start of reperfusion. Once at a temperature of 37.0 ± 1.0 °C, the pH of
the perfusate was tested using a blood gas analyser. If the pH of the perfusate was too low,
additional sodium bicarbonate (8.4 %) could be added to adjust the pH prior to reperfusion
of the kidney.
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a b

Figure 2.1 Ex Vivo Normothermic Perfusion Circuit. (a) Photograph of the EVNP circuit and
a kidney undergoing perfusion in the glass chamber. (b) Schematic diagram of the EVNP circuit
showing the individual circuit components. During EVNP, the whole blood based perfusate passes
from the venous reservoir to the centrifugal pump and then onto the membrane oxygenator and heat
exchanger before entering the perfusion chamber where the kidney is reperfused via cannulation
of the renal artery. The venous outflow from the kidney is collected by the perfusion chamber and
returned to the venous reservoir where it may circulate again. The temperature of the perfusate is
measured using a temperature probe at the heat exchanger and the flow rate of the perfusate measured
using a flow probe proximal to the perfusion chamber. Urine produced by the kidney during EVNP
was collected via cannulation of the ureter and catheter bag. A number of infusions were given to the
kidney during EVNP including Ringer’s solution to replace the volume of perfusate lost in urine, a
glucose solution (5 %) and an amino acid solution (Synthamin 17 10.0 %) supplemented with sodium
bicarbonate (15 mL, 8.4 %) and insulin (500 IU). These were delivered to the venous reservoir via a
set of infusion pumps. Figure adapted from Nicholson et al (2013).
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Circuit Infusions

A number of infusions were added to the venous reservoir of the circuit during perfusion in
order to maintain the physiological conditions of the perfusate. Ringer’s solution (Baxter
Healthcare, US) was given to replace the fluid lost in the urine produced by each kidney
during reperfusion with the rate of infusion adjusted to match the rate of urine production. In
addition, a 5 % glucose (Baxter Healthcare, US) solution was given at a rate of 5 mL/h and an
amino acid solution (Synthamin 17 10.0 %, Baxter Healthcare, UK) with added insulin (100
IU per 500 mL Synthamin) and sodium bicarbonate 8.4 % (15 mL per 500 mL Synthamin)
was given a rate of 20 mL/h.

Reperfusion Conditions

Each kidney was reperfused at a centrifugal pump speed of 1500 rpm, at a temperature of
37.0 ± 1.0 °C and the perfusate was oxygenated with a 95 % oxygen: 5 % carbon dioxide
gas mixture.

2.3.2 Preparation of Pig and Human Kidneys for Perfusion

Kidneys were removed from cold storage approximately 30 mins prior to reperfusion and
submerged in a bowl containing slushed ice and ice cold Soltran solution (Baxter Healthcare,
US). The renal vessels and ureter were identified and any residual fat or connective tissue
was removed from the kidney. The renal artery was then cannulated using a size 12 F soft
silastic catheter (Pennine, UK) and held in place with a 3-0 Vicryl tie (Ethicon, Johnson &
Johnson, UK). The ureter was also cannulated using a size 10 F soft silastic catheter again
held in place with a 3-0 Vicryl tie (Ethicon, Johnson & Johnson, UK). A 20 mL syringe was
used to flush each kidney with 100 mL Ringer’s solution at the end of cold storage prior to
connection to the reperfusion circuit.

2.3.3 Kidney Monitoring and Sampling during Perfusion

Renal Blood Flow

Renal blood flow (RBF) could be measured directly by the flow probe during reperfusion
and recorded every 5 mins for the first 15 mins of reperfusion, then half-hourly from 30 mins
after the start of reperfusion.
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Urine Output

The urine produced by each kidney was collected in a catheter bag and the total amount
recorded hourly. The total hourly urine output was used to adjust the rate of Ringer’s infusion
to maintain the circulating volume of the perfusate.

Fall in Serum Creatinine

Fall in serum creatinine (SCr) was used as a measure of kidney function on reperfusion. This
was chosen instead of creatinine clearance as a bolus dose of creatinine was added to the
perfusate at the start of reperfusion rather than a continuous infusion of creatinine being
given throughout. As a result creatinine concentration within the perfusate decreased over
time making creatinine clearance difficult to calculate accurately at low serum creatinine
concentrations. Serum creatinine was measured by obtaining an arterial perfusate sample
prior to addition of the kidney to the circuit and at 1 h, 3 h and 6 h of reperfusion. Samples
were stored at 4 °C and sent to Core Biochemical Assay Laboratory, Addenbrooke’s Hospital,
Cambridge, UK for analysis.

Fractional Excretion of Sodium

Fractional excretion of sodium (FENa) at 1 h reperfusion was used as measure of damage
to the proximal tubules of the kidney following ischaemia reperfusion. Sodium excretion
by a healthy kidney is usually less than 1 % however following ischaemia, dysregulation
of proximal tubule polarity and ATN leads to disrupted sodium reabsorption and loss of
sodium in the urine [254]. An arterial perfusate sample and urine sample were taken at 1 h
reperfusion sent to the Core Biomedical Assay Laboratory, Addenbrooke’s Hospital, UK for
analysis of serum and urine sodium and creatinine concentration. Fractional excretion of
sodium was subsequently calculated as follows;

FENa = ([Na]urine[Cr]plasma)/([Na]plasma[Cr]urine)

Tissue Wedge Biopsies

Wedge tissue biopsies were taken from the kidney cortex and rapidly clamp frozen in LN2
using Wollenburg clamps where indicated. Frozen tissue samples were then stored at -70 °C
until further processing and analysis.
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2.4 Liquid-Chromatography Tandem Mass Spectrometry
(LC-MS/MS)

2.4.1 Extraction of Polar Metabolites

Polar metabolites were extracted from clamp frozen tissue samples using a protocol developed
by the Frezza Lab (MRC Cancer Unit, University of Cambridge, UK). For each each sample,
approximately 20 mg of clamp frozen tissue was weighed out on dry ice into a pre-cooled
Precellys tube (Hard tissue homogenising CK28-R - 2 mL; Bertin Instruments, France).
After weighing, 25 µl/mg of pre-cooled extraction buffer (50 % (v/v) MS-grade methanol
(Thermo Fisher Scientific, UK), 30 % (v/v) MS-grade acetonitrile (Romil, UK), 20 % MS
grade-water (Thermo Fisher Scientific, UK) and 100 ng/mL HEPES free acid) was added to
each sample along with 20 µl internal standard containing 100 pmol 13C-succinate and 100
pmol 13C-malonate. Samples were homogensied using a Precellys 24 tissue homogeniser
(6500 rpm, 2 x 15 s, Bertin Instruments, France) and transferred back onto dry ice. Following
homgenisation samples were centrifuged (17,000 g, 10 min, 4 °C) and the supernatent
transferred to a pre-cooled microcentrifuge tube on wet ice. Samples were centrifuged again
(17,000 g, 10 min, 4 °C) and the supernatent transferred to a pre-cooled MS vials. Vials were
stored at -70 °C until analysis.

2.4.2 Extraction of MitoP & MitoB

MitoP and MitoB were extracted from clamp frozen tissue samples using a protocol developed
by the Murphy Lab (Mitochondrial Biology Unit, University of Cambridge, UK). For each
sample, approximately 50 mg of clamp frozen tissue was weighed out on dry ice into a 2
mL microcentrifuge tube. One spatula of zirconium oxide beads (Next Advance, USA),
approximately the size of the tissue, was added to each sample along with 200 µl MitoP/B
extraction buffer A (60 % (v/v) MS-grade acetonitrile (Romil, UK), 0.1 % MS-grade formic
acid (Merck, UK), 39.9 % MS-grade water (Thermo Fisher Scientific, UK)) and 10 µl
internal standard containing 100 pmol d15-MitoB and 50 pmol d15-MitoP. Samples were
then homogenised using a Bullet Blender (speed 8, 4 min, Next Advance, USA) and left for
30 minutes at 4 °C. Samples were then centrifuged (17,000 g, 10 min) and the supernatent
transferred to a 96 well filter plate. The sample pellet was then resuspended in 200 µl MitoP/B
extraction buffer A, vortexed for approximately 30 seconds and centrifuged again (17,000 g,
10 min). The second supernatent was then added to first supernatent in the corresponding
well of the filter plate and samples were vacuum filtered into the collection plate. The filtered
supernatent of each sample was then transferred to a fresh 2 mL microcentrifuge tubes



56 Materials and Methods

and dried in a speed vac overnight (40 °C). Dried samples were then resuspended in 250 µl
MitoP/B extraction buffer B 20 % (v/v) MS-grade acetonitrile (Romil, UK), 0.1% MS-grade
formic acid (Merck, UK), 79.9 % MS-grade water (Thermo Fisher Scientific, UK)), vortexed
for 5 minutes and centrifuged (17,000 g, 10 min). The supernatent was then transferred to
MS vials and stored at -70 °C until analysis.

2.4.3 Sample Analysis

LC-MS/MS analysis of malonate and succinate were performed by Mr Hiran A. Prag
(MRC Mitochondrial Biology Unit, University of Cambridge, UK). LC-MS/MS analysis
of MitoP/MitoB ratio were performed by Ms Angela Logan (MRC Mitochondrial Biology
Unit, University of Cambridge, UK) and Mr Hiran A. Prag (MRC Mitochondrial Biology
Unit, University of Cambridge, UK). Samples were analysed using an LCMS-8060 mass
spectrometer (Shimadzu, UK) with a Nexera X2 UHPLC system (Shimadzu, UK). Sample
separation was achieved using a SeQuant®ZIC®-HILIC column (3.5 µg,100 Å, 150 x 2.1
mm, 30 °C column temperature;MerckMillipore, UK) with a ZIC®-HILIC guard column
(200Å, 1 x 5 mm). The mass spectrometer was operated in negative ion mode with multiple
reaction monitoring (MRM). Sample spectra were acquired using Labsolutions software
(Shimadzu, UK) and the peak area for each compound of interest measured relative to the
internal standard. Sample concentrations were then calculated from a standard curve of
known compound concentrations produced by LC-MS/MS in a similar manner.

2.5 Laboratory Assays

2.5.1 ATP/ADP Luciferase Assay

ATP and ADP concentrations were measured using a Luciferase based assay as described by
Strehler et al. [255]. Frozen tissue samples were homogenised in ice-cold perchloric acid
extractant (3 % (v/v) HClO4, 2 mM Na2-EDTA, 0.5 % Triton X-100). The supernatant was
diluted to a concentration of 1 mg frozen tissue per mL. Samples, ATP and ADP standards
were pH neutralized using a potassium hydroxide solution (2 M KOH, 2 mM Na2-EDTA, 50
mM MOPS), vortexed until formation of a white precipitate (KClO4), then centrifuged (17,
000 X g for 1 min at 4°C). For ADP measurements, 250 µl neutralised sample supernatant
was mixed with 250 µl ATP sulfurylase assay buffer (20 mM Na2MoO4, 5 mM GMP, 0.2 U
ATP sulfurylase (New England Biolabs, USA), in Tris-HCl buffer (100 mM Tris-HCl, 10 mM
MgCl2 (pH 8.0)), incubated for 30 min at 30 °C with shaking (500 rpm), heated at 100 °C
for 5 min and then cooled on ice. Standards (100 µl), samples for ATP measurement (100 µl)
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or samples for ADP measurement (200 µl) (in duplicate) were added to 400 µl Tris-acetate
(TA) buffer (100 mM Tris, 2 mM Na2-EDTA, 50 mM MgCl2, pH 7.75 with glacial acetic
acid) in luminometer tubes. 10 µl pyruvate kinase solution (100 mM PEP, 6 U pyruvate
kinase suspension (Sigma #P1506)) were added to one set of samples for ADP measurement
and incubated for 30 min at 25°C in the dark to convert ADP to ATP. The other duplicate
tube (without addition of pyruvate kinase solution) served as an ADP ‘blank’ value. The
samples were then all assayed for ATP content in a Berthold AutoLumat Plus luminometer by
addition of (100 µl) Luciferase/Luciferin Solution (7.5 mM DTT, 0.4 mg/ml BSA, (1.92 µg)
luciferase/ml (SIGMA #L9506), 120 µM D-luciferin (SIGMA #L9504), made in TA buffer
(25% (v/v) glycerol)), delivered via auto injection, protected from light. Bioluminescence
of the ATP- dependent luciferase activity was measured for 45 s post injection and the data
quantified against standard curves [193].

2.5.2 Glycogen Assay

Tissue glycogen concentration was measured using an assay adapted from Passonneau et
al whereby the production of NA(D)PH was measured during the oxidation of glycogen-
derived glucose to 6-phosphogluconate [256]. Frozen tissue (5-10 mg) was minced finely
before being treated with 250 µl hot acid (2 M HCl; 100 °C) or alkali (2 M NaOH; 100 °C) to
hydrolyse glycogen or as an unhydrolysed control respectively (100 °C, 1 h, vigorous shaking
every 10 min). Samples were subsequently cooled to RT and neutralised to pH 7 with either
2 M NaOH or HCl and the addition of (500 µl) 400 mM Tris (pH 7.4). Neutralised samples
were vortexed before centrifuging (17,000 x g, 10 min, RT). 60 µl of sample supernatant was
plated in duplicate in a 96-well plate together with a glucose standard curve (0,10, 20, 40, 80,
160 µg glucose/ml). 200 µl glucose assay reagent (Sigma, #G3293) was added to each well
and the plate incubated (5 min, RT) prior to measuring absorbance at 340 nm in a Spectramax
Plus 384 plate reader (Molecular Devices, UK). The average absorbance of each sample was
interpolated using the standard curve and multiplied by the final volume after pH adjustment
to give µg of glycogen (or glucose for NaOH control) in original sample. This was divided
by the weight of tissue added and the NaOH control was subtracted from the HCl sample to
give µg glycogen per mg frozen tissue. Measurement of of tissue glycogen concentration was
performed by Ms Fay M Allen (MRC Mitochondrial Biology Unit, University of Cambridge,
UK).



58 Materials and Methods

2.5.3 Measurement Oxidative Damage to Mitochondrial DNA

Use of quantitative PCR to detect mitochondrial DNA lesions was based on the method
described by Santos et al. [257] and performed using the following primers at 10 µM in the
mouse: forward primer FWD: 5’-GCC AGC CTG ACC CAT AGC CAT AAT-3’. Reverse
primer for the long 10090 bp PCR product: REV: 5’-GAG AGA TTT TAT GGG TGT AAT
GCG G-3’. Reverse primer for the short 127 bp PCR product: REV: 5’- GCC GGC TGC
GTA TTC TAC GTT A -3’. Sample DNA was extracted using the Qiagen DNeasy Tissue Kit
(Qiagen, UK) following the provided instructions and quantified using the PicoGreen dsDNA
Assay Kit (Invitrogen, US). QPCR was performed on 15 ng DNA in 35 µl reactions on a
PCR thermocycler (Biometra, analytikjena, Germany). 1 U TaKaRa LA Taq was used per
reaction (TakaRa Bio Inc, Japan). PCR master mix was prepared following the TaKaRa LA
Taq instructions. Linearity of the PCR reaction was confirmed for each sample by running a
1:2 diluted sample simultaneously. Cycling parameters for the short reaction were 94ºC for 5
mins followed by 18 cycles of 94 °C for 30 s, 64 °C for 45 s, 72 °C for 45 s, followed by 72
°C for 10 mins. Conditions for the long amplification were 94 °C for 5 mins followed by 18
cycles of 94 °C for 15s and 64 °C for 12 minutes, followed by 72 °C for 10 mins. The PCR
reaction was confirmed on 1% agarose gels and concentrations of the PCR product were
determined by PicoGreen dsDNA Assay Kit. Amplification of the long PCR target was then
normalised to that of the short target.

2.5.4 Measurement of Protein Carbonyls

Total protein carbonyl concentration in tissue was determined by ELISA using the Bio-
Cell PC test kit (Biocell Corp, New Zealand) according to the manufacturer’s instructions.
Approximately 40 mg clamp frozen tissue was weighed out on dry ice into a pre-cooled
Precellys tube (Hard tissue homogenising CK28-R - 2 mL; Bertin Instruments, France).
After weighing, 150 µl pre-cooled RIPA buffer (Thermo Fisher Scientific, UK) supplemented
with a protease inhibitor cocktail (cOmplete, mini, EDTA-free tabs, Roche) was added to
each sample and homogenised using a Precellys 24 tissue homogeniser (6500 rpm, 2 x 15
s, Bertin Instruments, France). Samples were then centrifuged (17,000 g, 10 min, 4 °C)
and the supernatant was transferred to 2 mL microcentrifuge tubes on wet ice. The protein
concentration of the supernatant was determined relative to bovine serum albumin using a
BCA assay kit (Thermo Fisher Scientific, UK) and adjusted to a protein concentration 10
mg/mL.

Protein samples were then reacted with dintirophenylhydrazine (DNP) to derivatise
protein carbonyls and non-specifically adsorbed onto an ELISA plate. Excess protein and
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non-protein constituents were washed away whilst the adsorbed protein was probed with
biotinylated anti-DNP antibody followed by horseradish peroxidase. A chromatin reagent con-
taining H2O2 was then added which catalysed the oxidation of 3,3’,5,5’-tetramethylbenzidine
(TMB). The reaction was followed at 650 nm until the highest standard reached the value
0.3 OD. The reaction was then stopped by the addition of a proprietary acid reagent and the
absorbance was measured for each well at 450 nm. The protein carbonyl concentration of
each sample was then related to a standard curve prepared for serum albumin containing
increasing proportions of hpochlorous acid-oxidised protein.

2.5.5 Thiobarbituric Acid Reactive Species Assay

The thiobarbituric acid reactive species (TBARS) assay was used to measure tissue malon-
dialdehyde (MDA) concentration, a product of lipid peroxidation, and was adapted from
the method described by Kelso et al. [258]. Thiobarbituric acid reacts with MDA to form
a fluorescent product which excites at 515 nm and emits at 532 nm. Approximately 20 mg
of clamp frozen tissue was weighed out on dry ice into a pre-cooled Precellys tube (Hard
tissue homogenising CK28-R - 2 mL; Bertin Instruments, France). After weighing, 60 µl
butylated hydroxytoluene (DMSO), 200 µl 35 % (w/v) perchloric acid and 200 µl 1 % (w/v)
thiobarbituric acid was added to each sample and homogenised using Precellys 24 tissue
homogeniser (6500 rpm, 4 x 15 s, Bertin Instruments, France). Samples were then incubated
at 100 °C for 15 min, cooled to room temperature and transferred to a 15 mL falcon centrifuge
tube containing 2 mL MillQ and 2 mL Butan-1-ol. Samples were vortexed for approximately
10 s and then left until the MilliQ and Butan-1-ol had re-separated. 250 µl of the butan-1-ol
(top) layer was then be transferred to a 96-well plate and read using a Spectramax Plus
384 plate reader (Molecular Devices, UK). Positive control samples were homogenised in
200 µl 35% perchloric acid and 200 µl 1% thiobarbituric acid only. A final concentration
of 50 µmol FeCl2 and 50 µmol t-butylated hydroxytoluene added to the homogenate and
positive control samples were vortexed and incubated for 1 hour at 37 °C. Samples were
then incubated at 100 °C for 15 min and added to MilliQ Butan-1-ol solution as described
above. The relative emission values for control, treatment and positive control samples
were subsequently compared to determine the relative MDA concentration in the tissue.
Measurement of tissue MDA concentration using the TBARs assay was performed by Ms
Margaret Huang (Department of Surgery, University of Cambridge, UK).
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2.5.6 Glutathione Recycling Assay

The glutathione recycling assay was adapted from the protocol described by Griffith et
al. [259]. In the assay, the rate of 2-nitro-5-thiobenzoate (TNB) production is followed at
412 nm from the reaction of reduced glutathione (GSH) with 5,5’-dithiobis-(2-nitrobenzoic
acid) (DTNB) . Reaction of GSH with DTNB forms TNB and a mixed GS-TNB disulphide
which may be reduced by another GSH molecule to give oxidised glutathione (GSSG) and
further TNB. GSSG may then be recycled back to 2 molecules of GSH by glutathione
reductase in an NAD(P)H dependent manner. The rate of TNB production is therefore
proportional to the GSH concentration within the sample and may be compared to a set
of GSH standards. Approximately 10 mg of clamp frozen tissue was weighed out on dry
ice into a pre-cooled Precellys tube for each sample (Hard tissue homogenising CK28-R
– 2 mL; Bertin Instruments, France). After weighing, 20 µl/mg of 5% (w/v) sulfosalicylic
acid, pre-cooled on wet ice, was added to each sample and homogenised using a Precellys
24 tissue homogeniser (6500 rpm, 4 x 15 s, Bertin Instruments, France). Homogenised
tissue samples were then rapidly transferred back onto wet ice. Subsequently, 10 µl of
homogenised sample and glutathione standards (0, 0, 20 30, 40, 50, 60 and 70 nmoles
made in 5% (w/v) sulfosalicyclic acid) were analysed for total glutathione concentration
on a 96-well plate. Samples and standards were incubated with NAD(P)H (0.5 mM), 5,5’-
dithiobis-(2-nitrobenzoic) (DTNB; 0.5 mM) and glutathione reductase from baker’s yeast
(4 U/ml). Reduction of DTNM to 2-nitro-5-thiobenzoate (TNB) was then followed at 412
nm using a spectrophotometer (SpectraMax Plus 384; Molecular Devices, UK) over 20 min,
with sample kinetic rates compared to GSH standards.

2.5.7 Measurement of Serum Creatinine

Serum creatinine was measured on an automated biochemical analyser (Siemens Dimension
RxL analyser, Siemens AG, Healthcare Division, Germany) by the Jaffe reaction. In this
reaction pictrate reacts with creatinine in the presence of NaOH to form a red chromophore.
The rate of increasing absorbance at 510 nm due to chromophore formation is directly
proportional to the creatinine concentration in the plasma sample and may be quantified
using a standard curve. This assay was performed by by Cambridge Biochemical Analysis
Laboratory, Addenbrooke’s Hospital, Cambridge, UK.
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Step Reagent Incubation Time (h)

1 50% EtOH 1
2 70% EtOH 1
3 80% EtOH 1
4 95% EtOH 1
5 100% EtOH 1
6 100% EtOH 1
7 100% EtOH 1
8 Xylene 1.5
9 Xylene 1.5

10 Paraffin 2
11 Paraffin 2
12 Paraffin 2
Table 2.1 Automated Embedding Programme

2.5.8 Measurement of Blood Urea Nitrogen

Blood urea nitrogen (BUN) was measured on an automated biochemical analyser (Siemens
Dimension RxL analyser, Siemens AG, Healthcare Division, Germany) using urease. In this
reaction, urease hydrolyses urea to form ammonia which is then converted to L-glutamate
by glutamate dehydrogenase in the presence of α-ketoglutarate and NADH. The change in
absorbance at 340 nm due to the oxidation of NADH to NAD+ is directly proportional to the
BUN concentration and may be quantified using a standard curve. This assay was performed
by by Cambridge Biochemical Analysis Laboratory, Addenbrooke’s Hospital, Cambridge,
UK.

2.6 Histology

2.6.1 Tissue Fixation and Embedding

Following retrieval, kidney tissue was placed in 10% neutral buffered formalin for 24 hours
at room temperature. Samples were then transferred to 70 % ethanol and stored at 4 °C
for a minimum of 48 hours prior to embedding. Samples were processed by an automated
benchtop tissue processor (Leica TP1020, Leica Biosystems Inc, US) as shown in Table 2.1
and embedded in paraffin blocks using a paraffin embedding station (HistoCoreAradia II,
Leica Biosystems Inc, US).
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Deparaffinization and Rehydration

2 x 3 min Xylene
2 x 3 min 100% EtOH
1 x 3 min 95% EtOH
1 x 3 min 80% EtOH
1 x 5 min ddH2O

Haematoxylin Staining

1 x 1 min Haematoxylin
Rinse ddH2O
1 x 5 min Tap water
Dip 8-12x Acid Ethanol
2 x 1 min Tap water
1 x 2 min ddH2O

Eosin Staining and Dehydration

1 x 30s Eosin
3 x 5 min 95% EtOH
3 x 5 min 100% EtOH
3 x 15 min Xylene

Table 2.2 Haemotoxylin & Eosin Staining Protocol

2.6.2 Sectioning and Staining

Paraffin embedded tissue was sectioned using a microtome (Leica Biosystems Inc, US).
Serial sections of 3.5 µm thickness were cut and mounted on polysine glass slides (VWR
International, UK). Sections were then stained with eosin and haemotoxylin as shown in
Table 2.2. Following staining, a coverslip was placed over each section using histomount
(National Diagnostics, UK) and left to dry overnight.

2.6.3 Imaging and Analysis

Kidney tissue sections were imaged at 20 x magnification using an Olympus IX81 microscope
(Olympus, Japan). Ten separate images of equal spacing were taken of cortical tissue in
each tissue section. One tissue section was imaged for each kidney sample. Images were
then analysed using ilastik software [260]. As necrotic tissue is less eosinophilic than viable
tissue, image thresholds could be adjusted to separate viable, necrotic and background areas
of an image. A training library, containing one image from each kidney sample was used
to determine thresholds for background necrotic and viable tissue. Thresholds were then
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a b

Figure 2.2 Generation of Image Masks Using ilastik Software. (a) Background, necrotic and
viable areas marked on image within ilastik software. (b) Probability map calculated by random forest
classifier and used to generate image masks for background (red), necrotic (yellow) and viable (green)
areas for analysis in ImageJ.

used to create image ’masks’ of background, necrotic and viable tissue for the remaining 9
images of each kidney sample as shown in Figure 2.2. The area of each mask could then be
calculated using ImageJ software [261] and the total necrotic area calculated as a percentage
of the total tissue area. Note that ilastik software does not perform any analysis or alter
the image properties in any way; instead a random forest classifier is used to generate a
probability map of each annotated area which can be confirmed visually. The probability
map can then be transformed into individual objects or ’masks’ using image thresholding.
A separate threshold for background, necrotic and viable tissue can be set using a different
threshold for each colour channel of the RGB image.

2.7 Statistical Analysis

Data are presented as mean ± SEM unless otherwise stated. Statistical analysis was per-
formed using Prism 7.0 (Graphpad, USA). Comparisons between two datasets were assessed
using a two-tailed unpaired t-test assuming equal variance. Comparisons between multi-
ple datasets were assessed using one or two-way analysis of variance (ANOVA) followed
by Dunnett’s or Sidak’s multiple comparisons test. P values <0.05 were considered to be
statistically significant.

2.8 Collaborative Experiments

Where experiments were conducted by or with collaborators, these are explicitly stated in
the figure legend. Mr Kourosh Saeb-Parsy (University of Cambridge Department of Surgery,
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UK), Mr Jack L Martin (University of Cambridge Department of Surgery, UK), Mr Mazin O
Hamid (University of Cambridge Department of Surgery, UK) and Ms Kirshnaa Mahbubani
(University of Cambridge Department of Surgery, UK) assisted with the surgical retrieval
of kidneys in the pig. Mr Hiran A Prag (MRC Mitochondrial Biology Unit, University
of Cambridge, UK), Ms Angela Logan (MRC Mitochondrial Biology Unit, University of
Cambridge, UK) and Ms Ana S H Costa (MRC Cancer Unit, University of Cambridge,
UK) ran extracted samples on the mass spectrometer and analysed peak traces. Mr Jack
L Martin (University of Cambridge Department of Surgery, UK) and Ms Anja Gruszczyk
(MRC Mitochondrial Biology Unit, University of Cambridge, UK) provided heart data for
comparison with the kidney in Chapter 3. Measurement of tissue glycogen concentration in
Chapter 3 was performed by Ms Fay M Allen (Mitochondrial Biology Unit, University of
Cambridge, UK). Measurement of tissue malondialdehyde concentration in Chapter 5 was
performed by Ms Margaret M Huang (University of Cambridge Department of Surgery, UK).



Chapter 3

Metabolic Changes in the Kidney During
Organ Retrieval and Preservation

3.1 Introduction

Ischaemia reperfusion injury is a two-stage process involving an ischaemic phase where
an organ or tissue is deprived of an oxygenated blood supply and a reperfusion phase
where the oxygenated blood supply to that organ or tissue is returned. The metabolic
changes that occur during the ischaemic phase, namely succinate accumulation and adenine
nucleotide depletion, play an important role in mitochondrial ROS production during the
reperfusion phase. This is thought to initiate much of the downstream damage resulting
from IRI [16]. A recent comparative metabolomic analysis reported that succinate, xanthine
and hypoxanthine accumulate universally across multiple tissues during ischaemia [14].
Accumulation of succinate is thought to act as a large store of electrons capable of driving
RET and superoxide production from Complex I when rapidly oxidised on reperfusion.
Xanthine and hypoxanthine are derived from the depletion of adenine nucleotides and
facilitate mitochondrial ROS production on reperfusion by restricting the substrate available
for FOF1-ATPase allowing a near maximal ∆p required for RET to develop [15]. Therefore,
this model suggests that mitochondrial ROS production will only occur following both
succinate accumulation and adenine nucleotide depletion during ischaemia.

Succinate accumulates during ischaemia due to reverse action of SDH driven by a highly
reduced CoQ pool as well as glutaminolysis and canonical CAC action [14] [175]. Fumarate
required for reversal of SDH is supplied by the PNC stimulated by an increase in AMP
concentration during ischaemia and the MAS stimulated by a high NADH/NAD+ ratio in the
cytosol, as shown in Figure 3.1 [14]. Succinate dehydrogenase may therefore act as a thera-
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Figure 3.1 Succinate Accumulation During Ischaemia. During ischaemia, succinate is thought to
primarily accumulate due to the reverse action of SDH. Fumarate required for reversal of SDH is
thought to be supplied by the purine nucleotide cycle, stimulated by the accumulation of AMP during
ischaemia, and the malate aspartate shuttle, stimulated by a high NADH/NAD+ ratio. Succinate
cannot be further metabolised under conditions of ischaemia and is exported from mitochondrial
matrix via the DIC. Figure adapted from Chouchani et al (2016).

peutic target in IRI, the inhibition of which may reduce ischaemic succinate accumulation
and thus the ‘store’ of electrons available for mitochondrial ROS production on reperfusion
[23] [17]. Inhibition of SDH with the competitive inhibitor malonate, administered as the
membrane permeable precursor DMM, has previously been shown to significantly reduce
ischaemic succinate accumulation in a mouse model of myocardial infarction leading to a
reduction in mitochondrial ROS production and infarct size on reperfusion [14].

Malonate is a charged molecule and must be given as a cell permeable precursor in order
to enter cells and inhibit SDH in vivo. Malonate ester prodrugs, such as DMM, increase
the membrane permeability of malonate by ’masking’ the negatively charged carboxyl
groups with a short-chain hydrocarbon pro-moiety to form an alkyl ester. However, the ester
bond formed between the carboxyl group and alcohol must subsequently be hydrolysed by
intracellular carboxylesterases in order to release malonate and enable SDH inhibition to
occur [211]. Carboxylesterases are located in multiple subcellular compartments and DMM
may either be hydrolysed within the mitochondrial matrix or transported into mitochondria
via the DIC following hydrolysis in the cytoplasm. The rate of hydrolysis of malonate ester
pro-drugs varies depending on the alkyl ester side groups used, which may determine how
close to the onset of ischaemia different compounds should be given. Succinate accumulation
occurs over a number of minutes during ischaemia and a sufficient malonate concentration
must be present within mitochondria prior to the onset of ischaemia for effective inhibition
of SDH reversal to occur. Therefore, the targeting of succinate accumulation via inhibition of
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SDH during ischaemia may only be feasible in controlled situations of IRI where the onset
of ischaemia is anticipated, for example in organ DBD, LD or other surgical procedures
such as partial resection of renal tumours and abdominal aortic aneurysm repair. Dimethyl
malonate is hydrolysed relatively slowly by PLE in vitro (personal communication, Hiran A
Prag) and was given as an infusion beginning 10 mins prior to the onset of ischaemia in the
mouse model of myocardial infarction [14]. Other malonate ester pro-drugs, such as MAM,
are hydrolysed more rapidly by PLE (personal communication, Hiran A Prag) and may
be administered closer to ischaemia onset. However, much of our understanding of when
different malonate ester pro-drugs should be given during IRI is under active investigation;
this Chapter specifically focuses on the administration of malonate ester pro-drugs prior
to ischaemia in order to inhibit succinate accumulation. In Chapter 4, the administration
of malonate ester compounds at other stages of ischaemia-reperfusion is investigated and
discussed in more detail.

Most previous work on IRI has focused on the role of succinate accumulation and
adenosine nucleotide depletion in the context of myocardial infarction; IRI is also central
to organ transplantation but the role of succinate accumulation in this context has not
been previously investigated [14] [194] [175]. In contrast to myocardial infarction, organ
transplantation involves periods of both warm and cold ischaemia. Cold ischaemia reduces the
metabolic activity within ischaemic tissue and may inhibit the rate of succinate accumulation
and adenosine nucleotide depletion during cold preservation of donated organs. However,
grafts retrieved from different donor types experience varying periods of warm ischaemia
prior to organ cooling during which succinate accumulation and adenine nucleotide depletion
may occur more rapidly. Kidneys retrieved following DCD experience on average 14 minutes
of warm ischaemia prior to organ cooling as a result of the stand-off period required to
confirm circulatory arrest [9]. In contrast, kidneys retrieved following DBD remain perfused
with oxygenated blood up until the point of in situ flush with cold preservation solution and
experience minimal warm ischaemia [57]. It may therefore be postulated, that succinate
accumulation would be significantly greater in organs retrieved from DCD compared to DBD
donors, leading to increased mitochondrial ROS production and injury on transplantation.
Consistent with this hypothesis, it is known that grafts from DCD donors experience increased
rates of DGF compared to DBD grafts on transplantation which is thought to be related
to their increased exposure to warm ischaemia [8]. A recent time-resolved metabolomic
analysis of heart tissue exposed to warm and cold ischaemia showed succinate accumulation
was significantly reduced in cold ischaemic tissue compared to warm ischaemic tissue [193].
Importantly, the onset of ischaemia is often anticipated in organ donation with both DCD
and DBD donation occurring under controlled conditions in the UK. Succinate accumulation
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may therefore be amenable to inhibition with malonate ester prodrugs administered prior
to the onset of ischaemia in organ donation. However, depending on the donor type from
which organs are retrieved there may be a number of legal and logistical barriers to overcome
before the use of malonate ester prodrugs in organ transplantation can progress to human
trials as discussed previously.

In this chapter, I first compared the metabolic changes that occur during warm and
cold ischaemia in the kidney to those in the heart, in which most previous work has been
conducted. The aim was to determine whether the key metabolic changes that occur during
ischaemia in the heart are conserved in the kidney and whether similar therapeutic targets
may be used in both organs. Heart tissue for comparison with the kidney was collected in
collaboration with by Mr Jack L Martin (University of Cambridge Department of Surgery,
UK), Ms Anja V Gruszczyk (MRC Mitochondrial Biology Unit, University of Cambridge,
UK) and Ms Fay M Allen (MRC Mitochondrial Biology Unit, University of Cambridge, UK).
I then investigated the rate of organ cooling during back-table flush in the pig kidney and
heart to determine how quickly metabolic activity may be inhibited during organ donation. I
next investigated whether there was a difference in succinate accumulation and adenosine
nucleotide depletion between declined human kidneys retrieved from different donor types.
The aim was to determine whether there was a difference in succinate accumulation between
organs retrieved from DCD compared to DBD donors which may explain increased rates
of DGF in DCD organs on transplantation. Lastly, I investigated whether DMM can inhibit
succinate accumulation when administered prior to warm ischaemia in a mouse and pig
model of kidney donation.

3.1.1 Aims

1. To compare the metabolic changes that occur during warm and cold ischaemia in the
kidney relative to the heart in the mouse, pig and human

2. To investigate the metabolic profile of human kidneys retrieved under the different
conditions of organ donation

3. To determine whether DMM can be used inhibit succinate accumulation during warm
ischaemia in model of kidney donation in the mouse and pig

3.1.2 Hypotheses

1. Increased succinate accumulation occurs in kidney and heart grafts retrieved following
donation after circulatory death compared to donation after brainstem death
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Time
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(36 °C)

Clamp Freezing
Cold Ischaemia

(0-4 °C)

Figure 3.2 Modelling Warm and Cold Ischaemia in the Mouse. Organs were rapidly retrieved
from mice following exsanguination under terminal anaesthesia and placed in either ice cold UW
solution at 0-4 °C or left in the carcass of the animal maintained at 36 °C. Following 6, 12 or 30
mins of ischaemia, organs were clamp frozen in LN2 using Wollenburg clamps and stored at -70 °C
until further processing and analysis. Control organs were rapidly retrieved from normoxic mice and
immediately clamp frozen in LN2. The retrieval of kidneys and hearts from mice was conducted by
Mr Jack L Martin (University of Cambridge Department of Surgery, UK).

2. Accumulation of succinate during warm ischaemia in the kidney can be inhibited by
prior addition of malonate ester prodrugs

3.2 Metabolic Changes during Warm and Cold Ischaemia
in the Mouse

The metabolic changes that occur during warm and cold ischaemia in the mouse kidney
compared to the mouse heart were investigated as shown in Figure 3.2.

3.2.1 Succinate Accumulation

Succinate reached a near maximal tissue concentration of approximately 1200 pmol/mg
(Figure 3.3a) after 6 mins of warm ischaemia in the mouse kidney and was approximately
15-fold (Figure 3.3b) greater than normoxic levels. In contrast, succinate accumulated to
a much greater level (3000 pmol/mg) (Figure 3.3b & 3.3e) in the mouse heart reaching
a maximum concentration at approximately 30 mins warm ischaemia. In comparison to
normoxic values however, the relative increase in succinate concentration in the mouse heart
was similar to in the mouse kidney (Figure 3.3d).
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During cold ischaemia, succinate increased at a much slower rate, reaching a concentra-
tion of approximately 500 pmol/mg (Figure 3.3a) or 7-fold (Figure 3.3c) normoxic levels
following 480 mins cold ischaemia in the mouse kidney and 2000 pmol/mg (Figure 3.3b) or
10-fold normoxic levels (Figure 3.3d) in the mouse heart. In contrast to changes during warm
ischaemia, succinate increased by a greater amount in both absolute (Figure 3.3f) and relative
terms (Figure 3.3c & 3.3d) during cold ischaemia in the mouse heart compared to the kidney.

3.2.2 Changes in ATP and ADP Concentrations and Ratio

Under conditions of normoxia, the ATP/ADP ratio was approximately 3 in the mouse kidney
(Figure3.4a) and 6 in the mouse heart (Figure 3.4b). During warm ischaemia, the ATP/ADP
ratio decreased rapidly in the mouse kidney and reached a minimum value of 0.4 (Figure3.4a)
after 10 mins warm ischaemia, roughly 20% (Figure 3.4c) of the normoxic ratio. In the
mouse heart, the ATP/ADP ratio decreased more gradually during warm ischaemia reaching
a minimum value of 0.5 (Figure 3.4b) at 30 mins, roughly 10% (Figure 3.4d) of the normoxic
ratio. Despite decreasing more gradually, there was no significant difference in the ATP/ADP
ratio between the mouse heart and kidney after 12 mins warm ischaemia (Figure 3.4e). Under
conditions of cold ischaemia, the ATP/ADP ratio decreased at a much slower rate in the
mouse kidney and heart. At 480 mins cold ischaemia, the ATP/ADP ratio was approximately
1.2 (Figure 3.4a) or 40% (3.4c) the normoxic ratio in the mouse kidney and 0.8 (Figure
3.4b) or 15% (Figure 3.4d) the normoxic ratio in the mouse heart. However, despite these
differences there was no significant difference in the ATP/ADP ratio between the mouse
kidney and heart at 30 or 480 mins cold ischaemia (Figure 3.4f).

Similar to the ATP/ADP ratio, the sum of the ATP and ADP concentration was greater
in the mouse heart (approximately 6 nmol/mg) (Figure 3.5b) than in the mouse kidney
(approximately 3 nmol/mg) (Figure 3.5a). During warm ischaemia, the sum of the ATP and
ADP concentration decreased rapidly in the mouse kidney and reached a minimal level of
approximately 0.2 nmol/mg (Figure 3.5a), about 7% the normoxic value (Figure 3.5c) at 30
mins. In contrast the sum of the ATP and ADP concentration decreased more gradually in
the mouse heart and reached a minimum value of 0.25 nmol/mg (Figure 3.5b) at 30 mins
warm ischaemia, approximately 5% the normoxic value (Figure 3.5d). Despite decreasing
more gradually however, there was no significant difference in the sum of the ATP and ADP
concentrations in the mouse kidney and heart at 12 or 30 mins warm ischaemia (Figure 3.5e).
Under conditions of cold ischaemia, the sum of the ATP and ADP concentration decreased
at a much slower rate in the mouse kidney and heart. As a result, the sum of the ATP and
ADP concentration in the mouse heart was significantly greater than in the kidney at 6, 12
and 30 minutes cold ischeamia (Figure 3.5f). At 480 mins however, the sum of the ATP and
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Figure 3.3 Succinate Accumulation during Warm and Cold Ischaemia in the Mouse Kidney
and Heart. Tissue succinate concentration during warm ischaemia (WI) at 36 °C and cold ischaemia
(CI) at 0-4 °C in the kidney (a) (n=4) and heart (b) (n=5-6). Relative change in succinate concentration
compared to normoxia during WI and CI in the kidney (c) and heart (d). Comparison of tissue
succinate concentration in the kidney and heart during WI (e) and CI (f). *P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001. P values were calculated by one-way analysis of variance (ANOVA) with
Dunnett’s multiple comparison test (a-d) and two-way ANOVA with Sidak’s multiple comparisons
test (e-f). Data are mean ± SEM.
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Figure 3.4 Changes in the ATP/ADP Ratio during Warm and Cold Ischaemia in the Mouse
Kidney and Heart. Tissue ATP/ADP ratio during warm ischaemia (WI) at 36 °C and cold ischaemia
(CI) 0-4 °C in the kidney (a) (n=3-4) and heart (b) (n=3-4, except 6 & 12 mins CI where n=2).
Relative change in tissue ATP/ADP ratio compared to normoxia during WI and CI in the kidney
(c) and heart (d). Comparison of tissue succinate concentration in the kidney and heart during WI
(e) and CI (f). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. P values were calculated by
one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test (a-d) and two-way
ANOVA with Sidak’s multiple comparisons test (e-f). Data are mean ± SEM except 6 & 12 mins CI
in the heart where data are mean ± range. Measurement of heart ATP and ADP concentration was
performed by Ms Anja V Gruszczyk (MRC Mitochondrial Biology Unit, University of Cambridge,
UK).
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ADP concentration was 0.4 nmol/mg (Figure 3.5a) or approximately 14% (Figure 3.5c) the
normoxic value in the mouse kidney and 0.5 nmol/mg (Figure 3.5b) or approximately 9%
(Figure 3.5d) the normoxic value in the mouse heart and there was no significant difference
between the two organs (Figure 3.5f).

3.2.3 Glycogen Consumption

Under conditions of normoxia, tissue glycogen concentration (Figure 3.6a) was approximately
2 µg/mg in the mouse kidney and 4 µg/mg in the mouse heart. During warm ischaemia,
glycogen decreased in both organs however it plateaued at a higher concentration of 1 µg/mg
in the mouse heart and at a lower concentration of 0.5 µg/mg in the mouse kidney (Figure
3.6a). However, in relative terms, tissue glycogen concentration decreased to approximately
30% normoxic levels in both organs (Figure 3.6b). It was not possible to measure tissue
glycogen concentration under conditions cold ischaemia in this experiment as organs were
placed in UW preservation solution containing hydroxyethyl starch that we found artifactually
raised glycogen values measured via the assay.

3.3 Metabolic Changes during Warm and Cold Ischaemia
in the Pig

The metabolic changes that occur during warm and cold ischaemia in the pig kidney and
heart were investigated as shown in Figure 3.7. It is important to note that the whole kidney
was exposed to conditions of warm and cold ischaemia compared to wedge biopsies taken
from the heart. This was primarily due to restrictions on when different organs could be
retrieved under the Home Office Licence. The heart could only be retrieved from the pig
following confirmation of circulatory arrest. To obtain a baseline measurement of tissue
succinate, ATP and ADP values as close to normoxia in the pig heart as possible, a wedge
biopsy was rapidly retrieved from the apex of the heart through an incision in the diaphragm,
immediately following confirmation of circulatory arrest by the attending vet. Circulatory
arrest occurred within seconds of administering a lethal dose of intravenous pentobarbitol to
the pig and retrieval of a wedge biopsy from the apex of the heart took a further 10-20 s. A
section of the wedge biopsy was then immediately clamp frozen using Wollenburg clamps to
act as a baseline control and the remaining tissue exposed to either warm and cold ischaemia
as described in Figure 3.7. Whilst the baseline tissue sample from the heart was exposed
to approximately 30 s warm ischaemia in total, it was still possible to investigate further
metabolic changes in the tissue during subsequent warm and cold ischaemia. Furthermore,
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Figure 3.5 Total ATP and ADP Concentration during Warm and Cold Ischaemia in the Mouse
Kidney and Heart. Total ATP and ADP concentration during warm ischaemia (WI) at 36.0 °C and
cold ischaemia (CI) at 0-4 °C in the kidney (a) (n=3-4) and heart (b) (n=3-4, except 6 & 12 mins CI
where n=2). Relative change in total ATP and ADP concentration compared to normoxia during WI
and CI in the kidney (c) and heart (d). Comparison of tissue succinate concentration in the kidney
and heart during WI (e) and CI (f). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. P values
were calculated by one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test
(a-d) and two-way ANOVA with Sidak’s multiple comparisons test (e-f). Data are mean ± SEM
except 6 & 12 minutes CI in the heart where data are mean ± range. Measurement of heart ATP and
ADP concentration was performed by Ms Anja V Gruszczyk (MRC Mitochondrial Biology Unit,
University of Cambridge, UK).
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Figure 3.6 Glycogen Consumption during Warm Ischaemia in the Mouse Kidney and Heart.
(a) Tissue glycogen concentration during warm ischaemia (WI) at 36 °C in the kidney (n=3-5 except 0
& 30 mins where n=2) and heart (n=5). (b) Relative change in tissue glycogen concentration compared
to normoxia during WI in the kidney and heart. *P < 0.05. P values were calculated by two-way
analysis of variance (ANOVA) with Sidak’s multiple comparison test. Data are mean ± SEM except
0 & 30 minutes WI in the kidney where data are mean ± range. Measurement of tissue glycogen
concentration was performed by Ms Fay M Allen (MRC Mitochondrial Biology Unit, University of
Cambridge, UK).

the use of multiple organs from each pig experiment in this way enabled a greater amount of
information to be gained from each pig experiment, reducing the total number of animals
required in accordance with the principle of the 3Rs (refine, reduce, replace) as set out by the
National Centre for the Replacement, Refinement & Reduction of Animals in Research.

3.3.1 Succinate Accumulation

Similar to the situation in the mouse, the tissue succinate concentration increased rapidly
in the pig kidney and reached a maximum concentration of 1200 pmol/mg (Figure 3.8a),
approximately 5-fold the normoxic value (Figure 3.8b) at 30 mins warm ischaemia. The
relative increase in succinate concentration during warm ischaemia in the pig was much lower
than in the mouse. However, this difference may partly relate to a longer delay (10-20 s vs <5
s in the mouse) in clamp freezing the normoxic sample from the pig as a result of the greater
complexity of the procedure. During this delay, succinate may have increased in the tissue as
it became ischaemic, artificially raising the normoxic level. Comparison of the fold changes
between species and models should therefore be interpreted carefully with differences in
the surgical procedure, complexity and method of tissue sampling taken into consideration.
The tissue succinate concentration increased to a greater level in the pig heart than in the pig
kidney (Figure 3.8e), again similar to the mouse. The tissue succinate concentration reached
a maximum concentration of 4500 pmol/mg (Figure 3.8b) at 30 mins warm ischaemia,
approximately 12-fold (Figure 3.8d) the normoxic value. Again, the difference in the relative
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Figure 3.7 Modelling Warm and Cold Ischaemia in the Pig. Kidneys were retrieved from the pig
under general anaesthesia. Hearts were retrieved from the pig immediately following euthanasia. A 0
mins wedge biopsy was taken prior to retrieval in the kidney but following retrieval from the thorax in
the heart. All wedge biopsies were rapidly clamp frozen in LN2 using Wollenburg clamps. During
warm ischaemia, the kidney was maintained at 38 °C in the abdomen of the pig whilst wedge biopsies
from the heart were placed in humidified eppendorf tubes maintained at 38 °C in a heat block. During
cold ischaemia, the kidney was rapidly submerged in slushed ice and flushed with 500 mL ice cold
Soltran solution before being packed on ice and stored in an organ preservation box whilst wedge
biopsies from the heart were placed in eppendorf tubes containing cold UW solution stored on ice.
Heart and kidney wedge biopsies were then clamp frozen at 6, 12 and 30 mins warm ischaemia and
6, 12, 30 and 360 mins cold ischaemia. Frozen tissue samples were stored at -70 °C until further
processing and analysis. Mr Kourosh Saeb-Parsy (University of Cambridge Department of Surgery,
UK), Mr Jack L Martin (University of Cambridge Department of Surgery, UK), Mr Mazin O Hamed
(University of Cambridge Department of Surgery, UK) and Ms Krishnaa T Mahbubani (University of
Cambridge Department of Surgery, UK) assisted with the surgical retrieval of kidneys and hearts.
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increase in succinate concentration between the mouse and pig may relate to differences in
the experiment design.

During cold ischaemia, succinate increased at a much slower rate. At 360 mins, the tissue
succinate concentration was approximately 500 pmol/mg (Figure 3.8a) or 4 fold (Figure
3.8c) the normoxic value in the pig kidney and 500 pmol/mg (Figure 3.8b) or 1.3 (Figure
3.8d) fold the normoxic value in the pig heart. The absolute succinate concentration was
significantly greater in the pig heart at 30 mins cold ischaemia but there was no significant
difference in the succinate concentration between the pig heart and kidney at 360 mins cold
ischaemia (Figure 3.8e).

3.3.2 Changes in ATP and ADP Concentrations and Ratio

Under conditions of normoxia, the ATP/ADP ratio in the pig kidney was approximately 1.5
(Figure 3.9a) and significantly lower (Figure 3.9e) than the ratio in the pig heart, measuring
approximately 12 (Figure 3.9b). During 30 mins warm ischaemia, the ATP/ADP ratio rapidly
declined to 0.5 (Figure 3.9a) or 50% the normoxic ratio in the pig kidney and approximately
2.5 (Figure 3.9b) or 20% the normoxic ratio in the pig heart. However, there was no significant
difference in the ATP/ADP ratio between the pig kidney and heart at 5, 12 or 30 mins warm
ischaemia (Figure 3.9e). Under conditions of cold ischaemia, the ATP/ADP ratio decreased
more gradually, reaching a value of 0.6 (Figure 3.9a) or 40% (Figure 3.9c) the normoxic ratio
at 360 mins in the pig kidney and 3.7 (Figure 3.9b) or 30% (Figure 3.9d) the normoxic ratio
in the pig heart. The ATP/ADP ratio was significantly greater in the pig heart at 6 minutes
cold ischaemia but not at 30 or 360 mins (Figure 3.9f).

The sum of the ATP and ADP concentration under conditions of normoxia was also
significantly lower in the pig kidney than in the pig heart (Figure 3.10e), measuring approx-
imately 0.9 nmol/mg (Figure 3.10a) in pig kidney and 7.9 nmol/mg Figure 3.10b) in the
pig heart. During warm ischaemia the sum of the ATP and ADP concentration decreased
rapidly, reaching a value of 0.2 nmol/mg (Figure 3.10a) or 20% (Figure 3.10c) the normoxic
value at 30 mins in the pig kidney and 2.3 nmol/mg (Figure 3.10b) or 30% (Figure 3.10d)
the normoxic value in the pig heart. At 12 and 30 mins warm ischaemia however, there was
no significant difference in the sum of the ATP and ADP concentration between the two
organs (Figure 3.10e). Under conditions of cold ischaemia, the sum of the ATP and ADP
concentration decreased more gradually, reaching a value of 0.3 nmol/mg (Figure 3.10a)
or 24% (Figure 3.10c) the normoxic value at 360 mins in the pig kidney and 2.6 nmol/mg
(Figure 3.10b) or 30% (Figure 3.10d) the normoxic value in the pig heart. The sum of the
ATP and ADP concentration was significantly greater in the pig heart than in the pig kidney
at 6, 12 and 30 mins cold ischaemia but not at 360 mins cold ischaemia (Figure 3.10f).
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Figure 3.8 Succinate Accumulation during Warm and Cold Ischaemia in the Pig Kidney and
Heart. Tissue succinate concentration during warm ischaemia (WI) at 38 °C and cold ischaemia
(CI) at 0-4 °C in the kidney (a) (n=4) and heart (b) (n=5-6). Relative change in tissue succinate
concentration compared to normoxia during WI and CI in the kidney (c) and heart (d). Comparison
of tissue succinate concentration in the kidney and heart during WI (e) and CI (f). *P < 0.05, **P
< 0.01, ***P < 0.001, ****P < 0.0001. P values were calculated by one-way analysis of variance
(ANOVA) with Dunnett’s multiple comparison test (a-d) and two-way ANOVA with Sidak’s multiple
comparisons test (e-f). Data are mean ± SEM.
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Figure 3.9 Changes in the ATP/ADP Ratio during Warm and Cold Ischaemia in the Pig Kidney
and Heart. Tissue ATP/ADP ratio during warm ischaemia (WI) at 38 °C and cold ischaemia (CI)
at 0-4 °C in the kidney (a) (n=4) and heart (b) (n=5). Relative change in tissue ATP/ADP ratio
compared to normoxia during WI and CI in the kidney (c) and heart (d). Comparison of tissue
succinate concentration in the kidney and heart during WI (e) and CI (f). *P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001. P values were calculated by one-way analysis of variance (ANOVA) with
Dunnett’s multiple comparison test (a-d) and two-way ANOVA with Sidak’s multiple comparisons
test (e-f). Data are mean ± SEM. Measurement of heart ATP and ADP concentration was performed
by Ms Anja V Gruszczyk (MRC Mitochondrial Biology Unit, University of Cambridge, UK).
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Figure 3.10 Total ATP and ADP Concentration during Warm and Cold Ischaemia in the Pig
Kidney and Heart. Total ATP and ADP concentration during warm ischaemia (WI) at 38 °C and
cold ischaemia (CI) at 0-4 °C in the kidney (a) (n=4) and heart (b) (n=5). Relative change in total
ATP and ADP concentration compared to normoxia during WI and CI in the kidney (c) and heart (d).
Comparison of tissue succinate concentration in the kidney and heart during WI (c) and CI (d). *P
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. P values were calculated by one-way analysis
of variance (ANOVA) with Dunnett’s multiple comparison test (a-d) and two-way ANOVA with
Sidak’s multiple comparisons test (e-f). Data are mean ± SEM. Measurement of heart ATP and ADP
concentration was performed by Ms Anja V Gruszczyk (MRC Mitochondrial Biology Unit, University
of Cambridge, UK).
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3.4 Interim Summary I

The overall metabolic changes that occur during warm and cold ischaemia are conserved
between the kidney and heart in mice and pigs. The absolute increase in succinate is greater
in the heart than in the kidney during ischaemia which may be related to differences in
underlying organ function and physiology. Fold changes relative to normoxia between
species should be interpreted carefully in the above experiments as normoxic values may be
affected by a delay (of even 10-20 s) in clamp freezing tissue in more complex animal models
or due to legal restrictions on when tissue samples may be taken. Importantly however,
succinate accumulation in the kidney acts as a potential therapeutic target during IRI in a
similar manner to the heart.

3.5 Efficiency of Organ Cooling during Back-Table Flush

As shown above, succinate accumulates to near maximal levels within a few minutes of warm
ischaemia and it has previously been shown that the rate of succinate accumulation within
the ischaemic mouse heart is directly proportional to the temperature of the tissue (Figure
3.11a) [193]. A difference in succinate accumulation between DCD and DBD grafts, which
may potentially explain the difference in rates of DGF between graft types as discussed
above, is therefore likely to only exist if kidneys from DBD donors are cooled rapidly and
to a sufficiently low temperature during the initial stages of organ retrieval. Organs from
DBD donors are often flushed with ice-cold preservation solution in situ at the start of organ
retrieval and topically cooled with slushed ice placed in the abdominal cavity. Following
in situ flush, organs are dissected and retrieved from the donor before being packed on ice
or undergo further flushing on the back-table. However, it is currently unclear as to the
temperature the intra-abdominal organs reach during this process. If DBD kidneys are not
cooled effectively during retrieval, increased succinate accumulation may occur leading
to increased mitochondrial ROS production on transplantation. As mitochondrial ROS
production is thought to initiate much of the downstream damage leading to IRI, minimising
mitochondrial ROS production in kidney transplantation may be of benefit to both short and
long-term graft function as previously discussed.

It has been shown that the mouse heart may be cooled to 4 °C in under 60 s of retrieval
when submerged in ice cold preservation solution resulting in very limited succinate accu-
mulation (Figure 3.11b) [193]. However, the mouse heart is small with a large surface area
to volume ratio enabling rapid heat exchange to occur between the organ and preservation
solution. In contrast, pig and human organs are much larger than in the mouse with a smaller



82 Metabolic Changes in the Kidney During Organ Retrieval and Preservation

a b

Figure 3.11 Succinate Accumulation During Organ Cooling in the Mouse Heart. (a) Succinate
concentration relative to normoxia in the mouse heart following 12 mins ischaemia at various
temperature (n=4-5). (b) Mouse heart temperature following rapid retrieval and submersion in ice
cold preservation solution (n=3). Data are mean ± SEM. Figure adapted from Martin et al (2019).

surface area to volume ratio. Heat exchange between these larger organs and the preservation
solution is therefore less efficient, likely taking much longer to reach a target temperature of 4
°C. Increased succinate accumulation may therefore occur in the larger organs in comparison
to the mouse depending on the rate of cooling and final temperature reached. To investigate
further, the temperature and succinate concentration of the pig kidney and heart was measured
during organ cooling as shown in Figure 3.12. Again, due to restrictions under the Home
Office Licence it was not possible to simulate the clinical protocol for the retrieval of organs
from a DBD donor in the pig. Instead, the rate of organ cooling was investigated following
rapid retrieval of the organ from the pig followed by ice-cold flush and submersion in slushed
ice on the back-table, similar to the protocol used to cool kidney grafts from living donors.
However, important information relating to the accumulation of succinate during the cooling
of larger organs could still be gained and used to inform future experiments and aid in further
hypothesis generation.

3.5.1 Surface and Core Temperature

During back-table flush, the core and surface temperature of the pig kidney (Figure 3.13a)
and heart (Figure 3.13b) cooled to 10 °C in less than 10 mins; however, it took up to 30 mins
for the core and surface tissue to reach a target temperature of 4 °C suggesting organ cooling
became less efficient at lower temperatures. Pig kidneys weighed approximately 150 g and
pig hearts approximately 300 g however there was no significant difference in time taken for
the surface ((Figure 3.13c) or core ((Figure 3.13d) temperature of the two organs to reach 20,
10 or 4 °C.
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Time
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Figure 3.12 Modelling Organ Back-Table Flush in the Pig. Kidneys were retrieved from the pig
under general anaesthesia. Hearts were retrieved from the pig immediately following euthanasia. A 0
mins surface wedge and core needle biopsy was taken from the kidney under conditions of normoxia
prior to retrieval and from the heart on removal from the thorax. Organs were rapidly transferred to
the back-table where the renal artery or coronary vessels were cannulated and temperature probes
placed in the core and surface tissue of the organ. Organs were then submerged in slushed ice and
flushed with either 500 mL ice cold Soltran (kidney) or UW (heart) solution. Wedge surface and core
needle biopsies were taken at 6, 12 and 30 mins and rapidly clamp frozen in LN2. Tissue samples
were then stored at -70 °C until further processing and analysis. Mr Kourosh Saeb-Parsy (University
of Cambridge Department of Surgery, UK) and Ms Krishnaa T Mahbubani (University of Cambridge
Department of Surgery, UK) assisted with the surgical procedure.
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Figure 3.13 Temperature Changes during Back-Table Flush in the Pig Kidney and Heart. Sur-
face and core temperature measured during back-table flush in the kidney (a) (n=4) and heart (b)
(n=4). Comparison of the duration of organ cooling in the heart and kidney at the organ surface (c)
and core (d). Data are mean ± SEM.
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Figure 3.14 Tissue Succinate Concentration during Back-Table Flush in the Pig Kidney and
Heart. Surface and core succinate concentration measured during back-table flush in the kidney (a)
(n=3) and heart (b) (n=3). *P < 0.05. P values were calculated by two-way analysis of variance
(ANOVA) with Sidak’s multiple comparisons test. Data are mean ± SEM.

3.5.2 Succinate Accumulation

The surface succinate concentration increased in the kidney (Figure 3.14a) but not in the heart
(Figure 3.14b) during back-table flush. This may partly relate to differences in the duration
and complexity of organ retrieval or a delay in placing the organ in slushed ice during the
insertion of the temperature probes. The core succinate concentration increased in both the
kidney and heart during back-table flush and may relate to a slower rate of cooling of the
core tissue compared to the surface tissue. As discussed above, this may relate to a smaller
surface area to volume ratio in the pig kidney and heart compared to the mouse resulting
in a slower rate of heat exchange between the organ and preservation solution. Whilst
organs were actively flushed with cold preservation solution, the flow rate was relatively
slow taking approximately 12.8 ± 4.2 mins to flush 500 mL preservation solution whilst
the average temperature of the preservation solution entering the pig kidney was 8.5 ± 1.3
°C. Comparing the surface and core succinate concentration in the kidney and heart with
the temperature values in Figure 3.13 suggests that whilst the surface may cool very rapidly
to inhibit succinate concentration, the slower rate of cooling in the core of the tissue may
enable greater succinate to occur due to the linear relationship between tissue temperature
and succinate accumulation as shown in Figure 3.11a.

3.6 Metabolic Profile of Declined Human Kidneys

To determine whether a difference in succinate accumulation and adenine nucleotide levels
existed between kidneys retrieved from DCD compared to DBD donors, declined human kid-
neys retrieved from deceased donors following standard procedures but subsequently deemed
unsuitable for organ transplantation were accepted for research under full ethical approval
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Figure 3.15 Acceptance of Declined Human Kidneys for Scientific Research. Human kidneys
accepted for scientific research were retrieved from DBD and DCD donors following standard
procedures. Organs from donation after cardiac death were exposed to a period of warm ischaemia
prior to organ retrieval and cold storage whilst organs from donation after brainstem death were not.
This is due to a mandatory 5 minute stand off period following cardiac arrest in order to confirm
circulatory death. Following confirmation, organs experience an additional period of warm ischaemia
whilst the aorta is accessed in order to begin in situ flush and organ cooling. This is in contrast to
retrieval from DBD donors, in which organs remained perfused under conditions of normoxia until
in situ flush begins. The average warm ischaemia time experienced by kidneys retrieved from DCD
donors is currently 12 minutes in the UK. In the above diagram, grey figures represent normoxic
organs in situ and pink figures represent organs undergoing warm ischaemia in situ.

and informed consent from donor families. Tissue succinate, ATP and ADP concentration
were measured at the time of arrival of declined human kidneys to the laboratory under
conditions of static cold storage as shown in Figure 3.15. Donor and organ characteristics for
DCD and DBD kidneys accepted for research are detailed in Table 3.1

There was no significant difference in tissue succinate concentration between DCD and
DBD kidneys, despite DCD kidneys undergoing 11 ± 4 mins of warm ischaemia prior to
organ cooling (Figure 3.16a). Kidneys accepted from DBD donors underwent 9.5 ± 2.6 h of
cold ischaemia whilst kidneys from DCD donors underwent 15.9 ± 2.3 h cold ischaemia
(Table 3.1). The ATP/ADP ratio was lower in DCD kidneys however was not significantly
different from the ratio in DBD kidneys (Figure 3.16b). The sum of the ATP and ADP
concentration was similar in kidneys from both donor types (Figure 3.16c).
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Donor Type DBD DCD

Age 68y 7m (±10y 7m) 55y 11m (±11y 7m)

Gender
Male 4 (57%) 5 (83%)
Female 3 (43%) 1 (17%)

BMI 33.6 (±6.7) 27.6 (±4.5)

Cause of Death
Intracranial Haemorrhage 3 (43%) 2 (33%)
Intracranial Thrombosis 2 (29%) 1 (17%)
Hypoxic Brain Damage 2 (29%) 3 (50%)

Kidney
L 3 (43%) 2 (33%)
R 4 (57%) 4 (67%)

Type of Perfusate
Soltran 2 (29%) 5 (83%)
UW 5 (71%) 1 (17%)

Quality of Perfusion
Good 5 (71%) 5 (83%)
Fair 2 (29%) 1 (17%)

WIT - 00:11 (±00:04)

CIT 09:32 (±02:37) 15:56 (±03:20)

Reason For Decline
Donor history 1 (14%) 1 (17%)
Organ pathology 3 (43%) 3 (50%)
Atherosclerotic vessels 2 (29%) -
Anatomy 1 (14%) -
Poor perfusion - 1 (17%)
Suspected malignancy - 1 (17%)

Table 3.1 Donor & Organ Characteristics of Declined Human Kidneys. Kidneys were retrieved
from either donation after brainstem death (DBD, n=7) or donation after circulatory death (DCD, n=6)
donors under standard surgical procedures but subsequently deemed unsuitable for transplantation.
Data are mean ± SD or absolute number. Organ pathology includes presence of multiple cysts,
diabetic changes, parenchymal damage and unidentified masses.
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Figure 3.16 Metabolic Profile of Declined Human Kidneys Tissue succinate concentration (a),
ATP/ADP ratio (b) and total ATP and ADP nucleotide concentration (c) ratio in human kidneys
retrieved from DBD (n=7) and DCD (n=6) donation but subsequently declined for transplantation. P
values were calculated using a two-tailed unpaired t test. Data are mean ± SEM.
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3.7 Metabolic Changes during Warm Ischaemia in the Hu-
man Kidney

In order to quantify succinate accumulation in human kidneys during organ retrieval and
cold storage, it was important to determine the baseline succinate concentration in the human
kidney under conditions of normoxia. However, it was not possible to obtain a normoxic
tissue sample from a living human for obvious ethical reasons. It was also not possible
to biopsy a kidney from a DBD donor prior to in situ flush, again due to lack of ethical
approval and as most kidneys are not declined for human transplantation until after retrieval
and examination on the back-table. However, as succinate is known to rapidly return to
normoxic levels on reperfusion, EVNP was used to determine the concentration of succinate
in the human kidney under conditions of normoxia and confirm succinate accumulation had
occurred during organ retrieval and preservation of human kidneys from DBD and DCD
donors. Ex vivo normothermic perfusion refers to the reperfusion of an organ outside the
body with an oxygenated whole blood perfusate at 36 °C. This is achieved using an adapted
cardio-pulmonary bypass circuit as discussed in Chapter 2 (see Figure 2.1). In addition to
investigation of the metabolic changes that occur during organ retrieval and cold storage in
human kidneys, ethical approval was obtained for a wedge biopsy to be taken from the heart
of DBD donors that were not suitable for cardiac transplantation. Part of the biopsy could be
rapidly clamp frozen in liquid nitrogen as soon as it was taken from the donor to determine
the normoxic succinate concentration in the heart and the remaining tissue exposed to either
warm or cold ischaemia as shown Figure 3.17. Similarly, following EVNP, human kidneys
could be re-exposed to warm or cold ischaemia to investigate succinate accumulation and
changes in ATP and ADP concentration under more controlled conditions. The differences
between the human kidney and heart could then be compared in a similar manner to the
mouse and pig, to determine whether the metabolic changes measured in these models reflect
those in the human and whether succinate accumulation may be targeted in similar manner
in the human kidney and heart to that in the mouse and pig.

Succinate levels were similar in the kidney and heart under conditions of normoxia and
succinate accumulation had occurred in declined human kidney during organ retrieval and
cold preservation. In contrast to the pig, the succinate concentration was similar in the kidney
and heart at 30 mins warm ischaemia, reaching a concentration of 890 pmol/mg (Figure
3.18a) or 5-fold (Figure 3.18b) the normoxic value in kidney and 1370 pmol/mg (Figure
3.18a) or 9-fold (Figure 3.18b) the normoxic value in the heart. However, values in the heart
were variable and may have resulted from difficulties in maintaining the temperature of heart
tissue at 36 °C. Interestingly, the succinate concentration in the kidney at 30 mins warm
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DBD Donor Wedge Biopsy 
Taken from Heart

Declined Kidney 1h EVNP

Warm Ischaemia

Time

Wedge Biopsy
Clamp Frozen(36 °C)

Figure 3.17 Investigating the Metabolic Changes That Occur During Warm Ischaemia in the
Human Heart and Kidney. Declined human kidneys were accepted for research as previously
described and reperfused for 1 h using EVNP (see Figure 2.1) to ’reset’ their metabolic profile. After
one hour EVNP, a tissue wedge biopsy was then taken from the kidney under conditions of normoxia
and rapidly clamp frozen in LN2 using Wollenburg clamps to act as a baseline control. Kidneys
were then placed in a bag and submerged in a water bath set to 36 °C to simulate conditions of warm
ischaemia. Meanwhile, ethical approval was obtained for a wedge biopsy to be taken from the heart
of a DBD donor under conditions of a normoxia. A section of the wedge biopsy was immediately
clamp frozen in LN2 to act as a baseline control. The remaining tissue was placed in a humidified
eppendorf tube maintained at 36 °C in a heat block to simulate conditions of warm ischaemia. Wedge
tissue biopsies from kidney and heart were rapidly clamp frozen in LN2 using Wollenburg clamps
immediately after 30 mins warm ischaemia. Tissue samples were then stored at -70 °C until further
processing and analysis. Mr Kourosh Saeb-Parsy (University of Cambridge Department of Surgery,
UK), Mr Jack L Martin (University of Cambridge Department of Surgery, UK), Ms Anja V Gruszczyk
(MRC Mitochondrial Biology Unit, University of Cambridge, UK) and Ms Krishnaa Mahbubani
(University of Cambridge Department of Surgery, UK) assisted with the collection of heart tissue
from human DBD donors.



3.8 Interim Summary II 91

ischaemia was similar to levels measured in declined human kidneys from DBD and DCD
donors and may represent a maximum succinate concentration.

Similar to in the pig, the ATP/ADP ratio was significantly greater in the human heart than
in the human kidney under conditions of normoxia, although the human kidney had only
undergone 1 h EVNP following a period of cold static storage and the ATP/ADP levels may
have not fully recovered due to nucleotide depletion and cellular necrosis. The ATP/ADP
ratio was 1.4 (Figure 3.18c) in the human kidney following 1 h EVNP and 6.7 (Figure
3.18c) in the human heart. Following subsequent exposure to 30 mins warm ischaemia, the
ATP/ADP ratio decreased to 0.4 (Figure 3.18c) or 30% (Figure 3.18d) the normoxic value in
the human kidney and 1.6 (Figure 3.18c) or 24% (Figure 3.18d) the normoxic value in the
human heart. However there was no significant difference in the ATP/ADP ratio between
the two organs. The sum of the ATP and ADP concentration was also significantly greater
in the human heart than in the human kidney under conditions of normoxia but again may
partly relate to the previous exposure of the human kidney to ischaemia and short duration of
EVNP. The sum of the ATP and ADP concentration under conditions of normoxia was 1.0
pmol/mg (Figure 3.18e) in the human kidney and 7.4 pmol/mg (Figure 3.18e) in human heart.
Following 30 mins subsequent warm ischaemia, the sum of the ATP and ADP concentration
decreased to 0.26 pmol/mg (Figure 3.18e) or 25% (Figure 3.18f) the normoxic value in the
human kidney and 1.6 pmol/mg (Figure 3.18e) or 22% (Figure 3.18f) the normoxic value in
the human heart; however there was again no significant difference in the sum of the ATP and
ADP concentrations between the organs at this time point. Overall, the changes measured
in the ATP/ADP ratio and sum of the ATP and ADP concentration closely reflected those
measured in the pig, further supporting the use of the pig as a translational model in organ
transplant studies.

3.8 Interim Summary II

There was no significant difference in succinate concentration in kidneys retrieved from DCD
donors compared to DBD donors and succinate accumulation had occurred during organ
retrieval and cold storage in both donor types. The tissue succinate concentration measured in
declined human kidneys was similar to that measured following exposure of human kidneys
to 30 mins warm ischaemia and may reflect a maximal succinate concentration, measuring
approximately 800 pmol/mg or 5-fold normoxic levels. As succinate accumulation appeared
to be near maximal in kidneys retrieved from both DCD and DBD donors, grafts from
both donor types may benefit from interventions aimed at reducing succinate accumulation
that occurs during organ retrieval and cold static storage. This may subsequently lead to a
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Figure 3.18 Metabolic Changes During Warm Ischaemia in the Human Kidney and Heart.
Tissue succinate concentration (a), ATP/ADP ratio (c) and total ATP and ADP nucleotide concentration
(f) in human kidneys (n=4) and heart (n=3) immediately before and after 30 mins warm ischaemia.
The fold change in succinate (b), ATP/ADP ratio (d) and total ATP and ADP nucleotide concentration
(f) in kidney and heart is also shown relative to normoxic values. **P < 0.01, ***P < 0.001. P values
were calculated using two-way analysis of variance (ANOVA) with Sidak’s multiple comparison test.
Data are mean ± SEM. Measurement of heart ATP and ADP concentration was performed by Ms
Anja V Gruszczyk (MRC Mitochondrial Biology Unit, University of Cambridge, UK).
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reduction in mitochondrial ROS production on transplantation (via the mechanisms discussed
above), ultimately reducing the level of IRI and improving both short and long-term graft
outcomes.

3.9 Effect of Malonate Ester Pro-Drugs on Succinate Ac-
cumulation during Warm Ischaemia

Inhibition of succinate accumulation during organ retrieval and preservation may reduce
mitochondrial ROS production and organ injury on transplantation, thereby resulting in
improved graft and patient outcomes. To investigate whether succinate accumulation may be
inhibited with malonate ester pro-drugs during organ retrieval and preservation, DMM was
administered prior to warm ischaemia in mouse and pig models of kidney donation.

3.9.1 Effect of DMM on Succinate Accumulation in the Mouse Kidney
During Warm Ischaemia

To determine whether succinate accumulation could be inhibited during warm ischaemia in a
mouse model of kidney donation, DMM was administered to mice prior to onset of warm
ischaemia as shown in Figure 3.19. Tissue malonate, succinate, ATP/ADP ratio and total
ATP and ADP nucleotide concentration following administration of DMM and at the end of
20 mins warm ischaemia is shown in Figure 3.20.

Tissue malonate concentration significantly increased with increasing doses of DMM
and a high tissue malonate concentration was present in kidneys immediately following
administration of DMM (Figure 3.20a, Pre-Isc, black bars) and at the end of warm ischaemia
(Figure 3.20a, End Isc, grey bars). However, administration of DMM did not appear to
inhibit the accumulation of succinate during 20 mins warm ischaemia and succinate levels
were even significantly increased at the end of warm ischaemia following administration
of 3.2 and 6.4 mg DMM (Figure 3.20b, End-Isc, grey bars). Succinate concentration was
also significantly increased following administration of 6.4 and 12.8 mg DMM prior to the
onset of warm ischaemia (Figure 3.20b, Pre-Isc, black bars) and was possibly due to forward
inhibition of SDH by malonate under conditions of normoxia. Meanwhile, tissue ATP/ADP
ratio (Figure 3.20c) and the sum of the ATP and ADP concentration (Figure 3.20d) were
unaffected by administration of DMM.
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Normoxia Ischaemia
Time (mins) 10 30

Infusion 

0

Figure 3.19 Targeting Succinate Accumulation During Warm Ischaemia in the Mouse. Mice
were anaesthetised and the renal hila dissected. An infusion of DMM (0.8, 1.6, 3.2, 6.4 or 12.8 mg) or
saline control was given over a period of 10 mins immediately prior to the onset of ischaemia. One
kidney was rapidly retrieved and clamp frozen in liquid nitrogen using Wollenburg clamps at the
end of the infusion immediately prior to the onset of ischaemia. The second kidney was then rapidly
retrieved and clamp frozen following 20 mins warm ischaemia induced by placing a micro-serrefine
clamp over the renal hila. Successful occlusion of the renal hila resulted in a change colour of each
kidney from orange to dark purple. The core temperature of the mouse was maintained at 36 °C at all
times by a closed loop temperature control system. Tissue samples were stored at -70 °C until further
processing and analysis.
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Figure 3.20 Metabolic Changes during Warm Ischaemia in the Mouse Kidney following Ad-
ministration of DMM. Tissue malonate (a) (n=4), succinate (b) (n=4), ATP/ADP ratio (c) (n=4) and
total ATP and ADP concentration (d) (n=4) immediately following infusion of DMM (0.8, 1.6, 3.2,
6.4 or 12.8 mg) or saline control (0) prior to the onset of ischaemia (black bars) and after 20 mins
warm ischaemia (grey bars) in the mouse kidney. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. P values were calculated by two-way analysis of variance with Sidak’s multiple comparisons
test. Data are mean ± SEM.
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3.9.2 Effect of DMM on Succinate Accumulation in the Pig Kidney
during Warm Ischaemia

To determine whether succinate accumulation could be inhibited during warm ischaemia
in a more clinically relevant model of kidney donation, a preliminary set of experiments
were performed in the pig. This was to determine the feasibility of administering DMM to
larger animals (to better inform human studies) prior to warm ischaemia and to investigate
the dose of DMM required. Dimethyl malonate was administered as an intravenous bolus
dose to the pig via the ear vein prior to onset of warm ischaemia as shown in Figure 3.21.
Following administration, DMM was allowed to circulate in the pig for either 5, 10 or 30
mins prior to the kidney retrieval and onset and warm ischaemia. Tissue malonate and
succinate concentrations were measured immediately before and at the end of 30 mins warm
ischaemia. Doses of DMM were chosen based on allometric scaling of effective doses
previously reported in the mouse [262] [14]. Allometric scaling was conducted on the basis
of differences in body surface area between species using a conversion table produced by
the Food and Drug Administration of the United States (FDA). The underlying principle
of scaling of drug doses based on body surface area is that larger animals are thought to
have a reduced ability to gather and dissipate energy and so have adapted to this limitation
by reducing their underlying rate of metabolism. As a result a smaller dose of a drug is
required to achieve the same therapeutic effect per unit weight in larger animals owing to
their decreased rates of drug metabolism [262]. In addition, as it was not possible to give
DMM as an infusion to the pig due to restrictions under the Home Office Licence, DMM was
given as an intravenous bolus dose. This meant that a steady state level of malonate could
not be established in the kidney prior to retrieval as in the mouse and instead a number of
different time points (5, 10 and 30 mins) following the administration of the DMM bolus
were investigated in order to determine the point at which the malonate concentration within
the kidney was greatest (as DMM must first distribute to the kidney following injection and
subsequently undergo hydrolysis to release active malonate) [263].

Figure 3.22 shows the tissue malonate and succinate concentration immediately before
and after 30 mins warm ischaemia in the pig kidney following systemic administration of
840 mg DMM. This dose was based on allometric scaling of the reported effective dose of
160 mg/kg in the mouse for a 60 kg pig. DMM was given as a bolus injection into the ear
vein and was allowed to circulate systemically in the pig for either 5, 10 or 30 mins prior to
warm ischaemia. Administration of DMM led to an increase in malonate concentration in the
kidney prior to warm ischaemia and was highest after 5 mins systemic circulation (Figure
3.22a, Pre-Isc, black bars). During warm ischaemia, tissue malonate concentration increased
further in the kidney suggesting hydrolysis of DMM continued to occur in ischaemic tissue
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Time (mins) 5,10 or 30
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+30

Circulation Time (±DMM)

Figure 3.21 Targeting Succinate Accumulation During Warm Ischaemia in the Pig. One kidney
was retrieved from the pig prior to administration DMM and exposed to 30 mins warm ischaemia in
order to act as a control (not shown). A wedge biopsy was taken in situ and following 30 mins warm
ischaemia from the control kidney and rapidly clamp frozen in LN2 using Wollenburg clamps (not
shown). Dimethyl malonate was then administered as a bolus injection into the ear vein of the pig
and allowed to circulate systemically for 5, 10 or 30 mins. Following 5, 10 or 30 mins circulation, an
in situ wedge biopsy was taken from the second kidney and rapidly clamp frozen. The renal vessels
were then tied and divided and the kidney was exposed to 30 mins warm ischaemia in abdomen of
the pig maintained at 38 °C. During warm ischaemia pig kidneys became purple in colour due to the
presence of deoxygenated blood within the microvasculature. Following 30 mins warm ischaemia,
a second wedge biopsy was taken and rapidly clamp frozen. Tissue samples were stored at -70 °C
until further processing and analysis. Mr Kourosh Saeb-Parsy (University of Cambridge Department
of Surgery, UK) and Miss Krishnaa T Mahbubani (University of Cambridge Department of Surgery,
UK) assisted with the surgical retrieval of kidneys from the pig.
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Figure 3.22 Metabolic Changes during Warm Ischaemia in the Pig Kidney following Adminis-
tration of DMM. 840 mg DMM in 20 mL saline was administered as a bolus injection into the ear
vein and allowed to circulate systemically within the pig for either 5, 10 or 30 mins (n=1 per time
point). Tissue malonate (a) and succinate (b) concentration were then measured immediately before
(black bars) and after (grey bars) 30 mins warm ischaemia. DMM treated kidneys were compared to
control kidneys (Cntrl) retrieved from the pig and exposed to 30 mins warm ischaemia prior to the
administration of DMM (n=3). Data are mean of technical replicates measured from DMM treated
kidneys and mean ± SEM of control kidneys.

and was greatest in kidneys that had been retrieved following 5 mins DMM circulation time
(Figure 3.22a, End-Isc, grey bars). In addition, administration of DMM did not appear to
affect tissue succinate concentration prior to warm ischaemia in contrast to the mouse (Figure
3.22b, Pre-Isc, black bars). At the end of 30 mins warm ischaemia, succinate concentration
appeared to be decreased in the kidney treated with 840 mg DMM and retrieved after 5
mins systemic circulation (Figure 3.22b, End-Isc, grey bars) however repeat experiments and
statistical testing would be needed to validate this finding in order to show a true reduction in
succinate occurred and this preliminary result was not due to chance.

Administration of a ten times higher dose of DMM was also investigated in the pig
as shown in Figure 3.23 as malonate concentrations achieved with 840 mg were roughly
ten times lower than those achieved in the mouse. This led to a much higher malonate
concentration in the pig kidney following 5 mins systemic circulation and at the end of
30 mins warm ischaemia. However, tissue succinate concentration was also increased
following 5 mins systemic circulation, possibly due to forward inhibition of SDH activity
and was greater than control values at the end of 30 mins warm ischaemia. Tissue malonate
concentration following 10 mins systemic circulation of 8400 mg DMM was similar to
doses achieved following 5 mins systemic circulation of 840 mg DMM. Tissue succinate
concentration was not increased in kidneys following 10 mins systemic circulation of 8400
mg DMM and succinate concentration at 30 mins warm ischaemia was decreased compared
to control values. It is also important to note that administration of 8400 mg DMM led to
significant bradycardia and near cardiac arrest over the administration period and disodium
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Figure 3.23 Metabolic Changes during Warm Ischaemia in the Pig Kidney following Adminis-
tration of DMM. 8400 mg DMM in 100 mL saline was administered as a bolus injection into the
ear vein and allowed to circulate systemically within the pig for either 5 or 10 mins (n=1 per time
point). Tissue malonate (a) and succinate (b) concentration were then measured in DMM-treated
kidneys immediately before (black bars) and after (grey bars) 30 mins warm ischaemia. DMM treated
kidneys were compared to control kidneys (Cntrl) retrieved from the pig and exposed to 30 mins warm
ischaemia prior to the administration DMM (n=3). Data are mean of technical replicates measured
from DMM treated kidneys and mean ± SEM of control kidneys.

malonate has previously been reported to inhibit cardiac function at high doses in the mouse
heart [194].

3.10 Discussion

3.10.1 Metabolic Changes During Warm and Cold Ischaemia in the
Mouse and Pig Kidney

Overall, the metabolic changes that occur during warm and cold ischaemia in the kidney
were similar to those in the heart in which most previous work had been conducted. Note
that a maximal warm ischaemia time of 30 mins was chosen based on previous experiments
demonstrating further changes in tissue succinate, ATP and ADP concentration do not occur
beyond this time [193]. Succinate accumulated rapidly during warm ischaemia in both organs,
increasing to 5-10 fold normoxic levels within a few minutes of ischaemia. In contrast, the
rate of succinate accumulation was greatly reduced under conditions of cold ischaemia in
the kidney and heart (provided the tissue could be cooled rapidly), with a 5-10 fold increase
in succinate concentration occurring after 6-8 h cold ischaemia. Similar responses in the
ATP/ADP ratio and sum of the ATP and ADP concentration in the kidney and heart were
also measured during warm and cold ischaemia. The ATP/ADP ratio and the sum of the ATP
and ADP nucleotides decreased rapidly during warm ischaemia reaching a minimal value
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within 30 mins. In comparison the ATP/ADP ratio and sum of the ATP and ADP nucleotides
decreased more gradually during cold ischaemia and had not reached the minimum value
measured during warm ischaemia at 6-8 h cold storage. The similarities in the metabolic
changes in the mouse and pig, kidney and heart strongly suggests a conserved mechanism of
succinate accumulation occurs across the two organs as well as between species. However,
succinate accumulated to a much higher concentration in the heart than in the kidney during
warm ischaemia and took longer to reach its maximal tissue concentration. This may partly
relate to the greater ATP and ADP concentration in the heart compared to the kidney under
conditions of normoxia which may subsequently provide a greater supply of fumarate via
the PNC for SDH reversal and succinate accumulation during ischaemia. Interestingly the
rate of succinate accumulation appears to mirror the rate of ATP and ADP degradation in
both the heart and the kidney but requires further investigation. Increased levels of succinate
accumulation during ischaemia have been shown to lead to increased ROS production upon
reperfusion suggesting a larger burst of mitochondrial ROS may occur in the heart than in
the kidney on reperfusion but again this hypothesis requires further investigation within an in
vivo system [14]. Nevertheless, the metabolic conditions required for mitochondrial ROS
production on reperfusion are established during ischaemia in the kidney and inhibition of
succinate accumulation may reduce mitochondrial ROS production and severity of ischaemia
reperfusion injury in the kidney as in the heart [14].

3.10.2 Metabolic Changes During Organ Retrieval and Preservation
of Declined Human Kidneys

Succinate concentration was not significantly greater in declined human kidneys retrieved
from DCD compared to DBD donors and was greater than the succinate concentration mea-
sured in the human kidney under conditions of normoxia, suggesting succinate accumulation
occurred during retrieval and cold preservation of grafts from both donor types. Investigation
of organ cooling showed that core and surface tissue was rapidly reduced to 10 °C during
back-table flush but took up to 30 mins to reach a target temperature of 4 °C. The rate of
succinate accumulation varies linearly with temperature and increased succinate accumula-
tion will occur where organs are not cooled efficiently [193]. During human organ donation,
organs are first flushed with cold preservation solution in situ via cannulation of the aorta
and slushed ice is applied topically to the organs in the abdominal cavity. However, organs
must then be dissected and retrieved from the abdominal cavity before they are transferred to
the back-table for further flushing and cold storage on ice. Given the difficulty and duration
required to cool organs to 4 °C under the experimental conditions described in Section 3.5,
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it is unlikely that large human organs are efficiently cooled to 4 °C during clinical organ
donation. Inefficient organ cooling during back-table flush has also been reported by Kuiper
et al [264]. Together, these findings suggest inefficient cooling may result in the accumulation
of succinate during the retrieval of grafts from both DBD and LD despite rapid in situ and
back-table flush.

Furthermore, succinate accumulation is not completely inhibited during cold ischaemia
at 4 °C and continues to occur at a slow rate as shown in the mouse and pig. Given the
relatively long duration of cold ischaemia experienced by DCD and DBD grafts prior to
transplantation, a significant degree of succinate accumulation during cold preservation is
also likely to occur. Succinate reached a maximum concentration after 12 h cold ischaemia
in the mouse heart (Martin et al, 2019) and the succinate concentration measured in declined
human kidneys following either 9.5 ± 2.6 h (DBD) or 15.9 ± 2.3 h (DCD) cold preservation
was similar to the maximum succinate concentration measured in human kidneys following
exposure to 30 mins warm ischaemia. Nevertheless, this finding suggests that both DCD
and DBD kidneys may benefit from therapeutic interventions aimed at reducing succinate
accumulation during organ retrieval and cold storage.

3.10.3 Effect of DMM on Succinate Accumulation in the Mouse and
Pig Kidney during Warm Ischaemia

Whilst DMM has previously been shown to inhibit succinate accumulation during warm
ischaemia in the mouse heart [14], administration of DMM prior to ischaemia in a mouse
model of kidney donation did not lead to a reduction in tissue succinate concentration follow-
ing 20 mins warm ischaemia. The metabolic conditions required for succinate accumulation
via SDH reversal during ischaemia are thought to include a highly reduced NAD+/NADH
pool, inactivation of complexes III and IV and upregulation of the PNC. It is unlikely that
these conditions occur instantaneously on the onset of ischaemia but probably develop over
seconds to minutes, after which SDH reversal may begin. In the intervening period other
pathways, such as glutaminolysis and canonical CAC action, may contribute to succinate
accumulation [175]. Interestingly, approximately 15% of whole-body glutamine flux is
taken up by the kidney and is primarily used in the process of ammoniagenesis with the
resulting α-ketoglutarate entering the CAC cycle [265]. Whilst the mechanisms of succinate
accumulation during ischaemia have been investigated in the mouse heart, the same is not
true for the kidney. This is partly due to lack of a suitable model in the kidney equivalent
to the Langendorff system in the heart and the difficulty in performing metabolic tracing
experiments in vivo [266]. However, a better understanding of the underlying mechanisms of
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succinate accumulation in different tissues and organs may be crucial in effectively targeting
this process in organ transplantation and other ischaemia reperfusion related pathologies.

Meanwhile, preliminary experiments in the pig model of kidney donation mirrored
findings in the mouse at high concentrations of DMM, however inhibition of succinate
accumulation may have occurred at certain lower concentrations of DMM. Again, these
findings re-emphasise that the correct timing and dose of malonate ester pro-drugs is crucially
important in achieving therapeutic effects and that these important issues are not yet fully
understood requiring further investigation.

3.11 Summary

In summary, increased succinate accumulation dose not occur following donation after
cardiac death compared to donation after brainstem death and near maximal succinate
accumulation occurs in grafts from both human DCD and DBD donors. This is likely due to
inefficiencies in organ cooling during retrieval and continued succinate accumulation during
cold preservation. Grafts from both donor types may benefit from inhibition of succinate
accumulation however further work is needed to determine whether malonate ester pro-drugs
may be used to inhibit succinate accumulation when administered prior to organ ischaemia.
Alternatively, rapid oxidation of succinate may be targeted in grafts from both donor types on
reperfusion, restricting the re-entry of electrons into the electron transport chain and driving
force for mitochondrial ROS production and will be discussed in the next Chapter.



Chapter 4

Mitochondrial ROS Production in
Kidney Transplantation

4.1 Introduction

As previously discussed, IRI is a two-stage process involving an ischaemic phase where an
organ or tissue is deprived of oxygenated blood and a reperfusion phase where the supply
of oxygenated blood to the organ or tissue is returned. Paradoxically, the injury that occurs
during the reperfusion phase is over and above that which occurs during the ischaemia phase
alone and is thought to result from a burst of ROS from mitochondria [16]. Whilst this process
was previously attributed to the general ‘spill’ of electrons from damaged mitochondrial
components upon reperfusion, increasing evidence now points to a more specific mechanism
of mitochondrial ROS production [15]. In brief, the accumulation of succinate during
ischaemia acts as a store of electrons capable of driving RET and ROS production from the
FMN site of Complex I on reperfusion [14]. As Complex I operates close to thermodynamic
equilibrium, it can reverse its action when the ∆p across the inner mitochondrial membrane
is greater than the ∆Eh required to push two electrons from NADH to CoQ. On reperfusion, a
near maximal ∆p develops across the inner mitochondrial membrane due to the depletion of
adenine nucleotides and lack of substrate for FOF1-ATPase. Meanwhile, the rapid oxidation
of accumulated succinate by SDH results in a highly reduced CoQ pool which drives RET
through Complex I, culminating in superoxide production (Figure 4.1) [15]. Inhibition of
SDH on reperfusion may therefore reduce ROS production by restricting the re-entry of
electrons into the electron transport chain and hence the driving force required for RET to
occur [17].
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Figure 4.1 Mitochondrial ROS Production on Reperfusion. During reperfusion, return of the
terminal electron acceptor oxygen leads to the reactivation of Complex III and IV, proton pumping and
regeneration of the proton motive force (∆p). However, as ADP is mostly degraded during prolonged
ischaemia, there is a lack of substrate for FOF1-ATP synthase allowing ∆p to reach near maximal
levels. Coupled with a highly reduced CoQ pool resulting from rapid succinate oxidation, a near
maximal ∆p enables electrons to pass backwards through Complex I via reverse electron transport
and combine with oxygen at the flavin mononuclear (FMN) site of the complex forming a superoxide
radical. Figure adapted from Chouchani et al (2016).

Malonate is a competitive inhibitor of SDH but as a charged molecule, must be given in a
cell permeable form in order to pass through lipid membranes and enter mitochondria in vivo
[211]. Succinate oxidation and ROS production occur within minutes of reperfusion and
malonate must be present within mitochondria or accumulate rapidly within these organelles
on reperfusion in order to effectively inhibit ROS production [267] [17]. Disodium malonate
has been shown to reduce infarct size in an isolated model of myocardial infarction in the
mouse and translational model of myocardial infarction in the pig when administered at
the onset of reperfusion [195] [194]. However, it is currently unclear how this charged
molecule enters mitochondria and whether its therapeutic effect is due to SDH inhibition,
necessitating further investigation. Malonate ester pro-drugs, including DMM and MAM
are designed to increase the lipophilicity of malonate so that they can pass through lipid
membranes more easily. However, before they can inhibit SDH, their side groups must
be hydrolysed by cellular carboxylesterases [211]. As previously discussed, hydrolysis
of DMM by PLE in vitro is relatively slow and DMM may not be hydrolysed rapidly
enough to inhibit succinate oxidation within mitochondria when administered at reperfusion
(personal communication, Hiran Prag). To date, no studies have investigated the effect
of DMM administered at reperfusion in an in vivo model of IRI. However, administration
of DMM prior to ischaemia may result in an increased malonate concentration within
mitochondria at reperfusion due to the hydrolysis DMM during the preceding ischaemic
period. Administration of DMM prior to ischaemia may therefore not only inhibit succinate
accumulation as previously shown in a mouse model of myocardial infarction but also inhibit
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succinate oxidation on reperfusion, further contributing to its protective effect [17] [14]. In
contrast to DMM, MAM is hydrolysed more rapidly by PLE in vitro and may be capable
of inhibiting rapid oxidation of succinate by SDH when administered at reperfusion in vivo
(personal communication, Hiran Prag). In preliminary experiments, MAM has been shown
to reduce infarct size when administered at reperfusion in a mouse model of myocardial
infarction suggesting hydrolysis and mitochondrial malonate accumulation is rapid enough to
inhibit ROS production when administered at this time point (personal communication, Hiran
Prag). Other strategies to inhibit ROS production at reperfusion include use of mitochondria-
targeted malonate compounds, reversible S-nitrosation of Complex I in the inactive state and
use of mitochondria-targeted antioxidants as discussed in Chapter 1 [198] [199] [202].

As shown in the previous chapter, succinate accumulates to a near maximal level in
kidneys retrieved from both DBD and DCD donors and may subsequently drive mitochondrial
ROS production on transplantation. Inhibition of succinate oxidation on transplantation may
therefore help ameliorate IRI in grafts from both donor types, leading to improved short and
long-term graft outcomes. During organ transplantation, mitochondrial therapies may be
administered at multiple stages throughout the transplant process. Although a number of
legal and logistical barriers must be addressed, it is feasible for malonate ester pro-drugs to
be administered to a donor prior to organ retrieval, to an organ during preservation or to the
recipient during transplantation. The optimal time to administer malonate ester pro-drugs to
an organ will likely depend on the stage of mitochondrial ROS production being targeted
(e.g. succinate accumulation during ischaemia or rapid oxidation on reperfusion), the rate
of hydrolysis of the malonate ester prodrug and rate of accumulation within mitochondria.
For example when attempting to inhibit rapid succinate oxidation on reperfusion, malonate
ester pro-drugs that are hydrolysed relatively slowly by tissue carboxylesterases, such as
DMM, may need to be administered to an organ donor prior to organ retrieval or during organ
preservation to allow sufficient time for hydrolysis to occur and malonate to accumulate to
a sufficient concentration within mitochondria to inhibit SDH on reperfusion, as discussed
above. Alternatively, malonate ester pro-drugs that are hydrolysed relatively rapidly by tissue
carboxylesterases, such as MAM, may be administered to the organ recipient at the time of
reperfusion. In this scenario, malonate is able to reach a sufficient effective concentration
within the mitochondria of the donor graft to inhibit succinate oxidation by SDH, and thus
prevent ROS production.

The use of malonate ester pro-drugs to inhibit succinate oxidation on reperfusion in organ
transplantation has not been previously investigated. In this Chapter, I investigate the use
of malonate ester pro-drugs to inhibit mitochondrial ROS production on reperfusion when
administered at various stages throughout the transplant process. I used the mitochondrial
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ROS probe MitoB, a ratiometric mass spectrometry probe comprising an arylboronic acid
conjugated to a TPP cation to measure mitochondrial ROS production on reperfusion in vivo
[268]. The arylboronic acid of MitoB reacts selectively with hydrogen peroxide and perox-
ynitrite to form a stable phenol (see Figure 4.2a). As superoxide produced by mitochondria
on reperfusion is rapidly converted to hydrogen peroxide by mitochondrial MnSOD, MitoB
may be used to measure mitochondrial ROS production during IRI [177] [269]. Meanwhile,
the positive TPP cation targets MitoB to the mitochondria several 100-fold as shown in Figure
4.2b [269]. In this Chapter, MitoB was first used to investigate the relationship between warm
ischaemia and mitochondrial ROS production in the mouse kidney and whether mitochondrial
ROS production was increased following administration of DMS. I then investigated whether
the metabolic changes leading to mitochondrial ROS production in the mouse kidney also
occur on reperfusion of pig and human kidneys using EVNP. Lastly, I investigated whether
mitochondrial ROS production could be reduced by the administration of malonate ester
pro-drugs to the mouse kidney prior to the onset of ischaemia (to simulate administration
to an organ donor) or at the point of reperfusion (to simulate administration to an organ
recipient) and to the pig kidney during back-table flush (to simulate administration during
organ storage).

4.1.1 Aims

1. To investigate the effect of warm ischaemia time and succinate concentration on
mitochondrial superoxide production during early reperfusion in the mouse kidney

2. To investigate the metabolic changes that occur in the pig and human kidney on
reperfusion

3. To determine whether mitochondrial superoxide production during early reperfusion
may be inhibited by administration of malonate ester pro-drugs prior to ischaemia (to
simulate administration to an organ donor) or at reperfusion (to simulate administration
to an organ recipient) in the mouse kidney

4. To determine whether malonate ester pro-drugs may be given during back-table flush
in a pig model of kidney transplantation

4.1.2 Hypothesis

Mitochondrial superoxide production upon reperfusion is dependent on succinate accumula-
tion during ischaemia and may be inhibited with malonate ester pro-drugs.
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Figure 4.2 The Ratiometric Mass Spectrometry Probe, MitoB. MitoB is a ratiometric mass spec-
trometry probe that may be used to measure mitochondrial hydrogen peroxide production in vivo.
(a) MitoB is comprised of a arylboronic acid conjugated to a triphenylphosphonium (TPP) cation
and reacts selectively with hydrogen peroxide to form a stable phenol (MitoP). The MitoP/MitoB
ratio may subsequently be used to determine the degree of mitochondrial ROS production in a tissue
with an increase in hydrogen peroxide production leading to an increase in the MitoP/MitoB ratio.
(b) MitoB accumulates several hundred fold within mitochondria due to the electrochemical driving
force experienced by the positively charged TPP molecule across the cellular and mitochondrial
membranes. Furthermore, as the positive charge of the TPP cation is distributed over the entire
moiety, the activation energy required for MitoP to pass through a lipid membrane is greatly reduced,
facilitating its passage through the cellular and mitochondrial membranes and enabling accumulation
within mitochondria to occur. Figure adapted from Cocheme et al (2011).
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Figure 4.3 Investigating Mitochondrial Superoxide Production during Ischaemia-Reperfusion
in the Mouse Kidney. MitoB was given as an intravenous injection into the IVC 30 mins prior to the
onset of ischaemia. 10 mins prior to the onset of ischaemia an intravenous infusion of saline was given
into the IVC. Following infusion, both kidneys were exposed to x (5, 10, 15, 20, 25, 30 or 45) minutes
warm ischaemia by occluding the renal hila with a micro-serrefine clamp. Successful occlusion of
the renal hila resulted in a change colour of each kidney from orange to dark purple. Following x
(5, 10, 15, 20, 25, 30 or 45) minutes warm ischaemia, one kidney was rapidly retrieved and clamp
frozen using Wollenburg clamps in LN2. The micro-serrefine clamp was removed from the hila of the
second kidney which underwent 10 mins reperfusion. Successful reperfusion could be confirmed by a
change in colour of the kidney from dark purple to orangey-pink. At 10 mins reperfusion the second
kidney was also rapidly retrieved and clamp frozen in LN2. In DMS experiments, 6.4 mg DMS was
given as an infusion 10 minutes prior to the onset of ischaemia as described above. Both kidneys
were then exposed to 20 mins warm ischaemia. One kidney was clamp frozen at the end of ischaemia
and the second following 10 mins reperfusion. All frozen tissue samples were stored at -70 °C until
further processing and analysis

4.2 Mitochondrial ROS Production in the Mouse Kidney

4.2.1 Effect of the Duration of Warm Ischaemia on Mitochondrial ROS
Production

To investigate the effect of warm ischaemia on mitochondrial ROS production at reperfusion,
mouse kidneys were exposed to varying periods of warm ischaemia and reperfused for
10 mins as shown in Figure 4.3. For each experiment, one kidney was clamp frozen at
the end of ischaemia to act as an internal control and was then compared with the second
kidney which was clamp frozen after 10 mins reperfusion in order to determine the metabolic
changes that occur in the tissue during reperfusion. Tissue MitoP/MitoB ratio, succinate
concentration, ATP/ADP ratio and total ATP and ADP nucleotide concentration at the end
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of warm ischaemia and after 10 mins of reperfusion are shown in Figure 4.4. There was a
significant increase in the MitoP/MitoB ratio on reperfusion following 10 and 20 mins warm
ischaemia (Figure 4.4a). The MitoP/MitoB ratio also showed an increasing trend following
15, 25, and 30 mins warm ischaemia but was not significant.

Tissue succinate concentration was significantly increased at the end of warm ischaemia
across ischaemic times (Figure 4.4b). At 10 mins reperfusion, tissue succinate concentration
decreased across ischaemic times and was not significantly different to control levels except
following 45 mins ischaemia where succinate was still significantly increased at 10 mins
reperfusion and may have been due to impaired reperfusion.

The ATP/ADP ratio was significantly decreased at 10 mins reperfusion following 10,
30 and 45 mins warm ischaemia (Figure 4.4c). Meanwhile the sum of the ATP and ADP
concentration was significantly decreased at the end of warm ischaemia and at 10 mins
reperfusion across ischaemic times except following 5 mins warm ischaemia where the sum
ATP and ADP concentration returned to control values on reperfusion Figure 4.4d).

4.2.2 Effect of Succinate Accumulation During Ischaemia on Mitochon-
drial ROS Production

To determine the effect of succinate concentration on mitochondrial ROS production at
reperfusion, 6.4 mg dimethyl succinate (DMS) was administered to mice as an infusion
prior to the onset of 20 mins of warm ischaemia as shown Figure 4.3. Tissue succinate
concentration and MitoP/MitoB ratio at the end of ischaemia and at 10 mins reperfusion
is shown in Figure 4.5. Administration of DMS led to a significant increase in succinate
concentration at the end of 20 mins warm ischaemia (Figure 4.5a). At 10 mins reperfusion,
the succinate concentration in DMS treated kidneys had decreased and was not significantly
different from control kidneys suggesting succinate was rapidly oxidised within the tissue.
However, there was no significant difference in the MitoP/MitoB ratio between DMS treated
and control kidneys at the end of ischaemia or at 10 mins reperfusion (Figure 4.5b) suggesting
the increased ischaemic succinate concentration in DMS treated kidneys did not lead to an
increase in mitochondrial ROS production as measured by the ratiometric probe MitoB.

4.3 Interim Summary I

A burst of mitochondrial ROS production was measured upon reperfusion of the mouse
kidney following 10, 15, 20, 25 and 30 mins warm ischaemia but not 5 mins warm ischaemia.
This may be explained by the rapid recovery of tissue ATP and ADP levels on reperfusion
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Figure 4.4 Effect of Warm Ischaemic Time on Mitochondrial ROS Production during
Ischaemia-Reperfusion in the Mouse Kidney. MitoP/MitoB ratio (a) (n=3-4), succinate concentra-
tion (b) (n=4), ATP/ADP ratio (c) (n=3-4) and total ATP and ADP nucleotide levels (d) (n=3-4) at
the end of ischaemia (black bars) and at 10 mins reperfusion (grey bars) following various periods of
warm ischaemia. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. P values were calculated by
two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test. Data are mean ±
SEM.
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Figure 4.5 Effect of Succinate Concentration on Mitochondrial ROS Production during
Ischaemia-Reperfusion in the Mouse Kidney. Succinate concentration (a) (n=3-4) and Mi-
toP/MitoB ratio (b) (n=3-4) at the end of 20 mins warm ischaemia and 10 mins reperfusion following
administration of saline (black bars) or 6.4 mg dimethyl succinate (DMS) (grey bars) as an infusion
prior to the onset of ischaemia as shown in Figure 4.3. ***P < 0.001. P values were calculated by
two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test. Data are mean ±
SEM.
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following 5 mins warm ischaemia but not after longer warm ischaemia times. Rapid recovery
of ATP and ADP levels on reperfusion suggests depletion of the adenosine nucleotide pool
had not fully occurred and substrate was still available for FOF1-ATPase on reperfusion.
FOF1-ATPase activity will have prevented a near maximal ∆p required for reversal of Com-
plex I from being reached and therefore RET and ROS production from occurring [15].
Administration of DMS prior to the onset of 20 mins warm ischaemia led to an increase
in tissue succinate concentration at the end of ischaemia immediately prior to reperfusion.
However, an increase in tissue succinate concentration at the end of 20 mins ischaemia did
not lead to an increase in mitochondrial ROS production as measured by the MitoP/MitoB
ratio at 10 mins reperfusion.

4.4 Metabolic Changes on Reperfusion in the Pig Kidney

As kidneys from the mice in the above experiments experienced only warm ischaemia prior
to reperfusion and did not undergo cold ischaemia, mitochondrial ROS production was also
investigated in a more clinically relevant translational model of kidney transplantation in
the pig. However, it was not possible to administer MitoB to the pig in order to directly
measure the degree of mitochondrial ROS production on reperfusion. This was due to the
greater complexity of the retrieval procedure and uncertainty as to the dose, toxicity and
optimal administration time of MitoB in this model. Preliminary experiments performed in
our laboratory showed 250 nmol MitoB administered at 3 minutes EVNP in the pig kidney
resulted in significantly worse renal function as measured by the FENa and clearance of
creatinine compared to untreated control kidneys (personal communication, Anna Dare).
This suggested MitoB administered at this dose may be toxic to pig kidney and as pig
experiments were far more costly than in the mouse, it was not economical (or ethical)
to further optimise the use of MitoB in this model at this stage. Nevertheless, a burst of
mitochondrial superoxide production upon reperfusion may be inferred in pig kidneys on
reperfusion by assessing whether the same metabolic changes occur in the pig as in the
mouse during the initial reperfusion period. To simulate conditions of DBD and DCD
donation, pig kidneys were exposed to either 0 or 30 mins warm ischaemia respectively, as
shown in Figure 4.6. Kidneys then underwent 6 h cold static storage on ice followed by
6 h EVNP. Ex vivo normothermic perfusion refers to the reperfusion of an organ outside
the body with an oxygenated whole blood perfusate at 36 °C [247] [137]. This is achieved
using an adapted cardio-pulmonary bypass circuit as discussed in Chapter 2 (see Figure 2.1).
The tissue succinate, ATP and ADP concentrations were measured in the pig kidney under
conditions of normoxia (In situ), at the end of cold static storage (End-Isc) and following



112 Mitochondrial ROS Production in Kidney Transplantation

10 mins EVNP (Rep) as shown in Figure 4.7 and compared to the metabolic changes in the
mouse to determine whether mitochondrial ROS production is likely to have occured under
these conditions. Note that whilst 30 mins represents a more extreme warm ischaemia time,
rarely experienced by kidneys retrieved from DCD donors in the UK, this time was chosen
to represent the maximum tissue injury that may be experienced by a kidney graft due to
warm ischaemia during transplantation. The more severe warm ischaemia time adopted also
enabled the range of injury that may be experienced by pig kidneys undergoing EVNP to
be determined and thus the scope for improvement with a therapeutic intervention using
the EVNP model (see Chapter 5). If this scope was too narrow (as may have occurred
with shorter warm ischaemic times) then detecting an improvement in kidney injury with
a therapeutic intervention during EVNP would become more difficult. Lastly, whilst the
average warm ischaemia time from circulatory death to in situ flush is approximately 14
minutes (IQR 11-17 minutes) in the UK, grafts from DCD donors may also experience a
period ’functional’ warm ischaemia (defined as a systemic BP < 50 mmHg) ranging from
minutes to hours following the withdrawal of life support during which time kidneys may
become hypoperfused and undergo a prolonged period of hypoxia [9] [68]. Grafts from
all donor types also experience a further period of ischaemia at a temperature between 0-4
°C and 36°C during graft anastomosis which was not simulated as part of the pig model
[84]. When considering these factors, the choice of 30 mins of warm ischaemia to represent
clinical DCD donation in an experimental model of kidney transplantation using kidneys
from young, healthy pigs may be deemed more reasonable. Human kidneys are also known
to withstand 30 mins warm ischaemia or longer periods in other clinical scenarios such as
partial nephrectomy of renal tumours and abdominal aortic aneurysm repair. As such, the
experimental data gained from this model may also help to inform the future use of malonate
ester pro-drugs in surgical procedures such as these [270] [271].

In the translational model of kidney transplantation described in Figure 4.6, succinate
concentration was significantly increased in kidneys exposed to 30 mins warm ischaemia
and 6 h cold static storage at the end of ischaemia (Figure 4.7a). Following 10 mins
reperfusion, tissue succinate concentration had decreased and was not significantly different
from normoxic controls suggesting rapid succinate oxidation had occurred. In kidneys
exposed to 6 h cold static storage only, succinate did not significantly increase from normoxic
levels during ischaemia. There was a decrease in succinate concentration upon reperfusion,
suggesting that if there was a small (but non-significant) increase in during ischaemia, it was
oxidised upon reperfusion. The ATP/ADP ratio (Figure 4.7b) and the sum of the ATP and
ADP concentrations (Figure 4.7c) significantly decreased in kidneys exposed to both 30 mins
warm ischaemia and 6 h cold storage and 6 h cold storage only. Following 10 mins reperfusion
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Figure 4.6 Investigating the Metabolic Changes on Reperfusion in the Pig Kidney. Pig kidneys
were retrieved under general anaesthesia and exposed to either 30 mins warm ischaemia (30’ WI)
and 6 h cold static storage or 0 mins warm ischaemia (0’ WI) and 6 h cold static storage. Prior to
back-table flush, kidneys exposed to 30 mins warm ischaemia became darker and more purple in
colour. Kidneys were then reperfused using EVNP for 6 h. Tissue wedge biopsies were taken from
kidneys in situ under conditions of normoxia, at the end of cold static storage and following 10 mins
EVNP to investigate the metabolic changes that occured in tissue upon repefusion. Tissue wedge
biopsies were rapidly clamp frozen in liquid nitrogen using Wollenburg clamps and stored at -70°C
until further processing and analysis.
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however, the ATP/ADP ratio and total ATP and ADP concentrations returned to normoxic
levels in kidneys exposed to 6 h cold storage only but remained significantly decreased in
kidneys exposed to 30 mins warm ischaemia and 6 h cold static storage. This may suggest
that the adenosine nucleotide pool was more depleted in kidneys exposed to 30 mins warm
ischaemia and 6 h cold static storage. This has implications on the substrate availability for
the ATP synthase and magnitude of the ∆p upon reperfusion. In the absence of substrate
for ATP synthase, a near maximal ∆p may develop facilitating reverse electron transport
and mitochondrial ROS production at FMN site Complex I. Succinate accumulation during
ischaemia, rapid succinate oxidation on reperfusion and depletion of adenosine nucleotides
during ischaemia and on reperfusion in kidneys exposed to 30 mins warm ischaemia and
6 h cold static storage supports our model of the production of mitochondrial ROS upon
reperfusion as previously described by Chouchani et al [15]. In addition, these results
concur with MitoB experiments demonstrating mitochondrial ROS production under similar
conditions in the mouse kidney (Figure 4.4).

4.5 Metabolic Changes on Reperfusion in the Human Kid-
ney

Similar to the pig, it was not possible to measure mitochondrial ROS production on reperfu-
sion directly in human kidneys using ratiometric probe MitoB due to uncertainties regarding
the dose and toxicity of MitoB in this model. As mentioned above, a set of preliminary
experiments performed in our laboratory has shown that MitoB may be toxic to the pig kidney
resulting in poor function during EVNP (personal communication, Anna Dare). Furthermore,
human kidneys were only received in the laboratory following retrieval and cold storage and
it was unknown whether MitoB administered to the declined human kidneys at reperfusion
would distribute rapidly enough within the graft to accurately reflect early mitochondria ROS
production. As declined human kidneys were precious and infrequent, I decided that MitoB
should not be used. Instead, EVNP of declined human kidneys was used to determine whether
the same metabolic changes that lead to mitochondrial ROS production on reperfusion in the
mouse also occur in the human.

In addition, after measuring the metabolic changes that occur during initial reperfusion,
declined human kidneys were subsequently re-exposed to 30 mins warm ischaemia and 6
h cold storage to investigate the metabolic changes in the tissue and mitochondrial ROS
production under more controlled conditions, as shown in Figure 4.8. Re-exposure of
declined human kidneys followed by a second period of EVNP has not previously been
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Figure 4.7 Metabolic Changes on Reperfusion in the Pig Kidney. Tissue succinate concentration
(a) (n=4), ATP/ADP ratio (b) (n=4) and total ATP and ADP nucleotide concentration (c) (n=4) in
pig kidneys under conditions of normoxia (In situ), at the end of cold static storage (End-Isc) and
following 10 mins ex vivo normothermic perfusion (Rep). Pig kidneys were exposed to either 30 mins
warm ischaemia and 6 h cold static storage (30’ WI) or 0 mins warm ischaemia and 6 h cold static
storage (0’ WI) as shown in Figure 4.6. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. P
values were calculated by two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons
test. Data are mean ± SEM.
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Figure 4.8 Investigating the Metabolic Changes on Reperfusion in the Human Kidney. Declined
human kidneys were accepted for research and underwent 1 h EVNP on arrival to the laboratory.
Kidneys were then exposed to 30 mins warm ischaemia at 36.0 °C followed by back-table flush and 6
h cold static storage. Kidneys were then reperfused for a second time 3 h period of EVNP.

conducted, however it was hoped that if successful, this model (which is similar to the model
in the pig) could be used for the future investigation of malonate ester prodrugs in human
kidneys and inform early clinical trials. Furthermore, as discussed in Chapter 3, it was not
possible to obtain a normoxic tissue sample from human kidneys prior to organ retrieval
and so the metabolic changes that occurred on initial reperfusion could not be compared to
baseline levels. However, as succinate rapidly returns to normoxic levels upon reperfusion,
EVNP of human kidneys followed by re-exposure to warm and cold ischaemia enabled the
changes in tissue succinate, ATP and ADP during ischaemia and reperfusion to be compared
to a baseline value and could subsequently be interpreted more accurately [267].

4.5.1 Metabolic Changes on Reperfusion of Declined Human Kidneys

The metabolic changes on initial reperfusion of declined human kidneys were investigated
as shown in Figure 4.8. A tissue wedge biopsy was taken and rapidly clamp frozen using
Wollenburg clamps at the end of cold static storage 1 (End-Isc 1) and after 10 mins reperfusion
(Rep 1). Tissue succinate concentration decreased on reperfusion but was not significant
(Figure 4.9a, p = 0.11). The ATP/ADP ratio significantly increased on reperfusion (Figure
4.9b). The sum of the ATP and ADP concentration increased but was not significant (Figure
4.9c). The trends in succinate and in ATP and ADP, generally reflect those measured in the
mouse and support mitochondrial ROS production on reperfusion. While the changes in
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tissue succinate concentration on reperfusion showed a lack of signifcance, this may partly
reflect the low sample number.

4.5.2 Metabolic Changes on Reperfusion of Declined Human Kidneys
Re-Exposed to Warm and Cold Ischaemia

To determine a baseline level of tissue succinate, and of ATP and ADP concentrations,
declined human kidneys were reperfused for 1 h using EVNP and then re-exposed to warm
and cold ischaemia before undergoing a second period of EVNP to further investigate the
metabolic changes that occur during initial reperfusion as shown in Figure 4.8. Wedge
biopsies were taken at the end of 1 h EVNP (End-EVNP 1), at the end of 30 mins warm
ischaemia and 6 h cold static storage (End-Isc 2) and following 10 mins reperfusion (Rep
2). Tissue succinate concentration, ATP/ADP ratio and total ATP and ADP nucleotide
concentration are shown in Figure 4.10.

There was a significant increase in tissue succinate concentration in human kidneys
exposed of 30 mins warm ischaemia and 6 h cold static storage (End-Isc 2) compared to
baseline levels measured at the end of 1 h EVNP (End-EVNP 1) (Figure 4.10a). The tissue
succinate concentration in declined human kidneys measured at 10 mins reperfusion in
the second period of EVNP (Rep 2) was not significantly different from baseline values
measured at the end of the initial 1 h period of EVNP (End-EVNP-1) suggesting rapid
oxidation had occurred. The ATP/ADP ratio was significantly decreased at the end of 30
mins warm ischaemia and 6 h cold static storage (End-Isc 2) compared to the baseline level
measured after 1 h EVNP (End-EVNP 1), but not at 10 mins reperfusion in the subsequent
second period of EVNP (Rep 2) (Figure 4.10b). However, the total ATP and ADP nucleotide
concentration was significantly decreased at the end of 30 mins warm ischaemia and 6
h cold static storage (End-Isc 2) and 10 mins reperfusion (Rep 2) compared to baseline
levels measured at the end of 1 h EVNP (End-EVNP 1). This suggests that there was a
limited supply of ADP upon reperfusion and that significant depletion of the adenosine
nucleotide pool had occurred (Figure 4.10c). Again, these findings support the production
of mitochondrial superoxide from the FMN site of complex I via reverse electron transport
and suggest inhibition of succinate oxidation by succinate dehydrogenase during initial
reperfusion may help to ameliorate IRI during organ transplantation.
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Figure 4.9 Metabolic Changes on Reperfusion of Declined Human Kidneys. Tissue succinate
concentration (a) (n=4), ATP/ADP ratio (b) (n=4) and total ATP and ADP nucleotide concentration
(c) (n=4) in declined human kidneys at the end of cold static storage (End-Isc 1) and following 10
mins ex vivo normothermic perfusion (Rep 1). *P < 0.05. P values were calculated by two-tailed
paired t-test. Data are mean ± SEM.
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Figure 4.10 Metabolic Changes on Reperfusion of the Human Kidney following Re-Exposure
to Warm and Cold Ischaemia. Tissue succinate concentration (a) (n=4), ATP/ADP ratio (b) (n=4)
and total ATP and ADP nucleotide concentration (c) (n=4) in declined human kidneys following one
hour ex vivo normothermic perfusion (End-EVNP 1), thirty minutes warm ischaemia and six hours
cold static storage (End-Isc 2) and at ten minutes reperfusion (Rep 2) as shown in Figure 4.8. **P
< 0.01, ***P < 0.001 ****P < 0.0001. P values were calculated by one-way analysis of variance
(ANOVA) with Dunnett’s multiple comparisons test. Data are mean ± SEM.
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4.6 Interim Summary II

The metabolic changes in the pig kidney following 30 mins warm ischaemia and 6 h cold
static storage closely mimicked those leading to ROS production in the mouse. This suggests
that ROS production may have also occurred in the pig kidney under these conditions. In
contrast, the ATP/ADP ratio and total ATP and ADP concentration recovered rapidly in
pig kidneys exposed to 6 h cold static storage only, suggesting substrate availability for
FOF1-ATPase on reperfusion, which as is the case in the mouse, may have prevented a
maximal ∆p required for RET and ROS from being established. The metabolic changes
in declined human kidneys reperfused via EVNP also mimicked those leading to ROS
production in the mouse kidney. Again this suggests that ROS production occurred under
these conditions. Furthermore, human kidneys re-exposed to 30 mins warm ischaemia and
6 h cold static storage following 1 h EVNP enabled the changes in succinate and ATP and
ADP concentrations to be compared to baseline levels. This provided further evidence that
the metabolic changes required for ROS production occur in the human kidney under these
conditions. Both pig and human translational models of kidney transplantation in which
kidneys were exposed to 30 mins warm ischaemia and 6 h cold static storage may therefore
be used to investigate the use of malonate ester pro-drugs to reduce mitochondrial ROS
production in organ transplantation.

4.7 Effect of Malonate Ester Pro-Drugs on Mitochondrial
ROS Production in the Mouse Kidney

4.7.1 Administration of DMM Prior to Ischaemia

As previously discussed, DMM is hydrolysed relatively slowly by pig liver esterase (PLE) in
vitro suggesting malonate may not be released rapidly enough to inhibit succinate oxidation
and mitochondrial ROS production if administered to an ischaemic tissue at the point of
reperfusion, e.g. to the organ recipient at the point of reperfusion of the transplanted graft.
However, as shown in the previous chapter, administration of DMM prior to ischaemia
resulted in an increased tissue malonate concentration at reperfusion due to the ongoing
hydrolysis of DMM within the tissue during ischaemia. Whilst administration of DMM
prior to ischaemia was not able to inhibit succinate accumulation in the mouse kidney during
warm ischaemia (see Figure 3.20), the increased malonate concentration within the tissue at
the point of reperfusion may instead inhibit the rapid oxidation of succinate by SDH upon
reperfusion, thereby reducing the supply of electrons to the electron transport chain and
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Figure 4.11 Targeting Mitochondrial ROS Production Prior to Ischaemia. MitoB was given as
an intravenous injection into the IVC 30 mins prior to the onset of ischaemia. 10 mins prior to the
onset of ischaemia an intravenous infusion of DMM (3.2) or saline was given into the IVC. Following
infusion, both kidneys were exposed to 20 mins warm ischaemia by occluding the renal hila with
a micro-serrefine clamp. Successful occlusion of the renal hila resulted in a change colour of each
kidney from orange to dark purple. Following 20 mins of warm ischaemia, one kidney was rapidly
retrieved and clamp frozen in LN2 using Wollenburg clamps. The micro-serrefine clamp was removed
from the hila of the second kidney which underwent 10 mins reperfusion. Successful reperfusion
could be confirmed by a change in colour of the kidney from dark purple to orangey-pink. At 10 mins
reperfusion the second kidney was also rapidly retrieved and clamp frozen in LN2. Frozen tissue
samples were stored at -70 °C until further processing and analysis.

driving force required for mitochondrial ROS production to occur. Administration of DMM
to an organ donor prior to organ retrieval may therefore result in an increased malonate
concentration within the donated graft at the point of reperfusion in the organ recipient,
leading to a reduction in mitochondrial ROS production and IRI. To investigate further,
DMM was administered to mice as infusion prior to the onset of 20 mins warm ischaemia
as shown in Figure 4.3. The MitoP/MitoB ratio within kidneys treated with and without
DMM was measured at the end of 20 mins warm ischaemia and at 10 mins reperfusion to
determine whether an increased tissue malonate concentration at the onset of reperfusion
led to a reduction in mitochondrial ROS production. Tissue MitoP/MitoB ratio, succinate
concentration and malonate concentration at the end of 20 mins of warm ischaemia and at 10
mins of reperfusion are shown in Figure 4.12.

Effect of Dimethyl Malonate

Administration of 3.2 mg DMM prior to the onset of ischaemia led to a significant increase
in tissue malonate concentration at the end of 20 mins of warm ischaemia and at 10 mins of
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reperfusion in treatment versus control kidneys, as shown in Figure 4.12a. However, there
was no significant difference in the MitoP/MitoB ratio between control and treatment kidneys
at the end of 20 mins of warm ischaemia or at 10 mins reperfusion as shown in Figure
4.12b, suggesting mitochondrial ROS production was not inhibited. There was no significant
difference in tissue succinate concentration at the end of 20 mins warm ischaemia between
control and treatment kidneys. However, tissue succinate concentration was significantly
greater in treatment kidneys than control values at 10 mins reperfusion, as shown in Figure
4.12c. This may be due to either reduced oxidation of ischaemic succinate at 10 mins
reperfusion in treatment kidneys or inhibition of the forward action SDH as previously shown
in Figure 3.20.

4.7.2 Administration of DMM and MAM on Reperfusion

As previously discussed, malonate ester pro-drugs administered upon reperfusion must be
rapidly hydrolysed within (or subsequently transported into) mitochondria in order to effec-
tively inhibit succinate oxidation and ROS production. Dimethyl malonate is hydrolysed
relatively slowly by PLE in vitro and may be less well suited to inhibition of mitochondrial
ROS production when administered at the point of reperfusion as discussed above. Diace-
toxymethyl malonate on the other hand is hydrolysed more rapidly by PLE in vitro and
preliminary experiments in a mouse model of myocardial infarction showed administration
of MAM at reperfusion led to a reduction in infarct size (personal communication, Hiran
Prag). Diacetoxymethyl malonate may therefore be capable of inhibiting mitochondrial
ROS production in a donor graft when administered to an organ recipient at the point of
reperfusion. To investigate further, DMM and MAM were given as an infusion to mice five
minutes prior to the onset of kidney reperfusion as shown in Figure 4.13. The MitoP/MitoB
ratio at the end of ischaemia in control versus malonate ester pro-drug treated kidneys was
compared to that following ten minutes reperfusion to determine whether a reduction in
mitochondrial ROS production had occurred.

Of note, DSM has previously been shown to a reduce infarct size when administered at
reperfusion in an isolated mouse model of myocardial infarction and translational model of
myocardial infarction in the pig [195] [194]. However, as DSM is a charged molecule it is
currently unclear how this molecule enters mitochondria in vivo and whether its therapeutic
effect occurs as result of SDH inhibition, requiring further investigation. As such, the effect
of DSM administered at reperfusion on mitochondrial ROS production in the mouse kidney
was not investigated as part of this thesis.
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Figure 4.12 Targeting Mitochondrial ROS Production with Administration of DMM Prior to
Ischaemia in the Mouse Kidney. MitoP/MitoB ratio (a) (n=8), succinate (b) (n=8) and malonate
(c) (n=8) concentration at the end of 20 mins warm ischaemia and at 10 mins reperfusion following
administration of saline (black bars) or 3.2 mg dimethyl malonate (DMM) (grey bars) as an infusion
prior to the onset of ischaemia as shown in Fig 4.3. *P < 0.05, ****P < 0.0001. P values were
calculated by two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test. Data
are mean ± SEM.
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Figure 4.13 Targeting Mitochondrial ROS Production at Reperfusion in the Mouse Kidney.
MitoB was given as an injection into the inferior vena cava 30 mins prior to the onset of ischaemia.
Both kidneys then were exposed to 20 mins warm ischaemia by occluding the renal hila with a
micro-serrefine clamp. Successful occlusion of the renal hila resulted in a change colour of each
kidney from orange to dark purple. A 10 min infusion of a malonate (DMM or MAM) or control
(saline or 1% DMSO) compound was started 5 mins prior to the onset of reperfusion as shown. At the
end of 20 mins warm ischaemia, one kidney was rapidly retrieved and clamp frozen in LN2 using
Wollenburg clamps. The micro-serrefine clamp was removed from the hila of the second kidney which
underwent 10 mins reperfusion. Successful reperfusion could be confirmed by a change in colour
of the kidney from dark purple to orangey-pink. At 10 mins reperfusion the second kidney was also
rapidly retrieved and clamp frozen in LN2. Frozen tissue samples were stored at -70 °C until further
processing and analysis.
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Effect of Dimethyl Malonate

Dimethyl malonate was administered 5 minutes prior to the reperfusion of ischaemic mouse
kidneys as shown in Figure 4.13. This was done to determine whether mitochondrial ROS
production could be inhibited by an increase in tissue malonate concentration during early
reperfusion. Tissue MitoP/MitoB ratio, succinate and malonate concentrations at the end of
20 mins of warm ischaemia and at 10 mins of reperfusion are shown in Figure 4.14. There
was no significant difference in MitoP/MitoB ratio at the end of warm ischaemia or at 10
mins of reperfusion in treatment or control kidneys (Figure 4.14a), suggesting mitochondrial
ROS production was not inhibited by administration of DMM on reperfusion. There was
no significant difference in tissue succinate concentration at the end of warm ischaemia
between control and treated kidneys however tissue succinate concentration was significantly
greater in treated kidneys at 10 mins of reperfusion (Figure 4.14b). Similarly, there was no
significant difference in tissue malonate concentration between control and treated kidneys at
the end of warm ischaemia however tissue malonate concentration was significantly greater
in treated versus control kidneys at 10 mins of reperfusion (Figure 4.14c). The increased
succinate concentration at 10 mins of reperfusion in treatment kidneys may be due to reduced
oxidation of the ischaemic succinate at 10 mins of reperfusion in treated kidneys or due to
inhibition of forward action of SDH, as previously shown in Figure 3.20.

Effect of Diacetoxymethyl Malonate

Diacetoxymethyl malonate was administered 5 mins prior to the onset of reperfusion as
shown in Figure 4.13 to determine whether mitochondrial ROS production could be inhibited
by an increase in tissue malonate concentration during early reperfusion. Tissue MitoP/MitoB
ratio, succinate concentration and malonate concentration at the end of 20 mins of warm
ischaemia and at 10 mins of reperfusion are shown in Figure 4.15. There was no significant
difference in the MitoP/MitoB ratio at the end of warm ischaemia or at 10 mins of reperfusion
in treated or control kidneys, (Figure 4.15a), suggesting mitochondrial ROS production was
not inhibited by administration of 0.32 mg MAM prior to reperfusion. Similarly, there was
no significant difference in tissue succinate concentration at the end of warm ischaemia, or at
10 mins of reperfusion between control and treated kidneys (Figure 4.15b). There was no
significant difference in tissue malonate concentration between control and treated kidneys at
the end of warm ischaemia however tissue malonate concentration was significantly greater
in treated versus control kidneys at 10 mins reperfusion (Figure 4.15c).
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Figure 4.14 Targeting Mitochondrial ROS Production with Administration of DMM at Reper-
fusion in the Mouse Kidney. MitoP/MitoB ratio (a) (n=4), succinate (b) (n=4) and malonate (c)
(n=4) concentration at the end of 20 mins warm ischaemia and at 10 mins reperfusion following
administration of saline (black bars) or 3.2 mg dimethyl malonate (DMM) (grey bars) as an infusion
prior to the onset of reperfusion as shown in Figure 4.13. *P < 0.05, ****P < 0.0001. P values were
calculated by two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test. Data
are mean ± SEM.
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Figure 4.15 Targeting Mitochondrial ROS Production with Administration of MAM at Reper-
fusion in the Mouse Kidney. MitoP/MitoB ratio (a) (n=3-4), succinate (b) (n=3-4) and malonate (c)
(n=3-4) concentration at the end of 20 mins warm ischaemia and at 10 mins reperfusion following
administration of 1% DMSO (black bars) or 0.32 mg diacetoxymethyl malonate in 1% DMSO (MAM)
(grey bars) as an infusion prior to the onset of reperfusion as shown in Figure 4.13. ****P < 0.0001. P
values were calculated by two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons
test. Data are mean ± SEM.
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4.8 Effect of Malonate Ester Pro-Drugs on the Metabolic
Changes in the Pig Kidney on Reperfusion

4.8.1 Administration of DMM during Back-Table Flush

Whilst the model of kidney IRI in the mouse may be used to investigate certain aspects of kid-
ney transplantation, it is limited in its ability to replicate the clinical conditions under which
donated organs are retrieved and preserved. In addition to the administration of malonate
ester prodrugs to an organ donor or recipient, compounds may also be administered to a
donated graft during back-table flush (BTF) and organ preservation in clinical transplantation.
Importantly, this method of administration is currently associated with the fewest legal and
logistical barriers to the use of malonate ester prodrugs in humans as discussed in Chapter 1.
Whilst the conditions of BTF and organ preservation are not easily simulated in the mouse,
they may be closely replicated in a translational model of kidney transplantation in the pig.
In a similar manner to administration to an organ donor, administration of malonate ester
prodrugs to a graft during BTF may lead to the accumulation of the prodrug within the tissue
and subsequent hydrolysis during cold static storage, resulting in an increased malonate
concentration within mitochondria at the point of reperfusion. The increased malonate
concentration may subsequently inhibit rapid succinate oxidation by SDH on reperfusion of
the graft in the recipient, leading to a reduction in mitochondrial ROS production and IRI.
To investigate further, DMM was administered to the pig kidney during back-table flush as
described in Figure 4.16. Pig kidneys were exposed to 30 mins warm ischaemia prior to
back-table flush in order to simulate the conditions of DCD donation as previously described
in Section 4.4. A dose of 80 mg DMM was administered to the pig kidney during BTF based
on the weight of a pig kidney (∼100 g) and the previously reported therapeutic dose in the
mouse (160 mg/kg). Kidneys were flushed with a total volume of 500 mL ice cold Soltran
solution containing 16 mg/100 mL DMM. Allometric scaling was not used in this experiment
as DMM was not administered systemically to the pig. Earlier pilot data had indicated 50-100
mg DMM to be an appropriate dose to administer during BTF leading to a similar increase in
tissue malonate as measured in the mouse. In addition to investigating the effect of DMM on
mitochondrial ROS during reperfusion, it was hoped that the tissue concentration of malonate
achieved in this experiment could also inform future pig and human experiments as to the
optimal malonate concentration required to inhibit SDH in the kidney.
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Figure 4.16 Investigating the Effect of DMM Administered During Back-Table Flush on the
Metabolic Changes in the Pig Kidney on Reperfusion. Kidneys were retrieved from pigs under
general anaesthesia and exposed to 30 mins warm ischaemia (30’ WI). During warm ischaemia pig kid-
neys became purple in colour due to the presence of deoxygenated blood within the microvasculature.
Kidneys were then flushed with ice cold Soltran (Cntrl) or ice cold Soltran containing 80 mg DMM
and underwent 6 h cold static storage. Following cold static storage, kidneys were reperfused for 6 h
using EVNP. Tissue wedge biopsies were taken from kidneys in situ under conditions of normoxia,
at the end of cold static storage and following 10 mins EVNP to investigate the metabolic changes
occurring in tissue with and without DMM during initial reperfusion. Tissue wedge biopsies were
rapidly clamp frozen in LN2 using Wollenburg clamps and stored at -70 °C until further processing
and analysis.
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Effect of Dimethyl Malonate

As previously discussed, it was not possible to administer MitoB to the pig kidney prior to
warm ischaemia due to the greater complexity of the surgery and uncertainty regarding the
optimal dose. As a result mitochondrial ROS production could not be measured directly
in the pig kidney on reperfusion via EVNP. However, measurement of tissue succinate and
malonate concentration at the end of ischaemia and at 10 mins reperfusion could still be
informative as to whether rapid succinate oxidation occurred on repefusion and whether
sufficient levels of malonate within the tissue were achieved. Figure 4.17 shows the tissue
malonate and succinate concentrations in pig kidneys treated with DMM during back-table
flush under conditions of normoxia (In situ), at the end of cold static storage (End-Isc) and
at 10 mins reperfusion (Rep). Tissue malonate concentration was significantly greater in
DMM treated kidneys compared to controls at the end of cold static storage and at 10 mins
reperfusion (Figure 4.17a), suggesting hydrolysis of DMM occurred during cold static storage
in pig kidneys and remained elevated during the initial reperfusion period. Interestingly
tissue succinate concentration was significantly lower at the end of cold static storage in
kidneys that had been treated with DMM (Figure 4.17b) suggesting that further accumulation
of succinate during cold static storage may have been inhibited by malonate in DMM treated
kidneys compared to controls. Lastly, there was no significant difference in tissue succinate
concentration between DMM treated and control kidneys at 10 mins reperfusion. It is unclear
whether the malonate concentration in the tissue was able to inhibit succinate oxidation and
mitochondrial ROS production from this data alone however further assays, such as that
of aconitase, could be used to investigate whether increased tissue malonate concentration
in DMM treated kidneys led to a reduction in mitochondrial ROS production as discussed
below.

4.9 Discussion

4.9.1 Mitochondrial ROS Production in the Mouse Kidney

Effect of the Duration of Warm Ischaemia

The effect of the duration of warm ischaemia on mitochondrial ROS production on reperfusion
in the mouse kidney was investigated using the ratiometric mass spectrometry probe MitoB,
comprising an arylboronic acid conjugated to a TPP cation. The arylboronic acid reacts
selectively with hydrogen peroxide and also with peroxynitrite, to form a stable phenol
whilst the positive TPP cation targets MitoB to the mitochondria [269]. As mitochondrial
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Figure 4.17 Effect of DMM Administered During Back-Table Flush on the Metabolic Changes
in the Pig Kidney on Reperfusion. Tissue malonate (a) (n=3) and succinate (b) (n=3) concentration
under conditions of normoxia (In situ), at the end of cold static storage (End-Isc) and following 10
mins ex vivo normothermic perfusion (Rep). Pig kidneys were exposed to 30 mins warm ischaemia
and 6 h cold static storage as shown in Figure 4.16. During back-table flush kidneys were flushed
with (+DMM) or without (Cntrl) 80 mg dimethyl malonate (DMM). *P < 0.05, ***P < 0.01, ****P <
0.0001. P values were calculated by two-way analysis of variance (ANOVA) with Sidak’s multiple
comparisons test. Data are mean ± SEM.

superoxide is very rapidly converted to hydrogen peroxide on reperfusion by mitochondrial
superoxide MnSOD, MitoB may be used to measure mitochondrial ROS production on
reperfusion in vivo [177] [269].

Increasing warm ischaemic time did not lead to increased mitochondrial superoxide
production on reperfusion as measured by MitoP/MitoB ratio at 10 mins reperfusion. Instead,
a similar increase in the MitoP/MitoB ratio was measured across the warm ischaemic times
investigated, suggesting a similar quantity of mitochondrial ROS was produced at 10 mins
reperfusion in each condition. This largely supports our working hypothesis of succinate
being the key driver of mitochondrial superoxide production upon reperfusion as the succinate
concentration had reached a maximum value after 5 mins warm ischaemia. Similarly, the
ATP/ADP ratio and the sum of the ATP and ADP concentration appeared to be maximally
depleted by 10 mins warm ischaemia and showed only partial recovery upon reperfusion.
Adenosine nucelotide breakdown and lack of substrate for ATP synthase on reperfusion
enables the large ∆p required for RET and superoxide production at Complex I to develop.
Interestingly, the ATP/ADP ratio and total ATP and ADP nucleotide levels fully recovered
following 5 mins warm ischaemia and a smaller increase in MitoP/MitoB ratio was measured,
further supporting the need for a near maximal ∆p in order for mitochondrial superoxide
production to occur. This hypothesis could be further tested by administering oligomycin, an
inhibitor of ATP synthase, on reperfusion in future experiments. Of further note, kidneys
exposed to 45 mins warm ischaemia showed poor initial reperfusion. This led to a reduced
MitoP/MitoB ratio, increased succinate concentration, reduced ATP/ADP ratio and reduced
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ATP and ADP nucleotide concentration at 10 mins reperfusion likely due to continued tissue
ischaemia.

Effect of Succinate Concentration

Dimethyl succinate, a cell permeable derivative of succinate, has previously been shown
to increase succinate concentration and mitochondrial ROS production on reperfusion in
primary cardiomyocytes [14]. Here, 3.2 mg DMS was given as an infusion prior to 20 mins
warm ischaemia in the mouse kidney as shown in Figure 4.3. Tissue succinate concentration
was significantly increased compared to control kidneys at the end of 20 mins of warm
ischaemia immediately prior to reperfusion however there was no significant difference in
MitoP/MitoB ratio at 10 mins reperfusion in DMS versus control kidneys suggesting greater
mitochondrial ROS production did not occur.

There are a number of possible explanations for this result. Firstly, the experiment may
have been under powered given the variability in the MitoP/MitoB ratio measured in control
kidneys at 10 mins reperfusion. Secondly, the experiment re-emphases the difficulty in
accurately measuring ROS in vivo [272]. MitoB is not specific for mitochondrial superoxide
production at Complex I and may also react with hydrogen peroxide and peroxynitrite
produced at other sites within mitochondria on reperfusion. Furthermore, the reactivity of
MitoB is pH-dependent and occurs slowly with hydrogen peroxide at a rate of ∼9 M-1 s-1.
Whilst this may be ideal for measuring steady-state levels of hydrogen peroxide, MitoB
may be outcompeted by faster endogenous degradation pathways such as the peroxidases
during the initial reperfusion period, which typically react with hydrogen peroxide at a rate
of ∼2 x 107 M-1 s-1 [268]. Conversely, the measurement of the MitoP/MitoB ratio at 10
mins reperfusion may have been too long after the initial burst of ROS from mitochondria
occurs on reperfusion, after the which the MitoP/MitoB signal may have become saturated
by reaction with hydrogen peroxide from other sources. Lastly, it is currently unclear what
proportion of accumulated succinate is oxidised by mitochondria on reperfusion. Up to
two-thirds of ischaemic succinate may be exported from cells and washed out of ischaemic
tissue on reperfusion [175]. The increased succinate concentration measured in Figure
4.5 may have been largely extracellular and therefore unable to increase mitochondrial
superoxide production. Alternative succinate derivatives, such as diacteoxymethyl succinate
(AMS) are hydrolysed more rapidly within mitochondria and may be better suited to increase
mitochondrial succinate concentration and subsequent oxidation by SDH under the conditions
required for RET and ROS production to occur [273]. Recently, AMS has been shown to
increase the level of injury heart transplantation model in the mouse, supporting the role of
succinate in mitochondrial ROS production and IRI [193].



4.9 Discussion 133

4.9.2 Metabolic Changes on Reperfusion in the Pig and Human Kid-
ney

Metabolic Changes on Reperfusion in the Pig Kidney

Although it was not possible to administer MitoB to the pig kidney due to the greater com-
plexity of the procedure and uncertainty regarding the dose and side effects, mitochondrial
ROS production on reperfusion could be implied by comparing the metabolic changes that
occur in the pig to those in the mouse. The metabolic changes that occurred in pig kidneys
exposed to 30 mins warm ischaemia and 6 h cold static storage followed by 10 mins EVNP
strongly resembled the metabolic changes that lead on to mitochondrial ROS production in
the mouse. Conversely, succinate did not significantly increase above baseline levels in pig
kidneys exposed to 6 h cold static storage only. In addition, ATP and ADP levels recovered
after 10 mins reperfusion in pig kidneys exposed to 6 h cold static storage, suggesting that
the conditions required for mitochondrial ROS production did not occur. This could be
further validated in future experiments by measuring alternative markers of mitochondrial
ROS production such as the aconitase assay (see below). If only minimal mitochondrial
ROS production occurred in kidneys exposed to 6 h cold storage, then they may act as an
ideal negative control in future experiments in which mitochondrial ROS production in pig
kidneys exposed to warm ischaemia is targeted.

Metabolic Changes on Reperfusion in the Human Kidney

Similar to the situation in the pig, MitoB could not be administered to human kidneys
due to uncertainties regarding the compounds efficacy in the EVNP system. Instead, the
metabolic changes on reperfusion of declined human kidneys were compared to those leading
to mitochondrial ROS production in the mouse, to determine whether mitochondrial ROS
production was likely to have occurred in the human kidney upon reperfusion. Succinate
concentration decreased rapidly upon the reperfusion of declined human kidneys whilst ATP
and ADP levels recovered more gradually, consistent with mitochondrial ROS production.
It was not possible to gain a normoxic tissue sample from human kidneys. However, as
succinate levels are known to return to normoxic values on reperfusion, human kidneys
were re-exposed to warm and cold ischaemia to further investigate the metabolic changes
thought to lead to mitochondrial ROS production compared to a normoxic baseline value.
Re-exposure of human kidneys to ischaemia and a second period of EVNP has not previously
been conducted. However, it has recently been shown that succinate accumulation during
ischaemia is not affected by ischaemic pre-conditioning in the mouse heart [267]. As such,
use of EVNP to ’reset’ the metabolic profile of human kidneys followed by re-exposure to
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ischaemia and second period of reperfusion, is an attractive model to investigate the use and
efficacy of novel compounds under controlled conditions of ischaemia reperfusion in the
human kidney.

4.9.3 Effect of Malonate Ester Pro-Drugs on ROS Production in the
Mouse Kidney

Administration of Malonate Ester Pro-Drugs Prior to Ischaemia

Administration of dimethyl malonate (DMM) prior to warm ischaemia in the mouse kid-
ney led to an increase in tissue malonate concentration at the end of ischaemia and at 10
mins reperfusion. However, this did not inhibit mitochondrial superoxide production on
reperfusion as measured by the MitoP/MitoB ratio. The increased succinate concentration
in DMM treated kidneys at 10 mins reperfusion suggests tissue malonate concentration is
sufficient to inhibit succinate dehydrogenase however whether this is sufficient to inhibit
the oxidation of high concentrations of succinate present at the end of ischaemia is unclear.
Furthermore, DMM is not targeted to mitochondria in the same way as MitoB and it is unclear
what proportion of the malonate concentration measured in the tissue is located within the
mitochondria matrix and what proportion is located elsewhere in the cell or extracellular
space. Lastly, as the use of MitoB to measure mitochondrial superoxide production on
reperfusion is relatively insensitive, an alternative method to asses mitochondrial superoxide
production on reperfusion, such as via aconitase activity may be informative. Aconitase
catalyses the conversion of citrate to cis-aconitate and contains an iron-sulfur centre that is
inactivated by superoxide. Aconitase activity may be assessed in frozen tissue extracts by
monitoring the rate of NADPH production at 340 nm, with differences in aconitase activity
used to determine the degree of mitochondrial ROS production that occurred on reperfusion
[274].

Administration of Pro-Drugs upon Reperfusion

Administration of dimethyl malonate (DMM) and diacetoxymethyl malonate (MAM) 5 mins
prior to reperfusion in the mouse kidney led to an increase in tissue malonate concentration
at 10 mins reperfusion but did not inhibit mitochondrial superoxide production as measured
by the MitoP/MitoB ratio. In order to inhibit mitochondrial superoxide production on
reperfusion, DMM and MAM must be rapidly hydrolysed within (or subsequently transported
into) mitochondria in order to inhibit succinate oxidation. The acetoxymethyl groups of
MAM are favoured by carboxylesterases within cells and hydrolysed far more rapidly than the
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methyl groups of DMM. However, neither molecule is specifically targeted to mitochondria
and may be hydrolysed at numerous other subcellular locations requiring subsequent transport
into mitochondria [275]. More specific mitochondria-targeting mechanisms, such as TPP
linkage, may therefore be needed to deliver malonate compounds to mitochondria at a rate
and concentration large enough inhibit succinate oxidation when administered on reperfusion
[199].

4.9.4 Effect of Malonate Ester Pro-Drugs on the Metabolic Changes in
the Pig Kidney on Reperfusion

Administration of DMM to the pig kidney during back-table flush inhibited further succinate
accumulation during cold static storage. Furthermore, there was an increase in the tissue
malonate concentration at the end of ischaemia and at ten minutes ex vivo reperfusion
during which time succinate returned to normoxic levels. It was not possible to measure
mitochondrial ROS production using MitoB in the pig due to the greater complexity of
the surgery and concerns regarding its toxicity however, it may be possible to measure a
difference in mitochondrial ROS production between control and treatment groups using the
aconitase assay in future experiments as described above. Nonetheless, the presence of an
increased tissue malonate concentration over the initial reperfusion period within the range
shown to inhibit SDH in the previous Chapter (see Figures 3.22 & 3.23) is encouraging and
suggests that by following up this approach it may be possible to inhibit the rapid oxidation
of succinate upon reperfusion.

4.10 Summary

Our working hypothesis is that mitochondrial ROS production upon reperfusion appears
to depend on the depletion of adenosine nucleotides and the accumulation of succinate
during ischaemia. Inhibition of succinate oxidation upon reperfusion may therefore reduce
mitochondrial ROS production on reperfusion and be of benefit in kidney transplantation,
particularly as grafts from both DBD and DCD donors show near maximal succinate ac-
cumulation following organ retrieval and cold storage. However, it was not possible to
inhibit mitochondrial ROS production using malonate ester pro-drugs administered prior to
ischaemia, during organ preservation or at reperfusion in a mouse or pig model of kidney
transplantation as measured by the mitochondrial ROS probe, MitoB. However, MitoB may
be limited in its ability to accurately measure the burst of ROS from mitochondria on reper-
fusion, warranting further investigation of malonate ester prodrugs in kidney transplantation
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using other markers of ROS production and oxidative damage. Conversely, it may be that
more targeted approaches are required to deliver malonate to mitochondria at a sufficient rate
and concentration to inhibit SDH effectively (and this will be discussed in further detail in
Chapter 6). Nevertheless, three translational models of kidney transplantation in mice, pigs
and humans have been further characterised in this chapter and may be used to inform future
experiments and investigate other potential mitochondrial compounds.



Chapter 5

Consequences of Mitochondrial ROS
Production in Kidney Transplantation

5.1 Introduction

As previously discussed, mitochondrial ROS production on reperfusion is thought to initiate
much of the downstream damage resulting from IRI [15] [16] [276]. The large and sudden
burst of superoxide produced by mitochondria on reperfusion may overwhelm cellular
antioxidant defences resulting in damage to DNA, lipids and proteins and culminating in
the activation of cell death pathways and necrosis [276] [277]. In turn, cell death resulting
from ROS production may lead to the release of damage associated molecular patterns
(DAMPs) and exacerbation of the sterile inflammatory response following IRI which may
ultimately influence the extent of tissue repair versus fibrosis [16] [114]. Inhibition of the
burst of superoxide from mitochondrial on reperfusion may therefore help to reduce the
overall level of tissue injury, degree of cell death and severity of inflammation following IRI
with important consequences for subsequent organ function and survival. This is particularly
pertinent to kidney transplantation, where IRI is inherent to current transplant practices. Not
only have concerns regarding IRI restricted the use of organs from the current donor pool but
IRI is also thought to play a central role in initial graft function, graft survival and the risk of
organ rejection as discussed in Chapter 1 [9] [10] [6] [107].

Malonate ester prodrugs were not shown to inhibit mitochondrial ROS production on
initial reperfusion as measured by the ratiometric probe MitoB in Chapter 4. However, as
previously discussed, MitoB may have limited ability to measure a burst of superoxide from
mitochondria and administration of malonate ester prodrugs may still have had a protective
effect. To investigate this possibility further, it was first important to better characterise the
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level of injury that occurs on reperfusion in the different translational models of renal IRI
and kidney transplantation in mice, pigs and humans and to identify suitable biomarkers of
oxidative damage, cell death and kidney function that could be used to assess the protective
effect of malonate ester-prodrugs in subsequent treatment experiments. This required a more
detailed understanding of the fate of superoxide produced from mitochondria on reperfusion
and different biological markers that could be used to assess levels of oxidative stress.

As described in Chapter 1, superoxide produced by mitochondria on reperfusion is rapidly
dismutated to hydrogen peroxide by the enzyme manganese superoxide dismutase (MnSOD)
[177]. Hydrogen peroxide is relatively unreactive with most biological molecules due to
its high activation energy but readily undergoes one electron oxidations in the presence of
a transition metal to form either a hydroxyl radical (Fenton reaction) or an activated metal
complex. Hydroxyl radicals have a much lower activation energy than hydrogen peroxide
for electron abstraction and are extremely reactive with DNA, proteins and lipids, resulting
in covalent modifications to the structure of these molecules, impairing their function (see
Figure 5.1) [184] [183] [278]. Whilst, mitochondria possess a number of antioxidant defence
mechanisms which aim to neutralise hydrogen peroxide and avert hydroxyl radical formation
including the thiol peroxidases, peroxiredoxins and glutathione peroxidase (see Figure 5.2);
these have evolved to protect against low levels of mitochondrial ROS production that
occur during forward electron transport and may be overwhelmed by the large and rapid
production of superoxide that occurs during IRI. As a result, the burst of mitochondrial
ROS on reperfusion, alongside mitochondrial Ca2+ overload and restoration of intracellular
pH, may trigger opening of the mitochondrial permeability pore (mPTP), dissipation of the
mitochondrial membrane potential, ATP depletion and necrotic cell death following IRI [40]
[41]. In addition, rupture of the outer mitochondrial membrane and release of cytochrome
C may trigger apoptosis in more marginally affected tissue whilst oxidative damage to
lipids, protein and DNA may activate other forms of regulated cell death [47] [177]. Whilst
other sources of ROS such as xanthine oxidases and NADPH oxidases are likely to also
contribute to oxidative damage following IRI, the initial burst of mitochondrial superoxide
on reperfusion is thought to be a key initiator of much of the secondary damage leading to
tissue injury [15] [16] [276]. Oxidative damage to lipids, proteins and DNA, in addition to
levels of cell death, may therefore be used as an indirect measure of mitochondrial ROS
production following IRI and used to assess the protective effect of malonate ester prodrugs
on kidney injury and function at later stages of reperfusion.

In this Chapter, oxidative damage to mtDNA, proteins, lipids as well as changes in
tissue glutathione concentration were investigated in the mouse model of renal IRI at 1, 6
and 24 h reperfusion. As this thesis was primarily focused on the effect of malonate ester
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Figure 5.1 Mechanisms Leading to Oxidative Damage and Cell Death Following Mitochondrial
ROS Production on Reperfusion. The burst of ROS from mitochondria on reperfusion may over-
whelm mitochondrial antioxidant defence mechanisms leading to hydroxyl radical formation and
oxidative damage to DNA, lipids and proteins. Mitochondrial DNA is particularly susceptible to
oxidative damage due to its proximity to the site of mitochondrial ROS production as well as a lack
of protective histones and a poor mtDNA repair mechanisms. The inner mitochondrial membrane
is also susceptible to oxidative damage as it contains a large proportion of polyunsaturated fatty
acids (PUFAs). Free radicals propagate within phospholipid bilayers containing PUFAs leading to
changes in lipid structure, membrane permeability and generation of the lipid peroxidation products,
4-hydroxynonenal (4-HNE) and malondialdehyde (MDA). Lipid peroxidation products are also highly
reactive molecules and may exacerbate oxidative tissue damage by causing further covalent modifi-
cations to DNA and proteins. Hydroxyl radicals (and other reactive species) may also react directly
with proteins, leading to carbonyl formation (CO groups), protein-protein cross linkages and protein
fragmentation. Not only may oxidative damage to proteins may impair their structure and function
but also exacerbate oxidative damage to other structures if for example DNA polymerase proteins
are no longer able to repair oxidative damage DNA or oxidative damage to mitochondrial respiratory
chain components leads to further ROS production. Ultimately, mitochondrial ROS production may
lead to opening of the mitochondrial permeability transition pore (mPTP) and necrotic cell death or
induction of the mitochondrial outer membrane pore (MOMP) leading to cytochrome c (cyt C) release
and apoptosis. In addition, accumulation of oxidative damage to lipids, proteins and DNA may trigger
other pathways of regulated cell death. Adapted from Murphy (2009).
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Figure 5.2 Antioxidant Defence Mechanisms Within Mitochondria. Mitochondria possess a
number of thiol peroxidases, including peroxiredoxin and glutathione peroxidase which aim to
neutralise hydrogen peroxide (H2O2) and avert hydroxyl radical formation (OH•). Glutathione
peroxidase (GPx) catalyses the reaction of hydrogen peroxide with reduced glutathione (GSH) to
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prodrugs on initial levels of kidney injury and function following IRI, later timepoints were
not investigated. Following assessment of oxidative damage, different methods of quantifying
the degree of cellular necrosis were investigated at 24 h reperfusion in the mouse model
of renal IRI as well as the effect of varying periods of warm ischaemia on kidney function.
As described above, this was to establish the most appropriate biomarkers and timepoints
to assess the protective effect of malonate ester prodrugs in future treatment experiments.
Similarly, the degree of cellular necrosis and organ function were also characterised in the
pig and human translational models of kidney transplantation. However, the level injury
could only be assessed for up to 6 h reperfusion in kidneys undergoing EVNP, after which
increasing levels of red cell haemolysis were thought to adversely affect the physiological
parameters of the perfusate and induce further tissue injury. After characterising the different
models of renal IRI and kidney transplantation, the effect of malonate ester prodrugs on
tissue injury, cell death and kidney function was investigated in the mouse and preliminary
experiments in the pig when administered at different times during ischaemia reperfusion as
discussed in previous Chapters. Investigation of the inflammatory response to IRI was outside
the scope of this thesis but would form an important aspect of future work on malonate ester
prodrugs, as discussed in Chapter 6.

5.1.1 Aims

1. To characterise the development of oxidative damage in the mouse model of renal IRI
and translational model of kidney transplantation in the pig

2. To quantify the level cell death in the mouse model of renal IRI and translational model
of kidney transplantation in the pig and human

3. To characterise the effect of IRI on kidney function in the mouse model of renal IRI
and translational model of kidney transplantation in the pig and human

4. To determine the effect of malonate compounds administered prior to ischaemia (to sim-
ulate administration to the organ donor) and on reperfusion (to simulate administration
to the organ recipient) in the mouse model of renal IRI

5. To determine the effect of malonate compounds administered prior to ischaemia (to
simulate administration to the organ donor) and during back-table flush in preliminary
experiments in the translational model of kidney transplantation in the pig
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Figure 5.3 Investigating the Consequences of Ischaemia Reperfusion Injury in the Mouse Kid-
ney. To investigate the consequences of ischaemia reperfusion injury in the mouse, kidneys were
exposed to 20 or 25 mins warm ischaemia by placing a microserrefine clamp over the renal hila as
previously described. Following ischaemia, the micro-serrefine clamps were removed and kidneys
were reperfused for either 1, 6 or 24 h. At the end of the reperfusion period, one kidney was rapidly
excised from the mouse under general anaesthesia and clamp frozen in LN2 using Wollenburg clamps
whilst the second kidney was placed in formalin. A blood sample was also collected from the IVC
immediately prior to kidney retrieval.

5.1.2 Hypothesis

Malonate ester pro-drugs may ameliorate IRI in kidney transplantation by reducing mito-
chondrial ROS production. This may subsequently lead to improved initial graft and reduced
tissue injury following transplantation.

5.2 Assessment of Kidney Injury in the Mouse

To determine whether malonate compounds are able to ameliorate IRI in the mouse kidney,
it was first necessary to better characterise the downstream consequences of IRI in order to
select the most appropriate biological markers and end-points. Oxidative damage, cell death
and kidney function were thus investigated following range of ischaemia and reperfusion
times as shown in Figure 5.3.

5.2.1 Oxidative Damage

Reactive oxygen species produced by mitochondria during the initial reperfusion may react
with cellular components such as proteins, lipids and DNA initiating much of the cellular
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damage arising from IRI (see Figure 5.1). To better understand the development of oxidative
damage within the kidney and to allow the selection of appropriate oxidative damage markers
for use in treatment experiments, oxidative damage to mtDNA, proteins and lipids was
measured at 1, 6 and 24 h reperfusion following either 20 or 25 mins warm ischaemia.
Glutathione, a major component of cellular antioxidant defence pathways, was also measured
at 1, 6 and 24 h reperfusion.

Oxidative Damage to Mitochondrial DNA

Oxidative damage to mitochondrial DNA (mtDNA) was measured using a quantitative PCR
method. Oxidative damage to mtDNA blocks progression of the polymerase during PCR,
reducing amplification of a long (∼10 kb) target sequence relative to a short (∼200 bp)
target sequence which is used to control for mtDNA copy number [202]. Amplification
of mitochondrial DNA following renal IRI in the mouse kidney is shown in Figure 5.4a.
Mitochondrial DNA amplification was significantly increased at the end of 25 mins warm
ischaemia and following 24 h reperfusion. This result was confusing and suggests the mtDNA
at the end of ischaemia and at 24 h reperfusion contained less oxidative damage than control
kidneys.

Protein Carbonyl Formation

Protein bound carbonyls resulting from oxidative damage to proteins were measured by
derivatisation with DNP and detection with anti-DNP antibodies via an ELISA. Protein
carbonyl concentration following renal IRI in the mouse is shown in Figure 5.4b. There was
no significant difference in protein carbonyl concentration compared to control values at the
end of 20 mins warm ischaemia (End-Isc) or following 1, 6 or 24 h reperfusion. Furthermore
there was no significant difference between protein carbonyl concentration in control versus
positive control samples which had under gone 8 h warm ischaemia at 36 °C in the carcass of
euthanised mice, suggesting the assay may not have been sensitive enough to detect changes
in protein carbonyl concentration in tissue homogenates

Lipid Peroxidation

Malondialdehyde, a major end product of lipid peroxidation, was detected by reaction
with thiobarbituric acid and spectrophotometric measurement of thiobarbituric acid reactive
species. Malondialdehyde concentration following renal IRI in the mouse is shown in
Figure 5.4c and was calculated using the TBARS assay. Malondialdehyde concentration was
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significantly increased at 24 h reperfusion compared to control values following 20 mins
warm ischaemia.

Total Glutathione Concentration

Glutathione, a thiol-containing tripeptide, is a major cofactor for the thiol peroxidases,
glutathione peroxidase and peroxiredoxins, involved in detoxification of hydrogen peroxide
within mitochondria and may exist in both a reduced thiol form (GSH) and an oxidised
disulfide form (GSSG) (see Figure 5.2). Total (reduced and oxidised) glutathione was
measured using the glutathione recycling assay, during which the rate of TNB production
from the reaction of GSH with DTNB is measured at 412 nm using a spectrophotometer and
compared to the rate of TNB production in a set of GSH standards. During the assay, GSSG
is ‘recycled’ back to GSH by GR meaning the total quantity of glutathione within the tissue
(reduced and oxidised) is able to react with DTNB and contribute to TNB production. The
total glutathione concentration in the kidney following renal IRI is shown in Figure 5.4d.
Total glutathione was significantly decreased compared to control values at 1, 6 and 24 h
reperfusion following 25 mins warm ischaemia.

5.2.2 Cell Death

A major consequence of IRI is cell death via both apoptotic and necrotic pathways [279].
Mitochondrial ROS produced during early reperfusion are thought to play a direct role in the
induction of the mitochondrial permeability transition, apoptosis and necrosis in addition to
their damaging effects on lipids, proteins and DNA which may also lead to the activation of
cell death pathways [276]. To investigate how the level of cell death may be best quantified
in the kidney following IRI for use in future treatment experiments, kidneys were exposed to
various periods of warm ischaemia and cell death assessed by histological analysis and total
adenosine nucleotide levels at 24 h reperfusion.

Histological Analysis

Histological analysis of haematoxylin and eosin (H&E) stained tissue sections was performed
using ilastik software as described in Chapter 2. Representative images of H&E sections at
24 h reperfusion following varying periods of warm ischaemia are shown in Figure ??a. The
percentage of necrotic tissue calculated using ilastik software is shown in ??b. Tissue necrosis
at 24 h reperfusion increased with increasing warm ischaemia time and was significantly
greater than control tissue following 15, 25, 30 and 45 mins warm ischaemia.
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Figure 5.4 Characterisation of Oxidative Damage following Renal IRI in the Mouse (a) Ampli-
fication of mitochondrial DNA following 25 mins warm ischaemia (End-Isc) and at 1, 6 and 24 h
reperfusion expressed relative to normoxic control values (n=4-6 except at 1 h where n=2). (b) Protein
carbonyl concentration following 20 mins warm ischaemia (End-Isc) and at 1, 6 and 24h reperfusion
compared to normoxic control values (n=4). (c) Tissue malondialdehyde (MDA) concentration
following 20 mins warm ischaemia (End-Isc) and at 1, 6, and 24 h reperfusion expressed relative
to normoxic control values (n=4). (d) Total glutathione concentration at 1, 6 and 24 h reperfusion
following 25 mins warm ischaemia compared to normoxic control values (n=4 except 1 h where
n=2). *P < 0.05, **P < 0.01, ***P < 0.001. P values were calculated by one-way analysis of variance
(ANOVA) with Dunnett’s multiple comparisons test. Data are mean ± SEM or where n=2 mean
± range. Measurement of tissue MDA concentration was performed by Ms Margaret M Huang
(University of Cambridge Department of Surgery, UK).
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ATP and ADP Concentration and Ratio

Tissue ATP and ADP nucleotide concentration may be used to estimate the level of necrosis
following IRI as only viable cells are capable of regenerating their ATP and ADP levels
following ischaemia. The sum of the ATP and ADP concentration at 24 h reperfusion
following varying periods of warm ischaemia is shown is Figure ??d and reflects levels
necrosis measured in H&E sections. The sum of the ATP and ADP concentration at 24 h
reperfusion was decreased with increasing warm ischaemic time and was significantly lower
than control tissue following 30 and 45 mins warm ischaemia. One caveat, however, is that
IRI may have resulted in other changes to cellular metabolism that may also contribute to
reduced ATP and ADP levels. Nonetheless, the ATP/ADP ratio, shown in Figure ??c, was
not significantly different from controls values at 24 h reperfusion following increasing warm
ischaemia times and the increased value following 25 mins warm ischaemia was possibly
artifactual, suggesting large changes in cellular metabolism on reperfusion had not occured.

5.2.3 Kidney Function

Ultimately, the effect of IRI on organ function is the factor most critical for patient outcomes.
To investigate the effect of IRI on organ function in the mouse kidney, serum creatinine
and blood urea nitrogen concentration were measured at 24 h reperfusion following various
periods of warm ischaemia.

Serum Creatinine Concentration

Creatinine is produced from the breakdown of phosphocreatinine in skeletal muscle and
released into the blood at a relatively constant rate. It is then freely filtered from the blood by
the kidney and excreted in the urine. As glomerular filtration rate (the rate of filtration of
the blood by the kidneys) is also relatively constant under physiological conditions, a steady
state serum creatinine concentration is established. If glomerular filtration rate decreases
as a result of IRI, the ability of the kidneys to clear creatinine from the blood is reduced,
leading to an increase in the level of serum creatinine. Serum creatinine concentration before
and after IRI may therefore be used to assess kidney function. Figure 5.5a shows the SCr
concentration in mice at 24 h reperfusion following various periods of warm ischaemia.
Serum creatinine concentration was signficantly increased at 24 h reperfusion following 20,
25, 30 and 45 minutes warm ischaemia but not 15 or 18 minutes warm ischaemia. This is
likely due to the large reserve capacity of the kidney with up to 50% of nephrons needing to
be lost before a rise in serum creatinine concentration can be detected [234].



5.3 Interim Summary I 147

a b

Sham 15 18 20 25 30 45
0

20

40

60

80

100

Ischaemic time (mins)

B
U

N
 (

m
m

o
l/L

)

Blood Urea Nitrogen

***

****

****
**** ****

Sham 15 18 20 25 30 45
0

50

100

150

200

250

Ischaemic time (mins)

S
C

r 
(µ

m
o

l/L
)

Serum Creatinine

***
**** ****

****

Figure 5.5 Kidney Function at 24 h Reperfusion in the Mouse Kidney Serum creatinine (a) (n=3-
6) and blood urea nitrogen concentration (b) (n=3-6 except 45 mins where n=2) measured at 24 h
reperfusion following various periods of warm ischaemia. ***P < 0.001, ****P < 0.0001. P values
were calculated by one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test.
Data are mean ± SEM or where n=2 mean ± range.

Blood Urea Nitrogen

Urea is produced from the breakdown of ammonia in the liver and cleared from the blood
by the kidney in a similar manner to creatinine. If glomerular filtration rate decreases, the
ability of the kidneys to clear urea is reduced leading to an increase in BUN concentration.
Comparison of BUN concentration before and after IRI may therefore also be used to
assess kidney function. Figure 5.5b shows the BUN concentration in the blood of mice
at 24 h reperfusion following various periods of warm ischaemia. Blood urea nitrogen
was significantly increased at 24 h reperfusion following 18, 20, 25, 30 and 45 mins warm
ischaemia but not 15 mins warm ischaemia. Again, this was likely due to the large reserve
capacity of the kidney.

5.3 Interim Summary I

A number of injury markers were investigated in the mouse model of renal IRI to determine
the most appropriate measures and end-points for use in future treatment experiments. A
significant increase in oxidative damage at 24 h reperfusion was detected using the TBARS
assay of lipid peroxidation but not the protein carbonyl assay or mtDNA amplification assay
suggesting the TBARS but not the protein carbonyl or mtDNA assay should be used in
future experiments. Meanwhile, total glutathione levels were significantly decreased at 24 h
reperfusion and may be used as an additional marker of oxidative stress following IRI. Cell
death was quantified via analysis of H&E sections and adenosine nucleotide levels. The
decrease in sum of ATP and ADP levels as a measure of cell death appeared to correlate with
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analysis of H&E stained sections using a thresholding software as discussed in Chapter 2.
Whilst a significant difference in the level of necrosis at 24 h reperfusion was only detected
following 30 and 45 mins ischaemia via measurement of tissue ATP and ADP concentration,
this may have been due to the low sample number investigated. Given the relative ease with
which ATP and ADP concentration could be measured compared to the analysis of H&E
sections, it was decided either method could be used to assess cell death in the kidney at 24 h
reperfusion. Lastly, a significant increase in serum creatinine and BUN were measured at 24
h reperfusion following a warm ischaemia time of 20 minutes or greater and both measures
could be used to assess kidney function in subsequent treatment experiments.

5.4 Assessment of Kidney Injury in the Pig

Whilst the mouse model of renal IRI is useful for the initial screening and identification of
novel mitochondrial compounds, it is limited in its ability to replicate the clinical conditions
of kidney transplantation. In order to aid in the translation of novel compounds, such as
malonate ester prodrugs, from the mouse to human patients, a model of kidney transplantation
was designed in the pig to more closely resemble the clinical conditions of organ donation.
Furthermore, the pig kidney is similar in size, anatomy and physiology to the human, which
may further aid in the translation process. As discussed in Chapter 4, pig kidneys were
exposed to 30 mins warm ischaemia and 6 h cold ischaemia to simulate the conditions of
donation after circulatory death and 0 mins warm ischaemia and 6 h cold storage to simulate
the conditions of donation after brainstem death as shown in Figure 4.6. Whilst 30 mins warm
ischaemia represents a more extreme warm ischaemia time rarely experienced by kidneys
retrieved from DCD donors in the UK, this time was chosen to determine the full range of
injury that may be experienced by pig kidneys in the model and to ensure there was sufficient
therapeutic ’scope’ for an improvement in kidney function to be measured in subsequent
treatment experiments (see Section 4.4). As shown in Chapter 4, the metabolic changes
that occur in pig kidneys exposed to 30 mins warm ischaemia and 6 h cold storage during
ischaemia and reperfusion closely resemble those leading to mitochondrial ROS production
during IRI in the mouse kidney whilst rapid recovery of ATP and ADP levels on reperfusion
of pig kidneys exposed to 6 h cold storage only may have prevented mitochondrial ROS
production from occurring (see Section 4.4). As such, a difference in organ function during
EVNP may (partly) result from increased mitochondrial ROS production on reperfusion
of pig kidneys exposed to 30 mins warm ischaemia and 6 h cold storage compared to pig
kidneys exposed to 6 h cold storage only. In future treatment experiments aimed at reducing
mitochondrial ROS production therefore, pig kidneys exposed to 30 min warm ischaemia



5.4 Assessment of Kidney Injury in the Pig 149

Normoxia

30’ WI

Back-Table Flush and 
6h Cold Storage

6h EVNP0’ WI

EVNPCold Static Storage (± 30’ WI) 
Time (mins) 0 360 +6h

Normoxia

In situ

End-Isc

EVN
P 6h

EVN
P

1h

EVN
P

3h

Figure 5.6 A Translational Model of Kidney DCD and DBD Donation and Transplantation in
the Pig Pig kidneys were retrieved under general anaesthesia and exposed to either 30 mins warm
ischaemia and 6 h cold static storage (30’ WI) to simulate the conditions of DCD donation or 0 mins
warm ischaemia and 6 h cold static storage (0’ WI) to simulate the conditions of DBD donation.
Kidneys were then reperfused using EVNP for 6 h. Tissue wedge biopsies were taken from pig
kidneys in situ under conditions of normoxia prior to organ retreival (In situ), at the end of cold
static storage (End-Isc) and at 1 (EVNP 1h), 3 (EVNP 3h) and 6 h (EVNP 6h) EVNP. Tissue wedge
biopsies were rapidly clamp frozen in LN2 using Wollenburg clamps and stored at -70 °C until further
proccesing and analysis. Mr Kourosh Saeb-Parsy (University of Cambridge Department of Surgery,
UK) and Ms Krishnaa T Mahbubani (University of Cambridge Department of Surgery, UK) assisted
with the surgical retrieval of kidneys from the pig.

and 6 h cold storage may act as a positive control whilst kidneys exposed to 6 h cold storage
only may act as a negative control. The therapeutic ‘scope’ or range for improvement in
subsequent treatment experiments would then be represented by the difference in organ
function and injury between the two control groups.

To firstly determine whether an increase in mitochondrial ROS production on reperfusion
led to a significant difference organ function and whether an appropriate therapeutic scope
existed in the translational model of kidney transplantation in the pig, oxidative damage,
kidney function and the degree of cellular necrosis were measured during 6 h EVNP as
shown in Figure 4.6 and described in Chapter 2. Of note, pig kidneys were not perfused for
longer than 6 h due to increasing haemolysis of red blood cells within the perfusion circuit. It
was therefore not possible to investigate time points beyond 6 h reperfusion in the pig model
of kidney transplantation as fresh pig blood to replace the perfusate at 6 h was not available.
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Figure 5.7 Comparison of Malondialdehyde Concentration in Kidneys Retrieved Under Con-
ditions of DCD vs DBD donation in a Pig Model of Kidney Transplantation Tissue malondialde-
hyde (MDA) concentration in pig kidneys exposed to either 30 minutes warm ischaemia and 6 h
cold storage to simulate conditions of DCD donation (30’ WI) or 6 h cold storage only to simulate
conditions of DBD donation (0’ WI) under conditions of normoxia (In situ), at the end of ischaemia
(End-Isc) and at 3 (EVNP 3h) and 6 h (EVNP 6h) EVNP as shown in Figure 5.6. n=3-4. Positive
control value was 2.74 (n=1) (not shown). **P < 0.01, ***P < 0.001. P values were calculated
by two-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test. Data are
mean ± SEM. Measurement of tissue MDA concentration was performed by Ms Margaret M Huang
(University of Cambridge Department of Surgery, UK).

5.4.1 Oxidative Damage

Tissue malondialdehyde concentration was used to assess the level of oxidative damage
following IRI in pig kidneys exposed to either 30 mins warm ischaemia and 6 h cold storage
or 6 h cold storage only. Tissue MDA was measured using the TBARS assay as previously
described. As shown in Figure 5.7, the tissue MDA concentration was significantly lower
in kidneys exposed to both 30 mins warm ischaemia and 6 h cold storage (30’ WI) and 6 h
cold storage only (0’ WI) at both 3 (EVNP 3h) and 6 h (EVNP 6h) reperfusion compared
to in situ control levels (In situ). A reduction in tissue MDA concentration during EVNP
was unexpected and whilst an equal wet weight of tissue was analysed for each time point,
normalisation of values to the wet weight may have been affected by the development tissue
oedema in kidneys during EVNP. Furthermore, tissue samples had been stored for over a year
(at -70 °C) prior to analysis which may have also affected values measured. Nonetheless,
comparison of values at 3 h and 6 h EVNP suggests further lipid peroxidation had not
occurred during the second half of perfusion. As shown in the mouse, 6 h EVNP may have
been too short a perfusion time for a significant increase in tissue MDA concentration to
be measured by the TBARS assay. As discussed above, it was not possible to perfuse pig
kidneys for longer durations in the current model due to increasing haemolysis of red blood
cells within the perfusion circuit.
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5.4.2 Cell Death

Acute tubular necrosis is reported as the primary cause of delayed graft function (DGF) in
kidney transplantation [93] [280]. Grafts retrieved from DCD donors show increased rates
of DGF on transplantation which is thought to relate to their increased exposure to warm
ischaemia prior to cold in situ flush (although as shown in Chapter 3, cold in situ flush is
often inefficient at rapidly cooling donor organs and similar metabolic changes are seen in
DBD and DCD kidneys at the end of cold preservation). Higher rates of DGF in kidneys
retrieved from DCD donors may therefore reflect a higher degree of acute tubular necrosis
in DCD versus DBD grafts on transplantation. In the translational pig model of kidney
transplantation described in Figure 5.6, pig kidneys were reperfused for 6 h using EVNP to
simulate transplantation. However, 6 h reperfusion was too short for acute tubular necrosis to
be identified on H&E stained sections and instead the sum of the ATP and ADP concentration
was used to investigate the level of cell death [281] [282]. Figure 5.8 shows the tissue
ATP/ADP ratio and total ATP and ADP nucleotide concentration in pig kidneys exposed to
either 30 mins warm ischaemia and 6 h cold static storage (30’ WI) or 0 mins warm ischaemia
and 6 h cold static storage (0’ WI). ATP and ADP concentrations were measured under
conditions of normoxia prior to organ retrieval (In situ), at the end of ischaemia (End-Isc)
and at 1 (EVNP 1h), 3 (EVNP 3h) and 6 h (EVNP 6h) EVNP.

The tissue ATP/ADP ratio (Figure 5.8a) and the sum of the ATP and ADP concentration
(Figure 5.8b) was significantly decreased at the end of the ischaemic period (End-Isc) in
kidneys exposed to 30 mins warm ischaemia and 6 h cold static storage (30’ WI) and kidneys
exposed to 0 mins warm ischaemia and 6 h cold static storage (0’ WI) compared to normoxic
controls (In situ). At 6 h EVNP, there was no significant difference in the ATP/ADP ratio
(Figure 5.8a) in kidneys exposed to 30 mins warm ischaemia and 6 h cold static storage
or 6 h cold static storage only compared to normoxic controls. However, the sum of the
ATP and ADP concentration (Figure 5.8b) was significantly decreased in kidneys exposed to
30 mins warm ischaemia and 6 h cold static storage compared to normoxic controls versus
kidneys that had been exposed to 6 h cold static storage only which were not significantly
decreased. This suggests a greater level of cell death occurred in kidneys exposed to 30 mins
warm ischaemia and 6 h cold static storage than in kidneys exposed to 6 h cold static storage
only. However, other ’non-lethal’ processes may also affect ATP and ADP levels following
ischaemia reperfusion and interpretation of ATP and ADP levels should be conducted with
caution.
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Figure 5.8 Comparison of the ATP/ADP Ratio and Sum of the ATP and ADP Concentration
in Kidneys Retrieved Under Conditions of DCD vs DBD Donation in a Pig Model of Kidney
Transplantation. Tissue ATP/ADP ratio (n=4) (a) and sum of the ATP and ADP concentration (n=4)
(b) under conditions of normoxia (In situ) prior to ischaemia, at the end of cold static storage (End-Isc)
and at 1 (EVNP 1h), 3 (EVNP 3h) and 6 h (EVNP 6h) EVNP. Pig kidneys were exposed to 30 mins
warm ischaemia and 6 h cold static storage (30’ WI) or 0 mins warm ischaemia and 6 h cold static
storage (0’ WI) to simulate the different conditions of DCD and DBD donation as shown in Figure
5.6. *P < 0.05, ***P < 0.001, ****P < 0.0001. P values were calculated by two-way analysis of
variance (ANOVA) with Dunnett’s multiple comparisons test. Data are mean ± SEM.

5.4.3 Kidney Function

Delayed graft function is most commonly defined as the requirement for dialysis within
the first week post-transplantation (due to poor initial graft function) and is associated with
increased patient morbidity, prolonged hospital admission, additional biopsy evaluation and
increased healthcare costs [92]. As discussed above, grafts retrieved from DCD donors show
increased rates of DGF on transplantation compared to grafts retrieved from DBD donors
which is thought to relate to the increased exposure of DCD grafts to warm ischaemia [9].
To determine whether pig kidneys exposed to 30 mins warm ischaemia and 6 h cold storage
showed reduced graft function on reperfusion compared to kidneys exposed to 0 mins warm
ischaemia and 6 h cold storage, renal blood flow, urine output, reduction in SCr and FENa
were monitored during EVNP as described in Chapter 2.

Renal Blood Flow

Renal blood flow during EVNP of kidneys exposed to 30 mins warm ischaemia and 6 h
cold storage (30’ WI) or 6 h cold storage only (0’ WI) is shown in Figure 5.9a. The area
under the curve (AUC) renal blood flow was used to compare the overall renal blood flow
between kidneys during EVNP and is shown in Figure 5.10a. The AUC renal blood flow was
significantly lower in kidneys exposed to 30 mins warm ischaemia and 6 h cold static storage
(30’ WI) than in kidneys exposed to 6 h cold static storage only (0’ WI) suggesting kidneys
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Figure 5.9 Renal Parameters during EVNP of Kidneys Retrieved Under Conditions of DCD vs
DBD Donation in a Pig Model of Kidney Transplantation. Renal blood flow (n=4) (a), total urine
output (n=4) (b) and perfusate creatinine concentration (n=4) (c) during 6 h EVNP in kidneys exposed
to either 30 mins warm ischaemia and 6 h cold static storage to simulate DCD donation (30’ WI) or
0 mins warm ischaemia and 6 h cold static storage to simulate DBD donation (0’ WI) as shown in
Figure 5.6. Data are mean ± SEM.
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exposed to 30 mins warm ischaemia may have experienced increased vascular injury and
kidney damage.

Total Urine Output

The urine output of kidneys exposed to 30 mins warm ischaemia and 6 h cold storage (30’
WI) compared to kidneys exposed to 6 h cold storage only (0’ WI) during EVNP is shown in
Figure 5.9b. The total amount of urine produced by kidneys at the end of 6 h EVNP is shown
in Figure 5.10b. Kidneys exposed to 30 mins warm ischaemia and 6 h cold static storage (30’
WI) produced significantly less urine than in kidneys exposed to 6 h cold storage only (0’
WI) during EVNP. This is likely due to increased vascular and tubular damage in kidneys
exposed to 30 mins warm ischaemia resulting in increased tubular obstruction and a greater
reduction in GFR.

Serum Creatinine

Creatinine was added to the perfusate at the start of EVNP and perfusate creatinine con-
centration measured at 1, 3 and 6 h reperfusion. During EVNP, the perfusate creatinine
concentration gradually decreased as creatinine was cleared by the kidney and was not
replaced as shown in Figure 5.9c. The AUC perfusate creatinine concentration was then
calculated to reflect the rate of creatinine clearance from the perfusate in the circuit and act as
a proxy of kidney function as shown in the Figure 5.10c. Kidneys that had been exposed to
30 mins warm ischaemia and 6 h cold static storage (30’ WI) had a significantly greater AUC
perfusate creatinine than kidneys exposed to 6 h cold static storage only (0’ WI) suggesting
they had a reduced clearance rate and poorer kidney function.

The AUC of perfusate creatinine concentration was measured as opposed to creatinine
clearance as perfusate creatinine frequently decreased below detection limits in kidneys
exposed to 6 h cold ischaemia only during the first hour of EVNP. This precluded accurate
measurement of creatinine clearance in kidneys exposed to 6 h cold storage only, whereas
the AUC serum creatinine could still be reliably calculated.

Fractional Excretion of Sodium

The FENa is the percentage of sodium filtered by the kidney which is excreted in the urine.
Filtered sodium is reabsorbed by the proximal epithelial cells and fractional excretion of
sodium in the healthy kidney is generally less than 1% [254]. However following IRI, FENa
may increase as a result of proximal epithelial cell death, loss of cell polarity and tubule
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Figure 5.10 Comparison of Renal Function in Kidneys Retrieved Under Conditions of DCD vs
DBD Donation in a Pig Model of Kidney Transplantation. Area under the curve (AUC) renal
blood flow (n=4) (a), total urine output (n=4) (b), AUC serum creatinine concentration (n=4) (c) and
fractional excretion of sodium (FENa) (n=4) (d) during 6 h EVNP of kidneys exposed to either 30
mins warm ischaemia and 6 h cold static storage to simulate DCD donation (30’ WI) or 0 mins warm
ischaemia and 6 h cold static storage to simulate DBD donation (0’ WI) as shown in Figure 5.6. *P
< 0.05, **P < 0.01. P values were calculated using an unpaired parametric t-test. Data are mean ±
SEM.

damage [283]. The FENa during EVNP may therefore be used to assess the level of tissue
damage in the kidney following IRI.

The FENa measured at 1 h EVNP is shown in Figure 5.10d. Fractional excretion of
sodium was measured at 1 h EVNP as perfusate creatinine was mostly cleared by kidneys
exposed to 6 h cold storage during this time and creatinine clearance required for the
calculation of FENa could not be accurately determined at later time points. At 1 h EVNP,
FENa was significantly greater in kidneys that had been exposed to 30 mins warm ischaemia
and 6 h cold static storage (30’ WI) than 6 h cold static storage only (0’ WI). This suggests a
greater level of tubular damage had occured in kidneys exposed to 30 mins warm ischaemia
and 6 h cold static storage than in kidneys exposed to 6 h cold static storage only.
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5.5 Assessment of Kidney Injury in the Human

To further aid in the translation of novel mitochondrial compounds from mouse models to
human patients, EVNP of declined human kidneys could be used to investigate the efficacy,
toxicity and therapeutic doses required to ameliorate mitochondrial ROS production in human
tissue prior to use in clinical trials. However, as previously discussed, it was not possible
(due to ethical and logistical constraints) to obtain a tissue biopsy from human kidneys prior
to organ retrieval to act as a normoxic control sample. Instead, a translational model of
human kidney transplantation in which declined human kidneys were reperfused for 1 h
using EVNP followed by re-exposure to ischaemia and reperfusion was designed to enable
the changes in tissue metabolites, injury and function to be investigated in human kidneys
under more controlled conditions of IRI and compared to a normoxic baseline value obtained
at the end of the 1 h EVNP period, as shown in Figure 5.11. Whilst declined human kidneys
will have inevitably sustained some injury and damage during the initial 1 h of EVNP as
well as an element of conditioning, this translational model is not dissimilar to conditions
experienced by human kidneys that already undergo EVNP in a clinical setting. As succinate
accumulation during ischaemia reperfusion is not affected by ischaemic preconditioning, this
model enables the effect of novel mitochondrial compounds, such as malonate ester pro-drugs
to be investigated [267] [140]. Furthermore, the effects of conditioning and differences in
donor characteristics, mode of donation and prior ischaemia times between kidneys may
be overcome in the model by using pairs of kidneys offered for research from the same
donor. Both kidneys could undergo EVNP and re-exposure to ischaemia and reperfusion
simultaneously with one kidney acting as an internal control for comparison with the second
kidney undergoing treatment. Whilst pairs of kidneys were not used to generate initial pilot
and feasibility data presented here, it is hoped that this strategy could be adopted in future
treatment experiments to investigate the effect of malonate ester-prodrugs in human kidneys
as discussed in Chapter 7.

5.5.1 Cell Death

The sum of the ATP and ADP concentration before and after IRI may be used as an approxi-
mation of cellular necrosis as previously described. Similar to pig, the duration of EVNP
was too short for degree of necrosis in human kidneys to be reliably determined on H&E
stained sections [281] [282]. Figure 5.12 shows the tissue ATP/ADP ratio and the sum of the
ATP and ADP nucleotide concentration in the translational model of kidney transplantation
using declined human kidneys described in Figure 5.11. The ATP/ADP ratio and sum of the
ATP and ADP concentration was significantly decreased at the end of the initial period of
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Figure 5.11 A Translational Model of Kidney Transplantation Using Declined Human Kidneys
Declined human kidneys were accepted for research and underwent 1 h ex vivo normothermic
perfusion (EVNP) on arrival to the laboratory. Kidneys were then exposed to 30 mins warm ischaemia
at 36 °C followed by back-table flush and 6 h cold static storage. Kidneys then underwent a second 3
h period of EVNP. Tissue wedge biopsies were taken from kidneys at the end of cold static storage
immediately prior to EVNP (End-Isc 1), at the end of 1 h EVNP (EVNP1 1h), at the end of the 30
mins warm ischaemia and 6 h cold static storage (End-Isc 2) and at 1 (EVNP2 1h) and 3 h (EVNP2
3h) during the second period of EVNP. Tissue wedge biopsies were rapidly frozen in LN2 using
Wollenburg clamps and stored at -70 °C until further processing and analysis.
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Figure 5.12 ATP/ADP Ratio and Sum of the ATP and ADP Concentration in a Translational
Model of Kidney Transplantation Using Declined Human Kidneys Tissue ATP/ADP ratio (n=4)
(a) and sum of the ATP and ADP concentration (n=4) (b) in declined human kidneys at the end of cold
static storage (End-Isc-1), following 1 h EVNP (EVNP1 1h), at the end of 30 mins warm ischaemia
and 6 h cold static storage (End-Isc-2) and at 1h (EVNP2 1h), 3 (EVNP2 3h) during a second period of
EVNP as shown in Figure 5.11. **P < 0.01, ***P < 0.001 ****P < 0.0001. P values were calculated
by one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test. Data are mean
± SEM.

cold static storage (End-Isc 1) and on re-exposure to 30 mins warm ischaemia and 6 h cold
static storage (End-Isc-2) compared to the level following 1 h EVNP (EVNP1 1h). However,
the ATP/ADP ratio and sum of the ATP and ADP concentration at 1 h (EVNP2 1h) and 3
h (EVNP2 3h) in the second period of EVNP was not significantly different from values
measured at the end of the initial 1 h period EVNP (EVNP1 1h) suggesting further cellular
necrosis had not occurred. However, it may be that kidneys reperfused for 1 h prior to re-
exposure to warm and cold ischaemia had not fully recovered their ATP and ADP levels and
that a higher initial ATP and ADP concentration may have been achieved if human kidneys
were reperfused for longer prior to re-exposure to ischaemia. Nevertheless, in treatment
experiments where paired kidneys from the same donor will be used (as discussed above
and in Chapter 7), a comparison of the ATP and ADP concentration between the control
and treatment kidney at different time points during EVNP may still provide important
information about the protective effect of mitochondrial compounds on the kidney using this
model.

5.5.2 Kidney Function

Figure 5.13 shows the renal parameters of declined human kidneys during the initial 1 h
period of EVNP (EVNP1) and subsequent 3 h period of EVNP (EVNP2) following re-
exposure of declined human kidneys to 30 mins warm ischaemia and 6 h cold storage as
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described in Figure 5.11. Renal blood flow (Figure 5.13a) was greater in declined human
kidneys during EVNP2 than EVNP1 however total urine output (Figure 5.13b), reduction in
perfusate creatinine concentration (Figure 5.13c) and fractional excretion of sodium (Figure
5.13d) were similar before and after re-exposure to warm and cold ischaemia. As discussed
above, Figure 5.13 represents preliminary pilot data to determine the feasibility of the model
described in Figure 5.11. Data from both Figure 5.13 and Figure 5.12 suggest declined
human kidneys are able to withstand 1 h EVNP followed by re-exposure to ischaemia and
a subsequent 3 h period of EVNP as demonstrated by the recovery of both ATP and ADP
levels and renal parameters. Together these findings suggest the model described in Figure
5.11 may be used to investigate the effect of novel malonate compounds in pairs of declined
kidneys retrieved from the same donor, with one kidney acting as an internal control kidney
and the second undergoing treatment. Mitochondrial ROS production, cell death and kidney
function could then be compared between kidneys whilst controlling (as much as practically
possible) for confounding factors related to the donor, retrieval process, prior ischaemia times
and overall quality of the kidney graft.

5.6 Interim Summary II

A significant reduction in organ function and an increase in cellular necrosis was measured
during 6 h EVNP in pig kidneys exposed to 30 mins warm ischaemia and 6 h cold storage
compared to 6 h cold storage only. The reduction in organ function may have been due
to increased mitochondrial ROS production in pig kidneys exposed to 30 minutes warm
ischaemia and 6 h cold static storage versus 6 h cold storage only as discussed in Chapter
4. As such, the pig model of kidney transplantation described in Figure 5.6 may be used
in subsequent treatment experiments aimed at reducing mitochondrial ROS production on
reperfusion with pig kidneys exposed to 30 mins warm ischaemia and 6 h cold storage acting
as a positive control and kidneys exposed to 6 h cold ischaemia only acting as a negative
control. In addition, a model of kidney transplantation using declined human kidneys may
further aid the translation of novel mitochondrial therapies from mouse models to human
patients. Preliminary data has shown that declined human kidneys may withstand 1 h EVNP
followed by re-exposure to 30 mins warm ischaemia and 6 h cold storage and a second 3 h
period of EVNP. Pairs of declined human kidneys retrieved from the same donor could be
used in future experiments to investigate the efficacy of novel mitochondrial compounds in
human tissue using this model as described in Figure 5.11.
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Figure 5.13 Renal Function during EVNP in a Translational Model of Kidney Transplantation
Using Declined Human Kidneys Renal blood flow (n=4) (a), total urine output (n=4) (b) serum
creatinine concentration (n=4) (c) and fractional excretion of sodium at 1 h reperfusion (n=4) (d)
during EVNP of declined human kidneys. On arrival to the laboratory, declined human kidneys were
perfused for 1 h (EVNP 1) before undergoing 30 mins warm ischaemia and 6 h cold static storage and
a second period of 3 h EVNP (EVNP 2) as shown in Figure 5.11. Data are mean ± SEM.
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Normoxia Ischaemia
Time (mins) 10 30
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Reperfusion

24h

Figure 5.14 Administration of Malonate Compounds Prior to Warm Ischaemia in the Mouse
Kidney. Mice were anaesthetised and the renal hila dissected. Malonate compounds were then
administered as an infusion into the the IVC 10 mins prior to the onset of ischaemia. Immediately
following infusion, the renal hila of both kidneys were occluded for 20 mins with a micro-serrefine
clamp. The micro-serrefine clamps were then removed and both kidneys were reperfused for 24 h
during which time mice were recovered in a heat cabinet maintained at 28 °C. At 24 h reperfusion,
mice were re-anaesthetised and a blood sample was taken from the IVC. One kidney was then rapidly
retrieved from the mouse and clamp frozen in LN2 using Wollenburg clamps whilst the second kidney
was placed in 10% neutral buffered formalin. Clamp frozen kidneys were stored at -70 °C until further
processing and analysis.

5.7 Effect of Malonate Ester Pro-Drugs on Kidney Injury
in the Mouse

Whilst malonate ester prodrugs administered to the mouse kidney either before ischaemia
or at the point of reperfusion were not shown to reduce mitochondrial ROS production as
measured by the MitoP/MitoB ratio on reperfusion (see Chapter 4), as previously discussed,
MitoB may be limited in its ability to specifically detect a burst of mitochondrial ROS
production on reperfusion. Malonate ester prodrugs may have still had a protective effect
on the mouse kidney during IRI either through inhibition of SDH or via another unknown
mechanism. To investigate further, oxidative damage, cellular necrosis and kidney function
were investigated at 24 h reperfusion in the mouse model of renal IRI where kidneys were
treated with malonate ester prodrugs either before or after 20 mins warm ischaemia.
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Figure 5.15 Kidney Function at 24 h Reperfusion Following Administration of DMM Prior To
Warm Ischaemia in Mice. Serum creatinine (n=4) (a) and blood urea nitrogen concentration (n=4)
(b) following 20 mins warm ischaemia and 24 h reperfuson. Dotted lines represent baseline control
values. Dimethyl malonate (DMM) was administered as an infusion at various doses immediately
prior to the onset of ischaemia as shown in Figure 5.14. Data are mean ± SEM.

5.7.1 Effect of DMM Administered Prior to Ischaemia

Dimethyl malonate was administered to mice as shown Figure 5.14. Tissue succinate and
malonate concentrations in the mouse kidney following administration of DMM prior to
ischaemia were previously presented in Chapter 3 (see Figure 3.20). Figure 5.15 shows
the serum creatinine and blood urea nitrogen concentration at 24 h reperfusion following
administration of DMM at range of doses. Administration of DMM prior to warm ischaemia
showed no protection against kidney IRI as measured by serum creatinine concentration and
blood urea nitrogen at 24 h reperfusion and is consistent with the finding DMM administered
prior to ischaemia did not lead to a reduction in the accumulation of succinate during
ischaemia or mitochondrial ROS production on reperfusion as shown in Figures 3.20 and
4.12.

5.7.2 Effect of DMM and MAM Administered at Reperfusion

Either 3.2 mg dimethyl malonate (DMM) or 0.32 mg diacetoxymethyl malonate (MAM)
was administered to mice at reperfusion following 20 mins warm ischaemia as shown in
Figure 5.16. The dose of DMM was based on the therapeutic dose previously reported in
the mouse heart [14]. A 10x lower dose of MAM was chosen based preliminary in vivo data
demonstrating more rapid hydrolysis of MAM compared to DMM within the kidney with
a higher tissue malonate concentration being achieved (personal communication Mr Hiran
A Prag). The tissue succinate and malonate concentrations following the administration of
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Figure 5.16 Administration of Malonate Compounds at Reperfusion of the Mouse Kidney. Mice
were anaesthetised and the renal hila dissected. The renal hila of both kidneys was then occluded
for 20 mins with a micro-serrefine clamp. A 10 min infusion of a malonate compound was started 5
mins prior to the onset of reperfusion as shown. At the end of 20 mins occlusion, both kidneys were
reperfused for 24 h during which time mice were recovered in a heat cabinet maintained at 28 °C. At
24 h reperfusion, mice were re-anaesthetised and a blood sample was taken from the IVC. One kidney
was then rapidly retrieved from the mouse and clamp frozen in LN2 using Wollenburg clamps whilst
the second kidney was placed in 10% neutral buffered formalin. Clamp frozen kidneys were stored at
-70 °C until further processing and analysis.
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Figure 5.17 Tissue Malondialdehyde Concentration at 24 h Following Administration of DMM
or MAM at Reperfusion Malondialdehyde (MDA) concentration measured using the TBARS assay
at 24 h reperfusion in mouse kidneys exposed to 20 mins warm ischaemia. 3.2 mg DMM (n=6) (a)
or 0.32 mg MAM (1% DMSO) (n=6) (b) were administered to mice on reperfusion as shown in
Figure 5.16. Data are mean ± SEM. Measurement of tissue MDA concentration was performed by
Ms Margaret M Huang (University of Cambridge Department of Surgery, UK).

either 3.2 mg DMM or 0.32 mg MAM at reperfusion in the mouse were previously presented
in Chapter 4 (see Figures 4.14 and 4.15).

Effect on Oxidative Damage

Tissue malondialdehyde (MDA) concentration at 24 h reperfusion is shown in Figure 5.17.
There was no significant difference in tissue MDA concentration at 24h reperfusion in
either DMM or MAM treated kidneys compared to controls. Furthermore, tissue MDA
concentration following IRI was not significantly different from values measured in sham
operated control mice in contrast to values measured in Figure 5.4, re-emphasising the
unreliability of this method for measuring MDA concentration in tissue homogenates.

Effect on Cell Death

Tissue ATP/ADP ratio and sum of the ATP and ADP concentration at 24 h reperfusion was
used as a measured of cell death as described in Section 5.2.2 and is shown in Figure 5.18.
There were no significant differences in ATP/ADP ratio (Figure 5.18a) or sum of the ATP
and ADP concentration (Figure 5.18c) between saline controls and DMM treated kidneys
at 24 h reperfusion. In MAM treated kidneys, the ATP/ADP ratio was significantly lower
than in 1% DMSO controls at 24 h reperfusion (Figure 5.18b) but there was no significant
difference in sum ATP and ADP concentration (Figure 5.18d). This suggests there was no
significant difference in cell death between control and treatment groups in either DMM or
MAM treated kidneys. Furthermore, the sum of the ATP and ADP concentration at 24 h
reperfusion was similar to values in sham control kidneys suggesting little cell death occurred
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Figure 5.18 Tissue ATP and ADP Levels at 24 h Following Administration of DMM or MAM at
Reperfusion. Tissue ATP/ADP (n=6) (a) and total ATP and ADP concentration (n=6) (c) following
20 mins warm ischaemia and 24 h reperfusion in DMM treated kidneys versus saline controls.
Tissue ATP/ADP (n=6) (b) and total ATP and ADP concentration (n=6) (d) following 20 mins warm
ischaemia and 24 h reperfusion in MAM (1%DMSO) treated kidneys versus 1% DMSO controls.
DMM and MAM were administered as an infusion on reperfusion as shown in Figure 5.16. *P < 0.05.
P values were calculated using an unpaired parametric t-test. Data are mean ± SEM.

overall. However, use of the tissue ATP and ADP concentration as a measure cell death is
relatively non-specific and may be affected by other factors. More sensitive assays of cell
death could instead be used to investigate the effect of DMM and MAM on reperfusion as
discussed below.

Effect on Kidney Function

The serum creatinine and blood urea nitrogen concentration at 24 h reperfusion are shown
in Figure 5.19. Serum creatinine concentration was significantly decreased at 24 h reperfu-
sion in DMM (Figure 5.19a) and MAM (Figure 5.19b) treated kidneys compared to their
corresponding controls. However, there was no significant difference in blood urea nitrogen
concentration between DMM (Figure 5.19c) and MAM treated kidneys compared to controls
(Figure 5.19c). This experiment may have been under powered given the variability of the
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Figure 5.19 Kidney Function at 24 h Following Administration of DMM or MAM at Reperfu-
sion. Serum creatinine (n=6) (a) and blood urea nitrogen concentration (n=6) (c) following 20 mins
warm ischaemia and 24 h reperfuson in DMM treated kidneys versus saline controls. Serum creatinine
(n=6) (b) and blood urea nitrogen concentration (n=6) (d) following 20 mins warm ischaemia and 24
h reperfuson in MAM (1% DMSO) treated kidneys versus 1% DMSO controls. DMM and MAM
were administered as an infusion on reperfusion as shown in Figure 4.13. *P < 0.05. P values were
calculated using an unpaired parametric t-test. Data are mean ± SEM.

model (see Discussion) and a trend towards an improvement in kidney function as measured
by blood urea nitrogen was still observed.

5.8 Effect of Disodium Malonate on Kidney Injury in the
Mouse

Disodium malonate (DSM) is the sodium salt of malonate and does not require hydrolysis by
esterases within mitochondria, potentially leading to rapid inhibition of succinate dehydro-
genase when administered during IRI. However, DSM is a charged molecule and is poorly
taken up by cells under conditions of normoxia in vitro (personal communication, Hiran
Prag). Nonetheless, DSM has previously been shown to reduce IRI when administered on
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Figure 5.20 Kidney Function at 24 h Reperfusion Following Administration of DSM Prior To
Warm Ischaemia in Mice. Serum creatinine (n=4) (a) and blood urea nitrogen concentration (n=4)
(b) following 20 mins warm ischaemia and 24 h reperfusion. Dotted lines represent baseline control
values. 3.2 mg disodium malonate (DSM) was administered as an infusion immediately prior to the
onset of ischaemia as shown in Figure 5.14. Data are mean ± SEM.

reperfusion to the mouse and pig heart [194] [195]. To determine whether DSM is protective
in kidney IRI, DSM was administered to mice immediately prior to 20 mins warm ischaemia
as shown in Figure 5.14 or at reperfusion as shown in Figure 5.16.

5.8.1 Effect of DSM Administered Prior to Ischaemia

Disodium malonate was administered as an infusion immediately prior to 20 mins warm
ischaemia as shown in Figure 5.14. A dose of 3.2 mg of DSM was administered based
on the therapeutic dose of DMM reported in cardiac ischaemia reperfusion injury in mice
[14]. Kidney function was then assessed by serum creatinine and BUN concentration at 24 h
reperfusion as shown in Figure 5.20. There was no significant difference in serum creatinine
concentration or BUN concentration in mice treated with DSM or saline controls at 24 h
reperfusion suggesting DSM at a dose of 3.2 mg is not protective against IRI in the kidney
when administered prior to ischaemia in mice.

5.8.2 Effect of DSM Administered on Reperfusion

Disodium malonate was also administered to mice at reperfusion following 20 mins warm
ischaemia as shown in Figure 5.16. A dose of 0.38 mg was administered as an infusion
based on the effective therapeutic dose administered at reperfusion in the heart [194]. Kidney
function was then assessed by serum creatinine and BUN concentration at 24 h reperfusion as
shown in Figure 5.21. There was no significant difference in serum creatinine concentration
or blood urea nitrogen concentration in mice treated with DSM compared to saline controls
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Figure 5.21 Kidney Function at 24 h Following Administration of DSM at Reperfusion in Mice
Serum creatinine (n=6) (a) and blood urea nitrogen concentration (n=6) (b) following 20 mins warm
ischaemia and 24 h reperfusion. Dotted lines represent baseline control values. 0.38 mg disodium
malonate (DSM) was administered as an infusion at reperfusion as shown in Figure 5.16. Data are
mean ± SEM.

at 24 h reperfusion suggesting DSM at a dose of 0.38 mg is not protective against IRI in the
kidney when administered at reperfusion in mice.

5.9 Effect of Malonate Ester Pro-Drugs on Kidney Injury
in the Pig

As previously discussed, the mouse model of renal IRI is limited in its ability to replicate
the clinical conditions of kidney transplantation which may significantly affect a compounds
efficacy. The effect of malonate ester prodrugs on kidney injury and function were thus also
investigated in the pig model of kidney transplantation described in Section 5.4.

5.9.1 Effect of DMM Administered Prior to Ischaemia

The effect of DMM administered prior to ischaemia was investigated in a series of pilot
experiments in the pig model of kidney transplantation as shown in Figure 5.22. As discussed
in Section 3.9.2, a dose of 840 mg DMM was chosen based on allometric scaling of the
therapeutic dose of DMM reported in the mouse heart [262] [14]. A 10x higher dose was
also investigated in order to achieve similar tissue malonate concentrations in the pig kidney
as in the mouse (see Figure 3.23). As these were preliminary experiments in which the
appropriate dose and circulation time of DMM was still being determined, values for each
dose and circulation time represent a single experiment and so statistical analysis of data was
not possible.
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Figure 5.22 Administration of DMM Prior to Warm Ischaemia in the Pig Model of Kidney
Transplantation. One kidney was retrieved from the pig prior to administration DMM and exposed
to 30 mins warm ischaemia in order to act as a control (not shown). Dimethyl malonate (DMM) was
then administered as a bolus injection into the ear vein of the pig and allowed to circulate systemically
for 5, 10 or 30 minutes. The renal vessels of the second kidney were then tied and divided and the
kidney was exposed to 30 mins warm ischaemia in abdomen of the pig maintained at 38 °C. During
warm ischaemia pig kidneys became purple in colour due to the presence of deoxygenated blood
within the microvasculature. Following 30 mins warm ischaemia, both kidneys underwent to 6 h cold
static storage and then 6 h EVNP. Mr Kourosh Saeb-Parsy (University of Cambridge Department of
Surgery, UK) and Ms Krishnaa T Mahbubani (University of Cambridge Department of Surgery, UK)
assisted with the surgical retrieval of kidneys from the pig.
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Figure 5.23 Effect of 840 mg DMM Administered Prior to Warm Ischaemia on Kidney Func-
tion during EVNP in a Pig Model of Kidney Transplantation. Renal blood flow (a), urine output
(b), perfusate creatinine concentration (c) and fractional excretion of sodium (d) during 6 h EVNP
of pig kidneys exposed 30 mins warm ischaemia and 6 h cold static storage. 840 mg DMM was
administered as a bolus injection and allowed to circulate systemically in the pig for 5 (n=1), 10 (n=1)
or 30 (n=1) mins prior to onset of warm ischaemia. Control kidneys (n=3) were retrieved from pigs
prior to administration of DMM as described in Figure 5.22. Data are mean ± SEM.

The effect of 840 mg DMM administered prior to 30 mins warm ischaemia on kidney
function during EVNP in the pig is shown in Figure 5.23. Following administration as a
bolus dose into marginal ear vein, DMM was allowed to circulate systemically in the pig
for either 5, 10 or 30 minutes prior to the onset of warm ischaemia and 6 h cold storage. A
protective effect of 840 mg DMM during subsequent perfusion was not seen following either
5, 10 or 30 minutes circulation prior to warm ischaemia. This was largely due to variability in
the control values for renal blood flow (Figure 5.23a), urine output (Figure 5.23b), perfusate
creatinine concentration (Figure 5.23c) and fractional excretion of sodium (Figure 5.23d)
and repeated experiments are likely needed before the effects of DMM on kidney function
can be more reliably determined.

The effect of 8400 mg DMM administered prior to 30 mins warm ischaemia on kidney
function during EVNP in the pig is shown in Figure 5.24. Following administration as a
bolus dose into marginal ear vein, DMM was allowed to circulate systemically in the pig for
either 5 or 10 minutes prior to the onset of warm ischaemia. 8400 mg DMM appeared to
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Figure 5.24 The Effect of 8400 mg DMM Adminstered Prior to Warm Ischaemia on Kidney
Function during EVNP in a Pig Model of Kidney Transplantation. Renal blood flow (a), urine
output (b), perfusate creatinine concentration (c) and fractional excretion of sodium (d) during 6 h
EVNP of pig kidneys exposed to 30 mins warm ischaemia and 6 h cold static storage. 8400 mg DMM
was administered as a bolus injection and allowed to circulate systemically in the pig for 5 (n=1) or
10 (n=1) minutes prior to the onset of warm ischaemia. Control kidneys (n=2) were retrieved from
pigs prior to administration of DMM as described in Figure 5.22. Data are mean ± range.

lead to an improvement in renal function during EVNP when administered as a bolus dose 5
minutes prior to the onset of warm ischaemia across all parameters measured. However, the
large variability in control values requires further experiments to be conducted before the
protective effect at this dose and circulation time can be confirmed.

5.9.2 Effect of DMM Administered during Back-Table Flush

The effect of DMM administered during BTF was also investigated in a set of preliminary
experiments in the pig model of kidney transplantation as shown in Figure 5.25. A dose of
80 mg DMM was administered to the kidney during BTF based on the weight of the pig
kidney (∼100 g) and the previously reported therapeutic dose in the mouse (160 mg/kg).
Kidneys were flushed with a total volume of 500 mL ice cold Soltran solution containing
16 mg/100 mL DMM. Allometric scaling was not used in this experiment as DMM was not
administered systemically to the pig as discussed in Section 4.8.1.
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Figure 5.25 Adminstration of DMM During Back-Table Flush in a Pig Model of Kidney Trans-
plantation. Kidneys were retrieved from pigs under general anaesthesia and exposed to 30 mins
warm ischaemia (30’ WI). During warm ischaemia, pig kidneys became purple in colour due to the
presence of deoxygenated blood within the microvasculature. Following ischaemia, kidneys were
then flushed with ice cold Soltran (Cntrl) or ice cold Soltran containing 80 mg DMM (DMM) and
underwent 6 h cold static storage. Following cold static storage, kidneys were reperfused for 6 h using
EVNP. Mr Jack L Martin (University of Cambridge Department of Surgery, UK) and Ms Krishnaa T
Mahbubani (University of Cambridge Department of Surgery, UK) assisted with the surgical retrieval
of kidneys from the pig.

Pig kidneys treated with DMM during BTF showed poorer function during EVNP
compared to control kidneys as shown in Figure 5.26. However, one of the DMM treated
kidney retrieved in this set of preliminary experiments had to be re-cannulated during EVNP
as the presence of an early renal artery bifurcation led to the initial cannulation failing.
As a result, one DMM treated kidney was exposed to a second period of warm ischaemia
of roughly 10-20 mins during re-cannulation which may have had an adverse effect on
subsequent kidney function. Given the variability in kidney function observed, the low
n number and, second period of ischaemia experienced by one treatment kidney, further
experiments are needed to determine the effect of DMM administered during BTF on kidney
function.
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Figure 5.26 The Effect of 80 mg DMM Administered During Back-Table Flush on Kidney
Function during EVNP in a Pig Model of Kidney Transplantation Renal blood flow (n=2) (a),
urine output (n=2) (b), perfusate creatinine concentration (n=2) (c) and fractional excretion of sodium
(n=2) (d) during 3 h EVNP of pig kidneys exposed to 30 mins warm ischaemia and 6 h cold static
storage. 80 mg DMM was administered to pig kidneys during back-table flush as described in Figure
5.25. Data are mean ± range.
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5.10 Discussion

5.10.1 Measurement of Oxidative Damage in the Mouse and Pig Kid-
ney

Measurement of Oxidative Damage to Mitochondrial DNA

Oxidative damage to mtDNA may be inferred by the reduced amplification mtDNA during
qPCR. This method was used to investigate mtDNA oxidative damage in the mouse model of
renal IRI but not the translational model of kidney transplantation in the pig as the correct
primers for pig mtDNA could not be obtained. Counterintuitively, mtDNA amplification
was significantly increased compared to control values at 24 h reperfusion in the mouse
kidney following 25 mins warm ischaemia. Whilst, this method has previously been used
to demonstrate an increase oxidative damage to mtDNA following renal IRI in the mouse,
kidneys were exposed to 45 mins warm ischaemia and may have experienced a more severe
ischeamic injury [202]. The significant increase in mtDNA amplification relative to control
values in Figure 5.4a however suggests mtDNA contained fewer lesions to disrupt the progress
of the DNA polymerase during the PCR reaction. This may reflect an early reparative
response in the kidney following IRI with the rapid loss of damaged mitochondrial DNA
through mitophagy and shedding of mitochondria into extracellular vesicles or cell casts
excreted in the urine [284] [285] [286]. Mitochondrial DNA could not be measured in
the urine of mice from these experiments however as a sufficient volume of urine could
not be collected. Alternatively, it may also be the case that the PCR method is limited in
its ability to detect more subtle changes in mitochondrial DNA damage following shorter
warm ischaemia times, particularly within a heterogeneous cell population with different
sensitivities to ischaemia, such as in the kidney.

Measurement of Protein Carbonyl Formation

Protein carbonyl concentration was measured in the mouse model of renal IRI only. A
significant increase in protein carbonyl concentration has previously been shown following
45 minutes warm ischaemia and 24 h reperfusion in this model [202]. In addition, protein
carbonyl concentration has been used as a measure of oxidative damage in a mouse model of
myocardial infarction [198]. However, there was no significant increase in protein carbonyl
concentration at 1, 6 or 24 h reperfusion in kidneys that had been exposed to 20 mins warm
ischaemia. This was probably due to the shorter warm ischaemia time investigated resulting
in a less severe injury. However, prior to derivitisation, samples were homogenised in RIPA
buffer and stored on ice whilst the protein concentration was calculated. During this time
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further carbonyl formation may have occurred. Furthermore, the dynamic range of the
ELISA used was relatively narrow and the protein carbonyl concentrations were close to
the maximum value the assay could accurately measure. Protein carbonyl concentration
therefore provides a very crude and unreliable measure of oxidative damage in this context
and was not pursued any further.

Measurement of Lipid Peroxidation

Malondialdehyde concentration was investigated in the mouse model of renal IRI and
a translational model of kidney transplantation in the pig. Tissue MDA concentration
was significantly increased at 24 h reperfusion in the mouse kidney following 20 mins
warm ischaemia. In the pig model of kidney transplantation, tissue MDA concentration
was significantly decreased at 3 h and 6 h reperfusion. Malondialdehyde is a major end-
product of lipid peroxidation along with 4-HNE and was measured in tissue homogenates by
reaction with thiobarbituric acid to produce TBARS. However, not only is it very difficult
to prevent further lipid peroxidation from occurring during the tissue extraction process but
thiobarbituric acid may also react with other products within the homogenate leading to
artificially elevated values of MDA in the assay. Whilst a positive control sample containing
FeCl2 and t-BHP as an oxidising agent was included to ensure samples had not reached
saturation, this represented an unphysiological level of peroxidation and the assay did not
have the sensitivity required to detect more subtle changes in physiological range. Instead,
the increase in MDA concentration measured in the mouse kidney at 24 h reperfusion may
reflect an increasing proportion of necrotic tissue within the kidney as supported by H&E
staining (see below) Interestingly, ferroptosis results in lipid peroxidation and is reported
as a major cell death pathway in the kidney following IRI [287] [288]. The gold-standard
measurement of lipid peroxidation in tissues is via mass spectrometry of F2-isoprostanes and
could instead be used to measure lipid peroxidation in future treatment experiments [289].
However, difficulties again surround the stable extraction and analysis of F2-isoprostanes
from tissue homogenates and this technique is still being optimised.

Measurement of Total Glutathione Concentration

Measurement of total tissue glutathione concentration in tissue via the glutathione recycling
assay may be used as a further marker of oxidative stress [177]. Glutathione plays an essential
role in mitochondrial and cellular antioxidant defence mechanisms and is depleted during IRI
[290]. The total tissue glutathione concentration was significantly decreased in the mouse
kidney at 1, 6 and 24 h reperfusion. However, as glutathione may easily undergo further
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oxidation during tissue extraction, it was not possible to accurately measure the oxidised to
reduced glutathione ratio (GSSG:GSH) which may have provided further information on the
tissue redox status. Furthermore, whilst glutathione depletion partly occurs due scavenging
of reactive species (and thus can be used to measure oxidative death), depletion may also
occur as a result of efflux of GSH across the plasma membrane [291]. This process may alter
the redox status of the cell and is thought to play an important regulatory role in numerous
cell death pathways [292].

5.10.2 Quantification of Cell Death in the Mouse, Pig and Human Kid-
ney

Histological Analysis

The degree of cellular necrosis could be estimated in H&E sections of the mouse kidney at 24
h reperfusion using the image analysis software ilastik. As necrotic tissue is less eosinophilic
than viable tissue, the software could be used to adjust the thresholds of the image and
separate out the viable, necrotic and background areas (see Chapter 2) [293]. A set of training
images were used to determine the image thresholds which were then applied to a separate set
of images in order to calculate the average area of necrosis in each kidney. Using this method,
a significant increase in tissue necrosis was measured at 24 h reperfusion following 15, 25,
30 and 45 mins warm ischaemia (with the level of necrosis increasing with warm ischaemic
time). However, it was not possible to perform the same analysis in the pig and human model
of kidney transplantation as the length of reperfusion was not long enough for the cellular
changes associated with tissue necrosis to become evident on H&E sections [281] [282].
In addition, quantification of cellular necrosis via image thresholding was only possible
in weakly stained tissue sections where there was a clear distinction between healthy and
necrotic tissue. Where tissue sections were more heavily stained, use of threshold analysis
was not possible. Furthermore, thresholds for viable and necrotic areas were subjectively
determined in training images and it is unclear whether weaker eosin staining definitively
represents tissue necrosis. Instead, terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) could be used in future experiments to provide a more objective measure
of cell death. TUNEL staining uses a fluorescent probe to label 3’-hydroxy termini exposed
during double strand DNA fragmentation that may then be imaged by immunofluorescence
microscopy. Double-strand DNA fragmentation occurs in both apoptosis and necrosis and
TUNEL staining is non-specific measure of cell death [294]. DNA fragmentation occurs at
relatively early stage during cell death with the highest levels of TUNEL staining occurring
6 h after IRI in the mouse kidney [295]. As such, it may be that TUNEL staining could
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also be used to detect the level of cellular necrosis at 6 h reperfusion in the pig and human
translational model of kidney transplantation.

Measurement of ATP and ADP Concentration

The sum of the ATP and ADP concentration was used to estimate the level of cell necrosis
in the mouse model of renal IRI at 24 h reperfusion as well as during 6 h EVNP in the
pig and human model of kidney transplantation. The rational for using the sum of the
ATP and ADP concentration to estimate the level of cell necrosis was only viable cells are
theoretically capable of regenerating their ATP and ADP levels on reperfusion whilst the
ATP and ADP concentration in dead or dying cells will be rapidly consumed or remain
depleted following ischaemia. The level of tissue necrosis as measured by the sum of the
ATP and ADP concentration at 24 h reperfusion in the mouse kidney generally reflected the
level of necrosis measured in H&E tissue sections. However, changes in cellular metabolism
following IRI could also lead to changes in the ATP and ADP concentration. For example,
fatty acid droplets have been reported to accumulate in the cytoplasm of epithelial cells
following renal IRI suggesting β -oxidation of fatty acids, the major energy source in the
kidney, is impaired, such that whilst tissue is still viable, the ATP and ADP concentration
may be reduced [296] [297]. Furthermore, damaged epithelial cells are thought to undergo a
glycolytic shift away from the use of free fatty acids as a major fuel source following renal
IRI which may also affect the tissue ATP and ADP concentration measured at later time
points [298] [299].

In the pig and human translational models of kidney transplantation, kidneys were
reperfused for a maximum period of 6 h EVNP. A significant reduction in the sum of the
ATP and ADP concentration was measured in pig kidneys that had been exposed 30 mins
warm ischaemia and 6 h cold storage during 6 h EVNP but not in kidneys exposed to 6 h
cold storage only. This suggested an increased level of cellular necrosis occurred in pig
kidneys exposed to 30 minutes warm ischaemia and 6 h cold storage compared to 6 h cold
storage only and could be used to compare the level of necrosis in pig kidneys during EVNP
in future treatment experiments. Meanwhile there was no significant difference in the sum
of ATP and ADP concentration in human kidneys between the first and second periods of
EVNP in the described model. However, the initial reperfusion period of 1 h may not have
been long enough to allow full recovery of the ATP and ADP concentration in declined
human kidneys prior to re-exposure to ischaemia and is a potential limitation of the model.
Nevertheless, comparison of the ATP and ADP concentration in pairs of kidneys retrieved
from the same donor with one kidney allocated to a treatment group and one acting as a
control, could still be undertaken to make inferences about the level of cell necrosis under the
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different experimental conditions and control for other confounding factors in the model such
as ischaemic pre-conditioning and donor related factors. Ideally however, the sum of the ATP
and ADP concentration should not be interpreted in isolation. Where histological methods
of assessing cell death such as H&E or TUNEL staining are unavailable, quantification of
caspase-3 activation by Western blotting may also be used to assess the level of apoptosis
in clamp frozen tissue samples [198]. However, caspase-3 activation is a specific marker of
apoptosis and may not wholly reflect the degree of cell death occurring via other pathways
following renal IRI.

5.10.3 Measurement of Kidney Function in the Mouse, Pig and Human

Measurement of Kidney Function in the Mouse

Serum creatinine and BUN concentration were used to assess the level of kidney function in
the mouse model of renal IRI at 24 h reperfusion. A significant reduction in kidney function
was only detected after 20 mins warm ischaemia as measured by the SCr concentration and
18 mins warm ischaemia as measured by the BUN concentration. This was likely due to the
large reserve capacity of the kidney with up to 50% of nephrons needing to be lost before
a rise in serum creatinine concentration can be detected [234]. In addition, the degree of
kidney injury as measured 24 h reperfusion is highly variable and may be affected by other
factors including animal age, hydration status, core temperature during surgery, surgery time,
anaesthesia, surgical trauma and post-recovery care [236]. However, strict measures, such as
the use of a homeothermic monitoring system to maintain the temperature of the animal at
36.0 ± 0.5 °C throughout the procedure, were undertaken to control for these parameters as
described in Chapter 2.

Measurement of Kidney Function in the Pig and Human

Renal blood flow, urine output, perfusate creatinine concentration and FENa were used to
assess the function of pig and human kidneys during EVNP. In the translational model of
kidney transplantation, kidneys exposed to 30 minutes warm ischaemia and 6 h cold storage
had significantly reduced function during EVNP compared to kidneys exposed to 6 h cold
static storage only. As previously discussed, the difference in function between the two group
may have (partly) resulted from increased mitochondrial ROS production in kidneys exposed
to 30 minutes warm ischaemia and 6 h cold storage compared to kidneys exposed to 6 h
cold storage only. The model is therefore ideally suited to investigate the effect of novel
mitochondrial compounds that target mitochondrial ROS production on kidney function
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during EVNP, with kidneys exposed to 30 minutes warm ischaemia acting as a positive
control and kidneys exposed to 6 cold storage only as a negative control.

Meanwhile, in preliminary human experiments, the values of renal blood flow, urine
output, perfusate creatinine and FENa in the first and second period of EVNP were similar to
values reported in human kidneys undergoing EVNP and then transplanted in the literature
[250] [140]. This suggests declined human kidneys were able tolerate the re-exposure
to ischaemia and reperfusion without adversely affecting renal function and that pairs of
declined human kidneys retrieved from the same donor could be used to investigate the effect
of novel mitochondrial compounds in human tissue prior to trials in humans as previously
described.

5.10.4 Effect of Malonate Compounds Administered Prior to Ischaemia
on Kidney Injury in the Mouse and Pig

There was no significant difference in kidney function at 24 h reperfusion in mice that had
been treated with DMM or DSM prior warm ischaemia compared to untreated controls. This
suggested DMM (at a dose of 0.8-6.4 mg) and DSM (at a dose of 3.2 mg) administered
prior to ischaemia was not protective against IRI in the mouse kidney. In contrast DMM has
previously been shown to protect against IRI when administered prior to ischaemia in a mouse
model of myocardial infarction [14]. However, in this model, DMM was also administered to
the mouse during ischaemia and the protective effect may have been due to a culmination of
DMM present in the tissue during ischaemia and in the circulation on reperfusion. Whilst a
high malonate concentration was achieved in the tissue during ischaemia (as shown in Figure
3.20), it is unclear what proportion of malonate is located within mitochondria as well as
the quantity of malonate that may be flushed from the kidney on reperfusion and therefore
unable to inhibit mitochondrial ROS production.

Meanwhile, administration of DMM prior to warm ischaemia in the pig model of kidney
transplantation showed some protective effect in preliminary experiments, particularly at
a dose of 8400 mg and a circulatory time of 5 mins. However, as discussed in Chapter 3,
administration of 8400 mg DMM led to a short period cardiac depression when injected into
the ear vein of the pig and may preclude its future use in human donation due to the risk
premature circulatory arrest. Nonetheless, these experiments have aided in the development
of the pig model of kidney transplantation and provided useful dosing information. Use
of an infusion (which was not possible under the project licence in the current study) may
enable higher doses of DMM to be administered to humans more safely without the risk
of cardiac depression in future experiments as well as the use of alternative malonate ester



180 Consequences of Mitochondrial ROS Production in Kidney Transplantation

prodrugs such as MAM in which a higher tissue malonate concentration can be achieved
with a lower concentration of the prodrug. Importantly however, as only one experiment was
conducted for each condition, further experiments are needed to confirm the protective effect
of malonate prodrugs administered prior to ischaemia in the pig before commencing human
studies.

5.10.5 Effect of Malonate Ester Pro-Drugs Administered at Reperfu-
sion on Kidney Injury in the Mouse and Pig

Administration of DMM and MAM on reperfusion of the mouse kidney lead to a significant
reduction in serum creatinine but not BUN concentration at 24 h reperfusion compared
to controls. However, given the high degree of variability within the mouse model, the
experiment may have been underpowered. A post-hoc power analysis of data presented in
Figure 5.19 suggests an n of 14 is required to achieve a β level of 0.1 and α level of 0.05,
given the variability in BUN concentration between the two groups and a n of 10 given the
variability serum creatinine concentration [300]. Nevertheless, the significant finding that
administration of both DMM and MAM on reperfusion lead to an improvement in serum
creatinine concentration at 24 h reperfusion in Figure 5.19 is encouraging. It is possible
that the increased tissue malonate concentration within the tissue on reperfusion inhibited
mitochondrial ROS production despite the fact a decrease in the MitoP/MitoB ratio on
reperfusion was not measured was not measured in Chapter 4. As previously discussed, MitoB
may be limited in its ability to specifically measure a burst of superoxide production from
Complex I on initial reperfusion. Furthermore, as malonate compounds are rapidly degraded
and excreted following administration, the concentration within tissues on reperfusion is only
transiently raised and it is unlikely their protective effect occurs as a result of interaction with
later downstream processes. Full dosing experiments, similar to those presented in Figure
3.20 should now be conducted for DMM and MAM administered at reperfusion to confirm
their protective effect and optimal therapeutic concentration. In contrast to DMM and MAM,
administration of DSM on reperfusion did not lead to a significant improvement in either
serum creatinine or BUN concentration at 24 h reperfusion compared to controls suggesting
DSM (at a dose of 0.38 mg) was not protective against IRI in the mouse kidney. However as
only one DSM concentration was investigated, these experiments were extremely limited
and full dosing studies with measurement of tissue succinate and malonate concentrations
during ischaemia and on reperfusion should be conducted in future studies to fully determine
whether or not DSM may have a protective effect in renal IRI and kidney transplantation.



5.11 Summary 181

Meanwhile, in a set of preliminary experiments, administration of DMM to the pig
kidney during BTF did not lead to an improvement in kidney function as measured by renal
blood flow, total urine output, perfusate creatinine or fractional excretion of sodium during
subsequent reperfusion. However, as discussed above, one DMM treated kidney had to be
re-cannulated during EVNP and underwent an additional period of warm ischaemia which
may have led to a reduction in kidney function. Further experiments are needed before any
conclusions can be drawn on the effect of DMM administered during BTF on initial kidney
function in the pig model of kidney transplantation.

5.11 Summary

The data presented in this Chapter forms a preliminary experimental survey of the methods
to assess kidney injury and function following IRI in the different transplant models. It
was important to characterise the level of injury and organ function in the mouse model of
renal IRI and pig and human translational model of kidney transplantation to determine the
most appropriate endpoints and biological markers that could be used to assess the effect of
novel mitochondrial therapies and reliably inform future clinical trials. A reliable marker of
oxidative damage was not identified in the mouse or pig kidney and further work is needed
to determine how the level of oxidative damage may be assessed in the kidney following IRI.
Cell death was primarily assessed by the ATP and ADP concentration in the mouse, pig and
human as well as analysis of H&E stained sections in the mouse. However, the analysis of
the ATP and ADP concentration is an indirect measure of cellular necrosis and alternative
measures of cell death such as TUNEL staining and caspase 3 activation should also be
investigated in future experiments. Kidney function could be reliably assessed in the mouse,
pig and human kidney however there was a large degree of variability within the mouse
model requiring strict control of measures such as animal temperature during surgery. The
pig and human translational models of kidney transplantation meanwhile were at greater risk
of technical failures if the anatomy of the kidney was unsuitable for reperfusion or a problem
was encountered with the reperfusion circuit, preventing definitive conclusions from being
drawn from such experiments. It was also not possible to perfuse kidneys for more than 6 h
following ischaemia reperfusion due to deterioration of the perfusate and red cell haemolysis
and so the effect of novel compounds on kidney function could only be assessed early on
in the injury process. In this Chapter, administration of DMM and MAM on reperfusion
of the mouse kidney led to a significant improvement in kidney function at 24 h compared
to controls. However, full dosing studies of DMM and MAM administered at reperfusion
should now be conducted. In addition, these findings must be replicated in the pig and human
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translational models of kidney transplantation to show that DMM and MAM may have the
same protective effect under conditions that more closely resemble clinical transplantation.
As very high concentrations of DMM are required to achieve therapeutic concentrations
of malonate in the pig, more targeted approaches of malonate delivery with either ‘tuned’
malonate ester prodrugs (such as MAM) or mitochondrial targeted malonate prodrugs may
be required to minimise the likelihood of adverse off target effects such as cardiac depression
which would likely be unacceptable in human donors.



Chapter 6

General Discussion and Future
Directions

6.1 General Discussion

The primary aim of this thesis was to determine whether malonate ester prodrugs may inhibit
mitochondrial ROS production and thereby ameliorate IRI in kidney transplantation. This
was investigated using a model of renal IRI in the mouse and translational models kidney
transplantation in the pig and human. Much of the data presented in this thesis represents
preliminary studies for the use of malonate ester prodrugs in a transplant setting. Whilst
important inroads towards this goal have been made, a number of significant hurdles must
still be overcome and are discussed in each of the sections below.

6.1.1 Measurement of Mitochondrial ROS Production In Vivo

In Chapter 4, the ratiometric, mass spectrometry probe MitoB was used to assess the level of
mitochondrial ROS production on reperfusion in the mouse. However, MitoB was unable to
detect a difference in mitochondrial ROS production on reperfusion between control kidneys
and those treated with malonate ester prodrugs. Interestingly, however, administration of
malonate ester prodrugs at reperfusion led to a reduction in tissue injury as measured by
serum creatinine concentration suggesting the compounds had a protective effect (as shown
in Chapter 5). This was likely due to the inhibition of mitochondrial ROS production as
malonate concentrations were only transiently raised in the tissue excluding other later effects.
This led to the suggestion that MitoB may be limited in its sensitivity to accurately measure
the burst of superoxide produced by mitochondria on reperfusion or that the wrong time
point to measure the MitoP/MitoB ratio on reperfusion had been selected (see Section 4.9.1).
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The necessity of measuring mitochondrial ROS production in vivo is an important
discussion point, given the technical challenges and the fact malonate has been shown
to inhibit mitochondrial ROS production in vitro using other more accurate assays [14].
However, as previously discussed, the in vitro environment can differ greatly from the
physiological conditions present within an organ or tissue in vivo. Therefore, during the early
stages of drug development and translation, it is important to examine potential reasons why
a particular compound that proved promising in vitro experiments did not lead to the desired
effect in vivo.

Assuming the mechanism of mitochondrial ROS production during IRI described by
Chouchani et al [15] may be applied to the kidney (as was done in this thesis), a lack of
efficacy of malonate ester prodrugs may occur under a number of circumstances. First, the
malonate compound may not have entered mitochondria rapidly enough or to the correct
concentration to inhibit SDH at the appropriate time point leading to either succinate ac-
cumulation during ischaemia or rapid oxidation of succinate on reperfusion. Alternatively,
the malonate compound may have successfully inhibited either succinate accumulation or
oxidation, leading to a reduction in mitochondrial ROS production but not tissue injury.
This would imply that succinate-driven mitochondrial ROS production may not significantly
contribute to IRI in vivo as in vitro. Lastly, our assumption that the rapid oxidation of
succinate on reperfusion is the primary driver of mitochondrial ROS production in the kidney
may be incorrect. In this scenario, malonate may successfully inhibit either succinate accu-
mulation during ischaemia or oxidation on reperfusion without affecting mitochondrial ROS
production and would imply mitochondrial ROS production and tissue injury occur primarily
through other mechanisms.

Distinguishing between the different scenarios described above and formally testing our
assumption that succinate is a key driver of mitochondrial ROS production in the kidney
(particularly as most previous has been conducted in the heart) is therefore fundamental in
furthering the translation of malonate ester prodrugs to clinical transplant practice. However,
this will require more sensitive methods of measuring mitochondrial ROS production in vivo
to be identified. This will allow the mechanism of mitochondrial ROS production in the
kidney to be tested under more physiological conditions in vivo, either by altering the mito-
chondrial membrane potential e.g. with oligomycin or uncouplers, or succinate concentration
e.g. with AMS, during IRI [193]. Subsequently, if the mechanism described by Chouchani
et al holds true in the kidney, the effect of malonate ester prodrugs on mitochondrial ROS
production could be investigated with greater clarity and confidence in a similar manner to
MitoB experiments presented in Chapter 4. If mass spectrometry suggests malonate does not
reach sufficient concentrations in the tissue to inhibit SDH during ischaemia or reperfusion
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(by comparing to either mass spectrometry measures of succinate concentration or more
sensitive measures of mitochondrial ROS production), then alternative strategies, such as the
use of the mitochondrial-targeting TPP moiety, can instead be investigated. Alternatively,
if mass spectrometry suggests malonate does sufficiently inhibit SDH in a particular exper-
iment, then more accurate and sensitive measures of mitochondrial ROS production will
allow decisions on the relevance of a particular mechanism or target of mitochondrial ROS
production in the kidney to be made with more certainty.

As briefly discussed, there are a number of other techniques that may be used to measure
mitochondrial ROS production in vivo, either directly or indirectly. Direct measures include
the use of spin trapping and electron spin resonance (ESR) . Electron spin resonance measures
a quantum property of electrons called spin. In essence, unpaired electrons may act as a small
magnet and align in parallel or opposition (antiparallel) to an external magnetic field, creating
two possible energy levels for the electron. If electromagnetic radiation of the correct energy
(usually in the microwave range) is then applied to the molecule containing the unpaired
electron, it will be used to move the electron from the lower energy level to the upper one,
producing an absorbance spectrum which can be used to identify the molecule. Electron
spin resonance is too insensitive to measure superoxide and hydroxyl radicals, however
larger compounds or spin traps may specifically react with oxygen radicals to form a stable
radical that can subsequently be detected by ESR. Spin traps may be administered in vivo
and subsequently extracted from clamp frozen tissue for analysis via ESR. For example,
hydroxylamine spin traps have previously been used to measure superoxide production on
reperfusion in a rat model of pancreas transplantation [301]. Mitochondrial ROS production
during IRI may specifically be measured using TPP-hydroxylamine spin traps, such as
Mito-TEMPO. Mito-TEMPO, which reacts with superoxide, has a rate constant of ∼103-104

M-1 s-1 and will compete for the superoxide signal on reperfusion with MnSOD that has a
rate constant of 6.8 x 108 M-1 s-1 [302] [303]. Whilst MitoTEMPO is approximately 4-5
magnitudes less reactive with superoxide than MnSOD, this difference is much less than the
difference between MitoB (rate constant ∼9 M-1 s-1) and the peroxidases (rate constant 2 x
107 M-1 s-1) for hydrogen peroxide [268]. Mito-TEMPO may therefore be better suited to
detecting the transient and rapid increase in mitochondrial ROS production that occurs during
IRI. However, ESR requires specialist equipment and expertise that were not available during
this thesis. Instead, detection of mitochondrial ROS production in vivo could be further
investigated using the newly designed mass spectrometry probe MitoNeoD. MitoNeoD reacts
with superoxide at a rate of ∼104 M-1 s-1 and similar to Mito-TEMPO, may be better able to
compete for the mitochondrial ROS signal upon reperfusion [304].
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Meanwhile, indirect measures of mitochondrial ROS production include the aconitase
assay as described in Chapter 4 or additional markers of oxidative damage not investigated in
this thesis. These include F2-isoprostanes or hydroxylation products of aromatic compounds,
such as phenylalanine, administered prior to ischaemia [305] [306]. However, problems
again exist in the stable extraction of these markers without causing additional oxidation
that may affect the subsequent level of oxidative damage measured. Furthermore, whilst the
aconitase assay is relatively specific for mitochondrial superoxide production, other measures
of oxidative damage may not discriminate between ROS species or sites of ROS of production
and therefore require careful interpretation [272]. Nevertheless, these approaches could be
used in future experiments either individually or in combination to establish a reliable marker
for mitochondrial ROS production on reperfusion.

6.1.2 Characterisation of the Translational Models of Kidney Trans-
plantation in Mice, Pigs and Humans

In this thesis a number of translational animal models were used to investigate the role
of mitochondrial ROS production in kidney transplantation. As discussed in Chapter 1,
translational models play an essential role in bridging the gap between the laboratory bench
and patient bedside. This is important as many models used early on in the drug development
process may oversimplify the mechanisms leading to tissue injury [307]. By closely simulat-
ing the clinical conditions of disease, translational models may help to identify compounds
likely to be efficacious in humans at an earlier stage of drug development. This would
allow the limited resources available to a drug development to be allocated more efficiently
and economically. In this thesis, the importance of using translational models in transplant
research was emphasised in Chapter 3 where the metabolic changes that occurred during
kidney retrieval and cold storage were much greater in the pig and human than in the mouse.

Whilst the mouse model of renal IRI may not have accurately reflected many aspects of
organ transplantation, it was nevertheless useful in identifying promising compounds in the
early stages of drug development. In comparison to the pig and human models of kidney
transplantation, the mouse model of renal IRI enabled rapid screening of novel malonate
ester prodrugs administered at different timepoints during IRI. The surgical procedure was
also relatively simple, requiring less training compared to more complex models described in
Chapter 1. However, depending on the outcome measured, the mouse model of renal IRI
could be variable requiring large sample sizes to achieve an appropriate level of power as
discussed in Chapter 5. This was partly due to the large number of confounding factors that
may affect IRI, including animal temperature, hydration status and method of anaesthesia.
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However, strict measures were taken to control for these factors as described in Chapter 2.
The mouse model of renal IRI will thus continue to be useful for the screening of future
malonate and other mitochondrial compounds and aid in their early translation from in vitro
models to clinical transplantation.

Meanwhile, the pig model enabled the effect of mitochondrial ROS production to be
investigated in the kidney under the conditions that more closely resemble transplant practices.
In addition, the size, anatomy and physiology of the pig kidney is closely related to that in the
human [242] [243]. However, pig kidneys exposed to 6 h cold ischaemia in the model more
closely resemble LD grafts than DBD grafts which are associated with additional damaged
related to the catecholamine and cytokine storms. Similarly, pig kidneys exposed to warm
ischaemia likely experienced a more extreme level of injury than typically encountered DCD
grafts in the UK. This time was chosen to investigate the full injury that may be experienced
in the model as discussed in Chapters 4 and 5 however, it is also worth re-emphasising young
and healthy pigs were used compared to human organ donors who commonly suffer from
multiple comorbidities and are typically older in age. Nevertheless, a key advantage of
the model is that malonate compounds may be administered to the pig at different stages
during the transplant process that closely reflects clinical practice and it is possible to train a
non-surgical professional (myself) to retrieve kidneys from the pig independently.

As discussed in Chapter 1, pig kidneys were not transplanted into recipients but reperfused
using EVNP. This was logistically and economically more practical than performing full
transplant studies in the pig at this early stage of drug development. Moreover, ex vivo
perfusion enables close monitoring of kidney function during the initial reperfusion period
and for multiple tissue, blood and urine samples to be taken from the kidney that would not
be possible in full transplant experiments [247]. Of note, EVNP is already used in clinical
practice and the data gained from experiments in the pig may help to further understand the
effects of EVNP in clinical transplantation [139]. Nonetheless, as discussed in Chapter 5,
EVNP of pig (and human) kidneys is currently limited to approximately 6 h due to haemolysis
of red blood cells within the perfusion circuit. The perfusion time may be extended further
if fresh porcine blood was available to replace the initial perfusate. However this was not
possible in this thesis and would likely require another pig of the same blood type to act as a
blood donor. It is thus likely that full transplant studies would be required to investigate the
effect of mitochondrial ROS production and malonate ester prodrugs at longer timepoints
following transplantation. Importantly, full transplant experiments should only be conducted
with the most promising compounds already tested in the pig and human EVNP model of
kidney transplantation in future experiments.
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Lastly, a novel method for investigating the efficacy of mitochondrial compounds in
human tissue was developed as part of this thesis. Declined human kidneys offered for
research were reperfused for 1 h using EVNP in order to ‘reset’ their metabolic profile before
being re-exposed to ischaemia and reperfusion as described in Chapter 5. It is hoped that this
model could be used to further identify the most efficacious compounds for use in humans as
well as informing future clinical trials. As discussed in Chapter 5, an element of conditioning
is unavoidable in the model but may be controlled for by using pairs of kidneys from the same
donor. Furthermore, the model is not dissimilar to the use EVNP in clinical transplantation
and may again help to further understand the protective mechanisms of this technique [139].
The model is also very similar to the pig model and comparisons may be made between the
two species to further aid in the identification of the most efficacious compounds for use in
future trials. However, the reperfusion of human kidneys is also limited by the haemolysis
of red blood cells within the perfusate and whilst this may be more easily replaced than in
the pig model, it is still difficult to maintain the kidney on the circuit for long periods due to
the deterioration of other perfusion parameters. Nevertheless, the effect of mitochondrial
compounds on initial ROS production and injury may be easily assessed in the human kidney
using EVNP and provide important dosing and toxicity information for use in future human
trials.

6.1.3 Use of Malonate Ester Prodrugs to Inhibit Mitochondrial ROS
Production in Kidney Transplantation

As described in Chapter 1, mitochondrial ROS production during IRI may be targeted via
a number of different strategies [15] [17]. The main focus of this thesis however was to
determine whether malonate ester prodrugs may be used to inhibit mitochondrial ROS
production that occurs during IRI in kidney transplantation.

Malonate is a competitive inhibitor of SDH and may inhibit mitochondrial ROS produc-
tion by inhibiting either the accumulation of succinate that occurs via reverse action of SDH
during ischaemia or rapid oxidation of succinate by SDH that drives RET and ROS produc-
tion on reperfusion. However, to effectively achieve either one of these goals, malonate must
be present within mitochondrial at the correct dose and time [308]. As discussed previously,
malonate is a charged molecule and must therefore be administered in a cell permeable form
to pass through lipid membranes in vivo. The negatively charged groups on malonate are
covered by an alkyl moieties in malonate ester prodrugs via formation of an ester bonds;
however, these must be subsequently hydrolysed by intracellular esterases in order to release
active malonate and for SDH inhibition to occur. Sufficient time prior to either ischaemia or
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reperfusion must therefore be available to allow malonate ester prodrugs to accumulate and
undergo hydrolysis within mitochondria.

In most clinical scenarios involving IRI, the onset of ischaemia is unpredictable and the
only opportunity to administer therapies aimed at reducing mitochondrial ROS production is
at the point of reperfusion. In such instances, malonate ester prodrugs (or other mitochondrial
compounds) must rapidly accumulate within mitochondria in their active form to inhibit
mitochondrial ROS production. As the burst of mitochondrial ROS production occurs
rapidly on reperfusion, many compounds do not reach sufficient concentrations in the
tissue to effectively inhibit this process and prevent subsequent injury [309]. However, organ
transplantation is unique in that the onset of ischaemia is more easily anticipated and there are
multiple opportunities to administer mitochondrial therapies during the retrieval, preservation
and transplant process, as described in Chapter 1. This may facilitate the use of compounds
that would not otherwise be effective in other forms of IRI.

In this thesis, the efficacy of malonate ester prodrugs administered either prior to is-
chaemia or at reperfusion was first investigated in the mouse model of renal IRI to screen
for the most promising compounds for future use in the pig and human models of kidney
transplantation. In Chapter 3, I investigated whether malonate ester prodrugs administered
prior to the onset of ischaemia may inhibit SDH reversal and succinate accumulation. Admin-
istration of malonate ester prodrugs prior to ischaemia did not lead to a reduction in succinate
accumulation in the mouse model of renal IRI despite clear inhibition of SDH activity. As
discussed, succinate may also accumulate through alternative pathways during ischaemia,
including glutaminolysis and canonical CAC activity, and the effective inhibition of succinate
accumulation in the kidney requires further investigation [14] [175]. Malonate ester prodrugs
were also administered prior to ischaemia in the pig model of kidney transplantation in
Chapter 3. However, a definitive conclusion on the effect of malonate ester prodrugs on
succinate accumulation could not be drawn from these pilot experiments. Nevertheless,
important dosing and timing information was obtained for future use.

In Chapters 4 and 5, I investigated whether malonate ester prodrugs administered prior
to ischaemia or at the point reprfusion may instead inhibit mitochondrial ROS production.
Administration of malonate ester prodrugs prior to ischaemia or at the point of reperfusion
did not lead to a reduction in mitochondrial ROS production as measured by the ratiometric
probe MitoB in the mouse model of renal IRI. However, as discussed above, MitoB may
be limited in its sensitivity to accurately measure the rapid burst of mitochondrial ROS on
reperfusion and other measures of mitochondrial ROS and oxidative damage should ideally
be investigated in future experiments. Nevertheless, administration of either DMM or MAM
at the point of reperfusion led to an improvement in kidney function as measured by the
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serum creatinine concentration at 24 h reperfusion. Whilst this suggested both DMM and
MAM were hydrolysed rapidly enough to inhibit succinate oxidation and ROS production
within the ischaemic tissue on reperfusion, a 10-fold lower dose of MAM compared to
DMM was able to achieve the same protective effect. As previously discussed, MAM is
hydrolysed more rapidly by PLE than DMM in vitro and malonate accumulates more rapidly
and to higher concentration in the kidney when MAM and DMM are administered as an
intravenous injection to mice (personal communication, Hiran Prag). This may explain the
greater efficacy of MAM compared to DMM in vivo. Furthermore, the lower concentration of
MAM required will likely reduce the degree of adverse, off-target effects of these compounds.
This is particularly important for the clinical translation of malonate ester prodrugs, as the
high dose DMM currently used in the pig led to cardiac depression and is unlikely to be
approved for use in human kidney transplantation as discussed in Chapter 5. Further dosing
studies of DMM and MAM administered at reperfusion should now be conducted in the
mouse, similar to those presented in Figure 3.20, to find the optimal therapeutic range of
each compound.

In addition, the concentration of malonate prodrugs required to inhibit mitochondrial
ROS production on reperfusion may be reduced even further with the future use of mitochon-
drial targeted malonate compounds, as described in Chapter 1. These compounds typically
comprise a TPP cation linked by a carbon chain with the intended mitochondrial cargo. The
positively charged TPP cation is strongly attracted to the negatively charged inner mito-
chondrial membrane potential, accumulating several hundred-fold within the mitochondrial
matrix. A promising compound currently under development in our Lab is TPP11-malonate,
which when given at a 10x lower dose to MAM at reperfusion (e.g. 1.6 mg/kg versus 16
mg/kg) led to a similar reduction in infarct size in a mouse model of myocardial infarction
(personal communication, Hiran A Prag). The effect of TPP-linked malonate esters on
mitochondrial ROS production in kidney transplantation may subsequently be investigated in
future experiments using the models described in this thesis.

Lastly, the use of malonate ester prodrugs to inhibit mitochondrial ROS production on
reperfusion was also investigated in the pig model of kidney transplantation. These experi-
ments demonstrated that malonate ester prodrugs given during back-table flush may undergo
hydrolysis during subsequent cold preservation, such that sufficient levels of malonate were
present in the tissue to inhibit mitochondrial ROS production on reperfusion. This is impor-
tant, as administration of novel therapies during back-table flush currently represents the
easiest approach to incorporating the use of malonate ester prodrugs into clinical practice.
Administration of novel compounds to the isolated organ during back-table flush may also
have a number of other advantages over their administration to the organ donor or recipient.
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For example, off-target and toxic effects to other organs can be avoided, possibly allowing
larger concentrations of the compound to be used; conversely, organ specific delivery may
enable a lower concentration of the compound to be used. The optimal dose and time to
administration malonate ester prodrugs in kidney transplantation still requires further inves-
tigation. The pig and human translational models of kidney transplantation described and
characterised in the this thesis will play an important role in these future experiments.

6.2 Future Directions

The future directions of this projection can be divided into short and long term objectives.
In the short-term, future experiments should focus on the two main areas discussed above.
Firstly, more accurate and sensitive methods of measuring mitochondrial ROS production
during IRI in vivo should be identified, and secondly, preliminary findings in the mouse should
now be investigated under conditions that more closely resemble clinical transplantation in
the pig and human models. To aid in this process, further dosing experiments in the mouse
and additional markers of tissue damage, cell death and inflammation should be identified in
the pig and human models as discussed above and in Chapter 5. In the longer-term, two other
areas are of particular interest in renal IRI and kidney transplantation. These include the
effect of mitochondrial damage following IRI on long-term kidney function and the additional
roles of succinate accumulation during IRI and subsequent tissue repair. These processes are
discussed in detail below and may form important targets for future mitochondrial therapies.

6.2.1 Effect of Mitochondrial ROS Production on Long-Term Graft
Function and Survival in Kidney Transplantation

As discussed in Chapter 1, the IRI that occurs during kidney transplantation may influence
long-term graft function and survival. Whilst this thesis primarily focused on the effect
of mitochondrial ROS production on initial graft function following IRI, improving long
term graft function and survival is also incredibly important in helping to reduce organ
demand and improve patient morbidity and mortality. As described in Chapter 1, maladap-
tive repair following IRI in the kidney may promote a persistent pro-inflammatory milieu,
G2/M cell cycle arrest of tubular cells and the development of tissue fibrosis, during which
mitochondrial dysfunction is thought to play a central role [114] [299]. Interestingly, SS-31,
a mitochondria-targeted peptide, administered for 6 weeks, following kidney IRI in rats, led
to improved mitochondrial integrity, reduced expression of pro-inflammatory markers and
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arrested interstitial fibrosis [310]. Mitochondrial damage following IRI may therefore also
play an important role in chronic graft dysfunction following kidney transplantation.

Malonate ester prodrugs are not suited to the inhibition of persistent mitochondrial
ROS production that occurs following IRI in CKD as this is likely produced by through
an alternative mechanism to rapid succinate oxidation and RET [177]. However, inhibition
of mitochondrial ROS production during initial reperfusion may improve mitochondrial
function on reperfusion and dampen the immune response to IRI which may subsequently
alter the development of chronic graft dysfunction. This hypothesis could be investigated in
future experiments using the mouse model of renal IRI described in this thesis. The ischaemia
time of 20 mins used to investigate the effect of malonate ester prodrugs on initial kidney
injury in the mouse is known to be non-lethal and has previously been used to investigate the
mRNA changes for up to 12 months after IRI [240].

6.2.2 Additional Roles of Increased Succinate Levels in IRI and Kid-
ney Transplantation

In addition to its role in mitochondrial ROS production, succinate is increasingly recognised
as an important signalling molecule that may communicate the metabolic status of the
mitochondria to the nucleus of the cell and the surrounding extracellular tissue. This is
achieved through numerous mechanisms as shown in Figure 6.1 and has been implicated in
several regulatory and inflammatory processes [164] [311]. In particular, increased succinate
levels stabilise the transcription factor HIF-1α via direct inhibition of prolyl hydroxylases
(PHD) in macrophages, driving them towards their M1 pro-inflammatory phenotype and
has been shown to exacerbate tissue injury in a mouse model of rheumatoid arthritis [312]
[313]. Succinate has also been shown to increase the activation of dendritic cells via the
G-protein coupled receptor, SUCNR1, leading to an increased rate of skin graft rejection
in WT compared to Sucnr1-/- mice [314]. Furthermore, succinate is thought to mediate the
release of renin in the kidney whilst chronic activation of SUCNR1 in renal epithelial cells
may contribute to tubular interstitial fibrosis in diabetic kidney disease [315] [316]. Increased
succinate may also affect proteins involved in cellular metabolism via post-translational
modifications such as lysine succinylation and inhibit JMJD histone demethylases and TET
hydroxylases at very high (millimolar) concentrations leading to epigenetic changes to
nuclear DNA.

As demonstrated in this thesis, succinate accumulates 5-10 fold in human kidneys
during organ retrieval and cold preservation whilst approximately two-thirds of accumulated
succinate is ‘washed’ out of ischaemic tissue on reperfusion [175] [317]. Increased levels
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Figure 6.1 Succinate Signalling in Kidney Transplantation. Accumulation of succinate that occurs
during ischaemia may lead to the stabilisation of HIF-1α , lysine residue succinylation and SUCNR1
activation. On reperfusion, a large proportion of accumulated succinate is ’washed out’ of tissues
where it may mediate further signalling roles. In particular, increased succinate has been shown
to promote a pro-inflammatory phenotype via HIF-1α stabilisation in macrophages, which may
exacerbate the acute inflammatory response to IRI in kidney transplantation. In addition, succinate
may increase the activation of dendritic cells via the SUCNR1 receptor, promoting graft rejection.
Meanwhile, chronic activation of SUCNR1 in renal epithelial cells may contribute to the development
of tubulointerstitial fibrosis whilst lysine succinylation may impair the function of numerous metabolic
enzymes including ICDH, GAPDH, PDH and SDH. Finally, succinate is not thought to accumulate to
levels required to inhibit JMJD and TET enzymes (typically milli-molar concentrations) and induce
epigenetic changes under conditions of IRI. Figure adapted from Ryan et al (2019).
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of succinate that occur during IRI may therefore play additional roles in tissue injury in
kidney transplantation, particularly in inflammatory cell pathways. This could have important
consequences for the overall level of injury that occurs following IRI in the kidney as well
as long-term graft function and survival. The additional roles of succinate in kidney injury
should therefore be investigated in future experiments using the models of renal IRI and
kidney transplantation described in this thesis. In particular, the effect of succinate inhibition
on macrophage activation following IRI could be investigated using flow cytometry in a
similar manner to Peruzzotti-Jametti et al (2018) who showed macrophage activation was
reduced in the brain of mice when transplanted with neural stem cells that reduced the CSF
concentration of succinate [318].

6.3 Final Summary

In this thesis, I showed the metabolic changes required for mitochondrial ROS production on
reperfusion occur in grafts retrieved from all donor types and may partly relate to the difficulty
in effectively cooling organs to prevent rapid succinate accumulation that occurs during
warm ischaemia. I also showed the ratiometric probe, MitoB, may be limited in its sensitivity
to accurately quantify the burst of superoxide from kidney mitochondria on reperfusion;
however, the metabolic changes that drive mitochondrial ROS production on reperfusion in
vitro occur in the mouse, pig and human models of renal IRI and kidney transplantation in
vivo. I then showed malonate ester prodrugs administered at reperfusion (but not prior to
ischaemia) led to an improvement in kidney function following renal IRI in the mouse. Of
note, a 10x lower dose of MAM could achieve the same protective effect as DMM which may
have important implications for the future translation of these compounds. Lastly, I presented
preliminary experiments in the pig and human models of kidney transplantation which have
provided important dosing and timing information for the use malonate ester prodrugs in
these models. Future experiments should now aim to determine whether malonate ester
prodrugs (or mitochondria-targeted malonate compounds) may have the same protective
effect in the pig and human models of kidney transplantation via the strategies discussed
above. As these models closely resemble the conditions of clinical transplantation, it is hoped
the results from experiments in the pig and human model may go on to inform the use of
malonate ester prodrugs in future clinical trials.
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