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Abstract: Renal transplantation is the preferred treatment for patients with end-stage renal disease.
The current gold standard of kidney preservation for transplantation is static cold storage (SCS) at
4 °C. However, SCS contributes to renal ischemia-reperfusion injury (IRI), a pathological process
that negatively impacts graft survival and function. Recent efforts to mitigate cold renal IRI involve
preserving renal grafts at higher or subnormothermic temperatures. These temperatures may be ben-
eficial in reducing the risk of cold renal IRI, while also maintaining active biological processes such as
increasing the expression of mitochondrial protective metabolites. In this review, we discuss different
preservation temperatures for renal transplantation and pharmacological supplementation of kidney
preservation solutions with hydrogen sulfide to determine an optimal preservation temperature to
mitigate cold renal IRI and enhance renal graft function and recipient survival.

Keywords: renal transplantation; hydrogen sulfide (H,S); ischemia-reperfusion injury (IRI); renal
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1. Introduction

The global incidence of end-stage renal disease (ESRD) has increased by 35% over the
past decade [1]. ESRD is classified as the final stage of chronic kidney disease in which
renal function has declined to the point where the kidney is no longer able to support an
individual’s daily needs. Patients with ESRD exhibit a glomerular filtration rate of less than
15 mL/min, which is a clinical marker of severe kidney damage [2]. The most common
causes of ESRD in North America are diabetes and hypertension, which are chronic diseases
often associated with older age. The global prevalence of ESRD and its risk factors is thus
predicted to continue rising over the next decade due to the growing senior population [3].
Approximately 5 million people with ESRD require renal replacement therapy in the form of
dialysis or kidney transplantation, thus illustrating the significant burden ESRD has on the
global healthcare system [4]. Dialysis is particularly effective for removing uremic toxins,
achieving electrolyte and pH balance, and resolving body fluid abnormalities [5]. However,
it is associated with several long-term risks such as increased infections, cardiovascular
complications, and hypotension [6,7]. It has been reported that dialysis carries a 5-year
survival rate of 44% along with its significant economic burden [8,9]. In Canada, for
example, a 10-year survival rate of patients with ESRD undergoing dialysis is less than
15%, which is comparable to other chronic illnesses such as cancer [10]. Considering the
major drawbacks in dialysis, renal transplantation has become the preferred therapeutic
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option for ESRD patients. Renal transplantation is a surgical procedure that has shown
significant growth with recent technological innovations since its inception in the mid-20th
century and is now a routine life-saving intervention in clinical practice today. Compared
to dialysis, renal transplantation is less costly and is associated with prolonged long-term
survival and dramatically enhanced quality of life [11,12]. To illustrate, a 5-year survival
rate of renal transplant recipients is approximately 80%, whereas it is only 44% in dialysis
patients [11].

2. Challenges in Renal Transplantation
2.1. Global Donor Kidney Shortage Crisis

Despite it being the established treatment option for patients with ESRD, there are
several challenges associated with renal transplantation. One of the greatest challenges in
renal transplantation is the global organ shortage crisis due to an ever-increasing number
of potential recipients, which ultimately leads to longer kidney transplant waiting lists,
increased wait times and the aging ESRD population, all of which lead to high mortality
while waiting for life saving organs [12,13]. Without a substantial increase in the number of
donor kidneys, relatively fewer patients with ESRD will enjoy the demonstrated benefits
of renal transplantation. In Canada, for example, even though just over 1500 kidney
transplants were performed in 2020, over 3000 Canadians were still on the transplant
waiting list by the end of the year [14]. In that same year, 110 Canadians died while
waiting for a kidney transplant, which is a 33% increase from the number of patients who
died the year before [14]. The adversities of a growing kidney transplant waiting list is
further exacerbated in the United States, where over 105 thousand patients are currently
on the national transplant waiting list, with 17 patients dying each day while waiting
their turn for a transplant [15]. The growing imbalance between the supply and demand
for transplantable kidneys suggests that ESRD patients requiring a kidney transplant
face an increasing lifetime probability of never receiving one. This increases mortality
rates, as patients with ESRD are forced to undergo longer periods of dialysis while renal
transplantation waiting lists continue to rise [15]. The global donor organ shortage crisis has
also necessitated the use of suboptimal renal grafts from high-risk donors such as marginal
and deceased donors to expand the deceased kidney donor pool to meet the rising demand
for renal transplantation. Unfortunately, renal allografts from this source are associated
with reduced viability characterized by delayed and/or reduced urine production and
filtration capacity, which increases post-transplant complications and mortality [16].

2.2. Renal Ischemia-Reperfusion Injury

Another significant challenge in renal transplantation involves renal graft procure-
ment, which is inevitably associated with a pathological process termed renal ischemia-
reperfusion injury (IRI). Renal IRI occurs due to temporal cessation of renal blood flow (i.e.,
ischemia) during the procurement process of the donor kidney and restoration of renal
blood supply (i.e., reperfusion) during implantation of the renal graft into the recipient [17].
At the cellular level, hypoxia occurs during ischemia, resulting in a switch from aerobic
to anaerobic metabolism, which subsequently decreases production of adenosine triphos-
phate (ATP), leading to intracellular acidosis associated with increased lactate production
(Figure 1). Consequently, lysosomal membranes destabilize, and lysosomal enzymes leak
out of the membrane and cause cytoskeletal breakdown [18,19]. This inhibits the activity of
Na*/K*-ATPase (an electrogenic transmembrane protein pump) and Ca?*-ATPase pump,
causing intracellular accumulation of Na* and water, resulting in cellular edema [19,20].
Moreover, Ca?* excretion decreases, leading to intracellular Ca?* accumulation. In the
mitochondria, Ca** accumulation is associated with overproduction of reactive oxygen
species (ROS; a natural by-product of cellular oxidative metabolism that is injurious to
cells and tissues) [21]. Furthermore, mitochondria release Ca?* into the cytoplasm, thereby
activating Ca?*-dependent cytosolic proteases and phospholipids, further contributing to
cellular edema. The cellular edema is commonly characterized by formation and opening
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of mitochondrial permeability transition pores (mPTP; an important indicator of mito-
chondrial dysfunction and determinant of apoptosis). This occurs along with activation
of the intrinsic apoptotic pathway, which includes the translocation of cytochrome c (the
initiator protein in apoptosis) and increased activity of caspases-3 (the executioner protein
in apoptosis), resulting in apoptotic cell death [22,23].
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Figure 1. Schematic diagram of renal ischemia-reperfusion injury caused by prolonged static cold
storage. Ischemia during renal graft procurement followed by prolonged static cold storage (SCS)
results in hypoxia, which decreases the activity of electron transport chain (ETC), leading to elec-
tron leakage and decreased production of adenosine triphosphate (ATP). This ultimately increases
mitochondrial production of reactive oxygen species (ROS). Reperfusion following ischemia, is
characterized by influx of oxygen during restoration of renal blood supply, which further increases
ROS production and cell death through necrosis and apoptosis. Thus, ischemia and reperfusion
form a paradoxical phenomenon referred to as ischemia-reperfusion injury (IRI). IRI also induces
inflammation of the renal tissue through infiltration of neutrophils and macrophages, leading to the
release of pro-inflammatory mediators such as cytokines and adhesion molecules. This causes innate
immune cells to adhere to the renal endothelium and extravasate to the interstitial space, where
they release more damaging ROS, causing further renal cell death and injury. Figure prepared with
BioRender (biorender.com).

Following ischemia is reperfusion, when warm oxygenated blood is restored to the
ischemic renal graft upon implantation of the donor kidney into the recipient. During
reperfusion, there is an influx of molecular oxygen, resulting in further production of
ROS [23-26]. This causes oxidative stress (i.e., the imbalance between ROS generation
and antioxidant production) and systemic activation of immune cells (e.g., neutrophils
and macrophages) and release of pro-inflammatory mediators (e.g., interleukin-6 and
tumor necrosis factor-o, chemokines, adhesion molecules) (Figure 1). This disrupts the
cell permeability, resulting in cell death. In the renal vasculature, ROS-induced oxidative
stress damages the vascular endothelium through nuclear factor-kB activation (NF-kB; an
inflammation-related transcription factor) and leads to renal cellular apoptosis (Figure 1).
Similar to the ischemic phase, intracellular Ca?* levels increase in the mitochondria, which
activate calpains (i.e., Ca?*-dependent proteases) that damage cellular structures, exacer-
bating renal tissue injury. Additionally, this leads to the activation of necrosis, which is
characterized by cell swelling and subsequent rupture of the cell membrane. This results in
the uncontrollable release of cell fragments that act as danger/damage associated molecu-
lar patterns (DAMPs) that activate innate and adaptive immune system pathways [27,28].
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Together, these pathological processes result in delayed graft function (DGF; the earliest
and most frequent post-transplant complications associated with higher rates of acute
cellular rejection and shorter renal graft survival) [27-30]. Overall, the surgical procedure
involving renal (and other solid organ) transplantation obligates IRI through loss of energy,
disruption of ionic hemostasis, overproduction of ROS, and cell death, which adversely
impacts short- and long-term graft survival and increases post-transplant complications.

3. Efforts to Mitigate Kidney Transplant-Induced Renal IRI and Improve Renal Graft
Quality for Transplantation

3.1. Static Cold Storage

Static cold storage (SCS) is currently the gold standard of renal graft preservation. SCS
reduces IRI by slowing cellular activity and decreasing the production of toxic metabolites
before transplantation, which preserves renal graft quality and reduces long-term post-
transplantation complications [31,32]. It involves storage of the renal graft in various
preservation solutions, such as University of Wisconsin (UW) solution, on ice at 4 °C prior
to kidney transplantation [32]. While short-term SCS of the renal graft reduces cellular
metabolism and limits ischemic damage, prolonged periods of SCS (>24 h) hinder the
benefits of SCS due to increased microvascular restriction, which increases the rate of
IRI and, therefore, DGF and chronic graft failure [33,34]. Hypothermia worsens ischemic
injury through reduced ATP production and metabolic activity, as well as reduced Na*/K*-
ATPase activity, which induces osmotic and mitochondrial perturbations. In turn, this
decreases renal cell survival, contributing to poorer renal graft function and transplantation
outcomes [34]. Therefore, optimization of renal graft preservation temperatures to mitigate
cold renal IRI is a critical goal in current kidney transplantation studies.

3.2. Hypothermic Machine Perfusion

To limit the negative impact of SCS and expand the pool of kidney donation from
high-risk donors, a new preservation technique called hypothermic machine perfusion
(HMP) was recently introduced. As with SCS, HMP preserves renal grafts in a preservation
solution at 4 °C prior to renal transplantation. However, HMP creates a flow through the
kidney that is generated by a pump in a circuit. This circuit allows for preservation solutions
to recirculate through the renal vasculature at various temperatures. The continuous perfu-
sion through a pump allows for substantial penetration of preservation solutions within
the renal graft, providing efficient oxygen and nutrient delivery to the renal parenchyma
and clearance of metabolic waste, while creating a platform for pharmacological inter-
ventions [35]. This makes HMP particularly suitable for preservation of renal grafts from
marginal and deceased donors. Although HMP has various advantages including lower
incidence of DGF compared to SCS, and the ability to predict transplant outcomes based
on the parameters it measures (e.g., temperature, pressure, and flow), the equipment it
requires is more complicated and expensive than SCS and requires continuous monitoring
and evaluation of the renal graft during preservation [35]. Thus, it is no surprise that SCS
of renal grafts at 4 °C has been the gold standard of renal preservation.

4. Alternatives to Hypothermic Renal Graft Preservation
4.1. Normothermic Temperatures at 35-37 °C

Recent studies have focused on potential benefits of normothermic machine perfusion
(NMP) of the renal graft at 35-37 °C on graft outcomes and survival. Hosgood et al. [36], for
example, examined whether normothermic preservation at 37 °C would enhance function
and survival of renal grafts from deceased donors. In their study, declined human DCD
(donation-after-circulatory-death) kidneys underwent ex vivo NMP at 37 °C for 60 min.
The authors observed improvement in renal graft function following NMP compared
those that underwent SCS [37]. Clinically, Minor et al. [37] reported that a human renal
graft procured from a marginal donor and subjected to NMP at 35 °C with controlled
oxygenated rewarming following 12.5 h of SCS, showed immediate graft function without
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complications. Considering that NMP is an emerging technology as an important adjunct
to renal graft preservation, these findings are of special interest in preservation of renal
grafts from marginal or deceased donors, which are known to be highly susceptible to
cold ischemic injury. Thus, NMP may provide a protective environment for the graft by
ensuring optimal oxygen delivery and supporting metabolic function. However, there
are still several limitations of normothermic renal graft preservation. Firstly, NMP, as a
modified form of HMP, requires a costly and complex setup that may not be feasible to
use in transplantation worldwide. Secondly, it requires renal graft perfusion with red
blood cells (RBCs) to ensure sufficient oxygen and nutrient delivery, as kidneys are highly
metabolically active at 37 °C. Clinically, third-party packed RBCs in perfusate solutions
is complicated, as these RBCs tend to have a limited shelf-life and can be restricted in
supply [36,37]. Therefore, future research with clinically approved NMP protocols that
addresses the need for blood and the high cost of NMP is essential.

4.2. Subnormothermic Temperatures at 20-22 °C

Considering the issues associated with NMP and SCS, perhaps subnormothermic
machine perfusion (SMP), a modified form of HMP, may be beneficial for preserving renal
grafts with the potential to significantly improve the outcome of marginal or deceased
donor kidneys after transplantation. The interest in SMP of renal grafts stems from the idea
that cold renal IRI can be prevented at these temperatures without increasing metabolic
demand to physiological levels like in NMP and at the same time without inducing SCS-
associated hypoxia [38—40]. In a porcine model of kidney transplantation, SMP of DCD
kidneys at 20 °C for 7 h followed by reperfusion with autologous blood for 2 h preserved
structural integrity of the renal graft, and significantly improved renal functional param-
eters such as renal blood flow, urine production and creatinine clearance compared to
SCS and HMP [41]. Previous work by our group also examined renal graft preservation
at subnormothermic conditions at 21 °C and 22 °C with Hemopure, a hemoglobin-based
oxygen carrier with exceptional oxygen-carrying capacity [42,43]. Following a 4 h reperfu-
sion with autologous blood, we observed upregulation in the expression of pro-survival
gene and downregulation of pro-apoptotic and hypoxia-response genes in renal grafts
preserved under SMP, which positively correlated with improvement in renal graft out-
comes (reduced acute tubular necrosis scores and decreased levels of urinary damage
markers and interleukin-6) compared to grafts under SCS [43]. However, like HMP and
NMP, the complex renal graft preservation setup at these subnormothermic temperatures
still required expensive equipment and significant manpower to ensure active delivery of
oxygen and nutrients to the renal grafts.

4.3. Subnormothermic Temperatures at 8-10 °C

Recent kidney transplantation studies have examined subnormothermic renal graft
preservation at 8-10 °C [44-46]. These subnormothermic temperatures are of interest
because organ metabolism is reduced to the point where oxygen and nutrient demand is
not as great as it is to temperatures closer to normal physiologic conditions. Further, it has
been shown that crucial cellular and molecular processes that maintain cellular integrity are
still active at 8-10 °C, but not at 4 °C, the current gold standard for renal graft preservation
(Figure 2). For example, reductive glutamine metabolism is active at ~10 °C, but not at 4 °C,
and this process leads to downstream reductive carboxylation [47,48]. This is essential for
maintaining redox homeostasis in hypoxic events or mitochondrial defects, as observed
in renal IRI. In an experiment to determine the effect of SMP on porcine cardiac grafts,
Michel et al. [44] observed that cardiac grafts subjected to 8 °C SMP for 12 h exhibited less
ATP depletion, lower endothelin-1 levels and less apoptosis compared to SCS-treated grafts
at the same temperature. In the same study, the authors reported greater mitochondrial
injury, endothelial cell rupture, and muscle fiber damage in SCS-treated grafts compared
to the SMP grafts. Preservation of lung grafts at subnormothermic temperature of 10 °C
for 36 h was also found to significantly increase the expression of mitochondrial protective
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metabolites including itaconate, glutamine and N-acetylglutamine compared to lung grafts
preserved at the conventional hypothermic temperature of 4 °C [45]. Following analysis of
mitochondrial injury markers, the authors further reported that preservation of lung grafts
at 10 °C resulted in greater protection of mitochondrial health relative to control grafts
preserved at 4 °C [45]. Functional assessments of ex vivo lung perfusion demonstrated that
porcine lungs under SMP at 10 °C had higher lung compliances and better oxygenation
capabilities, both of which indicate enhanced pulmonary physiology compared to lungs
that were stored at the conventional 4 °C storage [45]. The authors clinically applied their
preservation technique to human donor lungs and found that preservation of human lung
grafts at 10 °C can prolong preservation time to 36 h, while reducing graft dysfunction and
post-transplant mechanical ventilation [46]. Although renal graft preservation at 10 °C is
yet to be studied, the findings of these studies suggest that preservation of renal grafts at
subnormothermic temperatures of 8-10 °C may offer an option to reduce cold renal IRI
and DGE, and, thereby, improve graft quality and post-transplant outcomes.

Hypothermia

Static cold
storage of renal
grafts at4'C.

Mitochondrial Damage

1 ETC activity
| ATP production

1 Cell death and inflammation

| Renal graft function
and survival
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| Renal IRI

1 Renal graft function
and survival

Figure 2. Schematic representation of the effects of subnormothermic and hypothermic renal graft
preservation. Compared to static cold storage at 4 °C, subnormothermic temperatures (e.g., 822 °C)
are associated with increased reductive glutamine metabolism, which reduces renal ischemia-
reperfusion injury. In turn, subnormothermia can increase electron transport chain (ETC) activity,
which subsequently increases adenosine triphosphate (ATP) production and reduce generation of
reactive oxygen species (ROS) to protect the mitochondria and reduce cell death and inflamma-
tion. This mechanism enhances renal graft function and survival. Figure prepared with BioRender
(biorender.com).

5. Supplementing Kidney Preservation Solutions with Pharmacological Additives at
Various Temperatures to Mitigate Renal IRI

In addition to determining an optimal preservation temperature to mitigate transplant
induced renal IR, there is a growing interest in pharmacological modifications, such as the
addition of amino acids and gasotransmitters, of existing kidney preservation solutions
at various temperatures to further prevent renal grafts from IRI. Although conventional
preservation solutions contain impermeant agents, osmotic molecules and other important
supplements to sustain the low metabolic demand of the graft and prevent cellular edema
and ROS production during hypothermic preservation, the increasing incidence of cold IRI
and subsequent occurrence of DGF and other post-transplant complications defeat the goal
of hypothermic and subnormothermic graft preservation.
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5.1. Amino Acids and Proteins

Amino acids are well-established as molecules that can effectively supply nutrients
and can act as metabolic substrates in cells. Notably, amino acids can be used as additives
in kidney preservation solutions, as they exhibit antioxidant properties that can mitigate
renal damage from transplant induced IRI (Figure 3) [49,50]. For instance, in a canine
model of renal transplantation, L-arginine, an endogenous substrate for nitric oxide (NO)
synthase (an essential cellular signaling molecule part of immune defense mechanisms),
was introduced into kidney preservation solution [51]. Histological evaluation of canine
kidney structure revealed that L-arginine-supplemented preservation solution resulted in a
protective effect on long-term (72-h) hypothermic (4 °C) ischemic damage with reduced
lipid peroxidation [51]. Additionally, trophic factors (i.e., proteins that are essential for
cell survival) as additives in preservation solutions, such as UW solution, may further
protect kidneys from IRI. Kwon et al. [52] investigated trophic factor supplementation of
UW solution in an in vitro model of canine kidney transplantation. By supplementing UW
solution at 4 °C with trophic factors in primary canine kidney tubule cells, they found a
15% increase in mitochondrial membrane potential, indicative of protected mitochondrial
function, and a reduction of caspase-3 enzymatic activity, illustrating a reduction in early
apoptosis [52].

IRI

Apoptosis

Mitochondrial Damage Inflammation
LETC activiy Amino Acids,
Al .
| ATP production Gasotransmitters Mecrophage
Neutrophil
Caspase 3 .
i —
siRNA
21 /
{ Inflammatory
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and Injury S -
T~ 090
MMP-2 and .
Cell Death MMP-9 siRNAs .

Figure 3. Schematic representation of effective supplementation of kidney preservation solution
against renal IRI. Supplementing preservation solutions with amino acids or gasotransmitters can
inhibit inflammatory and oxidative stress pathways and prevent the reduction in mitochondrial
electron transport chain (ETC) activity and, thus, enhance adenosine triphosphate (ATP) produc-
tion. Additionally, caspase-3 and MMP-2 and MMP-9 siRNAs can inhibit renal cellular death and
inflammatory pathways, respectively, to protect renal grafts against ischemia-reperfusion injury and
delayed graft function. Figure prepared with BioRender (biorender.com).

In a rat model of renal transplantation, Celic et al. [53] investigated the use of recom-
binant bone morphogenetic protein-7 (thBMP-7), which is a member of the transforming
growth factor-f superfamily. During embryonic and adult life, the kidney is the major
synthesis site of thBMP-7, which induces the formation of bone at extraskeletal sites [54].
Notably, thBMP-7 is essential for proper kidney formation and development. Celic et al. [53]
perfused rat kidneys with thBMP-7-supplemented UW solution for 24 h of cold (4 °C) stor-
age and analyzed levels of lipid peroxidation, superoxide dismutase (SOD), and glutathione
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peroxidase (GSH-Px) using spectrophotometry. Overall, they found increased levels of lipid
peroxidation and increased activity of SOD and GSH-Px after 24 h compared to rat kidneys
perfused with UW only [53]. Thus, the authors concluded that rhBMP-7-supplemented UW
solution at 4 °C protects renal grafts against IRI. Although these findings are promising
for mitigating transplant induced IRI, the use of amino acids and proteins as additives in
preservation solutions has been limited to hypothermic renal preservation, which is still
associated with cold IRL

5.2. Signaling Pathway Inhibitors

Previous studies have demonstrated effective mechanisms of specifically targeting sig-
naling pathways implicated in renal IRI by using small interfering RNAs (siRNAs) [55-58].
Using a porcine model of kidney transplantation, Yang et al. [55] exogenously introduced
naked caspase-3 siRNA into normothermic preservation solutions and found reduced
caspase-3 expression levels and, thus, decreased renal cell apoptosis (Figure 3). More
recently, Moser et al. investigated the use of matrix metalloproteinases (MMPs) inhibitors
that were previously shown to protect human cardiac grafts, which were susceptible to
IRI, from damage [56-58]. Regarding kidney transplantation, increased levels of MMPs
(e.g., MMP-2 and MMP-9) are involved in pathological processes, such as tubular atrophy;,
fibrosis, basement membrane damage and renal failure [56,57]. Additionally, MMPs are
increased in kidney transplant patients with chronic antibody-mediated rejection [57,58].
Moser et al. reported that HMP of rat kidneys with MMP-2 and MMP-9 (i.e., MMPs in-
volved with inflammation associated with acute and chronic renal injury) siRNAs at 4 °C
protected the transplanted rat kidneys from IRI. Specifically, MMP-2 and MMP-9 siRNAs
inhibited the expression of MMP-2 and MMP-9 and, thus, reduced the incidence of DGF in
recipient rat kidneys (Figure 3) [56]. Although these preservation solution additives seem
promising for hypothermic kidney storage, future studies should investigate these siRNAs
at subnormothermic temperatures, as normothermic kidney preservation is associated with
a complex and costly setup, and hypothermic renal graft preservation is correlated with a
greater risk of IRL

5.3. Hemopure

Hemoglobin-based oxygen carriers, a type of blood substitute, has also been in the liter-
ature as another additive in kidney preservation solutions. This allows for the replacement
of autologous blood in renal graft preservation. Recently, Hemopure (Hemoglobin-based
oxygen carrier-201, HbO, Therapeutics LLC) has emerged as a promising additive for renal
perfusion. Hemopure is bovine-based hemoglobin that exhibits similar oxygen-carrying
capacity as human hemoglobin [59]. Aburawi et al. [60] demonstrated that perfusing
declined human kidneys for 6 h with Hemopure under normothermic conditions leads
to similar renal functional outcomes as perfusing declined human kidneys with packed
red blood cells. Studies at our centre have also shown that perfusing porcine kidneys
at subnormothermic temperatures of 21 and 22 °C reduced renal graft injury compared
to SCS [61]. As such, Hemopure is a promising additive to renal preservation solutions,
especially at subnormothermic temperatures.

5.4. Gasotransmitters

Recently, gasotransmitters have been applied in kidney preservation solutions at
hypothermic and subnormothermic temperatures as a promising therapeutic strategy to
mitigate prolonged cold renal IRI (Figure 3). Gasotransmitters are small gaseous signaling
molecules that are endogenously produced in mammals. They are present in mammalian
tissues at nanomolar to micromolar concentrations and are involved in essential physiolog-
ical functions such as vasodilation and cellular signaling [62,63]. The first molecule that
was classified as a gasotransmitter was NO due to its prominent role as an endothelium-
derived relaxing factor [64]. Carbon monoxide (CO) is another gasotransmitter that was
subsequently discovered to exhibit cellular signaling and vasodilatory actions like NO [65].
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These gasotransmitters are currently under experimental investigation in the context of
organ transplantation [66-68]. Hosgood et al. [69] previously demonstrated that perfusing
porcine kidneys under acute (10 min) normothermic preservation conditions and 16 h SCS
with NO and CO provided significant protection against renal IRI by modulating inflam-
matory and oxidative stress pathways. However, as previously mentioned, normothermic
renal graft preservation is complex and costly, and SCS still potentiates the risk of cold
renal IRI

5.5. Hydrogen Sulfide as a Gasotransmitter

Another gaseous signaling molecule that is receiving significant experimental atten-
tion is hydrogen sulfide (H,S). Historically, H,S was notoriously known for its toxicity and
death at high concentrations through its reversible inhibition of cytochrome c oxidase of
the mitochondrial respiratory chain to prevent oxidative phosphorylation and decrease
ATP production [70]. However, recent studies have revealed that H,S has risen above
its negative public image to become an important signaling molecule, possessing thera-
peutic properties such as antioxidant, anti-inflammatory, anti-apoptotic, anti-thrombotic,
vasodilating and pro-angiogenic properties at low physiological concentrations [71]. These
essential therapeutic properties of HyS suggest that it could be a promising candidate
drug in the field of kidney transplantation to mitigate cold renal IRI. Though, H,S gas is
not ideal to directly administer due to challenges with controlling and obtaining precise
concentrations in tissues. As such, H,S donors, molecules that release H,S, have been of
particular interest. Since HjS is highly volatile in solutions, ideal H,S donors generate H,S
with different rates of release and duration of treatment [70,71].

Several compounds such as sodium hydrosulfide, GYY4137 and AP39 have been iden-
tified as H,S donors and experimentally investigated in the context of kidney transplanta-
tion [72,73]. Among these, AP39 demonstrated a greater renal graft-protecting potential
with improved renal graft function and prolonged recipient survival following its addi-
tion to preservation solutions at hypothermic and subnormothermic temperatures [74-79].
AP39 is a slow-releasing H,S donor molecule that specifically targets the mitochondrion
(the major cellular site of transplant-induced IRI) and facilitates H,S entry [80]. In addition,
our research team demonstrated, in an in vitro model of renal IRI with porcine renal proxi-
mal tubular epithelial cells, that exogenous treatment with AP39 significantly reduced ROS
production and apoptosis, preserved mitochondrial integrity, and increased cell viability in
a dose-dependent manner following 18 h of hypoxia at 21 °C and 24 h of reoxygenation
at 37 °C in UW solution [43]. This finding supported our ex vivo observation in the same
study with identical preservation conditions using DCD porcine kidneys.

5.6. Sodium Thiosulfate—A Clinically Approved H,S Donor Drug

Considering that AP39 is still an experimental donor molecule and is, therefore, not
clinically viable, our research group began to study a clinically approved HyS donor
molecule, sodium thiosulfate (STS). STS is currently on the World Health Organization’s
list of essential medicines as an antidote for acute cyanide poisoning and as treatments
for cisplatin-induced organ toxicity and calciphylaxis in cancer and ESRD patients, re-
spectively [80-83]. We have recently shown in a rat model of renal transplantation that
supplementation of UW solution at 4 °C with STS during SCS elicited protective effects
against renal IRI. In comparison with control renal grafts preserved in only UW solution at
4 °C, we observed that renal grafts preserved in STS-supplemented UW solution at 4 °C for
24 h showed preserved renal structures, which were characterized by significantly reduced
acute tubular necrosis and apoptosis, as well as downregulation of pro-inflammatory and
pro-apoptotic genes [84]. In addition, renal graft function was significantly improved
immediately following transplantation, which, ultimately, prolonged recipient survival [84].
However, since there is still a risk of cold renal IRI at 4 °C, future studies should examine
the effects of STS-supplemented renal graft preservation at subnormothermic temperatures
to reduce renal IRI, DGF, and enhance renal graft function and recipient survival.
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6. Conclusions

The risk of cold renal IRI has existed with SCS of renal grafts at 4 °C for over half a
decade. With the growing incidence of DGF associated with IRI, and the ever-increasing
number of patients with ESRD who require renal transplantation, it is critical that we work
to shift the paradigm away from SCS at 4 °C to subnormothermic renal graft preservation
techniques. Not only would static subnormothermic storage of renal grafts be more cost-
effective and feasible for global healthcare systems, but it would also confer a significant
advantage of mitochondrial protection and enhance renal graft quality and patient survival.
Moreover, supplementing renal graft preservation at subnormothermic temperatures with
exogenous clinically approved HjS therapies, such as STS, may further enhance the mito-
chondrial and cytoprotective effects of subnormothermic renal graft preservation. These
preservation techniques could eliminate the risk of cold IRI that is associated with the
current standard of care, and, importantly, bridge the widening disparity between the
supply and demand for transplantable kidneys.
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