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Abstract: Ischemia reperfusion injury (IRI) is one of the most important mechanisms involved in
delayed or reduced graft function after kidney transplantation. It is a complex pathophysiological
process, followed by a pro-inflammatory response that enhances the immunogenicity of the graft
and the risk of acute rejection. Many biologic processes are involved in its development, such as
transcriptional reprogramming, the activation of apoptosis and cell death, endothelial dysfunction
and the activation of the innate and adaptive immune response. Recent evidence has highlighted
the importance of complement activation in IRI cascade, which expresses a pleiotropic action on
tubular cells, on vascular cells (pericytes and endothelial cells) and on immune system cells. The
effects of IRI in the long term lead to interstitial fibrosis and tubular atrophy, which contribute to
chronic graft dysfunction and subsequently graft failure. Furthermore, several metabolic alterations
occur upon IRI. Metabolomic analyses of IRI detected a “metabolic profile” of this process, in order to
identify novel biomarkers that may potentially be useful for both early diagnosis and monitoring the
therapeutic response. The aim of this review is to update the most relevant molecular mechanisms
underlying IRI, and also to discuss potential therapeutic targets in future clinical practice.

Keywords: kidney transplantation; ischemia reperfusion injury; complement system; renal damage

1. Introduction

According to recent estimates, in 2017 chronic kidney disease (CKD) had a global
prevalence of 9.1% and caused the death of 1.2 million people. Between 1990 and 2017, the
global mortality rate from CKD in all age groups increased by 41.5% (95% UI 35.2 to 46.5),
and in 2017, about 697.5 million (95% UI 649.2 to 752.0) new cases of all-stage CKD were
recorded [1].

Kidney transplantation is the optimal treatment for patients with end-stage renal
disease (ESRD): the survival rate is higher than in dialysis and it offers a better quality
of life. Worldwide, 81,622 kidney transplants were performed in 2019, 28,306 of which
were performed in Europe [2]. Extended criteria donors (ECD) and donors after circulatory
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death (DCD) were accepted by many transplant centers to enlarge the pool of suitable
transplant organs and, thus, counteract the shortage of kidney donors [3–8].

Many studies have shown that kidney transplantation using ECDs (donors aged > 60 years
or aged ≥ 50 years with two of the following—(i) terminal serum creatinine level > 1.5 mg/dL,
(ii) cerebrovascular accident as the cause of death and/or (iii) donor history of hypertension—is
still associated with a significant reduction in morbidity and increased life expectancy
when compared with candidates who remained on dialysis treatment, despite the higher
rate of delayed graft function (DGF), primary non function (PNF) and acute rejection with
chronic graft failure.

In particular, the incidence of DGF was much higher in grafts from DCD, with the risk
of developing DGF being two-fold higher than donors after brain death (DBD) kidneys.
This condition was explained by the detrimental effect of the warm ischemia period, which
makes DCD organs more vulnerable and more susceptible to suffer the total ischemia
time. However, the rate of DGF in this population had no impact on graft survival and
graft function. Although 1-year graft function was marginally lower in recipients of DCD
kidneys, at 5 years no difference between DCD and DBD kidneys was observed. Similarly,
for both the cohorts, the rate of PNF was low, although the incidence was slightly higher
for DCD than DBD grafts (3.1% vs. 2.5%, p = 0.04, in updated UK registries).

Patient survival was lower in recipients of DCD donors than in recipients of DBD
(86.5 vs. 89.4 %, p < 0.0001). Nevertheless, at the time of transplantation, recipients of DCD
kidneys were older than DBD (medium age 54 vs. 47 years) and adjusted patient survival
showed no significative difference between the two populations of recipients (HR 1.18,
p = 0.28). Moreover, a recent US registry analysis showed that DCD that fulfill the criteria
for ECD had inferior graft survival compared with kidneys from standard criteria donors,
but no difference between DCD and DBD kidneys in the ECD cohort was shown [9–15].

One of the most important mechanisms involved in delayed or reduced graft function
is ischemia/reperfusion injury (IRI). This is an unavoidable process, followed by a pro-
inflammatory response that enhances the immunogenicity of the graft and risks of acute
rejection [16–18]. Several biologic and immune mechanisms are involved in IRI and
in the last decades various studies have highlighted the molecular pathophysiology of
this complex process. The aim of this review is to update and highlight the molecular
mechanisms underlying IRI, and also to discuss potential therapeutic targets in future
clinical practice.

IRI is a complex set of pathophysiologic mechanisms involving many biologic path-
ways, such as transcriptional reprogramming, the activation of apoptosis and cell death, the
activation of the innate and adaptive immune responses, and endothelial dysfunction [18].
Before considering these pathways, it is necessary to explore the single mechanisms in-
volved in each phase.

2. Ischemia and Reperfusion
2.1. Ischemia

Ischemia is caused by a reduced oxygen supply in tissues, associated with a lack of
removal of metabolic end-products due to the imbalance in metabolic supply and demand.
This complex condition leads to a severe tissue and intracellular dysfunction. The first
response of cells in this condition is to switch the metabolism from aerobic to anaerobic,
thus reducing adenosine triphosphate production (ATP) in the cell. Consequently, lactate
levels rise in the cell to continue to produce ATP, leading to intracellular acidosis [19]. At
this point, a chain of reactions occurs in the cell: Na+/K+ ATPase activity is inhibited;
cytoskeletal proteins disrupt, enlarging the cell conformation and contributing to the loss of
the specific structural conformation; lysosomal enzymes leak inside the cell. Consequently,
Na+ concentration levels in the cell rise and are responsible for decreased Ca2+ excretion.
Intracellular Ca2+ accumulation activates Ca2+-dependent proteases such as calpains. Nev-
ertheless, calpains are still partially disabled by intracellular acidosis, but this is restored in
the reperfusion phase, increasing the activity of calpains [19]. Furthermore, due to Ca2+
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overload, reactive oxygen species (ROS) are produced in the mitochondria, which after
reperfusion, cause the mitochondrial permeability transition pores (mPTP) to open. It is
notable that only small amounts of ROS are produced during the ischemia as compared to
the whole IRI process. This is due to the reduction of cytochromes, xanthine oxidase and
the activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase when
large amounts of oxygen reach the cell in the reperfusion phase [20–23].

2.2. Reperfusion

This phase is characterized by the harmful effect of restoring oxygen levels. Intracellu-
lar pH normalizes but calpains, which have been activated by higher levels of Ca2+, remain
activated. Furthermore, normoxemia induces a burst of ROS production, associated with
a reduction of scavenger molecules [18,19]. ROS can activate several harmful pathways
for the cell, such as lipid peroxidation or proteins carbonylation, causing membrane and
DNA injury [24]. Mitochondria dysfunction, combined with ROS production and Ca2+

overload, causes the mPTP to open, which allows the mitochondria to release cytochrome
C, mitochondrial DNA (mtDNA) and succinate. These elements can induce programmed
cell death, also known as apoptosis, as well as necrosis. Upon ischemia, organized cell
death relies on the intrinsic pathway, taking into account mitochondrial dysfunction and
the activation of Caspase 9. Nevertheless, when reperfusion injury occurs, the extrinsic
pathway of apoptosis seems to predominate, involving Caspase 8 activation. In this sce-
nario, the spread of tumor necrosis factor α (TNFα) and other extrinsic mediators of death
through the restored blood flow seem to be responsible for the activation of Caspase 8.

Besides apoptosis, there is another form of cell death which can trigger inflamma-
tion. This phenomenon is called necroptosis: it is triggered by the activation of receptor-
interacting protein 1 (RIP 1) that interacts with RIP 3 through the homotypic RIP interaction
motif to form an auto-phosphorylated complex called the necrosome. The necrosome, in
turn, activates other kinases, which leads to necrosis through lysis of the plasma membrane.
Recently, it has been demonstrated that molecules released during necrosis and necroptosis
act as danger/damage-associated molecular patterns (DAMPs), which can involve and
activate the whole immune response [25,26].

2.3. Endothelial Dysfunction

Endothelial cells are severely affected by I/R-related damage. Loss of the cytoskeleton,
glycocalyx and alterations of cell conformation lead to an increased permeability and to
fluid leakage into the interstitium. Endothelial cells start to produce several substances
such as platelet-derived growth factor (PDGF) and endothelin-1 (ET1), which induce
capillary vasoconstriction. This phenomenon is increased by the lower concentration of
nitric oxide (NO) and nitric oxide synthase downregulation, associated to a higher response
of endothelial cells to the vasoconstrictive action of thromboxane-A2, prostaglandins and
angiotensin-II [27–30].

In the kidney, peritubular capillaries have a limited ability to regenerate following
injury. Capillary damage may induce permanent sequelae, associated with the production
of transforming growth factor-β (TGF-β) and connective tissue growth factor (CTGF),
which lead to interstitial fibrosis and tubular atrophy (IFTA) [31]. It has recently been
shown that in recipients developing allograft dysfunction and IFTA, a central role is played
by endothelial cells and the endothelial-to-mesenchymal transition (EndMT). Different
complex pathways control the EndMT, one of which is the complement. Curci and col-
leagues studied the role of the complement in an animal model: recombinant C1 inhibitor
is able to limit collagen deposition 24 h after IRI, preserving the endothelial cell density
and physiological conformation. Comparing treated with untreated recipients, there was a
significant reduction of α-smooth muscle actin expression in the former, which means a
lower ability to convert the injury into a fibrotic response. Furthermore, the authors showed
that C3a and C5a may activate transcription signaling, which induces the EndMT [32].
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IRI in the kidney, like inflammation, induces endothelial expression of p-selectin. This
glycoprotein interacts with p-selectin glycoprotein 1 (PSGL1), expressed on the leukocytes
surface, resulting in leukocyte chemotaxis and transmigration of immune cells to the
interstitium. The β2-integrins and intercellular adhesion molecule 1 (ICAM1) connection
allows for the adherence of leukocytes to endothelial cells, while platelet endothelial
cell adhesion molecule (PECAM1) interaction permits leukocytes transmigration into the
interstitial compartment [33,34].

3. Immune Response

Inflammation and the immune response play an important role in IRI, involving the
innate and adaptive immune systems as well.

3.1. Innate Immune Response

The most ancient part of the immune system, which has remained unchanged through
evolution, is the innate immune response. It works in a non-specific manner, activat-
ing different cells and mediators against injury or foreign bodies to induce a fast and
immediate response.

One of the major actors of the innate immune response is the Toll-like receptors (TLRs).
TLRs are transmembrane proteins that act as pattern recognition receptors (PRR); they
are expressed on cellular membranes and in the cytosol of immune-related cells, such as
leukocytes, monocytes and endothelial cells [35,36].

The human TLR family is composed of 10 different types of TLRs receptors, denomi-
nated TLR1 to TLR10. It has been shown that in tubular epithelial cells, TLR4 and TLR2
are upregulated during ischemia [37], playing a relevant role in inducing apoptosis and
sterile inflammation [38]. The activation of TLR4 and TLR 2 results in the expression
of pro-inflammatory genes and then in the burst of inflammatory response. Genes acti-
vated by TLRs include the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB), IFN-regulatory factor 3 (IRF3), inhibitor of nuclear factor-kB kinase (IKK) and
TANK-binding kinase-1 (TBK1) [18].

It has been shown that during IRI in the kidney an important role is played by TLR4. In
a rat allogenic transplant model, there was shown to be a strong correlation between TLR4
expression and graft dysfunction [39]. Moreover, IRI is less frequent in TLR4 knockout mice
or in kidneys from donors with TLR4-loss of function, related to a reduced concentration
of pro-inflammatory cytokines in the kidney and better outcomes in terms of immediate
graft function [40].

The most important pro-inflammatory cytokines, whose release is controlled by TLR4,
include IL6, IL1-β, TNFα and other mediators involved in the chemo-attraction of neu-
trophils like macrophage inflammatory protein 2 (MIP2) [40]. Other molecules involved in
leukocyte “rolling” and migration into the interstitial space, like E-selectin and vascular
cell adhesion molecule 1 (VCAM1), are also expressed after TLR4 activation. It has been
shown by Chen and colleagues that, in TLR4 knockout mice during IRI, the overexpression
of adhesion molecules was absent and not even the addition of HMGB1 to the endothelial
cells of those mice was able to induce the expression of the adhesion genes [41].

Finally, TLR4 activation acts on circulating cells of the innate immune response, such
as neutrophils and macrophages, to promote the entire immune system activation process.
Neutrophils are the first agents to undergo injury and ROS release, which enhance the renal
tissue damage [42]. Furthermore, pro-inflammatory cytokines and proteolytic enzymes
are released by macrophages, whose activation can increase interstitial concentrations of
TNF-α, IL-1β and interferon-γ (IFN-γ) [43]. It has been demonstrated that the interstitial
infiltration of neutrophils and macrophages is reduced in TLR-4 knockout mice subjected to
IRI, thus lowering the inflammatory responses associated to the histopathological damage
pattern, including tubular necrosis, tubular dilatation, the formation of casts and interstitial
fibrosis. All those patterns are suggestive of severe inflammation, which is known to lead
to interstitial fibrosis in renal tissue [30,44].
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During IRI, TLR2 is also highly upregulated, leading to a stronger burst of the inflam-
matory response. As demonstrated by Leemans et al., renal damage during IRI was reduced
in knockdown mice for TLR2 as compared to wild-type mice: a lower concentration of IL6,
MIP2 and fewer infiltrating leukocytes were demonstrated [45,46] (Figure 1).
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Figure 1. Renal tubular epithelial cell during ischemia.

In this scenario, a humanized immune globulin has recently been tested as a mono-
clonal antibody against TLR2. This molecule, denominated OPN-305, is intended to prevent
reperfusion injury following renal transplantation. A phase I single-center, prospective, ran-
domized, double-blind, placebo-controlled study was performed by Reilly and colleagues
to see whether it reduced delayed graft function in recipients of deceased donor kidneys.
OPN-305 produced a full TLR2 receptor blockade of CD14(+) and CD45(+) cells (mono-
cytes), with a linear effect on the duration of the inhibition of interleukin-6 release after
TLR2 stimulation. Further studies are needed to test its efficacy in a larger population [47].

3.2. Innate to Adaptive Immune Response Translation

Dendritic cells (DCs) are highly specialized bone marrow (BM)-derived antigen-
processing and -presenting cells (APCs) that are crucial to the induction and integration
of adaptive immunity; they have several roles and are central players in the pathogenesis
of IRI.

DCs are activated by TLRs, which are present on their cellular surface and can perceive
DAMPs. DCs are an abundant component of the inflammatory cell infiltrate that appears
in response to IRI and are able to activate the adaptive immune system by presenting the
antigens to T- and B-cells or releasing cytokines in the interstitial space, thus activating the
whole immune cascade [48]. In cases of a donor after brain death (DBD) transplantation,
the DCs activation starts already in the donor. Oxidative stress and complement activation
in the donor activate DCs, enhancing their function as APCs to the recipient T-cells [49].

DCs’ activation contributes to allograft dysfunction in both the earlier and later stages.
It has been seen that in the first 24 h after IRI, DCs release several pro-inflammatory
mediators such as TNFα, IL6, monocyte chemoattractant protein 1 (MCP1) and chemokine
ligand 5 (CCL5) [50]. Nevertheless, it has recently been shown in kidney transplant
biopsies performed 15 days after transplantation that a higher density of DCs is associated
with poor graft survival and poor patient outcome. From a histologic point of view, a
higher density of DCs is also associated with inflammation, tubular atrophy and increased
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T-cell proliferation. One of the main effectors of the interaction between DCs and T-
cells is sphingosine 1-phosphate (S1P). S1P is a sphingolipid that acts as an important
mediator of the immune system cells’ crosstalk. It is produced by the phosphorylation
of sphingosine by sphingosine-kinases and is the natural ligand for a family of five G
protein-coupled receptors (S1P1–5). These receptors evoke several intracellular responses:
Bajwa et al. have demonstrated that S1P3-deficient mice are protected during IRI, as they
display an immature phenotype of DCs. Furthermore, the authors showed that wild-type
DCs activated the Th1/IFN-γ pathway, while S1P3-deficient DCs activated the Th2/IL-
4 pathway. They concluded that the absence of S1P3 on the DCs’ surface prevents DC
maturation and promotes a “tolerogenic” response. These aspects warrant further study
for clinical support purposes, to prevent and treat IRI-related allograft dysfunction [51].

3.3. Adaptive Immune Response

The most important feature of the adaptive immune system, once a specific “non self”
antigen is recognized, is to set up an antigen-specific response and to create an immunity
memory. The main cells involved in the adaptive immune response are B- and T-cells, which
also contribute in different ways to the IRI damage and IRI-associated immune reaction.

T-cells are activated when T-cell receptors (TCR) expressed on the lymphocyte surface
bind to the major histocompatibility complex (MHC) on the APC. This interaction may
occur in two different ways: in a direct manner, when TCR binds to unprocessed allogenic
MHC on the donor APC; in an indirect manner, when the recipient APC processes and
displays the donor antigens on the surface and exposes them to the T-cells via the MHC [52].

It is known that T helper CD4+ cells (Th) and T-cytotoxic cell CD8 + are impor-
tant mediators of IRI and have been found in high percentages in renal tissue upon
ischemia-reperfusion damage, whereas T-cell-deficient mice show a reduced kidney IRI
intensity [53–56]. When activated, T-cells start to produce large amounts of pro-inflamma-
tory cytokines, becoming one of the main effectors of kidney damage.

CD4+ T-cells are subdivided into three sub-phenotypes: Th1, Th2 and Th17. The phe-
notype expression starts with their maturation in lymphoid tissue, when it is denominated
as polarization. Polarized T-cells can release different cytokines, expressing different tran-
scription factors when activated by DCs, macrophages, natural killer cells and basophils.
Cytokines released by each T-cell subset can activate the same subset, also enhancing the
subset stimulation and the immune response [53,56].

The most important cytokine released by Th1 cells is IFNγ, which can activate
macrophages, leading to an increased production of ROS, NO and lysosomal enzymes.
Nevertheless, the most relevant role in IRI is played by Th17 cells. The main effectors of
Th17 are IL17 and IL22, which are released after the activation of the signal transducer
and activator of transcription 3 (STAT3) transcription factors, and retinoic acid-related
orphan receptor t (RORγt), respectively. It has been shown, indeed, that STAT3 deficiency is
protective against IRI. STAT3 knockout mice show a downregulation of Th17 activity, and a
lower inflammation response during IRI [57]. Loverre et al. showed that the Th1 phenotype
is mostly expressed in kidney transplant recipients when DGF occurs; however, in the
literature. both Th1 and Th17 cells are associated with T-cell-mediated rejection [58–61].

Furthermore, it has been demonstrated by Ko et al. that the transcriptional activity
in T-cells is already enhanced 6 h after IRI and that these changes in genes transcription
persist for up to 4 weeks after the event. In the early phases of transcriptional activity in
the study, the genes controlling immune cell tracking and cellular movement were those
most closely involved. Later, gene expression shifted to genes related to products involved
in cellular and humoral immune responses. Nevertheless, the authors showed that the
CC motif chemokine receptor 5 (CCR5) was one of the most highly upregulated genes
throughout their observation. Subsequently, the addition of the CCR5 antibody led to a
decreased T-cell activation and a decreased IRI entity, confirming the importance of this
gene in the IRI pathogenesis [62].
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T-regulatory cells (Treg) are a subset of CD4+ cells that most likely play a protec-
tive role in renal IRI. Tregs can be differentiated from other T-cells by their expression
of FoxP3; their function is to permit self-tolerance, as well as to downregulate the in-
nate and the adaptive immune responses. Treg action is mediated by the production of
immune-suppressive cytokines such as IL10 and TGFβ, which inhibit several immune
cells like neutrophils, macrophages and T-cells, and promote tissue repair by stimulating
macrophages and fibroblasts to synthesize collagen and matrix. Tregs could play an inter-
esting role in inducing graft tolerance and potentially reducing IRI. In addition, several
clinical trials are currently running to evaluate the efficacy of FoxP3 cellular therapy in
kidney transplantation (NCT02091232, NCT03284242, NCT01446484) [63–97]. However,
the effect of immune-suppressive agents on the Treg phenotype needs further study, since
these drugs may influence the Treg phenotype, inducing a phenotype switch which mimics
Th cells and allows FoxP3+ cells to secrete pro-inflammatory cytokines [68–70].

4. Complement System

One of the most important factors playing a crucial role in the response to IRI is
the complement system. This system includes membrane-bound receptors, regulatory
proteins and enzymes that are able to activate three different pathways. The three pathways
comprise a classical pathway (C1q pathway), an alternative pathway (C3 pathway) and
the lectin pathway.

The lectin pathway (LP) has recently been identified as one of those most strongly
involved, playing a pivotal role in the complement activation upon I/R injury [71]. The
activation of LP requires a complex interaction between pattern recognition receptors (PPRs)
like collectins or ficolins and mannan-binding serin protease (MASP). One of the most
frequently studied lectins is collectin-11 (CL11), a soluble PPR that contains a carbohydrate
recognition domain and a MASP-binding domain. It has been shown that upon IRI, the
production of CL11 by tubular cells is enhanced. Several studies have demonstrated that in
a murine IRI model, CL11-deficient mice were protected from post-ischemic complement
activation, showing the pivotal role of this protein in promoting inflammation and ischemic
stress [72,73].

Once this interaction occurs, the complex MASP collectins can bind to carbohydrate-
bearing ligands expressed on the surface of stressed cells, leading to the activation of
MASPs, which cleave C4 and C2 components and subsequently activate the C3 path-
way [74].

The C3 pathway starts when C3 convertase has been activated. C3 convertase cleaves
C3, producing C3a and C3b. The latter, together with C4b2b, creates C5 convertase, which
cleaves C5 into C5a and C5b. C5b is one of the most important factors in assembling the
membrane attack complex (MAC), merging with C6 to C9. The MAC, when inserted into
the cellular membrane, can induce cell death and the inflammatory response, activating
the NF-kB pathway, while other effectors (C3a, C5a) lead to chemotaxis of macrophages
and neutrophils [71,75].

The complement system plays a pivotal role in modulating the immune system
and in promoting organ rejection during IRI. As regards this issue, it has been shown
that upon IRI, the balance between complement activation and deactivation is shifted to
activation. Normally, soluble proteins are able to block C3 and C5 convertases, modulating
complement effectors, whereas in the IRI condition, the upregulation of the convertases’
activity may induce an uncontrolled complement activation leading to injury and graft
rejection [76]. Furthermore, the complement can act at all levels of immune responses, from
APCs to lymphocytes. In fact, complement factor receptors C3aR and C5aR1 are expressed
on the surface of APCs. Upon IRI and complement activation, C3a and C5a enhance the
APC priming activity on T-cells, increasing the expression of costimulatory receptors and
the presentation of antigens [64]. On T-cells, complement factors can also influence their
differentiation and proliferation, but it is on B-cells that they can directly promote their
response. This is because complement receptor 2 (CR2), which contributes to switching the
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antibody production from IgM to IgG upon alloantigen stimulation via APC binding, is
expressed on the B-cells’ surface [71].

Moreover, the complement can also act on kidney stromal cells, including vascular cells
such as pericytes and endothelial cells. These cells play an important role in renal fibrosis
and scar formation after kidney injury, contributing to the development of renal dysfunction
after IRI. The role of the complement has recently been investigated in a swine model
of IRI, highlighting the importance of the pericyte-to-myofibroblast transdifferentiation
(PMT) [77]. One of the effectors of the complement involved in PMT is C1: treatment by
a C1 inhibitor (C1-INH) was shown to significantly preserve the phenotype of pericytes,
maintaining the microvascular density and capillary lumen area at the tubulointerstitial
level, thereby preventing collagen deposition and scar formation. Moreover, the endothelial-
to-mesenchymal transition (EndMT) contributes to the development of renal graft fibrosis.
In in vitro studies, it was demonstrated that C3a and C5a led to an altered endothelial
phenotype, associated with an increased expression of fibroblast markers and decreased
expression of specific endothelial markers. In this scenario, the Akt pathway plays a central
role for the C3a- and C5a-induced EndMT in vitro. This evidence has been confirmed in
a swine model of IRI, which demonstrated that when the complement was inhibited, the
EndMT process rarely developed [32,77,78]. In further studies, the role of other factors,
which may be modulated by the complement and may have a relevant role in tubular
senescence and graft function after IRI, was also investigated. Castellano et al. found
the expression of the C5a receptor (C5aR) in renal tubular epithelial cells. When this
receptor is activated, it induces aberrant DNA methylation in epithelial cells, silencing
genes involved in cell cycle control, DNA damage control and signaling. These epigenetic
modifications lead to a downregulation of the BCL9, CYP1B1 and CDK6 genes, inducing
an upregulation of cell-cycle arrest markers such as p53 and p21. These findings have
been confirmed in a swine model of IRI, demonstrating that complement activation affects
the DNA methylation of genes involved in tubular senescence [79]. Another gene with
pleiotropic functions in preventing cell aging is Klotho. The expression of this gene was
remarkably reduced in a swine model of IRI, and associated with NF-kB activity and
complement activation. Considering the anti-senescence and anti-fibrotic effects of Klotho
at renal levels, it has been hypothesized that this acquired deficiency of Klotho subsequent
to IRI might contribute to DGF-associated chronic allograft dysfunction and earlier graft
failure [80] (Figure 2).
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5. Cellular Metabolism Alterations in Ischemia-Reperfusion Injury

The recent introduction of high-throughput technologies for the identification and
quantification of low-molecular-weight metabolites has led to global metabolic assessments
of the cellular state in normal and pathological conditions [81–91]. This approach can
be used to define the “metabolic fingerprint” of a disease and identify novel biomarkers
that may potentially be useful for both early diagnosis and monitoring the therapeutic
response [92,93].

Recently, several studies investigating the multiple effects of I/R on cellular metabolism
and transmembrane transport, evaluating the effect on tubular function with metabolomic
analysis, have been published (Table 1).

Table 1. Main metabolic alteration described in different kidney transplant models. DGF: delayed
graft function; IGF: immediate graft function; (+) increased levels; (−) reduced levels.

Phase Metabolites (+/−) Model Reference

Ischemia

Lactate, Choline (+)
Amino acids (valine, alanine,

glutamate, glycine) (+)
Glutathione (−)

Swine kidney
auto-transplantation [94]

Reperfusion
(kidney with DGF)

Glucose (+)
Glutathione (−)

Human cadaveric
perfusate [95]

Reperfusion
(kidney with IGF pool)

3-hydroxybutyrate (+)
Lactate (+)

Citrate, glutamate (+)

Human cadaveric
perfusate [95]

Ischemia

Glutamate (+) Serine (+)
Isovalerylglycine (+)

Proline (+) Aminobutyrate (+)
Choline (+)

Swine kidney IRI serum [96]

Reperfusion

Citrate (+) Pyruvate (+)
3-hydroxybutyrate (+)
3-aminoisobutyrate (+)

Betaine (+) Carnosine (+)
N-phenylacetylglycine (+)

Swine kidney IRI urine [96]

Most research has been conducted on kidney preservation solutions. Preservation
strategies often rely on lowering the metabolic activity rate of the organ to counteract
the hypoxic condition and subsequent ischemia. Cold storage preservation solutions
have been historically used to reduce the metabolic requirements of organs and attenuate
ischemic/hypoxic injury and are currently used in the clinical practice. Organ preservation
solutions may contain free radical scavengers like reduced glutathione and other substances
that are taken up from the medium and utilized by the kidney, in particular glucose and
gluconate. Other metabolites, conversely, appear in the medium as a consequence of
cellular metabolism subsequent to their release by the graft. Authors have demonstrated
that different conditions of preservation have an impact on the tissue metabolism of the
kidney in both animal and human models.

In a swine model of auto-transplantation, a metabolomic analysis of kidney perfusate
performed with nuclear magnetic resonance imaging (MRI) showed that the metabolite
content varied with time, showing an increase of lactate, choline and amino acids (valine,
alanine, glutamate, glycine) and a decrease of glutathione after the ischemic period. Fur-
thermore, metabolites were positively (amino acids) or negatively (glutathione) related
with serum creatinine 3 months after transplantation [94]. This kind of experiment was
also conducted on cadaveric kidneys by Guy et al. The analysis of NMR spectra of human
kidney perfusate showed that after ischemia, glucose was increased and glutathione de-
creased. Other metabolites, not initially present in the solution, appeared at the end of
the perfusion as a result of metabolic activities. Among them, metabolites related to fatty
acid metabolism (3-hydroxybutyrate), anaerobic glycolysis (lactate) and the tricarboxylic
acid (TCA) cycle (citrate, glutamate) significantly increased over time. Moreover, different
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metabolite patterns were observed in samples in which DGF occurred, featuring lower
gluconate, glucose and inosine values, and higher leucine values [95].

A metabolomic study of urinary output in an animal model of IRI showed that bio-
chemical markers of renal damage (trimethylamine-N-oxide, TMAO) and mitochondrial
dysfunction (citrate, lactate, acetate) were increased. In this context, TMAO, lactate and ac-
etate excretion were related to graft injury and a lower concentration of urinary citrate was
correlated with DGF [94]. Other studies have investigated the alteration of the metabolic
status during the different phases of the I/R injury. Alterations in energy pathways, ox-
idative stress and transport function reflect the metabolic status of the kidney. During
the ischemia phase, higher concentrations of serum glutamate, serine, isovalerylglycine,
proline, aminobutyrate and choline were observed. After reperfusion, instead, high urinary
concentrations of citrate, pyruvate and 3-hydroxybutyrate reflected the impaired TCA cycle
activity. Consequently, the impairment of oxidative phosphorylation in turn alters ATP-
dependent tubular transport, which is reflected in a high urinary content of amino acids
(3-aminoisobutyrate, betaine, carnosine and N-phenylacetylglycine). Moreover, the im-
paired tubular secretion of organic anions is highlighted by a markedly decreased urinary
output of hippurate after reperfusion, lasting up to 11 h [96].

Metabolic impairment after IRI is harder to investigate in humans, since different
confounding issues arise; for example, the intake of cyclosporin A (CsA) alters the kidney
metabolism in a very similar manner to I/R. Healthy volunteers, in fact, showed higher
levels in urine and blood of many metabolites related to oxidative stress such as glutathione,
or involving the energy metabolism such as glucose, lactate and citrate [95]. Calcineurin
inhibitors (CNI) have the same effects as CsA on the kidney metabolism, limiting the
possibility of conducting metabolic studies in the earlier phases of transplantation, when
these kinds of drugs are not yet administered. Domanski et al. conducted a metabolomics
analysis of blood samples drawn from the renal vein 5 min after reperfusion. A significant
increase of hypoxanthine and xanthine was found, reflecting the enhanced degradation of
ATP, which promotes reactive oxygen species generation and energetic impairment [97].

Recently, to investigate molecular and metabolic pathways involved in IRI, the tran-
scriptome of specimens during ischemia and reperfusion was studied. Zhang et al. per-
formed gene set enrichment and genome analysis to determine which pathways are signifi-
cantly expressed upon IRI. They showed that the NOD-like receptor signaling pathway
and its two downstream signaling pathways, mitogen-activated protein kinase (MAPK)
and NF-kB, are the major pathways found to be significantly enriched. This study revealed
the pivotal role of the NOD-like receptor signaling pathway and the relationship between
its effectors and the infiltration of specific immune cell types during IRI. This interplay
involves hematopoietic stem cells, M2 macrophages, monocytes, Treg cells, conventional
dendritic cells and pro B-cells, whose infiltration is strongly correlated with the expression
of the MAPK and NF-kB signaling pathways [98].

6. Potential Prevention and Therapeutic Strategies

Many drugs have been investigated for the purposes of preventing DGF. Eculizumab
is an anti-human C5 micro antibody that has shown potential in the prevention and/or
treatment in antibody-mediated rejection (AMR) and a good safety profile in several phase
2/3 trials (NCT01567085, NCT01106027, NCT01399593). In preventing DGF, the safety
profile of Eculizumab was good, but pre-treatment had no effect on the incidence of
DGF [99–102]. Another anti-C5 antibody, Tesidolumab, has currently entered a phase 1
study. Safety studies show a potentially good safety profile in interaction with other drugs,
but no data on efficacy have been published yet [103].

C1 esterase inhibitors (C1-INH) should not be considered complement-specific in-
hibitors, since they act as protease inhibitors and may play a role beyond the classical
complement pathway and even beyond the entire complement system. C1INH Berinert®

(CSL Behring, King of Prussia, PA, USA) has been evaluated in a phase 1/2, double-blind,
placebo-controlled study. Its safety and efficacy profile for the prevention of DGF in re-
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cipients of deceased donor kidneys was investigated. Even though the primary outcome
measure (DGF) was not met, treatment with Berinert® was associated with significant
fewer dialysis sessions 2–4 weeks post-transplant. Furthermore, comparing the placebo
group with the treated subjects, a better renal function was shown at 1 year, with no adverse
effects and a good safety profile [103].

RNA interference (RNAi) through small interfering RNA (siRNA) and short hairpin
RNA (shRNA) are potential weapons that may be used to silence damage-related genes
before reperfusion. To prevent IRI, the importance and the utility of RNAi have been
demonstrated in several animal models of solid organ transplantation. RNAi has been
tested in kidney transplantation to target C3, Fas, Caspase 3 and 8, Rel B and CD40, yielding
good results. Their effects showed a reduced apoptosis and a better appearance at histology,
related to a better renal function, which seemed well preserved. Further studies are needed
to explore this preventive option and to better define its safety profile and effectiveness in
humans [104,105].

Finally, additional strategies in organ preservation techniques and reperfusion have
been studied to achieve better clinical outcomes. The addition of metabolic intermediates
to preservation solutions was the first attempt to improve their efficacy, which led to
the most used preservation solutions to date (Collins, Univerity of Wisconsin, Celsior,
Histidin-Tryptophan-Ketoglutarat, Hypertonic Citrate-Adenine). The postulated benefits
of these supplementations include the reduction of calcium overload, increased tissue ATP
concentration, sodium re-absorption and a lower cellular damage. Recently, the addition
of gases has been studied in animal models. Argon-saturated celsior solution (Ar-Celsior)
was tested in a swine kidney transplantation model, resulting in better graft recovery
and survival associated with reduced tissue damage. Moreover, the addition of carbon
monoxide (CO) to the University of Wisconsin (UW) solution was tested. In a porcine and
rat model, UW supplemented with CO showed a protective role against IRI, considering
the role of CO in lowering pro-inflammatory cytokines and lipid peroxidation [106–109].

Besides the addition of amino acids, protein and peptide supplementation to preserva-
tion solutions has been studied with a good efficacy in animal models [110,111]. Moreover,
preservation solutions supplemented with pathway modulators of IRI, such as oligonu-
cleotides, inhibitors and siRNA, have been recently investigated. The addition of caspase 3
siRNA in preservation solution in a swine model showed reduced levels of cell apopto-
sis and better acid-base homeostasis. Similarly, the addition of matrix metalloproteinase
(MMP)-2 siRNA showed a protective role against IRI, reducing tissue fibrosis in a rat
transplantation model [112,113]. A deeper knowledge of the mechanism underlying IRI
would suggest further strategies to improve the preservation solutions currently used in
clinical practice.

7. Conclusions

Research on kidney transplant recipients in the past decades has been focused on
immunosuppression and post-transplant patient management. Nevertheless, the complex
process of implantation and reperfusion at the time of transplantation, involving the entire
IRI pathophysiological mechanism, plays a pivotal role in the outcome of kidney graft
recipients. As discussed above, the cornerstone of the IRI cascade is the uncontrolled ROS
formation during reperfusion and the mitochondrial dysfunction, which cause the mPTP
to open and the release of DAMPs in the intra- and extracellular space. Several injury
pathways are activated, including apoptosis and necrosis, endothelial dysfunction, loss
of the specific phenotype of endothelial cells and activation of the immune system. The
activation of the innate, and subsequently, the adaptive immune system leads to further
injury of the graft, associated with a higher immunogenicity of the kidney and promoting
T-cell- and antibody-mediated rejection. Novel insights have been gained into complement
activation upon IRI, showing its importance in the crosstalk with immune cells and its
role in renal fibrosis associated with chronic graft dysfunction and DGF. Currently, several
pathways are being investigated as potential targets of novel pharmacological agents,
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although most of those are still in the preclinical phase and further studies are needed.
Modulation of the complement could be a very attractive strategy, since it seems to play
an effective, central role in IRI-related dysfunction. Moreover, potential targets could be
identified in the earlier phases of IRI, such as mitochondrial dysfunction, considering its
central role in the initiation of IRI, and new interesting options such as RNA interference
could be potential future strategies. However, in view of the complexity of these events, our
knowledge is still too limited to adequately counteract IRI, and more studies are needed to
better elucidate the pathological events occurring in this multifactorial process. We could
predict that a multiple treatment approach, targeting agents at various times of the whole
transplantation process (organ retrieval, preservation and transplantation itself) will most
likely be the best approach to reduce IRI, improving graft survival and patients’ quality
of life.
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97. Domański, L.; Safranow, K.; Ostrowski, M.; Pawlik, A.; Olszewska, M.; Dutkiewicz, G.; Ciechanowski, K. Oxypurine and purine
nucleoside concentrations in renal vein of allograft are potential markers of energy status of renal tissue. Arch. Med. Res. 2007, 38,
240–246. [CrossRef]

98. Zhang, J.; Wei, X.; Tang, Z.; Miao, B.; Luo, H.; Hu, X.; Luo, Y.; Zhou, Y.; Na, N. Elucidating the molecular pathways and immune
system transcriptome during ischemia-reperfusion injury in renal transplantation. Int. Immunopharmacol. 2020, 81, 106246.
[CrossRef] [PubMed]

99. Glotz, D.; Russ, G.; Rostaing, L.; Legendre, C.; Tufveson, G.; Chadban, S.; Grinyó, J.; Mamode, N.; Rigotti, P.; Couzi, L.; et al.
Safety and effcacy of eculizumab for the prevention of antibody-mediated rejection after deceased-donor kidney transplantation
in patients with preformed donor-specific antibodies. Am. J. Transpl. 2019, 19, 2865–2875. [CrossRef]

100. Marks, W.H.; Mamode, N.; Montgomery, R.A.; Stegall, M.D.; Ratner, L.E.; Cornell, L.D.; Rowshani, A.T.; Colvin, R.B.; Dain, B.;
Boice, J.A.; et al. Safety and efficacy of eculizumab in the prevention of antibody-mediated rejection in living-donor kidney
transplant recipients requiring desensitization therapy: A randomized trial. Am. J. Transpl. 2019, 19, 2876–2888. [CrossRef]

101. Schröppel, B.; Akalin, E.; Baweja, M.; Bloom, R.D.; Florman, S.; Goldstein, M.; Haydel, B.; Hricik, D.E.; Kulkarni, S.; Levine, M.;
et al. Peritransplant eculizumab does not prevent delayed graft function in deceased donor kidney transplant recipients: Results
of two randomized controlled pilot trials. Am. J. Transpl. 2020, 20, 564–572. [CrossRef]

102. Jordan, S.C.; Kucher, K.; Bagger, M.; Hockey, H.U.; Wagner, K.; Ammerman, N.; Vo, A. Intravenous immunoglobulin significantly
reduces exposure of concomitantly administered anti-C5 monoclonal antibody tesidolumab. Am. J. Transpl. 2020, 20, 2581–2588.
[CrossRef]

103. Jordan, S.C.; Choi, J.; Aubert, O.; Haas, M.; Loupy, A.; Huang, E.; Peng, A.; Kim, I.; Louie, S.; Ammerman, N.; et al. A phase
I/II, double-blind, placebo-controlled study assessing safety and efficacy of C1 esterase inhibitor for prevention of delayed graft
function in deceased donor kidney transplant recipients. Am. J. Transpl. 2018, 18, 2955–2964. [CrossRef] [PubMed]

104. Brüggenwirth, I.M.A.; Martins, P.N. RNA interference therapeutics in organ transplantation: The dawn of a new era. Am. J.
Transpl. 2020, 20, 931–941. [CrossRef] [PubMed]

105. Cucchiari, D.; Rovira, J.; Diekmann, F. Regulated Cell Death at the Crossroad Between Ischemia-reperfusion Injury and Innate
Immunity in Kidney Transplantation. Transplantation 2020, 104, 1772–1773. [CrossRef]

106. Chen, Y.; Shi, J.; Xia, T.C.; Xu, R.; He, X.; Xia, Y. Preservation Solutions for Kidney Transplantation: History, Advances and
Mechanisms. Cell Transpl. 2019, 28, 1472–1489. [CrossRef]

107. Faure, A.; Bruzzese, L.; Steinberg, J.G.; Jammes, Y.; Torrents, J.; Berdah, S.V.; Garnier, E.; Legris, T.; Loundou, A.; Chalopin, M.;
et al. Effectiveness of pure argon for renal transplant preservation in a preclinical pig model of heterotopic autotransplantation. J.
Transl. Med. 2016, 14, 40. [CrossRef]

108. Ozaki, K.S.; Yoshida, J.; Ueki, S.; Pettigrew, G.L.; Ghonem, N.; Sico, R.M.; Lee, L.Y.; Shapiro, R.; Lakkis, F.G.; Pacheco-Silva, A.;
et al. Carbon monoxide inhibits apoptosis during cold storage and protects kidney grafts donated after cardiac death. Transpl. Int.
2012, 25, 107–117. [CrossRef]

109. Yoshida, J.; Ozaki, K.S.; Nalesnik, M.A.; Ueki, S.; Castillo-Rama, M.; Faleo, G.; Ezzelarab, M.; Nakao, A.; Ekser, B.; Echeverri, G.J.;
et al. Ex vivo application of carbon monoxide in UW solution prevents transplant-induced renal ischemia/reperfusion injury in
pigs. Am. J. Transpl. 2010, 10, 763–772. [CrossRef] [PubMed]

http://doi.org/10.18632/aging.101685
http://doi.org/10.1016/j.ajpath.2020.08.008
http://www.ncbi.nlm.nih.gov/pubmed/32861643
http://doi.org/10.3390/metabo10120509
http://doi.org/10.2217/fon-2016-0217
http://doi.org/10.21037/tau.2016.06.12
http://doi.org/10.1016/j.phrs.2017.12.032
http://www.ncbi.nlm.nih.gov/pubmed/29309901
http://doi.org/10.1097/TP.0000000000000398
http://www.ncbi.nlm.nih.gov/pubmed/25222017
http://doi.org/10.1016/j.lfs.2016.05.025
http://www.ncbi.nlm.nih.gov/pubmed/27208650
http://doi.org/10.1016/j.arcmed.2006.07.010
http://doi.org/10.1016/j.intimp.2020.106246
http://www.ncbi.nlm.nih.gov/pubmed/32044658
http://doi.org/10.1111/ajt.15397
http://doi.org/10.1111/ajt.15364
http://doi.org/10.1111/ajt.15580
http://doi.org/10.1111/ajt.15922
http://doi.org/10.1111/ajt.14767
http://www.ncbi.nlm.nih.gov/pubmed/29637714
http://doi.org/10.1111/ajt.15689
http://www.ncbi.nlm.nih.gov/pubmed/31680428
http://doi.org/10.1097/TP.0000000000003128
http://doi.org/10.1177/0963689719872699
http://doi.org/10.1186/s12967-016-0795-y
http://doi.org/10.1111/j.1432-2277.2011.01363.x
http://doi.org/10.1111/j.1600-6143.2010.03040.x
http://www.ncbi.nlm.nih.gov/pubmed/20199500


Transplantology 2021, 2 207

110. McAnulty, J.F.; Reid, T.W.; Waller, K.R.; Murphy, C.J. Successful six-day kidney preservation using trophic factor supplemented
media and simple cold storage. Am. J. Transpl. 2002, 2, 712–718. [CrossRef] [PubMed]

111. Nakagawa, K.; Koo, D.D.; Davies, D.R.; Gray, D.W.; McLaren, A.J.; Welsh, K.I.; Morris, P.J.; Fuggle, S.V. Lecithinized superoxide
dismutase reduces cold ischemia-induced chronic allograft dysfunction. Kidney Int. 2002, 61, 1160–1169. [CrossRef] [PubMed]

112. Yang, B.; Hosgood, S.A.; Nicholson, M.L. Naked small interfering RNA of caspase-3 in preservation solution and autologous
blood perfusate protects isolated ischemic porcine kidneys. Transplantation 2011, 91, 501–507. [CrossRef] [PubMed]

113. Moser, M.A.; Arcand, S.; Lin, H.B.; Wojnarowicz, C.; Sawicka, J.; Banerjee, T.; Luo, Y.; Beck, G.R.; Luke, P.P.; Sawicki, G. Protection
of the transplant kidney from preservation injury by inhibition of matrix metalloproteinases. PLoS ONE 2016, 11, e0157508.
[CrossRef] [PubMed]

http://doi.org/10.1034/j.1600-6143.2002.20805.x
http://www.ncbi.nlm.nih.gov/pubmed/12243492
http://doi.org/10.1046/j.1523-1755.2002.00217.x
http://www.ncbi.nlm.nih.gov/pubmed/11849471
http://doi.org/10.1097/TP.0b013e318207949f
http://www.ncbi.nlm.nih.gov/pubmed/21192320
http://doi.org/10.1371/journal.pone.0157508
http://www.ncbi.nlm.nih.gov/pubmed/27327879

	Introduction 
	Ischemia and Reperfusion 
	Ischemia 
	Reperfusion 
	Endothelial Dysfunction 

	Immune Response 
	Innate Immune Response 
	Innate to Adaptive Immune Response Translation 
	Adaptive Immune Response 

	Complement System 
	Cellular Metabolism Alterations in Ischemia-Reperfusion Injury 
	Potential Prevention and Therapeutic Strategies 
	Conclusions 
	References

