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Abstract: Ischemia-reperfusion injury (IRI) is encountered in various stages during solid organ
transplantation (SOT). IRI is known to be a multifactorial inflammatory condition involving hy-
poxia, metabolic stress, leukocyte extravasation, cellular death (including apoptosis, necrosis and
necroptosis) and an activation of immune response. Although the cycle of sterile inflammation
during IRI is consistent among different organs, the underlying mechanisms are poorly understood.
Receptor-interacting protein kinase 3 (RIPK3) and mixed-lineage kinase domain-like pseudokinase
(MLKL) are thought to be crucial in the implementation of necroptosis. Moreover, apart from “silent”
apoptotic death, necrosis also causes sterile inflammation—necroinflammation, which is triggered by
various damage-associated molecular patterns (DAMPs). Those DAMPs activate the innate immune
system, causing local and systemic inflammatory responses, which can result in graft failure. In this
overview we summarize knowledge on mechanisms of sterile inflammation processes during SOT
with special focus on necroptosis and IRI and discuss protective strategies.

Keywords: ischemia-reperfusion injury; necroptosis; solid organ transplantation; sterile inflammation

1. Introduction

Solid organ transplantation (SOT) has transformed the view to end-organ dysfunction.
It not only changed the quality of life for the patients with terminal illness, but also offers
a lifesaving treatment [1]. The beginning of transplantations era was in the 20th century,
when the first successful kidney transplantation was performed on 23 December 1954 by
Joseph Murray. He bypassed the barrier of rejection by using the patient’s identical twin as
the donor of a human kidney transplant [2,3]. These experiences provided a foundation
for discovering immunologic concepts for transplantation, including the knowledge of
allograft rejection and the development of immunosuppressive therapy. New surgical
techniques and immunosuppressive therapy allowed more efficient transplantations with
fewer complications, decreased ischemic injury events and lowered the host immune
response improving short and long-term graft survival [1]. However, long-term graft
survival remains one of the most important issues.

In all SOT, organs are destined to be exposed to ischemia-reperfusion injury (IRI) in
various stages, from organ retrieval and cold storage to implantation to the recipient. IRI
can compromise the early and long-term success of the graft. IRI is multifactorial inflam-
matory condition involving hypoxia, metabolic stress, leucocyte extravasation, cellular
death (including apoptosis, necrosis and necroptosis) and also an activation of immune
response [4]. IRI induces significant injury to the graft including innate immune response
in the recipient. All organs have specific mechanisms of IRI during transplantation, which
will be the further objective in this review.

Current studies mainly focused on the role of the T cell adaptive immune response and
lack of respective immunosuppression, which leads to innate immune response and grafts
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sterile inflammation (SI) and IRI. Many pathways are described which irreversibly damage
the transplanted organ involving among others apoptosis and necroptosis. However, it is
still not clear how necroptosis impacts adaptive immunity.

The aim of this overview is to overview the currently available literature on the known
mechanisms of necroptosis and immune rejection in SOT.

2. Materials and Methods

The literature search was performed in the PubMed, Web of Science and EMBASE online
databases. The following combinations for the search of the literature were used: “transplan-
tation” OR “transplant” AND “necroptosis” OR “ischemia-reperfusion injury” AND “organ”
OR “solid organ” OR “liver” OR “kidney” OR “lung” OR “heart” OR “pancreas”.

The accepted articles included clinical trials, meta-analysis, randomized control trials,
reviews and systematic reviews. The time limit was chosen to be 10 years. The search was
restricted to the English language. There were no other limitations. The most recent search
was performed on 22 February 2022.

At least two researchers reviewed the abstracts. After relevant abstracts were identified,
full-text articles were re-reviewed. Relevant articles from reference list of those selected
studies were also included.

3. Literature Overviw
3.1. Apoptosis vs. Necrosis vs. Necroptosis vs. Ferroptosis

Cell death is a fundamental process in embryonic and neonatal development as well
as in homeostasis in all organs in our body. Cell death is important in removing aged and
damaged cells, preventing organ dysfunction and carcinogenesis. Even though there are
many cellular death types, the major types dominating in SOT are necrosis, apoptosis and,
more recently discovered, the regulated cell death type—necroptosis. These main cellular
death types are summed up in Table 1. Another type of regulated necrosis—ferroptosis—
will be also discussed briefly. There are many other types of cell death, however, they are
not in the scope of this research.

Table 1. Differences between apoptosis, necrosis and necroptosis.

Apoptosis Necrosis Necroptosis

Type of cell death Controlled Uncontrolled Controlled

Triggers Development, self-renewal,
aging, trauma, stress Trauma, stress, infection Trauma, stress, infection

Morphology
Extensive membrane blebbing,

condensation and
fragmentation of the nucleus

Extensive organelle and cell
swelling, loss of integrity of

the cell membrane, release of
the intracellular contents

Cytoplasmic swelling, rupture
of the plasma membrane and

spilling of the
intracellular contents

Signaling pathway Intrinsic and extrinsic Unspecific Specific, e.g., TNRF1 pathway

Executioner Caspase (caspase 3, 6, 7, 8, 9) - RIP kinase (RIPK1, RIPK3)

Complex formed Apoptosome - Necroptosome

Inflammation response Anti- or pro-inflammatory Pro-inflammatory Pro-inflammatory

DAMP release Yes Yes Yes

Inhibitor Z-VAD fmk - Necrostatin-1

3.1.1. Apoptosis

One of the best-understood cellular death types is apoptosis, described as regulated
cellular death. Apoptosis normally occurs during development and aging and as a home-
ostatic mechanism to maintain cell populations in tissues. Apoptosis also occurs as a
defense mechanism such as in immune reactions or when cells are damaged by disease or
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noxious agents [5,6] and is characterized as a cascade of intracellular mechanisms leading
to programed cell death.

Apoptotic cell death is triggered either by the intrinsic (or mitochondrial) or extrinsic
(death receptor) pathway. Both pathways eventually are initiated by initiator caspase-8
and caspase-9 activating executioner caspase-3. Caspase-3 is then cleaved at an aspartate
residue to yield a p12 and a p17 subunit to form the active caspase-3 enzyme which is
responsible for DNA fragmentation, degradation of cytoskeletal and nuclear proteins, cross-
linking of proteins, formation of apoptotic bodies, expression of ligands for phagocytic cell
receptors and uptake by phagocytic cells [6,7]. Caspases are widely expressed in an inactive
form and once activated can activate other procaspases, initiating the protease cascade,
which leads to inevitable cell death. To date, ten major caspases have been identified
and broadly categorized into initiators (caspase-2, -8, -9, -10), effectors or executioners
(caspase-3, -6, -7) and inflammatory caspases (caspase-1, -4, -5) [8]. Another biochemical
feature of apoptosis is the expression of cell surface markers that result in the phagocytic
recognition of apoptotic cells, permitting quick phagocytosis with minimal effect to the
surrounding tissue [5].

The extrinsic pathway is initiated by the activation of the transmembrane “death do-
main”, which is a member of the tumor necrosis factor (TNF) receptor gene superfamily [9].
Binding of ligands and corresponding death receptors (FasL/FasR, TNF-α/TNFR1) results
in the binding of the adapter protein Fas-associated death domain (FADD) or the TNF
receptor-associated death domain (TRADD), correspondingly [10]. FADD then associates
with procaspase-8. After the activation of caspase-8, the execution phase of apoptosis is triggered.

The intrinsic pathway is a non-receptor modulated pathway. Negative (e.g., lack of
growth hormone) or positive (radiation, toxins, hypoxia, hyperthermia, viral infections, free
radicals) stimuli cause changes in the inner mitochondrial membrane, resulting in pore forma-
tion, loss of mitochondrial transmembrane potential and release of pro-apoptotic proteins [11].

The extrinsic and intrinsic pathways both reach the execution phase, which is the
same for both apoptosis pathways, with the activation of the execution caspases (Caspase-3,
caspase-6 and caspase-7). They activate cytoplasmic endonuclease, which degrades nuclear
material, and proteases, which degrade the nuclear and cytoskeletal proteins [5]. Phagocytic
uptake of apoptotic cells is the last component of apoptosis.

3.1.2. Necrosis

Necrosis, a quasi-unregulated type of cell death, occurs as a consequence of various
extracellular events leading to cell damage and its unprogrammed death [12]. Unregu-
lated cell death is accompanied by swelling of the cell, distention of cellular organelles,
clumping and degradation of nuclear DNA, extensive plasma membrane endocytosis and
autophagy [13]. Necrosis generally occurs as a consequence of sever changes in physio-
logical conditions, such as hypoxia, ischemia, hypoglycemia, toxin exposure, exposure to
reactive oxygen metabolites, extreme temperature changes and nutrient deprivation [9,10].

Mitochondrial permeability transition (MPT)-driven necrosis is one of the forms of
regulated cell death initiated by specific disruptions of the intracellular microenvironment,
such as severe oxidative stress and cytosolic Ca2+ overload, which manifests with a necrotic
morphotype [14–17]. Even though MPT is a type of regulated necrosis, MPT and other
types of regulated necrosis including ferroptosis and necroptosis seem to operate indepen-
dently form each other at least in pathological settings [18]. These observations in literature
suggest that MPT-driven regulated necrosis evolved more closely to MOMP-dependent
apoptosis than necroptosis, reflecting their different reliance on mitochondria [19]. Mito-
chondria tightly regulate calcium ion concentration in the mitochondrial matrix. Cellular
hypoxia during ischemia leads to increased intracellular Ca2+. This increase together
with oxidative stress opens mitochondrial permeability transition pores (MPTP) in the
inner mitochondrial membrane and allows for the efflux of protons and loss of the pH
gradient [20]. Opening of MPTP leads to water influx, mitochondrial swelling and the
rupture of mitochondrial membranes, followed by the release of sequestered cell death
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factors and ROS from mitochondria [21]. This eventually results in a loss of cell membrane
integrity and the release of the cytoplasmic contents into the surrounding tissue causing
local inflammation.

3.1.3. Necroptosis

Another more recently discovered cell-death pathway is necroptosis. This type of
cell death has several non-regulated cell death morphological features such as organelle
swelling, plasma membrane rupture, cell lysis, and leakage of intracellular components,
which later cause secondary inflammatory responses [22,23]. Additionally, necroptosis rep-
resents an inflammatory model of cell death, which is similar to non-regulated necrosis [24].
However, necroptosis is regulated by various proteins, precisely receptor-interacting pro-
tein kinases 1 and 3 (RIPK1 and RIPK3) as well as the downstream substrate pseudo kinase
mixed-lineage kinase domain like (MLKL) [11,14].

The necroptosis pathway can be initiated by ligand-dependent stimulation of cell
surface death receptors, such as Fas, tumor necrosis factor (TNF) receptor 1 (TNFR1), IFN
receptors (IFNRs), toll-like receptors (TLRs), and intracellular RNA- or DNA- sensing
molecules [25,26]. It is well known that the involvement of receptor-like Fas, TNFR,
and TNF-related apoptosis-inducing ligand (TRAIL) can lead to cell death through the
recruitment of caspase-8 which leads to initiation of the extrinsic apoptotic pathway [27].
A vast majority of studies show that inhibition of caspase-8 shifts the extrinsic apoptosis
towards the necroptosis mode of the cell through activation of RIPK3 and MLKL [28–30].
While caspase-8 is blocked, initiation of necroptosis is mediated by immune ligands FasL,
TNF, or Lipopolysaccharides (LPS), leading to activation of RIPK3 which further activates
the MLKL by phosphorylation [31]. Phosphorylated MLKL is translocated into the plasma
membrane and disturbs the integrity of the cell. MLKL acts in two ways: either it acts as
platform in plasma membrane for recruitment of Na+ or Ca2+ ion channels or promotes
the pore formation in the plasma membrane [32]. Two main conditions are needed for
necroptosis onset: cells must express RIPK3 and have inhibition of caspase-8. A large
number of in vitro studies have shown that inhibition of caspase-8 molecules resulted in
activation of RIPK3 which plays a key role in necroptosis [28,33].

Based on the main driving factors, necroptosis can be divided into three categories:
(i) extrinsic necroptosis stimulated by TNFα, (ii) intrinsic necroptosis stimulated by reactive
oxygen species (ROS), and (iii) ischemia-mediated intrinsic necroptosis [32].

During apoptosis, secretion of cytokines is minimal or even absent. During necroptosis,
it is a main event leading to inflammation. Nevertheless, the release of damage-associated
molecular patterns (DAMPs) from cells is the primary way by which necroptosis stimulates
the inflammatory response. Recent studies have shown that RIPK3 also activates the
formation of the so-called necrosome which is formed because of cellular stress or microbial
infection to activate caspase-1 and caspase-11. However, several studies have reported that
MLKL is essential for RIPK3-dependent inflammation.

3.1.4. Ferroptosis

Another type of newly discovered regulated necrosis is ferroptosis. It is triggered by
intracellular phospholipid peroxidation that is morphologically, biologically and genetically
different from other types of cell death and it is more immunogenic than apoptosis [34].
Ferroptosis is a unique form of non-apoptotic cell death that relies on iron and lipotoxicity
and it is triggered by iron-catalyzed lipid peroxidation initiated by non-enzymatic (Fen-
ton reactions) and enzymatic mechanisms (lipoxygenases [LOXs]) [35]. Morphologically,
cells undergoing ferroptosis have a typical necrotic morphology: small dysmorphic mi-
tochondria with reduced amounts of cristae, a condensed membrane, a ruptured outer
membrane and no hallmarks of apoptosis [36]. Several years of research on ferroptosis
revealed the crucial role of mitochondria through mitochondrial lipid, energy and iron
metabolism and other regulatory processes. Ferroptosis is usually characterized as the
excessive peroxidation of phospholipid membranes rich in polyunsaturated fatty acids
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through an iron-dependent mechanism that leads to cell death [37]. Moreover, ferroptosis
is also characterized by the massive release of oxidized lipid mediators. Compared to apoptotic
cells, which are immunologically silent, those undergoing necroptosis, and ferroptosis are more
immunogenic, as they release inflammatory cytokines and DAMPs promoting inflammation [38].

3.2. Ischemia-Reperfusion Injury

In all SOT organs are destined to be exposed to IRI in various stages, from organ
retrieval, cold storage to implantation to the recipient. IRI is a multifactorial inflammatory
condition involving hypoxia, metabolic stress, leukocyte extravasation, cellular death (in-
cluding apoptosis, necrosis and necroptosis) and also an activation of immune response [4].
The total tissue injury induced by IRI is divided into two parts: ischemia injury and
reperfusion injury.

Ischemic injury is caused by hypoxia and hyponutrition. The initial injury caused by
IRI is due to hypoxia. Low oxygen levels deplete ATP in mitochondria forcing them to
switch to anaerobic cellular metabolism. Decreased ATP impairs normal functioning of the
Na+/K+ pumps, restricting Na+ inside the cell. It also impairs Ca2+ excretion. The intracel-
lular Ca++ overload generates reactive oxygen species (ROS) and the activation of NADPH
oxidase [4]. ROS and the Ca2+ calcium overload produced during the initial metabolic
stress results in cell death associated with IRI. Moreover, IRI induces an accumulation of
lactate, which decreases intracellular pH and causes denaturation in proteins. In addition,
ROS also mediates lipid peroxidation and destruction of the cell membrane, while the Ca2+

increase inside mitochondria leads to membrane instability.
At the reperfusion stage, when the blood supply is re-established to ischemic tissue,

the generation of reactive oxygen species (ROS) is increased due to decreased levels of
antioxidative agents in ischemic cells. ROS cause oxidative stress, promoting endothelial
dysfunction, DNA damage and local inflammatory responses. Inflammatory cascades and
oxidative stress may afterwards induce a cytokine storm, which causes damage to cellular
structures resulting in cell death [39].

The cell response to the injury depends on the severity of total tissue injury [40].
Prolonged ischemia reperfusion injury can lead to apoptosis, autophagy, necrosis, and
necroptosis. To avoid cell death and injury to the graft, optimizing organ condition prior to
the transplantation is necessary. Therapeutic and non-therapeutic strategies to protect the
organ from IRI will be analyzed and described afterwards.

3.3. Transplantation and Sterile Inflammation

Sterile-inflammation is a form of pathogen-free inflammation caused by various stim-
uli such as mechanical trauma, ischemia, stress or environmental conditions such as ultra-
violet radiation. These damage-related stimuli induce the secretion of DAMPs and other
cytokines such as high-mobility group box-1 (HMGB1) extracellularly, which are recognized
by innate immune receptors such as TLRs, which in turn mediate sterile inflammatory
responses. Intracellular cytokines, such as interleukin-1α (IL-1α), are also important media-
tors of the sterile inflammatory response and can be released in their biologically active
forms from necrotic cells [41]. Despite the growing knowledge of stimuli to induce sterile
inflammation, the mechanisms how these stimuli trigger innate immune response is still not
fully understood. On cellular level, the immune responses to infection and inflammation
induced by sterile stimuli are similar. They include the recruitment of neutrophils and
macrophages, the production of inflammatory cytokines and chemokines, as well as the
induction of T-cell-mediated adaptive immune responses [42].

During transplantation the graft injury due to sterile inflammation is primarily associ-
ated with innate immune response; however, there is growing evidence suggesting that the
adaptive immune system is also involved. Further we will analyze the specifics of sterile
inflammation and necroptosis in different SOT settings.
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3.3.1. Liver Transplantation

First attempts in liver transplantation were done in 1963 by Starzl [43]. However,
patients died after 22 and 7.5 days, shortly after the operation. After recognizing early
setbacks, which included tissue ischemia, immunosuppression and coagulopathy chal-
lenges regarding biliary reconstruction, patients were surviving more than a year after
the transplantation [43]. Even with new redefined surgical techniques and immunosup-
pression, long-term graft survival remains one of the most important issues. During liver
transplantation, IRI is inevitable, and not only damages the graft, but is also associated
with distal organ damage resulting from activation of the immune system [44].

The ischemic phase of IRI in liver transplantation contributes to 10% of early graft
failure [45] and is also partly responsible for non-anastomotic biliary strictures [46,47]. At
the cellular level, ischemia and reduced blood flow results in hypoxia in liver sinusoidal
endothelial cells (LSEC), which subsequently triggers anaerobic metabolism in hepatocytes
and causes ATP depletion in mitochondria [48]. This results in ADP, lactic acid accumula-
tion and decreased pH levels in mitochondria. Due to depleted ATP levels, the function of
ATP-dependent sodium potassium (Na+-K+) pump channel changes resulting in intracellu-
lar Na+ accumulation. Hyperosmolarity, caused by the accumulation of hydrogen (H+),
Na+ and Ca2+ ions, lead to edema and swelling of hepatocytes, Kupffer cells and sinusoidal
endothelial cells [49,50].

During the reperfusion phase, as the blood flow to the liver is restored, the cell injury
is elevated due to a burst of ROS from mitochondria. Further Kupffer cell activation at
this stage increases the release of ROS and proinflammatory cytokines, including tumour
necrosis factor alpha (TNFα), interlukin-1 (IL-1), interferon-γ (IFN-γ) and IL-12 [51]. In
normal situation the small amount of oxygen is reduced to ROS and neutralized in mito-
chondria by the antioxidant superoxide dismutase (MnSOD). However, during ischemia,
due to excessive ROS production, MnSOD is not able to neutralize ROS, which results in
oxidative stress causing endothelial dysfunction and DNA damage. Cell death results in
the release of all cell organelles into the surrounding area, causing necrotic-type cell death
and local damage inflammatory responses [52].

Apoptosis and necrosis are the two most important types of cell death. Also, necroin-
flammation is proven to determine the fate of liver graft and the recipient. Necroptosis is
the main trigger of necroinflammation, though its role in the IRI is still under investiga-
tion. Following hepatic IRI, the release of proinflammatory cytokines and DAMPs cause
sterile inflammation in the transplanted liver and activates innate immune response which
contributes to graft rejection [53].

3.3.2. Kidney Transplantation

The first successful human kidney transplant was performed between identical twins
at the Peter Bent Brigham Hospital in Boston in December of 1954. Nowadays kidney
transplantation is routinely performed as the possible choice of treatment to improve
quality of life and survival for patients with end-stage renal disease.

Among the numerous variables that can affect the outcome of the transplanted kidney,
one of the most common risk factors is IRI. Although IRI can also occur in the kidney
transplanted from live donors, it is more frequent and severe in organs originated from
deceased donors. IRI results in a rapid decline in kidney function and increased patient
morbidity and mortality.

IRI is harmful to kidney transplants, resulting in delayed graft function (DGF) [54],
acute and chronic rejection [55], and fibrosis. DGF is influenced by both cold and warm
ischemia [56]. Endothelial cells and tubular epithelial cells are the first cells to suffer from
reduced oxygen supply. Anaerobic glycolysis and ATP depletion lead to hyperosmolarity
and ROS formation. The restorations of the blood flow in the reperfusion phase results in
excessive ROS production ad inflammation. White blood cells, carried by the returning
blood, release a wave of cytokines, chemoattractants, pro-coagulant factors and free radicals
in response to tissue damage [56]. The severity of acute kidney injury (AKI) can influence the
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graft outcome. After a mild AKI, the kidney can repair itself. However, when the injury is more
severe, the repair process can lead to fibrosis, which can progress to chronic kidney disease.

Moreover, endothelial cells are the main target of both DGF and rejection. Endothe-
lium reacts to any type of injury by remodeling the vascular wall. This process involved
cell death and growth, cell migration and degradation or productions of cellular matrix.
These changes result in intimal accumulation of smooth muscle-like cells and associated
extracellular matrix, medial smooth muscle cell degeneration, adventitial fibrosis and com-
promised luminal flow [56]. IRI is an inevitable event after deceased donor transplant and
can heavily influence both early and the function of a kidney allograft.

3.3.3. Lung and Heart Transplantation

In lung transplantation, organ ischemia and following reperfusion is inevitable and
usually leads to acute, sterile inflammation after transplant, which is also called ischemia-
reperfusion (IR) injury. It is a major clinical issue, because it leads to primary graft dysfunc-
tion (PGD), short- and long-term morbidity and mortality [57,58].

Although reperfusion of the graft is necessary to avoid irreversible ischemic damage,
it paradoxically also promotes further damage and dysfunction. IRI is a complex inflam-
matory response which involves endothelial and epithelial injury/dysfunction, release
of cytokines and DAMPs, and innate immune responses including activation of alveolar
macrophages, invariant natural killer T (iNKT) cells and neutrophils [59]. Most of the
responses are duo to rapid generation of ROS. On physiological level ischemia, with or
without anoxia, hypoxia in the arterioles and capillaries induce macrophages, endothelial
cells, and other immune cells to generate ROS [60]. Activation of NADPH and proinflamma-
tory cytokines causes the upregulation of cell-surface adhesion molecules on the endothelial
side of the lung [57]. These actions cause physiological changes to the microvasculature
and lead to pulmonary vascular resistance (PVR), pulmonary edema and oxygen exchange
abnormalities. Infiltration of circulating host neutrophils into the graft is a key aspect of
IR injury largely driven by potent chemokines, (e.g., IL-8 and CXCL2) produced by donor
lung cells such as epithelium, endothelium or macrophages [61]. Neutrophil recruitment,
pulmonary macrophages, NK cells and complement system activation are also linked to the
IRI and later with PDG leading to chronic lung allograft dysfunction. It is important to note
that innate immune responses can also increase adaptive immune responses inflammation
after transplantation [62,63].

Analogous to lung transplantation, ischemia to the myocardium leads to injury and
cell death from a combination of apoptosis and other regulated death pathways, including
ferroptosis, necroptosis, and pyroptosis [64]. With the release of DAMPs, HMGB1 causes
the activation of macrophages and the adaptive immune system, inducing production of
cytokines and sterile inflammation [65,66].

Lung and heart IRI is a complex condition involving oxidative stress and subsequent
responses by all cells within the lung, leading to breakdown of the endothelial and epithelial
barriers resulting in life-threatening edema and defective gas exchange in the lung allograft [59].

3.4. Treatment Possibilities

Therapeutic strategies to limit IRI in transplantation generally fall into four categories:
(i) reducing effects of ROS, (ii) modulation of the cytokine response, (iii) blocking activation
of the immune system and (iv) improving organ preservation.

Some therapeutic strategies regarding modulation of the cytokine response and sterile
inflammation suggest:

• Given the crucial role for IL-1 in sterile inflammatory responses, blockade of IL-1R has
been tested as a therapeutic target for sterile inflammatory disorders in humans [41].

• As TLRs also mediate sterile inflammation, they could be another potential therapeu-
tic target. However, studies in TLR2- and TLR4-deficient mice reported increased
mortality in response to hypoxia-induced lung injury [67].
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• Previous studies based on necrostatin-1 (Nec-1) demonstrated that inhibition of RIPK1
prevented cell death including necroptosis and apoptosis in an animal model of de-
generative diseases [68]. Also, the administration of Nec-1 to both donor and recipient
improved graft function in Lewi rats after lung transplantation through the reduction
of necroptosis [69]. Nec-1 is the first extensively used compound identified as an in-
hibitor of necroptosis acting on the kinase activity of RIPK1 [22,70]. Moreover, results of
study done on rats show, that the potency of Nec-1 to specifically interrupt necroptotic
signaling provide a new strategy to prevent and treat ischemic kidney injury [71].

• Caspase inhibitors, such as the broad-spectrum caspase inhibitor zVAD-fmk or small-
spectrum caspase inhibitors for caspase-8, are also under investigation. These molecules
might be able to decrease IRI by blocking the apoptotic cascade during ischemia and
so improving the graft function [57].

• Complement inhibition includes the inhibition of signaling to the leukocytes involved
in the inflammatory response, as well as limiting the ability of the host to recognize
the graft [57]. However, further research is needed to see if this is the case.

• Reducing IRI could also be done by converting necroptosis to apoptosis. Research
done on rats shows that δV1-1, a protein kinase C (PKCδ) peptide inhibitor, reduced
translocation of PKCδ and p53 to the mitochondria after 18 h of cold ischemia time.
Administration of δV1-1 effectively reduced lung transplantation and IR-induced
pulmonary injury in rats [72,73].

More therapeutic agents such as anti-TNFα biologic agents, prostaglandins E-1 and
I2, antioxidant strategies using free radical scavengers or inhibitors of oxidant-producing
enzymes, growth factors are being tested in the field of reducing IRI in SOT. However, more
studies need to be done as the findings at this point are not promising in terms of good
therapeutic abilities.

During transplantation, donor organ preservation is a critical step to maintain the
quality of the organ as well as to improve post-transplant outcomes. Conventional static
cold storage (SCS) is considered to be the primary method [74]. However, this method
does not provide sufficient protection against IRI. Alternative strategies, such as machine
perfusion (MP), have been introduced to reduce the harmful effects of SCS and to assess
the organ quality [75–77]. Machine perfusion methods not only mimic the physiological
process by establishing controlled continuous flow of nutrients and antioxidants, but also
promote the flushing of inflammatory cytokines and toxins from the graft [78]. Nowadays
MP is considered to be superior to SCS in terms of reducing DGF [79].

Moreover, the pharmacologic preconditioning of the brain-dead donor has been shown
to ameliorate the allo-immune response [80]. Preconditioning with calcineurin inhibitors
(CNIs) has been shown to have protective effects in a model of renal transplantation in rats
compared to vehicle-treated animals [81]. Also postconditioning with dopamine derivate
n-octanoyl-dopamine (NOD) through downregulation of the pro-apoptotic factor caspase-3,
pro-inflammatory cytokines, and NF-kappaB may protect the heart against the myocardial
injuries associated with brain death and ischemia/reperfusion [80].

4. Conclusions

Many studies are expanding our knowledge and view on necroptosis and sterile
inflammation in SOT. However, necroptosis remains a rather unexplored pathway in organ
injury. While necroptosis originates from the body’s natural protection against infection,
programed cell death has unquestionable adverse effects on organ graft function and
provokes alloimmunity. As we know, RIPK3 and MLKL play fundamental roles in necroptosis
in IRI, however further investigation of the potential crosstalk between various cell-survival
and cell-death signaling pathways during sterile inflammation should be investigated.

While most studies on IRI focus on the transplantation and reperfusion state per se, it
should be clear that organ retrieval is a major trigger for inflammatory changes like IRI in
the graft and thus plays a pivotal role for the later fate of the graft [82–84].



Int. J. Mol. Sci. 2022, 23, 3677 9 of 13

Until recently, necroptotic cell death has not been a focus in transplant studies. How-
ever, in our opinion, the role of necroptosis is significant in SOT and IRI. Even though
this type of cell death has complex and overlapping pathways of action, necroptosis does
not have a unique marker beyond the lack of caspase activation. As we presented in the
review, necroptosis has an unquestionable significance in IRI and adverse effects on organ
graft function and in provoking alloimmunity. Considering its importance in successful
transplantation, necroptosis and, most importantly, treatment possibilities of necroptosis
should be the main scope in future research.

In summary, necroptosis is a promising therapeutic target during graft preservation
and should be further explored not only for our deeper understanding but also for the
translation of the knowledge in medical practice.
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DAMPs damage-associated molecular patterns
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IL-1 interlukin-1
IL-12 interlukin-12
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MPT mitochondrial permeability transition
MPTP mitochondrial permeability transition pores
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Nec-1 necrostatin-1
NK natural killer cell
NOD dopamine derivate n-octanoyl-dopamine
PVR pulmonary vascular resistance
RIPK1 receptor-interacting protein kinase 1
RIPK3 receptor-interacting protein kinase 3
RNA ribonucleic acid
ROS reactive oxygen species
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TNFα tumor necrosis factor alpha
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TRADD TNF receptor-associated death domain
zVAD-fmk carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (pan caspase inhibitor)

References
1. Solid Organ Transplantation in the 21st Century. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6230860/

(accessed on 6 October 2021).
2. Merrill, J.P.; Murray, J.E.; Harrison, J.H.; Guild, W.R. Successful homotransplantation of the human kidney between identical

twins. J. Am. Med. Assoc. 1956, 160, 277–282. [CrossRef] [PubMed]
3. Harrison, J.H.; Merrill, J.P.; Murray, J.E. Renal homotransplantation in identical twins. Surg. Forum. 1956, 6, 432–436. [PubMed]
4. Fernández, A.R.; Sánchez-Tarjuelo, R.; Cravedi, P.; Ochando, J.; López-Hoyos, M. Review: Ischemia Reperfusion Injury-A

Translational Perspective in Organ Transplantation. Int. J. Mol. Sci. 2020, 21, 8549. [CrossRef] [PubMed]
5. Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
6. Norbury, C.J.; Hickson, I.D. Cellular responses to DNA damage. Annu. Rev. Pharmacol. Toxicol. 2001, 41, 367–401. [CrossRef]
7. McIlwain, D.R.; Berger, T.; Mak, T.W. Caspase functions in cell death and disease. Cold Spring Harb. Perspect. Biol. 2013, 5, a008656. [CrossRef]
8. Cohen, G.M. Caspases: The executioners of apoptosis. Biochem. J. 1997, 326, 1–16. [CrossRef]
9. Locksley, R.M.; Killeen, N.; Lenardo, M.J. The TNF and TNF receptor superfamilies: Integrating mammalian biology. Cell 2001,

104, 487–501. [CrossRef]
10. Hsu, H.; Xiong, J.; Goeddel, D.V. The TNF receptor 1-associated protein TRADD signals cell death and NF-kappa B activation.

Cell 1995, 81, 495–504. [CrossRef]
11. Saelens, X.; Festjens, N.; Vande Walle, L.; van Gurp, M.; van Loo, G.; Vandenabeele, P. Toxic proteins released from mitochondria

in cell death. Oncogene 2004, 23, 2861–2874. [CrossRef]
12. Schwabe, R.F.; Luedde, T. Apoptosis and necroptosis in the liver: A matter of life and death. Nat. Rev. Gastroenterol. Hepatol. 2018,

15, 738–752. [CrossRef] [PubMed]
13. Ferri, K.F.; Kroemer, G. Organelle-specific initiation of cell death pathways. Nat. Cell Biol. 2001, 3, E255–E263. [CrossRef] [PubMed]
14. Walker, N.I.; Harmon, B.V.; Gobé, G.C.; Kerr, J.F. Patterns of cell death. Methods Achiev. Exp. Pathol. 1988, 13, 18–54. [PubMed]
15. Nicotera, P.; Leist, M.; Manzo, L. Neuronal cell death: A demise with different shapes. Trends Pharmacol. Sci. 1999, 20, 46–51. [CrossRef]
16. Izzo, V.; Bravo-San Pedro, J.M.; Sica, V.; Kroemer, G.; Galluzzi, L. Mitochondrial Permeability Transition: New Findings and

Persisting Uncertainties. Trends Cell Biol. 2016, 26, 655–667. [CrossRef]
17. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W.; et al.

Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death Differ.
2018, 25, 486–541. [CrossRef]

18. Linkermann, A.; Bräsen, J.H.; Darding, M.; Jin, M.K.; Sanz, A.B.; Heller, J.-O.; De Zen, F.; Weinlich, R.; Ortiz, A.; Walczak, H.; et al.
Two independent pathways of regulated necrosis mediate ischemia–reperfusion injury. Proc. Natl. Acad. Sci. USA 2013, 110,
12024–12029. [CrossRef]

19. Galluzzi, L.; Kepp, O.; Kroemer, G. Mitochondrial regulation of cell death: A phylogenetically conserved control. Microb. Cell
2016, 3, 101–108. [CrossRef]

20. Halestrap, A.P. Calcium, mitochondria and reperfusion injury: A pore way to die. Biochem. Soc. Trans. 2006, 34,
232–237. [CrossRef]

21. Vaseva, A.V.; Marchenko, N.D.; Ji, K.; Tsirka, S.E.; Holzmann, S.; Moll, U.M. p53 opens the mitochondrial permeability transition
pore to trigger necrosis. Cell 2012, 149, 1536–1548. [CrossRef]

22. Linkermann, A.; Green, D.R. Necroptosis. N. Engl. J. Med. 2014, 370, 455–465. [CrossRef] [PubMed]
23. Tonnus, W.; Meyer, C.; Paliege, A.; Belavgeni, A.; Von Mässenhausen, A.; Bornstein, S.R.; Hugo, C.; Becker, J.U.; Linkermann, A.

The pathological features of regulated necrosis. J. Pathol. 2019, 247, 697–707. [CrossRef] [PubMed]
24. Orozco, S.; Oberst, A. RIPK3 in cell death and inflammation: The good, the bad, and the ugly. Immunol. Rev. 2017, 277,

102–112. [CrossRef]
25. Weinlich, R.; Oberst, A.; Beere, H.M.; Green, D.R. Necroptosis in development, inflammation and disease. Nat. Rev. Mol. Cell Biol.

2017, 18, 127–136. [CrossRef] [PubMed]
26. Pasparakis, M.; Vandenabeele, P. Necroptosis and its role in inflammation. Nature 2015, 517, 311–320. [CrossRef]
27. Taylor, R.C.; Cullen, S.P.; Martin, S.J. Apoptosis: Controlled demolition at the cellular level. Nat. Rev. Mol. Cell Biol. 2008, 9,

231–241. [CrossRef]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6230860/
http://doi.org/10.1001/jama.1956.02960390027008
http://www.ncbi.nlm.nih.gov/pubmed/13278189
http://www.ncbi.nlm.nih.gov/pubmed/13391513
http://doi.org/10.3390/ijms21228549
http://www.ncbi.nlm.nih.gov/pubmed/33202744
http://doi.org/10.1080/01926230701320337
http://doi.org/10.1146/annurev.pharmtox.41.1.367
http://doi.org/10.1101/cshperspect.a008656
http://doi.org/10.1042/bj3260001
http://doi.org/10.1016/S0092-8674(01)00237-9
http://doi.org/10.1016/0092-8674(95)90070-5
http://doi.org/10.1038/sj.onc.1207523
http://doi.org/10.1038/s41575-018-0065-y
http://www.ncbi.nlm.nih.gov/pubmed/30250076
http://doi.org/10.1038/ncb1101-e255
http://www.ncbi.nlm.nih.gov/pubmed/11715037
http://www.ncbi.nlm.nih.gov/pubmed/3045494
http://doi.org/10.1016/S0165-6147(99)01304-8
http://doi.org/10.1016/j.tcb.2016.04.006
http://doi.org/10.1038/s41418-017-0012-4
http://doi.org/10.1073/pnas.1305538110
http://doi.org/10.15698/mic2016.03.483
http://doi.org/10.1042/BST0340232
http://doi.org/10.1016/j.cell.2012.05.014
http://doi.org/10.1056/NEJMra1310050
http://www.ncbi.nlm.nih.gov/pubmed/24476434
http://doi.org/10.1002/path.5248
http://www.ncbi.nlm.nih.gov/pubmed/30714148
http://doi.org/10.1111/imr.12536
http://doi.org/10.1038/nrm.2016.149
http://www.ncbi.nlm.nih.gov/pubmed/27999438
http://doi.org/10.1038/nature14191
http://doi.org/10.1038/nrm2312


Int. J. Mol. Sci. 2022, 23, 3677 11 of 13

28. Vercammen, D.; Beyaert, R.; Denecker, G.; Goossens, V.; Van Loo, G.; Declercq, W.; Grooten, J.; Fiers, W.; Vandenabeele, P.
Inhibition of caspases increases the sensitivity of L929 cells to necrosis mediated by tumor necrosis factor. J. Exp. Med. 1998, 187,
1477–1485. [CrossRef]

29. Cho, Y.S.; Challa, S.; Moquin, D.; Genga, R.; Ray, T.D.; Guildford, M.; Chan, F.K.-M. Phosphorylation-driven assembly of the
RIP1-RIP3 complex regulates programmed necrosis and virus-induced inflammation. Cell 2009, 137, 1112–1123. [CrossRef]

30. Zhang, D.-W.; Shao, J.; Lin, J.; Zhang, N.; Lu, B.-J.; Lin, S.-C.; Dong, M.-Q.; Han, J. RIP3, an energy metabolism regulator that
switches TNF-induced cell death from apoptosis to necrosis. Science 2009, 325, 332–336. [CrossRef]

31. Sun, X.; Lee, J.; Navas, T.; Baldwin, D.T.; Stewart, T.A.; Dixit, V.M. RIP3, a novel apoptosis-inducing kinase. J. Biol. Chem. 1999,
274, 16871–16875. [CrossRef]

32. Dhuriya, Y.K.; Sharma, D. Necroptosis: A regulated inflammatory mode of cell death. J. Neuroinflamm. 2018, 15, 199. [CrossRef] [PubMed]
33. Kaczmarek, A.; Vandenabeele, P.; Krysko, D.V. Necroptosis: The release of damage-associated molecular patterns and its

physiological relevance. Immunity 2013, 38, 209–223. [CrossRef] [PubMed]
34. Sun, Y.; Chen, P.; Zhai, B.; Zhang, M.; Xiang, Y.; Fang, J.; Xu, S.; Gao, Y.; Chen, X.; Sui, X.; et al. The emerging role of ferroptosis in

inflammation. Biomed Pharm. 2020, 127, 110108. [CrossRef] [PubMed]
35. Tang, D.; Kang, R.; Berghe, T.V.; Vandenabeele, P.; Kroemer, G. The molecular machinery of regulated cell death. Cell Res. 2019, 29,

347–364. [CrossRef]
36. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.; Yang, W.S.; et al.

Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060–1072. [CrossRef] [PubMed]
37. Hassannia, B.; Vandenabeele, P.; Vanden Berghe, T. Targeting Ferroptosis to Iron Out Cancer. Cancer Cell 2019, 35,

830–849. [CrossRef] [PubMed]
38. Minagawa, S.; Yoshida, M.; Araya, J.; Hara, H.; Imai, H.; Kuwano, K. Regulated Necrosis in Pulmonary Disease. A Focus on

Necroptosis and Ferroptosis. Am. J. Respir. Cell Mol. Biol. 2020, 62, 554–562. [CrossRef]
39. Ornellas, F.M.; Ornellas, D.S.; Martini, S.V.; Castiglione, R.C.; Ventura, G.M.; Rocco, P.R.; Gutfilen, B.; De Souza, S.A.; Takiya, C.M.;

Morales, M.M. Bone Marrow-Derived Mononuclear Cell Therapy Accelerates Renal Ischemia-Reperfusion Injury Recovery by
Modulating Inflammatory, Antioxidant and Apoptotic Related Molecules. Cell Physiol. Biochem. 2017, 41, 1736–1752. [CrossRef]

40. Gottlieb, R.A. Cell death pathways in acute ischemia/reperfusion injury. J. Cardiovasc. Pharmacol. Ther. 2011, 16, 233–238. [CrossRef]
41. Chen, G.Y.; Nuñez, G. Sterile inflammation: Sensing and reacting to damage. Nat. Rev. Immunol. 2010, 10, 826–837. [CrossRef]
42. Mbitikon-Kobo, F.-M.; Vocanson, M.; Michallet, M.-C.; Tomkowiak, M.; Cottalorda, A.; Angelov, G.S.; Coupet, C.-A.; Djebali, S.;

Marçais, A.; Dubois, B.; et al. Characterization of a CD44/CD122int memory CD8 T cell subset generated under sterile
inflammatory conditions. J. Immunol. 2009, 182, 3846–3854. [CrossRef] [PubMed]

43. Sass, D.A.; Doyle, A.M. Liver and Kidney Transplantation: A Half-Century Historical Perspective. Med. Clin. North Am. 2016,
100, 435–448. [CrossRef] [PubMed]

44. Klune, J.R.; Tsung, A. Molecular biology of liver ischemia/reperfusion injury: Established mechanisms and recent advancements.
Surg. Clin. North Am. 2010, 90, 665–677. [CrossRef] [PubMed]

45. Clavien, P.A.; Harvey, P.R.; Strasberg, S.M. Preservation and reperfusion injuries in liver allografts. An overview and synthesis of
current studies. Transplantation 1992, 53, 957–978. [CrossRef] [PubMed]

46. Crismale, J.F.; Ahmad, J. Endoscopic Management of Biliary Issues in the Liver Transplant Patient. Gastrointest. Endosc. Clin. N.
Am. 2019, 29, 237–256. [CrossRef] [PubMed]

47. Bekheit, M.; Catanzano, M.; Shand, S.; Ahmed, I.; Elkayal, E.; Shehata, G.M.; Zaki, A. The role of graft reperfusion sequence in
the development of non-anastomotic biliary strictures following orthotopic liver transplantation: A meta-analysis. Hepatobiliary
Pancreat. Dis. Int. 2019, 18, 4–11. [CrossRef] [PubMed]

48. Dar, W.A.; Sullivan, E.; Bynon, J.S.; Eltzschig, H.; Ju, C. Ischemia Reperfusion Injury in Liver Transplantation: Cellular and
Molecular mechanisms. Liver Int. 2019, 39, 788–801. [CrossRef]

49. Selzner, M.; Selzner, N.; Jochum, W.; Graf, R.; Clavien, P.-A. Increased ischemic injury in old mouse liver: An ATP-dependent
mechanism. Liver Transpl. 2007, 13, 382–390. [CrossRef]

50. Lemasters, J.J.; Thurman, R.G. Reperfusion injury after liver preservation for transplantation. Annu. Rev. Pharm. Toxicol. 1997, 37,
327–338. [CrossRef]

51. Lentsch, A.B.; Kato, A.; Yoshidome, H.; McMasters, K.M.; Edwards, M.J. Inflammatory mechanisms and therapeutic strategies for
warm hepatic ischemia/reperfusion injury. Hepatology 2000, 32, 169–173. [CrossRef]

52. Nieminen, A.L.; Gores, G.J.; Wray, B.E.; Tanaka, Y.; Herman, B.; Lemasters, J.J. Calcium dependence of bleb formation and cell
death in hepatocytes. Cell Calcium. 1988, 9, 237–246. [CrossRef]

53. Braza, F.; Brouard, S.; Chadban, S.; Goldstein, D.R. Role of TLRs and DAMPs in allograft inflammation and transplant outcomes.
Nat. Rev. Nephrol. 2016, 12, 281–290. [CrossRef] [PubMed]

54. Bahl, D.; Haddad, Z.; Datoo, A.; Qazi, Y.A. Delayed graft function in kidney transplantation. Curr. Opin. Organ. Transpl. 2019, 24,
82–86. [CrossRef] [PubMed]

55. Najafian, B.; Kasiske, B.L. Chronic allograft nephropathy. Curr. Opin. Nephrol. Hypertens. 2008, 17, 149–155. [CrossRef]
56. Ponticelli, C. Ischaemia-reperfusion injury: A major protagonist in kidney transplantation. Nephrol. Dial. Transpl. 2014, 29,

1134–1140. [CrossRef]

http://doi.org/10.1084/jem.187.9.1477
http://doi.org/10.1016/j.cell.2009.05.037
http://doi.org/10.1126/science.1172308
http://doi.org/10.1074/jbc.274.24.16871
http://doi.org/10.1186/s12974-018-1235-0
http://www.ncbi.nlm.nih.gov/pubmed/29980212
http://doi.org/10.1016/j.immuni.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23438821
http://doi.org/10.1016/j.biopha.2020.110108
http://www.ncbi.nlm.nih.gov/pubmed/32234642
http://doi.org/10.1038/s41422-019-0164-5
http://doi.org/10.1016/j.cell.2012.03.042
http://www.ncbi.nlm.nih.gov/pubmed/22632970
http://doi.org/10.1016/j.ccell.2019.04.002
http://www.ncbi.nlm.nih.gov/pubmed/31105042
http://doi.org/10.1165/rcmb.2019-0337TR
http://doi.org/10.1159/000471866
http://doi.org/10.1177/1074248411409581
http://doi.org/10.1038/nri2873
http://doi.org/10.4049/jimmunol.0802438
http://www.ncbi.nlm.nih.gov/pubmed/19265164
http://doi.org/10.1016/j.mcna.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/27095637
http://doi.org/10.1016/j.suc.2010.04.003
http://www.ncbi.nlm.nih.gov/pubmed/20637940
http://doi.org/10.1097/00007890-199205000-00001
http://www.ncbi.nlm.nih.gov/pubmed/1585489
http://doi.org/10.1016/j.giec.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30846151
http://doi.org/10.1016/j.hbpd.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30579736
http://doi.org/10.1111/liv.14091
http://doi.org/10.1002/lt.21100
http://doi.org/10.1146/annurev.pharmtox.37.1.327
http://doi.org/10.1053/jhep.2000.9323
http://doi.org/10.1016/0143-4160(88)90004-8
http://doi.org/10.1038/nrneph.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/27026348
http://doi.org/10.1097/MOT.0000000000000604
http://www.ncbi.nlm.nih.gov/pubmed/30540574
http://doi.org/10.1097/MNH.0b013e3282f4e514
http://doi.org/10.1093/ndt/gft488


Int. J. Mol. Sci. 2022, 23, 3677 12 of 13

57. den Hengst, W.A.; Gielis, J.F.; Lin, J.Y.; Van Schil, P.E.; De Windt, L.J.; Moens, A.L. Lung ischemia-reperfusion injury: A molecular
and clinical view on a complex pathophysiological process. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H1283–H1299. [CrossRef]

58. Porteous, M.K.; Diamond, J.M.; Christie, J.D. Primary graft dysfunction: Lessons learned about the first 72 h after lung
transplantation. Curr. Opin. Organ. Transpl. 2015, 20, 506–514. [CrossRef]

59. Laubach, V.E.; Sharma, A.K. Mechanisms of Lung Ischemia-Reperfusion Injury. Curr. Opin. Organ. Transplant. 2016, 21, 246–252. [CrossRef]
60. Lansman, J.B. Endothelial mechanosensors. Going with the flow. Nature 1988, 331, 481–482. [CrossRef]
61. Kobayashi, Y. The role of chemokines in neutrophil biology. Front. Biosci. 2008, 13, 2400–2407. [CrossRef]
62. Alegre, M.-L.; Chong, A. Toll-like receptors (TLRs) in transplantation. Front. Biosci. 2009, 1, 36–43. [CrossRef]
63. Leventhal, J.S.; Schröppel, B. Toll-like receptors in transplantation: Sensing and reacting to injury. Kidney Int. 2012, 81,

826–832. [CrossRef] [PubMed]
64. Wu, M.-Y.; Yiang, G.-T.; Liao, W.-T.; Tsai, A.P.Y.; Cheng, Y.-L.; Cheng, P.-W.; Li, C.-Y.; Li, C.J. Current Mechanistic Concepts in

Ischemia and Reperfusion Injury. Cell Physiol. Biochem. 2018, 46, 1650–1667. [CrossRef] [PubMed]
65. Netea, M.G.; Joosten, L.A.B.; Latz, E.; Mills, K.H.G.; Natoli, G.; Stunnenberg, H.G.; O’Neill, L.A.J.; Xavier, R.J. Trained immunity:

A program of innate immune memory in health and disease. Science 2016, 352, aaf1098. [CrossRef] [PubMed]
66. Yang, H.; Hreggvidsdottir, H.S.; Palmblad, K.; Wang, H.; Ochani, M.; Li, J.; Lu, B.; Chavan, S.; Rosas-Ballina, M.; Al-Abed, Y.; et al.

A critical cysteine is required for HMGB1 binding to Toll-like receptor 4 and activation of macrophage cytokine release. Proc. Natl.
Acad. Sci. USA 2010, 107, 11942–11947. [CrossRef] [PubMed]

67. Jiang, D.; Liang, J.; Fan, J.; Yu, S.; Chen, S.; Luo, Y.; Prestwich, G.D.; Mascarenhas, M.M.; Garg, H.G.; Quinn, D.A.; et al. Regulation
of lung injury and repair by Toll-like receptors and hyaluronan. Nat. Med. 2005, 11, 1173–1179. [CrossRef]

68. Degterev, A.; Huang, Z.; Boyce, M.; Li, Y.; Jagtap, P.; Mizushima, N.; Cuny, G.D.; Mitchison, T.J.; Moskowitz, M.A.; Yuan, J.
Chemical inhibitor of nonapoptotic cell death with therapeutic potential for ischemic brain injury. Nat. Chem. Biol. 2005, 1,
112–119. [CrossRef]

69. Kanou, T.; Ohsumi, A.; Kim, H.; Chen, M.; Bai, X.; Guan, Z.; Hwang, D.; Cypel, M.; Keshavjee, S.; Liu, M. Inhibition of regulated
necrosis attenuates receptor-interacting protein kinase 1-mediated ischemia-reperfusion injury after lung transplantation. J. Heart
Lung. Transpl. 2018, 37, 1261–1270. [CrossRef]

70. Conrad, M.; Angeli, J.P.F.; Vandenabeele, P.; Stockwell, B.R. Regulated necrosis: Disease relevance and therapeutic opportunities.
Nat. Rev. Drug. Discov. 2016, 15, 348–366. [CrossRef]

71. Linkermann, A.; Bräsen, J.H.; Himmerkus, N.; Liu, S.; Huber, T.B.; Kunzendorf, U.; Krautwald, S. Rip1 (receptor-interacting protein
kinase 1) mediates necroptosis and contributes to renal ischemia/reperfusion injury. Kidney Int. 2012, 81, 751–761. [CrossRef]

72. Kim, H.; Zhao, J.; Zhang, Q.; Wang, Y.; Lee, D.; Bai, X.; Turrell, L.; Chen, M.; Gao, W.; Keshavjee, S.; et al. δV1-1 Reduces
Pulmonary Ischemia Reperfusion-Induced Lung Injury by Inhibiting Necrosis and Mitochondrial Localization of PKCδ and p53.
Am. J. Transpl. 2016, 16, 83–98. [CrossRef] [PubMed]

73. Kim, H.; Zamel, R.; Bai, X.-H.; Lu, C.; Keshavjee, S.; Keshavjee, S.; Liu, M. Ischemia-reperfusion induces death receptor-
independent necroptosis via calpain-STAT3 activation in a lung transplant setting. Am. J. Physiol. Lung. Cell Mol. Physiol. 2018,
315, L595–L608. [CrossRef] [PubMed]

74. Jia, J.; Nie, Y.; Li, J.; Xie, H.; Zhou, L.; Yu, J.; Zheng, S.-S. A Systematic Review and Meta-Analysis of Machine Perfusion vs. Static
Cold Storage of Liver Allografts on Liver Transplantation Outcomes: The Future Direction of Graft Preservation. Front. Med.
2020, 7, 135. [CrossRef] [PubMed]

75. Cypel, M.; Yeung, J.; Machuca, T.; Chen, M.; Singer, L.; Yasufuku, K.; de Perrot, M.; Pierre, A.; Waddell, T.K.; Keshavjee, S. Experience
with the first 50 ex vivo lung perfusions in clinical transplantation. J. Thorac. Cardiovasc. Surg. 2012, 144, 1200–1206. [CrossRef]

76. Nicholson, M.L.; Hosgood, S.A. Renal transplantation after ex vivo normothermic perfusion: The first clinical study. Am. J. Transpl.
2013, 13, 1246–1252. [CrossRef]

77. Ravikumar, R.; Jassem, W.; Mergental, H.; Heaton, N.D.; Mirza, D.F.; Perera, M.T.P.R.; Quaglia, A.; Holroyd, D.J.; Vogel, T.;
Coussios, C.; et al. Liver Transplantation After Ex Vivo Normothermic Machine Preservation: A Phase 1 (First-in-Man) Clinical
Trial. Am. J. Transpl. 2016, 16, 1779–1787. [CrossRef]

78. Marecki, H.; Bozorgzadeh, A.; Porte, R.J.; Leuvenink, H.G.; Uygun, K.; Martins, P.N. Liver ex situ machine perfusion preservation:
A review of the methodology and results of large animal studies and clinical trials. Liver Transpl. 2017, 23, 679–695. [CrossRef]

79. Deng, R.; Gu, G.; Wang, D.; Tai, Q.; Wu, L.; Ju, W.; Zhu, X.; Guo, Z.; He, X. Machine perfusion versus cold storage of kidneys
derived from donation after cardiac death: A meta-analysis. PLoS ONE 2013, 8, e56368. [CrossRef]

80. Li, S.; Korkmaz-Icöz, S.; Radovits, T.; Ruppert, M.; Spindler, R.; Loganathan, S.; Hegedűs, P.; Brlecic, P.; Theisinger, B.; Höger, S.; et al. Donor
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