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Abstract
Ischemia/reperfusion injury is an unavoidable relevant 
consequence after kidney transplantation and influences 
short term as well as long-term graft outcome. Clinically 
ischemia/reperfusion injury is associated with delayed 

graft function, graft rejection, chronic rejection and 
chronic graft dysfunction. Ischemia/reperfusion affects 
many regulatory systems at the cellular level as well as 
in the renal tissue that result in a distinct inflammatory 
reaction of the kidney graft. Underlying factors of 
ischemia reperfusion include energy metabolism, cellular 
changes of the mitochondria and cellular membranes, 
initiation of different forms of cell death-like apoptosis 
and necrosis together with a recently discovered mixed 
form termed necroptosis. Chemokines and cytokines 
together with other factors promote the inflammatory 
response leading to activation of the innate immune 
system as well as the adaptive immune system. If the 
inflammatory reaction continues within the graft tissue, 
a progressive interstitial fibrosis develops that impacts 
long-term graft outcome. It is of particular importance 
in kidney transplantation to understand the underlying 
mechanisms and effects of ischemia/reperfusion on the 
graft as this knowledge also opens strategies to prevent 
or treat ischemia/reperfusion injury after transplantation 
in order to improve graft outcome.
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ction; Inflammatory response; Acute kidney injury; 
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Core tip: In kidney transplantation the ischemia reper
fusion injury is a severe unavoidable consequence 
that may impact the graft outcome. The underlying 
mechanisms are not completely understood and new 
findings are continuously being discovered. These 
involve the biological cellular mechanisms and the gene 
related response to injury as ischemia and reperfusion. 
Therapeutically, is extremely important to control this 
severe complication. Several drugs and strategies are 
now available and a number of international trials are 
ongoing. In addition future therapies are now in the 
pipeline and will be described in this manuscript.
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INTRODUCTION
Ischemia reperfusion injury (IRI) is a relevant factor 
in determining high morbidity and mortality in several 
diseases among which, the myocardial infarction, the 
ischemic stroke, the acute kidney injury (AKI) and 
trauma. In organ transplantation, as well as in major 
surgery IRI is a relevant challenge, that importantly 
influences the clinical outcome (Table 1). A reduced 
metabolic supply with respect to the demand within an 
ischemic organ, causes a severe hypoxia associated 
with micro vascular dysfunction[1,2]. Paradoxically, 
the subsequent reperfusion does not restore the 
normal conditions, but further enhances the damage 
activating several mechanisms, among which the 
innate and the adaptive immune response and the 
cell death programs[3]. Recently, important advances 
in understanding the basis at molecular level of the 
ischemia and reperfusion have been made. This 
new relevant knowledge probably will lead to new 
therapeutic strategies for treating patients affected 
by ischemia and reperfusion-associated tissue inflam
mation. This will have a particular relevance in the field 
of organ transplantation[4].

In this paper the main consequences of IRI that may 
influence the course of the transplanted kidney will be 
examined. After analyzing the main clinical factors that 
affect IRI and the clinical consequences, the biologic 
mechanisms at the basis of IRI will be discussed. Finally 
new exciting and promising therapeutic strategies will 
be described.

CAUSES AND CONSEQUENCES OF IRI
IRI is a step frequently occurring during kidney trans
plantation and is principally caused by blood flow 
disturbances. Impairment of blood flow starts with 
the brain death and is due to severe hemodynamic 
disturbances in the cadaveric donors. These distur
bances already causes in the donor activation of 
complement cascade and of the innate immune system. 
The clamping of renal artery causes a short, but severe 
renal ischemia during the harvesting operation. In 
addition, the cold ischemia during allograft kidney 
storage may also cause a further ischemic damage[5-7]. 
The allograft kidney transplantation from living related 
donors is also subjected to warm ischemia, but in such 
condition disturbances related to brain death are not 
present and cold ischemia is also shorter: indeed IRI 
is less frequent and less severe in transplantation from 
living donors. 

The final and biologically more severe stage of the 

injury occurs during the reperfusion as a consequence 
of the blood flow reconstruction[8].

The delayed graft function (DGF) is one of the more 
frequent early complications after the deceased-donor 
kidney transplantation and is primarily a consequence 
of post-ischemic acute tubular necrosis caused by 
IRI[9]. As aforementioned the degree of IRI is related 
to several factors that may happen in the donor, dur
ing transplantation and later in the recipient[10]. DGF 
is a severe complication that frequently occurs in 
the initial post-transplant period. In addition to the 
acute complications related to the renal failure and 
the associated costs of prolonged hospitalization, 
several studies document an association between the 
occurrence of DGF and the subsequent acute and 
chronic allograft dysfunction. However is not clear 
whether the DGF directly affects the long-term graft 
survival[11,12].

The IRI determines a two-step injury in the trans
planted kidney. The first step that happens immediately 
after transplantation is related to the ischemic damage, 
while the second step occurs later and is linked to 
the IRI related activation of the innate and adaptive 
immune response and may cause either antibody-
mediated rejection (ABMR)[13] and cell mediated 
rejection[14].

Recently, Curci et al[15] documented that IRI might 
also cause renal fibrosis due to the endothelial-to-
mesenchimal transition (EndMT) mediated by the 
complement anaphylatoxins and by the Akt pathway. 
Due to the relevance of the consequences of IRI, 
the Food and Drug Administration (FDA) held an 
open workshop to summarize the current status of 
knowledge related to IRI upon the outcomes in kidney 
transplantation[16].

The workshop identified the following factors as 
relevant causes affecting IRI and DGF: (1) donor 
factors: Relevant donor-related factors that increase the 
risk of DGF are the donor age, the biopsy findings at 
the implantation[17] and the cardiac or brain death[18]; (2) 
recipient factors: Most relevant recipient-related factors 
that influence the incidence and severity of IRI and DGF 
are the male gender, the African American race, body 
mass index greater than 30 and high panel reactive 
antibodies[19]; and (3) storage preservation.
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Table 1  Examples of ischemia and reperfusion injury

  Affected organ and surgical 
  procedures

Example of clinical manifestation

  Heart Acute coronary syndrome
  Kidney Acute kidney injury
  Intestine Intestinal ischemia and reperfusion
  Brain Stroke
  Cardiac surgery Acute heart failure after 

cardiopulmonary bypass
  Thoracic surgery Acute lung injury
  Peripheral vascular surgery Compartment syndrome of extremity
  Major vascular surgery Acute kidney injury
  Solid organ transplantation Acute graft failure; early graft rejection



The duration of storage and cold ischemia time  
correlate with DGF. An adequate preservation of renal 
allograft during the cold storage is also important 
to prevent the DGF. Recently also the pulsatile 
hypothermic machine perfusion has been documented 
by several authors to significantly reduce the DGF, even 
if a meta-analysis comparing static cold storage and 
hypothermic machine perfusion did not document a 
different influence on long-term outcomes[20,21].

Similarly the FDA workshop and further studies[22] 
documented the clinical consequences of IRI on the 
kidney graft function and survival rate. Clinically, IRI 
is associated with the DGF, the graft rejection and the 
chronic graft dysfunction with a progressive interstitial 
fibrosis: (1) delayed graft function; The DGF is a result 
of IRI related ischemic graft damage that impacts 
upon the short-term and the long-term outcome of the 
kidney graft [12,23]. However, due to the lack of clarity of 
the DGF definition, the impact of the DGF on the long-
term graft survival is controversial[12]. Clearly, if DGF 
determines an impaired graft function at discharge, 
this represents an independent predictor of a poorer 
long-term graft outcome[24]; (2) graft rejection: The 
inflammatory response that follows the IRI after 
the kidney transplantation causes also an increased 
immunogenicity of the graft[25]. In addition, the IRI may 
amplify the humoral immune response to antigens. 
This amplification is also favored by a facilitated cross-
talk between T and B cells. The consequence is an 
increased ABMR rates. In addition, the facilitated 
antigen presentation by the dendritic cells to the naive 
T cells may further enhance the immunogenicity of the 
graft leading to the T cell-mediated rejections[26]; (3) 
chronic graft dysfunction: The IRI results in progressive 
interstitial fibrosis of the kidney graft in experimental 
kidney transplantation models[15,27]. In the humans, the 
development of interstitial fibrosis/tubular atrophy is 
also associated with IRI. However, is not clear whether 
in a specific graft transplantation the severity of the 
chronic damage should be related to the severity of the 
IRI itself or to a genetic predisposition of the graft[22].

The physiopathology of the ischemia reperfusion (I/R) 
should be distinguished from the physiopathology of the 
injury caused by the ischemia-reperfusion injury (IRI).

PHYSIOPATHOLOGY OF ISCHEMIA 
REPERFUSION
The I/R occurs when the blood flow supply is either 
interrupted or severely disturbed. During the process 
of transplantation the organs are subjected to hypoxic 
and ischemic injury during the procurement, the pre
servation and after the reperfusion. This principally 
occurs for the kidneys retrieved from brain dead donors. 
A recent study comparing kidneys retrieved from living 
donors and deceased donors (DD) documented that 
immediately after retrieval from DD there is a high 
increase of pro-inflammatory genes as interleukin-1 
beta (IL-1β), IL-6, P-selectin and monocyte chemotactic 

protein 1 (MCP-1)[28].
The I/R is a pathological condition characterized 

by an initial reduction of the blood supply to an organ 
followed by the subsequent perfusion with consequent 
re-oxygenation. In any organ the blood flow reduction 
leads from one hand to the reduction in oxygen and 
nutrient deliveries, from the other hand to the reduction 
of waste product removal[29].

Ischemia is an event always associated to the kidney 
transplantation. Ischemia begins already in the donor 
with the brain death, principally when is associated 
with severe hemodynamic disturbances. In addition, 
the ischemic tissue injury is increased by hypothermic 
kidney storage. The final stage of the ischemia injury 
occurs in the reperfusion stage, during which the repair 
and regeneration processes occur, together with the 
cellular death[30].

At cellular level two phases should be distinguished: 
the damage occurring during the ischemia and the 
damage occurring after the reperfusion. The vast 
majority of the studies concerning the aforementioned 
processes have been conducted on the heart, but the 
same phenomena occur also in the kidney.

Ischemia
The first change induced by the ischemia is the decrease 
in the oxygen delivery. This will induce a switch from the 
aerobic to the anaerobic metabolism[30]. The anaerobic 
metabolism does not meet the demand of aerobic 
tissues and, as a consequence, the intracellular ATP 
levels rapidly fall. In addition, the intracellular acidosis 
may be enhanced by lactic acid that increases because 
of the lactate-dependent ATP production.

These processes lead to (1) the destabilization of 
lysosome membrane with the leakage of lysosome 
enzymes and the breakdown of the cell structure[31]; 
and (2) the inhibition of the membrane-bound Na+-
K+-ATPase activity[32,33]. The latter process causes 
a large intracellular increase of Na+ ions and water, 
with consequent edema[30]. Along with Na+ ions 
accumulation into the cell, the intracellular Ca2+ levels 
are also increased because of  the stop of pumping 
Ca2+ out of the cells[34] and because ATP depletion 
inhibits the Ca2+ re-uptake[35]. The calcium overload 
causes the activation of calcium dependent proteases 
such as calpains. Calpains remain inactive because 
of the acid environment, but may damage the cells 
after pH normalization at the reperfusion[36]. Another 
effect of Ca2+ overload is the generation of reactive 
oxigen species (ROS) at mitochondrial level during the 
ischemia. This causes the opening of the mitochondrial 
transition pore (mPTP) after reperfusion, with apoptosis 
and cell death[37,38].

During the hypoxia phase, only exiguous amounts 
of ROS are produced because of redox-reduction of the 
cytochromes[39], nitric oxide (NO) synthases[40], xanthine 
oxidase and NADPH oxidase activations[41,42].

Despite all the aforementioned processes, during 
the ischemia only a small quantity of cells is lost with 
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is a frequent consequence of the I/R. The necrotic 
cells stimulate the immune system and lead to tissue 
infiltration of inflammatory-cells with consequent 
cytokine release. In contrast, the apoptosis activating 
a complex caspase signaling cascade induces a self-
limiting program of cell death. Generally the apoptosis 
process was considered as less immunostimulating 
than the necrosis process[49]; however recent data 
have documented that the extracellular release of ATP 
from the apoptotic cells may attract phagocytes[50,51]. 
Programmed cell death has been a synonymous of 
apoptosis until recently, when new pathways of regulated 
necrosis (RN) have been described. The best studied 
RN pathway is the necroptosis that is activated by 
disturbances of the caspase-8-mediated apoptosis and 
is the consequence of an interaction between the protein 
kinases 1 and 3 (RIPK1/RIPK3) and their receptors[52,53]. 
In this condition the necroptosome is formed, which is 
able to promote the inflammatory injury and to activate 
the innate and adaptive immunity[54]. In addition, Gon
calves-Primo et al[55] recently found that the apoptosis-
related gene expression levels (BAX, BCL2) in pre-
implantation biopsies are predictors of kidney DGF.

Finally, in response to the ischemic injury, the cells 
may maintain their metabolic functions and avoid the 
death. A recent review highlights that the autophagy is 
one of the principal tool adopted by the injured cells to 
maintain their viability[56]. According to this review, the 
autophagy may be regarded as a protective response to 
pathological injuries and its stimulation may therefore 
improve the graft outcome[57]. However, other studies[58] 
highlight that the stimulation of autophagy may not 
necessarily protect the graft.

Micro vascular dysfunction
The ischemia and reperfusion are associated with a 
vascular dysfunction with increased vascular perm
eability and endothelial cell inflammation. In addition, 
the recruitment of polymorphonucleates (PMN) and 
other cells, and the activation of coagulation and the 
complement system cause further injury. At vascular 
level, the I/R leads to endothelial cell swelling, loss of 
glycocalyx, breakdown of the actin cytoskeleton. This 
leads to lose of the endothelial cell-cell contacts and, 

respect to the reperfusion phase. In a study in vitro 
on cardiomyocytes[43] 4% and 17% of cardiomyocytes 
viability were lost after 1 and 4 h of ischemia in 
comparison to 73% of viability loss after 3 h of re-
perfusion.

Reperfusion
Upon reperfusion, we observe both an increase in 
oxygen levels and extracellular pH normalization. 
This normalization is dangerous for cells previously 
undergone the ischemia. Indeed, after reperfusion 
there is a further increase of cytoplasm and mito
chondrial calcium overloads that activate the calpains, 
which cause the cell structure impairment and the cell 
death. The return to normoxia causes a large produc
tion of ROS and a reduction in antioxidant capacity 
level[41,44]. ROS contribute to damage membranes and 
cytoskeleton[45]. Together, the ROS increase and the 
increased mitochondrial calcium content cause the 
mPTP opening. Once opened the mPTP lead to cell 
death through different mechanisms as apoptosis, 
necrosis and autophagy[45,46].

A recently described and relevant factor is the 
hypoxia-inducible factor (HIF) that might defense cells 
against I/R[47]. HIF is now considered to be the principal 
mechanism of defense, controlling the cellular response 
to hypoxia and regulating several genes involved in the 
metabolic cell cycle. The HIF pathway is to date the 
topic of many researches as a possible target for many 
clinical conditions as I/R.

PHYSIOPATHOLOGY OF 
ISCHEMIA-REPERFUSION INJURY
Ischemia-reperfusion injury may cause cell damage 
through several pathways (Figure 1).

Cell death, apoptosis, necroptosis and autophagy
The ischemia-reperfusion activates different programs 
of cell death, which may be categorized in necrosis, 
apoptosis, or autophagy associated cell-death.

The necrosis, characterized by the cell swelling 
with subsequent rupture of surface membranes[48], 

Ischemia-reperfusion

Microvascular 
inflammation

Cell death programs
(apoptosis, necrosis, autophagy)

Transcriptional 
reprogramming

Autoimmunity Innate and adaptive 
immune activation

Endothelial mesenchymal 
transition

Figure 1  Biological consequences of ischemia-reperfusion.
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as a consequence of the increased micro vascular 
permeability, there is a fluid loss in the interstitium[59]. 
Furthermore, the I/R promotes vasoconstriction by 
inducing the endothelial productions of vasoconstrictor 
substances (platelet derived growth factor-B and 
Endothelin-1)[60]. The increased vascular permeability 
induced by hypoxia may also be generated by the 
production of several adenosine receptors, among 
which the A2BAR. Recent studies have documented 
that the repression of the A2BAR also selectively 
increases the endothelial leak in response to hypoxia in 
vitro[61]. The IRI is characterized by leukocyte activation, 
chemotaxis, leukocyte-endothelial cell adhesion and 
transmigration[62]. The leukocytes interact with the 
vascular endothelium in different steps. First we have 
the leukocyte “rolling” on the endothelium, then the firm 
adherence of leukocytes to the endothelium and, finally, 
the endothelium transmigration of the leukocytes[63] 
(Figure 2).

The leukocyte rolling is induced by the increase 
of endothelial P-selectin (CD62P) surface expression, 
which interacts with P-selectin glycoprotein 1 (PSGL-1) 
located on the leukocytes. A firm leukocyte adherence 
is a consequence of the interaction of the leukocyte 
beta 2 integrins CD11a/CD18 and CD11b/CD18 with 
the endothelial intercellular adhesion molecule 1. The 
leukocyte transmigration into the interstitial compart
ment is then facilitated by the platelet-endothelial cell 
adhesion molecule 1. Later on, in the interstitial com
partment the activated leukocytes release toxic ROS, 
proteases and elastases, so causing several further 
injuries as an increased micro vascular permeability, 
edema, thrombosis and parenchyma cell death[62]. The 
PMN accumulation in the extra vascular compartment 
is also facilitated by the IL-8 releases by the hypoxic 

tissues. Indeed IL-8 realizes a chemotactic gradient that 
facilitates the neutrophils moving from the intravascular 
space towards the hypoxic interstitium[64].

The vasoconstriction is increased by a reduced 
NO production in the reperfusion phase, associated 
with a reduction in the production of the eNOS protein 
and other vasodilator substances, which are no more 
produced by the damaged endothelium[65]. In addi
tion, the vasoconstriction is intensified by increased 
arterioles reactivity to vasoconstrictor substances such 
as angiotensin II, thromboxane A2, prostaglandin H2, 
leukotrienes C4 and D4 and adenosine[1,66].

After reperfusion, the activated endothelial cells 
produce the vascular adhesion molecule 1 as well as 
the P and E selectins on the endothelial membranes[67]. 
Mechanistically, the E-selectin activation by E-selectin 
ligand 1 induces the polarized, activated αMβ2 integrin 
clusters at the leading edge of crawling neutrophils, 
so inducing the increased adherence of circulating 
erythrocytes and platelets[68].

The attenuated vascular relaxation, after reperfusion, 
in addition to a sustained pericyte contraction[69] may 
result in a “no reflow phenomenon” characterized by an 
increased impedance of micro vascular blood flow after 
the restoration of the normal conditions.

Transcriptional reprogramming
The transcriptional reprogramming is a consequence 
of the I/R that should be regarded as a defense mech
anism and not as an injury. This phenomenon has been 
principally studied in the I/R of organs as liver, brain or 
heart.

The ischemic period is associated with significant 
alterations in the transcription control of the gene expre
ssion. The ischemia is associated with an inhibition of 

Figure 2  Rolling, firm adhesion and diapedesis of leukocytes. Leukocyte rolling is initiated by increase in endothelial P-selectin and its interaction with the 
leukocyte receptor PGSL-1; integration of integrins CD11a/CD18 with endothelial ICAM-1 results in leukocyte adherence; Leukocyte transmigration, facilitated by 
PECAM-1. PGSL-1: P-selectin glycoprotein 1-ligand; ICAM-1: Intercellular adhesion molecule 1; PECAM-1: Platelet endothelial cell adhesion molecule-1.
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the oxygen-sensing prolylhydroxylase (PHD) enzymes 
that require oxygen as a co-factor. Hypoxia-associated 
inhibition of the PHD enzymes leads to the post-
translational activation of hypoxia and of the inflam
matory signaling cascades, which control the stability of 
the transcription factors HIF and nuclear factor-kB (NF-
kB), respectively[70]. In particular in hypoxic conditions, 
the HIFs move to the nucleus, where, binding to a 
hypoxia response promoter element (HRE), induce 
the transcription of numerous genes, among which 
the genes that induce NF-kB and toll-like receptors 
(TLRs). This represents an additional attempt to restore 
oxygenation and to help the tissue to adapt to the 
hypoxia[71].

Recently, it has also been found that the protective 
phenotype in response to the ischemia depends on 
an integrated response at the genomic, molecular, 
and cellular and tissue levels. This finding has been 
called “genomic reprogramming” following ischemic 
preconditioning[72].

Innate and adaptive immune system
The innate immune system is an overlapping response 
to conditions of disturbed tissue integrity as happens 
in IRI. Numerous cells and mechanisms are involved in 
the innate immunity.

Cells: Following reperfusion, the neutrophils adhere 
to the endothelium and migrate into the tissue. The 
neutrophils react to any unspecific injuries and release 
proteases, ROS and pro-inflammatory cytokines as IL-4, 
IL-6, interferon-γ, tumor necrosis factor-a[73]. Similarly, 
also the macrophages produce proinflammatory cyto
kines and may be found in the damaged tissues since 
the early stages of the IRI[74]. The natural killer (NK) 
cells play a central role in the renal IRI and the perforin 
dependent killing of tubular cells by the NK cells is a 
major mechanism of the renal IRI[75]. The dendritic cells 
(DCs) represent an essential step in the pathogenesis 
of the IRI. Indeed DCs undergo an antigen-independent 
maturation process induced by damage-associated 
or pathogen-associated molecular proteins (DAMPs, 
PAMPs). In addition, the DCs represent the connecting 
bridge between the innate and the adaptive immune 
activation. In renal transplantation, where the decea
sed donor undergoes an oxidative stress induced by 
brain death, the donor DCs are activated favoring the 
subsequent activation of the recipient T cells[76].

TLRs: The TLRs are small proteins, located on cell 
membranes or into the cytoplasm that are able to 
recognize the pathogen-associated molecules. Once 
activated, the TLRs recruit adapter molecules within the 
cytoplasm able to generate several kinases that, on turn 
activate transcription factors, as NFkB. The transcription 
factors may induce an inflammatory response[77]. In 
addition to the microbial-associated molecular patterns, 
the TLRs may be also activated by the endogenous 
molecules called DAMPs. Several DAMPs are able to 

activate TLRs and might be associated to IRI. Among 
them only the nuclear protein High Mobility Group Box 
1 (HMGB-1) has been documented to be linked to the 
pathogenesis of the IRI[78,79]. HMGB-1 binds the DNA and 
regulates the transcription and the chromatin modeling. 
In deceased-donor kidneys where the IRI is more 
frequent and more severe, the TLR-4 has been found to 
be up-regulated and tubular HMGB-1 is detectable[80]. 
The TLR-4 exerts a crucial role in the IRI. Indeed, the 
activation of TLR-4 on the leukocytes, the vascular 
endothelial cells and the tubular epithelial cells leads to 
an increased production of pro-inflammatory cytokines 
and adhesion molecules, which realize an inflammatory 
response in both the renal microvasculature and the 
interstitial space. This intensifies the kidney damage 
already initiated during the ischemic phase through a 
massive leukocyte infiltrations and generating further 
cytotocicity. The increased endothelial and epithelial 
cell damage accelerates the antigen processing and 
presenting. Therefore the immunogenicity is increased 
and an immune reaction is generated. The tubules and 
vasculature severely damaged might promote fibrosis, 
and all these molecular events may predispose to 
chronic allograft failure[81].

Strictly connected with the TLRs are the inflamma
somes. The inflammasomes are multiprotein complexes 
present in the cells of the kidney. The inflammasomes 
respond to DAMPs and may be activated by any cellular 
damage. For example, the NOD leucine-rich repeat 
pyrin domain containing NLRP, named NLRP1, activates 
the caspase-1 cascade producing pro-inflammatory 
cytokines. Other inflammasome like NLRP3 seems to 
exert a protective effect in mice[82].

Complement: A central role of the innate immunity 
is exerted by the complement. The complement is 
involved in the IRI. The DAMPs may activate all the 
three complement pathways, binding either to C1q, or 
to C3 or to mannose-lectin[12]. When the complement 
pathways are activated the anaphylatoxins C3a and 
C5a are released and the MAC (C5b-9) is formed. As 
a result, chemokines are induced and a neutrophil 
activation and infiltration occur leading to cell injury, 
apoptosis and necrosis[83].

It has been recently documented that in the complex 
setting of the IRI, there is a close cross-talk between 
the complement and the TLRs, another component of 
innate immunity[84].

The complement may be activated by the brain 
death and the complement component C5a, generated 
by the donor brain death, acts directly on the C5a 
receptor which is also expressed on the DCs, resulting 
in the cell activation and subsequently enhances its 
capacity for the allo-specific T cell stimulation[85]. Li 
et al[86] suggest that the donor epithelium bound C3 
may up-regulate the alloimmune response. It is postu
lated that the surface bound C3 interacts with the 
complement receptors on the alloreactive T cells or on 
the antigen presenting cells to increase the allo-immune 
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stimulation.
Finally, it should be considered that the majority 

of transplanted kidneys are retrieved from cadaveric 
donors. In such kidneys C3 may be present in the organ 
already before retrieval because of donor suffering. 
Damman et al[84] found higher gene expression of C3 
and increased deposition of C3d in kidney biopsies 
obtained from graft from deceased donors. It has been 
documented that the complement component C3 is 
capable of modulating the rejection of the renal allograft 
in vivo and of regulating the T-cell responses in vivo and 
in vitro[14,87].

While the activation of the innate immune system 
takes places within minutes, the adaptive immune 
response is generated after a longer period. The T-cells 
involved in either antigen-specific or antigen-unspecific 
responses play a key role in the kidney IRI[88].

Summarizing the chain of the events that happen 
as a consequence of the I/R and the consequent acti
vation of the immune system, two steps should be 
distinguished: (1) activation of the innate system: 
The recognition receptors of the innate immunity are 
principally the TLRs (both intra and extracellular), the 
intracellular receptors, NOD-like receptors and retinoic 
acid-inducible gene 1 receptor. TLRs are essential in 
recognizing the PAMPs or DAMPs. The TLRs activate a 
number of kinases [IL-1-receptor-associated kinase 1 
(IRAK1), IL-1-receptor-associated kinase 4 (IRAK4), 
TANK binding kinase 1, inhibitor of NFkB kinase] recrui
ting in the cytoplasm adaptor molecules [myeloid differen
tiation 88 (MyD88), Toll/IL receptor containing adaptor 
protein, TIR domain-containing adaptor inducing 
interferon (TRIF) and TRIF-related adaptor molecule]. 
The kinases amplify and transmit the signal to the 
transcription factors NFkB, MAP3 kinase (MAP3) and 
interferon regulatory factor 3. Finally the transcription 
factors encode the genes regulating the inflammatory 
cells[12] (Figure 3); and (2) activation of the adaptive 
system: In tissues affected by innflammation, the DCs 
become mature, bind the antigen and migrate to the 
lymph nodes where they may present the antigen to 
the T cells. The activation of T cell is mediated by signals 

generated by the T cell receptor and the co-stimulation 
molecules. The strict interaction between T and B cells 
may generate an alloimmune response (Figure 4). 
Recently, has also been documented that the renal IRI 
may amplify the humoral immune response generating 
an antibody mediated rejection (ABMR)[13]. Indeed, 
following the I/R an amplified IgG response, antigen 
specific, may be generated in the presence of functional 
alternative pathway of the complement.

Autoimmunity is principally referred to the adaptive 
immune system. However several studies reveal that 
also the innate immune system, under specific circum
stances may be self-reactive and may initiate the 
reaction against self-tissues similarly as occurs with 
pathogens. This specific event is referred as “innate 
autoimmunity”[89]. Several studies have linked the 
reperfusion injury to the occurrence of the so-called 
“natural” antibodies, leading to the activation of the 
complement system. These natural antibodies are 
produced in the absence of any immunization and are 
principally composed of IgM and, in some cases, IgG[90]. 

In mouse models, non-muscle myosin and heavy 
chain type II A and C have been identified as a self-
target for natural IgM in the initiation of reperfusion 
injury[91]. More recently, additional neoepitopes have 
been identified as the soluble cytosolic protein annexin 
IV[90]. These studies indicate that these neoepitopes 
generated by the ischemic tissue may become the 
targets for the natural antibodies principally during the 
reperfusion phase, thus causing complement activation, 
neutrophil recruitment and tissue injury.

EndMT 
EndMT has been recently described in different human 
diseases[92]. During the EndMT, the endothelial cells (ECs) 
acquire a mesenchimal phenotype characterized by the 
loss of specific endothelial markers and by the gain of 
mesenchymal markers, such as the fibroblast specific 
protein 1, the neuronal cadherin (N-cadherin) and 
the alpha-smooth muscle actin (α-SMA). Under these 
conditions, the ECs move from their normal organized 
cell layer and invade the underlying tissue inducing 

PAMPs or DAMPs are recognized by TLRs

TLRs recruite adapter molecules (TRAF6, MyD88, TIRAP, TRAM, TRIP)

Adapters activate kinases (IRAK1, IRAK4, TBK1, IKK)

Kinases amplify and transmit the signal to transcription factors (NF-kB, MAP3, IFR3)

Encoding inflammatory genes

Inflammation

Figure 3  Schematic view of innate inflammatory response. 
PAMPs: Pathogen associated molecular patterns; DAMPs: Danger 
associated molecular patterns; TLRs: Toll-like receptors; TRAF6: 
TNF receptor-associated factor 6; MyD88: Myeloid differentiation 
primary response 88; TIRAP: Toll-interleukin 1 receptor (TIR) do-
main containing adaptor protein; TRAM: TRIF-related adaptor mol-
ecule; TRIF: TIR domain containing adaptor protein inducing inter-
feron b; IRAK1: Interleukin 1- receptor-associated kinase 1; TBK1: 
TANK binding kinase 1; IKK: Inhibitor of nuclear factor kappa-B 
kinase; NFkB: Nuclear factor kappa B; MAP3: MAP3 kinase; IFR3: 
Interferon regulatory factor 3.
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interstitial fibrosis and favoring the development of 
chronic kidney disease[93,94].

To date, we are aware of the possible role of the 
EndMT in the renal IRI but little is known about the 
pathogenetic factors regulating its development after IRI 
at renal level. In a recent study, Carney[95] documented 
that, during the IRI, the activation of the classical and 
the lectin pathways of the complement system occur 
primarily at the endothelial cell level. These authors 
analyzed in large mammals the role of complement 
in the induction of EndMT by using recombinant C1 
inhibitor in vivo. Their data documented that the 
activation of the serine/threonine-specific protein 
kinase (Akt) was essential to induce EndMT in vitro. In 
accordance, inhibition of complement in vivo abrogated 
the Akt signaling, with inhibition of EndMT and of tissue 
fibrosis. These data document for the first time that 
the process of EndMT and the vascular rarefaction at 
the renal level are activated by the IRI through the 
priming of the complement system and the subsequent 
activation of the Akt pathway leading to renal fibrosis[15].

PROPHYLAXIS AND TREATMENT
Medical products that limit the short term deleterious 
effects of the IRI and improve the long term allograft 
survival are urgently needed.

To date 34 clinical trials are ongoing over this 
issue[96]. The targets, as we have documented may be 
quite different.

Donor management
An optimal management of the deceased donor is 
essential to reduce the risk and the consequences of the 
IRI, as well as an accurate surgical technique, a reduced 
cold ischemia time, and an optimal allograft perfusion.

The ischemic preconditioning implies a first period 
of organ ischemia “tolerizing” the graft to a subsequent 
second ischemia period. In this period, the administration 
of thymoglobulin (rATG) to rats with brain death reduced 

the expression of pro-inflammatory cytokines and 
ameliorated the renal damage[97]. The supplementation 
of Klotho, a transmembrane protein with pleiotropic 
functions, may protect from the IRI and may suppress 
the fibrosis[98]. The ischemic preconditioning in a recent 
systematic review on kidney animal models has been 
effective in reducing the IRI[99]; however it did not 
translate by now into clinical transplantation.

Storing donated kidney
Historically, the cold static preservation has been the 
standard preservation method, principally for kidney 
transplantation but hypothermic machine perfusion 
is now used more frequently. A large trial has demon
strated that the use in machine perfusion results in 
better outcomes principally in the case of deceased 
donor kidneys, with reduced rates and intensity of DGF 
and improved outcomes[100,101]. These studies were 
recently confirmed by Gill et al[102].

Therapeutic gases
Several therapeutic gases have been used for the 
treatment of the I/R, among which hydrogen (H2), NO, 
hydrogen sulfide (H2S) and carbon monoxide[4]. The best 
studied is NO because this gas is also synthesized in the 
endothelial cells by the endothelial NO synthase. NO 
principally acts on the endothelial function; in addition, 
contributes to maintain the blood oxygenation through 
hypoxic pulmonary vasoconstriction. Patients inhaling 
NO during liver transplantation had an improved liver 
function also related to a reduced apoptosis of the 
hepatocytes[103]. Similarly, the administration of nitrites 
stimulating NO signaling attenuated the IRI in a rat 
kidney transplant model[104].

Metabolic and anti-inflammatory strategies
During the ischemia phase, the energy metabolism 
switches from fatty acid oxidation to glycolysis, allowing 
the tissues to remain viable. This switch is controlled 

Antigen Figure 4  Adaptive immunity. Interrelationship between T 
and B cells. TCR: T cell receptor; MHC: Major histocompat-
ibility complex; BCR: B cell receptor.
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and improved by the HIF transcription factor whose 
stability is regulated by the oxygen-sensing PHD 
enzymes. The treatment with pharmacological doses of 
PHD inhibitors results in an increased tolerance of the 
kidneys to the ischemia[105]. In addition, the inhibition 
of PHD2 has been documented to be able to restore 
the tumor oxygenation and inhibit metastasis via 
endothelial normalization[106].

The erythropoietin (EPO) has also been tested in 
the prevention of the renal IRI. A study by Imamura[107] 
documented that EPO increases the HIF-1α and 
attenuates the tubular hypoxia. The protective effect 
of heme oxygenase 1 (HO-1) in the renal IRI has also 
been tested. In a mice transplant model, HO-1 induction 
in the donor attenuated the consequences of donor 
brain death and increased graft survival rate[108].

Adenosine is a well-known anti-inflammatory mole
cule. Activation of the adenosine receptor A2ABR 
expressed on the DCs leads to the inhibition of NFkB. 
Recently it has been documented that the admini
stration of the selective A2ABR agonist (BAY 60-6583), 
attenuates the renal IRI via a tolerizing effect on the 
DCs[61,109].

Antioxidant therapy
The enzyme superoxide dismutase (SOD) scavenges 
the superoxide anions on free radicals produced during 
the tissue injury and catalyzes the dismutation of 
superoxide into oxygen and hydrogen peroxide[110]. The 
SOD administered intravenously during transplantation, 
significantly reduced the incidence of acute rejections 
and improved the long term outcomes of renal trans
planted patients. These results were reviewed ten years 
later and the beneficial effects of SOD were confirmed. 
In a small trial, renal recipients were assigned to receive 
treatment with N-acetylcysteine or to receive a control 
solution. DGF incidence rate was significantly lower 
among the treated group as well as the markers of 
oxidative stress[111].

Inhibition of innate inflammatory response
Manipulation of the dendritic cells: The DCs have 
a relevant role in the immune response as they may 
operate as a link between the innate and adaptive 
immunity. The rATG inhibits the DCs function[112]. In 
addition, in a primate model of IRI, the rATG admini
stered prior to the reperfusion, resulted in a reduced 
expression of ICAM-1, platelet endothelial cell adhesion 
molecules, CD11b and E selectin[113].

A recent study documented a more powerful prote
ction against the renal IRI by the T-cell-specific NFkB 
inhibition[114].

TLRs: Experimental studies showed that the prevention 
of the activation of the innate immunity may be 
achieved by inhibiting TLR2, which is expressed on 
the tubular epithelial cells together with the TLR4. The 
inhibition of the TLR2 with a new monoclonal antibody 
might significantly reduce the IRI consequences in 
models of myocardial IRI[115]. After a successful phase I 
study in man[116], a placebo-controlled study to evaluate 
the safety and efficacy of OPN-305, the monoclonal 
antibody anti TLR2, in preventing DGF, is now ongoing 
(Identifier: NCT01794663).  Another possible target is the 
TLR4[81]. To date, only one study has been performed to 
inhibit TLR4 in renal IRI. It has been documented that 
the blockade of TLR4 by “eritoran” reduced the renal 
IRI in terms of renal function and histology[117]. Other 
possible targets are the adaptive molecule MyD88[118], 
the natural killers and the inflammasomes[10]. More 
recently, Kondo et al[119] reported his experience with 
the use of a novel IRAK-4 inhibitor. The IRAK-4 inhibitor, 
in addition to block the toll like receptor pathway, was 
able to attenuate the progression of the chronic kidney 
disease[120].

Complement inhibition: Several molecules are cur
rently tested in clinical trials attempting to inhibit the 
complement that is a relevant component in the innate 
immune response[83] (Table 2).

Eculizumab is a humanized monoclonal antibody 
directed against the C5 component of the complement 
cascade, already used to treat the atypical hemolytic 
uremic syndrome (aHUS) and the ABMR. Renal damage 
due to complement activation occurs in two phases after 
transplantation: during reperfusion after that the donor 
kidney has undergone significant period of ischemia and 
during the acute rejection once the innate and adaptive 
immune system has recognized the donor antigens. In 
both conditions the complement may play a relevant 
role. C5 cleavage is a key step in the pathogenesis of 
IRI and its block could be an effective prophylactic tool 
to prevent acute kidney injury (AKI). The eculizumab 
might be used to prevent IRI. Four clinical trials to 
evaluate eculizumab in the prevention and treatment of 
the IRI in kidney allograft are currently ongoing[121].

The beneficial effect of recombinant C1 inhibitor (C1-
INH) on the IRI has been widely studied by Castellano 

Table 2  Anti-complement agents on clinical trials for 
ischemia-reperfusion-injury

  Complement 
  inhibitor

Target Major mechanism of action

  Eculizumab C5 Inhibit the formation of C5b-9 
and C5a

  rhC1-INH C1r, C1s, Plasmin, C3b, 
Kallikrein, Xia, XIIa, 

MASP1, MASP2

Regulatory effect on 
coagulation 

Inhibition of the alternative 
pathway 

Control of the release 
of bradykinin

  sCR1 C3b, C4b Inactivation of 
C3 and C5 
convertase

rhC1-INH: Recombinant C1 inhibitor; MASP1: Mannan-binding lectin-
associated serine protease1; MASP2: Mannan-binding lectin-associated 
serine protease 2; sCR1: Soluble complement receptor 1.
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et al[122]. Purified or recombinant C1-INH is a host serine 
protease inhibitor that is able to block the complement 
cascade acting either at level of classical or lectin 
pathway[123].

To date, a trial with C1-INH was started (NCT02134314) 
to prevent DGF in patients receiving deceased donor 
kidney transplant. In addition, the use of C1-INH to 
inhibit the Akt pathway has been documented to be 
effective on the EndMT[15].

The soluble CR1 is among the proteins that regulate 
the C3 convertase. CR1 is a cell-surface glycoprotein, 
expressed on several cells, among which monocytes, 
APCs, T and B cells and podocytes. As a consequence, 
soluble complement receptor 1 (sCR1) may modulate 
the complement cascade at multiple levels on all cells 
expressing on their surface CR1[124].

In normal conditions only small quantities of sCR1 
are in circulation. Li et al[125] administered high sCR1 in 
patients undergoing cardiopulmonary by-pass to inhibit 
complement activity. sCR1 has been recently used in 
renal diseases and in renal transplantation.

The effect of Mirocept (APT070) (sCR1) has been 
widely described by Sacks et al[126] and is currently the 
subject of a large scale study in kidney transplantation 
to test the superiority of Mirocept in the prevention of 
the IRI in cadaveric renal allograft[127].

In addition, administration or targeting of other 
complement regulator proteins such as CD59, CD55 or 
CD46 might be a potential way to reduce renal injury 
during renal transplantation, but to date these molecules 
are not yet object of clinical trials in the IRI[84].

Future IRI therapies
A recent paper by Columbia University Medical Center 
reviewed the novel therapies in managing IRI[128].

Diannexin: Phosphatidylserine is a phospholipid nor
mally absent from the endothelial cell surface. The IRI 
and the consequent ATP depletion cause the translocation 
of phosphatidylserine to the endothelial cell surface[129]. 
Once expressed, the phophatidylserine binds leukocytes 
and platelets. A recombinant annexin A5, Diannexin, 
binds with higher affinity to phosphatidylserine with 
respect to the endogenous annexin and is able to 
reduce the IRI as documented in a study on mice[130]. 
To date a phase II/III clinical trial is ongoing to assess 
the efficacy and safety of diannexin in de novo renal 
transplant recipients[131].

Recombinant P selectin glycoprotein ligand Ig 
fusion protein (rPSGL-Ig): The rPSGL-Ig efficiently 
binds P and E-selectin and prevents the granulocyte 
adhesion and the sequestration to the site of injury. Two 
multicenter, randomized, placebo-controlled phase I/II 
studies (YSL0001) were performed to clinically evaluate 
the possible use of YSPSL in the prevention of the IRI 
in deceased-donor renal transplant recipients[132,133]. 
No differences in the DGF rate were found, but treated 
patients had a significantly lower serum creatinine. 

Cheadle et al[134] documented that the pre-reperfusion 
intravenous YSPSL, significantly reduced the induction 
of both MCP-1 and tumor growth factor beta.

15NP: The inhibition of p53 after cell damage causes 
a delayed cell death. Experiments in animal models 
have documented that the p53 inhibition causes a 
significant protection on proximal tubule cells[135]. 15NP 
is a synthetic small interfering ribonucleic acid (siRNA) 
designed to inhibit the p53 (RNAi) pathway[136]. After 
preclinical studies in rats, a double blind, multicenter, 
placebo-controlled trial is ongoing to assess the safety 
and efficacy of 15NP in men[137].

IAC: The ROS production is an important cause of I/R. 
A non-peptidyl low molecular weight radical scavenger 
(IAC) has documented to have anti-oxidant properties 
in different mice and human models of induced ische
mia[138]. A preliminary study on mice documented an 
IAC protective effect over IRI[139].

Heat shock protein 70: Despite the evidence that 
heat shock protein 70 (Hsp70) induction can mediate 
renal protection after the IRI[140], current researches 
in this area did not document how to enhance the 
protective Hsp expression strategies in the recovering 
from the renal IRI. A better understanding on the 
recovery phase therapy may arise from better under
standing of how Hsp70 induction acts on the cells 
involved in the renal IRI.

After transplantation the recipient circulation car
ries continuously inflammatory cells to the kidney. 
These cells are possible treatment targets because 
of their capacity to either maintain or resolve tissue 
inflammation[1]. The induction of Hsp70 often may occur 
in immune cells far from the kidney after heat shock and 
might have a relevant role in increasing Treg responses 
in the renal IRI[141,142].

Future anticomplement drugs: Compstatin is an 
agent that prevents cleavage and activation of the 
complement protein C3. The drug is to date studied for 
the treatment of paroxysmal nocturnal hemoglobinuria 
(PNH) in humans[143]. Its major limitations are the insta
bility and the short plasma half-life. Chen et al[83] are 
now testing the compstatin efficacy in renal allotran
splant monkey models to investigate the effect on the 
ABMR. No clinical trial is ongoing to test the efficacy on 
the IRI. 

Yunnan-cobra venom factor (Y-CVF) acts as a more 
stable C3 convertase, causes consumption of C3 and its 
eventual depletion. The drug has been used to enable 
renal allograft accommodation in presensitized non-
human primates[144]. Major concerns are its potential 
toxicity, its immunogenicity and its capacity to generate 
anaphylatoxins. No clinical trial is ongoing to test its 
efficacy in the IRI.

Vaccinia virus complement control protein prevents 
the activated C3 (C3b) and C4 (C4b) from trigger
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ing further steps in the complement cascade. An 
improvement in kidney structure and function in rats 
after IRI has been documented[145,146]. Also for this 
molecule no clinical trial is to date ongoing for the 
human IRI.

CONCLUSION
Ischemia-reperfusion injury is a frequent and severe 
consequence of both major surgery and organ trans
plantation. In the case of renal transplantation the 
IRI occurs principally with kidneys from a deceased 
donor. Indeed, the impairment of blood flow starts with 
brain death and is related to the severe hemodynamic 
disturbances. Warm ischemia after kidney vessel 
clamping and the cold ischemia after refrigeration also 
reduce oxygen and nutrients supply to the tissues. The 
reperfusion further aggravates the state of oxidation 
and inflammation created by the ischemia.

The principal causes of the IRI are related to the 
donor and recipient factors and the storage preser
vation.

The principal clinical consequences of the IRI in 
clinical transplantation are the DGF, due to tubular 
dysfunction, the graft rejection, related to enhanced 
graft immunogenicity and the chronic graft dysfunction 
related both to the chronic rejection and to endothelial 
mesenchymal  transition.

Ischemia-reperfusion injury may cause cell damage 
through several pathways as cell death, micro vascular 
dysfunction, transcriptional reprogramming, activation 
of innate and adaptive immune system, autoimmunity 
and EndMT.

The distinction of the above mentioned pathways is 
relevant for the different therapeutical approaches.

These include an optimal management of donor and 
recipient, anti-inflammatory strategies and antioxidant 
therapies with L-arginine and N-acetylcysteine.

The activation of the innate and adaptive immune 
system has a central role in the pathogenesis of the IRI. 
Indeed the danger signals released by the dying cells 
alarm the Toll-like receptors which encode the genes 
regulating the inflammatory cells and the mediators. 
In the inflammatory environment the DCs intercept 
the antigen, migrate to lymph nodes and present the 
antigen to immunocompetent cells, so activating the 
adaptive immunity and favoring the rejection. As a 
consequence, the interference with the signals leading 
to activation of innate immunity, the inactivation of 
complement or the manipulation of DCs are promising 
therapeutic options for the next future.

Finally the pipeline is filled with possible future 
therapies. Many of them are the object of current 
ongoing clinical trials or are in preclinical phases.
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